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Atomic Structure, Defects, and Stacking of Clay Particles by Low-Dose, High Resolution (Cryo)-TEM
Michael L. Whittaker1,2,	Christian	Kisielowski3, Elizabeth A. Montabana4, Benjamin Gilbert1,	and	Jillian	F.	Banfield2 
1Energy	Geoscience	Division,	Lawrence	Berkeley	National	Laboratory,	Berkeley	CA,	2Department of Earth and Planetary Science, University of California 
Berkeley,	Berkeley	CA,	3National	Center	for	Electron	Microscopy,	Lawrence	Berkeley	National	Laboratory,	Berkeley	CA,	4Molecular Biophysics and 
Integrated	Bioimaging,	Lawrence	Berkeley	National	Laboratory,	Berkeley	CA

Clay	minerals	play	important	roles	in	myriad	natural	phenomena	and	engineered	systems,	from	earthquakes	and	mudslides	to	barriers	for	nuclear	
waste	storage	and	as	caprocks	for	anthropogenic	carbon	sequestration.	Swelling	clays	are	especially	important,	with	complex	behavior	that	arises	
from the competing interactions between the layers. These include the electrostatic forces originating from heterovalent substitutions that create 
permanent negative charge within the layers, and the positively charged cations that intercalate between the layers. Predicting the response of 
swelling	clays	to	changing	environmental	conditions	remains	a	challenge	due	to	the	incomplete	knowledge	of	clay	layer	structures	and	the	roles	of	
substitutions and defects at the single-layer limit. Here, we present new observations of clay layer structure at the atomic scale and new studies of the 
pathway for expansion or collapse under rapid changes in aqueous chemistry.

Atomic-resolution images of single layers of montmorillonite were obtained using low-dose high-resolution transmission electron microscopy (TEM). 
At total electron doses less than ~100 e-/ 2, a maximum resolution of 1.2  along the [001] zone axis was achieved. However, the sensitivity of 1.2  lattice 
spacings to beam induced damage was up to ten times higher than the 4.5  (110) and 4.6  (020). The threshold for electron beam-induced damage was 
found to be dependent on the electron energy. Most layers contain point or line defects that alter the local orientational symmetry in the vicinity of the 
defect. Edge structures were also clearly resolved, and appear to be far more disordered than simulations suggest. Both the defect and edge structures 
likely	have	important	implications	for	the	stacking	of	layers	into	particle	stacks.

Dynamic	interactions	within	stacks	of	clay	layers	in	aqueous	solution	were	investigated	by	time-resolved	small-,	medium-	and	wide-angle	synchrotron	
X-ray scattering, and corroborated with low-dose cryo-TEM. The exchange of potassium for sodium in the interlayer space was found to occur within 
seconds, accompanied by collapse of the interlayer water from three to two discrete layers. However, theory predicts that complete exchange should 
occur within milliseconds. Using cryo-TEM, we directly measure the average interlayer separation and see evidence for rotational interparticle ordering 
that is dependent on the cation concentration and type and may represent the rate limiting step in the process of collapse.
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Chasing the elusive biogeochemical cycles of noble metals – A story covering six continents
Frank Reith1, 2

1The University of Adelaide, School of Biological Sciences, Department of Molecular and Cellular Biology, Adelaide, South Australia 5005, Australia, 
2CSIRO Land and Water, Environmental Contaminant Mitigation and Technologies, PMB2, Glen Osmond, South Australia 5064, Australia

Accompany	me	and	my	team	on	a	whirlwind	tour	covering	six	continents	and	more	than	a	decade	of	research	to	understand	how	some	of	humankinds	
favourite metals, behave when they enter into biologically determined Earth surface systems. We will visit some of the world’s most challenging 
sampling	sites,	meet	people	working	with	gold	and	platinum,	and	look	at	how	we	use	advanced	micro-analytical	techniques,	molecular	biology-	and	
modelling methods to understand the processes and drivers of biogeochemical gold and platinum cycling. Our studies have led to an understanding of 
how gold and platinum are mobilized, in which form they travel in the environment, which effects they have on micro- and macrobiota and even how 
nuggets	can	form.	This	knowledge	is	now	used	to	develop	applications	for	mineral	exploration,	ore	processing,	forensic	analyses	and	archaeology.	For	
example, we are developing biosensors and indicators for gold, mathematical models to predict formation of exploration halos and biotechnology for 
ore and e-waste processing.

04

Contents page



ORAL PRESENTATIONS   |  PLENARY PRESENTATIONS

Thermodynamic clues for acidic and neutral mine drainage
Juraj Majzlan1

1Institute of Geosciences, University of Jena, Germany (Juraj.Majzlan@uni-jena.de)

Mine drainage is a common environmental problem accompanying mining, ore processing, and waste disposal. There are many ways of dealing with the 
problem,	with	specific	approaches	depending	on	the	elements	released,	acidic	or	neutral	nature	of	the	solutions,	disposal	forms,	and	local	conditions.	
The ultimate goal, however, is to minimize the concentration of unwanted elements, a notion that has its rooting in thermodynamics. It provides clues 
and	hints	even	though	we	know	that	much	in	these	systems	is	also	controlled	by	disequilibrium	processes	and	kinetics	of	transformation	from	the	
metastable to stable states.

Most mine drainage systems, at least in the earlier stages of operation, produce copious poorly crystalline materials which are iron-, aluminum-, or 
manganese-based. Are they produced as the most metastable compounds, only to dwindle as the time goes on? Studies on such systems, considering 
the many polymorphs, compositions, but also the role of the surfaces have shown that these mineraloids, for example ferrihydrite, are in a state of 
thermodynamic	equilibrium	with	other	phases	of	similar	composition,	such	as	goethite	or	hematite,	if	particle	size	of	all	these	materials	is	kept	very	
small. Only if they grow, they become metastable. Additionally, they can be stabilized by other elements such as calcium, phosphate, arsenate, or 
sulfate. Thermodynamically, such materials can be understood in terms of ion adsorption onto the surface or as single solid phases, although without 
crystalline order.

One	of	the	components	of	mine	drainage	that	sparks	interest	and	fear	in	the	public	is	arsenic.	Many	minerals	are	known	from	oxidation	zones	and	
mine drainage sites, but only a few of them are of greater abundance and importance. Scorodite is common and seems to be, at least at low pH, 
the phase of choice for disposal of arsenical waste. Other minerals in acidic or neutral systems can be found and their thermodynamic properties 
have been systematically measured. Although phases with lower solubility than that of scorodite can be found, their use is compromised by their 
incongruent dissolution and production of the poorly crystalline iron oxides, such as ferrihydrite. There are also phases that do not suffer from such 
unwanted effects in a certain pH range, such as FeAsO

4
·0.75H

2
O, but its synthesis requires high temperatures. Our results also show that arsenic can be 

incorporated into common iron oxides, such as hematite, via epitaxial intergrowth. True solid solutions carry potential for lower solubilities but must 
be characterized and tested.

Antimony, a common and commonly overseen contaminant in neutral mine drainage systems, has been reported as “mobile as an Sb(V) species under 
common environmental conditions” by some authors, but as “geochemically immobile in solution and in soils” by others. The reconciliation of these 
conflicting	statements	can	be	done	if	thermodynamics	and	kinetics	of	the	antimony-containing	systems	are	considered.	Unfortunately,	time	is	needed	
to reach the immobile state, desired by the environmental regulations. The very insoluble tripuhyite (FeSbO

4
) forms very slowly, as nanoparticles that 

tend to agglomerate but not fuse into larger crystals.

The	study	of	oxidation	zones	as	long-term	natural	experiments	on	metal-rich	systems,	together	with	thermodynamic	and	kinetic	research,	can	provide	
valuable	clues	for	the	improvement	of	the	waste	management.	Mineralogists	can	thus	contribute	significantly	and	deliver	much	needed	input	for	mine	
engineers, technologists, and environmental regulators.
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Using Mineralogy to Reveal Diverse Geochemical Environments and Climate on Mars 
Janice L. Bishop1

1SETI Institute & NASA Ames, Mountain View, CA, USA

Global mineralogy of the surface of Mars is recorded by orbiters. The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument 
on the Mars Reconnaissance Orbiter has enabled mapping hydrated minerals such as phyllosilicates and sulfates [1, 2]. Analyses of these data suggest 
distinct aqueous geochemical environments on Mars including warm surface waters [3], subsurface hydrothermal systems [4], hot springs [5], and cool 
surface waters [6].

Phyllosilicate-bearing outcrops formed on the surface of Mars are dominated by smectite clays and are characterized by horizontal layering [7]. 
Formation	of	these	smectite	deposits	likely	occurred	in	warm	waters	(25-50	°C)	on	early	Mars.	These	outcrops	also	include	pockets	of	sulfates	formed	
under acidic or high salt conditions.

Other	Mg-rich	phyllosilicates	occurring	with	lateral	variations	likely	formed	in	subsurface	hydrothermal	environments	[4] that were later exposed on the 
surface.	These	outcrops	typically	include	mixtures	of	smectites,	chlorites,	serpentines,	talc,	zeolite,	and/or	carbonate	and	likely	formed	under	much	
warmer	conditions,	up	to	250	°C.

Combinations of polyhydrated and monohydrated sulfates occur throughout the Valles Marineris region of Mars [1]. Many of the canyons here include 
terraced outcrops of hydrated sulfates or variations in mixtures of sulfates with phyllosilicates and opal. Exposures of alternating polyhydrated and 
monohydrated sulfates are consistent with formation in geothermal systems with changing water temperatures [5].

Short-range	ordered	(SRO)	materials	such	as	opal,	nanophase	aluminosilicates,	ferrihydrite	and	akaganéite	on	the	surface	of	Mars	have	been	
recognized through analysis of data from orbital [8, 9] and surface missions [10]. In the Mawrth Vallis region, this poorly crystalline material is present 
at 20-30 vol.% for the light-toned regions where clay minerals are detected [6]. An X-ray amorphous component is also present at ~20-50 wt.% nearly 
everywhere the CheMin X-ray diffractomer has analyzed samples at Gale crater [10]. Nanophase aluminosilicates form preferentially over phyllosilicates 
in	well-drained	environments	with	low	water/rock	ratio	systems	[11], and cold climates such as the Antarctic Dry Valleys [12]. Thus, the presence of 
abundant	SRO	materials	without	phyllosilicates	could	mark	the	end	of	the	last	warm	and	wet	episode	on	Mars	supporting	smectite	formation.

Support from NASA’s Mars Data Analysis Program and the NASA Astrobiology Institute is greatly appreciated.
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Mineralogy and dynamics of the core-mantle boundary region
Professor Motohiko Murakami1

1ETH Zürich, Switzerland

The Earth’s core-mantle boundary (CMB) is the interface between solid mantle minerals and liquid outer core with the largest density contrast 
within the Earth’s interior, and the heat transfer across the CMB plays a fundamental role in thermal and chemical evolution of the Earth. Clarifying 
the mineralogy and dynamics of the CMB is thus essentially important for better understanding of the structure and history of the Earth’s interior. 
Recent advances in seismological studies have revealed unusual, complex and heterogeneous seismic structures near the CMB region, including the 
D”	discontinuity,	shear	wave	anisotropy,	and	the	ultralow	velocity	zone	(ULVZ).	Since	the	experimental	discovery	of	MgSiO3	post-perovskite	phase	in	
2004, it has been believed that the D” discontinuity and some seismic anisotropic features at the base of the mantle might be reasonably explained by 
this phase transformation and its elastically anisotropic features. However, this issue is yet to be fully validated experimentally. In addition, although 
the possible presence of dense magmas at the CMB has long been expected to explain the ULVZ, the structural changes and the thermal transport 
properties of such dense silicate melts under relevant high-pressure conditions to the CMB are poorly understood. To clarify those issues, we have 
conducted	some	series	of	high-pressure	and	high-temperature	experiments	using	diamond	anvil	cell	high-pressure	apparatus.	This	talk	will	provide	the	
overview of the current picture of the CMB, and introduce our recent experimental progress related to those topics with possible implications for the 
structure and evolution of the Earth.
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Modular crystal chemistry of sulfosalts with large cations: Thallium
Emil Makovicky1

1Department	of	Geoscience	and	Natural	Resources	Management,	University	of	Copenhagen,	Østervoldgade	10,	Copenhagen	K,	Denmark

Crystal	structures	of	complex	sulfides,	the	‘sulfosalts’	of	mineralogy,	which	contain	cations	larger	than	Pb,	are	rare	in	terrestrial	environments	because	
the	majority	of	these	cations	are	included	in	oxygen-based	structures.	The	only	prominent	candidate	is	univalent	thallium	which	is	a	significant	
constituent	of	a	broad	spectrum	of	natural	sulfosalt	structures.	Still,	unlike	the	other	large	cations,	such	as	K,	Rb,	Cs,	Ba,	Sr,	and	the	limiting	cases	like	
Na,	thallium	combines	its	large	crystal	radius	and	low	valence	with	a	character	of	a	lone	electron	pair	cation.	Because	of	its	size,	Tl	mostly	does	not	fit	
into archetypal arrays which form many homologous series (SnS archetype being more susceptible) so that one has to involve less strictly constructed 
types of series – merotypes, plesiotypes, etc. The arsenic- and antimony-based structures dominate the system, bismuth-based ones are much less 
frequent. The relative size and shape of As, Sb, and Bi coordination polyhedra is of increased importance when Tl is a principal element. Combination 
Tl – Pb in one structure is frequent; their roles mostly differ in a rather subtle way. Combination Tl – Hg results in interesting crystal structures.

With the exception of TlSb
3
S

5
, lillianite homologues contain only traces of Tl. Sartorite homologues can have substantial Tl in some positions; the 

structurally ordered members of  the N = 3 Pb-As-(Ag,Tl) solid solution lead to philrothite, TlAs
3
S

5
, as the Tl-As endmember. The N = 3 Pb-As-Tl series 

contains four anion-omission derivatives, with a distinct role of Tl and with large superstructures, the so-called M-sartorites (M = 7, 9, 11, 13). The 
hutchinsonite	merotypes	represent	intergrowths	of	SnS	like	slabs,	with	marginal	Tl	sites,	with	interlayers	of	diverse	kinds.	The	above	quoted	crystal-
chemical properties of Tl result in several subtypes of layer structures or in similar rod structures with a chess-board distribution of channels. The 
interlayers	or	channels	in	them	are	either	Tl-filled	or	Tl-lined.	Structural	details	of	layer	structures	are	mostly	complicated,	and	the	simplicity	of	design	
observed	for	phyllosilicates	is	not	reached,	making	classification	difficult.	Beside	a	Tl-filled	layer,	these	structures	contain	additional	layer	types,	either	
formed	by	Ag-	or	Cu-	coordinations	or	by	a	complicated	As-S	and	Sb-S	framework.	A	special	group	among	Tl-sulfosalts	are	cage	structures	based	on	
tetrahedral	framework,	represented	by	the	routhierite	group	and	(partly)	by	galkhaite.	

Presence of one or two Tl – S bonds shorter than the rest of Tl-S bonds is fairly common for Tl coordination polyhedra. Short Tl – Me interactions, where 
Me = Tl, As, Cu, Ag, Hg, etc., are rather rare but ubiquitous in the family. The observed range and crystal chemistry of natural Tl sulfosalts is strongly 
influenced	by	geochemical	factors	–	Tl	is	mostly	a	member	of	a	few	selected	cation	combinations	found	in	ore	deposits	and	cases	of	unusual	element	
compositions	–	like	the	recently	described	tsygankoite	which	contains	Tl,	Hg,	Mn,	Pb,	and	Sb	-	are	rare.	The	considerable	work	of	the	predecessors	in	
this	field	will	be	evaluated	and	references	to	the	structures	used	will	be	given	in	the	presentation	itself.							
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The New Landscapes of Uranium Mineralogy
Peter Burns1

1University of Notre Dame, Indiana. United States

It	has	been	eighty	years	since	the	discovery	of	fission	of	uranium	in	1938,	which	enabled	the	beginning	of	the	atomic	age	in	1945	as	marked	by	the	
Trinity nuclear detonation. Although the heaviest natural element only has an average crustal abundance of 1.8 ppm, uranium is essential to more than 
250 minerals recognized by IMA. Focusing on both classic and new localities, mineralogists have described more than 50 new uranium minerals in the 
past decade. Despite years of activity in synthetic uranium solid state chemistry, many of these new minerals reveal unprecedented compositions and 
structures, some of which are extremely complex. This presentation will provide an overview of uranium mineralogy and uranium mineral structures, 
with emphasis on recently discovered species and how they help to provide a more comprehensive understanding of the chemical properties of this 
fascinating element.
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The Evolving Role of Mineralogy and Mineralogists in Mineral exploration
Paul Agnew1,2

1Chief Geologist – Technical Support and Technology Development, 2Rio Tinto Exploration Pty. Limited

The	business	of	mineral	exploration	is	implicitly	linked	to	the	discipline	of	mineralogy.	The	nature	of	this	association	has	evolved	dramatically	
throughout the past 200 years as new technologies and new understanding of mineralising processes have transformed mineral exploration from 
a	small	group	of	pioneering	prospectors	into	a	complex	business	drawing	on	the	skills	and	expertise	of	a	wide	range	of	disciplines.	All	exploration	
geologists need to be able to identify minerals and understand the manner in which they occur in and around orebodies. But more recently, new micro-
analytical technologies and a greater appreciation of the role mineral chemistry has to play in successful mineral exploration, has led to a growing 
requirement to have professional mineralogists supporting exploration teams. 

The last decade has seen some dramatic improvements in our ability to identify and map the distribution of minerals at all scales.  Space-borne 
remote sensing platforms have been supporting mineral exploration since the 80”s. These systems use the visible and near infra-red (VNIR) and short 
wave infra-red (SWIR) electromagnetic spectrum to identify minerals exposed on the earth’s surface. The more recent platforms such as WorldView3 
have	sufficient	spectral	and	spatial	resolution	to	deliver	new	exploration	opportunities	to	the	entire	industry.	On	the	ground,	hand	held	hyperspectral	
spectral devices can not only identify spectrally active minerals in a hand specimen or outcrop, they can also measure some compositional and 
crystallinity characteristics of important alteration minerals distributed in an around mineral deposits. At a smaller scale again, there are now 
hyperspectral scanning technologies for drill core that can map spectrally active minerals and mineral compositions at 500um resolution in entire drill 
holes	that	may	be	many	hundreds	of	metres	deep.	Small	sections	of	those	drill	cores	can	be	chemically	mapped	at	30um	resolution,	making	it	possible	
to examine the deportment of microscopic minerals and metals such as gold and platinum. And at even smaller scale, the new generation automated 
electron microscopes can identify and map minerals at resolutions of just a few microns. Technology has armed the modern mineral explorer with the 
tools to map and identify minerals at the macro, meso and micro scale, generating data and insights never before available.

However,	perhaps	the	most	significant	advance	in	the	past	decade	has	been	the	widespread	emergence	of	Laser	Ablation	Inductively	Coupled	Mass	
Spectroscopy	(LA-CP-MS).	This	remarkable	technology	delivers	major	and	trace	element	mineral	chemistry	from	individual	grains	and	crystals.	Whilst	
typically	confined	to	university	laboratories	and	dedicated	to	research	applications,	some	exploration	companies	are	making	increasing	use	of	LA-
ICP-MS mineral chemistry to support mineral exploration for porphyry copper deposits. This style of mineralisation accounts for the vast majority 
of	copper	production	on	earth,	but	economically	viable	deposits	are	increasingly	difficult	to	find.	Ground	breaking	research	completed	at	CODES,	
University of Tasmania and co-researchers is delivering trace element mineral chemistry-based exploration tools that show enormous promise. 
However	the	operational	application	of	such	tools	is	complex	and	it	is	without	question,	the	skills	of	professional	mineralogist	that	are	required	to	
refine,	advance	and	apply	these	sophisticated	exploration	tools.											
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The rare earth elements: critical metals for the 21st century
Kathryn Goodenough1

1British Geological Survey

The rare earth elements (REE) are widely studied by petrologists and mineralogists, as valuable petrogenetic tools. But they are also vital raw materials 
for a wide range of modern technology; in particular, Nd is an essential component of NdFeB permanent magnets that are widely used in wind turbines 
and in the motors of electric cars. Other uses of the REE include catalysts, phosphors for lighting, ceramics, and in specialist glass. Despite their diverse 
use in many industrial sectors and consumer products, almost all of the world’s production of the REE comes from a group of mines in China. Since 
2010, this concentration of supply has led to the REE being considered as critical metals, and has driven substantial exploration and research; but few 
new mines have successfully begun production. 

The	REE	are	found	throughout	the	Earth’s	crust	but	the	highest	concentrations	are	typically	found	in	association	with	alkaline	igneous	rocks	and	
carbonatites, or in magmatic-hydrothermal deposits. They can also be concentrated by low-temperature processes, in heavy mineral sands and in 
deposits formed by lateritic weathering of REE enriched protoliths. Deposits of the REE are characterised by exceptionally wide-ranging and varied 
mineralogy, with over 50 minerals being considered as potential REE ore minerals, although only a small proportion of those have been exploited 
commercially.	This	complex	mineralogy	has	significant	implications	for	the	mining	and	processing	of	REE	ores,	and	represents	one	of	the	key	
challenges that must be overcome to enable new REE mines to succeed. 

This	talk	will	provide	an	overview	of	currently-known	REE	deposits,	summarise	some	recent	and	ongoing	research	carried	out	on	their	geology	and	
mineralogy, and discuss the implications for successful mining of these deposits to meet global demand for the REE. This research has been carried 
out	by	a	large	team	of	collaborators	across	three	major	projects:	EURARE,	funded	by	the	European	Union’s	Framework	Programme	7;	SoS	RARE,	
funded	by	the	UK’s	Natural	Environment	Research	Council;	and	HiTech	AlkCarb,	funded	by	the	European	Union’s	Horizon	2020	Research	and	Innovation	
Programme.  
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‘It from bit’ in mineralogy: how information emerges, evolve and disappear in the world of mineral 
structures
Sergey Krivovichev1, 2

1Kola Science Centre, Russian Academy of Sciences, Apatity, 2Department of Crystallography, St. Petersburg State University, St. Petersburg, Russian 
Federation

The	‘it	from	bit’	idea	is	due	to	the	American	physicist	John	Archibald	Wheeler	as	the	hypothesis	that	information	sits	at	the	core	of	Nature:	the	
world	is	a	totality	of	informational	objects	interacting	with	each	other	(Floridi	2004).	Minerals	are	specific	(very	specific,	indeed!)	natural	objects,	
the composition, structure, formation and evolution of which constitute the subject of mineralogy. Can minerals be considered as informational 
objects?	Where	information	is	stored	in	minerals?	There	can	be	different	views	on	this	subject	and	one	of	them	is	to	look	at	the	complexity	of	minerals	
as consisting of atoms arranged in periodically repeating three-dimensional arrangements. Then the complexity of minerals can be estimated in 
quantitative	terms	through	the	application	of	the	Shannon	information	theory	(Krivovichev	2012,	2013).	Each	mineral	can	be	viewed	as	a	finite	reservoir	
of	information,	since	unit	cells	are	finite	portions	of	space	containing	finite	amounts	of	atoms.	Structural	complexity	calculated	in	bits	is	related	to	the	
configurational	entropy:	complex	configurations	possess	lower	entropies	(Krivovichev	2016).

The introduction of complexity analysis into the mineralogical discourse allows for many interesting insights with regard to the fate of information 
in	natural	processes	involving	minerals.	First,	the	emergence	of	complexity	(and	diversity)	is	governed	by	various	specific	mechanisms,	also	valid	for	
other	complex	natural	systems	(modularity	is	one	of	them).	The	relations	between	energy	and	complexity	are	the	second	specific	point	of	interest:	the	
rise of complex structures and diverse mineral parageneses is impossible without essential energy input. In fact, many complex minerals appear as 
dissipative	structures	forming	as	the	energy	flows	through	a	geochemical	system.	The	increasing	temperature	results	in	the	dissipation	of	structural	
information through the increasing disorder, seen for both individual mineral species (Avdontceva et al. 2016) and mineral associations (Krivovichev 
2014). Metastable crystallization under far-from-equilibrium conditions favors formation of simple structures, which is especially clear in the Ostwald 
cascades of phases (Krivovichev et al. 2016) and processes of metastable nucleation (Lupi et al. 2017). Mineral complexity evolves with geological 
history, at least at the overall scale (Krivovichev et al. 2018). Finally, the information capacity of minerals can be compared with those of other natural 
objects	such	as	DNA	and	human	brain.	The	use	of	information	science	in	mineralogy	thus	allows	for	the	unified	view	on	the	information	storage	and	
processing	in	natural	systems,	including	non-living	nature,	life	and	mind,	indirectly	supporting	the	theory	of	‘Three	Big	Bangs’	(Holmes	Rolston	III,	2010).
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Antimony and arsenic in a contaminated river catchment in Australia: Metalloid phase association 
and distribution in sediments
Steven Doherty1, Susan Wilson1, Matthew Tighe1, Paul Ashley1, Isabelle Rüegsegger2

1Environmental and Rural Science, University of New England, Armidale, Australia, 2ETH, Zurich, Switzerland

The Macleay River catchment in south-eastern Australia represents the most widespread dispersion of antimony (Sb) in the southern hemisphere. 
The	historic	mining	derived	Sb,	co-occurring	with	lower	concentrations	of	arsenic	(As),	extends	300	km	from	the	upper	catchment,	where	sediment	
concentrations	typically	exceed	4,000	mg	kg-1	Sb	and	2,000	mg	kg-1	As,	to	the	coastal	floodplain	where	values	still	exceed	regional	background	
concentrations (Ashley et al., 2007). The aim of this project was to explore metalloid sediment concentrations, particle size distribution and phase 
associations	through	the	river	system	to	define	mobilisation	and	attenuation	processes,	identifying	also	any	Sb/As	contrasting	phenomena.	River	
sediment was collected from 10 sites representing a whole catchment spatial gradient. Fractionated samples (2 – 1 mm, 1 mm – 500 µm, 500 – 250 
µm, 250 – 180 µm, 180 – 125 µm, 125 – 63 µm, < 63 µm) were characterised through a range of different analyses (XRD, XRF, digestion with ICPOES, 
and sequential extractions). The Sb in sediment showed a relatively greater attenuation with distance from the mine, with As showing enrichment in 
sediment down gradient. In the upper catchment over 50 % of sediment particles were > 250 µm but metalloid concentrations were typically greater 
in	the	finest	fraction	(<	63	µm).	The	majority	of	the	total	sediment	metalloid	load	was	in	the	more	abundant	>	250	µm	fractions	(55	%	of	Sb,	63	%	
of As). In the mid- to lower-catchment particle size and metalloid concentration was more evenly distributed among the 7 fractions examined, with 
the	greatest	concentrations	typically	in	the	finest	<	63	µm	fraction.		The	finer	<	250	µm	fractions	carried	the	bulk	of	the	metalloid	load	in	the	lower	
catchment (67 % of Sb, 61 % of As). Examination of mineralogy and sequential extractions demonstrate the importance of poorly-crystalline iron (Fe) 
minerals for metalloid retention, especially for As, which become more important in the lower reaches of this river system. Greater than 50 % of total 
As	in	floodplain	sediment	was	associated	with	amorphous	Fe	secondary	mineral	phases	which	are	strongly	influenced	by	pH	and	redox	changes.	The	
results of the study provide insight into geochemical cycling and mobilisation of Sb and As in river systems, and identify that As mobilisation poses the 
greater	risk	in	the	Macleay	Catchment.

References 
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Measurement of metallic nanoparticles of antimony in plants by SP-ICP-MS
William Maher1, Christopher Johnston1, Tona  Sanchez-Palacios1, Simon Foster1

1Institute for Applied Ecology, University of Canberra, Bruce, Australia

Antimony is found at 0.2-0.5 µg/g in the crust, and in over 100 mineral species. Contamination from antimony mining has contributed to elevated 
levels of antimony in the environment. Typically, when performing speciation analysis of antimony in plant material only low levels of antimony are 
extracted,	typically	only	5-10%	of	the	total	antimony	in	with	the	remaining	antimony	insoluble	in	the	extracting	solvent.	Antimony	is	known	to	be	taken	
up by plants and an understanding of this insoluble fraction is required for toxicological assessment to be carried out. Given that many elements are 
known	to	be	stored	in	plants	as	metallic	nanoparticles,	we	propose	that	antimony	may	form	antimony	sulfide	with	low	solubility	in	aqueous	solvents.	
Nanoparticles of silver, gold and other elements have been reported to be produced within a variety of plants.

This poster presents an analytical method for the measurement of antimony metallic nanoparticles in plant tissues by single particle Inductively 
Coupled	Plasma	Mass	Spectrometry	(sp-ICP-MS).	This	study	is	the	first	to	our	knowledge	to	investigate	antimony	nanoparticles	within	plants	and	one	of	
the	first	to	investigate	nanoparticles	in	plants	from	mining	contaminated	soils.

A range of extraction methods were tested and optimized for the number of particles extracted with phosphate buffered water providing the 
best compromise for extraction of the particles intact. ICP-MS conditions were optimized for particle size accuracy using 30 nm and 50 nm gold 
nanoparticles	of	known	sizes,	and	elemental	concentration	via	a	solution	calibration	with	SbV. The optimized method was assessed against the current 
standard	methods	for	the	analysis	of	nanoparticles	transmission	electron	microscopy	and	nanoparticle	tracking	analysis	(NTA)	(Nanosight,	Malvern	
Panalytical).

The method developed is accurate for particle size of the nanoparticles measured in plant extracts (~60 - 100 nm). Quantitation of antimony 
concentration is still suboptimal as is shown with many other all sp-ICPMS studies and needs further study.

IMA2018	Abstract	book15

Contents page



Antimony: from mineralogy to remediation

ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Differential effects in the formation of plant-based antimony nanoparticles by inorganic Sb forms
Tona  Sanchez-Palacios1, Christopher  Johnston1, William Maher1, Simon Foster1

1Institute for Applied Ecology, University of Canberra, Bruce, Australia

Plants	capable	to	accumulate	and	tolerate	significant	amounts	of	antimony	(Sb)	in	their	tissue	offers	a	means	to	produce	Sb-nanoparticles	from	
heavy metal mineral-rich waste due to mining. However, there is little evidence that metal tolerant plants are capable to produce Sb-nanoparticle in 
their tissue. This study aims to determine the plant-based formation of Sb-nanoparticles in vitro and in situ by single particle ICP-MS analysis. In vitro 
experiments showed that leaves of terrestrial yellow box Eucalyptus sp. and semi aquatic Typha sp. produced Sb-nanoparticles, with great variation in 
particle size ranging from 30 to 100 nm and 30 to 90 nm, respectively. A linear relationship between Sb concentration and particle size was detected 
for both terrestrial and semi-aquatic plants. Terrestrial plants showed a good linear model when using the inorganic oxidised form Sb(V) (antimonate) 
to form Sb-nanoparticles. By contrast, semi-aquatic plants showed a good linear model when using the inorganic reduced form Sb(III) (antimonite). This 
suggests a preferential formation of plant-based Sb-nanoparticles based on plant type and Sb forms. In vitro plant-based formation of Sb-nanoparticles 
was	not	temperature	dependent	as	there	were	no	significance	differences	detected	between	different	boiling	methods.	Preliminary	in	situ	experiments	
showed that weed Urtica dioica (Stinging nettle) and native grass Austrostipa sp., growing on Sb-rich mineral waste, accumulated higher levels of Sb in 
various tissues parts. For instance, Stinging nettle accumulated nearly four times as much Sb in their root tissue compared to Austrostipa sp. with 3720 
ppb and 1000 ppb, respectively. By contrast, above ground parts accumulated similar concentrations of Sb between plants species, 130 ppb and 100 ppb, 
respectively. As for Sb-nanoparticle formation, Austrostipa sp. produced bigger particle size in roots (118 nm) relative to shoots (83 nm); while Stinging 
nettle produce similar particle size between shoots and roots with 162 nm and 163 nm, respectively. Overall, the variation in particle size between in 
vitro	and	in	situ	methods	suggests	that	mechanism	of	Sb-detoxification	may	play	an	important	role	in	the	variation	of	Sb-nanoparticles	formation	
in plants. More detail testing of in situ Sb accumulation in U. dioica and Austrostipa sp. is required to determine the plant molecules and Sb forms 
involved in the Sb-nanoparticles formation for added value of phytoremediation approaches in heavy metal mineral-rich waste land. 

16

Contents page



Antimony: from mineralogy to remediation

ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Antimony behaviour during transformation of ferrihydrite under reducing conditions
Niloofar Karimian1, Edwrad Burton1, 1

1GeoScience, Southern Cross University, Lismore, Australia

Antimony	is	a	toxic	metalloid	and	a	contaminant	of	increasing	global	significance	[1].The geochemical behaviour of Sb depends highly on its oxidation 
state with lower toxicity but higher solubility having been reported for Sb(V) compared to Sb(III) [2]. In Fe(III)-rich aqueous systems, the mobility of 
Sb is generally regulated by (co)precipitation and/or adsorption interactions with Fe-bearing minerals [3]. Hence, the mineralogical transformation of 
the	host	Fe(III)	mineral	phases	can	influence	the	environmental	fate	and	mobility	of	Sb	(Mitsunobu.,	et	al	2010).	Ferrihydrite	is	an	important	Fe(III)-
containing mineral which is highly reactive towards toxic contaminants such as antimony (Sb) in aqueous systems, soils and sediments. Mineralogical 
transformation	of	ferrihydrite	to	more	thermodynamically	stable	phases	under	Fe(II)-rich	conditions,	can	considerably	influence	Sb	bioavailability.	
Although the catalytic effect of Fe(II) on structural transformation of Fe(III) minerals is now a well-documented fact, the rate and extent of this 
transformation	and	the	types	of	Fe(III)-containing	end	products	formed	can	be	influenced	by	various	geochemical	factors	such	as		pH	and	the	co-
occurrence of high concentrations of natural organic matter (NOM). In a series of abiotic and biotic laboratory-based experiments we investigated the 
geochemical behaviour of Sb as ferrihydrite was replaced secondary minerals under a range of pH (6.0-7.0 and 8.0), humic acid (HA) (0, 20 and 80 ppm) 
and Fe(II) concentrations (0, 1 and 10 mM). Changes in Sb and Fe behaviour were characterised via a combination of aqueous-phase (e.g. ICP-MS) and 
solid-phase analysis techniques (e.g. Fe and Sb XAS, powder XRD) to determine the aqueous abundance and the oxidation states of Fe and Sb during the 
transformation of Sb(V)-coprecipitated ferrihydrite, respectively.

The results show that, under reducing conditions, Sb(V)-bearing ferrihydrite is rapidly replaced by secondary minerals including goethite (α-FeOOH), 
lepidocrocite (ү-FeOOH) feroxyhyte and magnetite (δ-FeOOH). In most treatments, Sb K-edge XANES spectroscopy data revealed no reduction of Sb(V) 
and therefore no formation of Sb(III) in these systems. These experiments generally showed a substantial decrease in the aqueous Sb concentration 
over time, suggesting that the formation of secondary mineral phases may have sequestered aqueous Sb.

XRD results from the abiotic Fe(II)-induced ferrihydrite transformation experiment in the presence of 0, 20 and 80 ppm HA, revealed that at pH 6.0,  
high concentrations of Fe(II) (10 mM) prompted the transformation of ferrihydrite  to lepidocrocite and goethite within 10 days. The addition of 10 mM 
Fe(II) in  both HA-rich and HA-free systems at pH 8.0 resulted in the formation of magnetite and goethite within 10 days.  In contrast, the co-occurrence 
of HA with either 0 or 1 mM Fe(II)  retarded the mineralogical transformation of ferrihydrite under both pH 6.0 and 8.0 conditions in this study. The 
outcomes from this research will enable us to better predict the behaviour of Sb in water-logged soils and sediments and under reducing conditions 
and will facilitate the utilization of the appropriate remediation strategies for Sb-impacted systems.
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Release of antimony from oxidative dissolution of stibnite dependent on mineral size, pH, oxidants 
and DOM
Xiaoqian Li1, Jianwei  Zhou1

1School of Environmental Studies, China University of Geosciences (Wuhan), Wuhan, China

Oxidative dissolution of antimony-bearing ores is a dominant way for releasing of antimony from mineral to soil and water environments. Nevertheless, 
many important aspects of antimony releasing and transportation in natural systems are still not well understood. Single-factor controlling batch 
tests of stibnite (Sb

2
S

3
), a typical antimony-bearing ore, were designed to characterize Sb

2
S

3 
oxidative	dissolution	kinetics,	to	reveal	major	influencing	

factors such as mineral size (<48µm, 75-150µm, 300-500µm, and the mixed size), pH (pH=2,5,7,9,11), oxidants (O
2
 versus Fe(III)) and dissolved organic 

matters	(DOM)	like	fulvic	acid,	citric	acid	and	thiolactic	acid	how	to	affect	antimony	releasing	and	transport	processes.	Concentrations	of	dissolved	
antimony (Sb

TOT
, Sb (III) and Sb(V)) and sulfur (SO

4
2-, S

2
O

3
2- and S(0)) were measured during the batch tests. The results showed releasing rates of Sb as 

well	as	their	chemical	species	were	varying	with	the	above	experiment	conditions,	indicating	mineral	size,	pH,	oxidants	and	DOM	significantly	affect	
Sb2S3 dissolution and Sb release with different mechanisms. Both Sb releasing rate and S oxidation rate increased with increasing mineral BET surface 
area.	Sb	releasing	rate	and	species	is	significantly	dependent	on	pH	of	solution.	Sb	release	rate	is	faster	under	alkaline	pH	than	under	acidic	pH,	
with the Sb(III)/Sb(V) ratio of  0.36~2.9 and 2.33~36.1, respectively. The presence of Fe(III) in the solution system can accelerate Sb releasing, clearly 
demonstrating	the	important	role	played	by	Fe(III)	in	the	oxidation	of	sulfide.	DOM	type	and	concentration	obviously	affect	oxidative	dissolution	of	
Sb

2
S

3
 and Sb released concentration. The higher DOM concentration led to higher Sb concentration as well as faster Sb releasing rate. The thiolactic 

acid showed the best effect of acceleration of Sb releasing during oxidative dissolution of Sb
2
S

3
, whereas fulvic acid and citric acid are similar with slow 

promoting	effect.	This	work	may	provide	key	information	on	the	release	and	fate	of	Sb	from	minerals	in	the	mining	sites	into	the	natural	environments.
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Secondary mineralogy of antimony in mining wastes – comparison of stibnite-pyrite and 
tetrahedrite weathering
Juraj Majzlan1

1Institute of Geosciences, University Jena, Jena, Germany

Flotation tailings or dumps of mines may contain substantial concentrations of antimony and other metals and metalloids. Soils and stream sediments 
in the vicinity of such operations may also be polluted. The most common primary mineral that enters the waste is stibnite (Sb

2
S

3
) but berthierite 

(FeSb
2
S

4
), gudmundite (FeSbS), or native antimony (Sb) could be also present. In more complex ores, tetrahedrite [(Cu,Fe,Zn,Ag,Hg)

12
(Sb,As)

4
S

13
] could be 

the	carrier	of	antimony,	although	this	mineral	has	been	historically	often	mined	for	silver	or	quicksilver,	not	for	antimony.

Many stibnite deposits contain also abundant pyrite (FeS
2
), pyrrhotite (Fe

1-x
S), or arsenopyrite (FeAsS) whose decomposition generates acidity that is, in 

turn, neutralized by common carbonates in these deposits. Stibnite can convert to secondary antimony oxides such as senarmontite (Sb
2
O

3
), stibiconite 

[Sb3+Sb5+
2
O

6
(OH)], or cervantite (Sb

2
O

4
).	Pyrite,	pyrrhotite,	and	arsenopyrite	weather	to	masses	of	iron	oxides	which	can	contain	significant	amount	of	

Sb; secondary goethite was shown to contain up to 10 weight % Sb. Another abundant phase is tripuhyite (FeSbO
4
). It is almost always nanocrystalline, 

with	crystallites	of	10	nm	or	less.	The	Fe/Sb	ratio	in	tripuhyite	varies	very	widely,	giving	this	mineral	the	ability	to	fix	Fe	and	Sb	from	a	wide	chemical	
range of aqueous solutions.

Weathering of tetrahedrite produces a more complex mineral assemblage because all elements must be accommodated. In the initial stages, Cu and 
As are separated from Fe and Sb, although this separation should not be seen as exclusive. The Cu-As portion does contain minor amount of Sb and 
forms nanocrystalline phase with pyrochlore structure, perhaps similar to the nowadays-discredited mineral partzite. The Fe-Sb portion is a mixture of 
goethite (FeOOH), stibiconite, and tripuhyite. With time, both of these products are washed out. The Cu-As portion is slowly converted to well crystalline 
copper arsenates or carbonates. The Fe-Sb portion loses Sb from stibiconite and retains the refractory tripuhyite. Some well crystalline Sb secondary 
minerals	form,	such	as	camérolaite	[Cu

6
Al

3
(OH)

18
(H

2
O)

2
[Sb(OH)

6
](SO

4
)] or cualstibite [Cu

2
AlSb(OH)

12
],	but	are	likely	only	transient.

Hence, it seems that the association of Fe and Sb in the secondary products is well established, from our studies and studies of others. It may consist 
of ferrihydrite, goethite, or tripuhyite but the exact mineralogy was investigated only in a few cases. Sequential extractions, commonly used to 
characterize the speciation of an element of interest in a given matrix (e.g., soil), yield ambiguous results. Most of the Sb is usually assigned to the 
“residual”	fraction	whose	nature	is	poorly	understood.	More	work	is	required	to	understand	the	environmental	cycling	of	antimony,	its	incorporation	
into newly formed minerals (e.g., goethite) or association with pre-existing minerals (e.g., clay minerals in soils). 
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Remediation of antimony in infitrating water of small arms shooting ranges
Richard Martel1, Émilie  Batailler1,	Luc	Trépanier1, Richard Levesque1, Hamza Mohamed Benguit1, Clarisse Deschênes Rancourt1

1INRS-ETE, Quebec, Canada

Laboratory	tests	are	conducted	to	evaluate	the	ability	of	reactive	materials	to	adsorb	antimony	in	aqueous	solution	coming	from	a	small	arm	firing	
range	(SAFR).	Following	a	literature	review,	16	reactive	materials	are	tested	to	define	which	one	would	be	the	most	efficient	and	thereby,	the	most	
appropriate	to	test	in	a	pilot	field	study.	The	reactive	materials	selected	included	olivine	of	different	origins,	phosphate	amendments	(bone	chars	
and	hydroxyapatite	“fish	bones”),	titanium	and	iron	oxides	as	well	as	activated	alumina.	The	reactive	materials	are	sequentially	tested	to	eliminate	
inadequate	or	less	efficient	materials.	The	sequential	testing	included	SPLP	(Synthetic	Precipitation	Leaching	Procedure)	tests,	batch	adsorption	tests	
and	total	metal	analysis.	Those	tests	allow	determining	the	six	most	efficient	reactive	materials	to	adsorb	Sb	from	naturally	contaminated	water	
collected at a SAFR, namely granular titanium oxide, zero valent iron, activated alumina, bone char, Fe-Ti slag, and heated hydroxyapatite. Subsequent 
tests	on	those	six	reactive	materials	involve	column	experiments	and	cost-benefit	analysis.

The column tests consist in pumping contaminated water through columns containing about 285 cm3	of	reactive	materials	at	an	average	flow	of	about	
20	mL/hr	and	in	analyzing	the	outflow	quality	in	order	to	determine	their	sorption	capacity	for	antimony.	Both	composite	and	discrete	samples	are	
collected	from	the	outflow	every	3.5	days	which	correspond	to	2.3	years	of	water	infiltration	under	field	conditions.	The	sorption	capacity	is	calculated	
based	on	the	outflow	antimony	concentration	differences	between	a	control	column	(empty)	and	the	reactive	material	columns.	The	experiment	is	
running	until	the	effluent	reaches	the	breakthrough	for	Sb	at	concentrations	above	water	quality	guidelines	(6	µg/L)	in	order	to	determine	the	lifespan	
of	each	reactive	material.	A	cost	–	benefit	analysis	is	conducted	with	the	breakthrough	time	estimated	via	column	tests.

Along with the sequential selection of reactive materials to remove Sb in aqueous solution, additional tests are conducted to evaluate the most 
appropriate range of pH at which water should be buffered to minimize the solubility of Sb in contaminated water of the SAFR. For these tests, samples 
of	contaminated	soil	from	the	inside	of	the	SAFR	bullet	catchers	are	spiked	using	grinded	bullets	and	leached	under	different	pH	conditions	to	
determine the pH at which the overall concentration of Sb is minimized in the soil solution. The results from those preliminary pH-tests indicate that 
buffering	the	pH	solution	of	the	soil	in	the	range	backstop	to	a	pH	between	7.2	and	8.2	would	limit	the	amount	of	Sb	in	the	effluent,	thereby	rendering	
the	water	treatment	with	reactive	material	more	efficient.	For	that	purpose,	carbonate	sediments	are	evaluated	in	column	tests	as	an	initial	water	
treatment media for Sb. 
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Insights into antimony adsorption on {001} TiO2: XAFS and DFT study
Li Yan1, Chuanyong Jing1

1State Key Laboratory of Environmental Chemistry and Ecotoxicology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 
Beijing, China

Antimony	(Sb)	contamination	poses	an	emerging	environmental	risk,1-2	whereas	its	removal	remains	a	contemporary	challenge	due	to	the	lack	of	
knowledge	in	its	surface	chemistry	and	efficient	adsorbent.	In	this	study,	self-assembly	{001}	TiO

2
 was examined for its effectiveness in Sb removal, 

and	the	molecular	level	surface	chemistry	was	studied	with	X-ray	absorption	fine	structure	(XAFS)	spectroscopy	and	density	functional	theory	(DFT)	
calculations. The understanding of Sb surface chemistry enables us to explain why TiO

2
	exposed	with	high-energy	{001}	facet	exhibited	favorable	Sb	

adsorption, and this molecular mechanism may be generalizable and applicable to other metal oxide surfaces.

The	results	of	macroscopic	water	chemistry	show	that	Sb	adsorption	kinetics	followed	the	pseudo-second	order	reaction,	and	the	Langmuir	adsorption	
capacity was 200 mg/g for Sb(III) and 156 mg/g for Sb(V). The high adsorption capacity enabled TiO

2
 in Sb-laden water treatment, which removed 6 mg/L 

of Sb(V) with a dosage of 2 g/L. In the pH range 2 to 11, Sb(III) adsorption was consistent at about 87% removal. Sb(V) adsorption was 45-64% when 
pH<6 and was decreased to 22% at pH 11. The competitive anions resulted in reduced Sb adsorption and the adverse effect followed the order As > PO

4
3- 

> SO
4

2- > F- > NO
3
-. The PZC of TiO

2
 shifted from 6.6 in pristine to 4.8 and <0 after adsorption of Sb(III) and Sb(V), respectively, indicating the formation of 

negatively charged inner-sphere surface complexes.

Extended	X-ray	absorption	fine	structure	(EXAFS)	spectroscopy	results	suggested	that	Sb(III/V)	adsorption	exhibited	a	bidentate	binuclear	surface	
configuration	with	a	Sb-Ti	distance	of	3.50	Å	for	Sb(III)	and	3.65	Å	for	Sb(V),3 which was in agreement with our DFT results. The coexistence of As and the 
change	in	pH	condition	exhibited	no	effect	on	Sb	adsorption	configuration.	Based	on	the	surface	complexation	reactions	derived	from	EXAFS	and	DFT	
results, the experimental adsorption edge curves were well simulated by charge distribution multi-site complexation (CD-MUSIC) model.

The orbital hybridizing of complexes was studied by X-ray 
absorption near edge structure (XANES) spectra, molecular orbital 
(MO) theory, and density of states (DOS) calculations. Sb L-edge 
XANES suggested the shift of bonding energy upon adsorption, 
indicating the redistribution of electrons for adsorbed molecules 
and surface. DOS and MO theory analysis showed the formation 
of chemical bond during adsorption, which resulted in a stable 
surface complex with an adsorption energy of -4.99 eV for Sb(III) 
and -4.71 eV for Sb(III). The change in orbital energy derived 
from orbital hybridizing of adsorbed Sb on surface is the driving 
force underlining the Sb surface chemistry. New bonds between 
Sb and TiO

2
 surface were formed with matched orbital energies. 

Integrating the molecular and electronic structures into surface 
complexation modeling reveals the nature of macroscopic Sb 
adsorption behaviors, which is paramount important to study the 
fate and transport of Sb in the environment.
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Sources, migration and transformation model of antimony in the water environment of Xikuangshan 
antimony mine, Hunan province, China
Jianwei Zhou1, Bing Wen1, Xiaoqian Li1, Xiaocen Jia1, Ligang Li1

1School of Environmental Studies, China University of Geosciences, Wuhan, China

Antimony (Sb) is a new type of toxic contaminant with long-range transmission. Antimony pollution is becoming an increasingly serious problem of 
global	concern.	Mining	activities	of	Xikuangshan(XKS)	antimony	mine	for	over	110	years	have	caused	serious	problems	in	water	and	soil	environment.	
Based on the results of hydrochemistry and multiple isotopes (2H,18O,34S,87Sr), The model of sources, migration and transformation of antimony in water 
environment at the XKS antimony mine are summarized, respectively.

Studies	have	shown	that	the	elevated	Sb	concentrations	in	the	low	antimony	(≤0.05mg/L)	groundwater	samples	were	sourced	from	the	non-ore	
bedrock	weathering,	while	the	elevated	Sb	concentrations	in	the	medium	antimony	(0.05~0.5mg/L)	groundwater	samples	resulted	from	the	ore-bearing	
bedrock	(including	waste	rock)	weathering.	The	elevated	Sb	concentrations	in	the	high	antimony	(≥0.5mg/L)	groundwater	samples	were	mainly	related	
to	oxidation	of	stibnite,	particularly	the	influence	of	mine	wastewater.

Taking	the	Shetianqian	aquifer(D
3
s2) and magunao aquifer(D

3
x4) in the study area as an example, the sources, migration and transformation model of 

antimony are summarized. After D
3
x4 aquifer recharged by atmospheric precipitation, the Sb

2
O

3
	in	the	rock	is	hydrolyzed	into	Sb(OH)

3
 entering D

3
x4 

aquifer. In the process of runoff, part of Sb(OH)
3
 is oxidized to Sb(OH)

6
- with the change of oxidation-reduction environment, forming low antimony and 

low arsenic groundwater with coexistence of Sb(III) and Sb(V). After D
3
s2 aquifer recharged by atmospheric precipitation, Sb mainly enters groundwater 

in the way of stibnite oxidation. Sb
2
S

3
	is	first	oxidized	into	Sb

2
O

3
, then hydrolyzed to Sb(OH)

3
.	With	significant	change	in	oxidation-reduction	

environment, most of the Sb(OH)
3
 is oxidized to Sb(OH)

6
-, forming medium antimony and medium arsenic groundwater with dominant Sb(V). Meanwhile, 

with	the	infiltration	of	leachate	from	waste	slags	and	recharging	D
3
s2 and D

3
x4 aquifers, the different forms of Sb in the slags can be hydrolyzed or 

oxidized to anomalous high antimony and anomalous high arsenic groundwater with coexistence of Sb (III) and Sb (V). The groundwater in D
3
x4 aquifer 

may be affected minimally by the adsorption and desorption of Fe-Mn oxide or hydroxide and the competitive adsorption of As during the runoff 
process. There	is	no	significant	change	in	the	Sb	concentrations,	resulting	in	anomalous	high	antimony	and	anomalous	high	arsenic.	However,	the	D

3
s2 

aquifer is affected relative larger, resulting in slight decrease of the Sb concentrations, forming higher antimony and higher arsenic groundwater.

It	is	indicated	that	waste	rock	and	slag	are	important	source	of	antimony	pollution	in	mining	area,	especially	in	water	environment.
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Adsorption and co-precipitation behavior of antimony with synthetic ferrihydrite
Shuang zhou1, Tsutomu Sato2,	Tsubasa	Otake2

1Graduate	school	of	Engineering,	Hokkaido	University,	Kita	13	Nishi	8,	Kita-ku,	Sapporo	060-8628,	Hokkaido,	Japan,	2Faculty	of	Engineering,	Hokkaido	
University,	Kita	13	Nishi	8,	Kita-ku,	Sapporo	060-8628,	Hokkaido,	Japan

Elevated antimony (Sb) concentrations in the environments from anthropogenic sources are becoming of global concern. In this respect iron (Fe) 
oxides	are	known	to	strongly	adsorb	aqueous	antimony	species	with	different	oxidation	states,	but	the	co-precipitation	process	of	antimony	with	
ferrihydrite is not well understood despite being a common process in the environment. In this study, ferrihydrite was synthesized to investigate its 
adsorption and co-precipitation behaviors with aqueous antimony anionic species, Sb(III) and Sb(V). The adsorption experiments indicated that Sb(V) 
was preferentially adsorbed under acidic conditions which decrease dramatically with increasing pH while the adsorption rate of Sb(III) ions was 
independent	of	pH.	The	different	in	adsorption	efficiency	of	Sb(III)	and	Sb(V)	ions	may	be	due	to	the	electrostatic	effect	and	the	specific	interaction	
between	the	adsorbate	and	adsorbent.	However,	the	results	showed	that	both	Sb(III)	and	Sb(V)	ions	were	significantly	inhibited	by	co-precipitation	with	
ferrihydrite even in different pH (Fig. 1). The Sb(V) octahedral may replace iron octahedral due to their structural compatibility, in the case of Sb(III) 
co-precipitation, with octahedral or tetrahedral structures absent in Sb(III), the Sb(III) ions could alternatively be surrounded by Fe hydroxides, which 
would	increase	the	co-precipitation	efficiency.	Further,	the	powder	X-ray	diffraction	(XRD)	patterns	were	almost	identical	to	that	of	ferrihydrite,	and	any	
other	peaks	and	peak	shift	were	not	observed	in	Sb(III)	and	Sb(V)	adsorption	samples.	These	findings	indicated	that	other	Sb	and	Fe	minerals	are	not	
formed	in	the	adsorption	samples.	On	the	other	hand,	the	peak	of	ferrihydrite	around	30°	and	60°	gradually	shifted	to	a	lower	angle	and	broadening	
of	both	peaks	was	also	observed	in	Sb(III)	and	Sb(V)	co-precipitation	samples.	These	suggested	the	substitution	occurs	between	Fe	and	Sb	during	the	
co-precipitation which lead to a distortion of the structure. More detailed mineralogical and geochemical characterization experiments are needed to 
discuss issues related to this.

Keywords
Antimony, Adsorption, Co-precipitation, Ferrihydrite

Fig. 1 Experimental data of adsorption (left) and co-precipitation (right) of antimony with ferrihydrite as a function of the pH.
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Low-carbon alkali-activated binders: a possible answer to the need of sustainability for the 
construction industry
Silvia Contessi1, Luca Valentini1, Maria Chiara Dalconi1, Maurizio Pietro Bellotto2, Gilberto Artioli1

1Department of Geosciences, Università degli Studi di Padova, Padova, 2Department of Chemistry Materials and Chemical Engineering, Politecnico di 
Milano, Milano, Italy

In conceiving a near future where human activities have increasingly little impact on the surrounding environment, planning research focused on 
developing more eco-compatible materials represents a necessary step. Ordinary Portland cement (OPC) has been a very valuable material, intimately 
connected to the social and economic improvement of developed countries. However, the large impact in terms of CO₂ emissions that derives from 
its manufacturing is not sustainable anymore, in light of the recent forecasts in terms of global warming. OPC in fact is responsible for 5 to 7% of the 
global anthropogenic emissions [1] and this percentage is expected to rise. The predicted growth of population, especially in developing countries, 
and the consequent demand for houses and infrastructures are posing concerns about the sustainability of such a future scenario, in terms of cement 
production and greenhouse gases emissions.

In	the	context	of	possible	alternatives	to	traditional	cement,	alkali-activated	materials	(AAM)	are	clinker-free	binders	able	to	develop	good	mechanical	
performances, coupled with very low energy consumption. Due to the use of cheap and readily available raw materials as precursors, AAM have a lower 
embodied energy, when compared to traditional cement.

Typically,	AAM	are	formed	by	alkaline	activation	of	two	main	kinds	of	raw	materials:	natural	materials,	such	as	calcined	clays,	and	industrial	by-
products,	such	as	blast	furnace	slags	and	fly	ashes.	Concerning	clays,	which	have	the	advantage	of	being	almost	ubiquitous,	a	possible	issue	for	their	
application	is	related	to	their	degree	of	reactivity,	which	is	highly	connected	to	their	purity.	Metakaolin,	which	is	available	commercially	in	high-purity	
form,	has	been	extensively	investigated	as	precursor	for	AAM	[2].	Recently,	our	effort	is	being	spent	in	studying	the	alkali-activation	of	low-purity	clays,	
such as smectitic clayey soils [3], with the aim of manufacturing a binder with reduced environmental and economic costs, without compromising the 
mechanical performances.

Conversely, industrial by-products for AAM have the advantages of being highly reactive materials and already supplied in powdered form. In addition, 
they	offer	the	opportunity	of	recycling	a	waste,	which	otherwise	will	be	destined	to	landfill	disposal.	Among	the	many	systems	present	in	literature	
[4],	slag-based	alkali-activated	binders	have	been	the	object	of	our	investigation.	With	the	aim	of	designing	a	just-add-water	binder,	which	permits	to	
overcome	the	problem	of	using	highly	corrosive	alkaline	solutions,	we	have	tested	different	formulations	with	the	activator	present	in	granular	form.	
For	both	calcined	clay	and	slag	systems	we	are	probing	the	parameters	controlling	the	workability	in	the	fresh	state	and	the	development	of	reaction	
products,	whose	knowledge	represents	a	step	forward	in	their	application	in	the	construction	industry.
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[3] Valentini	L.,	Contessi	S.,	Dalconi	M.C.,	Zorzi	F.,	Garbin	E.	(2018).	Alkali-activated	calcined	smectite	clay	blended	with	waste	calcium	carbonate	as	a	low-carbon	binder.	https://doi.
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Simultaneous mineral phase quantification and site occupancy refinement of carbonates by XRD and 
the Rietveld method of samples bearing Very High Magnesium Calcite: a methodological contribution 
to the dolomite problem
Reiner Neumann1,	Hélisson	Santos1, Ciro Ávila2

1Division for Technological Characterisation, Centre for Mineral Technology - CETEM, 2Museu Nacional, Universidade Federal do Rio de Janeiro, Rio de 
Janeiro, Brazil

The	direct	crystallization	of	dolomite	remains	a	controversial	topic,	as	the	mineral	is	rare	in	modern	samples,	and	difficult	to	synthetize	under	low-
temperature conditions (Zhang et al., 2015). One of the very few spots where recently crystallized dolomite has been described are small isolated 
lagoons on the Atlantic coast close to Rio de Janeiro (Vasconcelos and McKenzie, 1997). We have analysed samples from cores from Lagoa Vermelha 
by	X-ray	diffraction	and	the	Rietveld	method,	in	order	to	simultaneously	quantify	all	mineral	species	identified	in	the	samples,	and	determine	the	
composition of mixed crystals: magnesian calcite, high-calcium dolomite and very high magnesium calcite (VHMC -  (Zhang et al., 2015)), using the 
method developed by (Santos et al., 2017), besides stoichiometric calcite and dolomite, aragonite and quartz. Our results show that most samples do 
contain none or negligible dolomite, and predominant VHMC containing Mg close to dolomite stoichiometry, together with magnesian calcite (~0.17 Mg) 
and	aragonite.	The	absence	of	dolomite	can	be	insured	by	the	absence	of	the	(015)	dolomite	superstructure	peak	(Rodriguez-Blanco	et	al.,	2015).	Even	
in	samples	with	coexisting	dolomite	and	VHMC,	the	Rietveld	method	refinement	of	the	isomorphic	substitutions,	constrained	by	the	crystallographic	
c-parameter of both phases, is able to assess quantities and compositions.
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[2] Santos,	H.N.d.,	Neumann,	R.,	and	Ávila,	C.A.	(2017)	Mineral	Quantification	with	Simultaneous	Refinement	of	Ca-Mg	Carbonates	Non-Stoichiometry	by	X-ray	Diffraction,	Rietveld	Method.	
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Sustainable Processing of Nickel Laterite Ore
Scarlett C Southall1,	Steven	Micklethwaite1, Andrew J Frierdich1

1School of Earth, Atmosphere and Environment, Monash University, Clayton, Australia

High pressure acid leaching (HPAL) is a common extraction technique for Ni laterite ores but involves energy intensive processing (~250 °C, ~50 atm) 
and	concentrated	sulphuric	acid,	resulting	in	carbon	emissions	and	acidic	waste.	One	promising	alternative	for	releasing	Ni	and	Co	from	key	laterite	
minerals, such as goethite and hematite, is to catalyse coupled dissolution and precipitation reactions by adding Fe(II)

aq
.	Such	reactions	are	likely	

driven	by	redox	interactions	at	the	mineral-fluid	interface,	i.e.,	oxidative	growth	and	reductive	dissolution	between	the	aqueous	Fe(II)	and	structural	
Fe(III). Metal release occurs via recrystallisation of metal substituted goethite and hematite, at sites of dissolution.

 Here, we reacted Ni-laterite samples with 57Fe-enriched	aqueous	Fe(II)	under	ambient	conditions	(i.e.,	22	°C,	1	atm)	to	test	if	Fe(II)-catalysed	
recrystallisation can be activated in ore grade Ni-laterite, leading to the release of Ni and Co that is structurally incorporated in Fe oxides. Powder 
X-ray diffraction (XRD) was used to identify the mineral phases present and measure the crystallinity of goethite within the sample. Particle size and 
morphology was determined by high resolution scanning electron microscopy (SEM). Isotopic abundances were measured using inductively coupled 
plasma mass spectrometry (ICPMS) to determine the extent of recrystallisation and metal release. The concentration of Ni and Co reached 4.5 ±0.1 µM 
and 10.2 ±0.2 µM (~5 and 55 % of total metal released, respectively) after 60 days of reaction in Fe(II) solutions at pH 7.5. To further investigate these 
results, we simulated an open-system by reacting the sample with 57Fe(II)

aq
 multiple times, using the same experimental conditions. Results from these 

simulated open-system experiments show cumulative metal release (after 4 reaction cycles of 14 days each) was 8.0 ±1.0 µM of Ni (~10 %) and 12.9 
±1.5 µM of Co (~70 %). Although Ni yields are moderate, the ability to release ~10% without costly HPAL promises an economic, greener alternative for 
metal release. A better understanding of the mechanisms of Fe(II)-catalysed recrystallisation of Fe-oxides will further improve control of the system.
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Beyond Earth and Mars, planetary materials in the outer Solar System

Titan Molecular Minerals: The Acetylene Series
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Titan, the largest moon of Saturn, is considered a prebiotic chemical laboratory on a planetary scale. Photochemistry in the atmosphere induced by 
solar radiation and energy from Saturn’s magnetosphere causes a chemical cascade, as N

2
 and CH

4
 dissociate and generate an abundance of organic 

molecules ranging from simple (ethane, acetylene, HCN) to complex (>10,000 Da). These molecules continue to react as they move through Titan’s 
atmosphere, forming aerosol haze layers and eventually depositing on the surface [1].

We	have	demonstrated	in	previous	work	[2-4]	that	two	common	organic	molecules	on	Titan,	ethane	and	benzene,	form	a	unique	and	stable	co-
crystalline structure at Titan surface temperatures. This molecular mineral represents an exciting new class of compounds for Titan’s surface [5], and 
has motivated our search for other co-crystals that may form under Titan surface conditions. We have shifted our focus to acetylene, the primary solid 
photochemical product generated in Titan’s atmosphere [6].

Anhydrous ammonia and acetylene were condensed sequentially or co-deposited from the gas phase into a liquid nitrogen-cooled cryostage at 90 
K. Raman spectra within the cryostage were obtained using a high-resolution confocal dispersive micro-Raman spectrometer equipped with a 50 
mW Nd:YAG laser (frequency-doubled 532 nm) as the excitation source. Red shifts (7.3–15.5 cm-1) of the C≡C and C-H stretching modes, as well as large 
blue shifts (42–66 cm-1) in the low frequency regions of lattice vibrations and C-H bending modes, both suggest the formation of a co-crystal [7]. This 
structure	forms	within	minutes,	and	appears	to	be	stabilized	by	a	network	of	C-H···N	interactions.	A	detailed	thermal	stability	study	indicates	that	this	
co-crystal	remains	intact	up	to	115	K.	Exposure	to	liquid	methane,	ethane	or	propane	at	90	K	to	simulate	a	pluvial	event	does	not	appear	to	significantly	
affect co-crystal stability [7].

The	acetylene-ammonia	co-crystal	has	been	confirmed	to	form	at	Titan	surface	temperatures	and	remain	stable	after	exposure	to	hydrocarbon	
pluvial events. Preliminary evidence for two other acetylene co-crystals, one with benzene and another with HCN, suggest that a series of acetylene-
based	molecular	minerals	may	exist	on	Titan.	These	structures	may	influence	surface	material	characteristics	such	as	particle	size,	dissolution	rate,	
structural hardness, and resistance to erosion. Differences in physical or mechanical properties may also lead to chemical gradients on Titan, which 
life could potentially exploit [5]. The catalytic hydrogenation of acetylene has been proposed as a possible energy-yielding reaction for metabolism 
[8-10]. It is possible that acetylene-based co-crystals might be a mechanism for storing acetylene, in a manner similar to how carbon dioxide is stored 
in carbonate deposits on Earth, where it might be more readily accessible to a putative microbial community.

This	work	was	conducted	at	the	Jet	Propulsion	Laboratory,	California	Institute	of	Technology,	under	contract	with	NASA.
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Beyond Earth and Mars, planetary materials in the outer Solar System

Far-Infrared Studies of Planetary Ice Surfaces at the Australian Synchrotron
Courtney Ennis1, Rebecca Auchettl1, Dominique Appadoo2, Evan Robertson1

1Chemistry & Physics, La Trobe University, 2THz/Far-IR Beamline, Australian Synchrotron, Melbourne, Australia

Recent explorations of the cold, outer regions of the Solar System by telescope surveys and spacecraft analysis has uncovered a growing library 
of Complex Organic Molecules (COMs) – in astrophysical parlance: molecules with more than six atoms. These molecules are higher-order products 
generated by the irradiation of water, dinitrogen, and methane ices by ultraviolet photons, energetic electrons, and fast particles. On the icy moons of 
the	outer	planets,	where	reservoirs	of	methanol,	formaldehyde,	and	acetic	acid	are	thought	to	reside,	COM	material	is	of	particular	interest	as	we	look	
for chemical processes analogous to Earth’s chemical evolution. If formed at further distances, such as the cold surfaces of trans-Neptunian objects 
(TNOs)	and	comets,	delivery	of	these	prebiotic	building	blocks	to	an	early	Earth	could	have	initiated	the	emergence	of	life-bearing	molecules.

The detection of minor species residing on icy surfaces and grains has been hampered by sensitivity limits associated with spacecraft spectrometers 
and telescope surveys. Future missions operating in the terahertz (THz) and far-infrared (far-IR) regions may overcome these hurdles by focusing 
their search toward the spectral signatures of crystalline-phase ices. At these lower infrared frequencies, details on the chemical composition, 
intermolecular interactions, and morphology of astrophysical ice surfaces can be ascertained. The promise of far-IR analysis has perhaps been 
best	demonstrated	by	the	composite	infrared	spectrometer	on-board	the	Cassini	spacecraft,	which	confirmed	the	presence	of	a	suite	of	nitrile	and	
hydrocarbon ices suspended in the Titan atmosphere.

In	this	talk	we	present	our	research	toward	crystalline-phase	molecular	ices,	as	analogues	for	ices	located	on	outer	Solar	System	surfaces.	Far-IR	
spectra	for	vacuum	deposited	thin	films	are	collected	between	20	and	180	K	using	a	new	cryostat	constructed	and	installed	at	the	Far-IR/THz	Beamline	
at	the	Australian	Synchrotron.	In	addition,	employing	the	CRYSTAL14	quantum	chemistry	package,	vibrational	frequencies	calculated	using	periodic	
density functional theory (DFT) are compared to experimental lattice features. Here, the optimized molecular crystal structure is derived from powder 
diffraction	data	-	collected	at	the	Australian	Synchrotron	in	some	cases.	Prominent	far-infrared	features	identified	for	a	selection	of	planetary	COMs	
are detailed where the more intense features can be utilised to locate these species in a water ice dominant environment.
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Mineral Formation and Alteration in Frozen Brines and the Composition of Europa’s Surface
Robert Hodyss1, Tuan VU1,	Mathieu	Choukroun1, Paul Johnson1

1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, United States

The composition of Europa’s sub-surface ocean is a critical determinant of its habitability. However, our current understanding of the ocean 
composition is limited to its expression on the surface. We have begun to experimentally investigate the composition of mixed sodium–magnesium–
sulfate–chloride	solutions	when	frozen	to	100	K,	simulating	conditions	that	likely	occur	as	ocean	fluids	are	emplaced	onto	Europa’s	surface.	Vacuum	
ultraviolet irradiation is used to study the effect of radiolysis on the hydrated minerals we generate.  Our goal is to systematically examine how 
chemical	composition	of	Europa’s	surface	reflects	subsurface	ocean	chemistry	and	composition,	and	thus	enable	constraints	to	be	placed	on	ocean	
composition through the observation of surface materials.

We examined a series of Na+-Mg2+-Cl--SO
4

2- brines of varying concentration using micro-Raman spectroscopy.  Samples were cooled to the temperature 
of interest in a cryogenic optical stage, with Raman spectra obtained as the solutions froze and cooled.  Our results indicate that solutions containing 
Na+, Mg2+, Cl-, SO

4
2- form hydrated Na

2
SO

4
 and MgCl

2
 preferentially on freezing. As such, epsomite (MgSO

4
.7H

2
O) cannot form directly upon freezing of a 

Na-rich ocean unless the SO
4

2- concentration is more than half that of Na+.  If NaCl is present on the surface, as suggested by Hand & Carlson (2015) [1], 
then either the ocean is very rich in Na+/Cl- and poor in Mg2+/SO

4
2-, or Na+, Mg2+, Cl-, and SO

4
2- concentrations are comparable, and freezing rate is rapid.

In	conjunction	with	data	on	the	dehydration	and	radiolytic	processing	of	these	minerals,	these	experiments	have	allowed	us	to	begin	to	make	
meaningful	links	between	observations	of	the	surface	chemistry	and	the	chemical	environment	of	the	internal	ocean.
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Dissolution geology of organic materials on Saturn’s moon Titan: alien analogs of terrestrial karst
Michael Malaska1, Robert Hodyss1, Karl Mitchell2, Thomas Cornet3, Cyril Fleurant4

1Planetary Ices Group, 2Jet Propulsion Laboratory / California Institute of Technology, Pasadena, United States, 3Aurora Technology BV for ESA – 
European Space Agency, European Space Astronomy Centre (ESAC), Madrid, Spain, 4UMR	6554	CNRS	LETG,	Université	d'Angers,	Angers,	France

Karst	or	dissolution	geology	can	occur	whenever	a	circulating	fluid	can	dissolve	a	geological	material.	On	Earth,	the	“classical”	karst	definition	is	for	
limestone (CaCO3) in water (H2O), but other material/solvent combinations can create terrestrial dissolution terrain as well. These include materials 
such	as	halite	(NaCl)	or	gypsum	(CaSO4),	dolomite	(CaMg(CO3)2),	and	even	silica	(SiO2)	[1].		On	Mars,	there	has	been	the	suggestion	of	kieserite	(MgSO4)	
system that may have formed in an earlier, wetter environment [2].

Saturn’s	moon	Titan	extends	the	definition	of	karst	to	include	non-aqueous	liquids	dissolving	a	landscape	made	of	organic	materials.	The	Cassini	
mission has provided evidence that Titan’s 1.5 bar nitrogen atmosphere and cryogenic 94 K surface temperature supports a hydrocarbon-based cycle 
on Titan similar to the terrestrial water cycle. These circulating liquids may be capable of dissolving some of the surface organic molecules derived 
from	Titan’s	complex	atmospheric	photochemistry.	Although	under	a	different	gravity,	temperature,	materials	and	fluid	regime,	many	of	the	features	on	
Titan’s	surface	bear	striking	resemblances	to	terrestrial	karst	terrains.

Our investigations have focused on the labyrinth terrains of Titan. These are elevated plateaux of organic materials that appear similar to polygonal 
karst,	tower	karst,	and	fluviokarst	on	Earth	[3,4].	Remote	sensing	data	is	consistent	with	these	plateaux	being	constructed	of	low-dielectric	organic	
materials [5-7]. Theoretical calculations followed by cryogenic laboratory experiments have shown that organic materials found on Titan’s surface 
will	dissolve	when	subjected	to	Titan’s	rainfall	of	methane-rich	fluids	[3,	8-12]	and	preliminary	modelling	has	been	able	to	reproduce	some	of	the	
morphologies observed on Titan [13].

Titan’s	labyrinth	terrains	may	originate	as	mixed	organic	windblown	sediments	that	are	later	lithified	in	a	process	similar	to	calcite-cemented	
sandstone on Earth. Organic molecules and sediments produced by Titan’s rich organic photochemistry include organic molecules such as acetylene 
(C2H2),	ethylene	(C2H4),	hydrogen	cyanide	(HCN),		benzene	(C2H6),	acrylonitrile	(C2H3CN),	acetonitrile	(CH3CN),	other	alkynes	and	nitriles,	and	a	
complex	refractory	organic	materials	similar	to	laboratory	tholins.	Once	uplifted,	the	saturation	equilibrium	and	kinetics	of	dissolution	for	each	
material	and	fluid	combination	affecting	the	plateau	may	play	key	roles	in	determining	how	the	karstic	system	will	evolve	[10,	12].	Some	of	the	Titan	
organic minerals will dissolve, while some will be left behind as an insoluble lag deposit. Advanced laboratory investigations of organic materials 
on Titan is underway to further understand how these geological structures evolve and compare them with the formation processes of terrestrial 
analogs.	We	suggest	that	karst	is	a	general	planetary	process	wherever	circulating	fluids	are	capable	of	dissolving	materials	and	developing	subsurface	
drainage.
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Clay mineral-microbe interactions and implications for environmental remediation of heavy metals 
and emerging organic contaminants
Hailiang Dong1

1China University of Geosciences-Beijing, Beijing, China

Clay	mineral–microbe	interactions	affect	the	geochemical	fluxes	and	biogeochemical	cycling	of	a	large	number	of	heavy	metals	and	organic	
contaminants. Various contaminants enter the environment from multiple sources. Because many of these contaminants are carcinogens, their release 
into the environment and their ultimate fate cause intense public concern. There are several mechanisms for the remediation of heavy metals and 
organic	contaminants	by	clay	mineral	redox	reactions.	One	classical	strategy	is	adsorption	and	absorption,	which	take	advantage	of	the	high	external	
and internal surface area of clay minerals. Although this strategy may be effective in the initial removal of contaminants, it may not be permanent 
because these contaminants can be remobilized if the environmental conditions change. Other strategies involve the co-precipitation of metals into 
clay mineral structures. This strategy may be more “permanent” as clay minerals are fairly stable under a wide range of conditions.

A more recent approach is redox manipulation facilitated by microbes. It is assumed that Fe(II) in pure clay minerals and natural sediments, possibly 
produced via biological reduction of structural Fe(III), can reduce oxidized forms of heavy metals to reduced form as a way of immobilization. A 
number of studies have examined the interactions of clay-associated Fe(II) with heavy metals and radionuclides, including Tc, U, and Cr. The reactivity 
of structural Fe(II) in clay minerals depends on its crystal chemical environment as well as environmental conditions. The products of metal reduction, 
e.g.,	the	reduced	Tc(IV),	Cr(III)	and	U(IV)	reside	inside	clay	mineral	matrix,	minimizing	the	potential	for	remobilization.	Our	recent	work	highlights	
the importance of organic matter, such as citrate, oxalic acids, and nitrilotriacetic acid (NTA), on heavy metal reduction and immobilization by clay 
minerals. Organic ligands and natural organic matter (NOM) can serve as electron shuttle, sorb onto clay surface and thus compete for surface sites 
and alter clay reduction potential, or form soluble complexes with clay-Fe(II) and Fe(III), all of which will alter clay mineral reactivity.

Redox-active clay minerals are also highly reactive towards degradation of organic contaminants such as 1,4-dioxane and industrial wastewater. 
Reduced	clay	minerals	contain	significant	amounts	of	structural	Fe(II),	and	upon	air	oxidation,	large	amounts	of	hydroxyl	radicals	(•OH) can be 
produced without addition of H

2
O

2
. In contrast to the homogeneous Fenton reaction using aqueous Fe2+, these mineral-based heterogeneous 

“Fenton-like”	reactions	can	operate	over	a	wide	range	of	pH	values,	because	the	Fe(II)	in	mineral	structures	can	sustainably	generate	•OH, and iron 
oxyhydroxide precipitation is prevented.

This	talk	will	review	more	than	a	decade	research	of	clay	mineral-microbe	interactions	in	our	group,	with	an	emphasis	on	practical	applications	of	clay	
redox reactions to heavy metal reduction and immobilization of heavy metals, as well as degradation of recalcitrant organic contaminants. Future 
perspectives	will	be	provided	near	the	end	of	the	talk,	including	challenges	and	opportunities	for	further	research.	
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Polygonal serpentine and chrysotile in serpentine veins from Shimodake serpentinite body, Izumi, 
Yatsushiro, Kumamoto Prefecture, Japan
Satomi Enju1, Seiichiro Uehara1

1Earth	and	Planetary	Sciences,	Kyushu	University,	Fukuoka,	Japan

Serpentine	minerals	are	1:1	type	phyllosilicate,	which	take	various	crystal	structures	due	to	the	misfit	between	the	tetrahedral	and	octahedral	sheets.	
Chrysotile	have	cylindrical	nanotube	like	structure	and	is	divided	into	clinochrysotile	(chrysotile-2Mc

1
) and orthochrysotile (chrysotile-2Orc

1
) by 

stacking	sequence.	Polygonal	serpentine	(PS)	have	a	unique	multi	column	shaped	structure.	It	can	also	be	divided	into	two	types	based	on	powder	
X-ray diffracton (XRD) pattern; “clino-type PS” similar to clinochrysotile and “ortho-type PS” similar to orthochrysotile [1, 2]. We termed four categories 
for	chrysotile	and	PS;	clino-type	PS,	ortho-type	PS,	clinochrysotile,	and	orthochrysotile.	Shimodake	is	the	most	ortho-type	rich	locality	in	the	
Kurosegawa belt in Kyushu [3], which is extremely enriched in ortho-type compared with previous studies [4, 5]. In this study, we report the occurrence, 
mineralogical	properties	and	formation	process	of	the	serpentine	veins	in	Shimodake,	to	reveal	the	mineralogical	properties	and	preferred	formation	
condition for ortho-type PS.

The	serpentinites	in	Shimodake	are	dark	green	spathic	blocks	accompanied	with	many	serpentine	veins.	The	schistose	serpentinite	block	is	composed	
of	lizardite,	orthochrysotile	and	magnetite.	They	show	mesh	texture	with	bastite	texture,	which	are	all	cut	by	the	latter	serpentine	veins.	In	Shimodake,	
many splintery serpentine veins occur between schistose serpentinite, pale to apple green, opaque, few millimeters in width, which are rich in ortho-
type	PS.	In	morphological	observation,	most	part	of	the	vein	section	is	composed	by	randomly	orientated	thick	fiber.	The	diameter	of	the	fiber	is	about	
200-300	nm,	and	the	length	is	mostly	shorter	than	1	µm.	These	aggregates	of	thick	fibers	are	cut	by	very	thin	vein	of	aligned	fine	fibers.	The	diameter	
of	the	fiber	is	about	50-100	nm,	and	the	length	up	to	few	micrometers.	Considering	the	result	of	TEM	observation,	the	random	orientated	thick	fibers	
are	15	sectored	ortho-type	PS,	and	the	aligned	fine	fibers	are	clino-	and	ortho-chrysotiles.

There	is	also	a	wider	vein	(up	to	1	cm)	composed	of	many	scale	like	blocks,	which	is	much	less	common.	The	cross	section	of	the	fragment	from	the	
wider vein is an elongated streamline shape, composed of two phases; yellowish opaque phase and apple green transparent phase. From XRD analysis 
and	TEM	observation,	the	former	phase	was	composed	of	thick	short	randomly	orientated	fibers	of	ortho-type	PS,	and	the	latter	phase	was	composed	
of	comparatively	aligned	fine	long	fibers	of	clino-	and	ortho-chrysotile.

Formation sequences of serpentine veins were estimated from the observation of the vein texture at various scales, which includes several stages, 
accompanied	by	fracturing.	The	type	of	fibrous	serpentine	changes	during	the	stages	of	formation;	lizardite	+	ortho-type	→ ortho-type PS + minor 
chrysotile → clino-type rich chrysotile. XRD pattern of ortho-type PS was similar to orthochrysotile, but the intensity ratio slightly differed. In TEM 
observation,	ortho-type	PS	from	Shimodake	showed	similar	features	to	the	15	sectored	PS	from	previous	studies	[6,7].	It	is	characteristic	that	there	
were no 30 sectored PS, indicating the possibility that 15 sectored PS are ortho-type, while 30 sectored PS are clino-type.
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Coupling quinoline degradation with Fe redox reaction in clay minerals: a strategy integrating 
biological and physicochemical processes
Liuqin Huang1, Hailiang Dong2, Zizhang Liu3
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As quinoline is a widely-distributed toxic pollutant, physicochemical methods such as advanced oxidation by hydroxyl radicals (•OH) are commonly 
applied	to	enhance	its	biodegradation.	However,	combining	biological	and	physicochemical	processes	was	difficult,	either	due	to	conflicting	reaction	
conditions	or	difficulty	in	recycling	Fe	during	•OH production. Here we report that quinoline was extensively degraded during redox cycling of 
structural	Fe	in	clay	minerals.	Four	microbial	consortia	containing	diverse	functional	groups	of	bacteria	were	successfully	enriched	from	coking	
wastewater, which were capable of reducing Fe(III) in nontronite (NAu-2) when coupled with quinoline degradation. Subsequent aeration of reduced 
Fe(II) in NAu-2 produced hydroxyl radicals (•OH) that further oxidized quinoline. Furthermore, quinoline could be desorbed from and re-sorbed onto 
NAu-2 during Fe redox cycle, which favored quinoline biodegradation by decreasing its toxicity through sorption and made clay an easy-recycling 
material. During Fe redox processes, quinoline was transformed into diverse products, with different pathways during Fe(III) bioreduction and Fe(II) 

oxidation. Overall, our results suggest that Fe-rich clay mineral plays an important role in biological and chemical degradation of quinoline.
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Microbe-mineral interaction during freezing process
Jaewoo Jung1,	Youngkyu	Park1, Kiho  Yang1,	Hanbeom	Park1, Kitae Kim2, Kyu-Cheul  Yoo2,	Jinwook	Kim1

1Yonsei University, Seoul, 2Korea Polar Research Institute, Incheon, Korea, Republic Of

Biotic/abiotic redox reaction is a ubiquitous process in a mineral alteration and an elemental cycling in sediments, however role of microbes in mineral 
alteration in subglacial environment is still poorly understood. Moreover, reductive dissolution of clay minerals in low temperature conditions is not 
considered. This study demonstrates that psychrophilic bacteria is capable of reducing the structural Fe in smectite that could be a new pathway 
of Fe-liberation in Antarctic region. Interaction of psychrophilic Fe-reducing bacteria Shewanella vesiculosa isolated from Antarctica with Fe-oxides 
(maghemite) and clay minerals (nontronite) during two freeze-thaw cycles (15 ℃ to -10 ℃ at pH 7) were performed to simulate natural freeze-thaw 
cycles with seasonal temperature change. Multilines of techniques including X-ray diffraction (XRD), wet chemistry analysis measuring the extent of 
Fe(III)	reduction,	electron	microscopy	analyses	measuring	structural	alteration,	confirmed	the	reductive	dissolution	of	smectite.	Particularly,	increase	
in the extent of Fe(III) reduction and precipitation of secondary-phase mineral (vivianite) are good indicators for the microbially induced mineral 
alteration at low temperature.
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An experimental study on the role of clay minerals in cyanobacterial fossilization
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Bioengineering, Central South University, Changsha, China

Cyanobacterial	records	extend	back	to	~3,	500	million	years	ago.	The	shallow-marine	beach	has	been	proposed	as	a	new	taphonomic	window	for	
Earth’s earliest microbial fossils. Clay minerals as the important components in shallow marine, always associate with cyanobacterial fossils in 
Precambrian.	In	this	work,	we	studied	the	contribution	of	clay	minerals	to	cyanobacterial	fossilization	by	experimental	examining	their	role	in	the	
formation	of	cyanobacteria-clay	aggregates.	A	filamentous	cyanobacterium	Spirulina	maxima	and	three	clay	minerals,	i.e.	montmorillonite,	illite	
and	kaolinite,	were	used	in	the	experiment.	The	formation	of	cyanobacterial	aggregates	in	the	presence	of	clay	minerals	were	observed	by	using	
scanning electronic microscope and transmission electron microscope, and analyzed by energy dispersive spectrometer and selected area electron 
diffraction, as well as Fourier-transform infrared spectroscopy. The obtained results showed that suspended clay minerals in seawater could facilitate 
the	aggregation	and	sedimentary	of	cyanobacteria	by	coating	on	cyanobacterial	cell	surface	and	filling	in	the	interspace	among	cyanobacterial	cells.	
The spectroscopic analysis indicated that the electrostatic interaction between oppositely charged cyanobacteria and clay surface mainly accounted 
for their aggregation. The saccharides, as well as fatty acid and proteins of cyanobacterial surface, were found to mediate the interaction between 
cyanobacteria and clay. And these organics also resulted in the slight dissolution of Si from the clay minerals, which might contribute to cyanobacterial 
aggregation.	These	findings	provide	some	insights	into	the	key	role	of	clay	minerals	in	cyanobacterial	fossilization.	

This	work	is	supported	by	National	Postdoctoral	Program	for	Innovative	Talents	(BX201600165),	China	Postdoctoral	Science	Foundation	(2016M600688),	
Youth	Innovation	Promotion	Association	CAS	(for	the	excellent	member	2016)	and	National	Natural	Scientific	Foundation	of	China	(Grant	No.	41772041).
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Clays and micro-organisms

Sulfide weathering processes mediated by microfungi
Pietro Marescotti1, Grazia Cecchi1, Simone Di Piazza1, Gabriella Lucchetti1, Mauro Giorgio Mariotti1, Mirca Zotti1

1DISTAV, University of Genova, Genova, Italy

This	study	aimed	to	experimentally	investigate	the	interactions,	the	bioalteration,	and	the	biocorrosion	of	sulfides	mediated	by	three	microfungi	
(Trichoderma	harzianum	group,	Penicillium	glandicola,	P.	brevicompactum)	isolated	within	the	open-air	waste-rock	dumps	from	Libiola	mine	(Liguria,	
Italy).		Unaltered	samples	of	pyrite-mineralizations	from	the	same	waste-rock	dumps	were	ground	and	sieved	into	size	fraction	of	150-63	µm	which	
resulted composed by single crystals of pyrite (>80 wt%), with minor quartz and trace amount of chalcopyrite. The mineral bioalteration tests were 
carried	out	for	six	weeks	using	Czapek-Dox	agar	medium	(CZA).	In	each	plate,	four	pyrite	crystals	or	crystal	fragments	were	set	into	the	solid	medium.	
After	one	week,	pyrite	grains	were	almost	completely	covered	by	mycelia	of	the	three	different	fungi.	The	samples	were	examined,	before	and	after	the	
experimental	procedure,	using	plane-polarized	optical	microscopy	(transmitted-	and	reflected-light)	and	environmental	scanning	electron	microscopy	
(ESEM-EDS). The ESEM analyses were performed in low-vacuum mode for the micromorphological analyses to characterize the evolution of the mineral-
fungi	interactions	during	the	different	experimental	steps.	After	six	weeks	covered	by	mycelia,	the	pyrite	grains	were	collected	and	analyzed	revealing	
that the surface of pyrite crystals was strongly corroded in all experimental tests.

ESEM	images	underlined	how	pyrite	alteration	was	strictlty	associated	with	biological	patterns	(curves,	rounded	cracks,	and	sinuous	traces).	Corrosion	
patterns	and	etching	pits	were	not	related	to	specific	crystallographic	planes	or	weakness,	but	were	randomly	distributed	on	the	crystal	surfaces,	in	
particular in correspondence of the fungal hyphae attachment. Moreover, in the same temporal interval, the control experiment performed in abiotic 
conditions did not show any dissolution evidences thus suggesting that in absence of fungal interactions the pyrite weathering did not occur or was 
much slower.

The	experimental	results	evidenced	the	active	role	of	fungi	in	the	pyrite	crystal	weathering	and	suggested	that	sulfide	alteration	was	not	only	the	
consequence of the interactions between metabolites secreted by fungi and minerals, but there was also a possible bio-mechanical role of hyphae in 
corrosion	through	penetration,	boring,	and	burrowing	along	weak	crystal	planes	or	microfractures.

Finally,	the	evidences	of	biocorrosion	led	to	evaluate	the	important	role	of	fungi	in	the	iron	and	sulfur	cycles	in	sulfide-bearing	materials,	since	fungal	
alteration	systematically	triggers	sulfide	to	sulfate	oxidation,	causing	local	gypsum	and	Fe-oxyhydroxides	precipitation	within	mycelium	structures	

36

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

D.C. Bear McPhail Memorial Symposium – a celebration of Bear’s legacy as a scientist 
and mentor

Understanding the Importance of Aqueous Geochemistry with Bear McPhail
Jay Black1

1School of Earth Sciences, The University of Melbourne, Melbourne, Australia

I	began	my	career	as	a	low	temperature	aqueous	geochemist	thanks	to	the	enthusiasm	of	one	great	lecturer	Bear	McPhail	who	inspired	me	transfer	
from a degree in Science and Engineering to Environmental Science at Monash University. At the time Bear, was a lecturer in the Geology Department 
at Monash and leading the development of the new Environmental Science program, introducing the subjects of Environmental Geochemistry I and II to 
second and third year students. In these classes, he would inspire us with real world problems, such as the impact of acid mine drainage, rising salinity 
in groundwater tables, contaminant transport in groundwaters, and most of all he taught us the fundamentals of equilibrium thermodynamics needed 
to understand the underlying geochemical processes behind those problems.

Bear	made	difficult	concepts	much	more	approachable	with	engaging	practical	exercises.	In	order	to	understand	the	concept	of	redox	equilibrium	he	
had us recreate the Eh-pH diagram for the Fe-O-H

2
O system from scratch before introducing us to the geochemical modelling software to aid in their 

construction. In the process he reinforced the principles of equilibrium thermodynamics and modelling the activity of aqueous components. Bear made 
learning	environmental	geoscience	fun,	with	a	number	of	field	excursions	to	demonstrate	how	to	measure	hydraulic	head	from	well	bores	and	sample	
and	characterise	environmental	waters.	We	worked	on	independent	semester	long	research	projects	introducing	us	to	skills	we	could	use	as	critical	
thinking	researchers.	I	used	those	skills	in	the	field	to	measure	the	hydraulic	gradient	in	a	retarding	basin	of	my	local	suburb	by	augering	the	holes	and	
installing piezometers. Bear’s classes were challenging, practical and rewarding.

I went on to do my Honours year with Bear and Dr. Joël Brugger who was a postdoc with Bear at the time on a novel research project to understand 
the	speciation	of	copper(II)	chloride	complexes	in	ore	forming	fluids.	The	intensive	year	of	research	and	subsequent	thesis	led	to	a	publication	in	
Geochimica et Cosmochimica Acta, a leading journal for publishing experimental geochemistry. Bear’s mentorship during this time was invaluable to 
my	development	as	an	experimental	geochemist.	Bear	continued	as	co-supervisor	for	my	Ph.D.	work	with	colleague	and	collaborator	Prof.	Leone	Spiccia	
before	taking	a	position	at	the	Australian	National	University.	I	remained	in	touch	with	Bear	often,	visiting	him	and	his	family	in	Canberra	on	occasion	
where	I	was	always	welcomed	for	pancakes	with	genuine	Canadian	maple	syrup.	The	lessons	I	learned,	both	personally	and	professionally	from	the	time	
I got to spend with Bear and his family will always remain very dear to me.

Here, I’ll present the impact Bear’s teachings have had on my career in a range of academic roles where I have studied problems as diverse as metal 
transport,	isotope	fractionation	and	water-rock	interactions	in	the	field	of	environmental	science.
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Transport of lead and zinc in hydrothermal fluids: towards a molecular-level understanding
Joel Brugger1, Barbara  Etschmann1, Yuan Mei2, Weihua Liu2, David Sherman3, Denis Testemale4

1School of Earth, Atmosphere and Environment, Monash University, 2Mineral Resources, CSIRO, Clayton, Australia, 3School of Earth Sciences, University of 
Bristol, Bristol , United Kingdom, 4CNRS,	Université	Grenoble	Alpes,	Institut	NEEL,	Grenoble,	France

Prof.	‘Bear’	McPhail	is	well	known	for	being	a	‘detail	kind	of	guy’,	and	as	an	exceptional	mentor	his	influence	can	last	at	lifetime.	In	the	early	2000’s,	as	a	
young	post-doc,	I	started	working	with	Bear	on	the	mobility	of	Zn	in	the	regolith,	and	the	formation	of	hydrothermal	Zn-Pb	deposits.

This	early	work	(Brugger	et	al.	2003)	highlighted	the	fact	that	in	spite	of	the	fact	that	Zn(II)	and	Pb(II)	chloride	complexes	have	long	been	recognized	as	
the	most	likely	species	responsible	for	the	transport	of	these	metals	in	hydrothermal	fluids,	their	nature	and	stoichiometry	remained	uncertain.	There	
are	a	number	of	high	quality	experimental	studies	of	Zn(II)-chloride	complexing	up	to	≥300˚C	(e.g.,	Ruaya	and	Seward,	1986;	Bourcier	and	Barnes,	1987),	
but	these	studies	were	in	significant	contradiction	with	each	other.	Which	one	to	choose?	The	situation	was	far	worse	for	bisulfide	complexes,	for	which	
few experimental data are available (review in Brugger et al. 2016).

Fifteen years later, much of this uncertainty has been lifted for Zn(II) chloride complexes. The approach highlights the importance of a sound 
understanding	of	the	details	of	the	coordination	chemistry	of	the	system	in	order	to	guide	the	interpretation	of	‘traditional’	solubility	experiments	
(Brugger	et	al.	2016).	By	combining	in-situ	X-ray	absorption	results	with	first-principle	molecular	dynamic	studies,	we	were	able	to	decipher	the	
stoichiometry	and	coordination	geometry	of	Zn(II)-Cl	complexes	to	500˚C,	800	bar.	Major	lessons	include:	(i)	the	octahedrally	coordinated	hexa-aquo	
complex [Zn(H

2
O)

6
]2+ becomes unstable upon replacement of one water molecule by a chloride ion; tetrahedral [ZnCl(H

2
O)

3
]2+ is the stable structure; 

(ii) tetrahedral Zn(II) chloride complexes become increasingly stable at high temperature; (iii) the tetrahedral [ZnCl
4
]2- remains important in chloride 

brines	even	at	T≥300˚C,	despite	its	high	charge;	and	(iv)	ZnCl
3
- is important at high T, and consists of a mixture of trigonal planar [ZnCl

3
]- and 

tetrahedral [ZnCl
3
(H

2
O)]-.	On	a	theoretical	level,	the	work	emphasizes	that	entropy	is	the	major	driver	controlling	the	T-dependence	of	transition	metal	

halide	complexes	in	hydrothermal	fluids.	However,	the	most	exciting	result	of	the	work	is	that	the	new	speciation	model	can	be	used	to	reinterpret	all	
existing high quality solubility data in a manner that resolves the apparent inconsistencies among the legacy studies (Mei et al. 2015).

On-going	work	aims	to:	contrast	Zn(II)	and	Pb(II)	hydrothermal	geochemistry,	in	other	to	understand	Zn/Pb	fractionation	during	hydrothermal	transport	
and	deposition;	evaluate	the	role	of	bisulfide	complexing	of	transition	metals,	which	appears	to	be	particularly	important	at	T≥400˚C;	and	explore	
new ways to obtain reliable thermodynamic properties of metal complexes to the high pressures and temperatures relevant for metal mobility down 
subduction	zones	(to	60	kbar,	1200˚C).
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Interactions between meteoric, surface, and ground water in fractured rock: Upper Murrumbidgee 
Catchment – preliminary results from meteoric and surface water studies
Sharon Gray1, Bear McPhail1, Catherine Hughes2,	Bradley	Opdyke1, Leah Moore3

1Research School of Earth Sciences, The Australian National University, Acton, 2Australian Nuclear Science and Technology Organisation, Lucas Heights, 
3Institute for Applied Ecology, University of Canberra, Bruce, Australia

Understanding aquifer recharge and discharge is necessary to sustainably manage groundwater resources, to develop new water resources, and 
provide water security.  Hydrogeochemical methods (e.g. element and isotopic compositions of water) are particularly useful in studying groundwater 
in complex geological environments, including the headwater regions of major water basins such as the Murray Darling Basin.  They are also useful in 
understanding	groundwater	flow	paths	and	interaction	with	surface	waters.

Evidence from geology, drainage patterns and springs suggests that potable groundwater (electrical conductivity <500uS/cm) is present within 
fractured	crystalline	rock	of	the	Upper	Murrumbidgee	Catchment,	along	with	anecdotal	reports	that	bore	yields	can	be	greater	than	20	L/s.	Therefore,	
the fractures may form aquifers that could support regional population growth and agricultural development within the Upper Murrumbidgee 
Catchment.		However,	little	knowledge	relating	to	fractured	groundwater	flow	in	this	catchment	exists,	particularly	recharge	via	rainfall	and/or	
snowmelt and groundwater-surface water (GW-SW) interactions with springs and tributaries. 

Seventeen precipitation sample collectors have been deployed within and surrounding the Upper Murrumbidgee Catchment (Figure 1) to collect 
monthly composite samples for major ion and stable isotope (d18O, d2H) analysis.

In addition, rapid stream surveys within the Upper Murrumbidgee Catchment have provided data on physicochemical parameters (pH, electrical 
conductivity, temperature, dissolved oxygen content, oxidation-reduction potential) of surface water streams at approximately 285 sites. 

These	data	provide	insights	into	how	altitude,	seasonality,	geology	type,	and	geological	structures	may	be	influencing	the	geochemical	variability	of	
these	waters.		Trends	in	meteoric	water	composition	are	compared	to	those	previously	identified	by	studies	from	surrounding	catchments	(e.g.	Murray-
Darling	Basin,	Blackburn	and	McLeod	(1983);	Snowy	Mountains,	Callow	et	al.	(2014);	Sydney	Basin,	Hughes	and	Crawford	(2013);	Lake	George,	Short	et	al.	
(2015));	and	Australia-wide	(e.g.,	Crosbie	et	al.,	2012;	Tadros	et	al.,	2014),	finding	that	elemental	and	isotopic	concentrations	vary	spatially	from	coastal	
to inland sites, from low-elevation to high-elevation sites, and vary more temporally at inland stations compared to coastal ones.

This information, along with groundwater surveys to be conducted during later stages of this research, will improve our understanding on how water in 
these different mediums are interacting with each other.  This will lead to increased understanding on how water resources may be utilised to support 
regional population growth and agricultural development within the Upper Murrumbidgee Catchment, and will provide future water security for the 
region.  
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Distribution and timing of authigenic illite/muscovite in Mesoproterozoic sandstone, Cariewerloo 
Basin, Australia: implications for fluid circulation and uranium mobilization
John Keeling1, Horst Zwingmann2

1Geological Survey of South Australia, Department of the Premier and Cabinet, Adelaide, Australia, 2Earth and Planetary Sciences, Kyoto University, 
Kyoto, Japan

The Cariewerloo Basin in South Australia is a Mesoproterozoic intracontinental sedimentary basin with largely undeformed clastic deposits, 
predominantly red-bed sandstone with lesser siltstone and minor silty shale, collectively assigned to Pandurra Formation. The deposits cover an area 
>42,500	km2	to	a	maximum	thickness	of	~1500	m.	These	overlie	crystalline	basement,	including	Gawler	Range	Volcanics	(c.	1590	Ma)	that	form	the	
dominant	westerly	source	terrain	for	siliciclastic	sediment	into	the	basin.	Crystalline	rocks	adjacent	to	the	eastern	margin	of	the	Cariewerloo	Basin	
host the world’s largest uranium deposit at Olympic Dam. The geological setting shows similarities to Athabasca and McArthur River basins and, as 
such, the region is prospective for unconformity-related uranium deposits (Wilson et al. 2010).

The	distribution	of	diagenetic	and	authigenic	minerals	in	Pandurra	sandstone	was	determined	from	spectral	reflectance	data	acquired	with	the	
HyLogger™ core scanner on 95 cored drill holes. Measurements were in the visible to near infrared (VNIR) and shortwave infrared (SWIR) wavelength 
range 380-2500 nm, with a few cores also scanned in the thermal infrared (TIR) wavelength range, 600-14,500 nm. Mineral interpretation was supported 
by	X-ray	diffraction	and	scanning	electron	microscopy.	Ten	samples	containing	authigenic	illite/muscovite	were	processed	to	concentrate	fine-grained	
illite (<2 µm fraction) for dating by the conventional K/Ar method.

Presence	of	widespread	diagenetic	blocky	dickite	infers	a	sedimentary	package	originally	much	thicker	(Lanson	et	al.	2002),	or	a	thermal	gradient	
that was abnormally high. Discovery of remnant Pandurra Formation beyond the interpreted basin limits (Cherry et al. 2017) is supportive of more 
widespread	and	thicker	deposits.	Low	permeability	and	restricted	fluid	flow	in	the	coarse-grained	basal	sandstone	is	indicated	by	remnants	of	
K-feldspar	and	detrital	muscovite	with	pores	infilled	by	the	growth	of	2M1	muscovite.	The	basal	unit	is	capped	by	a	persistent	thin	siltstone/mudstone	
unit.	Saline,	acidic	fluid	flow	was	focused	in	thick	sandstone	units	above	the	siltstone	member.	This	is	reflected	in	the	pattern	of	alteration	of	dickite	to	
illite	laths,	which	is	readily	mappable	in	the	spectral	data.	Illite	crystallization	between	1260-1180	Ma	reflects	basin-wide	fluid	movement	initiated,	most	
probably,	by	basin	inversion	or	tilting	during	Musgravian/Grenvillian	(c.	1300-1100	Ma)	tectonics,	rather	than	by	internal	convection.	Younger	fluid	events	
during	the	Lower	Ordovician	(c.	470	Ma)	and	Upper	Devonian	(c.	380	Ma)	are	recorded	by	fibrous	illite	alteration	in	sandstone	directly	beneath	overlying	
Neoproterozoic	sediments.	Basin	fluids	mobilized	during	the	c.	1200	Ma	event,	contacted	basement	rocks	principally	on	basin	margins.	More	reactive	
and reduced lithologies distributed along the eastern and northern margins are considered more prospective for uranium deposition, or remobilization 
and	concentration,	during	interaction	with	basinal	fluids.
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Copper transport in hydrothermal fluids: A review of experiments and molecular simulations in the 
last two decades
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Understanding	the	speciation	of	aqueous	metal	complexes	and	solubility	of	ore	minerals	in	hydrothermal	fluids	are	important	in	the	understanding	
of mass transport in natural and man-made hydrothermal systems, such as ore deposits, geothermal and hydrometallurgical processes. In 1998 W. Liu 
started	a	PhD	project	with	Dr	D.	C.	‘Bear’	McPhail	on	solubility	and	UV-Vis	studies	of	copper	in	hydrothermal	chloride	solutions.	Since	then	our	study	
of	copper	mobility	in	hydrothermal	fluids	has	broadened	into	vapour	phases	and	used	multiple	experimental	and	theoretical	approaches.	As	a	result,	
copper	is	now	one	of	the	best-understood	metals	in	crustal	fluids.

As	copper	(I)	is	the	predominant	oxidation	state	and	chloride	is	the	most	abundant	ligand	in	ore	fluids,	Cu(I)-chloride	complexes	have	been	studied	
intensively.	Liu	et	al.	(2001)’s	cuprite	solubility	studies	identified	CuCl

(aq)
, CuCl

2
-, and CuCl

3
2-	in	chloride	solutions	up	to	250˚C,	with	CuCl

3
2- only important 

at low temperatures. Liu et al.’s (2002) UV-Vis study also suggested that CuCl
4

3- is important in high temperature-high salinity solutions. Based on these 
studies, Liu and McPhail (2005) extrapolated the thermodynamic data for these Cu(I) chloride complexes to wider T, P conditions. At higher T-P (up to 
725˚C	and	1.7	GPa),	Hack	and	Mavrogenes	(2006)	proposed	CuCl(HCl)

n-1
0 (n =1-4) in mineral-buffered brines.

In	the	meantime,	synchrotron	X-ray	absorption	(XAS)	techniques	were	used	to	study	copper	speciation	in	hydrothermal	fluids	(e.g.,	Fulton	et	al.,	
2000,	Mavrogenes	et	al.,	2002;	Brugger	et	al.,	2007;	Liu	et	al.	2008).	These	studies	are	in	remarkably	good	agreement	and	have	provided	structural	
information about predominant copper species, i.e., linear CuCl

2
- or CuCl

(aq)
. An independent ab initio molecular dynamics simulation (Sherman, 2007) 

confirmed	these	spectroscopic	measurements,	and	disproved	the	CuCl
4

3- presented by Liu et al. (2002).  In the vapour phase, copper exists as hydrated 
chloride complexes, and the hydration is Key for copper transport in the vapour phases, based on XAS (Liu et al., 2008); solubility (Migdisov et al., 2014) 
and our recent MD simulations.

The complexation between Cu(I) and another important ligand, hydrosulphide (HS-), has also been studied using solubility (Mountain and Seward, 
2003), XAS (Etschmann et al, 2011) and MD simulations (Mei et al., 2013). These studies are in good agreement and also point to the predominance of 
linear Cu(HS)

2
- and CuHS

(aq)
 . The MD study of Mei et al. (2013) proposed a mixed ligand complexes CuCl(HS)-	in	mixed	Cl-HS	solutions;	this	work	also	

demonstrated that quantitative thermodynamic properties can be obtained from ab initio MD.

The	coordination	structure	of	aqueous	Cu(I)	species	(e.g.,	linear	Cl-Cu-Cl)	is	in	contrast	with	that	of	the	divalent	first-row	transition	metals	(e.g.,	
Fe(II), Co(II), Ni(II), Zn(II)). The latter are mainly octahedral at low T, low salinity, and tetrahedral at high T, high salinity (e.g., Zn(H2O)

6
2+ vs ZnCl

4
2-). This 

fundamental	difference	contributes	to	the	different	behaviour	of	copper	and	other	metals	in	hydrothermal	fluids	and	ore-forming	processes.
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Rutile geochemistry in gold exploration 
Jennifer Porter1, Cristina Talavera1, Neal McNaughton1, Noreen Evans1, Bradley McDonald1, Brent McInnes1

1John de Laeter Centre for Isotope Research, Curtin University, Bentley, Australia

Rutile	inherits	trace	element	geochemistry	that	reflects	its	natural	formation	environment.	This	allows	geochemical	distinction	between	metamorphic,	
igneous and ore-related rutile grains. Rutile is also a physically and chemically robust mineral that survives erosion and sediment transport, often 
concentrating	as	placer	deposits	in	streams,	rivers	and	beaches.	It	also	survives	in	the	regolith.	Importantly,	the	geochemical	“fingerprint”	of	its	
formation is faithfully transported to the sedimentary depositional environment and, for the most part, survives subsequent burial, diagenesis and 
metamorphism until medium-high grade.

Detrital	rutile	grains	can	survive	transport	of	>	100	kms	and,	as	such,	potentially	provide	a	distal	footprint	to	metalliferous	ores	which	is	far	larger	than	
that	of	any	other	mineral;	akin	to	the	scale	of	transport	of	some	diamond	indicator	minerals.	As	such,	rutile	may	be	the	optimal	detrital	mineral	for	
both	greenfields	and	brownfields	metals	exploration,	and	exploration	through	surficial	cover	and	regolith.	To	test	this	supposition,	the	geochemical	
characteristics of rutile from a range of formation environments have been determined by in situ LA-ICPMS analyses, and U/Pb ages determined by 
SHRIMP.

Many hydrothermal gold deposits have rutile as an ore-associated mineral. Most gold deposits (so far studied) have rutile grains less than 50 microns 
in size, which limit their transport potential. However, some major deposits in medium-high metamorphic grade settings have coarser (i.e. > 100-200 
microns) rutile grains. Coarser, gold-related rutile are characterised by high W and lower Sn vs Sb/W and Nb-Ta characteristics than pegmatitic rutile. 
Only rutile from gold ores and pegmatites consistently has W-contents greater than about 5,000 ppm.

The temperature of formation of rutile via Zr-in-rutile geothermometry and U/Pb geochronology (potentially) provides the age of rutile formation, both 
of	which	can	be	related	to	the	P-T	and	4D	framework	of	the	terrane	being	explored	to	constrain	exploration	models.	However,	rutile	U/Pb	geochronology	
is	more	susceptible	to	modification	by	post-depositional	events	such	as	metamorphism,	simply	because	radiogenic	Pb	is	an	incompatible	element	in	
the rutile structure compared to the more compatible elements (e.g. W, Sn, Sb, Ta, Nb) which are incorporated into rutile at the time of formation.

The attributes of rutile described above potentially provide a new or hitherto underutilised tool for gold exploration. We present an example of the 
preservation	of	gold-related	rutile	in	surficial	sediments	from	the	eastern	Yilgarn,	WA.	

IMA2018	Abstract	book43

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

D.C. Bear McPhail Memorial Symposium – a celebration of Bear’s legacy as a scientist and mentor

Detrital xenotime: Is U-Th geochemistry a vector to metalliferous ores? 
Neal McNaughton1, Birger Rasmussen2

1John de Laeter Centre for Isotope Research, Curtin University, Bentley, 2School of Earth Sciences, University of Western Australia, Crawley, Australia

Xenotime is a relatively rare Y-REE-phosphate mineral. Coarse-grained xenotime is typically associated with fractionated granites and pegmatites 
and	some	alkaline	under-saturated	igneous	rocks.	However,	it	also	occurs	in	trace	amounts	as	relatively	small	grains	(i.e.	<50	microns)	in	many	
sedimentary	rocks	and	their	metamorphic	equivalents	where	it	can	form	during	diagenesis,	during	low	to	medium	to	high	grade	metamorphism,	and	as	
a hydrothermal alteration mineral, including associated with ore minerals in hydrothermal gold deposits.

Xenotime,	like	its	sister	REE-phosphate,	monazite,	incorporates	U	and	Th	into	their	structures	when	they	form	and	have	been	found	to	be	excellent	
geochronometers using the U/Th/Pb system. Dating small grains can be achieved by in-situ techniques such as with ion microprobes, and there is now a 
substantial	number	of	publications	in	which	petrographically-identified	events	from	diagenesis	(McNaughton	et	al.,	1999;	Vallini	et	al.	2005;	Rasmussen,	
2005) to orogenic gold mineralisation (Vielreicher et al. 2015) have been reliably dated and placed in the 4D evolutionary history of their host terranes.

Like	monazite,	xenotime	is	a	physically	and	chemically	robust	mineral	during	erosion	and	sediment	transport.	Monazite	is	concentrated	and	mined	as	
placer deposits, which also contains the less abundant xenotime. We investigated whether xenotime from gold deposits has a geochemical signature 
which could distinguish it from other modes of formation, and hence provide an exploration method for hydrothermal gold ores via detrital xenotime.

Most	published	works	on	xenotime	geochronology	include	analyses	of	U	and	Th	contents,	but	there	are	few	examples	where	this	is	complemented	by	
other trace element data. We sought to analyse published data and reviewed the U-Th-content information for well-characterised samples to determine 
if	there	were	any	geochemical	fingerprints	which	could	be	used	to	determine	the	formation	mode	of	xenotime.

We	(McNaughton	&	Rasmussen,	2018)	found	that	xenotime	formed:	(1)	from	low-salinity	ore	fluids	which	have	the	lowest	U-contents	and	U/Th,	compared	
to	high	salinity	ore	fluids;	(2)	in	unconformity-related	U-deposits,	xenotime	had	the	highest	U-contents	at	U/Th>10;	and	(3)	in	Precambrian	orogenic	
gold deposits, xenotime had the least variable and lowest U/Th. Notably, xenotime from the giant Kalgoorlie-Mt Charlotte ore systems had the lowest 
U-contents of all orogenic gold deposits. 
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The interaction between interface coupled dissolution reprecipitation reactions and solid-state 
diffusion reactions in ore-forming systems
Allan Pring1, Jing Zhao2, Kan Li2, Joel Brugger3

1Chmeistry, 2Flinders University, Adelaide, 3Monash University, Melbourne, Australia

The importance of interface coupled dissolution reprecipitation (ICDR) reactions in a wide variety of geological processes is becoming widely 
recognized (Putnis 2002, 2009, Altree-Williams et al. 2015), and this is particularly so in relation to ore deposition and enrichment.  In many of the 
mineral systems studied to date, the temperatures of the hydrothermal reactions were such that the mobility of the metal ions, due to self-diffusion, 
was	low.	So	in	these	reactions	the	kinetics	of	any	solid-state,	diffusion-driven	process	was	likely	to	be	very	sluggish	when	compared	to	the	kinetics	
of ICDR reactions.  It is clear, however, that in higher temperature settings such as porphyry copper systems or in more mobile chalcogenide systems 
such	as	some	Ag-	and	Cu-sulfides	and	-tellurides,	solid-state	diffusion	may	be	significant,	and	solid-state	reactions	may	compete	kinetically	with	the	
ICDR mechanism. We report on our recent studies on two chalcogenide systems where we did observe the interaction of ICDR reactions and solid-state 
diffusion	difference	reactions.		The	two	systems	are:	the	Au-Ag-Telluride	system,	particularly	sylvanite	(Zhao	et	al.	2013)	and	the	Cu-Fe-Sulfide	system,	
particularly bornite-digenite solid solution (Zhao et al. 2017).   It is clear from experimental studies that both systems show ICDR replacements and 
exsolution,	and	that	metastable	intermediate	phases	can	play	an	important	role	in	the	formation	of	the	final	texture.		Much	of	our	knowledge	of	mineral	
processes	in	ore	formation	comes	from	interpretation	of	mineral	textures,	partitioning	of	minor	and	trace	elements	and	fluid	inclusions,	but	our	recent	
experimental	work	highlights	the	importance	of	experimental	studies	in	the	correct	interpretation	of	ore-forming	processes.
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Geomicrobiology Of Australian Uranium Deposits: Out And About With Bear In Arkaroola
Frank Reith1, Carla Zammit2, John Moreau3, Joel Brugger4

1School of Biological Sciences, The University of Adelaide, Adelaide, 2School or Earth and Environmental Sciences, The University of Queensland, St. 
Lucia, 3School	of	Earth	Sciences,	The	University	of	Melbourne,	Parkville,	4School of Earth, Atmosphere and Environment, Monash University, Clayton, 
Australia

Uranium (U) is a critical bioactive heavy metal that offers potential for the Australian economy, but also carries substantial environment and human 
health	risks.	Recognizing	the	duality	of	this	natural	resource,	an	ARC	discovery	project	led	by	Bear	McPhail	embarked	on	a	mission	to	understand	more	
about U mobility in the Australian weathering environment. A particular focus was given to hydrogeochemical and geomicrobial aspects of U mobility. 
Studies	linking	microbial	community	functions	to	U	mineralised	systems	are	rare,	but	an	exceptional	phylogenetic	and	functional	diversity	is	expected,	
based on studies from the United States. Here, resident bacteria have been shown to increase U mobility via the production of acid during iron and 
sulphur oxidation, whereas others limit U mobility by reducing uranyl and forming highly insoluble nanoparticles of secondary U(IV)-biominerals such 
as	uraninite	and	coffinite.	The	Mount	Painter	Inlier	in	the	northern	Flinders	Ranges	(Arkaroola	region)	consist	predominantly	of	Palaeoproterozoic	
to Mesoproterozoic metasediments and granites, as well as Neoproterozoic to Cambrian sediments of the Adelaide Geosyncline. The area contains 
a	range	of	mineralised	systems,	including	primary	and	secondary	U	deposits	as	well	as	roll-front	deposits	in	the	adjacent	Lake	Frome	Embayment.	
The	Lake	Frome	Embayment	contains	a	number	of	roll-front	deposits	including	the	Beverley	Mine.	This	mine	started	operation	in	2009	and	exploits	
many individual orebodies. Beverley is the third largest U mine and currently the sole metal-mining operation using large-scale In-Situ Recovery (ISR) 
technology in Australia. Roll-fronts are continuously forming when U is mobilised from primary sources, which are locally derived from multiple sources 
in the Mt. Painter Inlier. Uranium is transported as soluble U(VI)-ions/complexes in oxidised groundwaters to a host unit. Reduction of soluble U(VI) to 
insoluble U(IV) occurs where the oxidised groundwater meets a reduced unit, e.g., a region containing high contents of organic carbon or biogenic 
sulphides. Therefore, we hypothesize that microbial communities and geochemical properties are closely associated and support the mobilisation and 
re-precipitation	of	U.	In	this	presentation	we	will	remember	Bear	by	telling	the	story	of	our	field	trip	in	the	Arkaroola	Region	and	the	epic	journey	of	
survival	when	the	team	got	stranded	in	the	Australian	Outback.	Given	the	latter	circumstances,	we	had	ample	time	to	discuss	local	geology,	(hydro)
geochemistry	and	bluegrass	music.	For	the	first	time,	we	present	the	data	obtained	from	this	trip	including	a	comprehensive	metagenomic	dataset	that	
describes	the	links	between	geomicrobial	and	geochemical	processes	from	iconic	U-bearing	locations	such	as	the	famous	No.	6	workings.	
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Hidden histories in quartz microcrystals
Dominique Tanner1, John Mavrogenes2, Richard Henley2, Peter Holden2, Terrence Mernagh2

1School of Earth & Environmental Sciences, University of Wollongong, Wollongong, 2Research School of Earth Sciences, Australian National University, 
Canberra, Australia

Many	hydrothermal	quartz	crystals	exhibit	prominent	oscillatory	growth	zones	–	a	unique	record	of	fluctuating	conditions	during	quartz	deposition.	In	
some	cases,	this	zonation	can	be	observed	in	hand	specimen,	but	it	is	best	illuminated	using	cathodoluminescence	imaging.	Despite	this	knowledge,	
the	geochemistry	of	hydrothermal	quartz	crystals	is	rarely	studied	beyond	in	situ	fluid	inclusion	analyses	or	whole-grain	oxygen	isotope	analyses.	
Using in situ analytical techniques, we discovered extreme chemical heterogeneity across individual quartz crystals from a range of hydrothermal ore 
deposits (Tanner et al. 2013).

For	example,	in	quartz	microcrystals	extracted	from	a	sulfosalt	matrix	at	the	El	Indio	Ag-Au-Cu	high-sulfidation	deposit,	Chile,	we	found	up	to	11‰	
variation in δ18O within one 300-µm crystal.  Raman spectroscopy revealed that clusters of euhedral quartz microcrystals contained relict zones of 
metastable silica hydrate: “opal” and moganite. We have documented similar quartz microcrystals from 19 other ore deposits (Tanner et al. 2015).

Raman spectroscopy, coupled with in situ oxygen isotope and trace element analyses suggest that quartz microcrystals in sulfosalt ore from El Indio 
were	deposited	as	metastable	silica	hydrate	and	evolved	to	euhedral	anhydrous	quartz	during	high-temperature	maturation.	This	is	the	first	evidence	
for non-equilibrium δ18O	fractionation	in	quartz	from	a	high-temperature	environment.	These	findings	have	implications	for	how	we	interpret	primary	
and secondary textures in quartz, and how geochemical proxies derived from quartz (e.g. TitaniQ and stable isotope analyses) record depositional 
environments in sub-volcanic settings.
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Migration and Transport of Plutonium in Australian Climates
Megan Cook1, Vanessa Wong1, Joël Brugger1, Ross Kleinschmidt2

1School of Earth, Atmosphere and Environment, Monash University, Melbourne, 2Radiation and Nuclear Sciences, Queensland Health, Brisbane, Australia

Trace levels of plutonium (Pu) exist in Australian soils as a result of 12 atmospheric nuclear bombs tests in the mid-1950s dispersing long-lived Pu and 
other nuclear weapons debris, the legacy of which is a long-lasting source of radioactive contamination to the surrounding environment. Fallout Pu 
can	be	present	as	very	finely	divided	material,	which	may	consist	of	contaminated	soil	particles	or	recondensed	Pu.	This	material	presents	the	highest	
risk	to	ecological	processes	due	to	its	availability	for	inhalation,	uptake	by	vegetation,	and	cycling	in	the	soil	ecosystem.	More	than	70	sites	across	the	
north east of the continent have been analysed for Pu activity; at each site, a range of physical and chemical attributes were recorded, including the 
mineralogy and reactive nature (e.g. pH, salinity, organic matter content) of the sediments. Statistical investigation of this dataset utilizing principal 
components analysis revealed that 60.4% of the variance in Pu activity concentration is explained by the variables land use, geomorphology, organi 
matter and soil salinity. The impact of these variables was tested using column experiments in the laboratory. It was determined that arid, tropical 
and	temperate	environments	have	a	defined	effect	on	the	migration,	bioavailability	and	immobilisation	of	Pu	and	Pu-complexes	determined	by	these	
site-specific	environmental	variables.	These	data	will	assist	in	defining	the	types,	quantities	and	chemical	forms	of	the	radionuclide	that	encompass	
potential for exposure to radioactivity from Pu isotopes in the Australian environment.
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Transformation of Sparingly Soluble Uranyl Mineral Phases to Highly Soluble Nanoscale Cage 
Clusters
Haylie Lobeck1,	Connor		Parker1,	Sara	Boukdad1, Henry Ridder2, Enrica Balboni1, Peter Burns1, 3

1Department of Civil and Environmental Engineering and Earth Sciences, 2Department of Chemical and Biomolecular Engineering , 3Department of 
Chemistry and Biochemistry, University of Notre Dame, Notre Dame, United States

Understanding the solubility of actinide material in aqueous environments is important in various aspects of the nuclear fuel cycle, including in-situ 
leaching of uranium ore, reprocessing of spent fuel, determining the behavior of radionuclides in geologic repositories, and the transport of actinide 
contamination	at	waste	storage	sites	such	as	Hanford	and	at	reactor	accident	sites	such	as	Fukushima. Uranyl minerals with low aqueous solubility, 
such as uranyl phosphates, vanadates, and silicates, are found as alteration products on tetravalent uranium compounds. Water in contact with these 
minerals will typically contain much less than 100 ppm of U in solution over a broad range of pH conditions. In the presence of hydrogen peroxide, 
which is produced by the alpha-radiolysis of water, uranyl minerals and UO

2
 readily transform into the water insoluble uranyl peroxide mineral studtite, 
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2
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2
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2
](H

2
O)

2
.

Nanoscale	uranyl	peroxide	cage	clusters	(nanoclusters)	are	hollow	cage-like	structures	made	up	of	16	–	124	uranyl	ions	connected	by	peroxo	and	
hydroxyl	bridges.	Nanoclusters	readily	form	when	studtite	and	excess	hydrogen	peroxide	are	combined	in	an	alkaline	environment	(pH	≥	8).	More	
than 60 types have been reported with diameters ranging between 1.5 to 4 nm. Many incorporate a variety of bridging ligands and transition metals, 
including pyrophosphate, oxalate, and nitrate. Uranyl peroxide nanoclusters are generally soluble in water, and solubility measurements of certain 
clusters have shown uranium concentrations reaching 294,000 ppm U (1.82 M U) in nanocluster-bearing solutions.

This study investigates the reaction of uranyl mineral phases of the meta-autunite group (An+[(UO
2
)(PO
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), boltwoodite group (An+[(UO
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2
-bearing solutions at various pH values containing tetraethyl ammonium 

hydroxide (TEAOH). A combination of techniques were used to characterize the presence of the mineral studtite and nanoscale clusters in solution. 
Understanding the transformation of sparingly soluble uranyl mineral phases to highly soluble uranyl peroxide cage clusters and the environmental 
conditions	needed	for	this	transformation	can	provide	insight	into	potential	applications	of	nanoclusters	in	the	fuel	cycle.	This	work	provides	an	
alternate method of spent fuel and insoluble uranyl mineral dissolution to the PUREX process, which relies on hot nitric acid and harsh organic solvents 
for dissolution and uranium extraction. Nanoclusters can be formed from uranium-bearing phases and simply separated from the aqueous matrix 
though	methods	of	ultrafiltration.	
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Radiation Damage in ABO4 Compounds: Laboratory versus Nature
Greg Lumpkin1, Massey de los Reyes1, Robert Aughterson1, Daniel Gregg1, Simon Middleburgh1, Mihail Ionescu1, Christoph Lenz1, Lutz Nasdala2

1ANSTO, Lucas Heights, Australia, 2University of Vienna, Vienna, Austria

ABO
4
 minerals based on the zircon, monazite, fergusonite, and scheelite structure typess are important in geological systems as carriers of rare earth 

elements, Nb, Ta, W, Th, U, and other rare elements. In the nuclear industry, Th-U minerals are important ores for the production of nuclear fuel and 
some	of	these	minerals	have	been	proposed	as	host	phases	in	nuclear	waste	forms	for	actinides	and	fission	products	that	occur	in	spent	nuclear	fuel.	
In	order	to	be	effective	in	this	role,	each	host	phase	must	fulfill	certain	requirements,	including	resistance	to	dissolution	in	aqueous	fluids,	and	minimal	
changes to the structure and properties due to radiation damage over time. In this study, we discuss the effects of radiation on ABO

4
 oxides with B 

=	W,	V,	or	Nb	using	(1)	in	situ	TEM	methods	with	thin	crystals	irradiated	by	1.0	MeV	Kr	ions	over	the	temperature	range	50-1000	K,	(2)	bulk	irradiations	
using	Au	or	other	ions,	and	(3)	by	making	reference	to	information	on	related	mineral	species	damaged	by	alpha	decay	of	Th	and	U.	All	of	the	ABO

4
 

compounds in (1) are susceptible to structural damage leading to amorphization. However, under the experimental conditions used in this study for 
(2) above, the materials may be subject to more complicated physical processes such as epitaxial recrystallization beginning next to the crystalline 
substrate. For (1), damage cross sections (σ

a
 = 1/F

c0
) are in the range of ~ 1-64 × 10-14 cm2 ion-1, indicating that none of these compounds are inherently 

radiation tolerant. Further data analysis gave critical temperatures for amorphization (T
c
) of 311 to 1012 K, generally increasing from the scheelite to 

monazite to zircon to fergusonite structure types, with certain exceptions. While LaVO
4
 (monazite), YVO

4
 (zircon), and YNbO

4 
(fergusonite) all fall within 

the range of reported T
c
 values for monazite and xenotime structured lanthanide orthophospates (e.g., 330-580 K, for 0.8 MeV Kr ions) [1], the T

c
 values 

of the three scheelite structures, CaWO
4
, SrWO

4
, and BaWO

4
, are just below or within error of lower limit of this temperature range; whereas, the T

c
 

value of the fergusonite type compound LaNbO
4
 is well above the upper limit of this range. The T

c
 values of LaVO

4
 and YVO

4
 are higher than LaPO

4
 and 

YPO
4
 by 82 K and 124 K, respectively. We note that the silicates zircon, thorite, and huttonite have high T

c
 values > 900 K [1,2]. However, it has also been 

shown that damage recovery is enhanced in silicate thorites due to incorporation of Ca, rare earth elements, P, and V [3], so chemistry can play a major 
role	in	promoting	damage	recovery.	For	part	(3)	of	this	work,	it	is	well	known	that	natural	monazite	is	crystalline,	probably	due	to	a	combination	of	
much slower damage production rates and higher average temperatures in geological environments. We conclude this part of the presentation with 
an	examination	of	the	kinetics	of	damage	production	and	annealing	on	geological	time	scales	and	how	this	may	influence	the	different	observations	
from the laboratory and from natural samples. Finally, we present a concept for direct determination of the amorphous fraction from a single 
photoluminescence spectroscopic measurement using confocal spectrometers with spatial resolution in the µm-range. 
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Thermodynamics and structural complexity of sodium uranyl sulfate minerals with unusual 
structural topologies
Samuel Perry1, Peter Burns1

1Civil and Environmental Engineering and Earth Sciences, University of Notre Dame, Notre Dame IN, United States

Uranium	is	a	critical	element	with	major	military	and	industrial	significance.	Most	uranium	minerals	are	formed	because	of	oxidation-hydration	of	
uraninite1. The uranyl ion, UO

2
2+,	links	with	various	polyatomic	anions,	such	as	sulfate,	into	a	wide	variety	of	topologies2. Although historically few uranyl 

sulfates have been described3, within the past decade almost 30 new uranyl sulfates have been described3, with 22 of these new species discovered 
in the White Canyon mines of southwestern Utah3,4.	These	minerals	crystallize	as	efflorescent	crusts	on	the	sandstone	walls	and	on	pods	of	fossilized	
plant material4.

The	thermodynamics	of	the	uranyl	sulfate	group	are	almost	completely	unknown1, perhaps partially due to limitations in high-temperature calorimetry 
having only recently been overcome5.	Without	this	thermodynamic	characterization,	predicting	the	transport	of	uranium	remains	difficult.	Additionally,	
certain	uranyl	sulfates	preferentially	form	over	similar	minerals	in	seemingly	identical	geochemical	settings.	For	instance,	péligotite	and	klaprothite	
are polymorphs of Na

6
(UO

2
)(SO

4
)

4
·4H

2
O that share the structural unit [(UO

2
)(SO

4
)

4
]6- with several synthetic species6. These phases share the same 

chemistry, but differ in hydration degree, crystal symmetry and crystal complexity, implying underlying subtleties to their formation mechanisms.

This	project	has	undertaken	the	synthesis,	characterization	and	calorimetric	analysis	of	the	White	Canyon	suite	of	sodium	uranyl	sulfates	and	their	
closely related synthetic phases. Pure synthetic analogs were crystallized through evaporation in isotherm ovens from solutions of U, Na and S. 
The crystal structures were solved using single-crystal X-ray diffraction (SC-XRD). The structural complexity of each phase was calculated using 
the	ToposPro	package7.	The	phases	were	subsequently	analyzed	with	powder	X-ray	diffraction	(PXRD)	to	verify	their	bulk	purity.	Scanning	electron	
microscope	(SEM)	analysis	was	also	employed	to	help	confirm	that	each	phase	is	homogeneous.	The	elemental	ratios	were	verified	with	inductively	
coupled	plasma	optical	emission	spectroscopy	(ICP-OES).	The	water	content	was	verified	with	thermogravimetric	analysis	(TGA).	The	ground	phases	
were pressed into ~5 mg pellets and dropped into an AlexSys high-temperature 3D Calvet-type calorimeter to measure the enthalpy of solution, from 
which	the	enthalpy	of	formation	(ΔH°

f
) was determined.

Early results imply that structural complexity is correlated with enthalpy of formation of the phases. As structural complexity has an inverse 
relationship	to	configurational	entropy8,	this	may	imply	the	formation	mechanism	is	energetic	rather	than	entropic.	Continuing	work	will	focus	on	the	
synthesis of additional sodium uranyl sulfates and the determination of correlations or anti-correlations between complexity and stability.
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[2] A.J. Lussier et al. (2016) Can. Mineral. 54: 177-283.
[3] IMA Mineral List Database. Available online: http://rruff.info/ima/ (accessed 26 February 2017).
[4] U. Hålenius et al. (2017) Eur. J. Mineral. 29: 1083-1087.
[5] A.	Navrotsky.	(2014)	J.	Am.	Ceram.	Soc.	97:	3349-3359.
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The Aqueous Solubility Of Siderite In Subduction Zones
Stefan Farsang1, Marion Louvel1, Simon A. T. Redfern1

1Department of Earth Sciences, University of Cambridge, Cambridge, United Kingdom

Carbon is transported to the deep Earth predominantly by the subduction of carbonate minerals. These represent the most stable and abundant carbon 
bearing	solids	down	to	depths	of	at	least	200	km	(6	GPa)	[1].	While	high	pressure-temperature	(P-T)	experiments	extend	the	stability	of	carbonates	
in	different	structures	to	depths	of	at	least	2,500	km	(>100	GPa)	[2,3],	the	enhanced	solubility	of	carbonates	in	high	P-T	aqueous	fluids	[4,5]	instead	
advocates	for	their	efficient	recycling	back	to	the	atmosphere	through	dissolution	in	slab	fluids,	transfer	to	the	mantle	wedge	and	consequent	volcanic	
outgassing [6–9]. Here, we have determined the aqueous solubility of siderite (FeCO

3
)	at	subduction	zone	conditions	(0-10	GPa,	300-600°C).	Fe2+ and 

Fe3+ ion	concentrations	have	been	measured	by	synchrotron	X-ray	fluorescence	(SXRF)	spectroscopy	coupled	with	the	diamond	anvil	cell	(DAC)	at	the	
European Synchrotron Radiation Facility. Complementary aqueous carbonate speciation data have been collected by Raman spectroscopy coupled 
with	the	DAC	at	the	University	of	Cambridge.	Together,	both	methods	give	a	full	picture	of	the	aqueous	geochemistry	of	the	fluids	in	equilibrium	with	
carbonates, directly at the high P-T conditions characteristic of subduction zones and the overlying mantle wedge.
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[5] Facq, S. et al. (2016). Chem. Geol., 431, 44–53.
[6] Frezzotti, M. L. et al. (2011). Nat. Geosci., 4, 703–706.
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Nitrogen partitioning in subduction zone processes
Michael Forster1, Dejan Prelevic2, Stephan Buhre2, Stephen Foley1

1Earth and Planetary Sciences, Macquarie University, Sydney, Australia, 2Institute of Geosciences, University of Mainz, Mainz, Germany

Atmospheric	nitrogen	is	continuously	fixed	and	deposited	in	marine	sediments,	which	contain	approximately	1000	µg	g-1 nitrogen. The ongoing 
recycling of nitrogen to mantle depths is thought to be associated with potassium-bearing silicates in subduction zones, where micas play an integral 
role, for example through the substitution of ammonium-NH

4
+ for potassium in phlogopite (Johnson and Goldblatt, 2015). Li et al. (2013) show that 

nitrogen	behaves	highly	incompatibly	during	melting	of	anhydrous	mantle	rocks	and	has	low	abundances	in	basalts	(<10	µg	g-1 N). However, nitrogen-
rich ultrapotassic magmas (~400 µg g-1 N) indicate the presence of nitrogen-bearing lithologies that reside within the lithospheric mantle (Jia et al., 
2003).

This study uses an experimental approach to examine the behavior of nitrogen during subduction and mantle melting. We conducted high-pressure 
experiments	in	piston-cylinder	and	belt	apparatuses	at	2-6	GPa.	Samples	were	filled	into	outer	metal	capsules	of	AuPd	composition	while	the	oxygen	
fugacity	was	controlled	by	the	C-CO	buffer	provided	by	an	inner	graphite	capsule.	Subduction	conditions	were	mimicked	by	positioning	a	peridotite	
against a sediment layer to simulate the reactions that are present at the slab-surface to fore-arc mantle interface region. For this purpose, nitrogen-
bearing marine sediment samples were acquired from the International Ocean Discovery Project (IODP). Experimental charges have been analyzed 
with an electron probe microanalyzer (EPMA) using a 20 µm defocused beam. Experimentally synthesized NH

4
-feldspar was used as a standard for the 

nitrogen	quantification.

Melting of the marine sediments produced silica-oversaturated melts (55-70 wt% SiO
2
) with clinopyroxene, garnet and phengite as residual phases. 

Analyses of the experimental charges showed that nitrogen from degrading organic material substitutes in the form of ammonium into potassium-
bearing	minerals.	Reaction	experiments	including	sediment	and	dunite	conducted	at	low	temperature	(<1000	°C)	formed	a	phlogopite-enriched	zone	
at the interface between the lithologies, which indicates how the fore-arc lithospheric mantle is strongly enriched in potassium and nitrogen during 
subduction. During melting of the sediments, N strongly partitioned into the liquid phase (D

N
(phlogopite/melt): 0.6-0.2). Thus, ultrapotassic magmas 

with up to 400 µg g-1 N (Jia et al., 2003) tap a phlogopite-bearing source that contains between 80-240 µg g-1 N. Since nitrogen would also be lost to a 
fluid	phase,	this	has	to	be	taken	as	a	minimum	estimate.
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Multiphase solid inclusions and trace element zoning in garnets of UHP peridotite reveal fluid-
mediated element transfer from subducting continental crust into overlying mantle wedge 
Jana Kotková1, Renata Čopjaková2, Antonio Acosta-Vigil3, 4

1Czech Geological Survey, Prague, 2Department	of	Geological	Sciences,	Masaryk	University,	Brno,	Czech	Republic,	3Departimento Geoscienze, Universita 
di Padova, Padova, Italy, 4Research School of Earth Sciences, The Australian National University, Acton, Australia

Exhumed	ultrahigh-pressure	(UHP)	terranes	involving	slices	of	metamorphic	rocks	which	were	located	at	the	deepest	part	of	subduction	zones	provide	
unique	material	to	study	subduction-zone	processes,	including	fluid-mediated	material	transfer	and	fluid-rock	interaction.	A	remarkable	assemblage	of	
crustal	and	mantle	rocks	with	UHP	signature,	involving	diamond-bearing	gneisses,	eclogites	and	garnet	peridotites,	is	exposed	in	the	Saxothuringian	
basement	of	the	northern	Bohemian	Massif,	European	Variscan	belt.	Similar	peak	P-T	conditions	(c.	5	GPa	and	in	excess	of	1100	°C)	along	with	
petrological	data	indicate	a	common	subduction	history	of	crustal	and	mantle	rocks.

Garnets from peridotites contain multiphase solid solutions (MSI) which are polygonal, equant to elongated in shape, reaching up to 40 µm in diameter, 
and	dominated	by	carbonates	(dolomite±magnesite),	amphibole	and	Ba-rich	mica	(Ba-rich	phlogopite	to	kinoshitalite).	Minor	phases	involve	graphite,	
spinel,	thorianite,	apatite	and	pentlandite.	The	MSI	mostly	occur	within	the	≈	200-300	µm	wide	annulus	at	the	rim	of	millimetre-sized	pyrope-rich	
garnet porphyroclasts (Prp

73
Alm

16
Grs

10
Sps

1
). In contrast to the large chemically homogeneous garnet core, the MSI-bearing external annuli feature 

sudden decrease in Mg and X
Mg 
and	increase	in	Fe.	Trace	elements	show	flat	zoning	profile	in	the	garnet	core	as	well,	apart	from	Mn,	Nb	and	Ti	which	

continuously increase from core towards the rim. Notable changes in trace element concentrations within the MSI-bearing external annulus include an 
increase in Th, U, Y+REE (in addition to Mn) and a drop in Zr, Hf, Nb, Ta and Ti. Due to their contrasting diffusivities in garnet, major element (above all 
Fe	and	Mg)	concentration	profiles	tend	to	record	garnet	reequilibration	upon	cooling,	whereas	trace	element	concentration	patterns	are	more	prone	to	
reflect	changes	in	the	composition	of	the	environment	from	which	garnet	grows.	The	chemical	characteristics	of	the	garnet	margin	are	compatible	with	
the	presence	of	thorianite	(Th,	U)	and	apatite	(REE)	within	the	MSI.	Along	with	enrichment	of	the	MSI	phases	in	LILE	(Ba,	K,	Sr:	kinoshitalite,	carbonates,	
amphibole, apatite) and volatiles (H

2
O, CO

2, 
Cl > F), this suggests supply of elements from the downgoing crustal slab into the overlying mantle wedge 

during	the	crystallization	of	garnet	rims.		Associated	UHP-UHT	metasediments	are	likely	candidates	for	the	source	of	these	elements.	This,	as	well	as	
nature	of	the	transport	media	(fluids/melts/supercritical	fluids),	can	be	constrained	based	on	results	from	the	experimental	rehomogenization	of	the	
MSI	in	order	to	reconstruct	its	syn-entrapment	bulk	composition.			
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The effect of C-O-H fluids on partial melting of eclogite and lherzolite under reducing conditions
Zairong Liu1, 2, Arno  Rohrbach1, Stephan Klemme1, Stephen Foley2, Jasper Berndt1

1Institut für Mineralogie, Westfälische Wilhelms-Universität Münster, Muenster, Germany, 2Earth and Planetary Sciences, Macquarie University, Sydney, 
Australia

C-O-H	fluids	are	the	most	important	fluids	that	participate	in	the	continuous	degassing	and	magmatism	of	earth.	They	are	well	known	to	cause	partial	
melting of eclogite and peridotite at much lower temperatures than in dry conditions, and thus causing heterogeneities in the Earth’s mantle[1]. At high 
pressure	and	low	oxygen	fugacity	conditions,	C-O-H	fluids	consist	mostly	of	H

2
O + CH

4
[2,3]. However, under these reducing conditions, the effect of the 

C-O-H	fluids	on	the	melting	process	of	eclogite	and	lherzolite	is	not	well	constrained.	So	far	there	is	no	direct	measurement	of	melt	composition	under	
reducing condition.

In	this	work,	we	performed	high	pressure	experiments	to	understand	how	C-O-H	fluid	would	affect	the	melting	of	eclogite	and	lherzolite	at	different	
redox conditions. The experiments at 2 GPa and 6 GPa were performed with piston cylinder and multi-anvil apparatus, respectively, over a temperature 
range	between	900	–	1500	°C.	Under	oxidizing	conditions,	both	eclogite	and	lherzolite	starting	compositions	contained	about	5	wt.%	H

2
O; while at 

reducing	conditions	(with	an	oxygen	fugacity	of	around	IW-0.4)	the	identical	compositions	contained	5	wt.%	C-O-H	fluids	(1	wt.%	H
2
O and 4 wt.% CH

4
).

The	solidus	temperature	is	bracketed	by	subsolidus	experiments	without	presence	of	melt,	and	experiments	with	visible	melt	phase	among	minerals.	
All phases were detected with Electron Microprobe Analysis (EMPA) in Münster University, Germany. 

The preliminary results show that:
1. Under	reducing	conditions,	the	solidus	temperature	of	eclogite	with	C-O-H	fluids	is	about	200	°C	lower	than	that	of	lherzolite	with	the	same	C-O-H	
fluids;

2. Solidus	temperatures	under	reducing	conditions	for	both	eclogite	with	C-O-H	fluids	and	lherzolite	with	C-O-H	fluids	are	100	°C	higher	than	those	for	
the same system with H

2
O alone in the more oxidizing experiments;

3. For	eclogite	with	C-O-H	fluids	under	reducing	conditions,	the	temperature	of	garnet	out	is	lower	than	clinopyroxene.
4. For	both	eclogite	with	5	wt.%	fluids	systems,	variations	in	SiO

2
 content of melts with temperature seem to be related with appearance of 

orthopyroxene;
5. For	lherzolite	with	C-O-H	fluids,	at	6	GPa,	a	remarkable	amount	of	graphite	occurs	at	high	temperature,	which	responds	the	high	solidus	

temperature under reducing condition from experimental observations.

Further comprehensive analysis is continuing, such as characterization of the melt compositions. The results will be applied to the melt genesis in the 
early earth and formation of basalt on other planets.
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Supercritical Fluids At Subduction Zones: Evidence And Outlook
Huaiwei Ni1, Li Zhang1

1School of Earth and Space Sciences, University of Science and Technology of China, Hefei, China

There is a general consensus that at subduction zones, mass transfer from the subducted slab to the overlying mantle wedge is mediated by a hydrous 
mobile	phase.	However,	it	is	under	intense	debate	whether	this	phase	is	an	aqueous	fluid,	hydrous	silicate	melt,	or	supercritical	fluid	with	intermediate	
composition (H

2
O	concentration	in	the	range	of	30	wt%–70	wt%).	Supercritical	fluids,	with	fluid-like	viscosity	and	melt-like	wetting	and	element-

carrying capability, are an ideal agent for chemical and isotopic transport at subduction zones. Experimental investigations of the phase relations 
of mineral-H

2
O	and	rock-H

2
O	systems	show	that	it	is	possible	to	produce	supercritical	fluids	at	P-T	conditions	corresponding	to	deep	subduction	

zones. H
2
O-rich	multi-phase	solid	inclusions	may	represent	a	relic	of	supercritical	fluids.	However,	there	still	lacks	conclusive	geological	evidence	for	

the	presence	of	supercritical	fluids.	Furthermore,	there	are	still	significant	controversies	over	the	formation	conditions	of	supercritical	fluids.	Our	
knowledge	about	the	atomic	structure	and	physicochemical	properties	of	supercritical	fluids	are	also	inadequate.	In	situ	spectroscopic	investigation	
and	first-principles	molecular	dynamics	simulations	have	the	potential	to	bring	major	breakthroughs	to	our	understanding	of	supercritical	fluids	in	the	
near future.
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Effective fractionation of carbon and nitrogen during diamond crystallization
Vadim Reutsky1
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Spatial	heterogeneities	of	the	isotopic	and	impurity	distributions	in	diamonds	are	well-known.	Such	heterogeneities	are	often	abrupt,	suggesting	
changes	in	crystallization	conditions,	variations	in	the	source	composition	and/or	properties	of	the	diamond-forming	fluid	(Javoy	et	al.,	1986;	Boyd	
et al., 1994, Harte et al., 1999, Fitzsimons et al., 1999; Bulanova et al., 2002; Shiryaev et al., 2005). However, gradual trends in diamond composition 
following	a	crystallographic	growth	direction	are	rarely	observed.	Such	gradients	would	provide	an	opportunity	to	model	the	evolution	of	a	fluid	
components’, primarily C and N, over the course of the crystallization (Thomassot et al., 2007; Stachel et al., 2009; Smart et al., 2011; Petts et al., 2015; 
Hogberg	et	al.,	2016;	Smit	et	al.,	2016;	Stachel	et	al.,	2017;	Reutsky	et	al.,	2017).

Nitrogen is the most extensively studied isomorphic impurity in diamond. Despite a wealth of high quality data, several fundamental questions 
about	nitrogen’s	behavior	in	diamonds	remain	unsolved	and,	in	many	cases,	data	interpretation	is	controversial.	In	particular,	nitrogen’s	fluid/crystal	
partitioning remains unclear. Detailed investigation of growth-related trends in the carbon isotopic composition and of nitrogen in a set of natural and 
synthetic diamonds reveals systematic compositional trends, suggesting they result from diamond crystallization at conditions of the Earth’s mantle. 
Observed variations are providing a rare opportunity to model the behavior of carbon and nitrogen isotopes during the diamond growth.

Here	we	have	shown	that	the	distribution	of	nitrogen	impurity	and	of	C	and	N	isotopes	observed	in	synthetic	and	natural	crystals	can	be	fitted	using	
the	Burton-Prim-Slichter	model	(Burton	et	al.,	1953).	Considering	the	fractionation	coefficients	are	changing	with	crystal	growth	rate,	the	modeling	
show that heavy carbon isotope and nitrogen impurity in general, are incompatible with a diamond which formed from an oxidized (e.g., carbonate) 
fluid.	In	a	reduced	environment	(CH

4
-bearing	fluid),	nitrogen	shows	the	same	behavior	while	the	carbon	isotope	fractionation	turns	to	opposite.	

Behavior of nitrogen isotopes is not clear yet and require additional information. Both of the cases considered have been observed in natural diamond 
crystals	from	worldwide	sources	(e.g.	Hogberg	et	al.,	2016;	Smit	et	al.,	2016;	Reutsky	et	al.,	2017).

Our results provide additional tool for considering so-called “coupled” and “decoupled” relationship of carbon and nitrogen in diamonds. The effective 
fractionation model must be considered as complimentary to the distillation model (Thomassot et al., 2007; Stachel et al., 2009), which based on the 
fluid	distillation	due	to	diamond	crystallization	in	a	closed	system.

This	work	was	supported	by	the	Russian	Science	Foundation	under	Grant	No.	14-27-00054.
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Recycling of deeply subducted continental crust materials to deep mantle: Lithium isotopic 
evidence from post-collisional mafic-ultramafic rock in Dabieshan, China
Dongbo Tan1, Yilin Xiao1

1CAS Key Laboratory of Crust-Mantle Materials and Environments, University of Science and Technology of China, Hefei, China

Lithium isotopes are potential tracers of processes in crust-mantle interaction and recycling of the subducted crust. Previous studies show that the 
Li isotopic compositions of the island arc lavas are similar to those of fresh mid-ocean ridge basalt, whereas arc lavas were expected to record a 
signature of slab-derived high δ7Li	released	in	fluids.	It	is	unclear	whether	Li	isotopes	signatures	in	continental	crust	were	recycled	into	the	mantle	
by	deep	subduction	and	preserved	in	mantle	depths.	Here	we	report	the	whole	rock	Li	isotopic	compositions,	as	well	as	major	and	trace	elements	
data	of	post-collisional	mafic-ultramafic	rocks	from	the	Northern	Dabieshan,	China.	The	investigated	mafic-ultramafic	rocks	have	high	contents	of	
MgO (up to 20.7 wt.%), Cr (up to 1651ppm) and Ni ( up to 407.4ppm), but low contents of SiO

2
	(41.6	to	56.2	wt.%),	and	arc-like	trace	element	distribution	

patterns,	suggesting	their	derivation	from	partial	melting	of	a	fertile	mantle.	The	rocks	show	variable	δ7Li	values	ranging	from	-2.9‰	to	+7.2‰	and	
Li concentrations from 2.5 to 28.0 ppm), with average δ7Li	values	(+2.7‰)	lower	than	that	of	the	mantle	and	fresh	MORB.	Furthermore,	a	few	samples	
show	obviously	high	(+6.6‰,	+7.2‰)	or	low	(-0.1‰,	+2.9‰)	δ7Li features, which are beyond the range of mantle. These observations demonstrate 
that	the	Li	isotopic	compositions	of	the	local	orogenic	lithospheric	mantle	is	inhomogeneous,	which	might	have	significantly	hybridized	by	recycled	
crustal	materials	including	amounts	of	genesis	and	in	a	less	amount	of	eclogite	and/or	metasedimentary	rocks.	Therefore,	the	post-	collisional	mafic-
ultramafic	rocks	provide	Li	isotopes	record	of	recycled	continental	crust	to	deep	mantle.	In	combination	with	previous	chronology	studies,	calculation	
suggests that the Li isotopic of recycled continental materials crust could survived for at least 0.1Ga at the mantle conditions. Quantitative modelling 
aming to constrain the Li isotopic compositions of the derived melt from subducted continental crust suggests that the Li isotopic compositions of 
melt	is	slightly	lower	than	its	presumed	protolith,	indicating	that	Li	isotopes	were	not	significantly	fractionated	during	subduction	of	the	continental	
crust.
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In-situ boron isotope geochemistry of forearc serpentinites in the California Coast Ranges
Tatsuki Tsujimori1, Chinatsu Yamada2, Qing  Chang3, Jun-Ichi Kimura3
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Serpentinite	is	one	of	the	characteristic	rock	types	in	convergent	plate	margins.	Because	of	high	solubility	in	fluids	and	high	isotope	fractionation	
between	fluids	and	minerals,	boron	isotope	of	serpentinites	are	considered	to	be	a	geochemical	tracer.	What	are	the	boron	isotope	signatures	of	
the forearc serpentinites in the Northern California Coast Ranges? Do the boron isotopic signatures show regional differences? and/or lithological 
differences? Does the boron isotope distinguish the tectonic origin of the serpentinite? In order to understand hydrated forearc mantle of subduction 
zones,	we	investigated	twenty	serpentinites	from	six	localities	(Edgewood	Park,	San	Jose,	Northern	Diablo	Range,	New	Idria,	Ring	Mountain,	and	Cedars)	
of	the	Northern	California	Coast	Ranges,	with	a	specific	focus	on	boron	isotope	systematics;	we	applied	newly	developed	in-situ	spot	isotope	analysis	
technique by LA–MC-ICPMS (Kimura et al., 2016).

The investigated serpentinites include sheared serpentinite, massive serpentinite (or serpentinized peridotite), and serpentine veins cutting fresh 
peridotite.	The	occurrences	of	these	serpentinites	are	classified	into	serpentinite	lenses	within	Franciscan	metagreywacke,	blueschist-bearing	
serpentinite diapir, massive serpentinized peridotite body, fresh peridotite body, and various serpentinites along the San Andreas Fault. We have tested 
both mineralogical variations (lizardite/chrysotile vs antigorite) and textural variations (pseudomorph vs non-pseudomorph). Boron concentration and 
isotope composition of serpentines in the investigated serpentinites show a large variation (B = 3–239 µg/g, δ11B	=	−12.0	to	+	24.4‰).	Serpentinites	
with	blueschist-facies	high-pressure	metamorphic	rocks	is	characterized	by	lighter	boron	isotope,	with	negative	δ11B values. In contrast, massive 
serpentinites without blueschists show heavier boron isotope ratios. Our observations support Martin et al. (2016)’s pioneering study in the Guatemala 
Suture Zone; in other words, boron isotope is useful for tectonic discrimination of serpentinites.

Considering the geological context and the fact that serpentinites with higher δ11B values are enriched in boron, the isotope records in forearc 
serpentinites	can	be	explained	essentially	by	fluid	evolution	via	a	Rayleigh	fractionation	during	progressive	dehydration	of	subducting	slab.	However,	
detailed	evaluations	in	Edgewood	Park	with	the	largest	isotope	variation	have	led	to	an	interpretation	of	multi-source	of	fluids	that	have	facilitated	
serpentinization at different environments. We also made a mineralogical assessment on relict mantle minerals in serpentinites. The assessment 
of relict mantle minerals found a possibility that the δ11B values correlate with the degree of partial melting of residual peridotite before the 
serpentinization. 
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Evolution of the paleosubduction zone in the western margin of the Siberian craton: element 
mobility and 40Ar/39Ar isotopic constraints
Antonina Vernikovskaya1, 2,	Valery	Vernikovsky1, 2, Alexey Travin3, Irina Romanova1, 2,	Nikolay	Matushkin	1, 2
1Geology,	Novosibirsk	State	University,	2Geodynamics,	Trofimuk	Institute	of	Petroleum	Geology	and	Geophysics,	Siberian	Branch	of	the	RAS,	3Isotop, 
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The study is concerned with the evolution of the active continental margin of the Siberian paleocontinent in the Neoproterozoic. Based on geochemical 
and	isotopic	data	we	studied	the	formation	history	of	the	rocks	and	minerals	during	magmatic	processes	from	700	to	630	Ma,	as	well	as	the	
thermochronology of events recorded by the isotopic systems of the minerals. These processes are of special interest. During this time interval the 
Priyenisei	island	arcs	and	ophiolites	were	formed	and	then	accreted	to	the	western	margin	of	the	Siberian	Craton.	Diverse	intrusive	and	volcanic	rocks	
of	elevated	alkalinity,	including	alkali	syenites,	carbonatites,	and	A-type	granites,	were	formed	contemporaneously	at	the	near-parallel	continental	
margin	in	the	Tatarka–Ishimba	Suture	Zone.	In	this	zone	the	Srednetatarka	nepheline	syenites	pluton	is	located.	Its	central	zone	is	composed	of	
feldspathic	ijolite,	while	the	outer	zone	consists	of	foyaite	and	alkali	syenite,	which	are	crosscut	by	foyaite	pegmatite	dikes.	Foyaites	are	represented	
by	medium-	and	coarse-grained	as	well	as	pegmatoid	rocks	with	poikilitic	structure,	consisting	mostly	of	potassic	feldspar	(microcline)	(40–65	vol.%),	
nepheline	(30–40	vol.%)	and	aegirine	(5–15	vol.%).	These	rocks	also	contain	sphene,	fluorite,	individual	grains	of	arfvedsonite,	biotite,	astrophyllite,	
as	well	as	eudialyte,	pyrochlore,	and	analcime	mostly	occurring	in	pegmatites.	The	Srednetatarka	pluton	was	emplaced	at	710–690	Ma	(U/Pb,	zircon,	
sphene),	synchronously	with	carbonatites,	A-type	granitoids	and	other	subalkaline	and	alkaline	rocks	from	the	continental	margin,	which	is	also	
coeval	with	the	oldest	island	arc	igneous	and	volcanic	rocks	from	the	Priyenisei	accretion	zone.	40Ar/39Ar age plateaus for phlogopite, biotite (647±7, 
637±6 Ma) and an amphibole-pyroxene mixture (high temperature plateau, 658±7 Ma) provide evidence in favor of cooling to temperatures lower 
than	400–500°C.	This	event	corresponds	to	the	rise	of	the	pluton	to	depths	of	10–13	km	with	a	geothermal	gradient	of	30°C/km.	40Ar/39Ar age plateaus 
for	an	amphibole-pyroxene	mixture	(569±6	Ma)	and	two	nepheline	samples	(545±5,	569±6	Ma)	are	evidence	of	cooling	to	temperatures	of	200–250°C	
and	further	rise	of	the	pluton	to	depths	of	6–8	km.	The	early	stage	(~658–637	Ma)	corresponds	well	to	the	time	of	accretion	of	the	Priyenisei	island	
arc	belt	(up	to	630	Ma)	(Vernikovsky	et	al.,	2003).	These	processes	led	to	the	thickening	of	the	continental	crust	on	the	south-western	craton	margin	
(geographic coordinates). As a consequence, the subduction was “stopped”, and a slab window opened. The latter event, recorded in new 40Ar/39Ar 
data (~569–545 Ma), is coeval with tectonic and magmatic activity in the Priyenisei accretion belt at the Neoproterozoic – Cambrian boundary (up to 
545	Ma).	This	is	reflected	by	intrusions	of	adakite-gabbro-anorthosite	magmatism	(Vernikovskaya	et	al.,	2017)	on	the	final	development	stage	of	the	
Neoproterozoic active margin of Siberia.
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Lithium isotope geochemistry of UHP marbles from Dabie-Sulu, China: Implications for tracing 
Carbon-cycling in subduction zones
Wanhq Wan1, Yilin XIAO1

1University of Science and Technology of China, Hefei, China

‘Carbon	cycle’	is	important	for	maintaining	habitable	climate,	and	subduction	zones	play	key	roles	in	regulating	Earth’s	carbon	(C)-cycling	over	long	
geologic time. Here we measured the lithium (Li) elemental and isotopic compositions of 36 ultra-high pressure (UHP) marbles from the Dabie-Sulu 
orogenic	belt,	aiming	to	study	the	potential	of	Li	isotopes	as	a	new	tracer	for	C-cycling.	We	firstly	found	the	Li	isotopic	composition	of	UHP	marbles	
(δ7Li	=	+1.3	~	+21.5‰)	is	much	heavier	than	that	of	mantle	peridotites	(δ7Li	=	+2.0	~	+5.7‰,	average	+3.7‰).	Both	the	Li	content	([Li]	=	0.3~5.8	ppm,	
average 1.2 ppm) and δ7Li	values	(+1.3	~	+21.5‰)	of	all	UHP	marble	samples	are	almost	consistent	with	sedimentary	carbonates	([Li]	=	0.4	~	12.5	ppm,	
average 1.5 ppm; δ7Li	=	+1.4	~	+24.3‰),	demonstrating	that	Li’s	concentration	was	barely	changed	and	isotopic	fractionation	is	insignificant	during	UHP	
metamorphism of subducted carbonates and later exhumation of UHP marbles. Therefore, subducted carbonates could transport heavy Li isotopic 
composition into the deep mantle, forming local heavy Li isotopic heterogeneity, and may serve as a candidate for the origin of mantle-derived 
samples with elevated Li isotopic composition. Thus, these subducted carbonates with particularly heavier Li isotopic composition than mantle may 
provided novel perspective for tracing deep C-cycling. 
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Initiation of the North China Craton destruction: Constrains from the diamond-bearing alkaline 
basalts in Lan’gan Anhui Province
Xiao-Xia Wang1, Yi-Lin Xiao1

1University of Science and Technology of China, HeFei, China

The North China Carton (NCC) is a typical ancient carton which experienced strong cratonic destruction in the Mesozoic. Geophysical and Geochemical 
data	suggest	that	the	ancient	subcontinental	lithosphere	mantle	of	the	NCC	has	been	removed	about	80km	and	replaced	by	fertile	mantle	during	the	
Mesozoic	(~130	to	110Ma).	However,	the	initial	time	and	mechanism	of	the	destruction	remains	controversial.	Extensive	Mesozoic	mafic	and	granitic	
magmatism occurred in the eastern region of the NCC which provides a unique window for lithospheric mantle composition and its evolution. Here 
we	report	geochemical	and	geochronological	data	of	diamond-bearing	alkaline	basalts	from	Lan’gan,	which	located	in	the	southeast	margin	of	
the NCC. The diamonds in the basalts are cubic and dodecahedral with diameters of ~0.2 to 0.6mm. Petrographical observations suggests that the 
Lan’gan	alkaline	basalts	show	porphyritic	texture,	with	pyroxene	phenocrysts	and	abundant	plagioclase,	amphibole	and	Fe-Ti	oxides	in	matrix.	The	
presence of amphibole indicates that the magma source of the basalts are volatile-enriched. The basalts have  high Na

2
O+K

2
O contents and display 

arc-like	trace	element	patterns	with	enrichment	in	light	rare	earth	elements	(LREE)	and	large	ion	lithosphile	elements	(LILE),	indicating	that	the	
magma	source	of	the	basalts	was	probably	metasomatized	by	fluids	derived	from	a	subducting	slab.	The	slightly	enriched	Sr-Nd-Hf	isotopic	data	(bulk 

87Sr/86Sr(t)=0.70646~0.70925 and εNd(t)=-2~-4, and εHf(t)
zircon 

= -17~-21) suggest that the basalts were derived from ancient subcontinental lithosphere 
mantle with enrichment features. Zircon in-situ laser-ablation ICP-MS U-Pb dating yielded ages of ~174 Ma, which was rarely reported in the eastern 
region	of	the	NCC.	The	discovery	of	diamond	in	the	174	Ma	basalts	suggest	that	the	lithosphere	of	NCC	was	remained	thick,	which	indicates	that	large-
scale	destruction	of	the	NCC	had	not	initiated	until	the	early	Jurassic.	Based	on	these	observations,	we	propose	that	the	studied	alkaline	basalts	can	be	
related	to	the	Paleo-Pacific	subduction,	during	which	the	lithospheric	mantle	might	have	been	significantly	fertilized	by	slab	derived	fluids,	generating	
a	reduction	in	viscosity	and	intensity	of	the	lithospheric	mantle,	and	may	finally,	promoted	partial	melting	on	a	limited	scale	in	the	mantle	wedge	to	
generate	the	investigated	alkaline	basalts.

Fluids, melts, element mobility and isotope fractionation in subduction zones: 
Petrological and geochemical insights

62

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Functional silicates and aluminosilicates: clays, zeolites and other minerals

Use of Infrared Spectroscopy for the Estimation of Soluble Al2O3 in Calcined Kaolin
Adriana Guatame-Garcia1,	Mike	Buxton1

1Geosciences and Engineering - Resource Engineering, TU Delft, Delft, Netherlands

Calcined	kaolin	used	for	speciality	applications	in	the	pharmaceutical	industry	requires	properties	that	include	low	chemical	reactivity,	low	
abrasiveness	and	high	brightness.	Calcination	of	natural	kaolin	to	temperatures	around	1100⁰C generates physical and chemical transformations that 
improve	these	properties.	During	calcination,	kaolinite	is	transformed	to	metakaolinite	and	mullite,	passing	through	a	γ-spinel phase. The transition 
from amorphous to crystalline γ-spinel	marks	the	balance	point	between	low	reactivity	and	low	abrasiveness	that	is	required	for	the	calcined	kaolin	
products. In the industry, the criterion to assess the extent of the calcination reaction in the spinel phase, and hence the quality of the calcined 
product, is the chemical extraction of soluble Al

2
O

3
.	However,	this	technique	has	a	prohibitively	long	turn-around	time	for	operational	feedback

The increasing need for automated quality control systems in the industry has brought the necessity of developing techniques that provide (near) 
real-time data. For this, sensor technologies that can operate in mining production environments and provide good analytical capabilities are desired. 
This	work	assesses	the	suitability	of	using	infrared	(IR)	spectroscopy	as	a	potential	technique	for	quality	control	of	calcination	of	kaolin.	First,	a	set	
of	kaolin	samples	was	calcined	at	different	temperatures	in	a	laboratory	muffle	furnace.	These	samples	were	used	to	identify	the	changes	in	the	IR	
spectra that correlate to the soluble Al

2
O

3
 measurement along the calcination reaction. The spectra were collected using a portable IR instrument that 

uses	diffuse	reflectance	in	the	1.9	–	15.0	µm	range.	A	correlation	was	found	between	the	development	of	spectral	features	of	water	and	the	decrease	in	
the soluble Al

2
O

3
 content, explained by the adsorption of water from the γ-spinel. This relationship was later used to attempt a prediction of the soluble 

Al
2
O

3
	content	in	calcined	kaolin	products	using	the	IR	spectra.	For	this,	IR	measurements	were	collected	for	production	samples	calcined	in	a	multiple	

hearth furnace. These data were used to generate Partial Least Squares (PLS) and Support Vector Regression (SVR) prediction models. The soluble Al
2
O

3
 

content was predicted using the SVR model with an accuracy R2 = 0.87.

The use of a portable spectrometer enables the collection of data on-site and in (near) real-time, reducing the turn-around time for operational 
feedback	drastically.	The	generated	predictions	have	a	level	of	accuracy	that	is	able	to	identify	variation	trends	in	the	production	of	calcined	kaolin.	
These	data,	integrated	into	a	monitoring	system,	can	be	used	for	the	optimisation	of	the	calcination	of	kaolin.
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The influence of clay minerals’ structure and surface reactivity on their phase transformation
Hongping He1, Shichao  Ji1, Shangying Li1, Qi  Tao1, Jianxi  Zhu1

1Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China

Clay minerals are a family of natural nano-materials with unique structure and chemicophysical nature, and may transform from one to another under 
natural and anthropogenic conditions. Understanding clay mineral transformation is of fundamental importance to unraveling geological processes 
and	to	utilizing	clay	mineral	resources.	So	far,	two	pathways	have	been	identified,	i.e.,	the	transformation	among	2:1	type	clay	minerals	(e.g.,	illitization	
of smectite1)	and	from	2:1	type	to	1:1	type	(e.g.,	kaolinization	of	smectite2). However, the conversion of 1:1 to 2:1 type has rarely been reported. In this 
study, we demonstrate that 1:1 type clay minerals can be transformed into 2:1 smectite under hydrothermal condition. The transformation from 
dioctahedral	kaolinite	and	halloysite	to	smectite	was	much	easier	than	that	from	trioctahedral	serpentine	to	smectite.	This	implies	that	the	starting	
minerals’	structure	and	surface	reactivity	have	significant	influences	on	their	transformations.	X-ray	diffraction	(XRD)	patterns	of	the	hydrothermal	
products displayed characteristic basal spacing of smectite group minerals at 1.2 - 1.3 nm. This is consistent with high resolution transmission electron 
microscopy	(HRTEM)	observations,	in	which	clay	layers	with	a	thickness	of	1.2	-	1.4	nm	were	found	in	all	hydrothermal	products	and	the	chemical	
compositions determined by energy dispersive spectrometer (EDS) analysis are close to that of smectite. The consumption of surface OH in precursor 
minerals during the transformation led to a dramatic decrease of mass loss of dehydroxylation in thermogravimetric (TG) curves. XRD patterns also 
indicated	that	the	transformation	of	halloysite	and	kaolinite	was	easier	than	that	of	serpentine.	The	difficulty	for	the	transformation	of	serpentine	to	
smectite	may	be	due	to	the	lack	of	enough	available	Al	in	the	reaction	system,	in	which	the	substitution	of	Al3+ for Si4+ in the neo-formed tetrahedral 
sheet is critical to control the size matching between the neo-formed tetrahedral sheet and octahedral sheet in starting minerals3.	For	kaolinite,	
halloysite and lizardite, exfoliation occurred during the conversions to smectite, which led to a prominent decrease in the number of phyllosilicate 
layers	contained	in	the	hydrothermal	products.	However,	the	transformation	could	only	take	place	at	the	edges	of	an	antigorite	layer	rather	than	the	
whole one, due to the strong Si-O covalent bonds connecting the neighboring layers in antigorite4. The inheritance of such Si-O covalent bonds also 
resulted in non-swelling property of the neo-formed smectite from antigorite. Two main pathways were proposed for the transformation of 1:1 type clay 
minerals into smectite, i.e., conversion of one 1:1 type layer to one smectite layer via attachment of Si-O tetrahedra onto the octahedral sheet surface 
of the starting minerals and two adjacent 1:1 type layers merging into one smectite layer. The present study suggests that solid state transformation is 
the main mechanism for conversion of 1:1 type clay minerals to smectite. Such transformation of 1:1 clay minerals to 2:1 ones could be the third pathway 
for the transformation of clay minerals in nature, which suggests a new pathway for synthesizing valuable swelling smectite from abundant and 
inexpensive 1:1 clay minerals.
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The crystal structure of sodium tetra-silicic fluoro-mica, NaLiMg2Si4O10F2
Ritsuro Miyawaki1, Koichi Momma1

1Department	of	Geology	and	Paleontology,	National	Museum	of	Nature	and	Science,	Tskukuba,	Japan

Sodium	tetra-silicic	fluoro-mica	is	a	swelling	clay	mineral,	and	is	synthesized	for	industrial	applications	such	as	fillers	of	resin,	paint	and	gas	barrier.	
As the mica can easily swell in an ambient air, it is required to characterize it under a dry condition. A fragment of a single crystal (0.08 * 0.03 * 
0.01 mm3) was cut from the aggregate of mica synthesized from a melt in a crucible. The fragment was mounted into a dry N

2
	gas	flow	(-180°C)	on	a	

Rigaku	R-AXIS	RAPID	curved	imaging	plate	diffractometer	using	MoKα radiation monochromated and focused by a VariMax confocal multilayer mirror. 
The	crystal	structure	was	solved	and	refined	in	the	triclinic	system	[C–1,	a	=	5.2204(10),	b	=	9.0812(17),	c	=	9.652(2)	Å,	α = 91.202(7), β = 95.905(7), γ 
=	90.037(7)°,	V	=	455.06(16)	Å3]	by	means	of	the	charge	flipping	method	and	full	matrix	least	square	calculation,	respectively.	The	refinement	with	
anisotropic displacement parameters converged into R

1
	=	0.0756	for	1323	independent	reflections.	The	lengths	of	a	and	b	are	slightly	shorter	than	

those of tainiolite, respectively, and are intermediates between those of aspidolite, a tri-octahedral mica, and paragonite, a di-octahedral mica. The 
6-membered ring of tetrahedra shows approximately hexagonal similar to those in tri-octahedral micas. On the contrary, the interlayer space is 
collapsed	remarkably.	The	value	c·sinβ,	9.601	Å,	is	significantly	shorter	than	that	of	tainiolite,	10.004	Å,	and	slightly	shorter	than	those	of	Na-micas,	
such	as	aspidolite	(9.802,	9.771	Å)	and	paragonite	(9.659	Å).	The	refined	occupancy	parameters	gave	a	structural	formula	Na

0.874
(Mg

0.706
Li

0.294
)

2
(Mg

0.715
Li

0.285
)

Si
4
O

10
F

2
. This formula suggests a isomorphous substitution of Li+ + Na+ → Mg2+ + □ from the ideal composition towards the dehydrated hectorite 

[Na
0.3

(Mg,Li)
3
Si

4
O

10
(F,OH)

2
·nH

2
O].	The	sodium	tetra-silicic	fluoro-mica	is,	chemically,	a	Na-analogue	of	tainiolite	[KLiMg

2
Si

4
O

10
F

2
], but differs in the 

symmetry of crystal structure from tainiolite [monoclinic, C2/m]. The interlayer Na ions are statistically divided into split sites drifted from the 
interlayer	plane	in	the	triclinic	crystal	structure	of	sodium	tetra-silicic	fluoro-mica,	whereas	the	interlayer	K	ions	are	located	on	the	interlayer	mirror	
plane in the monoclinic tainiolite structure. An interlayer Na ion forms an asymmetric coordination polyhedron with 6 basal O on the closer tetrahedral 
sheet	and	4	basal	O	on	the	farther	opposite	tetrahedral	sheet.	Such	an	irregular	coordination	possibly	makes	the	sodium	tetra-silicic	fluoro-mica	
swellable.
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The novel Al30 pillared interlayered montmorillonite
Jianxi Zhu, Ke Wen1, Yuebo Wang2, Lingya Ma1, Xiaoli Su1, Runliang Zhu, Hongping He1, Yunfei Xi3

1CAS Key Laboratory of Mineralogy and Metallogeny, Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, 2Institute of Surface-Earth System Science, Tianjing University, Tianjing, China, 3School of 
Chemistry, Physics and Mechanical Engineering, Science and Engineering Faculty, Queensland University of Technology, Brisbane, Australia

As	a	two-dimensional	layered	nanomaterial,	pillared	interlayered	clays	(PILCs)	have	attracted	intensive	scientific	and	industrial	attentions	in	recent	40	
years.	PILCs	draw	intensive	attention	in	the	fields	of	chemistry	and	material	sciences,	owing	to	their	strong	surface	acidity	and	large	microporosity.	
The conventional hydroxy-aluminum pillared clays are based on Keggin Al

13 
cations,	in	our	works,	the	novel	Al

30
 PILCs (Al

30
-PILM) was prepared from 

montmorillonite and a base-hydrolyzed solution of Al (III) chloride in which the polycation of aluminum Keggin-Al
30

 ([Al
30

O
8
(OH)

56
(H

2
O)

24
]18+) was detected. 

With	a	‘Gemini-Keggin’	structure,	Al
30

 is composed of two units of Al
13
 ([Al

13
O

4
 (OH)

24
(H

2
O)

12
]7+),	linked	by	four	octahedral	aluminum	monomers[2-4]. To 

the	best	of	our	knowledge,	this	is	the	first	time	that	porous	pillared	interlayered	Mt	with	large	Al
30

 pillars (2x1x1 nm) has been successfully prepared. 
Compare to the Al

13
 pillared interlay montmorillonite (Al

13
-PILM), Al

30
-PILM	has	a	higher	thermal	stability	and	bigger	specific	surface	area	(SSA)	and	

higher Al/Si ratio[5]. After calcined at 800 oC, Al
30

-PILM has a SSA value of 111 m2/g, much larger than that of Al
13
-PILM (26 m2/g). With the combination of 

the analyses including thermogravimetric (TG) analysis, high temperature X-ray diffraction (HTXRD), High-resolution transmission electron microscopy 
(HRTEM), and SSA investigation, we can conclude that Keggin-Al

30
 pillared montmorillonite was successfully prepared. The pillared by Keggin-Al

30
 could 

enhance the thermal stability of Mt. Al
30
-PILM	could	retain	a	well	layered	structure	even	at	the	high	temperature	of	800°C,	while	layers	of	Al

13
-PILM and 

original	Mt	collapsed.	This	fundamental	work	will	offer	exciting	opportunities	to	the	preparation	of	excellent	porous	materials	with	superior	properties	
especially the thermal stability.
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Facile synthesis of nanostructured silicon with various morphology from clay minerals for lithium-
ion battery anodes
Runliang Zhu1, Qingze Chen1, Hongping He1

1Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China

Silicon is regarded as an attractive candidate for next-generation anode of lithium-ion batteries (LIBs) owing to its exceptional theoretical capacity 
(~4200 mAh g−1 with a Li

22
Si

4
 phase) and low discharge potential (~0.2 V vs. Li/Li+) compared with conventional graphite anode materials. However, 

the silicon anode undergoes serious capacity fading because of its huge volume change during the lithiation/delithiation process, which then causes 
the loss of electrical conductivity and the increase of variable solid electrolyte interphase (SEI) area. Nanostructuring is an effective strategy to 
enhance the structural and cycling stability of silicon anodes in lithium-ion batteries, but a controllable and cost-effective method for synthesizing 
nanostructured	silicon	with	various	morphology	is	still	a	challenge.	In	this	work,	we	synthesized	zero-dimensional	(0D),	two-dimensional	(2D),	and	
three-dimensional (3D) silicon nanostructures directly using low-cost and abundant clay minerals as precursors without any pretreatment and 
templates via a facile molten salt-assisted magnesiothermic reduction method. Our results showed that the morphology and microstructure of the 
resulting	nanostructured	silicon	strongly	depended	on	the	architectural	features	of	clay	minerals,	i.e.,	0D	silicon	from	chain-layered	palygorskite,	2D	
from	layered	montmorillonite,	and	3D	from	tubular	halloysite.	The	resulting	nanostructured	silicon	showed	large	specific	surface	area	(over	80	m2 g−1) 
and hierarchical pore structure. When used as anodes in LIBs, all of the silicon nanostructures exhibited good electrochemical performance without 
the introduction of complex designs and surface engineering strategies. Furthermore, 2D nanostructured silicon from montmorillonite exhibited the 
most	efficient	transport	property	and	the	best	cycling	stability	(i.e.,	1469	mAh	g−1 at 1 A g−1 with a capacity retention of 85% over 100 cycles). This 
work	offered	a	facile,	economical,	and	scalable	strategy	for	the	synthesis	of	nanostructured	silicon	with	various	morphology	from	clay	minerals,	and	
disclosed the fundamental structure-property relationship of Si nanostructures with different morphology, which would contribute to the practical 
application of nanostructured silicon anodes in LIBs. 
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The Lead Isotope database of copper ore deposits developed at the Padua University: a tool for the 
investigation of complex provenance of archaeological metal finds
Ivana Angelini1, Caterina Canovaro2, Paolo Nimis2, Gilberto Artioli2

1Cultural Heritage, 2Geosciences, University of Padua, Padova, Italy

Due to the technological complexity, the amount of energy and the effort necessary for metal production, and because of the limited availability 
of exploitable mines in antiquity, copper and bronze objects are considered precious materials since the early developments of metallurgy. The 
metal artefacts are exchanged, traded, reused and accumulated in hoards. Even when damaged they were and are considered valuable and stored 
for	recycling.	Therefore	archaeological	metal	finds	are	rare,	especially	in	prehistory.	Bronze	and	copper	objects	have	been	recovered	from	the	
archaeological	records	for	the	last	few	centuries	and,	even	when	preserved	in	museum	collections,	they	often	lack	secure	information	about	the	
original	context	because	they	are	stray	finds.	Thus	investigation	of	the	metal	origin	(Cu,	Sn,	Pb,	Ag)	for	the	reconstruction	of	the	ancient	metal	
exchange/trade	networks	is	important,	and	it	is	essentially	based	on	the	lead	isotope	analysis	(LIA)	complemented	by	trace	element	geochemistry.	It	
is generally agreed that comparison of the LIA of the archaeological items with the LIA data obtained from ores of secure origins, combined with the 
chemical information are the best way for the investigation of the metal origin [1-3].

In the last dozen years the research group at the Padua University has built an extensive revised database of geochemical and lead isotope data for 
copper deposits located in Europe, North Africa, Levant and Near East [4-5]. The majority of the data are from the literature, but the data have been 
geologically and geochemically screened, and the database has been complemented by our analyses of a large set of ores from the Alps and the North-
Central Italy Apennines (http://geo.geoscienze.unipd.it/aacp/welcome). The database encompasses more than four thousand entries which are grouped 
in mineral districts according to the ore geological, geochemical, and mineralogical characters.

The	database	proved	to	be	a	useful	tool	for	the	identification	of	the	copper	origin	of	different	archaeological	finds,	such	as:	objects,	ingots,	slags	and	
metal	remains	embedded	in	crucibles	surfaces	[5-8].	In	the	frame	of	several	research	projects	and	thanks	to	the	extensive	use	of	the	LIA	database,	
several unresolved problems concerning the early copper exchange in Italy were decoded. Important results on notable Copper Age objects, such 
as the copper axe of the Iceman mummy [6], will be presented and discussed in the context of the data obtained on materials from coeval Italian 
producing sites [7-8]. With the addition of properly interpreted novel analyses the complex picture of the Copper Age metallurgy in the Central 
Mediterranean area starts to be in focus.

Fig. 1 – Lead isotope data for some raw copper fragments from the Eneolithic smelting site of San Carlo (Central Italy) and from the coeval copper 
axe	of	the	Iceman	mummy.	Data	for	copper	ore	fields	from	the	Italian	eastern	Alps,	Tuscany	(Central	Italy),	Austria,	and	the	Balkans	are	shown	for	
comparison.
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Decoding ancient architecture through mineralogical analysis of ancient mortars: the case study of 
the Sarno Bath complex in Pompeii
Michele Secco1, Gilberto Artioli2, Anna Addis2, Caterina Previato3, Jacopo Bonetto3
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Mortars constitute the most diffuse geomaterials in ancient monuments and architectural complexes, and thus their archaeometric study is an 
essential	tool	to	extrapolate	great	amounts	of	information	concerning	supply	of	raw	materials,	technological	skills	of	the	ancient	civilizations	and,	
finally,	relative	and	absolute	chronologies	of	diachronic	construction	phases,	both	related	to	ancient	and	modern	architectural	modifications	of	the	
buildings.

In this contribution, a novel approach for the quantitative mineralogical analysis of ancient mortars is proposed, overcoming the qualitative analytical 
protocol based mainly on standard petrographic analyses. The analytical process is based on the integrated application of quantitative mineralogical 
analyses on X-ray powder diffraction data by means of the combined Rietveld/RIR method and multivariate statistical treatment of the obtained results. 
The methodology has been applied on mortars sampled from the Sarno Baths in the Roman archaeological site of Pompeii (Naples, Italy). The building 
is	characterized	by	a	marked	structural	and	constructive	complexity,	being	the	result	of	a	number	of	modifications	that	occurred	in	ancient	times,	from	
the Republican age up to the Vesuvius eruption in 79 AD, and during modern undocumented restorations between the 19th Century rediscovery and the 
first	half	of	the	20th	Century	AD.	In	this	perspective,	a	quantitative	characterization	of	the	employed	binders	resulted	useful	not	only	to	define	ancient	
constructive technologies and relative chronologies, but also to discriminate between the original and restored parts of the building for the planning 
and execution of adequate restoration procedures.

The	statistical	clustering	of	the	quantitative	XRD	data	clearly	defined	three	ancient	constructive	phases	and	allowed	a	precise	discrimination	of	
the	structural	elements	rebuilt	in	recent	times.	Furthermore,	the	obtained	results	have	been	cross-checked	with	additional	analyses,	namely	XRD	
analyses on the separated binder fractions, petrographic analyses and SEM/EDS microanalyses. Such multi-analytical approach allowed obtaining a 
detailed characterization of the employed raw materials, the pozzolanic reactions between binder and aggregate and the textural and microstructural 
characteristics of the binders. The data interpretation yielded interesting insights both on the optimized mix designs of binding materials in Roman 
times, to improve the structural properties of the architectural elements according to their functions, and on the formulation of the restoration 
products during the historic excavations in Pompeii.
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Macroscopic electrostatic effects in ATR-FTIR spectra of modern and archaeological bones
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Among	archaeological	finds,	bones	carry	precious	information,	with	radiocarbon	dating	of	bone	collagen	allowing	to	directly	date	anthropological	
and paleontological remains, and stable carbon isotope analyses providing clues about past diets and environments. Bones are composite materials, 
consisting of almost equivalent volume fractions of mineral (apatite) and organic (collagen) components. Key information on the atomic-scale 
organization of such complex materials is provided by spectroscopic methods. For instance, Fourier-transform infrared (FTIR) spectroscopy allows 
efficient	screening	of	the	preservation	state	of	skeleton	remains	prior	to	isotopic	and	chemical	analysis	for	paleo-environmental	reconstructions	
and	radiocarbon	dating.	In	practice,	FTIR	spectra	of	bioapatite	are	increasingly	recorded	in	the	attenuated	total	reflection	(ATR)	mode	because,	
unlike	the	conventional	transmission	mode,	it	requires	very	little	preparation.	However,	ATR	spectra	not	only	provide	information	on	the	atomic-scale	
organization of the sample but also depend on macroscopic parameters such as porosity, aggregation state, and particle shape [1]. It can thus be 
expected that FTIR spectra of a composite biomaterial such as bone should depend on the relative fractions of mineral and organic constituents. In 
this contribution, we show by theory and experiment that the variability of the strong phosphate bands in the ATR-FTIR spectra of a series of modern 
and archaeological bone samples can be related to electrostatic interactions affecting apatite particles and depending on the bone collagen content 
[2]. Key parameters controlling the shape of these bands are the mineral volume fraction and the dielectric constant of the embedding matrix. The 
magnitude of these effects is larger than the one related to microscopic changes of the apatite structure. Consequently, the interplay of microscopic 
and macroscopic parameters should be considered when using FTIR spectroscopy to monitor the preservation state of bioapatite during diagenetic 
processes, especially during the degradation of the organic fraction of bone.
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NYF-type pegmatites in Argentina: a review
Fernando Colombo1,2

1Dep. de Geología Básica, FCEFyN - Universidad Nacional de Córdoba, 2Centro de Investigaciones en Ciencias de la Tierra  , CONICET, Córdoba, Argentina

NYF-type pegmatites (so called because they tend to concentrate Nb, Y and F), are less common than their LCT-type (lithium, cesium and tantalum) 
counterparts.	In	the	Pampean	Pegmatite	Province	in	central	and	NW	Argentina	four	stocks	genetically	related	to	this	type	of	pegmatites	have	been	
identified:	El	Portezuelo	and	Altohuasi	(together	known	as	Papachacra),	La	Chinchilla,	and	Potrerillos	granites.		They	are	A-type	granites,	intruded	
during	the	Devonian	and	Carboniferous	in	the	proto-Andean	margin	of	Gondwana.	The	most	studied	district	is	Papachacra,	where	fine	topaz,	fluorite,	
smoky	quartz	and	less	common	species	have	been	recovered.

In	this	talk	I	will	review	the	geology	of	their	cogenetic	pegmatites,	the	mineralogy	of	main	and	accessory	phases,	and	the	overall	geochemical	
characteristics	of	these	bodies.	As	A-type	granites	are	relatively	widespread	in	the	Pampean	Ranges,	there	is	potential	for	additional	finds.
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Quantitative Mineralogical Characterization of the Ailsa Craig Granites – Mineralogical Significance 
for the Making of Olympic Curling Stones
Shaun Graham1

1Raw Materials Industry, Carl Zeiss Microscopy, Cambridge, United Kingdom

Once every four years, the winter Olympics is held and the best winter Olympians from around the world compete in their chosen sports. One of these 
sports is Curling, which involves sliding/curling polished granite stones across the ice to a target area made of four concentric rings. These granite 
stones need to have the following characteristics; low water absorption, non-porous, high impact/shatter resistance to be suitable for use in this sport.

The	Ailsa	Craig	granite	–	Blue	Hone	and	Common	Green	–	is	a	rare	type	of	micro-granite	that	forms	a	volcanic	plug	16	km	off	the	West	Scottish	Coast,	
which exhibits the necessary characteristics for Curling stones. The micro-granite, until this point is poorly studied from a mineralogical and a textural 
perspective which are the fundamental components that give this granite its sought-after characteristics.

In this study, we use automated mineralogy (Mineralogic) to provide a quantitative mineralogy characterization of the two types of curling stone (Blue 
Hone	and	Common	Green)	and	provide	further	mineralogical	studies	on	the	largely	unused	Red	Hone	Granite.	This	preliminary	and	first	attempted	study	
of	these	granites	will	look	at	the	mineralogical	variation	and	provided	a	quantitative	mineralogy	assessment	to	understand	the	modal	mineralogy	and	
textural variations which give the Blue Hone more suitable characteristics for curling when compared to the Common Green and Red Hone examples.
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Production of bricks by P. Cl(odius) D(onatus?) at Apulum (Roman Dacia province) 
Corina Ionescu1, 2, Ovidiu Tentea3,	Volker	Hoeck4, Septimiu Tripon5

1Geology, BABES-BOLYAI UNIVERSITY CLUJ-NAPOCA, ROMANIA, Cluj-Napoca, Romania, 2Archeotechnologies & Archeological Material Sciences Laboratory, 
Kazan Federal University, Kazan, Russian Federation, 3National Museum of Romanian History, Bucharest, Romania, 4Geography and Geology Division, 
Salzburg University, Salzburg, Austria, 5National Institute for Research and Development of Isotopic and Molecular Technologies, Cluj-Napoca, Romania

In	the	remnants	of	the	Roman	baths	exhumed	at	Apulum	(present	day	Alba	Iulia,	in	Romania),	bricks	marked	with	stamps showing the letters P. Cl D and 
LEG XIII GE (XIII Gemina legion, headquartered at Apulum) have been found. The baths belonged to the governor (praetorium consularis) of the Dacia 
province. The person who produced this ceramic material was inferred based on the stamp P. Cl(odius) D(onatus?).

Similar	stamped	bricks	were	found	in	two	buildings	located	nearby	the	gold	mines	at	Alburnus Maior (present day Roșia Montană, Romania), about 75 
km	NW	of	Apulum.	Optical	microscopy,	X-ray	diffraction	and	scanning	electron	microscopy	have	been	used	in	order	to	find	if	the	stamped	bricks	from	
Alburnus Major are made of the same material as those from Apulum.

A	similar,	Fe-rich	illitic	matrix	(with	or	without	carbonate),	was	found	in	the	bricks	from	both	sites.	Fragments	of	quartz,	K	feldspar,	plagioclase	and	
muscovite, as well as coarse lithoclasts (basalt, andesite, rhyolite, granite-granodiorite, limestone, sandstone, silicastone, micaschist, gneiss, quartzite) 
are common.

The	SEM	investigation	show	similar	changes	upon	firing,	for	both	the	Apulum	and	the	Alburnus	Major	bricks.	The	lowest	temperature	is	shown	by	the	
sintered	mass	of	illite	and	muscovite.	The	highest	temperature	is	recorded	by	the	extended	vitrification.	The	glass	has	a	variable	composition,	basically	
SiCaFeAl-rich. The glass formed by thermal decomposition of carbonates and subsequent reaction with clay minerals and quartz, to form a melt. 
Products of recarbonation are found in the secondary voids.

The matrix composition indicates the use of similar clay, cropping out towards NW of the site, for raw material. The composition of the clasts, in 
particular the lithoclasts, both in the Apulum and Alburnus Major samples is similar and suggests alluvial sands mined SE of Apulum, as tempering 
material.

The	results	support	the	assumption	that	the	bricks	have	been	produced	at	Apulum,	in	a	specialised	workshop	of	P. Cl(odius) D(onatus?). From here, part 
of	the	bricks	were	transported	along	the	Roman	road	(visible	even	today),	up	in	the	mountains,	to	Alburnus	Major.
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Materials and production technology of Historic clay brick masonry of XVIII century in Aveiro, 
Portugal
Clara Magalhães1, Alice Tavares2, Rosário Soares3, Aníbal Costa2

1CICECO-Departamento de Química, 2RISCO-Departamento de Engenharia Civil, 3CICECO, University of Aveiro, Aveiro, Portugal

Historic	clay	bricks	masonry	compositions	can	provide	a	basis	for	the	knowledge	required	in	the	application	of	the	conservation	of	Heritage	buildings,	
as well as the civil architecture of the XVIII century. In Portugal these studies are still scarce, although data, involving historic construction materials 
and production technologies, are needed.

The	main	aim	of	this	study	was	to	characterize	different	types	of	clay	brick	masonry,	recovered	from	demolished	XVIII	century	buildings	or	structures.	
Laboratory tests were done to characterize the materials composition and their physical properties. The data allowed to evaluate and to identify the 
probable production technologies. It was intended to separate between burned or not burned handmade construction products, and those that had 
been manufactured using pre-industrial technologies. During the XVIII century the construction materials used in housing walls masonry, in the Central 
region	of	Portugal,	were	mostly	sundried	(adobe)	or	fired	clay	bricks,	from	familiar	production	or	small	manufactories	with	coal-fired	power	or	firewood	
power techniques. The widespread of Earthen Architecture was natural in alluvial regions of the Central region. However, the high phreatic level due to 
the	proximity	to	the	Coastal	Lagoon	Ria	de	Aveiro	led	to	the	use	of	clay	bricks	in	specific	parts	of	the	construction.	That	is	the	case	of	the	base	of	the	
construction	or	at	the	level	of	support	of	timber	beams	in	the	ground	floor,	where	was	necessary	to	prevent	water	capillarity	or	salts’	formation.

The	analysis	of	crystalline	phases	present	in	the	studied	bricks	was	done	by	powder	X-ray	diffraction	(XRD).	The	spectra	were	compared	with	ICDD	
(International Centre for Diffraction Data) database, with restrictions imposed by chemical compositions determined by EDS (Electron Dispersive 
Spectroscopy)	analysis	of	solid	samples	observed	by	Scanning	Electron	Microscopy.	To	determine	the	compressive	strength	and	flexural	strength	(EN	
1015-11,	2001),	water	absorption	(EN	1015-18,	2004)	and	the	depth	of	carbonation	of	the	clay	bricks,	prisms	were	cut	and	tests	were	carried	out.

The	analyzed	clay	brick	masonry	belonged	to	the	masonry	walls.	It	is	also	known	that	some	of	these	clay	bricks	could	be	used	for	the	floor	covering.	
In	thin	bricks	(floor	and	walls)	was	identified,	by	XRD,	the	presence	of	quartz,	feldspar	and	meta-illite.	Meta-illite	(KAl

3
Si

3
O

11
) results from thermal 

dehydroxylation	of	illite	at	temperatures	of	550	-	800	°C	[1].	The	absence	of	calcium	containing	silicates	indicates	that	the	firing	temperatures	do	not	
exceeded	800	°C.	These	compositions	also	indicate	that	raw	materials	were	collected	in	the	neighborhood	of	the	bricks	manufacturing	sites,	probably	
from the sandy sediments of the Aveiro alluvia [2]. The presence of calcium carbonate is due to the long-term reaction of lime with the atmosphere 
water	vapor	and	carbon	dioxide.	Some	bricks,	that	seemed	to	have	special	functions	inside	the	buildings,	contained	poorly	crystallized	mullite.

The	results	can	contribute	to	deepen	the	knowledge	about	historic	constructive	techniques	and	materials,	increasing	the	understanding	of	
compatibility criteria to apply in conservation processes.
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Methodological approach to reconstruct lost monuments from archaeological findings
Simona Scrivano1, Laura GAGGERO1, Elisa Volpe1

1Department of Earth, Environment and Life Sciences, University of Genoa, Genova, Italy

Urban evolution, political changes, wars and natural hazard can obliterate outstanding monuments. The analysis of the connected remains, or 
archaeological	findings,	can	highlight	the	lost	structures,	their	dimensions,	functions,	decorations	and	ultimately	their	historical	evolution.

This	study	aimed	at	deepening	the	knowledge	of	one	of	the	churches	demolished	after	the	Napoleonic	suppression	in	Genoa,	of	the	monastic	complex	
of S. Francesco of Castelletto. Several hundreds of lithic fragments saved during the church dismantling or during archaeological excavations 
and inherent to its architectonic decoration are nowadays preserved part in the Civic Collections and part in the Superintendence repositories. A 
preliminary organization of the heterogeneous sample set, a catalogue of shapes, decorations, and measures of the pieces was compiled. Afterwards, 
the	stylistic	analysis	was	obtained	by	comparison	with	similar	complex	still	existing	in	Genoa	and	its	surroundings,	inferring	specific	ornamental	
functions for the majority of the pieces. The surface analysis conducted with portable microscopy and macrophotography was the basis for the 
study	of	the	diverse	processing	techniques,	the	diverse	finishing,	and	the	material	characterization.	A	thorough	and	extensive	bibliographic	research	
supported the diverse hypothesis drawn on the historical evolution of the monument. In particular, it was possible to infer a phase of the monument 
(i.e. medieval phase of the foundation, renovations between XVI - XVII century), to draw commercial routes by identifying marble provenance and 
reconstruct the last stage of the demolition process.

The	adopted	methodology,	evolved	in	an	operative	protocol,	helped	both	the	organization	of	the	archaeological	findings	and	the	reconstruction	of	un-
known	phases	of	life	of	the	lost	monument,	laying	the	foundations	for	projects	of	valorisation	and	conservations	of	the	whole	unit	of	relics.	

 

Image caption
a) Example of arcosolium tomb in medieval times. Tombs of the D’Oria family in the S. Fruttuoso of Camogli abbey near Genoa. b) Stylistic reconstruction from shapes and sizes of some of 
the analysed pieces. Scheme and images not to scale.
Image 
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World-class mineral/rock type localities and mineralogical museums in Romania as potential cultural 
heritage sites
Alexandru Szakács1, Ágnes Gál2, Corina Ionescu2, 3

1Institute of Geodynamics, Bucharest, 2Geology, Babeş-Bolyai University, Cluj-Napoca, Romania, 3Archeotechnologies & Archeological Material Sciences 
Laboratory, Institute of International Relations, History and Oriental Studies, Kazan (Volga Region) Federal University, Tatarstan , Russian Federation

Type	localities	are	sites	where	key	geologic	terms	(mineral	and	rock	names,	fossil	taxon	names,	stratotypes	etc.)	originate	from,	and	where	their	
material	counterparts	were	identified	and	described	for	the	first	time.	As	parts	of	the	classical	geological	culture	and	literature,	the	type	localities	
have	an	intrinsic	universal	or	regional	value.	Likewise,	the	museums	where	type	locality	specimens	of	minerals	and	rocks,	rare	and	scientifically	
or aesthetically outstanding mineral specimens, are preserved and exposed can be viewed as parts of the cultural heritage. Many geological type 
localities are found in the Carpathian-Pannonian area of the Eastern Europe, including Romania (Papp, 2002). Currently, 37 minerals from 15 Romanian 
type localities are validated by IMA-CNMMN. Săcărâmb (Nagyág) in the Southern Apuseni Mts. (9 mineral names), and Baia Sprie (Felsőbánya) in 
the Eastern Carpathians (7 new minerals) are among the richest mineral type localities in the world.  Băița	Bihor	(Rézbánya),	Fața Băii (Facebánya, 
where	the	chemical	element	and	native	element	group	mineral	tellurium	was	discovered),	Ocna	de	Fier	(Vaskő),	Cavnic	(Kapnikbánya),	and	Baia	Mare	
(Nagybánya)	are	added	to	the	list	of	prominent	type	localities	where	at	least	2	new	mineral	species	were	described	for	the	first	time.	Merrihueite	is	a	
new mineral found in a piece of meteorite fallen at Mădăraș in the Transylvanian Basin. The most recently validated minerals are museumite (collected 
at Săcărâmb	but	hosted	in	a	museum	in	Florence,	Italy)	(Bindi	and	Cipriani,	2004),	magnesio-fluoro-hastingsite	from	Uroi	(Bojar	and	Walter,	2006),	
alburnite from Roșia Montană (Tămaș et al., 2014) and grațianite from Bǎiţa Bihor (Ciobanu et al., 2014). Most of the new minerals belong to the group 
of sulphosalts. Type locality specimens are preserved and exposed in the Mineralogical Museum in Baia Mare, the Geological Museum of the Geological 
Institute of Romania in Bucharest and the Mineralogical Museum of the Babeș-Bolyai University in Cluj-Napoca (displaying also an outstanding 
collection of meteorites). The Gold Museum in Brad has a unique collection of world-class native gold specimens originating from the richest European 
gold-province.	Most	geologists	might	not	be	aware	that	the	common	rock	name	"dacite"	originates	from	a	Romanian	type	locality	(Poieni	-	Kissebes)	
in the northern Apuseni Mts., being coined and introduced in the geological literature by Guido Stache (in Hauer and Stache, 1863) based on the name 
of	the	Roman	province	Dacia	(today	part	of	Romania),	in	order	to	distinguish	a	felsic	volcanic	rock	with	plagioclase	phenocrysts	from	K-feldspar-phyric	
trachyte.	Despite	their	world-fame,	rarity	and	scientific	relevance,	these	mineral	and	rock	type	localities	and	museums	do	not	get	the	appreciation	they	
deserve.	None	of	them	is	included	in	the	list	of	the	49	protected	"geological	reserves"	in	Romania.		At	least	four	type	localities	–	Săcărâmb for 9 new 
minerals, Baia Sprie for 7 new minerals, Fața Băii	for	the	element	tellurium	discovered	here,	and	Poieni	for	"dacite"	–	are	proposed	here	to	be	promoted	
and	protected	as	geosites	of	outstanding	scientific	relevance	and	as	parts	of	the	geological	and	cultural	world	heritage.
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Mineralogical study of a pair of Bronze Age plaques from the Erlitou culture, China
Thomas Witzke1, Nicholas Norberg1, Marco Sommariva1

1MalvernPanalytical, Almelo, Netherlands

A pair of plaques from a private collection showing stylized faces, probably representing mythological animals originating from the Chinese Bronze Age 
Erlitou culture (2000 – 1500 BC), Henan Province, China, were studied. They consist of bronze plates (14.1 x 9.5 and 13.8 x 9 cm) with white, light blue to 
darker	blue	inlay	material.	A	small	number	of	similar	plaques	from	this	culture	are	known	and	they	were	made	by	inlaying	prepared	pieces	of	turquoise	
into	open	cells	to	form	the	animal	mask	[1].	Characteristic	elements	of	all	these	masks	are	the	symmetry,	the	raised	eyes,	small	eyelets	which	would	be	
used to attach to clothing and the use of mostly rectangular inlay.

The	shape,	size,	style	and	the	bronze	frame	of	the	two	studied	masks	correspond	to	the	known	plaques	from	the	Erlitou	culture	however,	the	material	
used as inlay is different. Microscopic investigation revealed that two different materials were used. By microspot X-ray diffraction experiments 
(Malvern	Panalytical	Empyrean	Diffractometer,	Cu	radiation),	both	types	were	identified	as	calcite,	sometimes	with	traces	of	quartz.	No	other	crystalline	
phases	were	detected.	The	material	used	as	the	main	inlay	component	is	white	to	light	or	darker	blue,	sometimes	also	greenish	to	greenish-blue,	
often	not	homogeneously	coloured	and	occasionally	cut	by	thin,	black	veins.	The	inlay	is	of	irregular	shape,	mostly	elongated	(up	to	5	x	1	cm	in	size)	
and	corresponds	to	a	natural	rock	(limestone	or	marble).	The	second	material	has	a	light	to	darker	blue	colour	and	is	composed	of	very	small,	white	
crystals	(<	0.05	mm)	in	a	fine-grained	matrix.	Common	are	small,	round	cavities	(max.	0.5	mm	in	diameter)	like	air	bubbles.	Additionally,	a	small	
fragment	of	wood	fibre	was	detected.	This	material	was	artificially	prepared	by	grinding	limestone	or	marble	to	a	powder,	and	then	a	binder,	so	far	
unidentified,	was	added	to	create	a	paste.

The	plaques	were	created	by	fixing	an	openwork	bronze	frame	outlining	the	contours	of	the	face	of	the	animal	to	a	solid	bronze	plate	resulting	in	open	
cells	at	the	front.	These	cells	were	filled	with	the	calcite-containing	paste.	The	prepared	strips	of	limestone/marble	were	then	pressed	into	the	cells.	
After	drying,	the	surface	was	sanded	and	polished	and	finally	the	raise,	globular	eyes	were	glued	into	place.	The	use	of	calcite	could	indicate	that	the	
studied pair pre-dates the turquoise plaques, also a paste made of calcite was not observed in the other plaques.

Microspot X-ray diffraction showed that the bronze had undergone intense corrosion. The most common alteration product is rouaite, Cu
2
(NO

3
)(OH)

3
. 

Additionally	cuprite,	malachite,	anglesite	(the	bronze	is	rich	in	lead),	nantokite	and	romarchite	along	with	possibly	niter	and	Cu
2
(CO

3
)(OH)

2
·H

2
O were 

identified.	As	the	original	color	of	the	calcite	was	white,	the	discoloration	to	green/blue	is	a	result	of	copper	migration	from	the	bronze	over	time.	To	
our	knowledge,	this	is	the	first	time	rouaite	has	been	identified	as	a	corrosion	product	of	an	antique	bronze,	indicating	that	the	plaques	stayed	in	an	
environment rich in nitrate.
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Gold - News from an old favourite

A biometallurgical approach to recovering gold from electronic waste
Ollie Crush1

1Mint	Innovation,	Auckland,	New	Zealand

Mint Innovation, a New Zealand cleantech company, is developing a biometallurgical approach to recovering gold (and other metals) from electronic 
waste.

This “urban ore”, of which ~45 million tonnes has been recently estimated by the UN-funded International Telecommunications Union to be generated 
globally	per	annum,	contains	up	to	500	tonnes	of	gold.	Recovering	value	from	this	stream	is	attractive	yet	difficult	due	to	the	heterogenous	nature	of	
e-waste	as	a	feedstock.	In	addition,	existing	pyrometallurgical	solutions	in	developed	nations	require	regional	to	country-sized	collection	schemes	to	
source	enough	e-waste	to	operate	profitably.	This	need	for	scale	is	in	tension	with	the	fact	that	the	majority	of	high-metalic	value	electronic	goods,	
such as computers and smartphones, are ending their lives in developing nations. Regulatory enforcement in these jurisdictions is typically lax, 
thereby	letting	small-scale	metal	recovery	methods	flourish	–	at	a	significant	cost	to	both	human	and	environmental	health.

In	an	effort	to	provide	a	process	that	is	both	profitable	and	environmentally	sound	at	the	local	scale	encountered	in	developing	nations,	Mint	is	utilising	
a	biometallurgical	approach.	Microbes	that	are	selective	for	specific	metals,	such	as	gold,	are	harnessed	for	their	ability	to	concentrate	metals	from	
parts per million to parts per thousand and higher. Combined	with	low-cost	chemistry	and	low-CAPEX	equipment,	Mint’s	technology	aims	to	make	it	
viable, both economically and environmentally, to recover gold from e-waste near its point of collection (for both the developed and developing world). 
This	paper	will	give	an	update	to	the	mineralogical	community	on	how	such	an	approach	is	working	in	practice.
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Gold - News from an old favourite

Electrum from the Kongsberg silver district, Norway
Kåre Kullerud1,	Jana	Kotková2, Vladimír Šrein2, Bjørn Ivar Berg1

1Norwegian Mining Museum, KONGSBERG, Norway, 2Czech Geological Survey, Prague, Czech Republic

The Kongsberg silver district represents a renowned area where silver was mined from 1623 until 1958. It is famous for its large aggregates of thread 
silver	reaching	several	tens	of	kilograms	in	size,	occurring	in	calcite	vein	filling	where	it	is	associated	with	other	phases	such	as	silver	sulfides	and	
sulfosalts,	base	metal	sulfides	and	Ni-Co	sulfarsenides.	Native	silver	from	the	Kongsberg	district	contains	mercury	and	antimony,	but	are	normally	
free	of	gold	(e.g.	Neumann	1944,	Kotková	et	al.	2018).	However,	electrum	(silver-gold	alloy)	has	been	reported	from	more	than	15	mines	in	the	
district, although the attempts to establish a gold mine in the southern part of the main mining area (Beständige Liebe mine, 17th century) failed 
due to shortage of ore. In contrast to the native silver occurring in calcite veins, electrum is associated with quartz veins (Hiortdahl 1869, Neumann 
1944).		Neumann	(1944)	proposed	that	the	silver	bearing	ore-forming	fluid	dissolved	the	gold	hosted	in	the	older	quartz	veins,	which	later	was	deposited	
as electrum together with the native silver-bearing paragenesis.

We	have	studied	five	historical	samples	of	electrum	(collected	during	the	18th century) from four localities within the silver district, where electrum 
is hosted in quartz – calcite – barium-rich feldspar bearing hydrothermal veins. For four of the studied samples, electrum shows nearly constant 
compositions	within	sample;	however,	there	are	large	variations	in	the	fineness	of	electrum	(atom	‰	Au)	between	the	samples,	ranging	from	about	
335	to	750.	For	the	fifth	sample,	electrum	shows	diffusional	zoning	with	fineness	of	about	150	in	the	core	and	higher	toward	the	rim.	Myrmekitic	grains	
in	the	matrix	of	this	sample	show	fineness	of	about	900.

For two of the samples, electrum is the only opaque mineral present. Opaque minerals observed in the other samples include bournonite (PbCuSbS
3
), 

boulangerite (Pb
5
Sb

4
S

11
), and hessite (Ag

2
Te),	which	have	never	before	been	described	from	any	of	the	silver	mines	at	Kongsberg,	as	well	as	gersdorffite,	

arsenopyrite, galena and pyrite. Native silver was not observed in any of the studied electrum-bearing samples. Because of differences in both mineral 
content	and	mineral	textures	between	normal	native	silver-bearing	samples	from	Kongsberg	(see	Neumann	1944,	Kotková	et	al.	2018)	and	the	studied	
electrum-bearing	samples,	we	suggest	that	the	electrum-bearing	rock	was	formed	by	different	processes	than	the	native	silver	ore.	The	silver	deposits	
at Kongsberg are attributed to interactions between externally derived AgCl

2
--bearing	fluids	and	the	sulfide-rich	host-rock	in	Permian	time,	resulting	

in	the	precipitation	of	argentite	(see	Neumann	1944,	Kotková	et	al.	2018	and	references	therein),	and	subsequent	native	silver	formation	during	de-
sulfurization	of	the	rock.		In	contrast,	our	working	hypothesis	is	that	electrum	formed	during	epithermal	processes	from	an	externally	derived	fluid	
carrying gold and silver as Ag(HS)

2
- and Au(HS)

2
--complexes, possibly during Proterozoic time.
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The geodynamics and prospecting for ‘Jiaodong type’ gold deposits
Lin Li1, Q Li2, J.F Shen3, G.C. Zhao4, G.C. Dong4, M Santosh4

11State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, 2State Key Laboratory of Geological Processes 
and Mineral Resources, China University of Geosciences,, Beijing, China3State Key Laboratory of Geological Processes and Mineral Resources, China 
University of Geosciences, Beijing, , 41State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Beijing, , 

The “Jiaodong type” gold deposits [1] comprise a unique class of gold mineralisation which includes the Linglong type quartz-vein hosted and the 
Jiaojia	type	fracture-disseminated	style	deposits.	Although	the	type	area	is	in	the	Jiaodong	Peninsula	in	NE	China,	where	some	of	the	world's	richest	
gold reserves occur, we identify similar occurrences in other parts of China and elsewhere in the world under this category [2]. The Jiaodong type of 
gold deposits are distinctly different from the classic orogenic gold in terms of their tectonic setting, ore characteristics and genetic history. They are 
generally located within, or nearby the terranes of plate margin or plate interior with strong lithospheric thinning and crust–mantle decoupling [3, 4]. 
The gold ores generally occur within the second or higher order splays of translithospheric faults. Large time gap exists between metamorphism and 
gold	metallogeny.	Extensive	granitoid	suites	and	various	types	of	dykes	occur	broadly	coeval	with,	and	spatially	related	to,	the	gold	mineralisation.	
Potassium	feldspathisation,	hematitisation,	silicification,	sericitisation,	chloritisation,	and	pyritisation	are	the	primary	hydrothermal	alteration	
features	of	the	Jiaodong	type	of	gold	deposits.	The	intensity	of	alteration	and	thicknesses	of	the	outer	“K-feldspathisation”	zone	and	inner	“phyllic”	
alteration zone increases with depth. Coexistence of CO2 and H2O inclusions are common with or without CH4 and N2. Multiple zoning exists including 
mineralogical assemblage, homogenisation temperature, quartz zones, thermoelectric conductivity of pyrite with large variation gradient in the 
upper	part	and	smaller	in	the	down	part	of	the	orebodies.	The	granitoid	rocks	co-existing	with	the	Jiaodong	type	gold	deposits	are	high	potassium,	
calc-alkaline,	I	type	and	magnetite	series	with	moderate	degree	of	magmatic	differentiation,	large	range	of	formation	temperature	and	volatile-rich.	
Crust–mantle	melts	mixing	nature	is	characteristic	for	the	gold-associated	intrusions.	The	formation	of	the	rocks	was	thought	to	have	occurred	under	
high oxidizing conditions. The ore-forming materials were mainly derived from subduction-related components in the lower crust and metasomatised 
mantle. The formation temperature of the Jiaodong type of gold deposits ranges from 450 C to 150 C with the main mineralisation stages occurring at 
200	C	to	300	C.	The	salinity	for	the	main	mineralization	stages	is	3–8	wt.%	NaCl	equivalent.	The	total	density	of	the	fluid	inclusions	varies	from	0.4	to	
1.0	g/cm3.	The	formation	depths	for	the	Jiaodong	type	of	gold	deposits	are	generally	greater	than	3	km	and	less	than	10	km,	and	are	commonly	in	the	
range	of	5	to	6	km.	Fault	valve	model	is	a	reasonable	mechanism	for	the	formation	of	the	Linglong	type	of	gold	ore.	

References 
[1] Li L et al. (2015) Ore Geol. Rev. 65, 589-611[2] Zhu R X et al. (2015) Science China: Earth Sciences, 58(1): 1-6[3] Li SR and Santosh M (2014) Ore Geology Reviews 56: 376-414[4] Li SR and 

Santosh M (2017) Gondwana Research 50, 267-292.
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Biogeochemical Gold (Trans)Formation In Geologically Active Environments
Maria Angelica D. Rea1, Jeremiah Shuster1, Joel Brugger2,	Frank	Reith1

1The School of Biological Sciences, The University of Adelaide, Adelaide, 2School of Earth, Atmosphere and Environment, Monash University, Clayton, 
Australia

The biogeochemical cycling of gold has been demonstrated from a range of environmental conditions including (semi)arid, (sub)tropical and 
temperate	environments	(Rea	et	al.,	2016;	Reith	et	al.	2012;	Shuster	et	al.	2015).	The	Philippine	archipelago	and	Kamchatka	Peninsula	(Russia)	
represent inner tropical and subarctic environments, respectively. Both regions are geologically active and mineralisation systems are continuously 
evolving.	Specifically,	the	tropical	archipelago	is	composed	of	an	assemblage	of	metamorphic	terranes,	magmatic	arcs,	ophiolitic	emplacements	and	
sediments	with	the	archipelago	sitting	on	the	Philippine	Mobile	Belt.	The	subarctic	peninsula	is	one	of	the	world's	most	volcanically	active	regions	
that	occupies	the	Okhotsk	Block	at	the	triple	plate	collision	of	North	America,	Pacific	and	Eurasian	plates.	In	this	study,	we	investigate	the	physical	
and biogeochemical transformations of placer gold particles, i.e., grains, as well as microbial communities associated with the particles from these 
two geologically active environments. Scanning electron microscopy analysis revealed that gold particles contained a range of surface textures 
including rounding, scratches and striations that are attributed to physical transport. Additionally, gold particles displayed an abundance of secondary 
morphotypes, e.g., nanoparticles, micrometre-size crystals and bacteriomorphic gold, which were indicative of gold/silver dissolution. These features 
were	especially	prominent	on	particles	from	Kamchatka.	Gold	nanoparticles	were	closely	associated	with	polymorphic	layers:	a	combination	of	
microbial cells, extracellular polymeric substances and clays. Electron microprobe analyses of the Philippine gold particles revealed a homogenous 
gold-silver alloy in the particles’ core with a thin, discontinuous rim of high-purity (99.9%) gold at the edge of the particles. The latter characteristic 
being	indicative	of	early	stages	of	gold	transformation.	Biofilms	associated	with	gold	particles	from	both	localities	were	observed	and	consisted	of	
a	range	of	bacterial	phyla	dominated	by	Proteobacteria	(>45%),	with	a-,	b-,	and	g-Proteobacteria	abundant	across	all	sites.	Notably,	biofilms	on	the	
Philippine gold particles contained abundant Rheinheimera sp., and Acinetobacter spp., which are microbes considered to be involved in the gold 
dissolution	via	the	excretion	of	organic	acids.	Additionally,	putative	metal-resistant	Pseudomonas	spp.	and	phototrophic	nitrogen-fixing	Rhodoplanes	
spp. were detected on all particles from Russian gold particles. Collectively, these results demonstrate that physical processes in combinations with 
biogeochemical processes lead to the transformation of placer gold particles of tropical and subarctic climates in geologically active environments.

References 
[1] Reith et al. (2012) Chem. Geol., 320: 32-45.
[2] Rea et al. (2016) FEMS Microbiol. Ecol., 92: 6
[3] Shuster et al. (2017) Chem. Geol., 450, 154-164.
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Geo-Microbiological Gold Cycling: Examples From Australia And Africa
Santonu Kumar Sanyal1, Jeremiah Shuster1,	Frank	Reith1

1The School of Biological Sciences, The University of Adelaide, Adelaide, Australia

Bacterial	biofilms	occurring	on	the	surface	of	placer	gold	particles,	i.e.,	grains,	provide	favorable	micro-environments	at	the	surface	of	the	particles	
for gold-silver dissolution and subsequent precipitation of gold nanoparticles. These secondary gold structures commonly occur as colloids and 
octahedral	platelets	and	contribute	to	the	enriched	gold	purity	of	grains:	the	biogeochemical	(trans)formation	of	gold	particles	in	Earth’s	surficial	
environments.	To	better	understand	the	geomicrobial	processes	occurring	during	gold	particle	transformation,	it	is	important	to	study	biofilm	
communities using culture-dependent and independent techniques. For this study, gold particles have been collected from actively mined placer 
system in Australia (Queensland and Western Australia) and South Africa (Mpumalanga). Scanning electron microscopy demonstrated surface textures 
indicative of gold and silver dissolution and gold re-precipitation on all grains from both locations. In cross-section, the particles’ cores were composed 
of a gold-silver alloy where as rims of secondary gold occurred on the outer edge and were more than 99 wt.% gold. Crevices on gold particles 
contained bacterial cells, extracellular polymeric substances (EPS) as well as clay minerals, in which gold nanoparticles were closely associated. Direct 
next-generation	sequencing	(NGS)	from	gold	particles	revealed	that	biofilms	are	composed	of	a	phylogenetically	diverse	range	of	bacteria	dominated	
by α-, β-, γ-Proteobacteria	and	Actinobacteria.	Bacteriodetes,	Acidobacteria	and	Verrumicrobium	were	also	common.	Functional	classification	
following	Rea	et	al.	(2016)	showed	that	bacterial	community	are	capable	of	carbon	and	nitrogen	fixation,	nitrification,	denitrification,	EPS	production	
as well as gold dissolution and precipitation. Enrichment cultures in minimal media were obtained from Queensland and Western Australia gold 
particles. The enrichment cultures were amended with 10 µM of toxic gold(III)-chloride to assess the toxicity effect of this soluble gold complex on the 
bacterial community. NGS of unamended enrichment cultures showed that a representative community was isolated from the particles. Diversity and 
abundances shifted in the enrichment cultures when exposed to gold(III)-chloride. Changes included the complete extinction of phyla Bacteriodetes 
and the enrichment of γ –Proteobacteria, which in some cases made up >90 % of sequences. Several isolates from the enrichment cultures from 
Queensland and Western Australia were able to grow in the presence of high concentration ca. 25 µM of gold(III)-chloride, which is lethal to many 
bacteria. These isolates include novel strains of the genera Acidovorax, Serratia, Stenotrophomonas, Pseudomonas, Arthrobacter, and Acinetobacter. 
Further	genomic	and	proteomics	studies	are	performed	to	understand	the	gold	specific	biochemistry	of	these	novel	strain,	which	will	further	increase	
our understanding of biochemistry of in situ gold biotransformation.
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3D Mineral Mapping of Sandstone Samples using Micro-CT and SEM-EDS
Jay Black1, Farlin Mohideen2, Ralf Haese1

1School of Earth Sciences, The University of Melbourne, Melbourne, 2Reservoir	Rock	Technologies,	Perth,	Australia

Understanding	the	reactivity	of	minerals	and	transport	of	fluids	in	a	reservoir	is	a	complex	problem	requiring	an	understanding	of	the	pore	network,	
its	connectivity	and	the	distribution	of	reactive	mineral	surfaces	within	a	rock.	Geochemists	have	developed	continuum	models	for	evaluating	the	
geochemical changes across an average composition, but pore-scale reactive transport modeling is needed to understanding the processes operating 
within	the	pore	space	of	a	reservoir.	A	2D	representation	of	the	pore	network	together	with	the	mineral	distribution	can	be	obtained	using	SEM-EDS,	
however,	only	the	3D	mineral	distribution	provides	the	geometry	of	the	pore	network	required	for	flow	simulations	and	a	true	representation	of	the	
mineral	surface	areas	in	contact	with	a	fluid.

A new technique for mapping the distribution of minerals in a sample by combining micro-CT data with SEM-EDS data has been developed by Reservoir 
Rock	Technologies	(RRT).	These	digital	rock	representations,	including	3D	mineral	maps,	are	used	for	correlative	image	analysis	of	the	distributions	
of	properties	such	as	porosity,	grain,	pore	and	throat	sizes,	and	for	simulation	of	properties	specific	to	core	samples.	Simulations	to	determine	the	
absolute permeability, electrical conductivity, capillary pressure, relative permeability, and elastic moduli of a sample can be conducted. 

An example of a 3D mineral map of a sandstone sample, produced using the techniques described above, is shown in Figure 1. Segmented minerals 
are	plotted	together	in	part	A	and	the	individual	mineral	distributions	of	kaolinite,	and	zircon	in	parts	B,	C	and	D,	respectively.	The	majority	of	the	
sandstone	matrix	is	quartz	(yellow	mineral,	Figure	1A)	with	smaller	volume	fractions	of	other	phases.	The	segmented	phases	can	be	directly	quantified,	
as can the remaining pore space in the sandstone sample. The region of interest imaged in Figure 1 is 1 mm3, however samples up to 40 mm in diameter 
can be used for 3D mineral mapping.

The	unique	capabilities	of	the	tool	described	here	also	allow	for	the	3D	mapping	and	distribution	of	fluids	in	the	pore	space	of	preserved	plugs	from	
conventional or unconventional reservoirs, or in restored plugs during laboratory enhanced oil recovery (EOR) experiments. The effects of acidization, 
drill	mud	infiltration,	asphaltene	precipitation	and	fines	migration	can	in	principle	be	directly	observed	and	quantified	using	these	techniques.	3D	
mineral tomography allows a researcher to study the structural and mineralogical changes in their experiment/sample for structural and mineralogical 
changes	like	never	before.	Direct	correlations	of	residual	oil	or	other	fluids	to	local	mineralogy	can	be	obtained.

Figure 1. Minerals segmented and mapped in 3D from micro-CT data of a sandstone core sample. The region of interest displayed is 1 x 1 x 1 mm3 in 
dimension.	Key	to	segmented	minerals:	quartz	(yellow);	K-feldspar	(orange);	kaolinite	(part	B,	dark	green);	Muscovite/Illite	(bright	green);	siderite	(part	
C,	blue);	zircon	(part	D,	bright	pink);	rutile	(light	pink).
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In situ studies of Jarosite formation using synchrotron techniques
Helen Brand1

1Australian Synchrotron, Melbourne, Australia

Jarosites and related minerals are of great importance to a range of mineral processing and research applications. For example: they are used in the 
removal	of	iron	species	from	smelting	processes;	they	form	detrimentally	in	biometallurgical	systems	(bacterial	conditioning	in	flotation	circuits,	
desulphurisation of coal); and they are present in acid mine drainage environments. Jarosites are also of considerable theoretical interest as model 
compounds	for	spin	frustration	in	Kagomé-Heisenberg	antiferromagnetic	materials.	There	has	been	a	recent	resurgence	in	interest	in	jarosite	minerals	
since their detection on Mars by the MER rover Opportunity.

Knowledge of the formation mechanisms of jarosites is an indispensable prerequisite for understanding their occurences, stabilities and potential 
environmental impacts.

We are engaged in a program of research to study the nucleation and crystal growth of jarosites. Here we summarize the results of in situ synchrotron 
powder	diffraction	and	small	angle-scattering	experiments	designed	to	follow	the	crystallization	and	growth	kinetics	of	jarosite	minerals	iover	a	
variety of environmental conditions.
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Application of in situ XRD to probe reactions at mineral – fluid interface insights from the 
replacement of chalcopyrite by chalcocite
Alok Chaudhari1, Nathan  Webster2, Joel Brugger3, Fang Xia4, Andrew  Frierdich3, Rahul Ram1, Barbara  Etschmann1

1School of Earth Atmosphere and Environment, Monash University, 2Mineral Division, CSIRO, 3School of Earth Atmosphere and Environment Sciences, 
Monash University, Melbourne, 4Chemical and Metallurgical Engineering, Murdoch University, Perth, Australia

In situ X-ray diffraction (XRD) is a powerful tool to study chemical reactions involving crystalline phases at high temperatures. In the recent past, there 
has	been	a	number	of	in	situ	studies	on	the	Cu	–	Fe	sulfide	system	(Majuste	et	al.	2013;	Wallet	al.	2007,	2011).	Here	we	demonstrate	the	application	of	
in situ XRD technique to the replacement of chalcopyrite by chalcocite – we are using in situ XRD coupled with the results from ex situ hydrothermal 
experiments to gain a complete understanding of mineral replacement process.  One of the major advantages of using in situ, time resolved XRD over 
quenched hydrothermal experiments is the ability to monitor the formation of intermediate species and non-quenchable phases.

The replacement of chalcopyrite (CuFeS
2
) by chalcocite (Cu

2
S) is an important geochemical reaction and a potential hydrometallurgical method to 

upgrade the concentration of copper in mineral concentrates. We performed a series of in situ XRD experiments with chalcopyrite (CuFeS
2
) and a 

solution of CuCl
2
+H

2
SO

4
 in a sealed silica capillary at 200 – 250 oC.	The	pulverized	chalcopyrite	was	loaded	along	with	the	solution	to	obtain	a	clear	fluid	

–	mineral	interface.		The	capillary	with	mineral	–	fluid	interface	was	aligned	along	the	center	of	the	incoming	x	–ray	beam	and	was	heated	rapidly	to	the	
target temperatures by using a hot air blower. Time-resolved diffraction patterns were collected while the capillary was heated from room temperature 
to the target temperature at the rate of 2 oC/min

In addition to the in situ experiments, a series of ex situ hydrothermal experiments were also performed using Ti pressure autoclaves using similar 
reaction	conditions.	In	quenched	ex	situ	experiments	covellite	and	chalcocite	was	found	to	form	at	T	≤	200	oC	and	chalcocite	exclusively	at	T	≥	200	oC. 
In	our	in	situ	XRD	experiments	at	temperatures	≥	200	oC, covellite (CuS) formed alongside with the parent chalcopyrite (Fig. 1).  The formation of CuS 
is	very	likely	an	intermediate	species	but	has	not	been	previously	observed	in	hydrothermal	experiments	performed	under	similar	conditions.	In	situ	
experiments also eliminate the possibility of any quench related effects in our experiments. In the future, we plan to combine in situ PXRD with in situ 
XAS, which allows for the combined study of phase relation and aqueous speciation of catalytic Cu(I/II) and/or Fe(II/III) species in solution.

Figure 1. Time resolved PXRD datasets collected over a period of 4 hours at 230 oC, XRD patterns are shown in inset; at the start of the experiment 
(bottom right) and 2 hours into the experiment (top right). In both of the patterns CuFeS

2
	peaks	are	indexed	using	blue	vertical	sticks	and	CuS	using	

green	vertical	sticks	respectively.

Image 
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High-temperature XRD as a tool for in-situ monitoring of advanced nanomaterial synthesis in 
variable thermal conditions (oxidation, inert, reducing)
Jan Filip1,	Josef	Kašlík1, Jiří Toman2,	Jana	Havláková1,	Jan	Cempírek2

1Regional	Centre	of	Advanced	Technologies	and	Materials,	Palacký	University,	Olomouc,	Olomouc,	2Department	of	Geological	Sciences,	Masaryk	
University, Brno, Czech Republic

Nowadays,	the	significant	part	of	the	nanomaterial	research	is	focused	on	the	optimization	of	(i)	synthesis	and	(ii)	nanoparticle/nanocomposite	
properties	for	application	in	various	fields.	The	thermally	driven	solid-state	transformation	of	suitable	precursors	(mainly	metal	oxides/oxyhydroxides)	
turned out to be highly promising way of cheap, up-scalable and easily controlled preparation of unique nanomaterials. For in-situ monitoring of 
thermally induced solid-gas reactions (i.e., structural transformations) of iron containing materials (oxides, oxyhydroxides) under various conditions 
(i.e.,	temperature,	gas	pressure,	gases	like	synthetic	air,	N

2
, H

2
	and	CO	with	variable	flow	rate)	we	employed	powder	diffractometer	equipped	with	high-

temperature/high-pressure	reaction	chamber.	The	optimization	of	gas-controller	enabled	us	to	precisely	adjust	and	monitor	gas-flow/gas-pressure.	
One	of	the	main	goal	of	these	experiments	was	to	monitor	in	detail	mechanisms	and	kinetics	of	ferric	oxides/hydroxides	(Fe

2
O

3
 and FeOOH polymorphs) 

transformations	towards	reactive	nanomaterials	like	powder	nanoscale	zero-valent	iron	(ZVI)	particles	or	nZVI-based	composites.	The	possibility	to	
in-situ monitor thermally-driven solid-gas reactions enabled us also to develop and understand the surface-passivation of ZVI nanoparticles (being 
otherwise	pyrophoric)	by	thin	oxidic	or	carbon	shell.	Moreover,	the	suitable	choice	of	preparation	conditions	allows	controlling	thickness	of	the	shell.	
In the case of experiments under CO, the high-temperature processes lead also to formation of composite materials with variable iron and carbon 
contents.	Analogously,	thermal	treatment	of	various	Fe-bearing	minerals	(mainly	silicates	like	Fe-zeolites,	Fe-clays)	under	H

2
 resulted in the formation 

of magnetic nanocomposites where nZVI particles are embedded in silicate matrix.

This	work	was	supported	by	grants	from	the	Technology	Agency	of	the	Czech	Republic	"Competence	Centers"	(project	No.	TE01020218),	and	the	Ministry	
of Education, Youth and Sports of the Czech Republic (project No. LO1305).
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Reworked restite enclave: Petrographic and mineralogical constraints from the Tongshanling 
intrusion, Nanling Range, South China
Xudong Huang1, 2, Jianjun Lu1, Stanislas  Sizaret2, Rucheng Wang1, Jinwei Wu1

1State Key Laboratory for Mineral Deposits Research, School of earth sciences and engineering, Nanjing University, Nanjing, China, 2Institut des Sciences 
de	la	Terre	d’Orléans,	UMR	7327-CNRS,	Université	d’Orléans,	Orléans,	France

Microgranular enclaves, which can provide important petrogenetic indications for the host granitoids, are commonly observed in the Middle-Late 
Jurassic Cu-Pb-Zn-bearing granodiorites in the Nanling Range of South China. The origin of these Cu-Pb-Zn-bearing granodiorites is still controversial 
with	two	different	hypotheses:	crust-mantle	mixing	and	partial	melting	of	the	mafic	lower	crust,	primarily	based	on	geochemistry	and	geochronology.	
The Tongshanling intrusion, which is a typical Cu-Pb-Zn-bearing granodiorite containing microgranular enclaves, was chosen as the research target. 
Detailed petrographic and mineralogical studies have been carried out on the Tongshanling granodiorite and its microgranular enclaves to provide 
new textural and compositional constraints on the petrogenesis. In situ electron microprobe (EMP) and laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) analyses were performed on different minerals, especially amphibole. The microgranular enclaves in the Tongshanling 
granodiorite have dioritic compositions with a mineralogy dominated by plagioclase, amphibole, and biotite. These enclaves do not show any reliable 
imprints	supporting	an	origin	of	magma	mixing.	However,	the	existence	of	abundant	residual	materials	in	the	enclaves,	such	as	mafic	mineral	clots,	
inherited and metamorphic zircon, and Ca-rich core plagioclase, is in favor of a restite origin. Three different types of amphibole, i.e., magmatic, 
metamorphic,	and	magma	reworked	metamorphic	amphibole,	have	been	recognized	in	the	Tongshanling	granodiorite	and	its	microgranular	enclaves.	
Particularly, the zonal amphibole-rich clots in the enclaves have a granoblastic interior, and show increasing Al and decreasing Si contents from 
interior to exterior and also from core to rim in individual amphibole grains. Together with the distinctly lower contents of incompatible elements in 
the core of clot interior amphibole, the amphibole-rich clots are considered as vestiges of residual pyroxene-rich precursors from the source. The 
compositional	zonation	of	enclave	magmatic	zircon	and	some	other	textural	features,	such	as	the	poikilitic	texture	of	K-feldspar	and	quartz,	also	
support	a	magma	reworked	process	of	the	restite	enclaves.	Based	on	abundant	textural	and	compositional	evidence,	these	microgranular	enclaves	are	
thought	to	be	reworked	restite	enclaves	formed	by	reaction	of	the	restite	with	the	host	magma.	A	model	illustrating	the	formation	process	of	reworked	
restite enclave has been proposed. Combined with previous experimental studies of partial melting, the Tongshanling granodiorite is deduced to be 
derived	from	dehydration	melting	of	amphibolite	in	the	mafic	lower	crust,	which	is	further	confirmed	by	the	exposed	Paleoproterozoic	amphibolite	in	
the	Cathaysia	Block.	The	fertile	amphibolitic	source	is	beneficial	to	the	formation	of	Cu-Pb-Zn-bearing	granodiorites	in	the	Nanling	Range.	
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Using WOMBAT for in situ mineral analysis
Helen Maynard-Casely1, Chin-Wei Wang1, Vanessa Peterson1, Andrew Studer1

1Australian Nuclear Science and Technology Organisation, Kirrawee DC, Australia

There isn’t much that a neutron can’t tell you about your mineral - from structure and dynamics to physical and chemical properties. Another great 
advantage of analysis by neutron scattering is that neutrons are highly penetrating and able to probe samples that are simultaneously under a wide 
range of conditions. 

The	Australian	Centre	for	Neutron	Scattering	(formally	known	as	the	Bragg	Institute)	has	13	neutron	diffraction	instruments.		This	contribution	will	
highlight	the	high	intensity	neutron	diffraction		instrument	(known	as	WOMBAT)	which	has	been	constructed	to	be	highly	versatile	[1].		The	high	
performance of the instrument comes from the combination of the best area detector ever constructed for neutron diffraction with the largest beam 
guide yet put into any research reactor and a correspondingly large crystal monochromator.  These all combine to provide an instrument which is 
unique in its capabilities within the Southern hemisphere.

We will discuss some mineral experiments that have been conducted on the instrument so far.  These range from monitoring element replacement in 
fluid-mineral	interaction	[2],	to	in	situ	high	pressure	experiment	[3]	with	great	potential	for	other	in	situ	measurements.		We	invited	the	mineralogical	
community to discuss with us further experiments that use our instrument capacity.  

References 
[1] Studer,	A.J.,	M.E.	Hagen,	and	T.J.	Noakes,	Wombat:	The	high-intensity	powder	diffractometer	at	the	OPAL	reactor.	Physica	B:	Condensed	Matter,	2006.	385–386,	Part	2(0):	p.	1013-1015.
[2] Spruzeniece,	L.,	S.	Piazolo,	and	H.E.	Maynard-Casely,	Deformation-resembling	microstructure	created	by	fluid-mediated	dissolution–precipitation	reactions.	Nature	communications,	

2017. 8: p. 14032.
[3] Duyker,	S.G.,	et	al.,	Extreme	compressibility	in	LnFe	(CN)	6	coordination	framework	materials	via	molecular	gears	and	torsion	springs.	Nature	chemistry,	2016.	8(3):	p.	270.
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A new hyperspectral library connected to solsa open databases for on-line-real-time analyses of Ni 
laterites and Bauxite
Thanh Bui1, 2, Beate Orberger3, 4, Simon B. Blancher1, Saulius Grazulis5, Yassine El  Mendili6, Henry Pilliere7, Nicolas Maubec8, Xavier Bourrat8, Ali 
Mohammad-Djafari2,	Stéphanie	Gascoin6, Daniel Chateigner6, Thomas Lefevre7, Celine Rodriguez1,	Cedric	Duée8, Anas El Mendili7, Dominique Harang7, 
Thomas Wallmach1, Monique Le Guen9

1Eramet Research, Eramet Group, Trappes, 2L2S,	CNRS,	Centrale	Supélec,	Université	Paris-Saclay,	Gif-sur-Yvette,	3GEOPS-Université	Paris	Sud-Paris	Saclay,	
Orsay, 4Catura Geoprojects, Paris, France, 5Institute of Biotechnology, Vilnius University, Vilnius, Lithuania, 6Université	de	Caen	Normandie,	Normandie	
Université,	Caen,	7ThermoFisher	Scientific,	Artenay,	8BRGM,	Orléans,	9Eramet	Nickel	Division,	Eramet	Group,	Trappes,	France

The EU-H2020 SOLSA project (www.solsa-mining.eu), targets to construct an expert system coupling sonic drilling with an on-line-real-time analytical 
system combining systematic mineralogical and chemical analyses on drill cores to speed up exploration and mining. SOLSA will be tested on bauxite, 
and	validated	for	Nickel	laterites	representing	70%	of	the	Ni	resources	worldwide.	The	analytical	system	comprises	a	profilometer,	a	high	resolution	
RGB	camera,	a	XRF	spectrometer	and	VNIR/SWIR	(Specim,	Finland)	hyperspectral	cameras.	The	objective	is	to	reach	real-time	decision	making	through	
scanning	of	about	80	m	drill	cores	per	working	day.

In addition to using the existing Crystallography Open Database (http://www.crystallography.net/cod/), SOLSA will provide new open databases for 
combined analyses. All samples are analyzed by conventional laboratory analyses (XRD, Raman spectroscopy, IR, SEM, EPMA and QEMSCAN®). A Raman 
Open	Database	with	Raman	spectra	of	certified	standard	samples	has	been	recently	constructed.	A	hyperspectral	library	containing	spectra	of	pure	
minerals is being built for bauxite and Ni laterites for the major facies and minerals. It will be integrated into the underdeveloped software, enabling 
to	determine	regions	of	interests	in	drill	cores	for	mining	and	definition	of	ore	processing	parameters.	The	library	will	be	published	as	a	hyperspectral	
open database at https://solsa.crystallography.net/sod/index.php. Furthermore, for every sample, an identity card is created and connected to a 
mineral open database (SOLSA ID card). The SOLSA ID cards contain information of the geological-mine context and results of laboratory analyses with 
macroscopic and microscopic photographs.

As the spectra from hyperspectral cameras of drill cores mainly exhibit mixtures of minerals, sparse unmixing techniques are implemented with the 
integration	of	our	new	hyperspectral	library.	Sparse	unmixing	techniques,	achieving	great	success	in	remote	sensing	applications,	aim	at	finding	the	
optimal subset of signatures in a spectral library that can best model each mixed spectrum of a pixel. The methods exploit the fact that a spectrum 
always contains a mixture of a small number of endmembers, which is the case in bauxite and Ni-laterite. Among investigated unmixing methods, the 
collaborative sparse unmixing by variable splitting and augmented Lagrangian (CLSUnSAL) method provided the most accurate unmixing results on 
simulated	data	that	were	generated	from	our	hyperspectral	library.	A	polished	serpentinized	harzburgite	sample,	first	analyzed	by	QEMSCAN®, was 
processed by the CLSUnSAL method. A good mineralogical correlation was found between results of the two techniques. These results will be cross-
evaluated with Raman spectroscopy mapping.

References 
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Acknowledgements
We	would	like	to	acknowledge	the	support	of	the	National	Museum	of	Natural	History	(MNHN),	Paris,	France	for	the	collection	of	minerals.

IMA2018	Abstract	book89

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Increasing resource efficiency through continuous monitoring from exploration to processing

Sensing and data fusion for raw material characterization
Feven  Desta1,	Mike	Buxton1

1Resource Engineering, Delft University of Technology, Delft, Netherlands

An	automated	material	identification	is	fundamental	for	real-time	resource	model	updating	and	real-time	mine	operational	planning	and	decision	
making.	This	can	be	achieved	using	sensor	technologies.	Sensor	technologies	operate	over	different	wavelength	ranges	of	the	electromagnetic	
spectrum and provide information on several aspects of material properties. The detection limit, sensitivity and the material properties that the 
instrument detects varies from sensor to sensor. Therefore combinations of sensors are required to convey a near complete description of materials. 
The output of sensors data can be utilized using data fusion. However the use of data fusion for characterization of polymetallic sulphide ore using 
Visible and Near-Infrared (VNIR), Short Wave Infrared (SWIR) hyperspectral images, Mid-Wave Infrared (MWIR), Long Wave Infrared (LWIR), Raman and 
Red-	Green-Blue	(RGB)	images	is	undefined.

This paper presents data fusion based approaches for polymetallic sulphides ore characterization. This was implemented using two levels; a low level 
data fusion and a mid-level data fusion. The two methods join the data sources at data level. The selected sensors (different platforms) were used to 
collect data using channel cut and drill core samples. Design of Experiment (DoE) was developed to test possible scenario’s including the data pre-
processing	options	and	potential	sensor	data	combination	options.	To	implement	the	low	level	data	fusion,	data	blocks	from	the	LWIR	and	MWIR	were	
concatenated	into	a	single	array.	Using	this	data	matrix	and	Partial	Least	Squares	Discriminant	Analysis	(PLS-DA),	the	classification	and	predictive	
performance of the models for individual techniques and combined techniques were evaluated. Mid-level data fusion is a feature level fusion which 
was implemented with variable screening. Thus important variables were selected and concatenated in to a single array. Later using PLS-DA the 
classification	and	predictive	performance	of	the	models	were	evaluated.

The	current	experimental	results	show,	fusing	of	the	MWIR	and	LWIR	data	resulted	in	a	better	classification	and	prediction	model	than	the	individual	
techniques. Thus data fusion is an effective strategy for a comprehensive description and an enhanced material characterization. The approach can be 
used throughout the mining value chain including during mineral exploration, extraction and processing. Going forward, better results are possible with 
extended application of VNIR, SWIR, MWIR,LWIR, Raman and RGB data fusion.

Keywords
sensor data; data fusion; polymetallic sulphides, material characterization   
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The SOLSA project: Combined techniques and databases for mineral identification
Yassine El Mendili1,	Antanas	Vaitkus2, Daniel Chateigner1,	Stéphanie		Gascoin1, Sebastien Petit1,	Andrius	Merkys2,	Saulius	Gražulis	2, Henry Pilliere3, 
Bruno Beccard3, Marco  Zanatta4, Maria Secchi5, Gino  Mariotto4, Arun Kumar4, Luca Lutterotti5, Evgeny Borovin5, Maurizio  Montagna5, Thanh Bui 6, Beate 
Orberger7, Monique  Le-Guen 6

1NORMANDIE UNIVERSITÉ, CRISMAT-ENSICAEN, UMR CNRS 6508, Caen, France, 2Institute of Biotechnology, Vilnius University, Vilnius, Lithuania, 
3ThermoFisher	Scientific,	Artenay,	France,	4Department of Computer Science, University of Verona, Verona, 5Department of Industrial Engineering, 
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Combined mineralogical and chemical analyses on drill cores are highly demanded by mining and metallurgical companies to speed up exploration, 
mining	and	define	geo-metallurgical	parameters	for	beneficiation.	At	present	now,	the	mineralogical	analyses	are	mainly	done	by	exploiting	a	single	
or	independent	techniques,	such	as	hyperspectral	imaging	and	X-ray	fluorescence	(XRF).	The	automated	coupling	of	different	analytical	instruments	is	
still a technological challenge in progress in our laboratories.

SOLSA	integrates	for	the	first	time	the	sonic	drilling	coupled	to	an	on-line-real-time	analytical	system	(RGB,	profilometer,	XRF	and	hyperspectral	
cameras),	which	will	define	regions	of	interests	(ROI).	These	ROIs	will	be	analyzed	by	combined	X-ray	diffraction	(XRD),	XRF	-	Raman	(RS)	and	Infrared	
(IR) spectroscopies on a single and world-unique instrument. The whole SOLSA system will integrate an intelligent software for close-to-real-time data 
interpretation [1].

To	maximize	the	information	gathered	from	the	mineral,	RS	and	other	analytical	techniques,	like	Infrared	(IR)	and/or	XRD	can	be	combined	to	
complement each other. Consequently, combined XRD-RS measurements and analyses complemented by Raman and XRD databases will offer an 
exceptional	benefit	as	the	complementary	information	from	both	techniques	allowing	deeper	characterization	and	understanding	of	minerals.	
For SOLSA, the Crystallography Open Database (COD) [2]	containing	nearly	400000	entries	will	serve	the	crystallographic	definitions	of	the	phases	
composing the studied materials. The COD was chosen since it is the largest curated and validated open access collection of small molecule crystal 
structures	that	has	been	successfully	used	for	various	academic	and	industrial	tasks	[3].

The	main	objectives	of	the	present	presentation	are:	(1)	presenting	the	first	combined	XRF-XRD-RS	measurements	for	precise	mineral	identification,	and	
(2) to describe a reliable Raman Open-access Database (ROD, http://solsa.crystallography.net/rod) containing experimental high quality Raman spectra, 
associated	with	DFT-simulated	spectra.	The	novelty	of	this	database	will	be	interconnectedness	with	other	open	databases	like	the	COD	(http://www.
crystallography.net/cod).
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Continous on-site automated mineralogy monitoring and operational mineralogy - the evolution of 
process mineralogy
Shaun Graham1

1Raw Materials Industry, Carl Zeiss Microscopy, Cambridge, United Kingdom

The	recognition	and	understanding	that	mineralogy	has	an	impact	on	the	total	recovery	of	pay	metals	of	an	operation	is	widely	known.	During	the	
70’s	and	80’s	process	mineralogy	was	a	developing	frontier	where	the	practical	investigation	of	minerals	was	applied	to	make	the	recovery	of	pay	
metals more effective. This was achieved through understanding the impact mineralogy had on processing, and developing and operating a mineral 
processing plant capable of handling that mineralogy. These developments, and the birth of process mineralogy, were driven by automated mineralogy 
systems, which were based on a Scanning Electron Microscope (SEM) with Energy Dispersive Spectrometers (EDS) platform (SEM-EDS-AM).

Such is the value of SEM-EDS-AM solutions they are now common instruments used in troubleshoot and process development applications. In this 
role, their value in being able to quantify mineralogy, textures and element deportment across a deposit to produce geometallurgical domains plant 
operators	can	respond	to.	In	addition,	when	issues	occur	with	recovery	that	are	mineralogical	driven,	samples	are	typically	taken	and	analyzed	to	
understand	the	mineralogical	variability.	However,	issues	with	this	approach	centre	on	the	delay	from	taking	samples	to	providing	the	processing	plant	
with actionable data to understand and mitigate the mineralogical variation. As a result, this is typically a missed opportunity for the plant and pay 
metal	is	either	lost	to	the	tailings	or	the	plant	operates	in	a	more	inefficient	way	due	to	this	mineralogical	variability.

As such, and with the move towards a big data and industry 4.0 approach, on-site mineralogy is now becoming a new innovative development for 
operation	management.	Mines	of	the	future	will	need	a	more	continuous	improvement	approach	to	remain	profitable	and	as	a	result,	an	Operational	
Mineralogy approach will need to be adopted. In this approach, on-site automated mineralogy analysis is a daily and integral part of the operation and 
provides a mechanism for operational management and continuous improvement in recovery.

This	talk	will	use	case	study	examples	to	highlight	the	MinSCAN,	its	application	to	understanding	ore	variability,	the	process	implications	of	ore	
variability and present the value and opportunity provided by adopting an operational mineralogy approach. This approach provides a direct and 
continuous on-site mineralogy solutions for continuous improvement and plant optimization initiatives.
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Infrared-Based Monitoring of the Mining and Processing of Calcined Kaolin
Adriana Guatame-Garcia1,	Mike	Buxton1
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Calcined	kaolin	is	an	industrial	raw	material	widely	used	for	the	manufacturing	of	paper,	rubber	and	other	speciality	products	(e.g.	agriculture	and	
pharmaceuticals).	For	these	specific	applications,	calcined	kaolin	is	highly	valued	because	of	its	brightness	and	low	chemical	reactivity.	To	achieve	
these	properties,	natural	kaolin	goes	through	a	series	of	refinement	steps.	The	natural	kaolin	ore	is	a	mixture	of	clay	minerals,	quartz	and	feldspars,	
where	kaolinite	is	the	main	constituent.	During	the	mineral	extraction	and	first	refinement	steps,	particular	attention	is	paid	to	the	removal	of	Fe-
bearing	minerals	that	affect	the	brightness	of	the	finished	product.	The	last	stage	in	the	mineral	processing	is	the	calcination	of	the	refined	kaolinite	to	
temperatures around 1100⁰C, aiming to enhance the brightness and reduce the chemical reactivity.

Some	of	the	challenges	faced	by	the	kaolin	mining	industry	are	related	to	the	eventual	depletion	of	high-quality	reserves	and	the	high	economic	
and	environmental	costs	that	the	processing	activities	involve.	This	work	presents	an	analysis	of	the	opportunities	to	increase	the	resource	and	
process	efficiency	in	the	production	of	calcined	kaolin	by	using	infrared-based	sensor	technologies.	Mining	and	calcination	were	selected	as	critical	
stages	where	information	derived	from	infrared	analyses	has	the	potential	of	optimising	the	processing	of	kaolin.	In-pit	characterisation	of	the	
ore was performed by using hyperspectral Short-Wave Infrared (SWIR) imaging spectroscopy in run-of-mine (ROM) samples and drill-cores. For the 
characterisation	of	the	calcination	process,	calciner	feed	and	products	were	analysed	using	diffuse	reflectance	spectroscopy.

The	infrared	images	of	the	pit	samples	allowed	the	detection	factors	that	affect	the	quality	of	the	kaolin	ore	such	as	Fe-bearing	mineralogy,	
associations	of	clay	minerals	and	crystallinity	of	the	kaolinite.	The	analysis	of	the	calciner	feed	focused	on	the	determination	of	the	quality	and	purity	
of	the	kaolinite,	as	determined	by	its	crystallinity.	For	the	calcined	kaolin	product,	a	correlation	was	established	between	the	infrared	spectra	and	the	
customer-defined	standards	for	quality	control.	These	results	can	influence	the	mining	and	processing	of	kaolin	by	(1)	assisting	selective	mining	and	
beneficiation,	(2)	monitoring	the	feed	for	calcination	to	ensure	a	constant	and	high-quality	feed,	(3)	monitoring	the	calcined	kaolin	products	to	provide	
timely	operational	feedback	and	assist	quality	control.

The	use	of	infrared-based	sensor	technologies	for	selective	mining	would	enable	the	targeting	of	high-quality	ores	increasing	the	resource	efficiency,	
reducing the amount of waste material and reducing the water consumption during the extraction of the ore. The implementation of an infrared-based 
monitoring and control system for the calcination feed and products would help in reducing the energy used by the calciner, reduce CO

2
 emissions and 

ensure	the	generation	of	high-quality	calcined	kaolin	products.	
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Seamless elemental and mineralogical sensing across the mining value chain in BHP Iron Ore to 
enable metallurgical scheduling
Maarten Haest1,	Gregory	Elphick2, Paul Gilroy1,	Andrew	Hacket1, Robert Hus1, Dorothee Mittrup1
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Resource	characterisation	in	BHP	Iron	Ore	has	historically	focussed	on	grade	and	volume	and	this	has	worked	well,	because	most	production	came	
from	above	the	water	table,	causing	few	material	handling	delays	in	the	processing	plants.	Steel	mill	customers	have	also	been	satisfied	with	grade	and	
sizing based product characterisation only. 

The	amount	of	below	water	table	iron	ore	being	mined	by	BHP	is	gradually	increasing,	which	requires	improved	understanding	of	ore	flow	properties	
to	enable	efficient	processing	of	these	ores	through	the	supply	chain.	In	addition,	the	price	differential	between	low	and	high-quality	iron	ores	is	
widening. This differential is largely based on grade and ore sizing at present, but an opportunity exists to capture more value by predicting the 
behaviour	of	iron	ores	during	steel	making.

BHP Iron Ore is investing in seamless sensing across the value chain to enable real-time metallurgical scheduling. The ability to schedule not only on 
grade,	but	also	on	metallurgical	properties	can	mitigate	material	handling	delays	and	would	allow	us	to	better	inform	customers	of	the	steel	making	
properties of our ores. 

Metallurgical	scheduling	in	the	context	of	material	handling	refers	to	the	blending	of	problematic	and	non-problematic	ore	blocks	to	mitigate	delays	in	
the	plant.	Problematic	ore	blocks	are	differentiated	by	training	the	output	of	elemental	(neutron	activation)	and	mineralogical	(infrared	spectroscopy)	
sensors	on	conveyor	belts	against	plant	flow	properties	and	predicting	these	flow	properties	for	material	that	is	still	in	the	ground,	which	was	analysed	
with similar downhole or laboratory sensors. Real-time metallurgical scheduling implies that the above system has matured to a point that the 
relationship between plant throughput and material properties is continuously monitored and plans are adjusted to optimise the material blend for 
quality and throughput. 

Once the entire value chain is equipped with seamless sensors, the ultimate opportunity is to not only train the routine elemental and mineralogical 
datasets against plant variables, but also against variables that are of value for customers. BHP Iron Ore might eventually be able to predict lump 
burden	or	fines	sintering	properties	for	its	products.	The	efficiency	of	steel	mills	will	improve	if	ores	with	certain	specific	properties	can	be	produced	
and the resulting gain for the customer could be partially captured through increased ore product valuation.

This	presentation	will	detail	BHP	Iron	Ore’s	journey	from	significantly	expanding	its	in-ground	material	characterisation	to	installation	of	similar	tools	in	
the	processing	plants,	ultimately	capturing	the	same	sets	of	data	from	green-field	exploration	to	the	ship.	Examples	will	be	provided	of	mineralogical,	
geometallurgical and element grade models that were calibrated at one point along the value chain and that have been extrapolated to other parts of 
the	chain.	The	presentation	will	conclude	with	a	vision	of	the	mine	of	the	future,	where	data	are	integrated	from	in-situ	rock	to	blast	furnace	feed,	with	
continuous	feedback	loops	to	optimise	not	only	for	grade,	but	also	for	processing	plant	throughput	and	blast	furnace	feed	quality	properties.

94

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Increasing resource efficiency through continuous monitoring from exploration to processing

X-ray diffraction (XRD) and statistical data analysis - a new tool for process monitoring and 
exploration of ores 
Uwe Koenig1

1Malvern Panalytical B.V., Almelo, Netherlands

Ore	mineralogy	defines	the	properties	during	processing	and	metal	extraction.	Fast	and	frequent	monitoring	of	the	mineral	content	and	related	process	
parameters brings value to the mining operation and material processing. Decreasing ore qualities and increasing prices for raw materials require a 
better	control	of	processed	ore	and	a	more	efficient	use	of	energy.	Traditionally	quality	control	in	mining	industries	has	relied	on	time	consuming	wet	
chemistry	or	the	analysis	of	the	elemental	composition.	The	mineralogy	that	defines	the	physical	properties	is	often	monitored	infrequently,	if	at	all.	
The use of high speed detectors has turned X-ray diffraction (XRD) into an important tool for fast and accurate process control. XRD data and their 
interpretation	do	make	the	difference	in	the	identification	of	minerals,	in	describing	their	distribution	in	ore	bodies	and	in	their	beneficiation	during	
processing. The use of statistical techniques such as Partial Least Square Regression (PLSR) or Principal Component Analysis (PCA) on XRD raw data 
has	been	successfully	trialled	to	determine	raw	materials	and	processed	ores	in	addition	to	well	established	methods	for	mineral	identification	and	
quantification.	PLSR	can	be	used	to	correlate	process	parameters	directly	from	the	XRD	pattern	without	investigating	the	mineral	content.	Hidden	
information present in the XRD pattern but not determined with traditional methods can be used to improve the characterization of the analyzed 
materials.	The	practical	use	for	the	direct	determination	of	process	relevant	parameters	during	exploration	and	ore	beneficiation	will	be	illustrated	on	
several case studies from mining and ore processing.
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Influence of quartz grain size on the quantification of kaolinite using infrared reflectance 
spectroscopy
Carsten Laukamp1, Ian C. Lau1, Marcela Stolf2, Andy A. Green3

1CSIRO, Kensington, Australia, 2Universidade Estadual de Campinas, Campinas, Brazil, 3OTBC Pty. Ltd, Sydney, Australia

Reflectance	spectroscopy	is	applied	throughout	the	mine	life	cycle	for	collection	of	mineralogical	data	from	various	sample	media,	ranging	from	
exploration	drill	cores	and	blast	holes	to	mine	face	imagery.	Applied	remote	and	proximal	sensing	systems	collect	reflectance	spectra	across	different	
wavelength ranges including the shortwave (SWIR, 1200 to 2500 nm), midwave (MIR, 2500 to 6000 nm) and thermal infrared (TIR, 6000 to 16000 nm), 
depending on the respective technology.

Understanding	the	grain	size-related	changes	of	the	infrared	spectral	signatures	is	crucial	for	accurate	mineral	characterisation	and	quantification	by	
means	of	reflectance	spectroscopy.	The	estimation	of	kaolinite,	is	important	for	a	variety	of	mineral	deposit	types,	as	its	presence	can	reduce	the	value	
of	bulk	commodities	(e.g.	iron	ore)	or	can	be	detrimental	for	ore	processing	(e.g.	flotation	and	comminution	in	porphyry	copper	deposits).

In	order	to	evaluate	the	impact	of	grain	size	variations	of	quartz	on	the	estimation	of	kaolinite	content	from	SWIR	to	TIR	spectral	signatures,	a	set	
of	quartz-kaolinite	mixtures	using	eleven	different	quartz	grain	size	fractions	(38	to	1000	micrometre)	and	kaolinite	standard	KGa-1b	(<2	micrometre)	
was	prepared.	Reflectance	spectra	spanning	the	2000	to	16000	nm	wavelength	range	were	obtained	from	mineral	mixtures	using	a	Bruker	Vertex	FTIR	
equipped	with	an	Integrating	Sphere	(A	562-G,	Bruker).

Hydroxyl-related	combination	bands	of	kaolinite	in	the	SWIR	at	2160	and	2206	nm	and	in	the	MIR	at	around	2705	and	2761	nm	are	commonly	used	for	
estimating	kaolinite	abundance.	Quartz	is	not	infrared-active	in	either	of	these	wavelength	ranges.	However,	a	specific	range	of	quartz	grain	sizes	has	a	
substantial	impact	on	the	intensity	of	these	kaolinite-related	absorptions	with	finer	grain	sizes	having	the	least	and	grain	size	ranges	between	125	and	
1000 mm having the largest impact.

All	quartz	grain	sizes	display	a	characteristic	reflectance	spectral	signature	in	the	TIR,	dominated	by	the	primary	and	secondary	Reststrahlen	bands	
in	the	8000	to	9500	nm	and	the	12000	to	13000	nm	wavelength	regions,	respectively.	Both	Reststrahlen	bands	are	represented	by	a	double	peak,	
separated by a distinct trough, which we call here for simplicity primary and secondary “quartz trough”. Grain size variation in pure quartz can be 
successfully predicted using changes in the shape of the primary Reststrahlen bands. In addition to previously described TIR spectral signatures of 
quartz we observed additional absorptions in the MIR between 3700 and 6000 nm, which we tentatively assigned to overtones of the Si-O-Si stretching 
fundamentals.

TIR	spectral	signatures	of	quartz-kaolinite	mixtures	show	that	kaolinite	heavily	overlaps	with	the	primary	Reststrahlen	bands	of	quartz,	complicating	
the	quantification	of	kaolinite.	However,	only	the	longer	wavelength	part	of	the	primary	Reststrahlen	band	of	quartz	is	heavily	overprinted	by	a	
kaolinite-related	absorption,	whereas	the	shorter	Reststrahlen	band	decreases	in	overall	intensity	with	increasing	kaolinite	content.	Our	work	shows	
that	SWIR	and	MIR	reflectance	spectroscopy	can	be	only	used	reliably	for	estimating	the	kaolinite	abundance	when	the	quartz	grain	size	is	taken	into	
account.
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Sonic Drilling In Subsurface Ore Deposits: An Efficient Sampling Tool To Increase Metal Production
Huug		Eijkelkamp1,	Fons	Eijkelkamp1, Harm Nolte1, Peter Koert1, Beate Orberger2, Monique  Le Guen3,	Mike	W.	Buxton4

1Royal	Eijkelkamp,	Company,	Giesbeek,	Netherlands,	2Catura Geoprojects, Universite Paris Sud, PARIS, 3Eramet , Company, Trappes, France, 4Resourecs 
Engineering, TU Delft, Delft, Netherlands

Accurate resource and reserve estimates are based on a reliable geomodel of the ore deposit. Subsurface ore deposits (up to 50 m depth) such as 
Nickel	Laterites	and	Bauxites,	placer	diamond	and	gold	deposits	occurring	in	tropical	and	permafrost	regions	are	heterogeneous	at	vertical	and	
horizontal scale. Particle sizes may vary from micrometric to decametric scale, hard and soft materials are intermingled, the physical properties 
of particles vary from elastic-ductile to inelastic (e.g. clays and quartz minerals). Systematic sampling of these materials through drilling is thus a 
challenge. However, it is one of the most important steps for petrological, chemical and mineralogical analyses necessary for ore body modeling, and 
resource and reserve calculations.

In	such	materials,	conventional	drilling	may	be	inefficient,	either	because	of	a	slow	drill	rate	or	because	it	does	not	achieve	complete	and	coherent	
sampling.	Field	tests	have	demonstrated	that	sonic	drilling	shows	significant	performance	improvements:	1.	it	reduces	friction	on	the	drill	string,	
drill bit and inside a core barrel due to liquefaction, inertia effects and a temporary reduction of porosity of the soil; 2. during single wall-core barrel 
advancement	no	fluids,	air	or	muds	are	used.	

Within	the	framework	of	the	EU	H2020	projects,	SOLSA	and	Real	Time		Mining,	significant	developments	with	sonic	drilling	methods	have	been	
undertaken.	Special	core	shoes	and	rigs	for	subsurface	environments	achieve	coherent	drill	cores	with	over	95	%	recovery	rates	in	shorter	time.	
Monitoring	while	drilling	generates	new	data	on	physical	properties	of	the	different	rock	layers.	These	data	from	the	SOLSA-Drill	are	connected	and	
integrated	to	data	from	different	sensors	(RGB	camera,	profilometer,	XRF,	hyperspectral	cameras),	the	prototype	SOLSA	ID,	increasing	the	robustness	of	
actionable data for geomodeling. Special liners were developed for reliable online analyses. The SOLSA expert system will be validated for Ni-laterites. 
First tests on Ni-laterites in Indonesia were promising, further test on material form New Caledonia are ongoing at “laboratory” scale tests.

Sonic	drilling	equipment	has	alreadybeen	tested	e.g.	in	the	permafrost	region	in	a	Siberian	subsurface	alluvial	gold	deposit.	For	the	first	time,	clay	
layers	hosting	fine	gold	could	be	sampled.	These	findings	significantly	increased	the	Au	resources	and	confidence	in	the	resource	classsification	and	
led	to	reactivation	of	mining	in	this	area.	In	alluvial	diamond	deposits	in	NE	Angola	high	grade	alluvial	channels	could	be	targeted	and	significantly	
helped to increase diamond production and extend Life of Mine.  
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Mineralogy of New Caledonian lateritic nickel deposits
Erick Ramanaidou1, Lionel Fonteneau2, Willy Foucher3, Brice Sevin4

1Mineral Resources, CSIRO, Kensington, 2Corescan Pty Ltd, Ascot, Australia, 3Nickel	Mining	Company,	4Direction	de	l'industrie	des	mines	et	de	l'énergie	de	
la	Nouvelle-Calédonie,	Noumea,	New	Caledonia

Nickel	laterite	ores	represent	over	60%	of	total	nickel,	the	40%	remaining	is	associated	with	nickel	sulphide.	New	Caledonia	is	endowed	with	very	large	
lateritic	nickel	deposits	that	correspond	to	11%	of	the	nickel	reserve	worldwide.	Nickel	laterite	ores	are	the	product	of	intensive	deep	weathering	of	
ultramafic	rocks	under	humid	tropical	conditions.	This	thick	lateritic	mantle	includes	from	the	bedrock	to	the	surface:
• Fresh or, totally or partially serpentinised dunite and/or harzburgite that consist mainly of olivine, pyroxene and serpentine such as lizardite, 

antigorite and chrysotile
• A	saprock	where	weathering	begins
• A coarse saprolite with Ni-rich garnierite
• A Yellow Laterite where Ni-goethite is dominant
• A Red Laterite with a mixture of Ni-goethite and Ni-hematite
• A lateritic duricrust

In	New	Caledonia,	the	Nickel	mineralisation	occurs	as	“oxide	type”	mainly	in	iron	and	manganese	oxides	or	as	“garnierite’	type	in	Mg-Ni-silicates.	
The	characterisation	of	all	minerals	from	fresh	rock	to	the	lateritic	duricrust	is	critical	for	orebody	knowledge,	grade	control	and	mine	planning.	
Currently,	the	exploration	and	mine	logging	is	undertaken	visually	by	geologists.	As	part	of	a	more	objective	mineralogical	and	ore	type	strategy,	
an	automated	system	based	on	reflectance	spectroscopy	(Corescan	Hyperspectral	Core	Imager	Mark	III	orHCI-3)	has	been	trialled.	The	HCI-3	system	
includes	high-resolution	reflectance	spectroscopy	(450	to	2500	nm)	at	0.5	mm	pixel	size,	visual	imagery	at	0.05	mm	pixel	size	and	3D	laser	profiling	
to	map	mineralogy.	The	application	of	the	Corescan	HCI-3	to	lateritic	nickel	diamond	cores	and	drill	chips	showed	that	all	the	minerals	present	in	the	
lateritic	profile	have	been	identified,	quantified	and	classified	into	ore	types.	This	was	validated	using	classical	XRF	and	the	Minalyzer	automated	XRF	
CS analysis system as well as XRD analyses. The ultimate goal is to predict routinely and objectively the mineralogy and the ore types of the lateritic 
nickel	deposits	in	New	Caledonia.
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Boron Isotope and Ree Signatures And Their Sources In High Grade Manganese Ores Of The Kalahari 
Manganese Field, South Africa
Lauren Blignaut1, Fanus Viljoen1,	Harilaos	Tsikos2, Marlina Elburg1

1Geology, University of Johannesburg, Johannesburg, 2Geology, Rhodes University, Stellenbosch, South Africa

The	Paleoproterozoic	Kalahari	Manganese	Field	(KMF)	is	the	largest	known	land-based	manganese	(Mn)	deposit	on	Earth	[1].	The	ores	developed	mainly	
as two chemical sedimentary layers alternating with banded iron-formation (BIF) [2]. Ores are categorised into two main types, namely low-grade, 
Mamatwan-type ores, rich in Mn carbonate and braunite; and high-grade, Wessels-type ores which are generally carbonate-free and rich in Ca-braunite, 
hausmannite, and lesser bixbyite and manganite. Accessory garnet, barite and secondary carbonates are present in some high-grade ores. The 
high grade manganese ores are thought to have formed by hydrothermal alteration which removed, partly or wholly, carbonate, Si, Ca and Mg, and 
introduced	variable	amounts	of	Fe	and	Mn	to	the	ores	[3].	Normal	and	thrust	faults	are	considered	key	conduits	for	hydrothermal	fluid-rock	interaction	
and	alteration/enrichment	of	the	ores	[4].	Considering	the	origin	of	fluids,	recent	findings	suggest	both	ascending	saline	fluids	through	high-angle	
faults, and descending meteoric water along the overlying Mapedi/Gamagara unconformity, as having played a part in the alteration process, either 
successively or in combination [5].The low-grade Mn ores exhibit a decrease in Fe and Si concentrations and increase in Mn and Ca with depth, 
controlled either by changes in primary marine precipitation of the protores through time, and/or incipient secondary oxidation, Fe addition and partial 
carbonate leaching from the upper to the lower bed. Most high-grade intersections of the ore-bearing sequence have highly ferruginised, carbonate-
free upper layers rich in braunite and hausmannite, compared to the lower ones where iron contents are lower. This is interpreted as a consequence of 
inherited vertical variations in protore chemistry, enhanced further by downward meteoric alteration. Otherwise, the general increase in manganese 
grade in both ore layers is largely attributed to carbonate loss from the protolith and replacement by newly-formed Mn oxides. Increasing ore grade is 
accompanied by enrichment in Cu, Pb, Zn, Ni, Co, Ba, Sr, Li and B. B, in particular is an important component with respect to steel industry requirements, 
as it is detrimental to the quality of steel produced when in high initial content in ore. B concentrations show a generally higher abundance in the 
upper manganese layer. Mineralogically, the B is contained in braunite, gaudefroyite, tephroite, carbonates and serpentine-group minerals. B isotope 
analyses	reveal	a	wide	range	of	values	depending	on	ore	type	and	specific	mineral	analysed.	These	variations	reflect	mixing	of	different	B	sources	
and B isotopic fractionation during the hydrothermal evolution of the ores. However, high δ11B values are dominant, and are generally interpreted as 
recording preservation of a primary seawater signal through the hydrothermal overprint; or interaction with an external B source that itself carried 
a seawater signature [6]. With regard to REE, HREE enrichment occurs within both high-grade ore layers, with positive La and Eu anomalies and a 
negative Ce anomaly. The REE appear to retain the primary seawater signature along with a small hydrothermal component.

References 
[1] Kleyenstber,	A.S.E.	(1984)	Geological	Society	of	Southern	Africa,	87,	257-272.	[2]	Tsikos,	H,	Moore	J.M.	(1997)	Economic	Geology,	92,	87-97.	[3]	Evans,	D.A.D.	et	al.	(2001)	Economic	Geology,	

96,	621-631.	[4]	Beukes,	N.J.	et	al.	(1995)	South	African	Journal	of	Geology,	98,	430-451.	[5]	Tsikos,	H.	et	al.,	(2003)	Economic	Geology,	98,	1449-1462.	[6]	Spivack,	A.J,	Edmond,	J.M	(1987)	
Geochim Cosmochim Acta, 51, 1033-1043.
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Fe-Mg+/-B+/-S+/-F skarns and replacement deposits in Tasmanian and their diverse mineralogy 
Ralph Bottrill1

1MINERAL RESOURCES TASMANIA, Hobart, Australia

Tasmania	has	numerous	mineralogically	interesting	Fe-Mg	skarn	deposits,	some	presently	being	mined,	including	two	of	Tasmania’s	largest	operating	
mines, the Savage River iron mine and the Renison tin mine. Others are of great historic importance in the early development of the state, eg. Mt 
Bischoff.		The	deposits	are	mostly	rich	in	magnetite	and/or	iron	sulphides,	plus	tin	+/-	tungsten,	copper,	gold,	bismuth,	zinc,	nickel,	molybdenum,	
fluorite	and	other	commodities,	some	to	economic	grades	and	tonnages,	and	many	have	been	mined	or	evaluated.	They	include	the	Long	Plains,	Kara/
Hampshire,	Mt	Lindsay,	Tenth	Legion,	St	Dizier,	Granville,	Rocky	River,	Lindsay,	Moina,	Colebrook	Hill,	Queen	Hill,	Mt	Cleveland,	Avebury	and	Temma	-	
Nelson Bay deposits.

These	deposits	are	generally	closely	related	spatially	and	genetically	to	Late	Devonian	granitoids,	mostly	granite	and	alkali-feldspar	granite	plutons,	
although	some	do	not	seem	to	have	a	close	connection	to	any	known	granitic	intrusives,	eg.	Savage	River	and	Temma.	The	granites	have	intruded	
a wide range of sedimentary sequences from Mid Proterozoic to Siluro-Devonian in age. Many of these sequences are locally carbonate-bearing, 
and	these	zones	are	largely	altered	to	skarns	and	replacement	deposits	adjacent	to	or	above	the	granites.	Many	are	magnesian	skarns,	formed	by	
replacement	of	dolostones	(eg.	Mt	Lindsay)	and	in	places	magnesite-stones	(eg.	Savage	River);	some	are	calcic	skarns	(eg.	Kara)	and	some	appear	to	
have	formed	by	metamorphism	of	siderite-rich	rocks	(Temma).	Most	deposits	have	been	retrogressed	to	varying	degrees,	resulting	in	a	range	of	skarn	
types	grading	from	early	anhydrous	assemblages	into	later	hydrous	and	more	fluoride	and	sulphide-rich	assemblages.	Massive	tourmaline	alteration	of	
associated	rocks	is	common.	Commonly	there	are	late	stage	veins	overprinting	the	early	assemblages,	usually	more	sulphide	and	carbonate	rich	(eg	Mt	
Bischoff). Some deposits have some interesting supergene minerals, eg anthoinite, mpororite and stolzite at Kara.

Generally they are very complex and unusual mineralogically.The iron mineralogy is commonly diverse; magnetite is very important in many of the 
deposits, whilst others are dominated by pyrrhotite and/or pyrite, while andradite, Fe-rich amphiboles, axinite and other Fe-rich silicates can be major 
components. Magnesium minerals include serpentine, talc, chondrodite etc. Boron minerals are commonly present in large amounts and are diverse in 
mineralogy,	including	tourmalines,	axinites,	ilvaite,	datolite,	fluoborite,	szaibelyite	and	ludwigite-group	minerals.	Beryllium	is	locally	present,	variably	
as	beryl,	danalite-helvine,	bavenite,	bertrandite	and	phenakite.	Fluorine	minerals	can	be	very	prominent,	as	at	Mt	Bischoff	and	Mt	Cleveland,	and	
minerals	include	major	fluorite,	topaz	and	sellaite,	plus	lesser	prosopite,	gearksutite,	etc.	Base	metal	sulphides	include	aikinite,	sphalerite,	bismuthinite,	
frankeite,	teallite,	stannite,	etc.	Some	deposits	have	produced	many	museum	quality	mineral	specimens.

The	mineralogical	variability	within	and	between	these	deposits	is	partly	a	function	of	the	original	host	rock	compositions	and	structure,	plus	the	
interaction	of	late	stage	fluids	released	from	the	granites,	and	later	influx	of	heated	meteoric	fluids	introducing	other	metals,	sulphur	and	components.

References and acknowledgements
Published	with	the	approval	of	the	Director	of	Mines,	Tasmania,	and	with	thanks	to	Andrew	McNeill	for	support.
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3D mineralogical mapping of the Kovdor phoscorite-carbonatite pipe
Gregory Ivanyuk1,	Andrei	Kalashnikov1,	Julia	Mikhailova1,	Yakov	Pakhomovsky1, Nataly Konoplyova1,	Victor	Yakovenchuk1, Ayya Bazai1

1Kola Science Center, Russian Academy of Sciences, Apatity, Russian Federation

Phoscorite and carbonatite igneous complexes may host important deposits of Fe, Cu, Nb, PGE, REE, P and Zr. The Kovdor phoscorite-carbonatite pipe 
hosting	the	Kovdor	magnetite-apatite-baddeleyite	deposit	is	a	typical	example	of	such	deposits.	Currently	the	open	pit	"Zhelezniy"	located	at	the	
Kovdor deposit produces about 5.7 Mt/year of magnetite concentrate, 2.7 Mt/year of apatite concentrate and 0.01 Mt/year of baddeleyite concentrate. 
The detailed 3D mapping of the Kovdor apatite-magnetite-baddeleyite deposit (Fig. 1) showed concentric zonation of the phoscorite-carbonatite pipe 
in	terms	of	modal	and	chemical	composition	of	rocks,	grain	size	distribution,	morphology,	anatomy	and	chemical	composition	of	extractable	minerals	
(Mikhailova	et	al.,	2016;	Ivanyuk	et	al.,	2016;	Kalashnikov	et	al.,	2017).

Specifically,	the	marginal	zone	of	the	pipe	consists	of	(apatite)-forsterite	phoscorites	carrying	fine-grained	Fe2+MnNiTi-rich	forsterite,	fine	grains	of	
MnTiSi-rich	magnetite	with	ilmenite	exsolution	lamellae,	fine	grains	of	apatite	enriched	in	Fe	and	Mg,	finest	grains	of	baddeleyite	with	Mg,	Fe,	Si	and	Mn,	
and	fine	grains	of	pyrhotite	4C-5C	with	pentlandite	exsolution	lamellae.

The intermediate zone accommodates carbonate- free magnetite-rich phoscorites that carry medium-grained MgFe3+-rich forsterite, medium to coarse 
grains of MgAl-rich magnetite with exsolution inclusions of spinel, medium-grained pure apatite, medium-sized crystals of pure baddeleyite and 
pyrrhotite-5C with exsolution inclusions of (cobalt)pentlandite.

The axial zone hosts carbonate-rich phoscorites and carbonatites, bearing coarse grains of Fe2+Mn-rich forsterite, medium-grained TiVCa-rich magnetite 
with	exsolution	inclusions	of	geikielite-ilmenite,	fine	grains	of	BaSrREE-rich	apatite,	large	crystals	of	pyrrhotite-6C	with	inclusions	of	cobaltpentlandite,	
and comparatively large grains of ScNb-rich baddeleyite, replaced by zirconolite-laachite and 12 different members of the pyrochlore supergroup 
(mainly	hydroxynatropyrochlore)	in	association	with	Sc-phosphates	(Yakovenchuk	et	al.,	2018).	Potential	annual	scandium	production	of	7-8	t	is	more	
than	the	current	global	demand,	which	would	make	Russia	a	significant	supplier	of	the	metal	to	the	world	market	(Kalashnikov	et	al.,	2016).

The	work	is	supported	by	the	Russian	Science	Foundation,	grant	16-17-10173.
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Spectral signature of alteration zones associated with iron ore deposits in the Yilgarn Craton, 
Western Australia
Paul Duuring1, Carsten Laukamp2

1GSWA, Perth, 2CSIRO, Kensington, Australia

High-grade (>57 wt% Fe) iron ore deposits hosted by banded iron-formation (BIF) in the Yilgarn Craton of Western Australia are the product of early 
alteration	by	deeply-derived	hypogene	fluids	and	later	modification	by	near-surface	supergene	fluids	(e.g.	the	Koolyanobbing,	Windarling,	Weld	Range,	
and	Jack	Hills	deposits).	These	deposits	comprise	near-surface,	supergene	goethite–hematite	orebodies	that	overlie	deeper	occurrences	of	hypogene	
magnetite and crystalline hematite ore. Importantly for iron ore exploration, hypogene orebodies are commonly enveloped by tens of metres wide 
zones	of	hypogene	alteration	minerals	extending	into	unmineralized	BIF	and	adjacent	country	rocks	(e.g.	at	the	Beebyn	deposit,	Weld	Range).	However,	
closer to the present surface, hypogene alteration minerals are extensively replaced by supergene alteration minerals and the resultant supergene-
modified,	hypogene	alteration	mineral	patterns	can	be	complex	and	difficult	to	decipher.

In this study, six diamond drillholes intersecting BIF and high-grade iron ore from four iron ore camps (Weld Range, Windarling, Koolyanobbing and 
Mt	Richardson)	were	scanned	for	reflectance	spectral	data	using	the	HyLogger-3	at	the	Perth	Core	Library.	The	advantage	of	such	a	system	is	the	
continuous high-resolution (1 cm) scan of diamond drillcore, which provides information about the distribution of alteration minerals and their mineral 
chemistry. The HyLogger-3 proved to be particularly useful for distinguishing and quantifying iron oxide mineral species (e.g. hematite, goethite, and 
goethite	subtypes),	Al-clays	(kaolinite,	white	mica,	and	smectite)	and	chlorite,	which	are	common	constituents	of	BIF-hosted	iron	systems.
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Characterisation of Goethite Types from Australian Iron Deposits
James Manuel1, John Clout2

1Mineral Resources, CSIRO, Pullenvale Qld 4069, 2Principal, John Clout and Associates, Nedlands WA 6909, Australia

Goethite is an iron oxyhydroxide mineral (α-FeOOH) which occurs in many iron ore deposits globally and shows a wide variety of morphology and 
physical	properties.		These	have	a	major	influence	on	ore	processing	characteristics.	Despite	the	economic	importance	of	goethite,	there	has	been	
relatively little research on natural goethite types from iron ores, with much of the literature restricted to synthetic specimens (Schwertmann and 
Cornell, 2000) and soils (Sposito, 1984).

The	goethite	classification	presented	here	is	based	on	geological	and	physical	properties	of	goethite	from	Australian	iron	deposits	(Manuel	and	Clout,	
2017).	Three	types	are	recognized	including	brown	goethite,	dark	brown-black	vitreous	goethite	and	yellow	ochreous	goethite.

Brown goethite is the most common type of goethite in bedded iron deposits (BID), is typically medium to hard with an uneven fracture and forms 
distinct	bands	0.5	to	75	mm	thick.	Ochreous	goethite,	a	powdery	to	soft,	yellow	ochre	form	of	goethite,	is	the	second	most	abundant	type	of	goethite	
and	increases	with	depth	over	brown	goethite	in	many	iron	deposits.	Vitreous	goethite	is	typically	dark	brown	to	black,	with	highly	reflective	surfaces	
and conchoidal fracturing and is characteristic of the weathered portion of iron deposits. Overall ochreous goethite is microporous with a high level of 
moisture saturation compared to brown and vitreous goethite.

The	goethite	mineral	structure	allows	substitution	and/or	adsorption	of	a	wide	range	of	elements,	of	which	the	most	significant	iron	ore	impurities	
include	aluminium,	silicon	and	phosphorus.	Vitreous	goethite	appears	from	XRF	and	electron	microprobe	analysis	to	be	significantly	higher	in	Si	(up	
to 18.7 weight per cent), Al (up to 3.5 weight per cent) and S (up to 0.14 weight per cent) compared to the generally very low (<1 weight percent for Si 
and Al) levels of these elements in ochreous goethite and brown goethite. The data dispels the common misconception that friable earthy or yellow 
ochreous goethite is high in Al and Si and other chemical impurities. However, P was found to be consistently higher (mean of 0.112 weight per cent and 
up to 0.296 weight per cent) in ochreous goethite than brown goethite (mean of 0.011 weight per cent) or vitreous goethite (mean of 0.031 weight per 
cent). The highly porous microstructure of ochreous goethite is thought to have a much higher surface area, which may aid in preferential absorption 
of P onto the ochreous goethite mineral surface.
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Quantifying the composite microhardness and fracture toughness of iron ore particle textural types
Michael Peterson1

1Carbon Steel Futures, CSIRO Mineral Resources, Brisbane, Australia

An ability to model and predict an iron ore’s downstream processing performance based upon modal proportions of particles with distinct 
mineralogical	and	textural	characteristics	(‘ore	groups’)	is	a	cornerstone	of	the	geometallurgical	approach.	Many	iron	ores	contain	some	combination	
of	hematite,	goethite	and	magnetite,	as	well	as	gangue	minerals	such	as	quartz,	kaolinite	and	gibbsite,	amongst	others.	However	there	are	also	often	
a variety of textural and compositional forms of the same iron (oxhydr)oxides present, e.g. martite, microplaty hematite and hydrohematite, or hard 
brown	(‘vitreous’)	goethite	and	friable	ochreous	goethite,	which	must	be	accurately	characterised.	This	is	because	each	textural	or	compositional	
form	of	an	iron	oxide	can	potentially	have	different	physical	properties,	such	as	microhardness,	which	can	influence	its	processing	performance.	With	
respect to iron ore mineral microhardness therefore, it is necessary to determine the mean and range for different textural forms of goethite and 
hematite	to	better	inform	an	understanding	of	their	influence	on	an	ore’s	physical	and	metallurgical	properties.

This	study	undertook	microindentation	testing,	using	both	the	Vickers	and	Knoop	indenters,	of	a	suite	of	different	textural	iron	ore	phases	from	
different	particle	types	from	globally	significant	iron	ores	to	calculate	composite	Vickers	microhardness	(CH)	for	different	ore	group	particles.	
Composite fracture toughness (CFT), the potential for an existing fracture to propagate, was also calculated for ore groups based upon the results of 
both	Vickers	and	Knoop	indentation	and	Vickers	indent	associated	radial	cracking.	Where	indentation	is	conducted	on	phases	with	very	fine	micro-	to	
inferred	nanoporosity,	e.g.	ochreous	goethite,	finely	intergrown	microplaty	hematite	or	partially	leached	microporous	martite,	microindentation	testing	
will return composite mineral-porosity hardness values.

This study determined the mean and range in composite microhardness and composite fracture toughness of different ore groups particles/textures 
commonly recognised in iron ores. Mean microhardness of these ore groups was normalised to their proportion within the ore, determined by manual 
point	counting	of	iron	ore	fines	(-6.3+0.106	mm)	or	hand	sorting	of	lump	particles	(-31.8+6.3	mm),	so	that	each	ore	has	a	calculated	CH	and	CFT.	CH	
or CFT can then be related to common physical (e.g. Tumble Index – T.I.) or chemical (e.g. Al

2
O

3
 content) parameters. This approach therefore utilised 

mineral and ore group microhardness, as determined by the indentation method, as a useful proxy for mineral and ore group macrohardness.

For this analysis, CH and CFT were plotted against metallurgical parameters and selected head major element chemistry determined by X-Ray 
Fluorescence (XRF) for a suite of lump Fe ores, as well as for some ore groups, and showed good correlations, particularly for Fe-total and RI 
(Reducibility Index) for ores (Figure 1 a-b) and TI and Al

2
O

3
 for ore groups (Figure 1 c-d). The results validate the hypothesis that mineral microhardness 

can	be	used	as	a	proxy	for	mineral	macrohardness	and	that	meaningful	mean	CH	and	CFT	values	can	be	calculated	for	common	ore	groups	defined	for	
iron ores.
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Phosphorus and other impurities in iron ores – characterisation by EPMA and possible P 
incorporation mechanisms
Mark Pownceby1, Sarath Hapugoda2, James Manuel2, Colin MacRae1

1CSIRO Mineral Resources, CSIRO, Melbourne, 2CSIRO Mineral Resources, CSIRO, Brisbane, Australia

Phosphorus	is	a	major	contaminant	in	steelmaking	and	current	specifications	for	iron	ore	feedstock	require	ores	averaging	<0.07%	P	(bulk).	Previous	
work	has	shown	that	phosphorous	occurs	in	iron	ores	in	three	ways:	as	discrete	inclusions	of	apatite	Ca

5
(PO

4
)

3
(OH), typically <20 microns in diameter; 

as	secondary	apatite	and	other	sub-micron,	P-rich	phases	(e.g.	REE	minerals,	vivianite,	wavellite,	strengite)	in	pore	networks;	or	present	at	low	levels	
within iron oxides, mainly with goethite FeO(OH).

Apatite is generally in low abundance in iron ores and P in this form is easily removed. On the other hand, goethite-containing P is much more 
abundant	and	difficult	to	remove	without	discarding	significant	quantities	of	valuable	iron	as	well.	The	goethite	forms	during	supergene	metasomatic	
enrichment of the BIF-derived ore causing the formation initially of ferrihydrite [FeO(OH)

3
.nH

2
O], which is subsequently dehydrated and recrystallised 

to form goethite. Evidence suggests that P in goethite is typically associated with other impurity elements such as Si and Al. Realisation of the value of 
high-P	iron	ore	resources	requires	the	development	of	new	or	novel	processing	techniques	such	as	thermal	beneficiation,	or	new	extraction	methods	
(bioleaching	or	bioflotation)	to	effectively	remove	the	phosphorus	and	other	deleterious	elements	from	the	goethite	(e.g.	Al	and	Si).	The	type	of	
process treatment required will be dependent on the method of P incorporation in goethite.

In	this	presentation	we	briefly	review	the	association	of	P	in	BIF-derived	iron	ore	deposits	and	examine	the	various	mechanisms	by	which	P	occurs.	
Since the majority of P released during enrichment is associated with goethite, the second, and main part of the study, focusses on determining 
the association of P within goethite. Previous studies have suggested that P occurs as an adsorbed complex at the goethite surface or that through 
complexation	onto	nucleating	sites	of	gel-like	precursors,	P	is	ultimately	incorporated	within	goethite	i.e.	P	replaces	Fe	in	the	goethite	structure.

To examine this in detail we conducted a detailed characterisation study of BIF-derived goethite-rich high-P iron ores by electron probe microanalysis 
(EPMA) to measure their maximum phosphorus and other impurity element contents (quantitative EPMA) and their distribution (EPMA element 
mapping).	The	aim	was	to	determine	elemental	associations	and,	using	this	knowledge,	to	speculate	on	possible	P-bearing	species	that	may	be	present	
(e.g. [PO

4
]2- or [AlPO

4
]-) and also possible P substitution mechanisms in goethite.
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A mineralogy- and texture-based geometallurgical approach for classifying Australian iron ores
Mark Pownceby1, Steve Suthers2, James Manuel2

1CSIRO Mineral Resources, CSIRO, Melbourne, 2CSIRO Mineral Resources, CSIRO, Brisbane, Australia

In Australia, the most commercially important iron ores are those originating from banded iron formation (BIF) derived deposits (BID), channel iron 
deposits (CID) and terrestrial detrital iron deposits (DID). The commercially exploited BID ore comprises high-grade hematite or microplaty hematite 
ores	(>62	wt.%	Fe)	and	martite-goethite	ores,	including	the	Brockman	and	Marra	Mamba	geological	formations	of	the	Hamersley	Group.	CID	consists	of	
goethite-cemented granular or pisolitic goethite-hematite ores deposited in Tertiary river channels, while terrestrial DID typically consists of hematite-
goethite gravel or conglomerate in alluvial fans derived from iron formation ore. While the mineralogy of many of these deposits is relatively simple, 
classification	of	samples	on	the	basis	of	chemical	or	mineralogical	properties	alone	is	often	not	sufficient	to	predict	their	processing	behaviour.

A	key	factor	that	associates	the	geological	characteristics	of	iron	ores	to	their	processing	response	is	ore	texture.	The	textures	present	are	often	
complex	and	previous	work	at	CSIRO	has	shown	that	the	texture	directly	influences	downstream	processing	responses	in	areas	such	as	mining	and	
beneficiation	(e.g.	breakage	characteristics	and	lump-to-fines	ratio)	through	to	physical	and	metallurgical	performance	of	lump	(31.5-6.3	mm)	and	
sintered	or	pelletised	fines	(<6.3	mm)	in	the	blast	furnace.

Within	CSIRO,	a	geometallurgical	framework	specific	to	Australian	iron	ore	deposit	types	has	been	developed.	Using	the	approach,	traditional	
mineralogical	and	textural	descriptions	are	quantified	and	linked	to	metallurgical	performance	in	unit	processes	involving	beneficiation,	pellet	making,	
sintering	and	iron	making.	The	key	step	in	the	process	is	having	the	geometallurgical	test	methods	and	tools	to	simulate	ore	performance	as	well	as	
having a robust method able to deliver a textural analysis that gives a numeric description of the textural properties. This presentation describes 
the	CSIRO	textural	classification	scheme	suitable	for	unprocessed	iron	ore	bulk	materials,	and	the	use	of	CSIRO	optical	image	analysis	for	classifying	
the textures of both unprocessed and processed (sintered) iron ores. Finally, a series of examples is presented that demonstrate how a texture-based 
classification	scheme	for	unprocessed	and	processed	ore	types	can	be	used	to	predict	ore	performance	in	process	unit	operations.	The	ultimate	goal	
of	the	CSIRO	Iron	Ore	Geometallurgy	program	is	to	deliver	better	resource	management	and	lower	risks	by	designing	and	predicting	the	behaviour	of	
sinter and pellet blends using a model that incorporates the chemical, mineralogical and textural inputs of the ore with process operating parameters. 
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Iron Ore: scanning under the tip of the iceberg!
Erick Ramanaidou1, Belinda Godel1

1Mineral Resources, CSIRO, Kensington, Australia

Iron ore is Australia’s biggest commodity export and is crucially important to Australia’s present and future prosperity. One billion tonnes of iron ore 
has been extracted from Australian mines in 2017. The iron ore production in Australia is dominated by martite-goethite (MG) ores representing 60% 
of direct shipping ore exported by Australian miners. In Western Australia, the martite-goethite ores are largely hosted in the Precambrian Marra 
Mamba and Dales Gorge banded iron-formations. As their name suggests the MG ores consist mainly of martite (hematite after magnetite by oxidation) 
and goethite. Four types of goethite pseudomorphs have been characterised in the MG ores and they include, goethite after quartz, goethite after 
silicates, goethite after carbonates and goethite after magnetite. These ores have also been affected by weathering and new secondary generations 
of	aluminous	hematite	and	aluminous	goethite	have	been	precipitated.	Each	goethite	type	has	a	specific	chemistry	and	texture	including	porosity	and	
permeability, parameters that are critical for the behaviour of iron ores in the blast furnace.

Despite	being	the	bulk	iron	ore	type	currently	mined,	the	amount	of	knowledge	available	on	the	martite-goethite	ores	is	incomplete	and	little	is	known	
about	the	complexity	and	fine	microstructures	of	the	ores.	Over	the	past	ten	years,	the	advanced	in	high-resolution	X-ray	computed	tomography	
(HRXCT)	allowed	the	acquisition	of	three-dimensional	(3D)	datasets	at	submicron	resolution	that	not	only	provide	some	striking	3D	images	but	can	also	
be processed and analysed to provide in situ quantitative mineralogical and textural measurements that are impossible to access accurately by any 
other	method.	In	this	contribution,	HRXCT	is	combined	with	3D	image	analysis	and	quantification	to	provide	new	insights	on	the	fine	microstructure	of	
martite-goethite	ore	and	the	topology	of	the	pore	network	and	nano-scale	fluid	pathways	in	ochreous	goethite.	The	results	have	implication	for	ore	
quality and for the assessments of the mobility of deleterious elements such as Al, Si, P or S
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Mineralogy of Martite Goethite iron ore in Australia
Erick Ramanaidou1, Martin Wells2

1Mineral Resources, CSIRO, Kensington, 2De Laeter Centre, Curtin University, Bentley, Australia

Australia is the top exporter of iron ore in 2017. Iron ore mining in Australia accounts for around A$60b per annum, with about 1 Bt of ore produced in 
2017	and	employs	50%	of	the	105,000	of	the	people	directly	involved	in	mining	in	Western	Australia	dwarfing	all	other	commodities.	There	are	three	
main types of iron ore deposits in Australia, namely; (1) the channel iron deposits or CID and the Banded iron formation derived (2) martite-microplaty 
or	M-mpl	and	(3)	Martite-goethite	or	MG	ores.	In	2017,	the	iron	ore	market	in	Australia	was	dominated	by	MG	ores,	which	accounted	for	60%	of	all	direct	
shipping ore. The MG ores are hosted in two types of banded iron formation (BIF), the Archean Marra Mamba iron formation, generally phosphorus-
poor	(P<0.07%),	and	the	Proterozoic	Dales	Gorge	member,	which	is	generally	phosphorus-rich	(>0.07%).	One	of	the	key	characteristics	of	the	MG	ores	is	
that the original banded texture of the BIF is fully preserved. While primary hematite is untouched, primary magnetite has oxidised to martite and the 
gangue minerals, such as chert, silicates, and iron-rich carbonates are pseudomorphed by goethite. There is also a compositional variation of goethite 
pseudomorphs after the primary minerals. Phosphorus is associated with goethite but also occurs with crandallite - goyazite series and xenotime. 
The MG ores are also affected by lateritic weathering that has altered the ore down to 100m and results in the dissolution of existing iron oxide and 
oxy-hydroxides such as magnetite, hematite and goethite, and the precipitation of secondary hematites and goethites. The latter, in particular, occur 
as ochreous goethite being soft to medium hard and vitreous goethite that is hard and glassy with a conchoidal fracture. Microchemical analyses using 
nuclear microprobe and electron hyperprobe combined with Raman spectroscopy provide a new insight in the formation of MG ores.
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Quantitative Mineralogy of Iron Ores - Recommendations from Results of an International Round 
Robin
Mark Raven1, Sally Birch1

1CSIRO, Urrbrae, Australia

As supplies of high grade iron ore are being rapidly consumed, it is becoming increasingly necessary to acquire accurate quantitative mineralogical 
analysis	of	lower	ore	grades	to	maintain	production	levels	whilst	maximizing	the	life	of	these	finite	resources.	In	order	to	determine	the	level	of	
precision and accuracy achievable by a wide range of laboratories to quantify the mineralogy of iron ore materials, an international quantitative 
analysis	round	robin	was	conducted	by	CSIRO	in	2016.	Six	Australian	Standard	Certified	Reference	materials	(iron	ores	ASCRM-030	to	ASCRM-035)	
previously	certified	for	chemical	composition	by	CSIRO,	plus	two	chemically	pure	standards	were	made	available	for	testing.	A	total	of	101	participants	
registered for the round robin with 82 participants returning more than 120 sets of analysis results. X-ray powder diffraction (XRD) was the method of 
choice	for	all	but	one	of	the	participants	with	many	using	ancillary	techniques	(i.e.	Mössbauer,	FTIR,	DTA,	TGA	and	SEM)	to	aid	with	identification	and	
quantification.

While high-precision, quantitative X-ray Fluorescence spectrometry (XRF) methods are the principal techniques used to characterize the elemental 
composition	of	iron	ores,	standard	methods	to	quantitatively	determine	the	mineralogy	are	lacking.	Unlike	XRF	analysis,	there	are	no	ISO,	AS	or	ASTM	
methods for XRD analysis of iron ore materials. Consequently, results from the round robin (Raven and Birch, 2017) has highlighted serious problems 
where	XRD	methods	and	subsequent	results	vary	markedly	from	laboratory	to	laboratory	(Figure	1).	The	analyst	is	presented	with	a	bewildering	array	
of	choices	to	make	including	sample	preparation	techniques,	instrument	selection	and	configuration,	data	collection	strategy,	mineral	identification,	
and	quantitative	analysis	technique.	Detailed	examination	of	the	round	robin	results	identified	a	number	of	issues	that	could	be	overcome	by	a	series	
of recommendations to improve the quality of data presented. The ultimate outcome of the round robin will be the development of a standard method 
that	will	define	best	practice	for	quantitative	XRD	analysis	of	iron	ores.

Figure 1 Ternary diagram showing variability of results for all data sets returned from participants
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Iron Ore Upgrade Potential using Reflectance Spectroscopy
Martin Wells1,	Erick	Ramanaidou2

1John de Laeter Centre, Curtin University, 2Mineral Resources, CSIRO, Perth, Australia

With the decline in reserves of premium, high-grade (>64%), martite-microplaty iron ore globally and in Australia over the past >10 years, iron ore 
producers including those in Australia have increased their utilization of lower Fe-grade and higher P-Al-Si ores such as the Channel Iron Deposits or 
CID	and	the	Martite-Goethite	Marra	Mamba	and	Brockman	ores.	The	higher	loss	on	ignition	(LOI)	and	finer	particle	size	of	these	lower	Fe-grade	ores	can	
significantly	impact	on	the	sinter	quality	and	sintering	performance	of	iron	ore	fines	(<6.3	mm)	material.	Efficient	utilization	of	these	lower	grade	ores	
requires that iron ore companies better characterize their geometallurgical properties. To assist in the rapid characterisation of such ore types, mining 
companies	are	adopting	new	methods,	such	as	automated	spectroscopic	techniques	to	quantify	the	deposit	mineralogy	rapidly	and	efficiently.	

Reflectance	spectroscopy	over	the	400–2500	nm,	visible	to	near-infrared	wavelength	range	is	now	an	established	technique	for	mineral	analysis	in	
exploration and mining, and is being increasingly used to characterise the iron oxide and clay mineralogy in a number of deposits. A strong advantage 
of	the	technique	is	the	high-volume	through-put	the	technique	enables,	with	the	capacity	to	scan	very	large	volumes	(kilometres)	of	drill	core	(and	
RC	chips).	Thus,	there	is	the	potential	to	use	reflectance	spectroscopic	data,	in	conjunction	with	other	data	sets	(e.g.,	geochemistry),	to	develop	
a	methodology	for	refining	the	geometallurgical	properties,	such	as	iron	oxide-Al	deportment	and	upgrade	potential,	of	iron	ore	and	to	use	this	
information	to	better	define	the	distribution	of	zones	of	low	and	high	upgrade	potential	and	to	model	this	against	the	deposit	lithology.	To	establish	
a means of determining the upgrade potential of iron ore (i.e., Al associated with iron oxides vs. Al present in clay minerals), a calibration set of 
goethite-hematite	mixtures	containing	known	amounts	of	kaolinite	and	gibbsite,	as	the	two	most	common	Al	gangue	sources,	were	prepared	and	their	
reflectance	spectra	measured.	The	intensity	(i.e.,	depth)	of	the	characteristic	Al-OH	absorption	features	for	kaolinite	at	2208	nm	and	gibbsite	at	2267	
nm were used to generate a calibration line to predict the wt% Al

2
O

3
 content associated with these phases in the prepared mixtures. The combined 

spectral	intensity	for	the	kaolinite	and	gibbsite	absorption	features	was	highly	correlated	(r2	=	0.97)	to	the	known	alumina	content	of	the	goethite-
hematite	(+kaolinite/gibbsite)	mixtures.	Thus,	comparison	of	the	predicted	(or	‘spectral)	alumina	content	with	the	wt%	Al

2
O

3
 content traditionally 

measured	using	compositional	methods	such	as	X-ray	fluorescence,	affords	the	potential	for	large-scale	(deposit	size)	ore	characterization	to	better	
define	the	upgrade	potential	of	iron	ore	for	improved	ore	body	delineation	and	geometallurgical	modelling	(ore	recovery).
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The Journey from Laboratory X-ray Sources to Synchrotron Light Sources and Its Impact on 
Mineralogy, Mineral Physics, Geochemistry, and Molecular Environmental Science
Gordon Brown1, John Bargar2, Adam Jew3, Naresh Kumar1

1Geological Sciences, Stanford University, Stanford, CA, 2Stanford	Synchrotron	Radiation	Lightsource,	SLAC	National	Accelerator	Lab,	Menlo	Park,	
3Stanford	Synchrotron	Radiation	Lightsource,	SLAC	National	Accelerator	Lab,	Menlo	Park,	CA,	United	States

The evolution of x-ray sources from sealed tubes to rotating anodes to synchrotron radiation (SR) sources, and most recently to x-ray free electron 
lasers	(XFEL)	has	resulted	in	a	revolution	in	all	fields	where	knowledge	of	molecular-level	structure	is	essential.	This	is	especially	true	for	structural	
mineralogy,	mineral	physics,	and	mineral-water	interface	geochemistry.	We	will	briefly	review	this	evolution	and	discuss	examples	of	SR-based	studies	
of	earth	materials	and	geochemical	and	environmental	processes.	One	of	the	first	mineralogical/geochemical	applications	of	SR	was	the	study	of	local	
coordination environments of cations in silicate minerals, glasses, and melts. Since the early 1980’s, Extended X-ray Absorption Fine Structure (EXAFS) 
spectroscopy has been used widely to determine the local coordination environments of cations and anions in all types of earth materials under a 
variety of conditions. EXAFS provides a particularly important means of determining the local coordination environments of trace elements in earth 
materials.

Emphasis in this presentation will be placed on recent SR-based studies of nanomaterials and their environmental transformations and of the 
chemistry	of	interactions	of	hydraulic	fracturing	fluids	with	unconventional	oil/gas	shales.	An	example	of	our	SR-based	studies	of	a	natural	
nanomaterial is the study of 2-line ferrihydrite using SR-based, high-energy x-ray scattering (Michel et al. (2010) Proc. Nat. Acad. Sci. U.S.A. 107, 2787), 
which showed that Fe(III) occurs in both octahedral and tetrahedral coordination and that the x-ray scattering of 2-line ferrihydrite is consistent 
with a one-phase model. Although this has been a controversial issue, Fe-K-edge X-ray Absorption Spectroscopy studies (Maillot et al. (2011) Geochim. 
Cosmochim. Acta 75, 2557) and reverse Monte Carlo modeling of 6-line ferrihydrite x-ray scattering data (Gilbert et al. (2013) Am. Mineral. 98, 1465) have 
shown that a one-phase model with both 4- and 6-coordinated Fe(III) is consistent with the experimental data. We will also review our SR-based studies 
of	the	environmental	transformations	of	engineered	and	natural	nanoparticles,	including	sulfidation	reactions	of	Ag,	CuO,	ZnO,	and	Fe(III)-(oxyhydr)
oxide nanoparticles and their impact on nanoparticle toxicity to organisms (Levard et al. (2012) Environ. Sci. Technol. 46, 6900). We have also used 
SR-based	spectroscopy	and	SR-fluorescence	imaging	methods	to	follow	the	chemical	reactions	between	hydraulic	fracturing	fluids	and	the	mineral	and	
organic components of unconventional oil/gas shales, which results in the oxidation of Fe(II)-bearing phases, the oxidation of Fe(II) to Fe(III), and the 
precipitation	of	Fe(III)-oxides	in	pores	and	pore	necks,	which	impacts	the	efficiency	of	recovery	of	oil	from	these	shales	(Jew	et	al.	(2017)	Energy	&	Fuels	
31, 3643) as well as the released of contaminants such as U. Future applications of XFEL’s will also be discussed.
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Determining the atomic structure of amorphous materials at high-pressure using Monte-Carlo 
simulations constrained by Synchrotron X-ray Absorption and Scattering data
Simon Clark1

1Earth and Planetary Sciences, Macquarie University, North Ryde, Australia

Amorphous materials have unique tuneable mechanical, optical, magnetic and electronic properties that could play an important role in many current 
and emergent technologies.  Knowledge of the atomic structures of these materials and the way they evolve with pressure would greatly enhance 
our	ability	to	fine	tune	chemical	composition	in	order	to	optimise	physical	properties.		Major	obstacles	to	the	determination	of	the	atomic	structures	
of amorphous materials at high pressure have included: poor quality scattering data of limited extent, problems with normalisation and scaling and 
issues	with	interpretation	and	presentation	of	the	final	structures	determined.			These	issues	have	been	largely	overcome	in	recent	years	with	the	
development	of	synchrotron	beamlines	designed	specifically	to	collect	this	type	of	data	and	improvements	in	data	collection	and	analysis	strategies.		
He I present details of these improved facilities and methodologies and illustrate their use with studies of amorphous semiconductors1, biominerals2 
and molecular solids3.

References
[1] M. Kunz, M. et al. (2005) J. Synch. Rad. 12(5), 650-658.
[2] J.M. Zaug, M. et al. (2008) Nature Materials 7, 890-899.
[3] Kalkan,	B.	et	al.	(2014)	Journal	of	Physical	Chemistry	118,	5110-5121.
[4] Fernandez-Martinez, A. et al. (2013) Angewandte Chemie 52(32), 8354-8357.
[5] Kalkan,	B.	et	al.	(2012)	The	Journal	of	Chemical	Physics	137,	224503.
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Measurements at extreme conditions using the large-volume press at ID06, ESRF
Wilson Crichton1

1ESRF, Grenoble, France

Beamline	ID06LVP	is	host	to	the	ESRF’s	20MN	large-volume	press,	a	modified	cubic	apparatus	designed	specifically	for	operation	in	monochromatic	
angle-dispersive	mode,	at	energies	up	to	55	keV.

The press has a specialised tooling that allow investigation of both the thermodynamic and the mechanical properties, through deformation, of 
materials under high pressure and temperature conditions.

It	uses	long	aspect-ratio	detectors	for	the	rapid	(to	kHz)	collection	of	diffraction	data,	in	2D	or	1D	according	to	the	downstream	x-ray	access.	In	
deformation mode, full d-spacing, azimuth scans are collected azimuthally for lattice strain and stress estimations. For synthesis and phase diagram 
mapping, the detector is static and data are refreshed every 0.1 to 0.001 seconds. This gives real-time observation of phase evolution with variable 
pressure	or	temperature,	or	kinetics,	with	time.	Data	are	generally	solvable	and	Rietveld	refineable	and	the	high	inherent	resolution	of	high	energy	
diffraction at long sample-detector distances affords research on complex, multi-phase systems.

In	addition	to	the	main	6/8	and	1-stage	operation;	the	device	also	offers	6/6	for	higher	pressure	deformation;	a	Drickamer	insert	and	will	work	with	
anvils from 14 mm, including diamond and c-BN, to 32 mm, in carbide (ha7%, TF05, TJS01), with truncations from 2-17 mm. Additional experiments may 
be conducted in parallel; including ultrasonics, where the large volumes are appropriate to MHz interferometry (30 MHz, Vs, and 50 MHz, Vp, data can 
be	collected	in	less	than	10	sec)	and	may	also	make	use	of	further	engineered	sample	chambers	for	fO

2
, pH

2
, etc control, or for introducing multiple 

probes.

All	sample	preparation	can	be	undertaken	on	site.

We will illustrate the main aspects of the beamline through examples from user and in-house experiments; from the geosciences, solid-state chemistry 
and physics and materials science domains.
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Acid leaching of ultramafic mine tailings to promote carbon mineralisation and enrichment of trace 
metals 
Jessica Hamilton1, 2, Siobhan Wilson2, 3, Bree Morgan2, 4, Anna Harrison5, Connor Turvey2, David Paterson6, Gregory Dipple7, Gordon Southam1

1School of Earth and Environment, The University of Queensland, St Lucia, 2School of Earth, Atmosphere and Environment, Monash University, Clayton, 
Australia, 3Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, Canada, 4School of Geosciences, The University of Sydney, 
Camperdown, Australia, 5Géosciences	Environnement	Toulouse,	Centre	National	de	la	Recherche	Scientifique,	Toulouse,	France,	6Australian Synchrotron, 
Clayton, Australia, 7Department of Earth, Atmosphere and Ocean Sciences, The University of British Columbia, Vancouver, Canada

Mineral carbonation is a natural silicate weathering process whereby Mg-silicate minerals in meteoric or surface water release Mg2+ into solution, which 
reacts with dissolved inorganic carbon to precipitate carbonate minerals, resulting in the trapping of atmospheric CO

2
	in	mineral	form.	Ultramafic	

mine tailings are ideal for carbonation because of their high Mg content, and their high surface area and reactivity, which is enhanced due to crushing. 
Accelerated	mineral	carbonation	of	ultramafic	mine	tailings	from	Cu–Ni–PGE,	podiform	chromite,	diamondiferous	kimberlite	and	historical	chrysotile	
deposits can offset CO

2
 emissions and potentially create carbon neutral mines1.	Acid	leaching	of	ultramafic	mine	tailings	is	an	effective	way	to	enhance	

mineral dissolution to increase Mg availability for reaction, and has been demonstrated to accelerate mineral carbonation rates in laboratory and 
small-scale	field	experiments2,3.	In	order	to	scale-up	and	implement	at	a	mine	site,	treatments	will	ideally	make	use	of	conventional	technology	and	
expertise within the minerals industry. As such, in situ heap leaching is proposed as a potential strategy to accelerate mineral carbonation1.

Here,	we	simulate	this	process	in	column	experiments,	by	leaching	ultramafic	tailings	with	dilute	sulphuric	acid,	and	produce	a	high-Mg	leachate	with	
the	potential	to	sequester	21.4	kg	CO

2
 m-2 y-1,	which	is	approximately	3.5	times	the	highest	reported	rate	for	passive	carbonation	in	the	field	(from	

Clinton	Creek	Chrysotile	Mine,	Canada)1,4. Although some nesquehonite (MgCO
3
·3H

2
O) forms from evaporated leachates, most of the Mg is precipitated as 

Mg-sulfate minerals instead. This suggests that during acid heap leaching of tailings, sulfate removal would be required in order to maximise reaction 
of Mg with CO

2
	and	achieve	the	predicted	carbon	sequestration	potential.	Importantly,	synchrotron	X-ray	fluorescence	microscopy	shows	accumulation	

of Fe and trace transition metals (Ni, Cr, Co and Mn) at the neutralisation horizon, and geochemical modelling indicates that with continued acid 
leaching	this	horizon	would	become	enriched	in	transition	metals	over	time,	concentrating	metals	of	potential	economic	benefit	in	distinct	zones	
within	a	profile.	Mine	tailings	commonly	contain	substantial	amounts	of	the	target	resource	(i.e.	at	the	low-grade	Mt	Keith	Ni	Mine	in	Western	Australia	
recovery is ~70%, meaning that ~30% of the Ni from this deposit is disposed of in tailings5). Acid-leaching could therefore not only be useful for 
accelerated	mineral	carbonation	but	also	for	ore	processing	and	recovery	of	base	metals	from	tailings,	waste	rock,	or	low-grade	ores.

References 
[1] Power I.M., McCutcheon J., Harrison A.L., Wilson S.A., Dipple G.M., Kelly S., Southam C. and Southam G. (2014) Strategizing carbon-neutral mines: A case for pilot projects. Minerals 4, 

399-436.
[2] McCutcheon J., Wilson S.A. and Southam G. (2016) Microbially accelerated carbonate mineral precipitation as a strategy for in situ carbon sequestration and rehabilitation of asbestos 

mine sites. Environmental Science & Technology 50, 1419-1427.
[3] McCutcheon J., Turvey C.C., Wilson S.A., Hamilton J.L. and Southam G. (2017) Microbial mineral carbonation of asbestos mine tailings: Potential applications to carbon storage and 

tailings stabilization. Minerals 7, 191.
[4] Wilson	S.A.,	Dipple	G.M.,	Power	I.M.,	Thom	J.M.,	Anderson	R.G.,	Raudsepp	M.,	Gabites	J.E.	and	Southam	G.	(2009)	Carbon	dioxide	fixation	within	mine	wastes	of	ultramafic-hosted	ore	

deposits:	Examples	from	the	Clinton	Creek	and	Cassiar	chrysotile	deposits,	Canada.	Economic	Geology	104,	95-112.
[5] Grguric	B.A.,	Rosengren	N.M.,	Fletcher	C.M.	and	Hronsky	J.M.A.	(2006)	Type	2	deposits:	geology,	mineralogy,	and	processing	of	the	Mount	Keith	and	Yakabindie	orebodies,	Western	

Australia. Society of Economic Geologists Special Publication 13, 119–138.
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Enhancing synchrotron TR-XRD of minerals:  Monitoring mineral-fluid flow-through reactions using 
ex situ MC-ICP-MS and in situ XANES
Peter J Heaney1, Jeffrey E Post2, Andrew J Wall1, Kyeong-Pil Kong1, Ryan Mathur3, Joanne E Stubbs4, Peter  Eng4

1Dept.	of	Geosciences,	Penn	State	University,	University	Park,	PA,	2Dept. of Mineral Sciences, NMNH, Smithsonian Institution, Washington, DC, 3Dept. of 
Geology, Juniata College, Juniata, PA, 4GSECARS, University of Chicago, Chicago, IL, United States

Advances	in	the	design	of	environmental	reaction	cells	for	synchrotron	X-ray	diffraction	have	transformed	our	understanding	of	mineral-fluid	
interactions.	For	the	past	15	years,	we	have	used	flow-through	cells	inspired	by	the	designs	of	Norby	(1996)	and	Parise	et	al.	(2000)	to	examine	cation	
exchange and redox reactions in a range of mineral systems in real time.  Through two case studies, we will discuss augmented datasets obtained when 
the	eluates	generated	during	TR-XRD	flow-through	experiments	are	retrieved	by	automated	fraction	collectors	and	interrogated	by	techniques	that	
yield	insights	into	the	composition,	redox,	or	isotopic	profiles	of	the	reacted	fluids.		When	Rietveld	analyses	of	time-resolved	XRD	data	are	coupled	with	
temporally	correlated	analyses	of	the	eluate,	then	changes	in	crystal	structure	can	be	tied	to	fluid	chemistry	with	high	precision.	

In	the	first	case,	we	used	TR-XRD	to	examine	the	oxidative	dissolution	of	chalcocite	(Cu
2
S) to covellite (CuS), which proceeds via a series of metastable 

intermediate	phases	that	were	identifiable	by	diffraction	data	as	djurleite	(Cu
1.94

S), digenite (Cu
1.8

S), anilite (Cu
1.75
S),	spionkopite	(Cu

1.39
S) and yarrowite 

(Cu
1.13
S).		Ex	situ	but	time-correlated	MC-ICP-MS	of	the	eluates	revealed	that	the	leached	fluids	were	initially	enriched	in	heavy	Cu	(65Cu) with δ65Cu 

values	of	~3‰.	As	the	dissolution	reaction	progressed	towards	covellite,	the	leached	Cu	became	isotopically	lighter	and	δ65Cu values of the leachate 
decreased	to	as	low	as	-3.01‰.	TR-XRD	analysis	uniquely	allowed	the	attribution	of	most	of	this	fractionation	to	the	initial	transformation	from	
chalcocite to djurleite.  These results shed insight into the extent of weathering in Cu ore bodies and the potential for Cu release from acid mine 
drainage environments.

Secondly, we have analyzed the oxidation of Cr(III) to Cr(VI) by triclinic Na-birnessite [Na
0.50

(Mn4+
1.50

Mn3+
0.50

)O
4
 · 1.5H

2
O] from pH 2 to 5 through 

synchronous TR-XRD, X-ray absorption spectroscopy (XAS), and wet-chemical analyses by ICP-AES and UV-Vis spectrophotometry.  We observed an 
increased	rate	of	Cr(VI)	production	with	decreasing	pH.		We	attribute	the	slow	kinetics	of	Cr(III)	oxidation	at	pH	4.0	and	5.0	to	a	transformation	from	
triclinic to hexagonal birnessite. This solid state transition reproducibly coincided with a ~10-fold decline in the oxidation of aqueous Cr(III). In the 
presence	of	triclinic	birnessite,	25	mol%	of	the	influent	Cr(III)	was	oxidized	to	Cr(VI),	dropping	to	3	mol%	after	the	transformation	to	hexagonal	
birnessite.  XANES analysis showed evidence for both Cr (III) and Cr(VI) adsorbing onto the surface of birnessite at all pH concentrations. We propose 
that Cr(III) is oxidized to Cr(VI) by an electron exchange that reduces Mn(III) in birnessite to Mn(II). At pH 3.5 and higher, the structure of birnessite 
consequently transforms to hexagonal birnessite. By this pathway, the birnessite crystal structure critically controls the oxidation of dissolved Cr(III) 
due to the accessibility of reactive Mn(III) in triclinic birnessite relative to hexagonal birnessite.

References 
[1] Norby, P. (1996) In-situ time resolved synchrotron powder diffraction studies of syntheses and chemical reactions. Materials Science Forum, 228-231, 147-152
[2] Parise, J.B., Cahill, D.L. and Lee, Y. (2000) Dynamic powder crystallography with synchrotron X-ray sources. The Canadian Mineralogist, 38, 777-800.
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Experimental investigation of the Li K-edge of Lithium Silicate glasses
Grant Henderson1,	Cedrick	O'Shaughnessy1, Ben Moulton2, Lucia Zuin3, Daniel Neuville4

1Earth Sciences, University of Toronto, Toronto, Canada, 2 Universidade Federal de Sao Carlos, Sao Carlos, Brazil, 3Canadian	Light	Source,	Saskatoon,	
Canada, 4CNRS-Institut de Physique du Globe de Paris, Paris, France

The	local	bonding	environment	of	alkali	silicate	glasses	has	previously	been	probed	using	many	different	experimental	techniques	including	Raman	
spectroscopy,	nuclear	magnetic	resonance	and	X-ray	absorption	spectroscopy.	We,	for	the	first	time,	have	used	the	X-ray	absorption	near-edge	
structure (XANES) spectroscopy at the Li K-edge to determine the local structure surrounding lithium ions in a series of lithium silicate and lithium 
alkaline-earth	silicate	glasses.	The	spectra	of	these	glasses	were	compared	to	those	of	known	salts	and	minerals,	particularly	to	lithium	carbonate	
(Li

2
CO

3
) and lithium metasilicate (Li

2
SiO

3
). Lithium metasilicate crystal has a sharp absorption edge whereas the lithium silicate glasses all have a 

strong	pre-edge	feature,	akin	to	that	of	lithium	carbonate.	The	presence	of	a	pre-edge	feature	is	governed	by	the	existence	of	a	2p	electron	and	can	be	
correlated to the ionicity of the Li-O bond. The area of the pre-edge feature increases with increasing Li

2
O content for the lithium silicate glasses and 

decreases	with	increasing	alkaline-earth	charge	density	(Z/r2). Therefore, the bonding environment in lithium silicate glasses differs considerably from 
their	crystalline	counterparts	and	there	is	an	effect	caused	by	the	type	of	cation	(alkaline-earth)	added	to	the	lithium	silicate	glasses.
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X-ray microfocusing for high-pressure powder x-ray diffraction at BL10XU of SPring-8
Naohisa Hirao1, Yasuo Ohishi1, Saori Kawaguchi1

1Japan Synchrotron Radiation Research Institute, Hyogo, Japan

The undulator beamline BL10XU of SPring-8 has been dedicated to micro x-ray diffraction (XRD) with monochromatic beam mainly focusing on high-
pressure	powder	diffraction	in	a	diamond	anvil	cell.	The	high-pressure	activities	at	BL10XU	cover	a	wide	range	of	scientific	fields,	including	fundamental	
physics, high-pressure chemistry, materials science, and earth and planetary sciences such as high-pressure mineral physics and geochemistry. 
The experimental station of BL10XU is equipped with two experimental setups: one for a double-sided laser heating system with near-infrared high-
powered lasers for in situ high-pressure and high-temperature XRD measurements and the other for a cryogenic cooling system for high-pressure 
and	low-	(cryogenic)	temperature	XRD.	The	accessible	pressure	range	has	reached	at	~400	GPa,	thank	to	very	focused	x-ray	probes	(a	few	µm)	and	
developments of high-pressure techniques. Recently, higher spatial resolution on XRD is required for studying materials at extreme conditions with 
very small volume and less homogeneous samples.

The	x-ray	focusing	optics	is	a	key	technology	for	high-pressure	research.	We	continuously	improve	a	high-energy	x-ray	focusing	optical	system	suitable	
for high-pressure XRD in a diamond anvil cell. In order to realize a sub-micro sized beam, a two-stage x-ray focusing optical system has been designed 
and	installed,	comprising	two	kinds	of	x-ray	compound	refractive	lenses	(CRL)	and	pinhole	as	virtual	source.	Finally,	we	successfully	generate	a	
focused	beam	size	of	1-µm	using	high-energy	monochromatic	x-ray	of	30	keV.	At	present,	three	kinds	of	x-ray	beam	spot	size	1-µm,	a	few	µm,	10-µm,	
are available for high-pressure XRD in the station. The focusing devise of CRL is an in-line optics and can be readily moved in and out on x-ray beam. 
Resultantly, this permits users to select beam spot sizes according to their experiments by switching the focusing CRL devise.

High-pressure XRD measurements using the 1-µm x-ray beam has started to expand the accessible pressure range by using a double stage diamond 
anvil	cell	configuration	with	micro-anvils.	The	very	focused	x-ray	probe	can	be	also	applied	to	resolve	stress	and	temperature	gradients,	compositional	
heterogeneity, and texture in a diamond anvil cell. Here we present overview the current status of instruments, x-ray focusing optics, and high-pressure 
studies on BL10XU.
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High-Energy Resolution Fluorescence Detection (HERFD) XAS spectroscopy as a powerful tool to 
unravell trace elements speciation in geological systems : An example on Co speciation along a 
lateritic regolith upon peridotites  in New Caledonia
Farid Juillot1, 2, Gabrielle Dublet3, 4, Vincent Noel3, 5,	Dik	Fandeur3, Florian Ploquin1, Jessica Brest6, Olivier Proux7, Jean-Louis Hazemann7, Emmanuel 
Fritsch1, 2, Guillaume Morin6

1IMPMC, IRD, Noumea, New Caledonia, 2IMPMC, IRD, 3IMPMC, UPMC, Paris, France, 4EML, EPFL, Lauzanne, Switzerland, 5SLAC/SSRL,	Menlo	Park,	United	States,	
6IMPMC, CNRS, Paris, 7FAME, ESRF, Grenoble, France

Because	peridotites	contain	significant	amounts	of	cobalt	(Co),	their	long-term	weathering	under	tropical	climate	can	lead	to	important	accumulation	
in lateritic regoliths. In such geological contexts, Co has been shown to associate with both Mn- and Fe-(hydr)oxides (Quantin et al., 2002; Becquer et 
al., 2006; Dzemua et al., 2013), but a quantitative Co speciation including the relative contribution of these two mineral species as a fonction of the 
weathering stage has never been provided.

Although XAS has long been recognized as a powerfull technique to assess trace elements speciation in geological systems (Brown et al., 1999), using 
this approach to unravell Co speciation in Fe-rich systems such as lateritic regoliths is challenging because the parasitic Fe K

b
	fluorescence	(7058	eV)	is	

hardly separated from the Co K
a
		fluorescence	(6930	eV	for	Ka

1
 and 6915 eV for Ka

2
) with the 120-150 eV energy resolution of solid state detectors. 

Here,	we	report	Co	K-edge	XANES	data	along	a	lateritic	regolith	upon	peridotites	in	New	Caledonia	obtained	thanks	to	the	High-Energy	Resolution	
Fluorescence Detection (HERFD) capacity of a multi-crystals spectrometer recently developped at the FAME and FAME-UHD beamlines of the ESRF 
radiation facility (Llorens et al., 2012; Proux et al., 2017). These XANES data reveal a vertical evolution of Co speciation from Co(II)-silicates (olivine and 
serpentine)	in	the	bedrock,	to	Co(III)	associated	with	Mn(III/IV)-(hydr)oxides	in	the	saprolite	and	then	Co(II)-goethite	in	the	laterite	(Figure	1;	Dublet	et	
al., 2017).

From	a	scientific	point	of	view,	these	results	allow	to	better	understand	the	relative	contribution	of	Mn-	and	Fe-(hydro)xides	to	Co	speciation	as	a	
function of the regolith diferentiation with a large contribution of Mn-oxides during the intermediate stages of the differentiation (saprolitization), 
whereas Fe-(hydr)oxides contribute largely at the ultimate stage of this differentiation (lateritization). From a technical point of view, the results 
obtained	confirm	the	strong	potential	of	high-energy	resolution	detection	at	XAS	beamlines	to	reveal	trace	elements	speciation	in	geological	systems.	

References 
[1] Becquer et al. (2006) EJSS, 57, 200-213. Brown & Sturchio (2002) Rev. Miner. Geochem., 49, 1-115. Dublet et al. (2017) GCA, 217, 1-15. Dzemua et al. (2013) Min. Deposit., 48, 155-171. Llorens et 

al. (2012) Rev. Sci. Instrum., 83, 0621041-0631049. Proux et al. (2017) J. Env. Qual., 46, 1146-1157. Quantin et al. (2002) Soil Sci. Soc. Am. J., 66, 1797-1804.

Figure 1. Picture of a typical lateritic regolith upon peridotites in New Caledonia (left) and Co K-edge HERFD XANES data of model compounds and 
samples	collected	at	various	depth	along	the	lateritic	regolith.	The	experimental	and	fitted	data	are	shown	as	black	and	red	lines,	respectively.
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Three-dimensional submicrometer-scale imaging of platinum-group elements in mantle peridotite 
with synchrotron radiation XRF and nano-CT: implications for the origin of platinum-group minerals 
in the mantle
Tetsu Kogiso1,	Norikatsu	Akizawa2,	Yasuko	Terada3,	Akihisa	Takeuchi3, Kentaro Uesugi3,	Akira	Miyake4, Yohei Igami4

1Graduate School of Human and Environmental Studies, Kyoto University, Kyoto, 2Atmosphere	and	Ocean	Research	Institute,	The	University	of	Tokyo,	
Tokyo,	3Japan Synchrotron Radiation Research Institute (JASRI/SPring-8), Sayo, 4Department of Geology and Mineralogy, Kyoto University, Kyoto, Japan

Platinum-group	elements	(PGE)	in	the	mantle,	due	to	their	strong	affinity	for	metallic	phases,	are	important	keys	for	understanding	the	differentiation	
process	during	Earth's	formation	and	the	chemical	interaction	between	the	mantle	and	core.	Accurate	knowledge	about	the	behaviors	of	PGE	in	
the	mantle	is	necessary	for	the	precise	estimation	of	mantle	PGE	abundances,	but	it	is	still	to	be	quantitatively	clarified	how	and	by	what	PGE	
concentrations	in	mantle	peridotite	are	controlled	and	modified.	Since	the	major	host	phases	of	PGE	in	mantle	peridotite	are	base-metal	sulfides	(BMS)	
and	platinum-group	minerals	(PGM),	the	origin	and	formation	mechanism	of	BMS	and	PGM	in	mantle	peridotite	would	provide	us	with	key	insights	into	
the behavior of PGE in the mantle.

In this study, we tried to clarify three-dimensional spatial relations of PGM and surrounding phases in a natural peridotite sample in order to decipher 
the	mechanism	of	PGM	formation	in	peridotite.	We	analyzed	the	distribution	of	PGE	in	a	harzburgite	xenolith	from	Tahiti,	using	micro-X-ray	fluorescence	
(µXRF)	spectrometry	at	BL37XU	of	SPring-8,	Japan.	We	used	a	beam	of	15.0	keV	focused	to	a	460	nm	x	300	nm	spot	size	with	a	pair	of	total-reflection	
mirrors	with	Kirkpatrick-Baez	configuration.	The	µXRF	analysis	revealed	that	Ir	and	Pt	are	associated	with	several	Fe-Ni-Cu	sulfide	grains	in	a	sulfide-
melt	inclusion	array	hosted	by	clinopyroxene.	We	extracted	these	sulfide-glass	inclusions	with	host	clinopyroxene	as	a	house-shaped	piece	using	a	
focused ion beam-scanning electron microscope system, and then conducted three-dimensional imaging of the house-shaped piece using nanometer-
scale	X-ray	computed	microtomography	(nano-CT)	system	at	BL47XU	of	SPring-8.	We	used	a	beam	of	8	keV,	and	recorded	X-ray	images	transmitted	
from	the	sample	via	an	objective	Fresnel	zone	plate	with	a	pixel	size	of	82.6	nm	x	82.6	nm.	The	three-dimensional	morphology	of	the	sulfides	visualized	
by	the	nano-CT	imaging	show	that	the	sulfide	grains	have	spherical	shape	and	are	included	in	glass.	The	volume	ratios	of	sulfide	and	glass	in	each	
inclusion	are	various,	suggesting	that	sulfide	melt	and	silicate	melt	had	been	separated	before	they	were	healed	into	a	planar	inclusion	array	in	the	
host	clinopyroxene.	This	implies	that	the	Ir-Pt-bearing	sulfides	had	existed	originally	as	melt	phase	immiscibly	separated	from	silicate	melt.	These	
submicrometer-scale observations, along with detailed petrographic and mineralogical observations of this harzburgite [1], demonstrated that Ir and 
Pt	had	originally	been	contained	in	sulfur-bearing	carbonaceous	melt,	from	which	Ir-Pt-bearing	sulfide	melt	were	immiscibly	separated	and	finally	Ir-Pt	
sulfides	were	crystallized	along	with	Fe-Ni-Cu	sulfides.

References 
[1] Akizawa	et	al.	(2017)	Metasomatic	PGE	mobilization	by	carbonatitic	melt	in	the	mantle:	evidence	from	sub-µm-scale	sulfide-carbonaceous	glass	inclusion	in	Tahitian	harzburgite	

xenolith. Chemical Geology, 475, 87-104.
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Uranium crystal chemistry in hydroxyapatite: Implications for accurate direct dating of fossilized 
teeth
Ellen Moon1, Renaud Joannes-Boyau2, Sarah Pepper3

1School	of	Engineering,	Deakin	University,	Geelong,	2Southern Cross GeoScience, Southern Cross University, Lismore, Australia, 3Department of Chemical 
and	Biological	Engineering,	University	of	Sheffield,	Sheffield,	United	Kingdom

Key to understanding the evolutionary relationship between different hominid fossils is accurately and reliably dating the remains. Typically this is 
done using uranium series dating of fossilized teeth samples, because teeth, composed of highly crystalline hydroxyapatite, are more resilient than 
other natural tissues to the ravages of time.

The ratio of uranium isotopes contained within fossilized teeth is used to calculate the approximate burial age. This dating method can be 
compromised	by	irregularities	in	U	diffusion	into	the	tooth,	or	periods	of	U	mobilization	or	leaching	out	of	the	tooth.	Our	current	lack	of	understanding	
of the mobility of uranium in, out, and through fossils, is potentially a large source of dating error.

A better understanding of U crystal chemistry within the hydroxyapatite mineral matrix of teeth is crucial for improving the accuracy of U series dating 
of	remains.	Specifically,	determining	the	U	oxidation	state	and	coordination	environment	(for	example,	differentiating	between	structural	incorporation	
and surface adsorption) at points of interest within the teeth has huge implications for improving the reliability of U series dating.

Using beamline I18 at Diamond Light Source (UK) we combined synchrotron-based µXRF and µXAS with LA-ICP-MS mapping of fossilized teeth of various 
ages and from various sedimentary environments to further understand the process.

With a beam size of 10 µm, elemental maps were collected for two fossilized teeth (a 2 million year old baboon tooth, and a 80 thousand year old pongo 
tooth). U L3-edge XANES was then used to interrogate areas of interest within each tooth, with particular attention paid to the enamel, the dentine 
and	the	enamel-dentine	junction	to	examine	the	effects	of	differing	hydroxyapatite	crystallinity.	The	resulting	XANES	data	were	fit	using	a	linear	
combination of a number of standards, including U carbonate and phosphate minerals, and U-sorbed and –incorporated synthetic hydroxyapatites.

Preliminary	findings	indicate	that	in	both	teeth,	uranium	is	present	only	in	the	+6	oxidation	state.	This	has	significant	implications	for	direct	dating	of	
fossilized teeth given that U(VI) is more mobile than U(IV). Further, the U coordination environment is consistent throughout different regions of both 
teeth,	suggesting	that	neither	time,	nor	hydroxyapatite	crystallinity,	influence	the	U	uptake	mechanism.	By	comparing	U	standards,	U	coordination	
environment	appears	to	be	influenced	by	both	carbonate	and	phosphate	moieties,	likely	representing	the	adsorption	of	U-carbonate	species	from	
natural waters by tooth hydroxyapatite.
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Determination of the oxidation state of iron in natural peridotitic and eclogitic garnets by 
synchrotron Mössbauer spectroscopy
Anja Rosenthal1, Catherine McCammon2, Wilson Crichton3, Valerio Cerantola3,	Aleksandr	Chumakov3,	Prokopiy	Vasilyev4, Muriel Laubier1, Denis Andrault1, 
Dorrit Jacob5, Gregory Yaxley6, Alan Woodland7, Stephen Foley5, Graham Pearson8, Didier Laporte1, Raphael Njul2, Hubert Schulze2
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Edmonton, Canada

The redox state in the deep mantle has a critical effect on the mobility of C and H
2
O,	and	on	the	formation	of	melts	and	on	global	volatile	fluxes1-7.

Determining	the	redox	state	of	mantle	rocks	remains,	however,	notoriously	challenging,	owing	in	part	to	difficulties	in	accurately	determining	the	
valence	state	of	iron	in	mantle	minerals.	This	is	even	more	so	in	fine-grained	experimental	run	products	by	methods	such	as	conventional	Mössbauer	
spectroscopy,	micro-X-ray	absorption	near-edge	structure	(XANES)	at	the	Fe	K-edge	and	electron	microprobe	flank	method7-13.

The	aim	of	this	study	is	to	refine	the	oxidation	state	of	iron	in	a	suite	of	natural,	compositionally	homogenous	standard	peridotitic	and	eclogitic	
garnets, using the state-of-the-art synchrotron Mössbauer spectroscopy (SMS) at ID18, ESRF14. These garnets cover the natural and experimental 
compositional range for which we have determined Fe3+/ΣFe by conventional Mössbauer spectroscopy, by micro-XANES and by electron microprobe 
flank	method8-16.

The application of SMS to natural standard peridotitic and eclogitic garnets allows testing of the reliability, accuracy and precision of determined Fe3+/
ΣFe	in	the	garnets	by	conventional	Mössbauer	spectroscopy,	XANES	and	flank	method.

SMS now allows analyses of Fe3+	in	garnets	with	a	spatial	resolution	of	~10	µm,	sufficient	for	revealing	heterogeneities	in	mantle	rocks	at	the	micro-
scale17,18. In contrast, conventional Mössbauer spectroscopy has a resolution on the scale of several millimetres and the milliprobe is on the scale of 
several hundred microns, which may incorporate Fe3+/ΣFe heterogeneities present in the garnets into the acquired dataset. Grain sizes of >>40 µm are 
also usually not achievable in small high pressure experimental run products7,9-13.

Natural garnet standards from a range of localities are presented as free-standing garnet crystals, mounted and double-polished, in round, 1” diameter 
epoxy buttons. Some small natural eclogitic garnets were also loaded in an open diamond-anvil cell at ambient pressure and used only as a support for 
the	crystals	during	analysis.	Over	a	five-day	period,	some	100	samples	were	collected.

Eclogitic garnets are compositionally distinct from peridotitic garnets, in having little or no Cr
2
O

3
	(cf	≤15	wt.%	Cr

2
O

3
 in peridotitic garnets), higher CaO 

and FeO (typically from 10-25 wt.% FeO+Fe
2
O

3
), but lower MgO contents4,6-13,15,16,18.

This study will provide a well-studied suite of peridotitic and eclogitic garnets as calibration standards for continued study by us and others, for which 
the Fe3+/ΣFe	ratio	is	well	known.	The	addition	of	SMS	data	on	these	samples	complements	the	conventional	Mössbauer,	XANES	and	flank	methods	
already applied to the same samples, sourced from world-wide localities and contributed by numerous groups. This provides then the largest database 
of cross-calibrated garnet samples.
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In-situ XANES investigations of elements in silicate liquids at the Australian Synchrotron XAS 
beamline
Jeremy Wykes1, 2, Guil Mallmann3, Tracy Rushmer1, Antony Burnham3,	Hugh	O'Neill3, Andrew Berry3, Peter Kappen2

1Earth and Planetary Sciences, Macquarie University, North Ryde, 2Australian Synchrotron, ANSTO, Clayton, 3Research School of Earth Sciences, 
Australian National University, Acton, Australia

The Macquarie University-Australian Synchrotron D-DIA-type cubic multi-anvil apparatus is an ARC LIEF-funded facility commissioned on the XAS 
beamline at the Australian Synchrotron for in situ investigations using x-ray techniques, primarily x-ray absorption spectroscopy.  The apparatus can 
subject	a	sample	volume	of	<5	mm3	to	pressures		≤6	GPa	and	temperatures		≤1550	°C.

The XAS beamline at the 3 GeV Australian Synchrotron comprises an 1.9 T, multipole wiggler source (20 period), a vertical collimating mirror (Pt,Rh and 
Si stripes), cryogenically cooled double crystal monochromator (Si 111 and Si 311 crystals), and a toroidal refocusing mirror (Pt and Rh stripes). Energies 
of	4-30	keV	are	accessible	using	the	collimating	and	refocusing	mirrors,	energies	between	30	and	~54	keV	are	accessible	in	‘mirrorless’	mode.	The	
bright	wiggler	source,	refocusing	optics	and	low	harmonic	content	make	the	XAS	beamline	well	suited	to	demanding,	flux-limited	applications	such	as	
high P, high T in situ investigations.

In situ investigation of silicate liquids demands a sample assembly that it stable and reliable at magmatic temperatures.  Our initial experiments were 
conducted using existing D-DIA assembly designs available from COMPRES, though we have subsequently designed a simpler, more robust assembly 
for	high	temperature	operation	that	reliably	achieves	>1500	°C,	making	plastic	deformation	of	the	tungsten	carbide	anvils	the	limiting	factor	for	high	T	
operation.

Following commissioning and initial experiments in 2016, we have commenced a program of investigation into trace element speciation in silicate 
liquids,	combining	online	in	situ	observations	and	conventional	measurement	of	glasses	prepared	in	offline	experiments.	Thus	far,	we	have	investigated	
U and Th speciation in Fe-bearing and Fe-free synthetic basaltic liquid under controlled fO

2
 conditions via L

3
-edge XANES, collected Zr K-edge EXAFS 

from	CMAS	liquid	at	~1500	°C,	and	conducted	a	series	of	offline	experiments	on	trace	element	doped	CMAS	composition	to	identify	the	most	promising	
candidates for future in situ investigation of pressure-induced coordination change. The results of these investigations and future applications of the 
D-DIA apparatus will be discussed. 

122

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Mantle xenoliths, kimberlites and related magmas: the diamond trilogy

Sulfur isotopic composition of the Sub-Continental Lithosphere Mantle
Olivier Alard1, Laure Martin2, Emilie Thomassot3, Pierre Cartigny4,	Suzanne	Y.		O'Reilly1
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Due	to	the	multiple	geochemical	affinities	of	S	(volatile,	chalcophile,	siderophile,	incompatile)	its	abundance	and	isotopic	composition	in	the	Earth	
mantle have been affected by primorial Earth forming and differenciation events (e.g. core segregation, late accretion) but also by ongoing melt 
percolation/reaction	and	recycling	processes.		In	the	upper	mantle,	S	forms	mostly	sulfides	which	are	also	the	main	redepository	phases	for	highly	
siderophile	elements	(HSE:	Os,	Ir,	Ru,	Rh,	Pt,	Pd,	Au,	Re),	as	such,	and	despite	their	low	abundance,	they	are	key	minerals	to	track	the	long	term	
evolution of the Earth’s mantle.  The S-isotopic composition of the Earth’s mantle has been dimmed to be chondritic (δ34S=0±2‰;	[1,2]).		However	in	
details,	mantle	data	show	large	variability	(-7≤δ34S<10‰;	[2,3])	and	rescent	studies	have	suggested	a	non	chondritic	δ34S	(≤-1.6‰,	[4,	5])	for	the	MORB	
mantle.

Here, by  coupling EMP, SIMS, LA-ICPMS and LA-MC-ICPMS, major elements, δ34S, siderophile and chalcophile (Se, Te) trace elements, and Os isotopes have 
been	obtained	in-situ	on	200	sulfide	grains	from	≥30	mantle	samples.

Almost	all	sulfides	from	alkaly	basalts	hosted	xenoliths	or	orogenic	massifs	have δ34S<0‰	(-8	≤	δ34S	≤	2).	Further,	the	results	unfold	broad	correlations	
between δ34S and HSE abundances and 187Os/188Os	and	distinct	systematics	between	sulfides	types	(residual	vs.	metasomatic/reactional).	Despite	the	
relatively large range of δ34S,	residual	sulfides	in	proterozoic		to	phanerozoic	SCLM	are	not	chondritic	but	are	rather	charcaterised	by	a	negative	δ34S.

However,	peridotite	sulfides	in	inclusion	in	diamonds	and	in	refractory	olivines,	having	unradiogenic	187Os/188Os compositions (yielding archean model 
ages) show heavyer δ34S	(-1	to	+2‰).	So	far	none	of	these	relict	sulfides	show	a	non	mass	dependat	fractionation	of	S	(i.e.,	D33S≈0‰).	These	features	
may suggest that the δ34S of the Earth mantle has evolved through time from a broadly chondritic composition to δ34S<<0‰	through	accumulated	
metasomatic processes and/or crustal material recycling. 
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A geothermometer for carbonatites: Sr–Mn exchange between calcite and apatite
Michael Anenburg1, John Mavrogenes1,	Hugh	O'Neill1
1Research School of Earth Sciences, Australian National University, Canberra, Australia

Calcite	and	apatite	commonly	coexist	in	high	temperature	rocks	such	as	carbonatites,	skarns,	high-grade	metamorphic	rocks,	kimberlites,	and	a	variety	
of	alkali	rocks.	Calcite	and	apatite	may	also	occur	in	mantle	rocks	affected	by	metasomatism.	Both	the	calcite	and	apatite	from	these	parageneses	
contain easily measurable Sr and Mn, occasionally up to ~2%. Even where conventional thermometry using silicate mineral compositions is feasible, 
such	an	approach	may	not	record	the	conditions	at	which	the	calcite	and	apatite	equilibrated.	Hence	a	geothermometer	specifically	applicable	to	
coexisting calcite–apatite would be useful.

We conducted piston-cylinder experiments in order to calibrate the exchange of Sr and Mn between calcite and apatite as a function of temperature 
(600–1125	°C),	pressure	(5–30	kbar),	and	composition,	growing	crystals	from	a	liquid	flux.	Experiments	were	conducted	in	the	presence	of	graphite	to	
ensure that Mn is primarily divalent. In order to grow apatite crystals large enough for analysis, we started with apatite seeds. In most runs, the liquid 
was a H

2
O-saturated,	halide-rich	(F,	Cl,	Br)	carbonatite.	Runs	at	higher	temperatures	(>	900	°C)	did	not	include	H

2
O and Br. Calcite readily formed crystals 

large enough for microanalysis in all runs. The apatite seed grains were rimmed by new overgrowths in equilibrium with the liquid and calcite. At low 
temperatures and pressures, the overgrowths were rare and thin, and analysing them using accepted apatite analysis methods (e.g. defocused beam) 
proved challenging. Overgrowth widths increased with temperature and pressure. Distinguishing seed from overgrowth apatite is possible using the 
subtle	backscattered	electron	image	contrast	or	more	easily	by	cathodoluminescence	colour,	observed	using	an	EPMA-mounted	optical	camera.

Measured SrO and MnO contents of calcite and apatite were ratioed to CaO to minimise the effect of composition. Values of K
D
(MnCa–CcAp) and K

D
(SrCa–

CcAp) correlate with both pressure and temperature, but temperature has a much larger effect than pressure, demonstrating the suitability of our 
calibration	for	thermometry.	Satisfactory	temperature	resolution	can	be	achieved	if	pressure	can	be	estimated	to	±5	kbar.	Fluorine	has	a	small	but	
measurable	influence,	resulting	from	a	reciprocal	solid	solution	effect.	Incorporation	of	rare	earth	elements	(REE)	in	apatite	(via	Ca2+ + P5+ ↔ REE3+ + 
Si4+)	has	a	negligible	effect.	Our	results	show	the	combined	use	of	both	elements	can	be	a	promising	thermometer	in	suitable	rocks	where	calcite	and	
apatite are in equilibrium.
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Iron carbide as a source of carbon for graphite and diamond formation under lithospheric mantle 
P,T-parameters
Yuliya Bataleva1, Yuri Palyanov1, Yuri Borzdov1
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Under metal-saturated reduced mantle conditions iron carbide is considered as one of potential carbon sources in the processes of natural graphite 
and diamond formation [1]. Experimental modeling of natural carbide-involving reactions, implicated in the graphite and diamond formation and 
estimation	of	the	iron	carbide	stability	in	the	presence	fluids,	as	well	as	mantle	silicates,	sulfides,	oxides	and	carbonates,	was	performed	using	a	multi-
anvil	high-pressure	split-sphere	apparatus	[2].	Experiments	were	carried	out	in	the	carbide-sulfur,	carbide-sulfide,	carbide-oxide	and	carbide-oxide-
carbonate	systems,	at	pressure	of	6.3	GPa,	temperatures	in	the	range	of	900−1600	oC and run time of 18-40 hrs. During the interaction of cohenite with 
S-rich	reduced	fluid	or	pyrite	[3],	extraction	of	carbon	from	carbide	was	realized,	resulting	in	the	formation	of	graphite	in	assemblage	with	pyrrhotite	
(900-1100	°C)	or	producing	of	metal-sulfide	melt	with	dissolved	carbon	(Fe

64
S

27
C

9
	(1200	°C)	–	Fe

54
S

40
C

6
	(1500	°C),	at.%),	which	acted	as	a	crystallization	

medium	for	graphite	(1200-1600	°C)	and	diamond	growth	(1300-1600	°C).	Thus,	we	demonstrate	that	the	main	processes	of	carbide	interaction	with	
S-rich	fluid	or	sulfide	melt	are	recrystallization	of	cohenite	(900-1100	°C),	extraction	of	carbon	and	iron	in	the	sulfide	melt,	and	graphite	formation	and	
diamond	growth	in	the	metal-sulfide	melt	with	dissolved	carbon.	

It	has	been	established	that	in	the	course	of	the	cohenite-orthopyroxene	or	cohenite-garnet	interactions	in	a	presence	of	moderately	oxidized	fluid,	
oxidation of cohenite, accompanied by the extraction of carbon from carbide and the crystallization of graphite (± diamond growth), occurs. As a 
result,	assemblages	of	graphite	with	Fe,Mg-silicates,	magnetite	and	cohenite	(1100-1200	°С), or graphite (diamond) with Fe3+-rich garnet, orthopyroxene 
and	Fe-C-O	melt	(1300-1500	°С) were formed. Cohenite-garnet interaction in the carbide-oxide-carbonate system realized via decarbonation reactions 
with the formation of Fe,Mg,Ca-silicates and CO

2
-dominated	fluid,	as	well	as	C0-forming redox reactions of CO

2
-dominated	fluid	with	cohenite.	As	a	

result, graphite (± diamond growth) were formed in assemblage with Fe2+,Fe3+,Mg-silicates	and	magnetite	(1100-1200	°C),	as	well	as	Fe3+-rich garnet and 
orthopyroxene	(1300-1500	°C).	Crystallization	of	graphite	(diamond)	can	occur	(1)	at	the	carbon	extraction	from	carbide	via	oxidation	of	cohenite	or	
predominantly metallic melt as a result of interaction with mantle oxides or silicates, and (2) via the oxidation of cohenite to FeO and Fe

2
O

3
 by CO

2
-fluid,	

accompanied by the extraction of carbon from Fe
3
C and the corresponding reduction of CO

2
 to C0.

Our results evidence that iron carbide can act as a carbon source in the processes of natural graphite and diamond formation under reduced mantle 
conditions. We experimentally demonstrate that cohenite in natural environments can be partially consumed in the reactions with mantle silicates and 
oxides,	and	is	absolutely	unstable	in	the	presence	of	S-bearing	reduced	fluid	or	sulfide	melt	at	temperatures	higher	than	1100	°C,	under	lithospheric	
mantle pressures. 

This	work	was	supported	by	the	Russian	Foundation	for	Basic	Research	(project	No.	16-35-60024).
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Hybrid lithologies in the source of diamonds from Copeton and Bingara, NSW, Australia
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In recent years it has become increasingly apparent that many diamonds with eclogitic inclusions formed from subducted crustal material. The 
abundance and compositional range of subducted components in the mantle is poorly constrained, but these lithologies are thought to contribute to a 
wide	range	of	oceanic	and	continental	igneous	rocks;	accordingly	it	is	valuable	to	characterise	the	composition	of	deeply-subducted	crustal	rocks.

Here,	we	present	new	data	for	one	compositional	endmember	in	the	gamut	of	diamond-bearing	rocks.	The	alluvial	diamonds	of	the	Copeton	region,	
NSW, Australia, are notable for their extremely heavy carbon isotopic compositions and highly calcic inclusions (e.g. calcite, grossular, diopside, 
titanite). These diamonds have been attributed to either a subducted limestone or metarodingite source.

The oxygen isotope composition of the inclusions (measured using SHRIMP SI) ranges from δ18O
SMOW

	=	24	–	27	‰.	These	values,	the	highest	ever	
recorded for diamond inclusions, are strongly suggestive of a carbonate origin, consistent with the high δ13C

PDB
 of the diamonds. The high Ni and Cr, and 

low	Sr	of	several	diopside	inclusions	suggests	a	mafic	protolith,	but	this	is	not	consistent	with	the	calcic	mineral	assemblage.	The	major-	and	trace-
element characteristics are best explained by a rodingite source (Davies et al., 2002), but δ18O is much higher than typical rodingites (Wenner, 1979). 
Therefore	we	envisage	that	the	NSW	diamonds	derive	from	a	hybrid	lithology	formed	by	interaction	of	carbonate	fluid	with	a	mafic,	probably	rodingitic	
crust. Such hybrid lithologies may be important in producing chemically and isotopically anomalous regions in the subcontinental lithospheric mantle.
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The origin of carbonates in the Benfontein kimberlite sills: an in situ C-O-Sr approach
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The	Benfontein	kimberlite	sills	comprise	one	of	the	few	localities	where	magmatic	sedimentation	features	(i.e.,	layering,	graded	bedding,	cross-
lamination) and cumulus textures have been described. The occurrence of oxide-rich layers with abundant primary carbonate, calcite-rich “globules” 
or	“diapirs”	and	scarce	silicate	phases,	make	this	kimberlite	even	more	unique.	In	this	work,	detailed	carbonate	petrography	of	these	sills	is	combined	
with in situ compositional and isotopic (C, O and Sr) studies, to shed new light on their petrogenesis.

Samples	were	taken	from	the	upper	sill	(slightly	altered,	fine-porphyritic	olivine-kimberlite)	and	the	oxide-rich	layer	of	the	lower	sill.	Different	types	of	
carbonates	are	distinguished,	based	on	their	texture,	cathodoluminescence	response	(CL)	and	composition.	The	upper	sill	has	fine-grained	groundmass	
calcite enriched in Sr, Ba and LREE, interstitial to other groundmass phases. Secondary veins are poorer in these elements, but richer in Mg and Fe. 
The	oxide-rich	layer	contains	Sr-Ba-rich,	fine-grained	calcite,	which	locally	may	have	a	tabular	habit.	Diapirs	made	of	Sr-Ba-poor	rhombohedral	calcite	
intrude the uppermost layer of the lower sill. They contain variable amounts of randomly oriented Sr-Ba-rich calcite laths.

In situ O and C analysis of each calcite type reveals a previously unreported isotopic complexity for these sills (Fig.1). The calcite laths in the diapirs 
typically have O and C values within the mantle range, overlapping those of the lower sill groundmass calcite. In contrast, rhombohedral calcite in the 
diapirs has higher δ18O and marginally lighter C. Groundmass calcite and secondary veins in the upper sill have higher δ18O and lower δ13C values than 
the lower sill groundmass calcite.

Both the groundmass calcite and the laths in the diapirs have a magmatic Sr-isotope signature (87Sr/86Sr=0.7042–0.7047), comparable with values 
in	primary	carbonates	in	the	Kimberley	kimberlites	(e.g.,	Giuliani	et	al.,	2017).	However,	the	rhombohedral,	Sr-poor	calcite	of	the	diapirs	has	more	
radiogenic Sr (87Sr/86Sr=0.7099–0.7102), similar to that of the secondary calcite veins of the upper sill (87Sr/86Sr=0.7079–0.7102). It is consistent with 
values	of	secondary	kimberlite	carbonates	in	the	De	Beers	dyke	(Exley	and	Jones,	1983).

These results suggest that the diapirs represent the late intrusion of a low-density, Sr-poor, evolved melt, which trapped some of the Sr-rich calcite 
laths	forming	the	groundmass	of	the	bottom	of	the	lower	sill.	It	is	likely	that	this	late	magma	was	contaminated	by	the	surrounding	Dwyka	shales,	
increasing both 87Sr/86Sr and δ18O, but decreasing δ13C. More intense interaction with crustal shales and weathering might explain the isotopic signatures 
of secondary calcite veins in the upper sill.

Our	work	highlights	the	necessity	of	in	situ	C-O-Sr	isotope	analysis	for	a	correct	interpretation	of	kimberlite	petrogenesis,	by	characterising	not	only	
different melts, but also identifying crustal contamination and post-emplacement processes.

Fig.1. In situ δ13C- δ18O	values	of	the	carbonate	types	of	the	Benfontein	kimberlite	sills.	
Fields from Giuliani et al. (2014).

References 
[1] Exley,	R.A.,	Jones,	A.P.,	1983.	87Sr/86Sr	in	kimberlitic	carbonates	by	ion	microprobe:	Hydrothermal	alteration,	crustal	contamination	and	relation	to	carbonatite.	Contrib.	to	Mineral.	

Petrol. 83, 288–292. doi:10.1007/BF00371197
[2] Giuliani,	A.,	Phillips,	D.,	Kamenetsky,	V.S.,	Fiorentini,	M.L.,	Farquhar,	J.,	Kendrick,	M.A.,	2014.	Stable	isotope	(C,	O,	S)	compositions	of	volatile-rich	minerals	in	kimberlites:	A	review.	Chem.	

Geol. 374–375, 61–83. doi:10.1016/j.chemgeo.2014.03.003
[3] Giuliani,	A.,	Soltys,	A.,	Phillips,	D.,	Kamenetsky,	V.S.,	Maas,	R.,	Goemann,	K.,	Woodhead,	J.D.,	Drysdale,	R.N.,	Griffin,	W.L.,	2017.	The	final	stages	of	kimberlite	petrogenesis:	Petrography,	

mineral	chemistry,	melt	inclusions	and	Sr-C-O	isotope	geochemistry	of	the	Bultfontein	kimberlite	(Kimberley,	South	Africa).	Chem.	Geol.	455,	342–356.	doi:10.1016/j.chemgeo.2016.10.011

IMA2018	Abstract	book127

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Mantle xenoliths, kimberlites and related magmas: the diamond trilogy
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The	Yilgarn	Craton	in	Western	Australia	is	one	of	the	most	metal	endowed	Archean	provinces	in	the	world,	hosting	numerous	world	class	komatiite-
associated	Ni-sulfide,	and	orogenic	Au	deposits.	Our	current	understanding	of	the	lithosphere	architecture	is	predominantly	based	on	images	provided	
by	geophysical	datasets	and	the	radiogenic	isotope	(e.g.	Lu-Hf)	systems	of	felsic,	mafic	and	ultramafic	rocks.	This	research	aims	to	characterise	
the	petrogenesis	of	Neoarchean	to	Proterozoic	alkaline	rocks	in	the	Yilgarn	Craton,	which	will	generate	new	constraints	on	the	composition	and	
architecture of the upper mantle beneath this region.

The	Yilgarn	Craton	contains	carbonatites,	ultramafic	lamprophyres(UML),	calc-alkaline	lamprophyres	(CAL)	and	altered	kimberlites	in	the	eastern	part	
and	margins	of	the	craton.	Whole	rock	analysis	of	the	Yilgarn	alkaline	rocks	exhibit	different	geochemical	characteristics	of	major	and	trace	elements	
for	the	different	the	alkaline	rock	types.	CAL	are	enriched	in	SiO

2
	(≤	59.3	wt.	%)	and	Na

2
O	(≤	7.5	wt.	%)	contents	and	show	depletion	in	Nb,	Ta,	and	Ti.	In	

contrast, UML have low SiO
2
	(≤	37.0	wt.	%)	and	high	TiO

2
	(2.8	-	6.7	wt.%)	contents.	Altered	kimberlites	show	high	light	rare	earth	elements	(LREE)	and	

high-field-strength	element	(HFSE)	concentrations	similar	to	UML,	but	higher	MgO	and	Ni	contents	(≤	30.3	wt.	%	and	1613	ppm)	than	UML.

Primitive-mantle normalized platinum group element (PGE) patterns of CAL exhibit strong fractionation with relative depletion in Ir and Ru, enrichment 
in Rh, Pt, and Pd resulting in high (Pd/Ir)

N
	(11.64	-	24.58)	ratios.	In	contrast,	carbonatites,	UML	and	kimberlites	are	characterized	by	less	fractionated	PGE	

patterns with low (Pd/Ir)
N
	(<	10.60).		The	Yilgarn	alkaline	rocks	are	generally	enriched	in	Au	relative	to	PGE	when	normalised	to	primitive	mantle	values.

Apatites	are	one	of	the	key	minerals	in	the	Yilgarn	alkaline	rocks,	occurring	as	a	groundmass	phase	in	UML,	megacrysts	in	carbonatites,	and	inclusions	
within amphibole phenocrysts in CAL. The carbonatites and CAL contain apatite grains with extremely high REE (e.g. Ce

2
O

3
;	≤	1.6,	Nd

2
O

3
;	≤	0.9	wt.	%)	and	

F	(≤	5.1	wt.	%)	contents.	In	contrast,	apatites	in	UML	from	the	craton	margin	show	low	REE	(e.g.	Ce
2
O

3
 and Nd

2
O

3
;	≤	0.1	wt.	%)	and	high	SrO	(≤	12.8	wt.	%)	

contents.	Alkaline	rocks	which	were	collected	from	gold-mineralized	areas	include	apatites	that	have	high	SO
3
	(≤	2.0	wt.	%).			

Overall,	the	trace	element	geochemistry	of	the	Yilgarn	alkaline	rocks	indicates	that	their	parental	magmas	were	derived	from	the	mantle	and	the	
melt	sources	of	UML	and	kimberlites	were	deeper	than	CAL.	Negative	Nb-Ta-Ti	anomalies	of	CAL	suggest	an	affinity	with	subduction	processes.		High	
incompatible	element	concentrations	in	UML	and	kimberlites	require	partial	melting	of	metasomatized	peridotite	sources.	Elevated	Au	contents	in	
the	alkaline	rocks	indicate	that	the	lithospheric	mantle	under	the	Yilgarn	Craton	is	relatively	enriched	in	Au.	High	F	and	SO

3
 contents in apatites are 

generally	correlated	with	Au	enrichment	in	whole	rock	geochemistry,	which	might	provide	a	new	link	between	F	and	Au	abundance	during	alkaline	
magma fractionation in the lithospheric mantle.  
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Mineral Chemistry and Petrography of Kuusamo Kimberlites and Related Rocks, Finland
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1Kimberlites and Diamonds (KiDs), School of Earth Sciences, University of Melbourne, Melbourne, 2ARC Centre of Excellence for Core to Crust Fluid 
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The	most	recently	discovered	kimberlite	province	on	the	Karelian	Craton	is	the	Kuusamo	province,	which	is	situated	in	northern	Finland	and	
incorporates	six	bodies	(Kasma	45,	Kasma	47,	Kalettomanpuro	(KP),	Kattaisenvaara	(KV),	Dike	15	and	Lampi)	distributed	along	a	60	km	NE-SW	corridor.

Here	we	report	petrographic	details	and	new	compositional	results	for	mica,	spinel	and	apatite	in	this	diverse	suite	of	rocks	to	provide	constraints	on	
their	genesis.Samples	from	KV	and	KP	are	hypabyssal	kimberlites	comprising	serpentinised	olivine	macrocrysts	and	microcrysts	set	in	a	groundmass	
of	apatite,	perovskite,	mica	(phlogopite	±	kinoshitalite)	spinel	and	ilmenite	with	interstices	filled	by	calcite	and	serpentine.	The	Kasma	pipes	are	
composed	of	both	hypabyssal	and	volcaniclastic	material	and	are	distinct	from	KV	and	KP	in	that	perovskite	grains	are	both	larger	and	more	abundant	
and	mica	less	so.	Kasma	47	contains	abundant	spinel	and	sulphide	with	a	‘cumulate-like’	texture	analogous	to	that	of	the	Benfontein	sills.	Samples	from	
Lampi	and	Dike	15	are	more	akin	to	orangeites	and	olivine	lamproites	than	‘archetypal’	kimberlites,	due	to	the	abundance	of	phlogopite	microcrysts	and	
serpentinised olivine macrocrysts in a groundmass of serpentine, calcite, apatite and spinel. Clinopyroxene, Mn-ilmenite and phlogopite macrocrysts (> 
2mm)	are	present	in	Dike	15,	but	notably	absent	in	Lampi.

The	petrographic	differences	between	the	kimberlites	and	orangeites/lamproites	is	reflected	in	their	mineral	compositions.	Phlogopite	compositions	
for	KV,	KP	and	Kasma	samples	are	typical	of	archetypal	kimberlites	and	include	zoning	towards	kinoshitalite.	Mica	compositions	from	Dike	15	are	
enriched	in	Fe-Ti	and	are	intermediate	between	orangeites	and	ultramafic	lamprophyres	(UMLs),	whereas	Lampi	phlogopite	displays	Fe-enriched	
compositions intermediate between orangeites and lamproites. Spinel compositions predominantly vary between Magnesio-Ülvospinel-Magnetite 
(MUM)	and	magnetite	with	some	analyses	intermediate	between	MUM	and	chromite.The	compositions	of	Kuusamo	kimberlitic	spinels	plot	between	
magmatic	trends	1	and	2.	The	orangeite/olivine	lamproite	samples	contrast	this	as	Dike	15	spinels	follow	trend	2	closely	and	Lampi	spinels	plot	close	to	
Trend	1,	which	is	mainly	limited	to	spinel	in	kimberlites.	Apatite	in	the	Kuusamo	kimberlites	displays	increasing	SrO	with	increasing	P

2
O

5
. Lampi apatite 

is	particularly	enriched	in	SrO	(up	to	11	wt%),	a	hallmark	of	lamproitic	apatite.	Dike	15	apatite	is	generally	lower	in	SrO	(<0.6	wt	%)	than	the	kimberlitic	
apatite	(0.1-2.6	wt%),	which	contrasts	with	southern	Africa	where	orangeites	typically	have	higher	SrO	contents	than	kimberlites.

Differences in petrography and mineral chemistry indicates that the magma source for KV and KP may be distinct from that of Kasma 45 and 
47.	Contrasting	lithologies	for	Dike	15	and	Lampi	also	require	a	different	origin	from	the	kimberlites,	and	phlogopite	compositions	overlap	with	
Mesoproterozoic	orangeites	which	occur	in	a	cluster	~120	km	SE	of	Kuusamo.	We	speculate	there	may	be	a	petrogenetic	link	between	these	groups	of	
orangeite/lamproite/UML	intrusions,	and	future	work	will	integrate	geochronology	and	isotope	geochemistry	to	constrain	these	relationships.
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The relationship between alkaline magma generation and the stability of continental lithosphere
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Specific	alkaline	magma	types	are	associated	with	distinct	continental	settings	and	also	with	periods	of	Earth	history.	Kimberlites	are	typical	of	
the	thickest	cratonic	lithosphere	and	give	way	to	ultramafic	lamprophyres	and	melilitites	at	craton	edges1. The latter two and carbonatites require 
carbonate	in	their	sources	and	are	characteristic	of	rifted	continents,	implying	a	mechanistic	link	between	the	occurrence	of	carbonate	and	rifts.	The	
temporal	distribution	of	alkaline	magmas	is	also	systematic;	carbonatites	are	rare	before	the	oxygenation	of	the	atmosphere	and	especially	abundant	
in	the	last	200	million	years.	Potassium-rich	rocks	first	occur	at	about	2.7	Ga	and	kimberlites,	lamproites	and	ultramafic	lamprophyres	after	2	Ga2.

The formation of cratonic lithosphere is associated with extreme depletion in melt components, but this melting process also severely depletes it 
in water and other volatile components, which are drawn off during melting. Furthermore, slightly reducing conditions at the onset of melting in 
the Archean lead to a more severely reduced residue, and thus a trap for redox freezing later. Since a large proportion of the cratonic lithosphere 
stabilised in the period 3.0-2.5 Ga, these patterns are consistent with the need for enrichment of the lower lithosphere by the accumulation of melts 
as	an	essential	precursor	to	alkaline	magmatism.	Time	is	needed	to	accumulate	sufficient	volatiles	and	incompatible	elements	to	prime	the	source	
for	later	alkaline	magma	production.	Melts	are	trapped	by	redox	freezing	due	to	the	redox	contrast	between	the	reduced	cratonic	lithosphere	and	the	
convecting mantle at the same depth as well as due to the temperature drop.

The gradual enrichment in melt components in the lower lithosphere results in the formation of new lithologies rich in phlogopite and pyroxene. These 
may	include	rocks	that	are	not	regularly	seen	in	the	xenolith	record	because	they	are	destroyed	during	production	of	melts	that	bring	xenoliths	to	the	
surface. An example is K-richterite, which appears to be a necessary source component for some SiO

2
-rich lamproites and yet is only rarely found in 

mantle xenoliths. Melts can thus frequently destroy evidence of the identity of their own sources.

Re-melting	of	the	enriched	lower	lithosphere	may	take	place	many	hundreds	of	millions	of	years	later	and	is	often	associated	with	thinning	of	the	
lithosphere	or	rifting.	Mass	balance	calculations	suggest	that	the	carbonate	present	in	rift-related	rocks	was	accumulated	in	the	lower	lithosphere	
as diamond3 and remobilised during melting in oxidised form as carbonate. The remobilisation associated with craton destabilisation therefore 
destroys	diamonds,	explaining	the	occurrence	of	diamonds	in	cratonic	kimberlites	but	their	extreme	rarity	in	ultramafic	lamprophyres.	The	most	likely	
primary	magmas	from	depths	of	120-150km	at	craton	edges	are	a	group	of	magmas	that	include	ultramafic	lamprophyres,	(aillikites	and	alnöites)	and	
kamafugites.	These	differ	in	mineralogy	but	are	related	in	origin.
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Super-reducing conditions in a modern volcanic system: implications for the carbon budget of 
cratonic lithosphere
William Griffin1, Sarah Gain1, Jinxiang Huang1, Vered Toledo2,	Suzanne	Y.	O'Reilly1

1CCFS, Macquarie University, Sydney, Australia, 2Shefa Yamim (A.T.M.) Ltd, Netanya, Israel

The oxygen fugacity (fO2) of the cratonic subcontinental lithospheric mantle (SCLM) ranges from above the quartz-fayalite-magnetite (QFM) buffer 
to near the iron-wustite (IW) buffer, and generally decreases with depth. Several lines of evidence suggest that the sublithospheric fO2 may be 
constrained by the presence of metallic Fe; there also is evidence that volumes of lower fO2 must exist within the SCLM and the deeper mantle. Here we 
describe	evidence	of	super-reducing	conditions	in	an	off-craton	volcanic	setting	(Griffin	et	al.,	2016),	and	discuss	its	implications	for	cratonic	settings.

Aggregates	of	hopper-skeletal	crystals	of	Ti-rich	corundum	are	abundant	in	Cretaceous	basaltic	pyroclastic	rocks	on	Mt	Carmel	near	Haifa,	Israel.	
Melt	pockets	trapped	within	and	between	corundum	crystals	contain	phase	assemblages	(SiC	(moissanite),	TiC,	TiN,	Fe-Ti-Zr	silicides,	native	V)	that	
require	P	≥1	GPa,	T	=	1500-1200	°C	and	extremely	low	fO2	(DIW<-10).	Parageneses	suggest	that	the	low-	fO2	assemblages	developed	through	interaction	
of	basaltic	magmas	with	mantle-derived	(CH4+H2)	at	high	fluid/melt	ratios,	leading	to	progressive	lowering	of	fO2.	The	early	oxidation	of	CH4	may	
have precipitated the vesicular wustite found as ejecta, at fO2 near the QFM buffer. The subsequent lowering of fO2 to the IW buffer produced a suite 
of mutually immiscible Fe0, Fe-oxide/silicate and Ti-oxide/silicate melts. These melts removed most of the FeO from the system; none of the silicate 
or	oxide	phases	in	the	trapped	melts	(see	below)	have	significant	Fe	contents.	The	removal	of	the	IW	buffer	allowed	fO2	to	decline	to	DIW	=	-6	to	-8,	
where Fe-Ti-Zr silicide/phosphide melts separated, and precipitated SiC and TiC. This desilicated the melt (now dominated by CaO-Al2O3-MgO), driving 
it	into	Al2O3-supersaturation,	with	the	rapid	growth	of	corundum	and	the	trapping	of	melt	pockets.	In	some	cases,	desilication	continued	further,	
leading	to	an	assemblage	of	hibonite	(CaAl12O19)	+	grossite	(CaAl4O7)	+	Mg-V-Al	spinel	+	fluorite	+	V0,	at	fO2	≤DIW	-11.	Many	corundum	aggregates	are	
cut by breccia veins of amorphous carbon, which also forms veinlets down to sub-micron scales, emphasizing the role of carbon in the evolution of the 
system.

If	this	process	reflects	the	ascent	of	CH
4
+H

2
 from the sublithospheric mantle, much of that mantle probably is metal-saturated, consistent with 

observations	of	metallic	inclusions	in	sublithospheric	diamonds	(e.g.	Smith	et	al.,	2016).		Such	fluids	could	penetrate	up	into	a	primitive	depleted	
cratonic root, establishing the observed trend of decreasing fO2 with depth (Yaxley et al., 2012).  However, repeated metasomatism by silicic melts will 
raise the FeO content near the base of the craton, developing a carapace of oxidizing material. Oxidation of later CH

4
-rich	fluids	in	this	carapace	would	

release CO
2
 and H

2
O to drive metasomatism and low-degree melting in the SCLM.  This model can explain the genesis of cratonic diamonds from both 

reduced	and	oxidized	fluids,	the	existence	of	SiC	as	inclusions	in	diamonds,	and	the	abundance	of	SiC	in	some	kimberlites.	
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): Ultra-low oxygen fugacity in the upper 

mantle beneath Mt Carmel, Israel.  Geology 44: 815-818
[2] Smith	EM,	Shirey	SB,	Nestola	F,	Bullock	ES,	Wang	J,	Richardson	SH,	Wang	W	(2016)	Origin	of	big	gem	diamonds	from	metallic	liquid	in	deep	earth	mantle.	Science	354:	1403–1405
[3] Yaxley	GM,	Berry	AJ,	Kamenetsky	VS,	Woodland	AB,	Golovin	AV	(2012)	An	oxygen	fugacity	profile	through	the	Siberian	Craton	—	Fe	K-edge	XANES	determinations	of	Fe3+/SFe in garnets in 
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Accretion or subcretion? – The birth and growth of the subcratonic mantle
Gerhard P. Brey1, Vadim K. Bulatov1, 2, Andrei V. Girnis1, 3, Heidi E. Höfer1

1Institut	für	Geowissenschaften,	Goethe-Universität,	Frankfurt	am	Main,	Germany,	2Vernadsky	Institute	of	Geochemistry	and	Analytical	Chemistry,	
3Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry, Moscow, Russian Federation

A major debate over the last few decades is the depth of melting that generated the mantle nuclei of cratons. It centers around two opposing models: 
a)	plume	subcretion	and	deep	plume	melting	followed	by	isobaric	cooling	to	generate	garnet	in	the	residual	peridotite	(Boyd	1989;	Griffin	et	al.	1999)	
and	b)	adiabatic	upwelling	and	shallow	melting	followed	by	subduction	and	lithosphere	thickening	(accretion)	to	induce	garnet	growth	(Helmstaedt	
and Schulze 1989; Bulatov et al. 1991; Canil and Wei 1992). Fingerprints of the partial melting process in the residual peridotites are i) high to very high 
Mg-values	indicating	very	high	degrees	of	partial	melting,	ii)	low	to	very	low	abundances	of	mildly	incompatible	elements	like	V,	Sc	and	the	heavy	REE	
that	exclude	the	presence	of	garnet	(grt)	in	the	residue	at	the	time	of	melt	extraction	and	iii)	a	wide	range	of	bulk	rock	Cr

2
O

3
/Al

2
O

3
 ratios up to very high 

values. 

Garnet may grow from a garnet-free residue either by isobaric cooling or by an increase of pressure. In our approach to decipher the melting 
regime, we establish the range of garnet compositions that can grow from a garnet free residue either  i) by exsolution from orthopyroxene (opx) 
or ii) by orthopyroxene reacting with spinel (sp) to form olivine (ol) plus garnet. These compositions are compared with the range of natural garnet 
compositions.

The	composition	of	the	residual	phases	after	the	partial	melting	event	can	be	taken	from	high	pressure	experiments.	We	base	our	evaluation	on	the	
Cr

2
O

3
/Al

2
O

3
	ratios	of	orthopyroxenes	and	spinels	of	experiments	at	1GPa	by	Baker	and	Stolper	(1994),	from	0.35	to	1.5	GPa	by	Bulatov	et	al.	(2002)	and	of	

orthopyroxene from 3 to 7 GPa by Walter (1998). We further use a value of 2 for K
D
 = (Cr

2
O

3
/Al

2
O

3
)opx/ (Cr

2
O

3
/Al

2
O

3
)grt to estimate the garnet compositions 

that would either exsolve from the orthopyroxenes or grow via the reaction opx + sp =  grt + ol. The value of 2 is derived from coexisting garnets 
and orthopyroxenes in high pressure experiments and in natural peridotites; it appears to be a universal value that is independent of pressure and 
temperature.	We	find	that	garnets	exsolving	from	orthopyroxenes	of	the	high	pressure	experiments	(3-7	GPa)	contain	at	most	3	wt%	Cr

2
O

3
, while 

garnets growing via the reaction opx + sp = grt + ol (low pressure experiments) can become very Cr-rich and comprise the range of naturally occurring 
garnets in subcratonic peridotites. The main range is from 2 to 14 wt% Cr

2
O

3
, but values up to 20 wt% are reported. This means i) that the subcratonic 

mantle	was	generated	as	residue	of	partial	melting	at	pressures	significantly	lower	than	2	GPa	and	ii)	that	its	garnets	grew	by	subduction	and	
lithospheric	thickening.	Plume	subcretion	and	melting	at	high	pressures	followed	by	isobaric	cooling	is	refuted	for	the	majority	of	samples.	
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Australian diamonds, their volcanic hosts, mantle sources, and origins: a review
Lynton Jaques1

1Research School of Earth Sciences, Australian National University, Canberra, Australia

What is your preferred presentation method? Oral presentation The Argyle mine is a major source of diamonds having produced >850 million carats. 
Diamonds have also been mined at Ellendale and Merlin, and historically at alluvial locations in New South Wales.

A	range	of	diamondiferous	volcanic	rocks	(kimberlite,	lamproite,	etc)	are	now	known	from	across	the	Precambrian	Australian	craton:	most	lie	at	craton	
margins or major lithospheric discontinuities (Jaques and Milligan, 2004). Ranging in age from Paleoproterozoic (~2 Ga) to Miocene (~20 Ma) they 
include	the	Argyle	lamproite	(~1180	Ma),	the	North	Kimberley	kimberlites	(~800	Ma),	the	Merlin	kimberlites	(~380	Ma),	the	Orroroo/Euralia	kimberlites	
(~180	Ma),	and	Ellendale	lamproites	(~20	Ma).	Some	of	the	kimberlites	(e.g.	Merlin,	Seppelt,	Ashmore)	closely	resemble	‘typical’	(Group	I)	kimberlites	
but	others	are	strongly	micaceous	(Aries,	Jewill)	and	more	enriched	in	‘incompatible’	elements.	The	Argyle	and	Ellendale	lamproites	show	the	greatest	
enrichment and have Sr and Nd isotopic compositions that indicate derivation from ancient enriched lithospheric mantle (Jaques et al., 1989a). Mantle 
xenocrysts/xenoliths	in	the	various	volcanics	mostly	record	typical	cratonic	mantle	geotherms	but	some	(e.g.	Skerring)	contain	high	T	xenocrysts	
indicating	significant	thermal	input	from	the	asthenosphere.		

The diamonds have different origins and ages. Most come from near the base of the underlying cratonic lithosphere. Argyle diamonds are 
characterised by deformation, highly aggregated N, a predominance of high T (average 1250oC) eclogitic inclusions, and light C-isotopes (δ13C mostly -10 
to	-12‰;	Jaques	et	al.,	1989b).	The	mineral	inclusions,	light	C-isotopes,	and	heavy	O-isotopes	of	silicate	inclusions	in	the	diamonds	suggest	an	origin	
in subducted oceanic crust (Schulze et al., 2014). Richardson (1986) obtained a Sm-Nd age of ~1580 Ma for Argyle eclogitic diamonds. The Ellendale 
diamonds are younger with lower N-aggregation, and a limited range in C-isotopic compositions (Jaques et al., 1989b). Re-Os dating indicates formation 
of the Ellendale peridotitic diamonds at ~1430 Ma followed by several periods of eclogitic diamond growth (Smit et al., 2010).  

The Orroo/Euralia diamonds have a wide range in δ13C values and include both lithospheric diamonds with rare peridotitic inclusions and sub-
lithospheric diamonds (Tappert et al., 2009). The sub-lithospheric diamonds have very low N contents in highly aggregated states and contain 
inclusions	of	ferropericlase	and	MgSi-perovskite,	indicating	a	deep	(>670	km)	lower	mantle	origin	(Tappert	et	al.,	2009).

The	New	South	Wales	alluvial	diamonds	lack	a	known	source	and	occur	without	mantle	indicator	minerals.	Two	distinct	groups	are	recognised	(Davies	
et al., 2002). One is characterised by crystal forms, mineral inclusions (mostly peridotitic), and carbon isotopic compositions typical of diamonds 
from	kimberlites/lamproites.	These	likely	formed	in	ancient	mantle	and	were	erupted	in	distant	volcanic	pipes.	Diamonds	of	the	second	group	have	
distinctive	features	indicating	growth	in	a	stress	field,	marked	13C-enrichment (δ13C	=	-5‰	to	+3‰),	and	Ca-rich	eclogitic	mineral	inclusions.	These	are	
inferred	to	have	formed	by	subduction	of	marine	carbonates	and	altered	sea	floor	mafic	rocks	in	the	Late	Paleozoic	(Carboniferous−Permian)	and	were	
subsequently erupted by later magmatism (Davies et al., 2002).
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Cr-rich phases in the model pyrolite system at 2.5 – 7.0 GPa and 1400 – 1900°C 
Aleksandra Kharitonova1, 2, Andrey Bobrov1, 2, 3,	Ekaterina	Sirotkina1

1GEOKHI RAS, 2Lomonosov Moscow State University, Moscow, 3Institute	of	Experimental	Mineralogy,	Chernogolovka,	Russian	Federation

It	is	generally	known	that,	despite	the	low	concentrations	in	the	Earth’s	mantle	(0.42	wt	%	Сr
2
O

3
) (Ringwood, 1996), chromium is one of the most 

important minor elements in the Earth’s mantle, and the its main mantle minerals are chrome-spinel and garnet.

In	our	experiments,	we	studied	the	distribution	of	Cr	between	crystal	phases	and	melt	upon	partial	melting	of	pyrolite	within	the	garnet	(at	a	fixed	
pressure	of	7.0	GPa	and	temperatures	1600,	1700,	1800°C,	and	1900°C)	and	spinel	(2.5	and	3.0	GPa)	depth	facies.	Experiments	were	performed	on	a	
toroidal anvil-with-hole apparatus at the GEOKHI RAS. The starting composition was represented by the model pyrolite (46.18 SiO

2
, 3.58 Al

2
O

3
, 0.50 Cr

2
O

3
, 

38.32 MgO, 8.17 FeO, 3.17 CaO, 0.58 Na
2
O); in some runs, the content of Cr

2
O

3
 in pyrolite was 3.0 wt %.

The	phase	associations	obtained	at	7	GPa	include	low-Cr	garnet	and	olivine	(the	zone	of	restite),	as	well	as	orthopyroxene	in	the	fine-granular	garnet-
pyroxene	aggregate	(the	zone	of	quenched	melt).	An	estimated	bulk	composition	of	restite	contains	≤0.4	wt	%	Cr

2
O

3
, which indicates redistribution of 

Cr into melt upon partial melting in the garnet depth facies. The concentration of Cr
2
O

3
 in garnet from the zone of restite reaches 4.5 wt %, whereas 

garnets from the quenched aggregate (melt) contain up to 8.0 wt % Cr
2
O

3
. All garnets synthesized in melting experiments of pyrolite within the garnet 

depth facies belong to the dunite-harzburgite assemblage. However, the concentrations of chromium in these garnets are much lower than those in 
natural garnets of the ultrabasic assemblage (up to 15 wt % Cr

2
O

3
). 

In the spinel-depth facies (2.5 and 3.0 GPa), Cr is predominantly accumulated in chrome spinel (up to 35 wt % Cr
2
O

3
) from the zone of olivine-rich 

restite; garnet (at 3.0 GPa) and olivine also contain chromium, up to 3.6 and 0.12 wt % Cr
2
O

3
,	respectively.	The	estimated	bulk	content	of	Cr

2
O

3
 in olivine-

spinel	(±garnet)	restite	at	3.0	GPa	reaches	1.4	wt	%.	Thus,	partial	melting	of	model	pyrolite	in	the	spinel	depth	facies	is	accompanied	with	significant	Cr	
redistribution into restite. Such Cr-rich restite formed as a residue from partial melting in the spinel depth facies may provide a protolith, which further 
transport into the garnet depth facies will result in the formation of Cr-rich garnets (Stachel et al., 1998).

To model partial melting of protolith with the high Cr/Al ratio, we carried out several runs with addition of 3 wt % Cr
2
O

3
 to the starting composition. 

Garnets produced in these runs contain up to 12 and 16 wt % Cr
2
O

3
 in the zones of restite and melting, respectively.

Thus, the processes of partial melting of the mantle substrate in the garnet depth facies will not result in the formation of high-chromium residue, 
because garnet will mostly accumulate aluminium rather than chromium. Pressure increase will not result in the formation of high-chromium garnets 
as well.

This study is supported by the Russian Foundation for Basic Research (project nos. 16-05-00419, 17-55-50062) and by the Foundation of the President of 
the Russian Federation for Young Ph.D. (project no. MK-1277.2017.5).
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Geochemical and Sr–Nd isotopic characteristics of clinopyroxene from Clinopyroxene-Phlogopite 
xenoliths from the V. Grib kimberlite (Arkhangelsk diamond province, Russia)
Nataliya Lebedeva1, Anna Nosova1, Alexey Kargin1, Ludmila Sazonova2,	Yana	Tikhomirova3

1IGEM RAS, 2Geological, Lomonosov Moscow State University, 3Vernadsky	Institute	of	Geochemistry	and	Analytical	Chemistry	(GEOKhI,	Moscow,	Russian	
Federation

Хenoliths	of	clinopyroxene-phlogopite	rock	are	direct	indicators	of	progressive	modal	metasomatism	that	has	been	widely	studied	in	xenoliths	from	
kimberlites.

Nature	of	metasomatic	fluid	that	formed	the	Cpx-Phl	rocks	is	under	discussion	(Gregoire	et	al.,	2003,	Moore	and	Belousova,	2005).	We	studied	
geochemistry	(EMPA,	SIMS)	and	Sr,	Nd	isotopic	composition	(TIMS)	of	Cpx	from	five	Cpx-Phl	xenoliths	from	the	V.	Grib	kimberlite	pipe	in	the	Arkhangelsk	
diamond province, Russia (376±3 Ma, Larionova et al., 2016).

Cpx-Phl	xenoliths	are	represented	by	heterogranular,	medium-	to	coarse-grained	rocks	with	granoblastic	texture	and	elements	of	preferred	orientation.	
Primary	Cpx	contains	bands	of	secondary	spongy	Cpx	and	alkali-rich	veins	(100	▫▫m) contains small grains of Phl, Carb and Serp. These are usually 
rounded	pockets	(up	to	300	µm)	containing	an	assemblage	similar	to	that	observed	in	the	cross-cutting	veins	and	along	the	grain	boundaries	in	Cpx.

Cpx	are	represented	by	Cr-diopside	with	with	no	significant	Mg#	variations	(0.91–0.93).	They	have	variable	contents	(wt.	%)	of	Cr
2
O

3 
(0.85 - 2.49), Al

2
O

3
 

(0.66–2.16) and TiO
2
 (0.11–0.25). They show REE patterns with strongly fractionated MREE and HREE. At the same time, there are negative anomalies of 

Zr-Hf	and	Ti.	Low	contents	of	Nb,	Zr,	Hf,	and	Ti	suggest	that	Cpx	were	formed	due	to	fractionation	of	ilmenite	that	is	present	in	the	Grib	kimberlite	as	
megacrysts	and	intergrowths	with	Cpx	grains.	The	secondary	Cpx	from	spongy	zone	appears	along	veinlets	filled	by	the	kimberlite-associated	material.	
It has sharp boundaries in BSE and an increase TiO

2
 contents with decreasing in Na

2
O contents. These Cpx have a comparable REE distribution with 

enriched in LREE–MREE Cpx, except for LREE and smaller Ti, Zr and Hf negative anomalies.

As	the	carbonate	mineral	with	the	high	content	of	Sr	was	found	in	veins	and	fissures	of	Cpx,	that	the	samples	for	the	isotopic	analysis	had	to	be	
pretreated with acetic acid. We analyzed Cpx and separately carbonate-containing extracts. The initial isotopic ratios of Sr and Nd for Cpx (376 Ma age 
was using for calculations) are varied from 0.705036 to 0.707906 and from 0.1 to 1.3 respectively. The isotopic ratios of Sr and Nd in Срх are close to 
corresponding	values	in	the	V.	Grib	kimberlite.	87Sr/86Sr isotopic ratios in Carb are 0.70843 and 0.70993. High Sr initial isotopic ratios in Cpx probably 
have	no	link	to	carbonate	material,	because	initial	Sr	isotopic	composition	of	Cpx	in	several	xenoliths	significantly	varied	and	these	initial	Sr	isotopic	
ratios	of	Cpx	and	Carb	do	not	produce	a	single	mixing	line.	This	suggests	that	the	metasomatic	fluid	was	characterized	by	a	heterogeneous	Sr	isotopic	
composition.

Petrography,	major,	trace	elements	and	Sr,	Nd	isotopic	composition	of	clinopyroxenes	suggest	metasomatism	origin	of	Cpx-Phl	rocks	due	to	early	
portions	of	silicate	bearing	kimberlitic	melts.
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Diamonds and other kimberlitic minerals from the Webb Kimberlite Field, Western Australia
Brent McInnes1,	Prok	Vasilyev1, Tom Reddicliffe2

1John de Laeter Centre, Curtin University, 2GeoCrystal Ltd, Perth, Australia

The	Webb	kimberlite	field	is	a	new	diamond	play	located	~600	km	west	of	Alice	Springs	in	a	remote	region	of	the	Gibson	Desert.	Exploration	by	
GeoCrystal	Ltd	has	identified	more	than	280	‘bulls-eye’	magnetic	features	over	a	~400	km2 area. Reconnaissance drilling of some of these features has 
returned	mineral	samples	of	kimberlite	affinity,	while	surface	sampling	has	recovered	detrital	microdiamonds.	The	peridotite	minerals	analysed	to	date	
include: (i) G9 garnet predominating over G10; (ii) olivine ranging from Fo

84
-Fo

91
; (iii) Cr-diopside (0.8-1.8% Cr

2
O

3
) and (iv) a broad range of Cr-Al spinel 

compositions.

A	thermobarometric	assessment	of	mineral	chemistry	data	indicates	a	deep	mantle	origin	(P=45-50	kbar;	T=1150-1170°C),	and	that	minerals	retrieved	
from	the	northern	pipes	have	equilibrated	within	the	diamond	stability	field.	These	results	seem	consistent	with	observations	that	microdiamonds	
recovered during surface exploration are more plentiful in the north. Investigations underway include: (i) Ar-Ar geochronology of phlogopite and (ii) 
characterisation and analysis of mineral inclusions encapsulated within detrital microdiamonds recovered from Webb.
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Processes and mechanisms of diamond crystallization in the lithospheric mantle: insights from an 
experimental modeling approach
Yuri Palyanov1, 2, Yuri Borzdov1,	Alexander	Sokol1, Igor Kupriyanov1, Yuliya Bataleva1

1Sobolev Institute of Geology and Mineralogy SB RAS, 2Novosibirsk	State	University,	Novosibirsk,	Russian	Federation

According	to	the	modern	concepts	[1],	the	majority	of	natural	diamonds	form	at	temperatures	of	900-1500°C	and	pressures	of	4-6	GPa.	In	addition	
to	P	and	T,	the	other	key	factors	controlling	diamond	formation	in	the	mantle	are	the	oxygen	fugacity	and	crystallization	medium	composition.	
Development of diamond genesis models requires experimental determination which media revealed in the studies of inclusions in natural diamonds 
are	capable	to	ensure	diamond	formation	at	the	specified	range	of	P-T	conditions.

The	results	of	the	experimental	modeling	show	that	the	potential	diamond-forming	media	involve	ultra-alkaline	carbonate	melts,	acting	most	
effectively in the presence of H

2
O and CO

2
 [2], H

2
O-CO

2
	fluids	and	metallic	(Fe,Ni)	melts.	However,	for	all	these	systems	diamond	formation	at	900-1100°C	

and 5-6 GPa has not been experimentally established. Possible relation of the metal-carbon systems to the diamond genesis has been demonstrated 
[3], but has limited applicability. Experimental results show that diamond-forming ability of metallic melts drastically decreases with the addition of S, 
N or H

2
O	down	to	complete	termination	of	diamond	crystallization	and	formation	of	metastable	graphite	[4,5].	In	silicate	and	sulfide	melts	and	C-H-N-S	

fluids,	no	diamond	formation	but	crystallization	of	metastable	graphite	is	experimentally	established	at	900-1500°C	and	4-6	GPa.

To address the question of diamond formation mechanisms, diamond crystallization is investigated using different carbon sources. Based on the 
experimental data, diamond crystallization mechanisms potentially applicable at the conditions of the lithospheric mantle are considered. They involve 
(1) diamond synthesis from graphite, (2) diamond re-crystallization, (3) crystallization with decreasing temperature, (4) crystallization with medium 
composition evolution, and (5) redox interactions. Boundary conditions, driving force, carbon sources and the probability of realization of these 
mechanisms at the lithospheric mantle conditions are considered. The redox mechanism appears the most probable [6], occurring in the lithospheric 
mantle due to its fO

2
 heterogeneity. The mechanisms of the diamond formation in association with minerals of eclogite and peridotite parageneses are 

experimentally studied with the generation of CO
2
	fluid	due	to	decarbonation	reactions	and	subsequent	reduction	of	CO

2
 to diamond. Crystallization 

of diamond occurs from the carbon saturated CO
2
	fluid	or	carbonate	melt,	with	the	reducing	agents	being	sulfides,	hydrogen,	and	iron.	The	redox	

mechanism,	modeling	interaction	of	subducted	carbonates	with	metal-bearing	rocks	of	the	mantle	is	realized	in	the	carbonate-iron	system.	Two	
different mechanisms of diamond formation are established: from the metal-carbon melt due to its partial oxidation, and from the carbonate melt. The 
carbon	source	of	diamond	crystallized	in	both	melts	is	the	carbon	of	the	initial	carbonate.	In	the	framework	of	the	suggested	model,	carbonate	melts	
and CO

2
	fluid	are	considered	as	the	carbon	source	of	diamond	and	crystallization	medium.

This	work	was	supported	by	the	Russian	Science	Foundation	under	Grant	No.	14-27-00054
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The composition of melts in the incipient melt regime
Zsanett Pintér1, 2, Stephen Foley1, Gregory Yaxley2, Tracy Rushmer3

1Department of Earth and Planetary Sciences, ARC Centre of Excellence for Core to Crust Fluid Systems, Macquarie University, Sydney, 2Research School 
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The	composition	of	mantle-derived	magmas	suggests	a	remarkable	variety	in	the	abundances	of	volatiles	in	the	upper	mantle.	Volatile	components	like	
H

2
O and CO

2
 generally depress the melting point of mantle considerably (Green, 2015), and volatile-controlled melting dominates at the beginning of 

melting,	with	small	degrees	of	melt	only	existing	over	a	large	temperature	range	(~300°C)	in	the	upper	mantle,	until	major	melting	begins.	However,	we	
have	only	rudimentary	knowledge	about	these	first,	incipient	melts.	Their	chemical	compositions	are	poorly	constrained	by	high-pressure	experiments,	
but	the	results	we	have	show	that	the	effect	of	volatiles	could	change	the	compositions	and	physical	behaviour	of	melts	significantly	(Foley,	2011).	
Nature provides us with a limited number of samples of primitive, mantle-derived melts, and the existence of any primary melts at the surface is 
controversial. Most natural samples have suffered fractionation or weathering processes, and do not represent mantle-derived melt compositions.

High-pressure experiments are essential to provide better insights into the incipient melting regime in mantle conditions. This project consists of 
a	systematic	study	to	determine	the	chemistry	of	incipient	melts	under	the	influence	of	various	mixtures	of	the	volatile	components	H

2
O and CO

2
, 

thus	extending	the	study	of	Foley	et	al.	(2009)	to	a	greater	range	of	pressure	and	temperature	and	to	different	mantle	rock	compositions.	Starting	
compositions include Hawaiian pyrolite, a K

2
O-enriched	pyrolite,	harzburgite	and	depleted	lherzolite.	Initial	results	confirm	that	melt	compositions	

progress gradually from carbonate-rich to carbonated silicate compositions and are characterised by strong increase in SiO
2
 (2.75 to 44 wt%), as TiO

2
, 

Na
2
O and K

2
O decrease with increasing temperature, generally. However, MgO mainly shows little change at given pressures. The lowest degree melts (6-

13 %) of the pyrolitic lherzolites (Hawaiian and K-enriched) show a carbonate-rich character and coexist in equilibrium with hydrous phases (phlogopite 
and amphibole). At 4-5 GPa, a gradual increase in SiO

2
 content of the melts suggest that no abrupt changes from carbonatitic to melilititic character 

occur (Foley et al., 2009). However, melt compositions show a trend of decreasing SiO
2
 content with increasing pressure at given melt fractions, which 

was not previously recognised (Dasgupta & Hirschmann, 2006; Foley et al., 2009).

Low-degree melts of the depleted lherzolite and harzburgite show a stronger carbonated silicate melt character (melilitite and nephelinite) with 
higher SiO

2
 contents (26-44 wt%), and no sign of hydrous accessory phases. The general high K

2
O and Na

2
O content and high volatile contents of the 

low-degree melts indicate that these would act as reactive metasomatic agents that have the potential to transfer large amount of heat and induce 
chemical changes in the mantle.
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Fate of Hydrocarbon Fluids at the Base of Subcratonic Lithosphere
Alexander Sokol1,	Anatoly		Tomilenko1, Yury Palyanov1

1V.S.	Sobolev	Institute	of	Geology	and	Mineralogy,	Siberian	Branch	of	the	Russian	Academy	of	Sciences,	Novosibirsk,	Russian	Federation

Evolutionary	composition	changes	in	fluids	that	ascend	from	the	asthenosphere	to	the	base	of	subcratonic	lithosphere	are	studied	experimentally	
in	complex	systems	of	lherzolite-C-O-H-N	at	5.5-7.8	GPa,	1150-1350°C,	and	oxygen	fugacity	(fO

2
) from 2.5 log units below to 3.5 log units above the 

iron-wüstite (IW) equilibrium, in 10- to 150-hr runs. The two-capsule technique is applied to maintain hydrogen fugacity (fH
2
) at the IW (Fe-FeO), MMO 

(Mo-MoO
2
), and HM (Fe

2
O

3
-Fe

3
O

4
) buffers. The mineral assemblage stable in the Fe0- and graphite-saturated lherzolite-C-O-H-N system, at a pressure 

of	6.3-7.8	GPa	and	a	temperature	of	1200-1350°C,	consists	of	olivine,	orthopyroxene,	clinopyroxene,	and	garnet.	The	metal	phase	occurs	either	as	iron	
carbide (Fe

3
C) or as iron nitride (Fe

3
N) at low and high concentrations of nitrogen in the system, respectively. The carbide and nitride phases contain 

progressively	more	Ni	(5-6	to	25	wt.%)	as	the	fluids	become	more	hydrous.	Fluids	equilibrated	with	lherzolite	consist	of	CH
4
 and C

2
H

6
, minor amounts 

of	other	alkanes,	H
2
O, NH

3
, and methaneimine (CH

3
N). Fluids with high nitrogen contents are mainly composed of NH

3
, N

2
,	light	alkanes,	and	water.	As	fO

2
 

increases, Fe
3
C and Fe

3
N	oxidate	and	the	silicate	phases	(olivine,	orthopyroxene,	and	garnet)	contain	more	FeO	while	fluids	become	richer	in	H

2
O (up to 

50	rel.%)	and	more	depleted	in	hydrocarbons	(HCs).	Fluids	synthesized	at	lithospheric	P=5.5-6.3	GPa,	T=1150-1200°C	and	fO
2
 near the water maximum 

(CW) contain up to 85 rel.% H
2
O and at least 14 rel.% of total HCs. In the presence of K, phlogopite becomes stable in lherzolite. The presence of HCs 

stable	to	oxidation	and	phlogopite	reduces	water	activity	in	fluids	while	the	solidus	of	the	lherzolite-C-O-H-N	system	at	fO
2
 near CW becomes at least 

100°C	higher	than	that	of	the	lherzolite-H
2
O system. Further oxidation of HCs and C0 leads to partial carbonation of olivine and orthopyroxene and 

their replacement by magnesite and clinopyroxene. The total content of HCs (mainly C
2
-C

13
	alkanes	and	oxygenated	HCs)	in	fluids	equilibrated	with	

magnesite-bearing	lherzolite	at	5.5	GPa	and	1200°C	is	never	below	9	rel.%	even	in	150-h	runs,	while	CO
2
 does not exceed 3-5 rel.%. Melt inclusions 

composed	of	Mg	and	Ca	carbonates	found	in	olivines	record	the	first	batches	of	carbonatite	melt.

The	mobility	of	volatiles	in	fluid-rock	interaction	and	the	conditions	for	magma	generation	near	the	base	of	subcratonic	lithosphere	largely	depend	
on	the	stability	of	the	metal	phase,	phlogopite,	and	magnesite	in	lherzolite,	as	well	as	on	contents	and	speciation	of	HCs	in	fluids.	The	solidus	of	the	
lherzolite-C-O-H-N system at 5.5-7.8 GPa within fO

2
 in the range from metal to carbonate saturation is above the typical upper mantle temperatures 

at	a	heat	flux	of	40	mW/m2. Thus, the experiments demonstrate that HC-H
2
O	fluids	can	ascend	from	metal-saturated	asthenosphere	to	more	oxidized	

lithospheric mantle at a standard thermal regime and supply volatiles for carbonatite metasomatism and generation of carbonate-silicate melts.

The research was performed by a grant of the Russian Science Foundation (16-17-10041).
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Periodic mixing of magmas recorded by the oscillatory zoning of clinopyroxene from an 
ultrapotassic lamprophyre dyke 
Changming Xing1, Christina Yan Wang1
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In	this	study,	we	report	an	ultrapotassic	lamprophyre	dyke	that	intruded	into	the	Permian	andesite	in	the	Ortok	Mountain	area,	Kyrgyzstan.	The	
lamprophyre	dyke	is	~1.5	m	in	width	and	shows	porphyritic	texture	with	macrocrysts	of	clinopyroxene	and	biotite.	Microcrysts	in	the	groundmass	are	
mainly	K-feldspar,	clinopyroxene,	apatite	and	Fe-Ti	oxides.	Whole-rock	compositions	of	the	lamprophyre	dyke	contain	5.66-6.37	wt.%	K

2
O, 6.74-6.89 wt.% 

MgO with K
2
O/Na

2
O ratios of 2.38 to 3.16 and K

2
O/Al

2
O

3
	ratios	of	~0.4	,	which	are	similar	to	the	ultrapotassic	rocks	of	the	Group	III	in	the	orogenic	areas	

suggested	by	Foley	et	al.,	(1987).	Clinopyroxene	macrocrysts	in	the	lamprophyre	dyke	occur	either	as	single	grains	or	monomineralic	glomerocrysts	
and commonly display resorbed, irregular cores with prominent oscillatory zoning. Yet the zoning patterns are clearly different between clinopyroxene 
grains.	Both	normal	and	reverse	zoning	were	identified.	Overall,	Mg-number	of	clinopyroxene	ranges	from	62	to	90.	Within	a	single	grain,	both	fine	
zoning bands (<10 µm) and coarse zoning bands (30-350 µm) are present and Mg-number of clinopyroxene ranges from 71 to 90 with oscillatory 
variations. In situ trace elements analyses using laser ablation inductively coupled-plasma mass spectrometry reveal identical or reverse oscillatory 
variations to the major elements. The bands with lower Mg-number of 71 contain ~16 ppm Cr and 171 ppm Sr, whereas the bands with higher Mg-number 
of 90 contain 4880 ppm Cr and 82 ppm Sr. In situ Sr isotopic analyses indicate that 87Sr/86Sr ratios of different zoning bands vary largely from 0.70715 
to 0.70835. Such compositional differences indicate that periodic mixing of two compositionally different mantle melts, an evolved melt and a primitive 
melt,	in	the	crustal	reservoirs.	Oscillatory	variations	of	major	and	trace	elements	in	coarse	and	fine	bands	of	clinopyroxene	were	produced	by	magma	
mixing	and	crystallization	kinetics.	The	large	compositional	variations	of	macro-clinopyroxene	cores	suggest	that	these	grains	may	have	crystallized	in	
different melt reservoirs at different levels in the crust rather than a single magma reservoir.
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Tracing the evolution of hydrogen in the martian crust through laboratory studies of apatite
Jessica Barnes1, Francis McCubbin1, Alison Santos 2, Jeremy Boyce1, Mahesh Anand3, Ian Franchi3, Carl Agee4
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Introduction
Northwest	Africa	(NWA)	7034	and	its	pairings	represent	a	regolith	breccia	of	basaltic	bulk	composition	[1],	the	fine-grained	matrix	of	which	bears	a	
strong resemblance to the major and trace element composition estimated for the ancient southern highlands crust on Mars [2]. Therefore, NWA 7034 
may	represent	a	key	sample	for	constraining	the	composition	of	the	martian	crust,	particularly	the	ancient	highlands.	Here	we	seek	to	constrain	the	
hydrogen isotopic composition of the martian crust using apatite [Ca

5
(PO

4
)

3
(Cl,F,OH)]. Apatites across all lithologic domains in NWA 7034 have been 

affected	by	a	Pb-loss	event	at	~1.5	Ga	before	present	[3]	and	so	they	are	unlikely	to	have	retained	magmatic	volatile	composition	and	are	more	likely	to	
have	equilibrated	with	fluids	within	the	martian	crust	that	may	or	may	not	have	exchanged	with	the	martian	atmosphere.

Methods & Results
Electron	probe	microanalysis	(EPMA)	of	apatite	was	conducted	following	the	work	of	McCubbin	et	al.,	[4]	and	Santos	et	al.,	[5].	The	H-isotopic	
composition and H

2
O abundance of apatite in two thin sections of NWA 7034 were measured using the Cameca NanoSIMS 50L at The Open University, 

following protocols described in [6]. Apatites in NWA 7034 were measured in a number of lithologic contexts, including basaltic clasts, Fe, Ti, and P-rich 
(FTP)	clasts,	and	large	crystal	clasts	within	the	bulk	matrix	[5].	All	apatites	are	Cl-rich	and	contain	between	238-1343	ppm	H

2
O. In addition, the δD values 

of	apatites	ranged	from	453‰	to	2564‰.

Discussion
In the absence of a magnetosphere, the martian atmosphere has been stripped of 1H over billions of years by the solar wind [7]. This has produced 
a heavily fractionated atmosphere (δD	~2500-6100‰,[8,9])	compared	to	the	mantle	(δD	<275‰,[10]).	The	equilibration	of	apatite	with	crustal	fluids	
is supported by the chlorine-rich compositions exhibited by apatites in NWA 7034 in comparison to apatites from other martian meteorites [4]. The 
apatites	in	NWA	7034,	which	likely	attained	their	volatile	inventories	during	a	Pb-loss	event	at	1.5	Ga	[3],	have	δD	values	<3000‰.	All	of	the	H-isotopic	
compositions	that	we	obtained	fall	within	~500‰	of	the	range	of	values	reported	for	the	intermediate	H	reservoir	predicted	for	the	martian	crust	by	
Usui et al., [11]. These observations indicate that at least portions of the martian regolith have not exchanged completely with the martian atmosphere. 
If NWA 7034 records the H-isotopic composition of the crust ca. 1.5 Ga, then Allan Hills 84001 (ALH 84001), the oldest unbrecciated martian meteorite, 
constrains the H-isotopic composition of the crust ca. 4 Ga [12]. Greenwood et al. [13] determined a δD	value	of	~3000	‰	for	apatite	in	ALH	84001,	
which is D-enriched relative to the intermediate reservoir. However, our recent petrologic investigation of ALH 84001 hints that there are at least 
two generations of apatite within ALH 84001, and it is not clear which generation of apatite was measured by [13]. We will measure the H-isotopic 
composition of apatite in ALH 84001 to ascertain whether or not ALH 84001 holds new clues to the evolution of hydrogen in the ancient martian crust.
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Using µFTIR on Martian meteorites to calibrate spacecraft-collected spectral maps of Mars
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In	general,	Martian	meteorite	bulk	rock	spectra	do	not	provide	a	good	match	to	dark,	dust-free	regions	of	Mars	in	the	thermal	infrared	[1]	(TIR)	spectral	
range	(Chassigny	and	ALH84001	are	exceptions).	Additionally,	interpretations	of	orbital	TIR	data	suggest	that	large	dark	regions	of	Mars	have	basaltic	
compositions with plagioclase > pyroxene [2,3]; inconsistent with the modal mineralogy of Shergottites [4] (the most abundant group of Martian 
meteorites).

Good models have been achieved for TIR spectra of Mars with available terrestrial phase spectra, but better matches may be obtained using spectra of 
minerals found in Martian meteorites.  A phase of particular interest is pigeonite (low-Ca Clinopyroxene), which is commonly abundant in Shergottites 
[5],	but,	because	of	it’s	unstable	nature	on	the	surface	Earth,	is	relatively	rare	in	terrestrial	rocks.	Thus,	is	not	well	represented	in	spectral	libraries.	
Currently, the only publicly available TIR spectrum of pigeonite is a synthetic sample [6,7] that is not representative of the range of compositions 
observed in the meteorites.

Micro-Fourier transform infrared (µ-FTIR) spectroscopy offers a means of measuring TIR spectra of all minerals in situ using existing thin sections 
of Martian meteorites. This enables spatially-resolved mineralogical spectral analysis of the meteorites as well as enabling the extraction of spectra 
of	specific	mineral	phases	that	subsequently	can	be	used	to	deconvolve	TIR	spectra	of	the	Martian	surface.	However,	the	shape	of	µ-FTIR	spectra	of	
minerals	can	vary	significantly,	as	a	function	of	composition	and	crystallographic	orientation	(figure	1).	Typically,	terrestrial	mineral	spectra	are	derived	
from randomly-oriented, separated, single mineral crystals, which presents a challenge for reconciling results with remote sensing TIR data. This study, 
therefore,	combines	use	of	Electronic	Backscatter	Diffraction	(EBSD)/µ-FTIR	to	account	for	crystal	orientation	effects,	thus	facilitating	more	robust	
interpretations of remote TIR surveys of planetary surfaces using spectra acquired from thin sections.

Figure	1.		Left)	EBSD	Euler	angle	map	of	twinned,	pokilitic	pyroxene	grain	in	Roberts	Massif	042662,	Martian	Shergottite,	showing	orientation	difference.	
Right) average TIR spectra of 112 pigeonite points (56 in Twin 1 and 56 in Twin 2) [8].

Image 
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In situ mineralogical observations on Mars: Discoveries by the CheMin X-ray diffraction instrument
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The	Mars	Science	Laboratory	rover,	Curiosity,	is	providing	in	situ	assessments	of	rocks	and	soils	in	Gale	crater.	Since	landing	in	2012,	Curiosity	has	
analyzed	the	mineralogy	of	sediments	with	the	CheMin	instrument,	the	first	X-ray	diffractometer	on	another	planet	(1).	CheMin	performs	quantitative	
mineralogical analyses of drilled powders and scooped sediment to determine mineral abundances and unit-cell parameters of major crystalline 
phases.	The	mineralogy	of	analyzed	samples	plays	a	key	role	in	characterizing	various	3.5	billion	year	old	fluvio-lacustrine	paleoenvironments	in	Gale	
crater.	Together	with	findings	from	other	instruments	on	Curiosity,	CheMin	has	documented	mineralogical	details	of	the	first	habitable	environment	
found on another planet (2).

The	main	crystalline	phases	identified	by	CheMin	include	plagioclase	(average	An
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alunite-jarosite	group	minerals	(3).	CheMin	also	identified	the	mineral	tridymite,	possibly	indicative	of	silica-rich	volcanism,	in	mudstones	of	the	Murray	
formation on Mt. Sharp. This discovery challenges the paradigm of Mars as only a basaltic planet and ushers in a new chapter of comparative terrestrial 
planetology (4).

Phyllosilicates are ubiquitous in Gale Crater, dominated by 2:1 smectite group minerals. Our analysis shows systematic changes in clay mineral 
chemistry corresponding to indicators of depositional environments. These results indicate production of clay minerals in near-surface environments 
associated	with	a	dynamic	long-lived	lake	and	river	system	at	Gale	Crater.	Ferrian	saponite	was	found	in	the	lowest	stratigraphic	units,	with	greater	
amounts	of	Al-rich	dioctahedral	and	Mg-rich	trioctahedral	smectite	in	higher	strata.	A	significant	fraction	of	an	as	yet	poorly	characterized	X-ray	
amorphous component is also present in all samples. 

While the major mineralogy is similar in samples studied thus far, important variations in the ratios of minerals reveals differences in local martian 
environments in Gale Crater, including provenance as well as degree and nature of alteration.
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Iron Isotope Geochemistry of Jarosite and the Implications for Iron Cycling in Sediments on Earth 
and Mars
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Jarosite [KFe
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(SO

4
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2
(OH)

6
]	is	a	common	mineral	in	coastal	sediments	in	Victoria,	Australia.	It	has	been	identified	on	Mars	where	it	provided	mineralogical	

evidence	for	the	past	occurrence	of	aqueous	processes	that	likely	occurred	under	oxidising,	acid-sulphate	conditions	(Klingelhofer	et	al.,	2004).	As	a	
result, developing a greater understanding of jarosite formation and transformation on Earth will have implications for understanding the evolution of 
the Martian environment. This research aims to understand jarosite in iron-rich sediment along the Victorian Coastline by examining its iron isotope 
geochemistry.	Jarosite	samples	were	collected	from	Martian	analogue	sites	from	outcrops	along	black	carbonaceous	and	sulphide-rich	sediment	
cliff	faces	and	from	pebbles	and	boulders	at	the	base	of	the	cliffs.	Jarosite	was	observed	occurring	as	either	beds	or	veins	within	the	black	sediment	
cliffs,	as	surface	coatings	on	the	black	sediment	cliffs,	or	as	pebbles	and	boulders	at	the	base	of	the	black	sediment	cliffs.	Iron	isotope	measurements	
were made by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS), and mineralogy and crystal chemistry measurements 
were made using powder X-ray diffraction. XRD results indicated that samples were comprised predominantly of jarosite, with minor quartz, gypsum 
and halite and trace alunite and sideronatrite present. Jarosite was found to be a mixture of sodium and potassium end-members. The iron isotope 
results for the jarosite samples fell between δ56Fe = -1.44 and +1.08. The boulder and pebble samples collected on the beach had positive δ56Fe values, 
the vein samples had negative δ56Fe values, and surface coatings had both positive and negative δ56Fe values, although were predominantly negative. 
Jarosite δ56Fe results were consistent with ferrous (Fe2+) iron being the source of the iron in jarosite, although it’s not clear whether the iron comes 
from	iron	sulphides	(pyrite)	in	the	black	sediment	or	Fe(II)-bearing	fluids	within	the	fresh-water	table.	The	spread	in δ56Fe values suggests that the 
iron isotopes in jarosite are being exchanged with the environment over time, with the younger, isotopically light jarosite becoming more isotopically 
heavy	overtime	as	jarosite	recrystallises	during	ageing.	This	research	confirms	that	iron	isotope	geochemistry	can	be	used	to	develop	a	deeper	
understanding of jarosite formation and diagenesis. Further investigation into iron isotope fraction between jarosite and other iron-bearing minerals 
and	fluids	will	be	important	for	future	sample	return	missions	from	Mars.	
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The impact of cathodoluminescence (CL) microscopy:  Petrological applications to UHP-
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During the last 60 years the technique of cathodoluminescence (CL) microscopy has become a standard tool in mineralogy. While in the past routine 
application	mainly	focused	on	sedimentary	rocks	and	on	the	characterization	of	zircon	domains	prior	to	ion	probe	dating,	within	the	last	two	decades	
this	technique	has	also	been	applied	to	various	metamorphic	rocks	(e.g.,	Schertl	et	al,	2004;	Harlow	&	Sorensen,	2005).

We	would	like	to	demonstrate	the	impact	of	the	“hot	cathode”	CL	microscope,	in	particular	in	conjunction	with	EMP-studies	on	UHP-metamorphic	
rocks,	using	conventional	polished	thin	sections.	Many	of	the	specific	features	presented	could	easily	have	become	overlooked	without	applying	CL	
microscopy.	The	compilation	of	data	presented	includes	examples	from	the	Dora-Maira	Massif/Italy,	the	Kokchetav	Massif/Kazakhstan,	Sulu	and	Dabie/
China, the Western Gneiss region/Norway, Pohorje/Slovenia, and the Erzgebirge/Germany. Among other features, we introduce here: 1) oscillatory 
zoning	patterns	of	garnet,	kyanite,	and	zircon;	2)	regular	and	irregular	-	in	some	cases	very	complex	-	growth	structures	of	garnet,	jadeite,	omphacite,	
carbonates,	and	clinopyroxenes;	3)	dolomitic	exsolution	patterns	in	calcite	and	K-feldspar	exsolution	patterns	in	clinopyroxene;	4)	breakdown	features	
of	metamorphic	coesite	(bluish-green	luminescence)	from	Dora-Maira	Massif,	producing	different	silica	phases	as	various	quartz	generations	(dark	red	
to	violet)	and	chalcedony	(yellow)	and	5)	different	carbonate	generations	of	calcite	(yellow),	Mg-calcite	(orange),	and	dolomite	(red)	from	the	Kokchetav	
UHP-rocks.

Note that using high-resolution spectroscopy of the CL-emission, it is possible to characterize and evaluate the colours of different minerals. Narrow 
bands attributed to the presence of e.g. Cr3+, Dy3+, Sm3+ or Tb3+ and broad bands caused by the incorporation of Mn2+ and Fe2+ can be easily distinguished, 
even	in	different	zones	of	the	same	mineral	(for	instance	in	garnet	[Schertl	et	al.,	2018],	clinopyroxene,	kyanite,	carbonates).	The	introduced	CL-
investigations also contribute to the understanding of mineral reactions, particularly considering the formation of symplectites and pseudomorphs. 
Further	studies	focus	on	interstitial	phases	and	different	annealed	crack	systems	of	rock	matrices;	accessory	luminescent	minerals	like	diamond	
(greenish	blue	and	partly	zoned),	zircon	(blue),	apatite	(green),	and	bearthite	(green)	are	easily	identified	in	thin	section,	even	if	they	occur	in	very	
small abundance.

In essence, CL enables colour images of important but otherwise invisible growth features and internal structures of minerals to be obtained, easily 
and	quickly	achieved	within	seconds.	Knowledge	of	the	detailed	structural	characteristics	of	rock-forming	minerals	has	an	invaluable	impact	on	more	
precise	and	detailed	derivation	of	PT-paths,	and	thus	on	the	evolution	of	geodynamic	processes	with	any	metamorphic	rocks	involved.	Thus	we	propose	
the	CL-technique	to	be	used	more	intensively	for	routine	investigations	of	thin	sections	as	a	pathfinder	prior	to	chemical	characterization	by	EMP.

References 
[1] Harlow, G.E. & Sorensen, S.S. (2005): Jade (nephrite and jadeitite) and serpentinite: metasomatic connections. International Geology Review, 47:113–146.
[2] Schertl,	H.-P.,	Neuser,	R.D.,	Sobolev,	N.V.,	Shatsky,	V.S.	(2004):	UHP-metamorphic	rocks	from	Dora	Maira/Western	Alps	and	Kokchetav/Kazakhstan:	New	insights	using	

cathodoluminescence petrography. European Journal of Mineralogy, 16:49-57.
[3] Schertl, H.-P., Polednia, J., Neuser, R.D., Willner, A.P. (2018): Natural end member samples of pyrope and grossular: A cathodoluminescence-microscopy and -spectra case study. Journal 

of Earth Science; in press.

IMA2018	Abstract	book145

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Metamorphism at extreme conditions: the important role of UHP and UHT rocks in deciphering lithosphere evolution

Are there any diamonds formed by regional metamorphism?
Hans-Joachim Massonne1
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New	occurrences	of	micro-	and	nano-diamonds	in	gneisses	and	related	rocks	have	been	reported	from	Phanerozoic	orogens	in	the	passed	years	
(e.g.,	Collings	et	al.,	2016;	Janák	et	al.,	2015;	Majka	et	al.,	2014;	Ruiz	Cruz	and	Sanz	de	Galdeano,	2013;	Thiéry	et	al.,	2015).	These	diamonds	were	usually	
found	to	be	enclosed	in	garnet.	The	question	arises	if	all	these	reported	occurrences	of	diamondiferous	crustal	rocks	reflect	true	ultrahigh-pressure	
metamorphic	rocks	since	Na-rich	clinopyroxene	or	coesite	are	lacking.	A	first	study	of	a	so-called	diamondiferous	gneiss	from	the	Betic	Cordillera,	S	
Spain,	yielded	peak	pressure	conditions	of	13	kbar	only	(Massonne,	2014)	and,	thus,	disproved	the	reported	diamond	occurrence.	The	petrology	group	
at	Universität	Stuttgart	is	currently	working	on	so-called	diamondiferous	rocks	from	Bulgaria,	Norway,	Slovenia,	and	Sweden	and	came	to	the	following	
conclusion:	All	studied	rocks	are	characterized	by	garnet	showing	a	chemical	dichotomy.	A	core,	being	rich	in	mineral	inclusions	such	as	quartz,	biotite,	
and	ilmenite,	is	surrounded	by	a	garnet	mantle	that	experienced	peak	pressure	conditions	between	10	and	16	kbar.	These	conditions	were	reached	
during	a	second	metamorphism,	whereas	the	garnet	core	was	formed	at	a	pressure	of	10	kbar	or	less	and	relatively	high	temperatures	(>600°C).	The	
garnet	core	also	contains	voids	being	prone	of	trapping	diamonds	from	the	slurry	used	for	abrading	and	polishing	a	rock	thin-section.	Thus,	it	is	
important to verify diamonds below the surface of an enclosing mineral, for instance, by Raman spectroscopy (see Nasdala and Massonne, 2000). Such 
a	proof	was	not	presented	in	the	recently	published	articles	(see	above)	on	diamondiferous	metamorphic	rocks.

Burial	to	significant	mantle	depths	and	important	major	geological	processes	such	as	recycling	of	continental	crust	into	the	mantle	are	invoked	
from	diamonds	in	crustal	rocks.	As	a	consequence	utmost	care	should	be	taken	to	prove	the	existence	of	true	diamonds	in	metamorphic	rocks.	In	
addition,	it	is	suggested	that	at	least	two	independent	research	groups	should	demonstrate	that	diamonds	occur	in	a	metamorphic	rock	before	such	
an	occurrence	can	be	acknowledge	by	the	scientific	community.	Furthermore,	in-situ	studies	are	required	to	prove	diamond	in	a	rock	whereas	mineral	
separates	are	not	suitable.	Accepting	this,	only	two	occurrences	of	diamonds	in	crustal	rocks,	excepting	impact	metamorphism,	are	verified	so	far:	
crustal	rocks	in	the	Kokchetav	Massif	in	Kazakhstan	(e.g.,	Shatsky	et	al.,	1995)	and	the	Erzgebirge	in	Saxony	(e.g.,	Massonne,	2003).	Diamond	is	included	
in	the	corresponding	rocks	not	only	in	garnet	but	also	in	zircon,	clinopyroxene,	and	kyanite.	In	addition,	diamond	can	be	part	of	crystallized	fluid	
inclusions	(e.g.	Stöckhert	et	al,	2009).	This	and	other	evidences	point	to	crystallization	of	diamond	from	a	silicate	melt	which	penetrated	orogenic	crust	
later	on	(Massonne,	2003).	Thus,	diamonds	formed	by	regional	metamorphism	were	not	verified	yet.
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Origin of lowest temperature microdiamond in a metapelite from Nishisonogi, western Japan
Tadao Nishiyama1,	Hiroaki	Ohfuji2,	Ukyo	Nishi1,	Kazuki	Harada1,	Kousuke	Fukuba2

1Department of Earth and Environmental Science, Kumamoto University, Kumamoto, 2Geodynamics Research Center, Ehime University, Matsuyama, 
Japan

Microdiamond	aggregates	occur	in	a	matrix	of	a	metapelite	within	a	serpentinite	mélange	at	Yukinoura	(the	Yukinoura	mélange)	from	the	Nishisonogi	
unit	(85	-	60	Ma	:	e.g.	Miyazaki	et	al.,	2017),	Nagasaki	Metamorphic	Rocks,	a	Cretaceous	subduction	complex	located	in	western	Kyushu,	Japan	
(Nishiyama et al., 2018). They occur in interstices of phengite and chlorite, and is always associated with carbonate (dolomite and magnesite) grains. 
The	aggregates	show	irregular	shape	of	10	to	50	microns	in	size,	consisting	of	numerous	diamond	grains	embedded	in	Si-rich	mineral	(unknown).	
The	diamond	shows	subhedral	to	euhedral	form	with	diameter	of	0.3	to	0.6	microns,	which	was	identified	with	a	SEM-EDS,	Raman	spectroscopy	and	
TEM.	The	metapelite	occurs	in	the	serpentinite	mélange,	having	a	mineral	assemblage	of	graphite	+	chlorite	+	phengite	+	albite	+	quartz	+	pyrite	+	
pseudomorph after titanite with an estimated temperature of 450 oC by the Raman thermometry of graphite. Neither epidote nor lawasonite occurs 
in the metapelite. Pseudomorph after coesite was found in a garnet from a metapelite about 100 meter apart from the microdiamond-bearing 
metapelite. This microdiamond represents the lowest temperature metamorphic diamond ever reported in the world. This paper discuss the formation 
mechanism	of	microdiamond	in	metapelites	during	metamorphism	in	a	subduction	setting.	The	first	question	is	the	possibility	of	metastable	growth	of	
microdiamond	in	the	stability	field	of	graphite.	Simakov	(2010)	showed	that	nanosized	diamond	can	form	from	a	C-O-H	fluid	under	low	pressures	in	the	
graphite	stability	field.	Manuella	(2013)	theoretically	examined	the	metastable	growth	of	diamond	in	serpentinite-hosted	hydrothermal	systems	based	
on the Laplace-Young equation. He showed that the size of diamond will be smaller than 6 nm at temperatures higher than 450 oC. The Nishisonogi 
microdiamond is much larger (0.3 - 0.6 mm) than this, therefore, we conclude that it cannot be formed metastably. If the Nishisonogi microdiamond 
formed	in	the	diamond	stability	field,	the	pressure	condition	will	be	at	least	2.8	GPa,	corresponding	to	the	lawsonite	eclogite	facies.	The	stable	
formation	of	microdiamond	under	such	a	ultrahigh-pressure	metamorphic	condition	has	been	discussed	in	terms	of	precipitation	from	a	C-O-H	fluid	
consisting of neutral species such as CO

2
, CH

4
, H

2
 and H

2
O (e.g. Frezzotti et al., 2014), and the cause of diamond precipitation has been attributed to the 

change	in	the	oxygen	fugacity.	Recently,	a	new	model	of	fluid	-	mineral	equilibria	under	high	to	ultrahigh-pressures,	the	Deep	Earth	Water	(DEW)	model,	
has	been	invented	and	applied	to	the	diamond	formation	form	the	fluid	equilibrated	with	eclogitic	mineral	assemblages	(Sverjensky	and	Huang,	2015).	
They	showed	that	diamond	could	form	due	to	a	drop	in	pH	during	water-rock	interaction	and	that	diamond	and	Mg-bearing	carbonates	co-precipitate	
from	the	fluid	during	the	early	stage	of	reaction	of	the	fluid	with	eclogite.	The	occurrence	of	Nishisonogi	microdiamond	always	associated	with	
carbonates (dolomite and magnesite) is very consistent with this model.
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The nanoscale mobility of trace elements in rutile during ultra-high-temperature crustal 
metamorphism
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Rutile (TiO
2
)	occurs	as	accessory	phase	mineral	in	a	range	of	rock	types	and	is	stable	at	high	pressures	and	temperatures.	Rutile	trace	element	

compositions can provide age (U-Pb) and temperature (Zr-in-rutile) information as well as evidence for mineralization events based on the 
concentration	of	Sb,	W,	V	and	other	high	field	strength	elements.	The	distribution	of	these	trace	elements	within	the	rutile	structure	can	be	used	to	
interpret the timing of geological events, and nanoscale clusters of trace elements may hold information lost at larger analytical scales.

Recent zircon analyses by Atom Probe Microscopy (APM) have shown the value of detecting and measuring these clusters for geochronology, with 
nanoscale Pb reservoirs providing insight into the timing of metamorphic events (Valley et al., 2015; Peterman et al., 2016). Studies regarding the effect 
of	ultra-high-temperature	(UHT)	metamorphism	on	trace	element	mobility	within	zircon	from	the	Dallwitz	Nunatak,	Napier	Complex	(East	Antarctica)	
show	variations	in	the	distribution	of	Pb,	Al,	Ti	(Kusiak	et	al.,	2013a;	Kusiak	et	al.,	2013b;	Kusiak	et	al.,	2017).	It	was	revealed	that	Pb	occurred	as	a	
metallic phase in <35 nm inclusions, paired with Si-rich and Al-Ti inclusions. However, it remains to be fully understood how element migration occurs at 
the nanoscale during UHT metamorphism.

In	this	contribution,	rutile	from	the	Dallwitz	Nunatak	is	investigated	to	gain	a	better	insight	into	the	effect	of	UHT	metamorphism	on	element	mobility.	
The	Napier	Complex	is	a	widely	studied	granulite	terrane	known	for	its	(ultra-)high-temperature	metamorphism	during	the	Neoarchean	Eon.	Two	
high-T/low-P	metamorphic	events	are	recognized	at	±2.84	Ga	and	±2.58	Ga.	The	latter	recording	the	highest	known	metamorphic	temperatures	in	the	
continental	crust,	with	estimated	peak	metamorphic	temperature	exceeding	1150	°C.

Rutile	is	characterized	by	APM	and	correlative	techniques	including	energy	dispersive	X-ray	spectrometry	(EDS)	mapping,	electron	backscatter	
diffraction	(EBSD),	time	of	flight	secondary	ion	mass	spectrometry	(ToF-SIMS)	and	transmission	electron	microscopy	(TEM).

EBSD	analysis	was	used	to	confirm	rutile	as	the	TiO
2 
species. BSE 

imaging and EDS mapping shows Fe-rich rods several mm in length 
that formed via exsolution during cooling. Zircon is present as 5-40 
µm inclusions within rutile as well as occurring in fractures. Zr 
mobility at smaller scales has not yet been observed during this study. 
However, Zr distribution as well as Pb migration will be the target for 
the next series of analyses.

APM results show Fe segregation at the nanoscale (Fig. 1). These 
Fe-rich	domains	appear	as	linear	and	plate	like	features	20-60	nm	in	
length. One of the Fe-rich domains is closely related with hydrogen/
water (OH+, H

2
O+ and H

3
O+	peaks).

The Fe clusters could resemble the onset of Fe exsolution during a 
metamorphic event, though may not necessarily the same event as 
the	exsolutions	observed	via	BSE/EDS.	The	link	between	the	fluid	phase	
and the Fe phase is still unclear. Fluids could have played a role in the 
redistribution of Fe and potentially other trace elements.
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Exploring the effects of crystallographic orientation on the generation of shock deformation 
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Introduction
Shock	features	within	Martian	samples	are	thought	to	result	primarily	from	the	impact	that	launched	them	from	the	surface	of	Mars	[1],	and	so	
exploring	the	material	response	can	help	constrain	shock	parameters,	related	impact	processes	and	locate	candidate	launch	craters	on	the	Martian	
surface	[2].	Different	minerals	have	varied	material	responses	to	stress	and,	more	specifically	in	this	case,	the	stress	applied	by	a	propagating	
shockwave.	Slip	systems	must	be	activated	in	each	grain	so	that	the	crystal	lattice	can	be	deformed.	However,	often	the	dominant	activated	slip	system	
is dependent upon the orientation the stress is applied in, with relation to the crystallographic orientation of the grain, and the physical conditions of 
the	material	at	the	time	of	impact	[3].	Here	we	explore	the	effect	of	crystallographic	orientation	on	the	quantifiable	amount	of	crystal	deformation	that	
is generated in an impact scenario on the Martian surface.

Sample & Methods
The	initial	focus	of	this	study	is	the	lherzolitic	Shergottite	Roberts	Massif	(RBT)	04262,	which	comprises	poikilitic	pyroxenes	along	with	more	normal	
lherzolitic	texture	and	mineralogy	[4,5].	We	examined	a	large	(10	x	7	mm)	poikilitic,	twinned	pyroxene	grain.	At	the	macro	scale,	shock	is	heterogeneous	
but	no	phase	changes	have	been	observed,	therefore	overall	shock	is	limited.	Electron	backscatter	diffraction	(EBSD)	techniques	were	used	to	
determine pigeonite orientation to constrain spectral characteristics [6] and understand the style of deformation within the grains. The data comprise 
crystallographic information from all mineral phases at a step size of 12.2 µm.

Results:	The	twinned	pigeonite	grain	was	divide	into	twins	A	&	B.	Twin	A	shows	very	little	internal	deformation	in	the	pigeonite	region	(<2	º),	but	a	
consistently greater amount of misorientation in the augite rim present. However, twin B, which is twinned on the [001] plane with twin A, shows a 
variable amount of misorientation throughout the crystal, which appears to undulate in contrast to the radial trend in deformation in twin A.

Discussion & Preliminary Conclusions
This	sample	has	a	very	low	porosity,	which	would	have	also	been	true	at	the	time	of	impact,	and	therefore	heterogeneities	in	shock	are	not	due	to	
shockwave	interactions	arising	from	interaction	with	pores.	We	subsequently	infer	the	crystallographic	orientation	of	each	grain	dictated	the	degree	
of	crystal-plastic	deformation	generated	by	the	shock	wave.	Further	EBSD	microstructural	analysis	will	be	used	to	constrain	the	slip	systems	that	have	
been activated in the pigeonite, and subsequently constrain the physical conditions at the time of impact. This approach may allow determination of 
the	shockwave	propagation	direction	with	respect	to	the	plane	of	the	sample.	Further	Martian	samples	with	the	same	ejection	age	will	be	investigated	
using this analytical approach, and data will be presented at the meeting. This study will contribute directly to our understanding of impact-induced 
deformation	in	a	suite	of	rocks	ejected	from	the	Martian	surface	at	the	same	time,	and	potentially	by	the	same	impact	event.	
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Mineralogy of extraterrestrial materials and insights into the formation of the solar system
Trevor Ireland1
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The mineralogical record available from meteorites and sample return missions provide us with the context of the formation of our solar system. With 
the	ongoing	documentation	of	exoplanetary	systems,	we	know	that	planets	are	common	in	the	galaxy.	Our	planetary	system	provides	us	with	materials	
for analysis that can tell us how our solar system formed, and potentially, how other stellar systems formed.

The	history	of	the	early	solar	system	can	be	broken	in	to	three	stages	-	Presolar,	Nebula,	and	Planetary.	Presolar	represents	material	(grains)	that	
survived the formation of the solar system. In the Nebula phase, high temperature processes involving melting, evaporation, and condensation of 
refractory	oxides	leaves	us	with	the	first	record	of	our	solar	system,	around	4568	Ma.	The	Planetary	phase	includes	the	assembly	of	dust	(and	gas)	in	to	
planetesimals and to planets.

Presolar grains include a variety of mineral phases that can be separated from meteorites. Silicon carbide, graphite, diamond appear to have formed 
mainly around red giant stars. These are the biggest dust producers in the galaxy. A fraction of these grains are enriched in short-lived isotopes their 
origin from a supernova explosion. However, our solar system is oxygen rich and so the carbides are only a fraction of what came in. Presolar oxides 
such as corundum and hibonite are found, but also presolar olivine.

The	Nebula	phase	is	characterised	by	high	temperatures	likely	relating	to	infall	of	material	towards	the	Sun,	as	well	as	interactions	relating	to	radiation	
and	magnetic	fields.	The	earliest	objects	recognised	from	the	early	solar	system	are	calcium-aluminium-rich	inclusions	(CAI).	These	are	composed	
of	high	temperature	minerals	corundum,	hibonite,	and	spinel	as	well	as	Ti-rich	pyroxene	and	perovskite.	Precursors	to	these	inclusions	experienced	
extremely high temperatures capable of producing volatility fractionations even in refractory elements. Chondrules are composed of Mg, Fe silicates 
and may represent a lower temperature product, but apparently forming form near the same time as CAI. 

The Planetary phase represents the aggregation of materials, ultimately to form planets. For Jupiter to form, it had to happen early when there was 
abundant material available (dust and gas). Jupiter may have imposed itself on the formation of different meteorite bodies. Chondrites, composed of 
aggregations	of	chondrules,	CAIs	and	matrix,	are	either	the	building	blocks	of	the	solar	system	or	the	leftovers	that	didn’t	get	included	in	planets.	As	
soon as planetesimals formed they were hot from accretion and with additional heating from short-lived 26Al, caused melting of some bodies.

These are the products of our solar system, but placing them in to the context of what it means for the physics and chemistry behind the solar system 
continues	to	be	an	issue.	New	sample	return	missions	to	asteroids	are	actively	seeking	answers	with	JAXA’s	Hayabusa	2	mission	to	asteroid	Ryugu,	and	
NASA’s Osiris-REx mission to asteroid Bennu.
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MgAl
2
O

4
 spinels from the Allende and NWA763 meteorites were investigated by means of X-ray single crystal diffraction, Raman spectroscopy, SEM, 

electron	microprobe	and	LA-ICP-MS	to	define	their	structure,	cooling	history	and	chemical	composition	(major	and	trace	elements).	Structural	
refinement	shows	how	the	spinels	from	Allende	are	very	similar	one	each	other	with	cell	edges	of	about	8.093	Å	and	oxygen	positional	parameter,	
u,	in	the	range	0.26333	(6)	and	0.26350	(6).	NWA763	spinels	showed	cell	edges	in	the	range	8.0869	(3)	–	8.1181	(4)	Å	and	u	equal	to	about	0.26333	(6).	
These differences among the two NWA763 spinels and the Allende spinels are mainly due to the differences in the Cr

2
O

3
 and FeO contents. In fact, Cr

2
O

3
 

content is about 1.7 wt. % in Allende spinels and lower than 1.4 in NWA763. Ferrous iron is about 0.7 wt. % in Allende but is very different in the two 
NWA763 spinels where it is 0.3 and 23.1 wt.%, respectively. In the last case, the higher FeO content is at the expenses of MgO falling down from about 27 
wt. % of the other spinels to 12 wt. % of NWA763B spinel.

Among the trace elements only few were above the detection limits. Titanium and V reach several hundreds of ppm. In particular, Ti is about 1000 ppm 
in NWA763 and 795-823 in Allende spinels, while V is higher in Allende (up to 1500 ppm) and lower in NWA763B (873 ppm). Manganese, Co and Ni are 
higher in NWA763B (about 800, 45 and 5 ppm, respectively) than in Allende (about 80, 20 and 2.5 ppm). Low contents of Sc and Sn have been found 
in Allende (<1.5 ppm and >0.3 ppm, respectively), while Zn (5500 ppm) and Ga (195 ppm) were detected only in NWA763B. We compared the meteoritic 
spinels with some terrestrial occurrences. It is interesting to notice that there is no detectable Li in extraterrestrial occurrences while it can reach 
about 100 ppm in some terrestrial samples. Copper is present in terrestrial spinels, even if in limited amounts, but not in extraterrestrial spinels. For 
certain elements, Ti, Mn, and Co, Allende and NWA763 spinels usually show contents higher than those of terrestrial occurrences. The values of Ga are 
comparable	and	quite	similar	for	all	the	samples	(terrestrial	and	meteoritic)	considered	in	the	present	work.

We	calculated	the	intracrystalline	closure	temperatures	of	the	spinels	and	found	out	Tc	in	the	range	465-520°C.	The	Allende	parent	body	is	known	to	
have	undergone	thermal	metamorphism	with	a	peak	temperature	of	about	600°C	so	that	the	found	Tc	are	perfectly	consistent	with	those	of	the	peak	
metamorphic temperature.
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The behavior and distribution of volatiles during planetary differentiation: Evidence from apatite in 
planetary materials
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Introduction	Planetary	differentiation	is	a	difficult	process	to	study.	At	present,	planet-scale	magma	oceans	are	a	very	popular	method	by	which	
the	terrestrial	planets	and	large	asteroids	(like	4-Vesta)	are	thought	to	have	differentiated,	but	substantial	geochemical	evidence	for	such	a	process	
seems to be unique to the Earth-Moon system [1, 2]. Although support is mounting for past magma oceans on Mars, Mercury, and 4-Vesta, geochemical 
evidence for these magma oceans is somewhat limited [1, 3, 4]. The large scale homogenization that occurs with planet-wide melting has important 
implications	for	the	kinds	of	geochemical	reservoirs	that	are	likely	to	form	in	planetary	mantles,	including	reservoirs	of	volatiles	such	as	H,	F,	and	Cl.

In particular, the partitioning behavior of F, Cl, and OH between nominally anhydrous magma ocean minerals (pyroxene and olivine) and melt indicate 
that F and OH are preferred in pyroxene more than Cl by at least a factor of 10 [see review by 5 and references therein]. Consequently, magma ocean 
crystallization leads to a mantle residue that is enriched in F and OH relative to Cl. In contrast, a body that did not experience a magma ocean would 
either	retain	chondritic	abundances	of	F,	Cl,	and	OH	in	mantle	sources,	or	Cl	and	OH	would	be	decoupled	from	F	through	fluid	activity	given	the	
hygroscopic nature of Cl and H relative to F [6, 7].

In	the	present	study,	we	attempt	to	construct	a	new	window	through	which	to	look	for	evidence	of	planet-wide	magma	ocean	processes	by	comparing	
the volatile chemistry of the mineral apatite in numerous types of planetary materials. The mineral apatite [Ca

5
(PO

4
)

3
(F,Cl,OH)] is a common phosphate 

found in a wide variety of planetary materials [8]. The crystallographic site that typically hosts F, Cl, and OH is referred to herein as the X-site, and 
the primary goal of the present study is to compare the occupancy of this site among a number of planetary materials from both differentiated and 
undifferentiated bodies.

Results Volatile abundances of apatites (expressed as X-site occupancy) in terrestrial basalts, shergottites, mare basalts, eucrites, mesosiderites, 
ordinary chondrites, and CK chondrites have been compiled in Fig. 1 [5, 8-13; and previously unpublished data]. All analyses of apatite from ordinary and 
CK chondrites are consistently Cl-rich. Apatite from mare basalts, eucrites, mesosiderites, and terrestrial basalts all plot in the same region of the X-site 
ternary, indicating F-OH rich compositions that have limited Cl abundances compared to F and OH abundances. Apatite from basaltic shergottites have 
apatite that are anomalously Cl-rich compared to apatite from other planetary basalts.

Discussion Apatites in basalts from the Earth, Moon, 4-Vesta, and mesosiderite parent body exhibit apatite X-site compositions with a wide range 
of F and OH abundances and low abundances of Cl, consistent with crystallization from melts that were derived from sources that underwent 
differentiation. Apatite from Mars trend towards Cl-rich compositions that are intermediate between apatite from differentiated meteorites and 
apatites in ordinary and CK chondrites. Additional efforts are ongoing to evaluate the differences in apatite chemistry between Mars and other 
differentiated bodies.
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On the origin of olivine diogenites and diogenites: compositional diversity linked to variable fO2
Jennifer Mitchell1,	Andrew	Tomkins1

1Monash University, Melbourne, Australia

There are two main schools of diogenite and olivine-bearing diogenite formation: 1, they are products of mineral settling from a homogeneous global 
magma ocean [1]; 2, they are late stage intrusions that formed in crustal magma chambers [2]. Partial melting and melt fractionation modelling of 
bulk	Vesta	[2]	and	LL	chondrite	[3]	compositions	was	carried	out	using	pMELTS	software	[4],	and	the	resulting	orthopyroxene	compositions	compared	
to those of 626 howardite-eucrite-diogenite (HED) meteorites in order to investigate the formation of diogenites. Diogenite orthopyroxenes show 
a wide range of pyroxene compositions, with orthopyroxenite diogenites ranging from approximately En

53
-En

82
, and olivine-bearing diogenites in 

a smaller grouping of En
71
-En

76
. It is important to note that the olivine-bearing diogenites are not the most magnesian samples, counter to what 

would be expected from fractionation of a homogeneous source. Modelling shows that equilibrium crystallisation does not reproduce the observed 
compositions, whilst fractional crystallisation is a much closer match. The degree of partial melting has a negligible effect on composition, as does 
changing	pressure	(within	reasonable	values	for	the	crust	of	4	Vesta).	However,	both	bulk	Vesta	and	LL	chondrite	compositions	are	too	magnesian	
at	ΔIW	fO

2
	-2.05	[4].	Models	were	run	for	bulk	Vesta	at	various	fO2	values,	and	results	show	that	moving	closer	to	the	IW	buffer	makes	the	pyroxenes	

more	Fe-rich.	A	value	of	approximately	ΔIW	fO
2
	>	-1.6	is	a	better	fit	for	diogenites,	and	encompasses	the	majority	of	the	observed	compositions.	Values	

of	approximately	ΔIW	fO
2
 -1.4 and upwards crystallise coexisting olivine and orthopyroxene in the less magnesian range required by olivine-bearing 

diogenites.	This	suggests	that	the	crustal	evolution	of	Vesta	is	more	complex	than	originally	thought.	Our	findings	thus	indicate	that	a	homogeneous	
source and product scenario (e.g. the magma ocean scenario) cannot account for the compositional variation observed in the diogenite collection. This 
study therefore favours the diogenites-from-magma-chambers model on the basis of orthopyroxene compositional variation within the HED suite.
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Minerals as markers of fluid alteration in Paris chondrite
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CM	chondrites	can	help	to	decipher	the	processes	of	planetary	formation	in	the	protoplanetary	disk,	but	their	record	is	blurred	by	fluid	alteration	
[1]. Under what physico-chemical conditions did the alteration occur? To better constraint that, we focused on Paris metorite that is the least altered 
chondrite [2]. We present here a nanoscale study of tochilinite/cronstedtite intergrowths (TCIs), i.e. the emblematic seconday mineral assemblages of 
CM chondrites, formed from the alteration of Fe-Ni beads (type-I TCIs) and by pseudomorphism of anhydrous minerals (type-II TCIs) [3, 4, 5].

TCIs analysis were perfomed by using several techniques, such as scanning and transmission electron muicroscopy (SEM and TEM), X-ray adsorption 
near-edge structure spectroscopy carried out with a scanning transmission X-ray microscope (STXM-XANES), and electron diffraction tomography (EDT), 
to characterize the crystal structure, crystal chemistry and redox state of different minerals. 

The results show that TCIs were dispersed throughout the Paris matrix, regardless of its alteration degree. Type-I TCIs are composed of tochilinite/
cronstedtite intergrowths whereas type-II TCIs are characterized by a complex zoning, comprising three Fe-bearing minerals: tochilinite, cronstedtite 
and hydroxides. The preserved morphology and the presence of remnant are used to recognized the precursors of type-II TCIs, i.e. olvine and pyroxene 
crystals	[3].	The	mineralogical	data	indicate	that	the	first	stage	of	alteration	is	marked	by	the	formation	of	tochilinite	trough	the	interaction	of	silicate	
precursors	with	a	S-rich	fluid.	The	second	stage	is	characterised	by	a	change	in	fluid	composition,	which	is	enriched	in	Si	and	depleted	in	S,	preventing	
the tochilinite crystallization and favoring the precipitation of cronstedtite. The incorporation of Si in this mineral reduces the Si concentration in 
the	fluid,	and	iron	hydroxides	can	form	in	the	last	alteration	stage.	Hydroxides	probably	formed	as	ferrihydrite	and	then	progressively	converted	to	
goethite	between	50°	and	80°C,	a	temperature	range	that	is	also	favourable	for	cronstedtite	formation	[5].	The	presence	of	cronstedtite	proves	that	
Paris	alteration	took	place	by	way	of	serpentinization	processes.	The	H

2
 release during serpentinization is estimated using Fe3+/ΣFe ratio obtained 

with STXM-XANES [5]. This ratio can be also used as proxy of alteration degree: Paris, in fact, is characterised by serpentines the lowest Fe3+ content 
with respect to those of other CMs and the oxidation degree appears to increase with the extent of CMs’ alteration. Moreover, the presence of ferric 
iron is also detected in tochilinite (8-15%), where it is  partially due to the intergrowth with tochilinite as shown by HRTEM data. The presence of Fe3+ 
in	tochilinite	shows	that	the	alteration	occurred	under	oxidizing	conditions	from	the	first	stage	and	contradicts	the	thermodynamic	calculations	
suggesting that tochilinite forms under very reduced conditions [7]. 
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Nanoscale characterisation of grains from the Itokawa asteroid by FIB-ToF-SIMS, APM and TEM
William Rickard1,	Nick	Timms2, Fred Jourdan2, David Saxey1, Denis Fougerouse2, Steven Reddy2,	Luke	Daly3, Phil Bland2,	Zakaria	Quadir1
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The	Hayabusa	spacecraft	collected	dust	particles	from	the	Itokawa	asteroid;	a	stony	sub-kilometer	sized	object	in	near	Earth	orbit.	Over	1500	rocky	
particles	were	successfully	returned	to	Earth	[1]	and	in	this	study	four	of	those	grains	were	extensively	characterised.	Analysis	by	BSE	(figure	1A),	EDS	
and EBSD revealed polymineralic grains composed of olivine, high/low Ca pyroxene and plagioclase with some grains also containing troilite (FeS), 
taenite	(FeNi)	and	kamacite	(FeNi).	One	grain	(RB-CV-0082)	contained	an	amorphous	melt	phase	(as	determined	by	low	band	contrast	in	EBSD)	with	very	
fine	variations	in	elemental	composition.

ToF-SIMS using a Ga+	focused	ion	beam	primary	source	was	used	to	study	the	melt	phase.	It	was	found	to	be	finely	partitioned	with	small	islands	
or	lamella-shaped	regions	rich	in	Ca-Mg-Fe	or	Si-Al.	Within	the	Si-Al-rich	regions	the	alkalis	were	further	segregated	into	even	finer	lamella	shaped	
structures,	alternating	over	100	nm	length	scales	(figure	1C).	Slightly	broader	regions,	a	few	microns	across,	exhibited	discrete	differences	in	Ca	
composition, suggesting the local elemental abundance was inherited from various pre-existing phases that were present prior to melting.

Detailed	site-specific	analyses	were	performed	using	TEM	and	APM.	High	resolution	TEM	imaging	and	electron	diffraction	analysis	confirmed	the	melt	
was	predominantly	amorphous.	However,	within	the	melt	regions	there	was	a	dispersion	of	discrete	<100	nm	crystallites,	fine	porosity	and	some	areas	
of	strained	crystalline	material	(figure	1B).	APM	revealed	even	finer	scale	chemical	variations	across	a	range	of	phases,	including	~10	nm	wide	Fe	rich	
lamellas	within	the	melt	(figure	1D).

It	has	been	reported	that	the	regolith	from	the	Itokawa	asteroid	underwent	long-term	thermal	annealing	and	subsequent	impact	shock	[1].	The	melt	
phase	is	likely	to	be	the	result	of	an	impact	event	with	the	segregated	composition	a	result	of	partitioning	during	cooling.	Quantification	of	the	
nanoscale	compositional	variations	in	this	sample	is	leading	to	a	better	understanding	impact	modification	of	the	Itokawa	asteroid.
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A metamorphic facies series for equilibrated stony meteorites
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Despite	the	fact	that	primitive	achondrites	are	the	oldest	and	hottest	migmatites	in	the	Solar	System,	and	offer	key	insights	into	the	processes	
leading	to	core	and	crust	formation	in	planetesimals,	the	metamorphic	petrology	of	these	rocks	is	not	well	understood	compared	to	migmatites	on	
Earth.	The	difference	between	chondrite	and	achondrite	is	not	well	defined,	and	the	transition	between	these	has	not	been	studied	across	a	range	
of	compositions.	One	of	the	main	factors	hindering	the	application	of	metamorphic	petrology	to	equilibrated	meteorites	has	been	a	perceived	lack	
of mineralogical change with increasing temperature. We have examined the petrological features of a large number of primitive achondrites from 
all	known	groups,	including	many	ungrouped	achondrites,	as	well	as	highly	equilibrated	chondrites,	with	the	aim	of	reviewing	what	we	know	about	
the chondrite–achondrite transition, and about primitive achondrites in general. We have generated a thermodynamic model for the initial silicate 
melting	temperature	and	progressive	melting	for	the	entire	known	range	of	oxidation	states	seen	in	meteorites.	To	disentangle	the	effects	of	impact	
and radiogenic metamorphism, we suggest that the metamorphic petrology of equilibrated meteorites should be considered from the perspective 
of	diffusive	equilibration	amongst	the	silicates,	with	the	peak	of	primary	metamorphism	for	a	given	meteorite	being	associated	with	comprehensive	
equilibration amongst the major silicates, and late- or post-metamorphic impact events generating geochemical disequilibrium due to their brevity. 
Elements diffuse most slowly through pyroxenes and so these provide the most reliable tool for distinguishing between the slow diffusive equilibration 
associated with primary metamorphism and the overprinting effects of later impacts. Evidence of silicate melting tends to be preserved in meteorites 
by	a	distinctive	texture	of	skeletal	plagioclase	±	pyroxene	networks	amongst	rounded	olivine	and/or	pyroxene	(depending	on	&fnof;O

2
), which 

pseudomorph	the	former	silicate	melt	network.	Indirectly,	the	presence	of	exsolved	clinopyroxene	also	implies	that	silicate	melting	occurred	because	
of	the	high	temperatures	required.	A	metamorphic	facies	series	is	defined	for	equilibrated	chondrites	and	primitive	achondrites:	the	Plagioclase	Facies	
is equivalent to petrologic types 5 and 6, the Exsolved Clinopyroxene Facies is bounded at lower temperatures by the initiation of silicate melting and 
at	higher	temperatures	by	the	appearance	of	pigeonite,	which	marks	the	transition	to	the	Pigeonite	Facies.
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Deposition characteristics of cold-water travertine and comparative investigation of hydrogeology 
for post-earthquake in Jiuzhai-Huanglong, Southwest China
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Jiuzhaigou	and	Huanglong	are	unique	alpine	travertine	sedimentary	landscape,	both	have	significantly	tourism	value.	Owing	to	the	beautiful	
landscape	deteriorating	rapidly	caused	by	human	activity	in	Huanglong	and	the	earthquake,	which	magnitude	is	7.0,	happened	in	the	Jiuzhaigou	
destroyed its landscape. Therefore, we studied the sedimentary regularity of this two cold-water travertine and its biogeological evolution process, 
and comparative analyzed the synchronization of biological effect. The mineral phases of travertine in Jiuzhaigou were similar with Huanglong, 
primarily containing calcite and quartz. The chemical composition of travertine in Jiuzhaigou showed that the content of CaO was 33.0%~41.7%, and 
the algal mat was the highest. The content of SiO

2
 (4.6%), Al

2
O

3
 (1.7%), Fe

2
O

3
	(0.5%)	of	the	blue	travertine	was	highest	in	Spark	lake.	The	content	of	CaO	

of travertine in Huanglong is higher than Jiuzhaigou, which was 52.5%~59.1%, and the content of SiO
2
 reached 4.5%. In addition, the content of Al

2
O

3
, 

Fe
2
O

3
	and	MgO	in	travertine	gradually	decreased	with	the	color	of	travertine	transforming	from	black	to	white.	Water	is	the	lifeblood	of	the	travertine	

landscape.	A	comparative	analysis	of	the	surface	water	chemical	characteristics	in	Jiuzhaigou	and	Huanglong	after	the	earthquake	showed	that	the	
hydrogeochemical	variations	before	and	after	the	earthquake	was	basically	stable.	After	earthquake,	the	pH	value	of	surface	water	in	Jiuzhaigou	was	
7.29~7.96 and dissolved oxygen was 5.7~9.4 mg/L. The Ca2+ concentration was 58~100.3 mg/L and HCO

3
- was 220~326 mg/L showing that the deposition 

rate of travertine was slowly. However, the total ion concentration of surface water in Huanglong was relatively higher than Jiuzhaigou which the 
Ca2+ concentration was 88~238 mg/L and HCO

3
- was 280~756 mg/L. Because of the lower Ca2+ and HCO

3
-,	repairing	damaged	landscape	will	take	a	long	

process	which	rely	on	the	spontaneously	crystal	of	travertine.	Jiuzhaigou	"8.8"	magnitude	7.0	earthquake	caused	serious	influence	on	core	area	of	
travertine landscape in Jiuzhai-Huanglong natural heritage. The hydrogeology survey found a new sulfur-bearing springs group in meizoseismal area. 
A	part	of	springs	was	overflow	with	hydrogen	sulfide	which	caused	local	atmospheric	pollution.	The	content	of	Ca2+ was 100.3 mg/L and HCO

3
- was 

326mg/L	in	springs	that	having	lots	of	attachment	white	floc,	which	was	1.5	times	as	much	as	the	surrounding	water.	Because	of	the	mass	growth	
of	some	micro-algae,	the	color	of	water	changed	from	blue	to	yellow	or	green	in	shoal	area	which	formed	by	earthquake.	Besides,	the	core	area	
of	travertine	landscape	has	penetrating	crack,	also	appeared	water	cut	cavity	and	fissure	seepage	that	influence	the	stability	of	the	dam.	In-situ	
remediation and ecological restoration of collapsed travertine dams by environment-friendly materials which was processed from waste travertine, 
and	it	could	provide	reliable	supported	in	post-flood	reconstruction,	development	and	protection	of	travertine	landscape	after	earthquake.

This	work	is	supported	by	the	National	Natural	Science	Foundation	of	China	(No.41572035,	41741026).
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Mechanisms of Electron Transfer Between Clay Minerals and Fe-reducing Bacteria
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Recent evidence has shown that mixed-valence Fe(II) and Fe(III) minerals can function as environmental batteries (Shi et al., 2016). Magnetite has been 
shown	to	facilitate	direct	electron	transfer	between	microbial	species	(Kato	et	al.,	2012;	Byrne	et	al.,	2015).	Our	recent	work	has	shown	that	structural	
iron atoms in the clay mineral nontronite can be reversibly reduced and oxidized by Shewanella oneidensis and the nitrate-dependent Fe(II)-oxidizing 
bacterium	Pseudogulbenkiania	sp.	strain	2002,	respectively	(Zhao	et	al.,	2015).	This	suggests	that	ironcontaining	clay	minerals	can	function	as	
environmental	batteries.	Despite	these	previous	studies,	specific	mechanisms	and	pathways	of	electron	transfer	between	clay	minerals	and	Fe-reducing	
bacteria	are	still	poorly	known.

In this study, we examined the electron transfer process from Shewanella oneidensis MR1 to an Fe-rich clay mineral, nontronite, in two steps: 1) 
intracellular electron transfer that involve multiple redox sensitive proteins (Shi et al., 2016); 2) intra-structural electron transfer once electrons 
enter the structure of nontronite. To examine the intracellular electron transfer, we used a wild type Shewanella oneidensis MR1 and several mutants 
that	lack	one	or	more	multi-haem,	c-type	cytochromes.	As	expected	and	similar	to	the	reduction	of	Fe	oxides	(Bretschger	et	al.,	2007),	the	mutants	
exhibited	the	lower	reduction	extent	and	rate	of	structural	Fe(III)	in	nontronite	than	the	wild	type.	The	Fe	reduction	capability	of	a	mutant	that	lacks	
CymA protein was most severely impaired, suggesting the central role of this protein in the electron transfer chain. When an external electron shuttle, 
anthraquinone-2,6-disulfonate (AQDS), was added to the system, both reduction rate and extent were enhanced, but the amount of enhancement was 
dependent on the mutant type. AQDS greatly enhanced the bioreduction by the wild type, followed by those mutants without the outer membrane 
proteins	(e.g.,	MtrA,	MtrB,	MtrC,	OmcA).	In	contrast,	the	amount	of	enhancement	was	the	lowest	for	the	ΔcymA	mutant.	These	results	suggest	that	
AQDS enters the cell. Interestingly, a conductive mineral, magnetite, exhibited a similar trend of enhancement, although the absolute amounts of 
enhancement were much lower than those by AQDS, suggesting that solid-phase magnetite probably functions as an electrical conductor.

The electron transfer process inside the nontronite structure was examined by studying electron transfer between sorbed Fe2+ and structural Fe(III) in 
nontronite. Aqueous Fe2+ was sorbed onto the nontronite edge site at pH 8 and the basal site at pH 6 (Neumann et al., 2013). Within 24 hours, extensive 
electron transfer occurred from edge-Fe(II) to structural Fe(III), and approximately 15% structural Fe(III) was reduced by edge-Fe(II) via interfacial 
electron transfer. In contrast, a limited amount of electron transfer was observed from basal Fe(II) to structural Fe(III) (~8%). This orientation-
dependent electron transfer within a clay mineral structure is consistent with higher electrical conductivity in the direction parallel to clay layers than 
the one perpendicular to the clay layer (Tung et al., 2006).
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EPS mediated electron transfer in iron hydroxide reduction by MR-1 
Lei Gao1, Xiancai lu1, Huan liu1, Weijie li1

1School of Earth Sciences and Engineering, NANJING UNIVERSITY, Nanjing, China

Extracellular	polymers	(EPS)	is	the	polymer	secreted	by	all	microbial	and	surround	cells,	EPS	assist	in	biofilm	formation	and	protecting	from	
unfavorable	environment.	EPS	are	the	connect	medium	between	cells	and	external	environment.	In	biofilm,	component	proteins,	humic	acids	
and nucleic acids of EPS mediating the redox process, element circulation and electron transfer. EPS have been proved as electron shuttles 
between membrane surface and electron acceptor or donor. Such electron transfer (ET) must pass through the layer EPS to other cells or external 
environments, especially, in microbe-mineral interactions. But, it has not well revealed whether EPS suppresses ET processes by capturing the electron 
or speeds ET rate by apparent catalytic reactions. We investigated the functions of EPS in ET processes by employing Shewanella oneidensis MR-1 and 
iron hydroxides.

A series of bath experiments were designed and performed, in which MR-1(untreated cells), MR-1-EPS (cells EPS removed), and MR-1+EPS (cells with 
externally added EPS) were used to reduce iron hydroxide. It is revealed that the Fe(III) reduction rate follows the order: (MR-1+EPS) > (MR-1-EPS) > (MR-1) 
in	the	first	5	days,	but	(MR-1-EPS)	>	(MR-1+EPS)	>	(MR-1)	in	the	followed	5	days	.	It	is	deduced	that	the	adhesion	EPS	captured	the	electron	before	reaching	
the	surface	of	iron	hydroxide	and	thus	suppressed	Fe(III)	reduction.	In	the	first	5	days,	the	Fe(III)	reduction	rate	in	the	system	with	MR-1+EPS	was	higher	
than that with MR-1-EPS, which can be attributed to the promotion of EPS on the close aggregation of iron hydroxide and cells. The STXM images exhibit 
that Fe(III) and Fe(II) species evenly distributed on the surfaces of the cell-mineral aggregations, which suggests the added EPS accelerated the Fe(III) 
reduction compared the MR-1 group . The slight difference in reduction rate indicate that EPS can attenuates electron transfer from cell surface to 
extracellular electron acceptors/donors.

 

Acknowledgement
This	work	was	supported	by	the	China	Postdoctoral	Science	Foundation	(2017M621703)

IMA2018	Abstract	book159

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Microbe mediated electron transfer in mineral-fluid systems and environmental consequences

Anaerobic biogenesis and occurrences of fougèrite group minerals,  trébeurdenite and 
mössbauerite, in gleysols of aquifers and maritime marshes 
Jean-Marie Genin1

11Institut	Jean	Barriol,	Université	de	Lorraine-CNRS,	Nancy	Cedex,	France

The disappearance of nitrates concomitant to the appearance of FeII due to the formation of “FeII-III green rust related minerals” under the water 
table	in	anoxic	conditions	by	bacterial	activity	is	well	documented	using	Mssbauer	spectroscopy.	Moreover,	it	has	been	checked	in	the	laboratory	that	
nitrates	are	reduced,	following	an	in-situ	deprotonation	process.	This	mode	of	oxidation	makes	think	that	a	phase	FeII-III	oxyhydroxycarbonate	with	
formula	FeII6(1-x)	FeIII6x	O12	H2(7-3x)	CO3	•	3H2O,	where	x	=	{[FeIII]/	([FeII]	+	[FeIII])}	is	the	ferric	molar	ratio,	does	exist	instead	of	dissolving	in	solution	
for precipitating a usual ferric oxyhydroxide FeOOH as it does with oxygen, thus explaining the corrosion of steels. However, any average value of x 
ratio comes from mixing domains of three distinct minerals of the “fougrite group” (IMA 2012049), fougrite, trbeurdenite and mssbauerite for x values 
of 1/3, 2/3 and 1 that transform topotaxicaly during the redox reaction. By comparing the Eh-pH diagrams between the in-situ deprotonation mode and 
that of the reduction of nitrite into nitrogen gas or ammonium, a synergy between bio-reduction and abiotic mode does exist: the mixture of fougrite 
and	trbeurdenite	making	x	around	0.5	(often	called	GRbio	since	obtained	by	bacterial	activity)	plays	the	role	of	catalyst	for	obtaining	nitrogen	alone	
by avoiding ammonium. Moreover, the bacterial activity regenerates the catalyst. This result is most important since it explains why in a natural 
environment	the	formation	of	ammonium	is	not	detected;	here,	the	previous	bio-reduction	of	nitrate	to	nitrite	is	confirmed	and	the	role	of	the	minerals	
is essentially to avoid the formation of ammonium with a small density of bacteria, several orders of magnitude lower than necessary in traditional 
activated sludge treatment. Therefore, the minerals found in gleysols of characteristic bluish-green shade that come from the bacterial reduction of 
natural ferric oxyhydroxides in anoxic conditions under the water table of aquifers can be used for developing a tertiary treatment for waste water 
denitrification	using	reed	bed	filter	plants	(rhizospheres).	The	landscaping	of	watered	areas	with	reinforced	iron	purification	envisioned	in	Brittany	for	
large	scale	treatment	in	the	field	will	be	discussed	(BZH-Bretagne	Zones	Humides).	This	development	should	solve	the	devastating	proliferation	of	algae	
at	the	mouth	of	coastal	rivers	and	beaches	due	to	intensive	agricultural	activity.	Monitoring	the	kinetics	of	the	reactions	can	be	performed	using	the	
backscattering	Mssbauer	spectrometer	MIMOSII,	initially	designed	for	the	analysis	of	the	soil	of	planet	Mars,	outside	the	chemical	reactor.	
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Water denitrification by “Green rust” related minerals, fougèrite and trébeurdenite;  a tertiary 
treatment for reed bed filters copying the natural purification in gleysols
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The disappearance of nitrates concomitant to the appearance of FeII due to the formation of “FeII-III green rust related minerals” under the water 
table	in	anoxic	conditions	by	bacterial	activity	is	well	documented	using	Mssbauer	spectroscopy.	Moreover,	it	has	been	checked	in	the	laboratory	that	
nitrates	are	reduced,	following	an	in-situ	deprotonation	process.	This	mode	of	oxidation	makes	think	that	a	phase	FeII-III	oxyhydroxycarbonate	with	
formula	FeII6(1-x)	FeIII6x	O12	H2(7-3x)	CO3	•	3H2O,	where	x	=	{[FeIII]/	([FeII]	+	[FeIII])}	is	the	ferric	molar	ratio,	does	exist	instead	of	dissolving	in	solution	
for precipitating a usual ferric oxyhydroxide FeOOH as it does with oxygen, thus explaining the corrosion of steels. However, any average value of x 
ratio comes from mixing domains of three distinct minerals of the “fougrite group” (IMA 2012049), fougrite, trbeurdenite and mssbauerite for x values 
of 1/3, 2/3 and 1 that transform topotaxicaly during the redox reaction. By comparing the Eh-pH diagrams between the in-situ deprotonation mode and 
that of the reduction of nitrite into nitrogen gas or ammonium, a synergy between bio-reduction and abiotic mode does exist: the mixture of fougrite 
and	trbeurdenite	making	x	around	0.5	(often	called	GRbio	since	obtained	by	bacterial	activity)	plays	the	role	of	catalyst	for	obtaining	nitrogen	alone	
by avoiding ammonium. Moreover, the bacterial activity regenerates the catalyst. This result is most important since it explains why in a natural 
environment	the	formation	of	ammonium	is	not	detected;	here,	the	previous	bio-reduction	of	nitrate	to	nitrite	is	confirmed	and	the	role	of	the	minerals	
is essentially to avoid the formation of ammonium with a small density of bacteria, several orders of magnitude lower than necessary in traditional 
activated sludge treatment. Therefore, the minerals found in gleysols of characteristic bluish-green shade that come from the bacterial reduction of 
natural ferric oxyhydroxides in anoxic conditions under the water table of aquifers can be used for developing a tertiary treatment for waste water 
denitrification	using	reed	bed	filter	plants	(rhizospheres).	The	landscaping	of	watered	areas	with	reinforced	iron	purification	envisioned	in	Brittany	for	
large	scale	treatment	in	the	field	will	be	discussed	(BZH-Bretagne	Zones	Humides).	This	development	should	solve	the	devastating	proliferation	of	algae	
at	the	mouth	of	coastal	rivers	and	beaches	due	to	intensive	agricultural	activity.	Monitoring	the	kinetics	of	the	reactions	can	be	performed	using	the	
backscattering	Mssbauer	spectrometer	MIMOSII,	initially	designed	for	the	analysis	of	the	soil	of	planet	Mars,	outside	the	chemical	reactor.
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Microbe-mineral interaction in Extreme Environment
Jinwook Kim1

1Earth System Sciences, Yonsei University, Seoul, Korea, Seoul, Korea, Republic Of

Role	of	extremophiles	in	the	biogeochemical	metal-cycling	are	of	an	important	process	resulting	in	the	modification	of	mineral	assemblages	and	
hydrochemistry by the metal redox reaction. The unexpected mineralization that bypass the thermodynamic barriers could be a consequence of 
bacterial survival and growth strategy in extreme conditions. Investigations on microbe-mineral interactions in such a harsh conditions, for example 
Antarctic region, hydrothermal vent, and active fault margin, and its implications to the natural environment will be discussed.  
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One-step Preparation of Highly Efficient ZnO/ZnFe2O4 Coupled Photocatalyst by Thermal Treating 
Sphalerite and Its Capability of Environmental Remediation
Yanzhang Li1, Yan Li1, Anhuai Lu1, Hongrui Ding1, Changqiu Wang1, Shan Qin1

1The Key Laboratory of Orogenic Belts and Crustal Evolution, Beijing Key Laboratory of Mineral Environmental Function, School of Earth and Space 
Sciences,	Peking	University,	Beijing,	China

Semiconducting	minerals	are	interesting	alternative	candidates	of	synthesized	materials	with	photocatalytic	property	to	cope	with	knotty	
environmental problems, which is attributed to their large abundance, great variety, extreme cheapness, easy availability, mild cleanliness and of 
course, its outstanding photocatalytic performance. Natural sphalerite (ZnS) is a representative photocatalyst that has capability to reduce CrVI, 
degrade azo dyes, decompose halohydrocarbons and inactivate Escherichia coli under visible light irradiation, however, there is still room for 
improvement.	In	this	work,	ZnO/ZnFe

2
O

4
 coupled photocatalyst was successfully synthesized utilizing natural Fe-bearing sphalerite ((Zn, Fe)S) through 

one-step thermal treatment for 1 h. The prepared samples were conducted characterization analyses via in-situ high-temperature X-ray diffraction 
(XRD),	thermogravimetry	and	differential	thermal	analysis	(TG/DTA)	and	scanning	electron	microscopy	(SEM).	Due	to	oxidation	of	sulfides	upon	heating	
to	800ºC,	octahedral	ZnFe

2
O

4
	particles	(~5	µm)	were	found	that	they	spread	on	the	surface	of	substrate-like	ZnO	(tens	of	microns),	in	which	the	mass	

ratio of ZnFe
2
O

4 
and	ZnO	kept	stable	at	3:7	(wt%)	from	900ºC	(sample	M-900)	to	1200ºC	(sample	M-1200).	X-ray	absorption	fine	structure	spectroscopy	

(XAFS)	and	Raman	spectra	verified	that	more	ordered	spinel	structure	and	less	antisite	defects	in	ZnFe
2
O

4
 of M-1200 than that of M-900, indicating high 

temperature	really	helps	improve	crystallinity	and	repair	deficiency.	Compared	with	photocatalyst	(Zn,	Fe)S,	M-1200	exhibited	wider	optical	absorption	
(200	nm),	higher	incident	photon-to-electron	conversion	efficiency	(IPCE)	(2.5	times	at	most)	and	2	to	3-fold	photocatalytic	efficiency	towards	
degradation of methyl orange and inactivation of Escherichia coli K-12. Moreover, batches of experiments suggested the photocatalytic activities of 
M-1200 exceeded M-900, typical visible-light catalyst ZnFe

2
O

4
 and ZnO/ZnFe

2
O

4
 mechanically mixed sample. Owing to the establishment of special band 

alignment	and	the	optimization	of	lattice	structure,	photo-generated	electrons	and	holes	could	efficiently	separate	between	ZnO	and	ZnFe
2
O

4
, resulting 

in	significant	photocatalytic	activity.	This	work	provides	a	fresh	idea	and	an	applicable	method	to	extend	the	application	of	minerals	and	solve	practical	
environmental issues at the same time.
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ZnO/ZnFe

2
O

4
, natural sphalerite, visible light, photocatalytic activity, Earth-abundant
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Influence of Cu on the band structure of biogenic birnessite
Feifei Liu1, Yan Li2, Yun Zhu3, Xiaoming Xu4, Yuwei Liu1, Yanzhang Li1, Hongrui Ding1, Changqiu  Wang1, Anhuai Lu1

1School	of	Earth	and	Space	Sciences,	Peking	University,	Beijing,	2The Key LSchool of Earth and Space Sciencesaboratory of Orogenic Belts and Crustal 
Evolution,	Peking	University,		Beijing,	3 National Research Center for Geoanalysis, 4	School	of	Earth	and	Space	Sciences,	Peking	University,	Beijing,	China

Birnessite is one of the most common Mn oxides on Earth surface, which is believed to be of primarily biogenic origin. Owing to the presence of vacant 
sites and/or Mn(III) in the layers, birnessite possesses highly reactive activity to control the chemical behaver and environment trend of heavy metals. 
Besides,	Cu	is	a	typical	heavy	metal	pollutant	in	the	soil	which	is	related	closely	to	birnessite.	Recent	work	has	shown	that	Cu2+ may be an important 
agent	of	structural	modification	of	birnessite.	The	increasing	evidence	suggests	the	structural	modification	plays	an	important	role	in	the	electronic	
structure	of	birnessite.	Thus,	in	this	work,	we	investigate	the	influence	of	Cu	on	the	band	structure	and	the	photo-assisted	structural	modification	
of biogenic birnessite. By employing biogenic birnessite (bio-birnessite) and adsorbed Cu birnessite (Cu-birnessite) for comparison, measurements 
including powder X-ray diffraction (XRD), inductively coupled plasma optical emission spectrometry (ICP-OES), X-ray photoelectron spectroscopy (XPS), 
UV-VIS	diffuse	reflection	spectrum	(DRS),	photoelectron	spectrometer	(PS),	X-ray	Absorption	Fine	Structure	(EXAFS)	and	density	functional	theory	(DFT)	
were	conducted	to	explore	their	mineralogical	characteristics	and	find	the	electronic	structure	differences.

XRD results show the structure of Cu-birnessite alters from hexagonal to triclinic symmetry. The transformation is mainly ascribed to the lower average 
oxidation state (AOS) of Cu-birnessite. The substitution of Mn3+ for Mn4+ in Cu-birnessite generates Jahn-Teller distortion and results in the departure 
from the hexagonal symmetry. What’s more, complexing features of Cu incorporated into Mn layer vacancies as INC species or adsorbed on vacancies 
as	triple-corner-sharing	(TCS)	also	exert	influence	on	the	electronic	structure.	Compared	with	bio-birnessite,	both	of	the	band	gap	and	the	valence	
band	edge	of	Cu-birnessite	decrease.	Theoretical	calculations	based	on	DFT	indicate	Cu	in	triclinic	birnessite,	especially	for	TCS	species,	makes	a	great	
contribution to adjust the electronic structure. Simultaneously, there is a notable amount of Mn2+ released into the adsorption system, over twice the 
concentration of absorbed Cu2+.	It	indicates	the	leakage	of	Mn2+	and	fixation	of	Cu2+ should be caused by an interlayer cation exchange accompanied 
with photoreduction of birnessite. All above results suggest the photoreduction of birnessite to release Mn2+	makes	a	leading	role	in	structural	
adjustment	of	Cu-birnessite	and	flexible	complexing	of	Cu2+, which further controls Mn biogeochemical cycle and the fate of metal cations on Earth 
surface.
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Microbial reduction of Cr(VI)-substituted Schwertmannite by Shewanella oneidensis MR-1 
Huan Liu1, Xiancai Lu1

1School of Earth Sciences and Engineering, Nanjing University, Nanjing, China

Schwertmannite is a poorly crystallized iron oxyhydroxysulfate mineral which occurs ubiquitous in the acid mine drainage (AMD) system. 
Schwermannite is reported to sequestering many heavy metals by adsorption or substitution, such as Chromium and Arsenic. Because of the 
metastability of Schwertmannite, it can be reduced by aqueous Fe(II) and dissimilatory iron reducing bacteria (DIRB), and transform to other iron 
oxides such as goethite, hematite, and magnetite under anaerobic conditions. During the mineralogical transformation of Schwertmannite, the pre-
substituted/adsorbed Cr(VI) may be released and redistributed into secondary minerals and solutions. However, the reduction rate of Cr(VI) to Cr(III) 
and the fate of chromium with secondary minerals are still unclear. In this study, we performed a series of experiments to study the reduction of Cr(VI)-
substituted Schwertmannite by Shewanella oneidensis MR-1 and investigate the fate of Cr during this process. The distribution and speciation of Fe and 
Cr on cells is observed by synchrotron-based STXM and NEXAFS. The fate of Cr with secondary iron oxides are investigated by EXAFS to understanding 
whether it was substituted into mineral structure or adsorbed onto the mineral surface. Results show that Schwermannite is reduced to form stable 
iron oxides (goethite, magnetite) by MR-1. Cr(VI) in the Schwermannite was reduced by MR-1 and produced Fe(II) to form Cr(III), then Cr(III) is substituted 
into the mineralogical structure of secondary iron oxides.  And the effect of substituted Cr on the reduction of Schwermannite by MR-1 is also disclosed. 
This study provides a new insight on the reduction of metal-substituted Schwermannite by DIRB and environmental consequence of released heavy 
metals. It also help us to understand the geochemical cycle of iron minerals and heavy metals driven by the microbial reduction.
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Organic pollutants enhance Fe(III) bio-reduction through promoting electron shuttle secretion
Shan Liu1, Zhu Wang1, Yanping Cui1, Hui Liu1, Rong Chen1, Zhaofeng Peng1, Songhu Yuan1

1China University of Geosciences (Wuhan), Wuhan, China

Dissimilatory reduction of Fe(III) oxides by microorganisms plays a critical role in the biogeochemical cycle of iron and have been explored for the 
bioremediation of contaminated environment. However, the existing studies have generally focused on the degradation of organic pollutants, inversely 
the	influence	of	coexisting	organic	pollutants	on	the	Fe(III)	reduction	efficiency	have	been	overlooked.	In	the	present	presentation,	Fe(III)	reduction	
by a dissimilatory iron-reducing bacterium Shewanella oneidensis MR-1 (MR-1) was investigated in presence of organic pollutants such as benzene. 
Results	showed	that	benzene	had	no	significant	effect	on	the	cell	numbers	and	morphologies	of	MR-1,	but	remarkably	promoted	the	bio-reduction	of	
Fe(III), and the promotion was accelerated with augmenting benzene concentration from zero to 3.8 µM, and further increase of benzene concentration 
gradually attenuated this promotion effect. Further investigation demonstrated that benzene promoted Fe(III) bio-reduction through permeabilizing 
outer	and	inner	cell	membrane,	and	facilitating	MR-1	to	secrete	more	electron	shuttles,	mainly	flavin	mononucleotide	(FMN),	therefore	transporting	
more	electrons.	Meanwhile	higher	concentration	of	benzene	impeded	further	secretion	and	reformation	of	reduced	electron	shuttles.	Our	findings	have	
broad implications for the Fe(III) bio-reduction in the presence of organic pollutants, which occur frequently in the polluted environment. 
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Visible Light-driven Electron Transfer between Hematite and Shewanella oneidensis MR-1
Juan Liu1
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Iron-oxide	semiconducting	minerals,	such	as	hematite,	are	widespread	on	Earth's	surface,	and	have	good	biocompatibility	to	exoelectrogens	in	natural	
environment. Molecular mechanisms underlying dissimilatory Fe(III) reduction of hematite by Shewanella oneidensis MR-1 have been extensively 
studied, but hematite was only considered as an electron acceptor in most previous studies. Hematite has a band gap of ~2.2 eV and exhibits 
visible-light-driven	photocatalysis.	The	light-harvesting	capability	of	hematite	may	significantly	impact	electron	transfer	between	hematite	and	the	
model iron-reducing microbe, Shewanella oneidensis MR-1. In this study, the enhanced photocurrents were observed in a solar-assisted microbial 
photoelectrochemical system (solar MPS) with hematite nanowire-arrayed photoanode and S. oneidensis MR-1. Under one-sun illumination, the 
photocurrent	of	the	abiotic	control	was	16		2	µA	cm−2	at	0.8	V	vs.	Ag/AgCl,	and	the	addition	of	S.	oneidensis	MR-1	increased	the	photocurrent	to	70		6	
µA	cm−2	at	0.8	V	vs.	Ag/AgCl.	Moreover,	overexpressing	the	D-lactate	transporter,	SO1522,	endowed	the	recombinant	S.	oneidensis	(T-SO1522)	with	a	
61%	faster	rate	in	D-lactate	digestion.	The	solar	MPS	with	hematite	an	even	higher	photocurrent	and	T-SO1522	produced	of	95		8	µA	cm−2	at	0.8	V	
vs.	Ag/AgCl.	These	findings	revealed	the	pronounced	influence	of	metabolic	rates	on	the	light-to-electricity	conversion	in	the	complex	photocatalyst-
electricigen hybrid system and the synergy of semiconducting minerals and electrogenic microorganisms in solar energy harness and the conversion 
of biomass under sunlight irradiation in surface environment.
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Fine structural characteristics of biogenic birnessite functioning on Cu(II) coprecipitation and post-
adsorption processes
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Biogenic birnessite is the most widespread Mn-oxide in natural environments, which is produced by Mn-oxidizing bacteria, and exerts a prominent 
sorption capability of heavy metals such as Cu(II). When Cu(II) is doped into birnessite structure, it tends to be either incorporated into vacancy (INC) or 
adsorbed	on	vacancy	as	triple-corner-sharing	complex	(TCS);	in	other	cases,	Cu(II)	binds	at	birnessite	layer	edges	as	multinuclear	clusters.	The	uptake	
mechanism	of	Cu(II)	is	sensitively	influenced	by	both	birnessite	fine	structures	and	Cu(II)	sorption	pathways.	In	turn,	the	distribution	and	coordination	
structures	of	Cu(II)	will	impact	the	sustaining	structural	stability	of	birnessite.	Our	work	focuses	on	the	fine	mineralogical	characteristics	of	Cu(II)-
doped biogenic (bio-) birnessite produced by Pseudomonas putida strain MnB1, as compared to synthetic hexagonal (abio-) birnessite. In addition, the 
effects of Cu(II) sorption pathways (coprecipitation v.s. post-adsorption) on the sorption mechanism are further examined.

As	revealed	by	X-ray	diffraction	(XRD)	analysis,	bio-birnessite	showed	an	expanded	inter-layer	space	than	abio-birnessite	from	7.33	to	~9.17	Å.	Linear	
combination	fitting	of	Mn	K-edge	X-ray	absorption	near-edge	structure	(XANES)	indicated	few	Mn(III)	in	bio-birnessite.	Cu	K-edge	extended	X-ray	
absorption	fine	structure	(EXAFS)	analysis	using	coordination	paths	of	Cu-Mn	~2.85	Å,	Cu-Cu	~3.00	Å	and	Cu-Mn	~3.43	Å	were	conducted	on	Cu-doped	
abio-/bio-birnessite	samples.	The	larger	fitted	coordination	numbers	of	bio-birnessite	suggested	Cu	had	more	surrounding	atoms.	The	results	implied	
the proclivity for Cu(II) to locate at vacancy as INC and TCS in bio-birnessite. This could arise from the large inter-layer space to hold inner-sphere 
complexes and the few Mn(III) competing for vacant sites. The vacancy sorption of Cu(II) might have caused an increased lattice parameter b and 
reduced in-plane crystallinity as shown by XRD. By contrast, Cu(II) binds predominantly at layer edges in abio-birnessite. Theoretically, the INC and TCS 
species should exert stronger structural stability than Cu(II) edge clusters, suggesting Cu(II) sorption could help stabilize biogenic birnessite in nature.

Further,	the	possible	impact	of	Cu(II)	sorption	pathways	on	bio-birnessite	fine	structures	is	investigated.	Cu	K-edge	EXAFS	fitting	analysis	was	
conducted on Cu(II)-adsorbed/coprecipitated bio-birnessite (ad/co-birnessite). The estimated ratios of vacancy to edge sorption were 0.37-0.74 for 
ad-birnessite and 0.63-1.25 for co-birnessite, implying that Cu(II) was more inclined to form inner-sphere complex during coprecipitation process. 
The ratios of INC/TCS were 1.16 and 0.45 for ad- and co-birnessite. The more favored INC species in ad-birnessite could promote the transformation to 
triclinic birnessite, due to the similar Jahn-Teller effect of Cu(II) and Mn(III) octahedrons. This would further promote Mn(III) incorporation, and thus 
indirectly facilitate the self-reduction process of bio-birnessite.

Our	work	helps	recognize	the	geochemical	behavior	of	Cu(II)	controlled	by	natural	biogenic	birnessite.
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Microorganisms obtain photoelectron energy from natural semiconducting minerals
Anhuai Lu1, Yan Li1, Hongrui Ding1, Changqiu Wang1

1School of Earth and Space Sciences, PEKING UNIVERSITY, Beijing, China

This	study	confirms	that	for	billions	of	years,	the	sunlight	has	been	exciting	the	massively-existing	semiconducting	metal-sulfides	and	oxides	on	
Earth’s	surface	to	continuously	yield	photoelectron	energy.	This	work	opens	up	a	new	field	of	mineral	photoelectron	energy	research,	and	has	gained	
innovative achievements in the synergistic effect between microorganisms and mineral through photoelectron energy.

Based	on	the	well-known	mechanisms	of	solar	and	chemical	energy	utilized	by	microorganisms	on	Earth,	a	renewed	discovery	has	been	put	forward	
that	microorganisms	can	make	use	of	photoelectron	energy	generated	by	natural	semiconducting	minerals,	which	proposes	a	new	photoelectron-
energy metabolic pathway. Energy-based metabolism is the core of all life processes. According to the traditional theory, the energy source of 
microorganism	metabolism	on	the	earth	mainly	comes	from	solar	photons	and	elemental	valence-electrons.	Winogradsky	(1887)	discovered	the	
chemotrophic	microorganisms	could	use	valence-electron	energy.	Huber	(1976)	did	an	insightful	and	fine	study	on	the	electron	transfer	mechanism	
of phototrophic microbes using solar photon energy and was therefore awarded the 1988 Nobel Prize in Chemistry. Natural microorganisms are 
also	divided	by	the	above	two	pathways	of	energy	metabolism	into	phototrophic	and	chemotrophic	microbes.	This	study	proposes,	for	the	first	
time worldwide, a new energy metabolism pathway of microorganisms, photoelectron-trophic microorganisms. It is found that the photoelectrons 
produced by natural semiconducting minerals as rutile (TiO

2
), goethite (FeOOH) and sphalerite (ZnS) under visible light irradiation can improve the 

bio-mass of non-photosynthetic microbes, as the chemoautotrophic A. ferrooxidans and chemoheterotrophic A. faecalis. This new discovery reveals a 
distinguishable	energy-utilization	pathway	of	microbes,	which	is	very	likely	long-term	present,	that	the	growth	and	metabolism	of	non-photosynthetic	
microorganisms	are	promoted	by	photoelectrons	produced	by	the	photocatalytic	reaction	of	natural	semiconducting	oxide	and	sulfide	minerals.	This	
finding	makes	a	breakthrough	out	of	the	existing	recognition	about	microbial	energy	utilization,	and	raises	new	challenges	to	the	universality	of	the	
traditional theories on microbial energy metabolism.

This is a brand new discovery, after discoveries on natural microorganisms can obtain the elemental valence-electron energy and solar photon energy, 
that some of the newly discovered microorganisms can obtain photoelectron energy from natural semiconducting minerals. Also this photoelectron 
energy	nurturing	pathway	is	a	third	one	after	chemotrophic	and	phototrophic	pathways.	This	finding	has	broken	through	the	previous	understanding	of	
microbial activities, energy acquisition and utilization pathways, and is now playing a decisive role in the photoelectron-driven biogeochemical process 
in	nature.	It	also	provides	novel	ideas	for	studying	the	energy	sources	of	early	life	on	Earth	and	is	of	great	significance	and	far-reaching	influence	in	
understanding	the	origins	of	life	during	early-stages	on	Earth	and	finding	life	activities	beyond	the	Earth.
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Light mediated microbial oxidation of pyrite
Xiancai Lu1, Wanli Xiang1, Huan Liu1, Juan Li1, Ruiyong Wang2, Jianjun Lu1

1School of Earth Sciences and Engineering, 2School of life Sciences, Nanjing University, Nanjing, China

Pyrite (FeS
2
)	is	one	of	the	most	common	sulfide	in	the	Earth’s	crust.	It	plays	crucial	roles	in	the	global	geochemical	cycles	of	iron	and	sulfur.	In	the	

last decade, the interactions between pyrite and microbes have been attracted increasing attentions in the contexts of the life origin because it 
potentially catalyzes redox reactions, and provides photoelectrons for some species of non-phototrophic microorganisms. Meanwhile, pyrite-microbe 
interactions	are	responsible	for	the	formations	of	acid	mine/rock	drainage	in	mining	activities.	In	the	past	decades,	extensive	studies	on	microbial	
oxidation	of	pyrite	oxidation	have	been	reported.	However,	the	effects	of	light	have	been	seldom	taken	into	account	in	investigate	the	mechanisms	
of	sulfide	oxidation	in	natural	conditions.	In	this	study,	we	performed	a	series	experiments	to	disclose	the	influences	of	light	on	the	microbial	and	
abiotic oxidation of pyrite by using A. ferrooxidans as a representative strain. Multiple analytical techniques, including scanning electron microscopy, 
X-ray photoelectron spectroscopy, and Raman spectra have been employed to characterize the secondary minerals, surface of reacted pyrite and 
cells	as	well	as	biofilm.	Synchrotron-based	STXM	and	XANES	were	used	to	disclose	the	distribution	and	valence	states	of	iron	on	cells.	The	comparative	
experiments	discloses	the	influences	of	light	on	the	oxidation	of	pyrite	by	A.	ferrooxidans.	First,	light	greatly	affects	the	iron	cycle	in	the	whole	process	
through the light-induced oxidation of Fe2+ and photoreduction of Fe3+ species in solution and on cells of A. ferrooxidans, and then light promotes the 
growth	of	A.	ferrooxidans	with	the	regenerated	Fe(II)	in	short	term,	and	the	initial	attachment	and	formation	of	biofilm	are	hindered,	resulting	in	the	
slower	bio-oxidation	of	pyrite	surface	in	the	short	experimental	time.	It	is	also	revealed	that	light	makes	no	difference	on	the	transformation	of	Fe	
and S in pyrite but can lead to deeper oxidation of pyrite surface. Photocatalysis and potential enhanced oxidation by radicals as well as the light-
induced electrons and holes all promote the electron transportation from pyrite to the cells and solution, which results in apparent enhanced microbial 
oxidation of pyrite with illumination.  
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Mineral-microbe interactions on the Great Barrier Reef: understanding reef health and susceptibility 
to climate change
Stuart Mills1, Andrew Christy2,	Frank	Reith3, Peter Prentis4,	Paul	O'Dowd5, John Rumney6
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Since	1940,	microcrystals	in	the	cells	of	symbiotic	dinoflagellate	algae	(zooxanthellae)	from	reefs	have	been	assumed	to	be	“calcium	oxalate”	by	
many authors, on the basis of incomplete chemical tests. It has been shown that this material is actually uric acid in at least one case. However, 
we	have	recently	finished	studying	samples	of	crystals	collected	during	The	Great	Barrier	Reef	Expedition	in	May	1929,	and	identified	them	as	the	
mineral weddellite, CaC

2
O

4
·2.5H

2
O	(Mills	and	Christy,	2016).	Thus,	we	have	confirmed	for	the	first	time	that	calcium	oxalate	does	indeed	form	in	a	reef	

environment,	and	have	identified	the	precise	compound	out	of	several	possibilities.

 As part of a broad study centred on the Low Isles reef near Port Douglas, we have begun studying the mineralogical, geochemical and microbial 
populations in order to better understand how organic minerals form in reef environments, their prominence, and the effects that climate change is 
having on the mineralogy and microorganisms present on the reef. Early results suggest a correlation between sediment type and the presence of sea 
grass (Halophila tricostata), which is a major food source for the local green turtle population. Understanding of the microorganisms present on the 
Great Barrier Reef is going to be ever increasingly important, as protection and management strategies are developed to combat the destruction and 
mass coral bleaching that has been occurring as a result of climate change and increase in water temperatures.
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Extracellular Electron Transfer Mechanisms between Microorganisms and Redox Active Minerals
Liang Shi1

1Biological Sciences and Technology, China University of Geosciences-Wuhan, Wuhan, China

Redox active minerals, such as those contain Fe(II/III) and Mn Fe(III, IV)), are widespread in soil and subsurface environment. They represent a large 
reservoir of oxidants/reductants for microbial energy generation, in which Fe(II) oxidation is coupled to reduction of O

2
, NO

3
 and CO

2
, while Fe(III)/

Mn(III, IV) reduction is coupled to oxidation of organic matter, H
2
 and  methane. Microbial redox cycling of metals, thus, plays important roles in global 

cycling of not only metals but also carbon and nitrogen. The cell envelopes of microorganisms possess a cytoplasmic membrane that is the primary 
barrier to the external environment and the center of electron transfer reactions, which is essential for microbial energy generation. The microbial cell 
envelope, however, often includes other structural components external to the cytoplasmic membrane, such as the peptidoglycan, outer membrane 
and S-layer, which are electrically nonconductive and physically impermeable to minerals. The transfer of electrons between redox carriers in the 
microbial cytoplasmic membrane and minerals external to the cells is often referred to as microbial extracellular electron transfer. To overcome the 
electrical and physical barrier external to the cytoplasmic membrane, microorganisms have evolved distinct mechanisms for the exchange of electrons 
between	the	cytoplasmic	membrane	and	extracellular	minerals	via	a	network	of	redox	and	structural	proteins.	These	proteins	often	form	pathways	that	
electrically and physically connect the intracellular metabolic processes with the redox transformations of extracellular mineral-associated metal ions. 
Over	the	past	decade,	substantial	progress	has	been	made	in	identification	and	characterization	of	microbial	extracellular	electron	transfer	pathways.
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Extracellular electron transfer between birnessite and electrochemically active bacteria community 
in red soils
Manyi Sun1, Guiping Ren1, Yan Li1, Anhuai Lu1, Hongrui Ding1
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Extracellular electron transfer of microbes and minerals played a vital role in global biogeochemical cycles. The interplay of electrochemically active 
microorganisms (EAMs) with adjacent minerals universally occurs in natural environments, in which soil is an extremely typical and active one. In this 
study, we constructed a microbial fuel cell (MFC) equipment composed of a bacterial anode and a synthetic birnessite (a common mineral in soils) 
cathode to stimulate the EET process between bacterial community and birnessite in red soils (collected from Hainan, China). Compared to graphite-
cathode	MFC,	the	cathode	potential	of	birnessite-cathode	MFC	was	increased	to	-144	±	11	mV	by	22%	when	loading	a	1000	Ω	resistance.	The	maximum	
power density of birnessite-cathode MFC reached to 597 ± 21 mW/m3, 38% higher than that of graphite-cathode MFC. The bacterial community obtained 
in	MFC	anode	was	compared	with	that	in	original	soils.	EAMs	in	red	soils	were	confirmed	as	Enterobacter,	Desulfitobacterium,	Bacillus,	Clostridium,	
Sporomusa, iron-reducing bacterium enrichment culture clone HN-HFO75, Desulfovibrio, Citrobacter, Ochrobactrum, Aeromonas and Pseudomonas 
according to an extensive literature survey. Neither palpable novel mineral production nor change of birnessite crystallinity was discovered after the 
reaction. As oxygen in the air pumped into cathode chamber was the terminal electron acceptor of the whole system, birnessite in principal catalyzed 
the	cathodic	oxygen	reduction	reaction	by	virtue	of	its	structural	Mn(V)/Mn(III)	redox	reactivity.	Thus,	soil	mineral	such	as	birnessite	plays	significant	
roles in mediating extracellular electron transfer from EAMs to terminal electron acceptors.
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Environmental significance of living coccolithophores mineralization under multi-field environmental 
stressor Coupling
Shiyong Sun1
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Coccolithophores is a class of single-celled autotrophic microalgaes which widely distributed in modern ocean. Fossil coccoliths which formed by 
a	biomineralization	process	of	coccolithophores	have	important	significance	in	paleoceanography.	For	the	complexity	of	biomineralization	and	
environmental	attributes,	multi-field	coupling	conditions	of	living	coccolithophores	are	selected	in	the	batch	culturing	experiments.	The	modern	
mineralogy	and	biology	characterizing	techniques	for	synchrotron	based	chemical	composition	and	fine	structure	spatial	distribution,	major	and	
trace element composition, spectroscopy, and physiological and biochemical assays are used in the presented study. Based on results of typomorphic 
characteristics	of	fine	mineral	and	response	to	environmental	changes,	and	their	relationships	between	each	other,	the	environment	coupled	micro	
regulation mechanism of coccolithopores mineralization were proposed. Quantitative indicators of coccolithopores mineralization for response vertical 
variation of marine environment were also used for forecasting future adaption mechanism and inversing paleoclimatic marine conditions of marginal 
sea of China. The results indicate that the in-depth study of coccolithophores mineralization will be help for understanding environmental regulated 
responses	during	biogeochemical	mineralization	processes.	The	present	work	was	supported	by	the	National	Natural	Science	Foundation	of	China	
(41472310).
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The study of the interaction between bacterial cytochromes and iron oxide minerals
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Molecular-scale interactions between microbes and earth mineral materials are central to understanding electron transfer mechanisms and 
microbial ecosystem responses in subsurface environments. Electron transfer from microbes to insoluble minerals is facilitated by a series of c-type 
cytochromes. These mostly membrane-associated redox proteins shuttle electrons from the inner membrane across the periplasmatic space and 
through	the	outer	membrane	to	a	terminal	electron	acceptor	[e.g.	Fe(III)].	Although	the	key	proteins	involved	in	this	process	have	been	identified,	
no information about their structural arrangement in contact with a mineral surface is currently available. Here we report mechanistic insights into 
electron	transfer	from	cytochromes	to	mineral	surfaces	obtained	by	varying	pH	in	bulk	solutions.	Our	results	demonstrate	that	cytochrome	c	assumes	
a preferred orientation on the iron oxide surface (hematite), presumably to facilitate electron transfer. We show that the pH can affect both the 
redox behavior of the catalytic centers of the protein, and the interactions of the protein with the metal oxide substrate. Our results highlight the pH 
dependency of catalytic current, due to the ability of cytochrome c to adsorb and remain catalytically active, transferring electrons to hematite. We 
will	present	data	from	neutron	reflectometry	experiments	delineating	conformational	changes	of	the	cytochrome	c	at	the	protein-mineral	interface	as	
a	function	of	pH.	The	present	results	provide	a	structural	basis	for	redox	processes	at	protein-mineral	interfaces	and	will	help	pave	the	way	to	tackling	
more complex processes at microbe-mineral interfaces in their natural environments.
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Research on the mineralogical characteristics of rock varnish from Gobi Desert: implications for 
photocatalysis process in its formation 
Xiaoming Xu1, Yan Li1, Anhuai Lu1, Hongrui Ding1
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Rock	varnish	and	adjacent	soil	dust	from	Gobi	Desert	were	collected	to	explore	varnish	formation	mechanism	by	combination	of	various	techniques.	
Measurements including optical microscope (OP), scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy 
(FTIR), micro-Raman spectroscopy, transmission electron microscope (TEM), electron probe microanalysis (EPMA), laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS), scanning transmission electron microscopy (STEM) of focused ion beam (FIB) ultra-thin sections and electron 
paramagnetic resonance (EPR) spectroscopy were employed. Field observation reveals that varnish covers the surface of pebbles and topmost part 
of	rock	cracks,	indicating	close	relationship	between	its	occurrence	and	solar	light.	Caves	and	tunnels	with	diameter	of	micrometers	are	abundant	on	
varnish	surface	and	varnish	cross	sections,	which	are	beneficial	for	the	absorption	of	light	and	intrusion	of	rainfall	and	dew.	Mineralogical	analysis	
indicates that varnish is mainly composed of clay minerals and metal oxides minerals, including birnessite, hematite, goethite, rutile, anatase, etc. 
Wetting	effect	of	rainfall	and	dew	on	soil	dust	and	slight	pH	fluctuation	in	the	environment	are	key	factors	controlling	the	abiotic	oxidation	of	Mn2+. The 
metal oxides minerals in varnish are semiconducting minerals with good visible light responding capability and can accelerate abiotic Mn2+ oxidation 
through	photocatalysis	in	both	thermodynamic	and	kinetic	considerations.	The	close	intergrowth	relationship	between	Mn	oxides,	Fe	oxides	and	Ti	
oxides revealed by FIB sections contributes to the formation of semiconductor heterojunctions, which can promote the separation of photo-generated 
electrons and holes. Besides, reactive oxygen species including 1O

2
 and OH· are generated by mineral photocatalysis of varnish suspension, which can 

be used to oxidize soluble Mn2+	to	form	immobile	species.	A	diversity	of	trace	elements	(e.g.,	Ba,	Pb,	Ce,	Co)	were	enriched	in	rock	varnish,	which	may	
likely	be	scavenged	by	Mn/Fe	oxides	or	oxyhydroxides.	These	dopants	and	lattice	vacancies	in	natural	semiconducting	minerals	in	rock	varnish	can	
broaden their adsorption wavelength range of solar light during photocatalysis. All these lines of evidence suggest that an abiotic photooxidation 
model of Mn2+	can	be	involved	in	the	formation	of	rock	varnish.
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Incorporation of zinc into human pathological calcification
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Zinc is an essential trace element in human bodies. It has close relationship with the occurrence and development of diseases. Up to now, the 
distributing	characteristics	and	incorporating	mechanisms	of	zinc	in	inorganic	calcification	of	human	bodies,	such	as	in	pathological	mineralization,	is	
still	unclear.	This	study	carried	mineralogical	measurements	on	28	cases	of	various	pathological	mineralizations,	including	breast	cancer,	fibroadenoma	
of	breast,	breast	hyperplasia,	breast	inflammation,	ovarian	serous	cancer,	aortic	calcification	and	coronary	artery	calcification,	with	the	main	purpose	
to	provide	a	new	insight	into	the	incorporation	mechanism	of	zinc	in	inorganic	pathological	calcifications.

After	mineral	separation	processes,	the	elements	contents	was	measured	by	micro-area	synchrotron	radiation	X-ray	fluorescence	(µ-SRXRF).	The	
results revealed zinc existed in mineralization of all diseases studied, including ovarian serous cancer, breast benign lesions (breast hyperplasia, 
breast	inflammation	and	breast	fibroadenoma),	breast	cancer,	artery	calcification	and	coronary	artery	calcification.	It	is	obvious	that	Ca/Zn	(mM	
concentration)	value	in	breast	cancer	(approximately	165)	is	significantly	lower	than	those	in	breast	benign	lesions	(about	860	in	breast	hyperplasia	
and	breast	inflammation,	and	approximately	650	in	breast	fibrodenoma)	(P<0.01),	presumably	due	to	the	concentration	of	zinc	in	the	tissues	of	breast	
cancer is higher than that of breast benign lesions.

µ-SRXRF mapping was also performed on tissue sections to determine the distribution of zinc and calcium. The distribution patterns of zinc in most 
types	of	cases	are	consistent	with	those	of	calcium.	It	is	therefore	probable	that	zinc	takes	place	of	calcium	in	the	crystal	lattices	of	(carbonate)	
hydroxyapatite (HAP).

To	confirm	the	chemical	state	of	zinc	in	the	mineralization,	X-ray	absorption	fine	structure	(XAFS)	was	conducted	on	separated	samples	under	
fluorescence	mode.	Data	of	synthetic	zinc-doped	HAP	were	also	collected	for	normalization	and	comparison.	The	peak	splitting	between	peaks	A	
(9662	eV)	and	B	(9665	eV)	and	the	position	of	peak	C	(9674	eV)	can	be	utilized	for	distinguishing	Zn-doped	HAP	with	Ca1	site	substitution	from	those	
with Ca2 site substitution. After normalization, our results showed reasonable agreement with the reported spectrum of Zn-doped HAP with Ca2 site 
substitution. This suggested Zn2+	took	up	Ca2	sites	on	the	screw	axis.

In	conclusion,	the	present	study	showed	that	zinc	distributed	in	various	gynecological	neoplasm	and	cardiovascular	calcification,	but	the	
concentrations differ in different disease cases, especially when concerning breast lesions. According to XAFS, Zn2+ incorporates into these inorganic 
pathological	calfications	by	taking	up	Ca2	site	in	(carbonate)	hydroxyapatite.	
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Crystal chemistry, geochemistry and spatiotemporal inhomogeneity as drivers of mineral diversity
Andrew G. Christy1, 2
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For a typical chemical element, the number of species in which that element is an essential constituent increases as approximately the 0.25 power of 
its	atomic	abundance	in	the	Earth’s	crust.	While	40	out	of	70	such	chemical	elements	lie	within	90%	confidence	limits	of	such	a	trend,	the	remaining	
elements	are	evenly	divided	between	a	“dispersed”	group,	and	a	group	of	“anomalously	diverse”	elements	that	form	significantly	more	different	
species than expected [1]. The diverse elements are clustered in the most siderophilic/chalcophilic part of the Periodic Table, at the end of the 
d-block	and	start	of	the	p-block.	The	correlation	is	confirmed	by	recent	quantitative	measures	of	siderophilicity	and	chalcophilicity,	derived	from	
thermodynamic	properties	of	elements,	oxides	and	sulfides	[2].	The	power-law	trend	predicts	that	the	1st,	2nd,	3rd	etc	most-abundant	minerals	of	
a given element should form decreasing proportions of the total elemental budget, also in a power-law fashion. However, some elements such as 
Sn defy this prediction to occur largely as one particularly abundant phase, reducing their mineralogical diversity. Other apparent anomalies are 
both	readily	identified	and	readily	explained	by	looking	at	the	siderophilicity	and	chalcophilicity	parameters.The	distinctive	crystal	chemistry	of	the	
anomalously	diverse	elements	causes	them	to	segregate	readily	on	the	kilometric	scale	or	less	into	ore	bodies,	where	their	concentration	is	2-3	orders	
of magnitude above the crustal average. Local increase in the number of species according to the power law accounts for most of the diversity of 
minerals	of	elements	such	as	Cu	and	Au.	An	extreme	case	of	such	local	diversification	is	Te,	already	the	most	mineralogically	diverse	element	relative	
to abundance [3]. 14 new Te species have been described since 2009 from just one locality, Otto Mountain in California. One cause of this profusion of 
species	seems	to	be	temporal	evolution	of	the	mineralising	fluid,	which	affects	both	the	composition	and	structure	type	of	the	precipitated	phases	[4].	
Such heterogeneity on small space and time scales is an important generator of mineral diversity, and also a major source of uncertainty in predictions 
of total numbers of species, such as arise from the Large Number of Rare Event distribution model [5]. The possibility diversity hot spots arising from 
chemical	fluctuations	that	may	be	very	limited	in	spatial	or	temporal	extent	means	that	such	models	can	only	predict	a	lower	limit	for	numbers	of	
species of a given element.
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Weathering processes of iron sulfides from Pilawa quarry, EMPA and Raman characterization
Mateusz Dulski1,	Roman	Wlodyka1,	Tomasz	Krzykawski1
1UNIVERSITY OF SILESIA, Katowice, Poland

Introduction
Amphibolite	deposit:	"Piława	upper",	is	a	part	of	the	Sudetic	Mountains,	near	the	village	of	the	same	name.	This	area	is	linked	to	the	deformations	
appearing	in	form	of	cracks	and	fault	which	became	the	migration	route	of	hydrothermal	solutions,	and	the	source	of	fracture	mineralization	with	
two main opaque minerals: pyrrhotite and ilmenite. In this context, the interesting had become the analysis of the transformation of primary iron 
oxide	phase	under	the	influence	of	different	processes	as	weathering.	As	a	result,	different	iron	sulfides	have	been	investigated	using	microscopy	and	
spectroscopy	approaches	to	look	more	precisely	at	such	problem.

Results and discussion
EPMA, XRD, and Raman studies were carried out to observe the variability of oxidation products of primary pyrrhotite. Raman spectroscopy due to 
sensitivity	to	structural	differentiation	of	iron-like	phases	has	provided	an	opportunity	to	find	more	detail	in	relation	to	EPMA.	Here,	three	possible	
routes	of	oxidation	have	been	found.	The	low	porosity	zone	has	distinguished	two	types	of	transformed	iron	sulfide	grains.	The	first	type	was	related	
to the oxidative dissolution process, which provides the appearance of porosity and formation of euhedral marcasite crystals formed at pH < 2.5 and 
absence of an external S2-	source.	Physicochemical	analysis	has	distinguished	amorphous	mackinawite,	poorly	crystalline	maghemite,	and	ferrihydrite	
with disordered structure. The next stage of transformation was resulting from the high impact of oxygen, in which the transformation of marcasite 
to	maghemite/magnetite	and	goethite	have	determined.	This	process	was	related	to	the	presence	of	cleavage	and	kaolinization,	filling	the	cavern	with	
kaolinite	and	dissolution	of	the	euhedral	marcasite	crystals	to	secondary	pyrite.	An	alternative	process	of	transforming	marcasite	pseudomorphs	
named	as	the	secondary	pyrite	oxidation	was	linked	to	a	closed	system,	without	porosity	but	with	numerous	planes	of	cleavage.	As	a	result,	
development	of	kaolinization	along	the	curved	surfaces	and	the	marcasite	cleavage	system	was	found.	The	porous	zone	with	high	oxygen	activity	was,	
in turn, characterized by the appearance of huge caverns co-existing with the occurrence of oxidized Fe compounds due to secondary pyrite oxidation. 
Physicochemical	analyses	have	shown	that	pseudomorphoses	were	dominated	by	goethite,	hematite,	kaolinite,	alunite,	as	well	as	relics	of	maghemite,	
pyrite, and marcasite. Such type of transformation was determined by the two-stage oxidation. In this respect, the original pyrrhotite was transformed 
by euhedral, non-porous pyrite crystals in so-called coupled dissolution-reprecipitation mechanism without an external source S2-, pH> 2.5, to a 
hydronium	jarosite.	Next	stage	was	linked	to	a	replacement	of	hydronium	jarosite	into	potassium	one,	a	formation	of	alunite	and	kaolinite.	These	
changes are analogous to the processes after rainfall. Finally, the process of crystallization in open veins has compared to modern processes of the 
near-surface zones due to the appearance of similar phases, forming with the presence of meteoric water, seasonal changes of temperature and pH. As 
a	result,	it	was	found	that	any	free	spaces	were	filled	with	goethite,	kaolinite	and	hydronium	jarosite,	and	more	stable	potassium	jarosite.
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Can Lithium Minerals be Counted? Comparison with Boron and Beryllium
Edward Grew1, Grethe Hystad2,	Aleksandra	Ostroverkhova3, Joshua Golden4, Sergey Krivovichev3, Robert Hazen5
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An objective of mineral ecology is to estimate Earth’s total mineral endowment. For example, application of large number of rare events models to 
the 295 B minerals gave a minimum estimate of ~500 minerals for Earth’s upper crust. Applying similar methods to the 120 Be minerals and the 118 
Li minerals was unsuccessful, so we sought an explanation by comparing the evolution, structural and chemical complexity, and history of discovery 
of minerals containing Li, Be and B. What these three elements have in common is their fragile nuclei, and consequently they are the least abundant 
elements lighter than Ca in the solar system. Only 21 µg/g Li, 2.1 µg/g Be and 17 µg/g B are present in Earth’s upper continental crust, and thus 
enrichment by 1-2 orders of magnitude is needed for Li, Be and B minerals to form, for example, in granitic pegmatites, i.e., these minerals are indicative 
of	specific	geologic	processes	such	as	partial	melting	and	mobilization	of	fluids.

Minerals	containing	B	are	first	reported	in	the	geologic	record	at	3.6	Ga,	Be	at	3.0	Ga,	and	Li	at	3.1	Ga.	The	curves	for	cumulative	diversity	show	steps	
due	to	increased	diversification	corresponding	to	increases	in	preserved	juvenile	crust	and	supercontinent	assembly	during	the	Precambrian,	followed	
by	accelerated	diversification	during	the	Phanerozoic.	There	was	surge	in	diversity	of	Li	minerals	at	the	start:	Li-Cs-Ta	family	pegmatites	3.0-	2.5	Ga	in	
age	contain	27	Li	minerals,	but	in	contrast	to	Be	and	B,	there	was	less	diversification	during	assembly	of	Nuna	and	Rodinia,	and	only	50	Li	minerals	had	
appeared at the start of the Phanerozoic.

Average crystal structure complexity in bits per unit cell increases 239, 278 and 355 for Li, Be and B, respectively, compared to 228 bits for all minerals. 
The	distribution	of	complexity	is	strongly	right-skewed	for	of	all	three	elements.	The	high	average	for	B	is	due	to	the	10	B	minerals	having	very	complex	
structures (>1025 bits); only one Li and one Be mineral having comparable complexity. In contrast, Li and Be minerals tend to be chemically more 
complex, 72-73% versus 52% containing 5-7 essential elements, whereas 34% of B minerals consist of 4 elements.

The	discovery	of	new	minerals	accelerated	markedly	after	1945.	However,	the	novelty	of	the	new	minerals	differed	among	the	3	elements:	80%	of	new	
Li minerals are isostructural with other minerals compared to 61% of Be and 49% of B minerals. The recent surges in new mineral discoveries are 
largely	due	to	finding	new	analogues	rather	than	distinct	structures.

From the above comparisons of Li, Be and B, we conclude that Li and Be have less inherent capacity for diversity than B. The bewildering variety of 
hydrated borate complexes, most often encountered in evaporite deposits, has resulted in a larger number of B minerals, whereas the greater chemical 
complexity of Li and Be minerals could limit the number of potential localities. As a result, a greater proportion of Be and Li minerals than B minerals 
occur at just one locality, lowering the proportions of minerals occurring at 2-5 localities that appear to be critical for successful application of LNRE 
modeling.
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Evolution of structural and topological complexity in uranyl sulfates and selenates
Vladislav Gurzhiy1, Olga Tyumentseva1, Sergey Krivovichev1, 2
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Uranyl	sulfates	and	selenates	are	the	most	remarkable	groups	of	U6+-containing compounds due to their mineralogical importance and fascinating 
variety of structural topologies and topological isomers. The unique diversity of these materials can be explained by the high topological and structural 
adaptability of uranyl-based structural units to the charge and shape of organic and/or inorganic complexes that compensate for the negative charge 
of the uranyl complexes. Due to the small energetic differences between distinct topologies with the same overall composition, the structures of 
uranyl-based units may adapt to a particular template through topological and geometrical variations, thus demonstrating considerable structural 
flexibility.	The	interesting	problem	that	appears	in	this	regard	is	how	complexity	of	a	particular	topological	structure	is	related	to	the	shape	and	
complexity of templating ions.

Within	the	conceptual	framework	of	the	information-based	approach	recently	developed	in	[1],	uranyl-containing	1D	and	2D	units	have	been	
investigated using topological approach and information-based complexity measures demonstrating that very complex structures may form 
as transitional architectures between phases with relatively small amounts of structural information [2], wherein the overall trend shows that 
complexities of structures formed on the latter stages of crystallization are higher than those for the phases growing on the primary stages [3]. In 
addition, it was found that complex topologies form more rare than their simplest counterparts, which is a response of the crystal structure to changes 
of chemical conditions within the system [4-5].

This	work	was	supported	by	St.	Petersburg	State	University	and	President	of	Russian	Federation	grant	for	young	scientists	(no.	MK-4810.2018.5).
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A revised (upwards) estimate of Earth’s “missing” minerals
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Recent predictions that ~1500 mineral species that occur on Earth today but have yet to be discovered and described (1-3) seem at odds with the 
annual rate of discovery of more than 100 new species. These predictions of Earth’s “missing” minerals depend on the observed distribution of rare 
minerals	known	from	only	a	few	localities.	More	than	half	of	all	mineral	species	are	currently	recorded	from	5	or	fewer	localities,	with	22%	of	species	
known	from	only	1	locality	(as	recorded	at	mindat.org).	Hystad	et	al.	(2)	discovered	that	the	relationship	between	mineral	diversity	and	distribution	is	
analogous	to	the	frequency	distribution	of	words	in	a	book—i.e.,	a	few	words	such	as	“a”,	“and”,	and	“the”	are	very	common,	but	most	words	are	used	
infrequently. Mineral diversity and distribution data conform to Large Number of Rare Events (LNRE) frequency distributions (4,5). Initial estimates 
employed	by	our	group	focused	on	two	types	of	LNRE	models—both	Generalized	Inverse	Gauss-Poisson	and	finite	Zipf-Mandelbrot	distribution	functions	
(2,6). Our initial analysis considered 4831 Earth minerals from 135,415 localities with 652,856 individual mineral-locality data. LNRE models were 
used to calculate “accumulation curves,” which document the rates of discovery of new mineral species as more mineral species-locality data pairs 
are recorded and thus extrapolate to the predicted total number of mineral species on Earth today. These methods, which are widely employed in 
ecological studies of species diversity, led to the initial prediction of a minimum of 6394 minerals, implying that at least 1563 mineral species exist on 
Earth today, but have yet to be documented. This prediction is a robust minimum estimate, but the actual number of missing minerals may be much 
greater.

The	LNRE	formalisms	used	in	this	prediction	work	well	for	word	distributions,	for	which	each	word	that	is	printed	in	a	book	or	manuscript	has	an	equal	
probability	of	discovery.	In	the	case	of	minerals,	however,	the	probability	of	species	discovery	varies	significantly	for	different	species.	Some	minerals	
occur in large colorful crystals, easily recognized, collected, and described. Other mineral species are ephemeral, occur in remote locations, or are 
known,	for	example,	only	from	nanocrystals	characterized	by	transmission	electron	microscopy	(7,8).	Therefore	a	revised	LNRE	formalism	is	warranted.	
Accordingly,	Hystad	et	al.	(9)	fitted	and	compared	several	zero-truncated	mixed	Poisson	distributions,	where	the	Poisson-lognormal	distribution	is	
found	to	provide	the	best	fit.	They	compared	population	size	estimates	obtained	by	Bayesian	methods	to	the	empirical	Bayes	estimates.	The	resulting	
species accumulation curves, which are constructed and employed to estimate the population size as a function of sampling size, yield a more realistic 
estimate of at least 4000 missing mineral species awaiting discovery and description by current methodologies. 
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Weathering of sulfide bearing carbonate vein and its environmental significance
Juan Li1, Xiancai lu1, Wanli xiang1, Jianjun lu1

1School of Earth Sciences and Engineering, Nanjing University, Nanjing, China

Carbonate	is	the	most	abundant	minerals	in	sedimentary	rocks	and	ores,	and	widely	used	in	building	construction	and	environmental	applications.	
The replacement of calcite by gypsum is normally relevant in the remediation of acid mine drainage by neutralizing the acidity and retaining heavy 
metals.	Since	calcite	and	pyrite	are	both	widespread	in	rocks,	the	weathering	of	sulfide	in	outcrops	produces	acid	rock	drainage	(ARD)	along	with	the	
decomposition of carbonate minerals, and the formation of secondary minerals, which in turn constrains the geochemical behavior of heavy metals. 
Therefore,	it	is	crucial	to	disclose	the	weathering	mechanism	of	carbonate-sulfide	and	the	geochemical	roles	of	secondary	minerals.

This	study	revealed	the	types,	distribution	and	the	forming	condition	of	secondary	minerals	under	the	weathering	process	of	carbonate-sulfide,	
which provided geological analogy in understanding the remediation of AMD and tailings contaminations by using carbonate. At the beginning stage, 
weathering	of	sulfide	minerals	resulted	in	the	release	of	ions	such	as	Fe2+,	Zn2+,	Pb2+,	Cu2+,	As-,	S2-/S-	.	Then,	a	portion	of	Fe2+	was	oxidized	to	Fe3+,	
as well as S22-/S2- were oxidized to S0 in situ to form precipitates which were further oxidized to SO42-. Arsenic in pyrite and marcasite was eventually 
oxidized	to	As5+.	The	weathering	also	acidified	the	environmental	fluids	and	caused	the	dissolution	of	calcite,	which	thereby	remarkably	lowed	the	
acidity. Meanwhile, gypsum and anhydrite consequently precipitated, while Fe3+ transformed to a variety of secondary minerals such as goethite, 
hematite,	jarosite	and	schwertmannite	with	a	pH	dependence.	The	nearer	to	calcite,	the	higher	pH	of	environmental	fluids.	4	mineral	zones	of	calcite-
gypsum/anhydrite-oxides	and	hydroxides	minerals-secondary	highly	complex	Fe-minerals	can	be	clearly	identified.	In	the	processes,	As	was	partly	fixed	
in the secondary minerals while other was released into the surface water. It is found that the As content in jarosite, especially schwertmannit can be 
as	high	as	1.5	wt	%.	The	neutralization	by	carbonate	thus	suppresses	the	contributor	of	sulfides	weathering	to	the	environmental	acidification	and	the	
AMD formation.
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Recent Advances in Mineral Evolution and Ecology via Big Data Analytics and Visualization
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Recent years have seen a dramatic increase in the volume of mineralogical and geochemical data available for study. These large and expanding data 
resources	have	created	an	opportunity	to	characterize	changes	in	near-surface	mineralogy	through	deep	time	and	to	relate	these	findings	to	the	
geologic and biologic evolution of our planet over the past 4.5 billion years [1-3]. Using databases such as the RRUFF Project, the Mineral Evolution 
Database (MED), mindat, and EarthChem, we explore the spatial and temporal distribution of minerals on Earth’s surface while considering the 
multidimensional relationships between composition, oxidation state, structural complexity [4], and paragenetic mode.

These	studies,	driven	by	advanced	analytical	and	visualization	techniques	such	as	mineral	ecology	[5-6],	network	analysis	[7],	and	affinity	analysis,	
allow	us	to	begin	tackling	big	questions	in	Earth,	planetary,	and	biosciences.	These	questions	relate	to	understanding	the	relationships	of	mineral	
formation and preservation with large-scale geologic processes, such as Wilson cycles, the oxidation of Earth’s atmosphere, and changes in ocean 
chemistry.	We	can	also	investigate	the	abundance	and	likely	species	of	as-yet	undiscovered	mineral,	as	well	as	estimate	the	probability	of	finding	a	
mineral or mineral assemblage at any locality on Earth or another planetary body. Given the spatial and temporal distribution of minerals on Earth, 
which	was	heavily	influenced	by	life,	we	can	explore	the	possibility	that	Earth’s	mineral	diversity	and	distribution	is	a	biosignature	that	can	be	used	
for future planetary evaluation and exploration. These geologic resources also facilitate integration across disciplines and allow us to explore ideas 
that	one	field	alone	cannot	fully	characterize,	such	as	how	the	geochemical	makeup	of	our	planet	affected	the	emergence	and	evolution	of	life,	and,	
likewise,	how	life	influenced	chemical	composition	and	geological	processes	throughout	Earth	history.

Given the incompleteness of the geologic record and the available data resources, consideration to biases must be given when collecting, analyzing, 
and	interpreting	data.	Preservational	bias	presents	a	significant	obstacle,	which	we	are	approaching	by	characterizing	the	hardness,	solubility,	and	
apparent depth of formation of all mineral species, where possible, as well as partnering with tectonics and ore body experts to better understand the 
rates and extents of erosional loss. An additional bias is that of human nature: there is a clear sampling bias towards materials of a certain appearance 
(e.g.,	large,	well-crystallized,	brightly	colored)	and	from	particular	geologic	settings	and	locations.	We	are	working	to	quantify	this	bias	by	recording	the	
date and method of discovery, physical characteristics, and geologic setting of the minerals in our datasets.
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Expanding the mineralogy of the "Anthropocene Epoch"
Marcus J. Origlieri1, Edward S. Grew2, Robert M. Hazen3, Robert T. Downs4

1Mineral Zone LLC, 1505 W. St. Marys Rd. 106, Tucson, AZ 85745, 2School of Earth and Climate Sciences, University of Maine, Orono, Maine 04469, 
3Geophysical Laboratory, Carnegie Institution for Science, 5251 Broad Branch Road NW, Washington, DC 20015, 4Department of Geosciences, University of 
Arizona, Tucson, Arizona 85721-0077, United States

Further	work	on	the	mineralogy	of	the	"Anthropocene	Epoch"	is	establishing	additional	mineral	species	formed	during	Stage	11	of	the	mineral	evolution	
process (Hazen et al. 2008; 2017).  Hazen et al. (2017) listed 208 species in two categories: (1) minerals reported exclusively as human-mediated phases 
with	no	confirmed	natural	occurrences	and	(2)	minerals	produced	inadvertently	by	human	processes	or	through	human	mediation	at	one	or	more	
localities,	as	well	as	occurring	naturally	at	other	localities.		The	following	"Anthropocene"	species,	not	listed	in	Hazen	et	al.	(2017),	fit	within	these	two	
categories: abellaite, ammoniozippeite, blödite, brochantite, čejkaite,	chalcanthite,	chongite, compreignacite, copiapite, cyanotrichite, d’ansite-(Mn), 
ferrinatrite, feynmanite, gajardoite,	greenlizardite,	halotrichite,	johannite,	leószilárdite,	markeyite,	marklite,	metavoltine,	rabejacite,	redcanyonite, 
römerite, ronneburgite,	roxbyite,	schoenfliesite,	sideronatrite,	tamarugite,	and torrecillasite.

Prolific	sources	of	"Anthropocene	Epoch"	mineral	species	are	mine	sites	of	locally	concentrated	but	globally	rare	elements,	i.e.	economic	metallic	
deposits.		Mining	processes	often	expose	reduced	phases	to	surface	weathering	effects.		In	humid	environments,	water	flow	brings	atmospheric	
oxygen	to	the	surfaces	of	less	oxidized	phases,	creating	acid	mine	drainage,	which	leads	to	the	crystallization	of	"Anthropocene"	minerals.		Within	
these	mineralized	systems,	porous	and/or	fractured	rocks	act	as	conduits	of	multi-component	oxidized	solutions.		Mine	tunnel	walls	have	long	been	
known	to	develop	coverages	of	crystalline	minerals.		In	arid	environments,	especially	when	dry	air	circulates	through	well	ventilated	mine	tunnels,	
fluids	percolate	to	the	rock-air	interface	by	capillary	action,	ultimately	desiccating	and	precipitating	"Anthropocene"	mineral	species.		Often	these	
"Anthropocene"	mineral	species	are	not	the	most	stable	phases	in	their	respective	chemical	system,	instead	having	crystal	structures	determined	by	
the	kinetics	of	their	rapid	crystallization.	
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Big data network analysis of uranium mineral occurrences and formation mechanisms
Samuel Perry1, Shaunna Morrison2, Simone Runyon2, 3, Anirudh Prabhu4, Ahmed Eleish4, Hao Zhong4, Fang Huang4, Peter Burns1, Robert Hazen2

1Civil and Environmental Engineering and Earth Sciences, University of Notre Dame, Notre Dame, 2Geophysical Laboratory, Carnegie Institution for 
Science, Washington DC, 3Geology and Geophysics, University of Wyoming, Laramie WY, 4Earth and Environmental Sciences, Rensselaer Polytechnic 
Institute, Troy NY, United States

Uranium is an important element for energy production and national security. U is commonly concentrated into ore bodies as uraninite, UO
2+x

., or as 
coffinite,	USiO

4
1. As U4+ is highly insoluble in water, the diversity of uranium minerals throughout much of Earth’s history has been low2. Early Earth 

differentiation processes concentrated U into deposits through mechanisms such as magmatic intrusions or detrital accumulations2. Following the 
Great Oxidation Event (GOE), the variety of depositional environments has increased2. Uranium mineral diversity has continually expanded since 
the GOE, as uraninite undergoes oxidation-hydration alteration2 and the highly soluble uranyl ion, UO

2
2+, forms minerals with available polyatomic 

anions3. Uranyl mineral diversity has continued to radiate into the Holocene, with “human-mediated” minerals resulting from uranium mining exposing 
previously undisturbed uraninite deposits to surface oxidation4. Investigating the occurrence patterns of these new minerals allows for investigation 
into the fundamental processes of mineral formation. Further, discovering uranium minerals can lead to thermodynamic characterization of each 
phase1, which will better allow for prediction of U contamination transport in the subsurface. Developing predictive tools for the distribution of uranium 
minerals should thus be a priority for mineralogists and geochemists.

Among	the	tools	available	is	network	analysis,	a	powerful	suite	of	computational	and	visualization	algorithms.	Network	analysis	has	grown	in	recent	
decades to a wide variety of applications including, most relevant to this project, mineral assemblages5. In this project, we present the results of 
quantitative	network	analysis	upon	the	~260	pure	U	minerals	recognized	by	the	International	Mineralogical	Association	(IMA)6. Among the mineral 
parameters	included	for	initial	analysis	were	chemical	composition,	paragenetic	mode,	crystallographic	parameters,	crystal	complexity	and	known	
localities.

Preliminary analyses employed principal component analysis (PCA), random forest analysis, and multidimensional scaling. Early results demonstrate 
apparent,	but	not	unexpected,	relationships	between	specific	groups	of	uranyl	minerals.	In	a	force-directed	bipartite	network	diagram	of	uranyl	
minerals	versus	composition,	uranyl	sulfates	show	little	affinity	for	any	group	other	than	uranyl	carbonates.	Uranyl	carbonates	show	overlap	with	
uranyl sulfates, uranyl phosphates, and uranyl silicates, although they show no relation to uranyl oxy hydrates or uranyl molybdates.

Future	work	will	focus	on	the	genetic	relations	between	uranyl	minerals	and	developing	a	model	of	predicting	U	mineral	occurrences	in	conjunction	
with thermodynamic data and accessory minerals.
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Plotting physical properties against 2D projections of the mineralogical system
Milan Rieder1 
1Nanotechnology Centre, VŠB-TU, Ostrava

Chemical composition of minerals can be reduced to two variables, Qual_4 and InfEnt	,	the	first	being	a	function	of	atomic	numbers	of	elements	
composing the mineral, the second, a measure of complexity of the stoichiometry,. These variables were computed for 4973 minerals, and the mean 
refractive	index	(3001	minerals),	density	(1933	minerals)	and	reflectance	(565	minerals)	were	plotted	against	them.	Planes	fitted	to	all	three	datasets	
exhibit a steep increase with increasing mean atomic numbers of elements (Qual_4) and a moderate decrease with increasing complexity of formulae 
(InfEnt). A set of 732 mean refractive indices (Shannon & Fischer, 2016) indicates a mild positive slope along the InfEnt axis. Possible causes are being 
considered and will be reviewed.

In regression calculations, some datasets support also the inclusion of non-linear terms (exp being most hopeful), and because of the high numbers of 
data,	all	of	them	appear	statistically	significant.	However,	their	interpretation	remains	open.		

Mean	refractive	index	and	density	were	plotted	against	coordinates	computed	from	end-member	formulae	(by	definition	simplified	/idealized),	whereas	
reflectances	were	associated	with	real	analyses	performed	by	the	same	team	(Criddle	&	Stanley,	1993).	Little	wonder	that	the	relationships	obtained	for	
reflectance	are	perceptibly	tighter	than	those	for	mean	refractive	index	or	density.

The	aim	of	this	undertaking	was	to	show	whether	the	physical	data	show	any	general	tendencies	spanning	the	whole	mineralogical	system.	Indeed,	
they do. However, the data used come from databases and vary widely in precision and the context of their acquisition. So, the presently obtained 
regression equations could technically be used to calculate an “estimate” for any Qual_4 & InfEnt coordinates entered, but with a prohibitively large 
error.	This	is	a	first	treatment	of	the	sort,	and	those	who	have	more	reliable	data	or	plan	to	acquire	new	ones	will	be	able	to	progress	beyond	the	
current state. 

References:
[1] Criddle AJ, Stanley CJ (1993) Quantitative Data File for Ore Minerals 3rd Ed. Springer-Science+Business Media, B.V., ISBN 978-94-011-1486-8, 635 pp
[2] Shannon RD, Fischer RX (2016) Empirical electronic polarizabilities of ions for the prediction and interpretation of refractive indices: Oxides and oxysalts. Am Mineral 101:2288-2300
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Miocene-Pliocene (U-Th)/He ages for Lateritic Duricrust, in the southwest Darling Range, WA
Martin Wells1,	Martin	Danišík2, Brent McInnes1, Paul Morris3

1John de Laeter Centre, Curtin Univeristy, 2John de Laeter Centre, Curtin University, 3Department of Mines, Industry Regulation and Safety, Perth, 
Australia

The	Australian	continent	has	been	shaped	by	weathering	for	hundreds	of	millions	of	years	leaving	behind	a	thick	regolith	cover.	Regolith	deposits	
provide	a	time-integrated	record	of	weathering	processes,	and	as	weathering	rates	are	linked	to	climate	variability,	understanding	the	absolute	timing	
of regolith formation is important in better understanding the Australian climate record. Lateritic duricrust is a ubiquitous and characteristic feature 
of the Darling Range and is particularly well developed in the south-west of Western Australia (e.g., Anand and Butt, 2003). Ferruginous duricrust from 
lateritic	profiles	exposed	at	the	Boddington	Gold	Mine,	situated	in	the	Darling	Range	approximately	95	km	south-east	of	Perth,	were	assessed	for	their	
suitability for (U-Th)/He-dating. Optical microscopy, Raman spectroscopy, X-ray diffraction (XRD) analysis and Tescan Integrated Mineral Analyser (TIMA) 
mineral mapping characterised the mineralogy and composition of duricrust pisolites and nodules for (U-Th)/He-dating. (U-Th)/He ages of 5.8–1.3 Ma 
for pisolitic and fragmental duricrust indicated late-Miocene/Pliocene to possible early-Pleistocene ages for the formation of pisolites and nodules in 
the	duricrust,	and	that	the	timing	of	their	formation	may	be	episodic	in	nature.	The	significant	difference	in	age	of	the	rim	(2.0	±	0.2	Ma)	compared	to	
the	core	(3.9	±	0.5	Ma)	for	a	single	pisolite,	in	conjunction	with	a	difference	in	mineralogy,	suggest	that	ancient,	episodic	bushfires	may	have	affected	
or reset the (U-Th)/He ages of iron oxides. These results are comparable with the 10.0–7.5 Ma (late Miocene) ages from (U-Th)/He-dating of duricrust 
located	to	the	north-east	of	Perth	and	suggest	that	the	relative	timing	and	processes	of	regolith	formation	and/or	modification	in	the	Darling	Range	
were	regionally	synchronous.	This	work	provides	new	geochronological	constraints	on	laterite	formation	in	the	Darling	Range	and	confirms	the	utility	
of (U-Th)/He-dating in understanding landscape evolution and regolith formation in Western Australia.
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Erythrite-köttigite extended solid solution
Justyna Ciesielczuk1, 2,	Janusz	Janeczek1,	Eligiusz	Szełęg1

1Faculty of Earth Sciences, University of Silesia, Katowice, 2Centre for Polar Studies KNOW (Leading National Research Centre), University of Silesia, 
Sosnowiec, Poland

Supergene processes in the base metal deposits may result in abundant secondary mineral assemblages with complex and variable chemical 
compositions	often	forming	solid	solutions	(e.g.	Plášil	et	al.,	2009;	Markl	et	al.	2014).	Erythrite,	Co

3
(AsO

4
)

2
·8H

2
O, is a common secondary mineral in 

numerous polymetallic deposits. While reports on the occurrence of limited solid solutions between erythrite and isostructural (C2/m) hydrous (Mg, Fe, 
Ni, Zn)- arsenates of the vivianite group are frequent (Antao, Dhaliwal, 2017 and references therein), the complete or extended solid solutions have not 
yet been observed. There are no crystal chemical constraints to hinder the unlimited solid solutions among those minerals (Jambor, Dutrizac, 1995), 
particularly between Co- and Zn-end members. Similarity of ionic radii (R [6]Co2+ = 88.5 pm, R [6]Zn2+ = 88 pm) enable easy CoZn

-1 
exchange in octahedral 

sites of the vivianite-type structure. In the low P-T environments, it is the availability of chemical components that hinder the formation of solid 
solution	among	minerals	with	the	same	pH-Eh	stability	field.	We	report	the	extended	erythrite-köttigite	[(Co,	Zn)

3
(AsO

4
)

2
·8H

2
O] solid solution from the 

polymetallic	ore	deposit	in	Miedzianka,	Sudetes	Mts.,	SW	Poland.	Crystal	chemistry	of	the	solid	solution	is	examined	by	EPMA,	XRD,	FT-IR,	and	Raman	
spectroscopy. Changes in crystal morphology related to the Co/Zn ratio were observed by using SEM. It is not often that the extended solid solution 
occurs	within	a	single	locality.	Miedzianka	in	this	respect	is	unique	because	two	other	extended	solid	solutions	have	been	observed	there	among	base-
metal	arsenates	and	phosphates	(Ciesielczuk	et	al.	2016).	The	extended	erythrite-köttigite	solid	solution	reflects	the	chemical	evolution	of	supergene	
fluids	(gradual	increase	in	Zn(II)	activity)	in	the	oxide	zone	of	the	ore	deposit.

The	project	has	been	financed	from	the	funds	of	the	Leading	National	Research	Centre	(KNOW)	received	by	the	Centre	for	Polar	Studies	for	the	period	
2014-2018 and statutory research of Faculty of Earth Sciences, University of Silesia.
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Magnetite-based composite materials as excellent Fenton-like catalysts
Keyan Li1, Xinwen Guo1

1School of Chemical Engineering, Dalian University of Technology, Dalian, China

Magnetite (Fe
3
O

4
) has attracted much attention as heterogeneous Fenton catalysts due to its low cost, nontoxicity and ease of separation [1,2]. 

Heterogeneous Fenton catalysts have solved some problems in homogeneous Fenton reaction, but still have some disadvantages such as low activity 
of catalyst and easy leaching of active metal components. The catalytic performance of a heterogeneous Fenton catalyst could be greatly improved 
through	controlling	its	morphology	and	compositing	it	with	other	materials.	In	this	work,	we	prepared	Fe

3
O

4
-based magnetic composite materials such 

as Fe
3
O

4
/CeO

2
, Fe

3
O

4
/CeCO

3
OH, Fe

3
O

4
/C/Cu

2
O by facile chemical methods, and studied the composition, structure and catalytic performance of these 

composites as heterogeneous Fenton catalysts [3-6]. It was found that the catalytic activity of Fe
3
O

4
 was obviously improved by combining with Ce and 

Cu, and the degree of improvement was closely related to the molar ratio of two metal components and the microstructure of materials. The molar 
ratio of two metals affects the morphology, particle size, surface property and dispersion of active metal components. In addition, the stability of 
the catalyst can be greatly improved and the leaching of metal can be reduced by loading Fe

3
O

4
 on mesoporous CeO

2 
due to the strong metal-support 

interactions. The results may provide guidance for the controllable preparation of magnetite composites as well as the design and development of high 
performance magnetite-based heterogeneous Fenton catalysts.
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In-situ Dispersion and Deposition of Multi-Minerals Slurry for Multi-Scale 3D printing landslide 
model
Danna Tang1, Hao Liang1, Yan Li1

1Advanced Manufacturing Research Centre, China University of Geosciences, Wuhan, China

The manufacturability and performance of landslide physical model with periodic structures was fabricated via deposition-based 3D printing. It has 
shown great potential to implement the simultaneous and full control for fabrication of landslide physical model including external geometry, internal 
architecture, material composition and ratio as well as gradient distribution, feature size ranging from nano, micro, to marco-scale, etc. The multi-
minerals	(barite	powder,	calcium	carbonate,	kaolin	powder)	have	significant	effects	on	the	cohesion	and	the	friction	angle	of	the	landslide	model,	
which	can	be	modified	using	liquid	additives	(polysorbate,	liquid	paraffin).	The	value	of	cohesion	was	in	a	wide	range	of	3	to	34	KPa	and	the	value	of	the	
friction	angle	was	in	the	range	of	1°	to	44°,	which	were	much	larger	than	the	scope	of	traditional	requirement.	The	pore	space	of	the	periodic	structure	
can be printed between 0.8 - 1.4 mm. The gradient slide zone, as a core functional component of landslide physical model, is systematically investigated 
by	both	the	theoretical	analysis	and	experimental	verification.	The	printing	of	the	double	component	gradient	slide	zone	can	be	better	naturally	
simulated based on the control of the monomer material. Hence, this study will provide a closer approach to the integration print of landslides physical 
model which has not been mentioned in the existing technologies. Finally, the accurate simulation of the landslide will be possible through this 
technology.
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Layered Mineral-Functional Molecules Composite with Improved Fluorescent Properties and Its 
Application in Pollutant Detection
Guocheng Lv1, Meng Liu1, Limei Wu2, Libing Liao1, Hao Liu3, Lefu Mei1, Zhaohui Li4

1Beijing Key Laboratory of Materials Utilization of Nonmetallic Minerals and Solid Wastes, National Laboratory of Mineral Materials, School of Materials 
Science and Technology, China University of Geoscience-Beijing, Beijing, 2School of Materials Science and Engineering, Shenyang JianZhu University, 
Shenyang, 3School of Science, China University of Geoscience-Beijing, Beijing, China, 4	Geosciences	Department,	University	of	Wisconsin	–	Parkside,	WI,	
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Layered mineral is widely used in various areas due to its good physical and chemical properties. Montmorillonite (MMT) and Layered Double Hydroxide 
(LDH) are typical nano-layered minerals with unique structural properties such as easy to combine with organic molecules or polymers, catalysis and 
energy	storage	performance,	excellent	blocking	performance,	larger	surface	area	and	so	on.	Functional	fluorescence	molecules	have	the	following	
advantages	such	as	higher	sensitivity,	better	selectivity,	long	distance	luminescence	and	so	on.	However,	their	application	on	florescent	detection	were	
limited	because	of	quenching.	Functional	fluorescence	molecules-layered	mineral	composite	was	constructed	to	solve	fluorescent	quenching	problem.

Lucigenin	(BNMA)	was	successfully	intercalated	into	the	interlayer	space	of	MMT.	The	intercalation	resulted	in	significantly	inhibition	in	fluorescence	
quenching.	With	its	enhanced	fluorescent	property,	the	composite	was	fabricated	into	solid	strips	for	phenol	detection	in	both	liquids	and	gas	phases.	
The novelty of this study lies on both the development of a new type of mineral-dye composite material, as well as its practical applications for fast, 
yet	supersensitive	phenol	detection	and	quantification	in	liquid	and	gas	phases.	In	addition,	an	organic	dye	acridine	orange	(AO)	and	ZnS	quantum	
dots	was	successfully	loaded	on	the	LDH	layers,	respectively.	With	their	enhanced	fluorescent	property,	the	composite	powder	was	also	fabricated	to	
fluorescence	test	papers	and	used	as	sensors	for	detecting	Pb2+, Cr3+ and Hg2+.
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Tetrahedral substitution to induce tunable luminescent properties in apatite structural solid-
solution phosphors Ca9La(PO4)5[(Si,Ge)O4]F2:Ce3+
Haikun Liu1, Lefu Mei1, Libing Liao1, Qingfeng Guo1, Haoshuo Li1, Guocheng Lv1, Hao Liu2

1Beijing Key Laboratory of Materials Utilization of Nonmetallic Minerals and Solid Wastes, National Laboratory of Mineral Materials, School of Materials 
Science and Technology, 2School of Science, China University of Geoscience-Beijing, Beijing, China

A series of solid solution phosphors Ca
9
La(PO

4
)

5
[(Si

1-x
Ge

x
)O

4
]F

2
:Ce3+ with apatite structure in the P6

3
/m space group have been prepared. The novel solid 

solution phosphors show continuously controlled violet-blue emission. It can be found that both substantial spectra broadening (45→100 nm) and 
red-shift (404→422 nm) can be realized with the continuous introduction of [GeO

4
]4-	into	the	crystal	lattice	which	has	been	simulated	by	a	crystal-field	

model. The above results indicate that it is interesting to design tetrahedral substitution to induce spectral tuning properties based on the control of 
the chemical compositions of the iso-structural solid solutions.

References 
[1] Dorenbos	P.	Crystal	field	splitting	of	lanthanide	4fn−15d-levels in inorganic compounds. J Alloy Compd 2002; 341: 156-9.
[2] Jing H, Guo C, Zhang G, Su X, Yang Z, Jeong J. Photoluminescent properties of Ce3+ in compounds Ba

2
Ln(BO

3
)

2
Cl (Ln = Gd and Y). J Mater Chem 2012; 22: 13612-18.

[3] Li G, Tian Y, Zhao Y, Lin J. Recent progress in luminescence tuning of Ce3+ and Eu2+-activated phosphors for pc-WLEDs. Chem Soc Rev 2015; 44: 8688-713.

IMA2018	Abstract	book193

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Mineral materials

Influence of Fe doping on the structure, conductivity and supercapacitance performance of 
birnessite
Hao Liu1, Wenlong Gu2, Libing Liao2, Guocheng Lv2, Lefu Mei2, Huiying Hao1, Jie  Xing1, Jingjing Dong1

1School of Science, 2Beijing Key Laboratory of Materials Utilization of Nonmetallic Minerals and Solid Wastes, National Laboratory of Mineral Materials, 
School of Materials Science and Technology, China University of Geoscience-Beijing, Beijing, China

Manganese oxide, as one of the most promising candidate material for supercapacitors, draws increasing interest due to its extremely high theoretical 
capacitance (1370 F g-1), low cost, and environmental friendliness 1, 2. Birnessite, which phase belongs to δ-MnO

2
, usually shows better electrochemical 

capacitor performance owning to its fast ionic conductivities of the layered structure 3-8. However, the electrical capacitor performances of birnessite 
are great hindered by poor electrical conductivities (10-5-10-6 S cm-1) and low mass transfer rates at electrolyte/electrode interface3, 4. Heterogeneous 
atomic doping is an effective way to increase the intrinsic conductivity of birnessites 3, 4, 8, 9. Transition metal elements were always selected as dopants 
due	to	the	similar	effective	ionic	radii,	ionic	charges,	and	crystal	field	environment	between	the	transition	metals	and	central	Mn		in	[MnO

6
] octahedral. 

The improved electrochemical performances of doped birnessites usually attribute to decreased particle size and improved electrical conductivity of 
birnessites after heterogeneous atomic doping. Nevertheless, the crystal structure revolution (e.g. lattice parameters and occupation of doped atoms) 
and the mechanism of the change of conductivity of birnessites originating from the doping are rarely discussed 4, 8, 10.

In	the	present	work,	we	took	Fe	doped-birnessite	as	an	example	and	investigated	the	influence	of	Fe	doping	on	the	structure	and	electrical	conductivity	
of	birnessite	in	detail.	We	found	the	crystalline	phase	of	birnessite	was	kept	as	triclinic	system	with	slightly	change	of	lattice	parameters,	and	Fe	
atoms mainly substituted the central trivalent Mn in [MnO

6
]	octahedral	after	Fe	doping.	As	revealed	by	the	first	principles	calculations,	the	band	gap	

of birnessite can be improved after Fe doping, leading to the raise of the electrical conductivities of doped-birnessite. Nevertheless, the grain size of 
Fe	doped-birnessite	decreased,	making	the	quantities	of	the	grain	boundaries	and	interfaces	of	particles	increase.	This	will	harmful	for	the	further	
improvement of the electrical conductivities of the doped-birnessite. As a result, an optimized amount of Fe doping was around 5% (molar ratio of 
Fe/(Fe+Mn)). The supercapacitance performance of doped birnessite was improved at low concentration of Fe dopant, but became worse at high Fe 
concentration. The reasons related to morphology, structure, electrical conductivity, and ion diffusion of birnessite were concretely discussed. 
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Crystal Structure and Luminescence Properties of Novel Apatite-type Phosphor
Lefu Mei1,	Haikun	Liu1, Haoshuo Li1, Xiaoxue Ma1, Libing Liao1, Guocheng Lv1, Hao Liu2
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It	is	well	known	that	apatite	compounds	have	been	widely	investigated	for	many	kinds	of	applications	including	solid-state	lighting,	biocompatible	
materials, chemical catalysts, optical laser hosts, and inorganic pigments because of their chemical stable and adjustable structure for inorganic 
materials. The apatite-type structure compound belongs to the hexagonal symmetrical system with a general chemical formula as A

10
[MO

4
]

6
X

2
, where A 

is cation (Na+, Ca2+, Y3+, La3+, etc.), MO
4
 is anionic group (PO

4
, SiO

4
, GeO

4
, etc.). And X is always denoted by F, Cl, Br, or O. Nowadays, inorganic compounds 

doped with apatite compound are found a wide range of applications in white light-emitting diodes, optoelectronic devices, medical diagnostics, 
anti-counterfeiting	ink	and	display	applications.	However,	these	host	materials	always	face	problems	of	low	quantum	efficiency,	expensive	and	
thermal unstableness once corresponding to application. Therefore, it is necessary to discover a novel inorganic phosphor with excellent thermal 
stabilities	and	satisfactory	quantum	efficiency	applied	for	n-UV	w-LEDs.	In	our	present	study,	three	novel	apatite-type	phosphors	were	introduced	as	
a promising white-emitting candidate for w-LEDs applications with excellent chemical stabilities. Here the three novel white-emitting phosphors with 
apatite	structure	pumped	for	n-UV-light	emitting	diodes	were	firstly	presented	and	the	crystal	structures,	luminescence	properties,	especially	the	
concentration	quenching	behaviors	were	discussed	in	detail.	Accordingly,	the	quantum	efficiencies	as	well	as	thermal	stabilities	were	also	carried	out.	
The excellent thermal stability results indicate that as-prepared phosphors could be regarded as potential white-emitting n-UV convertible phosphors 
for w-LEDs.
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Electrochemical Properties of Fluorinated Carbon Obtained from Acid-Treated Black Talc for Li-ion 
Battery Anode
Peng Fan1, Hao Liu2, Libing Liao1, Guocheng Lv1, Lefu Mei1
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Science and Technology, 2School of Science, China University of Geoscience-Beijing, Beijing, China

The	black	coloring	of	black	talc	is	caused	by	small	amounts	of	carbon	within	the	black	talc.[1, 2] Herein, a facile acid treated method has been used to 
extract	the	carbon	from	the	black	talc	ore,	and	finally	a	fluorinated	carbon	was	obtained.	Then,	XRD,	Raman,	XPS,	SEM	and	TEM	were	carried	out	to	
investigate	the	compositions,	morphologies	and	structure	characteristics	of	the	fluorinated	carbon	with	annealing	at	different	temperature.	Moreover,	
the	influences	of	composition,	morphology	and	structure	characteristics	of	the	fluorinated	carbons	to	its	electrochemical	properties	have	been	
explored.[3]	The	existence	of	fluoride	groups	in	the	carbon	can	improve	the	capacities	of	the	carbon	at	low	charging/discharging	current	densities,	
but	impaired	the	rate	performance.	When	the	fluoride	groups	were	removed	completely	with	annealing	at	800	C°,	the	carbon	displayed	better	rate	
performance.
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Synthesis and luminescence properties of Eu2+ -activated phosphor Ba3LaK(PO4)3F for n-UV white-
LEDs
Xiaoxue Ma1, Lefu Mei1,	Haikun	Liu1, Libing Liao1, Kun Nie1, Yuqin Liu1, Hao Liu2, Guocheng Lv1, Zhaohui Li3
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The simple high-temperature solid-state route was adopted to synthesize a series of related Ba
3
LaK(PO

4
)

3
F:xEu2+ (BLKPF:xEu2+) blue phosphors. The 

photoluminescence	(PL)	and	diffuse	reflection	spectra	have been investigated in detail. These phosphors which can be well excited by the 388 nm near 
ultraviolet light, produce the emitted blue light	peaks	located	at	about	460	nm.	The	critical	Eu2+ concentration quenching mechanism was ascribed to 
the dipole–dipole interaction, and the optimum concentration was eventually proved to be 0.1mol. All above results indicate that Ba

3
LaK(PO

4
)

3
F:xEu2+ 

phosphor can act as an appropriate candidate of the blue phosphor in the future.
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Effects of Preparation Methods on Catalytic Performance of Zn Containing ZSM-5 in Conversion of 
Methanol to Aromatics
Min Liu1, Zhenghang Li1, Xinwen Guo1, Junjie Li1, Chunshan Song1

1School of Chemical Engineering, Dalian University of Technology, Dalian, China

Zeolites are microporous, aluminosilicate minerals, which occur naturally but are also produced industrially on a large scale1. They are commonly 
used	as	commercial	adsorbents	and	catalysts.	Their	well-defined	pore	structure	and	adjustable	acidity	make	them	highly	active	in	a	large	variety	of	
reactions.	Moreover,	zeolites	can	be	modified	by	acid/alkali	treatment,	metal	deposition,	and	many	other	methods	to	adjust	their	pore	structure	and	
acidity to improve their performances in applications as catalysts2-4.

ZSM-5	(Zeolite	Socony	Mobil-5,	framework	type	MFI)	is	an	aluminosilicate	zeolite	belonging	to	the	pentasil	family	of	zeolites.	It	is	widely	used	as	a	
heterogeneous	catalyst	for	hydrocarbon	isomerization,	alkylation,	cracking,	methanol	conversion,	and	many	other	reactions5-7.

Methanol to hydrocarbon (gasoline, propylene/ethylene, aromatics and so on) conversion is an important step for clean coal utilization and ZSM-5 is 
an	efficient	catalyst	for	this	process8.	Over	metal-modified	ZSM-5,	methanol	can	be	converted	to	aromatics,	while	the	improvement	of	selectivity	and	
stability is needed. In this research, we studied the effects of Zn loading methods of ZSM-5 on its methanol to aromatics performance and discussed 
the probable reasons for the differences in catalytic behavior between the samples.

The	preparation	processes	of	the	samples	are	as	follows,	briefly:	Sample	1,	fed	the	silicon	source,	aluminum	source,	zinc	source,	alkali,	structure	
directing agent and water into an autoclave in a certain sequence and stirred, and then sealed the autoclave and raised the temperature for 
crystallization.	The	solid	product	was	obtained	by	filtration,	washed	and	calcined	to	remove	the	structure	directing	agent.	Sample	2,	start	with	a	ZSM-5	
sample from the same preparation route as sample 1, but without zinc source feeding. The sample was treated with NH

4
F solution, zinc salt solution and 

tetrapropylammonium hydroxide solution in sequence, with calcination after each treatment. Sample 3, obtained through the same preparation route 
as sample 2, but without NH

4
F treatment.

The samples mentioned above are similar in crystal size, Si/Al, Zn loading amount but show differences in Zn species, pore structure and acidity, 
which leading to distinct differences in catalytic performance in methanol to aromatics conversion, especially in the product distribution and catalyst 
lifetime.	Zn	species	and	pore	structure	play	important	roles	in	the	methanol	conversion	route,	consequently	the	product	distribution	and	the	coke	
formation,	which	finally	determined	the	catalyst	lifetime.	The	probable	reasons	for	the	differences	in	catalytic	performance	will	be	discussed	in	detail.
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Microstructure and mechanical behavior of clay-based porous ceramic: Effect of fruit peel addition
Mossaab Mouiya1, A Abourriche2, A. Benhammou2,	Y.	El	hafiane2, Y. Abouliatim3, L. Nibou4, M. Oumam5, H. Hannache6, A Smith7
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Fruit peel (FP) has been successfully used as a natural biodegradable porogen agent to elaborate eco-friendly porous ceramics with high porosity. The 
porous ceramic was made under uniaxial dry compaction from clay and Banana peels mixture. The compacted pallets of dry mixture were sintered at 
1100 C for 2 hours. The physicochemical, mineralogical and thermal characteristics of starting powders are outlined using XRF, BET, DRX, dilatometer 
and TG-DTA analyses. The effect of BP addition on the properties of resultant sintered product, including crystal structure, porosity, pore size 
distribution,	tensile	and	flexural	strength	was	examined	via	X-ray	diffraction,	Archimedes’	test,	Scanning	electron	microscopy,	Brazilian	and	three-point	
bending	tests.	The	thermal	expansion	coefficient	of	green	and	fired	sample	does	not	exceed	10.24 10-6. The microstructure and mechanical behavior of 
produced	ceramics	were	significantly	influenced	by	FP	addition.	As	the	fraction	of	FP	increased	(from	5	to	20%)	there	was	a	great	enhance	from	16.0	
% to 40.3 % in the apparent porosity, which obviously led to decrease in the apparent density to a minimum value of 1.55g/cm3. Whereas, the tensile 
and	flexural	strength	were	significantly	decreased	from	21	to	8.5	MPa	and	29	to	19	MPa,	respectively,	when	FP	increases.	A	good	compromise	between	
porosity and mechanical strength was found for a mixture containing 20 wt.% of FP.Keywords: Clay, Fruit peel, Porous ceramic, Porogen agent.
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Advances in Solid-state Nuclear Magnetic Resonance and Infrared spectroscopies for the structural 
characterization of phyllosilicates. Example of synthetic talc
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Talc (Si
4
Mg

3
O

10
(OH)

2
) is a magnesium phyllosilicate used in a large range of applications such as the production of paints, papers, polymers, or 

cosmetics [1]. Natural talc (NT) particles are characterized by a large lamellar shape (pluri-micronic size) and a hydrophobic behavior. Over the last 
decades, nano-mineral synthesis has allowed access to new properties. In this way, our team has elaborated a new procedure to prepare synthetic talc 
particles of well-controlled chemical composition under hydrothermal conditions (Fig. 1) [2-4]. Contrary to NT, the synthetic particles are hydrophilic 
and show high adsorption capacity toward charged organic molecules. This behavior is related to their submicronic size, which provides a higher 
amount	of	hydrophilic	sites	on	the	sheet	edges	[5].	These	hydrophilic	sites	give	rise	to	specific	signals	in	Nuclear	Magnetic	Resonance	(NMR)	and	
Infrared	(IR)	spectroscopies.	Analyzing	these	signals	provides	significant	information	about	the	sheet	edges,	which	are	relatively	few	in	NT	because	of	
the large particle size.

In	this	work,	the	structure	of	synthetic	talc	was	investigated	by	monitoring	the	edge	signals	within	the	29Si and 1H NMR spectra, and in the IR spectra. 
To do so, several samples of synthetic talc with various size and crystallinity were prepared. Special attention was brought to the 1H NMR spectra 
analysis	conditions	with	the	aim	to	improve	its	relatively	poor	definition.	Several	parameters	were	thoroughly	investigated	such	as	the	influence	of	the	
temperature,	applied	magnetic	field	and	rotor	Magic-Angle-Spinning	(MAS)	frequency.		

This study has considerably improved the resolution of 1H	NMR	spectra	of	synthetic	talc	by	reducing	the	peaks	widths	and	by	removing	the	water	
contribution. The experimental conditions can be applied to all natural or synthetic phyllosilicates. Correlations between NMR and IR data allowed us 
to get a deep understanding of the chemical nature of the sheet edges. Such a new approach is very promising for analyzing interactions between 
mineral and organic moieties in the case of « organic – inorganic » hybrid materials.  
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Design and construction of bioinspired mineral-based microreactors
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The bioinspired design and assembly of membrane-bounded semi-permeable microreactor is becoming increasingly interesting in material science 
such as the development of new types of functional nanocomposites, and construction of rudimentary models of synthetic cellularity (protocells). One 
challenge	is	to	mimic	subcellular	organelles	to	construct	bioinspired	microreactors	with	specific	cell-like	fundamental	functions.	In	this	regard,	the	
spontaneous	partitioning	of	mineral	particles	at	water/oil	interfaces	to	produce	Pickering	emulsion	droplets	comprising	shell-like	micro-structures	
provides a straightforward procedure for the self-assembly of robust, semi-permeable micro-compartmentalized microreactors. The objectives of our 
study are construction of a diverse types of mineral-based microcapsules(microreactors) with single or multiple environmental stimuli-responses 
using	amphiphilic	modified	mineral	particles	and	environmental	stimuli-responsive	polymers	as	single	or	composited	building	blocks	for	colloidosome	
membrane assembly. The presented study tries to biomimetic studying protocell related subcellular functions through environmental stressing (pH, 
temperature, light) on enzymatic cascade reactions and photocatalytic reaction within mineral-based microreactors. The present study indicates that 
bioinspired mineral-based microreactors represent a model of a simple nonbiological microsystem that has great potential applications in photoactive 
microreactor	design,	immobilization	of	enzymes,	and	drug	delivery.	The	present	work	was	supported	by	the	National	Natural	Science	Foundation	of	
China (41672039).
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Sepiolite Composite as a Modified Electrode For Electrocatalytic Reduction of H2O2 
Aidong Tang1, 2, Peng Yan1

1Central South University, Changsha, 410083, P.R.China, 2State Key Laboratory of Powder Metallurgy, Changsha, China

A	clay-modified	electrode,	sepiolite	supported	TiO2	nanoparticles	incorporation	of	Cu2O	was	designed	and	used	for	electrocatalytic	reduction	of	
H2O2.	The	morphology,	structure	and	properties	of	the	samples	were	characterized	by	XRD,	BET,	FT-IR,	SEM	and	TEM.	The	performance	of	the	modified	
electrode was evaluated by cyclic voltammetry and chronoamperometry. The results showed that the concentration of H2O2 is proportional to the 
response	to	the	current	under	the	working	voltage.	The	linear	range	of	the	concentration	of	H2O2	is	from	20	µM	to	2.36	mM,	and	the	detection	limit	is	
10.2	µM.	The	modified	electrode	has	excellent	repeatability,	reproducibility	and	stability	and	anti-interference	ability.	Compared	with	other	hydrogen	
peroxide	sensors,	the	modified	electrode	with	a	wide	linear	range	and	high	selectivity	to	H2O2,	which	is	attributed	to	the	large	specific	surface	area	of	
Cu2O/TiO2/sepiolite and a synergistic effect of sepiolite supported TiO2 nanoparticles and Cu2O particles.
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Designed synthesis of diatomite-based composited materials for cleaning industrial waste water
Jinshu Wang1, Yucheng Du1, Junshu wu1

1BEIJING UNIV. TECHNOL., Beijing, China

Advances in nanomaterials science and technology are providing unprecedented opportunities to treat pollutants in water. It is emphasized that 
during treating pollutants in practical industrial waste water by using these developed materials, the following precedent conditions should be 
met:	low	cost,	high	treatment	efficiency,	environment	security,	and	reuse	of	treatment	agents.	Diatomite	is	a	kind	of	nonmetallic	oxide	material	
that possesses ordered micro- and mesoporous structures with pore sizes of < 2 and 20-50 nm. Due to the proper porosity, diatomite is a promising 
adsorbent for the removal of heavy metal ions. The main component of diatomite is amorphous SiO

2
 with Si-O tetrahedral interconnection nets. It 

consists of abundant coordination and oxygen bridge defects, forming numerous Si-OH groups on the surface. The surface of diatomite is negative 
after the hydrolysis of silanol groups, which renders diatomite to have an advantage of adsorbing heavy metal ions. The raw diatomite, however, has 
a	low	specific	surface	area	(25-30	m2/g), giving rise to a low adsorption capacity. Therefore, it is highly desirable to modify the surface of diatomite 
to	improve	its	performance	for	adsorption	applications.	In	recent	years,	diatomite	materials	have	been	thoroughly	investigated	in	both	scientific	and	
industrial communities to remove pollutants from water phase recently, because of their low cost, abundant availability, and environmentally benign 
characteristics. However, searching for novel approaches for the rational design, fabrication, and tailoring of their micro-/nano-structures under 
mild	reaction	conditions	still	remains	as	a	significant	challenge	and	facilitates	the	investigations	on	their	scope	for	further	practical	applications.	
By	tuning	the	crystallization	kinetics	in	solution	phase	using	various	chemical	routes,	metal	oxide	materials,	such	as	MnO

2
, Fe

2
O

3
, ZnO, MgO, Nb

2
O

5
, 

have	been	successfully	loaded	on	diatomite.	These	composites	combine	the	high	surface	area	of	a	natural	porous	skeleton	of	diatomite	with	high	
adsorption or catalysis activity of loaded nanoparticles. The highlights of our corresponding study and development for pollutant treatments are 
design, synthesis and application of nanosorbents, optical nanocatalysts, redox active nanoparticles and nanostructures on porous diatomite carriers 
to form composites. Such hybrid materials thus offer new opportunities to achieve multifunctionality and the resultant synergistic effects for water 
purification.	These	developed	materials	in	our	group	have	been	applied	for	treating	waste	water	from	many	industries,	such	as	textile,	dyeing,	paper	
and pulp, petrochemical, electroplating, leather tanning, metallurgy, etc.
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Proton Conduction and Fuel Cell Using the CuFe-oxide Mineral Composite Based on CuFeO2 Structure
Yan Wu1, Jing  Zhang1, Lingyao Li1, Chunjie Yan1, Bin Zhu1

1Engineering Research Center of Nano-Geo Materials of Ministry of Education, Faculty of Materials Science and Chemistry, China University of 
Geosciences(Wuhan), Wuhan, China

High ionic conductivity has attracted considerable attention for use in energy applications, such as solid oxide fuel cells (SOFCs). Novel proton 
conductivity	was	discovered	in	a	delafossite-based	CuFe-oxide	composite	from	a	natural	mineral.	Low-temperature	(400-550	°C)	SOFCs	(LTSOFCs)	
using the natural CuFe-oxide composite as an electrolyte were demonstrated. Power densities of 775 mW cm-2	were	achieved	at	550	°C	for	the	CuFeO

2
 

electrolyte, 423 mW cm-2 for the CuFe-oxide from the natural mineral and 672 mW cm-2 by further introducing proton-dominating conduction into 
the CuFe-oxide natural material. We found that the CuFeO

2
	delafossite	structure	played	a	key	role	in	high	ionic	conductivity.	Theoretical	calculations	

indicated that enhanced proton transport through the Cu-O layer was associated with a low activation energy (0.23–0.26 eV) and rapid transport 
kinetics,	which	was	consistent	with	the	experimental	results.	Both	theoretical	and	experimental	results	demonstrated	that	the	CuFeO

2
 delafossite 

material	possessed	advantages	for	high	ionic	conductors	and	LTSOFCs.	Fundamental	studies	and	a	deeper	scientific	understanding	from	this	work	
provide a new theoretical approach to design novel material families and functions based on natural mineral materials for ionic conductors and 
advanced applications, resulting in a new generation of LTSOFCs.
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Non-metallic mineral composite for water contaminant remediation 
Naeim Ezzatahmadi1, Jianxi Zhu2, Yunfei Xi1

1School of Earth, Environmental and Biological Sciences, Queensland University of Technology, Brisbane, Australia, 2Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, China

2,4-dichlorophenol (2,4-DCP) is a type of chlorinated organic compounds which has been heavily used in herbicides and preservatives production. 
2,4-DCP is considered a long-lived compound of high toxicity owing to its poor biodegradability and presences of more chlorine atoms. Hence, 
reducing	the	toxicity	and	increasing	the	biodegradability	through	advanced	oxidation	processes	has	demonstrated	an	efficient,	fast	and	low-cost	
remediation method. Iron-based bimetallic nanoparticles such as Fe/Ni and Fe/Pd have been the focus of many studies for the treatment of organic 
contaminants. However, such technology is suffered from with certain limitations such as aggregation and passivation of bimetallic particles owing 
to	magnetic	and	van	der	Waals	forces.	Nanoparticles	with	chain-like	structures	are	generated	and	the	catalytic	reactivity	is	significantly	decreased.	
Furthermore,	the	environmental	impact	of	bimetallic	nanoparticles	has	drawn	a	major	concern	since	these	nanoparticles	are	toxic	and	difficult	to	
recycle owing to their small sizes. To overcome the limitations of bimetallic nanoparticles, the stabilization of bimetallic nanoparticles have begun to 
gain attention [1]. Bimetallic particles stabilized by clay minerals [1] and diatomite [2] have been recently reported. In the reported studies, bimetallic 
nanoparticles were well stabilized to reduce the aggregation and passivation, and enhance reactivity toward contaminant remediation. To date, only 
a few studies have reported the use of clay-supported bimetallic nanocomposites for the remediation of contaminated aqueous solutions [1], while, 
the	use	of	palygorskite-supported	bimetallic	nanocomposite	has	not	been	reported	for	the	removal	of	organic	contaminants.	In	this	study,	a	novel	
nanocomposite,	palygorskite-supported	Fe/Ni	nanocomposite	(Pa-Fe/Ni)	was	tested	to	remove	2,4-DCP	in	an	aqueous	solution.	Batch	experiments	
reported	100	%	of	2,4-DCP	removal	efficiency	using	Pa-Fe/Ni,	after	6	h	of	reaction.	Pa-Fe/Ni	was	superior	than	Fe/Ni	nanoparticles	and	palygorskite	
alone in removal of 2,4-DCP. Characterisation by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) 
and	transmission	electron	microscope	(TEM)	showed	that	the	aggregation	of	bimetallic	Fe/Ni	nanoparticles	was	decreased	by	using	palygorskite	
as a support material. A synergistic mechanism was proposed for the removal of 2,4-DCP by Pa-Fe/Ni involving adsorption, followed by catalytic 
degradation.	This	study	documented	that	palygorskite	is	a	suitable	support	material	for	bimetallic	nanoparticles	and	the	resulting	palygorskite-
supported/Fe/Ni nanocomposite creates a promising avenue for the remediation of chlorinated organic compounds from aqueous solutions

Keywords
Palygorskite;	Fe/Ni	nanoparticles;	2,4-DCP;	degradation
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Recent advances in rectorite composites for environmental application
Hongyun Chen1, 2, Liangjie Fu1, 2, Aidong Tang3, Huaming Yang1, 2

1School of Minerals Processing and Bioengineering, 2Hunan Key Lab of Mineral Materials and Application, 3School of Chemistry and Chemical 
Engineering, Central South University, Changsha, China

Rectorite	is	a	kind	of	rare	layered	silicate,	which	is	made	up	of	dioctahedral	mica	and	dioctahedral	montmorillonite	in	the	ratio	of	1:1.	It	is	mainly	
distributed in Asia, Europe and North America and has been widely used in environmental protection materials. This paper gives a brief introduction 
of the structure and physicochemical properties of rectorite, particular attention is paid to the application of rectorite composites in water treatment, 
including recent research advances on applications of rectorite composites in phosphate, heavy metal ion, dye and organic pollutant removal from 
wastewater. Additionally, the preparation of advanced mineral materials from natural rectorite was emphasized. In summary, rectorite composites have 
excellent properties for water treatment and are promising to be used in practical applications. 
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Exploration of Emerging Nanoclay Composite for the Biomedical Application
Mei Long1, 2, Yi Zhang* 1, 2, Aidong Tang* 3, Huaming Yang1, 2

1School of Minerals Processing and Bioengineering, 2Hunan Key Lab of Mineral Materials and Application, 3School of Chemistry and Chemical 
Engineering, Central South University, Changsha, China

Natural nanoclay minerals have received an increasing interest in biomedicine for drug delivery, cancer theranostics and tissue engineering in 
recent	years.	Herein,	kaolinite,	a	typical	layered	aluminum	silicate	clay,	was	modified	and	studied	for	the	application	in	biomedicine.	The	properties	
of	two	dimensional	(2D)	materials	were	affected	by	both	the	thickness	and	lateral	size	of	the	layered	nanostructures.	The	kaolinite	was	modified	by	
intercalating	various	organic	guest	species	of	different	chain	lengths	composites	to	expend	the	basal	spacing	of	kaolinite,	and	by	exfoliating	under	
ultrasonication	treatment	to	decrease	the	thickness	and	lateral	size.	The	biocompatibility	and	the	interaction	between	kaolinite,	modified	kaolinite	
composites	and	cancer	cells	were	investigated.	In	addition,	kaolinite	exhibits	an	excellent	haemostatic	activity	due	to	its	negatively	charged	surface,	
high adsorbability and hydrophilicity. Inspired by the natural hemostat haematitum in traditional Chinese medicines, iron oxides were controllably 
assembled	on	the	modified	kaolinite	composite	to	effectively	control	haemorrhage.	The	high	level	of	biocompatibility	and	very	low	toxicity	towards	
cells,	and	the	excellent	physicochemical	characteristics	of	kaolinite	suggest	unexplored	opportunities	for	biomaterial	design	and	application.
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Kaolinite modulated oxygen vacancies of Co3O4 nanocrystals for enhancing the catalytic property
Qihang Zhao1, 2, Liangjie Fu1, 2, Huaming Yang1, 2

1Centre for Mineral Materials, School of Minerals Processing and Bioengineering, 2Hunan Key Lab of Mineral Materials and Application, Central South 
University, Changsha, China

Oxygen vacancy is one of the most critical function to improve the electronic and catalytic properties of metal oxides, nanoclay could modulate 
oxygen vacancy for enhancing the functions of mineral materials. Now the important challenge is to understand the role of intrinsic oxygen defective 
in	the	interface	between	nanoclay	with	massive	hydroxyl	groups	and	nanocrystals	with	the	high	surface	energy.	To	find	an	ideal	model	for	probing	
the	significance	of	vacancies	in	the	mineral-based	catalyst	is	rarely	reported.	To	reveal	the	formation	mechanism	of	oxygen	vacancies	applied	to	the	
active sites, Herein we reported the Co

3
O

4
/kaolinite	coupled	interface	which	is	connected	by	-OH	group,	and	applied	facile	reduction	method	to	produce	

oxygen vacancy-rich on the surface of Co
3
O

4
	nanocrystals	and	formed	interfaces	with	kaolinite	that	could	modulate	distinct	vacancy	defects.	The	as-

prepared Co
3
O

4
/kaolinite	exhibits	superior	chemical	activity	towards	catalytic	oxidation	reaction	by	engineering	the	activation	of	peroxymonosulfate	

with catalyst, which could generate the reactive oxygen species.
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Emerging Si@carbon fibers composites from natural halloysite for advanced lithium ion batteries
Sainan Liu1, Huaming Yang1, 2, Qiang  Zhang1, Dawei  Mu1

1Central for Mineral Materials, School of Minerals Processing and Bioengineering, 2Hunan Key Lab of Mineral Materials & Application, Central South 
University, Changsha, China

To further improve the electrochemical performance and commercialization prospects of Si anodes for lithium ion batteries (LIBs), a cost-effective 
strategy	for	fabricating	silicon-carbon	composites	was	designed	in	this	work.	The	silicon-carbon	fibers	(Si@CFs)	were	prepared	by	loading	Si	
nanoparticles on interconnected CFs via an electrospinning technique. The Si nanoparticles were obtained by the reduction reaction of natural clay 
minerals.	As	a	flexible	anode	for	LIBs,	Si@CFs	demonstrated	a	reversible	capacity	of	1238.1	mAh/g	and	a	capacity	retention	of	77%	after	300	cycles	
(in	contrast	to	the	2nd	cycle)	at	a	current	density	of	0.5	A/g.	With	a	higher	current	density	of	5.0	A/g,	the	electrode	showed	a	specific	capacity	of	
528.3 mAh/g after 1000 cycles and exhibited a superior rate capability compared to Si nanoparticles. The excellent electrochemical properties were 
attributed	to	the	construction	of	flexible	electrodes	and	the	composite	comprising	CFs,	which	lessened	the	volume	expansion	and	improved	the	
conductivity of the system. 
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Research on the 2D Nanoclay Based Drug Delivery System for Cancer Therapy
Yi Zhang1, Huaming Yang1

1Central South University, ChangSha, China

Aim to resolve the high synthetic cost, the high residual solvent toxicity, and the amphibolous physicochemical characteristics for drug carrier in 
cancer	therapy.	An	innovative	cancer	therapy	strategy	regarding	the	adjustment	of	kaolinite	surface	radical	groups	has	been	designed.	By	the	virtue	
of	the	stable	chemical	composition,	abundant	surface	radical	groups	and	unique	microstructure	of	kaolinite,	the	adjustment	technique	of	kaolinite	
surface	radical	groups	have	been	used,	the	basal	spacing	of	kaolinite	nanoclay	has	been	expanded	and	the	silanol	group	of	kaolinite	internal	surface	
has	been	exposed.	The	adjust	technique	and	the	key	technical	parameters	for	kaolinite	surface	radical	groups	have	been	established	to	meet	the	
requirement	of	the	cancer	therapy.	The	treatment	mechanism	and	the	synergetic	effects	enhanced	by	the	adjustment	of	kaolinite	surface	radical	
groups	have	been	explored.	This	project	will	provide	a	kind	of	technique	for	high	value	processing	of	minerals	and	a	new	idea	for	the	remediation	of	
cancer therapy.

Keywords
Kaolinite; Intercalation; Biocompatibility; Cancer Therapy
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Mineral-hazards: the environmental and human health problem represented by raw and 
man-processed mineral phases with special attention to asbestos minerals

Surface reactivity of amphibole asbestos: The influence of crystal chemistry and surface area
Giovanni Andreozzi1, Alessandro Pacella1, Ingrid Corazzari2, Maura Tomatis2, Francesco Turci2

1Dipartimento di Scienze della Terra, Sapienza University of Rome, Rome, 2Dipartimento di Chimica, Università di Torino, Torino, Italy

Among	asbestos	minerals,	fibrous	tremolite	and	riebeckite	(crocidolite)	share	the	amphibole	structure	but	largely	differ	in	terms	of	iron	content	and	
oxidation state. In asbestos toxicology, iron-generated free radicals are largely held as one of the causes of asbestos malignant effect.

One	UICC	crocidolite	and	two	fibrous	tremolite	samples	(these	latter	with	different	surface	area)	were	leached	from	1	day	to	1	month	in	an	oxidative	
medium	buffered	at	pH	7.4	to	induce	redox	alterations	and	surface	rearrangements	that	may	occur	in	body	fluids.	Structural	and	chemical	
modifications	were	monitored	by	HR-TEM/EDS,	and	free	radical	generation	by	spin	trapping/EPR	spectroscopy.		It	was	done	with	the	aim	of	clarifying	
the	relationships	among	free-radical	generation	and	i)	Fe	content/oxidation	state,	ii)	bulk	crystal	chemistry/surface	modification,	iii)	surface	area	of	the	
fibres.

Free	radical	yield	resulted	to	be	dependent	on	few	specific	Fe2+ and Fe3+ surface sites rather than total Fe content. Both ferrous iron and ferric iron with 
one	or	more	unsaturated	coordinative	valences	are	involved	in	the	Fenton	and	Fenton-like	reactions	with	hydrogen	peroxide,	which	yield	HO	radical.	
However, only ferrous and ferric iron with two or more unsaturated coordinative bonds are responsible for the production of COO– radical from formate 
anion.	The	comparison	between	the	two	fibrous	tremolite	samples	with	different	surface	area	revealed	that	both	the	processes	of	dissolution	and	
surface	modification	are	slower	for	the	sample	with	lowest	surface	area.	Kinetics	of	those	processes	was	found	to	rule	the	occurrence	of	either	low-
coordinated or high-coordinated Fe centres on the surface, as well as the nuclearity of Fe centres (preventing or enhancing the formation of clusters 
and	nanoparticles).	All	these	factors	control	the	interactions	between	fibre	surface	and	oxidative	medium,	finally	determining	the	actual	production	of	
HO and COO- radical species.

The	evolution	of	chemical	reactivity	over	time	was	proved	to	be	largely	dependent	on	both	fibre	crystal	chemistry	and	surface	area.	Crocidolite	proved	
to	maintain	the	highest	HO	production	over	long	times,	though	tremolite	fibres	with	lowest	surface	area	showed	the	highest	potential	of	generating	
both HO and COO- radical species in a long-time scale.
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man-processed mineral phases with special attention to asbestos minerals

Asbestos exposure in patients affected by bile duct tumours
Fiorella Belpoggi1

1Ramazzini Institute Cancer Research Center, Bentivoglio, Italy

Aims.	Exposure	to	asbestos	represents	an	important	risk	factor	for	the	onset	of	pleural	and	peritoneal	mesothelioma.	An	association	with	
gastrointestinal and bile duct adenocarcinoma may also be possible and is currently under investigation by IARC. Patients and methods. In 2007, 55 
patients	with	bile	duct	neoplasm	who	were	admitted	to	our	centre	were	investigated	extensively	about	their	exposure	to	known	risk	factors	for	their	
pathology and about exposure to asbestos. For each patient their medical history, their past, recent and current pathology was collected in detail. 
Information	on	the	workplace	and	characteristics	of	their	working	environment,job	description,	use	and	frequency	of	direct	and	indirect	exposure	to	
asbestos,	sources	of	non-occupational	exposure,	residential	and	daily	life	background	was	collected.	Exposure	to	asbestos	is	considered	significant	
only in cases where the latency period is equal to or longer than ten years. Results. From the medical history of the 55 cases, it emerged that 18 had 
been	exposed	to	asbestos.	In	3	cases	the	patients	had	been	exposed	by	inhalation	in	a	workplace	setting,	while	in	the	other	15	cases	an	exposure	linked	
to	a	presumable	ingestion	of	asbestos	fibres	contained	in	the	water	collected	in	domestic	asbestos-cement	water	tanks	was	postulated.	Conclusions.	
A	weak	association	between	tumours	of	the	bile	ducts	and	exposure	to	asbestos	has	already	been	postulated	in	the	past	on	the	basis	of	studies	
conducted	on	cohorts	of	workers	exposed	to	asbestos.	Our	analysis	also	indicates	a	possible	association	between	exposure	to	asbestos	and	neoplasms	
of the biliary ducts.

Key words
Asbestos, tumours, bile ducts
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The new nanoscope station at ID11: a tool to study nano fibers
Carlotta Giacobbe1,	Nicola	Bursi	Gandolfi	2, Jonathan Wright1, Alessandro F. Gualtieri2

1European Synchrotron radiation Facility, Grenoble, France, 2Scienze	Chimiche	e	Geologiche,	Unversita'di	Modena	e	Reggio	Emilia,	Modena,	Italy

The advent of high-brightness, third generation synchrotron sources and improvements in X-ray focusing optics has enabled new techniques for 
materials investigations with nanometre spatial resolution.  At ID11, the Materials Science beamline at the European Synchrotron Radiation Facility 
(ESRF), a new end station has recently been built to provide real-space maps of the local lattice structure, crystal orientation and grain morphology.

The	characterization	of	nano-	and	micro-natural	fibres	is	a	promising	scientific	case,	which	can	benefit	by	the	bright	and	small	beam	available	in	this	
synchrotron facility.

In	fact,	despite	all	the	advances	in	fibres	structure	analysis,	some	problems	still	remain	that	are	very	hard	to	solve.	One	challenge	is	the	structural	
analysis of micro- and nano-crystalline natural samples, which do not form crystals large enough for single-crystal X-ray diffraction (SC-XRD), and their 
analysis	is	often	hampered	by	reflection	overlap	and	the	coexistence	of	multiple	fibres	linked	together.

This contribution will illustrate the application of the nano-focussing SC-XRD to the three following cases:

 – Structure	determination	of	a	single	crystal	fibre	-	the	case	of	ferrierite.

The	zeolite	ferrierite	(FER)	is	well-known	both	in	nature	and	as	a	synthetic	material1.	The	crystal	structure	of	ferrierite	was	first	solved	by	Vaughan	et	
al.1,	in	the	space	group	Immm,	on	a	magnesium-containing	mineral	sample	from	Kamloops	Lake,	Canada,	and	has	been	validated	by	a	number	of	other	
workers3,4. Open debates, whether deviation from Immm symmetry are possible can be found in literarure5. We here present a careful nano single-
crystal diffraction study that aims to clarify the possible lowering of the symmetry to the space group P2

1
/n. Data have been collected using a beam 

size	of	400x600	nm	on	a	single	fibre	with	dimensions	of	20x2	microns.

 – Structure	characterization	of	fibres	injected	in	human	lung	tissues:

Crocidolite	fibres,	that	were	previously	injected	in	human	lung	tissues	of	a	mesothelioma	case,	have	been	investigated	using	a	beam	size	of	400	x	600	
nm. Although several twinned crystals have been found, it has been possible to separate the different components into single crystal data and get 
insight about their crystal structure. The detection of Na and Fe atoms positions and vacancies is one of the challenges in crystal structure analysis for 
these materials, with implications for understanding the mechanism of their carcinogenity. The sensitivity of the presented approach allows partially 
occupied and disordered cations positions to be located and other structural details to be revealed.

 – 	High	temperature	behaviour	of	tremolite	fibres:

Tremolite, chemical formula Ca
2
(Mg

5.0-4.5
Fe2+

0.0-0.5
)Si

8
O

22
(OH)

2
, belongs to a series with the minerals actinolite and ferro-actinolite and it is an important 

temperature indicator because of its instability at high temperatures that converts to diopside, CaMgSi
2
O

6
. The presence of only tremolite and 

no	diopside	indicates,	in	fact,	that	the	rock	has	not	endured	terribly	high	temperatures.	Nano	single	crystal	data	have	been	collected	for	room	
temperature	and	ex-situ	samples	heated	at	800	and	1100	°C.	Preliminary	results	on	crystal	structure	parameters	will	be	presented.
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Fibrous minerals in the Banded Iron Formations of the Hamersley Group of Western Australia
Laurence Glossop1, Christopher White1

1Glossop Consultancy, Duncraig, Australia

Introduction
The health effects from exposure to the common asbestiform minerals have been comprehensively documented (ATSDR 2001; IARC 2012; Lippmann 
2014).	However,	there	has	been	limited	research	and	discussion	on	non-asbestiform	fibrous	minerals	and	their	potential	health	effects	in	the	Australian	
mining	context	–	particularly	non-asbestiform	riebeckite	fibres	with	fibre	widths	less	than	0.5	micron	and	high	aspect	ratios	(>10:1).

This	paper	presents	evidence	of	a	range	of	fibre	types	present	in	banded	iron	formations	within	the	stratigraphic	subdivisions	of	the	Hamersley	Group,	
situated	within	the	Pilbara	Craton	in	the	north-west	of	Western	Australia.	Several	fibre	types	are	described	with	each	having	distinct	morphologies.	
Under	high	resolution	scanning	electron	microscopy,	some	non-asbestiform	riebeckite	fibres	show	remarkable	similarities	to	those	of	their	asbestiform	
analogue – crocidolite.

Geological	samples	were	taken	from	the	Joffre	and	Dales	Gorge	Members	along	the	northern	boundaries	of	the	Hamersley	Province.

Geological specimens were analysed using high resolution scanning electron microscopy (HRSEM) and electron dispersive spectroscopy (EDS). 
Petrographic analysis of polished sections was also carried out. 

From	a	microscopic	perspective	(HRSEM)	differing	fibre	morphologies	are	also	demonstrated.	However,	the	width	of	non-asbestiform	fibres	were	often	
less than 0.5 microns. Fibre samples were then compared under HRSEM.

As easily accessible high-grade hematite iron ore reserves deplete, mining operations are turning to deposits that required increased penetration into 
banded iron formations within the Hamersley Group. Some operations are already carrying out direct mining and processing of banded iron formations 
in the Joffre Member to extract magnetite ore, and this aspect of the industry will only expand in the future. Mining and processing of banded iron 
formations	is	likely	to	release	significant	concentrations	of	respirable	non-asbestiform	fibres.

In	reviewing	the	carcinogenicity	of	fibrous	amphiboles,	Addison	and	McConnell	(2008)	suggested	that	the	shorter,	thicker	non-asbestiform	fibres	posed	
much less of a hazard than their asbestiform analogues. Similarly, Van Orden, Lee, Allison and Addison (2009) discussed morphological differences 
between	asbestiform	and	non-asbestiform	fibres	in	terms	of	aspect	ratios,	suggesting	that	asbestiform	fibres	are	those	with	widths	less	than	0.5	
microns.

Their	proposition	was	that	fibres	with	widths	greater	than	0.5	micron	will	have	a	much	lower	tumour	incidence.	By	inference,	a	level	of	risk	remains	for	
long	thin	amphibole	non-asbestiform	fibres	(the	exitance	of	which	are	highlighted	in	this	study)	that	is	yet	to	be	quantified.

Riebeckite	is	a	common	mineral	throughout	the	banded	iron	formations	in	the	Hamersley	Group	–	particularly	in	its	non-asbestiform	habit.		The	current	
study	identified	a	range	of	non-asbestiform	riebeckite	fibre	types,	with	some	having	widths	as	low	as	200	nanometres	(0.2	micron)	with	aspect	ratios	in	
excess of 100:1, that fall well within the range that might be considered harmful to human health.
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Weathering Influence on fiber release of asbestos type minerals under subtropical climate
Christine Laporte-Magoni1, Jasmine Rita PETRIGLIERI1, 2,	Peggy	Gunkel-grillon1, Emma Salvioli-Mariani2, Nazha Selmaoui-Folcher1,	Monika	Le	Mestre1

1ISEA-University	of	New	Caledonia,	Nouméa	Cedex,	New	Caledonia,	2Department of Chemistry, Life Sciences and Environmental Sustainability, Parma, 
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The	pathogenic	effects	of	asbestos	are	now	well	known.	Some	fibrous	minerals,	not	regulated	as	asbestos,	can	have	similar	health	impact.	Their	toxic	
nature	partly	results	from	their	capacity	to	release	some	inhalable	fibres,	their	surface	reactivity,	and	their	biopersistance.	The	presence	of	fibrous	
minerals	in	the	environment	represents	a	health	risk	that	remains	difficult	to	assess.	Outcrops	are	often	composed	of	complex	mixtures	of	asbestiform	
minerals	with	variable	fibre	fragmentations.

New	Caledonia	is	one	of	the	world's	leading	producers	of	Nickel.	The	ore	results	from	a	continuous	tropical	weathering	of	ultramafic	rocks,	begun	at	
the	Miocene.	Open	mines	extract	Nickel	ore	from	laterites,	which	are	intersected	by	fibrous	serpentines	(chrysotile	and	antigorite)	and	few	amphiboles,	
mainly tremolite.

Environmental asbestos is a public health issue in New Caledonia. The caledonian legislation add antigorite to the chrysotile as a serpentinic asbestos. 
In	the	ultramafic	Caledonian	massifs,	the	antigorite	are	more	or	less	greenish,	with	various	morphologies	and	a	distinct	ability	to	release	fibres.

As miners witnessed, such differences may be observed in nearby outcrops, but also on the same outcrop, after short time without any mechanical 
stress.	These	observations	suggest	that	the	increasing	ability	to	emit	fibres	is	linked	to	the	increase	of	surface	alteration.	These	processes	are	
therefore	likely	to	enhance	the	exposition	risk	for	those	on	the	mine	sites.

Several batch leaching experiments were carried out using less altered antigorite, chrysotile and tremolite minerals, for times ranging from 2h to 
60	days.	The	aim	was	to	simulate	the	impact	of	surface	water	runoff,	on	the	ability	of	asbestiform	minerals	to	release	fibres.	The	solutions	used	in	
experiments display variable extraction power of the bioavailable fraction.

Despite the grow of chemical element concentrations in the solutions with low extracting power , the increase in the mass of suspended matter 
detected with time was low. However, a strongly extracting solution greatly increases the concentrations in solution, together with the amount of 
material	suspended	over	time.	The	presence	of	fibres	is	systematically	observed	in	the	suspended	matter.

These	results	demonstrate	that	the	chemical	alteration	of	asbestiform	minerals	alone	is	enough	to	enhance	the	release	of	fibres	into	the	environment.	
The decrease of the cohesion during weathering, increases the mineral / liquid contact area.

This conclusion is supported by the distinct production of suspended matter for a constant amount of liquid in the different lixiviation experiments. 
Moreover,	the	"mechanical"	effect	of	the	liquid	infiltred	in	cohesive	asbestiform	minerals	does	not	seem	to	mostly	influence	the	fibres	release,	in	our	
experiments	as	the	same	volume	of	liquid	products	distinct	mass	of	suspended	matter.	The	kinetic	of	the	reactions	at	the	origin	of	the	release	of	the	
fibers	is	of	the	order	of	24	hours.	The	emission	of	pathogenic	fibres	into	the	environment	may	result	from	the	only	chemical	alteration	of	asbestiform	
minerals.
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Deterioration of asbestos-cement roofing sheets – a source of asbestos in the environment
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About two million tonnes of asbestos were imported into Poland over a 50-year period (1946–1997). Asbestos was used mainly in the production 
of	building	materials,	including	cement-asbestos	roofing	sheets.	Since	1997,	the	usage	of	products	containing	asbestos	has	been	banned.	The	
concentration	of	asbestos	fibres	in	the	air	measured	in	Poland	at	the	beginning	of	the	21st century	is	relatively	low	(Szeszenia-Dδbrowska	et	al.	2012).

Alterations of the surface of cement-asbestos sheets exposed to weathering on roofs were studied. The surface is uneven with deep hollows, and 
chrysotile	fibres	are	exposed	on	the	surface	(Fig.	1).	The	chrysotile	differs	in	form,	from	very	thin	single	fibres	to	much	thicker	bundles	several	
micrometres	in	diameter.	Analysis	of	sections	of	sheets	indicates	that	the	superficial	layer	2	to	3	mm	thick	is	strongly	carbonatised.	Calcite	was	
formed in the reaction of cement components with atmospheric CO

2
. Calcite is partly dissolved in reaction with rainwater on the sheet surface. After 

the	dissolution	of	calcite,	asbestos	fibres	are	exposed	and	susceptible	to	removal	during	windy	weather	or	by	rainwater.	X-ray	diffraction	analyses	
of the sheets show that the material is composed of calcite, portlandite, larnite, quartz and serpentine group minerals (mainly chrysotile, but also 
subordinate lizardite). Besides calcite, vaterite was noticed in low amounts in one sample, and in one sample ettringite formed in the reaction with 
atmospheric	sulphur-containing	components	was	identified.

Painting of cement-asbestos sheets was recommended as a protective method, although during ageing the effectiveness of the protection is reduced. 
Study	of	the	cement-asbestos	sheet	surface	covered	by	a	cracked	and	scaling	painting	layer	indicates	that	hollows	have	formed	under	cracks	in	
painting	layer	through	the	dissolution	of	calcite,	and	asbestos	fibres	are	exposed.

Deposits	from	rain	gutters	situated	below	the	roofs	covered	with	cement-asbestos	sheets	were	studied	to	determine	the	possibility	of	asbestos	fibres	
being	removed	from	the	roof	by	rainwater.	It	was	noticed	that	the	deposit	is	rich	in	asbestos	fibres	of	various	length	and	diameter,	which	indicates	that	
the	removal	of	asbestos	fibres	from	cement-asbestos	sheets	exposed	to	weathering	processes	for	long	periods	is	relatively	effective.	Fibres	removed	
from the roof surface by rainwater could then be dispersed into the environment. It is possible to assume that wind can also be an important agent of 
asbestos	fibres’	dispersion.

Fig.	1.	Chrysotile	fibres	exposed	on	the	surface	of	asbestos-cement	roofing	sheet
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Revisiting the paradigm of the pathogenicity of silica: silanols, not crystallinity, as key determinant
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Occupational exposure to respirable crystalline silica dusts is associated to severe lung diseases, including silicosis and lung cancer [1]. Crystallinity has 
always	been	considered	as	the	main	feature	of	hazardous	silica	dusts,	but	how	this	specific	physico-chemical	property	governs	biological	response	
remains	poorly	understood.	Moreover,	all	crystalline	silica	sources	are	not	equally	pathogenic	and	unidentified	physico-chemical	differences	between	
particles	are	assumed	to	account	for	the	so-called	"variability	of	quartz	hazard" [2].

We recently synthesized quartz crystals of respirable size, exposing full pristine crystal faces [3]. These particles showed a very low biological reactivity 
in a series of cellular tests relevant for the pathogenicity of quartz, indicating that the activity of quartz dust is not necessarily contingent to 
crystallinity.	Mechanical	grinding	of	these	crystal	samples	markedly	increased	their	activity	[4].	By	combining	this	finding	with	studies	on	a	large	set	
of	both	amorphous	and	crystalline	silica	particles,	the	surface	configuration	of	silanols	emerged	as	a	relevant	characteristic	accounting	for	damage	
to cellular membranes [4,5].	In	particular,	from	preliminary	observations,	we	identified	silanols	irregularly	distributed,	and	not	mutually	interacting,	
as	specific	surface	functionalities	able	to	establish	strong	H-bond	interactions	with	external	biomolecules	and	cell	membrane	components.	We	also	
correlated	the	ability	of	quartz	particles	to	cause	membranolysis	with	their	capacity	to	activate	the	enzymatic	machinery	inflammasome	and	trigger	
a	pro-inflammatory	response	[6],	a	step	at	the	origin	of	silicosis	and	lung	cancer.	Our	current	hypothesis	is	that	characterizing	these	specific	silanols	
through physico-chemical and in vitro analyses allows identifying the pathogenic activity of silica materials (Fig.1) [7].

We will validate our hypothesis in vivo and develop a set of assays to identify and predict the respiratory hazard of silica particles based on the 
analysis	of	their	surface	silanol	distribution.	The	results	obtained	on	a	panel	of	model	(i.e.	with	defined	physico-chemical	properties)	quartz	samples	
prepared	ad	hoc	showed	significant	differences	in	their	membranolytic	and	cytotoxic	activity	consistent	with	the	hypothesis,	thus	confirming	the	
relevance	of	silanols.	Diffuse	reflectance	infrared	spectroscopy	(DRIFTS)	appears	as	a	promising	tool	to	clearly	reveal	the	silanol	distribution	of	the	
silica particles. 
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Fibrous Antigorite from New Caledonia. A mineralogical identification issue in the plan prevention of 
mining companies
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The	New	Caledonia	is	one	of	the	largest	world	producers	of	supergene	nickel	ores.	In	open	mines	all	four	main	varieties	of	the	serpentine	group	
associated to minor tremolite-actinolite naturally occur (Lahondère 2017). Mining companies developed a monitoring prevention plan based on 
a	visual	in	situ	identification.	Because	of	the	complexity	of	these	compositionally	heterogeneous	materials	-	intermixed	fibres	morphologies	and	
mineral	phases	-	this	preliminary	field	identification	is	not	sufficient	to	discriminate	asbestos.	A	routine	diagnostic	approach,	based	on	the	use	of	
complementary simply but reliable analytical methods, is therefore the only possible strategy. It should be noted that, contrary to European and 
worldwide	legislations,	New	Caledonia	decree	(Decree	No	82/2010)	is	the	only	one	to	classifies	serpentine	antigorite	as	asbestos.

Caledonian antigorite exhibits a wide range of natural shapes, morphologies and alteration status depending on the weathering processes in humid 
sub-tropical	conditions.	As	the	alteration	degree	increases,	lamellar	antigorite	gradually	cleaves	in	fibrous-like	particles	and	assuming	a	fibrous-
lamellar habit with endings in chrysotile. In highly altered horizons, antigorite shows a completely transformed appearance and is associated to 
asbestiform	fibres.

A detailed mineralogical-petrological study was performed. Data obtained with optical microscopy, X-ray diffraction, Scanning Electron Microscopy 
(SEM), and Transmission Electron Microscopy (TEM) have been combined with specialized tools such as Polarized Light Microscopy associated to 
Dispersion Staining (PLM/DS) and micro-Raman spectroscopy. In the evaluation of morphological and textural features, optical- and SEM-images of 
Caledonian	antigorite	show	an	intimate	intergrowth	of	lamellar	and	fibrous-lamellar	shapes.	Even	the	samples	identified	as	not	altered	by	mining	
geologist,	actually	exhibit	the	appearance	of	individual	fibres	at	the	surface.	The	intergrowth	of	different	phases	in	their	textural	context	can	be	
evaluated	by	petrographic	observations,	but	only	SEM	and	TEM	allow	to	detect	the	3D	morphology	of	mineral	fibres.

PLM/DS	and	Raman	spectroscopy	proved	to	be	extremely	effective	for	identification	of	environmental	asbestos	on	the	mining	front.	Our	tests	showed	
that using the Refractive Index 1.5680 oil, antigorite could be easily discriminate from chrysotile (RI 1.550). The micro-Raman has revealed a high-
diagnostic	power	in	the	discrimination	of	the	intergrowth	of	fibrous	antigorite	and	chrysotile	fibres,	also	at	the	micro-scale.	The	acquisition	of	Raman	
spectra	in	low-wavenumbers	region	and	OH-stretching	region	(high-wavenumbers)	confirm	as	a	decisive	approach	for	the	identification	and	micro-
structure	investigation	of	asbestos	minerals.	Therefore,	a	Raman	portable	equipment	should	be	a	user-friendly	tool	in	the	study	of	rock	fragments.	It	
allows	the	identification	of	the	asbestos	minerals	directly	on	the	sample,	without	removing	the	fibres	from	the	rock	matrix,	in	real-time	identification,	
under different climate conditions.
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Issues with the Identification, Exposure Monitoring and Assessment of Health Risks associated with 
Trace Levels of Elongate and Fibrous Minerals Present in Quarried Serpentine
Alan Rogers1, Linda  Apthorpe2, 3, Philip Hibbs4

1Alan Rogers OH&S Pty Ltd, Clovelly, 2Hibbs and Assocaites Pty Ltd, Homebush, 3University of Wollongong, 4Hibbs and Assocaites, Homebush, Australia

Chrysotile	is	the	most	common	fibrous	form	of	the	mineral	serpentine	historically	accounting	for	more	than	90%	of	the	worldwide	commercial	
production	of	asbestos.	Arising	out	of	the	health	effects	associated	with	breathing	dust	which	may	contain	chrysotile	fibres,	regulatory	authorities	
have	set	various	standards	in	terms	of	the	limit	of	chrysotile	in	bulk	materials	and	also	limited	the	airborne	concentration	of	respirable	chrysotile	
fibres	in	workplace	atmospheres.	Commercial	chrysotile	deposits	contain	many	other	serpentine	minerals	such	as	lizardite,	picrolite,	antigorite	and	its	
semi-fibrous	forms.	These	are	usually	present	in	minor	quantities	and	are	readily	removed	from	the	bulk	material	during	the	milling,	fiberisation	and	
elutriation	processes	involved	during	the	processing	of	raw	chrysotile	fibre.	In	serpentine	deposits	which	have	undergone	lesser	mineral	alteration	the	
quantity	of	elongate	and	fibrous	minerals	is	relatively	low,	and	in	many	instances	minerals	such	as	lizardite,	picrolite	and	antigorite	may	predominate.	
This paper discusses the experiences of the authors in dealing with these issues which arose when investigating serpentine deposits in Australia, 
New	Zealand	and	the	Asia	Pacific	region.Analysis	of	Bulk	Products.Standardised	routine	analytical	polarised	light	microscopy	methods	are	available	
for	the	qualitative	detection	of	chrysotile	and	other	asbestos	types	in	a	range	of	matrices	including	bulk	mineral	samples.	However	due	to	the	close	
similarities	in	identification	criteria	between	the	elongate	and	fibrous	serpentine	minerals,	operator	errors	lead	to	specific	mineral	misidentification	
resulting in the overestimation of the chrysotile content in quarried products. Enhanced sample preparation and analysis techniques have been 
developed	specifically	for	serpentine	minerals	to	reduce	the	problems	of	misidentification	whilst	at	the	same	time	producing	a	semi-quantitative	result	
down	to	0.01%	w/w	or	less.	This	level	of	detail	assists	in	clarifying	regulatory	compliance	and	can	be	used	for	risk	assessment	purposes.Monitoring	
Worker	Exposures.	The	standardised	regulatory	method	for	monitoring	the	airborne	concentration	of	respirable	asbestos	fibres	in	occupational	
exposure	situations	is	the	membrane	filter	method	which	relies	on	counting	fibres	under	phase	contrast	microscopy.	However,	this	technique	is	not	
particularly	suitable	for	monitoring	very	low	levels	of	fibres	in	the	presence	of	higher	levels	of	non-fibre	particulates.	To	prevent	particulate	overload	
a series of consecutive short duration samples are required, however with this approach statistical precision and the analytical detection limit can 
suffer resulting in considerable uncertainty for compliance/non-compliance assessments. Added to the uncertainty is the interference caused by 
respirable	size	non-asbestos	fibres	(textile	and	other	organic	fibres)	emanating	from	workers	clothing	and	also	from	other	environmental	sources.Risk	
Assessment Dose response data is readily available for estimating the quantitative outcomes for asbestos, lung cancer and mesothelioma arising from 
various scenarios of concentration and duration of exposure to dust containing chrysotile. Although there is some in-vitro and in-vivo data available on 
the	elongate	forms	of	picrolite	and	antigorite,	evidence	from	epidemiological	studies	and	specific	quantitative	risk	data	is	lacking.

Mineral-hazards: the environmental and human health problem represented by raw and 
man-processed mineral phases with special attention to asbestos minerals

220

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Analytical protocols to characterize talc for the absence of asbestos to evaluate suitability for use 
in cosmetic products
Matthew Sanchez1, Bryan Bandli1

1RJ Lee Group, Inc., Monroeville, United States

Detection	of	asbestos	and	other	asbestiform	minerals	in	bulk	matrices	is	a	unique	and	challenging	task.		To	accurately	assess	the	type	and	amount	of	
asbestos	in	a	bulk	material	requires	a	solid	understanding	of	mineralogy,	microscopy,	microanalysis,	crystallography,	petrography,	and	statistics.		Talc	
is a mineral commodity used in a wide variety of industrial applications and consumer products at a world-wide rate of approximately 8.1 mT in 2017.  
The	geology	of	economic	talc	deposits	fall	into	two	general	categories:	altered	carbonate	rocks	and	altered	ultramafic	rocks.		Asbestiform	minerals,	
chrysotile	and/or	amphibole,	can	be	associated	with	talc	in	the	ultramafic	hosted	deposits,	but	rarely	in	carbonate	hosted	deposits.		The	asbestiform	
minerals	are	typically	not	present	in	the	talc	ore	units	but	rather	occasionally	in	adjacent	waste	rock	or	veins.		Careful	mining	practices,	well	designed	
beneficiation	flow	charts,	and	rigorous	quality	assurance	testing	should	be	implemented	in	all	mining	operations,	but	particular	care	must	be	taken	
in regards to managing talc deposits in relation to asbestiform mineral content.  In regard to talc mining, this begins with careful interrogation of 
exploration data (drill core outcrop, and mine sampling).  Quality assurance testing is critically important and requires detailed microanalytical 
examination.		The	testing	for	asbestos	is	problematic	in	that	the	concentrations	are	likely	very	low,	and	very	small	amounts	of	material	are	physically	
examined	relative	to	the	amount	of	material	produced	from	a	mine.		The	information	collected	from	micrograms	of	material	is	extrapolated	to	make	
decisions	on	tonnes	of	material.		The	microanalytical	work	is	often	time	consuming	and	expensive,	but	is	necessary	to	detect	asbestiform	minerals.		A	
strategy	of	both	bulk	testing	(powder	x-ray	diffraction)	and	microscopy	(polarized	light,	transmission	and	scanning	electron	microscopies)	provides	
information over a range of mass and length scales that is used to assess the type and distribution of asbestiform minerals.  Other types of analysis 
can	be	implemented	including	x-ray	fluorescence	and	scanning	electron	microscopy.		Case	studies	of	mine	assessments	and	quality	assurance	testing	
will	be	presented	as	well	as	results	of	developmental	work	done	to	improve	currently	utilized	techniques.
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Road tunneling and surface excavation in asbestos-rich geological setting: new tools and analytical 
procedures for the evaluation of asbestos-related risk
Chiara Avataneo1, Serena Botta1, Igor Marcelli1, Luca Barale2, Maura Tomatis3, 4, Sergio Tallone5, Fabrizio Piana5, Roberto Compagnoni3, Francesco Turci3, 4

1Geological	Risk	Analysis,	Gi-RES	S.r.L,	Turin,	2Institute of Geosciences and Earth Resources, National Research Council of Italy (CNR), Firenze, 3G. 
Scansetti Center for Studies on Asbestos and Other Toxic Particulates, 4Dept. of Chemistry, University of Turin, 5Institute of Geosciences and Earth 
Resources, National Research Council of Italy (CNR), Turin, Italy

Road	tunnelling	and	construction	in	general	in	the	presence	of	naturally	occurring	asbestos	(NOA)	requires	an	enhanced	geological	risk	evaluation	
to	assure	workplace	safety	from	asbestos.	Also,	the	disposal	of	asbestos-polluted	rock	and	soil	contaminated	with	asbestos	introduces	significant	
handling	costs	that	must	be	carefully	estimated	in	the	preliminary	phases	of	work	engineering.	Procedures	must	be	set	up	taking	into	account	the	need	
to provide: i) a detailed geological model representative of the possible presence of the asbestos, ii) a representative sampling, iii) a correct analytical 
approach,	and	iv)	a	working	procedure	that	can	be	efficiently	applied	during	excavation	activities.	HSE	regulations	for	working	in	asbestos-bearing	
materials	are	still	not	exhaustive	because	of	the	great	complexity	of	the	matter	and	uncertainties	in	geological	risk	definition.

Best	practices	for	asbestos	risk	evaluation	should	be	founded	on	detailed	structural	field	surveys,	integrated	with	borehole	core	analysis	and	
preliminary laboratory mineralogical tests, aiming at identifying homogeneous “petro-structural facies” on the basis of structural (meso- and 
macroscale), and lithological criteria. Homogeneous litho-structural domains are then mapped at proper scale (1:2000) and subsequent sampling 
program	is	planned.	The	quantification	of	asbestos	in	filed	samples	requires	well-defined	criteria,	including	as	unambiguous	definition	of	asbestos	
fiber,	and	innovative	approaches	such	as	automatic	microscopic	analysis	to	obtain	results	with	appropriated	accuracy	and	reproducibility.
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Asbestos and crystalline silica: new models and molecular mechanisms in particle toxicology
Francesco Turci1, 2

1G. Scansetti Center for Studies on Asbestos and Other Toxic Particulates, 2Dept. of Chemistry, University of Turin, Turin, Italy

Many physicochemical properties of a mineral concur – often simultaneously – in determining the fate of a particle within the human body. A complex 
chain	of	surface	transformations	and	reactions	occurs	when	a	mineral	particle	or	fibre	comes	in	contact	with	biological	material	and	occasionally	
this results in inhaled material being held in an organism for a very long time. During that time, which might last for decades in the case of highly 
bio-persistent	minerals	such	as	crystalline	silica	or	amphibole	asbestos,	the	mineral	evolves	and	reacts	with	the	human	body,	initially	with	body	fluids	
and immune system cells, and dynamically interacts with its biological surroundings. To understand the molecular mechanisms of this interaction, this 
lecture	explores	bulk	and	surface	properties	of	asbestos,	likely	the	most	investigated	toxic	mineral	fibre,	and	respirable	quartz	particulate,	which	still	
rises	many	unanswered	questions	in	workplace	health	and	safety	risk	evaluation.
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Airborne particulate matter in Krakow (South Poland) – diverse composition, diverse origin and 
health hazard
Wanda Wilczynska-Michalik1,	Marek	Michalik2
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High	levels	of	particulate	matter	(PM)	concentration	in	the	atmosphere	in	Krakow	have	been	a	problem	of	great	concern	for	many	years,	and	while	a	
drop	in	concentration	of	PM	was	observed	in	the	final	two	decades	of	the	20th century, the problem of air pollution is still important. Since the end of 
the last century, the average concentration of PM has stabilised at a relatively high level, often exceeding the EU regulations limits.

Direct	comparison	of	the	composition	of	PM	present	in	the	atmosphere	recently	and	around	fifty	years	ago	is	impossible	because	of	the	different	
methods applied in terms of the samples’ collection and the analysis. Recently, emissions from large industrial plants have decreased.

The	significance	of	various	emission	sources	of	PM	is	a	subject	of	debate	but	it	is	possible,	based	on	single	particle	analysis,	to	prove	that	PM	
originates from residential heating, vehicular exhausts, industrial emissions, and natural sources. Secondary aerosol particles (e.g. sulphates and 
secondary organic aerosols) are also abundant.

High	concentration	of	fine	and	ultrafine	particles	is	typical.	PM2.5	concentration	is	usually	above	60%	of	PM10,	but	in	winter	seasons	is	above	70%.	
Carbonaceous particles strongly dominate in PM1.0. Soot of various origins occurring as discrete particles (approx. 50 nm in diameter) or aggregates 
containing several particles is the most commonly found in the studied material. Soot particles often constitute about 80% of the particles in 
PM2.5.		Elongated,	often	branched,	chain-like	or	densely	packed	aggregates	composed	of	numerous	soot	particles	are	also	present	(Fig.	1).	Spherical	
carbonaceous particles or partly irregular particles probably represent secondary organic aerosols. Particles of this type are often seeded on soot 
particles. Analysis of soot from various emission sources indicates that the distinction of their origin based on the particles’ size and morphology is 
impossible.

Na, Na-K, Na-K-Ca, or Ca sulphates are present as irregular granular sulphate particles or polyhedral particles with rounded edges. KCl occurs as 
polyhedral, partly rounded particles. Sulphates and chlorides often develop on soot aggregates. Carbonates (usually Mg-Ca carbonates) were noted. Ca, 
Ca-K, Ca-Mg-K, and Ca-Mg-K-Fe aluminosilicate particles occur as discrete grains or as aggregates, often mixed with Na-K or Ca sulphates.

Silicate or aluminosilacte mineral components are present mainly in coarse fraction. Quartz grains are usually irregular with surfaces partly covered 
with attached clay minerals. Particles characterised by chemical composition typical comprised of feldspars are also present. Aluminosilicate spherical 
particles (containing Ca, Fe, Mg, Ti, K, Na, P) related to coal combustion in power plants are relatively common. Smooth spherical SiO

2
 particles often 

form aggregates. SiO
2
	fibres	are	observed	sporadically.	Irregular	or	spherical	Fe	oxides	are	sometimes	present.	TiO

2
 particles form aggregates. 

Sometimes, particles are enriched in Cr, Ni, Zn or other metals.

The	high	content	of	fine	particles	along	with	the	high	content	of	carbonaceous	particles	causes	serious	health	risks	to	humans.

Fig. 1. Soot aggregate.
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Crystal chemistry of "Li7La3Zr2O12" garnet doped with Al, Ga, and Fe: a review
Georg Amthauer1, Daniel Rettenwander2, Reinhard Wagner1, Guenther Redhammer1, Sven Ulf Weber1

1Chemistry and Physics of Materials, University of Salzburg, Salzburg, 2Chemistry, Technical University of Graz, Graz, Austria

Recent research has shown that certain Li-oxide garnets with more than 3 Li atoms per formula unit, such as Li
7
La

3
Zr

2
O

12 
(LLZO), have high ionic 

conductivities, as well as good chemical and physical properties for use in solid-state batteries (Murugan et al., 2007).

There	is	a	low	temperature	tetragonal	modification	of	pure	LLZO	(SG:	I4
1
/acd) and a high temperature non quenchable cubic phase of LLZO (SG: Ia-3d). 

The tetragonal phase has distinctly lower ion conductivity than the cubic phase. Fortunately, the cubic phase can be stabilized at low temperatures by 
doping with low amounts of Al, Ga, and Fe (Rettenwander et al. 2014, 2015, 2016). In our contribution the results of single crystal X-ray diffraction studies 
will be presented. While Al-doped LLZO garnets always crystallize within the space group Ia-3d, Ga and Fe-doped LLZO garnets crystallize within the 
space group I4̅3d (Wagner et al., 2016a, 2016b). This symmetry change is combined with an increase in ionic conductivity up to 10-3 S cm-1 which is very 
high	for	those	kind	of	solid	state	electrolytes	used	in	Li-ion	batteries.	These	results	will	be	discussed	on	the	basis	of	the	slightly	different	topologies	of	
both space groups, respectively.
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Crystal-chemistry of Y-poor hainite-(Y) from Poços de Caldas alkaline complex, Minas Gerais, Brazil
Andrezza Azzi1, Daniel Atencio2, Marcelo Andrade3, Reynaldo Contreira4

1Geosciences Institute , 2Geoscience	Institute,	São	Paulo,	3Institute	of	Physics,	São	Carlos,	4autonomous, Campinas, Brazil

 Hainite was originally described by Blumrich (1893) in cavities and groundmass of phonolites and tinguaites from Hradiste, Czech Republic, and named 
on the basis of incomplete optical and qualitative chemical data. Complete chemical analysis and X-ray powder-diffraction data were published later 
by Johan & Čech	(1989).	A	second	occurrence	of	hainite	has	been	established	also	in	cavities	and	groundmass	of	evolved	rocks	(nepheline	syenites	and	
tinguaites)	in	the	alkaline	massif	of	Poços	de	Caldas,	Minas	Gerais	state,	Brazil	(Atencio	et	al.,	1999).	Since	the	formula	Ca

4
Na(NaCa)Ti(Si

2
O

7
)

2
(OF

2
)F

2
 is not 

electronically	neutral,	Sokolova	and	Cámara	(2017)	have	modified	it	for	(Ca
3
Y)Na(NaCa)Ti(Si

2
O

7
)

2
(OF

2
)F

2
 and changed the name to hainite-(Y). Rare-earth 

elements	are	chemically	essential	constituents	and	need	to	have	their	own	position	in	the	mineral	formula	to	keep	neutral-charge	stoichiometry.	
According	to	Sokolova	and	Cámara	(2017)	the	Levinson	suffix	should	be	applied	to	a	mineral	with	Y	and/or	lanthanoids	(Ln:	La–Lu)	regardless	of	whether	
Y and/or lanthanoids are dominant at particular crystallographic sites. Consequently, the new name and formula should be applied for both the Y-rich 
hainite-(Y)	from	Russia	and	the	Y-poor	hainite-(Y)	from	Poços	de	Caldas.		A	total	of	56	new	analyses	made	possible	a	series	of	calculation	and	atoms	
distribution	in	the	structural	sites.	Hainite-(Y)	specimens	from	Poços	de	Caldas	have	0.01	to	0.03	Y	apfu.	Interesting	fact	about	the	hainite	crystals	
from	Poços	de	Caldas	is	the	minerals	occurring	as	inclusions	in	cavities	of	dissolution	(Fig.1).	Minerals	such	as	pectolite,	rinkite-(Ce),	fluorapatite,	
stronadelphite	and	members	of	the	britholite	group,	some	of	them	new	minerals	under	study.	Other	associated	minerals	are	villiaumite,	fluorite,	
manganoeudialyte, natrolite, aegirine, lorenzenite, batisite, chlorbartonite, tuppersuatsiaite, astrophyllite, lamprophyllite, gaidonnayite, pyrophanite, 
vishnevite,	sodalite,	pyrite,	polezhaevaite,	ferrobustamite,	vinogradovite,	burbankite,	ancylite-(Ce)	and	ancylite-(La).
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Fig.	1		Hainite	crystals.	A-	hainite	intergrown	with	fine	shaped	colorless	cristals	of	pectolite.	Crystals	in	red	color	are	villiaumite.	B-	pale	yellow	hainite	and	tuppersuatisiaite	in	aggregate	
crystals.	C-	elongated	hainite	crystals	over	microcline	and	natrolite.	D-	SEM-backscattered	image	of	a	hainite	crystal.	White	sphericalgaidonnayitecrystalaggregates	and	calcite	plates	over	
hainite.	E-	SEM-backscattered	image	of	hainite	associated	with	pectolite	(dark	grey),	rinkite-(Ce)	(light	greyfine	needles),	and	euedralancylite-(Ce)	crystals.	F-	SEM-backscattered	image	of	
hainite	showing	dissolution	cavities	partially	filled	withbritholite	group	minerals(white	color,	elongated	shape).
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New topology of levyne B under quasi-equilibrium conditions: a temperature-dependent in situ 
single crystal X-ray diffraction study
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Levyne-Ca	is	a	natural	zeolite	(framework	type	LEV)	with	the	ideal	chemical	formula	NaCa
2.5

(Al
6
Si

12
O

36
)· 18H

2
O, space group R-3m, a

hex
 = 13.35  c

hex
 = 

22.90	Å,	V	=	3534	Å3,	Z=3	(Galli	and	Gottardi,	1985).	The	LEV	framework-type	is	characterized	by	a	sequence	of	single	six-membered	rings	(6mR)	and	
double	six-membered	rings	(D6R)	stacked	along	the	c	axis	following	the	AABCCABBCAA	sequence	(Barrer	and	Kerr,	1959;	Merlino	et	al.	1975).	Above	
230°C,	levyne-Ca	transforms	to	a	new	topology,	called	levyne	B	characterized	by	a	system	of	edge	sharing	tetrahedra,	mutually	exclusive,	formed	as	a	
consequence	of	broken	T-O-T	bonds	in	the	D6R	(Arletti	et	al.	2013).

In	this	study,	the	dehydration	behavior	of	natural	levyne-Ca	was	investigated	from	25	to	400°C	by	in-situ	single-crystal	X-ray	diffraction	under	dry	
conditions.	The	dehydration	started	at	50°C.	From	125	to	250°C	the	structure	changed	to	levyne	B	topology,	characterized	by	statistical	breaking	of	T1-
O-T1	bonds	in	the	original	D6R	units.	At	275°C,	additional	rupture	of	T2-O-T2	bonds	in	6mR	units	started.	This	second	rupture	associated	with	the	release	
of	remaining	water	was	not	reported	before.	At	300°C	the	structure	was	assumed	to	be	anhydrous.	The	new	levyne	B	topology,	referred	to	levyne	B’,	is	
characterized	by	37%	T1B	and	15%	T2B	that	are	new	tetrahedral	sites	arising	as	a	consequence	of	the	T-O-T	breaking	process.	In	contrast	to	the	T1B	site,	
T2B is at general position, originating a system of T2B face sharing tetrahedra, mutually exclusive. Complete migration of T sites to the new positions 
would	lead	to	different	LEV	topologies	with	different	kind	of	cages	and,	as	a	consequence,	of	stacking	sequences	depending	on	the	position	occupied	
by the T2B tetrahedra (Fig. 1). Thus, at high temperature the average symmetry R-3m is maintained, though P3m1 symmetry may be valid for individual 
topologies as presented in Fig. 1.

The	different	results	obtained	in	this	study	compared	to	previous	ones,	confirmed	that	the	applied	experimental	set-up	is	fundamental	in	tracking	the	
transformations upon dehydration in zeolitic materials. Understanding these differences is crucial for subsequent applications of these microporous 
compounds.

Figure	1	Stacking	sequence	(polyhedral	and	nodal	representation)	of	the	LEV	framework	type	for	levyne-Ca	at	RT	(a)	and	of	the	new	topology	of	levyne	
B’ considering 100% migration of T1 and T2 sites toward the new positions, T1B and T2B. Three possible topologies of levyne B’ (b,c,d), obtained by the 
random removal of one of the two T2B tetrahedra, mutually exclusive, are shown.
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Measuring and understanding adsorption-mediated hydration at silicate particle surfaces 
Bradley Chmelka1,	Rahul	Sangodkar2, Ben Smith3, Nathan Prisco1

1Department of Chemical Engineering, University of California, Santa Barbara, United States2Department of Chemical Engineering, University of 
California, Santa arbara, , 3Department of Chemical Engineering, University of California, Santa Barbara

Competitive	adsorption	of	dilute	quantities	of	organic	molecules	and	water	at	mineral	surfaces	strongly	influences	their	rates	of	dissolution,	hydration,	
or crystallization. Such processes depend on the architectures of the organic molecules and solution conditions, which affect the interactions that 
account for their macroscopic adsorption behaviors and associated reaction properties of heterogeneous silicate particle surfaces. For example, 
strong adsorption of certain saccharides on heterogeneous low-surface-area (~1 m2/g) silicate particles inhibits hydration reactions in technologically 
important aluminosilicate cement-water mixtures. Such competitive adsorption of organic species in place of water slows the formation of hydration 
products that contribute to the development of mechanical strength. In the absence of longrange order, the interactions of organic species at solid 
surfaces	have	been	challenging	to	measure	and	understand,	especially	for	dilute	bulk	concentrations	or	low	particle	surface	areas.	Nevertheless,	new	
dynamic nuclear polarization (DNP)-enhanced solid-state NMR techniques yield dramatically improved signal sensitivity for near-surface species that 
enables the detection and analysis of dilute adsorbed organic molecules (~0.1% by weight of solids) on low-surface-area (~1 m2/g) particles, which 
until now, have been infeasible to characterize. Recent results will be presented that establish the molecular-level surface interactions which account 
for	why	closely	related	saccharides	exhibit	surprisingly	different	adsorption	behaviors	and	corresponding	hydration	influences.	The	analyses	yield	
new understanding of complicated multicomponent adsorption and hydration processes at mineral surfaces and open opportunities to control their 
respective properties in aqueous environments. 
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Crystal chemistry of uranium germanates: framework topology and comparison with natural 
analogues
Fabrice Dal Bo1, Peter C. Burns1, 2

1Department of Civil and Environmental Engineering & Earth Sciences, 2Department of Chemistry and Biochemistry, University of Notre Dame, Notre 
Dame, United States

The	family	of	uranium	germanate	compounds	shows	many	interesting	crystallographic	and	crystal	chemical	features	thanks	to	the	ready	incorporation	
of uranium in different oxidation states, to the varied coordination of the uranium and germanium cations, and to the complex polymerization of 
germanium polyhedra. To date, the uranium germanate family consists of 22 members that containing either U6+ (13 compounds), U4+ (3), U5+ (2), or a 
mix of uranium in several oxidation states (4). In all of these, germanium is typically coordinated by four ligands and occurs as GeO

4
 tetrahedra that 

frequently share one corner to form (Ge
2
O

7
) diortho groups analogous to (Si

2
O

7
)	groups.	However,	Ge	can	also	be	coordinated	by	five	or	six	oxygen	

atoms to form distorted trigonal bipyramids and octahedra, respectively. About 50% of uranyl minerals and compounds are based on sheet layer 
structures	[1].	In	the	case	of	uranyl	germanates,	the	majority	of	compounds	have	a	framework	structure,	owing	mainly	to	the	additional	linkage	
possibilities provided by the germanium polyhedra.

Our	study	of	uranyl	germanate	compounds	has	led	to	the	hydrothermal	synthesis	at	200ºC	of	five	new	open-framework	and	one	new	layered	uranyl	
germanates,	thus	extended	the	size	of	the	family	to	28	members.	Among	the	5	new	framework	compounds,	4	are	isomorphous	and	based	on	a	novel	
remarkable	[(UO

2
)

8
(HGe

2
O

7
)

4
]4-	framework	constructed	of	infinite	chains	of	edge-sharing	UO

7
 pentagonal bipyramids and GeO

4
 tetrahedra. The anion 

topology of the resulting nanotubes, obtained from the polymerization of the uranyl germanate chains, is the same as the topology observed in 
the	uranyl	silicate	sheets	of	uranophane-group	minerals.	In	addition,	this	new	open-framework	is	penetrated	by	two	different	channels,	which	can	
accommodate	mono-	and	bivalent	cations,	with	ionic	radius	ranging	from	0.745	Å	([6]Co2+)	to	1.61	Å	([8]Rb+), as well as water molecules. The last new 
framework	compound	described	herein,	Cs[(UO

2
)

2
(HGe

2
O

7
)], is isostructural with the compound Ag[(UO

2
)

2
(HGe

2
O

7
)](H

2
O) [2].

Finally, a new compound based on uranyl germanate sheets, Mg[(UO
2
)

2
(Ge

2
O

6
(OH)

2
)](H

2
O)

4
, has been synthesized. The sheets are based on chains of 

edge-sharing	uranyl	pentagonal	bipyramids,	which	share	corners	with	adjacent	chains.	This	configuration	results	in	elongated-hexagonal	windows	in	
the sheets, in which both (GeO

4
) tetrahedra and (GeO

5
) distorted trigonal bipyramids occur. Considering the anion topology of the sheets based only 

on the uranium polyhedra, there are similarities with the α-U
3
O

8
 and β-U

3
O

8
 anion topologies that occur in many natural uranyl oxyhydroxides [3]. The 

MgO
2
(H

2
O)

4
	octahedra	connect	adjacent	sheets	by	linking	to	the	free	apical	ligands	of	the	germanium	polyhedra.

This	study	provides	an	opportunity	to	discuss	in	detail	the	framework	topology	of	these	compounds.	We	also	emphasize	the	relationship	between	
uranyl germanates and uranyl silicates minerals, as Ge4+ and Si4+ have a similar crystallographic behavior in some P-T conditions. It is possible that 
in the future some new undiscovered uranyl silicates will adopt similar crystal structures as those previously described in the family of uranyl 
germanates.
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Crystallographic investigations on the dehydration behavior of natural and synthetic microporous 
vanadosilicates
Rosa Micaela Danisi1, Thomas Armbruster2,	Johannes	Birkenstock1, Reinhard X. Fischer1

1University of Bremen, Bremen, Germany, 2University of Bern, Bern, Switzerland

Temperature-dependent	structural	modifications	of	zeolites	have	been	extensively	investigated	in	the	past	four	decades	due	to	the	great	demand	for	
information about their behavior under variable conditions in industrial processes. However, the thermal behavior of “zeotype” materials is much less 
explored despite their outstanding structure-related properties. Therefore, we focus our attention on microporous crystalline solids with structures 
formed	by	linking	SiO

4
 tetrahedra with vanadium-centered square pyramids.

VSH-13Na of Na
2
(VO)(Si

4
O

10
)·3H

2
O composition was synthesized under mild hydrothermal conditions (Wang et al., 2002) and studied by single-crystal 

X-ray	diffraction	at	RT	and	125	°C.	Its	vanadosilicate	framework	is	composed	of	sheets	of	silicate	tetrahedra	connected	by	vanadyl-type	square-based	
pyramids, while Na and H

2
O	molecules	act	as	extra-framework	occupants.	The	tetrahedral	sheets	are	built	by	undulating	(SiO

3
)

n
	chains	linked	laterally	to	

form	a	network	of	four-	and	eight-membered	rings,	which	resemble	those	of	the	mineral	cavansite,	Ca(VO)(Si
4
O

10
)·4H

2
O.

Due to the disorder in the orientation of the short apical vanadyl groups, the topological symmetry of VSH-13Na was described in space group Imma 
(Wang	et	al.	2002).	However,	the	new	structure	refinements	were	conducted	in	space	group	P2

1
,	a=10.373(3),	b=9.134(2),	c=14.364(4)	Å,	β=90.056(7)°,	

V=1360.9(7)Å3, interpreted as an intergrowth of two polytypes:  A) (∼62%) with antiparallel orientation of the vanadyl groups in adjacent (001) layers 
and B) (∼38%) with all vanadyl groups in adjacent layers oriented in the same way.

At	125	°C	the	structure	of	VSH-13Na	became	fully	dehydrated	and	adopted	the	following	unit-cell	parameters	in	space	group	P2
1
: a=9.696(14), b=9.525(13), 

c=12.584(16)	Å,	β=90.10(4)°,	V=1163(3)	Å3. Release of H
2
O caused severe contraction of T-O-T angles and the unit-cell volume decreased by 15 %. The 

silicate sheets appear strongly corrugated with tetrahedral vertices differently inclined with respect to the c axis. Moreover, the four- and eight-
membered rings do not superimpose as observed at room temperature but are mutually shifted.

Despite	their	structural	similarity,	the	VSH-13Na	framework	seems	to	be	more	flexible	upon	dehydration	compared	to	cavansite,	whose	structure	
collapsed before removal of the last H

2
O molecule. Strong analogies can be found instead to the dehydration behavior of pentagonite, cavansite´s 

dimorph.	In	conclusion,	the	influence	of	monovalent	vs	divalent	extra-framework	cation	content	coupled	with	different	flexibility	of	the	frameworks	
plays	a	key	role	in	the	dehydration	process	of	natural	and	synthetic	vanadosilicates.
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Al- and B-rich tourmaline endmembers, which could theoretically occur in nature
Andreas Ertl1
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The	first	report	of	natural	Al-rich	tourmaline	with	[4]B was described by Ertl et al. (1997). These authors reported the unit-cell parameters as a = 15.740, c 
=	7.066	Å	(cell	volume:	1515.9	Å3).	This	colourless	tourmaline,	identified	as	olenite,	from	the	Koralpe,	Eastern	Alps,	Styria,	Austria,	exhibits	relatively	high	
amounts of [4]B, which are still the highest amounts in a natural tourmaline to date. An updated formula with X(Na

0.40
Ca

0.29
[]

0.31
) Y(Al

2.40
Li

0.35
[]

0.25
) ZAl

6
 (BO

3
)

3
 

T[Si
4.89

B
0.83

Al
0.27

Be
0.01

]O
18
 V(OH)

3
 W[O

0.58
(OH)

0.36
F

0.06
] was given by Ertl et al. (2007). This tourmaline was found in a pegmatite that intruded discordantly into 

mylonitic garnet–biotite schist. Another tourmaline with a relatively high amount of [4]B was described by Ertl et al. (2007). This sample is a colourless 
olenite	(with	unit-cell	parameters	a	=	15.756,	c	=	7.070	Å)	from	a	“mushroom”	tourmaline	from	Momeik	Township,	northeast	of	Mogok,	Myanmar.	This	
tourmaline has the second highest amount of [4]B (~0.7 apfu [4]B).	This	tourmaline	was	found	in	a	pegmatitic	pocket,	in	which	the	host	pegmatite	is	
emplaced	in	a	peridotite	body.	An	Al-rich	tourmaline	with	unit-cell	parameters	a	=	15.777,	c	=	7.086	Å	from	the	Sahatany	Pegmatite	Field	at	Manjaka,	
Madagascar,	contains	also	a	significant	amount	of	[4]B (~0.4 apfu, Ertl et al., 2008).   

The	first	description	of	synthetic	Al-rich	tourmaline	with	verified	[4]B was by Schreyer et al. (2000). They successfully synthesized tourmaline in the 
range	550-900	°C/1-5	GPa.	Similar	tourmalines	were	synthesized	later	by	different	groups.	A	pronounced	negative	correlation	between	crystallization	
temperature	(at	constant	pressure)	and	refined	[4]B in synthetic Al-rich tourmalines was described by Ertl et al. (2012). Wodara & Schreyer (2001) found 
an inverse correlation between the [4]B	content	and	the	unit-cell	volume.	Including	recent	data	from	structure	refinements,	a	pronounced	negative	
correlation is observed. An extrapolation to an Al-rich tourmaline with the formula NaAl

3
Al

6
(BO

3
)

3
[B

3
Si

3
O

18
](OH)

4
 implies a hypothetical cell volume of 

~1454	Å3	(corresponds	to	a	=	15.5,	c	=	7.0	Å).	In	such	an	endmember	50%	of	the	T	site	would	be	occupied	by	B.	

Such [4]B-rich	tourmalines	occur	most	likely	in	low-temperature	environments.	To	produce	tourmalines	with	3	apfu	[4]B	a	temperature	of	<500	°C	was	
assumed. Highly evolved pegmatitic melts, which contain almost no Li and Mg, but relatively high amounts of B, could be necessary, that such B-rich 
tourmalines might occur as late stage product in pegmatites. 

A theoretical endmember with the highest possible amount of [4]B and the formula CaAl
3
Al

6
(BO

3
)

3
[B

4
Si

2
O

18
](OH)

4
, would have cell parameters of a = 

15.4,	c	=	7.0	Å	(cell	volume	~1425	Å3), which would be smaller than observed in any tourmaline characterised to date. It only can be speculated that a 
tourmaline crystal structure with such T-site occupants is stable. Tourmalines with very high amounts of [4]B might hypothetically occur as tiny crystals 
in very low temperature environments.

Tetrahedrally-coordinated B may be expected in Al-rich tourmalines with >7.2 apfu total Al. The unit cell volume of [4]B-bearing tourmalines should be 
smaller	than	~1540	Å3. Especially colourless or pale coloured samples are candidates for such tourmalines.
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Crystal Chemistry and Thermal Stability Of Uranyl And Neptunyl Mixed Sulfate-Selenate Compounds
Vladislav Gurzhiy1,	Ilia	Kornyakov1, Olga Tyumentseva1, Sergey Krivovichev1, 2, Peter Burns3, 4
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Uranyl sulfates and uranyl selenates are probably the most studied groups of actinyl oxysalt compounds. One of the questions that have not yet 
been	answered	is	why	among	the	natural	and	synthetic	compounds	of	both	groups	so	few	isotypic	structures	are	known?	The	chemical	and	structural	
similarity of S6+ and Se6+ ions is supposed to promote the formation of a large number of mixed sulfate-selenate phases, but it is surprising that, in 
nature, no detectable amount of Se was observed for uranyl sulfate minerals. During investigations of phase formation in the mixed uranyl sulfate-
selenate system with potassium [1], the absence of a continuous solid solution was found, along with the absence of isotypic sulfates and selenates, 
which demonstrated that there are crystal-chemical restrictions on the incorporation of Se into the sulfate-containing uranyl compounds. As the result 
of	mixed	uranyl	sulphate-selenate	system	investigation	with	another	alkali	metal	Cs	[2],	selective	Se-S	substitution	was	found,	depending	on	the	local	
coordination of the sulfate group within the structures of Cs

2
[(UO

2
)

2
(TO

4
)

3
] (T = S, Se). Further studies have been performed on the similar Cs-bearing 

system, in which U6+ were replaced by Np6+ ions. Alteration of the geometry of actinyl coordination polyhedra results in the additional structural stress 
within	the	layered	complex	that	makes	Se	incorporation	into	the	structure	even	more	difficult.	XRD	measurements	at	non-ambient	temperatures	
revealed	the	similar	thermal	behavior	of	the	selenate	and	sulfate	phases	with	the	latter	compounds	remain	stable	much	longer	(550	and	650	°C,	
respectively).

This	work	was	supported	by	St.	Petersburg	State	University	and	President	of	Russian	Federation	grant	for	young	scientists	(no.	MK-4810.2018.5).
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Crystal Chemistry Of K-Rich Nepheline From Hamada, Shimane Prefecture, Japan
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1Natural system, Kanazawa University, Kanazawa, 2Geoscience, Shimane University, Matsue, 3Geodynamics research center, Ehime University, Matsuyama, 
Japan

The crystal structure and crystal chemistry of a K-rich nepheline from Hamada, Shimane Prefecture, Japan, were investigated using electron probe 
microanalysis, single-crystal X-ray structure analysis, and high-resolution transmission electron microscopy to determine the crystal structure and 
cation distributions in the two types of structural channels and structurally independent four tetrahedral sites (T1-T4), and to clarify the relationship 
between the cation distributions in the structural channels and tetrahedral sites and structural properties. The chemical composition of the Hamada 
K-rich nepheline is [NaAlSiO

4
]

66.2
[KAlSiO

4
(Kls)]

28.2
[NaFe3+SiO

4
]

2.1 
[Vacancy

1/2
(Ca,Mg)

1/2
AlSiO

4
]

0.6
[Si

2
O

4
]

2.9
 (mol.%) in end member composition and, thus, this 

nepheline contains more potassium than the ideal Na:K-ratio of 3:1.

In	the	structural	refinement	based	on	the	space	group	P6
3
,	R1	factor	was	converged	to	3.71	%,	by	taking	twinning	by	merohedry	into	the	refinement.	

The	degree	of	twinning	by	merohedry	is	22.4	%.	The	a-	and	c-dimensions	of	the	Hamada	nepheline	attain	up	to	a	=	10.0270(3)	and	c	=	8.4027(3)	Å,	which	
are	significantly	larger	than	those	of	nephelines	with	Kls	component	less	than	25	mol.%.	The	atomic	populations	in	the	open	hexagonal	channel	(A	
position)	and	the	distorted	oval	channel	(B	position,	derived	from	the	refined	K	and	Na	occupancies	and	chemical	analysis	data,	are	1.83K	+	0.17Vacancy	
and 5.74Na + 0.19K + 0.03Ca + 0.02Mg, respectively. Thus, in contrast to the case of Na-rich nepheline, a part of Na atoms in the B position is substituted 
by K atoms.

The	substitution	of	K	for	Na	in	the	B	position	is	proved	by	longer	average	<B-O>	distance,	2.65	Å,	of	the	Hamada	nepheline	than	those	(mostly	2.61-2.63	
Å)	of	the	nephelines	with	Kls	component	less	than	25	mol.%.	The	substitution	of	K	for	Na	in	the	B	channel	results	in	the	increase	of	the	volume	and	
bond length distortion of the BO

8
 polyhedra, which reduces distortion of the AO

9
 polyhedra. 

The	average	each	T-O	distances	indicate	that	the	T1	and	T4	sites	are	essentially	filled	with	Al,	whereas	the	T2	and	T3	are	filled	with	Si.	The	average	T-O	
lengths result in the estimated Al/(Si + Al)-ratios of 0.0-0.1 for the T2 and T3 sites and 0.7-1.0 for the T1 and T4 sites. Deviation of the O1 oxygen from the 
triad axis is observed in the Hamada nepheline. In spite of the deviation of O1 oxygen from the triad axis and the combination of K+ ions and vacancies 
in the hexagonal channels, incommensurate structure was not observed in the X-ray diffraction data and electron diffraction technique.
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Minerals of the ivanyukite group: crystallochemistry, synthesis and use
Victor	Yakovenchuk1, Taras Panikorovskii1, Nataly Yanicheva1,	Yakov	Pakhomovsky1, Ayya Bazai1,	Gregory	Ivanyuk1, Sergei Krivovichev1

1Kola Science Center, Russian Academy of Sciences, Apatity, Russian Federation

In	2009,	four	members	of	the	ivanyukite	group	were	discovered	in	the	natrolitized	aegirine-microcline-sodalite	pegmatite	within	apatite-rich	urtite	
of	the	Koashva	deposit	(Khibiny	Massif,	Kola	Peninsula,	Russia):	ivanyukite-Na-T,	ivanyukite-Na-C,	ivasnyukite-К	and	ivanyukite-Cu	(Yakovenchuk	et	
al.,	2009).	Ivanyukite-Na-T	is	a	primary	hydrothermal	mineral,	whereas	other	minerals	of	the	group	are	the	products	of	natural	cation	exchange	
(Yakovenchuk	et	al.,	2012):

Na
2
K[Ti

4
(OH)O

3
(SiO

4
)

3
]·nH

2
O	–	ivanyukite-Na-T

↓ Na+ + O2- → □ + (OH)-

NaK[Ti
4
(OH)

2
O

2
(SiO

4
)

3
]· nH

2
O	–	ivanyukite-Na-C

↓ Na+ + O2- → □ + (OH)-

K[Ti
4
(OH)

3
O(SiO

4
)

3
]· nH

2
O	–	ivanyukite-K

↓ K+ + (OH)- → Cu2+ + O2-

Cu[Ti
4
(OH)

2
O

2
(SiO

4
)

3
]· nH

2
O	–	ivanyukite-Cu

In	addition,	this	association	includes	a	Th-analogue	of	ivanyukite-Cu,	Th
0.5

[Ti
4
(OH)

2
O

2
(SiO

4
)

3
]·nH

2
O, which is the result of cation exchange according to 

the substitution scheme 2K+ + 2(OH)- → Th4+ + 2O2+.      

The	crystal	structures	of	ivanyukite-Na-T,	ivanyukite-K,	ivanyukite-Cu	and	ivanyukite-Th	have	been	studied	using	an	Oxford	Diffraction	SuperNova	CCD-
diffractometer,	operated	at	45	kV	and	0.6	mA	equipped	with	a	CCD	area	detector	using	monochromatic	MoKα	X-radiation,	frame	widths	of	1°	in ω and 
115–1100 s counting time for each frame.  Absorption corrections were applied with spherical harmonics, implemented in the SCALE3 ABSPACK scaling 
algorithm	by	the	CrysAlisPro	program	package	(Agilent	Technologies,	2014).	The	basic	features	of	crystal	structures	was	obtained	via	SHELX	program	
package	(Sheldrick,	2008).

The	crystal	structures	of	the	ivanyukite-group	minerals	are	based	upon	3-dimensional	framework	of	the	pharmacosiderite	type.	It	consists	of	
fundamental	building	blocks	of	four	edge-sharing	Ti-octahedra	interlinked	by	SiO

4
	tetrahedra	(Fig.	1).	The	resulting	framework	have	a	3-dimensional	

system	of	channels	defined	by	8-membered	rings	with	the	crystallographic	free	diameter	of	3.5	Å.	The	channels	are	occupied	by	Na+ and K+ cations 
and H

2
O molecules that can easily be exchanged with 1-4 valent cations, including K+, Rb+, Cs+, Tl+, Ag+, N

2
H

5
+, Sr2+, Ba2+, Cu2+, Ni2+, Co2+, Ln3+, Th4+, etc. In 

ivanyukite-Na-T,	extra-framework	cations	occupy	four	independent	positions	and	cause	rhombohedral	distortion	of	the	framework.	All	exchanged	forms	
are	cubic	and	contain	1-2	independent	extra-framework	cation	positions.	

Synthetic	analogues	of	ivanyukite-Na-T,	-Na-C,	-K	and	-Na-Cu	were	obtained	by	hydrothermal	method	at	160–200	ºC	during		>11	h	from	initial	solutions	of	
TiF

3
 or (NH

4
)

2
TiO(SO

4
)

2
.H

2
O plus Na

2
SiO

3
·5H

2
O,	KOH	and	NaOH.	In	the	process	of	exchange	reactions	of	synthetic	ivanyukite	with	liquid	radioactive	wastes	

containing 137Cs and 90Sr, the concentrations of both elements reached the maximum permissible values during 8-30 min. The resulting material can be 
transformed	in	titanate	ceramics	of	Synroc-type	by	heating	above	700	ºC	(Britvin	et	al.,	2016;	Milyutin	et	al.,	2017).
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Electron Microscopic Investigations on the Natural Mineral Lorandite (TlAsS2) from Allchar 
Macedonia
Tobias	Necke1, Georg Amthauer2, Hans-Joachim Kleebe3

1Technische Universität Darmstadt, Darmstadt, Germany, 2University of Salzburg, Austria, Austria, 3Applied Geosciences, Technische Universität 
Darmstadt, Darmstadt, Germany

SEM and TEM investigations were performed on the natural monoclinic sulfosalt mineral Lorandite (TlAsS
2
) to investigate its chemical and structural 

composition. The sample material (Figure 1) comes from the hydrothermal Sb-As-Tl-Au deposit of Allchar in Macedonia, which is related to a volcano-
intrusive complex of Pliocene age[1].

The Mineral is used in the LORandite EXperiment (acronym LOREX) as a unique geochemical detector for solar neutrinos[1]. The detection principle is 
based on Freedman et al.[2], who postulated the following neutrino capture  reaction by the isotope 205Tl and its transformation to the radionuclide 
205Pb	for	the	first	time,	which	can	be	used	to	estimate	the	flux	of	solar	neutrinos	in	the	time	interval	from	the	Lrandite	formation	till	today	being	
approximately 4.2 Ma: 205Tl + v

e
 (E

ve
>44	keV)	=>	205Pb + e–.

In	particular,	TEM	studies	were	performed	in	order	to	check	the	homogeneity	of	the	sample	material	on	different	scales.	The	main	challenge	in	this	
project is to detect the formation of lead in the nearly stoichiometric lorandite.

Very thin, electron transparent samples are required for TEM. Concerning the exceptionally good cleavage of Lorandite, the preparation was not 
trivial, thus different methods had to be employed. The dimple grinding method delivered the best results. Most of the TEM samples showed the same 
homogeneity as the SEM samples. No chemical or structural abnormality was determined in the investigated areas. However, one unexpected and very 
characteristic feature was observed: so called “coffee bean” contrast which occurred frequently in some regions of the Lorandite samples and was in 
the	majority	of	cases	arranged	like	“pearls	on	a	string”.	The	lines	of	no	contrast	of	the	coffee	beans	are	vertically	arranged	to	the	(010)	lattice	planes	
in	high	resolution	images.	These	kinds	of	contrasts	are	a	typical	indicator	for	local	strain	effects	(see	Figure).

It is postulated that the coffee bean contrast is caused by the incorporation of Pb2+, generated by the neutrino capture reaction shown above, on Tl+ 
sites in the crystal lattice of Lorandite. The ionic radius of Tl+ (149 pm) and Pb2+ (132 pm) are similar enough to enable this local exchange. To achieve 
balanced charges, a vacancy on the Tl+	side	has	also	be	generated.	To	depict	these	crystal	defects	in	Lorandite,	the	so	called	Kröger-Vink	notation	can	
be used: Pb2+ è Pb

Tl
°	+	As

As
x + 2S

S
x + V

Tl
´.

This ion exchange process causes a local strain in the crystal lattice due to a slightly different ionic radii of Pb2+ and Tl+ in addition to the presence 
of	a	vacancy.	The	lattice	planes	are	distorted	by	this	local	strain,	hence	the	Bragg	condition	is	achieved	inhomogeneously	in	this	strain	field.	In	
consequence,	the	typical	coffee	bean	like	contrast	appears.	To	prove	the	incorporation	of	Pb2+ in areas of the coffee beans, electron energy-loss 
spectroscopy	(EELS)	measurements	will	be	performed	in	HR-STEM	mode.	Possible	difficulties	in	detecting	lead	at	the	local	strain	sites	will	be	discussed.
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Bixbyite in Bixbyite – Cs-corrected HR-STEM Results 
Stefan Lauterbach1, Hans-Joachim Kleebe1

1Technische Universität Darmstadt; Geomaterial Science, Darmstadt, Germany

Exceptional large Bixbyite crystals (Mn,Fe)
2
O

3
; space group Ia-3 (Nr. 206) can be found only at one location in the Thomas Range (USA, Utah) worldwide. 

These	crystals	typically	show	truncations	with	{120}	surfaces	at	the	edges	of	the	cubes.	These	truncations	are	linked	by	linear	features	seen	on	the	
{100}	surfaces	of	the	crystal.	TEM	samples	of	the	Bixbyite	show	lamellae	running	along	{100}	of	the	structure.	The	interface	between	the	lamellae	and	
the	Bixbyite	matrix	is	atomically	sharp.	The	lamellae	were	identified	as	Braunite	(Mn2+Mn3+

6
SiO

12
). They are decorated with parallel aligned, regular 

formed	precipitates	which	were	identified	via	TEM	to	be	also	Bixbyite.	A	model	explaining	the	formation	of	small	‘seed	crystals’	with	identical	structure	
and composition in the host Bixbyite matrix is presented (1).

Due to limitations in the analytical resolution of the FEI CM20 used for former examinations, the detection of Si between the Bixbyite matrix and the 
intrinsic Bixbyite precipitates is necessary to unequivocal prove the formation model. Therefore, the sample was investigated with a Cs-corrected JEOL 
ARM200 and the areas of interest were examined via energy dispersive X-ray spectroscopy with atomic resolution.

We present new data obtained with Cs-corrected HRSTEM strengthening the model that the observed lamellae act as nucleation sites for the seed 
crystals.

Figure:	HAADF	Dark	field	image	recorded	with	the	Cs-corrected	ARM200F	showing	a	Bixbyite	`seed	crystal´	sitting	on	a	Braunite	lamellae.	Insets	show	
the simulated structure of Bixbyite and Braunite.
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Structural complexities in the lavendulan family
Stuart Mills1, Andrew  Christy 2

1Geosciences, Museums Victoria, Melbourne, 2School of Earth Sciences, University of Queensland, St Lucia, Australia

Stunning, bright blue crystals are common in members of the lavendulan group, which are prized by micromineral collectors for their beauty. But 
it	is	the	structural	complexity	of	the	lavendulan	family	which	is	now	proving	to	be	as	intriguing	as	its	looks.	Lavendulan,	NaCaCu

5
(AsO

4
)

4
Cl·5H

2
O and 

its phosphate analogue sampleite, NaCaCu
5
(PO

4
)

4
Cl·5H

2
O, are the most common and best-understood members of the group, which also includes 

zdeněkite,	NaPbCu
5
(AsO

4
)

4
Cl·5H

2
O. Their structures share strongly-bonded (pseudo)tetragonal Cu

5
(TO

4
)

4
 sheets which are held together through 

the large cations (Na, Ca, Pb), Cl anions and H
2
O	molecules.	Layers	may	stack	in	several	patterns,	producing	multiple	polytypes,	known	in	the	case	

of sampleite. Related members of the structural family may have direct bridging between structural layers and/or additional cations between the 
layers, giving minerals such as mahnertite, ideally Na

2
Cu

5.5
(AsO

4
)

2
Cl·7.5H

2
O, andyrobertsite, KCdCu

5
(AsO

4
)

4
(As(OH)

2
O

2
)·2H

2
O and calcioandyrobertsite, 

KCaCu
5
(AsO

4
)

4
(As(OH)

2
O

2
)·2H

2
O.

Recently,	a	number	of	new	finds	from	Russia	and	our	own	studies	have	expanded	considerably	the	range	of	possibilities	known	for	this	structure	family.	
Crystals of a new mineral with the formula Ca

2
BiCu

7
(PO

4
)

4
(OH)

9
·nH

2
O,	n	~	2,	were	found	in	upper	portion	of	the	Lake	Boga	granite	quarry,	in	Victoria,	

Australia, which appear to show a new layering pattern different from sampleite and other members of the lavendulan family. Another potential 
new member of the family is juanitaite, nominally Bi(Cu,Ca,Fe)

10
(AsO

4
)

4
(OH)

11
·2H

2
O, which may be the As analogue of the new mineral. Bleasdaleite, 

Ca
2
Cu

5
(Bi,Cu)(PO

4
)

4
(H

2
O,OH,Cl)

13
,	also	from	the	Lake	Boga	quarry,	is	distinct	from	the	new	phase	but	is	likely	to	share	the	pseudotetragonal	Cu−PO

4
 layer.

Our	initial	analysis	of	co-type	specimens	of	lemanskiite	casts	into	doubt	the	validity	of	the	species	as	distinct	from	lavendulan.
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Occurrences and crystal structures of melanophlogite from Sakhalin, Far East Russia
Koichi Momma1, Toshiro Nagase2,	Robert	Jenkins3,	Yusuke	Miyajima4, Kenichiro Tani1,	Akira	Ijiri5,	Sergei	Kasatkin6,	Igor	Chekryzhov6,	Ritsuro	Miyawaki1
1National	Museum	of	Nature	and	Science,	Tsukuba,	2Tohoku	University	Museum,	Sendai,	3Kanazawa University, Kanazawa, 4Kyoto University, Kyoto, 
5Kochi	Institute	for	Core	Sample	Research,	Japan	Agency	for	Marine-Earth	Science	Technology,	Nankoku,	Japan,	6Far East Geological Institute, Russian 
Academy	of	Sciences,	Vladivostok,	Russian	Federation

Melanophlogite	is	one	of	silica	clathrate	minerals,	which	contain	various	gas	molecules	in	their	cage-like	framework	structures.	It	undergoes	phase	
transition	at	temperatures	~65°C	due	to	deformation	of	the	framework	structure.	The	high-temperature	form	is	space	group	Pm–3n	(#223),	and	the	
low-temperature form is space group P4

2
/nbc	(#133)	and	has	2x2x1	super-cell	with	respect	to	the	cubic	cell	(Nakagawa	et	al.,	2001,	2005).	The	transition	

temperature depends on guest species and some melanophlogite crystals are reported to be cubic even at room temperature (Tribaudino et al., 2008).

We	recently	noticed	several	specimens	of	quartz	pseudomorphs	from	Sakhalin	in	old	mineral	collection	of	the	National	Museum	of	Nature	and	Science.	
They	are	labeled	as	quartz	pseudomorphs	after	fluorite	or	apophyllite	because	they	have	truncated	octahedral	shape.	However,	they	look	identical	to	
quartz pseudomorphs after chibaite and melanophlogite occurred in Chiba Prefecture, Japan (Momma et al., 2011). These specimens motivated us to 
field	investigation	of	Sakhalin	and	we	discovered	new	localities	of	melanophlogite.

In	Nevelsk,	melanophlogite	occurs	in	calcareous	concretion	of	mudstone	of	the	Miocene	age.	Some	of	the	concretions	contain	autochthonous	fossils	
of chemosynthetic fauna such as Conchocele sp. and Acharax sp. Opal and quartz are commonly found in the voids of these fossils. Melanophlogite 
occurs in close association with them as aggregates of cubic crystals of sizes up to 0.1 mm. In “Zamiraylova Golova” cape, melanophlogite occurs in 
hydrothermal	veins	filling	fissures	of	basaltic	volcanic	bodies.	The	vein	consists	of	microcrystalline	quartz,	opal,	aragonite,	calcite,	and	pyrite.	A	lot	of	
cubic pseudomorphs of chalcedony after melanophlogite occur in voids of these veins, while unaltered melanophlogite crystals were only found at the 
center	of	thick	vein.	The	same	kind	of	hydrothermal	veins	are	also	distributed	in	basaltic	volcanic	bodies	in	Kuznetsova	cape.

Single-crystal	X-ray	diffraction	data	measured	at	23°C	could	be	refined	as	three-fold	twinning	of	the	previously	reported	P4
2
/nbc structure. The 

refinement	with	harmonic	anisotropic	displacement	parameters	converged	into	R
1
	=	0.0452	for	77654	reflections	(not	merged	because	of	twinning)	

with F
o
 > 4σ(F

o
).	Data	measured	at	100°C	could	be	refined	using	the	space	group	Pm–3n,	and	the	refinement	with	a	split-atom	model	for	oxygen	sites	

converged to R
1
	=	0.0444.	When	it	was	cooled	down	from	100°C	to	70°C,	additional	reflections	reappeared	at	positions	slightly	shifted	from	those	

expected for 2x2x1 super-cell, indicating a possible existence of long-range ordering or incommensurate phase between the alpha-beta transition of 
melanophlogite.
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Structure and Dehydration Behavior of a Hydrous Hollandite-like Phase
Jeffrey Post1, Timothy Fischer2, Peter Heaney3

1Mineral Sciences, Smithsonian, Washington, 2Chevron, Houston, 3Department	of	Geosciences,	Penn	State	University,	University	Park,	United	States

One of the important group of manganese oxide minerals is that consisting of phases having the hollandite-type structure. These minerals and their 
synthetic analogues have long been studied for potential applications for storage of radioactive waste and for use as ionic conductors. Hollandite 
group Mn oxide mineral structures consist of double chains of edge-sharing Mn4+-O octahedra that corner-share with other double chains to form a 
framework	containing	large	tunnels.	The	tunnels	are	typically	one-half	to	two-thirds	filled	with	large	monovalent	or	divalent	cations,	and	the	dominant	
cation determines the particular mineral phase, e.g. K (cryptomelane), Na (manjiroite), Ba (hollandite), Pb (coronadite), etc. Lower valence cations (e.g. 
Mn3+, Al3+, Fe3+, etc.) substitute for some of the Mn4+ to offset the positive charge of the tunnel cations. We describe here an unusual natural Mn 
oxide hollandite phase from the Kohare Mine, Iwate Prefecture, Japan that has predominantly water molecules in the tunnels with only minor K and Na 
and	Ba.	Chemical	analyses	and	thermal	gravimetric	analysis	(TGA)	measurements	combined	with	Rietveld	refinement	results	using	synchrotron	powder	
diffraction data suggest the approximate chemical formula: K0.23,Na0.16,Ba0.03,H2O1.5)(Mn4+,Mn3+)8(O,OH)16. X-ray photoelectron spectroscopy 
(XPS)	analyses	indicate	that	approximately	36%	of	the	Mn	is	Mn3+.	The	XPS	also	shows	significant	OH,	presumably	replacing	some	of	the	framework	
O	atoms	to	compensate	for	the	Mn3+	in	the	framework	that	are	not	offset	by	the	tunnel	cations.	The	dehydration	behavior	was	investigated	using	
time-resolved	synchrotron	powder	X-ray	diffraction	and	Rietveld	refinements,	and	by	specifically	measuring	H2O	and	O2	loss	using	combined	TGA/
DTG	and	mass	spectroscopy.	The	Rietveld	refinements	suggest	that	the	water	molecules	and	tunnel	cations	are	positionally	disordered	about	the	
special position in the centers of the tunnels and extend along the tunnels. It is assumed that the larger K cations are near the special position and 
the	water	molecules	are	displaced	to	form	H-bonds	with	framework	O	and	OH	anions.	The	heating	experiments	suggest	that	most	of	the	molecular	
water	is	lost	below	about	300°	C.	The	TGA/DTG-MS	data	confirm	a	significant	water	loss	event	centered	at	~250°	C	and	another	at	~425°	C,	presumably	
corresponding	to	molecular	water	and	OH,	respectively.	Two	O2	loss	peaks,	at	~500°	and	~650°	C	coincide	with	the	transformation	of	the	hollandite	
structure to bixbyite (Mn2O3). Curiously, the specimen used for this study is from the type locality for manjiroite, but our study shows that not only is 
Na not the dominant tunnel species, but also is not the primary tunnel cation.
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Preferential incorporation of elements during synthesis of multiply-substituted iron oxides 
Talitha Santini1, 2, Jessica Hamilton1, Grace Scullett-Dean1, Oxana Repina1, Helen Brand3

1The University of Queensland, St Lucia, 2The University of Western Australia, Crawley, 3Australian Synchrotron, Clayton, Australia

Iron	oxides	are	well	known	to	incorporate	a	range	of	different	elements	into	their	structures	through	isomorphous	substitution,	whereby	cations	with	
similar ionic radii may replace Fe3+ in the crystal structure. This typically occurs at early stages of ferrihydrite crystallisation, which ages to produce 
well crystalline iron oxides that provide stable long term hosts for trace elements. Aluminium is one of the most common substituents in iron oxide 
structures, particularly in deeply weathered environments dominated by hematite (up to 16 mol Al%) and goethite (up to 33 mol% Al). Although much 
work	has	focussed	on	the	nature	and	consequences	of	single	element	substitutions	(e.g.	Al,	Cr,	Co,	Mn,	Ni),	only	a	handful	of	studies	have	considered	
multiple element substitutions. Preferential incorporation been observed during multiple element substitutions, attributed to charge:ionic radius 
ratios,	Jahn-Teller	effects,	and	the	affinity	of	ferrihydrite	surfaces	for	various	metal	cations.	However,	none	of	these	studies	have	considered	how	the	
presence	of	Al,	as	a	common	substituent	at	relatively	high	mol%,	might	influence	the	incorporation	of	trace	elements	into	goethites	and	hematites,	
and their resultant structural properties.

Here, we synthesised a range of multiply-substituted goethites and hematites, incorporating Al, Cr, Mo, V, and Zn into their structures. Element 
concentrations	were	quantified	by	a	mixed	acid	digest	followed	by	Inductively	Coupled	Plasma	Optical	Emission	Spectroscopy,	structures	were	
characterised by X-ray diffraction, and the speciation of redox-sensitive substituents was characterised by X-ray Absorption Near Edge Spectroscopy. 
We	observed	preferential	incorporation	of	trace	elements	and	related	this	to	observed	shifts	in	unit	cell	parameters.	Related	work	will	subsequently	
link	these	trends	to	the	surface	and	thermodynamic	properties	of	multiply-substituted	goethite	and	hematite,	providing	new	insights	into	the	
structure, behaviour, and properties of iron oxides in the environment.
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Structural evolution of spodumene (LiAlSi2O6) single crystal polymorphs up to 850 °C – In situ 
high-temperature XRD and Raman spectroscopic study
Anna-Maria Welsch1, 2, 3, Hannes Krüger4, Biljana Krüger4,	Dawid	Murawski3, Florian Kiesel5

1Sydney Analytical, 2School of Chemistry, The University of Sydney, Sydney, Australia, 3Institut für Mineralogie, Leibniz University in Hannover, Hannover, 
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Crystalline LiAlSi
2
O

6
	is	of	great	significance	for	the	Li-aluminosilicate	ceramics	as	well	for	Li	extraction.	In	nature	it	is	found	as	a	pyroxene	group	

monoclinic mineral spodumene formed at high pressures and moderate temperatures. At ambient pressure it adopts either tetragonal or hexagonal 
form, sometimes in literature and industry referred to as β- and γ-spodumene,	respectively.		Given	its	industrial	importance,	a	lot	of	scientific	work	
focuses on temperature- or stress-driven transformation of monoclinic to tetragonal or hexagonal form, as well as predominantly chemically-driven 
devitrification	processes	to	favour	the	nano-crystalline	phases	with	low	or	zero	thermal	expansion.

This	study	focuses	on	defining	phase	stability	and	temperature-driven	structural	changes	in	tetragonal	and	hexagonal	single	crystals	up	to	850	C	
and	ambient	pressure.	For	this	purpose,	high	quality	single	crystals	of	pure	tetragonal	and	hexagonal	phase	were	flux-grown	up	to	5	mm	in	length.	
Structural changes were studied in situ using Raman spectroscopy and high temperature single crystal X-ray diffraction, HT-SC XRD. Raman mode 
analyses provided insight into elastic deformation in each of the polymorphs structures and indicate that individual phases show individual type of 
strain and no tendency toward soft phase transformation in the observed range up to 850 C. HT-SC XRD results revealed temperature-driven structural 
parameters evolution of tetragonal and hexagonal phase. Results show that tetragonal and hexagonal LiAlSi

2
O

6
 behave quite differently with rising 

temperature, have different temperature stability plateaux above which tetragonal phase expands noticeably in the direction of the c-axis, while 
hexagonal contracts in the c-axis. Unit cell volume of tetragonal phase increases above 400 C, while hexagonal phase contracts in two phases, between 
room temperature up to 250 C and then above 600 C. As a result, tetragonal phase has low thermal expansion while hexagonal phase exhibits negative 
thermal expansion. The shortening of the hexagonal phase in the c-axis and the elongation in the a-axis, Li atoms coordinated by tetrahedral oxygens 
along	the	c-axis	become	less	stable	in	the	increasing	tunnel-like	void.	With	this	result	in	consideration,	transforming	monoclinic	spodumene	mineral	
ore into hexagonal polymorph as the preferential phase would potentially ease the Li-extraction processes.
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Thermodynamic Stability of Uranium Silicides at High Temperatures
Hongwu Xu1, Xiaofeng Guo1, Artaches Migdissov1, Joshua White1, Andrew Nelson1,	Robert	Roback1

1Los Alamos National Laboratory, Los Alamos, United States

Uranium silicides, such as U
3
Si

2
, U

3
Si

5
 and USi, have attracted considerable interest due to increasing demands for accident-tolerant fuels (ATFs), 

especially	in	the	aftermath	of	the	Fukushima	disaster.	Uranium	dioxide,	UO
2
, is currently the major nuclear reactor fuel, but its thermal conductivity 

is undesirably low, resulting in large temperature gradients and therefore excessive stored energies. By contrast, the U-Si binary compounds possess 
much higher thermal conductivities, and further, the U-rich compositions (such as U

3
Si

2
) contain higher amounts of U and are thus more favored 

for	nuclear	fuel	applications.	However,	to	utilize	U-Si	compounds	as	high-efficient	ATFs,	it	is	essential	to	determine	their	thermodynamic	stability	at	
high temperature (operational) and hydrothermal (accident) conditions. In this study, we employed high-temperature synchrotron X-ray diffraction 
to characterize crystal structural variations of U

3
Si

2
, U

3
Si

5
 and USi, and used high-temperature oxide-melt drop-solution calorimetry to determine 

their enthalpies of formation. Rietveld analyses of the obtained synchrotron data allowed high-resolution determination of unit-cell parameters, 
atomic	positions	and	atomic	displacement	parameters	of	these	phases	as	a	function	of	temperature.	The	structural	characteristics	are	linked	to	the	
calorimetrically determined phase stability, thereby deriving structure-stability relations. Moreover, we examined the behavior of U

3
Si

2
 in pressurized 

water	at	temperatures	up	to	350	°C	using	autoclave	methods.	Systematic	solubility	measurements	yielded	the	Gibbs	free	energy	of	formation	of	the	
silicate phase formed as coating layers of U

3
Si

2
 from the hydrothermal reaction. These results have important implications for the utilization of U-Si 

compounds as nuclear fuels at reactor operational and accidental conditions.
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High-temperature iron oxidation and cation migration in lobanovite
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Lobanovite, K
2
Na(Fe2+

4
Mg

2
Na)Ti

2
(Si

4
O

12
)

2
O

2
(OH)

4
,
 
is a member of the devitoite group that is a part of the astrophyllite supergroup (Sokolova	et	al.,	2017a). 

The	basic	structural	unit	in	the	crystal	structure	of	lobanovite	consists	of	heteropolyhedral	(H)	and	octahedral	(O)	layers	stacked	along	[001]	in	the	HOH	
sequence. The O layer is built by the edge-sharing M(1)-(4) octahedra occupied by Fe, Mg, Na and Mn. The H layer is constructed by corner-sharing T

4
O

12
 

(T	=	Si,	Al)	ribbons	linked	to	the	DO
5
	pyramids,	D	=	Ti,	Nb	and	Zr.	In	lobanovite,	adjacent	HOH	blocks	are	connected	through	interlayer	alkali	and	alkaline-

earth	cations:	K,	Na,	Ca,	Sr	and	Ba	(Peng	and	Ma,	1963;	Shi	et	al.,	1998;	Sokolova	and	Cámara,	2008;	Sokolova	et	al.,	2017b).

Recently we found that the minerals with the HOH structures (heterophyllosilicates) such as astrophyllite, K
2
NaFe

7
2+Ti

2
(Si

4
O

12
)

2
O

2
(OH)

4
F, and bafertisite, 

Ba
2
Fe2+

4
Ti

2
(Si

2
O

7
)

2
O

2
(OH)

2
F

2
,	undergo	iron	oxidation-deprotonation	at	T	~	500	ºC	through	the	reaction	Fe2++ OH− → Fe3+ + O2− + ½H

2
 ← and transform 

into	high-temperature	oxidized	modifications	stable	at	room	conditions.	The	crystal	chemistry	of	these	transformations	and	new	high-temperature	
modifications	have	recently	been	described	by	Zhitova	et	al.	(2017a,b).	This	study	was	extended	to	lobanovite,	which	is	structurally	and	chemically	
related	to	astrophyllite,	but	contains	five-coordinated	Ti	in	contrast	to	astrophyllite	and	bafertisite,	where	Ti	is	six-coordinated.	Our	study	revealed	
that lobanovite also undergoes temperature-induced irreversible iron oxidation and transformation into high-temperature phase associated with the 
contraction	of	unit-cell	parameters	similar	to	astrophyllite.	The	striking	feature	of	lobanovite	is	that	the	octahedral	layers	before	and	after	high-
temperature treatment have different cation site occupancies. Fifteen crystals of lobanovite annealed at different temperatures were studied in order 
to understand structural changes including changing site occupancies. The study revealed that, in lobanovite, iron oxidation-deprotonation process 
triggers cation rearrangement occurring mainly in the octahedral layers [M(1)-(4) sites] by exchange of the Fe3+ and Mg2+ cations between M(2) and 
M(3) and M(4) sites. We suppose that the cation migration is governed by the tendency of the structure to preserve the bond-valence sum associated 
with the apical oxygen atom of the TiO

5
 square pyramid. The observed Fe3+ ↔ Mg2+ exchange coupled with the oxidation and deprotonation reactions 

reinforces	stability	of	the	oxidized	modification	governed	by	local	ordering	mechanism.
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Ilmajokite,	(Na,Ca,Ba)
10
Ti

5
Si

14
O

22
(OH)

44
·nH

2
O,	is	a	hydrated	titanosilicate	of	bright	yellow	colour	(Bussen	et	al.,	1972;	Goiko	et	al.,	1974).	It	is	the	first	new	

mineral	described	in	the	Yubileinaya	pegmatite	(Karnasurt	Mt,	Lovozero,	Kola	Peninsula)	(Pekov,	2001)	where	it	is	one	of	the	latest	primary	minerals.	
The	mineral	is	not	very	stable	and	forms	in	a	Na-rich	environment	under	specific	conditions	(Bussen	et	al.,	1972).	Due	to	the	instability	of	the	ilmajokite	
under	ambient	conditions,	its	studies	are	rather	difficult.	For	instance,	the	determination	of	its	exact	chemical	composition	(especially	the	hydration	
state) is rather problematic, which explains a variety of different chemical formulas proposed for the mineral. During dehydration under ambient 
conditions,	ilmajokite	easily	loses	its	crystallinity,	which	makes	its	single-crystal	diffraction	study	very	difficult	as	well.	Only	partial	powder	and	
single-crystal diffraction data have been obtained as reported in the literature (Bussen et al., 1972; Anthony et al., 1995; Camara et al., 2010). Herein 
we	report	on	the	crystal	structure	of	ilmajokite	for	the	first.	This	work	is	a	continuation	of	our	recent	studies	of	the	crystal	chemical	features	of	
different	titanosilicates	from	Kola	Peninsula	(Lyalina	et	al.,	2015;	Lyalina	et	al.,	2016;	Zhitova	et	al.,	2017).	Ilmajokite	is	monoclinic,	C2/c,	a	=	35.908(5),	b	=	
27.784(3),	c	=	33.126(4)	Å;	β	=	96.494(3)º;	V	=	32836(7)	Å3; R

1
	=	0.084.	The	mineral	sample	(#86969)	was	provided	by	the	Fersman	Mineralogical	Museum	

of the Russian Aacdemy of Sciences (Moscow, Russia). The cation ratio for the studied mineral (determined by EMPA) is in general agreement with 
the chemical composition determined for the holotype sample (Bussen et al., 1972). The crystal structure is based upon complex porous titanosilicate 
framework	in	which	SiO

4
	tetrahedra	form	a	three-dimensional	structure	with	a	previously	unknown	topology.	The	TiO

6
 octahedra share common edges 

to	form	dimers,	which	are	linked	through	silicate	tetrahedra	into	Ti-hexanuclear	fundamental	building	blocks	centered	by	the	rare-earth	cations.	
These	complexes	are	connected	through	silicate	chains	into	global	framework	with	cavities	occupied	by	Na,	Ba	and	H

2
O. The information complexity 

parameters	(Krivovichev	2013,	2014)	for	ilmajokite	without	H-correction	are	7.827	bits/atom	and	7106.506	bits/cell.	This	value	exceeds	the	amount	of	
information	for	paulingite	(6766.998	bits/cell)	and	makes	ilmajokite	the	second	most	structurally	complex	mineral	after	ewingite	(Olds	et	al.	2016).
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In	tropical	areas,	nickel	(Ni)	mining	concerns	mainly	lateritic	ores	(Butt	&	Cluzel,	2012)	that	are	often	connected	with	coastal	ecosystems	such	as	
mangroves. In these euxinic sediments, Fe-(hydr)oxides are dissolved by iron-reducing bacteria while (thio)sulfate ions are reduced by (thio)sulfate-
reducing bacteria, leading to aqueous Fe(II) and H

2
S	that	further	react	to	precipitate	Fe-sulfides	(Canfield	et	al.,	1992;	Rickard	&	Luther,	2007;	Otero	et	

al.,	2009).	Since	these	Fe-sulfides	can	have	a	strong	affinity	for	Ni	(Jong	&	Parry,	2004;	Kwon	et	al.,	2015),	they	can	provide	mangrove	sediments	with	a	
strong sequestering capacity toward this element and thus strongly mitigate its dispersal toward coastal waters.

In this presentation, we report S, Fe and Ni K-edges X-Ray Absorption (XAS) data obtained on natural and experimental samples that allow to beter 
understand	the	molecular-level	interaction	of	Ni	with	Fe-sulfides	in	the	environmental	conditions	of	mangrove	sediments.	Field	observations	in	New	
Caledonia	revealed	the	strong	efficiency	of	pyrite	(FeS

2
) at sequestering Ni in the deep anoxic horizons of mangrove sediments dowstream lateritic 

Ni	ores	open	cast	mining	(Noel	et	al.,	2015).	In	parallel,	a	first	series	of	laboratory	experiments	performed	with	the	(thio)sulfate-reducing	strain	D.	
capillatus	in	the	presence	of	soluble	Fe(III)-citrate	and	(thio)sulfate	ions	revealed	the	formation	of	biogenic	mackinawite	(FeS

1-x
) with structurally 

incorporated	Ni	(Ikogou	et	al.,	2017).	Comparison	between	Ni	and	Ni-free	runs	during	these	experiments	indicated	a	positive	kinetic	effect	of	Ni	toward	
mackinawite	formation,	that	was	also	observed	for	pyrite	(FeS

2
) during a second series of abiotic experiments (Morin et al., 2017). Regarding the large 

amounts	of	Ni	structurally	incorporated	in	mackinawite	during	the	biotic	experiments	and	considering	the	known	transformation	of	this	intermediate	
species	into	pyrite	upon	aging,	all	these	experimental	results	confirm	the	importance	of	Fe-sulfides	for	Ni	sequestering	in	mangrove	sediments	
downstream lateritic Ni ores in the tropics.

However,	recent	field	observations	at	a	former	mangrove	that	is	presently	re-oxidizing	after	perturbation	of	its	hydrological	functioning	indicate	
that	significant	amounts	of	aqueous	Ni	can	be	released	in	the	pore	waters	upon	Fe-sulfides	oxidation	(Noel	et	al.,	2017).	By	emphasizing	the	strong	
sensitivity of the sequestering capacity of mangrove sediments with respect to hydrologicaly-driven redox conditions, this latter point questions the 
future capacity of mangroves at regulating Ni biogeochemistry in tropical coastal waters dowstream lateritic open cast mining in the double context of 
global climate change and anthropogenic forcing.

References 
[1] Butt	&	Cluzel	(2012)	Elements,	9,	123-128.	Canfield	et	al.	(1992)	Am.	J.	Sci.,	292,	659-683.	Ikogou	et	al.,	(2017)	Appl.	Geochem.,	80,	143-154.	Jong	&	Parry	(2004)	JCIS,	275,	61-71.	Kwon	et	al.	

(2015) Am. Min., 100, 1509-1517. Morin et al. (2017) Geochem. Persp. Lett., 5, 6-11. Noel et al. (2015) GCA, 169, 82-98. Noel et al. (2017) ACS Earth Space Chem., 1, 455-464. Otero et al. (2009) 
Geoderma,	148,	318-335.	Rickard	&	Luther	(2007)	Chem.	Rev.,	107,	514-562.
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Using autoSEM/EDS for quantitative mineralogy of metal(loid)s-bearing particles deposited near an 
operating copper smelter
Marek Tuhý1, 2, Vojtěch Ettler1, Martin Mihaljevič1,	Tomáš	Hrstka3, Jan Rohovec3,	Šárka	Matoušková3, Bohdan Kříbek2

1Institute of Geochemistry, Mineralogy and Mineral Resources, Charles University, 2Czech Geological Survey, 3Institute of Geology, Academy of Sciences, 
Prague, Czech Republic

We investigated particulates deposited on biomass and in topsoils in a highly polluted semiarid area near an operating copper smelter and old mine-
tailing disposal sites in Tsumeb (northern Namibia), where metals have been mined and processed for over 100 years. After separation of heavy mineral 
fraction, samples (n = 4) were studied by powder XRD and specimens, prepared as polished sections, were analyzed by optical microscopy, conventional 
SEM/EDS, autoSEM/EDS and FEG-EPMA. The quantitative EPMA data supplemented the database of the TESCAN Integrated Mineral Analyzer (TIMA) 
autoSEM/EDS,	which	was	then	used	for	the	analysis	of	modal	compositions	and	for	the	automated	search	and	identification	of	metal(loid)-bearing	
phases. Modal and texture analyses were performed using the newly introduced “dot mapping mode“. This method combines the high-resolution 
(0.4	µm	–	in	our	case)	back-scattering	electron	(BSE)	imaging	and	lower	resolution	(2.5	µm	in	our	case)	energy-dispersive	X-ray	spectroscopy	(EDS)	
mapping.	Initial	BSE	scan	is	used	to	discriminate	particles	from	background	(epoxy	resin)	and	the	grain	borders,	between	the	individual	phases	in	
heterogeneous	particles.	The	“low-resolution”	EDS	measurement/map	provides	additional	elemental	information	for	phase	identification	of	each	
segment	and	helps	to	distinguish	the	BSE-homogeneous	phases.	Final	optimization	of	the	elemental	distributions	within	individual	phases	was	verified	
by	comparisons	with	the	bulk	chemical	compositions	of	the	heavy	mineral	fractions.

The contaminant-bearing particles were mainly represented by spherical grains, which originate from the smelting process and corresponded to 
quenched	droplets	of	matte	(Cu-Fe	sulfides)	and	slag	melts	(glass,	spinels).	In	addition,	angular	grains	were	probably	windblown	from	ore	processing	
facilities	and/or	nearby	mine-tailing	disposal	sites.	These	particles	contained	gangue	minerals	(carbonates)	and	various	metal-bearing	sulfides,	
sulfosalts	and	arsenates.	Thanks	to	the	large	TIMA-collected	dataset	(approximately	60	million	spot	analyses	per	sample)	we	were	able	to	quantify	
the percentage of individual phases and to perform partitioning of the studied contaminants (Pb, Cu, Zn, As, Sb, Cd). Whereas As was mainly bound in 
apatite	group	minerals,	slag	glass	and	arsenates,	metals	were	predominantly	bound	in	oxides,	hydroxides,	sulfides	and	slag	phases.	This	knowledge	is	
helpful for better understanding of contaminant binding and mobility in target reservoirs (soils, vegetation) highly polluted by emissions from mines 
and smelters.

This study was supported by the Czech Science Foundation project (GAČR 16-13142S).
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Advances in deciphering mineralogical features and rates of processes in contact metamorphic 
aureoles: Integrating mineralogy with time-dependent 3-D numerical modeling
Barbara Dutrow1, Darrell Henry2, Phoenix Harris2, Carl Gable3, Ezat Heydari4, Bryan Travis5

1Geology & Geophysics, Louisiana State Univ., 2Geology & Geophysics, Louisiana State University, Baton Rouge, LA, 3Computational Earth Sci, Los Alamos 
National Lab, Los Alamos, NM, 4Physics	&	Geosciences,	Jackson	St.	Univ.,	Jackson,	MS,	5Computational Earth Sciences - EES-16, Los Alamos National Lab, 
Los Alamos, NM, United States

Decades of research in metamorphic petrology have utilized a wide range of observations and analytical techniques to describe nano-to-macroscale 
mineral	assemblages,	to	interpret	their	formation	and	to	understand	the	role	of	fluids.	Numerical	models	provide	additional	insights	into	the	time	
scales of mineral growth as well as the impact of thermal-chemical-mechanical (TCM) processes but modeling has typically focused on subduction 
zones.	Integrating	observations	with	analytical	tools	and	computational	models	permit	new	insights	into	contact	metamorphic	and	metasomatic	rocks.

Metamorphic	and	metasomatic	rocks	develop	through	a	complex	set	of	coupled	TCM	processes	containing	non-linear	feedbacks.	These	interacting	
processes	result	in	a	mineral	assemblage	with	a	texture	that	reflects	the	rates,	magnitude	and	duration	of	the	controlling	processes.		However,	it	
is	difficult	to	extract	this	information	from	the	rock	record	due	to	the	competing	and	time-integrated	nature	of	the	final	product.		When	advective	
metasomatism	accompanies	thermal	energy	transport,	this	is	particularly	problematic.	Chemically	reactive	fluids	can	dramatically	alter	the	original	
bulk	rock	chemistry	and	contributes	to	overstepping	of	reactions.

An	example	is	found	in	the	subsurface	of	Louisiana	where	a	fluid-bearing	alkali	igneous	dike	intruded	fine-grained	organic-rich,	sandy	limestone	
transforming the original calcite (cal) and quartz (qtz) into new mineral assemblages. To decipher the mineralogy of the thermal aureole, and rates and 
duration of processes, traditional techniques were used to inform time-dependent 3-D numerical modeling of heat and mass transport. Using CL and 
FIB-SEM	imaging	in	conjunction	with	electron	microprobe,	whole	rock	and	isotopic	data	demonstrate	that	the	resultant	mineral	assemblages,	rich	in	
alkali,	alkaline-earth	elements	and	F,	required	substantial	mass	transport.	First	appearances	of	hydrogrossular	(hgrs),	diopside,	vesuvanite,	pectolite	
(pct),	fluor-apophyllite,	fluorite,	albite	and	K-feldspar	establish	locations	of	isograds.	Numerical	modeling	indicates	that	at	the	pct	zone	(1.5	m),	
temperature (T) remained above 150oC for 2.8 yrs assuming anisotropic permeability (K) reaching T

max
 of ~300oC at 0.36 yr. Coupling the effects of far-

from-equilibrium	fluids	with	heat	during	the	metamorphic	episode	suggests	that	the	thermal	pulse	is	short	lived	and	returned	to	background	Ts	in	~10	
yr.  Thus, reactions converting cal + qtz (+clays) to pct and hgrs require fast reaction rates. These calculations place time constraints on the nucleation, 
growth	and	duration	of	mineral	reactions	in	this	fluid-rock	system	when	the	mineralogy	of	the	system	is	well	characterized.	Outcomes	of	the	high-
resolution numerical studies demonstrate the importance and necessity of integrating traditional mineralogical/petrological/geochemical tools with 
sophisticated	computational	modeling	to	advance	both	specific	and	general	insights	into	coupled	processes	and	metamorphic	petrology.
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Museum Mineral Exhibitions and Science Education—Toward the Future
George Harlow1

1Earth	&	Planetary	Science,	American	Museum	of	Natural	History,	New	York,	United	States

Mineral	galleries	in	natural	history	and	science	museums	are	an	important	tool	in	educating	the	public	about	the	significance	of	minerals,	as	well	as	
demonstrating the incredible diverse beauty exhibited by mineral and gem specimens.  For those who never had a course including Earth science, 
a mineral museum may be the only incidental introduction to minerals and bit of “informal education” about mineralogy they experience.  More 
importantly, these exhibitions are visited formally by students as part of class activities and may be their only chance to view numerous specimens 
and learn about their worldly contexts.  So, exhibitions serve as a window into the broad connections of the mineral sciences both to fundamental 
chemistry and physics and also to technology, resources, biology, culture and history.  The challenge in creating a modern exhibition is to present the 
inherent	beauty	of	mineral	and	gem	specimens,	the	hook	that	gets	a	visitor’s	attention,	while	providing	the	stories	and	broad	contexts	of	minerals.		

Such an opportunity is occurring now at the American Museum of Natural History (AMNH), so it is timely to examine our ongoing process.  Content is 
being	supplied	primarily	by	the	scientific	staff,	principally	the	curator	of	the	mineral	and	gem	collection,	with	every	element	of	the	exhibition	being	
supported	by	a	document	describing	the	scientific	content	and	connections	of	a	topic	to	formational	environments,	resources,	history,	and	culture.		
The documents are reviewed by education and exhibition staff and designers to identify themes that connect to formal science education and to 
address development of text, graphics, possible media, and layouts for an exhibition element.  The cross-cutting concepts in science, a focus of the U.S. 
Next	Generation	Science	Standards,	are	kept	in	mind	during	this	process	to	connect	with	science	education	standards.		The	curatorial	team	identifies	
specimens from the mineralogy collection or the need to borrow from other collections or acquire new specimens to demonstrate concepts.  For 
example, fossils are needed to show the role of minerals in the preservation of past lifeforms, and ceramics can support the importance and use of 
clays.  Specimens with associated stories are of particular value as stories provide human context and thereby can stimulate the interest of visitors.  
Some	of	the	distinct	challenges	include	finding	sufficient	specimens	that	adequately	show	the	context	of	the	mineral	growth	environment	(from	a	
vein or cavity wall) as well as well-formed crystals; balancing the quantity of specimens in a case with the need to adequately illuminate them and 
provide	labelling	that	is	not	challenging;	finding	an	appropriate	role	for	media	that	complements	but	does	not	compete	with	specimens	(and	budgets);	
and	meeting	the	expectations	of	museum	leadership	for	a	drop-dead	beautiful	exhibition	hall	and	not	a	textbook	on	walls.		A	final	goal	is	to	create	
mineral and gem exhibitions that are not time capsules – there must be both the intent (budgets) and capacity (design) to permit updating content and 
specimens on a reasonable time schedule, as exhibition hall renovations are done infrequently (43 years in the case of AMNH).
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Data-Driven Discovery in Mineralogy: Setting the Stage for MSA’s Second Century
Robert M. Hazen1,	Keck	Deep-Time	Data	Infrastructure	Team1

1Geophysical Laboratory, Carnegie Institution for Science, Washington DC, United States

The last thirty years have seen rapid advances in the development and availability of data resources in the geologic sciences, including earthchem.
org, earthbyte.org, mindat.org, and rruff.info/ima, among many others. However, only recently have powerful data analytical techniques been applied 
to these large and expanding data resources. Through advanced analytics and multidisciplinary approaches to using and interpreting multidimensional 
data,	we	are	making	advances	in	our	understanding	of	the	co-evolving	geosphere	and	biosphere	through	4.5	billion	years	of	Earth	history.	This	
presentation will survey needs and opportunities in data-driven discovery as applied to mineralogy, petrology, and geochemistry.

Open-access data resources focused on the diversity, properties, and spatial and temporal distributions of more than 5300 approved minerals species 
are propelling mineralogy in new directions. Three “use cases” will illustrate the emerging potential of data-driven discovery.

(1) Mineral ecology employs statistical methods and mineral species/locality data to predict the nature and spatial distribution of Earth’s “missing” 
minerals--minerals	that	occur	on	Earth	but	have	yet	to	be	discovered	and	described	(1-3).	We	find	that	both	technological	and	sociological	factors	play	
a	significant	role	in	the	distribution	of	thousands	of	minerals	that	await	discovery.

(2) Mineral evolution relies on growing mineral species/locality/age data resources to consider changes in mineral diversity, abundance, and 
distribution	through	4.5	billion	years	of	planetary	change.	We	find	that	mineral	distributions	evolve	primarily	as	a	consequence	of	tectonic	processes,	
most	notably	the	supercontinent	cycle,	and	biological	influences	associated	with	atmospheric	change	and	the	rise	of	the	terrestrial	biosphere	(4,5).

(3)	Mineral	network	analysis	facilitates	the	visualization	of	complex	mineralogical	systems	and	reveals	previously	hidden	patterns	of	minerals	through	
space and time—attributes that may contribute to the comparison of different terrestrial planets and moons and lead to the discovery of new economic 
deposits (6,7).

References 
[1] R.M. Hazen et al. (2015) Canadian Mineralogist 53: 295-323.
[2] G. Hystad et al. (2015) Mathematical Geosciences 47: 647-661.
[3] R.M. Hazen et al. (2015) American Mineralogist 100: 2344-2347.
[4] R.M. Hazen et al. (2008) American Mineralogist 93: 1693-1720.
[5] R.M. Hazen et al. (2014) Society of Economic Geologists Special Publication, 18: 1-15.
[6] Morrison et al. (2017) American Mineralogist 102: 1588-1596.
[7] Liu et al. (2017) American Mineralogist 102: 612-619.
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Resurrecting victims of the revolution:  X-ray diffraction and the re-definition of mineralogy
Peter J Heaney1

1Dept.	of	Geosciences,	Penn	State	University,	University	Park,	PA,	United	States

The founding of the Mineralogical Society of America (MSA) in 1919 followed so closely on the heels of the discovery of X-ray diffraction (XRD) by 
crystals	that	one	might	hypothesize	a	causal	link	between	the	events.		Friedrich,	Knipping	and	Laue	published	their	first	demonstration	of	X-ray	
diffraction in 1912, the same year that W.L. Bragg presented his famous law to the Cambridge Philosophical Society.  The publication of the crystal 
structures of halite and diamond appeared in 1913, as did Bohr’s model for the atom and Ewald’s formulation of reciprocal space.  Debye and Scherrer 
invented powder diffraction in 1916, and A.W. Hull re-invented it the following year to solve the structure of over 25 native elements.  The year 1916 also 
saw	the	emergence	of	covalent	bonding	in	the	work	of	G.	Lewis,	of	“Lewis	acids	and	bases”	fame.		And	that	year	saw	the	publication	of	the	first	issue	of	
the	American	Mineralogist.		Against	the	awful	backdrop	of	the	Great	War,	the	second	decade	of	the	twentieth	century	was	an	astonishing	moment	for	
solid-state chemistry.

Was MSA born out of this crystallographic revolution?  An examination of the early issues of American Mineralogist reveals an awareness of the 
crystallographic	insurgency	that	was	taking	place	across	the	Atlantic,	but	not	an	active	role	in	it.		Nevertheless,	there	are	reasons	to	connect	the	XRD	
revolution with the rise of a professional mineralogical society in the USA.  Edgar T. Wherry, one of the organizers of both the journal and the society 
(and the only Honorary Life President of MSA ever appointed), was particularly excited by the discovery of X-ray diffraction.  In the earliest years of the 
revolution, he summarized new discoveries, wrote reviews of new texts on crystallography, and in 1917 offered lectures on the latest developments for 
the	mineralogical	societies	of	New	York,	Philadelphia,	and	Washington,	DC.

More	generally,	X-ray	diffraction	re-defined	minerals	in	a	fashion	that	paved	the	way	for	the	establishment	of	a	professional	society	of	specialists.		
Although	“crystallinity”	was	cited	as	a	defining	feature	of	minerals	before	the	XRD	revolution,	the	term	became	quantitatively	meaningful	only	after	
the	work	of	Laue	and	the	Braggs.		Paradoxically,	the	rigor	of	the	new	framework	that	defined	mineralogy	is	most	apparent	in	the	discrediting	of	scores	
of minerals in the 1920s on the basis of X-ray diffraction data.  Not surprisingly, many of these minerals were poorly crystalline nanominerals common 
to soils and/or biomineralization processes, and it is telling that a century later, many of these phases have been re-instated.  Examples would include 
moganite,	ranciéite,	and	(maybe)	hydrohematite.		The	revalidation	of	these	minerals	is	a	testament	to	major	technological	advances	in	crystallographic	
instrumentation over the past century, and to the important preservation role played by historic mineral collections.
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Tourmaline Studies through Time: Contributions to Advances in the Physical Sciences
Darrell Henry1, Barbara Dutrow1

1Geology and Geophysics, LOUISIANA STATE UNIVERSITY, Baton Rouge, United States

A tourmaline cross-section has long been used by the Mineralogical Society of America (MSA) to symbolize the integrative, multidisciplinary approach 
advocated by MSA for mineralogical studies. In fact, tourmaline studies themselves highlight this approach: they have become an integral part of 
science	and	scientific	explorations	and	advancements	for	centuries	and	continue	to	flourish	today.	In	the	19th	century	curious	pyroelectric	and	
piezoelectric	properties	of	tourmaline	attracted	the	attention	of	scientists	who	considered	tourmaline	central	to	a	grand	unification	of	the	theories	
of	heat,	electricity	and	magnetism.	While	that	did	not	work	out,	their	properties	paved	the	way	for	advances	in	electrical	properties.	The	common	
occurrence	of	tourmaline	with	granites	and	granitic	pegmatites	was	widely	known	at	that	time.	Subsequently,	tourmalines	was	discovered	to	occur	in	
a	wide	range	of	igneous,	metamorphic	and	sedimentary	rocks	as	well	as	in	a	variety	of	ore	deposits.	The	chemical	complexity	of	tourmaline	became	
more fully established and “appreciated” by the end of the 19th century.

In the early- and mid-20th century tourmaline studies greatly expanded as a consequence of exploration of diverse geological settings and of the 
development of instrumentation allowing characterization of chemical and physical properties of minerals.  Piezoelectric properties of tourmaline 
became increasingly important during the 20th century. One application, developed after World War I, was the detection and measurement of 
conventional	and	atomic	explosion	pressures	based	on	tourmaline’s	piezoelectric	properties.		In	clastic	sedimentary	rocks	tourmaline	was	identified	
as	one	of	the	most	important	heavy	minerals.	It	became	a	means	to	estimate	maturity	of	the	clastic	sediment,	to	determine	provenance	and	to	make	
stratigraphic correlations, largely based on optical properties. By the 1960-70s, the crystallography of tourmaline was largely deciphered and the 
overall	structure	and	general	structural	formula	was	known.

More recent studies have demonstrated tourmaline’s extensive compositional variability, its vast pressure-temperature-compositional (P-T-X) stability 
range from near surface to deep crust, and its ever-expanding petrogenetic utility. Petrologically, tourmaline has become a valuable indicator mineral 
in	rocks	and	sediments	because	of	its	capacity	to	pick	up	and	retain	a	chemical	signature	during	the	development	of	the	rock	in	which	it	formed	and	
as	the	rock	evolved,	its	resistance	to	mechanical	weathering,	and	its	capability	to	provide	specific	information	on	the	time,	temperature	and	fluid	
history	at	each	stage	of	tourmaline’s	development	in	the	rocks.	Tourmaline	studies	have	continued	to	progress	with	key	developments	related	to	new	
discoveries	in	an	expanding	number	of	rock	types,	to	improved	chemical,	isotopic,	crystallographic	and	spectroscopic	instrumentation,	to	applications	
in	material	sciences	and	to	possible	occurrence	on	other	planetary	bodies.	Future	tourmaline	studies	will	enhance	its	utility	and	scientific	significance	
with	new	and	exciting	possibilities	that	will	certainly	influence	scientific	inquiry.	Thus,	as	tourmaline	studies	become	more	scientifically	valuable,	so	
will MSA as it continues into the future.
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Evolution Of The Manuka Mississippi Valley Type Deposit Through Its Smoky Quartz Crystals
Angela Lay1, Stephen Harris1, Ian Graham1, David Colchester2, Laure Martin3, Karen Privat4, John Bennett5, Attila Stopic5, Nicole McGowan6, Liene 
Spruzeniece6

1School of Biological, Earth and Environmental Sciences (BEES), University of New South Wales (UNSW) , 2Geoscience, Australia Museum, Sydney, 3Centre 
of Microscopy, Characterisation and Analysis, University of Western Australia, Perth, 4Electron Microscopy Unit, University of New South Wales (UNSW) , 
Sydney, 5ANSTO, Lucas Heights, 6GEMOC, Macquarie University, Sydney, Australia

Low crystalline quartz, a typical gangue mineral in hydrothermal deposits, can reveal a lot more about its environment of formation through 
cathodoluminescence imaging, particularly Ti and Al contents, trace element chemistry and oxygen isotopes. The external morphology of quartz 
itself	also	can	unveil	convincing	information	on	the	environment	of	formation.	Using	large	(up	to	10	cm	long)	macro	quartz	crystals	(mostly	the	smoky	
variety)	from	the	Manuka	Mississippi	Valley	Type	(MVT)	deposit	of	the	Cobar	Basin,	central	New	South	Wales,	Australia	we	discuss	its	detailed	chemistry	
and implications for its genesis and evolution.

The	Manuka	deposit	(previously	known	as	Wonawinta	deposit),	situated	~	90	km	SSW	of	Cobar	was	mined	for	its	economic	concentration	of	silver,	
with	lead	and	zinc	as	by-products.	This	deposit	from	north	to	south	consists	of	the	Manuka,	Boundary	and	Boundary	South	open-pits.	Located	on	the	
western	Winduck	Shelf	of	the	Cobar	Basin	within	the	Palaeozoic	Lachlan	Fold	Belt,	the	quartz	crystals	at	the	Manuka	deposit,	occur	in	two	main	host	
lithologies: 1) in cavities within the fossiliferous dolomitized limestone up to 15cm across 2) in massive calcareous saprolite which transitions laterally 
and vertically from the dolomitized limestones. A few thousand macroscopic quartz crystals were collected, ranging in size from a few mm to 12cm. 
They	are	mostly	of	the	smoky	variety	with	rare	colourless	to	milky	quartz.

All of the crystals found are normal, hexagonal Cumberland and transitional habits. The most common habits are hexagonal prisms with single 
termination of rhombohedral faces, doubly-terminated hexagonal prisms and reverse sceptres. Larger (> 8 cm) crystals exhibit multiple castellated 
rhombohedral	terminations	which	grow	parallel	to	each	other.	Importantly,	rare	‘gwindel’	quartz	crystals	were	also	found.	The	SEM-CL	imagery	reveals	
a	complex	multi-generational	growth	history	for	Manuka	quartz	crystals.	The	most	prominent	CL	feature	is	the	presence	of	CL-bright	luminescing	
bands that conform to the crystallographic faces of the crystals (i.e. m and r faces). These CL bands vary in width from 10 to 200 um. Different growth 
generations	are	marked	by	relatively	homogenous	CL	textures	with	distinct	boundaries	between	each	generation.	At	least	three	generations	were	
observed. Importantly, these three generations have distinctive δO18 compositions ranging from 8.88-21.91.

NAA analyses revealed that the quartz crystals are enriched in S (due to inclusions of sulphides), Al, Na, Cl, K, Ca, Cr, Fe, and Mn. Insitu spot transects 
across	the	quartz	crystals	using	LA-ICP-	MS	revealed	fluctuations	in	Al,	Li,	Ti,	Ge	and	Sb	according	to	the	CL	zones.	In	general,	Al,	Li,	Ge	and	Sb	have	
increased concentrations in the CL-bright zones while Ti remains constant regardless of the CL zone. The predominant substituting elements for Si 
within the quartz are Al and Ge, with balance mainly compensated by Li and to lesser extent by Sb. 
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Global formation of earth's minerals with successive fluid system
Yasunori Miura1

1Yamaguchi University (Retired), Yamaguchi, Japan

Introduction
Main	differences	with	formed	processes	of	Earth's	minerals	compared	with	the	extraterrestrial	lunar	minerals	(including	feldspar	minerals)	are	less	
answered clearly by many mineral scientists. Main purpose of the paper is to elucidate comparative differences with formed processes (including 
volatile components) of terrestrial and extraterrestrial minerals [1-8].

Minerals	and	rocks	defined	on	water	planet	Earth:	Main	difference	with	rocks	between	Earth	and	other	planets	(including	the	Moon	and	Asteroids)	is	an	
existence	of	global	water	fluids	only	on	Earth	[2-3].	Earth's	mineral	and	rocks	reveal	larger	crystals	and	wider	geological	outcrops.	Earth's	shock-wave	
events	of	volcano,	earthquake	and	asteroid	impact	are	triggered	to	produce	extreme	condition	with	rapid	high	temperature	and	pressure	widely,	where	
quenched	mineral	aggregates	are	formed	through	global	systems	separated	to	the	ocean	water	and	atmospheric	systems	above	the	rock	system	
continuously. 

Younger	minerals	on	Earth's	circulation	system:	The	latest	and	younger	minerals	are	progressively	formed	among	global	air-water	system	through	
global	impact	event.	This	is	main	reason	for	younger	and	the	latest	minerals	with	larger	crystalline	minerals	and	wider	rocks	on	water-Earth,	which	are	
used	for	Earth's	standard	databases	[2-3]. If there is no global water and active air-water system on Exo-Earth (including the Moon, Mars and Asteroids), 
rocky	minerals	and	surface	outcrops	show	waterless-	primordial	Earth	type	process [1, 4, 5].

Regional	fluid	formation	on	Earth	and	Exo-Earth:	Local	formation	at	abrupt	geological	events	(including	volcano,	earthquake	and	asteroid	impact)	can	
be observed also on water Earth (including water-bearing and clay minerals) and on Exo-Earth  [2-5].	This	suggest	that	regional	fluid	formation	on	Earth's	
minerals	is	local	fluids	within	global	air-water-rock	system	widely,	which	are	originated	from	hydrogen	and	oxygen	foxed	with	mineral	grains..

Summary
The	present	study	is	summarized	as	follows:	1)	Main	differences	with	rocks	between	Earth	and	other	planets	(including	the	Moon	and	Asteroids)	are	
existence	of	global	water	fluids	to	form	large	crystals	and	wide	rock	layers	mainly	on	water	planet	Earth	by	separation	of	air-liquid	and	rocky	solid	
systems	with	progressive	activities	(including	volcano,	earthquake	and	asteroid	impact).	2)	The	present	mineral	differences	of	Earth's	and	Exo-Earth's	
minerals	might	be	applied	to	fluid-water	formation	on	the	next	space	exploration	and	landed	habitable	bases	from	hydrogen	and	oxygen	sources	fixed	
with minerals. 
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Museum Mineral Collections: Serving Science for the Next Century
Jeffrey Post1

1Department of Mineral Sciences, Smithsonian Institution, Washington, United States

For the past century, and longer, museum mineral collections (mostly government or university based) have been critical repositories and sources of 
specimens	for	public	exhibitions,	education	programs,	and	scientific	research.	But	how	will	these	collections	most	effectively	serve	science	and	the	
public	during	the	next	century,	especially	as	resources	to	support	and	grow	such	collections	likely	will	diminish?	Drawing	from	the	history	and	current	
practices	of	the	mineral	collection	at	the	Smithsonian	Institution’s	Museum	of	Natural	History,	this	talk	will	explore	a	range	of	questions	related	to	
the building, preservation and use of museum mineral collections in the next 100 years. Will collections survive and thrive; how should they grow? Are 
current collection curation and growth strategies appropriate for supporting emerging research trends? What role will mineral collections have in the 
‘digital	age’	with	the	availability	of	more	and	more	mineral	information	through	easily	accessible	databases?
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Engaging students in mineralogy during first-year geology lectures
Dominique Tanner1

1School of Earth & Environmental Sciences, University of Wollongong, Wollongong, Australia

As	rocks	are	consolidated	aggregates	of	minerals,	one	could	argue	that	mineralogy	is	the	cornerstone	of	any	introductory	geology	course.	If	students	
do	not	achieve	mastery	in	mineral	identification,	then	it	is	far	more	difficult	for	them	to	excel	in	subsequent	fundamental	concepts	(e.g.	identification	
of	rocks	in	hand	sample,	thin	section	and	in	the	field).

In	the	first-year	geology	course	“Planet	Earth”	at	the	University	of	Wollongong,	a	range	of	interactive	strategies	were	developed	to	focus	on	concepts	
perceived	as	'difficult'	by	students.	The	format	of	lectures	in	this	course	is	designed	to	be	interactive,	with	five	to	ten-minutes	of	a	traditional	lecture	
presentation	followed	by	a	five	to	ten-minute	activity	to	reinforce	each	concept.	The	physical	layout	of	the	class	is	designed	so	that	students	are	
clustered	in	groups	of	six	to	eight,	centred	around	a	large	computer	on	wheels.	Each	student	cluster	has	access	to	a	tray	of	minerals,	rocks	and/or	
fossils	discussed	during	the	lecture.	This	is	particularly	beneficial	when	presenting	concepts	such	as	lustre,	cleavage	and	habit	in	minerals	–	as	these	
physical	properties	are	more	difficult	to	convey	by	lecture	slides	alone.	By	implementing	interactive	strategies	and	hands-on	access	to	specimens	in	
lectures, student attendance has increased, despite a long commuting distance for many students.

When introduced to concept of crystal systems, many students said they struggled with visualising “invisible” rotation axes in crystals and crystal 
models. To address this, an activity was introduced within the mineralogy lecture to help students visualise the rotation axes of three-dimensional 
shapes	using	toothpicks	and	sweets.	Following	a	brief	introduction	to	crystal	systems	and	rotational	symmetry,	each	student	was	provided	with	a	
‘cube’	of	liquorice,	a	‘square	prism’	fruit	chew	and	4	toothpicks.	Unlike	traditional	crystal	models,	students	were	able	to	spear	the	toothpicks	through	
the	sweets	and	rotate	them	to	visualise	the	diad,	triad	and	tetrad	rotation	axes.	Students	were	then	asked	to	classify	the	crystal	system	of	each	sweet	
based	on	the	number	and	type	of	rotation	axes.	A	PowerPoint	quiz	integrated	with	remote	control	clickers	was	then	used	to	test	whether	the	students	
had fully understood rotational symmetry before moving on to the next concept.

IMA2018	Abstract	book255

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Mineralogy past, present and future: preparing for the next 100 Years of the Mineralogical Society of America

Crystallization by particle attachment in melts
Ai-Cheng Zhang1, Shu-Zhou Wang1,	Naotaka	Tomioka2, Xian-Cai Lu1, Zhi-Yuan Ding3, Chi Ma4, Peng Wang3, Jia-Ni chen1, Sheng Xu3, Li-Xin Gu5, Yuan-Qiang 
Bai6, Yang Li7,	Naoya	Sakamoto8, Ru-Cheng Wang1

1School of Earth Sciences and Engineering, Nanjing University, Nanjing, China, 2Japan Agency for Marine-Earth Science and Technology, Kochi, Japan, 
3College of Engineering and Applied Sciences, Nanjing University, Nanjing, China, 4Division of Geological and Planetary Sciences, California Institute of 
Technology, Pasadena, United States, 5Institute of Geology and Geophysics, Beijing, China, 6Thermos	Fisher	Scientific,	Singapore,	Singapore,	7Institute of 
Geochemistry, Guiyang, China, 8Hokkaido	University,	Sapporo,	Japan

Nucleation and growth of crystals are fundamental processes during formation of natural and synthetic solid materials. Classical nucleation and 
growth models involve monomer-by-monomer addition of simple chemical species. Crystallization by particle attachment (CPA) has also been proposed 
to	interpret	phenomena	that	were	difficult	to	be	understood	with	classical	models	(De	Yoreo	et	al.,	2015).	However,	most	of	the	systems	involving	CPA	
are comparatively low-temperature systems (De Yoreo et al., 2015). No CPA has been reported in high-temperature melts. In this study, we suggest that 
spherical	intergrowths	of	ferropericlase	and	magnesioferrite	in	a	shock-induced	melt	pocket	from	the	Martian	meteorite	Northwest	Africa	(NWA)	7755	
have probably formed by CPA.

The	shock-induced	melt	pocket	studied	is	surrounded	by	ringwoodite	and	contains	spherical	(Mg,Fe)-oxides	(Mg#=0.58-0.67)	and	ultramafic	silicate	
glass	(Mg#=0.60-0.67).	All	(Mg,Fe)-oxides	spherules	have	a	protrusion	surface.	In	some	regions,	a	sandwich-like	texture	is	observed	that	a	(Mg,Fe)-
oxides-rich	zone	is	located	at	the	middle	of	two	(Mg,Fe)-oxides-free	zones	(~1	µm	thick).	Selected	area	electron	diffraction	patterns	reveal	that	the	
oxides are intergrowth of ferropericlase and magnesioferrite, which always display a superposition relationship. This inference is consistent with 
the	dark-field	image,	elemental	mapping,	and	high-resolution	TEM	observations	on	(Mg,Fe)-oxides.	High-resolution	TEM	observations	also	reveal	that	
magnesioferrite mainly occurs adjacent to the boundary between silicate glass and the host ferropericlase and there is a thin layer of ferropericlase 
between magnesioferrite and silicate glass.

Two	features	of	spherical	(Mg,Fe)-oxides	(surface	protrusion	and	the	presence	of	magnesioferrite)	are	difficult	to	be	explained	with	classical	growth	
model of crystals. However, they can be best explained with CPA which is probably followed by Ostwald Ripening. The (Mg,Fe)-oxides intergrowth 
probably had a transitional, non-stoichiometric ferropericlase with ferric iron and cation vacancy. The transitional non-stoichiometric ferropericlase 
particles with a high symmetry aggregated with each other by van der Waals attraction and larger spherules formed with surface protrusions. 
Subsequent to the particle attachment, the (Mg,Fe)-oxides experienced a process of Ostwald Ripening. Small particles dissolved and large grains 
formed. Meanwhile, ferric iron and cation vacancy diffused in ferropericlase and then magnesioferrite formed adjacent to the boundaries between 
ferropericlase and surrounding silicate glass.
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The Belgian calcites of the Cesàro collection
Frederic Hatert1, Roger Warin2,	Yannick	Bruni1
1Laboratory of Mineralogy, B18, 2Laboratory of Mineralogy B18, University of Liège, Liège, Belgium

Giuseppe Cesàro was born on September 7th, 1849, in Naples, Italy. He moved to Belgium in 1865 and enrolled as a mining engineer student at the Ecole 
des Mines in Liège. When Gustave Dewalque retired from his position as Geology Professor, in 1891, Cesàro obtained the charges of Mineralogy and 
Crystallography.	He	was	a	good	friend	of	King	Albert	I	of	Belgium,	and	was	asked	to	give	private	mathematics	lessons	to	the	young	Prince	Leopold	III	
during World War I.

Cesàro investigated in detail the morphology of calcites from Belgium, particularly samples from the Rhisnes quarry. The Mineralogy Laboratory, 
University of Liège, has preserved more than 200 calcite samples from the Cesàro collection. Some of them are of very good esthetic quality, 
and show crystal faces annotated by Cesàro. The most interesting morphological feature of these crystals is the dominance of a rare form called 
“isoscelohedron”	by	Cesàro.	This	form	was	described	for	the	first	time	in	the	Rhisnes	quarry;	its	Miller	notation	is	{88.3}	(for	the	sake	of	simplicity,	
the	third	Miller	index	has	been	omitted).	It	can	be	compared	to	a	hexagonal	bipyramid	(Fig.	a),	while	the	morphology	of	the	more	common	{21.1}	
scalenoedron is composed by 12 faces with irregular triangular shapes (Fig. b). The morphological features of several crystals from Rhisnes is described 
herein,	underlining	the	significance	of	tiny	crystal	faces	on	the	description	of	twinning	features.					
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Raman-Spectroscopy as a modern tool to investigate minerals and rocks within the Mineralogical 
State Collection Munich, Germany
Melanie Kaliwoda1, Rupert Hochleitner1, Ian Coulson2, Wolfgang Schmahl3

1Crystallography, Mineralogical Sate Collection, Munich, Germany, 2Geology, University of Regina, Regina, Canada, 3Crystallography, Ludwig Maximilians 
University, Munich, Germany

Raman	Spectroscopy	(RS),	also	termed	micro-Raman,	is	the	study	of	inelastic	scattering	of	light,	creating	a	pattern	of	bands	and	peaks	that	can	
be	used	to	investigate	minerals	and	rocks.	Within	the	Mineralogical	State	Collection	Munich,	RS	has	been	applied	in	the	examination	of	a	variety	of	
materials,	including	meteoritic,	igneous	rock,	and	natural	and	synthetic	sodalites.

(1)	Several	types	of	meteorites,	for	example,	those	recovered	from	the	Neuschwanstein,	Almahatta	Sitta	(AS),	and	Braunschweig	falls	and	strewn	fields	
have	been	investigated	in	this	way.	By	application	of	RS	methods	to	the	study	of	mineral	compositions,	RS	spectra	can	aid	in	the	classification,	based	
upon crystal structure and composition of pyroxene(s), olivine and other materials present in the meteorites; in combination with electron microprobe, 
RS is a perfect tool to characterize different polytypes and polymorphs. As such, it has been possible to distinguish between graphite, graphene 
and diamond within the AS samples, and between coesite, stishovite and other quartz polymorphs, present. These critical data provide pressure and 
temperature information for the meteorite and its parent body. RS allowed for mapping of areas as small as 90 by 90 µm to determine the identity of 
mineral phases within this rather inhomogeneous sample. Moreover, RS has the potential to study not only inorganic, but also organic material and 
fluid	inclusions	species	in	meteorites.

(2)	A	second	application	to	the	State	Collection	used	RS	to	investigate	ultramafic	material	from	ophiolite	bodies	in	Turkey.	Here	special	efforts	have	
been	made	to	characterize	fluid	inclusions	within	these	rocks	to	learn	about	the	composition	of	the	mineralizing	fluids,	particularly	their	salinity.	
Chromite(s)	from	the	Collection	were	also	investigated	to	elucidate	correlations	between	peak-shift	and	mineral	composition.	The	main	goal	here	
was	to	create	a	new	Raman-Database	with	all	the	different	minerals	from	the	State	Collection,	that	verified	data	were	collected	from	both	Raman	
measurements and electron-microprobe studies.

(3) RS has an additional application in the comparative studies of natural and synthetic sodalites.  Measurements were made on synthetic sodalites 
doped	with	boron,	molybdenum	and	tungsten	to	aid	in	characterizing	any	peak-shifts	and/or	new	peaks	that	would	not	typically	be	found	within	
“normal” sodalite spectra.

In summary, RS has proven to be a rapid and valuable tool for the investigation of extraterrestrial, natural and man-made materials. In the case of 
rare materials held within museum collections, RS methods of analysis are non-destructive; no special sample treatment is required, though for 
better	results	a	flat	or	polished	sample	surface	is	recommended.	As	such,	RS	is	an	excellent	tool	to	allow	for	the	identification	and	characterization	of	
different	minerals	and	polytypes	within	one	sample,	and	to	make	preliminary	work	for	later	microprobe	measurements.
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Magnificent minerals in museum collections: The Albert Chapman collection
Melissa Murray1, 2, Ian Graham1

1Geosciences, UNSW, 2The Australian Musuem, Sydney, Australia

What	defines	a	mineral	specimen	or	collection	as	being	of	museum-quality?		What	are	the	properties	that	make	individual	mineral	specimens	outclass	
others	and	become	world	famous?	Criteria	for	rating	a	mineral	specimen’s	level	of	magnificence	must	take	into	account	both	its	qualitative	and	
quantitative characteristics.

Objective	or	quantitative	criteria	are	assessable,	quantifiable,	measurable	properties.	These	include	the	size	of	a	crystal,	the	perfection	of	the	crystal	
habit, the transparency of the featured mineral, whether the matrix is attached, the rarity of the mineral either from a location or worldwide aspect, or 
association with other minerals.

Subjective or qualitative criteria are biased towards a personal or individual prejudiced perspective. These include general aesthetics of a mineral 
specimen, the colour, the composition or arrangement of the individual crystals within a cluster of minerals.

The	Albert	Chapman	collection	is	a	feast	for	the	eyes	with	diverse,	breathtaking	colours	and	shapes,	fine	features	and	unique	characteristics	of	
magnificent	minerals.	Many	of	Albert's	minerals	are	of	world-class.	Many	of	the	minerals	in	his	collection	are	considered	amongst	the	finest	examples	
of their type in the world, or amongst the best found.

The collection is world renowned for its mineralogical diversity, crystal perfection, aesthetic appeal and high Australian content. The collection is 
universally	regarded	as	one	of	the	former	top	10	private	collections	amassed	in	the	world,	making	it	the	perfect	mineral	collection	to	use	as	the	basis	
for this research.

Based on current research results I have future research plans in terms of unbiased quantitative analysis of the specimens. I will incorporate 
physiological methods to measure the human aesthetic response to fractal patterns found in minerals. It would be interesting to model how this could 
inform	museum	curators	choice	of	specimens	to	display	being	based	on	all	stakeholders’	interests	or	preference	rather	than	the	specimens	on	display	
being	chosen	by	the	curator's	personal	choice.

References 
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Ross Pogson, Icons of the Australian Museum; A. Gardiner, (1979) J. Mineral society NSW Vol 1, 59; J. Haplern, (2006) The mineralogical record, 36, 195-198; Ian T. Graham & Ross Pogson 
(2007)	Rocks	and	minerals,	82,29-39;	D.	Henry	(2007)	Rocks	and	minerals		82	18-28;	R.	Currier,	(2008)	The	Mineralogical	record	39	305-313;	409-418;	40	49-59,165-176,193-202;	https://
australianmuseum.net.au

Image: The Albert Chapman Mineral Collection. Photographer: James King © Australian Museum
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Mineral specimens preparation in museum collections: definition and history
Federico Pezzotta1

1Mineralogy, Natural History Museum, Milano, Italy

Mineral	Specimen	Preparation	(MSP):	definition

MSP	is	the	application	of	any	variety	of	techniques	to	the	specimen	which	are	specifically	designed	to	improve	the	sample.	Both	to	achieve	the	best	
possible state of condition and appearance while preserving as much of the original natural and/or historical characteristics as possible.

In	MSP	the	applications	can	be	classified	in	two	different	categories:

- Fundamental (MSP-F): These are applications which are applied as a direct result of necessity in order to preserve a specimen’s integrity and/or to 
remove any foreign or extraneous materials, thus improving the integrity and appearance.

Techniques applied to prevent decomposition and alterations.

Stabilization of materials that are in danger of becoming dislocated from their original position or because of their fragile nature.

Assembling parts of an object that have already become separated to return the object closer to its original state.

- Removal of an excess volume of material that is a clear detraction to the essence of the 
specimen.

Removal of coatings, surface dirt and mud, and generally any matter that is not a direct component of the original formation of the target mineral 
itself.

- Complementary (MSP-C):	These	applications	typically	encompass	those	of	the	fundamental	sort,	but	take	the	process	to	a	further	level	of	
enhancement. 

Manipulation of the matrix, reducing the overall volume to yield the most aesthetic presentation of the dominant crystallized minerals.

Manipulation of the matrix, reducing the overall volume to yield a specimen that not only displays the dominant crystal in the most aesthetic way, but 
so	the	final	result	conforms	with	a	predetermined	size	criteria.

Advanced cleaning applications, utilizing both mechanical and chemical processes to remove various distractions, such as encrustation of non-
dominant	minerals	on	the	dominant	ones,	oxidations	affecting	the	surface	of	dominant	crystals,	and	infilling	of	cracks	that	are	a	visual	detraction	to	
the	overall	aesthetics	or	final	display	of	the	specimen.

Restoration of missing volumes of either the matrix or the dominant crystals themselves to create a more attractive and complete appearance.

Mineral Specimen Preparation: an evolving concept

The Early times

In	the	history	of	mineral	collecting,	most	of	the	early	MSP	was	devoted	to	the	fundamental	category,	using	the	known	techniques	of	the	times.	That	
said, there is evidence that some complementary techniques were being utilized early on as well. Improving the overall appearance and aesthetics of 
the specimens. With care as well to the way in which the minerals were displayed and mounted to show off their best attributes.

The modern times

The ever evolving tastes of collectors, always trending toward the most beautiful and aesthetic minerals has created demand and driven a revolution 
in applied techniques that fall in the complementary category. With the modernization of communications, availability of images and information 
became widely available. This availability and distribution of popular images displaying the best qualities of mineral specimens, highlighting the color, 
perfection, and aesthetics strongly contributed to the development of the sophistication of these techniques.
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Curating NASA’s Past, Present, and Future Extraterrestrial Sample Collections
Ryan Zeigler1, Francis McCubbin1

1NASA Johnson Space Center, Houston, United States

As	codified	in	NASA	Policy	Directive	7100.10F,	the	Astromaterials	Acquisition	and	Curation	Office	at	NASA	Johnson	Space	Center	(hereafter	JSC	
Curation) is charged with curation of all extraterrestrial material under NASA control, including future NASA missions. JSC Curation curates all or 
part of nine astromaterial collections in seven clean room suites: (1) Apollo Samples (1969; ISO 6-7), (2) Luna Samples (from USSR; 1972; ISO 7), (3) 
Antarctic Meteorites (1976; ISO 7), (4) Cosmic Dust (1981; ISO 5), (5) Microparticle Impact Collection (formerly called Space Exposed Hardware; 1985; ISO 
5), (6) Genesis Solar Wind Atoms (2004; ISO 4); (7) Stardust Comet Particles (2006; ISO 5), (8) Stardust Interstellar Particles (2006; ISO 5), (9) Hayabusa 
Asteroid Particles (from JAXA; 2010; ISO 5). In addition to the labs that house the samples, we maintain a wide variety of facilities and infrastructure 
required	to	support	the	clean-rooms:	>10	different	HEPA-filtered	air-handling	systems,	ultrapure	dry	gaseous	nitrogen	systems,	an	ultrapure	water	
system	(UPW)	and	cleaning	facilities	to	provide	clean	tools	and	equipment	for	the	labs.	We	also	have	sample	preparation	facilities	for	making	thin	
sections,	microtome	sections,	and	even	focused	ion-beam	(FIB)	sections	to	meet	the	research	requirements	of	scientists.	To	ensure	that	we	are	keeping	
the samples as pristine as possible, we routinely monitor the cleanliness of our clean rooms and infrastructure systems. This monitoring includes: 
daily	monitoring	of	the	quality	of	our	UPW,	weekly	airborne	particle	counts	in	the	labs,	monthly	monitoring	of	the	stable	isotope	composition	of	the	
gaseous N

2
	system,	and	annual	measurements	of	inorganic	or	organic	contamination	in	processing	cabinets.	We	track	within	our	databases	the	current	

and ever-changing characteristics of >250,000 individual samples across our various collections (including the 19,141 samples on loan to 433 Principal 
Investigators in 24 countries). The next sample return missions that NASA will participate in are Hayabusa2 and OSIRIS-REx. The designs for new 
state-of-the-art	suite	of	clean	rooms	to	house	these	samples	at	JSC	have	been	finalized.	This	includes	separate	ISO	class	5	clean	rooms	to	house	each	
collection, an ISO class 7 microtome laboratory, and a separate thin section lab. A new cleaning facility is being designed and procedures developed 
that will allow for enhanced cleaning of cabinets and tools in an inorganically, organically, and biologically clean manner. A multi-purpose Advanced 
Curation laboratory is being designed that will allow us to develop the techniques necessary to support the Hayabusa2 and OSIRIS-REx missions, as well 
as future possible sample return missions (e.g., Lunar Polar Volatiles, Mars, Comet Surface). A micro-CT laboratory has come online within JSC Curation, 
and we plan to add additional facilities (e.g., micro-XRF) that will enable non- or minimally-destructive analyses of astromaterials in the near future. 
These facilities will be available to: (1) develop sample handling and storage techniques for future sample return missions, (2) be utilized by PET for 
future sample return missions, (3) for retroactive PET-style analyses of our existing collections, and (4) for periodic assessments of the existing sample 
collections. 
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New insights into the crystal chemistry of modular structures
Sergey Aksenov1

1Department of Civil and Environmental Engineering and Earth Sciences, University of Notre Dame, South Bend, United States

Crystal structures of minerals can be represented from different viewpoints depending on the preferences of a crystallographer. Methods of the 
description	of	mineral	structures	have	been	developed	over	the	last	century,	since	the	first	crystal	structure	(that	of	of	halite)	was	solved	[1].	One	of	
the methods for describing complex structures of minerals is the modular approach, when the structure is described as a combination of a number of 
fragments – modules [2,3]. This approach is closely related to the concepts of order/disorder (OD) structures [4] and polysomatic series [5]. Here we 
represent	our	recent	results	in	this	field.

Numerous zeolite-related materials are based on the silicate [Si
4
O

10
]4--sheets with apophyllite-type topology which consist of 4- and 8-membered rings 

of	tetrahedra	present	in	the	1	:	1	ratio.	In	particular,	shlykovite	and	cryptophyllite	belong	to	this	topological	type.	Dimerization	of	shlykovite-type	layers	
results in the formation of double tetrahedral modules [T

8
Ø

19
] (T = Si, Al; Ø = O, OH) which are present in the structures of rhodesite and delhayelite 

types. Further polymerization of the silicate sheets is realized in the structures of minerals belonging to the günterblassite group, with [T
13
Ø

29
] triple 

layers: günterblassite [6]; umbrianite [7], and hillesheimite [8].

The new mineral roymillerite, related to britvinite and molybdophyllite, was discovered in the Kombat Mine, Namibia [9]. Structures of these minerals 
are	based	on	the	three-layer	TOT-module,	{Mg

9
[Si

10
O

28
(OH)

8
]}	and	the	“molybdophyllite”	module,	{(OPb

4
)(H

2
O)

0.5
(TO

3
)

1.5
}.	Molybdophyllite	contains	two	

linked	“molybdophyllite”	modules.	In	britvinite,	“molybdophyllite”	modules	alternate	with	disordered	Pb-hydroxide	blocks,	{(O,OH)
4
Pb

4
}.	In	roymillerite,	

“molybdophyllite” modules alternate with “plymbonacrite” modules, [(O(OH)
3
Pb

7
)(TO

3
)

3
]. Hypothetically, other representative of this merotypic series 

may exist with the similar building principles and various interleaves between the “molybdophyllite” modules.

The heterophyllosilicate family combines minerals with structures based on HOH modules including members of the lamprophyllite group with the 
general formula [10-11]A

2
[[6]M1[6]M2

2
[6]M3X

2
][[5]L

2
(Si

2
O

7
)

2
O

2
], where A = Ba, Sr, K, Na; M1 = Na, Ca, Mn2+; M2 = Na, Mn2+, Fe2+, Ca; M3 = Ti, Mn2+, Mg, Fe3+, Fe2+; L = 

Ti, Fe3+;	X	=	OH,	O,	F	[10].	These	minerals	belong	to	an	OD	family	consisting	of	two	different	kinds	of	layers.	The	first	layer	is	the	HOH	module,	which	
is non-polar and is characterized by the local symmetry operation λ-PO P(1)2/m(1), while the second one consists of interlayer A-cations. The HOH 
modules can be multiplied by two σ-partial operations: σ-PO P2

1
/m in the 2M-polytype and σ-PO Pnm2

1
 in the 2O-polytype. In general, the structures of 

these polytypes are characterized by the following symmetry groupoids [11]: λ-PO P(1)2/m1; σ-PO [P12
1
/m1 || Pnm2

1
], where the double line indicates the 

possibility of both operations. In the triclinic crystal structure of schüllerite, the local symmetry of the HOH module is λ-PO P-1. The HOH modules are 
related by inversion centres, and the symmetry groupoids are: λ-PO P-1 and σ-PO P-1.
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Computationally driven determination of modular mineral structures: the case of CaCO3 vaterite
Raffaella Demichelis1

1The Institute for Geoscience Research (TIGeR) and Curtin Institute for Computation, Curtin University, Perth, Australia

Computational methods based on classical, ab initio and semi-empirical models are playing an increasingly important role in understanding the atomic 
structure and properties of complex minerals, including microporous and layered architectures, and metastable and disordered phases (e.g. Refs. 1-3) 
that	can	be	of	potential	interest	for	application	in	numerous	fields	of	technology.

This contribution will mostly focus on vaterite, a polymorph of anhydrous calcium carbonate. Despite its metastability with respect to the polymorphs 
calcite and aragonite at pressures and temperatures relevant to biological processes, vaterite can form via biomineralization and be a main component 
of functional hard tissues in animal species.[4] Its structure has been debated for more than 70 years, due to what is often referred to as “disorder” in 
the orientation of the carbonate anions.[5]

First principle calculations based on Density Functional Theory have recently suggested that the disorder in vaterite can be described as a combination 
of	three	main	factors:[6,7]	the	polytypism	resulting	from	structurally	different	and	energetically	quasi-equivalent	stacking	of	the	carbonate	anion	
layers; the rotational freedom at room temperature of carbonate anions; the intrinsic chirality of the structure (Figure 1).

While a conclusive evidence on the many features of vaterite still remain to achieve, experimental investigation based on Raman spectroscopy,[8,9] 
X-ray diffraction and solid state 43Ca nuclear magnetic resonance (NMR)[10] have shown compatibility of the proposed models with the measured 
spectra. Preliminary results on the interaction between the most stable polytypes and chiral molecules will be presented too.

A similar computational approach has been successfully applied to determine the structure of anhydrous calcium oxalate,[11] the structure and curling 
factors	of	pristine	imogolite[12]	and	chrysotile[13]	fibres,	proton	orientation	and	disorder	in	layered	aluminium	hydroxide	structures.[14]

 Figure 1 Graphical representations of the three quasi-isoenergetic structural basins for vaterite, of the possible chirality, and of the rotational freedom 
(O, Ca and C atoms are shown in red, green and grey, respectively)
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Graphical and geometrical stereoisomerism in edge-sharing chains of octahedra in minerals: a 
structure hierarchy approach
Aaron Lussier1,	Frank	Hawthorne2

1Research and Collections, Canadian Museum of Nature, Ottawa, 2Geological Sciences, University of Manitoba, Winnipeg, Canada

In	the	structures	of	oxysalt	minerals	and	synthetic	inorganic	compounds,	infinite	chains	of	linked	octahedra	are	commonly-observed	as	structural	
building	blocks.	In	the	∞[[6]MØ

v
] backbones	of	such	chains,	octahedra	may	link	via	the	sharing	of	vertices	(v	=	5),	edges	(v	=	4;	Fig.	1a),	or	faces,	(v	=	

3).	Decorating	polyhedra	often	link	to	the	∞[[6]MØ
v
] backbone,	forming	chains	with	the	general	stoichiometry	∞[M

w
(TØ

4
)

x
(DØ

3
)

y
Ø

z
], (e.g., Fig. 1b-c; where 

M, T, and D are any cation in octahedral, tetrahedral, and trigonal-planar coordination, respectively, and Ø is H
2
O or any anion such as O2-, OH-, or F-). 

Considerable	work	has	focused	on	the	occurrence	of	v	=	5	chains	in	minerals	(e.g.,	Moore	1970)	and	the	v	=	3	chains	are	very	rare.	The	occurrence	of	v	
= 4 chains is common and has not yet been rigorously investigated from a topological perspective. Here, we examine the occurrence of these chains 
in a large family of structurally diverse oxysalts, involving more than 300 mineral species (with ~70 structure types) with the goals of: (1) developing a 
coherent structure hierarchy for such phases, based on the topological isomerism, geometrical stereoisomerism and condensation of chains; and (2) 
elucidating structural characteristics relating chain topology to stability.

A	structure	hierarchy	is	an	efficient	method	of	organizing	a	large	number	of	structures	related	by	the	occurrence	of	a	common	fundamental	building	
block	(FBB)	in	the	structural	unit	(e.g.,	Hawthorne	2014).	Typically,	all	phases	contain	FBBs	with	a	common	chemical	constituent	(e.g.,	SiO

4 
or PO

4
 

tetrahedra),	and	are	arranged	in	order	of	increasing	dimensionality	of	FBB	polymerization	(isolated	polyhedra/clusters,	infinite	chains,	infinite	sheets,	
and	frameworks).	The	development	of	a	hierarchy	for	structures	based	on	FBBs	of	v	=	4	chains	differs	from	this	established	approach,	as	the	chemical	
composition of the chain is irrelevant. Structures are organized based on the: (1) topological complexity (and stoichiometry) of chain stereoisomers; 
and	(2)	linking	of	these	chains	to	form	structures	of	increasing	dimensionality.	In	so	doing,	structures	naturally	distribute	themselves	amongst	the	
following	classes,	those	based	on:	(1)	isolated	chains	(40	structures	/	17	structure	types);	(2)	chains	linked	to	form	infinite	sheets	(30/5);	(3)	chains	
linked	to	form	vertex-sharing	frameworks	(175/41);	and	(4)	chains	linked	to	form	three-dimensional	frameworks	linked	through	vertices,	edges	and/or	
faces (60/8).

Despite the large number of topologically distinct chain stereoisomers that are possible, only a small subset occurs in a large number of minerals: for 
example, in the ~300 minerals discussed, only ~40 distinct graphical chain stereoisomers occur. Thus, Nature constructs a plenitude of minerals by 
varying how a few distinct chains connect. This phenomenon is best illustrated by the ∞[M(TØ

4
)Ø

2
] chain (Fig. 1c), which occurs in over 100 of the species 

investigated;	it	is	isolated	in	the	brackebuschite	group,	linked	to	form	sheets	(e.g.,	Fig.	1d-e)	in	the	tsumcorite-group,	linked	to	form	vertex-sharing	
frameworks	in	the	adelite-descloizite	and	pumpellyite	groups,	and	cross-linked	to	form	three-dimensional	frameworks	in	the	spinel	group.

References 
[1] Hawthorne, F.C. (2014). The structure hierarchy hypothesis. Min. Mag. 78 : 957-1027.
[2] Moore, P.B. (1970). Structural hierarchies among minerals containing octahedrally coordinating oxygen. I. Stereoisomerism among corner-sharing octahedral and tetrahedral chains. N. 

Jb. Miner. Mh., 1970 : 163-173.

264

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Modular aspects of mineral structures

Crystal chemistry of hydrous pyroxenoids with three-periodic single-chain of SiO4 tetrahedra
Mariko Nagashima1,	Teruyoshi	Imaoka1,	Chihiro		Fukuda2,	Thomas	Pettke3

1Dept. Earth Science, Yamaguchi University, Yamaguchi, 2Gem	Research	Japan	Inc.,	Osaka,	Japan,	3Institute of Geological Sciences, University of Bern, 
Switzerland

Relationships between cation substitution and hydrogen–bond system in hydrous pyroxenoids with a twisted chain consisting of three SiO
4
–tetrahedra 

are investigated by means of chemical and X-ray single-crystal structural analysis. Minerals with the common crystal chemical formula M3(Me1+)
M1,M2(Me2+)

2
[Si

3
O

8
(OH)], Me1+ = Na, Li and Me2+	=	Ca,	Mn,	Mg,	comprising	pectolite,	Li–bearing	pectolite,	murakamiite,	marshallsussmanite,	serandite,	and	

tanohataite	were	studied.	In	pectolite	and	murakamiite	two	structurally	independent	octahedrally	coordinated	sites	(M1	and	M2)	are	occupied	by	Ca.	In	
marshallsussmanite, serandite, and tanohataite, the site occupancies at M1 and M2 are M1[Ca

0.764(7)
Mn

0.236
]M2[Mn

0.910(8)
Ca

0.090
], M1[Mn

0.758(4)
Ca

0.242
]M2[Mn

1.0
], and 

M1[Mn
0.87(2)

Ca
0.13

]M2[Mn
0.943(9)

Mg
0.057

],	respectively.	The	Ca	and	Mn	contents	primarily	influence	and	distances	and	hence	the	unit–cell	parameters.	The	a–,	
b–, and c–dimensions increase linearly with Ca content, but the increase rates of the a– and c–dimensions are steeper than that of the b–dimension. 
The variation of the b-dimension is identical to that of Si

3
O

8
(OH)-cain length in pectolite-series structure. In other words, the length of Si

3
O

8
(OH) 

single-chain	increase	with	Ca	content	at	the	octahedral	sites	(7.02–7.03	Å	in	the	Ca–dominant	series,	6.94	Å	in	marshallsussmanite,	and	ca.	6.90	Å	in	
Mn–dominant series). Moreover, high Li concentration at M3 reduces the cell dimensions. The incorporation of smaller Li+ ions for larger Na+ ions at M3 
modifies	the	coordination	polyhedron	due	to	the	shift	of	the	atomic	position,	and	it	decreases	the	coordination	number	of	M3.	The	oxygen	atoms	at	O3	
and O4 host the hydroxyl group, and both oxygen sites may act as donor and acceptor of the hydrogen bond. With increasing Mn content the O3···O4 
distance	reduces	from	2.487(3)	Å	in	murakamiite	to	2.447(7)	Å	in	tanohataite.	A	short	O3···O4 distance also facilitates disordered hydrogen bonds. The 
hydrogen–bond system in pyroxenoids with three–periodic single–chain of SiO

4
 tetrahedra depends on (1) the true positions of Na and Li at M3 related 

to	the	configuration	and	size	of	the	M3	polyhedra,	and	(2)	the	O3···O4 distance related to the Ca and Mn content at M1 and M2. The system of hydrogen 
bonds	in	hydrous	pyroxenoids	with	a	five–periodic	chain	is	known	to	be	only	governed	by	factor	1.	In	the	latter	series,	the	lengths	of	Si

5
O

14
(OH)-chain 

and O···O	separation	were	not	influenced	by	the	cation	distribution	at	octahedral	sites.	In	nambulite	and	marsturite,	members	of	this	series,	Mn	and	Ca	
are distributed at the octahedral M1–M3 and seven–coordinated M4 sites instead of M1 and M2 octahedral sites in pectolite-series. These four polyhedra 
may counterbalance each other and cancel the effect of Ca ↔ Mn substitution on chain length. It possibly leads to the different behavior of hydrogen-
bond	system	in	three-	and	five-periodic	hydropyroxenoids.
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Modular Structure Of Biopyriboles-Palysepioles
Massimo Nespolo1

1Université	de	Lorraine,	CNRS,	CRM2,	Nancy,	France

Biopyriboles	and	palysepioles	are	two	well-known	polysomatic	series	built	on	TOT	rods	of	variable	width	extracted	from	the	structure	of	phyllosilicates.	
The close structural similarity between any two members of these two series can be shown by expressing the fractional atomic coordinates in a 
common reference. Accordingly, the two polysomatic series can actually be interpreted as a single series whose prototype is a phyllosilicate [1].

The operations mapping pairs of modules in each of the member of this series are partial operations; the symmetry operation of each module are 
local operations. Both partial and local operations act on the given module(s) but not necessarily on other modules. The set-theoretical union of all the 
partial and local operations gives a Brandt groupoid. The subset of these operations that act on the whole structure are global operations and they 
form the space group of the structure [2]. We show that the groupoid analysis explains the structural relations between pairs of rods in each member 
of the series. We also show that the global operations obtained by analyzing the groupoid of a given structure indeed result in the space group of that 
member.
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Liquid-crystal phase formation in Fe(OH)3/palygorskite non-aqueous suspensions
Tingting Xu1, Jing Chen* 1, Yeling Jin1

1College	of	Chemical	Engineering,	Jiangsu	Provincial	Key	Laboratory	of	Palygorskite	Science	and	Applied	Technology,	Huaiyin	Institute	of	Technology,	
Huaian, China

The exploitation of clay-based advanced materials is an ideal path to achieve the high value application of clay. Liquid-crystal ordering has been 
observed	in	numerous	colloidal	suspensions	of	rodlike	particles,	among	which,	mineral	ones	has	been	the	focus	of	interest.	The	formation	of	liquid	
crystal	phase	in	the	aqueous	palygorskite	suspensions	was	very	slow,	and	the	concentration	range	of	phase	transition	is	very	limited.		In	this	
contribution,	the	liquid	crystal	phase	behavior	of	non-aqueous	suspensions	of	organically	modified	palygorskite	was	investigated.	The	positively	
charged Fe(OH)

3
	colloids	were	added	to	the	Cetyltrimethyl	Ammonium	Bromide	(CTAB)	modified	palygorskite	to	form	suspensions.	Propenoic	acid	

trimethoxysilylpropyl ester (KH570) and polyisobutylene succinimide (PIBSI) were added for further dispersion of the particles, thus, a uniform and 
stable	suspension	was	obtained.	The	functional	groups	of	the	CTAB/G570	modified	palygorskite	were	identified	by	FT-IR.	The	effects	of	CTAB,	G570	
and Fe(OH)

3
	on	the	preparation	of	stable	palygorskite	suspensions	were	characterized	with	Contact	angle	measurement,	Zeta	potential	detection,	

Settlement measurement, SEM, and Particle size measurement. The effects of Fe (OH)
3
 on the liquid crystalline phase behavior of non-aqueous 

palygorskite	suspensions	were	investigated	by	orthogonal	polarization	microscope	and	polarizing	microscope. The results showed that the addition of 
Fe(OH)

3 
makes	the	suspensions	easier	to	array	under	magnetic	field	induction,	and	widen	the	concentration	range	of	the	suspension	for	liquid	crystal	

phase transition .

 Fig.1 Observation of I-N phase transition process of 3wt% PAL-CTAB-G570 suspension. (a) The clay suspensions observed between a crossed polarizers 
in	the	first	30min,	(b)	sample	(a)	left	standing	for	15days,	(c)enlarged	observation	of	sample	(a)	,(d)	SEM	image	of	the	isotropic	phase,	(e)	enlarged	
observation of  (b) , (f) SEM image of the nematic phase.
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Calcium interaction at the kaolinite surface: insights on the macroscopic behaviour
Dimitri Deneele1, Yadeta Chemeda1, Guy Ouvrard1, 2

1IMN CNRS IFSTTAR, 2IMN CNRS, NANTES, France

Soils	stabilization	with	lime	addition	is	a	widespread	technique	in	geotechnical	field.The	combination	of	calcium	ions	and	pH	modify	the	particle	
interactions	and	finally	the	mechanical	properties	of	the	soil.	Soil	stabilisation	with	lime	is	commonly	used	in	earthworks	since	it	allows	using	most	
of	the	natural	soil	located	within	the	project	area.	However,	certain	soils	rich	in	kaolinite	or	mica	show	a	delay	in	the	development	of	the	pozzolanic	
reaction	and	so,	in	the	modification	of	the	soil	resistance.

Better understanding of interaction mechanism is central for optimization of the technique.In this study, we focused on the short term effect of the 
lime	addition	of	different	kaolinites	by	probing	the	interface	modification	from	gas	adsorption,	atomic	force	microscopy	and	µ-XRF.In	the	present	work,	
the	short-term	kaolinite-lime	solution	interfacial	chemistry	and	the	effect	on	the	dissolution	and	long-term	reactionhas	been	investigated.	Calcium	
adsorption	from	saturated	lime	solution	(i.e.	simulated	alkaline	pore	solution	([Ca]	=	22	mmol/l	and	pH=12.63))	obeyed	multiple	first	order	kinetics	and	
different	uptake	mechanisms	are	involved,	whereas	it	obeyed	single	first	order	kinetics	from	chloride	solution	([Ca]	=	22	mmol/l	and	pH=7).	Species	
of calcium available for adsorption are strongly dependent onthe pH conditions (i.e. Ca2+ at pH 7 and CaOH+ at pH 12.63).The adsorption increased 
with increasing initial concentration of calcium. On the other hand, the more the quantity of calcium adsorbed, the less the measured concentration 
of silicon and aluminum in the supernatant. The adsorbed calcium distribution has been mapped usingµ-XRF. Regardless of the quantity of calcium 
adsorbed,	homogeneous	distribution	has	been	identified	suggesting	coating	of	kaolinite	particle	by	adsorbed	calcium.	The	coating	in	turn	prevented	
the	kaolinite	particles	from	alkaline	attack	and	retards	long-term	pozzolanic	reaction.

The	study	of	Ar	adsorption	at	the	kaolinite	surfaces	showed	first	that	both	lateral	and	basal	faces	of	the	particles	of	kaolinite	are	concerned	by	the	
calcium	uptake.	The	decrease	of	gas	adsorbed	and	the	associated	decrease	in	basal	surface	area	argued	in	favor	of	a	aggregation	of	the	particles	and	
the adsorption of CaOH+	at	high	pH.	So	the	calcium	adsoprtion	led	to	a	coating	of	the	kaolinite	surface	preventing	the	dissolution	of	the	kaolinite	and	
delayed	the	pozzolanic	reaction	and	the	final	resistance.

Surface	force	measurement	technique	(AFM)	was	used	to	examine	the	surface	charge	properties	of	the	two	faces	of	kaolinite.	The	surface	charge	on	
both faces showed dependence on the concentration of Ca(OH)

2
	with	similar	trend	to	that	of	zeta	potential.	However,	the	silica	face	of	kaolinite	was	

probed to be much more negative and relatively less dependent on the concentration of Ca(OH)
2
	than	alumina	face	of	kaolinite,	revealing	different	

charging	mechanism	on	the	two	faces	of	kaolinite.	The	charge	on	alumina	face	appears	to	be	highly	pH	dependent	than	silica	face.

The dependence of electrical double-layer interaction force and surface potential on the concentration of NaOH and Ca(OH)2 followed the same trend 
as the rheological behavior.
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Synthesis of ultra thin silver nanoplates on layered double hydroxide for surface enhanced raman 
scattering
Gyeong-Hyeon Gwak1, Jae-Min Oh2

1Pohang Aceelerator Laboratory, Pohang, 2Chemistry, Yonsei University, Wonju, Korea, Republic Of

Regular	arrays	of	silver	nanoparticles	having	anisotropic	morphology	was	known	to	show	surface	enhanced	raman	scattering	phenomena,	which	
enables versatility as biosensors. Therefore, various methods to prepare silver nanoparticles with controlled size and morphology had been 
approached.	Generally,	ionic	precursor	like	AgNO

3
 was utilized and crystal growth was manipulated by organic structure directing agents. In this study, 

we tried to prepare ultra thin nanoplates on layered double hydroxide (LDH) support. In order to achieve anisotropic silver nanoparticles, silver-thiolate 
which	is	known	to	form	2-dimensional	lamellar	structure	was	selected	and	LDH	having	2-dimensional	layered	structure	with	interlayer	anion	was	
utilized.	Briefly,	layer-by-layer	heterostructure	having	LDH	and	silver-thiolate	was	prepared	and	silver	nanoplates	were	grown	in	the	LDH	layers.In	this	
way, LDH can act as both substrate and structure directing template at the same time.

The layer-by-layer heterostructure was obtained as follows. First, layered silver-thiolate was obtained by reacting AgNO
3 
and 3-mercaptopropionic 

acid in organic solvent for 24 h at room temperature. From X-ray diffraction (XRD) pattern and infrared (IR) spectroscopy, the silver-thiolate was 
determined to have layered structures maintained by inter-layer hydrogen boding between carboxylic groups. Addition of NaOH solution to silver-
thiolate suspension lead to the deprotonation of carboxyl groups, resulting in delamination by converting inter-layer hydrogen bonding to electrostatic 
repulsion.	According	to	atomic	force	microscopy	(AFM),	the	thickness	and	lateral	size	of	delaminated	silver-thiolate	was	determined	~1.3	nm	and	~50	
nm, respectively. Then, mixed metal solution (Mg2+/Al3+) and NaOH solution were sequentially added to delaminated silver-thiolate until pH 9.5 to in-situ 
develop	LDH	layers	on	the	silver-thiolate	layers.	The	XRD	pattern	for	thus	prepared	product	exhibited	d-spacing	of	~19	Å	and	larger	(006)	peak	than	
(003),	suggesting	the	successful	formation	superstructure	between	two	inorganic	layers.	Then	the	product	was	thermally	treated	at	500°C	under	
reducing gas (hydrogen:nitrogen=2:8) for 12 h to grow silver nanoplates.

In	order	to	confirm	the	size	and	thickness	of	obtained	silver	nanoplates,	LDH	part	was	removed	by	acid	treatment,	and	the	remaining	part	was	
characterized with AFM. The result showed that the single plates was as thin as 1 nm with ~50 nm diameter. Through X-ray absorption near edge 
spectra, it was revealed that the oxidation state of silver nanoplates was ~+0.10, suggesting the stability against oxidation. The fourrier transform 
extended	X-ray	absorption	fine	structure	indicated	that	the	silver	nanoplates	had	same	structure	with	metallic	silver	with	face	centered	cubic	
symmetry.

The ultra thin silver nanoplate arrayed in LDH substrate was then casted on silicon wafer and subjected to raman spectroscopy utilizing rhodamine 6G 
as	target	molecule.	The	rhodamine	6G	itself	did	not	show	any	detectable	raman	signal	at	0.1	mol/L	condition;	however,	rhodamine	6G	showed	significant	
signals at low concentration of 1 micromol/L with the help of silver nanoplate arrayed on LDH.
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Recent Developments in Material Design of Layered Alkali Silicates
Yusuke Ide1

1International	Center	for	Materials	Nanoarchitectonics	(WPI-MANA),	National	Institute	for	Materials	Science,	Tsukuba,	Japan

Layered	alkali	silicates	(also	called	layered	polysilicates),	whose	frameworks	are	composed	of	only	SiO
4
 tetrahedra, provide rich intercalation chemistry 

based on silanol groups (SiOH/SiO−)	covering	the	interlayer	surface.	The	interlayer	modification	via	intercalation	reactions	such	as	cation	exchange	and	
covalent	attachment	has	been	investigated	for	designing	adsorbents,	catalysts,	fillers	for	organic	polymers,	zeolites,	and	so	on.[1] Here we report our 
recent	works	on	materials	design	of	some	layered	alkali	silicates.[2-4]

For	example,	we	synthesized	atomically	thin	Ag	nanocrystals	so	called	“Ag	nanoplates”	in	the	interlayer	space	of	a	typical	layered	alkali	silicate,	
octosilicate.[3]	The	layered	silicate	was	first	pillared	with	dialkylurea,	which	served	both	as	a	reducing	agent	for	the	Ag	precursor	(AgNO

3
) and 

immobilized the Ag nanoplates in the interlayer space. The supported Ag nanoplates showed catalytic activity for hydrolysis of NH
3
BH

3
 and generation 

of H
2
 at room temperature. These supported Ag nanocatalysts had performance much higher than spherical Ag nanoparticles.

Besides	such	interlayer	modification,	we	report	unusual	intralayer	micropores	in	magadiite.[5] Magadiite is a naturally occurring layered silicate, which 
was	found	at	Lake	Magadi,	Kenya	in	1967	and	is	nowadays	one	of	the	most	frequently	studied	layered	alkali	silicates.	However,	properties	of	this	mineral	
have	remained	mysterious	for	the	lack	of	crystal	structure	information.	We	have	thus	revisited	its	structure	analysis	and	succeeded	in	determining	its	
structure	using	X-ray	pair	distribution	functions.	We	discovered	zeolitic	microchannels	within	the	layers	of	magadiite	and	found	molecular	sieve-like	
adsorption by these micropores.
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Surface roughness effect of layered double hydroxides in their cellular uptake
Hyoung-Jun Kim1, Sung Hoon  Kim2,	Yoon	Suk	Kim2, Jae-Min Oh1

1Chemistry and Medical Chemistry, 2Department of Biomedical Laboratory Science, Yonsei University, Wonju, Korea, Republic Of

The	size,	morphology,	surface	charge	and	surface	roughness	of	nanoparticle	are	critical	factors	for	cellular	uptake	using	nanoparticles	as	drug	delivery	
carrier. Layered double hydroxide (LDH), which has positively charged surface, large surface area and biocompatibility, is one of the drug delivery 
carrier.	LDHs	having	particle	size	from	~	50	nm	to	~	200	nm	are	favored	for	cellular	uptake.	However,	there	is	no	research	on	relationship	between	
the	surface	roughness	of	LDH	and	their	cellular	uptake.	In	this	study,	we	tried	to	investigate	the	cellular	uptake	of	LDH	nanoparticles	according	to	the	
surface	roughness	of	LDH.	In	order	to	prepare	two	kinds	of	LDH	with	smooth	and	rough	surface,	we	have	co-intercalated	anionic	fluorescein	dye	(AFD,	
fluorescence	indicator)	and	1-butanesulfonate	(BS,	pillar)	into	interlayer	of	LDH	through	ion-exchange	and	reconstruction,	respectively.	X-ray	diffraction	
patterns of pristine LDHs (MgAl-NO

3
-LDH and MgAl-CO

3
-LDH) and AFD-BS-LDH (FLDH) prepared by ion-exchange (FLDH-I) and reconstruction (FLDH-R) 

revealed that the d-spacing was increased from ~ 0.82 nm to ~ 1.58 nm through co-intercalation of AFD and BS into interlayer space of LDH. Fourier 
transformed-infrared spectra of pristine LDHs, AFD and both FLDH hybrids indicated that their functional groups of AFD molecule were remained 
without	deformation	after	incorporation	reaction.	In	order	to	confirm	the	primary	particle	size	and	morphology	of	pristine	LDHs	and	both	FLDH	hybrids,	
we	utilized	scanning	electron	microscopy.	According	to	SEM	images,	the	pristine	LDHs	and	both	FLDH	hybrids	have	plate-like	shape	with	~	180	nm	size	
and	the	particle	size	and	morphology	was	remained	after	intercalation	AFD	and	BS	into	interlayer	of	LDH.	We	also	checked	the	both	FLDH	hybrids	show	
the same hydrodynamic size as 171 nm and 176 nm for FLDH-I and FLDH-R, respectively. The both FLDH hybrids suspension (FLDH hybrids in deionized 
water) have similar positive charge as 38.7 mV and 31.3 mV at same pH condition (~ pH 9.96) for FLDH-I and FLDH-R, respectively. In order to investigate 
surface roughness of both FLDH hybrids, we used atomic force microscopy. The FLDH-I hybrid showed smooth surface with Ra value 0.564 nm which 
maintaining smooth surface of pristine MgAl-NO

3
-LDH (Ra values 0.400 nm). On the other hand, FLDH-R exhibited rough surface with Ra value 1.437 nm 

compared with FDH-I (Ra value 0.564 nm) which and MgAl-CO
3
-LDH	(Ra	value	0.341	nm).	From	there	results,	we	confirmed	that	FLDH-I	and	FLDH-R	have	

different surface roughness with similar particle size, morphology and surface charge. The trypan blue assay results of both FLDH hybrids against 
human lung adenocarcinoma cell (A549) line revealed that FLDH-I and FLDH-R hybrids was biocompatible up to 200 µg/mL. In order to evaluate cellular 
uptake	of	both	FLDH	hybrids,	we	carried	out	fluorescence-activated	cell	sorter	analysis	of	FLDH-I	and	FLDH-R	hybrids	treated	A549	cells.	The	FLDH-I	
hybrid was 1.5 more times internalized into A549 cell than FLDH-R hybrid. 
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Plasma protein interaction of layered double hydroxide according to their size and surface charge
Hyoung-Mi Kim1, Kamada Kai2, Jae-Min Oh1
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Japan

Layered	double	hydroxides	(LDHs)	have	attracted	increasing	interest	as	drug	or	gene	delivery	system	with	biocompatibility	and	high	cellular	uptake	
efficiency.	We	evaluated	interaction	between	layered	double	hydroxide	and	biological	substances	such	as	plasma	proteins	and	blood	cells.	Three	
kinds	of	LDHs	with	same	chemical	formula,	Mg

2
Al(OH)

6
(CO

3
)

0.5
, were prepared to have different average particle diameter through hydrothermal and 

urea hydrolysis synthesis method. The surface charge of anionic clays was controlled by coating their surface with L-serine, succinate and citrate, 
respectively.	Powder	X-ray	diffraction	patterns	showed	that	all	the	LDHs	possess	hydrotalcite-like	structure.	Scanning	electron	microscopic	analyses	
on LDHs showed the average particle sizes of ~150, ~350, and ~2000 nm. According to zeta potential measurement, the surface charges of coated 
LDHs were determined to be -15.28, 5.68 and 36.54 mV. In order to evaluate interaction between proteins and LDHs depending on their size and surface 
chemistry,	we	investigated	both	protein	adsorption	isotherms	by	Bradford	assay	and	protein	denaturation/aggregation	by	fluorescence	quenching	
assay	utilizing	human	serum	albumin,	human	serum	gamma-globulin,	human	serum	fibrinogen	and	human	whole	plasma.	It	was	revealed	that	the	size	
of	LDH	did	not	significantly	affect	its	interaction	with	plasma	proteins,	while	the	surface	charge	strongly	governed	the	surface	adsorption	of	proteins	
on LDHs through electrostatic interaction. The quartz crystal microbalance (QCM) showed that surface adsorbed human serum albumin consisted of an 
irreversibly adsorbed fraction and a reversibly adsorbed fraction. Quantitative analyses on QCM exhibited that irreversibly adsorbed fraction increased 
upon surface positivity of LDH.
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Size- and surface charge dependent blue green algae flocculation of layered double hydroxide 
nanoparticles
Tae-Hyun Kim1, 2, Ulla Gto Nielsen1, Jae-Min Oh2

1Department	of	Physics,	Chemistry	and	Pharmacy,	University	of	Southern	Denmark,	Odense,	Denmark,	2Department of Chemistry and Medical Chemistry, 
Yonsei University, Wonju, Korea, Republic Of

Sudden	bloom	of	blue	green	algae,	also	known	as	harmful	algal	blooms	(HABs)	in	water,	has	seriously	affected	water	quality,	local	economies,	
environment	and	human	health.	It	is	known	that	Microcystis	aeruginosa	(MA;	M.	aeruginosa)	causes	serious	damage	to	aquatic	ecosystems	and	
human life because it produces toxins as secondary metabolites. To reduce HABs, various algal removal techniques have been developed, such as 
flocculation,	ultrasonic	aggregation,	froth	flotation,	filtration,	and	algicide	treatment.	Especially,	flocculation	is	the	most	practical	method	due	to	the	
cost-effectiveness	and	easy	handling.	From	this	reason,	yellow	loess,	a	kind	of	natural	clay,	is	utilized	to	flocculate	HABs	in	South	Korea	and	Japan.	
Clays	could	interact	with	blue-green	algae	through	particle-cell	interaction	resulting	in	effective	removal	through	flocculation.	To	understand	and	
enhance	the	flocculating	activity	of	clays,	sufficient	comprehension	on	the	surface	interaction	between	blue-green	algae	and	clays.	We	investigated	MA	
flocculation	by	size	and	surface	charge	controlled	layered	double	hydroxides	(LDHs)	which	is	one	of	the	anionic	clays.	First,	we	prepared	various	sized	
LDHs having chemical formula of Mg

1-x
Al

x
(OH)

6
(CO

3
)

x
×mH

2
O, with having average lateral size of 50, 270 and 2,200 nm through coprecipitation followed 

hydrothermal	treatment.	Among	LDHs	of	various	lateral	sizes,	2,200	nm	sized	LDH	particles	showed	~100	%	of	MA	flocculation	activity	within	60	min.	
We also controlled the surface charge of 2,200 nm LDHs utilizing organic moiety coatings of L-serine, succinate, and citrate, respectively. Negatively 
charged	LDHs	coated	with	citrate	showed	~	0%	of	flocculation	activity,	while	positively	charged	LDHs	showed	high	flocculation	activity.	From	these	
results,	we	suggest	that	the	surface	charge	in	one	of	the	important	factors	for	algal	flocculation.	Taking	into	account	the	size	and	surface	charge	
parameters	for	algal	flocculation,	we	prepared	LDHs	with	a	lateral	size	of	∼500 nm and a positive surface charge from industrial waste slag (SL). 
Through	MA	flocculation	experiments,	SLs	showed	∼40%	flocculating	activity	within	60	min	while	slag	ground	into	powder	showed	little	flocculating	
activity	after	240	min.	Considering	that	the	lateral	size	and	surface	charge	of	LDHs	are	important	factors	for	flocculating	algal	cells	with	LDH,	SL	could	
be	a	candidate	for	effective	nanomaterials	for	algal	flocculation.
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Photoluminescence by Intercalation of a Fluorescent β-Diketone Dye into a Synthetic Saponite
Tomohiko Okada1

1Chemistry and Materials Engineering, Shinshu University, Nagano, Japan

Aggregation-induced emission (AIE) refers to a photophysical phenomenon exhibited by luminogenic molecules that are nonemissive when they are 
dissolved in good solvents as molecules but become highly emissive when they are clustered as aggregates in poor solvents or in the solid state.1 
Considering the systematic design of AIE luminogenic dyes, the restriction of the intramolecular motion (e.g., rotation and vibration) by maintaining 
an appropriate distance between neighboring luminogenic groups is important for the manifestation of AIE characteristics. AIE is antagonistic to 
quenching	caused	by	aggregation,	which	is	often	observed	in	conventional	dye	crystals	because	of	strong	chromophore	interactions	(e.g.,	π−π	
stacking	and	C−H···π	interactions)	that	lead	to	nonradiative	relaxation	and	spectral	shifts.	Organization	of	the	AIE	luminogens	in	a	controlled	manner	
(location,	orientation,	and	packing)	at	solid	interfaces	is	a	methodology	for	facilitating	AIE	properties.	For	using	a	specific	interaction	with	solid	
surfaces, negatively/positively charged layered clay minerals have been employed to construct supramolecular assembly systems through electrostatic 
interactions.2−4

Here, we report the enhancement of the AIE characteristics of a structure-sensitive luminogenic dye (a β-diketone)	by	means	of	intercalation	into	
a synthetic saponite (Sumecton SA), which is a smectite group of layered clay minerals.5 A β-diketone	dye	was	packed	into	the	two-dimensional	
nanospace	of	the	synthetic	saponiteto	induce	strong	emission	owing	to	molecular	packing	of	the	dye.	An	emissive	dye,	1-(4-methoxyphenyl)-3-(4-
pyridyl)-1,3-propandione, was prepared through a Claisen condensation reaction; the dye exhibited aggregation-induced emission, which is enhanced 
emission owing to clustering of molecules to form aggregates in poor solvents or in the solid state. The protonated form in an acidic aqueous solution 
was involved in cation-exchange reactions for the intercalation into the synthetic saponite. The dye was nonemissive in solution. However, strong green 
emission was observed because of the restriction of molecular motion when the protonated dye was accommodated into the interlayer nanospace 
of	the	silicate	layers	through	cation-exchange	reactions.	The	restricted	motion	was	confirmed	by	the	smaller	nonradiative	relaxation	rate	constant	
obtained	by	time-resolved	luminescence	and	quantum	yield	measurements.	A	moderate	dye	packing	(0.11	mmol/g)	in	the	interlayer	space	is	important	
to	obtain	enhanced	emission,	whereas	the	intercalation	of	a	large	amount	of	dye	(0.27	mmol/g)	resulted	in	diminishing	the	fluorescence	efficiency	due	
to the aggregation-caused quenching (concentration quenching). Therefore, the interlayer space of the synthetic saponite used here was responsible 
for	the	strong	emission	because	of	moderate	packing	of	the	accommodated	β-diketones.
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Intercalation of uranyl peroxide nanoclusters into layered double hydroxides
Samuel Perry1, Stuart Mills2, Peter Burns1

1Civil and Environmental Engineering and Earth Sciences, University of Notre Dame, Notre Dame IN, United States, 2Geosciences, Museum Victoria, 
Melbourne VIC, Australia

Uranyl peroxide nanoclusters are a class of polyoxometalates (POMs) that can exceed 3 nm in diameter and are connected by peroxide and hydroxide 
bridges equatorially coordinated to UO

2
2+ ions1. The very high aqueous solubility, large size relative to many transition-metal POMs, and stability of 

these	nanoclusters	has	been	of	increasing	scientific	and	industrial	interest2. Layered double hydroxides (LDHs), including hydrotalcite, are anionic 
clays composed of divalent and trivalent cations in positively-charged sheets separated by an interlayer containing water and polyatomic anions3. 
Synthetic LDHs have been extensively researched due to their expandable interlayer, which can accommodate transition metal POMs4. Intercalation of 
uranyl peroxide nanoclusters into anionic clays potentially allows for novel applications related to the nuclear fuel cycle. This could include application 
for	radionuclide-contaminated	sites,	such	as	Fukushima	Daiichi5, as	the	large	size	of	the	nanoclusters	would	remove	a	significant	fraction	of	U	from	
solution	while	potentially	accommodating	fission	products	in	the	expanded	gallery.

The intercalation of uranyl peroxide nanoclusters into synthetic MgAl-hydrotalcite has been attempted using established intercalation techniques such 
as co-precipitation, anion exchange, and exfoliation. The resulting reaction products were then characterized using a suite of instruments: powder 
X-ray diffraction (PXRD) to measure the d-spacing of the interlayer, Raman spectroscopy to identify the interlayer species, and inductively couple 
plasma optical emission spectroscopy (ICP-OES) to determine the elemental ratios.

Early PXRD analyses have shown the clays to be well-formed and Raman spectroscopy has implied the persistence of the nanoclusters after the 
reaction,	as	well	as	polyatomic	anionic	species.	Further	experiments	will	be	conducted	by	first	pillaring	the	LDHs	to	allow	for	greater	uptake	of	the	
nanocluster species.
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Applications of advanced analytical and mass spectrometry techniques to the characterisation of 
LCT pegmatites
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Lithium has become a critical material for many modern technologies, most particularly in rechargeable batteries for portable electronic devices. 
The ability to extract lithium from pegmatite ores economically is essential to creating a sustainable lithium production. However, a comprehensive 
understanding	of	the	deportment	of	lithium	and	associated	minerals	in	some	ore	bodies	is	limited.	Lithium	is	a	light	element	which	makes	it	very	
difficult	to	analyse	using	conventional	x-ray	based	methods	and	therefore	requires	special	analytical	techniques	to	quantify	the	abundance	and	
distribution in minerals. In addition, the deportment of other elements (e.g., Rb, Cs, B, Be, Fe, Al, Mn, F) associated with minerals within pegmatite 
deposits also need to be considered in process development.

This presentation demonstrates the capabilities of the intergrated use of the John de Laeter Centre’s state-of-the-art analytical and mass spectrometry 
techniques to characterise different lithium minerals in spodumene and Li bearing micaceous LCT pegmatites from Western Australia (Aylmore et al., 
2018a,b). To quantify the different Li-bearing ore minerals, the chemistry and structural characteristics of a suite of lithium mineral specimens were 
first	examined.	The	micas	were	classified	and	grouped	based	on	their	compositions	(e.g.	Al:Si	ratio	F,	Na	content)	and	used	to	distinguish	different	
micas with different lithium grades. The mineralogy, mineral associations and liberation characteristics of both ore-bearing and gangue minerals 
were characterised using a Tescan Integrated Mineral Analyser (TIMA) and X-ray Powder Diffraction studies. The distribution of lithium and other 
elements	within	the	minerals	were	defined	in	a	suite	of	ores	using	a	combination	of	Laser-ablation	ICP-MS,	field	emission	scanning	electron	microscopy	
techniques with ESBD and ToF-SIMS capabilities, as well as Atom Probe Microscopy for 3D atomic imaging to identify lithium zonation within mineral 
matrices. 

The Figure below illustrates the complexity of mineral intergrowths in three different pegmatites and the integration of techniques such as ToF-SIMS 
which allow for the measurement and correlation of lithium and other elements associated within different minerals (e.g. muscovite and Li rich micas).
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Rare phosphate minerals in granite pegmatite dykes, northeastern Victoria, Australia
William Birch1

1Geosciences, Museums Victoria, Melbourne, Australia

Tin	and	tantalum-bearing	LCT-type	granitic	pegmatites	occur	in	a	45-km-long	belt	between	Eskdale	and	Mount	Wills	in	northeastern	Victoria,	Australia.	
In the southern part of the belt near Mount Wills, several of the pegmatite bodies contain complex assemblages of primary and secondary phosphate 
minerals, many of which are rare and previously unrecorded in Victoria. The phosphate assemblages can be divided into Fe‒Mn and Al-rich suites, 
in	addition	to	ubiquitous	fluorapatite.	The	Fe‒Mn suite includes heterosite and members of the arrojadite, alluaudite and jahnsite‒whiteite groups, 
most	commonly	intimately	intergrown	as	inconspicuous	replacements	of	primary	triplite	and	wolfeite	in	the	Blue	Jacket	and	Knocker	dykes.	Further	
hydrothermal	alteration	of	this	assemblage	has	resulted	in	a	secondary	suite	of	strengite,	rockbridgeite,	phosphosiderite	and	whitmoreite	forming	in	
etch cavities and fractures. The Al-rich phosphate suite includes montebrasite, scorzalite, bertossaite and brazilianite. A Late Silurian age of 420 +/-4 
Ma	was	obtained	from	one	of	the	dykes	using	CHIME	radiometric	dating	of	monazite,	suggesting	a	temporal	relationship	with	the	nearby	Mount	Wills	
Granite. This highly fractionated, peraluminous granite is presumed to be the source of the rare-element pegmatites.
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Anatectic origin of the post-Penokean Li-Cs-Ta-enriched pegmatites in Florence County, Wisconsin, 
USA
Alexander Falster1, William  Simmons1, Karen Webber1

1MP2 Research Group, Maine Mineral & Gem Museum, Bethel, United States

Li-Cs-and Ta-enriched pegmatites in Florence County, Wisconsin (Falster et al. 1996) occur in a terrain of amphibolite to greenschist grade 
metamorphism	early	Proterozoic	metavolcanic	and	metasedimentary	rocks	of	the	Quinnesec	formation.		Within	an	area	of	at	least	40	km2, pegmatites 
of small to moderate size occur.  There are two main areas with pegmatites, one along the Pine and Popple Rivers and one north of the Price and Patton 
Lakes.	

The mineralogy of the pegmatites is typical for highly evolved orogenic pegmatites, consisting of lepidolite, elbaite, amblygonite-montebrasite, 
lithiophilite,	evolved	Ta-rich	oxides	and	more.		Mineralogically	and	geochemically	similar,	the	Price	and	Patton	Lakes	field	also	contains	petalite	with	
spodumene	whereas	the	Pine	and	Popple	River	field	pegmatites	only	contain	spodumene.

Based	on	the	estimates	of	a	600°C	melt	into	450°C	country	rock	of	Simmons	&	Webber	(2008),	the	1	m	ARA	dike	may	have	cooled	to	450°C	in	about	2	
months.

The	bulk	pegmatite	is	highly	leucocratic	with	a	distinct	Mn	enrichment	and	low	Fe.		Mafic	minerals	such	as	biotite	are	entirely	absent	in	the	pegmatite.		
This is characteristic of melts that are produced from an aluminous protolith.  (London et al. 2001)

Granitic	rocks	exposed	to	the	south	and	west	of	the	two	pegmatite	fields	described	above	do	not	correlate	well	with	respect	to	the	bulk	chemistry	of	
the	pegmatites	compared	to	the	bulk	chemistry	of	the	country	rocks.		The	content	of	Al

2
O

3
, LILE and HFSE of the granites are lower than that of the 

country	rocks.		Li,	Be	and	B	are	substantially	higher	in	the	Quinnesec	metapelites,	whereas	HFSE	are	higher	in	the	Quinnesec	metavolcanic	rocks	than	in	
the granites. 

Anatexis	involving	two	common	rock	types,	metapelite	and	mafic	metavolcanics,	present	in	the	area	can	explain	the	origin	of	the	pegmatites	without	
requiring their formation by igneous fractionation.  The granites are metaluminous with a much lower Al

2
O

3
 content of 13.4 wt.%. whereas the 

pegmatites	(as	represented	by	the	bulk	composition	of	the	ARA)	are	peraluminous	with	an	Al
2
O

3
 content of around 20 wt.%. 

A	combination	of	Quinnesec	rock	types	provide	a	superior	agreement	between	the	pegmatite	composition	and	a	source	of	melt	derived	from	this	mixed	
source	rock	package	by	anatexis	than	do	the	nearby	granite	bodies.		In	particular,	the	high	field	strength	elements	(HFSE)	Ta,	Nb	and	Sn	are	abundant	
in	the	widespread	titanite	in	the	mafic	metavolcanic	rocks.		Those	pegmatites	that	have	invaded	into	mainly	mafic	metavolcanic	rocks	possess	the	
highest	concentration	of	Ta,	Nb	and	Sn	minerals.		Fluorine	is	abundant	in	lepidolite,	apatite	and	amblygonite,	and	likely	played	an	important	role	in	
sequestering	HFSE	elements	and	in	mobilizing	them	from	source	rocks.	Even	in	the	early	formed	Nb-Ta	oxides,	a	high	Ta	content	is	evident,	indicating	
an already evolved Ta/Nb ratio in the source material which then was further fractionated, yielding high Ta-tantalite-(Mn) and microlite as well as some 
tapiolite-(Fe)	in	the	western	reaches	of	the	pegmatite	field.	
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Tantalowodginite: A New Mineral from the Emmons Pegmatite, Uncle Tom Mountain, Greenwood, 
Oxford Co., Maine, USA
Sarah Hanson1, Alexander Falster2, William Simmons2, Pietro Vignola3, Nicola Rotiroti4, Sergio Ando5,	Hatert	Frédéric6

1Geology, Adrian College, Adrian, 2Maine Mineral & Gem Museum, Bethel, United States, 3CNR-Istituto per la dinamica dei processi ambientali, Milan, 
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Wodginite Group minerals have the general formula ABC
2
O

8
	and	are	classified	based	on	the	dominant	cation	at	each	individual	site.		Wodginite	

species include: wodginite (MnSnTa
2
0

8
), ferrowodginite (Fe2+SnTa

2
0

8
), titanowodginite (MnTiTa

2
0

8
), lithiowodginite (LiTaTa

2
0

8
), and ferrotitanowodginite 

(Fe2+TiTa
2
0

8
).	Tantalowodginite,	a	Ta-rich	member	of	the	wodginite	group,	has	been	identified	from	the	Emmons	pegmatite	in	Oxford	County,	Maine	

where it is associated with wodginite and columbite-tantalite group minerals. This mineral was recently approved by the IMA Commission on New 
Minerals,	Nomenclature	and	Classification	(IMA2017-095).	The	type	specimen	is	deposited	in	the	mineralogical	collection	of	the	Maine	Mineral	&	Gem	
Museum, Maine, U.S.A.

The Emmons LCT-type pegmatite is complexly zoned with a wall zone, several intermediate zones, and a poorly exposed quartz-rich core.  Replacement 
units along the core-intermediate zone boundary have undergone almost complete alteration and replacement with muscovite as the only primary 
remaining mineral. Tantalowodginite occurs in the pegmatite core as primary anhedral masses (0.5 to 12 cm) and rarely as crystals (0.2-1 cm) in 
miarolitic	cavities	associated	with	muscovite	and	fluorapatite.		It	is	orange	to	deep	red	with	a	vitreous	to	sub-adamantine	luster,	and	is	rimmed	with	
either	black	wodginite	or	columbite-(Mn).		Crystals,	when	present,	are	generally	elongated,	blunted	dipyramidal	forms,	but	rounded	and	wedge	habits	
are	also	present.		Tantalowodginite	has	a	yellowish	tan	streak,	is	brittle	with	a	conchoidal	fracture,	and	shows	a	distinct	{100}	cleavage.	The	Mohs	
hardness is 5.5. The calculated density is 7.87 g/cm3 and the measured density is 7.61(0.001) g/cm3. 

The empirical formula, calculated on the basis of 8 oxygen atoms per formula unit from the average of six electron microprobe analyses is: 
(Mn

0.58
Li

0.24
Fe

0.02&Square0.16
)
∑1.00

(Ta
0.62

Sn
0.36

Ti
0.01

)
∑0.99

(Ta
1.83

Nb
0.17

)
∑	2.00

O
8
. The idealized formula is (Mn

0.5&Square0.5
)TaTa

2
O

8
. 

X-ray	diffraction	data	show	tantalowodginite	is	monoclinic,	space	group	C2/c.	The	refined	unit-cell	parameters	are	a	=	9.542(1)Å,	b	=	11.488(2)Å,	c	=	
5.128(1)Å,	and	β	=	91.13(1)º,	with	Z	=	4.	The	structure	is	comprised	of	three	octahedrally	coordinated	sites.	The	A-	and	B-sites	form	zig-zag	chains	along	z	
via edge sharing. Within these chains, the A- and B-sites alternate within the same plane. The C-sites form chains via edge sharing that lie in a different 
plane and connect the A-B chains sharing apexes alternately with the A and B polyhedra.  

In the Emmons pegmatite, cassiterite was the early crystallizing Sn phase.  With continued fractionation, Ta activity increased and tantalowodginite 
became the predominant Sn crystallizing phase.  Later in the core formation, overgrowths of wodginite crystallized on the tantalowodginite. In 
contrast,	tantalowodginite	from	the	pockets	is	overgrown	by	columbite	group	minerals.	The	relative	timing	of	the	crystallization	of	these	two	
overgrowth types cannot be determined. Finally, as Sn became depleted, columbite group minerals became the predominant crystallizing phase.
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The stability of Si-rich triphylite in granitic pegmatites : an experimental investigation of the 
Li(Fe,Mn)(PO4)-(Fe,Mn)2(SiO4) olivine-type solid solution
Frederic Hatert1, Olivier Namur2, Maxime Baijot1

1Laboratory of Mineralogy B18, University of Liège, Liège, 2Departement	of	Aard-	and	Omgevingswetenschappen,	Katholieke	Universiteit	Leuven,	Leuven,	
Belgium

Triphylite, LiFe(PO
4
),	is	the	most	common	primary	iron	phosphate	occurring	in	granitic	pegmatites.	The	petrogenetic	significance	of	this	mineral	has	

been well documented in the literature, and several experimental investigations were recently conducted to better understand the incorporation 
mechanism of Na in triphylite (Hatert et al., 2011), and to determine the stability conditions of the triphylite + sarcopside [Fe

3
(PO

4
)

2
] assemblage 

observed in some pegmatites (Hatert et al., 2016). Recently, electron-microprobe analyses of triphylites from the Pøibyslavice metagranite, Czech 
Republic	(Škoda	et	al.,	2013),	and	from	the	Sapucaia	pegmatite,	Brazil	(Baijot,	2015),	indicated	high	amounts	of	Si	in	this	phosphate,	reaching	17	wt.	%	
SiO

2
. Consequently, we decided to investigate hydrothermally the LiFe(PO

4
)-Fe

2
(SiO

4
) system, which represents solid solutions between olivine-type 

minerals	triphylite	and	fayalite.	Experiments	were	performed	in	cold-seal	pressure	vessels	at	1	kbar	and	between	300	and	700°C,	with	an	oxygen	
fugacity constrained by the Ni-NiO buffer. Electron-microprobe analyses of the synthetic phases indicate that a complete solid-solution exists between 
triphylite	and	fayalite	above	550°C,	while	a	miscibility	gap	is	observed	below	this	temperature.	For	the	Mn-rich	compositions	of	the	LiMn(PO

4
)-Mn

2
(SiO

4
) 

system,	corresponding	to	the	lithiophilite-tephroite	solid	solution,	the	miscibility	gap	appears	below	650°C.	The	temperatures,	calculated	from	these	
experimental	data	for	the	crystallization	of	pegmatitic	Si-rich	triphylites,	are	between	200	and	200°C,	significantly	below	the	temperatures	generally	
admitted for the formation of these phosphates (Hatert, 2011, 2016). This mismatch is due to the unexpectedly low Si-content of triphylites, which can 
be	considered	as	a	strong	argument	confirming	the	immiscibility	between	phosphates	and	silicates	in	pegmatitic	melts.		
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Li Mineralogy of the Barroso-Alvão Pegmatite Field (Northern Portugal)
Alexandre Lima1, Ana Teodoro1, Rui Martins2, Pedro Jorge1

1University of Porto, Porto, Portugal, 2INESC, University of Porto, Porto, Portugal

Lithium (Li) is a strategic metal for the XXI century, mainly through its application in the Low Carbon Technologies, becoming one of the most 
searched high-tech metals around the world. Portugal is an important mining country of Li minerals inside the European Union, but its application 
at the present time is only for the ceramic and glass industries. Due to the rise in price for this element there are at the present time dozens of 
applications	for	exploration	permits	in	the	country.	This	abstract	target	the	most	important	Li	pegmatite	field	that	are	being	explored:	Barroso-Alvão	
region.  The Li minerals are mainly spodumene and petalite, with rare lepidolite and rare montebrasite-ambligonite (Charoy et al. 2001). We observed 
that late shearing structures affecting the Li pegmatites are responsible for the change in the main Li mineralogy, from petalite to spodumene and 
principally of the spodumene textures (Fig. 1). As the structural system is poorly understood on this area, accurate targeting of Li ores becomes 
almost	unpredictable.	Beyond	the	mineralogical	unknowns	related	with	each	pegmatite,	Li-exploration	hence	suffers	from	technical	difficulties.	Li	
is	an	element	hard	to	measure.	Recently,	LIBS	(laser	induced	breakdown	spectroscopy)	has	been	affirming	itself	as	a	suitable	alternative	for	the	
identification	of	light	elements,	and	in	some	specific	situations	quantification	as	well.	We	used	this	equipment	to	study	the	mineralogy	from	this	
pegmatite	field	mineralogy	with	success.
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Genesis of the Xuebaoding W–Sn–Be coarse-grained Crystals Deposits in Southwest China
Yan Liu1

1Chinese Academy of Geological Sciences, Instiute of Geology, Beijing, China

The Xuebaoding deposit is located in the northern region of Longmenshan, Sichuan Province, China. The deposit is not only characterized by the 
coarse-grained	beryl,	scheelit,	cassiterite,	fluorite,	but	also	mineral	zones	in	ore	veins.	The	typical	ore	vein	can	be	distinguished	into	three	Parts.	In	
the	first	part,	granite	is	the	main	host	rock	and	beryl,	cassiterite,	muscovite	with	diameters	less	than	1	cm	and	K-feldspar	with	diameters	up	to	20	cm	
(fd1, fd2 and fd3) can be found; The part Ⅲ	is	the	most	important	part	of	the	ore	veins	as	coarse-grained	fluorite,	beryl,	scheelite,	cassiterite,	albite	
(Ab4 and Ab5), muscovite, apatite up to 20 cm. Tabular beryls in Xuebaoding deposit are rich in Li，Rb，Cs, belonging to a type of beryl between Na-Li 
and Li-Cs beryls. Scheelites are rich in REE+Y(>350×10-6).	Muscovite	is	enriched	in	Li,	Rb,	Cs,	which	is	a	kind	of	Li-bearing	muscovite.	Apatite	is	a	type	of	
fluorapatite	bearing	F.	F-feldspar	and	albite	are	very	pure	with	chemical	composition	of	fd1(Or	95.34-	93.96),	fd2	(Or	96.28-	97.88),	fd3	(Or	95.74-	98.39),	
Ab4 (Ab 99.19-100) and Ab5 (Ab 99.58- 100). According to the morphology, locations, K-feldspar and albite samples were named as fd1 to fd5 separately: 
fd1,	fd2	and	fd3,	Ab4	(in	marble	host	rock)	and	Ab5(in	marble	host	rock	Li,	Rb,	Cs,	W,	Sn,	Be	are	highly	enriched	in	the	hydrothermal	fluids	during	the	
late stage of the evolution and crystallization differentiation as various types of complex such as SnF

2
 from the melt. Fluid immiscibility may have 

been	induced	by	the	pressure	released	by	extension	joints,	thereby	facilitating	the	mineralization	found	in	Part	III.	The	ore-forming	fluids	were	mainly	
composed of magmatic water with minor meteoric water and CO

2
	derived	from	decarbonation	of	marble.	We	estimate	the	fluid	trapping	condition	at	T	

=	220	to	360°C	and	P	>	0.9	kbar.	Fluid	inclusions	are	rich	in	H
2
O,	F-	and	Cl-.	Evidence	for	fluid-phase	immiscibility	during	mineralization	includes	variable	

L/V ratios in the inclusions and inclusions containing different phase proportions. Fluid immiscibility may have been induced by the pressure released 
by extension joints, thereby facilitating the mineralization found in Part III. Generally, we hypothesize that the coarse-grained crystals were formed by: 
(i)	the	high	content	of	ore	elements	and	volatile	elements	such	as	F	in	ore-forming	fluids;	(ii)	occurrence	of	fluid	immiscibility	and	Ca-bearing	minerals	
after	wall	rock	transition	from	granite	to	marble	making	the	ore	elements	deposit	completely;	(iii)	pure	host	marble	as	host	rock	without	impure	
elements	such	as	Fe;	and	(iv)	sufficient	space	in	ore	veins	to	allow	growth.
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Chamber Pegmatites of Volodarsk, Ukraine new observations 2013-2018
Peter Lyckberg1,	Vsevolod	Chournousenko2,	Alexander		Chournousenko3

1Mineralogy, Museum of Natural History, Luxembourg, Luxembourg, 2Chief	Geologist,	Volhyn	Quartzsamotsvety,	Volodarsk,	3Geology, Zhitomir 
Polytechnical	Institute,	Zhitomir,	Ukraine

The	western	endo	contact	of	the	1.7	GA	Korosten	Pluton	in	Ukraine	contains	a	unique	field	of	over	1500	explored	miarolitic	chamber	pegmatites	mined	
for	piezo	quartz	and	yielding	unique	gem	quality	beryl	and	topaz.	The	chamber	pegmatites	are	co-genetic	with	the	enclosing	rapakivi	granite	and	
range	from	isometric	having	formed	under	stable	conditions	with	similar	horizontal	and	vertical	stresses	to	elongated	horizontally	(beryl	pockets)	
or	vertically	(Topaz	rich	pockets)	and	rare	tube	like	gently	dipping	pockets,	containing	large	DT	smoky	quartz	and	large	gem	topaz.	Quartz	crystals	
fell	from	the	roof	in	the	larger	pockets,	some	of	them	breaking	and	re	crystallizing.	Studies	in	6	shafts	and	660	km	tunnels	since	1995,	reveal	new	
observations.	Lyckberg	(2009)	has	earlier	noted	that	gem	beryl	occur	in	only	2%	of	all	pockets	but	sometimes	in	significant	quantities	and	of	
exceptional	quality.	Gem	beryl	have	grown	at	the	original	albite	floor	of	pockets	before	the	leaching	of	started	of	bottom	of	pocket	with	dissolution	
of	quartz	and	recrystallization	of	giant	quartz	in	the	ceiling	and	albitisation	from	a	few	to	36	m	under	original	pocket.	In	some	pockets	beryl	were	
localized	to	such	a	former	albite	layer	while	also	large	quantities	of	beryl	and	topaz	have	crystallized	in	the	leached	zone	in	the	later	stages	of	pocket	
formation.One	pocket,	pegmatite	521	at	90	m	depth	accessed	from	shaft	2	produced	over	2	ton	gem	beryl,	of	which	900	kg	found	in	green	clay	zone	
during	5	days	from	the	work	by	5	miners	in	1992.	90%	of	these	were	of	gem	quality	(miner	"Kolja"	mutual	information	Sept	2017).	Topaz	occurred	
in	around	10%	of	pockets.	In	a	great	majority	of	pockets	topaz	was	found	as	loose	crystals	and	only	a	few	samples	of	heavily	damaged	crystals	on	
cleavelandite	matrix	were	recovered	from	the	dumps	by	shaft	2.	The	authors	discovered	and	excavated	several	pockets	where	large	champagne/
salmon	to	bi-colored	topaz	crystals	were	found.	In	Soviet	mining	days	one	pocket	produced	6	ton	topaz	and	a	similar	pocket	was	worked	2016-2018	
with	the	nick	named	Skorkina	with	an	even	higher	production.	Here	most	topaz	have	fallen	down	from	the	sides	and	due	to	the	vertical	extension	of	
the	pocket	most	crystals	are	cleaved	in	several	pieces.	However	perfect	crystals	to	23	kg	of	orangish	gem	quality	have	been	preserved,	taken	out	from	
in	situ.	One	rare	230	kg	crystal	was	recovered.In	January	2013	a	unique	side	pocket	named	"Peter’s	"Dream"	Pocket"	with	topaz	on	cleavelandite	with	
zinnwaldite	and	smoky	quartz	matrix	was	discovered	(Lyckberg	2013)	yielding	a	320	kg	bi	color	topaz	"Dedushka"	(Grandfather).	Late	stage	minerals	in	
concave	fractures	ceiling	of	the	pockets	include	fluorite,	goethite,	siderite.	Of	special	importance	is	new	finds	in	almost	every	pocket	studied	of	tiny	to	
larger	amounts	of	Kerite,	as	minute	intermix	in	albite	around	topaz	crystals,	together	with	dark	purple	fluorite	of	a	rare	habit	with	curved	crystal	faces	
and	with	sulphide	and	other	inclusions	or	as	black	cotton	like	wad.	To	be	noted	is	also	a	find	of	black	opal	where	each	clear	sphere	has	an	incomplete	
coating	of	black	hydrocarbons.
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The havey gem tourmaline pegmatite, Poland, and roscoggin county, maine – an example of highly 
efficient chemical fractionation
Jeffrey Morrison1, William Simmons2, Alexander Falster2, Encar Roda Robles3

1NEW ENGLAND MINERAL ASSOCIATION, Yarmouth, 2Maine Mineral & Gem Museum, Bethel, United States, 3Dpto. Mineralogía y Petrología UPV/EHU, Bilbao, 
Spain

The	Havey	pegmatite	in	Androscoggin	County,	Maine	belongs	to	the	Oxford	pegmatite	field.		The	pegmatite	is	one	of	the	more	evolved	Oxford	field	rare-
element pegmatites. It is enriched in Li, F, B, Be and P and contains miarolitic cavities with bluish-green gem quality tourmaline. Lepidolite masses are 
common, but pollucite is rare. Tourmaline is abundant throughout the pegmatite. The pegmatite has been cut by several younger basaltic composition 
dikes.

Structurally,	the	Havey	pegmatite	shows	a	clear	internal	asymmetric	zoning,	where	five different units have been distinguished: wall zone, two 
intermediate zones, core margin, and core zone.

Tourmaline occurs in all these units, showing different textural features and chemical compositions for the distinct zones of the pegmatite. Tourmaline 
composition is an important tool to record the crystallization history. It evolves from primitave schorl in the outer zones to highly evolved elbaite and 
foitite in the core-zone miarolitic cavities.

The	bulk	volume	of	the	pegmatite	is	not	very	evolved	but	late	units	show	a	dramatically	evolved	system.		The	bulk	mineralogy	of	the	pegmatite	
consists of graphic and non-graphic quartz and feldspar, muscovite, biotite, schorl, almanditic garnet and columbite-(Fe) in the outer zones. The 
core zone includes lepidolite, pollucite, montebrasite and accessory cassiterite, columbite group minerals, beryl and phosphate species. The core 
zone	contains	pockets	with	an	extremely	evolved	mineral	assemblage.	These	pockets	contain	gem	elbaite,	fluorapatite,	lepidolite,	quartz,	beryl,	
hydroxylherderite, behoite, tantalite-(Mn), cassiterite, and microlite supergroup minerals.

Late stage alterations are common in miarolitic cavities and in the massive pegmatite, yielding a suite of Be minerals, secondary phosphates, garnets 
replaced by löllingite and blue elbaite and clay minerals.

Much	of	the	pegmatite	does	not	produce	pockets	and	pockets	are	grouped	around	anomalies	in	the	pegmatite	such	as	xenoliths.	Where	the	pegmatite	
is highly evolved a garnet seam delineates the bottom core margin and at its richest points the garnets are rimmed by blue elbaite. A schorl layer 
above	the	garnet	seam	can	also	be	beneficial	in	helping	locate	pockets.	Many	times,	the	schorl	crystals	will	point	toward	the	pocket.	To	be	able	to	see	
this	area	of	the	pegmatite	we	end	up	removing	additional	rock.	Larger	pockets	have	smaller	secondary	pocketing	underneath	them	usually	producing	
smaller	crystals	of	quartz,	elbaite	and	fluorapatite.	No	pockets	have	been	found	below	the	garnet	line.

Mining commenced in 2007 after almost a century of inactivity except for a few brief periods. Since then, constant mining, approximately 9 months a 
year	the	pegmatite	is	actively	mined.	The	richest	part	of	the	mineralized	zone	is	well	defined	and	fairly	easy	to	follow.	As	with	most	mining,	it	is	much	
easier	to	tell	what	you	found	instead	of	predicting	what	you	will	find.	For	the	future	we	believe	we	are	finishing	up	one	area	of	intense	mineralization	
from	where	the	bulk	of	the	pockets	have	come	and	are	working	on	a	couple	of	new	hopeful	areas.
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A new classification of granitic pegmatites - Part I: History and the need for a new classification
Axel Muller1, William Simmons2, Hartmut Beurlen3, Rainer Thomas4, Peter M. Ihlen5, Michael Wise6, Encarnacion Roda-Robles7, Ana M. R. Neiva8, Victor 
Zagorsky9

1Natural History Museum, University of Oslo, Oslo, Norway, 2MP2 Research Group, Maine Mineral and Gem Museum, Maine, United States, 3Department 
of Geology, Federal University of Pernambuco, Recife, Brazil, 4Chemistry and Physics of Earth Materials, German Research Centre for Geoscience GFZ, 
Potsdam, Germany, 5Department of Mineral Resources, Geological Survey of Norway, Trondheim, Norway, 6Department of Mineral Sciences, Smithsonian 
Institution, Washington D.C., United States, 7Dpto. Mineralogía y Petrología, Universidad del País Vasco-UPV/EHU, Leioa, Spain, 8Department of Earth 
Sciences, University of Coimbra, Coimbra, Portugal, 9Institute of the Earth Cryosphere, Sibirian Branch of Russian Academy of Science, Tyumen, Russian 
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This	study	represents	the	precursor	and	complementary	study	for	the	new	classification	of	granitic	pegmatites	by	Wise	et	al.	(2018)	and	provides	
a	detailed	analysis	of	existing	classifications	of	granitic	pegmatites	in	terms	of	applied	classification	criteria	and	applicability.	Pegmatites	have	a	
strong	diversity	in	bulk	composition,	mineralogy,	size,	shape,	texture,	internal	zonation,	distribution	among	different	rock	types,	depth	of	formation,	
temperature	of	formation,	and	age.	All	these	characteristics	make	it	extremely	difficult	to	establish	a	distinct	and	easy	applicable	classification.	The	
difficulties	are	reflected	in	the	diverse	and	contradictory	attempts	to	classify	granitic	pegmatites.

In	general,	a	classification	can	be	based	on	measurable	criteria,	inferred	criteria	and	presumed	criteria.	A	classification	based	on	measurable	criteria	is	
the	most	reliable	and	user-friendly	option.	A	classification	based	on	inferred	criteria	is	acceptable	if	the	method	to	determine	the	inferred	criterion	can	
be	easily	applied.	A	classification	of	presumed	criteria	based	on	provisional	models	should	be	avoided.	In	the	case	of	pegmatites,	measurable	criteria	
include	mineral	content,	mineral-,	bulk-	and	isotope	chemistry,	structure,	and	crystallization	age.

The	first	widely	recognized	classification	was	established	by	Fersman	(1930),	who	utilized	the	crystallization	temperature	of	granitic	pegmatites	
for	classification.	He	estimated	the	temperature	of	crystallization,	which	is	an	inferred	criterion	of	classification,	by	using	the	thermal	stability	of	
minerals	and	mineral	assemblages.	Later,	the	depth-zone	classification,	introduced	by	Ginsburg	and	Rodionov	(1960)	became	widely	applied,	even	in	
the	most	recent	classification	by	Černý	and	Ercit	(2005).	Today,	Černý	and	Ercit’s	(2005)	five-class	depth-zone	classification	is	the	most	widely	used	
classification	of	granitic	pegmatites.	However,	this	latest	classification	blends	mineralogical,	geochemical,	and	structural	classification	criteria	with	
necessary	knowledge	of	P-T	conditions,	which	is	an	inferred	criterion,	to	assess	the	pegmatite	formation	in	the	first	level	of	the	classification	diagram.	
The	classification	thus	violates	the	consensus	that	there	should	be	only	one	classification	criterion	at	each	level	of	classification.	Because	of	the	lack	
of	alternative	classifications,	geoscientists	force	their	studied	pegmatites	into	the	available	scheme	even	if	the	pegmatites	do	not	properly	match	the	
classification	criteria.	That	causes	confusions	and	misunderstanding.

Our	analyses	revealed	that	a	new,	easily	applicable	and	comprehensive	classification	is	needed	that	utilizes	measurable	and	objective	criteria	at	least	
in	the	first	two	levels	of	the	classification	diagram.	This	study	records	the	process	how	the	new	classification	of	granitic	pegmatites	proposed	by	Wise	
et al. (2018) has been developed.
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New age constraints on the age of the Tørdal pegmatites, southern Norway
Nanna Rosing-Schow1, Axel Müller1, 2, Rolf L. Romer3, Fernando Corfu4,	Henrik	Friis1

1Natural History Museum, University of Oslo, Oslo, Norway, 2Natural History Museum, London, United Kingdom, 3GFZ German Research Centre for 
Geosciences, Potsdam, Germany, 4Department of Geosciences, University of Oslo, Oslo, Norway

The	Sveconorwegian	orogen	(1.1-0.9	Ga),	located	in	southern	Norway,	is	known	for	its	large	pegmatite	province	(Müller	et	al.	2017).	The	Sveconorwegian	
orogen has been intruded by several A-type post-orogenic granites originally thought to be the source of the pegmatites. This was questioned by 
Müller	et	al.	(2017)	due	to	age	differences	between	the	pegmatites	and	granites	in	the	Evje-Iveland	and	Froland	pegmatite	fields.	In	Evje-Iveland	the	
pegmatites (900-910 Ma) are about 70 Ma younger than the spatially related Høvringsvatnet granite (980-990 Ma).  In Froland, the pegmatites (~1060 
Ma) are about 130 Ma older than the adjacent Herefoss and Holtebu granites (920-930 Ma). This age difference implies that the granites cannot be the 
source of the pegmatite melts. Müller et al. (2017) suggested that the Froland and Evje-Iveland pegmatites formed by partial melting of their hosting 
amphibolites.	We	investigated	the	Tørdal	pegmatite	field	in	western	Telemark,	south	Norway.	The	Tørdal	pegmatites	lie	adjacent	to	the	Tørdal	granite	
and because of the spatial relationship the granite has been thought to be the source of the pegmatite melts. In addition, the Tørdal pegmatites are 
rich in Li, Rb and Ta compared to the pegmatites of Evje-Iveland and Froland. The enrichment was thought to originate from the granite. The Tørdal 
granite	was	previously	dated	by	Andersen	et	al.	(2007)	giving	an	uncertain	U-Pb	zircon	age	of	918	±	7	Ma,	but	the	age	of	the	pegmatites	was	unknown.	
In this study, both the Tørdal granite and the pegmatites were dated shedding more light on the source of the pegmatite melts. From a Tørdal 
granite sample three zircon grains and four grains of a Nb-Y-oxide, possibly fergusonite, were used for dating by U-Pb ID-TIMS at the Department of 
geosciences,	University	of	Oslo.	The	grains	are	metamict	due	to	high	U	contents	but	give	a	discordant	age	of	946	±	4	Ma.	The	Skardsfjell	pegmatite	
is	a	zoned	rare-element	pegmatite	located	approximately	5	km	from	the	Tørdal	granite	boundary.	Columbite	grains	from	the	Skardsfjell	pegmatite	
was	used	for	U-Pb	ID-TIMS	dating,	at	the	German	Research	Center	for	Geosciences	(GFZ),	Germany,	giving	an	age	of	892.7	±	8.8	Ma.	The	Skardsfjell	
pegmatite falls in the last period of Sveconorwegian pegmatite formation (922-901 Ma) as the Evje-Iveland pegmatites (Müller et al. 2017). This period of 
pegmatite formation is thought to be closely related to the anatexis of amphibolites during orogenic extension. Even though the micas from the Tørdal 
pegmatites	are	richer	in	Li	than	the	micas	from	Evje-Iveland	(Rosing-Schow	et	al.	in	press),	the	age	difference	between	the	Skardsfjell	pegmatite	and	
the	Tørdal	granite	indicates	that	the	Skardsfjell	pegmatites	also	may	have	formed	by	anatexis	of	gneisses	and	amphibolites.	Such	an	analogy	is	also	in	
line	with	the	location	of	both	fields	in	the	same	tectonometamorphic	sector	of	the	Sveconorwegian	orogen,	i.e.,	the	Rogaland-Hardangervidda-Telemark	
sector.	As	the	Skardsfjell	pegmatite	is	only	one	of	many	pegmatites	in	the	Tørdal	field,	it	remains	open	whether	all	pegmatites	are	younger	or	whether	
there are several generations of pegmatites with one of them being related to the emplacement of the Tørdal granite.
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Post-Orogenic, Pre-Rifting Anatectic Origin of the Oxford Co., Maine USA Pegmatite Field
William Simmons1, Karen Webber1, Alexander Falster1, Encar Roda-Robles2
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Pegmatites	of	the	Oxford	County	field	in	western	Maine	are	enriched	in	Be,	B,	and	Li	and	are	renowned	for	their	long	history	of	gem	tourmaline	
production. The pegmatite district was previously inferred to be derived from the Sebago pluton (SP) (Wise 2010) via fractional crystallization. Most of 
what was once considered the larger Sebago batholith has now been determined to be migmatite called the Sebago Migmatite Domain (SMD) (Solar 
& Brown, 2001), with only a small remnant of the original area mapped as the Sebago granite pluton. New age dates on several pegmatites give U-Pb 
zircon and apatite dates ranging from ~250 to 270 Ma. (Roda Robles unpublished dates) and Bradley et al. (2016). As the age of the SP is about 30 Ma 
older	than	the	pegmatites	and	is	about	30	km	distant	from	the	closest	pegmatites,	we	do	not	consider	it	a	viable	source	of	the	pegmatite	melts.	There	
are	no	other	known	plutons	or	magmatic	activity	of	the	same	age	as	the	pegmatites.	Consequently,	we	propose	that	the	Oxford	Co.	pegmatites	are	
formed	by	anatexis.	Recent	geochemical	studies	of	one	of	the	pegmatites	supports	an	anatectic	model	for	the	formation	of	the	pegmatites.	The	bulk	
composition of Mt. Mica pegmatite was determined from the total volumes of each zone of the pegmatite mined, calculated using image analysis of 
a	detailed	underground	map	and	thickness	values	of	the	units	mined,	including	lepidolite	pods	and	all	miarolitic	cavities	found.	Forty-five	drill	cores	
were	taken	across	the	pegmatite	from	the	hanging	wall	to	foot	wall	(avoiding	lepidolite	pods	and	miaroles).	Cores	were	pulverized	and	homogenized.	
Percent	Li	content	calculated	from	the	mapped	lepidolite	volume	was	added	to	produce	a	sample	representative	of	the	bulk	composition	of	Mt.	Mica.	
The sample was analyzed by fusion ICP spectroscopy for major and trace elements, DCP spectroscopy for B and Li. Fluorine content was analyzed by 
EMPA	using	flash-fused	pellets.	Structurally	bound	water	was	determined	by	LOI	(above	500°C).	Miarolitic	cavity	water	content	was	approximated	by	
calculating	the	volume	%	open	space	and	assuming	that	the	cavities	were	filled	with	water-rich	silicate	fluid.	The	extrapolated	maximum	water	content	
was added to LOI water to estimate a maximum H

2
O	content	of	1.16	wt.	%	of	the	bulk	pegmatite	melt.	Leucosomes	from	the	migmatite	were	analyzed	

using	the	same	scheme.	The	results	show	that	the	bulk	composition	of	the	pegmatite	closely	matches	that	of	the	leucosomes.	The	trace	element	
profiles	of	both	are	very	similar	(Fig.1)	and	different	from	the	Sebago	granite.	Thus,	with	the	absence	of	possible	parental	plutons	and	the	strong	
similarity in chemistry of the migmatite leucosomes and the pegmatites, we propose that the Oxford Co. pegmatites are formed by anatexis of the 
felsic portions (leucosomes) of the SMD during post-orogenic extension and decompressional melting prior to the rifting of Pangea and the rift-related 
~200	Ma	plutons	and	dikes.	Pegmatite	melt	generation	(~250-270	Ma)	represents	a	previously	unknown	magmatic	episode	in	Maine.

Fig.	1	Whole-rock	chondrite	normalized	REE	plot	of	Mt	Mica	Pegmatite	(triangle),	SMD	Leucosomes	(circles),	Sebago	Pluton	Granitic	rock	(pentagons).	
Simmons et al. (2016). Chondrite values of McDonough and Sun (1995).
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Epidote occurrence in pegmatite veins and its relation to the metamorphic host suite in the Dunje 
area, Republic of Macedonia
Nenad Tomasic1,	Sabina	Strmic	Palinkas2, Andrea Cobic1, Blazo Boev3, Ivan Boev3, Vladimir Bermanec1
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The Precambrian metamorphic suite of the Pelagonides hosts pegmatite veins in the area south of Prilep, Macedonia. A pegmatite body outcropping 
near the village of Dunje is notable for euhedral epidote crystals, titanite, large plagioclase crystals, amphibole and zeolite. The pegmatite intrudes 
gneiss	of	the	host	suite	but	its	contact	to	the	country	rocks	is	not	exposed	well.	The	boundary	zone	becomes	more	prominent	in	the	pegmatite	top	
section. Pegmatite veinlets, a few centimeters to a decimeter in width, occur in vicinity of the larger pegmatite body and are mainly composed of 
quartz,	feldspar	and	muscovite.	A	distinguishing	local	feature	is	occurrence	of	epidote	not	only	in	the	Dunje	pegmatite	but	also	in	the	rocks	of	the	
metamorphic suite as well as in the nearby granite intrusion. Along epidote, the well-foliated host gneiss also contains amphibole, plagioclase, quartz 
and titanite. In the upper contact zone to the pegmatite it is less foliated and more enriched in epidote. The adjacent granite body outcrops with a 
typical spherical exfoliation and a mineral composition comprising abundant quartz, orthoclase (occasionally perthitic) and biotite mica. Smaller 
elongated or irregular grains of epidote are also observed together with titanite. The omnipresence of epidote in the Dunje complex imposes questions 
on	genetic	relations	between	the	pegmatite	and	the	surrounding	rocks.	Scanning	electron	microscopy	with	energy	dispersive	spectrometer	(SEM-
EDS)	indicated	a	slight	inhomogeneity	in	epidote	grains	in	all	the	rocks	of	the	complex.	A	single	euhedral	crystal	of	epidote	about	1,5	cm	in	length	and	
recovered from the pegmatite, was cut in three sections perpendicularly to the elongation axis and prepared for the SEM-EDS analysis. The chemical 
data on major constituents indicate that the crystal is fairly homogeneous both along the elongation axis and perpendicular to it. The only peculiarity 
is a slight substitution of Mg in the middle section of the crystal and towards one end of the crystal. Preliminary chemical analysis also shows an 
increase of Fe content in epidote from the pegmatite and especially from the granite relative to epidote from the host gneiss. Epidote from the epidote-
rich gneiss in the contact zone has a higher Fe/Al ratio compared to the epidote from typical host gneiss in the area, yet this is less pronounced than 
in	the	granite	and	pegmatite.	The	sequence	of	epidote	Fe/Al	ratio	variation	in	the	rocks	of	the	Dunje	complex	suggests	a	relation	of	metamorphic	host	
and	thereof	potentially	evolved	granite	and	pegmatite	melts.	More	significant	iron	enrichment	in	the	granite	epidote	might	be	a	result	of	differences	in	
iron partitioning between epidote and biotite mica vs. epidote and amphibole in the pegmatite, however, constrained by P-T conditions and fO

2 
in both 

systems (Chang & Andronicos, 2009). A thorough chemical and textural analysis is in progress to establish more accurate genetic relations between 
epidote	occurrences	in	the	rocks	of	the	Dunje	complex.
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Pegmatites on the Mount Qomolangma, Tibet
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The	Himalayan	leucogranites	occur	as	two	extensive	(>1000	km)	E-W	trending	belts	(High	Himalayan	and	Tethyan	Himalayan)	on	the	Tibetan	Plateau.	
Recent study shows that they are widely and extensively related to the rare-metal (Be, Li, Nb.Ta, Sn) mineralization (Wang et al., 2017).

In	the	Mount	Qomolangma	(or	Chomolungma)	area	of	the	High	Himalayan	leucogranite	belt,	the	basement	contains	a	lot	of	dykes,	sheet-like	
tourmaline-,	garnet-bearing	two-mica	granite,	muscovite	granite,	and	albite	granite.	Pegmatite	dykes	or	veins	also	intrudes	into	the	sedimentary	
series	or	into	the	granites.	Field	investigations	in	the	Hermits	Gorge	along	the	Rongbuk	valley	near	the	Qomolangma	base	camp	at	Altitude	5200m	
reveal	that	pegmatite	dikes	are	about	1-3	m	wide,	but	their	length	could	not	be	followed.	They	have	somewhat	rim-core	petrographic	zonation:	
aplite, tourmaline-bearing zone, garnet-bearing zone, and quartz-K-feldspar zone. These pegmatites are mainly composed of quartz, albite, K-feldpar, 
muscovite, tourmaline, and garnet. A series of rare-element minerals have also been found, including zinnwaldite-lepidolite, beryl, columbite, microlite, 
ilmenorutile and cassiterite.

Beryl	can	be	identified	typically	on	field	samples	by	its	well-developed	euhedral	hexagonal	columns	and	light	to	dark	green	and	in	cases	aquamarine	
in	color.	It	can	reach	sizes	of	up	to	largest	crystal	reaching	1´1´3	cm.	Back-scattered	electron	images	show	small	beryl	columnar	crystals	100-200	µm	
across, sometimes as clusters. Results of electron microprobe analyses (EMPA) and laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) show that the beryl contains trace concentration of Fe, Na, K, Rb, Cs, and Li.

Zinnwaldite contains about 1-2 wt% Li
2
O and 4-6 wt% F, but the rims may contain ~ 3wt% Li

2
O and ~8 wt% F, approaching to lepidolite. This is the major 

carrier of lithium in the Qomolangma pegmatites.

Columbite is the most common of the Nb-Ta-rich minerals in the sampled pegmatites. The crystals are typically tabular up to 100 µm wide and 1 cm 
long,	and	are	characterized	by	pronounced	oscillatory	zoning.	Most	of	them	are	classified	into	columbite-(Mn).	Other	Nb-Ta	minerals	include	microlite	
and ilmenorutile.

Cassiterite is also characterized by high concentrations of Nb and Ta (Nb
2
O

5
 + Ta

2
O

5
 of ~5 wt%), with Nb concentrations being higher than Ta.

The sampled pegmatites are dated with in-situ cassiterite LA-ICP-MS U-Pb method, yielding ages of 12-14 Ma, which indicates the Miocene rare-metal 
mineralization.

As previous conclusions on Himalayan pegmatite investigation, the Mount Qomolangma is not only a sacred place for mountaineering, but also 
represents an important rare-metal mineralization zone. 
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Petrogenetic Model for the Formation of the Anatectic Oxford Co., Maine, USA Pegmatite Field
Karen Webber1, William Simmons1, Alexander Falster1
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Pegmatites	of	the	Oxford	County	field	in	the	Central	Maine	Belt	(CMB)	of	western	Maine	were	previously	thought	to	have	formed	via	fractional	
crystallization	from	the	Sebago	Batholith	(SB)	(Wise	&	Brown,	2010).	Most	of	what	was	once	considered	the	SB	was	redefined	as	the	Sebago	Migmatite	
Domain (SMD) comprised of the smaller Sebago Pluton (SP) surrounded by migmatite (Solar & Brown, 2001). Recently, the SMD was renamed the 
Migmatite-Granite	Complex	(MGC).	The	migmatites	formed	during	the	Acadian	orogeny	~376	Ma	(Solar	&	Tomascak,	2016)	and	a	number	of	small	granite	
bodies	as	well	as	the	SP	formed	during	the	Alleghanian	Orogeny	~	293	Ma	(Tomascak	et	al.,	1996).	New	age	dates	on	several	pegmatites	from	the	Oxford	
Co.	field,	including	Mt.	Mica,	Emmons	and	Havey,	give	U-Pb	zircon	and	apatite	dates	ranging	from	~250	to	270	Ma	(Roda-Robles	unpub.	dates;	Bradley	et	
al. 2016), clearly younger than the migmatites and granites in the MGC. Therefore, as a function of both distance between the pegmatites and the SP 
(>	30	km),	as	well	as	the	30	to	50	Ma	age	difference,	a	pegmatite	origin	by	fractionation	of	the	SP	is	not	feasible.	There	is	no	other	magmatic	activity	
with the same age as the pegmatites. Also, based on the chemical similarity between Mt. Mica pegmatite and leucosomes (Simmons et al., 2016), we 
feel	that	the	pegmatites	were	derived	from	anatectic	melting	of	the	leucosomes.	Our	preliminary	model	for	how	pegmatite	magma	generation	took	
place	is	as	follows:	Based	on	phase	equilibria	and	the	metamorphic	mineral	assemblage	of	sillimanite,	quartz,	muscovite,	biotite	and	alkali	feldspar,	
metamorphism	and	migmatization	took	place	at	~4	kb	and	650°C,	at	~376	Ma.	An	uplift	and	modest	denudation	rate	of	40	m/my	(Matmon	et	al.,	2003)	
over	a	period	of	100	Ma	would	bring	the	migmatites	up	from	a	depth	of	~13	km	to	~9	km	with	cooling	to	450°C	with	a	geothermal	gradient	of	50°C/
km.	To	initiate	melting	of	the	leucosomes	to	generate	pegmatite	melts,	an	additional	~200°C	is	required.	The	source	of	the	heat	is	proposed	to	come	
from	the	initiation	of	decompression	melting	associated	with	the	breakup	of	Pangaea,	which	would	have	introduced	higher	temperatures	into	the	
crust	prior	to	rifting.	Berg	et	al	(1989)	suggested	an	upper	crustal	geothermal	gradient	of	between	50	–	100°C/km	for	the	continental	rift	system	in	
Antarctica.	Using	an	intermediate	geothermal	gradient	of	70°C/km,	will	heat	the	leucosomes	back	up	to	~650˚C,	sufficient	for	melting.	Once	generated,	
the	pegmatite	melts	ascend	to	~8	km	at	2.5	kb,	conducive	for	pocket	formation,	where	they	crystallize.	Evidence	for	rift	related	mafic	magmas	are	
found	at	several	of	the	pegmatites	including	the	~250	Ma	Havey	pegmatite	which	was	intruded	by	~225	Ma	alkali	diabase	dikes	(Webber	et	al.,	2017).	
Upon	emplacement,	the	thermal	contrast	of	~50	–	100°C	between	the	pegmatite	and	migmatite	country	rock	may	explain	the	muscovite	(Mt	Mica)	or	
tourmaline (Emmons) comb structure indicating undercooling.
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A new classification of granitic pegmatites - Part II: Accessory mineral assemblages and their 
genetic implications
Michael Wise1, Axel Muller2, William Simmons3
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Modern	pegmatite	classification	schemes	are	strongly	influenced	by	a	combination	of	pegmatite	emplacement	depth,	trace	element	geochemistry,	
granite-pegmatite	relationships,	and	metamorphic	grade	of	the	host	rocks.		A	new	approach	to	classifying	granitic	pegmatites	uses	a	comprehensive	
group	of	minor	and	trace	accessory	minerals	as	the	main	criteria	for	defining	pegmatite	categories,	which	can	be	related	to	magma	generating	
processes	in	a	variety	of	tectonic	settings.	The	proposed	new	classification	is	more	inclusive	of	pegmatite	types	than	previous	classification	schemes.

The	main	petrogenetic	categories	of	the	new	pegmatite	classification	scheme	are	distinguished	as	magmatic	and	anatectic,	and	are	defined	by	the	
presumed source of the pegmatite melt. Magmatic pegmatites originate from the fractionation of metaluminous to peraluminous granite melts with S-, 
I-	and	A-type	geochemical	signatures,	whereas	pegmatites	derived	by	anatexis	have	no	known	parental	granite	and	are	interpreted	to	be	products	of	
direct	partial	melting	of	amphibolite-	to	granulite-facies	rocks.		Subdivision	of	magmatic	pegmatites	(Winnipeg	River,	San	Diego	and	Pikes	Peak	types)	
and anatectic pegmatites (Evje-Iveland, East Antarctica, and Góry Sowie types) are based on variable assemblages of accessory minerals. 

The rare-element mineralogy of the Winnipeg River type granitic pegmatites, co-genetic with fertile (pegmatite-generating) S-type granites, may 
include beryl, columbite group minerals, triphylite-lithiophilite, amblygonite-montebrasite, lepidolite, spodumene, petalite, elbaite, and pollucite.  San 
Diego type pegmatites derived from the fractionation of I-type granites show similar rare-element mineralization, but differ by the presence of minor 
phases	such	as	titanite,	epidote,	axinite,	stilbite,	laumontite,	danburite	and	hambergite.		Fertile	A-type	granites	spawn	Pikes	Peak	type	pegmatites	that	
contain	variable	amounts	of	fayalite,	sodic	amphiboles	(e.g.,	arfvedsonite	and	riebeckite),	amazonitic	microcline,	rare-earth	minerals	(e.g.,	allanite,	
euxenite,	monazite,	and	gadolinite),	columbite	group	minerals,	beryl,	fluorite	and	topaz.

Pegmatites	of	the	Evje-Iveland	category	are	hosted	by	high-grade	metamorphic	rocks	and	display	strong	enrichment	in	rare-earth	elements.		
Furthermore,	in	large	fields	of	this	type,	barren	pegmatites	generally	devoid	of	any	REE	mineralization	may	carry	uraninite	or	magnetite	as	the	main	
accessory	phase.		Anatectic	pegmatites	of	the	East	Antarctica	type	are	strongly	peraluminous	as	indicated	by	the	presence	of	andalusite,	kyanite	and	
sillimanite, but may also carry a unique assemblage of B and Be minerals that include tourmaline, dumortierite, grandidierite, werdingite, borasilite, 
chrysoberyl and surinamite.  The Góry Sowie type includes a wide spectrum of low- to moderately fractionated anatectic granitic pegmatites with 
enrichment levels of Be, Nb-Ta, Li and Cs similar to those found in highly fractionated pegmatites of the Winnipeg River type.  Additionally, pegmatite 
populations	may	carry	significant	REE-mineralization,	and	rare	hornblende,	andalusite,	sillimanite,	kyanite,	cordierite,	zircon,	and	titanite.
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Platinum-group elements (PGE) and platinum-group minerals (PGM) in magmatic 
deposits

Nanoscale behaviour of platinum group elements
Artur Deditius1, Fernando Barra2, Jose-Maria Gonzalez-Jimenez3, Martin Reich2, Sophie Sperring1, Alexandra Suvorova4, Matt Kilburn4, Malcolm Roberts4

1Murdoch University, Murdoch, Australia, 2University of Chile, Santiago, Chile, 3University of Grenada, Grenada, Spain, 4University of Western Australia, 
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The nature and occurrence of platinum group elements (PGEs) in ore minerals is a poorly understood phenomenon. Here we present new results of 
nanoscale investigations on the presence and distribution of PGEs in (1) chromitites, (2) porphyry Cu-Mo deposits, and (3) Au nuggets in placer deposit. 
This	work	involved	a	combination	of	focused	ion	beam	(FIB),	scanning	electron	microscopy	(SEM),	electron	dispersive	spectroscopy	(EDS),	electron	
probe	microanalyses	(EPMA),	high-resolution	transmission	electron	microscopy	(HRTEM),	high-angle	annular	dark-field	scanning	TEM,	and	secondary	
ion mass spectrometry (nano-SIMS).

The	Caridad	chromite	deposit	from	the	Mayarí-Baracoa	Ophiolite	in	Eastern	Cuba	hosts	(PGEs)-rich	sulfides.	Pentlandite,	millerite,	pyrite,	and	
chalcopyrite form composite inclusions (<60 mm) in magmatic chromite grains. EPMA analyses show total PGEs contents up to 1.5 wt.%, with 
pentlandite being the main host phase for PGEs. Two types of pentlandite were found: (1) Ru-rich pentlandite with up to 8.67 wt.% Ru and 3.53 wt.% 
Os, and (2) Ru-poor pentlandite, with Ru <0.4 wt.% and Os <0.2 wt.%. Ru-rich pentlandite hosts Ir-Pt NPs dispersed in the matrix (<250 nm) or forming 
inclusions <500 nm in size, found along the contacts between Ru-rich pentlandite and millerite. Early crystallization of Ru-rich pentlandite and Ir-Pt NPs 
led	to	the	scavenging	of	PGEs	from	the	melt,	leaving	a	PGE-poor	sulfide	residue	composed	of	millerite,	pyrite,	chalcopyrite	and	PGE-poor	pentlandite.

Osmium and Re bearing particles were found in molybdenite from porphyry Cu-Mo deposits El Alacrán (Mexico) and Miranda (Chile). Rhenium and Os 
isotopes have been used for decades to date the formation of molybdenite (MoS

2
). Rhenium is heterogeneously distributed in molybdenite forming 

growth zones. Its concentrations vary from 700-15,000 ppm. Results of nano-SIMS analyses show a heterogeneous distribution of 185,187Re and 192Os 
isotopes in MoS

2
, and that both 187Re and 187Os isotopes are not decoupled as previously thought. We conclude that Re and Os are structurally bound or 

present as nanoparticles in or next to molybdenite grains, recording a complex formation history and hindering the use of microbeam techniques for 
Re-Os molybdenite dating.

The behaviour of Ru, Rh and Pd during supergene alteration of gold particles from Atlin placer deposit in British Columbia (Canada) is also addressed 
here. Silver concentrations in Au vary from 0.6-10.0 wt.% and 19.5-27.0 wt.%, in the low-Ag rim and high-Ag, respectively. The maximal concentrations of 
Ru, Rh, and Pd (in wt.%) are 1.23, 0.87, and 0.67, respectively. Their concentrations increase in low-Ag rim relatively to the core of the Au particles. There 
is	a	sharp	contact	between	the	Au-rich	rim	composed	of	spherical	grains;	while	the	Ag-rich	core	consists	of	nano-to-micro	lamellae	(10-50	nm	tick).	
Ruthenium, Rh and Pd are homogeneously distributed in gold, which suggests their incorporation into solid solution. The Au-rich rim formed as a result 
of recrystallization of gold particles and selective leaching of Ag. PGEs accumulate in Au-rich rims during supergene alteration.
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Platinum-group elements (PGE) and platinum-group minerals (PGM) in magmatic deposits

Can platinum-group minerals crystallize directly from a silicate melt?
Hassan Helmy1, Chris Ballhaus2, Raul Fonseca2, 2, 2, Fellipe LEITZKE 2, 2

1Department of Geology, Minia University, Minia, Egypt, 2Steinmann Institute, Bonn University, Bonn, Germany

Although	the	platinum-group	elements	(PGE)	content	of	most	magmatic	sulfide	deposits	is	in	the	ppm	range,	a	large	proportion	of	PGE	in	mgamatic	
sulfide	ores	occur	as	discrete	minerals,	mostly	in	the	form	of	PGE	arsenides,	tellurides,	bismuthoids,	stannides,	and	some	(Ru,	Pt)	as	sulfides.	Recent	
experimental	evidence	show	that	PGM	grew	by	assembling	nano-associations	(crystals,	clusters)	which	have	the	same	cmposition	like	the	microscopic	
crystalline	phase.	Many	studies	on	natural	occurrences	suggest	that	PGM	can	also	crystallize	directly	from	sulfide-undersaturated	silicate	melt	
that	contain	very	low	PGE	contents	(ppb	level).	Direct	experimental	evidence	of	PGM	crystallization	from	a	sulfide-undersaturated	silicate	melt	is	
challenging. Here we present indierct experimental evidence which suggest that PGM can directly crystallize from silicate melts which are highly 
sulfide-undersaturated	containing	ppm	levels	of	both	PGE	and	semimetal	ligands.

We	quantified	the	solubilities	of	important	anionic	ligands	(As,	Te,	Se)	with	which	the	PGE	may	form	discrete	phases.	To	determine	the	solubility	of	As,	
Te, and Se in basaltic melts and to see if their solubilities depend on the metal ligand spectrum present, piston cylinder experiments are performed at 
1250	and	1350°C	with	basaltic	melt	coexisting	with	immiscible	Fe,	Pt,	and	Pd	arsenide,	telluride	and	selenide	melts.	The	highest	solubilities	of	chalcogen	
and semimetal species are recorded when As, Se, and Te are added in the form of FeAs, FeSe, and FeTe melts, that is, when the ferrous iron cation is the 
principal metal ligand. When instead Pt or Pd arsenides, selenides or tellurides are used as As, Se, and Te reservoirs, the solubilities fall drastically, e.g. 
for	PtTe	and	PdTe	by	a	factor	of	up	to	30	compared	with	experiments	carried	out	with	FeTe	melt.	The	influence	of	metal	speciation	on	As	solubility	is	
small. At the relative fO

2
 of the experiments (~ FMQ to FMQ+1) appreciable As may be present as cationic species, and may therefore not be available as 

ligand	to	transition	metal	cations.	In	addition,	the	Fe-As	chemical	affinity	is	high,	probably	As	is	dissolved	in	the	basaltic	melt	also	as	FeAs	molecules	
in addition to the PtAs molecules. The solubilty of Pt and Pd-chalcogene molecules are much less that the solubities of both Pt and Pd metals and 
chalcogenes. The very low solubilities of Pt- and Pd-chalogene in basaltic melts suggest that Pt-and Pd-chalcogen minerals can crystallize directly from 
the silicate melt. 
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Platinum-group elements (PGE) and platinum-group minerals (PGM) in magmatic deposits

Platinum mineralisation in the Owendale Ural-Alaskan-type ultramafic complex, New South Wales, 
Australia: the effects of serpentinisation on Cu-PGE-Ni sulfides
Reid Keays1, David Holwell2, Hazel Prichard3

1School of Earth, Atmosphere and Environment, Monash University, Clayton, Australia, 2School of Geography, Geology and Environment, University of 
Leicester, Leicester, 3School of Earth and Ocean Sciences, Cardiff University, Cardiff, United Kingdom

Significant	PGE	mineralization	is	hosted	in	the	ultramafic	rocks	of	the	Owendale	Complex,	an	Alaskan-Urals	type	intrusion	in	the	Fifield	Platinum	
Province of New South Wales, Australia. The PGE mineralization associated with “P-units”, which are lenses of pegmatoidal clinopyroxenites within 
olivine clinopyroxenites, has magmatic PGM assemblages, very low S contents and grades of up to 15 g/t Pt. Two types of PGE mineralization, both of 
which have grades up to 25 g/t Pt, occur within dunites and wehrlites. The low-Cu-Pt type of mineralization consists mainly of disseminated Cu-Pt-(Fe) 
alloys that lie along the mesh lines of partially serpentinized olivine. The high-Cu-Pt type of mineralization consists of disseminated, partially oxidised 
PGE-rich Cu sulphides that have elevated levels of Cu, S, Se, Au and Pd. The Pt:Ir:Rh ratios of the low-Cu-Pt and the high-Cu-Pt types of mineralization 
are	virtually	identical	attesting	to	a	common	source.	Some	of	the	high-Cu-Pt	style	sulfides	are	associated	with	unusual	Cr-Al-Ti-Mg-rich	magnetite	
and	phlogopite	that	occur	in	veins	and	pods	that	are	up	to	15	cm	thick.	Owendale	represents	a	staging	chamber	where	olivine	cumulates,	followed	by	
clinopyroxenites	formed	and	were	infiltrated	by	both	immiscible	Fe-oxide	and	Cu-sulfide	melts.	It	is	suggested	that	the	phlogopite	was	produced	by	
K

2
O-rich	fluids	released	from	the	monzonites	and	diorites	that	intruded	the	ultramafics	and	that	also	drove	serpentinisation.	Serpentinisation	altered	

small	sulfide	blebs	to	remove	all	S,	Se,	Au,	Pd	to	leave	only	Cu-Pt	alloys	to	form	the	low-Cu-Pt	type,	whereas	larger	blebs	were	only	partially	altered,	
forming	the	high-Cu-Pt	type.		Serpentinisation	of	magmatic	Cu-Ni-PGE	sulfides	removes	Ni,	Cu,	S,	Se,	Au	and	Pd	and	leaves	Pt,	Rh	and	IPGE	minerals.	
Weathering	of	Ural-Alaskan	intrusions	with	such	assemblages	can	produce	the	common	association	of	Pt,	Rh	and	IPGE	alloys	in	alluvial	deposits	that	
drain them.
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Platinum-group elements (PGE) and platinum-group minerals (PGM) in magmatic deposits

Exotic minerals and microxenocrysts in the deepest PGE deposit of the Bushveld Complex
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The	Volspruit	Sulfide	Zone	is	a	Ni-PGE	deposit	containing	sulfide-poor	(<5	vol.	%),	low-grade	PGE	mineralisation	distributed	over	a	~60	m-thick	horizon	
in	the	lowermost	cumulates	from	the	northern	limb	of	the	Bushveld	Complex,	South	Africa.	Unlike	any	other	PGE	deposit	of	the	Bushveld	Complex,	the	
Volspruit	Sulfide	Zone	is	hosted	exclusively	in	ultramafic	lithologies.

This study presents a petrological investigation of the distribution of PGE and chalcophile metals in high-grade pyroxenite cumulates from the 
Volspruit	Sulfide	Zone,	to	determine	why	PGE	are	concentrated	in	ultramafic	cumulates	and	evaluate	whether	Volspruit-style	mineralisation	is	likely	to	
occur	in	the	deepest,	ultramafic	portions	of	other	layered	intrusions.

Electron	microscopy	of	pyroxenite	cumulates	revealed	a	range	of	exotic	minerals	associated	with,	or	proximal	to	base	metal	sulfide	assemblages.	These	
include:

(1)		chromite	inclusions	containing	Ca-Mg	oxide,	albite,	talc,	monazite,	Pb-chlorides,	base	metal	sulfides	and	Pt-As	minerals,

(2)  the presence of exotic microxenocrysts (<300 µm diameter) in the pyroxenite matrix such as grains of CaCO
3
, U-Th-oxide and Mn-ilmenite, and

(3)		base	metal	sulfide	assemblages	enclosing	trace	inclusions	of	primary	galena,	sphalerite	and	Pb-chlorides.

Systematic	mapping	of	high-density	mineral	assemblages	in	pyroxenite	cumulates	across	the	Volspruit	Sulfide	Zone	identified	196	precious	metal	
minerals	(Pt-,	Pd-,	Rh-,	Au-	or	Ag-minerals),	98	Pb-sulfides	(±	Se,	Cl),	27	Pb-chlorides	(±	K,	Se,	Te,	S),	as	well	as	1	Pb-telluride,	1	monazite	and	1	U-Pb-
Th	oxide.	Trace	element	analyses	of	base	metal	sulfides	reveal	the	highest	S/Se	values	in	pyrrhotite	and	chalcopyrite	yet	recorded	in	the	Bushveld	
Complex.	While	some	base	metal	sulfides	are	enriched	in	PGE,	the	overall	low	grade	of	the	deposit	and	fertile	ultramafic	magma(s)	require	minimal	
degrees	of	PGE	enrichment	compared	to	other	sulfide-poor	PGE	deposits,	with	a	calculated	silicate	melt:sulfide	melt	(R	factor)	of	~500-3000.

We	consider	that	the	presence	of	exotic	inclusions	in	chromite,	exotic	microxenocrysts,	and	Pb-Zn-Cl	inclusions	in	primary	base	metal	sulfide	
assemblages	provide	unequivocal	evidence	for	assimilation	in	the	Volspruit	Sulfide	Zone.	The	technique	of	specifically	searching	for	microxenocrysts	
could be applied beyond layered intrusion research, to identify crustal contamination in other magmatic systems where quantitative evidence for 
assimilation remains equivocal.
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Palladium sellenides and their solubility of selected elements, an experimental study
Anna Vymazalová1,	František	Laufek1,	Marek	Tuhý1, 2,	Milan	Drábek1

1Czech Geological Survey, Prague 5, 2Charles University, Faculty of Science, Prague 2, Czech Republic

Among	palladium	selenides	there	are	known	two	binary	minerals:	palladseite	(Pd
17
Se

15
)	and	verbeekite	(PdSe

2
) and nine ternary palladium selenides 

involving	Ag,	Cu,	Bi,	Hg,	Sb,	As	and	Te.	Among	platinum	selenides	there	are	known	two	binary	(sudovikovite,	PtSe
2
 and luberoite, Pt

5
Se

4
) and one ternary 

mineral jacutingaite (Pt
2
HgSe

3
).	Selenides	are	formed	from	hydrothermal	fluids	at	conditions	of	high	fugacity	Se/S	ratio	and	are	closely	associated	with	

chalcogenides	and	native	elements	in	a	variety	of	mineral	assemblages.	They	are	known	to	occur	in	low-temperature	selenide	mineralizations,	gold	or	
auriferous	mineralizations,	uranium	mineralizations	or	in	black	shales,	among	others.	

We	have	experimentally	investigated	palladium	selenides	and	studied	the	solubility	of	selected	elements	at	350/400	°C,	we	also	studied	the	ternary	
selenides and assessed their stable assemblages in the corresponding ternary systems. The evacuated silica tube method was applied for the purpose 
of	this	study.	The	experimental	products	were	examined	with	X-ray	powder	diffraction,	reflected	light	and	electron	microscopy.

Our	experiments	confirmed	the	following	binary	Pd-selenides	to	be	stable	in	the	temperature	interval	350-450	ºC:	Pd
4
Se, Pd

7
Se

2
, Pd

34
Se

11 
(stable up 

to	430	ºC),	Pd
7
Se

4
	(stable	up	to	415	ºC)

,
 Pd

5
Se

4
, Pd

17
Se

15
,
 
PdSe, and PdSe

2
. Palladseite (Pd

17
Se

15
) dissolves up to 6 at. % Ag; 4.2 at. % Hg; 4.5 at. % Cu; 3 

at. % Te. Silver, Hg, Cu, Te substitutes for Pd and also for Se in the structure of Pd
17
Se

15
. Other binary palladium selenides do not dissolve the ternary 

component studied. Milotaite (PdSbSe) forms stable association with antimonselite (Sb
2
Se

3
) and sudburyite (PdSb), it coexists with Pd-antimonides: 

naldrettite (Pd
2
Sb), stibiopalladinite (Pd

5
Sb

2
), and the phase Pd

31
Sb

12 
at	400	ºC.	Jaquéite	(Cu

2
Pd

3
Se

4
) forms stable assemblages with palladseite 

(dissolving 4.5 at % Cu) and the phase PdSe
2
, berzelianite (Cu

2-x
Se) and the phase PdSe

2
, berzelianite and palladseite (dissolving 4.5 at % Cu) at 400 

ºC.	Miessite	(Pd
11
Te

2
Se

2
) coexists with palladseite (dissolving 3 at. % Ag) and telluropalladinite (Pd

9
Te

4
)	at	400	ºC.	Chrisstanleyite	(Ag

2
Pd

3
Se

4
) forms 

stable associations with naumannite (Ag
2
Se), the phase PdSe

2
	and	palladseite	(dissolving	6	at.	%	Ag)	at	350	ºC	(Vymazalová	et	al.	2014).	Tischendorfite	

(Pd
8
Hg

3
Se

9
) forms stable assemblages with tiemannite (HgSe) and potarite (PdHg), potarite and palladseite (dissolving 4.2 at. % Hg), palladseite 

(dissolving 4.2 at. % Hg) and the phase Pd
2
HgSe

3
, the phase Pd

2
HgSe

3
	and	tiemannite	at	400	ºC	(Drábek	et	al.	2014).	Assessed	stable	phase	associations	

are expected to be observed at natural conditions.
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Radionuclide-microbe-mineral interactions

U speciation and mobility in soils and sediments: A spectroscopic and geochemical approach
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Former uranium (U) mining sites represent a major environmental issue because they may release radionuclides to surrounding natural ecosystems. 
Uranium scavenging in soils and sediments due to sorption and precipitation processes is however expected to naturally limit U dispersion in 
downstream waterways. To this regard, reduction of U(VI) to U(IV) in anoxic environments is expected to mitigate uranium mobility because U(IV) 
species are less soluble than U(VI) ones. However, the relative importance of the multiple U reduction mechanisms, either biotic or abiotic, direct or 
indirect,	as	well	as	the	diversity	of	possible	electron	sources,	are	still	poorly	defined	in	natural	systems.	In	addition,	identifying	U(IV)	species	resulting	
from this reduction reactions is a prerequisite to build reliable geochemical models able to evaluate long-term uranium redox behavior and mobility 
in contaminated sites. Such geochemical investigations are thus required in order to optimize management strategies as well as to improve our 
fundamental understanding of uranium behavior in Earth’s surface environments.

We will present the results of our recent investigations of uranium speciation and mobility in contaminated lacustrine sediments [1,2] and seasonally 
flooded	soils	[3]	impacted	by	former	uranium	mining	operations	in	France.	We	used	(micro-)X-ray	absorption	spectroscopy	at	the	U	L

III
 and Fe K-edge 

and electron microscopy analyses to determine uranium and iron speciation in well-preserved sediment and soil core samples. We combined this 
information with geochemical analyses of solids and pore-waters to follow uranium scavenging and release processes along redox boundaries at the 
sediment-water or water-table interfaces.

In	U	contaminated	lake	sediments,	we	show	that	indirect	reduction	of	U(VI)	by	Fe(II)	associated	to	clay	minerals	may	be	a	major	diagenetic	process	
responsible for the scavenging of U [1]. Our results also emphasize the importance of mononuclear species and phosphate minerals as U(IV) host 
phases	while	uraninite	is	virtually	absent	[1,2].	Based	on	these	findings	we	will	especially	discuss	uranium	sequestration	and	remobilization	processes	
in	seasonally	saturated	soils.	Particular	emphasis	will	be	put	on	the	influence	of	redox	cycling	due	to	seasonal	redox	fluctuations	on	uranium	redox	
and molecular level speciation in the highly contaminated soils studied. Altogether, our results call for the need to consider both non-uraninite U(IV) 
minerals and mononuclear U(IV) complexes in such anoxic environments as major species controlling U solubility. Investigating the reactivity of such U 
species	is	crucial	to	improve	our	knowledge	of	U	behavior	in	contaminated	environments.
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An EPMA, LA-ICP-MS and Fluid Inclusion study on the growth of a single cassiterite crystal from 
Blue Tier, Tasmania
Jason Bennett1

1Centre for Exploration Targeting, University Of Western Australia, Perth, Australia

The 21st century is seeing an increased demand for rare metals such as Li, Nb, Ta, W, Mo and In. These metals are commonly associated with Sn 
mineralisation, which predominantly crystallises as cassiterite (SnO

2
). Cassiterite has the potential to be an important multi-process recorder of the 

physical and chemical conditions of formation, as any cassiterite present in an ore assemblage (or even an alluvial sample) is a direct result of the 
mineralising processes. 

This	work	combines	Electron	Probe	Microanalysis	(EPMA)	and	Laser	Ablation	Inductively	Coupled	Plasma	Mass	Spectrometry	(LA-ICP-MS)	with	fluid	
inclusion	microthermometry	and	Raman	microanalysis	of	a	single	crystal	of	cassiterite	from	the	Blue	Tier	tin	field	in	north-eastern	Tasmania.	The	
crystal	was	collected	alluvially,	so	the	exact	placement	in	the	mineralising	system	is	unknown.	However,	the	largest	cassiterite	crystals	described	from	
this region are predominantly hosted in quartz – mica ± topaz greisen veins and alteration associated with the latest stage of magmatic evolution of 
the Blue Tier Batholith [1, 2].

The	crystal	shows	fine	scale	oscillatory	zoning	in	thin	section	(Figure	1)	which	is	reflected	optically	with	alternating	bands	of	brown	and	red-colourless	
pleochroism. The oscillatory zoning continues to the micrometre scale with cathodoluminescent (CL) bands 10 to 20 µm across. The optical zoning has 
been	used	to	define	an	internal	stratigraphy	for	correlation	of	fluid	inclusions	across	four	consecutive	thin	section	slices	of	the	crystal.	This	results	in	
a	relative	petrogenetic	sequence	for	each	primary	assemblage	across	the	bands	that	can	be	used	to	show	changes	in	the	fluid	properties	during	active	
cassiterite growth. Previous studies on comparable Sn greisens have examined whole petrogenetic stages of the mineralising system, which record a 
complex	fluid	evolution	due	to	late	stage	volatile	exsolution	and	subsequent	phase	separation	(boiling)	reactions	combined	with	mixing	of	meteoric	
waters	[3].	This	study	compares	the	variability	of	fluid	properties	with	changes	in	the	microchemistry	and	optical	character	of	the	cassiterite	during	
growth	under	these	complex	magmatic-hydrothermal	conditions.	Discussion	of	these	results	will	highlight	implications	for	our	understanding	of	fluid	
behaviour in these mineralising systems.
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New Frontiers in Micro-Analysis Workflows for Improved Characterization and Ore Deposit 
Knowledge
Shaun Graham1

1Raw Materials Industry, Carl Zeiss Microscopy, Cambridge, United Kingdom

For	over	25	years,	automated	mineralogy	on	a	SEM-EDS	platform	has	been	the	workhorse	to	provide	quantitative	mineralogy	characterization	to	
improve	ore	deposit	knowledge.	Despite	its	success,	technological	and	methodological	developments	in	the	EDX	and	elemental	quantification	have	
been limited until recent times. The development of Mineralogic now combines standards based EDS calibrations, quantitative chemical analysis, 
mineral	classification	on	measured	chemical	compositions	and	textural	analysis	into	an	automated	mineralogy	package.	As	such,	new	applications	are	
now	being	addressed	as	a	result	of	these	technological	breakthroughs.

Whilst the above-described developments have improved SEM-EDS based automated quantitative mineralogy analysis, the analysis is still tied to 
the capabilities and limitations of EDS detectors. This is an issue for characterization of “hi-tech” ores/commodities containing Co, Li, REEs in low 
concentrations or in challenging mineralogical suites. This is a critical gap that needs to be bridged to provide the necessary microanalysis tools for 
mineralogical	characterization	and	to	generate	the	detailed	ore	deposit	knowledge	required	to	successfully	and	economically	recover	the	valuable	ore.

In	this	talk,	we	will	present	workflows	and	capabilities	built	around	a	central	automated	mineralogy	capability	and	provide	views	towards	the	future	
analytical capabilities. This will include the applications of X-ray Microscopy to perform 3D micro-drill scanning to identify regions of interest that 
can then be sectioned and placed for automated mineralogy analysis in the SEM. We will present the new core abilities of automated mineralogy in 
chemical, mineralogy and textural understanding of these samples. We will then focus on a range of additional correlative micro-analysis capabilities 
such as WDS, RAMAN, HIM-SIMs, LA-ICP-MS and also machine learning solutions that can be utilized.

These techniques and their compatibility are essential in providing the correct level of mineralogical, chemical and textural information to ensure that 
extraction of these commodities is possible. 

Successful	and	thorough	ore	characterization,	building	up	ore	body	knowledge	and	using	this	to	create	robust	geometallurgical	domains	for	these	
deposits,	will	require	this	detailed	mineralogical	characterization	and	enable	technologies	and	workflows.
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Dynamic mineral recrystallization and its effects on trace metal cycling in deep-sea ferromanganese 
nodules and crusts
Tobias Hens1, Joel Brugger1, Andrew Frierdich1

1School of Earth, Atmosphere and Environment, Monash University, Melbourne, Australia

Deep-sea ferromanganese nodules and crusts attract the attention of an emerging deep-sea mining industry due to their unusual enrichment of 
metals, which are increasingly used in a wide variety of high-tech and green-tech applications. Metal recovery and processing of these deposits will 
most	likely	be	cost-intensive	and	require	innovative	solutions.	Sustainable	and	tailored	metallurgical	processes	thus	represent	one	critical	component	
that will positively affect the marine mining value chain.

Dynamic	mineral	recrystallization	(DMR)	occurs	as	a	background	process	during	biogeochemical	Mn	cycling	when	dissolved	Mn(II)	is	in	direct	contact	
with Mn oxides and may have notable potential for future hydrometallurgical applications. Metals (e.g., Ni), which are incorporated in the Mn host 
phases, are cycled between solid phase and solution through coupled dissolution (trace metal release) – reprecipitation (trace metal incorporation) 
mechanisms. We recently demonstrated that Ni is effectively released, surface-(re)adsorbed, and progressively incorporated during synthetic 
manganite recrystallization, with up to 40% of Ni incorporation into the Mn oxide structure being observed over time (Hens et al., 2018). Based on these 
results we employed similar techniques to investigate the impact of DMR on deep-sea ferromanganese nodules and crusts. A suite of geochemical 
analyses	were	used	to	characterize	the	bulk	geochemical	and	structural	composition	of	the	samples.	Metal	exchange	experiments	with	a	62Ni stable 
isotope	tracer	were	subsequently	conducted	to	quantify	the	amount	of	Ni	that	participates	in	mineral-fluid	cycling.	Furthermore,	the	effects	of	Mn(II)

aq
 

concentration, and additional variables, such as Fe(II)
aq

, pH, and time were evaluated. 

Our	results	show	that,	although	Ni	experiences	mineral-fluid	repartitioning	in	Mn(II)
aq

-free suspensions, increased Mn(II)
aq

 concentrations (e.g., 1 mM 
Mn(II)

aq
) catalyze Ni exchange between solid phase and solution over time. Ni exchange of up to 20 percent could be observed in samples with high 

solid-associated Fe concentrations during reactions in pH 7.5 suspensions. We thus hypothesize that DMR (a) has direct implications for the genesis, 
alteration, and trace metal enrichment of deep-sea ferromanganese nodules and crusts and (b) may represent a cornerstone for the development of 
tailored, sustainable, and eco-friendly hydrometallurgical metal extraction techniques.
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Critical commodities: Australia's opportunity as a global supplier
David Huston1,	Roger	Skirrow1, Carl Brauhart2

1Geoscience Australia, Canberra, 2CSA Global, Perth, Australia

Critical	commodities,	defined	as	metals,	minerals	and	non-metallic	elements	that	are	both	economically	important	and	have	a	risk	to	supply,	
have become increasingly recognised for their essential uses in existing and developing high-tech and eco-friendly industries. Although, with a 
few	exceptions,	Australia	is	not	a	globally	significant	consumer	of	critical	commodities,	it	has	the	potential	to	become	a	major	supplier	of	these	
commodities	given	its	robust	mining	industry	and	varied	geology.	With	this	in	mind,	Geoscience	Australia	has	undertaken	a	series	of	studies	to	assess	
this potential.

Based	on	this	assessment	we	have	identified	four	broad	ore-forming	or	mineral	systems	that	potentially	could	provide	significant	critical	commodities	
together	with	major	base	and	precious	metals:	(1)	mafic-ultramafic-related	systems	(Ni,	PGEs,	Cr	and	Co),	(2)	felsic	igneous-related	systems	(Li,	REEs,	W,	
Nb, Ta, Mo, Be and Bi), (3) basin-hosted systems (Co, Ge, Ga, Cd and In), and (4) heavy mineral sand-hosted systems (Zr, Ti, REEs and Th). In addition to 
these broad systems, existing deposits also have potential to produce, as by-products, some critical commodities.

We	have	used	a	dataset	of	ore	samples	and	certified	reference	material	analyses,	combined	with	a	literature	review	and	discussions	with	company	
geoscientists	and	engineers,	to	undertake	a	preliminary	assessment	of	the	potential	for	existing	mining	operations	to	provide	critical	commodities.	
This	analysis	identified	that	some	deposits	are	enriched	in	certain	critical	commodities	(e.g.	REEs	in	IOCG	deposits,	PGEs	in	alkalic	porphyry	Cu	deposits,	
Ge	in	some	shale-hosted	Zn-Pb	deposits,	and	In	in	granite-related	Sn-Cu	deposits),	but	also	indicated	that	there	are	significant	metallurgical	and	
economic impediments to their recovery.

Our	analysis	indicates	that	Australia	does	have	opportunities	to	become	a	major	supplier	of	some	critical	commodities,	but	there	are	significant	
practicalissues to be overcome in realising this potential.
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New Methods for Characterising Lithium-Bearing Minerals and their Application in Exploration and 
Extraction
Monica Legras1,	Carsten	Laukamp1, Alexander Otto1

1Mineral Resources, CSIRO, Kensington, Australia

Lithium is an important resource in a time of both technological and environmental change, powering increasingly energy-intensive technologies 
and	supporting	renewable	and	environmentally-friendly	energy.	If	Li	is	to	sustain	its	relevance	in	the	world,	efficient	and	cost-effective	discovery	and	
recovery of Li from its host minerals is essential.

Identifying	Li-bearing	mineral	species	can	be	difficult,	as	they	often	share	characteristics	and	geological	settings	with	Li-poor	species.	Estimating	the	
Li content of these minerals also presents a problem, as Li is not usually measureable by conventional geological analysis techniques such as X-ray 
fluorescence	spectroscopy	(XRF)	and	Energy-dispersive	X-ray	spectroscopy	(EDS).	Instead,	there	is	a	reliance	upon	acid	digestion	and	inductively-
coupled	plasma	(ICP)	methods	which	involve	significant	expenditure,	a	long	waiting	time	between	sample	collection	and	analysis,	and	extensive	sample	
preparation and destruction.

We	have	used	a	variety	of	analytical	techniques	to	examine	the	key	Li-bearing	minerals	spodumene	and	lepidolite.	The	usefulness	of	each	of	these	
techniques for commercial applications is evaluated, and optimal procedure is suggested.

Infrared	reflectance	spectroscopy	(IR)	and	X-ray	diffraction	(XRD)	can	in	many	cases	be	effectively	used	to	characterise	the	species,	abundance,	
chemistry and structure of Li-bearing minerals. As well as helping to identify prospective lithium deposits, these properties are important 
geometallurgical parameters. The potential of these techniques to both directly measure and infer Li content is also explored.

Laser-induced	breakdown	spectroscopy	(LIBS)	is	a	chemical	analysis	technique	of	increasing	interest	to	the	geological	community	due	to	its	ability	to	
measure	light	elements	including	Li.	In	this	study,	we	evaluate	the	suitability	of	LIBS	for	accurately	and	precisely	quantifying	the	Li	content	of	rocks	
and	minerals	by	comparing	LIBS-derived	measurements	with	laboratory-certified	geochemical	data.

All	of	these	analytical	techniques	are	available	as	portable	instruments,	which	allow	rapid	characterisation	of	geological	materials	in	the	field	and	
on-site.	They	may	be	of	significant	value	in	the	resources	industry,	with	the	potential	to	improve	efficiency	in	Li	exploration,	mining	and	extraction,	and	
reduce the environmental impact of mining. Portable IR, XRD and LIBS instruments are evaluated for data quality and usefulness in these pursuits.
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Determination of Lithium-concentrations in different ores determined by X-Ray diffraction and 
statistical methods
Herbert Poellmann1, Uwe Koenig2

1Mineralogy, UNIVERSITY OF HALLE, Halle, Germany, 2Malvern-Panalytical, Almelo, Netherlands

As	lithium	plays	an	increasing	important	role	in	the	field	of	energy	storing	systems	there	is	a	higher	demand	in	lithium.	The	main	sources	of	lithium	
come from two types of geological settings:

        1. Lithium mineral containing ores, mainly in pegmatites

								2.	Lithium	derived	resources	associated	with	salt	lake	brines

Lithium concentrations in ores and materials must normally be determined using wet chemical analysis techniques which need chemical dissolution 
methods	and	are	quite	time	consuming.	Direct	XRF-analysis	is	not	possible.	An	XRF-method	using	the	Lithium-mineral	accompanying	elements	like	
Ga,Rb, Nb, Sn, Cs, Ta and Ti as base for an algorithm (Lithium index) was shown by Brand, N. & Brand, Ch..

By determining the type and content of the lithium-containing phases it is possible to recalculate the Li
2
O-content of the different samples. In this 

study the following silicatic and phosphatic Li-minerals from different places (Brazil, Germany, Portugal, Namibia, Finland, Australia) were used for Li
2
O 

determination:

Spodumene, Petalite, Zinnwaldite, Lepidolithe, Montebrasite and triphylite.

The different minerals were determined using the following XRD-techniques and statistical tretament methods:

Rietveld	analysis,	Partial	least	squares	refinement	and	Cluster	analysis.	As	the	different	minerals	do	contain	different	amounts	of	Li
2
O the total 

amounts	to	be	determined	are	different.	Due	to	occuring	solid	solutions	of	the	Lithium	minerals,	for	every	occurence	and	mine,	primarily	the	definite	
composition of the minerals must be determined using other methods.

After performing all necessary determinations of the quantitative content a correlation of the amount of lithium mineral in the sample leads to the 
final	calculation	of	the	total	lithium	content.

For	a	definite	mine,	knowing	the	accompanying	minerals	it	is	possible	to	make	partial	least	squares	refgression	calibrations	to	enhance	the	speed	of	
determinations. Also a separation of different lithium mineral concentrations with different qualities (high grade, low grade) can be obtained by Cluster 
analysis. If different lithium minerals may occur in the samples these different types also can be brought into different clusters.

Due to the higher demand in lithium in the upcoming years it will be of high interest to investigate and use precise and fast methods to determine 
contents and qualities.

An underground image of big spodumene crystals in quartz matrix are given in image 1.
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Tellurium Tomorrow: Supply, Demand and Waste of a Rare Material
Daniel Smith1

1University of Leicester, Leicester, United Kingdom

Tellurium is one of the least abundant elements in the Earth’s crust, yet society has a burgeoning need for a reliable supply of this semi-metal, 
particularly	as	a	key	ingredient	in	solar	panels.	Although	established	uses	in	alloys	and	computer	components	have	declined,	rapid	growth	in	solar	
power	has	dramatically	increased	the	consumption	of	tellurium.	Tellurium	is	almost	exclusively	produced	as	a	by-product	of	refining	other	metals	
(chiefly	copper),	and	at	present,	industry	is	poorly	positioned	to	increase	supply	in	line	with	growing	demand.

Alternative	sources	of	tellurium	are	known,	but	the	mechanisms	by	which	tellurium	is	enriched	are	poorly	understood,	and	targeted	exploration	for	
such	deposits	is	limited	by	such	knowledge	gaps.	A	further	challenge	for	tellurium	supply	has	been	in	the	“how”	of	recovering	it.	There	are	a	number	of	
metallurgical problems with the extraction of the element even from enriched ores. 

Ongoing research in the “TeaSe” Project (Tellurium and Selenium: Cycling and Supply) is providing insight into the crustal processes that lead to Te 
enrichment, and to novel processing methods to more effectively recover  it without compromising on economic or environmental factors.
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Atomic scale transformation of bone in controlled experimental environments  
Julie Aufort1, Christel Gervais2,	Loïc	Ségalen3, Nathalie Labourdette3, Benoït Baptiste1, Olivier Beyssac1, Romain Amiot4,	Christophe	Lécuyer4, Etienne 
Balan1

1Institut	de	Minéralogie,	Physique	des	Matériaux	et	Cosmochimie	(IMPMC),	2Laboratoire	de	Chimie	de	la	Matière	Condensée	de	Paris	(LCMCP),	3Institut 
des	Sciences	de	la	Terre	de	Paris	(ISTeP),	Sorbonne	Université,	Paris,	4Laboratoire	de	Géologie	de	Lyon,	Terre,	Planètes	et	Environnement,	Université	
Lyon 1, Villeurbanne, France

The chemical and isotopic compositions of biogenic apatite, i.e. the mineral component of vertebrate’s bones and teeth, are important geochemical 
markers,	used	to	infer	past	climates,	dietary	preferences	and	habitat.	However,	they	can	suffer	modifications	during	the	fossilisation	process.	Fossil	
apatites	generally	exhibit	an	overall	decrease	in	carbonate	content,	enrichment	in	fluorine,	incorporation	of	trace	elements	and	an	increase	in	
crystallinity. Detailed understanding of these transformations induced by fossilisation should help assess the preservation of geochemical records in 
apatites.   

In	this	contribution,	we	investigate	the	crystal-chemical	transformations	and	more	specifically	the	environment	of	carbonate	groups	and	fluoridation	
mechanisms, in modern bio-apatites altered under controlled conditions, using vibrational (ATR-FTIR, Raman) and solid-state NMR (Nuclear Magnetic 
Resonance)	spectroscopies.	Modern	bone	powders	and	wafers	were	soaked	in	10-2 M	NaF	solutions	for	periods	up	to	3	weeks	at	various	temperatures	
(20-70°C)	and	in	various	buffer	(e.g.	phosphate	or	organic)	and	pH	conditions	(neutral	and	alkaline).	Systematic	incorporation	of	fluoride	in	the	channel	
sites	is	observed	in	all	samples	altered	with	a	sodium	fluoride	solution.	In	contrast,	the	formation	of	secondary	carbonated	fluorapatite,	associated	
with the presence of a clumped (CO

3
2-, F-) defect in the structural B site, depends on the type of buffer solution used for the alteration experiment. 

Fluoride	ions	thus	act	as	a	probe	revealing	diffusion	and	reprecipitation	pathways	in	bone.	Based	on	the	experimental	results,	we	discuss	the	fluoride	
incorporation mechanisms, i.e. diffusion vs dissolution-recrystallization processes, and their implications for palaeo-environmental reconstructions 
based on fossil apatites.
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Textural and compositional complexities resulting from fluid-driven, surface-controlled reactions in 
ore systems
Joel Brugger1, Allan Pring2, Barbara Etschmann1, Alexander Altree-Williams3, Kan Li2, Jing Zhao2

1School of Earth, Atmosphere and Environment, Monash University, Clayton, 2College	of	science	and	engineering,	Flinders	University,	Bedford	Park,	
3School of Petroleum, University of Adelaide, Adelaide, Australia

Textural	observations	are	key	to	deciphering	the	origin	and	geological	history	of	rocks	and	their	constituent	minerals.	This	talk	illustrates	the	diversity	
of	textures	that	arise	from	‘coupled	dissolution	reprecipitation’	(CDR)	reactions,	and	emphasizes	the	role	of	fluid-driven	replacement	reactions	and	far-
from-equilibrium processes in controlling the nature and grades of ores.

Over the past decade, experimental studies of CDR reactions have revealed a great diversity of textures that arise from the CDR mechanism for 
ore	minerals	(Altree-Williams	et	al.,	2015).	The	most	profound	lesson	from	these	studies	is	probably	that	water	plays	a	key	role	in	controlling	the	
kinetics	and	the	composition	and	nature	of	the	products	in	many	nominally	anhydrous	mineral	replacement	reactions.	In	many	examples,	reaction	
mechanism rather than intensive properties such as P-T history control the textures of the products, and far-from-equilibrium or local equilibria at 
the	mineral-fluid	interface	control	the	final	textures	and	mineral	assemblages.	These	processes	can	also	lead	to	the	scavenging	of	trace	elements	
from	hydrothermal	fluids.	We	show	that	in	a	high-grade	Cu-U	ore	sample	from	the	giant	Olympic	Dam	deposit,	all	the	uranium	is	associated	with	the	
pseudomorphic replacement of chalcopyrite by bornite (Li et al., 2016). Because by nature CDR reactions are interface-controlled, many of the products 
are metastable, which drives further reaction; these subsequent reactions can add to the textural complexity, or on the contrary obscure the original 
reaction mechanism.

Experimental studies have also demonstrated that textures that are traditionally seen as solid-state-driven, such as exsolution, can actually be 
fluid-driven.	This	affects	not	just	the	kinetics	of	these	reactions,	but	also	the	nature	of	the	products.	In	the	case	of	annealing	the	bornite-digenite	
solid	solution	(bdss),	depending	on	the	pH	buffer	used,	the	homogeneous	bdss	obtained	at	300˚C	breaks	down	to	either	bornite+digenite,	or	to	
chalcopyrite+bornite (Zhao et al., 2017).
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[2] Li,	K.,	Etschmann,	B.E.,	Rae,	N.,	Reith,	F.,	Ryan,	C.G.,	Kirkham,	R.,	Howard,	D.,	Rosa,	D.,	Zammit,	C.	Pring,	A.,	Ngothai,	Y.,	Hooker,	A.	and	†Brugger,	J.,	2016.	Ore	petrography	using	megapixel	

X-ray imaging: Rapid insights into element distribution and mobilisation in complex Pt and U-Ge-Cu ores. Economic Geology, 111, 487-501. DOI:10.2113/econgeo.111.2.487.
[3] Zhao, J., †Brugger, j., Grguric, B.A., Ngothai, Y. and Pring, A., 2017. Fluid-enhanced coarsening of mineral microstructures in hydrothermally synthesized bornite-digenite solid solution. 

ACS	Earth	and	Planetary	Chemistry,	1,	465−474.
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Experimental investigation of reaction between pyrite and copper(I)–chloride at 100–250℃ and its 
geological implications
Yang Zhang1, Yuanfeng Cai1, Weiqiang Li1, Yang Qu1, Yuguan Pan1

1School of Earth Sciences and Engineering, NanJing University, Nan Jing, China

Replacement	of	pyrite	by	copper-bearing	sulfides	is	ubiquitous	in	mineral	deposits,	and	zonation	sequence	of	chalcocite,	bornite	and	chalcopyrite	
is common in many different types of deposits. Cuprous Cu (Cu+) is the dominant Cu species in hydrothermal systems, however, there has been no 
experimental study on the reaction between pyrite and Cu+. Here we report a systematic experimental investigation on replacement of pyrite by 
copper-bearing	sulfides	in	cuprous	chloride	solutions	at	100–250℃, and pH of 1–8, and evaluated the effects of temperature, pH, Cu concentration, 
reaction time, and oxygen level of initial gas buffer on pyrite replacement reactions. Reactions between pyrite and Cu(I) resulted in formation of 
chalcopyrite, bornite and chalcocite in zoning sequence outward from the reaction front of pyrite to the solid aqueous solution interface. Results show 
that	copper-bearing	sulfides	formed	at	the	temperature	higher	than	150℃, and pH could exert important effect on reaction products that is in mild 
alkaline	conditions,	the	products	were	chalcocite	and	bornite	while	in	mild	acidic	conditions	chalcopyrite	and	bornite	were	the	main	products	and	in	
strong acidic conditions only pyrite dissolution occurred. The precipitation of chalcopyrite affects the dissolution path of pyrite. In low pH condition the 
dissolution product is SO

4
2- while at pH higher than 3 (chalcopyrite begins to form), the product is H

2
S. 

Thermodynamic	calculation	suggests	that	the	inner	layers	of	chalcopyrite	and	bornite	are	not	in	equilibrium	with	the	bulk	solution,	but	reflect	dynamic	
“local conditions” that are created by bidirectional diffusion of H

2
S (or HS-), Cu+, Fe2+ and H+ between reaction front and solution–solid interface. 

Our	results	indicate	that	the	dynamic	replacement	textures	and	zonation	of	copper-bearing	sulfides	in	deposit	such	as	SSC	are	controlled	by	local	
variabilities	of	chemical	environment	at	micro-scale	and	macro-scale,	respectively.	In	addition,	replacement	of	pyrite	by	copper-bearing	sulfides	
(e.g. bornite or chalcocite) leads to release of Fe in form iron oxides (e.g. hematite or magnetite). Our results raise the possibility that the mineral 
assemblages	of	copper-bearing	sulfides	and	iron	oxides	in	hydrothermal	ore	deposits	may	reflect	interaction	iron	sulfides	with	copper-bearing	fluids,	
and Fe in oxides may originate from pyrite precursors.
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Structural properties and stability of multiply-substituted Fe-oxides
Jessica Hamilton1, Oxana Repina1, Grace Scullett-Dean1, Talitha Santini1

1School of Earth and Environment, The University of Queensland, St Lucia, Australia

Fe-oxide minerals are almost ubiquitous in the environment and play an important role in trace metal mobility and potential toxicity, since a wide 
range of elements can be incorporated into these phases by isomorphous substitution and surface sorption. While much research has focussed on 
understanding	the	mechanisms	of	individual	trace	metal	uptake	and	stability	within	Fe-oxide	phases,	comparatively	little	research	has	investigated	
uptake	and	stability	of	multiple-metal	substituted	Fe-oxides,	which	are	more	representative	of	natural	Fe-oxides	in	the	environment.

Here,	we	explore	the	links	between	structural	properties	and	stability	of	multiply-substituted	Fe-oxides,	with	a	focus	on	trace	elements	that	are	
relevant to bauxite residue remediation (Al, Cr, V, As, Mo and Zn). Leaching potential of trace metals over the range of pH 6-14 (relevant to neutralisation 
of	alkaline	wastes)	is	investigated	using	a	range	of	single	and	multiply-substituted	ferrihydrite,	hematite	and	goethite.	Adsorption	isotherms	are	
coupled to particle morphology (electron microscopy and surface area) and to structural information (X-ray diffraction) to understand the effects of 
surface charge, surface area, and trace element incorporation for different surfaces.

This	fundamental	work	provides	a	basis	for	understanding	Fe-oxide	stability	and	trace	metal	mobility	in	the	environment,	and	is	of	particular	relevance	
for remediation of contaminated environments and mine tailings. Understanding the effects of multiple substitution on the structure, morphology and 
stability	of	Fe-oxides	is	critical	to	predict	the	effects	and	potential	environmental	risks	that	geochemical	treatments	may	have	on	Al,	Cr,	V	As,	Mo	and	
Zn mobility in the environment.
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Interactions Between Dyes And Earth Materials And Its Influence On Groundwater Tracer Study 
Zhaohui Li1, Anthony Guido1, Hera Hulsey1, Kasey Kugler1, Pete Piliouras1

1Geosciences,	University	of	Wisconsin	-	Parkside,	Kenosha,	United	States

Many	Earth	materials,	such	as	clay	minerals,	have	large	specific	surface	area	and	high	cation	exchange	capacity	(CEC),	and	thus	have	strong	
interactions	with	polar	or	ionized	organic	compounds.	Meanwhile,	in	groundwater	study,	tracers	have	been	used	to	track	down	the	groundwater	flow	
velocity	and	movement.	Common	tracers	used	in	groundwater	study	include	fluorescence	dyes.	These	dyes	could	be	either	cationic	or	anionic	in	
nature. Rhodamine is a family of related chemical compounds and is extensively used in biotechnology applications, due to its high photostability. It 
is highly chemical stable against degradation. In this study, the interactions between a cationic dye rhodamine B (RB) or an anionic dye rhodamine WT 
(RWT) with different types of Earth materials were studies in batch experiments supplemented with column study. The studied Earth materials include 
quartz	sand,	common	clays	and	oxides.	The	influence	of	solution	pH	to	the	emission	wavelengths	and	intensity	was	also	investigated.	The	strong	
affinity	of	RB	for	clay	minerals	was	confirmed	by	the	X-Ray	diffraction	analyses,	suggesting	intercalation	of	RB	into	the	interlayer	of	montmorillonite,	
and	by	FTIR	investigation.	Thermal	gravity	analyses	also	conformed	the	uptake	of	RB	by	the	clay	mineral.	The	strong	interactions	between	RB	and	the	
clay	minerals	suggested	that	using	cationic	dyes	as	tracers	would	have	significant	retardation	effect	on	their	transport	through	Earth	media	that	have	
extensive	negative	charges.	In	contrast,	to	clay	minerals	negatively	charged	quartz	has	much	weak	interactions	with	the	dyes,	primarily	due	to	its	low	
charge	density	and	minute	uptake	of	RB.	On	the	contrary,	using	RWT	as	tracer	for	Earth	formations	that	have	significant	amounts	of	iron	oxide	coating	
could	also	induce	retardation	effects,	as	confirmed	by	slight	uptake	of	RWT	on	iron	oxides	and	red	sands.	These	results	suggest	that	care	must	be	taken	
when	using	fluorescence	tracers	to	monitor	the	groundwater	flow.	
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A New EPMA Technique to Characterisation Quartz and Quartz-cement
Colin Macrae1, Aaron Torpy2, Claudio Delle Paine3,	Nick	Wilson2

1Microbeam Laboratory, 2CSIRO Mineral Resources, Clayton, 3CSIRO Energy, Perth, Australia

Key to understanding the evolution of the quartz/quartz-cement systems has been the use of cathodoluminescence mapping and x-ray microanalysis 
to determine the source of the silica in the brine that has precipitated the quartz-cement.  Analysing quartz-cement offers challenges in microanalysis 
due to beam induced local heating leading to damage in the crystalline structure.  This has led us to develop a liquid nitrogen cathodoluminescence 
(CL) mapping and analysis capability.  We have introduced a liquid nitrogen (LN) cold stage into a FEG-EPMA together with hyperspectral CL and x-ray 
analysis which has enabled us to extract sub-micron images and avoiding beam induced damage in both the detrital quartz and quartz-cement [1]. The 
stage allows areas of up to several mm2 to be mapped.  We have observed increases in CL emission intensity in both detrital and diagenetic quartz at 
LN temperatures, enabling lower beam currents to be used for mapping.

This technique has been used to study the Southern Perth Basin of Western Australia which has been proposed as a carbon capture and storage region 
for	commercial	quantities	of	CO2	in	a	deep	saline	aquifer	hosted	by	the	Triassic	fluvial	sandstone	of	the	Lesueur	Formation.	Microstructural	analysis	
indicated that quartz-cement is the most important pore reducing diagenetic phase in the sandstone deposit [2]. As part of the site characterization 
four	wells	were	drilled	to	confirm	the	stratigraphy	of	the	area	and	retrieve	core	material	for	laboratory	analysis.	Current	depth	of	the	samples	
analysed	here	is	approximately	1.5	km	below	surface	although	the	widespread	abundance	of	quartz	overgrowths	cement	and	the	palaeo-temperatures	
estimated	from	fluid	inclusion	analysis	suggest	that	maximum	burial	depth	during	the	past	geological	history	was	at	least	3	km.	Quantitative	
cathodoluminescence and trace analysis has been used to establish the magnitude and relative timing of diagenetic processes affecting the Lesueur 
Sandstone	and	their	chemical	fingerprint	at	the	microscopic	scale.	Key	to	the	diagenetic	and	reservoir	properties	is	understanding	the	dissolution	of	
feldspar	resulting	in	the	precipitation	of	kaolinite	and	quartz	cements	which	are	common	diagenetic	reactions	that	can	significantly	affect	reservoir	
quality in sandstones. 

Microanalysis of the detrital quartz and quartz-cement in the samples, has revealed a reverse correlation between the 1.945eV emission centre and Al 
incorporation and different rates of incorporation appear between detrital and diagenetic quartz. The Ti4+ emission centre in quartz, 2.8 eV, was also 
examined	and	point	analyse	compared	with	the	fitted	intensity	showed	the	normal	response	for	quartz.			Titanium	incorporation	in	quartz	grains	was	
observed and a R2	valve	of	0.8641	indicates	a	significant	degree	of	correlation.		No	detectable	correlation	was	observed	between	with	the	2.8eV	Ti4+ 
peak	and	titanium	analyses	in	the	quartz-cement.	

References
[1] MacRae et al., IOP Conf. Series, Materials Science and Engineering. 304 (2017) pp1-14
[1] Timms et al., Marine and Petroleum Geology 60 (2015): 54-78.
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The role of alkali feldspar in ice-nucleation in clouds
Ian Parsons1

1Earth Science, University of Edinburgh, Edinburgh, United Kingdom

In	the	atmosphere,	water	droplets	in	clouds	can	supercool	to	-35ºC.	Mixed-phase	clouds	contain	a	mixture	of	supercooled	water	droplets	and	ice	
crystals, and some clouds are composed completely of ice-crystals at much higher T. Mineral dusts provide important ice-nucleating particles, and 
are distributed world-wide from desert regions. The nucleation and growth of ice in a cloud considerably changes its radiative properties, leads to 
precipitation and shortens the lifetime of the cloud. The evolution of clouds remains a topic of considerable uncertainty in both climate change studies 
and weather forecasting.

Clay	minerals	were	assumed	to	be	the	most	effective	natural	ice-nucleating	particles,	but	recently	it	has	been	shown	that	some	alkali	feldspars	are	
extremely	efficient	nucleators,	as	effective	as	man-made	silver	iodide,	used	for	‘seeding’	clouds.	The	nucleating	properties	of	AgI	are	usually	ascribed	
to a close structural match at the lattice scale with ice, although even in this simple compound, surface steps, structural defects and hygroscopic 
contaminants may have a role.

Feldspars share similar crystal structures, differ little in cell parameters but vary enormously in intra-crystal microtextures, particularly in the 
alkali	feldspars.	Several	recent	studies	have	shown	considerable	variation	in	the	ability	of	different	feldspars	nucleate	ice	but	it	has	proved	difficult	
to systematize this connection because of the imperfect way mineralogists describe and name complex samples. For example, a museum crystal 
described	simply	as	‘microcline’	may	in	detail	be	a	mixture	of	orthoclase	and	microcline.	It	may	contain	semi-coherent	perthitic	intergrowths	with	
misfit	dislocations,	as	well	as	regions	with	deuterically	coarsened	perthitic	intergrowths	composed	of	subgrains	with	micropores.

A	recent	paper	by	Whale	et	al.	(2017)	is	informative	because	it	is	based	largely	on	8	alkali	feldspar	samples	carefully	characterised	by	Lee	et	al.	(1998)	
for	a	study	that	showed	that	microtextures	exercise	a	strong	control	on	dissolution	rates	during	chemical	weathering,	particularly	in	fluids	close	to	
equilibrium.	Whale	et	al.	make	a	strong	case	that	the	surface	topography	and	defect	inventory	of	feldspar	fragments	have	an	important	role	in	ice	
nucleation, and the present contribution will explore this conclusion from a mineralogical perspective.

Lee M.R., Hodson, M.E. and Parsons, I. (1998).  The role of intragranular microtextures and microstructures in chemical and mechanical weathering: 
direct	comparisons	of	experimentally	and	naturally	weathered	alkali	feldspars.		Geochimica	et	Cosmochimica	Acta	62,	2771-2788

Whale,	T.F.,	Holden,	M.A.,	Kulak,	A.N.,	Kim,	Y-Y.,	Meldrum,	F.C.,	Christenson,	H.K.	and	Murray,	B.J.	(2017).	The	role	of	phase	separation	and	related	
topography	in	the	exceptional	ice-nucleating	ability	of	alkali	feldspars.	Phys.	Chem.	Chem.	Phys.	19,	31186	–	31193
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Rate evaluation of the dissolution of secondary sulfate minerals for effective acid and metalliferous 
drainage mitigation
Gujie Qian1, Rong Fan2, Michael Short2, Russell Schumann2, Jun Li2, Yubiao Li3, Roger Smart2, Andrea Gerson4

1Flinders University, 2University of South Australia, Adelaide, Australia, 3Wuhan University of Technology, Wuhan, China, 4Blue Minerals Consultancy, 
Tasmania, Australia

Jarosite and alunite are hydroxysulfate minerals, commonly associated with AMD environments, with general formula of AB
3
(SO

4
)

2
(OH)

6
 where A is 

normally K+, Na+, H
3
O+, Pb2+, NH

4
+ or Ag+, and B is Fe3+ for jarosite and Al3+ for alunite (Kim et al., 2002; Nordstrom, 2011; Smith et al., 2006; Stoffregen et 

al., 2000). Jarosite and alunite often form as secondary products in ferric- and aluminium-rich, acidic and oxic aqueous environments. However, when 
the	rate	of	pyrite	oxidation	passes	its	peak	and	the	pH	starts	to	increase,	these	secondary	minerals	start	to	re-dissolve,	releasing	acidity	and	metals.	
The presence of stored acidity in the forms of jarosite and alunite complicates the assessment of the rates of acid and metalliferous drainage (AMD) 
generation	from	potentially	acid-forming	waste	rocks	and	tailings.	To	better	enable	the	prediction	of	the	contributions	from	these	secondary	sulfate	
mineral, the relationships between pH and the rate of dissolution for natural jarosite, alunite and pyrite have been determined.

In single mineral unstirred systems the dissolution rates, in the order of 10−14 to 10−13 mol m−2 s−1, of jarosite and alunite in the pH range 2–7 were found 
to be slowest at pH 3.4 and 5.5, respectively. At pH above these respective minima, alunite and jarosite dissolution will result in acid release. The 
surface area-normalised dissolution rates of both minerals were 2–3 orders of magnitude smaller than that of pyrite under the same conditions, and 
were 2–4 orders of magnitude slower than the rates of stirred dissolution of  synthetic jarosite and alunite reported in the literature (Elwood Madden et 
al., 2012; Miller et al., 2016; Zahrai et al., 2013). In mixed mineral mini-column dissolution tests, pyrite oxidation proceeded at almost the same rate in the 
longer term (>50 days), regardless of the presence or absence of jarosite. Alunite had almost no effect on pyrite dissolution across the whole reaction 
duration	(approximately	190	days).	As	the	presence	of	these	secondary	sulfate	minerals	does	not	impact	significantly	on	pyrite	oxidation	rates	in	the	
longer	term,	the	contributions	of	these	minerals	can	be	taken	into	account	separately	enabling	accurate	calculation	of	neutralisation	rates	needed	to	
effectively manage AMD. 

References 
[1] Elwood Madden, M.E. et al., 2012. Jarosite dissolution rates and nanoscale mineralogy. Geochim. Cosmochim. Acta, 91: 306-321.
[2] Kim,	J.,	Kim,	S.,	Tazaki,	K.,	2002.	Mineralogical	characterization	of	microbial	ferrihydrite	and	schwertmannite,	and	non-biogenic	Al-sulfate	precipitates	from	acid	mine	drainage	in	the	

Donghae mine area, Korea. Environ. Geol., 42(1): 19-31.
[3] Miller, J.L., Elwood Madden, A.S., Phillips-Lander, C.M., Pritchett, B.N., Elwood Madden, M.E., 2016. Alunite dissolution rates: Dissolution mechanisms and implications for Mars. Geochim. 

Cosmochim. Acta, 172: 93-106.
[4] Nordstrom,	D.K.,	2011.	Hydrogeochemical	processes	governing	the	origin,	transport	and	fate	of	major	and	trace	elements	from	mine	wastes	and	mineralized	rock	to	surface	waters.	

Appl. Geochem., 26(11): 1777-1791.
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] at pH 2 and 8: Insights from batch experiments and computational modelling. 

Geochim. Cosmochim. Acta, 70(3): 608-621.
[6] Stoffregen, R.E., Alpers, C.N., Jambor, J.L., 2000. Alunite-Jarosite crystallography, thermodynamics, and geochronology. Rev. Minearl. Geochem., 40(1): 453-479.
[7] Zahrai, S.K., Elwood Madden, M.E., Madden, A.S., Rimstidt, J.D., 2013. Na-jarosite dissolution rates: The effect of mineral composition on jarosite lifetimes. Icarus, 223(1): 438-443.
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REE silicate-phosphate minerals in the weathered Permian diamictites, Agnew Region, Western 
Australia. Implications for REE mobility
Walid Salama1, Ravi Anand1, Ryan Noble1, David Gray1, Michael Verrall1

1CSIRO, Perth, Australia

Many	studies	are	concerned	with	the	rare	earth	elements	(REE)	mobility	during	hydrothermal	alteration	of	igneous	rocks,	but	little	is	known	about	the	
behavior	of	REE	during	water-rock	interactions	in	clastic	sediments.	We	studied	the	deeply	weathered	Permian	glacial	diamictites	at	the	Agnew	gold	
mine area, Western Australia as an example to show how weathering and redox changes associated with the oscillation of the groundwater table can 
play an important role in the destruction of primary REE-bearing phosphates and silicates and formation of more complex, secondary REE-bearing 
silicate-phosphates	minerals.	The	Permian	diamictites	are	25-180	m	thick	and	unconformably	overly	unweathered	Archean	mafic-ultramafic	rocks,	
granitoids,	metavolcanics	and	metasediments.	The	Permian	section	is	subdivided	into	three	chemostratigraphic	units	which	reflects	the	intensity	
of weathering: The lower unit is unweathered diamictites that consists of polymictic clasts in a sand matrix and cemented by smectite, chlorite and 
pyrite,	stable	below	water	table	under	alkaline	and	reducing	conditions.	The	middle	diamictite	unit	that	consists	of	weathered	clasts	and	matrix	and	
cemented	by	goethite,	hematite	and	kaolinite,	and	is	stable	above	the	water	table	under	neutral	and	oxidising	conditions.	The	upper	diamictite	unit	
is	intensely	weathered	consists	entirely	of	quartz	and	kaolinite.	Heavy	minerals	extracted	from	the	Permian	section	include	detrital	sulphides	(pyrite,	
chalcopyrite and pentlandite), cement (framboidal pyrite) and opaque oxides (ilmenite and magnetite). Monazite, xenotime and apatite derived from 
granites and gneisses are the main phosphate minerals in the Permian sediments. Under tropical weathering conditions, the oxidation of sulphides 
during the oscillation of the groundwater table created acidic solutions that corroded the REE-bearing phosphate and alumino-silicates (Fig. 1A, B), 
thus	releasing	Ca,	REE,	Y,	P	and	Si.	These	elements	are	incorporated	into	the	crystal	lattice	of	cavity-filling,	hexagonal	and	colloform	Ce-rich	silicate-
phosphate minerals (Fig. 1C, D) that occur with goethite and psilomelane in the weathered diamictite. Electron probe microanalyses showed that the 
inner	colloform	layers	of	the	Ce-rich	silicate-phosphate	minerals	are	100-500	nm	thick	and	consist	of	SiO

2
 (20-27%), Ce

2
O

3
 (50-57%), P

2
O

5
 (3-7%) and 

Y
2
O

3
	(1.5-5%).	The	outer	layers	are	2-4	µm	thick	and	consist	of	SiO

2
 (13-20%), Ce

2
O

3
 (45-65%), P

2
O

5
 (1-12%) and Y

2
O

3
 (1.5-9%). The mobility of REE and Y is 

also evident in the majority of the groundwater samples collected in the Agnew area in which total REE is up to 4.6 µg/L, Ce is up to 1.7 µg/L and Y is up 
to 0.68 µg/L. Groundwaters are highly saline (Total Dissolved Solids up to 31400 mg/L) and slightly acidic at Agnew. Thermodynamic modelling shows 
waters are saturated or near saturated with respect to REE-bearing phosphate minerals such as CePO

4
 and YPO

4
. Saline and acidic groundwaters and 

redox changes are necessary for mobilizing REE from phosphate and alumino-silicates in the weathered Permian diamictites.
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Complex mineral replacement reactions in copper-iron sulfides: insights from hydrothermal 
experiments
Fang Xia1,	Idowu	Abiodun	Adegoke1, Artur P. Deditius1

1School of Engineering and Information Technology, Murdoch University, Perth, Western Australia 6150, Australia

Bornite (Cu
5
FeS

4
)	is	one	of	the	most	abundant	Cu-sulfides	in	many	types	of	ore	deposits,	such	as	sediment-hosted	Cu,	porphyry	Cu,	volcanogenic	

massive	sulfide	(VMS),	and	iron	oxide-copper-gold	(IOCG)	deposits	(Cook	et	al.,	2011).	It	forms	complex	intergrowth	textures	with	associated	(Cu,Fe)-	
and	Cu-sulfides	such	as	chalcopyrite	(CuFeS

2
), chalcocite (Cu

2
S), covellite (CuS), and digenite (Cu

1.8
S) (Ciobanu et al., 2017), which are produced due to 

exsolution and/or mineral replacement reactions (Grguric et al., 1999, Zhao et al., 2014, Zhao et al., 2017). In addition, phase relations in the Cu-Fe-S 
system, which involve extensive solid solutions (e.g., bornite-digenite) and high- and low-temperature phases, convolute the textural and mineralogical 
evolutions of bornite.

To	elucidate	the	mechanisms	of	bornite-fluid	interactions,	we	studied	the	experimental	replacement	of	bornite	by	secondary	Cu-sulfides	under	well-
controlled	hydrothermal,	acidic	conditions	(pH	1-6),	in	the	temperature	range	of	160-200	°C,	under	autogenous	pressures.	Replacement	of	bornite	
by secondary phases occurred under all experimental conditions. During the initial stages of the reaction, bornite decomposed three-dimensionally, 
producing	basket-weave	like	exsolution	texture	consisting	of	chalcopyrite	lamellae	(ca.	0.4-10	µm	thick),	which	are	enclosed	by	digenite	as	a	second	
decomposition product. This solid-state exsolution depends on temperature, and surprisingly it depends on the solution composition. Therefore, it 
is suggested that surrounding hydrothermal solution may promote the solid-state diffusion processes by removing cations from the bornite mineral 
surface. In parallel to exsolution, interface coupled dissolution-precipitation (ICDP) mineral replacement reactions started from the surface of the 
bornite, and progressed towards the interior of the chalcopyrite/digenite assemblage, sharing typical textural features (e.g., porosity, sharp reaction 
front) of ICDP reactions (Putnis 2009). Two contemporaneous replacement reactions were observed, which include (i) the faster replacement of 
chalcopyrite lamellae by digenite and (ii) the slower replacement of digenite by covellite. With the progress of the reactions, the digenite precipitated 
from the replacement of chalcopyrite lamellae merged with the digenite occupying in the matrix surrounding chalcopyrite lamellae. This merged 
digenite	phase	is	visible	as	a	thick	ring	between	the	chalcopyrite-digenite	assemblage	and	the	digenite-covellite	reaction	front	in	the	cross-section	
view. Subsequently, both generations of digenite were replaced by covellite.

These	results	suggest	that	complex	texture	in	copper	iron	sulfides	may	be	derived	from	synergy	of	solid-state	exsolution	and	dissolution-precipitation	
processes that are tightly coupled, and that a single mineral phase digenite may be a homogenous mixture of products from two distinct reactions. The 
textural analyses provide new insights into the evolution of bornite and supergene ore enrichment, which is crucial for targeted mineral exploration 
and	the	development	of	more	efficient	technologies	for	Cu	processing	via	heap	and	in	situ	leaching	(Sinclair	and	Thompson	2015).
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Reactions at the mineral-fluid interface

Rare Earth Elements control porosity change during the magnetite to hematite transformation
Yanlu Xing1, Joël Brugger1, Barbara Etschmann1, Xiya Fang2

1School of Earth, Atmosphere and Environment, 2Monash Center for Electron Microscopy, Monash University, Melbourne, Australia

The replacement of magnetite by hematite is observed in many hydrothermal ore deposits. For example, in the giant Olympic Dam (OD) deposit, the 
transformation of magnetite to hematite is thought as one of the important mechanisms forming the ore-bearing hematite breccia. At OD, REE contents 
are positively related to hematite concentration in the breccia, suggesting that REEs may be involved in the magnetite to hematite transformation.

In this study, we investigate the transformation of magnetite to hematite with experiments performed by reacting magnetite in 0.5 M acetate buffer 
solutions	(pH=4)	at	200	ºC.	The	solutions	were	doped	with	500	ppm	La,	Ce	or	Nd.	The	redox	state	of	the	solution	was	controlled	by	bubbling	with	N

2
(g) 

and adding a precise amount of hydrogen peroxide. The magnetite grains were replaced by hematite in a pseudomorphic manner under all conditions. 
However, grains reacted in La- and Nd-doped solutions show relatively smooth surfaces, whereas grains reacted in Ce-doped solutions show porous 
and loosely preserved surface. Hematite crystals that precipitated on the surface of these samples are larger but less homogeneous in size (>5 µm) 
than those precipitated in La- and Nd-doped solutions (<5 µm). In addition, a 1-10 µm-wide gap is usually found developing at the reaction front (phase 
boundary between magnetite and hematite) in grains reacted in Ce-doped solutions.

Our results suggest that the presence of Ce3+	in	the	fluid	can	reduce	the	nucleation	rate	of	hematite	during	the	replacement	of	magnetite,	therefore	
increasing the magnetite dissolution rate relative to hematite precipitation, and resulting in a coarsening of the porosity associated with this 
replacement	reaction.	This	coarse	porosity	would	facilitate	fluid	penetration,	enhance	magnetite	to	hematite	transformation,	as	well	as	provide	space	
for	the	precipitation	of	ore	minerals.	This	study	demonstrates	that	trace	elements	can	have	a	major	influence	on	the	development	of	mineral	textures	
and porosity in hydrothermal systems.
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Gem zircon and sapphire ages and origins, New England sapphire fields, New South Wales, Australia
Ahmadjan Abduriyim1

1Tokyo	Gem	Science,	Saitama,	Japan

Zircon megacrysts are common in eluvial and alluvial sapphire/ruby deposits derived from basaltic sequences, from where they are often cut as an 
accessory gemstone. Such zircons have a wide distribution along eastern Australian, Asian, Russian continental margins, Africa, Madagascar and rarely 
in	former	oceanic	plateaus.	Zircons	from	these	basaltic	fields	provide	U-Pb	and	Hf	isotopic	data	related	to	their	crystallization	age,	origin	and	substrate	
affinities.

In	eastern	Australia,	only	a	few	basaltic-derived	zircon	megacryst	suites	have	systematic	published	ZFT	ages	and	U-Pb	isotopic	data	on	their	affinities,	
notably Barrington Tops, Tumbarumba, Weldborough and Carapooee (Sutherland & Fanning 2001; Sutherland et al. 2002; Zaw et al. 2006; Birch et al. 
2007).	The	two	largest	gem	fields	either	have	considerable	ZFT	dating	but	limited	U-Pb	ages	(New	England,	NSW;	Seward	&	Krosch	1989;	Sutherland	et	
al.1993; Sutherland 1996) or have a systematic spread of U-Pb ages without corresponding ZFT data (Worden et al. 1990). There is little published Hf 
isotope	data	on	zircon	megacrysts	from	any	of	these	fields.

In	first	half	of	this	study,	chemical	compositions	and	geochronological	data	utilizing	the	laser	ablation	ICP-MS	technique	are	presented	for	zircon	
megacrysts	found	in	alluvial	gem	corundum	deposits	associated	with	Late	Cretaceous-Cenozoic	alkali	basalts	in	the	Inverell	district-New	England	field,	
New	South	Wales,	eastern	Australia.	Three	localities,	Kings	Plains,	Swan	Brook	and	Mary	Anne	Gully,	produce	gem-quality	transparent	dark	brown	and	
yellow zircon megacrysts, mostly under 10mm in size. Although brown zircon shows relative enrichment in Hf and REE, there are no differences in 
relative transition metal concentrations between the colors. Chemical homogeneity within a single crystal indicates stable crystallization conditions. 
The 206Pb/238U	age	of	zircon	megacrysts	from	these	three	localities	define	older	and	younger	groups	of	174-216	Ma	and	37.7-45	Ma	respectively.	These	
zircons from New England alluvial gem deposits have two main formational events around Upper Triassic-Lower Jurassic and Eocene episodes. Most 
originated from lithospheric mantle and all were brought-up by later host basaltic magmas (Abduriyim et al.2012).

In our second half study, we have targeted the syngenetic zircon inclusions which are common in blue sapphire from Inverell district. The average 
206Pb/238U age yielded at 34.9+-1.4 million years. Based on the morphological features, zircons were tested as syngenetic inclusions within their sapphire 
hosts, indicating the same formation age between the growth of host sapphires and that of zircon inclusions. Therefore, it is showed that blue 
sapphires from Inverell district were formed during the Eocene and might be associated with the late Eocene volcanic eruptions.

Corundum	from	different	deposits	are	likely	to	have	formed	at	different	geological	periods.	Age	dating	can	be	a	helpful	evidence	for	geographic	origin	
determination when syngenetic zircon inclusions are exposed on the surface of host sapphires.
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Gem spinel: Advances in trace element “fingerprinting” and new insights into the origin of cobalt-
blue spinel
Philippe Belley1, Lee Groat1

1University of British Columbia, Vancouver, Canada

Trace	element	“fingerprinting”	of	gemstones	is	increasingly	being	used	to	determine	the	possible	geological	or	geographical	origin	of	gems,	notably	
corundum	and	emerald,	and	fingerprinting	of	gem	spinel	remains	in	its	infancy.	The	present	study	assesses	the	trace	element	composition	of	
spinel with a focus on cobalt-blue spinel. Fourteen spinel occurrences, including two occurrences of the cobalt-blue variety, were sampled in situ in 
Nunavut	(Canada).	Samples	from	these	occurrences,	in	addition	to	spinel	from	other	world	localities	(cobalt-blue:	Sri	Lanka,	Pakistan,	Vietnam;	purple:	
Afghanistan,	Vietnam;	pink:	Vietnam)	were	analyzed	for	trace	elements	using	laser	ablation-inductively	coupled	plasma-mass	spectrometry	(LA-ICP-MS).

Li,	Be,	B,	Ti,	V,	Cr,	Mn,	Fe,	Co,	Ni,	Zn,	and	Ga	are	generally	present	in	spinel	while	other	elements	(Cu,	Hg,	Sc,	Si,	high	field	strength	elements,	REE)	are	
below	limits	of	detection.	Thus	the	concentration	of	the	former	elements	should	be	used	for	spinel	trace	element	fingerprinting.	Trace	element	
concentrations	are	consistent	within	single	crystals	and	can	vary	considerably	from	one	locality	to	another.	Significant	trace	element	variation	within	
groups of spinel from the same occurrence (i.e., from different lithologies within an outcrop) poses a challenge to the use of trace elements for 
provenance determination of spinel gemstones.

Cobalt	and	nickel	concentrations	in	the	spinels	studied	are	moderately	positively	correlated	(r	=	0.5),	and	both	correlate	with	Li	(r	=	0.4	and	r	=	0.7,	
respectively). Strong positive correlations exist between V and Cr (r = 0.75) and Fe and Mn (r = 0.75). Ga and Ti concentrations exhibit a moderate 
negative correlation (r = -0.6). Cobalt concentrations in vivid blue spinel range from 48 to 555 µg/g; the Co-rich samples have the highest degree of 
blue saturation, while those containing more Cr (e.g., 1551 µg/g) have a purple tinge.

Whole-rock	geochemical	data	were	collected	for	spinel	occurrences	in	Precambrian	metacarbonates	in	southern	Baffin	Island,	Nunavut,	including	the	
two	cobalt-blue	spinel	occurrences.	Rocks	at	vivid	blue	spinel	occurrences	are	cobalt-	and	nickel-enriched	(9-29	µg/g	Co,	10-47	µg/g	Ni)	relative	to	
the	marbles	and	other	spinel-bearing	calc-silicate	rocks	(0-8	µg/g	Co,	0-12	µg/g	Ni	except	for	a	sulphide-bearing	sample	with	23	µg/g	Ni).	Co	and	Ni	
concentrations	vary	significantly	on	a	decimeter	scale	at	both	vivid	blue	spinel	occurrences,	while	other	calc-silicate	pods	or	marble	in	their	vicinity	
(≤	30	m)	show	no	enrichment	in	these	metals.	The	highly	localized	nature	of	Co	enrichment,	along	with	its	frequent	association	with	elevated	Ni	
concentrations,	may	provide	clues	to	the	source	of	the	cobalt.	With	seven	confirmed	cobalt-blue	spinel	localities	around	the	world,	the	potential	for	
larger deposits of this valuable gemstone should not be ignored. 
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Variscite and associated phosphate minerals from the Mt Deverell variscite deposits, Milgun Station, 
Gascoyne region, Western Australia
Peter Downes1, Benjamin Grguric1, 2, Margot Willing3, Geoff Deacon1, Michael Verrall4

1Earth and Planetary Sciences, Western Australian Museum, 2Centre for Exploration Targeting, University of Western Australia, 3Gemmological 
Association of Australia, 4Mineral Resources, CSIRO, Perth, Australia

The	Mt	Deverell	and	Mt	Deverell	East	variscite	deposits	are	located	180	km	north-northwest	of	Meekatharra	and	approximately	15	km	north-northwest	
of Milgun Station in the central western Gascoyne region of Western Australia. The Mt Deverell deposits have been the main source of the ornamental 
gemstone variscite in Western Australia, and have been mined intermittently from the early 1970s until the present day. Mt Deverell is the largest 
deposit and hosts a diverse range of secondary phosphate minerals in addition to variscite and metavariscite, that includes: collinsite, turquoise, 
gordonite,	foggite,	crandallite,	wardite,	hydroxylapatite,	leucophosphite,	mitridatite,	montgomeryite,	rockbridgeite,	and	jahnsite-group	minerals	(Bridge	
and Pryce, 1974; Fetherston et al., 2013).

The	Mt	Deverell	variscite	deposits	are	hosted	by	marine	sedimentary	rocks	of	the	Mesoproterozoic	Edmund	Basin	situated	within	the	Carpricorn	
Orogen.	In	the	Mt	Deverell	deposit,	pale	green	to	dark	green	variscite	and	metavariscite	occur	in	narrow	veins,	up	to	approximately	14	cm	wide,	that	
crosscut	irregularly	silicified	shale	and	mudstone	units	of	the	Mesoproterozoic	Kiangi	Creek	Formation	close	to	its	contact	with	the	dolomite	of	the	
Irregully Formation (Fetherston et al., 2013). Between 1992 and 2005 the Mt Deverell and Mt Deverell East opencut mines produced about 850 t of 
variscite	(Fetherston	et	al.,	2013).	Recently,	a	further	occurrence	of	weathered	variscite	veining	(Clive’s	Find)	has	been	found	approximately	1	km	to	the	
south	of	the	Mt	Deverell	workings.	X-ray	fluorescence	analysis	of	pale	green,	gem-grade	variscite	from	Mt	Deverell	indicates	a	vanadium	content	of	
~1200 ppm and chromium content of ~600 ppm.

Field	observations	in	the	workings	at	the	Mt	Deverell	deposit	identified	oxidized	quartz-sulfide	veining	associated	with	the	variscite,	in	which	the	
sulfides	have	been	replaced	by	iron	oxides	and	sulfate	minerals.	Rare	grains	of	native	selenium	(<10	µm)	occur	in	alunite	pseudomorphs	after	pyrite.	
The	weathering	profile	in	the	Mt	Deverell	workings	is	zoned	from	variscite-rich,	to	mitridatite-rich,	to	overlying	iron	oxide-rich	gossan.	A	range	of	
secondary phosphate minerals replaced the original veins of variscite in the oxidized zone at Mt Deverell, where crystals of montgomeryite, collinsite 
and	hydroxylapatite	coating	small	cavities	may	be	up	to	approximately	3	mm	long.	Oxidative	weathering	of	associated	sulfide	mineralization	produced	
an acid sulfate regime suitable for the crystallization of the sulfate minerals jarosite, natrojarosite, alunite and gypsum in thin veins, coating surfaces 
and rimming veins of secondary phosphates. The precipitation of variscite from low pH groundwaters may have occurred during this weathering event, 
with	phosphate	being	derived	from	the	dissolution	of	apatite	in	surrounding	sedimentary	rocks.

References 
[1] Bridge PJ and Pryce MW, 1974. Magnesian collinsite from Milgun Station, Western Australia: Mineralogical Magazine, v. 39, p. 577–579.
[2] Fetherston	JM,	Stocklmayer	SM	and	Stocklmayer	VC,	2013.	Gemstones	of	Western	Australia:	Geological	Survey	of	Western	Australia,	Mineral	Resources	Bulletin	25,	306	p.

IMA2018	Abstract	book319

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Recent advances in our understanding of gem minerals

An update on gem demantoid garnet deposits
Gaston Giuliani1, Isabella Pignatelli2,	Anthony	Fallick3, Adrian Boyce3, Alfred Andriamamonjy4,	Sitraka	Razafindratsimba4
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Antananarivo, Antananarivo, Madagascar

Most economic primary and placer deposits of demantoid garnet are found in two contrasted geological environments in terms of geological setting, 
mineralogical	and	chemical	fingerprints	(Adamo	et	al.,	2011;	Pezzota	et	al.,	2011;	Barrois	et	al.,	2013;	Giuliani	et	al.,	2017).	Two	types	of	deposits	are	
defined:	(i)	Type	I	in	ophiolitic	sequences	where	garnet	is	located	in	serpentinised	ultramafic	rocks	(Italy,	Russia,	Iran,	Pakistan);	(ii)	Type	II	in	Ca-Mg	
skarns	(Madagascar,	Namibia).

The	morphology	of	the	crystals	is	already	marked	by	a	main	difference:	(a)	anhedral	crystals	with	pebble	and	botryoidal	forms	only	in	Type	I;	(b)	
euhedral crystals in both Types have commonly rhombododecahedral habit. Other morphologies are reported for Type I e.g., some crystals discovered 
in	Val	Malenco	(Italy)	with	a	combination	of	{110},	{hhl}	with	h	<	l	and	{hkl}	faces.	However,	the	most	complex	habits	are	shown	by	Type	II	garnets	
bounded	by	{110},	two	types	of	{hhl}	faces	and	{hkl}	ones	(Pezzotta,	2010).	

The demantoid garnets are andradites where Fe is one of the main components (Fe
2
O

3
 ~ 31 wt%). Type I garnets have variable Cr contents which 

influence	their	green	colour	with	values	up	to	9	wt%	of	Cr
2
O

3
 for the deep green botryoidal garnet from Bagh Borj (Iran). Chromium contents are nil or 

very low in Type II demantoid garnets and the colour is due to the cation Fe3+. These last have zoning characterized by high alumina contents, up to 5.9 
wt% of Al

2
O

3
 for Antetezambato deposit (Madagascar).

The	mineralogical	fingerprints	are	also	very	different	in	terms	of	inclusions:	(i)	for	Type	I,	fibrous	chrysotile	arranged	sometimes	in	horsetail	inclusions,	
and	minerals	associated	with	the	metamorphism	of	mafic	and	ultramafic	rocks	such	as	antigorite,	talc,	asbestos,	Cr-magnetite,	chromite;	(ii)	for	Type	II,	
Ca-Si ±Mg minerals such as wollastonite, diopside and vesuvianite, and apatite, calcite and quartz.

The	O-isotope	composition	of	demantoid	garnet	of	most	worldwide	deposits	ranges	between	-1.8	and	6.5‰	(n	=	22).	The	oxygen	isotopes	data	are	
criteria	for	the	geographic	diagnosis	between	the	skarn	type	deposits	from	Antetezambato	(mean	d18O	=	-1.05	±	1.1‰,	n	=	5)	and	Erongo	Mountains	
(mean d18O	=	5.8	±	0.6‰,	n	=	5).	Also,	Val	Malenco	garnets	(mean	d18O	=	4.2	±	0.5‰,	n	=	3)	have	different	oxygen	isotope	values	than	Bagh	Borj	ones	
(mean d18O	=	5.4	±	0.8‰,	n	=	3).

The source of chromium for Type I deposits is either chromite- or magnetite-bearing serpentinites, and the source of iron for Type II deposits are the 
Fe-rich (Fe

2
O

3
	~	10	wt%)	alkaline	magmatic	rocks.	The	metasomatic	fluids	issued	from	these	fluorine	and	phosphorus-	alkaline	magmas	favoured	the	

formation	of	fluorite	and	F-apatite	as	inclusions	in	garnets.

The demantoid garnet deposits are metamorphic. Type I is present in oceanic suture and ophiolitic zones worldwide associated with metamorphosed 
mafic	and	ultramafic	rocks	accompanied	sometimes	by	deposits	of	chromite	and/or	magnetite.	Type	II	is	strictly	associated	with	skarns	linked	to	
alkaline	magmas	crosscutting	Ca-Mg	rocks.
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Unusual alluvial sapphires from Orosmayo, Argentina: a multi-analytical approach to decipher their 
origin and evolution
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(SEGEMAR), Buenos Aires, Argentina

Sapphires can form under a wide variety of different geological environments including magmatic, metamorphic and metasomatic. Due to 
physiochemical	heterogeneity	in	the	upper	crust,	lower	crust	and	upper	mantle	regions	where	sapphires	are	known	to	have	crystallised,	each	different	
locality may have highly localised characteristics in terms of syngenetic mineral inclusion assemblages, chemistry, and oxygen isotope ratios. Hence, 
the	comprehensive	use	of	these	characteristics	in	terms	of	determining	not	only	the	likely	environment	of	formation,	but	additionally	‘fingerprinting’	
gem corundum localities.

The alluvial sapphires used in this study are from Orosmayo, on the western slope of the Sierra de Rinconada, Jujuy Province, northwest Argentina. 
As this is an area of complex geology, the sapphires could have originated from a number of different sources. In order to better understand the 
origin	and	evolution	of	these	alluvial	sapphires,	we	felt	it	imperative	to	undertake	a	multi-analytical	approach.	For	this,	we	have	utilised	detailed	
morphological studies (under a binocular microscope and SEM), insitu EMPA analysis to determine the major and minor element chemistry, insitu LA-
ICP-MS analysis to determine the trace element content and any zonation in these, and importantly, insitu SIMS oxygen isotope analysis.

The colour of the sapphires varies widely from deep blue through blue to lilac, pale lilac and white. Some are colour-zoned but not along 
crystallographic	axes.	Rutile	is	by	far	the	most	abundant	mineral	inclusion,	along	with	minor	apatite,	magnetite,	phlogopite,	trikalsilite,	pyrite,	baryte,	
monazite-(La), xenotime-(Y) and zircon. The trace elements concentrations (in ppm) vary widely; Mg (11-253), Ti (47-8670), Fe (466-1499), V (15-399), Cr 
(<1.5-506), Ga (38-239), with Fe/Mg ratios of 4-117 and Ga/Mg ratios of 1.3-10.4. Importantly, there is a large variation in trace element composition found 
across single uniformly coloured grains. Oxygen isotope compositions range from δO18 5.4 to 11.2 o/

oo
 across all grains. However, there is only minor 

variation within discrete grains (up to a maximum of 1.65 o/
oo

).

The combined evidence suggests that these sapphires primarily formed due to metasomatic exchange between REE-bearing mantle-derived 
carbonatised lamprophyres and crustal felsic magmas (granitic pegmatites). They were then later incorporated into ascending intermediate magmas 
which	brought	them	to	the	surface	via	effusive	volcanism.	Although	we	have	published	some	of	this	work	(Harris	et	al	2017),	this	is	the	first	time	that	
the	insitu	oxygen	isotope	work	has	been	presented	to	support	our	conclusions.

References 
[1] Harris, S.J., Graham, I.T., Lay, A., Powell, W., Belousova, E., and Zappettini, E., 2017. Trace element chemistry and metasomatic origin of alluvial sapphires from the Orosmayo region, Jujuy 

Province, Northwest Argentina. Canadian Mineralogist 55: 595-617.
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Adding logic to luck: Recent advances in coloured gem exploration in Canada
Lee Groat1, Philippe Belley1,	Donald	Lake1, 2, David Turner3, Andrew Fagan1, 4

1Earth, Ocean and Atmospheric Sciences, University of British Columbia, 2Terra CO2 Technologies Ltd., 3MineSense Technologies Ltd., 4Hummingbird 
Geological Services, Vancouver, Canada

Canada	has	the	world’s	second-largest	land	mass	and	on	that	basis	alone	would	be	expected	to	be	a	significant	producer	of	coloured	gems.	However,	
apart	from	ammolite	this	is	not	the	case,	likely	due	to	the	low	population	density,	the	small	footprint	of	coloured	gemstone	deposits	in	combination	
with	their	unique	mineralogical	makeup,	the	unusual	geological	settings	required	to	form	gemstones,	and	the	unfamiliarity	of	coloured	gem	formation	
to most geoscientists. Our recent research has concentrated on developing exploration methods for coloured gems in Canada.

In	the	Northwest	Territories	the	Lened	emerald	occurrence,	in	which	the	chromophore	is	V	supplied	by	a	black	shale,	and	the	Mountain	River	beryl	
occurrence, formed in a similar fashion to the Colombian emerald deposits, suggest that there is potential for Colombian-type emerald mineralization 
in	the	Selwyn	Basin.	Using	Na,	K,	Be,	Cr/V,	and	rare	earth	element	values	from	regional	geochemistry	surveys,	coupled	with	bedrock	geology	data	using	
conventional	GIS	software,	we	have	identified	several	prospective	areas	(Lake	2017);	these	have	yet	to	be	tested.

Recent	research	has	shown	that	sapphire	in	calc-silicate	rock	in	marble	near	Kimmirut,	southern	Baffin	Island,	formed	via	three	sequential	
metamorphic	reactions:	(1)	formation	of	nepheline,	diopside,	and	K-feldspar	at	granulite	facies	peak	metamorphic	conditions;	(2)	partial	retrograde	
replacement	of	the	peak	assemblage	by	phlogopite,	oligoclase,	calcite,	and	scapolite	as	a	result	of	influx	of	CO

2
, H

2
O,	Cl,	and	F-bearing	fluids;	and	(3)	

retrograde	breakdown	of	scapolite	+	nepheline	(with	CO
2
 and H

2
O-bearing	fluid)	to	form	albite,	muscovite,	corundum,	and	calcite	(Belley	et	al.	2017).	

The	results	suggest	that	the	most	prospective	areas	for	gem	corundum	exploration	will	be	contiguous	to	the	thrust	fault	that	separates	the	Lake	
Harbour	Group	and	Narsajuaq	terranes,	as	the	retrograde,	amphibolite-facies	overprint	of	the	granulite	peak	assemblages	is	most	pervasive	along	this	
structure.

An	exploration	company	used	UV	light	to	explore	for	fluorescent	scapolite	in	the	Lake	Harbour	Group	(Lepage	et	al.	2006).	The	method	was	highly	
successful and led to the discovery of numerous new sapphire occurrences. We have extended this concept (in Turner et al. 2017) by studying samples 
from	the	Baffin	sapphire	occurrence	in	a	laboratory	setting	using	imaging	spectroscopy	in	the	shortwave	infrared	region	(~975	to	2500	nm).	The	unique	
spectral responses observed from the samples suggest that high spatial resolution hyperspectral imaging could be used to map and explore for gem 
corundum targets during regional surveys.

Finally, we have successfully explored for peridot in British Columbia with drones and suggest that they could be used to explore for other gem 
materials in remote locations.

The above examples show how understanding the micro scale (using e.g., petrography, geochronology, isotopes, and spectroscopy) can enhance the 
macro	scale	work	of	exploration	for	coloured	gemstones.
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Archaeological mineralogy and the dawn of gemmology: prehistoric (7th-5th mill. BC) gem minerals 
and gold from the Balkans (SE Europe)
Ruslan Kostov1

1University	of	Mining	and	Geology	“St.	Ivan	Rilski”,	Sofia,	Bulgaria

Archaeological	mineralogy	(archaeomineralogy)	as	an	important	part	of	geoarchaeology	is	an	interdisciplinary	science,	linked	to	the	study	
of	archaeological	objects	and	sites	of	mineral	or	rock	composition	by	applying	mineralogical,	geochemical	and	petrographical	methods.	
Archaeomineralogy can be related also to gemmology (archaeogemmology) as a science for the study of natural and other raw materials, which are 
used	for	jewellery	or	decorative	purposes	since	the	dawn	of	humankind	(with	techniques	of	manufacture).	Other	subdivisions	of	archaeomineralogy	
are	petrographical	archaeology	(petroarchaeology)	and	archaeometallurgy.	The	territory	of	Bulgaria	and	the	Balkan	lands	have	been	inhabited	since	
prehistoric and ancient times by different tribes and cultures. As priorities from an archaeological point of view are several Bulgarian Neolithic and 
Chalcolithic (7th-5th	mill.	BC)	sites:	Galabnik,	Kovachevo,	Karanovo,	Stara	Zagora,	Ohoden,	Hotnitsa,	Provadia-Solnitsata,	Durankulak	and	Varna.	According	
to recent archaeomineralogical studies, as important for mineralogy and gemmology are the following minerals, mineral aggregates and gemmological 
materials:	nephrite	(first	Neolithic	“nephrite	culture”,	introduced	as	Balkan	“nephrite	culture”;	late	7th-5th mill BC); antigorite serpentinite (late 7th-5th 
mill. BC), omphacite-jadeite (6th-5th	mill.	BC),	quartz	and	quartz-bearing	aggregates	(carnelian;	rock	crystal;	jasper,	including	heliotrope;	agate;	6th-5th 
mill.	BC;	the	“Balkan	flint”	from	NE	Bulgaria	spans	a	wide	chronological	range),	malachite	(6th-5th mill. BC), turquoise (~6th-5th mill. BC) and jet (5th mill. 
BC).	Specific	minerals	for	the	prehistoric	period	in	Serbia	are	“white	stone”	(magnesite)	and	cinnabar	(5th	mill.	BC),	and	in	Greece	−	talc	and	jadeite.	
Some non-metallic minerals as halite (Neolithic-Chalcolithic salt production; Romania and Bulgaria), graphite, clays and mineral pigments played 
also	important	role	in	the	prehistoric	society.	Minerals	or	rocks	have	been	intentionally	chosen	for	some	of	their	real	physical	(colour;	hardness)	or	
imaginative	properties.	The	first	prehistoric	European	copper	mines	are	known	from	the	Rudna	Glava	(Serbia)	and	Mechi	Kladenets	(Bulgaria)	sites	(late	
6th-5th mill. BC), but some other copper	sources	were	also	exploited,	though	they	remain	unidentified.	As	considered	to	be	of	world-wide	significance	
is	the	earliest	and	largest	in	number	gold	find	from	the	Varna	necropolis	(middle	5th	mill.	BC),	reported	as	the	“oldest	gold	of	mankind”,	together	with	
other	examples	of	gold	artifacts	from	Bulgaria	and	other	Balkan	states.	The	introduced	possible	Chalcolithic	weight	(van;	2	carats)	unit	is	supposed	
to	be	the	earliest	known	in	prehistoric	times.	Stress	must	be	made	on	some	techniques,	applied	to	different	gem	materials,	which	are	studied	best	on	
mineral	and	metal	artifacts	from	the	Varna	necropolis	(including	their	standardization	and	miniaturization):	first	constant	complex	32-faceted	carnelian	
beads; tumbling; heat treated gems; gold powder decoration; rotating tool and bobbin bit for bow drill. Among the typology of artifacts are listed 
prestigious	scepters,	zoomorphic	amulets	and	separators.	Exchange	networks	and	symbolism	of	both	colour	and	morphology	of	mineral	and	metal	
artifacts will be further discussed.
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Gem Pegmatites of Afghanistan and Pakistan
Peter Lyckberg1

1Mineralogy, Museum of Natural History, Luxembourg, Luxembourg, Luxembourg

The	Hindukush-Karakoram	and	Himalaya	Mountain	Ranges	host	some	of	the	youngest	and	richest	gem	pegmatite	fields	on	the	planet.	They	have	only	
been	more	intensely	worked	during	the	last	decades	although	the	local	people	in	the	Haramosh	Mountains	since	over	100	years	have	collected	gem	
aquamarine	and	topaz	at	the	foot	of	cliffs,	in	scree	and	from	pegmatite	pockets	at	high	altitude	on	the	west	side	of	mount	Haramosh	Peak.	These	were	
taken	the	long	way	over	the	mountains	to	Delhi	or	even	to	w	Pakistan	to	trade	for	salt	or	shoes.

The	Hindukush	have	produced	pockets	with	over	2	ton	Kunzite	primarily	at	Mawi,	but	also	from	mines	at	Kantiwa,	in	several	mines	in	the	Pech	Valley,	
especially	the	Kanakana	in	Voradesh,	and	at	Waygal	(Lyckberg	2013).	The	same	regions	have	produced	large	quantities	of	first	and	second	generation	of	
multicolored,	pink,	green	and	blue	gem	tourmaline	as	well	as	morganite	and	aquamarine	core-morganite	beryl	crystals.		Most	specimen	grade	crystals	
have	come	since	1969	(Lyckberg	2011)	from	Paprok		in	the	north	of	Nuristan	Province.	The	main	mines	are	Kanakana	in	Voradesh	(Pech	Valley)	and	Mawi	
in Laghman.

The	Karakorum	Mountains	of	Pakistan	has	produced	primarily	large	amounts	of	aquamarine	and	champagne	colored	topaz,	while	also	emerald	from	
pegmatite	and	many	rare	collectors	species	of	gem	quality	as	has	Paprok	and	Pech	in	Afghanistan.	These	include	large	colorless	to	light	lilac	gem	
pollucite 10-40 cm, amblygonite, manganotantalite, various microlites, triplite, green hydroxylherderite, beryllonite in cogwheel crystals to 35 cm and 
more , väyrynenite in orange-red gem crystals to 22cm etc. The area around Shengus and Bulachi are the main producer of the rarer species. The 
since	1985	known	hydrothermal	mica	lined	fissures	at	Chumar	Bakhor	(Lyckberg	unpublished	1988,	Lyckberg	2013)	has	been	a	major	producer	of	matrix	
aquamarine	specimens	as	well	as	large	pink	and	green	gem	quality	fluorite.

References 
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Coupled Tectonic, Hydrodynamic, Rheological and Shear-Induced Crystallisation Processes in the 
Formation of Precious Opal Veins within Weathered Mainly Cretaceous Sedimentary Host Rocks of 
the Great Artesian Basin, Central Australia
Simon Pecover1

1Gemstone Exploration, Pan Gem Resources (Aust) Pty Ltd, Palm Grove, Australia

Researchers supporting a classical sedimentary model of opal deposit formation within mainly Cretaceous sediments of the Great Artesian Basin 
(GAB)	of	Central	Australia,	commonly	posit,	that	Opal-A	colloids	within	these	deposits	were	formed	during	basin-wide	blanket	weathering	processes,	
involving	acidic	ground	waters;	with	colloid	sedimentation	occurring	within	pre-existing,	dehydration-generated,	open	shrinkage	cracks	and	voids,	at	
depositional rates of up to 5 million years per centimetre.

However,	much	of	the	opal	mined	in	GAB	opal	deposits	occurs	as	veins	in	hydro-fractures	related	to	localised	fluid	overpressure	conditions,	likely	
caused	by	NW-SE	tectonic	horizontal	compression	of	near	present	day	surface	clay-rich	GAB	sedimentary	host	rocks.	Age	dating	indicates	that	opal	
vein	formation	likely	overprinted	weathered	GAB	sedimentary	host	rocks	during	the	Miocene.		

Furthermore,	Opal-A	silica	nanoparticles	forming	colloids	within	opal	veins	were	likely	derived	from	pore	spaces	within	clay-rich	sedimentary	host	
rocks.	Deformation	of	these	pores	during	crustal	shortening	and	bedding	parallel	shearing	likely	expelled	aqueous	fluids	and	silica	particles	which	were	
then	rapidly	transited	along	fluid	flow	pressure	and	velocity	gradients	within	developing	dilational	shear	fractures.

Turbulent	viscous	fluid	flow	features	preserved	within	GAB	opal	veins,	attests	to	co-genetically	coupled	tectonic	and	hydrodynamic	vein	forming	
processes. Dilational shear fractures, containing common (potch) and precious opal suggest a complex environment in which initially Newtonian 
aqueous	fluid	flows	containing	low	volume	fractions	of	silica	nanoparticles	and	colloids,	transitioned	to	Non	Newtonian	viscous	fluids	as	colloid	volume	
fractions	and	particle	jamming	increased	within	fracture	networks.

Rheological	transitions	from	Non	Newtonian	to	viscoplastic	states,	resulting	from	increasing	particle	packing	densities,	shear	thickening	of	elongated	
soft	silica	colloids	and	shear	banding	in	vein	forming	fluids,	also	likely	favoured	eventual	evolution	to	glassy	states	and	the	dominant	formation	of	
common (potch) opal during concomitant fracture dilation and shearing.

The shear-induced ordering of spherical silica colloids localised at strained, zero-velocity, no-slip boundaries within shear-banded suspensions, 
may be commensurate with the location of rare layers of precious opal within some veins. Under these conditions, the growth of boundary-wall-
normal,	columnar,	photonic	colloidal	crystals	of	precious	opal,	displaying	extreme	length	to	width	ratios,	in	close-packed	parallel	clusters,	would	be	
expected, and is evident, within some GAB opal veins; with such crystals possibly indicative of initial conditions of precious opal formation prior to any 
subsequent deformation.

The tectonic, hydrodynamic and rheological processes described above, are posited to have been an integral part of very near surface (<50 m), very low 
temperature (<35oC), stratabound, fault-controlled, dilational shear, vein-type, opal ore depositional systems which overprinted weathered GAB clay-rich 
sedimentary	host	rocks,	during	horizontal	compression	of	the	Australian	Plate	in	the	Miocene.
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Trapiche ruby from Vietnam
Isabella Pignatelli1, Gaston Giuliani2, Christophe Morlot1, Van Long Pham3

1GeoRessources	-	Université	de	Lorraine,	2CRPG UMR 7358 CNRS-UL, Vandoeuvre-lès-Nancy, France, 3Centre for Gems and Gold Research and 
Identification	of	Vietnam,	Hanoi,	Viet	Nam

Seven samples of trapiche rubies were found in the Luc Yen mining district, in the Red River Shear Zone area. They represent a new occurrence of 
trapiche rubies found in placers related to ruby-bearing marble in northern Vietnam. One of these rubies found on the Khoan Thong placer has been 
analyzed	and	the	results	are	reported	here.	The	trapiche	texture	of	corundum	(Crd1)	is	characterized	by	six	growth	sectors	separated	by	six	ramified	
bands of inclusions called “dendrites” in the previous literature (Pignatelli et al., 2015 and references therein). The dendrites are brownish and run from 
the	corners	of	the	ruby	to	a	central	point,	so	no	well-shaped	core	is	observed.	The	solid	inclusions	identified	in	the	dendrites	by	Scanning	Electron	
Microscopy (SEM) are: anorthite, calcite, pyrite, rutile, aluminosilicates, titanite, zircon, margarite and corundum (Crd2). There are also iron oxide/
hydroxides with low contents of Ti and Mn, which explain the brown color of dendrites. The dendrites do not contain matrix material of the surrounding 
rock,	as	observed	in	Colombian	trapiche	emeralds.

Electron Microprobe Analysis (EMPA) underline that the trapiche ruby contains variable amounts of TiO
2
	(≤	0.086	wt	%),	V

2
O

3
	(≤	0.025	wt	%),	Cr

2
O

3
	(≤	

0.338 wt %), Fe
2
O

3
	(≤	0.192	wt	%)	and	Ga

2
O

3
	(≤	0.028	wt	%).	The	chemical	data	also	indicate	that	along	a	dendrite	the	amounts	Fe

2
O

3 
and V

2
O

3
 are almost 

constant, whereas the amount of Cr
2
O

3 
and TiO

2 
respectively decreases and increases from the edge towards the center of the ruby. It is worth noting 

that the composition of Crd2 in the dendrites is the same than that of Crd1 at the center of the ruby.

The	chemical	composition	of	the	trapiche	rubies	fall	in	the	field	of	non-trapiche	rubies	from	the	Luc	Yen	area	as	proposed	by	Pham	et	al.	(2004).	This	
suggests that trapiche and non-trapiche rubies have the same chemical signature and formed in the same geological environment. The preliminary 
investigations indicate that (1) the trapiche ruby is a single crystal, presenting an almost uniform chromium content in the center and dendrites, 
whereas the growth sectors are Cr-rich; (2) the formation of margarite at the expense of corundum (Crd2) in the dendrites occurred during the 
retrograde	metamorphic	stage	of	ruby	formation	in	marble	according	to	the	reaction	proposed	by	Garnier	et	al.	(2008),	for	T	<	500°C	and	T	<	2	kbar:	
margarite ↔ anorthite + corundum + water

To better understand the development of the trapiche texture in the ruby and to reconstruct its growth history, a study with the X-ray computed 
tomography is in progress. This non-destructive technique will allow us to determine the spatial and temporal relationships between each component 
of the trapiche texture in ruby.
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Multi-technique Characterisation of Opals
Neville Curtis1,	Jason	Gascooke1, Martin Johnson1, Allan Pring1

1Flinders University, Adelaide, Australia

The family of opals comprise both gem- and non gem-quality forms of hydrated (up to 20% water) silica. “Play of colour” in Australian opals is 
due to the presence of aligned spheres of silica that undergo Bragg diffraction. Other opals of commercial interest exhibit attractive transparent 
or	translucent	colour.	In	the	classification	system	of	Jones	and	Segnit	(1971)	opals	are	defined	as	opal-A,	opal-CT	or	opal-C	according	to	their	X-ray	
diffraction (XRD) pattern has been used for over 40 years. However, with the advent of newer sources of opal, particularly precious opals showing 
play of colour, and the increasing capability of other characterisation techniques it is time to review the relevance and applicability of both the 
classification	by	XRD	and	the	nomenclature.	In	addition,	the	use	of	scientific	techniques	may	assist	in	determining	provenance	of	gem	quality	materials.

About 150 opals, sourced from around the world, were analysed by a range of techniques including XRD, Raman spectroscopy, Si nuclear magnetic 
resonance (NMR) spectroscopy, differential thermal analysis (DTA) and differential scanning calorimetry (DSC).

XRD	was	a	ready	means	to	undertake	preliminary	classification.	Opal-A	samples	showed	only	a	broad	pattern	centred	around	26°	(4Å	d-spacing)	while	
the	small	number	of	opal-C	specimens	show	a	pattern	like	that	of	cristobalite.	Other	samples	were	classified	as	opal-CT	based	on	peaks	around	26°	
(4Å)	and	42°	(2.5Å).	The	opal-CT	group	was	not	homogenous	and	showed	a	trend	from	a	single	peak	at	4.1Å	with	an	increasing	peak	at	4.3Å.	The	visual	
appearance	of	the	peaks	at	around	4Å	also	suggests	significant	variations.	Curve	fitting	is	consistent	with	three	peaks	around	4Å.	We	also	noted	what	
appears to be an intermediate stage between opal-A and opal-CT.

The	Raman	spectra	could	also	be	grouped	according	to	peak	position	and	definition.	Samples	of	(XRD	determined)	opal-A	showed	a	broad	peak	at	250-
500 cm-1 while the opal-CT samples showed increasing resolution and complexity in the 200-500 cm-1  range. Opal-C samples showed spectra consistent 
with	cristobalite.Broadly,	the	more	structured	Raman	spectra	were	associated	with	those	XRD	opal-CT	samples	where	the	peak	at	2.5Å	was	quite	strong	
and	where	there	was	a	clear	separation	of	the	peaks	at	4.1Å	and	4.3Å.Raman	is	however	not	a	reliable	method	owing	to	variable	ability	to	obtain	a	good	
spectrum	and	because	of	fluorescence.	Hence	far	infra-red	is	being	investigated.

We have examined selected samples by solid-state Si NMR (single pulse and proton cross-polarised). Opal-A samples form a discrete group in terms 
of	peak	position.	Further	differentiation	may	be	made	in	peak	widths	and	the	T

1
 rise and decay times. Similarly, the thermal characteristics provide a 

further	means	of	classification	and	differentiation	when	used	with	the	XRD	data.

We	note	that	not	all	play-of-colour	opals	can	be	classified	as	opal-A	by	XRD	with	some	showing	a	simple	opal-CT	pattern.

We	conclude	that	the	XRD	classification	is	sound	but	that	the	nomenclature	still	needs	to	be	justified,	particularly	the	implication	of	the	presence	of	
cristobalite and tridymite in opal-CT. Additional techniques allow further subdvision of the opal-CT grouping.

References 
[1] Jones,	J.	B.	and	E.	R.	Segnit	(1971).	"The	Nature	of	Opal	I.	Nomenclature	and	Constituent	Phases"	Journal	of	the	Geological	Society	of	Australia	18(1):	57-68.
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Tomahawk Creek – Central Queensland. Source Of Sapphires: Nearby Tertiary Volcanic Plugs And/Or 
Upper Devonian To Lower Carboniferous Conglomerates?
Nick Raffan1

1BEES, UNSW, Sydney, Australia

Tomahawk	Creek	is	perhaps	best	known	for	the	discovery	of	what	are	generally	regarded	as	some	of	the	finest	green	sapphires	in	the	world.	Yellow	
sapphires	are	also	found	at	this	location	and	are	unique	in	as	much	as	they	are	frequently	large	stones	and	typically	relatively	free	of	flaws.	Blue	and	
parti-colour	sapphires	are	also	found	at	Tomahawk	Creek	along	with	gem	zircon	from	Zircon	Gully.	It	is	also	the	site	of	unique	finds	such	as	the	82.4	
carat	Tomahawk	Tiger,	a	multi-coloured	gem	sapphire	displaying	cyclical	changes	in	chemistry.	

At	Tomahawk	Creek,	gem	sapphires	are	found	at	the	base	of	Cainozoic	gravels	interspersed	with	poorly-sorted	angular	to	sub-rounded	(up	to	boulder	
size) of mainly fragments of conglomerate and silcrete. 

It is widely assumed that sapphires from this district were brought to the surface from Tertiary volcanic eruptions, with the Mt Hoy and Mt Newsome 
volcanic	plugs	as	possible	sources.	Old	workings	can	be	found	near	the	base	of	both	volcanic	plugs	and	a	pale	blue	sapphire	was	found	at	the	top	of	Mt	
Hoy in 1902.

It is worth noting that Stellar Mining achieved the best results from its sampling program for sapphires close to outcrops of the Mt Hall conglomerate. 
This	led	Stellar	Mining	to	conclude	that	the	conglomerate	was	a	secondary	source	for	Tomahawk	Creek	gems.	This	conclusion	was	also	supported	by	
the recovery of sapphires from a sample of conglomerate. Another observation that supported the notion that conglomerate is a secondary source is 
the absence of basalt cobbles in these gravels. Elsewhere in the region basalt cobbles are a common feature in the sapphire-bearing gravels near the 
towns of Rubyvale and Sapphire.

This	study	of	Tomahawk	Creek	is	the	first	coherent	research	investigation	concerning	the	origin	or	origins	of	sapphires	from	this	area	of	the	Anakie	
Gemfields.	The	topic	is	addressed	using	trace	element	analysis	of	gemstones,	petrology	of	volcanic	plugs,	sampling	of	Mt	Hall	conglomerate	and	
detailed	mapping	where	Tomahawk	Creek	breaks	through	the	lower	sequences	of	the	Drummond	Range.	A	comparison	of	heavy	mineral	suites	is	made	
between	Mt	Hall	Conglomerate	and	from	different	locations	within	the	gravel	bed	of	the	Tomahawk	Creek	Valley.
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Diversity In Ruby Geochemistry And Its Inclusions, Intra- And Inter Comparisons From Myanmar And 
East Australia
Frederick Sutherland1, Khin Zaw2, Sebastien Meffre2, Jay Thompson2, Karsten Goemann3, Kyaw Thu4, Than Than Nu5, Mazlinfalina Mohd Zin6, Stephen 
Harris7

1Geoscience, Australian Museum, Sydney, 2CODES ARC Centre of Excellence in Ore Deposits, 3Central Science Laboratory, University of Tasmania, Hobart, 
Australia, 4Geology Department, Yangon University, Yangon, 5Department of Geology, University of Mandalay, Mandalay, Myanmar, 6Geology programme, 
Faculty of Science and Technology, The National University of Malaysia (UKM), Selangor, Malaysia, 7School of Biological, Earth and Environmental 
Sciences, University of New South Wales Sydney, Sydney, Australia

Ruby	forms	in	diverse	geological	settings	with	ages	ranging	from	Archean	to	<	5	Ma,	at	wide	ranges	in	temperature,	pressure,	and	fluid	activity	and	
oxidation	conditions.	Tell-tale	genetic	clues	remain,	after	Cr	enters	into	corundum	to	produce	its	red	colour.	Mineral	and	fluid	inclusions,	trace	element	
and O isotope values aid in assigning its petrographic and geographic characteristics. Here, new comparative results are presented from Myanmar 
ruby	fields,	which	typify	metamorphosed	and	metasomatised	carbonate	and	skarn	settings	(Mong	Hsu,	Mogok).	Wider	comparisons	are	made	with	
ruby xenocrysts in placers derived from volcanic hosts which breached fold belts to bring gems up from hidden sources below East Australia. Ruby 
samples and mineral inclusions were analysed for trace elements by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS), which 
included	U-Pb	isotopic	age	determinations.	Mong	Hsu	rubies	were	sampled	from	fissures	and	veins	in	foliated	dolomitic	marbles	along	Loi	Hasan	Tao	
Ridge. Cr-rich red outer rims surround blue to violet core zones. The bi-colour zoning has been assigned to separate source inputs. This genesis is 
reinforced here, when Mong Hsu data is converted to and plotted in a wt % oxide petrologic source discrimination diagram (Giuliani et al., 2014). Red/
pink	zones	largely	plot	into	the	ruby	in	marble	field	and	violet/blue	zones	dominantly	plot	in	the	mafics-ultramafics	field.	Mittermayr	et	al.	(2008)	
suggested Mong Hsu ruby trace element signatures are distinctive and can be separated from other ruby suites, by using plots of Cr/Ga vs Fe/ (V + Ti). 
However,	no	Mogok	plots	were	shown,	which	is	tested	here	using	new	Thurein	Taung	analyses.	When	plotted,	the	two	fields,	although	adjacent,	illustrate	
a clear separation. The studied Mong Hsu and Therein Taung rubies display a range of mineral inclusions. Presence of zircon and titanite allowed some 
comparative age control, using U-Pb isotopic dating and 207Pb/206Pb – 234U/ 206Pb Concordia diagrams. A set of zircons in Mong Hsu ruby gave a 
Concordia intercept age at 23.9  1.0 Ma (MSWD+1.10). Other small zircons and titanite grains, however, gave extended ages between 35 to over 100 Ma, 
suggesting some different growth, inheritance and partial resetting processes. A Therein Taung ruby that encloses a euhedral titanate inclusion (av. wt 
% Ca 20.3, Ti 20.3, Si 14.2, Al 2.3, O 41.7, F 1.3), was studied in detail. The titanite contains nepheline crystals (av. wt % Si 20.9, Al 17.9, Na 12.3, Ca 2.2, K 1.8, 
O 45.3) and small zircon grains (av. Hf 1.2 wt %). The zircons give older U-Pb ages (~54-73 Ma) than the host titanate and probably represent inherited 
grains. Adding East Australian placer ruby plots to the Giuliani et al. (2014) and Mittermayr et al. (2017) geochemical diagrams clearly illustrates 
differences	between	the	Australian	field	hidden	ruby	sources,	but	also	marked	separation	from	the	Myanmar	ruby	field	geochemical	characteristics.
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The dynamics of gem stone discoveries and the challenges for research
Wim Vertriest1

1Field	Gemology,	GIA,	Bangkok,	Thailand

The last decades have seen a massive revolution in the colored gemstone industry including many exciting discoveries of major gem deposits and 
the development of several large-scale mining projects. The majority of these are concentrated in East Africa with ruby discoveries in Tanzania, 
Madagascar and Mozambique; sapphire deposits in Ethiopia, Tanzania and Madagascar as well as emerald discoveries/developments in Zambia and 
Ethiopia.

Although	these	gems	are	very	prominent	in	the	current	colored	stone	market	(Mozambican	rubies,	Madagascar	sapphires,…),	we	don’t	fully	understand	
their	genesis,	gemological	and	mineralogical	characteristics,	reactions	to	treatment,	etc	…	In	this	contribution,	examples	from	recent	GIA	field	
gemology	expeditions	will	be	used	to	illustrate	some	of	the	challenges	that	prevent	more	thorough	scientific	investigation	of	these	important	deposits:

 – The nature of a gemstone deposit:	Gemstone	deposits	are	often	small	scale,	localized,	and	are	linked	to	very	unique	conditions	relative	to	the	trends	
and	formations	seen	at	the	regional	geology	scale.	Most	often,	the	deposits	are	secondary	making	a	connection	with	geological	formation	very	
complex.	Primary	deposits	often	have	a	very	low	concentration	of	gems,	making	it	harder	to	obtain	representative	samples.	Sometimes,	the	geology	
can	only	be	studied	by	looking	inside	the	gems.	However,	studying	a	large	sample	set	is	critical	to	identify	rare	inclusions	which	may	provide	useful	
information	eg	melt	inclusions	in	Montana	sapphires,	zircons	in	Mozambican	rubies,…

 – The life of a gemstone deposit: From its discovery until its full-scale development, a gemstone deposit faces its own peculiar challenges which can 
be	significantly	different	from	other	mineral	deposits.	Important	factors	are	the	local	situation,	market	reception	of	the	material,	and	competition	
from other deposits. This is very well shown by the shift in dominant East African ruby mining areas from Longido (Tanzania) to Mangare (Kenya) to 
Winza (Tanzania) to Montepuez (Mozambique).

 – The nature of the gemstone trade: The trade is conservative and is still mainly based on trust and small scale, fragmented transactions. Information 
travels	slowly	down	the	supply	chain.	In	many	cases,	it	takes	a	long	time	before	consumers	become	aware	of	new	materials.	For	this	reason,	
industry	changing	events	can	be	over	before	most	people	realize	it.	This	makes	it	harder	for	institutes	to	get	a	grasp	of	the	gem	trade	dynamics	
and get access to gemstone samples for research. This will be illustrated with data from the new emerald deposit in Ethiopia and the 2016 sapphire 
discovery	near	Ambatondrazaka,	Madagascar.

 – Heterogeneity: To add to the complexity, gem deposits are rarely homogenous. The Montepuez ruby deposit is a good example of this, where 
different	types	of	ruby	are	found	within	a	single	deposit.	These	rubies	can	show	different	characteristics	(inclusions,	fluorescence,	colors,	trace	
element	chemistry,…)	and	are	found	in	a	very	small	area. 
Although	gem	deposits	are	extremely	interesting	topics,	scientific	research	on	them	has	always	been	fairly	limited.	Recently,	understanding	of	
gemstone	deposit	dynamics	has	increased	within	the	scientific	community,	opening	the	door	to	more	advanced	research	on	economically	relevant	
deposits.
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Advances in Origin Determination for Gemstones using Laser Ablation Inductively Coupled Plasma 
Time Of Flight Mass Spectrometry
Hao Wang1,	Michael	Krzemnicki1, Ramon Schmid1, Judith Braun1, Jean-Pierre Chalain1, Pierre Lefèvre1, Wei Zhou1, Laurent Cartier1

1Swiss Gemmological Institute SSEF, Basel, Switzerland

Origin	determination	for	gemstones	is	one	of	the	most	important	tasks	in	gem	testing	laboratories.	The	main	driving	force	for	laboratories	to	deliver	
a	scientifically	based	opinion	of	geographic	origin	for	coloured	gemstones	such	as	rubies,	sapphires,	and	emeralds,	has	resulted	from	value	factors	
attributed to certain origins (e.g. sapphires from Kashmir), as well as from the growing need for traceability of gems due to political (trade bans) or 
ethical	(e.g.	‘fair	trade’)	reasons.

In recent years, trace element analysis of gemstones has become mandatory for gemmological laboratories, as it allows not only to identify of a gem 
(e.g. turquoise against its imitations or to identify species within the garnet-group solid solution), but also for detecting synthetics and treatments (e.g. 
flux	synthetic	rubies	or	beryllium	diffusion	treated	sapphires).	In	addition,	the	chemical	analysis	of	certain	gemstones	may	reveal	valuable	information,	
i.e.	chemical	fingerprint	characteristics	for	a	specific	deposit	(origin).	This	quantitative	chemical	data	may	further	reveal	information	about	the	
geological	setting	(host-rock)	and	formation	conditions	of	a	gemstone.

Laser	Inductively	Coupled	Plasma	Mass	Spectrometry	(LA-ICP-MS)	is	a	powerful	and	versatile	technique,	popular	for	collecting	chemical	fingerprints	
up	to	now.	The	most	frequently	applied	type	of	mass	spectrometer	is	quadrupole	based	(LA-ICP-Q-MS),	which	measures	a	pre-defined	list	of	elements	
of	interest.	A	newly	developed	mass	spectrometer	–	time	of	flight	mass	spectrometer	(LA-ICP-TOF-MS)	simultaneously	collects	almost	all	the	elements	
in the periodic table. Besides the capability of full mass spectrum acquisition, ICP-TOF-MS is also capable of detecting (ultra-)trace elements down 
to	concentrations	in	the	order	of	µg/kg	(or	ppb,	parts	per	billion).	Together	with	its	10	times	higher	mass	resolving	power	than	Q-MS,	common	mass	
spectral	interferences	can	be	distinguished	and	properly	corrected	for	precise	and	accurate	trace	element	quantification.

In this research, we present trace element analyses on sapphire, emerald and Paraiba tourmaline specimens from different origins using LA-ICP-TOF-MS. 
This novel instrumentation intrinsically produces multi elements results (high dimensional dataset). Since direct interpretation/visualization of the 
high dimensional space as a whole is challenging, we applied dimension reduction algorithms on trace element results from these real-life gemstone 
studies. Compared to linear PCA, dimension reduction using non-linear machine learning is more suitable for multi-dimensional space, hence providing 
improved visualisation of chemical data for gemmologists.

IMA2018	Abstract	book331

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Recent advances in our understanding of gem minerals

Geographic typing of gem corundum taken a step further via in-situ oxygen isotope and trace 
element analysis: the example of Paranesti, Greece
Kandy Wang1, Ian Graham1, Laure Martin2, Panagiotis Voudouris3, Angela Lay1, Stephen Harris1, Elena Belousova4, Gaston  Giuliani5,	Anthony		Fallick6

1UNSW Sydney, Sydney, 2Centre for Microscopy, University of Western Australia, Perth, Australia, 3Mineralogy and Petrology, National and Kapodistrian 
University of Athens, Athens, Greece, 4GEMOC, Macquarie University, Sydney, Australia, 5IRD and CRPG, Universit´e de Lorraine, Paris, France, 6Scottish 
Universities Environmental Research Centre), Glasgow, United Kingdom

Gem quality rubies and sapphires occur across a wide range of stable oxygen isotope δ18O‰	V-SMOW	ratios	(Giuliani	et	al.,	2014).	This	technique	is	
increasingly	used	as	a	unique	identifier	in	corundum	location	typing	and	genesis	given	that	mantle	and	crustal	rocks	usually	have	distinctive	O-isotope	
compositions.	Furthermore,	trace	element	compositions	and	ratios	have	been	used	widely	in	the	literature	in	order	to	identify	likely	sources	of	facetted	
gem	corundums	of	unknown	location.	Oxygen	(δ18O / δ16O) isotope ratios for gem-quality (cabochon) corundum occurrences from Paranesti, north-
eastern	Greece	(here	termed	PAR-1	and	PAR-5)	have	been	analysed	using	high	precision	in-situ	ion	microprobe	(SIMS)	for	the	first	time.

The ruby occurrence is located within the Nestos Shear Zone (NSZ) of the Rhodope Mountain Complex (RMC) in north-eastern Greece. The NSZ is a 
major high-strain intermediate ductile mylonitic zone with a polymetamorphic history which separates the hanging wall (Rhodope Terrane) from pre-
Mesozoic continental basement in the footwall (Pangaion-Pirin Complex). Notable trace element chemistry differences (Table 1) have been found for the 
PAR-1 (main site) and PAR-5 (road-cutting) locations (Wang et. al, 2017).

The	Paranesti	O-isotope	compositions	range	from	-0.3‰	to	+1.3‰.	This	consistently	narrow	δ18O	range	straddling	-1‰	to	+1‰	has	not	previously	been	
found to exist for metamorphic corundum occurrences worldwide (Fig 1). Furthermore, the range of O-isotope compositions of the two suites PAR-1 
(+0.6‰	to	+1.3‰;	n=49;	mean	value	1.0	±	0.4‰)	and	PAR-5	(-0.3‰	to	+0.8‰;	n=44;	mean	value	0.1	±	0.4‰)	shows	distinct	range	limits	albeit	being	
only	few	hundred	metres	apart.	Globally,	this	is	not	the	lowest	observed	in-situ	oxygen	isotope	composition	for	corundum	(i.e.	Karelia	-26‰).	There	
are	also	documented	Russian	corundums	from	the	Karelia	region	(Notozero	-1‰	to	-2‰	and	Perusel’ka	+0.4‰	to	+5.0‰)	with	similarly	low	oxygen	
isotope	composition	but	these	are	either	in	the	negative	domain	or	close	to/higher	than	1‰	(Vysotskiya	et.	al,	2014)	but	no	deposits	were	found	to	be	
overlapping	between	-1‰	to	+1‰.	In	addition,	PAR-1	and	PAR-5	do	not	overlap	each	other	considering	the	standard	deviations.

The	unique	signature	in	oxygen	isotopes	is	further	confirmed	by	the	different	chemical	signatures	as	shown	in	the	table	above.	This	suggests	the	
possibility	of	one	localised	instance	of	meteoric	fluid	induced	mesomatic	influence	for	PAR-5	whilst	both	occurrences	could	be	attributed	to	an	overall	
metamorphic origin. An alternative hypothesis would suggest the preservation of the initial oxygen isotope signature (seawater alteration) which is 
preserved for an oceanic protolith that was then subducted to higher pressure and temperature during the amphibolite to granulite metamorphism.
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Differences of Green Jasper Properties Based On Sem, Xrf, And Petrographic Analysis In Southern 
Java Island, Indonesia
Kemala Wijayanti1, Mega Fatimah Rosana2, Euis Tintin Yuningsih1

1Faculty of Geological Engineering, 2Research	Center	of	Geoparks	and	Geohazards,	Universitas	Padjadjaran,	Bandung,	Indonesia

Indonesia	is	located	between	3	tectonic	plates,	Eurasia,	Indo-Australia,	and	Pacific	plate.	Indonesia	is	also	located	in	the	world	“Ring	of	Fire”	zone,	
which	affect	to	the	high	mineral	potential	in	Indonesia.	There	is	a	thousand	kind	of	minerals	in	Indonesia	but	just	a	few	that	classified	as	a	gemstone,	
such as Jasper. Jasper is a microcrystalline form of quartz and has a various colour because of the impact of impurities or dye elements. Indonesia 
has	a	good	potential	of	Jasper	which	has	various	colours	like	red,	yellow,	green,	brown,	and	mixed	colour.	By	2015,	an	enormous	amount	of	Jasper	
had found in the southern Java Island area, south mountainous zone. Interestingly, green jasper shows a positive trend from West to East part of Java 
because the amount of green jasper in East Java is more dominant than red and yellow jasper. Green Jasper in the southern part of Java Island almost 
has	a	similar	characteristic,	namely	flaky	texture	and	has	Cu,	V,	Fe,	Mn,	and	Ti	for	impurities	elements.	Texture	differences	from	three	kinds	of	this	
Jasper	based	on	SEM	analysis	can	be	found	in	the	pattern	of	the	flakes	arrangement.	Meanwhile,	the	petrographic	analysis	shows	the	number	of	oxide	
minerals in green jasper increase from west to east.
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FTIR characteristics of amber from different regions
Zhiqing Zhang1, Andy Shen2
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Testing Technology, Gemmological Institute, China University of Geosciences( Wuhan), Wuhan, China

With more amber mines discovered around the world, more ambers with different origins are investigated by traditional and modern instruments. 
Previous studies reported that Burmite is ancient from the mid-Cretaceous about 100 Ma ago, Fushun amber is formed in the Early Eocene, and Baltic 
Sea amber is formed from the period between Eocene to Oligocene, while amber from Chiapas Mexico and Dominican Republic are even younger, in 
the	Early	and	Middle	Miocene,	close	to	the	immature	natural	resin	named	Copal.	In	this	study,	ambers	from	five	main	regions	in	the	world,	including	
Myanmar,	Liaoning	Fushun	China,	Chiapas,	Dominican	Republic	and	areas	of	Baltic	Sea,	such	as	Poland,	Russia	and	Ukraine,	have	been	tested	for	their	
infrared (IR) absorption spectra. 

The result of S.G. test shows that amber from Myanmar and Fushun are about 1.05-1.09, heavier than the others. The FTIR spectra measured by pressed 
KBr disc method indicate the diagnostic differences among them. Comparing all the spectra, some rules can be observed: ambers from the same 
region	present	similar	pattern	and	peaks	location.	Obviously,	features	at	3076,1645	and	888	cm-1 related to carbon-carbon double bond in exocyclic 
methylene	groups,	are	detectable	in	the	Dominican	Republic	amber	(not	all	of	them)	and	all	of	Baltic	Sea	amber,	while	these	peaks	don’t	present	in	the	
spectra	of	Mexico,	Myanmar	and	Fushun.	According	to	previous	research,	the	peak	at	2955cm-1 is caused by asymmetric stretching vibration of methyl. 
The	peaks	of	asymmetric	and	symmetric	stretching	vibration	of	methylene	are	at	2927cm-1 and 2866cm-1,	respectively.	Peaks	associated	with	stretching	
vibration of the carbon-oxygen single bond display between 1250cm-1 and 1030cm-1,	while	carbon-oxygen	double	bond	peaks	are	close	to	1723cm-

1 and 1696cm-1. The bending vibration of CH
2
-CH

3
	and	out-of-plane	C-H	cause	the	peaks	in	1460~1300cm-1 and 977cm-1. Among these studies, we have 

observed 3532cm-1	peak	in	Fushun	amber	and	Burmite	and	this	peak	hasn’t	been	reported	in	previous	literature.	However,	the	nature	of	this	peak	is	still	
undetermined; therefore, more studies are needed.
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The Corundum Conundrum: Weaving A Path Through The Corundum Maze 
Grant Hamid1

1Hamid Bros,, Hamid Bros,, Melbourne, Australia

Take	a	journey	through	the	changes	in	ruby	and	sapphire	over	the	past	45	years,	from	identification,	availability	and	country	of	origin	of	the	natural	
stones	through	to	the	synthetics	produced	and	the	numerous	enhancements	and	treatments	undertaken	to	the	present	day.	Grant	is	a	third	generation	
wholesale gem merchant based in Melbourne, Australia. He completed his Diploma of Gemmology in 1975, followed by the Diploma of Diamond 
Technology, after which he began demonstrating in practical classes and delivering theory lectures specializing in corundum and beryl. Grant was 
a member of the pilot valuation course for 13 years and he presents lectures on coloured stone valuation continuously.Apart from his dedication to 
teaching for the Gemmological Association of Australia (GAA), Grant has been State President for the Association for two terms, as well as Federal 
President and Federal Chairman. In 2012 he was awarded an Honorary Life Membership of the GAA for his services to gemmology and is currently Chief 
Examiner of the GAA. He has travelled the world attending ICA and GIA conferences and purchasing quality gems for this family business.His lecture is a 
fascinating	journey	into	the	Corundum	group	with	a	gemmological,	scientific	and	practical	insight.
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Characteristics of Commercial Grade Blue Sapphire Enhanced by Heat & Pressure
Thanong Leelawatanasuk1, Thanapong Lhuaamporn1, Nicharee Atsawatanapirom1, Papawarin Ounorn1, Visut Pisutha-Arnond1, Wilawan Atichat1

1The	Gem	and	Jewelry	Institute	of	Thailand	(Public	Organization),	Bangkok,	Thailand

In	this	study,	18	commercial	grade	blue	sapphire	samples	(1.33–4.99	ct.)	treated	with	heat	and	pressure	were	purchased	directly	from	a	known	producer.	
The trader also informed us that starting materials being used for his treatment in Korea were selected from an unsuccessful batch of normally heated 
sapphire	samples	from	Sri	Lanka.	Their	characteristics	are	reported	and	compared	with	data	from	previous	studies1-5.

The basic gem properties of those stones fall in the range of a normal corundum (S.G. 3.951-3.978, RI 1.760-1.770). Their internal features are altered or 
melted	solid	inclusions	(“snow	ball”),	altered	healed-fissures	with	secondary	fingerprints,	tension	disc,	a	dotted	pattern	due	to	the	dissolution	of	rutile	
silk.	These	features	are	mostly	overlapping	with	those	found	in	the	traditionally	heated	stones.		Nonetheless,	their	reaction	to	standard	UV	light	can	
give	us	the	first	hint.	As	most	study	stones	are	inert	to	both	LWUV	and	SWUV	(except	one	showing	very	weak	chalky	blue	under	SWUV)	in	contrast	to	a	
chalky	blue	fluorescence	along	growth	zones	under	SWUV	commonly	seen	in	a	normally	heated	blue	sapphire	from	Sri	Lanka.	Furthermore,	a	noticeably	
slightly	healed	border	of	the	clear	and	flattened	tension	cracks	as	well	as	the	presence	of	black	graphite	residue	in	surface-reaching	cavities	or	
fractures	(as	confirmed	by	Laser	Raman	Spectroscopy)	are	also	the	good	evidences	to	indicate	the	treatment	with	heat-plus-pressure.

The chemical data analyzed by EDXRF gave relatively low iron content (0.04-0.21 %wt. Fe
2
O

3
) which are consistent with our database of the stones 

originated	from	Sri	Lanka.	The	UV-Vis-NIR	spectra	revealed	that	the	cause-of-color	is	mainly	due	to	the	Fe-Ti	Inter-Valence-Charge-Transfer	mechanism	
like	those	of	the	blue	sapphires	originated	from	metamorphic	origin.	As	also	previously	reported,	the	Mid-InfraRed	spectra	obtained	by	FTIR	
spectrometer	do	show	quite	a	unique	strong	OH-related	absorption	bands	and	small	shoulders	or	peaks	that	have	never	been	reported	before	in	
traditionally heated blue sapphires. However, four main IR spectral patterns were observed from those stones (Figure 1). The patterns (b), (c) and (d) 
have never been reported in the previous studies1-5	before	and	can	be	used	as	the	key	identification	criteria	for	a	heat-plus-pressure-treated	stone	as	
well. Furthermore, by simply re-heating three selected stones from those 18 samples at 1500oC for 4 hrs. in an oxidation condition, the strong OH-
related	absorption	bands	and	small	shoulders	or	peaks	indicative	of	heat-plus-pressure	treatment	disappear	completely,	and	the	stone	blue	colors	turn	
paler or colorless.

In	conclusion,	the	identification	of	a	heat-plus-pressure-treated	stone	may	pose	some	uncertainty	by	using	standard	gemological	methods	alone.	
However, with additional advanced analyses, especially the FTIR spectrometer, it can positively help identifying the treatment.
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[1] Choi, H.M., Kim, S.K. and Kim, Y.C., 2014a. New treated blue sapphire by HPHT apparatus, 
Proceedings of the 4th International Gem and Jewelry Conference (GIT2014), pp.104-105.
[2] Choi H.M., Kim S.K. and Kim Y.C., 2014b. Appearance of new treatment method on 
sapphire using HPHT apparatus. ICGL Newsletter, Vol.4, pp.1-2, http://icglabs.org/wp-content/
uploads/2014/12/ICGLNewsletter-2014FA.pdf
[3] Kim,	H.K.,	Choi,	H.M.,	Kim,	Y.C.,	Wathanakul,	P.,	Leelawatanasuk,	T.,	Atsawatanapirom,	
N.,   Ounorn, P., and Lhuaamporn, T., 2016, HPHT-Treatmented blue sapphire: An update, The Journal of 
Gemmology, Vol.35, No.3, pp.208-210.
[4] Leelawatanasuk,	T.,	Atsawatanapirom,	N.,	Lhuaamporn,	T.,	and	Ounorn,	P.,	2016,	GIT	
Gemstone Update “blue sapphire undergone high pressure high temperature enhancement” Gem and 
Jewelry	Institute	of	Thailand,	Bangkok,	accessed	July	26,	2016,	Bangkok,	http://www.git.or.th/2014/eng/
testing_center_en/lab_notes_en/glab_en/2016/07/BlueSapphire_26072016.pdf
[5] Song, J. Noh, Y., and Song, O., 2015. Color enhancement of natural sapphires by high 
pressure high-temperature process, Journal of the Korean Ceramic Society, Vol.52, No. 2, pp.165-170.
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Inclusion Characteristics of Wax-like Amber after Hydrothermal Treatment
Yan Li1, Yamei Wang1

1Gemmological Institute, CHINA UNIVERSITY OF GEOSCIENCES, Wuhan, China

Hydrothermally treated amber (HT amber) commercial products can be produced by heat treatment in order to improve the appearance of amber 
(from transparency to opaque), lots of tiny nano-micro sized bubbles penetrate into the amber in presence of an aqueous solution (with some catalyst) 
through controlling the temperature, pressure and selecting the inert atmosphere environment. After the treatment, the inner layer of the weathering 
skin	of	raw	amber	material	will	generate	a	layer	of	various	thickness	of	yellowish	white	or	greenish	yellow	"hydrothermally	treated	skin"	or	corrugated,	
crust-shaped	hull,	stomata.	Besides,	the	appearance	of	the	finished	amber	shows	various	sizes	of	white	“hydrothermally	treated	spots”	residue,	which	
may	enter	into	the	interior	of	amber	or	remain	on	the	finished	surface.	The	treated	wax-like	amber	(beeswax)	displays	abundant	gas-liquid	inclusions	
with	small	and	dense	flat	shape	or	disc-shaped	bubbles	accompanied	by	tiny	stress	fracture	patterns.	The	bubbles	are	uneven	in	size,	densely	
distributed	forming	cloud-like	effect.	The	infrared	spectra	data	of	the	experimental	samples	before	and	after	the	treatment	shows	little	difference,	
thus	its	identification	significance	was	needed	with	the	support	of	the	statistical	data.	A	series	of	comprehensive	tests	will	be	required	to	identify	the	
hydrothermally	treated	amber	including	the	diagnostic	evidences	of	the	hydrothermally	treated	skin	(key	scabby	crust)	and	spots.
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[1] Abduriyim	A,	Kimura	H,	Yokoyama	Y.,	Nakazono	H.,	Wakatsuki	M.,	Shimizu	T.,	Tansho	M.,	Ohki	S.	(2009)	Characterization	of	“green	amber”	with	infrared	and	nuclear	magnetic	resonance	
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Radiation stains in green diamonds: Temperature and spatial variations
Sally Magana1

1Research, Gemological Institute of America, Carlsbad, United States

Among	gem	diamonds,	one	of	the	most	challenging	identifications	is	distinguishing	naturally	irradiated	diamond	from	laboratory	irradiated	diamond.	In	
both cases, the GR1 optical center is created, which in high concentrations imparts a greenish color to the diamond. Natural green diamonds are some 
of	the	most	difficult	to	certify	the	natural	origin	of	color.	The	resulting	spectra	and	green	color	from	laboratory	irradiation	are	nearly	indistinguishable	
from their naturally irradiated counterparts.

In	contrast	to	high-pressure,	high-temperature	(HPHT)	treatment	in	which	diamond	type	is	very	important	for	the	success	and	the	final	color	of	the	
treated	diamond,	almost	any	kind	of	diamond	can	be	subjected	to	irradiation	(in	nature	or	the	laboratory)	to	produce	a	green	(to	greenish	blue)	hue.	
This creates a much more extensive and simpler pool from which treaters may choose diamonds. Additionally, the wide variety of preexisting defects 
possible in diamond can also create a wide variety of radiation-related defects thus adding to the complexity of discerning the treatment history of the 
diamond. 

In	many	natural	diamonds,	radiation	produced	by	the	decay	of	isotopes	present	in	minerals	or	dissolved	in	geological	fluids	will	often	cause	surficial	
damage, principally due to alpha radiation.  These “radiation stains” can often (but not in all cases) help to verify natural origin. This research 
showcases the annealing of 20 naturally irradiated diamonds with pronounced radiation stains that were heated from 200oC to 1400oC for the 13 
diamonds and up to 600oC for the remainder. The changes in color and defects were documented by photomicrography and spectroscopy.

The color transitioned from green to brown after heating to 550-600oC and were essentially decolorized at 1400oC. Additionally, we documented, to our 
knowledge	for	the	first	time,	the	green-to-brown	transition	of	radiations	stains	in	diamond	that	were	heated	while	being	videotaped.	After	heating	to	
~550-600oC, the GR1 is depleted (although still detected) leaving the subordinate and underlying brown absorption to be observed (and in many cases, 
H3-related	absorption	is	generated).	This	brown	color	likely	originates	from	the	presence	of	vacancy	clusters	within	the	radiation	stains.

Confocal	Raman	depth	profiling	showed	that	the	depth	penetration	of	the	radiation	stain	was	about	10-15	microns	into	the	diamond	(a	result	later	
confirmed	by	photoluminescence	mapping)	and	this	depth	profile	was	distinctly	different	from	depth	profiles	of	ion-irradiation	stains	generated	in	
a	laboratory.	Photoluminescence	mapping	at	liquid	nitrogen	temperatures	and	high-resolution	Raman	mapping	of	radiation	stains	along	with	known	
irradiated diamonds also shows that the spatial patterns of optical defects such as the GR1 center can be quite distinct and provides one potential 
method to distinguish between natural- and lab-irradiated diamond—an issue that has long hindered gemologists.

338

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Sciences behind gemstone treatments

Alteration of 3309 cm-1 infrared absorption of ruby samples undergone heating
Aumaparn Phlayrahan1, Natthapong Monarumit1, Thanapong Lhuaamporn2,	Somruedee	Satitkune1,	Pornsawat	WathanakuL1

1Gem & Mineral Sciences SRU, Department of Earth Sciences, Faculty of Science, Kasetsart University, 2The Gem and Jewelry Institue of Thailand, 
Bangkok,	Thailand

The	determination	of	heat	treatment	on	a	gem	corundum	is	one	of	the	arbitrary	issues	in	gemological	identification.	Besides,	the	internal	features	
and mineral inclusions which normally being the important clues, the spectroscopic evidences, in particular, the 3309 cm-1	peak	in	infrared	absorption	
spectra	has	also	been	used	as	an	indicator	of	heating.	The	occurrence	of	the	peak	was	caused	by	the	Ti	content	in	the	corundum	structure	[1-5].	
Besides,	the	heat	treatment	also	affected	the	alteration	of	the	peak	[6].

To	confirm	this	assumption	on	Ti	concentrations,	the	experiment	has	been	set	to	study	the	influence	of	the	Ti	content	to	the	appearance	of	the	3309	
cm-1	peak.	The	ruby	samples	from	Mong	Hsu,	Myanmar;	Luc	Yen,	Vietnam	and	Chanthaburi-Trat,	Thailand	have	been	collected	as	representative	samples	
of	high-	(≥	200	ppm),	moderate-	(≥	100	to	<200	ppm)	and	low-	(≤	50	to	<100	ppm)	Ti	content,	respectively.	The	chemical	composition	of	the	samples	
was	classified	by	laser	ablation	inductively	coupled	plasma	mass	spectrometer	(LA-ICP-MS).

In	order	to	determine	the	alteration	of	the	peaks	during	the	heat	treatment,	the	samples	were	heated	at	800,	1200,	and	1650	ºC	under	an	oxidizing	
atmosphere,	soaking	for	1	hour	at	each	temperature.	The	FTIR	spectra	were	measured	before	and	after	heating.	The	spectra	of	all	the	samples	were	
measured in parallel to the c-axis.

The results pointed that, the 3309 cm-1	peak	appears	in	the	samples	containing	moderate	to	high	Ti	content	(≥100	to	>200	ppm),	and	no	show	in	the	
low	one	(≤	50	to	<100	ppm).	It	should	be	noted	here	that	the	Ti	content	plays	an	important	role	in	the	appearance	of	the	3309	cm-1	peak.	Therefore,	
the	peak	could	be	assigned	as	–Ti-OH	stretching	[1-5].	The	spectra	also	showed	that	the	3309	cm-1	peak	and	the	other	side	peaks	at	3232	and	3185	cm-1 
only	appear	when	the	samples	were	heated	at	≥	1200	º	C.	This	is	due	to	the	high	affinity	of	Ti4+ to the liberated –OH from diaspore and/or boehmite [3].
The	intensity	of	those	peaks	was	slightly	decreased	when	the	samples	were	heated	at	the	1650	ºC.	Hence,	the	3309	cm-1	peak	in	FTIR	spectra	of	the	
samples	with	the	suitable	Ti	content	can	be	the	efficient	evidence	to	indicate	whether	or	not	the	ruby	samples	have	been	undergone	heat	treatment,	
particularly at high temperature.
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Heating experiment of sapphire samples from Sri Lanka and alteration of their infrared spectra
Aumaparn Phlayrahan1, Natthapong Monarumit1, Thanapong Lhuaamporn2,	Somruedee	Satitkune1, Pornsawat Wathanakul1

1Gem & Mineral Sciences SRU, Department of Earth Sciences, Faculty of Science, Kasetsart University, 2The Gem and Jewelry Institue of Thailand, 
Bangkok,	Thailand

There has been an ambiguity in using the 3309 cm-1	peak	in	Fourier	transform	infrared	(FTIR)	spectra	to	help	indicate	whether	or	not	a	gem	corundum	
sample	has	been	undergone	heating.	This	peak	has	been	experimented	and	defined	as	the	-Ti-OH	stretching	[1-4].	In	this	study,	eleven	rough	sapphire	
samples	from	Sri	Lanka	were	used	and	experimentally	prepared	for	heating	as	well	as	collecting	for	infrared	data.	Each	sample	was	cut	in	a	thin	
slide	for	about	2	mm	perpendicular	to	their	c-axis,	and	polished.	The	chemical	composition	was	analyzed	by	the	energy	dispersive	x-ray	fluorescence	
(EDXRF) spectrophotometer. The FTIR spectra of the unheated samples were collected in parallel to the c-axis. The heating experiment was performed 
in order to investigate the effect of -Ti-OH stretching on the alterations of the 3309 cm-1 and	its	series	peaks	(3232	and	3185	cm-1).

The	heating	experiment	was	set	at	800,	1000,	1200,	1400,	and	1650	ºC	in	a	reducing	atmosphere,	soaked	for	1	hour	at	each	temperature;	the	FTIR	spectra	
were collected after each heating.

The results revealed that the TiO
2
 concentration can be a good clue to the appearance and changes of the 3309 cm-1	peak	in	FTIR	spectra.	At	the	

normalized	peak	intensity,	the	3309	cm-1	peak	does	not	appear	in	samples	containing	TiO
2
< 0.01 %wt, neither in the unheated or treated ones; whereas 

the unheated samples which possess TiO
2
 content > 0.02 %wt show the 3309 cm-1	peak.	To	those	samples	containing	TiO

2
 over 0.05%wt, besides the 

3309 cm-1,	the	side	peaks	(3232	and	3185	cm-1) would also appear. The heated samples show the gradual decrease of 3309 cm-1	peak	and	its	series.

Again, the measuring orientation and TiO
2
 concentrations of the samples are the crucial factors to be considered along with FTIR spectra of the 

samples; regardingly, the 3309 cm-1	absorption	and	its	side	peaks	are	useful	to	help	indicate	the	heat	treatment	of	a	sapphire	sample	in	particular	of	
the metamorphic origin.
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New Blue-diffused Sapphires From Synthetic VS Natural Starting Materials
Visut Pisutha-Arnon1, Supparat Promwongnan1, Nalin Narudeesombat1, Papawarin Ounorn1,	Thanong	Leelawatanasuk1, Tasnara Sripoonjan1, Nataya 
Nilhud1, Wilawan Atichat1

1The	Gem	and	Jewelry	Institute	of	Thailand	(Public	Organization),	Bangkok,	Thailand

Large	quantities	of	a	new	blue	sapphire	diffusion-treated	from	a	synthetic	starting	material	have	lately	reappeared	in	the	Chanthaburi	market,	Thailand	
since 2015. It is interesting to compare its gemological properties with those of a blue sapphire diffusion-treated from a natural material recently re-
entered	the	market	in	2012.

The synthetic stones (10 faceted-cut, 1.69-10.46 ct.) displayed strong varying blue color concentrations on different facets, along facet junctions and 
girdles due to faceting process, the so-called “spider-web effect” (Figure 1) under immersion (without Plato lines in crossed polars), uneven strong 
chalky	blue	fluorescence	on	different	facets	under	SWUV,	the	presence	of	curved	bands	of	minute	particles	or	gas	bubbles	observed	under	microscope,	
the very high Ti (0.19-0.29 wt.%TiO

2
), moderate Fe (0.07-0.20 wt.%Fe

2
O

3
) but very low Ga contents (<0.01 wt.%Ga

2
O

3
) on the stone surface by EDXRF, 

and no Fe3+-related	absorption	peaks	on	the	UV-Vis	spectra.		These	are	the	key	characteristics	to	identify	a	blue-diffused	sapphire	of	synthetic	origin.	
The natural ones (33 faceted-cut, 0.90-2.06 ct. and 25 cabochon-cut 0.24-2.90 ct.), on the contrary, showed a  vague “spider-web effect” (Figure 2), 
a	weak	chalky	green-blue	to	inert	under	SWUV,	the	occurrences	of	tension	discs,	altered	solid	inclusions	and	altered	fingerprints,	often	with	color	
concentration along healed fractures and pits, the relatively high Ti (0.05-0.21 wt.%TiO

2
), moderate Fe (0.05-0.41 wt.%Fe

2
O

3
) and Ga contents (0.01-0.02 

wt.%Ga
2
O

3
) on the stone surface by EDXRF, together with some Fe3+-related	absorption	peaks	on	the	UV-Vis	spectra.	These	are	the	diagnostic	features	to	

confirm	a	blue-diffused	sapphire	of	natural	origin.

Even	though	both	the	synthetic	and	natural	blue-diffused	sapphires	show	the	‘spider-web	effect’	under	immersion,	such	effect	in	the	natural	stones	
is	apparently	much	less	pronounced	as	compared	to	that	of	the	synthetic	ones	due	to	the	difference	of	the	thickness	of	the	blue	color	rims.		In	fact,	it	
was	found	by	slicing	the	stones	into	a	thin	wafer	that	the	thickness	of	blue	color	rim	of	the	diffused	natural	stone	(i.e.,~0.5-1.1	mm	thick)	was	apparently	
much	thicker	than	that	of	the	diffused	synthetic	one	(i.e.,~0.15-0.2	mm).	Also	with	spot-traverse-analysis	by	LA-ICP-MS	on	the	wafer	surface,	we	found	
that	the	color	rim	thickness	of	the	natural	stone	was	coincided	with	the	penetration	depth	of	titanium,	while	that	of	the	synthetic	one	was	equal	to	the	
penetration depth of iron instead. In the case of the synthetic, in addition, not only Ti and Fe were found to be diffused from an external source into the 
stones,	but	also	Be,	Ga,	Mn,	and	V	were	also	infiltrated	into	the	surface	of	synthetic	colorless	sapphire	host.		The	colorless	core	area	has	insignificant	
amounts of other trace elements.  As for the natural one, in contrast, Ti along with Be and Li were found to penetrate the stones while Fe, Ga, Mg, B, V 
and Cr contents were relatively constant throughout the slice section. The formation of the blue color rims in both synthetic and natural stones will be 
discussed together with the multi-element diffusion, other than Ti and Fe, found in those stones.
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Summary of diamond color treatments
Roman Serov1, Yury Shelementiev1

1Gemological Center, Lomonosov Moscow State University, Moscow, Russian Federation

Any possible spectral color can be encountered in natural diamonds’ color palette. Though top colorless and fancy colored diamonds are extremely 
rare.	Such	rarity	lowers	availability	and	dictates	high	market	pricing	for	these	stones.

On the other hand diamonds with yellow and brown tints are much more common. So the idea to convert less desirable yellow and brown diamonds to 
gem quality material supports the diamond treatment studies for a decades. 

At the moment various treatment techniques allow bring a lot of colorless and colored diamonds to the clients at more affordable costs. Here we are 
providing	summary	of	diamond	color	treatment	techniques	and	methods	of	diamond	treatment	identification	used	in	the	trade	as	well	in	gemmological	
laboratories.

Diamond treatment types
Generally all diamond color treatments can be divided in two groups:
        - treatments that create or increase fancy color in a diamond
        - treatments that reduce the diamond color or decolorize diamond
								-	treatments	that	produce	black	colored	diamonds	(reduce	diamond	transparency)

Historically	first	treatment	techniques	(such	as	irradiation)	generate	in	diamond	new	color	centers	and	consequently	give	the	diamond	new	saturated	
color	and	mask	the	initial	unwanted	tint.	Such	techniques	evolved	during	last	century	from	simple	irradiation	to	irradiation+annealing,	HPHT	and	
multiple multistep processes (timeline is shown on Fig. 1).

Decolorization techniques applied for diamonds became widespread in the 2000th starting from HPHT processed IIa diamonds to modern LPHT and 
APHT treatment techniques.

Diamond treatments identification
There	are	two	different	approaches	to	treatment	identification:
        - First is the approach of diamond traders and dealers that require fast and reliable screening methods. 
								-	Second	approach	is	used	by	gemmological	labs	that	includes	comprehensive	research	of	diamond	identification	features

Diamond screening techniques
Generally the screening goal is to differ between natural untreated diamonds and all other diamond types (synthetic and treated diamonds) using very 
fast and simple principles.

At the moment there are some diamond screening devices that can separate Ia near colorless natural diamonds from IIa diamonds based on optical 
UV-VIS and FTIR absorption differences between Ia and IIa diamonds.

Screening are very important for the trade, because it is fast and a lot of diamonds can be processed by this machines.

Treatments	identification	in	gemmological	laboratory

Modern gemmological laboratories use wide range of special equipment to obtain a comprehensive set of data from the stone. Study always includes 
standard gemmological techniques (such as microscopic study) and spectroscopic methods: FTIR, Visible and luminescence spectroscopy (usually at 
liquid nitrogen temperature).

The	task	of	color	treatment	detection	is	closely	related	with	task	of	synthetic	diamond	identification.	Identification	lines	in	many	labs	includes	diamond	
physical type recognition and later all diamonds that reacted as “refer” are studied in deep UV imaging devices. This approach demonstrates that more 
than	one	diamond	feature	should	be	checked.	

This	process	slow	and	requires	skilled	personnel	to	perform.	But	the	variety	of	natural	diamonds	and	complexity	of	treatment	processes	require	fully	
scientific	approach	to	differ	naturally	colored	diamonds	from	treated.	
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Photoluminescence Characteristic of Turquoise and Its Application on Turquoise Identification
Bahareh Shirdam1, Soheila Aslani1

1Gemological research laboratory, School of Mining engineering, College of engineering, University of Tehran, Tehran, Iran, Islamic Republic Of

Photoluminescence spectroscopy is an important techniques for characterizing optical defects and incorporated rare earth elements in minerals 
structure.	Even	though	the	luminescence	characteristics	of	minerals	has	been	used	widely	in	diamond	identification,	it	is	not	applied	as	intensively	for	
other gem materials.

In	this	research	work,	the	luminescence	behavior	of	turquoise	has	been	investigated	using	the	PL	technique.	The	capability	of	the	technique	is	
demonstrated based on the experimental results. The micro-XRF and ICP-MS elemental analysis technique has been employed for the evaluation of 
turquoise samples and explanation of their luminescence behaviors. A collection of 20 natural and 9 treated turquoises with different range of colors 
(From	pale	blue,	sky	blue,	greenish	blue	to	dark	blue)	and	various	origins	(Neyshabur	and	Shahr-e	Babak)[1]	was	selected	for	this	study.

The	main	challenge	in	applying	PL	spectra	for	turquoise	identification	is	selection	of	the	right	excitation	wavelength.	As	a	weakly	luminescent	mineral,	
Ionoluminescence (IL) and cathodoluminescence (CL) had been suggested so far for the relatively high energy and penetration depth of heavy ions and 
electron beams assigned in the mentioned techniques respectively. Hence, besides investigating the PL spectra emitted from excitation of turquoise 
samples by visible light   (750-400 nm), practical results were anticipated to be fount under irradiation of ultraviolet (UV) light.

After irradiating turquoise samples with different wavelength, 290 nm was selected as the standard excitation wavelength for this study. Turquoise 
samples with a chemical formula of CuAl

6
(PO)

4
(OH)

8
.4H

2
O, present luminescence bands located at 361, 392 and 455 nm. The photoluminescence spectra 

of	five	natural	turquoise	samples	at	room	temperature	are	illustrated	in	Figure	1.

Previous	luminescence	studies	of	other	minerals,	propose	the	two	sharp	peaks	(361	and	392	nm)	origination	to	be	from	REE	and	transition	metal	
luminescence centers. Based on ICP- MS analysis and referring to Gaft et al. (2015), the bands at 361 and 392 nm is attributed to Ce3+. Chemical 
composition data contend a range of 2-5 ppm for Lead, hence Pb2+	effect	on	361	nm	luminescence	band	must	be	taken	into	consideration.	The	spectrum	
of turquoises in 410- 570 nm region show moderately different results to each other which is consistent with the slight variation of REE and trace 
elements in samples. This zone represent the association of (UO

2
)2+, Pr3+, O

2
- and mainly Mn2+ centers. Tb3+, Dy3+, Er3+, Sm3+ and Bi3+ are other ions with 

under	1	ppm	statistics	that	might	have	influenced	the	minor	dissimilarity	of	410-570	nm	region.

Elemental analysis shows an average number of 2.45 % for Fe in greenish samples that propound the presence of turquoise-chalcosiderite solid-
solution series by Iron substitution. The broad 708 nm band is ascribed to Fe3+ luminescence centers.

Hitherto	identification	of	Zachery-treated	turquoise	was	possible	by	its	relatively	high	potassium	level	measured	by	chemical	analyses	such	as	EDXRF	
or microprobe.  Having a standard PL spectra for turquoise, Zachery-treated samples (T4 and T5) were examined by the same setting and the result 
are	displayed	in	figure	2,	together	with	natural	turquoise’s	for	better	comparison.	The	analogy	exhibits	the	small	shift	of	392	nm	peak	to	402	nm	and	a	
noticeable FWHM increase in Zachery-treated samples.
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[1] Two main source of Persian turquoise
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Jade and its treatment: A Review
Thyesun Tay1

1Gem Lab department, Far East Gemological Laboratory, Lion city, Singapore

Imperial green jadeite-jade is the most sought after gemstone since ancient time from Emperor Qianglong (1736-1795) to present day where wealthy 
Chinese	from	China	would	paid	millions	of	dollars	for	it.		From	April	2015	to	November	2016	the	Myanmar	Gems	Emporium	(MGE)	fiscal	year,	the	total	
jade	production	was	18.047	million	kg,	and	in	2016	July	MGE	auction,	jadeite-jade	account	for	US$475.35	million.		The	main	source	of	jadeite-jade	
is	from	Hpakan,	Northern	Myanmar.	In	the	late	1980s’,	a	new	value-enhanced	treated	jadeite-jade	appeared	in	Hong	Kong.		Due	to	non-disclosure,	
confusion	arise	in	jade	trading	which	caused	the	lost	of	confident	in	trading	of	jadeite-jade	in	early	1990s.		The	jade	traders	in	Hong	Kong	responded	
by introducing the trade term for a full disclosure on various treatment i.e. A-jade, B-jade, B+C-jade and C-jade.  A-jade refers to natural jadeite-jade, no 
artificial	colouring	or	polymer	but	with	minor	waxing	due	to	wax	polishing.		B-jade	prefers	to	jadeite-jade	been	bleached	first	using	strong	acid	to	get	
rid	of	iron-oxide	staining	or	dark	mineral	inclusions	and	then	followed	by	polymer	impregnation	to	fill	in	the	voids	left	by	the	bleaching	process.	Jade	
manufacturers would use colourless polymer for this purpose. C-jade is dyed jadeite-jade and green colour is most desirable. B+C-jade (Wu, 1997) refers 
to bleach, then followed by dyeing and polymer impregnation and rather rampant in the trade. 

Identification	of	B-jade	using	FTIR	was	introduced	where	by	the	absorption	spectra	of	these	impregnating	polymers	centred	around	2800	to	3100	cm-1,	
but	the	polymer	spectrum	also	included	a	typical	absorption	peak	at	3060cm-1	(Fritsch,	1992).	Using	this	technique,	paraffin	wax	impregnation	also	
could be detected at 2850 cm- and 2920 cm-1.  Besides FTIR, this author used the scanning electron microscope (SEM) to identify B-jade at the Life 
Science	dept.,	Singapore	Polytechnic.	Under	backscattered	electron	(BSE)	imaging	at	low	magnification,	the	surface	of	the	jadeite	crystal	grain	of	the	
B-jade	shown	to	be	damaged	by	its	acid	treatment.	Natural	jadeite-jade	showed	a	compact	interlocking	grain	structure	(x2000),	as	compare	to	B-jade	
where	bleaching	has	damaged	crystal	grain	structure	i.e.	fibrous	and	granular	texture	show	loose	crystal	grains	slightly	further	apart	from	each	other	
(x150).		In	addition,	the	SEM	can	detect	strong	charging	up	of	foreign	substances,	such	as	polymer	or	wax	which	may	be	used	as	in-fillings	in	B-jade	
(Tay, 1993). 

As FTIR and SEM are rather expensive instrumentation, using 10x loupe or microscope to identify the surface features of B-jade i.e. the loose crystal 
grain	structure	exhibited	by	bleaching	process	(OuYang,	1993).	B-jade	exhibits	surface	‘cracked	like’	or	‘spider	web’	effect	depending	on	its	texture	i.e.	
fibrous	and	granular	and	also	its	grain	size.	This	simple	method	of	identification	using	reflected	lighting	help	the	jewellery	and	jade	trade	in	general.	
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Estimating defect clustering and its effects on the mechanisms and effects of heat treatment on 
gem material
Richard Taylor1, 2, Adrian Finch1

1School of Earth and Environmental Sciences, The University of St Andrews, St Andrews, United Kingdom, 2Gemmological Institute, China university of 
Geosciences, Wuhan, China

It	is	frequently	found	in	gemmology	and	mineralogy	textbooks	that	the	cause	of	colour	in	allochromatic	minerals	and	gemstones	is	attributed	
to a simple trace element substation within the described chemistry. The simple correlation between colour or luminescence and trace element 
substitution is the basis of many attributions. If the explanation delves any deeper the nature of the substitution within the crystal lattice structure is 
considered,	and	the	symmetry	and	energy	implications	of	the	local	environment	are	considered	for	example	by	using	crystal	field	theory.

On many occasions, these simple models fail to adequately explain anomalies between measured intensity of colour and the concentration of the 
associated chromophore or chromophores. For gemstones understanding and explaining these inconsistencies are further complicated due to the 
fact	that	exact	gem	treatment	methodology	is	frequently	considered	commercially	sensitive	and	therefore	difficult	to	study.	Finally,	the	trace	element	
chemistry of natural gem material has an inherent variability that further complicates the modelling of results.

Much research has been completed on the cause of colour and heat treatment mechanisms of corundum, in the case of blue sapphire the generally 
accepted	cause	is	a	charge	transfer	mechanism	between	Ti	and	Fe.	(Nassau,	2001,	Jacobs	and	Kotomin,	1993,	Wongrawang	et	al.,	2016,	Mungchamnankit	
et al., 2012)The charge transfer mechanism modelled in MO requires an overlap of the wavefunction of the Fe and Ti ions that places a structural 
requirement that they are on adjacent Al sites within the lattice. (Nassau, 2001)Diffusion of defects within a crystal lattice, when modelled as a random 
walk,	will	produce	defect	sites	that	are	not	just	simply	adjacent	sites	it	will	also	potentially	create	more	extended	clustered	defects.	(Moon	and	Phillips,	
1994,	Shaw,	2017)The	nature	and	effects	of	these	more	complex	extended	clusters	and	or	non-clustered	isolated	defects	modifies	the	relationship	
between concentration and colour.

We report on results of the observed variations in the combined spectroscopy in Continuous wave (CW) and Time-Resolved (TR), excitation and 
emission spectroscopy, in addition, thermoluminescence (TL) and Radioluminescence (RL). Samples were subjected to progressive heat treatment of 
increasing temperature. The samples examined were selected from a suite of well-characterised gems. Spectral data were also collected as a function 
of temperature to explore phonon coupling effects. The results presented explore the potential of a proxy model to estimate the extent of defect 
clustering within a gem.
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A Preliminary synchrotron-radiation XAS study of diffusion treatment Oregon sunstone
Chengsi Wang1, Andy Shen1, Chatree Saiyasombat2,	Kamonsuangkasem	Krongthong2

1Gemmological Institute, China University of Geosciences (Wuhan), Wuhan, China, 2Synchrotron	Light	Research	Institute	(Public	Organization),	Nakhon	
Ratchasima, Thailand

Oregon	sunstone,	a	kind	of	gem	quality	plagioclase	(Ab
30-50

An
70-50

),	is	known	for	its	unique	optical	property	which	shows	very	appealing	with	clear,	red	
and	green	colors	and	some	even	showed	obvious	schiller	effect	of	pure	native	copper	flakes	in	the	crystal.	Because	of	the	popularity	and	high	value	
of	Oregon	sunstones,	the	diffused	imitations	appeared	in	the	gem	market	since	2002，and raised the concern of gemological institute all around 
the world (Rossman, 2011). However, after decades-of-year effort, the coloration of either the natural or the diffused sunstones has not been fully 
understood.

In this study, Cu has been successfully diffused into natural yellow Oregon labradortie crystals, creating crystal similar to the natural sunstone. 
Interestingly, in these diffused samples, the Cu concentration is rather uniform across different colored areas, roughly around 1000 ppm of Cu in 
all	area.	Under	the	polariscope,	the	green	color	zone	shows	obvious	pleochroism,	but	the	red	zone	doesn't.	The	same	result	is	confirmed	by	UV-
Vis	spectra,	and	the	absorption	peak	of	red	zone	is	same	as	copper	ruby-red	glasses	(560nm)	which	is	similar	to	the	results	of	previous	research	
(Hofmeister	&	Rossman,	1985).	Furthermore,	Cu	nanoparticles	are	also	found	in	sunstone	the	by	TEM	in	our	experiment	and	Xu`s	work	(Xu,	Hill,	Konishi,	
& Farfan, 2017). Therefore, it is reasonable to believe that the color zones in Oregon sunstones, no matter the nature or the diffused ones, are caused by 
Cu nanoparticles inclusions. But the nature and difference of Cu nanoparticles in different color zones are still not explored.

To solve this problem, synchrotron-radiation X-ray absorption spectroscopy (XAS) testing has been further conducted in Synchrotron Light Research 
Institute (SLRI) of Suranaree University of Technology, Thailand. Testing on different color zones was preformed to explore the valance state of Cu. 
The	result	shows	that	copper	in	the	red	and	green	zones	of	the	diffused	sample	and	the	red	zone	of	nature	sample	are	all	likely	to	be	Cu1+-Cu2+. But 
according to the EXAFS spectra, the local environment around the Cu in the red zones of diffused and natural sunstones are obvious different.

Therefore, we suspect that the different color zones in diffused Oregon sunstone is caused by Cu nanoparticles with different characterizations, such 
as	the	valance	state	and	the	local	environment.	More	work	will	be	conducted.	
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Pressure-induced magnetic and electronic transition in perovskite SrCoO3
Han Hsu1, Sheng-Chieh Huang1

1Department of Physics, National Central University, Taoyuan City, Taiwan

Perovskite	cobaltites	(La,Sr)CoO
3
 have been intensively studied due to their complicated magnetic properties, which largely arise from the multiple 

oxidation and spin states of cobalt. Even the end members, LaCoO
3
 and SrCoO

3
, exhibit great complexity. For example, both temperature and strain can 

induce spin transition in LaCoO
3
, and the spin state of magnetic Co3+ has been a matter of debate. Recently, SrCoO

3
 has attracted increasing attention. 

At ambient pressure, SrCoO
3
	is	a	ferromagnetic	metal	crystalizing	in	cubic	perovskite	structure	(Pm-3m	symmetry)	with	a	high	Curie	temperature	(T

C
 = 

305 K) [1]. While intermediate-spin state has been suggested, the cobalt spin state in SrCoO
3
 remains unclear. With magnetic cations in the octahedral 

(B) site, SrCoO
3
	is	subject	to	magnetic/spin	transition	upon	compression.	Remarkably,	experiments	have	shown	that	SrCoO

3
 remains in Pm-3m symmetry 

up	to	60	GPa	[2].	Using	first-principles	calculations,	we	investigate	the	magnetic	and	electronic	states	of	cubic	perovskite	SrCoO
3
. Our calculations 

indicate that SrCoO
3
 undergoes a unique magnetic and electronic transition upon compression.
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Structure and properties of silicate glasses and melts: from laboratory to volcanic 
activities

Raman spectroscopy study of the iron oxidation state of mid-ocean ridge and peridotite glasses
Charles Le Losq1, Andrew J. Berry1, Paolo Sossi2, Daniel R. Neuville3, James Badro2,	Hugh	St.	C.	O'Neill1
1Research School of Earth Sciences, The Australian National University, Canberra, Australia, 2Cosmochimie,	Astrophysique	et	Géophysique	
Expérimentale,	3Géomatériaux,	Institut	de	Physique	du	Globe	de	Paris,	Paris,	France

The oxidation state of iron in natural glasses relates to the oxidation state of their magmatic source. Insights into the redox conditions at depth, 
prior	to	fractional	crystallisation	and	degassing,	can	be	gained	through	the	analysis	of	melt	inclusions.	The	use	of	bulk	techniques	to	measure	iron	
redox, such as wet chemistry, is not possible for these sub-mm sized inclusions. Instead, micrometric techniques such as Fe K-edge X-ray Absorption 
Near-Edge Structure (XANES) spectroscopy are required. The latter has been successfully used to determine the redox state of iron in, for example, 
komatiitic	and	Mid-Ocean	Ridge	magmas,	yielding	critical	insights	on	the	oxygen	fugacity	of	the	mantle	throughout	Earth	history.	However,	this	
technique requires double-polishing the inclusions as well as access to synchrotron light sources.

Raman spectroscopy offers an alternative way to determine the redox state of iron-bearing glasses. It is an easy-to-use and non-destructive technique, 
has	micrometre	spatial	resolution,	and	requires	minimal	sample	preparation.	However,	while	these	factors	make	Raman	spectroscopy	well	suitable	for	
the study of melt inclusions, the technique samples inelastic Raman-active vibrations from all the species in the glass, most of which do not include 
iron.	As	a	result,	the	Raman	signal	from	glasses	is	often	difficult	to	interpret,	such	that	it	is	difficult	to	use	Raman	as	a	quantitative	tool.

A series of MORB glasses with Fe3+/FeTOT ratios ranging from 0.0 to 1.0, determined by Mössbauer and Fe K-edge XANES spectroscopy, were used to 
develop simple Raman calibrations based on six different methods, including machine-learning algorithms such as support vector machines or 
neural	networks.	When	correctly	calibrated,	such	Raman-based	methods	can	determine	Fe3+/FeTOT to within ± 0.05. However, their limitation is that, 
currently,	they	are	specific	for	a	given	composition.	To	solve	such	problem,	we	further	tested	this	new	approach	on	another	series	of	peridotite	glasses	
synthesised by aerodynamic levitation at different H

2
-CO

2
 gas mixtures with Fe3+/FeTOT ratios varying from 0.01 to 0.47. This approach does not require 

prior calibration of the Raman technique and allows determining the glass Fe3+/FeTOT within ± 0.10, opening doors to use Raman spectroscopy as an 
absolute quantitative tool.
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Structure and properties of silicate glasses and melts: from laboratory to volcanic activities

Role of Na/K mixing on the structure and physical properties of iron-bearing silicate melts
Anne-Marie Lejeune1, Joachim Pallier2,	Nicole	Métrich3, Charles Le Losq4, M. Rita Cicconi2, Daniel R. Neuville2

1ISTeP	-	CNRS	-	PGM2,	Sorbonne	Université,	2IPGP	-	CNRS	-	Géomatériaux,	Sorbonne	Paris	Cité,	3IPGP	-	CNRS	-	Systèmes	Volcaniques,	Sorbonne	Paris	Cité,	
Paris, France, 4Research School of Earth Sciences, ANU, Canberra, Australia

Le	Losq	and	Neuville	(2013)	have	shown	that	the	viscosity	and	structure	of	alkali	tectosilicate	glasses	and	melts	rich	in	silica	do	not	follow	ideal	mixing	
rules, which usually imply a decrease followed by an increase of the melt viscosity upon Na-K mixing. Instead, polymerised aluminosilicate melt 
viscosity increases non-linearly when K+ ions substitute Na+	ions.	This	effect	can	have	important	consequences	for	eruptions	of	volcanoes	like	Toba	
(Indonesia) or Yellowstone (U.S.A.), which erupted magmas with compositions close to rhyolites (e.g. 83 mol% SiO

2 
- 8 mol% Al

2
O

3
 - 3.7 mol% K

2
O - 3.4 

mol% Na
2
O)	during	cataclysmal	explosive	events.	The	aim	of	this	work	is	to	test	the	mixing	effect	of	Na/K	on	SiO

2-
poorer compositions, such as those of 

the	Yasur	(Vanuatu)	or	Nyiragongo	(Democratic	Republic	of	the	Congo)	lavas,	which	are	also	rich	in	iron	and	alkaline-Earth	elements.

The viscosity measurements performed on Yasur and Nyiragongo compositions, free from crystals and volatiles, show that Na/K ratio variations result 
in viscosity variations that cannot be reproduced using an ideal mixing model. Consequently, it appears that Na and K elements do not mix randomly 
in the studied depolymerised iron-bearing aluminosilicate melts. During this communication, we will present and discuss viscosity, Raman and Fe 
K-edge	X-Ray	Absorption	Near	the	Edge	Structure	data,	and	try	to	establish	some	links	between	the	melt	structure	and	properties	in	order	to	better	
understand magmatic processes.
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Structure and properties of silicate glasses and melts: from laboratory to volcanic activities

Role of Alkaline and Earth alkaline elements in silicate glasses and melts
Daniel Neuville1

1Géomatériaux,	CNRS-IPGP-USPC,	Paris,	France

Alkali	and	alkaline	earth	can	be	a	network	modifier	or	a	charge	compensator	of	AlO
4

- in aluminosilicate glasses and melts. As a function of its role, 
density,	molar	volume,	viscosity,	liquidus	and	glass	transition	temperature	and	more	generally,	macroscopic	properties	can	change	significantly.	But	
how evaluate or prove this change of role? Recently, Helhen and Neuville (2014) have show by comparing Raman in VV and VH polarization, that a new 
band	appears	in	the	VH	Raman	spectra	when	the	role	of	Ca	changes	from	charge	compensator	to	network	modifier.	Furthermore,	we	have	shown	in	the	
XANES	spectra	at	the	Ca	K-edge,	an	important	change	in	the	Ca	pre-edge	peaks	as	a	function	of	this	same	change	of	role.	Similar	behaviour	are	visible	
for Na, Mg, Sr elements by using Raman VV-VH, NMR or XANES spectroscopy.

To	conclude,	by	looking	the	role	of	alkaline	earth	element	in	glass	and	melts,	it	is	possible	have	a	better	knowledge	of	the	structure	of	glass	and	melts,	
but also to better understand redox and nucleation processes.

352

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

The ever-growing mineral diversity in the Earth and the Solar System: new minerals, 
including nano- and biominerals, and related nomenclature/classification issues

Growth of the pyrochlore supergroup
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Twenty seven pyrochlore supergroup mineral species are currently distributed into seven groups. However, when the new nomenclature system of such 
a	supergroup	was	introduced	(Atencio	et	al.	2010)	only	seven	mineral	species,	namely	oxycalciopyrochlore,	hydropyrochlore,	hydroxykenomicrolite,	
oxystannomicrolite,	oxystibiomicrolite,	hydroxycalcioroméite,	and	hydrokenoelsmoreite	were	valid	and	distributed	into	five	groups	(pyrochlore,	
microlite,	roméite,	betafite,	and	elsmoreite).	The	seven	species	belong	to	the	cubic	crystal	system	and	space	group	Fd-3m	and	O	is	predominant	in	the	
X	structural	site.	The	20	new	mineral	species	described	between	2010	and	2017	are	cesiokenopyrochlore,	fluorcalciopyrochlore,	fluornatropyrochlore,	
hydrokenopyrochlore,	hydroxycalciopyrochlore,	hydroxykenopyrochlore,	hydroxymanganopyrochlore,	fluorcalciomicrolite,	fluornatromicrolite,	
hydrokenomicrolite,	hydroxycalciomicrolite,	kenoplumbomicrolite,	oxynatromicrolite,	fluorcalcioroméite,	hydroxyferroroméite,	oxycalcioroméite,	
oxyplumboroméite,	fluornatrocoulsellite,	hydrokenoralstonite,	and	hydroxykenoelsmoreite.	F	is	predominant	in	the	X	structural	site	of	coulsellite	and	
ralstonite, the two new group names introduced (Atencio et al. 2017). Among such new species, hydroxycalciomicrolite belongs to a different space 
group of the cubic system, i.e., P4

2
32 (Andrade et al. 2017) and some mineral species crystallize in the trigonal system. Mills et al (2016) demonstrated 

hydrokenoelsmoreite	occurs	as	3C	(Fd-3m)	and	6R	(R-3)	polytypes.	Hydrokenomicrolite	occurs	as	3C	(Fd-3m)	and	3R	(R-3m)	polytypes,	of	which	the	latter	
corresponds	to	the	discredited	“parabariomicrolite”	(Atencio	2016).	Fluornatrocoulsellite	and	hydroxykenoelsmoreite	crystallize	as	3R	(R-3m)	and	6R	
(R-3)	polytypes,	respectively	(Mills	et	al.	2017).	As	a	mineral	group	consists	of	two	or	more	minerals	(Mills	et	al.	2009),	ralstonite,	coulsellite	and	betafite	
cannot	be	considered	mineral	groups.	Hydrokenoralstonite	and	fluornatrocoulsellite	should	be	designated	as	unassigned	members	of	the	pyrochlore	
supergroup,	because	no	other	member	enables	the	establishment	of	groups.	No	valid	mineral	can	be	assigned	to	the	betafite	group	but	surely	there	
are several new pyrochlore supergroup minerals to be described.
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On the mineral nomenclatures: the dominant-valency rule
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The development of nomenclature to identify and classify minerals is a fundamental step to understand the processes that govern mineral diversity. 
Apparently,	two	approaches	could	be	used	to	distinguish	mineral	species:	(1)	the	dominant-valency	approach	(e.g.,	Hatert	and	Burke	2008),	which	
identifies	mineral	species	by	determining	the	most	abundant	proportion	of	root-charge	arrangement;	(2)	the	dominant-end-member	approach,	which	
identifies	species	by	determining	the	most	abundant	proportion	of	end-member	component.	However,	mineral	species	identified	by	the	dominant	
valence may not necessarily correspond to the dominant end-member. In general, the dominant-valency rule should be preferred because it alone can 
lead	to	unambiguous	mineral	identification.

As the dominant-valency and the dominant-constituent rules are recommended by the IMA-CNMNC, it is worthwhile to analyze their basic aspects, here 
identified	as	follows:

 – - (i) the principle of the formula electroneutrality;

 – -	(ii)	the	definition	of	end-member	formula	(Hawthorne	2002)	that	includes	heterovalent-pair	of	ions	at	one	site;

 – - (iii) the concept of charge-constraint at the crystallographic sites which leads to severe restrictions on the atomic arrangements.

However, the dominance-valency rule has a problem. It is based on the dominance of a chemical constituent of the dominant valency state at a given 
crystallographic site, where the term constituent refers to individual ions, molecular group, vacancy or group of ions with the same valency state. 
Unsuccessful	applications	of	the	dominance-valency	rule,	resulting	in	charge-unbalanced	end-member	formula,	can	occur	if	specific	heterovalent-pairs	
of ions (or ion-vacancy) are not regarded in the same manner as a “single constituent”. In order to avoid the construction of unrealistic end-member 
formula, heterovalent-pair of ions can be required by charge-constraints, dictated by mineral composition.

The	consequences	of	these	findings	are	reflected	in	mineral	series	related	by	coupled	substitutions.	It	is	well-know	that	mineral	series	characterized	by	
coupled	heterovalent	substitutions	at	two	crystallographic	sites	are	typically	identified	first	by	the	dominant-valency	rule	and	then	by	the	dominant-
constituent	rule	(e.g.,	Hatert	and	Burke	2008).	The	reason	of	this	hierarchical	procedure	can	be	ascribed	to	the	change	of	the	site	total	charges	
involved in the substitution. On the other hand, one would expect to identify mineral series using directly the dominant-constituent rule if the site 
total charge is preserved in the chemical substitution. This is the case of mineral series characterized by coupled heterovalent substitutions at one 
crystallographic	site,	in	which	heterovalent-pairs	of	ions	can	be	considered	as	single	constituent	for	classification	purposes.

Some intermediate garnet and tourmaline compositions nicely show this issue.
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Analogies between the biogeochemical cycles of iron and nickel in hydromorphic soils; the search of 
new NiII-NiIII LDH minerals 
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The biogeochemical cycle of iron in gleys of continental aquifers or maritime marshes, which have shades of colors from bluish-green to ocherous, 
is documented since the discovery of the minerals, fougrite F, trbeurdenite T and mssbauerite M, that constitute the fougrite group within the 
hydrotalcite supergroup (IMA 2012-049). All have a layered double hydroxide (LDH) structure with intercalated CO32- anions. Since divalent and trivalent 
cations are from the same element, i.e. iron, the commonly named “carbonated green rust” GR(CO32-), which is an intermediate compound during the 
corrosion of steels, can oxidize in situ with a strong oxidizer such as H2O2 according to FeII6(1-x) FeIII6x O12 H2(7-3x) ● CO3 nH2O where x is the ferric 
molar	ratio	x	=	{[FeIII]	/	[Fetotal]}.	Long-range	order	of	Fe3+	ions	in	the	brucite-like	layers	is	obtained	at	x	=	1/4	and	1/3,	but	the	mineral	starts	at	x	=	1/3	
for F, then 2/3 for T and 1 for M. Oxidation proceeds topotaxically and X ray diffraction (XRD) shows that lines of F are shifting towards higher angles 
and broaden, e.g. (003) line, as due to the deprotonation of OH- ions into O2-. Mssbauer spectroscopy with a Co57 source was the adequate technique 
to follow the oxidation process and the existence of the minerals would not have been guessed without it. We suspect that the same situation occurs in 
the	case	of	nickel,	another	transition	element	that	can	also	be	divalent	or	trivalent.	However,	in	this	case,	it	should	be	the	long-range	order	of	cations	
corresponding	to	the	equivalent	x	=	{[NiIII]	/	[Nitotal]}.	The	reason	is	by	analogy:	hydrotalcite	itself	has	an	x	value	{[AlIII]	/	[MgII	+	AlIII]}	of	1/4	as	well	as	
pyroaurite	where	x	is	{[FeIII]	/	[MgII	+	FeIII],	but	the	most	striking	is	takovite	NiII6	AlIII2	(OH)16	CO3	nH2O	observed	in	many	places	all	over	the	world.	

One can prepare a sample of NiII6 NiIII2 (OH)16 CO3 nH2O where x = 1/4 by coprecipitation the way all LDHs are prepared and by pouring on it enough 
hydrogen	peroxide	to	obtain	the	completely	oxidized	phase	NiIII8	O6	(OH)10	CO3	nH2O.	Even	though	lines	are	weak,	one	can	check	by	XRD	that	the	
stacking	is	the	same	as	that	of	the	fully	ferric	equivalent	mssbauerite,	e.g.	lines	(003)	and	(012)	are	at	the	same	positions.	A	complete	program	as	that	
done for iron should use Mssbauer spectroscopy to distinguish divalent from trivalent Ni cations but also various sites of NiII as seen for FeII. This 
involves using a synchrotron to excite Ni61. Such experiments require heavy equipment to validate the existence of four phases: (i) NiII6 NiIII2 (OH)16 
CO3 nH2O at x = 1/4, (ii) NiII4 NiIII4 O2 (OH)14 CO3 nH2O at x = 1/2, (iii) NiII2 NiIII6 O4 (OH)12 CO3 nH2O at x = 3/4 and (iv) NiIII8 O6 (OH)10 CO3 nH2O at x 
= 1 leading to a general formula NiII8(1-x) NiIII8x O16 H2(9-4x) ● CO3 nH2O. Moreover, a phase is predicted, NiII8 H2 (OH)16 CO3 nH2O that comprises 
only Ni2+ ions that can be obtained by voltammetric cycling. The existence of minerals, which can be produced by bacterial reduction of NiIIIOOH 
minerals	in	waterflooded	soils	with	anoxic	conditions	and	organic	matter,	is	suspected	but	difficult	to	prove	with	the	present	available	techniques	of	
characterization. However, they would play a major role to understand the biogeochemical cycle of Ni as for Fe.

The ever-growing mineral diversity in the Earth and the Solar System: new minerals, 
including nano- and biominerals, and related nomenclature/classification issues
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Mineral diversity: beyond 7000 species?
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In 2014 the number of valid mineral species reached 5000 and is now close to 5400. The mean yearly increase during the last decade has been in 
excess of 100 species. At the present growth rate, which exceeds by far the pre-2008 rates, so far published estimates (e.g., Hazen et al. 2015) of the 
total	mineral	diversity	will	be	outscored	shortly.	The	reasons	for	this	are	several.	Development	of	refined	as	well	as	new	techniques	for	characterization	
of	matter	enables	analyses	at	higher	spatial	resolution	and	improved	precision.	In	addition,	intensified	research	on	material	from	poorly	studied	or	
even	previously	unknown	types	of	geological	regimes	reveals	unexpected	minerals	formed	under	new	physical	or	chemical	conditions.	Examples	
include for instance minerals in extraterrestrial bodies, high-pressure mantle xenoliths and volcanic fumaroles.

In	addition	to	technological	progress	and	diversity	of	study	material,	the	accelerating	numbers	of	new	minerals	reflect	revisions	in	mineral	
classification	schemes.	Increased	degree	of	detail	in	species	recognition	by	taking	into	consideration	cation	and/or	anion	distributions	among	similar,	
but non-equal, structural sites is one important driving force. This anthropogenic “species accelerator” is complemented by results of additional 
human	activities.	Recently	Hazen	et	al.	(2017)	identified	more	than	200	approved	mineral	species	that	are	formed,	at	least	partly,	in	response	to	human	
processes. Given the intense, widespread and increasingly diverse nature of human activities it is highly plausible that the number of such minerals will 
increase drastically in the future.

A	plethora	of	so	far	unknown	minerals	are	likely	to	form	in	response	to	processes,	abiotic	or	combined	abiotic/biotic,	at	the	interface	between	the	
lithosphere and the biosphere (e.g. Schindler and Dorn, 2017). With the access to high-resolution analytical techniques there exists a potential to carry 
out adequate structural and chemical studies of the nanometer-sized mineral grains formed in these environments (e.g. Schindler and Hochella, 2016). 
Furthermore, a large number of naturally occurring organic substances and layered hydroxides or silicates formed by geological processes have so far 
been	difficult	to	characterise	in	sufficient	detail.	New	analytical	tools	may	solve	this	problem	and	thus	open	up	a	large	pool	of	potentially	new	minerals.

Consequently, discoveries of new nano-sized compounds in meteorites and in soils as well as other less explored environments have the potential to 
reveal	a	mineral	diversity	far	beyond	so	far	published	estimates.	Several	of	these	potential	new	minerals	will	most	likely	present	challenges	to	existing	
mineral	classification	and	nomenclature	schemes.
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Afwillite, Ca
3
(HSiO

4
)

2
×2H

2
O	is	a	low-temperature	mineral,	known	from	several	localities	in	contact	metamorphic	rocks	[1,2].	According	to	laboratory	

investigation,	afwillite	is	stable	at	temperatures	below	200ºC	and	in	Ca-rich	environment	[1].	After	heating	above	300ºC	it	loses	water	and	above	
1000ºC	transforms	into	the	high-temperature	mineral	–	rankinite	Ca

3
Si

2
O

7
 [3].

Afwillite	from	Ma’ale	Adummim	was	found	in	small	cavities	of	pyrometamorphic	rock	belonging	to	the	Hatrurim	Complex,	Israel.	It	forms	transparent,	
elongated tabular crystals up to 1 mm in size and radial spherulites. These afwillite crystals exhibit blue colour, which is characteristic feature for that 
locality. Afwillite is associated with others low-temperature minerals such as calcite, thaumasite, minerals of baryte-hashemite series, Cr3+-bearing 
ettringite and undiagnosed hydrates calcium silicate with characteristic pearly luster.

Afwillite	from	veins	in	pyrometamorphic	rocks	is	chemically	homogeneous,	EMPA	investigation	gave	an	empirical	formula	Ca
3.01

Si
1.99

O
4
(OH)

6
.

The	crystal	structure	of	afwillite	from	Ma’ale	Adummim	was	refined	in	a	monoclinic	system	with	the	following	parameters:	a	=	16.250(5),	b	=	5.6227(5)	
and c = 13.209(4), β	=	134.84(5)°	and	V=	855.8(3)	Å3,	confirming	the	model	of	Malik	&	Jeffery	[4].	In	afwillite	structure,	double	chains	of	calcium	
polyhedra are connected over two corners and one edge with isolated silicon tetrahedra. Each silicon atom is surrounded by one hydroxyl group and 
three oxygens. The presence of OH group and hydrogen bonding affects the stability of SiO

4
 tetrahedra [4].

Typical bands related to (SiO
4
)4- vibrations were noted in the Raman spectrum of afwillite (Fig. 1a). Strong bands at 822 and 870 cm-1 correspond to ν

1 

symmetric stretching modes. Bands in the 882-925 cm-1 region are associated to ν
3 
asymmetric stretching vibrations. Symmetric ν

2 
and asymmetric ν

4
 

bending modes are observed at 395-465 cm-1 and 493-526 cm-1, respectively [5,6]. Three bands near this spectral region at 765, 787 and 967 cm-1 are 
ascribed to Si-OH vibrations [7]. Low wavenumber region below 350 cm-1 is related to Ca-O lattice vibrations. In the OH region broad band at 3345 cm-1 
assigned to hydroxyl stretching mode is noted (Fig. 1b). The bands at 1267-1325 cm-1 region correspond to the O-H bending vibrations (Fig. 1a).

Figure 1. Raman spectrum of afwillite from Ma’ale Adummim.
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“Uranian cuspidine” – a potentially new mineral from paralava of Eastern Gurim, Hatrurim Complex, 
Israel
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Cuspidine, Ca
4
(Si

2
O

7
)(F,OH)

2
,	is	a	popular	mineral	in	pyrometamorphic	rocks	of	the	Hatrurim	Complex.	It	belongs	to	the	wöhlerite	group	[1].	This	group	

is characterized by a general crystal chemical formula M
8
(Si

2
O

7
)

2
(O,OH,F)

4
, where M – represents cations with a wide range of ionic radii and variable 

valences (Na, Ba, Ca, Fe2+, Mn2+, Ti, Zr, Nb5+). These cations show typically six- to eight-fold coordination [1].

U-bearing cuspidine occurs in a few cm	thick	veins	of	paralava	enclosed	in	gehlenite	hornfels	of	the	Hatrurim	Complex,	Gurim	Anticline,	Negev	Desert,	
Israel.	The	main	mineral	association	of	paralava	veins	consists	of	rankinite,	gehlenite,	Ti-andradite,	fluorapatite,	wollastonite,	pseudowollastonite,	
cuspidine,	aradite,	zadovite,	barioferrite,	magnesioferrite,	khesinite,	gurimite,	delafossite,	walstromite	and	ferrian	perovskite.

U-bearing	cuspidine	forms	crystals	less	than	100	µm	in	size.	Two	types	of	grains	can	be	distinguished:	the	first	type	is	homogenous,	and	the	second	
type is characterized by irregular uranium distribution within grain. 

Most of cuspidine analyses shows 10-14 wt.% UO
3
, what gives the empirical formula based on 30 analyses  

(Ca
7.60

U6+
0.33

Nb
0.07

Sr
0.03

Mg
0.01

)
∑8.04

[(Si
3.94

Ti
0.01

Fe3+
0.01

)
∑3.96

O
7
](O

1.93
F

1.59
)
∑3.52

. The highest measured UO
3 
content in cuspidine reaches 22.8 wt.%, what gives crystal 

chemical formula: (Ca
7.31

U6+
0.64

Nb
0.04

Sr
0.03

K
0.02

)
∑8.04

[(Si
3.94

Ti
0.02

)
∑3.96

O
7
] (O

2.8
F

0.98
)
∑3.78

, calculated on the base of 3 analyses. The crystal chemical formula of 
cuspidine with low UO

3 
content about ~4 wt.% is (Ca

7.83
U6+

0.11
Nb

0.02
Sr

0.03
Mg

0.01
)
∑8

[(Si
3.96

P
0.01

V
0.01

Ti
0.01

Fe3+
0.01

)
∑4

O
7
](F

2.44
O

1.03
)
∑3.47

. Chemical composition of uranium-
free cuspidine gives the crystal chemical formula: (Ca

7.94
Na

0.03
Ba

0.02
)
∑7.99

[(Si
3.98

P
0.02 

Fe3+
0.01

)
∑4.01

O
7
](F

3.64
O

0.18
)
∑3.82.	

In Raman spectra of uranium-free cuspidine, the main bands related to vibrations of (Si
2
O

7
)-group at about 540, 653, 691, 910 cm-1 are observed. With 

increasing uranium content in cuspidine, the intensities of the bands related to the Si
2
O

7
-group decreases (Fig. 1). In the Raman spectra of U-bearing 

cuspidine,	a	weak	band	in	the	range	of	750–760	cm-1 is observed. This band is assigned to ν
1
 mode of (UO

2
)2+ units [2].  

U-bearing cuspidine is partially or completly metamict. Analytical data indicate that U6+ incorporates into cuspidine structure as a result of hetero-
valent substitution of Ca2+ + 4F - ⇔ U6+ + 4O2-. A suggested formula of a potentially new “uranian cuspidine” end-member will be: Ca

7
U6+(Si

2
O

7
)

2
O

4
.	Taking	

into consideration relatively high-F contents in high-uranian cuspidine, it can be proposed that during crystallization, uranium stabilized in the crystal 
structure as U5+, as it is in the case of uranian garnet [3]. Uranian cuspidine is probably an U-analog of niocalite, Ca

7
Nb5+(Si

2
O

7
)

2
O

3
F, with a crystal 

chemical formula of Ca
7
U5+(Si

2
O

7
)

2
O

3
F.   
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Rich Structural And Chemical Variation In Secondary Tellurium Minerals, Old And New
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Tellurium minerals are surprisingly plentiful given its low planetary abundance. Secondary tellurium minerals, containing tellurium in the +4 and +6 
oxidation	states,	were	only	represented	by	a	handful	of	minerals	until	Mandarino	and	Williams	(1961)	reported	five	new	minerals	from	Moctezuma,	
Sonora,	Mexico.	This	first	major	discovery	was	followed	by	many	more,	notably	by	Richard	V.	Gaines	(e.g.	1965,	1968)	and	later	by	Sidney	A.	Williams	
(e.g.	1974,	1975,	1982;	Williams	&	Duggan,	1978),	chiefly	from	the	Moctezuma	mines.	Determining	the	crystal	structures	and	reliable	chemical	formulae	
of	these	new	minerals	often	proved	problematic.	Over	twenty	secondary	tellurium	minerals	are	today	accepted	species	but	do	not	have	known	crystal	
structures,	and	many	of	these	were	first	reported	by	Williams.

Recent determinations of the crystal structures of cesbronite (Missen et al., 2018) and eztlite (Missen et al., 2017) have shown that both minerals have 
unique	structures	as	well	as	chemistry	which	significantly	differs	from	that	first	reported.	Cesbronite	(now	Cu2+

3
Te6+O

4
(OH)

4
) is formed from corrugated 

sheets of edge-sharing CuO
6 
and (Cu

0.5
Te

0.5
)O

6 
octahedra, and displays ordering of Cu and Te across the same crystallographic site within each layer of 

the structure. Eztlite (now Pb2+
2
Fe3+

3
(Te4+O

3
)

3
(SO

4
)O

2
Cl,	pending	CNMNC	vote)	has	mitridatite-like	layers	which	incorporate	TeO

3 
trigonal pyramids instead 

of	phosphate	tetrahedra.	Pb	cations,	sulphate	tetrahedra	and	chloride	anions	fill	the	interlayers.	The	determinations	of	these	structures	allows	for	
a	better	understanding	of	their	likely	petrogenesis	and	refines	our	understanding	of	the	Moctezuma	region	as	a	whole,	while	also	adding	two	new	
structure types to the already considerable structural variation seen in secondary tellurium minerals (Christy et al., 2016).

The	crystal	structure	of	zemannite,	the	framework	of	which	has	been	long	known	(Matzat,	1967),	but	other	components	of	the	structure	less	
conclusively understood, is also under re-examination. These studies hope to determine conclusively the identity of the species in the hexagonal 
channels, and adjudicate fully on the presence of sodium in them (Missen et al., 2018). The results have so far included the synthesis of a new synthetic 
zemannite-like	structure	and	suggested	a	re-examination	of	other	zemannite-group	minerals.	Early	results	from	the	examination	of	kinichilite	have	
unearthed several potentially new mineral species.

A new mineral from Moctezuma is currently being studied, with EMPA showing a currently unique combination of aluminium, tellurium and sulphur 
(Missen,	thesis,	2017).	The	crystals	of	this	species	are	micron	sized,	making	structural	determination	difficult.
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New aspects in the crystal chemistry of vesuvianite-group minerals
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Vesuvianite, (Ca,Na)
19
(Al,Mg,Fe)

13
(SiO

4
)

10
(Si

2
O

7
)

4
(OH,F,O)

10
,	is	the	most	complex	rock-forming	mineral	according	to	Shanon	structural	information	

measures	(Allen	and	Burnham	1992,	Krivovichev,	2013).	Its	crystal	structure	(fig.	1)	has	a	modular	character	and	can	be	considered	as	containing	one-
dimensional	grossular	modules	running	along	the	fourfold	axis	(Allen	&	Burnham,	1992).	The	modules	linked	by	the	Si

2
O

7
	groups	form	framework	with	

channels occupied by the Y1A,B (Y1) and X4A,B (X4) sites with variable occupancies resulting in different ordering schemes and different space groups 
(Giuseppetti & Mazzi 1983; Pavese et al. 1998; Armbruster & Gnos 2000a,b). The chemical composition of vesuvianite-group minerals varies in extremely 
wide range due to the cooperative crystal chemical adaptation mechanisms. During last 5 years the number of vesuvianite-group minerals had 
increased	by	the	factor	of	two	(Panikorovskii	et	al.	2017a,b,c,	Xu	et	al.	2017)	and	the	revision	of	the	nomenclature	of	the	group	is	in	urgent	need.

Herein we report on the crystal chemical study of the collection of vesuvianite-group minerals containing about 150 samples by single-crystal X-ray 
diffraction, electron microprobe, Mössbauer spectroscopy, DSC/TGA, and MAS NMR methods. We report details of cation ordering schemes, structural 
mechanisms of incorporation Na+, Cu2+, Ti4+, REE3+, H

4
O

4
4‒ into the vesuvianite structure, merohedral twining and discuss the general principles of a new 

nomenclature	of	the	vesuvianite	group	according	to	the	current	CMNNC	guidelines	(Nickel	and	Grice	1998).
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A novel hydrated copper(II), calcium, rare earth sulfate from the United Kingdom with a new 
structure topology
Michael Rumsey1,	Frank	Hawthorne2, John Spratt3
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In 1983, this material which has now gone to the IMA-CMNMC for approval as a new mineral, was discovered as a post-mining product in tailings at the 
Tynebottom	Mine	in	the	United	Kingdom.	Initially,	characterisation	was	hampered	by	the	difficulty	of	REE	determination	on	such	a	small	and	hydrous	
sample,	and	more	recently	the	lack	of	suitable	crystals	for	structural	determination.	Being	35	years	in	development,	this	material	is	a	case	study	on	the	
importance of patience in new-mineral studies.

The material occurs in a complex assemblage of fairly common secondary Cu, Zn and Pb carbonates and sulphates as tufts of acicular crystals with a 
deep	sky-blue	colour.	The	crystals	are	around	200	µm	long,	but	have	cross	sections	only	10	x	2	µm.		Due	to	the	small	crystal	size	and	acicular	nature,	
many	of	the	other	physical	properties	of	the	material	cannot	be	adequately	determined.	Over	100	individual	chemical	analyses	were	done	on	five	
different	samples	and	only	the	best	were	selected	for	final	elemental	determination;	the	results	of	16		point	analyses	indicate	an	empirical	formula	of		
Ca

0.86
[REE

2.02
Al

0.06
]Cu

6.00
[(SO

4
)

4.00
(SiO4)

0.06
(PO4)

0.02
](OH)

11.64
(H

2
O)

6,
 where Ce > La and Nd, and is written ideally as Ca(Ce,La,Nd)

2
Cu

6
(SO

4
)

4
(OH)

12
(H

2
O)

6
. Single-

crystal	x-ray	diffraction	indicates	monoclinic	symmetry,	space	group	C2/m,	with	unit-cell	dimensions:	a	=	24.801(5),	b	=	6.3520(13),	c	=	11.245(2)Å,	α = 
90, β = 114.51(3), γ = 90o,	V	=	1611(6)	Å3 and Z = 4. The structure contains three Cu sites: Cu(1) is [5]-coordinated with the anions arranged in a square 
pyramid, and Cu(2) and Cu(3) are both [6]-coordinated with the anions in an octahedral arrangement. The Cu(2) and Cu(3) octahedra form chains of 
edge-sharing octahedra extending parallel to the b axis, The Cu(1) square pyramid shares two edges with the Cu(2) octahedron and two corners with 
the	Cu(3)	octahedron,	linking	the	chains	of	octahedra	into	a	sheet.	There	are	two	S	sites	each	of	which	is	tetrahedrally	coordinated	by	four	O2- anions 
which decorate the sheet, each sharing one corner with a Cu octahedron. The sheets are held together by an interstitial REE site occupied dominantly 
by Ce3+ and coordinated by nine anions, one half-occupied interstitial Ca site coordinated by six anions, and by interstitial hydrogen bonding. The new 
material is not closely related to any of the other Cu-sulfate minerals despite the similarity of the formula to minerals such as devilline and serpierite, 
and	is	particularly	interesting	chemically	in	being	one	of	only	five	sulfate	minerals	with	essential	REE	and	the	only	one	with	sulfate	as	the	dominant	
anionic component.

The	characterisation	of	this	interesting	material,	shows	the	importance	of	preserving	known	unknowns	in	well-curated	museum	collections	where,	in	
the fullness of time, appropriate collaborations or technological advances can be made that allow for full characterisation. 
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Sulfur in mayenite group minerals
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Incorporation	of	sulfur	in	synthetic	mayenite-type	phases	are	known	from	the	processes	of	industrial	waste	utilization	[1],	but	until	now	sulfur-bearing	
minerals	of	the	mayenite	group	have	not	been	described	in	Nature.	Mayenite	containing	sulfur	impurity	was	found	in	larnite	pyrometamorphic	rocks	
from two localities of the Hatrurim Complex (Israel): Jabel Harmun and Hatrurim Basin. It forms colorless to reddish-brown grains up to 200 µm in size. 
It	is	worthy	of	note	that	this	is	the	first	instance	of	colored	mineral	of	the	mayenite	group.

Fig. 1. Raman spectrum of S-bearing mayenites. 1,2: Jabel Harmun;

3: Hatrurim Basin.

Raman	spectroscopy	shows	that	sulfur	can	incorporate	in	fluormayenite	structure	according	to	three	mechanisms	of	substitution.	The	first	one	is	
connected with substitution of 2F-/OH- by SO

4
2- in the structural cage (Fig 1.1; band about 1006 cm-1). The second mechanism assumes replacement of 

F-/OH- by HS-	in	the	centre	of	the	structural	cage,	which	is	labeled	as	W	site.	The	presence	of	this	type	of	substitution	is	confirmed	by	band	at	2585	
cm-1 (Fig. 1.3). The displacement of this band to 2600 cm-1	in	fluormayenite	from	Jabel	Harmun	(Fig.	1.2)	corresponds	to	appearance	of	H

2
S molecule in 

the W site [2]. A presence of neutral H
2
O	in	kyuygenite-type	minerals	confirms	that	molecules	like	H

2
S can also incorporate in mayenite structures [3].

Zonation of sulfur in mayenite crystals is highlighted by differentiation of OH- and H
2
O distribution. In both cases, the rim of grains are enriched with 

H
2
O	–	“kyuygenite”	water	(broad	bands	above	3000	cm-1), which becomes less prevalent towards the center of crystal. Similarly, bands, related to OH-

groups located in the structural cages, appear at 3610 and 3680 cm-1. These particular OH- groups, however, do not occupy the central W site. The core 
of grains is characterized by only one band at 3570 cm-1 corresponding to OH- in the W site.

The Raman temperature experiment showed that H
2
S/HS	molecules	are	stable	up	to	600°C,	but	SO

4
2- still remains in the mayenite structure at higher 

temperature.

These	results	show	that	incorporation	of	sulfur	as	enclathrated	gaseous	molecules	into	mayenite	structure	and	“kyuygenization”	process	have	
secondary	character.	They	are	connected	with	the	S-enriched	fluid/gas	flows	produced	by	underlying	rocks	during	combustion	process.	Character	of	
incorporation of SO

4
2- to mayenite structure requires further investigations.

This	research	is	financed	by	the	National	Science	Centre	project,	Preludium	no.	2015/17/N/ST10/03141.	The	project	has	been	financed	from	the	funds	of	
the Leading National Research Centre (KNOW) received by the Centre for Polar Studies for the period 2014-2018.
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Recreating the Giant Impact and the protolunar disk from ab initio simulations
Razvan Caracas1, Sarah T. Stewart2

1Laboratory of Geology of Lyon, CNRS, ENS de Lyon, Lyon, France, 2Dept. Earth and Planetary Sciences, UC Davis, Davis, CA, United States

We	employ	large-scale	first-principles	molecular	dynamics	simulations	to	understand	the	physical	and	chemical	behavior	of	the	molten	protolunar	
disk,	at	the	atomic	level.	We	consider	pyrolite	as	the	average	composition	of	the	Earth’s	mantle.	We	cover	the	0.75	–	7.5	g/cm3	density	range	and	2000	–	
10000	K	temperature	range.	This	allows	us	to	investigate	the	entire	disk,	from	the	interior	of	the	molten	core	to	the	outer	regions	of	the	vaporized	disk.

At high density, the liquid is highly polymerized and viscous, consistent with previous studies. At low density and low temperatures, in the 2000 to 4000 
K	range,	we	capture	the	nucleation	of	bubbles.	The	bubbles	contain	a	low-density	gas	phase	rich	in	individual	alkaline	and	calc-alkaline	cations	and	SiO

x
 

groups.	When	volatiles	are	present	in	the	system,	such	molecular	species	are	the	first	ones	to	evaporate	and	be	present	in	these	bubbles.	We	interpret	
the bubble nucleation in terms of the liquid-vapor equilibrium and identify the supercritical point. 

At	high	temperature,	we	identify	the	supercritical	region	characterized	by	one	homogeneous	fluid,	featuring	peculiar	chemical	speciation	and	short	
lifetimes.

We	discuss	the	effect	of	a	selected	collection	of	volatiles	on	the	structure	and	properties	of	the	disk.

Theoretical and computational mineral physics
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Dislocation climb in bridgmanite: implication for the rheology of the lower mantle
Patrick Cordier1, Riccardo Reali1, Antoine Kraych1, Francesca Boioli1, Jeffrey Pigott2, James Van Orman2,	Jennifer	Jackson3, Philippe Carrez1

1UMET, Univ Lille, Villeneuve dAscq, France, 2Earth, Environmental and Planetary Sciences, Case Western Reserve University, Cleveland, 3Seismological 
Laboratory / Division of Geological & Planetary Sciences, California Institute of Technology, Pasadena, United States

The viscosity of the lower mantle results from the rheological behavior of its two main constituent minerals, aluminous (Mg,Fe,Al)(Si,Fe,Al)O
3
 

bridgmanite and (Mg,Fe)O ferropericlase. Understanding the rheology of lower mantle aggregates is of primary importance in geophysics and it is a 
challenging	task,	due	to	the	extreme	conditions	to	which	such	aggregates	are	subjected.

Dislocation	glide	has	been	modelled	at	the	atomic	scale	and	appears	to	be	extremely	difficult	under	pressure	in	bridgmanite.	However,	this	is	not	the	
only possibility for dislocations to move and produce strain. At high temperature, dislocations interact strongly with vacancies and by absorbing them, 
can move by climb. This deformation mechanism (dislocation climb), and possibilities for creep involving it, have received little attention although it 
had been originally suggested that it might be relevant for rheology in planetary interiors (Nabarro 1967). We demonstrate by dislocation dynamics 
modelling	that	dislocations	in	bridgmanite	moving	by	climb	only	can	lead	to	steady-state	creep	with	a	strain-producing	efficiency	superior	to	diffusion	
creep. The main implication of this discovery is that the grain size is not a factor controlling rheology of bridgmanite in the lower mantle. Although 
pure	climb	creep	is	mediated	by	dislocation	motion,	diffusion	represents	the	key	to	the	rheology	of	bridgmanite.

In the present study, we revisit the available data on diffusion in bridgmanite under lower mantle conditions. The results are incorporated into a pure 
climb creep (Nabarro) model to propose constraints on the viscosity of bridgmanite in the lower mantle.
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Predicting mean refractive indices of minerals and synthetic compounds based on electronic 
polarizabilities 
Robert D. Shannon1,	Manfred	Burianek2, Reinhard X. Fischer2

1Geological Sciences, University of Colorado, Boulder, United States, 2Fachbereich Geowissenschaften, Universität Bremen, Bremen, Germany

Mean refractive indices of transparent minerals and synthetic compounds can be predicted from their chemical compositions and the corresponding 
molar	volume	if	the	contributions	of	the	single	elements	to	the	optical	properties	are	known.	We	(Shannon	and	Fischer,	2016)	have	derived	a	set	of	271	
electronic polarizabilities α at λ = 589.3 nm for 76 cations with various coordination numbers and for 4 anions (F-, Cl-, OH-, O2-) using ~2600 refractive-
index measurements on minerals and synthetic compounds. Cation polarizabilities depend on cation coordination according to a light-scattering (LS) 
model with the polarizability α(CN)=(a

1
+a

2
CNe^(-a

3
CN))-1 where CN = number of nearest neighbor ions (cation-anion interactions), and a

1
, a

2
, and a

3
 are 

refinable	parameters.	This	expression	allowed	fitting	polarizability	values	for	Li,	Na,	K,	Rb,	Cs,	Mg,	Ca,	Sr,	Ba,	Mn,	Fe,	Y,	(Lu-La),	Zr,	and	Th.	While	the	
cation polarizabilities are strictly additive, the anion polarizabilities are a function of anion volume, V

an
, according to α_= α_o · 10^(-N

o
/V

an
1.20) where α

- 
= 

anion polarizability, α_o = free-ion polarizability, and V
an 

= anion molar volume. The exponential parameter of 1.2 for the anion volume was empirically 
derived by us yielding the smallest deviations between observed and calculated data. Thus, the total polarizability α

T
 of a mineral or compound can 

be calculated by summing the cation and anion contributions. The mean refractive index is then calculated using the Anderson-Eggleton relationship 
(Anderson	1975;	Eggleton	1991)	solved	for	n	according	to	n=sqrt((4πα/(c-b)α+V

m
)+1)	with	c	=	2.26	and	b	=	4π/3.

Some	groups	of	minerals	and	compounds	show	systematical	deviations	Δ	=	(n
obs

-n
calc

)/n
obs

 from this scheme and thus were excluded from the regression 
analysis:

(1) Compounds containing lone-pair (Tl+, Sn2+, Pb2+, As3+, Sb3+,Bi3+, S4+, Se4+, Te4+, Cl5+, Br5+, I5+) and uranyl (U6+) ions. 
(2) Sterically-strained (SS) structures (e.g., Na

4.4
Ca

3.8
Si

6
O

18 
(combeite), D = 6% and Ca

3
Mg

2
Si

2
O

8
 (merwinite), D = 4%). Deviations from the valence-sum 

rule	at	cations	in	some	minerals	are	associated	with	larger	than	normal	D	values	(Gagné	et	al.	2017).
(3)	Corner-shared	octahedral	(CSO)	network	and	chain	structures	such	as	perovskites,	tungsten	bronzes	and	titanite-related	structures	(e.g.,	MTiO

3
 (M 

=	Ca,	Sr,	Ba),	Δ	=	9-12%		and	KNbO
3
,	Δ	=	10%).

(4) Edge-shared Fe3+, V5+ and W6+ structures	(ESO)	such	as	goethite	(FeOOH,	Δ	=	6%).
(5) Compounds exhibiting fast-ion conductivity

Parameters for Ti4+ in rare four coordination are currently determined from synthetic CsAlTiO
4
.

It could be shown in a comprehensive compilation (Shannon et al. 2017) of refractive indices of 1933 minerals and 1019 synthetic compounds that the 
deviation between observed and calculated refractive indices is <2% in most instances.

Vice	versa,	if	the	refractive	indices	of	a	mineral	or	compound	are	known,	the	polarizability	concept	could	be	used	to	determine	details	in	the	chemical	
composition	like,	e.g.,	the	Fe2+ / Fe3+ distribution in minerals.
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How the B1-B2 phase transition changes diffusion properties of MgO in super-Earth mantles
Sebastian Ritterbex1,	Takafumi	Harada1,	Taku	Tsuchiya1

1Geodynamics Research Center, Ehime University, Matsuyama, Japan

The mantle of the Earth and those of terrestrial exoplanets (super-Earths) are expected to be composed of high-pressure silicates and the oxide 
ferropericlase.	Because	the	latter	is	considered	to	be	weakest,	the	rheological	properties	of	MgO	periclase	are	thought	to	influence	the	dynamics	and	
evolution of terrestrial planets. B1-type (Fm-3m) MgO is stable over the pressure range of the Earth’s mantle, but if pressure exceeds ~500 GPa in the 
mantle of super-Earths, B1-type MgO transforms into its B2-type (Pm-3m). Based on early results from analogue materials, Karato (2011) suggested that 
this B1-B2 MgO phase transition may affect mantle rheology by a viscosity decrease in super-Earths as opposed to the general trend expected of a 
viscosity increase with increasing depth.

To	test	the	above	hypothesis,	we	investigated	self-diffusion	in	B2-type	MgO	via	the	vacancy	mechanism	by	using	first-principles	calculations	(Ritterbex	
et al. 2017). We elucidate that non-interacting vacancy pairs are most abundant in both the intrinsic and extrinsic regimes which may govern ionic 
diffusion.	Across	the	phase	transition,	we	find	substantial	reductions	in	defect	energetics	and	we	show	that	the	reduction	in	ionic	migration	enthalpy	
accounts	for	an	increase	in	effective	MgO	diffusion	coefficient	of	~104 at 500 GPa. Our examination of atomic relaxations demonstrates that diffusion 
controlled	viscosity	may	generally	decrease	across	high-pressure	phase	transitions	with	increasing	coordination	number.	According	to	our	findings,	
mantle convection in the deep interior of super-Earths might be more vigorous than previously thought.
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First principles investigation of the high-pressure behavior of the FeOOH-AlOOH-phase H 
(MgSiO4H2) system
Jun Tsuchiya1,	Taku	Tsuchiya1,	Masayuki	Nishi1, Yasuhiro Kuwayama2

1Geodynamics Research Center, Ehime University, Matsuyama, Ehime, 2Department	of	Earth	and	Planetary	Science,	The	University	of	Tokyo,	Tokyo,	Japan

It is believed that water is carried into the Earth’s deep interior by hydrous minerals such as dense hydrous magnesium silicates (DHMSs) in the 
descending cold plate. A number of studies have been conducted to determine the high-pressure behaviors of DHMSs. In recent years, we discovered a 
new DHMS, phase H, stable at lower mantle pressure condition; and the solid solution formed by phase H and δ-AlOOH has been proposed as the most 
important carrier of water to the deepest part of Earth’s mantle (Tsuchiya 2013, Nishi et al. 2014, Ohira et al. 2014). However, those hydrous phases 
are	not	denser	than	surrounding	(dry)	mantle	minerals	(Tsuchiya	and	Mookherjee	2015)	and	their	gravitational	stability	in	deeper	part	of	the	Earth	is	
questionable. Therefore, the effect of denser elements such as Fe on the stability of DHMS is intrinsically connected to the ability of these phases to 
transport water into Earth’s deep interior. In order to assess the effect of Fe on the phase relation of phase H and δ-AlOOH, we determined the high-
pressure behavior of the end-member composition of this system, ε-FeOOH. We have discovered a new high-pressure phase transition in FeOOH at lower 
mantle conditions using both theoretical and experimental methods. Here we show the high-pressure structures and physical properties of the FeOOH-
AlOOH-phase	H	system	using	first	principles	calculation	and	discuss	possible	geophysical	implications.
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Lattice Thermal Conductivity of the Lower Mantle Minerals
Taku Tsuchiya1,	Haruhiko	DEKURA1

1Ehime University, Matsuyama, Japan

Determination	of	lattice	thermal	conductivity	of	lower	mantle	minerals	is	key	to	understanding	the	dynamics	of	the	Earth's	interior.	Although	this	was	
impractical in the deep Earth pressure and temperature condition for long time, experimental and computational developments have recently been 
extending the accessible P and T ranges. We have made efforts on developing an ab initio technique to calculate lattice thermal conductivity based 
on the density-functional theory combined with anharmonic lattice dynamics theory and Boltzman transport theory. The technique has been applied 
to	major	lower	mantle	minerals,	MgSiO3	bridgmanite	(Dekura,	Tsuchiya,	Tsuchiya,	2013),	MgO	periclase	(Dekura	&	Tsuchiya,	2017),	and	MgSiO3	post-
perovskite	(Dekura	&	Tsuchiya,	submitted).	In	this	presentation,	we	report	the	current	situation	of	our	research	on	lattice	thermal	conductivity.

368

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Theoretical and computational mineral physics

First-principles investigations on the defects properties of Fe-bearing MgO
Xianlong WANG1,2, Kaishuai YANG1,2, Ya CHENG1,2, and Zhi ZENG1,2

1Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China, 2University of Science and 
Technology of China, Hefei 230026, China

Fe-bearing MgO, MgO-FeO solid solution, is believed to be the second most abundant minerals in the Earth’s lower mantle. Therefore, the properties of 
Fe-bearing	MgO	are	important	for	understanding	the	lower	mantle.	The	distribution	configurations,	spin	states,	and	valence	states	of	Fe	substituted	
in	MgO	are	flexible,	for	example,	Fe	will	undergo	a	pressure-induced	spin-crossover,	from	the	high-spin	sate	to	the	low-spin	state,	at	high-pressure.	
To describe the strongly correlated interactions in Fe-O bond, LDA+U scheme is widely used in theoretical simulations, however, applied U values are 
sensitive to the pressure, spin states, valence states, selected pseudo-potentials, and so on. Furthermore, the LDA+U simulations give lower spin-
crossover	pressures	than	experimental	observations	in	the	cases	of	higher	Fe	concentrations.	Based	on	the	first-principles	method	combined	with	the	
hybrid functional, we investigate the spin-crossover pressure of Fe-bearing MgO as a function of Fe concentration by using the same parameters for all 
investigated	configurations.	Our	results	can	reproduce	experimental	observations	well	indicating	that	the	hybrid	functional	can	sufficiently	describe	
the spin-crossover behaviors of Fe-bearing MgO. Furthermore, we investigate effects of Mg vacancy and O vacancy on the properties of Fe in MgO. Our 
results	show	that	Fe	tends	to	be	distributed	around	Mg	vacancy,	which	can	change	iron’s	valence	state	from	2+	to	3+	resulting	in	a	significant	decrease	
of	Fe-O	bond	length.	Incorporation	of	Fe	can	increase	the	vacancy	concentration	of	MgO	especially	at	the	high-temperature	condition.	In	this	talk,	we	
will also present the iron’s distribution features in MgO as a function of temperature.
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Unseen but integral to the Earth's interior: How minerals determine properties and 
processes

Incorporation of nitrogen into stishovite under high pressure and high temperature
-The possibility of forming a “Hidden” nitrogen reservoir in the lower mantle via subducting slabs-
Ko Fukuyama1,	Hiroyuki	Kagi1, Toru Inoue2, 3, Toru Shinmei3,	Sho	Kakizawa3,	Naoto	Takahata4, Yuji Sano4

1Geochemical	Research	Center,	Graduate	School	of	Science,	The	University	of	Tokyo,	Bunkyo,	2Department of Earth and Planetary Systems Science, 
Hiroshima University, Higashihiroshima, 3Geodynamics Research Center, Ehime University, Matsuyama, 4Atmosphere and Ocean Research Institute, The 
University	of	Tokyo,	Kashiwa,	Japan

Nitrogen	occupies	about	80%	of	the	Earth	's	atmosphere	and	is	an	essential	element	of	life.	Moreover,	it	is	suggested	that	nitrogen	had	an	impact	
on the climate in the early Earth because high-concentration nitrogen might promote greenhouse effect (e.g. Goldblatt et al., 2009; Wordsworth and 
Pierrehumbert, 2013). Thus, nitrogen is an important volatile element in discussing the early Earth evolution process and origin of the life. However, we 
still cannot fully understand the behavior of nitrogen in the deep Earth. For example, the amount of nitrogen estimated from the analysis of natural 
samples is less than 1/10 of that of other volatile elements in the mantle (Marty, 2012), when normalized with chondritic composition. This is so-called 
"Missing"	nitrogen	and	it	is	an	important	subject	in	geochemistry.	"Missing"	nitrogen	might	be	explained	by	a	nitrogen	reservoir	in	deep	mantle	and	
Li et al. (2013) suggested a possibility of nitrogen storage in the upper mantle through magma ocean. However, storage of nitrogen in the lower mantle 
which has the largest capacity in the earth has not been achieved.

In this study, we compared nitrogen incorporation into lower-mantle minerals (bridgmanite, periclase and stishovite) by high-pressure and high-
temperature experiments using multi-anvil apparatus installed at Geodynamics Research Center, Ehime University under the conditions of 27 GPa 
and 1600 ℃-1900 ℃. In these experiments, we used Fe-FeO buffer in order to reproduce the redox state of the lower mantle. Two types of starting 
materials: a powder mixture of SiO

2
 (quartz) and MgO and a powder mixture of SiO

2
, MgO, Al

2
O

3
 and Mg(OH)

2
 were used for starting materials. Nitrogen in 

recovered	samples	was	analyzed	using	NanoSIMS	installed	at	Atmosphere	and	Ocean	Research	Institute,	The	University	of	Tokyo.

A series of experimental results revealed that stishovite and periclase can incorporate more nitrogen than bridgmanite. This suggests that periclase, 
the major mineral in the lower mantle, may be a nitrogen reservoir. Furthermore, the results suggest that stishovite, which is formed by the transition 
of the SiO

2
-rich	oceanic	crustal	sedimentary	rocks	transported	to	the	lower	mantle	via	subducting	slabs,	can	incorporate	more	nitrogen	than	

bridgmanite	(20	ppm	nitrogen	solubility	reported	by	Yoshioka	et	al.	(2016)).	Our	study	suggests	that	nitrogen	would	continue	to	be	supplied	to	the	
lower mantle via subducting slabs since approximate 4 billion years ago when the plate tectonics had begun, forming a “Hidden” nitrogen reservoir in 
the lower mantle. Furthermore, this “Hidden” nitrogen reservoir may play a role in decreasing high-concentration nitrogen which enhanced greenhouse 
effect in the early atmosphere (Goldblatt et al., 2009) to the present nitrogen concentration level.

Thus, our experimental results support the young faint Sun paradox explained by high-concentration nitrogen in the early earth (e.g. Goldblatt et al., 
2009; Wordsworth and Pierrehumbert, 2013) and suggest “Missing” nitrogen has been caused by forming a “Hidden” nitrogen reservoir in the lower 
mantle.

References 
[1] Goldblatt et al. (2009) Nat Geosci 2, 891-896
[2] Li et al. (2013) Earth Planet Sci Lett 377, 311-323.
[3] Marty (2012) Earth Planet Sci Lett 313, 56-66.
[4] Wordsworth and Pierrehumbert (2013) Science 339, 64-67.
[5] Yoshioka	et	al.,	(2016)	Goldschmidt2016.

370

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Unseen but integral to the Earth’s interior: How minerals determine properties and processes

Paracelsian, BaAl2Si2O8, under high pressure: three new phase transitions and three new high-
pressure phases
Liudmila Gorelova1,	Anna	Pakhomova2, Sergey Krivovichev1, 3,	Leonid	Dubrovinsky4,	Anatoly	Kasatkin5
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Minerals of the feldspar group are the most common minerals in the Earth’s crust. Due to their high geological relevance, numerous X-ray diffraction 
studies at non-ambient conditions (high temperature (HT) and / or pressure (HP)) have been performed with detailed studies focused on orthoclase, 
sanidine, microcline, albite, and anorthite. Paracelsian, BaAl

2
Si

2
O

8
, is considered as a member of the feldspar group, despite the fact that its structure 

topology	is	different	from	that	of	the	feldspar	topology.	Its	crystal	structure	was	first	investigated	by	Smith	(1953)	in	the	Pnam	space	group,	and	
later	re-considered	by	Bakakin	and	Belov	(1960)	in	the	monoclinic	P2

1
/c	structure	type	(Bakakin,	Belov,	1960).	The	structure	is	based	upon	a	three-

dimensional	framework	formed	by	corner-sharing	SiO
4
 and AlO

4
 tetrahedra forming four- and eight-member rings and channels running along the 

a	axis.	The	channels	outlined	by	the	eight-membered	rings	are	occupied	by	Ba	atoms.	The	framework	topology	of	paracelsian	is	identical	to	that	
observed in danburite, CaB

2
Si

2
O

8
,	a	borosilicate	mineral,	which	is	known	as	an	ore	mineral	for	boron.	Recently,	Pakhomova	et	al.	(2017)	investigated	

high-pressure	evolution	of	danburite	and	found	the	HP-modification	of	danburite	with	Si	in	exclusively	fivefold	coordination.	This	prompted	us	to	
investigate the HP-behaviour of other minerals with the same structure topology and, in particular, paracelsian.

The	HP-study	of	paracelsian	was	undertaken	using	in	situ	single-crystal	X-ray	diffraction	in	a	diamond	anvil	cell	at	the	Extreme	Conditions	Beamline	
P02.2	of	PETRA	III	(DESY,	Hamburg)	using	the	wavelength	of	0.2896	Å.	For	the	study,	we	have	used	crystals	of	natural	paracelsian	from	the	Benallt	Mine,	
Gwynedd,	Wales,	UK	(from	a	private	collection	of	the	fifth	author)	with	the	size	of	0.010×0.010×0.005	mm3. Experiment was performed at ambient 
temperature in the pressure range from 0.0001 to 32 GPa with the pressure step no more than 4 GPa (10 pressure points in total).

The	study	yielded	surprising	results	with	HP-induced	phase	transitions	and	three	new	modifications	of	paracelsian.	The	first	phase	transition	(from	
paracelsian-I to paracelsian-II) occurs between 3 and 6 GPa. The transition is isosymmetric, i.e. the space group remains the same (P2

1
/c). The structure 

of paracelsian-II is obtained from that of paracelsian-I by the formation of additional Al–O bond and the change of coordination number of Al from 4 to 
5. As a result, the AlO

4
 tetrahedra transform into AlO

5
 trigonal bipyramids. The next phase transition occurs between 25 and 28 GPa and is accompanied 

by the symmetry change from monoclinic (P2
1
/c) to orthorhombic (Pna2

1
). The structure of paracelsian-III consists of SiO

6
 octahedra, AlO

6
 octahedra 

and distorted AlO
4
 tetrahedra. The third phase transition is observed between 28 and 32 GPa and results in the symmetry decreasing from Pna2

1
 to Pn. 

The structure of paracelsian-IV is a distorted version of the structure of paracelsian-III.

This study was supported by the Russian Foundation for Basic Research.
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Modeling the physical properties of multiphase rock assemblage
Kui Han1,	Simon		Clark1

1Department of Earth and Planetary Sciences, Macquarie University, Sydney, Australia

The	electrical	properties	of	two	synthetic	granites	and	the	constitutional	minerals	were	compared	to	investigate	the	relationship	between	rock	
assemblages	and	the	corresponding	components	and	to	explore	the	influences	from	other	factors	including	water	content,	grain	size	and	grain	
boundary (Wang, et al. 2006). Two natural granites with the same composition as synthetic ones were analyzed and both are comprised of three 
major	constitutional	minerals	(e.g.	quartz,	plagioclase,	and	K-feldspar).		The	constitution	of	40%	of	quartz,	20.7%	of	plagioclase,	35.2%	of	k-feldspar	
and	36.9%	of	quartz,	44.5%	of	plagioclase,	16.5%	of	k-feldspar	were	identified	respectively	by	integrated	application	of	microscope	observation,	
XRF	(X-ray	fluorescence)	and	XRD	(X-ray	powder	diffraction).	Minor	minerals	such	as	biotite,	amphibole	and	muscovite	were	found	in	both	samples	
using optical microscopy. Thermogravimetric analysis (TGA) shows three main stages, from room temperature to around 450 ℃, 450℃ to 650 ℃, 
and 650 ℃ to 1000 ℃, presumably indicating loss of absorbed water on mineral surfaces, water inclusion, and crystal lattice water. EBSD (Electron 
backscatter	diffraction)	reveal	that	crystallographic	orientation	of	the	three	major	minerals	is	random	to	weak	preferred	in	the	natural	granites.	The	
electrical conductivity measurements were conducted on multi-anvil apparatus (MAA) at the temperature from 573K to 1173K and 1Gpa (Yoshino. 2010). 
Alternating Current (AC) was applied in the impedance spectroscopy measurements, with frequency at the range of 0.1Hz to 1×106 Hz. The comparison 
of conductivity properties between natural and synthetic granites would provide insights into the effects of foliation and minor minerals, allowing for 
the comprehensive combination of laboratory measurements and geophysical observation. The whole model would be used to simulate and predict 
electrical	conductivity	of	rocks	and	to	enhance	the	understanding	of	petrological	architectures	in	deep	earth.
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Hydrous bridgmanite: Water in the Earth’s lower mantle
Toru Inoue1, 2, 3,	Sho	Kakizawa3,	Takahiro	Kuribayashi4, Toshiro Nagase5,	Steeve	Gréaux3, Masamichi  Noda3, Yuji Higo6,	Naoya	Sakamoto7, Hisayoshi 
Yurimoto7, 8, 9

1Department of Earth and Planetary Systems Science, 2Hiroshima Institute of Plate Convergence Region Research (HiPeR), Hiroshima University, Higashi-
Hiroshima, 3Geodynamics Research Center, Ehime University, Matsuyama, 4Department of Earth Science, 5The	Tohoku	University	Museum,	Tohoku	
University, Sendai, 6Japan Synchrotron Radiation Research Institute, Sayo-cho, Sayo-gun, Hyogo, 7Isotope Imaging Laboratory, 8Natural History Sciences, 
Hokkaido	University,	Sapporo,	9Institute of Space and Astronautical Science, JAXA, Sagamihara, Kanagawa, Japan

High pressure experimental studies show that wadsleyite and ringwoodite, which are the most abundant minerals in the mantle transition zone, can 
contain water up to ~3 wt% [e.g. Inoue et al., 1995, 1998, Kohlstedt et al., 1996]. Actually in a natural diamond inclusion, hydrous ringwoodite was found 
which includes ~1.5 wt% H

2
O (Pearson et al., 2014). These results show that the mantle transition zone is a strong water reservoir in the Earth’s interior. 

On the other hand, the water storage capacity in the lower mantle is a matter of debate.

We have been conducting the study for the stability and water solubility of hydrous and nominally anhydrous minerals, and in the previous IMA2014 
meeting, we reported “Al incorporation in dense hydrous magnesium silicates”. In this process, we found that Al-bearing bridgmanite (Mg-silicate 
perovskite)	can	contain	significant	amount	of	water.	The	possible	H	substitution	mechanism	can	be	proposed	by	means	of	chemical	compositional	
relationship	between	Mg,	Si,	Al	and	H.	In	addition,	we	clarified	the	possible	H	position	in	the	bridgmanite	by	means	of	the	powder	neutron	diffraction	
analysis	in	J-PARC,	together	with	the	single	crystal	X-ray	structural	analysis	in	PF.	This	shows	that	the	significant	amount	of	H	(water)	can	be	stored	in	
the Earth’s lower mantle.

Because of the H in the bridgmanite, the physical properties of the bridgmanite can be changed. The information is very important to discuss the water 
content and the composition in the lower mantle. We have also conducted the equation of state and the ultrasonic wave velocity measurements of 
hydrous bridgmanite to determine the elastic wave velocities and the elastic properties under high pressure and temperature condition by synchrotron 
X-ray radiation in SPring-8 and PF.

Still	more,	we	also	investigated	the	nature	of	Al-bearing	anhydrous	bridgmanite	for	the	comparison.	In	this	talk,	I	will	introduce	about	our	recent	
progress of our Al-bearing hydrous and anhydrous bridgmanite studies.

References 
[1] Inoue,	T.,	H.	Yurimoto	and	Y.	Kudoh	(1995)	Hydrous	modified	spinel,	Mg

1.75
SiH

0.5
O

4
: a new water reservoir in the mantle transition region. Geophys. Res. Lett., 22, 117-120.

[2] Inoue, T., D.J. Weidner, P.A. Northrup and J.B. Parise (1998) Elastic properties of hydrous ringwoodite (γ-phase) in Mg
2
SiO

4
, Earth Planet. Sci. Lett., 160, 107-113.

[3] Kohlstedt D. L., H. Keppler and D. C. Rubie (1996) Solubility of water in the α, β and γ phases of (Mg,Fe)
2
SiO

4
. Contrib. Mineral. Petrol., 123, 345–357.

[4] Pearson,	D.	G.,	F.	E.	Brenker,	F.	Nestola,	J.	McNeill,	L.	Nasdala,	M.	T.	Hutchison,	S.	Matveev,	K.	Mather,	G.	Silversmit,	S.	Schmitz,	B.	Vekemans	and	L.	Vincze	(2014)	Hydrous	mantle	transition	
zone indicated by ringwoodite included within diamond, Nature, 507, 221-224.

IMA2018	Abstract	book373

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Unseen but integral to the Earth’s interior: How minerals determine properties and processes

Synthesis of transparent nano-polycrystalline minerals under very high pressure
Tetsuo Irifune1,	Daisuke	Furuta1,	Takeshi	Arimoto1,	Takehiro	Kunimoto1, Toru Shinmei1, Norimasa Nishiyama2

1GRC, Ehime Univ., Matsuyama, 2Laboratory	for	Materials	and	Structures,	Tokyo	Inst.	Tech.,	Yokohama,	Japan

Since	our	first	report	on	synthesis	of	highly	transparent	and	ultrahard	nano-polycrystalline	diamond	(NPD),	we	have	been	working	to	synthesize	
well-sintered bodies of nano-polycrystalline minerals at high pressure and temperature using multianvil apparatus. Some of such nano-polycrystalline 
minerals are as transparent as corresponding single crystals due to reducing grain boundary scattering even for optically anisotropic minerals with 
non-cubic crystallographic symmetries. Moreover, the hardness of some of such nano-ceramics was found to increase with decreasing grainsize in 
the	nano-regime	(grain	size	<100	nm)	due	to	the	Hall-Petch	effect.	We	use	bulk	glass	starting	material	to	avoid	the	effect	of	absorbed	water,	which	
accelerates grain growth.  Synthesis experiments are conducted at pressures generally higher than 10 GPa and at modest temperatures around 1200-
1400C for a few minutes to ~1 hour, depending on minerals and chemical compositions. Just above the glass transition temperature, nucleation of 
crystals, followed by crystal growth, occurs, yielding rather large crystals of sometimes a few micrometers. At higher temperatures, the glass is fully 
crystallized rapidly into nano-crystals due to higher nucleation rates, while notable grain growth is suppressed because of the effective pinning of 
grain	boundary	and	slow	atomic	diffusions	at	such	high	pressures.	At	still	higher	temperatures,	significant	grain	growth	occurs,	and	hence	the	nano-
crystalline regime is limited to a certain temperature interval, depending on pressure and heating time. Some mechanical and optical properties of 
thus synthesized transparent nano-polycrystalline minerals at very high pressure, as well as their formation mechanism, will be summarized with their 
potential	scientific	and	industrial	applications.
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Effect of water on compressibility of Al-bearing hydrous bridgmanite
Sho Kakizawa1, Toru Inoue1, 2,	Hirokazu	Kadobayashi1,	Satoshi	Nakano3,	Hisako	Hirai4
1Geodynamics Research Center, Ehime University, Matsuyama, 2Department of Earth and Planetary Systems Science, Hiroshima Institute of Plate 
Convergence Region Research (HiPeR), Hiroshima University, Higashi-hiroshima, 3National	Institute	for	Materials	Science,	Tsukuba,	4Rissho University, 
Kumagaya, Japan

Water	is	the	most	abundant	volatile	component	on	the	Earth	and	significantly	influences	the	chemical	and	physical	properties	of	mantle	minerals	
(e.g., melting temperature, elastic properties, and electrical conductivity), (Inoue 1994; Inoue et al., 1998; Yoshino et al., 2006). Water solubility in 
bridgmanite,	which	is	the	most	abundant	mineral	in	the	lower	mantle,	is	a	matter	of	debate	(e.g.,	Bolfan-Casanova	et	al.,	2000,	2003;	Murakami	et	al.,	
2002; Litasov et al., 2003). Recently, Al-bearing hydrous bridgmanite, containing ~0.8 wt% H

2
O with 4.7 wt% Al

2
O

3
, was synthesized by Inoue et al., (in 

prep). The dominant substitution mechanism in Al-bearing hydrous bridgmanite was suggested to be an Al-H coupled substitution for Si4+ site in 6-fold 
coordination: Si4+ ⇆ Al3+ + H+.	The	hydrogen	positions	in	bridgmanite	were	estimated	by	X-ray	single-crystal	structure	refinement	(Kuribayashi	et	al.,	
in prep). Compressibility of Al-bearing hydrous bridgmanite is expected to drastically change by the Al-H coupled substitution. However, the elastic 
properties of Al-bearing hydrous bridgmanite has not been studied. Here we studied the compressibility of Al-bearing hydrous bridgmanite together 
with anhydrous bridgmanite under quasi-hydrostatic condition at room temperature using diamond anvil cell (DAC) and synchrotron X-ray diffraction.

Compression behavior of Al-bearing hydrous bridgmanite (AlH-Brg, MgSi
0.95

Al
0.05

H
0.05

O
3
)	and	Al-bearing	anhydrous	bridgmanite	with	Tschermak	and	

oxygen vacancy substitution (Al
TO

-Brg, Mg
0.95+2x

Si
0.95-2x

Al
0.1

O
3-x

) was investigated up to 53 and 50 GPa, respectively. The lattice volume at ambient pressure, 
bulk	modulus,	and	pressure	derivative	of	bulk	modulus	of	AlH-Brg	were	162.94(5)	Å3,	228(6)	GPa,	and	4.6(3),	respectively,	fitting	to	the	third-order	Birch-
Murnaghan	equation	of	state.	The	bulk	modulus	of	AlH-Brg	was	much	smaller	than	that	of	MgSiO

3
 bridgmanite (Tange et al., 2012). The results of this 

study indicated that AlH-Brg is denser than Al-bearing anhydrous and MgSiO
3
 bridgmanite at lower-mantle pressure due to its high compressibility. The 

bulk	sound	velocity	of	AlH-Brg	is	~3%	slower	than	those	of	MgSiO
3
	and	Al-bearing	Tschermak	bridgmanite	at	30	GPa.	Thus,	the	presence	of	AlH-Brg	in	

the lower mantle should be seismologically observable when water heterogeneity exists in the lower mantle.
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Temperature dependences of hydrous species and the effects on displacive phase transition in 
feldspar
Wendi Liu1, Yan Yang1,	Qunke	Xia1

1School of Earth Sciences, ZHEJIANG UNVERSITY, Hangzhou, China

Feldspars are the main constituent of the Earth’s crust. Multiple hydrogen species, in the form of OH, H
2
O and NH

4
+ occurring in the structure of 

feldspars,	have	a	great	influence	on	some	properties	of	the	host	feldspars	and	the	crust.	Even	though	plenty	of	spectroscopic	studies	have	been	
carried out on hydrous species in feldspars at ambient conditions, the behavior of the hydrous species at high temperatures have received little 
attention. Considering hydrogen is highly mobile and changes of hydrogen speciation may not be quenchable (Karato 2006), the in situ FTIR spectra 
of several typical hydrous components (e.g., type IIa OH, type IIb OH and type I H

2
O) in feldspars at varying temperatures were obtained. The hydrous 

species show different behaviors at elevated temperatures. Type IIa OH changes position to the other sites in the anorthoclase structure with 
increasing temperature. In addition, the vibration frequencies of O–H increase for types IIa and IIb OH, but they decrease for type I H

2
O with increasing 

temperature.	Since	the	M	sites	(M	is	alkali	cation)	can	be	substituted	with	hydrous	species	in	feldspars,	the	evolutions	of	the	lattice	vibrations	of	
feldspars with temperature were investigated to explore whether some relationship exists between the high-temperature behavior of hydrous species 
and	the	lattice.	Alkali	feldspars	with	different	water	contents	ranging	from	70	to	233	wt.	ppm.	were	examined	with	the	in	situ	high	temperature	X-ray	
diffraction	and	Raman	spectroscopy	from	20	to	800	°C.	The	results	of	the	high	temperature	X-ray	diffraction	and	Raman	consistently	indicate	that	the	
displacive	phase	transition	occurs	at	200-300	°C	and	500-600	°C	in	the	samples	with	high	water	content	and	low	water	content,	respectively.	Thus,	it	
can	be	concluded	that	water	can	decrease	the	displacive	phase	transition	temperature.	This	study	is	beneficial	to	understanding	hydrous	species	in	
feldspar at geologic conditions and its effects on properties of feldpsars.

 

Keywords
Feldspar · Hydrous Species · Temperature · displacive phase transition
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Deep electron transfer between iron and carbon
Catherine Mccammon1

1Bayerisches Geoinstitut, University of Bayreuth, Bayreuth, Germany

The abundance of iron in the Earth’s interior greatly exceeds the amount of carbon, yet the fate of the two elements is closely bound in numerous 
ways. The degree to which carbon can be extracted from the mantle and erupted at the surface depends on oxygen fugacity, which relates in part to 
the stability of ferric iron in mantle phases. Inclusions in diamond that contain iron can oxidise through reactions with carbon, even at highly reducing 
conditions. Crystal structures play a dominant role in determining the stable oxidation states of iron and carbon, even when oxygen fugacity (and 
common sense) would suggest otherwise. Iron in bridgmanite, for example, occurs predominantly in its oxidised form (ferric iron) throughout the lower 
mantle, despite the inferred reducing conditions. Newly discovered structures of iron carbonate also stabilise ferric iron, while simultaneously reducing 
some carbon to diamond to balance charge. Other high-pressure iron carbonates appear to be associated with the emerging zoo of iron oxide phases, 
involving transitions between ferrous and ferric iron through the exchange of oxygen. The presentation will trace redox relations between iron and 
carbon from the Earth’s surface to its core, with an emphasis on recent experimental results.
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Antiphase domain boundaries in magnetite: A key feature of unseen high-pressure mixed-valence 
iron oxides
Nobuyoshi Miyajima1, Laura UenverThiele2, Alan B.  Woodland2,	Ryosuke	Sinmyo3,	Takayuki	Ishii1, Tiziana Boffa Ballaran1, Daniel J.  Frost1

1Bayerisches Geoinstitut, Universität Bayreuth, Bayreuth, 2Institut	für	Geowissenschaften,	Goethe-Universität,	Frankfurt,	Germany,	3Graduate School of 
Science,	The	University	of	Tokyo,	Tokyo,	Japan

Antiphase	domain	boundaries	(APBs)	and	the	APB	structures	in	epitaxial	magnetite	films	grown	on	the	MgO	substrates	are	interesting	to	have	a	strong	
influence	on	the	magnetic	property.	However,	no	APBs	in	natural	magnetite	have	been	reported	so	far.	Recently	new	mixed	valence	iron	oxides,	e.g.,	
Fe

4
O

5
, Fe

5
O

6
 and Fe

7
O

9
 in a homologous series of CaFe

n+2
O

n+4
 compounds (n = integer), were reported to discuss the redox state in the interior of the 

Earth. The stability of the mixed-valance iron oxides in the Mg-Fe-Si-O system can give a wide variation to the phase relations in the Earth’s mantle, 
while the polymorphs of Fe

1-x
O, Fe

3
O

4
 and Fe

2
O

3
	are	stable	at	ambient	conditions.	Along	with	the	studies,	unusual	{113}	twins	in	magnetite	were	reported	

as	a	characteristic	record	of	back-transformations	from	unseen	high	pressure	phases	in	the	deep	mantle	(Schollenbruch	et	al.,	2011;	Jacob	et	al.,	2016;	
Uenver-Thiele et al., 2017). The twin microstructures can be related with the crystal structure of precursors at high pressure and high temperature (e.g., 
Woodland, A. B. et al., 2012; Myhill et al., 2016). We report here preliminary results based on transmission electron microscopy (TEM) studies of the APB 
structures	in	the	magnetite	which	is	one	of	the	decomposition	phases	from	a	mixed	valance	iron-magnesium	oxide	(Figure	1).	The	rock-salt	structured	
phase	was	also	intergrown	with	the	magnetite,	displaying	diffuse	satellite	peaks	related	with	the	defect	cluster	distribution.	Our	TEM	observations	
confirmed	the	existence	of	APBs	in	the	magnetite	which	we	suspect	may	be	a	key	feature	of	unseen	mixed	valent	iron	oxides.

Figure	1.	Dark-field	TEM	image	of	an	intergrowth	of	magnetite	(mgt)	and	rock-salt	phase	(RS)	in	the	decomposition	from	a	mixed	valance	iron-
magnesium oxide.
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First natural CaSiO3 perovskite inclusion within a diamond from Cullinan kimberlite
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Laboratory experiments and indirect observations from seismology have provided a relatively clear scenario of the most abundant minerals of our 
Planet down to its deepest regions. Natural super-deep diamonds (those rare diamonds considered to have crystallized at depths greater than at least 
250	km)	appear	to	be	the	best	tool	to	preserve	and	bring	to	us	real	fragments	of	deep	Earth.	Recently,	a	super-deep	diamond	from	Brazil	revealed	the	
first	terrestrial	ringwoodite,	which	in	turn	proved	to	be	extremely	hydrous,	opening	a	new	scenario	on	the	location	of	Earth’s	deep	water	(Pearson	
et al. 2014). In terms of crystallization depth, the presence of ringwoodite within the diamond would indicate that it formed at least between 525 
and	660	km,	in	the	transition	zone.	However,	many	studies	indicate	that	diamonds	could	be	derived	from	even	deeper,	within	the	lower	mantle	(i.e.	
below	660	km	depth).	Previously,	the	idea	that	diamonds	could	form	in	the	lower	mantle	was	founded	on	the	assumption	that	phases	included	within	
diamonds,	like	CaSiO

3
 walstromite-type (a high-pressure polymorph of wollastonite showing the structure of walstromite, BaCa

2
Si

3
O

9
, found only within 

diamonds)	and/or	enstatite	are	the	back-transformation	products	of	CaSiO
3
	perovskite	and	bridgmanite,	respectively	(Harte	et	al.,	1999).	The	most	

abundant	phase	in	super-deep	diamonds	appears	to	be	ferropericlase,	(Mg,Fe)O,	but	its	very	wide	pressure-temperature	stability	field	(from	the	lower	
mantle	to	the	shallowest	regions	of	the	upper	mantle)	makes	it	an	insensitive	indicator	of	a	lower	mantle	origin	for	the	host	diamond.	In	addition,	so	
far, no un-inverted bridgmanite and/or CaSiO

3
-perovksite	were	reported	as	inclusions	in	diamond,	leaving	some	remaining	doubt	about	the	origin	of	

diamonds	from	the	Earth’s	lower	mantle.	Here,	we	report	-	for	the	first	time	-	the	identification	of	a	CaSiO
3
-perovskite	phase	within	a	diamond	from	

Cullinan	kimberlite	(Nestola	et	al.,	2018)	(in	figure	a	232-carats	diamond	from	Cullinan	mine	is	shown;	courtesy	image	Petra	Diamonds).	The	inclusion	is	
intergrown with about six per cent CaTiO

3
	perovskite.	The	two	phases	show	the	same	crystal	structure	type	and	the	bulk	composition	calculation	not	

only	reveals	a	composition	consistent	with	derivation	from	basaltic	oceanic	crust	but	a	depth	of	formation	of	about	780	km	(Kubo	et	al.,	1997),	well	
within	the	lower	mantle.	The	relatively	‘heavy’	carbon	isotopic	composition	of	the	surrounding	diamond	provides	evidence	of	the	recycling	of	oceanic	
crust	and	surficial	carbon	to	lower-mantle	depths.

References 
[1] Harte	(1999)	in	Mantle	Petrology:	field	observations	and	high-pressure	experimentation	Vol.	6	(eds	Fei,	Y.	et	al.)	125–153	(Geochemical	Society).
[2] Kubo et al. (1997) High pressure phase equilibria in the system CaTiO

3
-CaSiO

3
:	stability	of	perovskite	solid	solutions.	Physics	and	Chemistry	of	Minerals	24,	488–494.

[3] Pearson et al. (2014) Hydrous mantle transition zone indicated by ringwoodite included within diamond. Nature 507, 221–224.
[4] Nestola et al. (2018) CaSiO

3
	perovskite	in	diamond	indicates	the	recycling	of	oceanic	crust	into	the	lower	mantle.	Nature,	doi:	10.1038/nature25972.

IMA2018	Abstract	book379

Contents page



ORAL PRESENTATIONS   |  CONCURRENT SESSION PRESENTATIONS

Unseen but integral to the Earth’s interior: How minerals determine properties and processes

Crystallographic-preferred orientation of MnGeO3 perovskite
Yu Nishihara1, Simon Hunt2, David Dobson2, Yuji Higo3

1Ehime University, Matsuyama, Japan, 2University College London, London, United Kingdom, 3Japan Synchrotron Radiation Research Institute, Sayo-gun, 
Japan

Efficiency	of	material	and	heat	transport	in	the	Earth	is	largely	influenced	by	flow	pattern	in	the	mantle.	Flow	direction	at	around	the	660	km	
discontinuity	is	one	of	the	key	to	understand	the	flow	pattern	of	the	whole	mantle.	Recently,	Tsujino	et	al.	(2016)	determined	shear	induced	
crystallographic-preferred orientation (CPO) of (Mg,Fe)SiO

3
 bridgmanite (Brd), which is the most abundant mineral in the lower mantle, based on high-

pressure and high-temperature deformation experiments. They showed that seismic anisotropy in the uppermost lower mantle near subducting slab is 
reasonably	explained	by	horizontal	flow	of	mantle	material.	However,	Tsujino	et	al.’s	(2016)	study	consists	of	very	limited	number	of	experimental	data	
due	to	difficulty	in	conducting	experiments	under	the	lower	mantle	pressure	and	temperature	condition,	and	further	studies	are	desirable	to	assess	
their conclusion. In this study, we have conducted high-pressure and high-temperature deformation experiments on MnGeO

3
-perovskite	(Pv)	which	is	an	

analog material of Brd and determined its deformation-induced CPO.

A sintered aggregate of MnGeO
3
-Pv was synthesized from MnGeO

3
-Opx and adopted as a starting material of deformation experiments. Deformation 

experiments were conducted using D111-type deformation device installed at PF-AR, KEK and DT-Cup at UCL. The DT-Cup, developed by Hunt et al. (2014), 
is	a	modified	Kawai-type	multi-anvil	apparatus	by	which	well-controlled	deformation	experiments	at	pressures	higher	than	15	GPa	can	be	conducted	
by driving two second-stage anvils using differential actuators. The D111-type apparatus is an improved version of DT-Cup which can be used under 
higher press load. Pressure and temperature conditions of experiments were 16 GPa and 1200-1300oC, and strain rates were 4.5-13.9 x 10-5 s-1 in shear 
deformation and 3.7 x 10-5 s-1 in uniaxial compression. The CPO of recovered samples were determined using MAUD software by analyzing 2-dimensional 
diffraction	pattern	taken	with	monochromatic	X-ray	(50	keV)	at	SPring-8,	BL04B1.

Three recovered samples from shear deformation experiments consistently showed CPO pattern with [010] aligned parallel to shear direction, and 
[100]	and	[001]	weakly	aligned	sub-parallel	to	shear	plane	normal.	In	a	uniaxial	compression	experiment,	[100]	strongly	aligned	parallel	to	compression	
direction. These results suggest that dominant slip system of MnGeO

3
-Pv is [010](100) under the studied conditions. This slip system differs from 

the dominant slip system of Brd reported by Tsujino et al. (2016), [001](100), whereas Ferre et al. (2007) reported that [010](100) is one of the easiest 
slip system in MgSiO

3
-Pv	based	on	first	principles	calculation.	If	[010](100)	is	assumed	to	be	the	dominant	slip	system	in	Brd,	the	resultant	seismic	

anisotropy for V
P
 and V

S
 is almost identical to that for the [001](100) dominant case. Therefore, present results also suggest predominance of horizontal 

flow	in	the	uppermost	lower	mantle	near	sbducting	slab	as	Tsujino	et	al.	(2016)	concluded.

References 
[1] Hunt et al. (2014) Rev. Sci. Inst., 85, 085103. Tsujino et al. (2016) Nature, 539, 81-84.
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Decomposition of magnesite in the presence of reduced C-H-O fluid under upper mantle conditions
Hiroaki Ohfuji1,	Hideaki	Kawamura1

1Geodynamics Research Center, Ehime University, Matsuyama, Japan

Magnesite (MgCO
3
) is the representative carbonate mineral which is subducted to the deep mantle along with the oceanic crust and has been reported 

to	be	stable	at	P-T	conditions	corresponding	to	the	bottom	of	the	lower	mantle	(Isshiki	et	al.,	2004;	Solopova	et	al.,	2015).	However,	we	recently	found	
that	its	stability	was	largely	influenced	by	the	presence	of	a	methane-rich	C-H-O	fluid	through	our	preliminary	experiments.	In	the	present	study,	we	
performed	a	series	of	high-pressure	experiments	to	study	the	decomposition	mechanism	of	magnesite	and	its	significance	in	the	deep	carbon	cycle.	
Experiments	were	conducted	at	10	and	17	GPa	and	at	600-1400°C	by	using	a	multi-anvil	apparatus.	Powdered	natural	magnesite	and	stearic	acid	(as	
a	fluid	source)	were	used	as	the	starting	material	and	were	enclosed	in	a	Pt	capsule	that	was	placed	inside	a	Mo	outer	capsule	(used	as	an	oxygen	
fugacity (fO

2
) buffer). Recovered samples were carefully sectioned (polished) by Ar+ ion milling (using JEOL, Cross Section Polisher) and then examined 

by micro-focus XRD, SEM-EDS and TEM-EDS. FIB was used to prepare foil sections for TEM analysis.

At	17	GPa,	the	decomposition	of	magnesite	was	observed	at	800°C	and	higher	temperature,	where	a	methane-rich	C-H-O	fluid	was	produced	from	
stearic	acid.	The	decomposition	products	in	the	sample	recovered	from	800°C	were	periclase	(MgO)	and	graphite/diamond	mixture,	while	those	
from higher temperatures were brucite (Mg(OH)

2
)	and	diamond	(+graphite).	The	formation	of	brucite	is	likely	due	to	the	subsequent	hydrolysis	of	the	

initially	produced	periclase	crystals.	The	sample	from	600°C	showed	no	signs	of	decomposition,	which	is	likely	because	the	temperature	was	too	low	
to	produce	C-H-O	fluid	from	stearic	acid.	We	also	observed	the	formation	of	periclase	and	graphite/diamond	from	magnesite	at	10	GPa	and	800°C.	TEM	
observation of the magnesite grains that were partly replaced with periclase showed a distinct coaxial relation between their lattices, Mas [-110] // 
Per [110], which suggests the solid-solid transformation from magnesite to periclase as a result of the decarbonation reaction. This means that the 
decomposition of magnesite occurred spontaneously under the low fO

2
 condition where methane was the dominant component of the coexisting 

fluid	rather	than	by	the	chemical	reaction	with	the	methane	molecules.	In	the	Earth’s	mantle,	the	composition	of	C-H-O	fluid	depends	largely	on	
the surrounding fO

2
	and	at	depths	below	300	km	methane	is	thought	to	be	the	most	dominant	component	(Frost	and	McCammon,	2008).	Our	result	

suggests	that	carbonates	transported	by	the	subducting	slab	decompose	under	reducing	environment	at	the	lower	upper	mantle,	and	diamond	takes	
over the role as the major carbon source which further subducts to the deeper mantle. Furthermore, the formation of periclase at shallower conditions 
(10 and 17 GPa) suggests that periclase inclusions solely-present in diamond can not always be used as indicator of lower-mantle origin.

References 
[1] Isshiki	et	al.	(2004)	Nature,	427,	60-63.
[2] Frost and McCammon (2008) Annu. Rev. Earth Planet. Sci., 26, 389-420.
[3] Solopova et al. (2015) Phys. Chem. Mineral., 42, 73-81.
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In-situ neutron diffraction study of the Fe-H system: implications to hydrogen in the core
Eiji Ohtani1,	Daijo	Ikuta1,	Asami	Sano-Furukawa2,	Yuki	Shibazaki1, Liang Yuan1,	Hidenori	Teraaski3,	Takanori	Hattori2
1Tohoku	University,	Sendai,	2Japan	Atomic	Energy	Agency,	Tokai-mura,	3Osaka	Universiity,	Osaka,	Japan

Hydrogen is one of the plausible light elements in the Earth’s core[AS1] . In order to quantify the hydrogen content in the inner and outer cores, 
significant	researches	have	been	made	for	determining	phase	relations,	equations	of	state,	magnetic	properties,	and	the	sound	velocity[Office2]		of	
iron hydride, FeH

x
 [1, 2]. In spite of intensive researches on iron hydride, precise determination of the volume expansion of interstitial hydrogen in 

metallic	iron	using	the	in-situ	neutron	diffraction	study	is	not	yet	conducted	at	high	pressures	except[Office3]		the	neutron	diffraction	study	of	the	
recovered iron hydride samples at 90 K and ambient pressure [3].

We	conducted	the	in	situ	neutron	diffraction	studies	up	to	the	conditions	of	12	GPa	and	1200	K	and	clarified	the	phase	relations	of	the	iron	hydride	
polymorphs at high pressure and temperature by using the cubic high pressure apparatus, Atsuhime, installed at the neutron beamlime at J-PARC. The 
phase boundaries among bcc, fcc, and dhcp–FeH

x 
determined by the present in situ neutron diffraction experiments are different from those reported 

previously [4], i.e., the transition temperatures from bcc to fcc and from dhcp to fcc are higher than those reported previously in the Fe-H system. 
The boundary from bcc to fcc is close to that of the pure iron, perhaps due to a small amount of hydrogen dissolved both into bcc- and fcc-iron at low 
pressures below 3 GPa.

At pressures below 5 GPa, the hydrogen content, x, in the fcc-iron lattice is relatively small x< 0.3, whereas x increases to x> 0.8 with increasing 
pressure.  The hydrogen atoms occupy both the octrahedral and tetrahedral sites which is similar to that for deuterium [5], and their typical site 
occupancies are 0.86(1) in O sites and 0.06(1) in T-sites[柴崎裕樹4]  at 12 GPa and 1200 K. 

The	fcc-iron	lattice	expands	approximately	linearly	with	a	rate	of	2.4	Å3 per hydrogen atom, which is close to that of deuterium in the fcc-iron lattice[柴
崎裕樹5]	,	2.2	Å3 [5]. The pressure dependency of the lattice expansion of fcc-iron by dissolution of hydrogen atoms is negligible in the pressure range 
from	3	to	12	GPa.	The	present	direct	determination	of	the	hydrogen	interstitial	volume	expansion	in	the	fcc-iron	lattice	can	modify	significantly	the	
estimation of the hydrogen content in the core. The hydrogen contents in the core may be overestimated, since they were based on a smaller volume 
expansion	by	interstitial	hydrogen	atoms	(1.9	Å3 per hydrogen atom) [2, 6].

References 
[1] Sakamaki	et	al.,	Phys.	Earth	Planet	In.	174,	192–201	(2009)	
[2] Narygina et al., Earth Planet Sci. Lett. 307, 409–414 (2011) 
[3] Fukai	et	al.	(2003)
[4] Fukai	et	al.,	Jour.	Alloy	Compound,	348,	105-109	(2003)	
[5] Machida et al., Nature communications, 5:5063 doi: 10.1038/ncoms6063 (2014). 
[6] Thompson et al., Geochem. Geophys. Geosys. 19, 305–314 (2018).
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Elastic properties of iron and other materials: testing the composition of the inner core and pre-
melting phenomena
Martha G. Pamato1, Ian G. Wood1,	Lidunka	Vočadlo1, David P. Dobson1

1Earth Sciences, University College London, London, United Kingdom

The only direct investigation of the inaccessible Earth’s interior is provided by seismic studies of sound wave velocities propagating inside the Earth. 
In the Earth’s mantle, sound wave velocities can be understood in terms of mineralogical and compositional models, with these models matching the 
observed velocities to about a percent or so. For the inner core, however, things are far less certain where compressional and, in particular, shear 
velocities are observed to be much lower (10–30%) than those usually inferred from mineral physics. Recent computer simulations revealed that pure 
hcp-Fe could match the observed sound wave velocities as a result of a strong, non-linear, softening of the elastic constants at 360 GPa just before 
melting, interpreted as “pre-melting” effects [1]. However, although the low seismic wave velocities of the core could be explained by this model, the 
density of pure iron was still too high to match geophysical data, implying that a light element component is still required in the inner core to account 
for this disparity. Pre-melting softening has been shown for Fe

7
C

3
 just prior to melting at inner core conditions, but, while the calculated sound wave 

velocities agree with seismological data, Fe
7
C

3
 has too low a density [2]. In spite of extensive studies, the identity of the candidate light element 

mixture	that	can	simultaneously	match	the	observed	inner-core	density	and	bulk	sound	velocities	remains	enigmatic.

To date, computer calculations [1,2] are the only results on pre-melting of a metal directly applicable to the Earth’s inner core. In the context of 
planetary cores, it is therefore essential to systematically investigate such phenomena not only for a range of pressures and temperatures (P-T) at 
inner	core	conditions,	but	also	for	iron	alloyed	with	both	nickel	and	light	elements	to	validate	these	calculations	experimentally.	The	present	study	
aims to do that, potentially reconciling geophysical observations with laboratory measurements.

Measuring the pressure dependence of pre-melting effects at such conditions and to the required precision is, however, extremely challenging. In 
this light, we investigated to what extent pre-melting behaviour may occur in the physical properties of metals (Fe-alloys and analogues) and other 
materials at more experimentally tractable conditions and combine these studies with future computer simulations. We also determined to what extent 
changes in elastic moduli with temperature are correlated with changes in the unit-cell parameters, since the latter are more easily measured as a 
function of pressure and temperature.

We will discuss the circumstances under which pre-melting occurs, the effect of impurities and defects in the solid, and the consequences of pre-
melting in the Earth’s core.

References 
[1] Martorell B. et al. (2013) Science 342 466.
[2] Li Y. et al. (2016) J. Geophys. Res. Solid Earth, 121.
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The densities and phase transformations of hydrous oceanic crust by using in situ x-ray diffraction 
measurements up to the Earth's transition zone
Anja Rosenthal1, Wilson Crichton2

1Magmas and Volcanoes Laboratory, Clermont Auvergne University, Clermont-Ferrand, 2ESRF - The European Synchrotron, Grenoble, France

The detectability of large and small-scale mantle heterogeneities caused by remnants of former recycled oceanic crustal material (eclogite) by means 
of	seismic	velocities	remains	notoriously	challenging	[1-2].	Constraints	of	these	important	variables	come	chiefly	from	previously	determined	densities	
and elastic properties of eclogites [3-5].

This	study	refines	the	densities	of	eclogitic	assemblages	up	to	the	transition	zone	and	in	a	manner	that	will	account	for	the	effect	of	all	compositional	
changes including changes of phase proportions along subduction paths into the Earth’s deep mantle using state-of-the-art in situ x-ray diffraction 
measurements. In addition, these data will also improve our understanding for local changes in pressure and temperature of the subsequently 
modelled slab.

We conducted experiments using an average altered oceanic basalt GA1 [6] + 3 wt.% H
2
O from 3 up to 18 GPa at subsolidus conditions along a 

subduction path using the large volume press at ID06, ESRF. We analysed major, minor and trace elements of phase compositions by microprobe.

Basalt	transforms	to	eclogite	above	100	km	depth	during	subduction	[7].	Our	experiments	yield	well-crystallised	eclogitic	assemblages	of	garnet	+	
clinopyroxene + Ir ± coesite/stishovite ± phengite ± lawsonite ± vapour. Similar to previous studies [e.g. 3], the rise in garnet/clinopyroxene ratios with 
pressure is a consequence of the increased dissolution of clinopyroxene into garnet towards greater mantle depths. Similar to Irifune et al. [3], in this 
study, the determined lattice volume of eclogitic garnet at ambient pressure increases with increasing pressure and recovered garnets from highest 
pressures are least dense. The garnet/clinoyroxene proportion is largest contributor to the observed eclogitic density on the geotherm. Within this a 
more straight-forward description for the density of all eclogitic garnets encountered on our pressure-temperature path is highlighted for possible use 
as a barometer.

Eclogite is between 3-6 % denser than mantle models PEM-C and PEM-O [8] up to 12 GPa, which develops into a zero-density contrast above 12 GPa 
in	the	transition	zone.	Using	Anderson’s	seismic	equation	of	state	model	[9]	and	our	whole	rock	density,	we	obtain	estimations	of	the	bulk	sound	
velocity, which are comparable to the measurements of Kono et al. [4]. Our high pressure data are consistent with their ultrasound data for eclogites 
and,	in	addition,	our	seismic	parameters	are	remarkably	consistency	with	the	seismic	description	of	IASP91	[8]	over	the	full	pressure	range	of	eclogitic	
assemblages studied.

The outcomes quantify fundamental constraints on the effects of continuously changing proportions, compositions and phase transformations in 
eclogite.	They	clarify	the	influence	on	density	and	buoyancy	changes	caused	by	the	recycling	of	oceanic	crust	as	part	of	the	subducting	slab	in	Earth’s	
deep convecting mantle.

 

References 
[1] Bascou, J., Barruol, G., Vauchez, A., Mainprice, D., Egydio-Silva, M. (2001). Tectonophysics 342, 61-80.
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Sodium partitioning in the deep transition zone and lower mantle of the earth upon partial melting
Anastasia Tamarova1, Andrei Bobrov1, 2, 3,	Ekaterina	Sirotkina2, Luсa Bindi4, 5, Tetsuo Irifune6
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Trace	elements	can	significantly	affect	the	properties	and	phase	equilibria	of	phases	under	the	conditions	of	the	transition	zone	and	lower	mantle,	
providing evidence for geochemical, petrological and geophysical processes in these areas of the Earth. According to the existing models, sodium 
content	is	about	0.57	wt.%	in	the	deep	transition	zone	and	lower	mantle	of	the	Earth	(Ringwood,	1991).	However,	several	processes,	like	carbonatitic	
melt	metasomatism	in	the	deep	transition	zone,	may	lead	to	local	enrichment	in	alkalis	(particularly,	sodium).

Experiments were performed using a 2000 ton multi-anvil press installed at the Ehime University (Matsuyama, Japan). The P-T range was 21-24 GPa 
and	1100-2400°C	Starting	compositions	were	represented	by	(1)	MgSiO

3
-Na

2
CO

3
 with addition of Al

2
O

3 
(5 mol.%) and Fe

2
O

3 
(5	mol.%);	(2)	simplified	

composition of pyrolite (Ringwood, 1991). Agents of partial melting included (1) H
2
O in the composition of brucite Mg(OH)

2
 (2 wt % H

2
O), (2) mixture of 

carbonates (10 and 15 wt % of carbonate mixture).

Several parageneses were detected in the experimental samples: Rgw + fPer  + Carb + L + Brd; Brd + fPer + Carb + L; Brd + fPer  + L. In the MgSiO
3
-Na

2
CO

3 

system,	melting	occurred	at	≥1100°C.

We have found that in the hydrous system sodium preferably incorporates in ferropericlase. In addition, sodium content in ferropericlase increases 
with	temperature.	Aluminum	content	increases	with	increasing	Ca	content	in	calcium	perovskite.	Cr	content	decreases	with	increasing	magnesium	
content in ferropericlase. The association of Na-bearing ringwoodite (up to 4.4 wt% Na

2
O) and bridgmanite (up to 1.6 wt% Na

2
O) in the MgSiO

3
-Na

2
CO

3
-

Al
2
O

3
	system	at	24	GPa	and	1700°C	was	experimentally	obtained	for	the	first	time.	Stabilizing	effect	of	sodium	on	the	ringwoodite	structure	under	

conditions	of	the	Earth's	lower	mantle	is	shown.

Influence	of	sodium	incorporation	on	crystal	structures	(cell	parameters)	of	ringwoodite	and	bridgmanite	was	observed	as	well	(Bindi	et	al.,	2016).	The	
effect	of	Na	on	the	ringwoodite	structure	is	apparent	in	the	a	parameter,	which	increases	to	8.0952	Å	in	Na-rgw	with	respect	to	8.0816	Å	in	pure	Mg

2
SiO

4
 

(Ye	et	al.	2012).	The	unit-cell	volume	observed	for	Na-bearing	bridgmanite	(166	Å)	is	larger	than	that	observed	for	pure	MgSiO
3
	(162.53Å,	Dobson	and	

Jacobsen 2004).

For	the	first	time	at	high	temperatures	and	pressures,	a	phase	of	the	Na
2
MgSiO

4
	composition	was	synthesized,	and	structure	refinement	was	performed	

using	single-crystal	X-ray	diffraction.	It	is	shown	that	this	compound,	like	many	other	intrinsic	phases	of	sodium,	can	crystallize	as	proper	phases	only	
under the conditions of strong enrichment of mantle substrate in sodium (e.g., due to deep subduction of crustal material into the mantle and crust-
mantle interaction upon low-degrees of partial melting).

This study was supported by the Russian Foundation for Basic Research (project no. 17-55-50062) and by the Foundation of the President of the Russian 
Federation for Young Ph.D. (project no. MK 1277.2017.5).
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Unseen but integral to the Earth’s interior: How minerals determine properties and processes

Al partitioning between phase D and bridgmanite up to 31 GPa: implications for discontinuity around 
780 km and water transports into the lower mantle 
Chaowen Xu1,	Sho		Kakizawa1, Toru Inoue1, 2

1Geodynamics Research Center (GRC), Matsuyama, 2Department of Earth and Planetary Systems Science, Hiroshima Institute of Plate Convergence 
Region Research (HiPeR), Hiroshima University, Higashi-Hiroshima, Japan

Dense hydrous magnesium silicates (DHMSs) are supposed to be one of the important water carriers to the deep Earth. Phase D (PhD), which is the 
dominant high pressure phase among DHMSs in pyrolite composition from the shallow parts of the lower mantle to at least middle region, has been 
shown to coexist with bridgmanite (Brg), which is widely viewed as the most abundant mineral assemblage in the Earth’s interior. The experimental 
result indicated that Brg is the main host for Al

2
O

3
 in lower mantle (e.g. Irifune, 1994), and the recent study also reported that Al-rich PhD stabilized up 

to	2000°C	at	26	GPa	in	water-bearing	condition	(Pamato	et	al.,	2015).	Therefore,	partitioning	of	aluminum	between	Brg	and	PhD	is	particularly	important	
to constrain water distribution in deep mantle, especially because Al3++H+ substitutes for Si4+ in PhD greatly enhances its water content. However, direct 
experimental results are limited.

To systematically illustrate this issue, we performed high pressure and high temperature experiments in MgO-Al
2
O

3
-SiO

2
-H

2
O system to investigate the 

partitioning of aluminum between pyrolite type Brg and PhD in volume ratio of 4:1 up to 31GPa by MA8-type (Kawai-type) apparatus. Our result shows 
that	Al	is	strongly	partitioned	into	PhD	than	coexisting	Brg,	and	partition	coefficient	of	Al	(K

Al
) between PhD and Brg slightly decreases with increasing 

temperature.	We	also	find	that	K
Al
 obtained in our result is much larger than those K

Al
 in Fe-bearing peridotite or MORB composition. Al-bearing PhD 

totally	decomposes	around	28	GPa	and	1350°C,	in	which	Brg	is	found	to	be	coexisting	with	a	large	amount	of	melt.	At	31	GPa	and	1350°C,	Brg	coexists	
with trace amount of hydrous δ-AlOOH phase and melt, which means some amount of water might be transported into lower mantle.

The	decomposition	of	Al-bearing	PhD	around	28	GPa	may	generate	a	local	discontinuity	at	a	depth	of	around	780	km	(Porritt	et	al.,	2016).	The	released	
water together with melts will migrate upward, and possibly causes low-velocity zones. This phenomenon may explain the discontinuity and the low-
velocity	zones	around	800	km	in	Western	Pacific	Subduction	Zones	and	shallower	depth	beneath	Changbaishan	volcanic	area	(Liu	et	al.,	2016),	and	even	
high electrical conductivity between 670 Km and 830 Km in northeast Japan (Shimizu et al., 2010).
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Water in minerals and its effect on physical properties

Results of experimental test of OH preservation in mantle xenoliths: Example from Allègre volcano 
samples (Massif Central, France)
Jannick Ingrin1

1UMET,	Universitéy	of	Lille,	Villeneuve	d	Ascq,	France

The ability of xenoliths to preserve water lithospheric signatures has been questioned in recent publications (Ferriss et al. 2016, Tian et al. 2017). In this 
study two different samples from the same origin were annealed at high temperature in reduced hydrogen enriched atmosphere: clinopyroxenes (cpx) 
phenocrysts	and	spinel	peridotite	xenoliths	from	the	same	3Ma	old	lava	flow	in	Allègre	(French	Massif	Central;	Gu	et	al.	2016).	The	two	types	of	samples	
behave completely differently during annealing. The OH concentration of cpx phenocrysts decreases by 50% after few hours, equilibrating with the 
hydrogen concentration of the atmosphere. In the same conditions, the concentration of OH in pyroxenes from the xenoliths remains unchanged, even 
after longer annealing time (several orders of magnitude). Possible explanations for this dual behaviour are discussed, addressing both in term of 
kinetics	and	mechanism.	Implications	for	water	preservation	in	mantle	xenoliths	will	be	inferred	from	these	results.
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Water in minerals and its effect on physical properties

Hydrous melting of Labradorite: An electrical conductivity investigation
Anthony Lanati1, George Amulele1, 2,	Simon	Clark1, 3

1ARC Centre of Excellence for Core to Crust Fluid Systems (CCFS) and Geochemical Evolution and Metallurgy Of Continents (GEMOC), Department of 
Earth and Planetary Sciences, Macquarie University, North Ryde, Australia, 2Hawai'i	Institute	of	Geophysics	and	Planetology,	University	of	Hawai'i,	
Manoa, Honolulu, United States, 3The Australian Center for Neutron Scattering, Australian Nuclear Science and Technology Organisation, Lucas Heights, 
Australia

Electrical conductivity, via the geophysical method of magnetotellurics (MT), gives us amazing insight into the crust and mantle zone. However, 
the	conductivity	of	many	minerals	is	poorly	constrained	inhibiting	the	interpretation	of	these	MT	data.	In	the	work	presented	here	we	build	on	the	
electrical conductivity (EC) measurements of Amulele et al., (2018), by carrying out EC measurements under crustal hydration melting conditions at 1 
GPa on a single crystal of labradorite. Hydration and melting were achieved by enclosing the sample in a talc sleeve (see Figure) and carrying out the 
conductivity	measurements	above	the	dehydration	temperature	of	talc	(800°C),	which	is	also	within	the	temperature	region	in	which,	most	alkaline	
feldspars will being to melt at ambient pressure. Electrical conductivity measurements were obtained using the impedance spectroscopy method at 
temperatures	between	300°C	and	1100°C	and	the	conductivity	behaviour	in	labradorite	determined	upon	melting.	At	least	800	ppm	wt.	uptake	of	water	
was measured in the crystal at saturated water conditions. The electrical conductivity in single crystal labradorite has been analysed using the Hashin 
and	Shtrikman	mixing	model	to	determine	the	melt	fraction	and	hydrous	melt	conductivity	in	the	mineral.	A	preliminary	version	of	this	work	was	
presented at GSA Cordilleran Section meeting July, 2017.
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High-pressure and high-temperature study of Epidote by synchrotron X-ray diffraction and Raman 
spectroscopy
Lin Li1, Kiyosi Fujino2, Shengrong Li3

1School	of	Scientific	Research,	China	University	of	Geosciences,	2State Key Laboratory of Geological Processes and Mineral Resources, China University 
of   Geosciences, Beijing, China, 3Geodynamics Research Center, Ehime University,, Matsuyama, Ehime, Japan

Epidote	group	minerals	can	be	stable	under	very	wide	pressure	and	temperature	ranges;	They	are	the	constituent	of	many	kinds	of	metamorphic	rocks,	
igneous	rocks,	hydrothermal	veins	and	sedimentary	rocks,	and	the	main	hydrous	minerals	of	altered	crustal	basalt	in	oceanic	plate.	The	structure	
variation, phase transition and dehydration of epidote group minerals are investigated via in-situ high pressure and high temperature experiment 
and analysis techniques to simulate these minerals’ behavior under environment similar to plate subduction zone.The properties of natural epidote 
have been investigated by the in-situ synchrotron X-ray diffraction and Raman spectroscopy up to 13 GPa and 850 C. The results show that three 
steps	of	structure	variation	occurred	during	the	experiments	(fig.	1).	Figure	1.	The	Raman	shifts	of	epidote	with	pressure	and	temperature	increasing	
At the present stage, we assume that this three steps of structure variation might correspond to the spin state change of the iron, dehydration and 
decomposition	of	epidote.	Our	purpose	is	to	provide	experimental	evidences	for	discussing	the	function	of	the	fluid	released	from	subduction	zone	in	
the formation of water reservoir in mantle and mineralization, seismicity, and other Deep-Earth processes in continental margins and interior.
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Neutron computed tomography: a new approach to measure grain-boundary proton diffusion in 
polycrystalline forsterite matrix
Sarath Patabendigedara1, 2,	Simon	Clark1, 2, Floriana Salvemini1

1Australian Centre for Neutron Scattering, Australian Nuclear Science and Technology Organisation, Lucas Heights, 2Earth and Planetary Sciences, 
Macquarie	University,	Macquarie	Park,	Australia

An understanding of proton diffusion in nominally anhydrous minerals (NAMs) is an essential context of correct interpretation of conductivity variation 
in Earth mantle.  The mechanism of hydrogen diffusion in dominant mantle minerals was described by Demouchy (2010) and Demouchy and Casanova 
(2016)	using	a	defect	model	in	crystalline	materials.	This	concept	is	well-known	and	well	documented	in	the	material	science	community	(Nowick	2012)	
where	the	effects	of	in-grain	and	grain	boundary	(gb)	diffusion	are	separated	using	the	bricklayer	model	and	other	associated	derivatives	of	this	model	
(Tuller 2000).  Separation of the two components of the proton conductivity in olivine will substantially improve current proton conduction model for 
Earth	mantle.	Finally,	it	will	help	to	interpret	magnetotelluric	conductivity	data	and	will	give	prospects	to	find	new	mineral	sources	and	explain	other	
sub-surface geological phenomena such as volcanism and plate tectonics.

(Demouchy and Bolfan-Casanova 2016)

A recent insight is that the high conductivities determined from proton conduction measurements at low temperatures are mainly due to conduction 
along	grain	boundaries	(Demouchy	2010).	Demouchy	(2010)	was	the	first,	and	to	date	only	experimental	work	on	hydrogen	grain-boundary	diffusion	
in olivine, the dominant upper mantle mineral phase. We have repeated Demouche’s experiment with neutron imaging which a most promising in-situ 
technique	to	image	hydrogen	diffusion	profile.	Neutrons	can	penetrate	through	the	capsule	while	providing	information	about	contents	and	they	are	
highly sensitive to hydrogen in the sample. Therefore, neutron imaging allows measuring time and temperature dependent gb hydrogen diffusion rates 
in mantle minerals.  

We carried out a series of experiments where we diffused water (H) through a forsterite polycrystalline matrix at high-pressure and temperature.  
The capsules and their contents were imaged using the DINGO neutron tomography instrument at the Australian Centre for Neutron Scattering.  The 
results indicate hydrogen transport inside the forsterite polycrystalline matrix as changing neutron attenuation along the diffusion direction of the 
polycrystalline	block	and	it	correlates	with	temperature	dependent	hydrogen	diffusion	in	this	mineral.	This	study	revealed	the	ability	of	neutron	
imaging	technique	to	find	the	proton	diffusion	coefficient	of	NAMs.	We	are	sharing	these	results	in	this	conference.
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Water in chalcopyrite and other sulphide minerals
Allan Pring1, Jing Zhao1

1Flinders University, Adelaide, Australia

Chalcopyrite	and	the	majority	of	sulfide	minerals	are	formed	by	hydrothermal	processes	either	by	direct	precipitation	from	fluids	or	by	fluid-mediated	
mineral replacement reactions.  Recently Zhao et al. (2014) showed how chalcopyrite could be formed from hematite by a coupled dissolution 
repreciptation	(CDR)	reaction	under	hydrothermal	conditions.		Reaction-generated	porosity	plays	a	key	role	in	these	formation	reactions,	but	it	is	
transient	and	upon	cooling	coalesces	into	fluid	inclusions	(Zhao	et	al.	2017).		Thus	natural	chalcopyrite	formed	by	hydrothermal	processes	should	
contain	remnants	of	porosity	in	the	form	of	fluid	inclusions.		We	report	the	application	of	ultra	small	angle	neutron	scattering	and	small	angle	
neutron	scattering	(USANS/SANS)	and	high	resolution	SEM	to	assess	the	porosity	and	fluid	inclusions	in	14	natural	chalcopyrite	samples	from	a	range	
of deposits, including Moonta, Kadina and Olympic Dam. USANS/SANS data showed distinct pore size distributions for the chalcopyrite samples from 
different	localities.		The	presence	of	water	within	the	porosity	is	confirmed	by	the	SANS	data	as	the	scattering	curves	are	modified,	at	high	Q,	by	the	
incoherent scattering of protons in water.  The total volume of porosity in the chalcopyrite samples ranges from 0.5 % to 2 %.  The halide content of 
the	fluid	inclusions	was	established	by	ion	chromatography	and	is	consistent	with	fluid	inclusions	in	chalcopyrite	from	Moonta	containing	on	the	order	
of 3000 ppm Cl and < 20 ppm  Br and I.  Trace analysis by electron probe microanalysis found that Cl levels substituting for S in chalcopyrite were below 
the	limits	of	detection	(<300	ppm).		HRSEM	showed	that	larger	pores	(fluid	inclusion),	100nm	to	5000	nm	in	diameter,	tend	to	aggregate	along	grain	
boundaries.  There is a correlation between the size and concentration of pores and the brittleness of the chalcopyrite.  Xia et al. (2014) showed that 
other	sulfide	minerals	including	pyrite	and	marcasite	show	similar	porosity	and	indicate	that	these	otherwise	anhydrous	minerals	actually	contain	
around	1	wt%	or	more	water	as	fluid	inclusions.		This	investigation	has	demonstrated	that	USANS/SANS	is	a	very	useful	tool	for	analyzing	porosity	in	
ore minerals.
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Crystal Chemistry of Hydrogen and the Mineralogy of Earth’s Deep Water Cycle
Joseph Smyth1

1Dept. Geological Sciences, University of Colorado, Boulder, CO, United States

The crust and mantle of the Earth consist almost entirely of oxygen minerals. Hydrogen solubility in these minerals controls the abundance of water 
on the surface and hence the possibility of life on terrestrial planets. Hydrogen can be incorporated in nominally hydrous minerals such as Phase B, 
superhydrous phase B, phase D, and phase H, or in nominally anhydrous minerals.1 In the upper mantle and transition zone, the nominally anhydrous 
minerals may be the principal host phases for H and are capable of incorporating many times the amount of water in the surface oceans.2

In	the	nominally	anhydrous	minerals	at	the	atomic	scale,	H	does	not	behave	like	any	other	cationic	substituent.	It	bonds	to	a	single	oxygen	with	an	
inter-nuclear distance of less the nominal radius of the oxygen anion to form a hydroxyl anion. Although it does require charge balance, typically a 
cation	vacancy,	it	does	not	substitute	at	the	position	of	the	cation.	This	has	significant	impact	on	elastic	properties.	The	cation	vacancies	increase	
the	molar	volumes	and	decrease	density	as	well	as	bulk	and	elastic	moduli.	By	measurement	of	the	effects	of	hydration	on	elastic	properties	of	the	
nominally anhydrous major minerals of various regions of the mantle it is possible to estimate the presence of water3,4.  The velocity structure of the 
Earth	is	consistent	with	significant	hydration	in	the	upper	mantle	and	transition	zone.

In nominally hydrous minerals, with a few notable exceptions, the hydroxyl does not bond to Si, or other high-charge cations, such as C, N, P, or S. In 
nominally anhydrous minerals, oxygen sites that can be partially protonated to form the hydroxyl can be predicted from Madelung electrostatic site 
energy calculations4.	These	calculations	predict	significant	hydration	in	wadsleyite	and	ringwoodite	and	limited	hydration	in	olivine.	They	also	predict	
potential limited hydration in bridgmanite.
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Geophysical Union Monograph Series 168, 1-11.
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In situ infrared spectroscopic studies of hydrogen defects in clinopyroxenes up to 1000 oC
Yan Yang1,	Qunke	Xia1, Wendi Liu1

1Zhejiang University, Hangzhou, China

Water	incorporated	as	defects	may	strongly	influence	physical	properties	of	nominally	anhydrous	minerals	(NAMs),	thereby	affecting	physical/chemical	
processes in the deep earth. Knowledge of speciation of hydrogen defects is fundamental to understand water effects. The speciation and sites of 
hydrogen	defects	in	NAMs	at	high	temperature	may	not	be	the	same	as	those	at	room	temperature	(Karato	2006).	Thus,	knowledge	of	the	speciation	
of hydrogen defects at temperatures typical of geologic conditions is essential to further understand water effects. In situ high temperature Fourier 
transform infrared (FTIR) spectroscopy allows direct detection of hydrogen defects in NAMs under elevated temperatures. In contrast to quenched 
experiments, in situ high temperature measurements can reveal variations that could not be observed in the quenched samples (e.g., Zhang et al. 
2006;	Yang	et	al.	2010,	2011,	2012,	2015;	Della	Ventura	et	al.	2017;	Liu	et	al.	2018).	Several	works	have	applied	this	technique	to	feldspar,	rutile	and	olivine	
indicating the changes of hydrogen speciation with temperature (Aines and Rossman 1985; Yang and Keppler 2011; Yang et al. 2015; Guo 2017; Liu et al. 
2018).

Clinopyroxene is one of the main constituent minerals in the lower crust and upper mantle. Yang et al. (2010, 2015) investigated the behavior of 
hydrogen	defects	in	clinopyroxenes	at	temperatures	below	500	°C,	and	did	not	find	changes	of	speciation	and	sites	except	for	variations	of	O-H	bond	
strength. To date, it is still unclear about behavior of hydrogen defects in clinopyroxene under temperatures corresponding to the lower crust and 
upper mantle. Here, behaviors of hydrogen defects in six diopsides, two augite and one omphacite with increasing temperature up to 1000 oC were 
investigated using in situ high temperature FTIR spectroscopy. There are four groups OH bands in the studied samples: 3620-3640 (group 1), 3530-3540 
(group 2), 3460 cm-1 (group 3) and 3355 cm-1 (group 4). With increasing temperature, the band of group 1 linearly shifts to lower wavenumbers, and the 
frequency shifts are correlated with the initial frequencies and chemical compositions. The bands of groups 2 and 3 shift to higher wavenumbers and 
then turn to lower wavenumbers. The turning points in the evolutions of frequency with temperature may relate to dehydration starting. The band 
of	group	4	shifts	toward	higher	wavenumbers.	The	thermal	stability	of	OH	is	also	site-specific.	Most	importantly,	a	new	band	at	3443	cm-1 appears in 
the	diopside	from	Austria	during	annealing,	which	is	probably	linked	to	the	dehydration	process	involving	the	oxidation	of	iron.	The	results	provide	
fundamental basis for further understanding water effects on properties of clinopyroxenes at temperatures typical of geologic conditions.
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Antimony: from mineralogy to remediation

Total antimony and antimony speciation measurements in environmental matrices by icp-ms, hplc-
icpms and spme-gc
William Maher1,	Frank	Krikowa2, Simon Foster2, Michael Ellwood3, William Bennett4

1University of Canberra, Institute for Applied Ecology, 2Institute for Applied Ecology, University of Canberra, Bruce, 3Research School of Earth Sciences, 
Australian National University, Acton, 4Environmental	Futures	Research	Institute,	Griffith	University,	Gold	Coast,	Australia

The measurement of total antimony and antimony species concentrations in biological tissues, bacterial cultures, sediments and natural waters is 
described. An emphasis is on the development of novel procedures to concentrate and measure antimony species. Antimony species can be extracted 
from	marine	animal	tissues	with	dilute	nitric	acid	and	tetrafluroboric	acid	and	sediments	with	nitric	and	hydrochloric	acid	using	microwave	heating.	
Antimony	species	can	be	extracted	form	sediments	with	citric	acid	and	separated	and	quantified	by	high	performance-liquid	chromatography-ICPMS.	
Volatile antimony species generated by bacteria cultures can concentrated by solid phase micro extraction and measured by desorption, cryogenic 
trapping	and	gas	chromatography-mass	spectrometry.	Antimony	species	in	natural	waters	(sea	and	lake	waters)	can	be	converted	to	their	hydride	
forms, cryogenically trapped and measured using ICPMS. All methods are sensitive enough to measure antimony concentrations at levels commonly 
found in the environment
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Applied mineralogy - from field to breakfast table

Mineralogical Studies of Manchar Formation (Pliocene), Laki Range, Pakistan: source and possible 
occurrence of bauxite
Muhammad Hassan Agheem1

1Centre	For	Pure	&	Applied	Geology,	University	of	Sindh,	Jamshoro,	Jamshoro,	Pakistan

A	variety	of	sedimentary	rocks	ranging	from	Cretaceous	(Pab	Sandstone)	to	Pleistocene	(Data	Conglomerate)	are	exposed	in	various	formations	of	the	
Laki	Range,	Lower	Indus	Basin,	Pakistan.	The	Cretaceous	Pab	Sandstone	is	of	Pre-Himalayan	Orogeny	while	all	other	younger	lithologies	are	generally	
considered	as	the	result	of	Himalayan	orogeny.	The	above	formations	have	been	studied	by	different	workers	from	various	aspects	but	a	little	is	known	
about	the	possible	source	and	mineral	potential	of	Laki	Range	in	general	and	Manchar	Formation	in	particular.	Therefore,	the	present	study	is	being	
carried	out	to	know	about	the	possible	source	of	sediments	and	mineral	potential	of	Manchar	Formation	in	the	Laki	Range.	The	Manchar	Formation	is	
exposed	in	various	parts	of	the	Laki	Range;	however,	the	best	exposures	are	present	in	its	northern	extreme.	This	formation	is	mainly	composed	of	
sandstone, shale, interbedded sandstone along with subordinate conglomerate. Sandstone is friable, hard, compact and cross bedded in reddish, light 
yellowish,	grey	and	greenish	colors.	The	size	is	fine,	fine-medium	and	coarse	to	pebbly	grained.	The	silicified	wood	fossils	and	mammal	bones	are	the	
characteristic	field	evidences	usually	seen	within	the	formation.

The petrographic and geochemical study is carried out in order to understand the mineralogical, geochemical, source and economic potential of the 
Manchar	Formation.	The	investigation	approach	involved	field	studies,	followed	by	laboratory	techniques	involving	thin	section	study,	major	element	
geochemistry and SEM-EDS analysis. Both, the SEM imaging and petrography indicates that the quartz grains are moderately to well-sorted with 
sub-angular to sub-rounded shape and are mostly monocrystalline.  The matrix as well as the cement are generally present in the form of calcite but 
in some units iron oxide is also common. The heavy minerals are upto 2% and are mostly ilmenite. According to present petrographic study, SEM-EDS 
analysis and geochemistry, it is observed that the Manchar Formation is mostly composed of sandstone and shale. Moreover, the shape of grains 
indicates that the source was not for away and both the primary porosity as well as permeability have been decreased due to diagenesis of secondary 
solutions	that	are	mostly	in	the	form	of	calcite.		The	whole	rock	geochemical	analysis	shows	that	at	some	stratigraphic	positions,	some	shales	are	
highly enriched in their aluminum contents (>75%) and so far qualify for bauxite. These bauxite are generally white in colour along with some reddish 
tints	laterite.	The	average	thickness	of	these	units	is	up	to	ten	feet.

On	the	basis	of	the	petrography,	SEM-EDS	analysis	and	whole-rock	geochemistry	(major	elements),	it	is	concluded	that	the	source	was	not	far	away	and	
it is probable that the sediments came from western high lands instead of northern Himalayas as is generally thought. 
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Applied mineralogy - from field to breakfast table

Preliminary mineralogical study of the diatomites from Minis, Zarand Basin, Romania 
Oana Gabriela Sebe Radoi1, Delia-Georgeta DUMITRAS1, Stefan  MARINCEA1, Nicolae CALIN1, Daniel Birgaoanu1, Oana Claudia BARBU1

1Geological Institute of Romania, Bucharest, Romania

The diatomaceous earth from Miniş	(Zarand	basin,	Arad	County,	Romania)	belongs	to	the	Carand	formation	and	has	a	thickness	of	30	to	50	meters.	It	
occurs as layers and lenses, in alternance with dacitic and andesitic tuffs, pyroclastic sequences, siliceous sand and bentonitic clays. The two main 
diatomite	levels	are	chalk-like,	soft,	friable,	earthy,	very	fine-grained,	and	have	a	snow	white	to	dull	white	color.	The	micro-paleontological	study	shows	
that	planktonic	diatoms	prevail	(more	than	70%),	having	a	large	spread	of	the	species	diversity.	The	diatomaceous	associations	include	both	centric	
and	pennate	species,	and	depict	a	classical	sequence	of	microflora	pertaining	to	the	Lower	Sarmatian	in	the	Paratethys	basin.	In	both	Carand	and	
Minis	sections,	an	overview	on	the	distribution	of	the	benthic	and	planktonic	forms	indicates	paleobathimetric	variations.	Regarding	the	salinity,	the	
distribution	of	diatom	assemblages	revealed	successive	transitions	from	marine	to	freshwater	intervals,	passing	by	brackish	ones.	The	assembly	of	
these variations (bathimetry and salinity) is related to the history of communications in Paratehtys realm.

The	two	main	diatomite-bearing	sequences	were	investigated	from	chemical	and	mineralogical	point	of	view.	They	were	studied	by	X-ray	fluorescence	
(XRF), wet-chemical analysis, scanning electron microscopy (SEM), Fourier-transform infrared (FTIR) and X-ray powder diffraction (XRD).

The XRF analyses gave (in wt.% oxides): SiO
2
 = 60.12 – 75.34, TiO

2
 = 0.31 – 0.64, Fe

2
O

3
 = 3.15 – 7.28, Al

2
O

3
 = 7.29 – 15.11, CaO = 2.17 – 3.98, MgO = 0.88 – 1.63, 

Na
2
O = 0.30 – 0.39, K

2
O = 0.73 – 0.76, loss on ignition = 7.88 – 9.09.

The	SEM	study	shows	that	the	individual	clasts	of	quartz	and	feldspar	are	usually	between	8	and	30	µm	in	length,	and	between	10	and	15	µm	in	thick.	
The	crystals	are	angular,	unlike	the	opal-Ct	aggregates	that	are	perfectly	rolled.	The	individual	crystals	of	clay	minerals	(montmorillonite)	range	from	
200 nm to 1000 nm across; they show a perfect cleavage after (001).

The	mineralogy	of	all	but	one	sample	is	characterized	by	the	major	presence	of	amorphous	silica.	The	broad	hump	registered	between	15	and	20°	2	
theta in the XRD patterns indicates the presence of opal-A. The associated mineral species are alpha quartz (up to 2 wt.%), opal-Ct (up to 48 wt%), 
clay minerals (up to 46 wt.%) and minor feldspar (up to 4 wt.%). Restricted to the diatomite frustulae, the XRD study shows that they are composed 
exclusively by opal-A and -Ct, with a very small amount of alpha quartz.

Based on the characters and intensities of the bands centered around 3350 and 1630 cm-1 in the FTIR spectra, the amorphous silica from the diagenesis-
affected	diatom	frustules	was	identified	as	(hydrated)	opal-A.	Most	of	the	bands	identified	in	the	FTIR	spectra	are	those	of	O-Si-O	and	Si-O-Si	vibrations,	
the	spectra	fitting	particularly	to	alpha	quartz	and	opal-A:	the	Si-O	stretchings	at	~	1090	cm-1 and ~ 780 cm-1 are common to all the spectra. Another 
band, located at ~ 910 - 920 cm-1 is characteristic to clay minerals (Al-OH-Al bending).
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Beyond Earth and Mars, planetary materials in the outer Solar System

New insight on the surface of the icy planets: Emissivity and reflectance measurements at low and 
high T of different hydrous salts
Paola Comodi1, Azzurra Zucchini1, Maximiliano Fastelli1, Alessandro Maturilli2, Manuela Rossi3, Tonci Balic-Zunic4, 4

1Dipartimento di Fisica e Geologia, University of Perugia, Italy, Perugia, Italy, 2Institute for Planetary Science, DLR, Berlin, Germany, 3Dipartimento di 
Scienze della Terra , Università Federico II, Napoli, Italy, 4Department of Geosciences and Natural Resource Management, University of Copenaghen, 
Copenaghen,	Denmark

Icy	planets,	in	particular	Jupiter’s	moons,	have	attracted	the	scientific	investigation	due	to	the	likely	presence	of	oceans	under	crust	which	may	
potentially support life. Recent decision of NASA to go forward with plans for a new mission to Europa provides strong incentives to deepen the 
knowledge	of	the	surface	composition	trough	the	analysis	of	existing	spacecraft	data	and	telescopic	observation.	The	nonice	Europa’s	materials	
represent	a	question	up	to	know	not	completely	solved,	notwithstanding	its	relevance	in	planetary	science	and	astrobiology.	Preliminary	data	indicate	
that sulphate hydrates are especially important on hydrous worlds, and are expected to be important as extraterrestrial salts but a good database 
on	the	spectral	features	of	some	of	them	is	lacking.	The	collection	of	a	library	of	possible	nonice	spectra	should	be	fundamental	for	a	correct	and	
exhaustive  interpretation of the remote data.

Emissivity	and	reflectance	spectra	of	a	selected	group	of	minerals	were	collected	at	different	T,	to	investigate	the	role	of	both	the	chemical	
substitutions	and	the	amount	of	water	molecules	on	spectral	features.	The	samples	were:	alcaline-earth	alkaline	sulphates	[thenardite	Na2SO4,	
arcanite	K2SO4,	Barite	BaSO4,	gypsum	CaSO4	2H2O],magnesium	sulphates	with	different	water	contents	[kieserite	MgSO4	(H2O),	pentahydrite	
MgSO

4
·5(H

2
O),epsomite  MgSO

4
·7(H

2
O)], chlorides [halite NaCl, Silvite KCl ]and mixed salts [bloedite Na

2
Mg(SO

4
)

2
·4(H

2
O),löweite  Na

12
Mg

7
(SO

4
)

13
·15(H

2
O), 

kainite	MgSO
4
·KCl·3(H

2
O), carnallite KMgCl

3
·6(H

2
O), polyhalite K

2
Ca

2
Mg(SO

4
)

4
·2(H

2
O)]

Four sets of measurements were collected :
a)						Emissivity	in	a	purging	environment	at	differente(T	up	to	130	°C
b)						Emissivity	under	vacuum	at	T	between	200	and	500	°C
c)						Reflectance	in	vacuum	at	room	T	and	with	the	samples	freezed	at	-80	°C

Refectance measurements were collected on the same set of samples, both on the fresh ones and recovered after heating Emissivity measurements, 
in	the	1-16	micron	spectral	range,	were	collected	with	two	Bruker	Vertex	80V	FTIR	spectrometers	(one	up	to	130°C	and	a	second	between	180	and	500	
°C)	,		a	nitrogen-cooled	MCT	detector	and	a	KBr	beamsplitter	Reflectance	measurements	at	20°	and	-80	°C	(by	using	a	sample	cooling	device)	were	
collected		with	a	Bruker	Vertex	80V	FTIR	spectrometers.	All	samples	were	recovered	after	the	heating	and	freezing	cycle	measurements	and	were	
characterized by a chemical and structural analysis by using electron microprobe and X-ray diffraction.

The	final	aim	of	the	project,	besides	increasing	the	spectral	library	of	possible	nonice	materials	is	to	associate	the	structural	and	chemical	changes	
to	selected	bands	in	the	emissivity	and	reflectance	spectra.	Moreover,	the	spectral	evolution	studied	in	a	wide	T	range,	from	-80	°C	to	around	500°C	
allows us understanding the T dependence gradient for different spectral bands. Hopefully, these data will help to extract more detailed information 
from the remote-sensing data,  and suggestions which areas and which data should have higher priority for remote investigations in the future space 
missions.
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Clays and micro-organisms

Clays detection on hydrothermal altered samples: a method to apply in geothermal exploration in 
Indonesia
Fiorenza Deon1, Caroline Lievens2,	Auke	Barnhoorn1, David Bruhn3,	Freek	van	der	Meer2,	Christoph	Hecker2, Oona Appelt4,	Franziska	Wilke4, Yunus Daud5, 
Tia den Hartog2

1Delft University of Technology-TUD, Delft, 2Geo-Information and Earth Observation, University of Twente, Enschede, 3Geoscience and Engineering, 
Delft University of Technology-TUD, Delft, Netherlands, 4Chemistry and Physics of Earth Materials, Helmholtz Centre Potsdam -GFZ, Potsdam, Germany, 
5University	of	Indonesia,	Jakarta,	Indonesia

Indonesia offers excellent oportunities to conduct geothermal exploration research.  The most populated island, Java, is geologically associated with 
the	magmatic	arc	of	the	Sunda	subduction	zone	(Simkin	and	Siebert	1994).	Here,	geothermal	areas	were	subject	of	exploration	and	utilization	over	
several decades (Hochstein, 1988; Hochstein et al., 2000; Hochstein and Sundarman 2008). This study focuses on geothermal exploration based on 
rock	sampling	in	already	explored	geothermal	sites	and	greenfields	where	no	survey	has	been	performed	yet,	with	the	target	to	find	samples	with	
hydrothermal alteration. In typical geothermal sites where hot springs, fumaroles and steaming grounds occur, signs of hydrothermal alteration are 
likely	to	be	found.	Clays	in	geothermal	research	are	a	very	important	tool	to	determine	the	temperature	distribution	mapping	of	the	alteration	and	to	
establish the degree of alteration in the sites. This study aims to present an EMP (Electron Microprobe) based approach to detect the clay fraction in 
hydrothermally	altered	samples	from	relevant	geothermal	sites	in	Indonesia.	Rock	samples,	mostly	altered	basalts,	have	been	collected	in	the	following	
locations:	Tanguban	Perahu,	Wayang	Windu,	Salak	Mountain(West	Java).	Those	samples	have	been	analysed	with	XRD	(X-ray	powder	diffraction),	in	order	
to detect the exact mineral weight fraction, and successively at the electron microprobe.

The detection of the clay fraction has succeeded by conducting point analyses and element distribution mapping on single plagioclase crystals as 
shown	in	the	figure	(Si,	K,	Ca,Al	and	Fe	maps).	The	most	reliable	results	have	been	obtained	in	the	samples	from	West	Java	where	kaolinite,	AlSi

2
O

5
(OH)

4
, 

has	been	clearly	identified.	Currently	the	results	from	the	EMP	are	being	validated	with	a	ASD	mineral	identifier	which	allows	to	detect	small	fraction	of	
clays on core samples.

In	the	samples	from	the	Salak	area,	travertines,	calcite	along	with	celestine	have	been	found.	The	same	analytical	procedure	has	been	applied	on	the	
travertines	where	Ba,	Ca,	Sr	and	S	have	been	mapped	(see	figure).	The	occurrence	of	a	sulphate	bearing	mineral	(celestine	SrSO4)	along	with	a	detailed	
interpretation	of	the	geochemistry	(on-going)	delivers	more	precise	interpretation	of	the	Salak	geothermal	system	in	terms	of	heat	source	location.	A	
special	focus	will	be	dedicated	to	investigate	Sr	and	the	isotopic	ratio	87Sr/86Sr:	this	will	account	for	details	on	water-rock	interaction	in	the	system.	
The	novelty	in	this	approach	consists	in	avoiding	the	systematic	separation	of	the	clay	fraction	from	the	rock	material	to	conduct	XRD	and	it	allows	a	
quick	detection	and	precise	of	the	hydrothermal	alteration.	Because	our	samples	contain	a	small	clay	fraction	(approximately	2	wt.%)	the	EMP	allows	
to perform the measurement on the single grain. The clay investigation has a decisive impact in the development of the geothermal exploration in 
Indonesia.
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Direct evidence for occurrence of structural Aluminum in diatomite
Dong Liu1, 2, Qian Tian1, 2, Peng Yuan1, 2, Hongchang Liu1, 2, Jieyu Zhou1, 2

1CAS Key Laboratory of Mineralogy and Metallogeny/Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, 2University of Chinese Academy of Sciences, Beijing, China

Diatomite consists of diatom silica frustules, which is believed to be the most abundant form of silica on earth. Approximately 2.4 × 1014
 
mol year-1 of 

biogenic silica from diatoms are produced in the global ocean. However, only very few (less than 3.0%) of these biogenic silica can transfer across the 
sediment-water interface, because of their high solubility (more than 1000.0 µmol L-1,	at	15	°C).	And	the	mechanism	of	how	this	part	of	biogenic	silica	
overcomes the dissolution to form the diatomite deposit is still unclear. Some researches based on cultured experiments of oceanic diatoms proposed 
Aluminum	(Al)	in	the	cultured	medium	was	incorporated	into	diatom	frustules	by	diatom	uptake	and	thus	decreased	the	solubility	of	diatom	biogenic	
silica.	Therefore,	structural	Al	benefits	the	biogenic	silica	through	water	column	into	the	sediment	layer	to	form	the	diatomite.	However,	the	proposal	
is	controversial,	due	to	that	no	evidence	of	Al	occurrence	in	diatomite	particles	is	provided.	The	difficulty	in	the	investigation	of	structural	Al	in	
diatomite is that the detection of Al occurrence is disturbed by other Al contained mineral impurities (such as clay minerals). In this study, focused ion 
beam-energy dispersive X-ray spectroscopy (FIB-EDS)–mapping analysis was used to evaluate the structural Al in the diatomite, whereby the external 
surface	layers	of	a	single	diatomite	particle	was	gradually	ablated	by	ion	sputtering	to	avoid	the	influence	of	other	Al	sourced	from	impurities.	The	
EDS-mapping	analysis	gives	a	direct	evidence	that	a	homogeneous	Al	distribution	accompanied	with	Si	in	the	framework	of	diatomite	particles,	which	
demonstrates the presence of structural Al in diatomite. The result strongly supports the hypothesis that Al occurrence in diatom frustules plays an 
important role in forming diatomite.

The	financial	supports	from	the	National	Natural	Scientific	Foundation	of	China	(Grant	No.	41202024	and	41772041),	Natural	Science	Foundation	for	
Distinguished Young Scientists of Guangdong Province (Grant No. 2016A030306034), Science and Technology Program of Guangzhou, China (Grant No. 
201510010138),	and	Youth	Top-notch	Talent	Special	Support	Program	of	Guangdong	(Grant	No.	609254605090)	are	gratefully	acknowledged.
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Fluids, melts, element mobility and isotope fractionation in subduction zones: 
Petrological and geochemical insights

Petrogenesis of basalts from Emeishan large igneous province constrained from chemical and Pb 
isotope compositions of olivine-hosted melt inclusions
Zhong-Yuan Ren1, Ya-Dong Wu1, Le Zhang1, Alexander R. L. Nichols2, Lu-Bing Hong1, Yin-Hui Zhang1, Yan Zhang1, Jian-Qiang Liu1, Yi-Gang Xu1

1State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, 511 Wushan, Guangzhou, China, 
2Geological Sciences, University of Canterbury, Christchurch 8140, New Zealand

Olivine-hosted melt inclusions from the Dali picrites, within the Emeishan Large Igneous Province (LIP), SW China, have been analysed for chemical 
compositions	and	Pb	isotopes.	These	are	the	first	Pb	isotope	data	measured	in-situ	in	melt	inclusions	from	the	Emeishan	LIP	and	allow	new	constraints	
to be placed on the source lithology of the Emeishan LIP. The Dali melt inclusions show greater chemical compositional variations than their host 
whole-rocks	which	restricted	to	intermediate-Ti	picrites,	spanning	the	low-,	intermediate-	and	high-Ti	compositions.	This	together	with	the	wide	ranges	
of TiO

2
, MgO, SiO

2
 contents and Ti/Y coupled with relatively constant Nb/La, Nb/U and Pb isotope ratios in the Dali melt inclusions suggest that the 

low-, intermediate- and high-Ti melts were derived from compositionally similar sources. The geochemical characteristics of melt inclusions, their 
host	olivines,	and	whole-rocks	from	across	the	Emeishan	LIP	indicate	that	Ca,	Al,	Mn,	Yb,	and	Lu	behave	compatibly,	and	Ti,	Rb,	Sr,	Zr,	and	Nb	behave	
incompatibly during partial melting, requiring a pyroxenite source for the Emeishin LIP. The wide range of Ti contents in the melt inclusions and whole-
rocks	of	the	Emeishan	basalts	reflects	different	degrees	of	partial	melting	in	the	pyroxenite	source	at	different	depths	in	the	melting	column	beneath	
the	magma	chamber(s).	The	Pb	isotope	compositions	of	the	melt	inclusions	and	the	OIB-like	trace	element	compositions	of	the	Emeishan	basalts	imply	
that	mixing	different	proportions	of	a	recycled	ancient	oceanic	crust	(EM1-like)	component	with	a	peridotite	component	from	the	lower	mantle	(FOZO-
like)	component	throughout	the	convective	cycle	in	the	mantle	produces	a	secondary	pyroxenite.	This	new	model	for	the	source	of	the	Emeishan	LIP	
explains the geochemical differences between the low-, intermediate- and high-Ti basalts for the Emeishan LIP and challenges the prevailing belief that 
the source of the Emeishan basalts is peridotite derived from either a mantle plume or sub-continental lithosphere.
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Petrological characteristics of the Miocene Miuchi granitoid pluton, SW Japan: an example of crust-
mantle interaction in mature arc
Munetaka	Magome1, Megumi Shiota1, Satoshi Saito2

1Department of Geology, Faculty of Science, Ehime University, 2Department of Earth Sciences, Graduate School of Science and Engineering, Ehime 
University, Matsuyama, Japan

The	Miocene	Miuchi	pluton	is	a	small	granitoid	body	(~10	km2)	exposed	in	the	southwestern	area	of	Shikoku	island,	SW	Japan.	The	pluton	intrudes	
discordantly	into	the	clastic	sedimentary	rocks	of	the	Cretaceous	Shimanto	accretionary	complex	and	has	developed	contact	metamorphic	aureole.	
Abundant	mafic	microgranular	enclaves	(MMEs)	and	metasedimentary	enclaves	are	observed	in	the	pluton.	Biotite	K-Ar	age	of	13.4	±	0.2	Ma	has	been	
reported	for	the	pluton	(Sumii,	2010).	Its	whole-rock	Sr-Nd	isotopes	previously	reported	show	compositions	intermediate	between	mantle-derived	
igneous	rocks	occurring	in	SW	Japan	(Miocene	Setouchi	volcanic	rocks)	and	Shimanto	sedimentary	rocks	suggesting	interaction	between	mantle-	and	
crust-	derived	components	for	its	genesis	(Shinjoe,	1997).	In	this	study,	we	present	new	petrographic	and	whole-rock	major	element	data	implying	
mantle-crust interaction in the Miuchi pluton.

The	Miuchi	pluton	consists	mainly	of	fine-	to	medium-grained	biotite	granite	with	equigranular	texture.	The	MMEs	shows	mineral	assemblage	of	
quartz + plagioclase + biotite + opaque minerals ± orthopyroxene. The MMEs containing orthopyroxene have developed biotite-rich reaction rims 
at the contact with host granites. Orthopyroxene grains are often surrounded by biotite. Intergrowth texture of quartz and biotite/plagioclase are 
locally observed in MMEs. Metasedimentary enclaves with hornfelsic to gneisoss textures are also common in the Miuchi pluton which locally contains 
aluminous minerals such as muscovite, andalusite and/or sillimanite in pelitic layers. The host granites and the MMEs have SiO

2
 compositions of 67–78 

wt%	and	61–64	wt%,	respectively,	and	show	continuous	chemical	trends	in	Harker	diagrams.	The	metasedimentary	enclaves	have	SiO
2
 compositions of 

63–76 wt% and shows comparable chemical trends to the Shimanto hornfelses (65–75 wt% SiO
2
) around the Miuchi pluton.

The	metasedimentary	enclaves	of	the	pluton	are	likely	originated	from	the	Shimanto	sedimentary	rocks	(i.e.	crustal	component)	trapped	in	the	Miuchi	
pluton	magma	during	emplacement.	On	the	other	hand,	the	MMEs	might	represent	differentiated	and	chemically	modified	mantle-derived	magma	
injected into the granitic magma chamber. The petrographic characteristics of the MMEs including (1) biotite-rich reaction rims at the contact with 
host granites, (2) orthopyroxene grains surrounded by biotite, and (3) intergrowth texture of quartz and biotite/plagioclase collectively implying 
interaction	of	mafic	magma	with	host	granitic	magma	through	‘hydration	crystallization	reaction’	(hydrous	granitic	melt	+	orthopyroxene	+	Fe-Ti	oxides	
± calcic plagioclase = biotite + quartz ± sodic plagioclase; cf., Beard et al., 2005). The continuous chemical trends between MMEs and host granites are 
consistent with this hydration crystallization reaction.

References 
[1] Beard et al. (2005) The Journal of Geology 113, 589-599.
[2] Sumii (2000) Japanese Magazine of Mineralogical and Petrological Sciences 29, 67-73.
[3] Shinjoe (1997) Chemical Geology 134, 237-255.
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Subduction-derived fluid/melt percolation in lithospheric mantle revealed by metasomatic 
orthopyroxene in peridotites from French Massif Central
Christiane Wagner1, Beate Orberger2

1ISTeP,	Sorbonne	Université,	CNRS,	Paris,	2GEOPS,CNRS,  Univ. Paris-Sud, Orsay, France

Secondary	orthopyroxene	(OPX2)	replacing	olivine	is	known	in	xenoliths	within	arc	lavas	(e.g.	[1-3]	and	references	therein),	and	in	some	ultramafic	
complexes	[4,	5].	It	is	interpreted	as	resulting	from	interactions	between	fluids	or	melts	released	by	the	subducting	slab	and	the	mantle	wedge.	The	
olivine	is	destabilised	according	to:	olivine	+	Si-rich	fluid/melt	à	OPX2	(±	minor	clinopyroxene)	+	less-siliceous	fluid/melt.	However,	metasomatic	
orthopyroxene has been rarely observed in continental context in xenoliths or ultrahigh-pressure complexes [6, 7]. This contribution reports for the 
first	time	the	presence	of	metasomatic	orthopyroxene	in	mantle	xenoliths	from	the	French	Massif	Central	(FMC).

The samples are fresh spinel lherzolites from the Mont Coupet volcano (Devès, FMC). OPX2 has three modes of occurrences: mode 1, in thin veins (< 
30µm) cross-cutting or rimming primary olivine; mode 2, at the contact between primary olivine and clinopyroxene; mode 3, in large (a few hundred 
µm)	reaction	pockets	that	contain	secondary	olivine,	clinopyroxene,	small	patches	of	glass	with	plagioclase	laths	and	numerous	vesicles.	Small	pores	
(< 2µm) line the contact between OPX2 and the other phases. OPX2 (modes 1, 2) contains rare rounded inclusions of Cl-apatite.

The composition of OPX2 is distinct from that of primary orthopyroxene and similar in the three modes of occurrences. The main difference is its lower 
content in Al

2
O

3
: 1.7-2.7 wt. % compared to 2.9-4.4 wt. % in primary orthopyroxene, depending on the sample. It also contains less Cr

2
O

3
 (<0.2 wt. %) and 

TiO2	(<0.1	wt.	%),	is	CaO	richer	(0.3-0.7	wt.	%)	and	has	similar	mg#	(90	-	91).	OPX2	in	modes	1	and	2	formed	at	similar	pressure	(1.6-1.7	GPa)	but	higher	
temperature	(1200	°C	/	980	°C)	than	primary	phases.	OPX2	in	mode	3	also	forms	in	the	mantle	but	at	a	lower	depth	(1085	°C	and	1.4	GPa).

The	presence	of	pores	and	inclusions	of	Cl-apatite	are	interpreted	as	the	signature	of	Si-rich	and	Cl-bearing	metasomatic	fluids	in	the	formation	of	
OPX2	in	modes	1	and	2.	In	the	vesicles-bearing	pockets	(OPX2,	mode	3)	the	metasomatic	agent	must	contain	other	elements	in	addition	to	silica,	and	is	
likely	to	be	a	volatile-rich	hydrous	Si-melt.	The	low	Al	of	OPX2	content	is	similar	to	that	of	subduction-related	metasomatic	orthopyroxene	(references	
above),	as	well	as	experimentally-formed	orthopyroxene	after	olivine	[8].	Thus,	we	suggest	that	the	metasomatizing	fluids	and	melts	involved	at	Mont	
Coupet are similar to slab-derived components. The metasomatic event occurred in the mantle, as indicated by the P and T condition, and may be in 
relation with the Variscan subduction. A subduction-related metasomatism in the lithospheric mantle beneath the FMC has been recently envisaged by 
different authors [9, 10].

References 
[1] Arai & Ishimaru, 2008 J Petrol 49, 665-695; 
[2] Bénard	&	Ionov,	2013	J	Petrol	54,	2339-2378;	
[3] Ichiyama et al 2017 Am Mineral 102, 341-346; 
[4] Morishita et al, 2003 J Petrol 44, 1237-1246;
[5] Endo, 2015 J Petrol 56, 1113-1137; 
[6] Malaspina et al, 2006 EPSL 249, 173-187; 
[7] Facer et al, 2009 J Petrol 50, 1443-1475; 
[8] Grant et al, 2016 Am Mineral 101, 808-818;
[9] Gu et al, 2016 Lithos 264, 158-174; 
[10] Uenver-Thiele et al, 2017 J Petrol 58, 395-422.
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Age dating of fault reactivation in Yangsan fault and Ulsan fault using Illite Age Analysis(IAA)
Sim Ho1, Song Yungoo1,	Khulganakhuu	Chuluunbaatar1

1Department of Earth System Sciences, Yonsei University, Seoul, Korea, Republic Of

Here we present the timings of reactivated events from a fault in the southeastern part of Korea Peninsula. Sampling was progressed various outcrops 
of	the	Yangsan	fault	and	Ulsan	fault,	which	are	large-scale	fault	zones	located	in	areas	where	5.4	and	5.8	earthquakes	occurred	recently.	Illite-Age-
Analysis	(IAA)	was	used	for	determining	the	fault-activated	timing,	combined	with	illite-polytype	quantification	using	the	full-pattern-fitting	(FPF)	
method, and K-Ar age-dating for each size fraction(<0.1 µm, 0.1–0.4 µm, and 0.4–1.0 µm) of fault gouge samples. Several chronological records of brittle 
fault-activation events were recognized above 17~19 Ma, 20~22 Ma, 26~28 Ma, 41~43 Ma from PR, OC, BK, SC samples, respectively. The ages are much 
younger of fault clays from Sangcheon-ri area (SC sample, which ranged 41.5~43.5 Ma), the southern part of Yangsan fault line, and are close to the 
timing of East Sea-opening event.

References 
[1] Sim,	Song,	Son,	Park,	Choi	and	Khulganakhuu	(2017)	Reactivated	Timings	of	Yangsan	fault	in	the	northern	Pohang	area,	Korea,	Economic	and	Environmental	Geology,	v.50,	p.97-104.
[2] Song,	Park,	Sim,	Choi,	Son,	Khulganakhuu	(2016)	Reactivated	Timings	of	Yangsan	fault	in	the	Sangcheon-ri	area,	Korea,	Economic	and	Environmental	Geology,	v.49,	p.97-104.

404

Contents page



POSTER PRESENTATIONS   

Functional silicates and aluminosilicates: clays, zeolites and other minerals

Novel Al2O3-MnO2@diatomite nanohybrid for efficient phosphate removal
Yaran Song1, 2, Peng Yuan1, 2, Dong Liu1, 2, Liangliang Deng1, 2, Qian Tian1, 2, Jieyu Zhou1, 2, Peixin Du1, 2

1CAS Key Laboratory of Mineralogy and Metallogeny/Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, 2University of Chinese Academy of Sciences, Beijing, China

Phosphorus-contained	nutrients	discharge	into	the	slow-flow	water	may	cause	alga	booms	and	eutrophication.	Therefore,	how	to	remove	phosphorus-
contained	contaminant	is	becoming	an	urgent	environmental	problem.	Due	to	the	high	flexibility,	adsorption	technology	is	believed	to	be	the	most	
applicable	method.	Alumina	has	been	known	as	the	most	commonly	used	adsorbent.	However,	the	coaggregation	of	alumina	nanoparticles	reduces	
their adsorption capacity. Diatomaceous earth is a natural mineral resource which is widely used as a support to improve the dispersibility of 
nanoparticles.	However,	loading	of	alumina	nanoparticles	on	the	surface	of	diatomite	is	difficult.In	this	work,	a	novel	aluminum/manganese	(Al-Mn)	
bimetal	oxides	modified	diatomite	nanohybrid	(Dt-Al-Mn)	with	a	unique	nano-grid	structure	was	prepared	via	an	in-situ	loading	method.	The	X-ray	
diffraction, scanning electron microscopy, transmission electron microscopy, and nitrogen adsorption-desorption isotherm analysis were used to 
characterize the Dt-Al-Mn composites. And the phosphate adsorption capacity and mechanism were also investigated by the zeta potential, fourier 
transform	infrared	spectra	and	X-ray	photoelectron	spectroscopy.	The	results	indicate	that	the	amorphous	bimetal	oxides	granular	film	was	uniformly	
loaded on the surface of diatomite, and the macroporous structure of diatomite was still well preserved. Bimetal oxides loading resulted in appearance 
of	numerous	micropores	and	mesopores.	The	phosphate	adsorption	isotherm	of	Dt-Al-Mn	was	fitted	well	with	the	Langmuir	model	and	the	maximum	
adsorption capacity was up to 67.9 mg P/g. The phosphate adsorption mechanism of Dt-Al-Mn is proposed that physical and chemical adsorption 
process occurred simultaneously, including the electrostatic attraction and ligand exchange between the metal hydroxyl groups and phosphate anions. 
The simple preparation process and the higher adsorption capacity demonstrates Dt-Al-Mn to be a promising adsorption material for the removal of 
phosphate in water.

The	financial	supports	from	the	Natural	Science	Foundation	for	Distinguished	Young	Scientists	of	Guangdong	Province	(Grant	No.2016A030306034),	
Natural Science Foundation of Guangdong Provincial (Grant No.S2013030014241), Science and Technology Program of Guangzhou, China (Grant No. 
201510010138), Science and Technology Project of Guangdong Province (Grant No.2017B020237003), Youth Top-notch Talent Special Support Program of 
Guangdong (Grant No.609254605090), and the Chinese Academy of Sciences (CAS) President’s International Fellowship Initiative for Visiting Scientists 
(Grant No.2017VEA0009). 
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From Talc To Enstatite: Archaeometric Investigations On An Ancient Egyptian Bead
Oliver Baehre1, Tom Muenster1, Gert Kloess1, Dietrich Raue2, Alexandra Franz3

1Institute for Mineralogy, Crystallography and Materials Science, 2Egyptological Institute, Leipzig University, Leipzig, 3Department for Structure and 
Dynamics of Energy Materials, Helmholtz-Zentrum Berlin fuer Materialien und Energie, Berlin, Germany

Archaeological	excavations	in	the	Orient	showed	that	beads	were	very	common	pieces	of	jewellery.	Beside	potsherds,	they	form	the	bulk	of	
archaeological material. Beads were found in different shapes and were made of several different materials depending on the respective fashion, 
religious beliefs, resources and techniques [1]. One of these raw materials is burned talc which is a common material for cultural heritage decorative 
objects in several cultural areas.

The	German	Egyptologist	Georg	Steindorff	brought	single	beads	of	a	necklace	discovered	in	the	hoard	of	grave	N318	back	from	his	excursion	to	Aniba	
(Lower Nubia) in 1914. The tomb is dated to the 18th to 17th century BC. Following their arrival in Germany the beads were threaded and stored in the 
Egyptian	Museum	of	the	Leipzig	University.	The	necklace	(inv.-no.:4471)	includes	of	174	beads	of	different	colour:	116	red,	53	dark	green,	three	blue,	one	
light green and one whitish bead. Information stored in the museum’s database describe the materials as carnelian (red), lapis lazuli (blue), Egyptian 
fayence	aka	sintered-quartz	ceramic	(green)	and	ivory	(white).		First	analyses	showed	that	the	ivory	labelled	bead	is	made	of	enstatite	(Mg

2
Si

2
O

6
). It is 

well	known	that	decorative	objects	with	the	label	“enstatite”	were	manufactured	from	talc	and	therefore	called	“burned	talc”,	“(glazed)	steatite”	or	
“synthetic enstatite”. This is due to the fact that the natural mineral talc (Mg

3
Si

4
O

10
(OH)

2
) is transformed into enstatite and SiO

2
 while being heated. [2, 

3]. For	manufacturing	enstatite	jewellery	beads	out	of	talc	two	different	processes	are	described:	the	first	is	grinding	of	talc	and	mixing	the	powder	
with	a	flux	melting	agent	before	shaping	and	firing	of	the	paste;	the	second	uses	non-ground	bulky	talc,	which	is	first	carved	and	fired	afterwards	[4].

To deduce the manufacturing process and get a deeper insight into the technology used in ancient times, heating experiments on single phase talc 
and	different	Egyptian	talc	samples	were	performed.	The	formation	of	distinct	phases	depending	on	the	firing	temperature	during	the	manufacture	of	
archaeological objects is an important source of information.

In this regard, we examined the required phase transformation temperatures. The change in colour and mineralogical phases due to heating informs on 
the	quality	of	talc	for	white	enstatite	bead	production	and	thus,	gives	information	of	the	original	talc	deposit.	X-ray	fluorescence	measurements	were	
performed to give qualitative evidence of heavy metals.

By using non-destructive X-ray diffraction and an in-depth evaluation of XRD patterns we show that an analytical differentiation of synthetic and 
natural enstatite is possible. We further discuss texture effects which give evidence for the production process [5].

References 
[1] Xia, N. (2014): Ancient Egyptian Beads, Springer, Berlin Heidelberg
[2] Aglietti, E. F., Appl. Clay Sci., 9 (2), 139–147 (1994)
[3] Balek,	V.	et	al.	J.	Min.	Metall.,	B	Metall.,	44	(1),	7-17	(2008)
[4] Bar-Yosef Mayer, et al. J. Archaeol. Sci., 31 (4), 493-502 (2004)
[5] Baehre et al., Eur. J. Mineral. submitted, (2018)
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Roman pottery from Napoca (Cluj-Napoca, Romania) - composition, technology and provenance
Ágnes Gál1, Corina Ionescu1, 2, Mátyás Bajusz3, Vlad A. Codrea1, Lucian Barbu-Tudoran4, 5, Viorica Simon6, 7, Marieta Mureșan-Pop7,	Alexandru	Szakács8

1Geology, BABEȘ-BOLYAI UNIVERSITY, Cluj-Napoca, Romania, 2Archeotechnologies & Archeological Material Sciences Laboratory, Institute of International 
Relations, History and Oriental Studies, Kazan (Volga Region) Federal University, Tatarstan, Russian Federation, 3National Museum of History of 
Transylvania, 4Biology, BABEȘ-BOLYAI UNIVERSITY, 5National Institute for Research and Development of Isotopic and Molecular Technologies – INCDTIM 
, 6Physics, 7Interdisciplinary Research Institute on Bio-Nano Sciences, BABEȘ-BOLYAI UNIVERSITY, Cluj-Napoca, 8Institute of Geodynamics, Romanian 
Academy, Bucharest, Romania

Remnants of a villa urbana from Napoca (Roman Dacia) were exhumed few years ago in the very centre of the present day city of Cluj-Napoca 
(Romania). The villa is located a few hundreds of meters south of the Cetațuia Hill and the Someș River. In a stratigraphic level dated at II c. A.D., 
various pottery sherds, including imitations of terra sigillata, were found. The ceramics is important due to the scarcity of archaeological data in this 
area, totally covered by later medieval and modern constructions. The pottery sherds were investigated by polarized light optical microscopy, X-Ray 
diffraction, Fourier-Transform infrared spectroscopy and scanning electron microscopy in order to obtain information on composition, technology and 
raw materials.

Two main groups of sherds were separated. The sherds assigned to group A consist of clasts of quartz, feldspars, muscovite, biotite and rare chloritized 
biotite in a highly birefringent matrix. Slightly decomposed carbonate aggregates are common. Lithoclasts consist of carbonatic sandstone, mudstone, 
chert, limestone, quartzite and micaschist fragments. Well preserved tests of Lower Badenian foraminifera were found. The matrix of the sherds 
assigned to group B shows a low birefringence. The clasts have the same mineralogical, petrographic and micropaloentological composition as the 
group A of sherds. The chemistry of the matrix indicates an Fe- and Ca-rich illite for all sherds.

The	group	A	of	sherds	does	not	show	significant	thermal	changes	except	of	a	sintered	clayey	matrix.	The	sherds	of	group	B	contain	firing	phases	such	
as	feldspar,	hematite,	clinopyroxene,	maghemite,	melilite/gehlenite	and	glass.	The	mineralogy,	the	modified	clay	minerals/muscovite	diffraction	lines	
and	the	FTIR	spectra	indicate	a	firing	temperature	of	~850°C	for	sherds	of	group	A,	and	~900°C	for	the	sherds	of	group	B.

The geology of the Cluj-Napoca area comprises Eocene, Oligocene and Miocene (Badenian) sediments, as well as Quaternary alluvial deposits. 
The	Lower	Badenian	rocks	consist	of	volcanic	tuffs	and	clays/marls	with	globigerinae,	and	crop	out	at	Cetațuia Hill. The petrographic and 
micropaleontological	features	of	the	sherds	suggest	common	sources	of	raw	materials	for	the	Roman	pottery.	Most	likely	the	ceramics	were	produced	
locally, from Lower Badenian clays/marls, cropping out N and NW of the ancient city.
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Paint traces on medieval stone ornaments, evidence for commerce trails and decoration techniques
Simona Scrivano1, Laura Gaggero1, Elisa Volpe1

1Department of Earth, Environment and Life Sciences, University of Genoa, Genova, Italy

Marble pieces deriving from architectonic decorations of the medieval church of S. Francesco of Castelletto in Genoa now demolished, were thoroughly 
studied	to	acquire	a	better	knowledge	of	the	lost	monument.	Along	with	a	thorough	stylistic	and	bibliographic	study,	surface	analysis	was	carried	out	
with a portable microscope. The surface analysis allowed the recognition of painted layers on some of the analysed materials. In particular greens, 
blues,	red,	pink,	white,	and	yellow	relics	of	paint	were	detected	on	several	pieces	pertaining	to	the	medieval	decorative	phase	of	the	monument.	Micro	
samples (1-3 mm2) were collected by scalpel and analysed by means of Scanning Electron Microscope coupled with Energy Dispersive Spectroscopy 
microprobe	(SEM–EDS).	The	identified	palette	encompasses:	green	earths,	ochre,	azurite	and	probably	litharge.	The	characterization	of	the	employed	
pigments and their impurities was the basis for the study of material provision sites and art material commercial routes during XIV century. In fact for 
example,	while	the	raw	materials	to	produce	lime	have	markers	compatible	with	local	sources;	the	analysis	of	the	azurite	mineralogical	assemblages	
for	the	search	of	the	probable	extraction	site	allowed	excluding	the	well-known	Chessy	copper	mine	near	Lyon,	pointing	to	Hungarian	or	Sardinian	ores.

The research produced new insights on the history of the monument, and more in general on the artisans of the medieval time. The data obtained 
will be used to proper and valuable projects of valorisation and conservation, for example by reconstructing both the 3D aspect of the architectonic 
decoration and its visual aspect. 

Image caption:

a) Architectural fragment with blue decoration. b) Microphotograph of the blue layer. The pigment particles are of various sizes and apparently have 
irregular edges, derived from grinding. c) SEM microphotograph of the sample collected in the blue area. The EDS analysis allowed the characterization 
of	the	blue	pigment,	azurite,	and	the	identification	of	accessory	minerals	(mixite,	barite)
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Byzantine pottery from Oltina, Dobrudja, Romania – preliminary mineralogical study
Cristina TALMATCHI1, Delia-Georgeta DUMITRAS2, Constantin HAITA3, Roxana - Nicoleta BUGOI4, Stefan  MARINCEA2, Adrian George DUMITRU5
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Bucharest, 4Horia Hulubei National Institute for Nuclear Phisics and Engineering , Magurele, 5Geological Institute of Romania, Bucharest, Romania

The	Early	Medieval	settlement	from	Oltina	-	“Capul	Dealului”	was	developed	on	the	right	bank	of	the	Danube	during	the	8th to 11th centuries. It was part 
of a system which extents from Dobrudja to the north-east Bulgaria. Active before the return of the Byzantines in the Lower Danube area, it gravitates 
around	the	city	of	Silistra,	the	major	economic	and	military	center	in	the	area.	After	971	A.D.,	the	return	of	Byzantine	administration	strongly	influenced	
the region and commerce becomes an important component in its economic activity. The discovery of over 200 coins, amphora, pottery with “golden” 
engobe, glass objects, etc., indicates major changes in the community, especially during the 11th century A.D. The downfall of the settlement and the end 
of its habitation was induced by the invasions of Peceneges and Uzi, at the end of the 11th century A.D.

Selected	samples	of	pottery	with	engobe	were	studied	in	order	to	establish	the	nature	of	the	clay	material	used	as	basis,	the	firing	temperature,	and	
to identify the type of tempering material. The optical microscopy study shows that the dominant clasts consist of alpha quartz and feldspars. Very 
few	ceramic	clasts	were	identified.	The	X-ray	powder	diffraction	study	and	the	energy	dispersive	spectrometry	profiles	show	that	the	mineralogy	
is dominated by the presence of low quartz, feldspars and muscovite. In the samples of loess and daub, the calcite is also present. Accessory, high-
temperature minerals are minor (up to 10 wt.%) and are represented by Al-Si spinel, scarce gehlenite, wollastonite and hematite. Iron oxy-hydroxides 
probably resulted from the burial weathering.

The FT-IR spectra show as main vibrations: (1) a very broad hump at 3100 - 3500 cm-1, assumable to the molecular water stretching motion and 
indicating the burial hydration; (2) a doublet of bands at ~1095 and 1025 cm-1, assigned to Si-O stretching motions in muscovite (sericite), and a band at 
~ 915 cm-1, believed to arise from an Al-OH-Al bend of the same mineral; (3) a band at ~ 1320 cm-1 and 876 cm-1 assigned a fundamental vibrations of the 
antisymmetric stretching of the carbonate group, respectively the out-of-plane bending of carbonate.

Bands assignable to quartz occur at ~ 1180 cm-1 (O-Si-O stretchings in quartz), ~ 800 cm-1 (Si-O-Si stretching in quartz), ~ 640 and 713 cm-1 (Si-O-Si in 
mica), ~ 520 cm-1 (O-Si-O stretching in feldspar) and ~ 460 cm-1 (Si-O-Si bending in quartz).

The	particle-induced	X-ray	emission	analyses	led	to	the	identification	of	two	main	categories	of 
pottery.

Based	on	the	mineralogy,	we	estimate	that	most	of	the	raw	material	used	for	the	Byzantine	ceramics	at	Oltina	was	a	kaolinite	-	illite	silty	clay,	with	
minor	carbonate	and	low	iron	content,	probably	originating	from	one	of	the	nearest	deposits	in	the	area.	Neither	mullite,	nor	glass	was	identified,	
proving	that	the	firing	temperature	did	not	exceed	1000°C.	The	nature	of	clasts	indicates	that	crushed	rock	(probably	a	local	alluvial	sand)	and	no	grog	
was used as tempering material.
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Gold mineralization in Ediacaran black shales from the Bohemian Massif (Czech Republic)
Jan Pašava1,	František	Veselovský1, Ondřej Pour1, Tomáš Magna1, Petr Dobeš1,	Lukáš	Ackerman2,	Martin	Svojtka2, Jiří	Žák3, Jaroslava Hajná3

1Czech Geological Survey, 2Institute of Geology of the Czech Academy of Sciences, 3Institute of Geology and Paleontology, Faculty of Science, Charles 
University, Prague, Czech Republic

The	Ediacaran	black	shales	hosting	Au	mineralization	at	Žloukovice	section	crop	out	in	the	lithologically	monotonous	Zbiroh–Šárka	belt	(dominated	
by	meta-graywackes,	meta-siltstones,	slates	and	cherts	without	any	volcanic	rocks)	of	the	Blovice	complex,	a	Cadomian	accretionary	wedge	exposed	
in	the	central	Bohemian	Massif.	The	maximum	depositional	age	of	the	greywackes–shales	was	determined	at	571	±	3	Ma	(U–Pb	dating	on	zircon)	and	
the mineral assemblages suggest their subsequent low-grade, up to lower greenschist facies metamorphic overprint. The analyses of major and trace 
elements	in	18	samples	revealed	presence	of	two	types	of	shales.	Normal	black	shales	are,	compared	to	Au-enriched	facies,	characterized	by	lower	
average values of SiO

2
 (63 wt.%), Fe

2
O

3
 (1.73 wt.%), S (0.06 wt.%), TOC (0.2 wt%), As (16 ppm), Sb (6 ppm), V (126 ppm) and low average  SiO

2
/Al

2
O

3
 (3.9) 

and K
2
O/Na

2
O (1). They, however, contain higher average values of Co (17 ppm), Ni (58 ppm), Cu (48 ppm), Zn (87 ppm) and ΣREE (146 ppm). Geochemical 

characteristics and Li isotopic compositions indicate that these facies contain chemically immature crustal material originated in an active continental 
margin/continental	island	arc.	Conversely,	Au-enriched	facies	are	strongly	silicified	and	typical	for		significantly	higher	average	values	of		SiO

2
 (74 

wt.%), S (0.31 wt.%), Fe
2
O

3
 (2.13 wt.%), TOC (0.6 wt.%),  As (61 ppm), Sb (60 ppm), V (202 ppm) but lower average Co (3 ppm), Ni (21 ppm) , Cu (20 ppm) Zn 

(27 ppm) and ΣREE (107 ppm). The most Au-rich sample (50 ppb) has the highest SiO
2 
(88.3 wt.%), TOC (3.3 wt.%), Cr (201 ppm), V (731 ppm), Mo (14 ppm), 

U (23 ppm) SiO
2
/Al

2
O

3
 (24.7), K

2
O/Na

2
O (27.3), V/Cr (3.6), V/Sc (65), and Zr/Hf (58) values. 

Geochemical	signatures	indicate	their	origin	at	a	passive	margin,	in	a	basin	developed	on	continental	crust.	Three	types	of	quartz	were	identified	in	
our	Au-enriched	samples:	(1)	massive	white/grayish	quartz	(T=124–178°C)	crosscutted	by	numerous	quartz–carbonate	veinlets,	(2)	irregular	stripes	
of	fine-grained	yellowish/brownish	quartz	(with	numerous	solid	inclusions	of	most	likely	sulfides	and	organic	matter	but	without	any	measurable	
fluid	inclusions),	bearing	sulfide	mineralization	and	locally	carbonate,	and	(3)	coarse-grained	quartz	crystals	often	filling	vogues	(numerous	variable	
inclusions	indicating	T=	54–84°C	and	142–178°C	and	also	clusters	of	monophase	inclusions,	originated	likely	at	about	50°C)	with	salinity	of	fluids	below	
5 wt.% NaCl

eq
.	Besides	native	gold	in	fine-grained	quartz	stripes,	Au-enriched	shales	also	contain	abundant	coarse-grained	pyrite	aggregates,	pyritized	

marcasite	and	rare	arsenopyrite.	This	ore	mineral	assemblage	is	hosted	in	strongly	silicified	parts,	containing	grains	of	carbonate.	Pyrite	is	locally	
zonal with rims containing up to 5 wt.% As and cores with low As (<0.5 wt.%). It can also contain inclusions of galena and chalcopyrite. Barite, monazite 
and	phosphates	of	REE	were	also	identified	in	rock	matrix.	We	suggest	that	epigenetic	Au	mineralization	originated	from	low-salinity	and	lower-
temperature	fluids	related	to	crustal	extension	during	the	Cambro–Ordovician.

References 
[1] This study is a contribution to the GAČR project 17-15700S.
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Recovering Gold From Waste: A Strategy For Sustainability
Jeremiah Shuster1, Pierre-Alain Wulser2,	Frank	Reith3

1School of Biological Sciences, The University of Adelaide, Adelaide, Australia, 2Australp SARL, Cham, Switzerland, 3School Biological Sciences, The 
University of Adelaide, Adelaide, Australia

Gold was historically valued for its aesthetic and stored-investment. Global demands for gold in the present day, however, are rising due to its use 
in nanotechnology and biomedical applications. In Australia, this precious metal was third largest export valued at 18.9 billion AUD in 2016. From a 
resource	perspective,	new	discoveries	of	high-grade	gold	ore	bodies	are	becoming	more	difficult	and	current	gold	mining	operations	have	already	
been calculated to reach their expected completion. These factors have the potential to reduce Australia’s capacity to supply gold in the near future 
especially since our current economy is predominantly based on a linear production system (i.e., raw material extraction, production, consumption, 
disposal): an unsustainable model. Therefore, new strategies are needed to ensure long-term resource security. An untapped resource is waste 
materials including e-waste, mine tailings or sewage sludge. E-waste: Approximately 45 million metric tonnes of e-waste is produced annually but 
only	20%	of	which	is	recycled.	For	example,	ca.34	kg	of	gold	could	be	recovered	from	roughly	1	million	mobile	phones.	To	obtain	this	amount	of	
gold, an equivalent of 120 tonnes of ore need to be mined and processed. Most e-waste is sent to third-world countries where unsafe disposal and 
precious metal recovery methods has negative impacts on human health and the environment. Mine tailings: There are roughly 50,000 recorded 
abandoned	mines	in	Australia.	Historic	mining	(i.e.,	1800s	to	early	1900s)	practices	were	inefficient,	resulting	in	mine	tailings	containing	varying	
amounts of residual precious metals that could be extracted. Sewage sludge: Sewage has been found to contain measurable gold but how it occurs is 
not fully understood. With increased use of gold nanoparticles in medical and pharmaceutical applications, such as drug delivery, gold will eventually 
be dispersed into the environment. This phenomenon has been observed with silver nanoparticles from commercial products. “Urban mining” is 
the	process	of	reclaiming	valued	metals	thereby	making	waste	materials	into	a	potential	asset.	Currently,	physical	and	chemical	gold	reclamation	
efforts	have	been	shown	to	be	either	inefficient	or	pose	environmental	threats.	Biotechnology	uses	microbes	to	recycle	gold	from	waste	materials.	
This	opportunity	offers	an	economically	and	environmentally	sustainable	alternative	since	microbes	requires	little	energy	input	unlike	conventional	
processing	especially	for	low-grade	gold	ore.	However,	fundamental	research	is	required	to	refine	and	perfect	biotechnology	before	industrial-level	
applications	can	be	established	and	used	more	readily.	Since	gold	is	a	finite	natural	resource,	that	is	being	consumed	at	a	steady	rate,	now	is	the	time	
to develop a more cyclical production system (i.e., consumption, recycle, repurpose) to ensure a sustainable gold industry for the future.
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Ore-microscopy and Geochemistry of Gold-Silver Telluride Mineralization in Southwestern Hokkaido, 
Japan
Euis Tintin Yuningsih1, Hiroharu Matsueda2, Ildrem Syafrie1

1Faculty of Geology, University of Padjadjaran, Bandung, Indonesia, 2Hokkaido	University,	Sapporo,	Japan

Hokkaido	is	the	northernmost	of	Japan’s	four	main	islands	and	bounded	by	the	Pacific	Ocean	to	the	south	and	east,	the	Sea	of	Japan	to	the	west,	and	
the	Sea	of	Okhotsk	to	the	north.	The	Neogene	metalliferous	resources	of	Hokkaido	are	gold	and	silver	vein-type	ore,	copper,	lead	and	zinc	ore	in	the	
form	of	vein-type	or	Kuroko-ore.

The	southwestern	district	of	Hokkaido	has	produced	a	valuable	amount	of	gold,	silver,	lead	and	zinc	metals.	The	production	has	occupied	an	important	
portion of the mineral resources of Japan. These resources are related to the occurrence of many epithermal ore deposits of the Neogene period in 
this	area,	such	as	Teine	mine,	Sapporo;	Toyoha	mine,	Sapporo;	Todoroki	mine,	Yoichi;	Chitose	mine,	Chitose;	and	Koryu	mine,	Ishikari	etc.

Tellurium-bearing	gold,	silver	and	base	metal	assemblages	characterize	the	epithermal	mineralization	in	southwestern	Hokkaido,	Japan.	The	telluride	
deposits	in	this	district	consist	of	quartz-filled	fracture	systems	of	Late	Miocene	to	Pliocene	age.	Most	of	the	telluride	mineralization	in	southwestern	
Hokkaido	consists	of	vein	systems	or	are	massive	in	form.	The	dominant	host	rocks	for	this	deposit	type	are	intermediate	to	acid	volcanic	rocks.	The	
gangue	and	alteration	minerals	are	very	fine	to	fine-grained	quartz,	chalcedony,	anatase,	zeolite,	sericite,	barite,	adularia,	chlorite,	smectite	or	other	
clay	mineral,	while	carbonate	(calcite	and	rhodocrosite)	and	Mn	minerals	are	poorly	represented	and	rarely	coexist	with	tellurides.	The	country	rocks	
suffered	argillic	and	propylitic	alterations,	silicification	and	kaolinitization.	Tellurium-bearing	mineralization	is	related	to	or	co-exists	with	sulfide	and	
sulfosalt mineralization.

The present study characterizes the mineralogy, compositional variations and clarify the formation condition of the telluride mineralization occurring 
in	Au-Ag	deposits	of	southwestern	Hokkaido.	Geological	features,	ore	mineral	characteristics	and	fluid	inclusion	microthermometry	are	synthesized	in	
the present study to understand their mutual relationships and to constrain the thermochemical conditions of ore formation.

The	tellurides	identified	in	the	studied	area	consist	of	native	tellurium,	hessite,	stutzite,	petzite,	sylvanite,	calaverite,	tellurobismuthite,	kawazulite,	
tetradymite,	tellurantimony,	goldfieldite,	altaite,	coloradoite,	tellurite,	teineite	and	poughite.	The	first	crystallized	telluride	minerals	such	as	native	
tellurium, stutzite, petzite, sylvanite and hessite are followed by calaverite, coloradoite, tellurobismutite, tellurantimony and altaite, indicating a decline 
in	tellurium	activity	during	telluride	deposition	with	time.	Microthermometry	of	fluid	inclusions	in	quartz	and	barite	indicate	that	the	mineralization	
formed	at	moderate	temperatures,	ranging	from	250–200ºC	with	low	average	salinity	(1.9–5.7	wt.%	NaClequiv.).	The	shift	in	mineralogy	reflects	
decreases in temperature and fugacity of sulfur, with a concomitant increase in fugacity of tellurium. Further decrease in fugacity of tellurium (coupled 
with decreasing fugacity of sulfur) resulted in deposition of Au-Ag-Te and other tellurides.

References 
[1] Wauschkuhn,	A.,	Schwartz,	W.,	Amstutz,	G.C.,	Yagi,	K.	(1977)	Fumarolic	hot	lakes	on	Hokkaido:	geochemical,	mineralogical	and	biochemical	investigations	of	their	significance	for	the	

formation	of	massive	sulfide-deposits.	Neues	Jahrb.	Mineral.	Abh.,	129,	171-200.
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Gold Composition And Morphogenesis Of Au-Ag Epithermal Deposit In Indonesia 
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Economic gold-silver mineralization in Indonesia is dominantly controlled by the occurrence of the epithermal gold-silver deposits. This mineralization 
related with Late Miocene and Pliocene Magmatic Arc of Sunda-Banda, Sulawesi-East Mindanao, and Halmahera Arcs. Some, are related with Paleogene 
and Mid Tertiary of Central Kalimantan Arc.

Low	sulfidation	epithermal	deposits	mostly	are	located	at	the	western	Sunda-Banda	arcs	formed	preferentially	in	the	lower	part	of	the	volcanic	pile	and	
sometimes	at	the	basement	surface.	High	sulfidation	gold-silver-copper	deposits	formed	in	both	island	arc	and	continental	settings	where	intrusive	
stocks	ascended	to	shallow	depths	near	the	base	of	a	coeval	volcanic	sequence	(Carlile	and	Mitchell,	1994).	Sunda-Banda	Magmatic	Arc,	historically	
were produced valuable amount of gold and silver from epithermal-type deposits.

The epithermal gold-silver deposit in present study dominantly is a part of the Sunda-Banda magmatic and Halmahera Arcs. The mineralized body 
is	hosted	by	andesitic	–	dacitic	volcanic	rocks	of	the	Oligocene-Middle	Miocene	Formations.	The	volcanic	host	rock	mainly	suffered	by	silicification,	
propylitic,	argillic	and	advance	argillic	alterations	and	characterized	by	the	occurrences	of	quartz,	adularia,	chlorite,	illite,	kaolinite,	alunite,	and	in	
some place by carbonate.

Electrum and native gold is important economic component of the complex ores of the epithermal gold-silver mineralization in Indonesia. Gold is 
paragenetically associated with most of the base metal sulphide and rare telluride-bearing minerals. The gold is in close association with silver 
minerals such as argentite, acanthite and aguilarite. The associated base metal mineral such sfalerite, pirit, chalcopyrite, galena, pyrrhotite, marcasite, 
is	in	various	amount	in	every	deposit.	The	high	sulfidation	type	of	mineralization	is	usually	characterized	by	the	occurrence	of	enargite,	tetrahedrite-
tenantite and luzonite-famathinite.

The measured gold content in electrum are various such as Way Linggo is in the range of 45.91-56.38 Au, with 37.34-46.94 Ag; Cibaliung is 55.89-65.34 
Au and 33.03-39.02 Ag; Gosowong is 63.57-67.99 Au and 30.16-32.19 Ag; Obi is 76.09-90.29 Au and 10.15-21.97 Ag (native Au composed of 98.50-99.42 Au and 
1.10-1.65 Ag); Arinem is 59.80-85.80 Au; Cineam is 80.70-85.78 Au and 13.25-16.06 Ag; and Cigaru is 79.32-79,66 Au and 16.16-17.07 Ag.

The	electrum	and	native	gold	has	very	fine	to	coarse-grained	sizes	and	sometimes	visible	in	hand	specimen.	Gold	grains	show	variable	morphology	
such	as	euhedral	to	anhedral,	irregular	to	rounded		grains	or	flakes,	elongated,	fine-fibrous	crystals,	polycrystalline	grains,	as	isolated	grains	or	
inclusion	in	sulphides	minerals.	Some	of	gold	grain	is	enclosed	within	spongy	gold	and	fine	dendrite-like	formations.	The	more	argentian	gold	
(electrum)	has	pale	yellow	color,	while	the	darker,	more	yellow	color	is	gold-enriched.	In	Obi	deposit,	the	gold-enriched	is	filled	the	veinlet	of	more	
argentian gold which sometimes occurs as replacement of oxide minerals.
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In Situ Ferrite Investigations in Large Volume Presses at High Pressure and High Temperature
Christian Lathe1, Michael Wehber1, Joern Lauterjung1

1Geological Storage, GFZ German Research Centre for Geosciences, Potsdam, Germany

Ferrites (AFe
2
O

4
) are compounds that stabilize in the cubic spinel structure at ambient conditions. Considerable interest has been attracted in current 

studies due to  the  large  diversity  and  the  practical  usefulness  of  their physical  and  chemical  properties,  including  humidity-sensing,  oxygen-
sensing,  photoelectrical  and  super-para magnetic  as  well  as  high  temperature  ceramic  properties [1, 2].

The temperature and pressure dependent volume change were Spinels seem to be important constituents of the deep interior of the Earth while 
transition	with	spinel	or	pseudospinel	structure	strongly	influence	the	dynamic	of	the	mantle.	On	the	other	hand,	Spinels	are	widely	used	as	artificial	
material 

[3].

The Large Volume Presses were located at the Hamburger Synchrotron Laboratory (HASYLAB) at the DORIS III storage ring. The experiments were 
carried out using the high pressure multi anvil devices MAX80 (F2.1 beamline) and MAX200x (W2 beamline).

The	F2.1	beamline	was	a	bending	magnet	beamline	with	a	critical	energy	of	16.6	keV	and	an	energy	range	up	to	75	keV.	The	W2	beamline	was	a	hard-
wiggler	beamline	with	a	critical	energy	of	26.4	keV	and	an	energy	range	up	to	175	keV.	Energy-dispersive	X-ray	diffraction	was	used	to	determine	
the pressure and temperature induced volume change. Isothermal experiments were performed up to 15 GPa at ambient temperature. The pressure 
dependence	of	the	thermal	expansion	coefficient	is	examined	on	two	different	ferrite,	while	systematically	varying	the	iron	contents.	The	two	minerals,	
Magnetite (Fe2+Fe3+

2
O

4
)	and	Franklinite	(Zn2+Fe3+

2
O

4
) adopt the normal spinel structure. Derived from compression experiments using MAX80 apparatus up 

to 5 GPa at temperatures of 298, 500, 700, 900 and 1100 K.

In	MAX200x	was	measured	at	room	temperature	up	to	15	GPa.	To	obtain	the	bulk	moduli,	the	data	points	were	fitted	to	a	3nd	order	Birch-Murnaghan	
equation of state yielding to K

T
 = 184(3) GPa and K’ = 4.5(2) for Magnetite, K

T
	=	178(3)	GPa	and	K’	=	4.6(4)	for	Franklinite.	The	uncertainties	in	parentheses	

represent	the	2	sigma	uncertainties	of	the	fit	result.

References 
[1] W.F.J. Fontijn, et al., J. Appl. Phys. 85 (1999) 5100 – 5105.
[2] S.A. Oliver, H.H. Hamdeh, Phys. Rev. B 60 (1999) 3400 – 3405.
[3] T. Irifune, et al., Phys. Chem. Miner., 29, (2002) 645-654. 
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Mineralogical and geochemical investigations of the bauxite from the central Yangtze Block
Ruixue Wang1, 2, Qingfei Wang2
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Bauxites are economic concentrations of aluminium used in a variety of products such as cars, planes, foil and utensils. China is the world’s second 
largest bauxite producer with a production of 46 million tonnes in 2017. Karstic bauxites are distributed in the North China Craton and South China 
Block	and	occur	in	six	episodes,	i.e.,	Early	Carboniferous,	Late	Carboniferous,	Early	Permian,	Middle	Permian,	and	Late	Permian,	as	well	as	Quaternary.	
The	centre	of	the	Yangtze	Block	contains	two	layers	of	bauxite	in	the	Lower	Carboniferous	and	Permian	(total	reserve	of	1.29	Bt).	Three	sites	of	bauxite	
from	the	central	Yangtze	Block	are	the	main	focus	of	this	research.	The	bauxite	ore	from	the	region	of	Huofengchong	(HFC)	is	hosted	within	the	
lower member of the Carboniferous Jiujialu Formation, which overlies unconformably upon the Cambrian dolomite. The bauxite ore from the region 
of Baiyantou (BYT) and Yanfengba (YFB) occurs in the lower member of the Permian Liangshan Formation, which overlies unconformably upon the 
Devonian dolomite or Silurian shale. The mineral assemblage in the HFC bauxite consists of diaspore-illite-anatase while in the BYT and YFB bauxite 
the	minerals	are	diaspore,	anatase,	illite,	clinochlore	and	kaolinite.	Diaspore	is	probably	supergene	and	is	formed	in	a	reducing	condition	during	
diagenesis. Kaolinite and illite are the products of the in situ epigenetic replacement of alumina in diaspore by silica. Al

2
O

3
, Fe

2
O

3
, SiO

2
 and TiO

2
 are the 

main elements of the bauxite and trace elements such as V, Zr, Cd, Hf, Th and U were enriched during the bauxitization process. The HFC samples are 
characterized by high ΣREE contents (123-606 ppm); The YFB samples have erratic ΣREE contents (8–421 ppm) but BYT samples are characterized by low 
ΣREE content (9-145 ppm). Nb, Ta, Zr, Hf, Th and U are included in zircon, rutile and anatase. The data from the U-Pb isotopes measurements of detrital 
zircons from these bauxite provide two ages (1) a maximum U-Pb age of ca. 800 Ma from the HFC and (2) a maximum age of ca. 1100 Ma for the BYT and 
YFB.	The	former	zircon	ages	(800	Ma)	have	similar	age	to	the	detrital	zircon	from	the	western	margin	of	the	Yangtze	Block	while	the	zircon	ages	(1100	
Ma)	show	identical	ages	from	the	Paleozoic	sediments	from	the	centre	of	the	Yangtze	Block	and	western	Cathaysian	block.
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Gibbsite Genesis in Microplaty Hematite Deposits of the Pilbara, Western Australia
Emma Danaher1, Eleanor Nebel2

1Orebody Knowledge and Planning, Rio Tinto Iron Ore, Perth, 2Growth and Innovation, Rio Tinto, Melbourne, Australia

Gibbsite	is	a	known	mineral	contaminant	in	several	iron	ore	deposits	of	the	Pilbara	region	of	Western	Australia.	Its	high	aluminium	content	is	
often	problematic	for	mining	operations	when	encountered	in	high	grade	ore	and	leads	to	issues	with	grade	control,	processing	and	final	product	
predictions.		Unlike	kaolinite	which	is	an	abundant	source	of	alumina	in	Western	Australian	iron	ores,	there	have	been	comparatively	few	studies	into	
gibbsite genesis in BIF-hosted iron ores. As a result, its spatial distribution is poorly understood and its occurrence is often unpredictable at the mining 
scale.

The gibbsite-rich samples used in this study are from a high grade microplaty hematite deposit which is widely considered to be of hypogene-
supergene origin. Normative mineralogy calculations using blast hole assay data indicate that gibbsite distribution in this structurally-complex 
deposit	is	fundamentally	controlled	by	dolerite	dykes	and	geomorphology.	The	mineralogical	and	textural	characteristics	of	the	samples	have	been	
characterised using X-ray Diffraction (XRD) and Scanning Electron Microscope (SEM, FEGSEM) techniques. High resolution BSE images presented here 
depict complex textural relationships between gibbsite, Fe-oxides and silicate gangue that are indicative of multiple genetic stages. Some textures 
resemble published examples, while others appear as of yet undocumented. The culmination of petrographic results will be used to inform a model of 
genesis	that	gives	new	insights	into	not	only	the	spatial	distribution	of	gibbsite	in	iron	ore,	but	also	how	it	is	likely	behave	during	processing.
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Phase transformation of iron oxides and their crystallographic relationships: a case study for iron-
formations from Quadrilátero Ferrífero, MG, Brazil
Paola Barbosa1, Leonardo Lagoeiro2,	Mariana	Bragança3,	Kleber	Franke	Portella3, Bruno Endo Ribeiro3,	Leonardo	Martins	Graça4

1Institute of Geosciences, BRASÍLIA UNIVERSITY, Brasília, 2Department of Geology, Federal University of Paraná, 3LACTEC, Curitiba, 4Department of 
Geology, Federal University of Ouro Preto, Ouro Preto, Brazil

Iron oxides and iron hydroxides minerals are suitable to reveal some chemical changes in the evolution of geological systems. It is mainly due to the 
phase	transformation	between	those	phases.		Some	crystallographic	similarities	between	iron	oxides	and	oxyhydroxides	like	hematite,	magnetite,	
goethite, lepidocrocite and maghemite allow us to predict a topotactic relationship of growth between those minerals, although this transformation in 
a	natural	system	is	still	not	well	known.

By	means	of	the	Electron	Backscatter	Diffraction	(EBSD)	the	crystallographic	aspects	of	these	transformation	have	been	explored.	Samples	from	
naturally	aggregates	of	magnetite,	hematite	and	goethite	were	collected	in	the	iron	formation	rocks	that	outcrop	in	southeast	of	Brazil,	in	region	
known	for	the	large	deposits	of	iron	and	other	ores.	The	samples	are	mainly	composed	by	large	crystals	of	magnetite	partially	transformed	into	
hematite. These grains are also embedded in a matrix of smaller grains of hematite. Goethite occurs as transformation products inside the larger 
crystals of magnetite.

The EBSD data showed that the transformation between magnetite, hematite and goethite presented a strong crystallographic relationship. The 
transformation	of	magnetite	starts	along	the	crystallographic	planes	{111}.	Over	these	planes,	the	newly	formed	hematite	and	goethite	grew	with	their	
crystallographic	planes	{0001}	and	{001}	parallel	to	the	octahedral	planes	of	the	magnetite.	The	matrix	in	which	the	magnetite	grains	are	embedded	in	
it, is made of aggregates of hematite and goethite. In the matrix, such coincidence observed in the magnetite grains is not observed.

The main conclusion of this study is that in the magnetite grains the transformation occurred in the solid-state with the newly transformed minerals 
inheriting the crystallographic orientations of the former crystals. In the matrix, such relation is not observed and, for that reason, the minerals 
in there are thought to have been formed by a different process, that might have involved dissolution and precipitation of the newly phase out of 
solution.
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Mineralogy and Fe-isotopic composition of iron-oxide ore from the Takab region, North Western Iran
Beate Orberger1, Christiane Wagner2, Omar Boudouma2, Johan Villeneuve3, Etienne Deloule4, Michel Fialin5, Ghassem Nabatian6, Maryam Hornamand7, 
Iman Moussef8, Abdollah Godhs8

1GEOPS,	Université	Paris	Sud-CNRS,	Université	Paris-Saclay,	Orsay,	2Sorbonne	Université,	ISTeP-CNRS,	PARIS,	3CRPG-CNRS,	Université	de	Lorraine,	
4Université	de	Lorraine,	CRP-CNRS,	Nancy,	5Sorbonne	Université,	IPGP,	CNRS-INSU,	PARIS,	France,	6Zanjan University, Earth Sciences, 7Institut of Advances 
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Islamic Republic Of

The	major	iron	deposits	occur	in	the	northeast	and	central	part	of	Iran.	However,	iron	ore	deposits	in	the	northwest	(e.g.	Takab	area)	are	still	little	
studied.	In	this	region,	the	most	important	iron	deposits	are	hosted	within	para-metamorphic	rocks	and	are	attributed	to	Late	Proterozoic	age.	

The iron ore grades from disseminated to layered and nodular type.

Disseminated ore: Magnetite forms euhedral grains (~400 µm-1.5 mm) free of inclusions. The grains are slightly hematized. The matrix minerals are 
quartz, minor K-feldspar and phengite. The feldspars host P (U, Th)-bearing phases, zircon and barite. Rutile and phosphates also occur interstitial to 
the	matrix	grains.	The	magnetite	is	characterized	by	∂56Fe	(+0.7	to	+2	‰	±	0.2	‰).

Layered ore: Coarse and discontinuous bands with interstitial quartz. Magnetite forms individual grains (~50 µm to several hundreds of µm). It is 
altered to hematite. Goethite is abundant around hematized magnetite and in veins crosscutting the oxides. Pyrite relics are present in goethite. 
Magnetite	grew	around	detrital	zircon	and	hosts	droplet-like	inclusions	of	PbS	and	ZnS,	while	P-bearing	minerals	occur	in	goethite	and	quartz.	In	the	
matrix,	apart	from	quartz,	Mn-Ba-oxides	and	barite	(partly	replacing	hyalophane)	and,	rarely,	uraninite	occur.	The	magnetite	is	characterized	by	∂56Fe 
(-0.3	to	+1	‰	±	0.2	‰).

Nodular ore:  Magnetite forms mm-sized agglomerates partly elongated and disrupted in the quartz matrix. Other matrix minerals correspond to 
those in the layered ore. Magnetite is not hematized. P-bearing minerals, Mn-and Fe- carbonates and uraninite inclusions are hosted in magnetite. The 
magnetite	is	characterized	by	∂56Fe	(-1	to	+0.5	‰	±	0.2	‰).

The	∂56Fe	values	observed	for	magnetite	decrease	from	disseminated	to	nodular	iron	ore	(averages:	+1.3,	+0.4	and	-0.4	‰	(±	0.2	‰),	respectively).	Iron	
isotopes	of	hematite	in	disseminated	and	layered	ore	show	higher	∂56Fe	values	than	those	of	magnetite,	in	the	range	of	+2	to	+4	‰	(±	0.2	‰).

The following scenario is proposed:

A hydrothermal (volcano-) sedimentary environment based on: (i) ore textures and major mineralogy (iron oxides with chemically precipitated quartz 
and	detrital	zircon);	(ii)	the	occurrence	of	Mn-Fe-	carbonates,	barite	and	sulphide	inclusions	in	magnetite	and	in	matrix	K-Ba	feldspars;	(iii)	∂56Fe in 
magnetite of nodular ore slightly negative.

An oxidation event based on: (i) partial transformation of magnetite into hematite; (ii) remobilisation of Mn-Ba-U as oxide and sulfate into veins; (iii) 
increasing  ∂56Fe	with	progressive	oxidation	from	nodular	to	disseminated	magnetite	reaching	highest	values	in	hematite.	A	shift	in	∂56Fe	towards	
positive values in oxidizing environments was also observed for example by Rouxel et al (2008, Chem Geol 252, 214-227).
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Heterogeneous Sub-solidus Transformation of Ilmenite-hematite Solid Solution
Wei Tan1, Hongping He1, Yan Wang1

1GUANGZHOU INSTITUTE OF GEOCHEMISTRY, CAS, Guangzhou, China

Fe-Ti	oxides	form	high	economically	valuable	Fe-Ti-(V)	ore	deposits	associated	with	massif-type	anorthosites	and/or	mafic-ultramafic	layered	
intrusions world widely. Three binary-join solid solution series in the system FeO-Fe

2
O

3
-TiO

2
 due to the substitution of Ti4+ + Fe2+ → 2Fe3+ in a wide 

range of temperature and oxygen fugacity, i.e., magnetite-ulvöspinel (Fe
3
O

4
-Fe

2
TiO

4
), ilmenite-hematite (FeTiO

3
-Fe

2
O

3
)	and	pseudobrookite-	"ferro-

pseudobrookite"	(Fe
2
TiO

5
-FeTi

2
O

5
) 1.

Whereas	many	may	take	it	for	granted	that	ilmenite-hematite	solid	solution	(hereafter	referred	as	Ilm
ss

) only decomposes into ilmenite + hematite due 
to	a	miscibility	gap	at	600–700	°C,	magnetite	+	rutile	are	isochemically	equal	to	ilmenite	+	hematite,	and	probably	more	thermodynamically	stable	
over a considerable temperature interval. Thus, it is enigmatic for the rare occurrence of magnetite + rutile in natural Ilm

ss
 in relative to the pervasive 

occurrence of hematite-ilmenite intergrowth. The Xinjie layered intrusion experienced slow cooling in deep magma chambers. Ilmenite grains from 
some	specific	layers	of	this	intrusion	not	only	host	magnetite	+	rutile	symplectite	but	also	hematite	lamellae,	providing	a	unique	opportunity	to	probe	
the mechanism and physical-chemical conditions controlling the sub-solidus transformation of Ilm

ss 
2.

In this study, we present the morphology, elements distribution and crystallography features of magnetite + rutile symplectite in ilmenite by employing 
EDS-EBSD imaging. The hematite lamellae oriented along (0001) plane of the host ilmenite, whereas the symplectitic magnetite + rutile intergrowth and 
the	host	ilmenite	displays	a	crystallographic	relationship	of	{111}

Mag 
//	{100}

Rut 
//

 
(0001)

Ilm
 and <110>

Mag 
// <001>

Rut
 + <101>

Rut
 // <10-10>

Ilm
. The crystallization of 

rutile in the symplectite probably triggers the transformation of Ilm-Hem
ss

 into magnetite + rutile symplectite. We ascribed the formation of magnetite 
+ rutile symplectite to heterogeneous transformation of Ilm

ss
 during sub-solidus oxidation.

Fe-Ti	oxides	in	plutonic	rocks	would	experience	extensive	sub-solidus	re-equilibration	on	slow	cooling.	Ilm-Hem
ss

 tends to exhibit different types of 
transformation with different T-fO

2
 cooling trends. If Ilm-Hem

ss
	is	the	dominant	phase	in	the	rock,	the	cooling	trend	would	follow	the	T-fO

2
 isopleths of 

Ilm-Hem
ss

, and the hematite exsolution would occur in the ilmenite by intra-oxide re-equilibration of Ilm-Hem
ss

 when temperature falls below the solvus. 
The formation of magnetite + rutile symplectite is ascribed to sub-solidus oxidation of Ilm-Hem

ss
 at relatively oxidizing cooling trend. Based on the 

water contents of clinopyroxene of different layers in the Xinjie intrusion, we infer that accumulation of H
2
O-rich volatiles robustly increase the fO

2
 of 

residue magma, which probably results in dramatic petrologic changes as well as mineralization of economic oxide-rich layers in the Xinjie intrusion. 
Thus, the occurrence of magnetite + rutile symplectite in ilmenite is highly related with robust fO

2
 rise during magma evolution, which may serve as a 

redox-sensitive indicator in related Fe-Ti-(V) ore deposit genesis studies.

References 
[1] Frost	B.,	and	Lindsley	D.H.	Occurrence	of	iron-titanium	oxides	in	igneous	rocks.	Reviews	in	Mineralogy	and	Geochemistry,	1991,	25:433-468.
[2] Tan	W.,	Wang	C.Y.,	He	H.P.,	Xing	C.,	Liang	X.L.,	and	Dong	H.	Magnetite-rutile	symplectite	derived	from	ilmenite-hematite	solid	solution	in	the	Xinjie	Fe-Ti	oxide-bearing,	mafic-ultramafic	

layered intrusion (SW China). American Mineralogist, 2015, 100:2348-2351.
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Latest developments in synchrotron-based studies in mineralogy, petrology and 
geochemistry

Shape Preferred Orientation(SPO) analysis of quartz grains at fault gouge using 3D-µ-CT imaging 
on synchrotron
Sim Ho1, Song Yungoo1,	Park	Changyun1

1Department of Earth System Sciences, yonsei university, Seoul, Korea, Republic Of

Shape	Preferred	Orientation(SPO)	of	various	sized	quartz	grains	in	fault	gouge	is	influenced	by	the	forces	acting	at	and	after	the	fault	activity.	
Especially,	the	SPO	of	brittle	quartz	grains	surrounded	by	ductile	clay	matrix	reflects	the	environment	of	matrix	formation	timing	and	direction	of	
shear at the latest stage. In this study, we attempted to measure the SPO of the tens of micro-sized grains representative fault gouges by using 3D-µ-
CT images. The oriented gouge samples were cold-mounted and cut by 1mm×1mm×2mm sized slabs to experiment on µ-CT beam line. The SPO data 
were	presented	as	rose	diagram	using	Ellipse	fit,	Stereonet,	and	Dips	program.

The SPO results are close to the P-shear directions of macroscopic fault activity as revealed in the outcrops. It is The graphs for each extent of SPO 
with different axial ratio show that the SPO of clasts tend to be close to the P-shear direction as the axial ratio value increases. This is the same result 
as	a	similar	method	using	the	Scanning	Electron	Microscope(SEM)-Backscattered	Electron(BSE)	image.	As	the	result	of	this	study,	the	SPO	of	micro-
sized fault grains showed an useful evidence indicating the shear sense directions to the brittle fault zone.

References 
[1] Davis and Giorgis(2014) An inverse approach to constraining strain and vorticity using rigid clast shape preferred orientation data, Journal of Structure Geology, v.68, p.337-346.
[2] Marques	and	Coelho(2003)	2-D	shape	preferred	orientations	of	rigid	particlesin	transtensional	viscous	flow,	Journal	of	Structure	Geology,	v.25,	p.841-854.
[3] Trenton T. Cladouhos(1999) Shape preferred orientations of survivor grains in fault gouge, Journal of Structure Geology, v.21, p.419-436.
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Mantle xenoliths, kimberlites and related magmas: the diamond trilogy

Petrographical and geochemical characteristics of mantle xenoliths from Tahiti and Moorea Islands: 
An insight into oceanic lithosphere accretion
Norikatsu Akizawa1,	Akira	Ishikawa2, Tetsu Kogiso3

1Atmosphere	and	Ocean	Research	Institute,	The	University	of	Tokyo,	Kashiwa,	2Graduate	School	of	Arts	and	Sciences,	The	University	of	Tokyo,	Tokyo,	
3Graduate School of Human and Environmental Studies, Kyoto University, Kyoto, Japan

Mantle	xenoliths	generally	represent	a	wide	range	of	rock	types:	lherzolite,	harzburgite,	dunite,	wehrlite,	and	pyroxenite.	They	can	be	one	of	the	
particularly good means to reveal different evolution paths that the lithospheric mantle had followed. Among the various lithology, the lherzolites 
and harzburgites are considered to be the dominant material comprising the upper mantle. In order to test whether such predicted petrological 
characteristics are valid on suboceanic mantle, we present petrographical and geochemical data of mantle xenoliths from Tahiti and Moorea islands 
(French Polynesia).

We collected 42 mantle xenoliths, of which size ranges from few centimeters to 20 centimeters in diameter. The mantle xenoliths are mostly composed 
of clinopyroxene-poor lithology such as harzburgite (<5 vol.% clinopyroxene) and dunite. On the contrary, lherzolites (>5 vol.% clinopyroxene) were 
rarely found from Tahiti and Moorea islands. The harzburgites and dunites are correspondingly depleted in CaO and Na

2
O, whose contents are relatively 

abundant in clinopyroxene in comparison with other silicate minerals. It is noteworthy that chondrite-normalized rare-earth element (REE) patterns of 
the harzburgites show negative slope from light REE to heavy REE (Ce

CI Chondrite-normalized
/Yb

CI Chondrite-normalized
 = ~8.5).

To date, major lithology of Tahitian mantle xenoliths has been considered to be lherzolite (~60 % of the samples presented by [1]). In the present 
study, we demonstrated that the harzburgite is rather dominant lithology among the Tahitian mantle xenoliths. Geochemical characteristics are best 
explained	by	carbonatitic	metasomatism,	by	which	orthopyroxene	porpyroclasts	in	the	harzburgites	are	partly	replaced	by	vein-like	clinopyroxene	[2]. 
Even though the metasomatic clinopyroxenes were imprinted in the harzburgiets, their modal abundance is considerably low (<5 vol.%), suggesting 
that suboceanic lithospheric mantle beneath the Tahiti and Moorea islands was originally depleted in melt component (i.e. clinopyroxene). From our 
preliminary analyses of 187Os/188Os ratio in the harzburgites (0.1184–0.1189; model age in Proterozoic), we predict that the harzburgites depleted in 
Proterozoic were impinged under recently formed oceanic lithosphere as a result of plume-derived mantle upwelling.

References 
[1] Tracy	(1980)	Petrology	and	genetic	significance	of	an	ultramafic	xenolith	suite	from	Tahiti.	Earth	and	Planetary	Science	Letters,	48,	80–96.
[2] Akizawa	et	al.	(2017)	Metasomatic	PGE	mobilization	by	carbonatitic	melt	in	the	mantle:	evidence	from	sub-µm-scale	sulfide-carbonaceous	glass	inclusion	in	Tahitian	harzburgite	

xenolith. Chemical Geology, 475, 87–104.
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Oxidation states of Fe in constituent minerals of a spinel lherzolite xenolith from the Tariat 
Depression, Mongolia
Terumi Ejima1, Yasuhito Osanai2,	Masahide	Akasaka3, Tatsuro Adachi2,	Nobuhiko	Nakano2,	Yoshiaki	Kon4,	Hiroaki	Ohfuji5, Jargalan Sereenen6
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Mongolia

The oxidation states of Fe within olivine, orthopyroxene, clinopyroxene and spinel in a spinel lherzolite xenolith from the Tariat Depression, Mongolia, 
were investigated using 57Fe Mössbauer spectroscopy to evaluate the redox condition of the upper mantle from which the Tariat spinel lherzolite 
xenolith was derived. Purity of separated minerals for the Mössbauer spectroscopic analysis were examined by means of X-ray powder diffraction, 
Raman spectroscopy and transmission electron microscopy (TEM). Average Fo and Fe contents (n = 48) of olivine at the core part of the xenolith are 
89.9(4) mol.% and 0.195(3) atoms per formula unit (apfu; O = 4), respectively. Chemical formula of orthopyroxene, clinopyroxene and spinel, derived 
from their average chemical compositions, are (Mg
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(Si
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0.24

)
S1.99

O
4
, respectively. The Fe3+/ΣFe values of the olivine, orthopyroxene, clinopyroxene and spinel, determined by Mössbauer 

spectroscopic analysis, are 0.027(2), 0.15(1), 0.26 and 0.34, respectively. The Mössbauer spectrum of olivine consists of two doublets assigned to Fe2+ 
at the octahedral sites and one doublet, with isomer shift of 0.40(2) mm/s and quadrupole splitting of 0.69(3) mm/s, assigned to Fe3+ at the octahedral 
site. Since the Tariat spinel lherzolite xenolith in this study show no evidence of metasomatism or thermal alteration, the existence of a small amount 
of Fe3+ in olivine and the fairly high Fe3+ contents of clinopyroxene, orthopyroxene and spinel imply that the upper mantle under Tariat area was in 
rather oxidized condition.
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Melt evolution of the Finsch orangeite, South Africa
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Systems and GEMOC, Department of Earth and Planetary Sciences, Macquarie University, Sydney, Australia

Introduction
The	Cretaceous-aged	(118	±	2.2Ma,	Smith	et	al.,	1985)	Finsch	diatreme	is	a	diamondiferous	orangeite	(Group	II	kimberlite)	occuring	160km	west	of		
Kimberley in the Republic of South Africa. The diatreme has eight mapped units F1 – F8 (Fig. 1) ranging from diatreme facies volcaniclastic to hypabyssal 
intrusions. The F5 and F6 varieties occur as part of a precursor pipe termed the “southwest precursor” (SWPC), which is considered to have been 
emplaced just below the surface. The nature of the SWPC and its relationship to the main pipe remain enigmatic. 

Samples from the F2, F6 and F8 units were examined for this study with F2 and F8 representing the “main pipe” and F6 the precursor. Additionally, as 
F2	occurs	in	the	middle	of	the	main	pipe	with	late	stage	dykes	radiating	from	this	unit,	it	is	thought	that	F2	represents	the	final	stage	of	formation	of	
the	Finsch	diatreme.	F6	and	F2	represent	the	earliest	and	latest	significant	magmatic	activity	at	Finsch,	respectively.

Petrography
The mineralogy of F2 samples is dominated by phlogopite, olivine and diopside, whereas the F6 samples contain no diopside but abundant serpentine 
and carbonates and display a prominent segregationary texture. Compositionally distinct olivine populations occur in the two units. Samples from F6 
contain	significant	amounts	of	magmatic	olivine	(Fo

91.5
)	as	overgrowths	(up	to	200	µm	thick)	on	xenocrystic	cores,	with	rare	grains	composed	of	>50%	

magmatic rim by volume. Olivine is commonly partially serpentinised with uncommon carbonate replacement for more altered grains. Mica from the 
F6	samples	is	extremely	fine-grained	and	shows	little	Al	depletion	and	Fe	enrichment	towards	the	rim.	The	F2	samples	contain	abundant,	partially	
resorbed olivine with Fe-rich (Fo

84
) olivine overgrowths on xenocrystic cores in direct contact with the predominantly phlogopite, diopside groundmass. 

Phlogopite in F2 samples is zoned, exhibiting extreme FeO
tot

 enrichment (up to 25 wt%) towards pure tetraferriphlogopite in the rims. The F8 samples 
appear somewhat transitional between F2 and F6 with phlogopite trending towards tetraferriphlogopite, completely serpentinised olivine and some 
diopside and carbonates in the groundmass.

Discussion
The	F5/6	precursor	kimberlite	has	been	generally	interpreted	as	being	hypabyssal	in	nature,	however,	more	detailed	analysis	of	the	textures	present	
suggests	that	these	more	coherent	samples	resulted	from	agglutination	and	sintering	of	the	kimberlite	upon	emplacement	(Rowlands	2008).	This	is	
consistent with emplacement at surface as a diatreme.

Despite	the	many	differences	in	texture,	the	most	striking	difference	between	F6	and	F2	is	the	composition	of	olivine	overgrowths	(rims)	in	the	latter.	
These	rims	have	the	appearance	of	being	magmatic.	This	new	data	will	be	compared	with	existing	whole	rock	and	mineral	chemistry	from	samples	from	
the other Finsch units to highlight broader compositional and evolutionary trends. The effects of fractional crystallisation of olivine and other minerals 
will	be	re-evaluated	within	the	framework	provided	by	this	textural	and	compositional	information.	Possible	mechanisms	involved	in	the	evolution	of	
the magma include varying degrees of partial melting of the same source and magmatic differentiation.
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Sr-Nd-Hf-Pb isotope compositions of MARID and PIC minerals: progressive metasomatism of the 
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MARID	(Mica-Amphibole-Rutile-Ilmenite-Diopside)	and	PIC	(Phlogopite-Ilmenite-Clinopyroxene)	rocks	are	alkaline	and	ultramafic	in	composition	and	
occur	as	mantle-derived	xenoliths	in	kimberlites	and	other	alkaline	volcanic	rocks.	Owing	to	their	abundance	of	phlogopite	and	related	alkali	metal	
enrichments,	MARID	and	PIC	rocks	have	been	inferred	to	be	extreme	examples	of	mantle	metasomatism.	To	define	the	source(s)	of	mantle	metasomatic	
agents, new radiogenic (Sr-Nd-Hf-Pb) isotope compositions have been acquired for mineral separates from MARID (clinopyroxene and K-richterite) and 
PIC	(clinopyroxene	only)	samples	derived	from	southern	African	kimberlites	and	orangeites.

MARID mineral isotope compositions display broader and more continuous ranges than previously observed (e.g., 87Sr/86Sr
i
:
 
0.705-0.711; εNd

i
: -11.0 to –0.4), 

whereas PIC clinopyroxene has a restricted range of isotope compositions (87Sr/86Sr
i
:
 
0.704-0.705; εNd

i
: +0.7 to +3.6). The Nd-Hf isotope compositions 

of	MARID	minerals	predominantly	fall	below	the	mantle	array	(ΔεHf from -13.9 to +1.0). Previous studies have suggested that such displacements in 
Nd-Hf	isotope	space	found	in	kimberlites	and	other	alkaline	magmas	could	be	due	to	recycling	of	oceanic	crust	or	metasomatism	by	carbonatite	
melts. An alternative mechanism to generate the displacement of MARID mineral isotope compositions is metasomatic alteration of an initial MARID 
composition (i.e., 87Sr/86Sr

i
 = 0.711; εNd

i
	=	-11.0,	etc.)	by	the	entraining	kimberlite	magma	(e.g.,	87Sr/86Sr

i
 = 0.703; εNd

i
 = +2.5), which we have modelled 

using	empirical	mineral-melt	partition	coefficients.	The	model	simulates	the	flow	of	kimberlite	magma	through	a	mantle	column,	thereby	causing	the	
trace	element	and	isotopic	compositions	of	the	wall-rock	(i.e.	MARID)	to	equilibrate	gradually	with	the	kimberlite	magma.	This	model	produces	results	
broadly matching our new Sr-Nd-Hf-Pb data for MARID minerals, thus supporting the notion that the spread in MARID isotope compositions was caused 
by	partial	equilibration	with	kimberlite	melts	at	mantle	depths	and/or	during	transport.	The	isotopic	composition	of	the	MARID	endmember	suggests	
that	MARID	rocks	were	initially	formed	by	a	metasomatic	agent	containing	a	component	more	enriched	than	the	EM-II	mantle	end-member,	probably	
representing	subducted	sedimentary	material.	By	contrast,	the	clustering	of	PIC	mineral	isotope	compositions	near	kimberlite	values	is	consistent	with	
previous	interpretations	that	PIC	rocks	are	peridotites	that	have	been	intensely	metasomatised	by	kimberlite	melts.	
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The time span of kimberlite ascent as recorded by a polymict breccia from Bultfontein, Kimberley
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Polymict	breccias	are	mantle	xenoliths	that	consist	of	mantle	debris	(peridotitic	and	eclogitic)	crushed	into	single	xenocrysts,	occasionally	rock	clasts,	
and of Granny Smith and ilmenite megacrysts. These constituents are welded together by a matrix of olivine, orthopyroxene, garnet, phlogopite, 
rutile	and	sulphide	crystallized	from	the	kimberlitic	melt.	Polymict	breccias	are	rare	and	have	only	been	described	from	the	Bultfontein,	DeBeers	and	
Premier	diamond	mines	in	South	Africa	and	the	Sytykanskaya	pipe	in	Yakutia	(Lawless	et	al.	1979;	Pokhilenko	2009).	However,	they	provide	a	wealth	of	
information 

a)	on	the	minimum	depth	of	kimberlite	formation	and	the	lithological	stratigraphy	of	the	mantle	(Zhang	et	al.	2003;	Lazarov	2008;	Pokhilenko	2009) 
b)	on	eruptive	mechanisms	and	processes	occurring	during	the	early	stages	of	kimberlite	ascent	(Lazarov	2008;	Pokhilenko	2009;	Giuliani	et	al.	2014) 
c)	on	the	composition	and	differentiation	of	kimberlitic	melts	(Lazarov	2008;	Giuliani	et	al.	2013	and	2014) 
d) on the oxygen fugacity of a metasomatizing agent in the mantle (Höfer et al. 2009)

The latter was derived from the overgrowth of the matrix minerals on the mantle debris minerals whereby olivine (ol) grows on olivine, orthopyroxene 
(opx)	on	orthopyroxene	and	garnet	(grt)	on	garnet.	These	phases	precipitate	from	a	percolating	interstitial	kimberlitic	melt.	Clinopyroxene	is	almost	
entirely dissolved and remnants are overgrown by opx. Adjacent mineral triples (ol, opx, grt) may be used to derive pressures and temperatures of 
solidification	of	the	breccias.	Three	different	Bultfontein	samples	gave	1150°C	and	3.5	GPa	(Lazarov,	2008);	1100°C	and	3	GPa	(present	work),	and	860°C	
(Giuliani et al. 2013). These are the P, T residence conditions of the breccias in the mantle.

The	time	of	residence	may	be	derived	from	diffusion	profiles	across	the	interface	between	the	garnet	clasts	and	overgrowth	rims.	We	carried	out	60	to	
80	µm	long	line	profiles	in	1.6	to	3	µm	steps	by	electron	microprobe.	They	show	that	the	clasts	are	homogeneous	up	to	the	very	edges.	At	the	degree	
of spatial resolution, the interface appears as a sharp boundary indicating that the residence time of the breccias could only have been short. We 
calculated	diffusion	profiles	at	1150°C	and	3.5	GPa	for	Ca,	Fe	and	Mg	using	diffusion	coefficients	provided	by	Ganguly	(2010)	and	references	therein.	The	
modelled	diffusion	profiles	limit	the	time	span	of	residence	at	these	conditions	to	between	1	and	20	days.

These	findings	indicate	kimberlite	ascent	occurred	in	pulses	to	reach	the	Earth’s	surface	with	failures	deep	within	the	mantle.	Kimberlite	melt	
propagation	from	the	bottom	of	the	cratonic	keel	to	the	surface	may	have	taken	several	weeks	or	even	months.			

 

References 
[1] Ganguly (2010) Reviews in Mineralogy & Geochemistry, Vol. 72 pp. 559-601; Giuliani A (2013) Chem. Geol.353, 4–18; Giuliani A (2014) J Pet 55, 831-858; Höfer HE et al. (2009) Lithos 112S, 

1150-1154;	Lawless	PJ	et	al.	(1979)	2nd	International	Kimberlite	Conference.	American	Geophysical	Union,	145-155;	Lazarov	M	(2008)	PhD	thesis,	Goethe	University.Frankfurt;	Pokhilenko	NP	
(2009). Lithos 112S, 934-941; Zhang, HF et al. (2001) Contributions to Mineralogy and Petrology 141, 367-379; Zhang HF (2003) Earth and Planetary Science Letters 216, 329-346.

IMA2018	Abstract	book425

Contents page



POSTER PRESENTATIONS  

Mantle xenoliths, kimberlites and related magmas: the diamond trilogy

Constraints on the 90 Ma geotherm beneath the Lethlakane Diamond Mine, Botswana, derived from 
geothermobarometry of spinel and garnet peridotites
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The	Lethlakane	diamond	mine	in	Botswana	produces	a	great	variety	of	crustal	and	mantle	xenoliths.	Major	and	trace	element	mineral	chemical	
data	were	collected	from	five	types	of	peridotites:		spinel-	and	garnet-lherzolites	and	-harzburgites	as	well	as	spinel-dunites.	Most	samples	display	
interaction with a melt, forming up to 0.1 mm wide veinlets, which are typically associated with newly grown calcite, phlogopite and clinopyroxene.

Spinel-lherzolithe contains spinel up to 1 mm in size within a generally equigranular matrix consisting of olivine, clinopyroxene and orthopyroxene. 
spinel-harzburgite is comparable in texture without clinopyroxene in the matrix but newly formed along the melt veinlets. The garnets in garnet 
lherzolite	are	up	to	8	mm	in	size,	with	up	to	0,5	mm	wide	kelyphitic	rims.	The	matrix	consists	of	equigranular	olivine,	hypidimorphic	clinopyroxene	and	
orthopyroxene.	Garnet	harzburgites	are	similar	in	texture	but	notably	rare.	Typical	porphyroclastic	peridotites	display	a	fine-grained	olivine	matrix,	
sometimes with relict mm-sized olivine porphyroclasts, as well as clasts of orthopyroxene, clinopyroxene and garnet up to 2mm in size. In 4 Samples an 
intergrowth of spinel and garnet was found.

Four approaches were used to determine temperatures and pressures: (1) The Al in opx barometer in combination with either the Cpx-Opx thermometer 
(BREY & KOEHLER, 1990) and the Al and Cr in Ol thermometer (DE HOOG et al., 2010). (2) The cpx-based thermometer and barometer of Nimis & Taylor, 
2000),	(3)	If	it	was	possible	samples	where	cross	checked	with	the	Ni	in	Garnet	Thermometer	(CANIL,1999).	An	average	geotherm	was	constructed	from	
these data and compared to the average geotherm for the Kapvaal craton (FULLEA et al., 2011). (4) The remaining samples for which only temperatures 
could	be	determined	were	plotted	along	these	geotherms	to	increase	the	data	set.	Correlations	of	rock	type	with	depth	as	well	as	Cr	and	rare	earth	
element (REE) content of garnet with depth were investigated.

The highest temperatures were found in porphyroclastic garnet lherzolites with 1200 to 1350C. The pressure for the spinel and garnet bearing mantle 
xenoliths is around 2.3 GPa, when plotting the calculated temperatures on the the average geotherm for the Kapvaal craton (FULLEA et al., 2011). 
Pressures range from 3.7 GPa up to 6.1 GPa for garnet bearing xenoliths where the highest pressures occur in porphyroclastic samples.

LA-ICPMS analytics where conducted for Grt, Cpx and Ol. Most garnets display typical chondrite normalized REE patterns considering usual SCLM 
trends. Patterns in 2 samples reveal sinusoidal shapes with elvation in Sm, Nd, Eu. Cpx in Grt bearing samples display characteristic patterns with LREE 
enriched 20 to 100 times.  
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Apatite from Southern African Kimberlites: Petrography and Mineral Chemistry
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Apatite (Ca
5
(PO

4
)

3
(F,Cl,OH))	is	an	almost	ubiquitous,	mid-late	stage,	magmatic	phase	in	kimberlites	worldwide.	Here	we	report	the	petrography	and	

major-minor	element	chemistry	of	apatite	from	multiple	intrusions	in	the	Kimberley	cluster,	and	the	nearby	(~130	km	SE)	Jagersfontein	kimberlite.	
The	studied	samples	are	all	hypabyssal,	and	range	in	texture	from	aphanitic	to	highly	macrocrystic	(e.g.,	up	to	~30	vol.%	olivine	macrocrysts).	Unlike	
other	‘magmatic’	phases	(e.g.,	spinel,	olivine,	mica),	apatite	in	the	studied	samples	does	not	appear	to	contain	a	xenocrystic	component.	Despite	this,	
chemical	and	petrographic	data	for	kimberlitic	apatite	is	sparse,	in	contrast	with	the	numerous	analyses	of	other	kimberlitic	minerals.

Apatite in the studied samples occurs in two textural forms: (1) discrete subhedral-euhedral grains (generally 20-50 µm in length, but up to ~100 
µm)	with	hopper-like	crystal	forms;	and	(2)	aggregates	of	elongate	(up	to	400	µm	in	length)	acicular	grains	with	radial	growth	forms.	The	latter	are	
confined	to	carbonate-serpentine	segregations,	and	both	textural	types	may	occur	within	the	same	thin	section.	Most	grains	appear	unzoned	in	back-
scattered electron (BSE) images, except for thin (<5 µm) overgrowths of Na-rich apatite (~3.5 wt.% Na

2
O; semi-quantitative SEM-EDS analysis) in one 

sample. Some grains show zonation under cathodo-luminescence; however, no compositional variation was detected by EMP analysis, consistent with 
both	a	homogeneous	BSE	response,	and	previous	studies	on	apatite	from	various	other	rock	types	(e.g.,	carbonatites).

Most	grains	(n	=	108)	are	classified	as	fluorapatite	(0.6	±	0.1	F	apfu),	with	a	significant	hydroxyapatite	component	(0.4	±	0.1	OH	apfu),	whereas	Cl	was	
below the detection limits of EMP in most instances. Apatite from serpentine-rich segregations has the highest H

2
O content (1.0 ± 0.1 wt.%), whereas 

those	from	the	matrix	of	macrocrystic	kimberlites	have	the	lowest	(0.6	±	0.1	wt.%).	Concentrations	of	CaO	(55.0	±	1.0	wt.%)	and	P
2
O

5
 (38.9 ± 0.7 wt.%) 

are homogeneous. Minor impurities include variable SiO
2
 (0.8 ± 0.5 wt.%) and SrO (2.1 ± 1.4 wt.%), and subordinate Na

2
O	(≤0.4	wt.%),	FeO	(≤0.5	wt.%),	

and	LREE	oxides	(e.g.,	≤0.3	wt.%	Ce
2
O

3
).

Apatite from “evolved” aphanitic samples is generally enriched in SiO
2
 and LREE, and poorer in Na

2
O and SrO, compared with apatite in macrocrystic 

samples.	Major-minor	element	compositions	can	be	used	to	discriminate	between	kimberlite	samples,	and	probably	intrusions.	Apatite	compositions	
exhibit	more	variation	between	intrusions	than	spinel	or	olivine	from	the	Kimberley	kimberlites	(our	unpublished	results).	This	may	be	attributed	to	
relatively	late	crystallisation,	making	apatite	a	more	sensitive	monitor	of	magmatic	differentiation.

Apatite	from	southern	African	kimberlites	contains	lower	SrO	and	SiO
2
	than	that	in	South	African	orangeites,	and	significantly	less	BaO	and	TiO

2
 

compared	to	apatite	in	Western	Australian	lamproites.	In	addition,	kimberlitic	apatite	generally	contains	less	MnO,	Na
2
O, and S than carbonatitic apatite. 

These	variations	in	apatite	composition	appear	to	reflect	differences	in	parental	magma	composition.
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Kimberlites	are	igneous	rocks	derived	from	silica-poor,	volatile-rich	melts,	and	are	the	major	hosts	of	diamonds.	Economic	evaluation	of	these	
deposits	requires	understanding	of	diamond	distribution	and	preservation	in	a	kimberlite	pipe,	which	is	partially	controlled	by	kimberlite	emplacement	
processes.	Current	understanding	of	kimberlite	emplacement	is	hindered	by	a	high	susceptibility	for	kimberlite	magmas	to	be	modified	during	and	
after	emplacement,	producing	uncertainties	in	kimberlite	primary	melt	compositions	and	evolution.

Pipe-filling	coherent	kimberlites	(pfCKs)	recently	discovered	at	the	Ekati	Diamond	Mine,	Canada,	share	characteristics	of	both	hypabyssal	(intrusive)	
and	volcaniclastic	(explosive)	kimberlite	emplacement	(Nowicki	et	al.,	2008;	Webb	et	al.,	2008).	Emplacement	of	pfCK	is	considered	to	be	explosive	
due	to	abundant	fragmented	olivine.	Common	misidentification	of	pfCK	as	hypabyssal	kimberlite	(HK),	exacerbated	by	serpentinisation	of	olivine,	
complicates diamond prospecting programmes. Therefore, understanding the features that distinguish pfCKs from HKs additional to olivine 
fragmentation	is	important.	Resolving	the	petrogenesis	of	pfCKs	will	also	provide	new	insights	into	kimberlite	emplacement	processes.

In	this	work,	petrographic	and	geochemical	characteristics	of	well-classified	HK	and	pfCK	samples	from	the	Ekati	Diamond	Mine	are	compared	using	
energy dispersive scanning electron microscopy (SEM) techniques, alongside electron probe microanalysis (EPMA). These techniques are used to 
determine	kimberlite	melt	composition	evolutions,	with	implications	for	understanding	controls	on	kimberlite	emplacement	mechanism,	and	the	
economic	potential	of	coherent	kimberlites.

New	bulk-rock	major	and	trace	element	data	are	broadly	consistent	with	previous	literature	(Nowicki	et	al.,	2008;	Webb	et	al.,	2008),	showing	higher	
abundances of Nb, Ta, CaO, and TiO

2
, and lower abundances of SiO

2
 and Ni in HKs than pfCKs. An increase in incompatible element concentrations 

is	observed	with	decreasing	Ni.	Consequently,	we	agree	with	Nowicki	et	al.	(2008)	that	this	trend	reflects	the	removal	of	fine	material	and	related	
concentration	of	olivine	caused	by	elutriation	of	fine	particles	during	explosive	pfCKs	emplacement.
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The signature of cratonic lithosphere root formation modes in olivine and orthopyroxene trace 
element compositions
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Olivine and orthopyroxene are the two most abundant phases in Earth’s subcontinental lithospheric mantle and have great potential in deciphering 
early	processes	in	cratonic	root	formation	and	modification.	Petrogenetic	indicators	for	depletion	and	enrichment	processes	are	useful	for	
understanding	the	construction	of	lithospheric	profiles.	However,	the	most	frequently	applied	indicator	minerals	for	depletion	and	enrichment	
processes in the mantle are garnet and clinopyroxene, but these are often introduced later into the system and so cannot record the early events. 
Olivine and orthopyroxene indicator minerals can be used in highly depleted peridotites that have experienced up to ~40% partial melting. Several 
studies of olivine have been conducted, whereas orthopyroxene has received little attention, even though it has the potential to sense events between 
depletion by melt loss and the events that introduce much of the clinopyroxene and garnet.

This study presents a petrographic and geochemical investigation of trace elements in olivine and orthopyroxene from mantle xenoliths, comparing 
those from the North Atlantic Craton (West Greenland) and Kaapvaal Craton (southern Africa) to help constrain differences in the mode of origin of 
cratonic	mantle.	Both	cratons	experienced	a	high	degree	of	partial	melting	that	resulted	in	(i)	negative	correlation	of	Li,	Mn,	Co	and	Zn	with	Mg#	in	both	
olivine and orthopyroxene, (ii) similar D

ol/opx
	partition	coefficients	for	these	elements,	and	(iii)	HREE	depletion	in	orthopyroxene.	

A major difference between North Atlantic Craton and Kaapvaal peridotites are the modal abundances of orthopyroxene (8 ± 5% vs. 28 ± 9%), 
reflecting	a	higher	degree	of	later	overprinting	by	a	SiO

2
-rich melt in the latter. The reaction between this melt and host peridotite resulted in 

crystallization of secondary orthopyroxene at the expense of olivine in the Kaapvaal peridotites, manifested in lower modal olivine content and a 
positive correlation between Ni in olivine and modal orthopyroxene. Higher Al and low REE contents in Kaapvaal orthopyroxenes contrast with those in 
the	North	Atlantic	Craton	and	may	be	attributed	to	the	infiltration	of	silica-rich	melt.	The	presence	and	equilibration	with	secondary	clinopyroxene	is	
reflected	in	increased	light	and	middle	REE	values	in	orthopyroxenes	from	both	Greenland	and	Kaapvaal	peridotites.	

North Atlantic orthopyroxenes in peridotites are generally richer in Li, Ti, V, Ga, Zn and Cu, whereas Kaapvaal peridotites have higher P, Cr and Al.

The major focus of this study is trace elements in orthopyroxene, but major and trace elements in clinopyroxenes and garnets were also analysed to 
constrain thermobarometry in order to investigate possible differences and similarities between temperature- and pressure-dependent elements in the 
two different cratons. 
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Mantle xenoliths, kimberlites and related magmas: the diamond trilogy

Metasomatism of the upper mantle beneath the Jeju Island, South Korea: evidence from secondary 
orthopyroxene and phlogopite in peridotite xenoliths-bearing alkali basalt
Kyounghee Yang1

1Geological Sciences, Pusan National University, Busan, Korea, Republic Of

Coarse-grained to porphyroclastic spinel lherzolite xnoliths in Quaternary intraplate lavas from Jeju Island (South Korea) display a complex 
metasomatic history for the shallow mantle underneath the eastern margin of the Eurasian plate. Jeju Island located at the eastern margin of the 
Eurasian	plate	in	the	western	Pacific	region,	600	km	behind	the	subduction	front	at	the	Nankai	Trough,	where	the	Philippine	Sea	Plate	is	subducted	
under	the	Eurasian	Plate.	The	volcanic	activities	of	Jeju	Island	brought	a	number	of	mantle-derived	xenoliths	to	the	surface.	Unlikely	that	mantle-
derived xenoliths from the other sites of Jeju Island, these xenoliths and the host basalt contain phlogopites in various textures. Three types of 
phlogopite	are	distinguished:	Type	I	phlogopite	(Mg#s	=	87-89)	occurs	generally	in	the	xenolith	selvage	as	small	patches	associated	with	olivine	
and	secondary	orthopyroxene.	Type	II	phlogopite	(Mg#s	=	83-87)	occurs	at	the	contact	between	the	xenoliths	and	the	host	basalt,	displaying	
micropegmatitic	features	crosscut	by	the	host	basalt.	Type	III	phlogopite	(Mg#s	=	80-85)	is	disseminated	in	the	host	basalt	and	crosscut	by	the	host	
basalt.	These	morphological	differences	are	not	well	reflected	by	differences	in	their	major	element	compositions.	The	most	characteristic	feature	
of the phlogopites is their low Al

2
O

3
 (< 13.8 wt.%) and low Cr

2
O

3
 (< 0.88 wt.%) content. Chondrite-normalized REE patterns of the phlogopites also 

emphasize	the	existence	of	three	types,	displaying	progressive	enrichment	from	Type	I	through	Type	II	to	Type	III	phlogopites.	The	first	one	displays	
the depleted characters with LREE-enriched and positive Eu anomalies shown by Type I and II phlogopite. The second one displays the slightly 
enriched	charaters	with	slightly	LREE-enriched	flat	patterns	shown	by	some	of	Type	II	phlogopite.	The	third	one	is	the	most	LREE-enriched	patterns	
with HREE-titled down-shapes and negative Eu anomalies shown by some of Type II and III phlogopites. It suggests that the phlogopites crystallized 
at	under	mantle	conditions	in	a	limited	depth	range	in	the	lithosphere	and	pre-dated	the	host	basaltic	magma.	It	also	indicates	a	figure	of	Quaternary	
lithospheric	mantle	at	about	1	Ma	at	about	50	km	below	beneath	the	Island,	which	has	been	subjected	to	moderate	depletion,	later	overprinted	by	
metasomatism. More study will be investigated on the origin of the phlogopites and metasomatic agents in this geothectonic setting in the future.
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Metamorphism at extreme conditions: the important role of UHP and UHT rocks in 
deciphering lithosphere evolution

FIB-TEM analysis of ultrahigh-temperature sapphirine + quartz granulite from southern India: 
Implications for post-peak exhumation path
Yuki	Nishimiya1, Toshiaki Tsunogae2

1NIMS, 2University	of	Tsukuba,	Tsukuba,	Japan

Recent	accumulation	of	petrological	data	from	granulite	terranes	worldwide	indicates	that	ultrahigh-temperature	(UHT)	metamorphic	rocks	are	
characterized by the occurrence of unique minerals or mineral assemblages such as sapphirine + quartz, spinel + quartz, orthopyroxene + sillimanite + 
garnet, inverted pigeonite, Al-rich orthopyroxene, and mesoperthite. Particularly, numerous studies have been done on the petrogenesis of sapphirine 
+	quartz	as	one	of	the	robust	evidences	of	UHT	metamorphism	as	well	as	its	role	as	an	indicator	of	post-peak	pressure-temperature	evolution	because	
various reaction textures have been observed between sapphirine and quartz. However, the direct contact of sapphirine and quartz associations is still 
preserved in some granulites (e.g., Kondou et al., 2009; Nishimiya et al., 2010) and the minerals are apparently in equilibrium in such cases, although 
this could be because reaction coronae around sapphirine might be too thin to identify under microscope or by SEM analysis. Therefore, we attempted 
to study reaction microstructures between apparently equilibrium sapphirine and quartz in a garnet-sillimanite pelitic granulite from southern India 
(Tateishi et al., 2004; Tsunogae and Santosh, 2006, 2010) by using FIB (Focused Ion Beam) and TEM (Transmission Electron Microscopy) to evaluate 
nanoscale minerals along their grain boundaries, which is probably useful for the evaluation of post-UHT exhumation path.

The	pelitic	granulite	from	Rajapalaiyam	in	the	Madurai	Block	is	characterized	by	poikiloblastic	garnet	in	the	matrix	of	mesoperthite,	orthopyroxene,	
sillimanite, quartz, biotite, and retrograde cordierite. The garnet contains numerous inclusions of quartz, sillimanite, plagioclase, K-feldspar, and rarely 
sapphirine, spinel, and orthopyroxene. The sapphirine often intergrows with quartz as an evidence of UHT metamorphism. Such sapphirine-quartz 
grain boundaries were sliced using a JEOL JIB-4000 FIB to prepare electron transparent cross-sectional samples for TEM observation. The transmission 
electron	microscopy	of	the	samples	was	obtained	with	a	JEOL	JEM-2100F	TEM	operated	at	200	kV	and	equipped	with	energy	dispersive	X-ray	
spectroscopy	(EDS)	at	TEM	Station	in	NIMS.	The	results	of	our	TEM	observations	and	EDS	analyses	identified	nanosized	sillimanite	and	garnet	along	the	
grain	boundaries	of	about	20	nm	in	thickness,	suggesting	the	formation	of	garnet	and	sillimanite	from	sapphirine	and	quartz	possibly	by	post-peak	
near-isobaric	cooling.	The	occurrence	of	carbon	in	some	parts	of	the	grain	boundaries	indicates	that	the	reaction	took	place	at	a	low-H

2
O activity 

condition possibly related to the presence of CO
2
-bearing	fluid.	The	FIB-TEM	analysis	is	therefore	a	useful	technique	for	investigations	of	nanoscale	

reaction	microstructures	in	UHT	rocks	and	post-UHT	cooling	path.
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Meteorites and the Early Solar System

Extremely reducing conditions for the stability of khatyrkite and cupalite
I-Ming Chou1

1Inst. of Deep-sea Science and Engineering, Chinese Academy of Sciences, Sanya, China

A	rock	sample,	found	in	the	Koryak	Mountains	in	Russia	that	contained	icosahedrite	(an	icosahedral	quasicrystalline	phase	with	composition	
Al

63
Cu

24
Fe

13
),	was	considered	by	Bindi	et	al.	(2012)	as	a	part	of	a	meteorite,	likely	formed	in	the	early	solar	system	about	4.5	Gya.	The	quasicrystal	grains	

they	observed	are	intergrown	with	diopside,	forsterite,	stishovite,	and	several	metallic	phases,	including	khatyrkite	(CuAl
2
), cupalite (CuAl), and β-phase 

(AlCuFe). Even though an extraterrestrial origin was inferred from their secondary ion mass spectrometry 18O∕16O and 17O∕16O measurements of the 
pyroxene and olivine intergrown with the metals, the mechanism that produced this exotic assemblage was not yet understood. 

They	claimed	that	the	assemblage	of	metallic	copper-aluminum	alloy	is	extremely	reduced,	with	the	stability	boundary	between	khatyrkite	
(representing the originally formed liquid CuAl

2
) and its oxidized solid products CuO and Al

2
O

3
 being slightly more oxidizing than that of the Si-SiO

2
 

buffer in a log fO
2
-T plot (their Fig. 5; see attached image). Similarly, as shown in their Fig. 5, the stability boundary between cupalite (representing 

liquid CuAl) and its oxidized solid products CuO and Al
2
O

3
 is between those of Fe-FeO and Si-SiO

2
 buffers. Based on these phase relations, they concluded 

that these alloys (actually their original respective liquids) require highly reducing conditions to form relative to their stoichiometric oxides, but not so 
reducing	as	for	pure	Al	or	Si.	Therefore,	they	thought	they	resolved	the	apparent	anomaly	of	finding	no	metallic	silicon	at	the	metal-silicate	interfaces	
in their sample. In addition, their calculated fO

2
	for	khatyrkite	(actually	liquid	CuAl

2
) is close to the estimated oxygen fugacity of the early solar nebula 

in the region where calcium-aluminum-rich inclusions (CAIs) formed (Grossman et al., 2008). Therefore, they concluded that, given the association of 
the metal with CAI phases (especially spinel) in their sample, a nebular origin could provide the necessary conditions to stabilize the metallic alloys. 
However,	these	conclusions	were	based	on	the	metastable	reactions,	using	the	unstable	CuO	as	the	oxidized	product	for	both	khatyrkite	and	cupalite	
liquids instead of the stable Cu, as indicated by the Cu-CuO buffer curve shown in their Fig. 5.   

Based	on	the	same	thermodynamic	data	base	used	by	Bindi	et	al.	(2012),	the	calculated	stability	boundary	between	khatyrkite	(actually	liquid	CuAl
2
) and 

its oxidized products Cu and Al
2
O

3
 at 0.1 MPa is only slightly more oxidizing than that of the Al-Al

2
O

3
 buffer. Also, it is slightly more reducing than that 

between cupalite (actually liquid CuAl) and its oxidized products Cu and Al
2
O

3
. Both of these newly calculated phase boundaries are more reducing than 

that of Si-SiO
2
	buffer,	therefore,	the	anomaly	of	finding	no	metallic	silicon	at	the	metal-silicate	interfaces	still	remains	unresolved.	

Furthermore, their conclusion that a nebular origin could provide the necessary conditions to stabilize the metallic alloys is not valid, because more 
reducing conditions were required. Recognizing the redox states actually required for the stability of these metal alloys is essential for resolving the 
remarkable	puzzles	posed	by	these	rather	unordinary	meteorite	fragments.	
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Meteorites and the Early Solar System

New minerals tsangpoite, matyhite and kuratite from angrite D’Orbigny
Shyh-Lung Hwang1, Pouyan Shen2, Hao-Tsu Chu3, Tzen-Fu Yui4, Y. IIZUKA5, M.-E.  Varela6
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Tsangpoite, ideally Ca
5
(PO

4
)

2
(SiO

4
), the hexagonal polymorph of silicocarnotite, matyhite, ideally Ca

9
(Ca

0.5
□

0.5
)Fe(PO

4
)

7
, the Fe-analogue of Ca-merrillite, 

and	kuratite,	ideally	Ca
4
(Fe2+

10
Ti

2
)O

4
[Si

8
Al

4
O

36
], the Fe2+-analogue	of	rhönite,	were	identified	from	the	D'Orbigny	angrite	meteorite	by	electron	probe	

microanalysis, electron microscopy and micro-Raman spectroscopy. Based on electron diffraction, the symmetry of tsangpoite was shown to be 
hexagonal, P6

3
/m or P6

3
,	with	a	=	9.489	±	0.004	Å,	c	=	6.991	±	0.006	Å,	V	=	545.1	±	0.6	Å3 and Z = 2 for 12 oxygen formula, that of matyhite was shown to 

be	trigonal,	R3c,	with	a	=	10.456	±	0.007	Å,	c	=	37.408	±	0.034Å,	V	=	3541.6	±	4.8	Å3	and	Z	=	6	for	28	oxygen	formula,	and	that	of	kuratite	was	shown	to	
be	triclinic	(space	group	P	by	analogy	to	rhönite)	with	a	=	10.513(7),	b	=	10.887(7),	c	=	9.004(18)Å,	α = 105.97(13), β = 96.00(12), γ = 124.82(04)o, V = 767 ± 
2	Å3	and	Z	=	1	for	the	40	oxygen	formula.		Based	on	their	constant	association	with	grain	boundary	assemblage:	Fe-sulfide	+	ulvöspinel	+Al-Ti-bearing	
hedenbergite	+	fayalite-kirschsteinite	intergrowth,	the	formation	of	these	new	minerals	can	be	readily	rationalized	by	crystallization	from	residue	
magmas	at	the	final	stage	of	D’Orbigny	formation.	Alternatively,	the	close	petrographic	relations	between	tsangpoite/matyhite	and	the	resorbed	
Fe-sulfide	rimed	by	Fa+Kir	symplectite,	such	as	the	nucleation	of	tsangpoite	in	association	with	magnetite	±	other	phases	within	Fe-sulfide	and	the	
common	outward	growth	of	needle-like	tsangpoite	or	plate-like	matyhite	from	the	fayalite-kirschsteinite	symplectic	rim	of	Fe-sulfide	into	hedenbergite,	
infer that these new minerals and the grain boundary assemblage might represent metasomatic products resulting from reactions between an 
intruding	metasomatic	agent	and	the	porous	olivine-plagioclase	plate	+	augite	+	Fe-sulfide	aggregates.	Still	further	thermochemical	and	kinetics	
evidence	is	required	to	clarify	the	exact	formation	mechanisms/conditions	of	the	euhedral	tsangpoite,	matyhite	and	kuratite	at	the	grain	boundary	of	
angrite D’Orbigny.
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Testing non-traditional stable isotope in chondrules
Francesca Mirolo1, Tracy Rushmer2

1Macquarie University, North Ryde, Australia, 2Earth and Planetary Sciences, Macquarie University, North Ryde, Australia

Chondrules are enigmatic millimeter-sized droplets of igneous material that comprise of a range of compositions and textures and are a major 
component	of	a	class	of	meteorites	that	account	for	five-sixths	of	all	meteorite	falls,	called	chondrites.	Their	ages	along	with	CAI’s,	which	are	also	
found within chondrites, give the age of the Solar System. This suggests chondrules are a major source of material for the various bodies that 
currently inhabit the Solar System. Despite their ubiquity within meteorites, the original mechanism that created them remains a subject of debate. 
Discerning the method of chondrule formation would provide insight into the conditions present during the earlier phases of the Solar System. A 
number of hypotheses have been proposed, such as splashing from colliding molten planetesimals (Asphaug et al., 2011), gravitational instability driven 
shocks	(Desch,	2007),	planetesimal	bow	shocks	(Weidenschilling,	2011),	parabolic	orbital	heating	of	nebular	dust	(Herbst	and	Greenwood,	2015),	and	
impact jetting (Johnson et al., 2015). Most recently, Bollard et al. 2017 suggested that chondrules were heterogeneous because of thermal re-processing 
and	partial	melting	modified	their	original	compositions.

This study proposes to use non-traditional stable isotopes to examine the thermal histories and re-processing of chondrules. They can fractionate 
through	either	kinetic	(e.g.	diffusion,	evaporation	and	condensation)	or	equilibrium	processes	which	is	driven	by	quantum-mechanical	effects,	which	
can occur during metal-silicate segregation. There are a number of non-traditional isotopes that may prove suitable for the testing of the thermal 
histories of chondrules.

A	promising	isotope	is	germanium.	The	work	of	Luais	et	al.	(2014)	indicates	that	there	is	a	need	to	consider	Ge	isotope	fractionation	for	partial	
melting and early Fe-FeS segregation, prior to metal-silicate segregation in planetesimals (Krujer et al., 2014). This could indicate a particular class of 
chondrules was a primary source of material for Mars. Molybdenum is found to have some higher fraction of 98Mo present in some iron meteorites and 
carbonaceous chondrites, which could be due to evaporation, and in achondrites due to preferential movement of lighter Mo into the metal fraction, 
as	confirmed	by	metal-silicate	partitioning	experiments	(Hin	et	al.,	2013).	Modified	chondrules	could	be	tested	for	evaporation	processing	of	Mo.	
Selenium is relatively unconstrained in non-terrestrial materials, though chondrites and iron meteorites appear to be enriched compared to terrestrials 
reservoirs (König et al., 2012) suggesting partitioning of Se into the core, or a late-stage addition of Se via impacts and thermal events (Wang and 
Becker,	2013).	The	Se	content	of	chondrules	could	be	investigated	for	small-scale	metal-silicate	partitioning	under	partial	melting.

We	have	experimentally	modified	several	chondrules	(from	Bjurböle	LL4	class	meteorite).		Conditions	of	1GPa	and	950-1250C	were	used	to	induce	partial	
melting	to	complete	melting.		These	chondrules	make	prime	material	to	study	the	effect	of	thermal	re-processing	using	the	isotopic	systems	discussed	
above.
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Microbe mediated electron transfer in mineral-fluid systems and environmental 
consequences

Dissolution of chalcopyrite by extremely thermoacidophilic Archaea Acidianus manzaensis under 
anaerobic environment
Hongchang Liu1, 2, Duorui Zhang3, Weiwei Zhang3, Peng Yuan1, 2, Dong Liu1, 2, Jinlan Xia3

1CAS Key Laboratory of Mineralogy and Metallogeny/Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, 2University of Chinese Academy of Sciences, Beijing, 3School of Minerals Processing and 
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Dissolution	of	sulfide	minerals	by	acidophilic	microorganisms	play	key	roles	in	acid	environment.	Among	these	minerals,	chalcopyrite	is	the	most	
abundant and studied. The dissolution of chalcopyrite in acid environment is usually proposed to be an electrochemical process with Fe3+ and 
dissolved O

2
, releasing Fe2+ and reduced sulfur [1]. The role of acidophilic microorganisms is proposed to oxidize Fe2+ to Fe3+ and/or oxidize reduced 

sulfur to sulfuric acid. However, the dissolution of chalcopyrite by acidophilic microorganisms under anaerobic environment rarely studied. In this 
work,	the	dissolution	of	chalcopyrite	by	an	extremely	thermoacidophilic	Archaea	Acidianus	manzaensis	under	anaerobic	environment	were	studied	
by synchrotron radiation-based Cu, Fe, S K-edge X-ray absorption near edge structure (XANES) spectroscopy, accompanying with the determination 
the	concentrations	of	copper	and	iron	concentrations.	We	found	for	the	first	time	chalcopyrite	could	be	dissolved	by	A.	manzaensis	under	anaerobic	
environment. The dissolution experiment showed that copper ion rapidly dissolved to reach a concentration of 0.08 g/L in the solution from day 0 to 
day 2; while the concentration of copper ion rapidly decreased from day 2, and reached basically zero at day 6. By contrast, for the experiment in the 
absence	of	A.	manzaensis,	copper	ion	gradually	dissolved	into	the	solution	from	day	0,	reached	a	concentration	of	0.12	g/L	at	day	6,	and	finally	kept	
basically steady. Different from the change of copper ion, the concentration of iron ion for the experiment both in the presence and absence of A. 
manzaensis gradually increased from day 0 to day 6 and then increased little. The surface morphological results showed that new phases formed on 
the	mineral	surfaces.	The	Cu,	Fe	and	S	K-edge	XANES	spectra	showed	the	formation	of	secondary	sulfide	minerals	in	the	presence	of	A.	manzaensis	
under anaerobic environment. This study provided an alternative pathway to the dissolution of chalcopyrite in acid environment.
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 The upper Devonian, mixed siliciclastic-carbonate stratigraphic succession of the Geirud Formation in the Alborz Mountain Range, in northern Iran, 
hosts numerous phosphorites and phosphatic sandstones and limestones. Devonian phosphorites are generally rare in the Phanerozoic record and 
the Geirud phosphorites has gained little attention regarding their genesis and diagenetic evolution. This study focuses mainly on mineral evolution 
during deep burial diagenesis and subaerial weathering of the Geirud phosphorites. The phosphorites consist of phosphatic massive mudclasts, 
quartz-rich	lithoclasts,	bioclasts	and	bones	derived	by	several	stages	of	reworking	and	deposition	from	pre-existing	phosphatic	mud	and	sand	sources.	
The	phosphatic	mudclasts	consist	of	early	diagenetic,	faint	brown,	poorly	crystalline,	carbonate	fluorapatite	(CFA1)	and	pyrite,	whereas	phosphatic	
lithoclasts include detrital quartz, muscovite, rutile and zircon. Phosphatic clasts are intensely compacted with sutured grain contacts, along which 
dissolution and reprecipitation of well crystalline illite and colourless CFA2 occurred during deep burial diagenesis (Fig. 1A, B). The CFA2 is distinguished 
from the early diagenetic CFA1 by its bright blue cathodoluminescence colour which resulted from activation by rare earth elements (REEs), particularly 
Eu (Fig. 1C, D). Similarly, quartz shows deformation planar features and silica overgrowth cement that was developed as a result of pressure dissolution 
during	deep	burial	in	phosphatic	sandstones,	followed	by	precipitation	of	ferroan	dolomite,	ankerite	and	chlorite	under	reducing	and	alkaline	
conditions in secondary porosity. Subaerial weathering led to oxidation of pyrite and generation of acidic pH condition, under which Ca and P from 
phosphates, Fe and S from pyrite, Fe, Ca, Mg and Mn from ferroan carbonates and Al and Si from aluminosilicates are released to form goethite, 
psilomelane, calcite, gypsum and crandallite. The REEs normalized to the Post Archean Australian Shales show bell-shaped patterns with middle REEs 
enrichment,	positive	Eu	anomaly	and	a	weak	negative	Ce	anomaly.	This	implies	recrystallization	of	CFA	in	phosphorites	and	phosphatic	rocks	during	
deep	burial	diagenesis,	deviating	from	the	modern	seawater-like	REEs	pattern.	In	this	regard,	deep	burial	diagenesis	affecting	the	upper	Devonian	
Geirud	phosphorites	is	possibly	a	significant	process	in	the	Proterozoic-Paleozoic	phosphorites	in	northern	Iran	and	elsewhere	in	the	world.
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Probing the interactions between lucigenin and phyllosilicates with different layer structures
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The	application	of	organic	luminescent	dyes	was	limited	because	of	low	intensity	and	fluorescence	quenching	induced	by	aggregation.	The	
incorporation	of	organic	fluorescent	dyes	into	inorganic	matrixes	could	greatly	improve	the	luminous	properties	of	organic	dyes.	In	this	study,	we	
investigated the effect of three different types of layered mineral clays on the luminous properties of lucigenin (bis-N-methylacridinium nitrate, 
BNMA).	Attempts	were	made	to	fit	the	isothermal	data	using	Langmuir	and	Freundlich	equations.	Results	showed	that	the	adsorption	of	BNMA	onto	
montmorillonite(MMT)	and	kaolinite(KLN)	were	fitted	well	by	Langmuir	isotherm	equation,	and	the	largest	adsorption	amount	could	reach	0.446	mmol/g	
and	0.0196	mmol/g,	respectively.	However,	the	adsorption	of	BNMA	onto	rectorite(REC)	was	fitted	by	Freundlich	equation,	the	largest	adsorption	of	
which could reach 0.264 mmol/g. The combinations of BNMA with these three minerals all improved the luminous properties of BNMA. As the initial 
concentrations	of	BNMA	increased,	the	luminous	intensity	of	the	composites	increased	at	first	and	then	dcreased.	The	results	of	XRD	indicated	
that the adsorption of BNMA onto MMT and REC happened not only on the external surface of the clay, but also between layers of the minerals; 
while the adsorption of BNMA onto KLN only happened on the external surface. With an expandable layer structure and a balanced charge density, 
montmorillonite displayed a best performance in inhibiting luminescence quenching.
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Synthesis of MnO2/Fe3O4/diatomite composite as an efficient Fenton-like heterogeneous catalyst 
for methylene blue degradation
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The	heterogeneous	Fenton-like	catalysis,	showing	the	advantages	of	fast	reaction	rate	and	effective	cost,	has	attracted	wide	interests	in	wastewater	
treatment. The catalysis with the activation of H

2
O

2
 can effectively generate hydroxyl radicals to degrade the organic contaminants, however, its 

practical application is limited by the low acidic pH value. In this study, a novel magnetic MnO
2
/Fe

3
O

4
/diatomite nanocomposite with sandwich structure 

is	synthesized	and	then	used	as	heterogeneous	Fenton-like	catalyst	to	degrade	organic pollutant of Methylene blue in a wider functional pH range with 
the activation of peroxymonosulfate. The results show that the Fe

3
O

4
	nanoparticles	and	nanoflower-like	MnO

2
 are layer-by-layer and evenly distributed 

on the surface of diatomite to form nanocomposite that can be readily magnetically separated from the solution. The as-prepared catalyst, compared 
with	other	correlative	Fenton-like	catalysts,	shows	an	excellent	catalytic	degradation	performance	for	the	Methylene blue when peroxymonosulfate is 
used as activator. In pH value range of 4 to 8 and temperature range of 25 to 55 Celsius degree, the MnO

2
/Fe

3
O

4
/diatomite exhibits a superb degradation 

rate of nearly 100% in 45 min and a good mineralization rate of about 60% in 60 min. Moreover, the nanocomposite shows great recyclability with a 
recycle	efficiency	of	86.78%	after	5	runs.	The	probable	catalytic	mechanism	of	this	catalytic	system	is	resulted	from	the	synergistic	effect	between	
MnO

2
 and Fe

3
O

4
.
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The application of natural molybdenites in lithium-ion battery
Chenglong Peng1, Xueqin Liu1, Zhen LI1, Yang Wang1, Yi Shen1
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The	high	cost	of	synthesized	materials	in	advanced	energy	conversion	devices	have	driven	efforts	to	find	eco-friendly	natural	minerals	for	extensive	
use. The electrochemical properties of different types of natural molybdenites will be demonstrated, in the aspects of the crystallinity, purity and 
particle size. The initial capacity of the natural molybdenite electrodes are 761,783 and 934 mAh g-1 at 100 mAg-1 with the MoS

2
 content of 67.24%, 78.51%, 

and almost pure respectively. As the cycle progresses, the capacity decays faster with the high MoS
2
 content. The reason is that the higher the purity, 

the more lithium-ion storage space can be provided, but the larger the volume expansion during the charge-discharge cycle. The crystallinity has 
an	important	influence	on	the	electrochemical	properties	of	natural	molybdenites.	The	higher	the	crystallinity,	the	greater	the	reaction	resistance.	
Amorphous	molybdenum	disulfide	not	only	show	higher	conductivity	than	the	crystalline	molybdenum	disulfide,	but	the	lithium	ion	diffusion	
coefficient	also	be	higher	than	the	good	crystallinity	of	molybdenum	disulfide.	The	effect	of	particle	size	of	natural	molybdenite	on	the	performance	
of Li-ion batteries was also studied. The experimental results show that when the particle size increases from -325 mesh to -100 mesh, the initial 
capacity of the battery is 775, 983 and 890 mAh g-1, respectively. The large particle natural molybdenite exhibited high discharge capacity. However, 
the large particle natural molybdenite has the bad cycle life. This electrochemical study of natural molybdenite may provide some suggestions for the 
application	of	other	natural	minerals	in	the	field	of	lithium-ion	battery.
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The role of clay minerals in the preparation of cobalt blue hybrid pigments
Bin Mu1, Anjie Zhang1, 2, Aiqin Wang1
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Cobalt aluminate (CoAl
2
O

4
) pigment, as a typical eco-friendly blue inorganic pigment, can be applied in ceramics, plastics, and paints due to high 

refractive index, excellent chemical and thermal stability. However, the high cost of CoAl
2
O

4
 pigments severely restrained their wide applications due 

to the high price of cobalt compounds and the disadvantages of the traditional solid phase method [1,2]. Recently, our groups successfully prepared 
CoAl

2
O

4
 hybrid pigment after incorporation of different clay minerals by co-precipitation method followed by a calcination process [3-5]. Interestingly, 

incorporation of clay minerals contributed to decreasing in the production cost and calcining temperature for formation of spinel CoAl
2
O

4
. What’ more, 

different hybrid pigments derived from different clay minerals had different colors, thus the colors of hybrid pigments were closely related to types of 
clay minerals.

The involved clay minerals were typical 1:1 and 2:1 type aluminosilicates, and their main compositions were mainly Al
2
O

3
 (or MgO, e.g. attapulgite and 

sepiolite) and SiO
2
. It was found that the color properties of hybrid pigments were obviously improved with the increase in the Al

2
O

3
 or MgO content, 

but high SiO
2
 content had negative effect on the color properties. It might be attributed to the substitution or occupation of tetrahedral Co2+ and 

octahedral Al3+ by Mg2+ and Al3+ derived from clay minerals and the generation of CoSiO
3
,
 
respectively. During the co-precipitation reaction, the molar 

ratio of Co2+/Al3+ in precursor is less than 2 due to the partial dissolution of Al(OH)
3
. Once heated, some Mg2+ or Al3+ ions coming from clay minerals 

diffused and incorporated into the spinel lattice of CoAl
2
O

4
, and the thermal reduction of Co3+ to Co2+ was  simultaneous with the diffusion and 

reorganization of Co2+ and Al3+ ( or Mg2+) ions derived from the precursor and clay minerals. Therefore, clay minerals could be served as carrier to load 
CoAl

2
O

4
 nanoparticles preventing from their agglomeration and grain growth, as well as a natural dopant or aluminum source to enter spinel lattice of 

CoAl
2
O

4
 adjusting the color properties of cobalt blue during high temperatures crystallization process.
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Selective Fabrication of Barium Carbonate Particles in Halloysite Lumen
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BaCO
3
 nanoparticles were selectively loaded into the lumen of halloysite (abbreviated as Hal) by a simple urease assisted dipping strategy 

implementation. Hal minerals were pretreated by hydrochloric acid leaching. During the acid leaching process, the inner diameter of the halloysite tube 
was expanded, resulting in an increased defects and zeta potential. The negatively charged urease was loaded inside positively charged Hal lumen 
firstly,	and	then	catalyzed	the	urea	decomposite	to	produce	carbonate	ions	and	ammonia.	When	Ba2+ was diffused, barium carbonate particles were 
selectively synthesized in the Hal lumen. The obtained BaCO

3
/Hal is characterized by transmission electron microscopy, Fourier transform infrared 

spectroscopy and X-ray diffraction. The pore channels of halloysite effectively lowered the growth of BaCO
3
 crystals and controlled the geometrical 

morphology. The BaCO
3
/A-Hal may provide some potential applications in catalysis of future product.
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Modulating the CO2 methanation activity of Ni- TiO2/ polygoskite catalyst by crystal structures
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CO
2
 methanation attracts an increasing attention for mitigating CO

2
	emissions.	The	key	challenge	at	present	is	the	preparation	and	exploration	of	

nonnoble	metal	catalysts	that	are	highly	active	under	a	mild	reaction	temperature.	In	this	work,	a	novel	Ni-attapulgite	composite	catalyst	promoted	
by TiO

2
	was	prepared.	The	attapulgite	with	a	natural	fibrous	structure	has	the	characteristics	of	large	specific	surface	area,	abundant	pores,	and	good	

adsorption performance, which is a good catalyst carrier. 

Pre-synthesized, well-shaped spherical TiO
2
 nanoparticles were deposited onto pretreated attapulgite by metal–organic chemical vapor deposition 

(MOCVD).	Mono-dispersed	1	nm	NiO	nanoparticles	were	site-specifically	deposited	on	TiO
2
 moieties, which are active in the hydrogenation of CO

2
 to CH

4
. 

Crystal structure of TiO
2
 can be controlled by adjusting the deposition parameters and calcination temperature. The experimental results showed that 

the anatase titanium dioxide exposed more (001) facet exhibits excellent catalytic behavior towards CO
2
 methanation (conversion: 92%; selectivity: 

nearly 100%) at a reaction temperature at 350℃.	These	understandings	will	probably	be	applicable	in	the	development	of	highly	efficient	CO
2
 

methanation catalysts at mild temperature.
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Incorporation of clay minerals to preparation high-performance iron oxide red pigments
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Red is one of the subtractive primary colors, which is the longest wavelength light discerned by the human eye (about 630-740 nm). Therefore, red 
pigments	have	been	widely	used	in	the	numerous	fields	due	to	their	high	visibility	[1]. Among them, the oldest pigment is probably red ochre (iron oxide 
red, α-Fe

2
O

3
),	which	is	widely	used	in	cave	art.	In	addition,	it	is	nontoxic,	low-cost	and	environment-friendly	compared	with	the	artificially-made	red	

lead, vermilion (natural mineral cinnabar), and cadmium red. Therefore, the demand for iron oxide red is sharply increasing in recent years. However, 
its	color	property	and	resistance	to	acid	and	heat	are	very	difficult	satisfyingly	[2].

In order to improve above disadvantages of iron oxide red, our groups attempted to construct iron oxide red hybrid pigments after incorporation of 
clay minerals (e.g. attapulgite, sepiolite and halloysite) by a one-pot hydrothermal reaction in the presence of clay minerals and Fe(III) salts, without 
addition of any chemical precipitants [3,4]. Interestingly, the as-prepared iron oxide red hybrid pigments exhibited good color properties and excellent 
stability	to	acid,	alkalis,	organic	solvents,	and	high	temperature,	and	the	a*	values	reflecting	red	color	were	ranged	from	25	to	36.	In	addition,	the	
introducing of clay minerals obviously enhanced its suspension stability in both aqueous and alcohol media compared with commercial products. 
However,	the	hydrothermal	technology	was	relatively	harsh,	which	is	difficult	to	realize	in	the	practical	production.	Therefore,	iron	oxide	red	hybrid	
pigments were fabricated via aqueous precipitation followed by a calcination process after incorporation of attapulgite. CIE-L*a*b* colorimetric results 
indicated that the a* value of the as-prepared hybrid pigments changed with the content of iron oxide and the calcining temperature. Although the 
severe	sintering	phenomenon	could	be	observed	while	the	calcining	temperature	was	above	1100	ºC,	the	color	of	the	iron	oxide	red	hybrid	pigments	
had no obvious change, indicating an excellent thermal stability. This might be related to the main compositions of attapulgite, such as MgO, Al

2
O

3
 and 

SiO
2
,	Hosseini-Zori	et	al.	and	Kikumoto	et	al.	also	reported	that	silica	was	positive	for	improving	the	red	color	of	the	pigments	[5,6].
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Mg3Si4O10(OH)2 and MgFe2O4 in-situ grown on diatomite for highly efficient removal of Cr(VI)
Junshu Wu1, Yucheng Du1, Jinshu wang1

1Beijing Univ. Technol., Beijing, China

Chromium (VI) ions are regarded as one of the most toxic heavy mental contaminants, which can invade the human body through the digestive tract, 
respiratory	system	or	skin,	causing	serious	health	issues.	Adsorption	is	recognized	as	one	of	the	most	effective	pathways	in	treating	Cr-containing	
wastewater	and	easy	for	applications	in	large	scale.	The	adsorption	efficiency,	however,	is	usually	limited	by	the	property	of	the	adsorbent.	Therefore,	
it	is	critical	to	develop	new	types	of	adsorbents	with	porous	structures,	high	specific	surface	areas,	and	rich	surface	functional	groups.	Diatomite	is	a	
kind	of	nonmetallic	oxide	material	that	possesses	ordered	micro-	and	mesoporous	structures	with	pore	sizes	of	<	2	and	20-50	nm.	Due	to	the	proper	
porosity, diatomite is a promising adsorbent for the removal of heavy metal ions. The main component of diatomite is amorphous SiO

2
 with Si-O 

tetrahedral interconnection nets. It consists of abundant coordination and oxygen bridge defects, forming numerous Si-OH groups on the surface. The 
surface of diatomite is negative after the hydrolysis of silanol groups, which renders diatomite to have an advantage of adsorbing heavy metal ions. 
The	raw	diatomite,	however,	has	a	low	specific	surface	area	(25-30	m2/g), giving rise to a low Cr(VI) adsorption capacity. Therefore, it is highly desirable 
to modify the surface of diatomite to improve its performance for Cr(VI) adsorption.

Although nanostructured materials display excellent adsorption performance for the removal of heavy metal  ions, agglomeration of the 
nanostructured materials usually results in a negative effect on adsorption performance, in which such materials cannot be used for further 
adsorption	due	to	the	difficulty	of	solid-liquid	separation.	Another	challenge	in	treating	Cr-containing	wastewater	is	the	migration	of	toxicity,	in	which	
toxicity can transfer in the biological chain via water and soil. Compared to Cr(VI), Cr(III) is much less toxic. It is preferred to convert Cr(VI) to Cr(III) 
during the adsorption treatment process of Cr(VI)-containing wastewater. 

In	this	work,	the	Mg
3
Si

4
O

10
(OH)

2
 and MgFe

2
O

4
 nanosheets were loaded on diatomite via a facile hydrothermal method. The Mg

3
Si

4
O

10
(OH)

2
/diatomite 

sample	had	a	specific	surface	area	of	149	m2/g and an extremely large adsorption capacity of 535 mg/g for Cr(VI) adsorption at room temperature, 
and the MgFe

2
O

4
/diatomite sample possessed a higher surface area of 335 m2/g and a larger capacity of 570 mg/g for Cr(VI) adsorption under UV light 

irradiation. The Cr(VI) adsorbed on the surface of MgFe
2
O

4
/diatomite was reduced to the less toxic Cr(III). The synergistic effect of between adsorption 

and photocatalysis might be the main reasons why the MgFe
2
O

4
/diatomite sample was superior to the Mg

3
Si

4
O

10
(OH)

2
/diatomite sample in Cr(VI) removal 

capacity	and	efficiency.	It	is	assured	that	such	adsorbents	have	a	great	potential	for	practical	applications	in	the	removal	of	heavy	metal	ions	in	
wastewater. 
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Magnetic Alignment Of Attapulgite@Fe3o4 Photonic Crystals
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We	report	here	the	first	synthesis	of	nanorods	with	nuclear	shell	structures,	which	contains	nonmagnetic	nanorods	attapulgite	attached	with	magnetic	
nanoparticles Fe

3
O

4
.

The length of these nanorods is about 2~2.5um, and the rod diameter is about 30~50nm. The nano-rods have superparamagnetic characteristic. 
Magnetic	measurement	confirms	the	nanorods	showing	a	saturated	magnetization	of	58emu/g	and	a	coercivity	of	zero	Oe.	At	the	same	time,	they	can	
disperse evenly in the liquid phase，and	these	nanorods	assemble	into	magnetically	responsive	liquid	crystal	with	yellow	Bragg	reflections	under	an	
external	magnetic	field.	The	optical	properties	of	the	obtained	liquid	crystal	can	be	controlled	by	the	strength	and	the	direction	of	the	magnetic	field	
as well as the concentration of attapulgite@Fe

3
O

4
. We demonstrate the use of these nanorods to the photon switch, fabricate display and photonic 

devices.	See	figure	1.		

Figure1: a) SEM image of the ATP@Fe
3
O

4
. b) TEM image of a typical free-standing ATP@Fe

3
O

4
 nanorod Length distribution histograms of ATP nanorods. c)

Polarized optical microscopy images (POM) of ATP-Fe
3
O

4
 suspensions enclosed in a glass capillary with different volume fractions from low to high (c

1
to 

c
7
)	in	a	fixed	magnetic	field.	d)POM	images	of	ATP-Fe

3
O

4
	suspensions	under	an	increasing	the	strength	of	the	magnetic	field			(	d

1
 to d

7)
 by moving an 

NdFeB magnet closer to the sample from  far to near (d
1
to d

7
).
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man-processed mineral phases with special attention to asbestos minerals

Mapping asbestiform chrysotile: a first look
Leo Anderberg1, Judy Bailey1, Bill Collins2

1Earth Sciences, University of Newcastle, Callaghan, 2School of Earth and Planetary Sciences, Curtin University, Perth, Australia

Fibrous	minerals	present	an	ongoing	hazard	within	the	built	and	natural	environments.	The	most	commonly	encountered	regulated	fibrous	mineral	
is	the	serpentine	mineral,	chrysotile.	Chrysotile	commonly	forms	during	the	deformation	and	alteration	of	mantle	rocks	(e.g.	peridotite),	that	are	
common	in	orogenic	belts	(Deer	et	al.	2009;	O'Hanley	1988).	Within	these	belts	they	pose	an	ill-defined	hazard	for	ongoing	earthworks,	maintenance	
and quarrying.

The	bulk	of	readily	identifiable	chrysotile	forms	in	extension	(cross-fibre)	and	shear	veins.	Deformation	then	recrystallises	the	veins	into	the	sheared	
groundmass	forming	interlocking	textures	(Hirauchi	&	Yamaguchi	2007).	This	suggests	that	there	could	be	a	predictable	spatial	change	of	chrysotile	
concentration with increasing deformation.

By	comparing	the	change	in	chrysotile	concentration	(fibres/cm3	of	powdered	rock)	between	competent	veined	and	adjacent	sheared	serpentinite	and	
then extrapolating from chrysotile in relict surface veins across the larger serpentinite body it is possible to map asbestiform chrysotile concentration 
across serpentinite bodies relative to deformation.

As	regulatory	bodies	continue	to	encounter	fibrous	mineral	bearing	rocks,	such	information	will	be	invaluable	in	determining	the	hazard	to	health	
and	planning	accordingly.	The	first	results	of	this	approach	are	presented,	produced	from	field	observations	of	outcrops	spaced	at	regional	to	outcrop	
scales and direct measurements made with XRD and Optical microscopy, within the Great Serpentine Belt, NSW Australia. These results are presented 
as	a	map	of	an	8km2 section of serpentinite highlighting the concentration of asbestiform chrysotile and their relationship to predictive/explanatory 
variables.
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Asbestos in drinking water: preliminary results of a survey carried out in Calabria – Southern Italy
Maria Bruno1, Francesco Sinopoli1, Antonella Campopiano2, Sergio Iavicoli2

1INAIL, Lamezia Terme, 2INAIL, Rome, Italy

Asbestos	has	been	linked	to	several	kinds	of	cancer,	most	significantly	mesothelioma.	While	the	most	common	way	to	develop	mesothelioma	is	through	
the	inhalation	of	airborne	asbestos	fibers,	ingesting	fibers,	such	as	through	drinking	asbestos-contaminated	water,	can	also	lead	to	the	disease	
development.	The	likelihood	of	developing	mesothelioma	from	drinking	water	is	dose-dependent,	which	means	it	depends	on	asbestos	levels	and	on	
the extent of individual water consumption.

Exposure	to	asbestos	has	been	also	linked	with	cancer	at	several	levels	of	the	gastrointestinal	tract.	According	to	the	International	Agency	for	
Research	on	Cancer	(IARC),	there	is	evidence	pointing	to	a	causal	effect	of	ingested	asbestos	on	gastric	and	colorectal	cancer.	The	risk	seems	to	be	
proportional	to	the	concentration	of	ingested	fibers,	to	the	extent	of	individual	water	consumption,	to	exposure	timing,	and	to	the	possible	exposure	to	
other toxics (i.e., benzo(a)pyrene).

The	WHO	has	not	established	a	guideline	value	for	asbestos	fibers	in	drinking	water.	The	US	EPA	estimated	a	very	high	threshold	(7	million	fibers/L),	
only	considering	fibers	longer	than	10µm.

In	Italy,	a	systemic	assessment	of	the	presence	of	asbestos	fibers	in	drinking	water	is	still	lacking,	although	asbestos-coated	pipelines	are	widely	
diffused	and	still	operating.	In	this	study	a	survey	in	Calabria,	Southern	Italy,	is	carried	out	to	quantify	the	presence	of	asbestos	in	drinking	water.

Water	samples	are	collected	in	some	villages	of	Calabria	(Southern	Italy)	and	some	are	collected	to	source	near	the	ophiolitic	outcrops.	It	is	known	
that	these	rocks	could	contain	asbestos.	In	our	previous	works,	the	presence	of	tremolite,	chrysotile	and	fibrous	antigorite	was	been	confirmed.	
Water	samples	are	collected	in	polyethylene	or	glass	bottles.	Samples	are	shaken	and	known	aliquots	of	each	sample	are	filtered	through	0.8	µm	
polycarbonate	filters.	The	volume	of	water	was	established	in	relation	to	the	water	turbidity,	average	about	0.5	litre.	A	quarter	of	each	filter	was	
analyzed	by	scanning	electron	microscope	(SEM)	equipped	with	energy-dispersive	X-ray	analysis	(EDS)	that	have	allowed	the	identification	of	chemical	
composition.	The	observation	area	for	each	filter	was	at	a	magnification	not	less	than	4000	X.	All	the	countable	fibers	detected	in	the	observation	
areas were analyzed by EDS and their diameter and length were measured.

Crysotile	was	the	predominant	type	of	asbestos	detected	in	this	survey;	in	some	filters	tremolite	fibers	were	found.	The	presence	of	asbestos	in	
drinking	water	could	be	due	to	the	dissolution	of	asbestos-cement	pipes	in	water	distribution	systems.	This	is	related	to	the	aggressiveness	of	water	
that we are planning to determine.

Despite	the	fact	that	the	existence	of	a	threshold	level	for	health	risks	linked	to	the	presence	of	asbestos	in	drinking	water	is	still	under	debate,	the	
precautionary principle should impose all possible efforts in order to revise health policies concerning this topic.
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Environmental asbestos exposure near ophiolitic outcrops using sentinel animals: first results
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Ophiolites	are	known	sources	of	naturally	occurring	asbestos	(NOA).	In	Calabria	NOA	are	mainly	concentrated	in	the	ophiolitic	sequences	cropping	in	
Mount Reventino area, in the southern part of the Sila  massif, and along the Coastal Chain (Bloise et al, 2014, 2016). In Calabria the most common type 
of	asbestos	detected	in	ophiolitic	rocks	was	tremolite,	belonging	to	amphibole	group.	Asbestos	tremolite	was	found	in	Mount	Reventino	area	and	along	
Coastal	Chain	(Campopiano	et	al.,	2009;	Bloise	et	al.,2014,	2016).	Another	asbestiform	mineral	was	detected	in	these	areas:	fibrous	antigorite	belonging	
to	serpentine	mineral	group.	A	minor	amount	of	chrysotile	was	also	found	(Campopiano	et	al.	in	press).	In	this	work	the	possibility	of	using	sentinel	
animals	as	sensitive	indicators	of	environmental	fiber	diffusion	is	shown.	Ten	lung	samples	of	sheeps,	goats	and	wild	boars	which	come	from	Mount	
Reventino area were obtained. Samples from two unexposed sheeps  were also obtained as controls. The animals were from 4 to 12 years.

The	samples	were	chemical	treated	with	NaClO	in	an	oven	at	60	°	C	for	3	days.	The	suspension	was	filtered	on	a	polycarbonate	membrane.	The	
counting,	identification	and	size	(width,	length	and	aspect	ratio)	of	all	fibers	detected	on	the	membrane	were	performed	by	scanning	electron	
microscope (SEM) and energy dispersive spectrometer (EDS).

Tremolite	fibers	were	detected	in	all	samples.	Fibrous	antigorite	was	also	detected	in	some	lungs.	No	corpuscles	of	asbestos	were	observed	and	no	
asbestos	fibers	were	detected	in	the	controls.

The	geometric	mean	of	diameters	and	lengths	of	fibers	were	around	0.5	µm	and	7.0	µm	respectively.

Some	lengths	exceeded	30	µm.	The	concentrations	of	fibers	per	gram	of	dry	lung	range	from	15,000	to	over	100,000.	Higher	tremolite	fiber	
concentrations	were	found	in	the	lungs	of	wild	boar	and	some	goats	grazing	in	areas	where	substantial	soil-handling	work	had	been	carried	out.	The	
presence	of	tremolite	fibers	in	the	lungs	of	the	investigated	animals	confirms	the	successful	spread	of	mineral	fibers	in	the	environment	and	the	real	
advantage of using animal populations in the study areas
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Fpti: A Model To Predict The Toxicity/Pathogenicity Potential Of Mineral Fibers
Alessandro Gualtieri1
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Some	mineral	fibers	represent	a	health	hazard	because	they	are	classified	as	cancer-causing	chemical/physical	toxicants	upon	(chronic)	dust	
inhalation. Although in the last decades they have been the subject of intensive multidisciplinary investigations, the mechanisms by which mineral 
fibers	induce	toxic	and	pathogenic	adverse	effects	on	human	health	and	environment	are	not	yet	fully	understood.	The	major	intricacy	of	the	biological	
approach	that	prevents	the	design	of	a	conclusive	shared	model	of	behavior	of	mineral	fibers	in	a	biological	system	stems	from	their	very	nature	with	
intrinsic variability in chemical, molecular, structural and morphometric parameters, biodurability1	and	surface	reactivity.	This	paper	presents	the	first	
attempt	to	devise	a	quantitative	predictive	model	of	toxicity/pathogenicity	of	minerals	fibers	based	on	their	physical/chemical	and	morphological	
parameters.2	This	model	is	conceived	to	deliver	a	fiber	potential	toxicity/pathogenicity	index	(FPTI)	to	be	integrated	with	the	biological	approach	to	
create	a	quantitative	predictive	model	of	behavior	of	mineral	fibers	in	a	biological	system.	The	FPTI	model	is	thought	to	be	a	predictive	tool	aimed	at	
ranking	the	toxicity	and	pathogenicity	potential	of	fibers	like	asbestos	or	unregulated/unclassified	mineral	fibers.	It	may	eventually	be	applied	to	other	
materials	like	man-made	synthetic	fibers	and	elongated	mineral	particles	(EMP).

In	order	to	validate	the	proposed	model,	work	is	in	progress	to:

 – -provide	a	full	characterization	and	in	vitro	toxicity	testing	of	fibers	predicted	as	toxic/pathogenic	by	the	model;

 – -optimize the mathematical algorithm for the estimation of the weights of each macro-/micro-parameter terms;

 – -develop	a	model-based	user-friendly	code	to	assess	the	toxicity/pathogenicity	of	a	fiber;

 – -validate the model at international level (IARC) and evaluate the social, economic and legal consequences of the obtained results.

The	application	of	the	model	to	fibers	of	environmental,	social	and	economic	importance	allowed	to	establish	different	classes	of	potential	toxicity/
pathogenicity	with	the	amphibole	fibers	that	appear	by	far	as	the	most	harmful	fiber	species.	The	findings	confirm	the	famous	deduction	of	Paracelsus	
(1493-1541)	“the	dose	makes	the	poison	(sola	dosit	facit	venenum)”	which	is	the	basic	principle	of	toxicology:	"All	things	are	poison	and	nothing	is	
without	poison;	only	the	dose	makes	a	thing	not	a	poison".	In	the	specific	case	of	mineral	fibers	such	principle	can	be	possibly	reworded	as:	"All	fibers	
are	poison;	only	the	structural	(s.l.)	characters	and	the	dose	makes	a	fiber	(not)	a	poison”.
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Fibrous	erionite	is	classified	by	the	IARC	(International	Agency	for	Research	on	Cancer)	as	carcinogenic	substance	to	humans	(Group	1).	In	the	areas	
where	it	is	present	in	the	bedrock,	it	may	cause	environmental	exposure.	If	the	bedrock	is	used	for	industrial	applications	(e.g.	building	materials),	both	
professional and environmental exposure are possible.

For the health and environment protection, prevention is a priority action and the recent guidelines of the Consensus Report of the Weinman 
International	Conference	on	Mesothelioma	(Carbone	et	al.	2016)	suggest	to	identify	locations	where	potentially	hazardous	mineral	fibers	(like	erionite)	
are	found	in	the	environment	to	prevent	environmental	exposure.	Our	research	found	that	one	such	potentially	hazardous	mineral	fiber	may	be	fibrous	
ferrierite.

The	mineralogical,	chemical-physical	properties	and	surface	activity	of	a	hydrothermal	fibrous	ferrierite	from	Monte	Lake	British	Columbia	(Canada)	
and	a	diagenetic	fibrous	ferrierite	from	Lovelock	Nevada	(USA)	have	been	investigated	using	a	suite	of	‘state	of	the	art’	experimental	methods	
including optical microscopy, electron microscopy and microprobe analysis, laser ablation inductively coupled plasma mass spectrometry for the trace 
elements, vibrational spectroscopy, electron paramagnetic resonance, and synchrotron powder diffraction. The chemical-physical properties of these 
fibrous	ferrierites	(morphometric	parameters,	specific	surface	area,	chemistry	with	special	attention	to	iron	and	others)	prompting	adverse	effects	in	
vivo	were	compared	to	those	of	the	positive	standard	fibrous	erionite-Na	from	Jersey	Nevada	(USA)	(Gualtieri	et	al.	2016).

Although	there	are	differences	in	the	crystal	chemistry	and	genetic	environment,	the	ferrierite	samples	exhibit	outstanding	similarities	with	fibrous	
erionite:	both	fibrous	erionite	and	fibrous	ferrierite	can	occur	in	large	amounts	as	microcrystalline	fibrous-asbestiform	phases	in	diagenetic	rocks	
with	fibers	of	breathable	size.	For	both	zeolites,	iron	is	not	structural	but	is	associated	with	impurities	lying	at	the	surface	of	the	fibers.	Surface	active	
iron atoms can be found at the window of 6-membered rings in both erionite and ferrierite. Erionite is highly biodurable and hence of high toxicity/
pathogenicity	potential.	Because	the	Si/Al	ratio	of	fibrous	erionite	is	generally	lower	than	that	of	fibrous	ferrierite,	the	latter	is	expected	to	be	more	
biodurable than erionite and hence potentially even more toxic/pathogenic.

Our	results	starkly	indicate	that	fibrous	ferrierite	can	represent	a	potential	health	hazard.	Because	ferrierite-rich	rocks	are	mined	and	used	
commercially,	fibrous	ferrierite	should	undergo	a	procedure	of	toxicity	testing.
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About	1/3	of	New	Caledonia	is	covered	with	ultramafic	rocks	emplaced	over	a	volcano-sedimentary	basement	thanks	to	subduction-obduction	
processes	during	the	late	Eocene.	Hydration	of	these	rocks	during	different	tectonic	and	hydrothermal	phases	leads	to	the	formation	of	large	
quantities of serpentine group minerals (i.e. lizardite, chrysotile, antigorite and polygonal serpentine). Among these mineral species, chrysotile is 
classified	as	asbestos	by	the	Asbestos	Hazard	Emergency	Response	Act	(AHERA)	of	the	Environmental	Protection	Agency	(EPA).	Evaluation	of	the	
potential	health	risk	associated	with	ultramafic	rocks	in	New	Caledonia	requires	thus	a	full	characterization	of	the	actual	nature	of	the	serpentine	
group minerals in relation with these geological settings.

Since vibrational spectroscopy, XRD and TEM has long been recognized as powerfull analytical techniques to characterize and quantify serpentine 
group minerals in synthetic and natural samples (Foresti et al., 2003; Rinaudo et al., 2003; Auzende et al., 2004; Groppo et al., 2006; Andreani et al., 
2008; Viti, 2011; Gualtieri et al., 2012; 2014; Petriglieri et al., 2015; Dichicco et al., 2017), these techniques were employed to investigate a large set 
of	ultramafic	geological	settings	across	New	Caledonia.	The	results	obtained	up	to	now	allow	to	improve	the	map	of	the	potential	health	hazard	
associated	with	chrysotile	occurrences	in	relation	with	ultramafic	rocks	in	New	Caledonia,	only	based	on	geological	map	interpretation	until	now.

In	addition,	the	large	set	of	natural	samples	analyzed	during	this	study	allowed	to	emphasize	a	significant	variation	of	the	Raman	and	IRTF	signal	
of chrysotile in the OH-region (i.e. 3600-3900 cm-1)	that	could	be	related	to	the	TEM-EDX	crystal-chemistry	of	this	mineral	species.	This	influence	
of	the	crystal-chemistry	of	chrysotile	on	the	OH-vibrational	modes	could	be	confirmed	on	a	serie	of	synthetic	samples	that	contained	increasing	
concentration	of	nickel	(Ni).	Since	it	could	induce	a	possible	confusion	with	lizardite	in	the	most	extreme	cases,	such	an	influence	of	the	crystal-
chemistry of chrysotile on the Raman and IRTF signal in the OH-region should be further considered for any interpretation of analyses of natural 
asbestos samples performed with vibrational spectroscopy techniques.
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In	this	study,	we	have	analysed	the	mineralogy	and	the	crystal	chemistry	of	serpentine	soils	from	ultramafic	rocks	of	the	metaophiolitic	Voltri	Massif	
(Liguria, Italy), in order to determine the primary and authigenic mineral species controlling the distribution and the mobility of PTEs during pedogenic 
processes. These serpentine soils were characterised by PTEs contents commonly exceeding the concentration limits laid down by environmental 
agencies,	particularly	for	Cr	(1200-2500	mg/kg)	and	Ni	(1000-4200	mg/kg).	With	these	hazardous	PTEs	concentrations,	the	knowledge	of	the	distribution	
of	PTEs-bearing	minerals	is	of	paramount	importance	for	understanding	their	origin	and	their	fate	during	the	development	of	serpentine	soil	profiles	
and can allow to evaluate their effective bioavailability.

All	the	studied	soil	profiles	were	restricted	in	depth	(10-50	cm)	and	showed	a	low	degree	of	maturity	with	weakly	developed	A-C	horizons.	Soil	samples	
were	subdivided	into	three	aliquots	in	order	to	separate	the	soil	skeleton	(2	mm-63	µm)	from	the	silt	(63-2	µm)	and	clay	fraction	(<2	µm).	Quantitative	
mineralogical analyses were performed in all aliquots by using XRPD data collected with synchrotron sources at the MCX beamline (ELETTRA - 
Synchrotron,	Trieste,	Italy)	and	refined	with	EXP-GUI	GSAS	software.	Trace	metals	were	determined	with	energy	and	wavelength	electron	microscopy.

The	mineralogy	of	the	coarse	and	silty	fractions	was	closely	related	to	bedrock	mineralogy.	The	following	minerals	were	detected	in	decreasing	order	
of abundance: antigorite, chlorite, tremolite, magnetite, Cr-rich spinel, chrysotile, ilmenite, clinopyroxenes, olivine. Allochthonous quartz and albite 
were always present as minor to trace constituents.

The clay fraction was mainly composed by Fe-oxides and -oxyhydroxides (mainly hematite and goethite) with subordinate amounts of mixed-layer clay 
minerals (chlorite-smectite, chlorite-vermiculite). These authigenic secondary minerals were characterised by poor crystallinity, intimate intergrowths, 
and	fine-scale	heterogeneities.

PTEs were hosted mainly in the residual primary minerals deriving from the underlying parent material and subordinately in secondary authigenic 
phases. Cr was mainly contained within spinels (magnetite, Cr-magnetite, ferrichromite, picotite, and hercynite), antigorite, diopside and augite. Non-
negligible amounts of Cr was also present in authigenic hematite (up to 0.1 wt%) and goethite (up to 0.15 wt%). The main Ni-bearing minerals were 
olivine	and	antigorite	but	significant	Ni	concentration	was	also	detected	in	authigenic	hematite	(up	to	2.8	wt%)	and	goethite	(up	to	4.2	wt%)	which	
thus represented effective traps for Ni leached through mineral weathering to the soils solution.

These results are the preliminary step for the evaluation of the role of mineral species in controlling the PTEs mobility during the evolution of 
serpentine	soil	profiles.	Quantitative	mineralogical	data	will	be	further	used	to	perform	mass	balance	calculations	as	well	as	to	interpret	and	model	the	
results of batch leaching experiments that will be conducted on the different soil fractions.
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Although	the	clearly	identified	asbestiform	amphiboles	have	been	banned,	prismatic	amphibole	crystals	and	cleavage	fragments	are	not	yet	
univocally	regulated	as	asbestos,	but	their	geometric	ratios	fit	within	the	definition	of	fibres.	Under	similar	chemical	composition,	in	the	perspective	
of evaluation of carcinogenicity, the morphological characterization of the phases cannot be disregarded. Comminution of Asbestos Containing 
Materials	(ACM)	is	a	fundamental	step	for	the	quantitative	determination	of	fibres.	However,	preparation	methods	described	in	the	Italian	ministerial	
decree	(M.D.	06/09/1994)	is	an	indicative	procedure	and	lack	of	precise	coding,	thus	not	guaranteeing	comparable	and	reproducible	intra-	and	inter-
laboratory	results.	Another	normative	and	scientific	crucial	gap	concerns	the	classification	criterion	of	the	asbestos	referred	mainly	to	the	fibrous	
and	non-fibrous	varieties	of	the	amphiboles	group.	In	the	first	case,	the	amphibole	can	have	neat	fibrous	morphology,	in	the	second	case	it	occurs	as	
cleavage	fragments	and	derives	from	size	reduction	of	a	pristine	prismatic	object	with	dimensions	and	geometrical	ratios	that	however	would	make	it	
classifiable	as	asbestos.

Aim	of	this	work	was	to	analyse	samples	containing	amphiboles	with	fibrous	or	prismatic/acicular	habitus	by	Scanning	Electron	Microscopy	(SEM)	in	
order to determinate how different time length of comminution modify the particles geometry and morphology.

Several	metamorphic	rocks	from	ophiolitic	and	continental	crust	provenance	containing	amphiboles	of	the	tremolite-actinolite	series	with	prismatic	
and/or asbestiform habitus have been addressed. For each sample, three aliquots (3 grams each) were mechanically milled by a Retsch-Mill McCrone 
for different times (30 seconds, 2 minutes, 5 minutes respectively) of grinding, at a constant speed. The samples were then prepared according to the 
procedure	prescribed	by	the	decree	(all.	1	-	Quantitative	determination	of	asbestos	in	bulk	samples)	for	observation	by	SEM.

Preliminary results show that the two types of amphiboles behave very differently during comminution. All the samples that have been milled for 
30	seconds	allows	distinguishing	clearly	which	amphiboles	are	fibrous	and	which	ones	break	as	prismatic.	By	extending	the	time	of	grinding,	this	
distinction	is	not	immediately	resolved.	Moreover,	for	the	fibrous	amphiboles,	at	increasing	time	of	grinding,	the	bundles	disaggregate	and	the	fibrils	
reach	a	diameter	down	to	0.2	µm.	The	length	of	fibres	does	not	seem	affected	by	the	milling.	On	the	other	hand,	the	prismatic	amphiboles	shorten	
considerably in length but also in the diameter, however, they do not reach widths less than 0.6 µm.

On the whole, these results highlight how critical the asbestos comminution phase is in the preparation of the samples and supports the imperative 
need to standardize the method in order to obtain comparable results between different laboratories.
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In	recent	years	several	analytical	techniques	have	been	developed	to	better	discriminate	and	quantify	the	asbestos	mineral	occurrence	in	rocks.	
Recent	studies	highlighted	that	the	official	investigation	techniques	(e.g.	Scanning	Electron	Microscopy	coupled	with	Energy	Dispersive	X-ray	
Spectroscopy	device	-	SEM-EDS)	prescribed	by	current	legislation	concerning	the	qualitative	and	quantitative	analysis	to	define	excavated	soils	and	
rocks	as	asbestos-contaminated,	do	not	guarantee	an	univocal	and	precise	characterization	of	asbestos	minerals.	This	especially	holds	if	the	asbestos	
minerals are cleavage fragments of minerals belonging as for composition, but not necessarily for morphology, to the group of asbestos.    

This	is	due	to	the	detection	limits	of	the	available	techniques,	and	to	the	lack	of	protocols	cause	of	variability	of	results.	The	most	important	problem	
concerns the prismatic amphibole crystals and cleavage fragments, which are not yet univocally regulated as asbestos in many countries. As a 
consequence,	quantitative	determinations	can	yield	high	variance	even	for	similar	environments,	preventing	a	risk	assessment	based	on	univocal	data.

A new methodological approach, never tested before, has been to analyse samples containing asbestos through the Synchrotron Radiation X-ray 
microtomography (SR X-ray µCT).

This	non-destructive	technique	improves	the	observation	of	the	fibers	arrangement	in	the	three-dimensional	space,	avoiding	morphological	variations	
of the sample as a result of comminution, i.e. the preliminary step for the preparation of the samples according to the methods regulated by law. In 
fact,	the	comminution	can	modify	the	morphology	and	geometric	shape	ratios	of	fibers,	inducing	positive	or	negative	falses,	though	fundamental	in	
the calculation of the concentration.

In order to understand whether the selected samples can have a critical counting dimension (length >5 µm, diameter <3 µm, length:diameter 3:1) as 
result	of	the	comminution	of	an	acicular	crystal	or	because	they	crystallised	as	fibrous	crystals,	five	samples	of	metamorphic	lithotypes	potentially	
containing serpentine and/or amphibole asbestos were selected. The dataset consists of two serpentinite, one metabasalt, one eclogite and one 
metagranitoid;	noteworthy	one	serpentinite	contains	a	vein	of	fibrous	antigorite,	confirmed	by	XRPD.	Before	and	after	SR	X-ray	µCT,	qualitative	
observations	were	carried	out	at	the	microscale,	with	the	aim	of	making	a	comparison	of	the	pristine	crystals	and	after	milling	processes.

Preliminary	results	show	that	the	work	of	image	acquisition	and	reconstruction	of	3D	volumes	could	be	a	valid	technique	to	discriminate	cleavage	
fragments	from	the	fibers.	This	investigation	is	a	preliminary	support	to	conventional	analytical	techniques	in	order	to	obtain	more	detailed	
information	on	the	morphology	and	the	size	of	asbestos	fibers.
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Under humid tropical to sub-tropical conditions, weathering processes and supergene mineralization had a great deal in the formation and release of 
mineral	fibres	into	the	environment.	Under	these	climate	conditions,	natural	deposits	of	asbestos	may	be	subjected	to	a	further	alteration	process.	In	
this	context,	the	term	alteration	refer	to	a	physico-mechanical	modification	in	the	appearance	and/or	shape	of	fibrous	minerals.	Increasing	the	degree	
of	alteration,	massive	assemblages	of	amphibole	and	serpentine	gradually	cleave	into	lamina	or	needle-like	acicular	crystals.	Minerals	subjected	to	
weathering may vary from prismatic-platy through acicular-lamellar to asbestiform.

The New Caledonia has proved to be a good example in the survey on the impact of supergene alteration in the process of genesis and emission of 
fibres.	Covered	by	ultrabasic	units	for	more	than	a	third	of	its	surface,	the	New	Caledonia	is	one	of	the	largest	world	producers	of	nickel	ore	from	
lateritic deposits. Almost all outcrops of geological units and open mines contain serpentine and amphibole, also as asbestos (DIMENC-SGNC 2010).

As	a	result	of	weathering	processes	in	humid	sub-tropical	conditions,	mineral	fibres	of	New	Caledonia	exhibit	a	great	variability	in	morphology.	At	
the	hand	scale,	the	samples	show	an	evident	lack	of	coherence	and	a	very	altered	appearance,	compared	to	most	of	the	natural	worldwide	asbestos	
occurrences	(e.g.	Western	Alps,	Haute-Corse).	The	studied	samples,	with	different	alteration	degree,	include	serpentines	chrysotile	and	fibrous	
antigorite, as well as tremolite-amphibole.

Particular	attention	was	focused	on	the	study	of	fibrous	antigorite,	recognized	as	asbestos	only	by	Caledonian	legislation	(Decree	No	82/2010).	
Generally,	antigorite	has	the	form	of	fibrous-lamellar	crystals,	characterized	by	the	co-existence	of	both	lamellar	and	fibrous-lamellar	shapes.	
Moreover,	samples	that	appear	massive,	lamellar,	not	altered	in	the	hand	sample	can	display	a	fibrous	shape	already	at	the	microscopic	scale.	
This	information	would	be	of	great	interest	in	the	identification	of	these	minerals	at	the	different	scales	of	magnification,	from	optical	to	electron	
microscopy. Chrysotile veins, instead, can crystallize also in the form of macroscopically well-formed lamellae. In this case, chrysotile exhibits a 
massive	compact	appearance,	consisting	of	the	close	overlapping	of	thin	fibres.	An	unusual	high	density	of	tubes	occurs	without	any	residual	porosity.

Despite the great variability of morphologies displayed by Caledonian samples, morphologies and the increasing degree of alteration are not 
necessarily correlated. On the contrary, we can observe an increase of porosity as the degree of alteration increases. This is probably related to 
the	circulation	of	water,	flowing	preferentially	into	cracks,	fractures	and	weakness	areas.	The	penetration	of	fluids	within	fibrils	causes	a	stronger	
mechanical stress, until the completely loss of cohesion of the original structure. A physico-mechanical stress is probably one of the main reason for 
alteration	status	associated	to	mineral	fibres	dissociation.
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Potential toxicity of fibrous antigorite from New Caledonia: variability and similarities with crysotile 
asbestos
Maura Tomatis1, Elena Gazzano1, Elisabetta Aldieri1, Francesco Turci1, Bice Fubini1, Christine Laporte-Magoni2

1G. Scansetti Center for Studies on Asbestos and Other Toxic Particulates, University of Turin, Turin, Italy, 2Institute of Exact and Applied Sciences, 
University	of	New	Caledonia,	Nouméa,	New	Caledonia

The	asbestos	scientific	community	associates	New	Caledonia	to	the	malignant	mesothelioma	epidemic	which	mostly	affected	the	Kanak	communities,	
caused by the domestic use of a tremolite-containing whitewash. However, because of the complex ultrabasic nature of the Caledonian land and the 
exploitation	of	large	areas	by	nickel	mining,	the	presence	of	serpentinite	outcrops	where	chrysotile	asbestos	and	fibrous	antigorite	are	widespread	
has	raised	awareness	of	possible	health	hazard	related	to	fiber	inhalation.	Antigorite	shares	with	chrysotile	chemical	composition	and	mineralogical	
family,	however	its	crystalline	structure	does	not	imply	a	needle	like	shape	and	opposite	to	asbestos	antigorite	loses	its	fibrous	habit	upon	grinding.	
While	chrysotile	is	banned	in	many	countries,	antigorite	is	not,	but	-	because	of	its	large	presence	in	fibrous	form	-	in	New	Caledonia	is	classified	as	
asbestos,	even	if	data	on	its	toxicity	are	relatively	few.	Epidemiologic	surveys	are	difficult	to	achieve	because	of	the	nearly	ubiquitous	mixed	exposure.	
To	achieve	information	on	the	potential	toxicity	of	fibrous	antigorite	per	se,	we	have	performed	a	set	of	cell-free	and	cellular	tests,	aiming	to	evidence	
features	implied	in	asbestos	toxicity	present	in	fibrous	antigorite.

Antigorites differing in alteration level were compared with chrysotile for their physico-chemical properties and cellular responses induced in human 
epithelial cells (A549) and in murine macrophages (MH-S).  

Following	a	mild	grinding	the	samples	contained	about	50%	of	fibers,	most	of	which	in	respirable	size.	They	dissolved	more	slowly	in simulated body 
fluids	than	chrysotile.	Samples with alteration grade 2 (slightly weathered) and 4 (highly weathered) showed the same reactivity in hydroxyl radicals 
release of UICC chrysotile but did not catalyze carbon-centered radical generation and contained lower bioavailable iron. They induced dose-dependent 
cytotoxicity in A549 and MH-S cells. At high dose (4 times higher than chrysotile), they induced oxidative stress, production of NO, a cytotoxic and pro-
inflammatory	intracellular	messenger,	and	DNA	damage.	Conversely,	unweathered	antigorite	showed	a	very	weak	surface	reactivity	and	did	not	trigger	
any cellular effect.

Asbestos	toxicity	is	based	on	fibrous	habit,	surface	reactivity	and	high	biopersistence,	which	altogether	yield	persistent	inflammation	and	DNA	damage.	
Cell free and cellular tests reveal a lower activity of antigorite by respect to chrysotile, which is fully absent in the less altered specimen, suggesting 
a	lower	hazard	associated	to	fibrous	antigorite.	However,	incubation	in	body	fluids	indicates	that	antigorite	biopersitence	could	be	higher	than	
chrysotile.
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Evaluation of the stability of phases concentrating Potentially Toxic Elements in Zn-Pb slags in the 
light of leaching tests
Rafał Warchulski1,	Aleksandra	Gawęda1

1Faculty of Earth Sciences, University of Silesia, Sosnowiec, Poland

Pyrometallurgical slags from Zn-Pb smelting have recently been extensively studied mainly due to high concentration of Potentially Toxic Elements 
(PTEs).	PTEs	can	be	released	into	the	environment	as	a	result	of	the	weathering	processes.	Therefore,	the	detailed	knowledge	about	the	stability	of	
slag-forming phases during weathering is crucial for understanding their environmental impact. Described slags are the result of Hohenlohe smelter’s 
activity	working	since	1873.	The	smelting	plant	used	method	invented	at	the	end	of	the	eighteenth	century	and	called	Silesian	process	and	based	on	
the sulphidic ores from Mississippi Valley-type deposits. Macroscopic observation allow to distinguish several stages of slags weathering from the 
fresh one to completely replaced by aggregates of white needle-shaped secondary phases. XRD, SEM-EDS and EPMA analyses point out that fresh 
slags	are	composed	of	high	temperature	phases	like	olivine,	spinel,	melilite,	clinopyroxene,	feldspars,	leucite,	nepheline	and	sulphides.	The	main	
component	of	secondary	phases	is	gypsum,	starkeyite	and	hydrozincite.	SEM-EDS	studies	also	proved	the	presence	of	zincite	(ZnO),	willemite	(Zn

2
SiO

4
), 

hydroxide with nealite composition (Pb
4
Fe2+(As3+O

3
)

2
Cl

4
 · 2H

2
O), silico-carnotite (Ca

5
[(SiO

4
)(PO

4
)](PO

4
))	with	significant	As	admixture	and	harrisonite	

(Ca(Fe2+,Mg)
6
(PO

4
)

2
(SiO

4
)

2
) enriched in Zn. Fifteen different PTEs were distinguished in analyzed slags: As, Ba, Be, Cd, Co, Cu, Mn, Mo, Ni, Pb, Sr, U, V, W, Zn. 

In averaged fresh slag sample Zn reaches highest concentration of 21208ppm, followed by Mn (2547ppm), Ba (1573ppm), Pb (832ppm), Cu (420ppm), As 
(218ppm) and Ni (204ppm). Zinc is widely spread among many phases: up to 26.20 wt.% ZnO in spinel, up to 12.25 wt.% ZnO in melilite, up to 9.04 wt.% 
ZnO in pyroxene. Manganese is present in spinel (up to 11.26 wt.%), melilite (up to 0.84 wt.% MnO) and pyroxene (up to 0.58 wt.% MnO). Lead occurs in 
K-feldspar (up to 1.87 wt.% PbO), melilite (up to 0.32 wt.% PbO) and galena. Copper is present mainly as chalcopyrite. Arsenic was detected as minor 
element in most sulphides. Secondary phases tend to concentrate Zn (10281ppm), Pb (7963ppm), Mn (4027ppm) and As (627ppm).

Sequential	leaches	were	performed	using	modified	A.	Tessier	et	al.	(1979)	methodology.	Three	different	leaching	agents	were	used	targeting	varied	
minerals: demineralized H

2
O, 1M ammonium acetate (clay and carbonates) and 0.25M hydroxylamine (Fe-Mn oxides and hydroxides). Leachate from 

weathered slag show almost twice higher summarized emission of PTEs – 9109ppm vs 4418ppm. In both fresh slag and weathered ammonium acetate 
proved	to	be	most	and	demineralized	water	least	efficient.	Hydroxylamine	is	characterized	by	the	largest	increase	in	the	efficiency	from	the	fresh	slag	
(summarized PTEs of 632ppm) to secondary phases (2724ppm).

Comparison of results from leaching tests with chemical and phase composition proved that: (i) PTEs migrate as the result of weathering to the 
secondary phases, (ii) secondary phases release toxic elements to the environment twice as easily as fresh slag, (iii) the most easily leached PTEs are 
related to carbonates event in the case of relatively fresh slag, (iv) spinel is relatively weathering resistant in comparison to Fe-Mn hydroxides. 
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New data on incorporation of rare-earth elements into layered uranyl compounds: synthesis and 
crystal structures of novel praseodymium(iii) compounds
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1Department of Civil and Environmental Engineering and Earth Sciences, University of Notre Dame, South Bend, United States

 Praseodymium analogues of protasite Ba[(UO
2
)

3
O

2
(OH)

2
]·4(H

2
O) and carnotite K

2
[(UO

2
)

2
(VO

4
)

2
] 3H

2
O have been synthesized by mild hydrothermal 

reactions	at	170°C	for	120	hours.	Reagents	were	combined	in	approximately	1:1:1,	1:1:2,	or	2:2:1	molar	ratios	of	U:V:Pr.	The	initial	pH	of	the	reactions	were	
adjusted from ~3.7 to the desired value by the drop-wise addition of 0.5 M NH

4
OH.

Raman	spectroscopy	shows	that	at	low	pH,	the	1:1:1	and	1:1:2	U:V:Pr	systems	are	dominated	by	formation	a	carnotite-like	structure,	whereas	at	pH	>	7,	the	
1:1:1	U:V:Pr	system	also	crystallizes	the	protasite-like	phase.	Across	the	range	of	pH	values	in	this	study,	in	the	2:2:1	U:V:Pr	system,	the	uranyl	vanadate	
species remains the dominant phase.

Crystals of the novel phases praseodymium uranyl hydroxide hydrate (PrUOH) and praseodymium uranyl vanadate (PrUV) have been studied by single 
crystal	X-ray	analysis.	Unit-cell	parameters	are:	a	=	6.7956(8)	Å,	b	=	11.871(1)	Å,	c	=	6.8861(8)	Å,	V	=	555.52(11)	Å3, sp. gr. Pnm2

1
	for	PrUOH;	a	=	9.707(4)	Å,	b	

=	10.542(4)	Å,	c	=	24.818(10)	Å, β	=	98.405(5)°,	V	=	2512(3)	Å3, sp. gr. P2
1
/n	for	PrUV.	Crystal	structures	refined	to	final	R

1
 = 3.29 for PrUOH, and R

1
 = 6.62 for 

PrUV.

Crystal chemical formulas can be written as: Pr
1.35

[(UO
2
)

3
O

2
(O,OH)

3
](OH,H

2
O)

3
 (Z = 2) for PrUOH and Pr

0.66
[(UO

2
)

2
(V

2
O

8
)] 6H

2
O (Z = 6) for PrUV. The crystal 

structures of the studied compounds are based on uranyl layers with protasite (PrUOH) and francevillite (PrUV) anion-type topologies that are 
intercalated by Pr3+-ions which partly occupy large PrØ

9-10
-polyhedra (Ø = O, H

2
O) and water molecules.

Our	new	data	are	in	a	good	agreement	with	previous	work	where	Ln3+-ions were incorporated into compounds containing uranyl-based layers and 
frameworks.	Incorporation	of	Ln	in	secondary	(U(VI))	minerals	has	important	implications	for	the	behavior	of	minor	actinides	such	as	Am3+ and Cm3+ 
upon corrosion of used nuclear fuel as Ln3+ are important analogues for the minor An3+ resulting from nearly identical ionic radii radii (Choppin, 
1983;	Cotton,	2013;	Krauskopf,	1986;	Wang	et	al.,	2015).	Furthermore,	we	found	that	over	a	range	of	conditions,	PrUOH	and	PrUV	are	crystallized	
simultaneously, thus indicating potential paragenetic relationships between these minerals in natural systems.
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Microstrain in synthetic pyrope-grossular garnet solid solutions: an indication of cation (Mg and Ca) 
ordering
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Garnet solid solutions along pyrope (Mg
3
Al

2
Si

3
O

12
)-grossular (Ca

3
Al

2
Si

3
O

12
)

 
binary synthesized dry in multi-anvil (MA) apparatus at 6 GPa show large 

irregular	asymmetric	positive	quenchable	excess	volumes	(Du	et	al.	2016).	Synchrotron	X-ray	diffraction	(XRD)	profiles	of	these	garnet	solid	solutions	
show	peak	broadening	with	diffraction	angles.	Analysis	of	XRD	profiles	by	using	Williamson-Hall	plots	indicates	that	microstrain,	rather	than	grain	size	
variation,	is	the	principal	reason	for	the	observed	XRD	peak	broadening.	Garnets	with	compositions	close	to	the	negligibly	strained	end	members	have	
large microstrains but relatively small excess volume. This is in contrast to Py

40
Gr

60
, which has the largest excess volume but almost no microstrain.

Unit cell volume and microstrain of Py
40

Gr
60

 garnets vary with synthesis temperature and annealing time, showing a strong negative correlation, as is 
also seen in another garnet solid solution, Py

20
Gr

80 
(Du et al. 2017a). This anticorrelation is explained by local Ca-Mg cation arrangement in which Ca-Ca 

and Mg-Mg 3rd-nearest-neighbor (Same 3NN = S3NN) pairs form at rates other than those expected from random Ca-Mg distribution. S3NN pairs cause 
microstrain	(Bosenick	et	al.	2000)	but	allow	more	efficient	packing	than	random	Ca-Mg	pairings	that	contribute	to	excess	volume,	hence	smaller	cell	
volumes correlate with more microstrain. Both longer annealing time and higher heating temperature cause more S3NN formation, larger microscopic 
strain and smaller unit cell volume. The FWHM of selected Raman mode, translational modes of SiO

4 
tetrahedron T(SiO

4
), show similar “M” shape as XRD 

peak	broadening,	indicating	a	strong	kinematic	coupling	with	translational	modes	of	Ca	and	Mg	cations	(Du	et	al.	2018).	In	addition,	the	microstrain	
caused	by	local	structural	heterogeneities	arising	from	Ca-Mg	arrangement	at	high	pressure	do	not	reset	with	temperature	up	to	600°C.	Likewise	cold	
hydrostatic compressions to 10 GPa do not reset microstrain (Du et al. 2017b).

Margules’	formulations	for	microstrain	and	volume	as	a	function	of	Ca/Mg	ratio	captures	these	features,	especially	the	two-peaked	distribution	of	
microstrain	with	composition	discovered	by	Du	et	al.	(2017a).	The	similar	two-peaked	distributions	of	microstrain	and	excess	energies	derived	from	ab	
initio calculation with short range ordering of Mg and Ca cations (Vinograd and Sluiter 2006) indicate that the macroscopic thermodynamic mixing 
properties	of	solid	solutions	are	directly	related	to	arrangement	of	cations	with	large	size	misfit.	The	observed	changes	of	microstrain	with	annealing	
temperature suggest that mixing properties measured from our pyrope-grossular garnet solid solutions synthesized at same temperature can serve as 
better	experimental	constrains	for	computational	work.

However, Py
60

Gr
40

 garnets synthesized hydrothermally show smaller unit cell volume and less microstrain than those synthesized from dry glass. 
Further	work	is	needed	to	explore	the	effect	of	OH	in	the	structure	of	garnet	solid	solution.	
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New data on johannsenite and its mineral associations in Bistrita Mts, Romania
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Johannsenite (Fe
0.87

Mg
0.47

Mn
0.65

Ca
2.00

)Si
3.99

, was found in a Mn-metamorphosed ore of carbonate-silicate type in Borca Valley, Bistriţa Mountains, in 
closely association with ferroan rhodonite (Fe

0.65
Mg

0.09
Mn

2.42
Ca

0.83
)Si

3.99
 and grossular (Ti

0.02
Al

1.9
)(Fe

0.20
Ca

2.67
)Si

2.94
. The cell parameters are a = 9.908(4)Ǻ, b 

= 9.109(3)Ǻ,  c = 5.270(2)Ǻ,  β = 105.10(2)0, V = 459.21Ǻ3. The Bistrita ferroan rhodonite has similarities with a new mineral species, recently determined 
as	ferrorhodonite.	It	occurs	as	aggregates	of	grains	of	a	few	mm	in	size,	with	brown-red	to	pink	color.	Under	the	microscope	it	is	colorless,	has	a	
2V≈780, higher birefringence and refringence than rhodonite, and is twinned on (111). X-ray powder diffraction data for ferroan rhodonite indicates as 
main d-spacings/intensities: 3.5642/60, 3.3335/30, 2.9682/100, 2.9228/50, 2.514/55, 2.22/70, 2.17/50; cell parameters: a = 6.743 Ǻ, b = 7.63 Ǻ, c = 12.041 Ǻ; 
α = 106.120, β = 7.630, γ = 93.450, V = 594 A3.	The	ferroan	bustamite,	first	occurrence	in	Romania,	occurs	associated	with	johannsenite,	ferroan	rhodonite	
and grossular. It is intergrown with johannsenite, being formed from it by exsolution, when P decreases and T increases. The X-ray powder diffraction 
data for bustamite are: main d-spacing/intensity values: 3.6754/30, 3.3867/30, 3.1945/70, 2.8786/100, 2.4564/40, 2.3895/30, 1.7674/40, 1.7074/50, 2.227/50, 
1.66/50; cell parameters: a = 15.46 Ǻ, b = 7.18 Ǻ, c = 13.84 Ǻ; α = 89.57o; β = 94.88o; γ = 102.80o, V = 1492.57Ǻ3. It differs optically from rhodonite having a 
smaller (-2V). Bustamite is the high-temperature polymorph of CaMnSi

2
O

6
 and johannsenite is its low temperature polymorph. The T inversion between 

them could be very slow. It is possible that the Bistrita bustamite have formed from the Ca rich johannsenite, at the same time with rhodonite,  which, 
in its turn  was formed at the expenses of Mn-rich johannsenite.  Pyroxmangite, which occurs rarely, is associated with johannsenite and rhodonite, 
but	not	with	bustamite.	The	johannsenite	-	rhodonite	assemblage	from	worldwide	occurrences	belongs	to	low	grade	metamorphic	rocks,	the	same	
as the Bistrita one, which are estimated to have been metamorphosed at uppermost P-T conditions of 500-5500C	and	4-6	kbar.	The	textural	relations	
between these minerals show that the ferrorhodonite, bustamite, and grossular have grown statically on johannsenite. So, the metamorphism 
conditions were changed from high P to high T and low P. The cell parameters of pyroxmangite are: a = 7.540 Ǻ, b = 17.130 Ǻ, c = 6.640 Ǻ, α = 82.65o; 
β = 94.75o; γ = 113.80o, V = 777.78 Ǻ3.	The	following	three	secondary	minerals	are	also	first	described	in	the	manganese	deposits	in	Romania:	reyerite,	
(Na,Ca)

2
Ca

14
Al

2
Si

22
O

58
(OH)

86.
H

2
O, with cell parameters: a = 9.751 Ǻ, c = 18.964 Ǻ; β = 105.00; V = 1561.56 A3; xonotlite, Ca

6
Si

6
O

17
(OH)

2
, with cell parameters a = 

17.02 Ǻ, b = 7.353 Ǻ,  c = 7.004 Ǻ,  β = 90.00, V = 876.54 Ǻ3 and foshagite,  Ca
4
(SiO

3
)

3
(OH)

2
,  with cell parameters a = 10.406 Ǻ, b = 3.661Ǻ, c = 7.034 Ǻ, β = 

107.070, V = 107.07 A3.	The	associated	carbonates	are	calcite,	manganoan	calcite,	and,	rarely,	Ca-rich	kutnohorite.	
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Comparative U-Pb geochronology of the Mórágy Subunit, Hungary and Rastenberg Pluton, Austria 
based on zircon crystals
Annamaria Kis1, Tamas G.  Weiszburg1,	Istvan	Dunkl2, Gyorgy Buda1

1Dept. of Mineralogy, Eotvos L. University, Budapest, Hungary, 2Dept. of Sedimentology & Environmental Geology, University of Göttingen, Göttingen, 
Germany

Based	on	laser	ablation	inductively	coupled	plasma	mass	spectrometry	(LA-ICP-MS)	studies	of	120	selected	zircon	crystals	we	refined	the	genetic	
picture of Mórágy Subunit (Hungary) and its correlation with Rastenberg Pluton (Austria) for a better paleotectonic reconstruction of the Variscan 
plutonic	rocks	across	Europe.	The	origin	(restitic	or	in	situ	unmixing)	of	mafic	enclaves	in	Variscan	granitoids	has	been	debated	widely.	Comparative	
age determination provides independent arguments to that debate, but previous geochronological interpretations left open questions, mainly because 
of the ambiguity caused by the uncontrolled heterogeneity of the studied zircons. In order to answer the open questions, we needed to clarify and 
identify the different geological processes based on their preserved traces in zircons textures from the two intrusions.

Zircon (Zr[SiO
4
]), the most suitable mineral for U-Pb dating, was separated for age determination. For minimising the number of false data caused by 

inhomogeneous textural patterns and variable structural state of zircon, the following preparatory steps were applied on the separated crystals before 
dating:

The	detailed	textural	patterns	of	zircons	were	identified	by	scanning	electron	microscopy	(SEM),	based	on	cathodoluminescence	and	back-scattered	
electron contrasts. We assigned the primary texture (growth zoning ± xenocrystic core and sector zoning) areas to the main magmatic event, while the 
secondary texture (convolute zoning) was regarded as the imprint of any post-magmatic event.

The	structural	state	of	zircon	zones	was	determined	by	Raman	spectroscopy,	as	the	degree	of	radiation	damage	is	reflected	in	the	value	of	the	full	
width	at	half	maximum	of	specific	Raman	bands.

LA-ICP-MS	analysis	of	313	spots	was	performed	on	fully	mapped	zircons	from	all	rock	types	(host	granitoid	rock,	mafic	enclave,	hybrid	rocks)	of	the	
Mórágy	intrusion	and	one	(main)	rock	type	of	the	Rastenberg	complex.	190	were	concordant	for	the	determination	of	crystallization	age	of	granitoids	
and 45 were slightly discordant for the dating of the overprinting event, the rest was not interpreted due to high discordance.

The	concordant	age	of	the	main	rock	type	(host	granitoid)	of	both	the	Mórágy	and	Rastenberg	intrusions	is	the	same.	Additionally,	the	two	other	rock	
types	(mafic	enclave,	hybrid	rock)	from	Mórágy	gave	the	same	age	as	well,	indicating	in	situ	unmixing	for	genetical	relationship	of	the	three	rock	types.	
Furthermore, we found a bimodal age distribution for both intrusions (Mórágy: 345.9 ± 0.95 Ma and 335.6 ± 0.74 Ma; Rastenberg: 345.4 ± 3.5 Ma and 
333.2	±	4.8	Ma).	These	ages	were	invariant	for	zircon	morphology,	zircon	primary	texture	types	as	well	as	for	rock	types.	These	age	data	and	our	zircon	
texture observations suggest continuous crystallization of both granitoid plutons through a long time interval (ca. 10 Ma), giving chance for the local 
formation	of	hybrid	magma	during	the	mixing	of	the	mafic	“enclave”	and	the	host	granitoid.

The slightly discordant U-Pb age (lower intercept age) of the Rastenberg zircons shows Permian age (268 ± 19 Ma), while zircons from Mórágy yield 
Cretaceous age (115 ± 48 Ma). According to these overprinting effects reached both plutons in different time.

462

Contents page



POSTER PRESENTATIONS   

Mineralogical crystallography

Synthesis and crystal structure of the Rb-containing analogue of averievite
Ilia Kornyakov1, Sergey Krivovichev1, 2

1Crystallography Dept., Saint-Petesburg State University, Saint Petersburg, 2Kola Science Centre, Apatity, Russian Federation

The	crystal	chemistry	of	copper-containing	oxysalt	compounds	is	an	ongoing	field	of	research,	due	to	their	interesting	physical	properties	and	
widespread natural occurrences.[1] In an oxide coordination, Cu2+ ions may form different coordination polyhedra, such as octahedral, trigonal-prismatic, 
square-pyramidal, triangular-bipyramidal and square-planar geometries,[2] owing to the Jahn-Teller effect.[3] An interesting feature of the Cu2+ cations 
is their ability to form oxocentered (OCu

4
)6+ tetrahedra that have been found in anhydrous natural environments such as those present in volcanic 

fumaroles.[4] One of such minerals is averievite, Cu
5
O

2
(VO

4
) · nMCl

x
 (M = Cu, Cs, Rb, K).[5] The synthetic analogue of the averievite had been prepared by 

the chemical vapour transport (CVT) reactions method[6] from the mixture of CuO, V
2
O

5
, RbCl and CuCl

2
. The crystal structure of the compound has been 

determined by direct methods. The structure of Rb-averievite is based upon the (OCu
4)

6+ oxocentered tetrahedra forming [O
2
Cu

5
]6+ layers based upon 

the	kagome	hexagonal	networks[7]	consisting	of	the	UDUDUD	six-membered	rings.	The	kagome-type	layers	are	linked	through	the	(VO
4
)3- tetrahedra to 

form	electroneutral	3D	framework	{[O
2
Cu

5
](VO

4
)

2
}	with	channels	occupied	by	the	Rb+ and Cl-

 
ions.

This	work	was	supported	by	St.	Petersburg	State	University	and	Russian	Science	Foundation	(grant	14-17-00071).	XRD	studies	have	been	performed	at	
X-ray Diffraction Centre of St. Petersburg State University.
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The crystal structure of the "jixianite"
Guowu Li1, Yuan Xue1, Guangming Yang1

1Science Research Institute, China University of Geosciences (Beijing), Beijing, China

“Jixianite” is a new mineral that was found in Nanhe tungsten deposit in Jixian County, Hebei, China, in 1979. It is an oxide containing of W, Pb 
components, and was approved by the IMA-CNMMN at that time. However, because of the mineral’s tiny crystal size, the structure data for this material 
were not gotten. According to the powder diffraction data, the diffraction characteristics was similar to that of pyrochlore supergroup minerals, so it 
was	classified	as	the	pyrochlore	group	mineral	containing	W	and	Pb.	In	2010,	based	on	the	proposed	new	scheme	of	nomenclature	for	the	pyrochlore	
supergroup,	approved	by	the	IMA	-CNMNC,	“jixianite”	was	discredited.	Recently	we’ve	got	the	typical	material	specimens.	A	1.2	kw	high	power	
microfocus rotating anode X-ray source and a hybrid pixel array detector single crystal diffractometer were using for the structure investigation, and 
the single crystal diffraction data were obtained with a small crystal which is less than 10 micron. The research results show that the mineral has a 
cubic	system,	the	lattice	parameters	a=10.3421(5)	Å,	space	group	Fd-3m,	Z=8.	The	crystal	structure	belongs	to	the	pyrochlore	type	structure	(R=0.02).	
W	is	[6]-coordinated	(site	16c),	located	at	the	center	of	octahedron,	with	a	W-O	bond	length	of	1.941	Å.	Pb	as	a	large	cation	is	[8]-coordinated	(site	16d),	
distributed	in	the	channel,	and	the	Pb-O	bond	length	is	2.239	Å.	Some	H

2
O occupies the site of Pb while the others occupies the Y site (site 8b). So 

“jixianite” is still a pyrochlore supergroup mineral. The ideal endmember formula is (H
2
O,Pb)

2
(W,Fe)

2
O

6
(H

2
O) by the crystal structure. It belongs to the 

elsmoreite group mineral of pyrochlore supergroup, and this new mineral can be renamed as “hydroplumboelsmoreite”.
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Szaibelyite within five occurrences of magnesian skarns from Romania: New mineralogical data
Stefan MARINCEA1, Delia-Georgeta DUMITRAS2, Cristina SAVA GHINET1

1Mineralogy, 2GEOLOGICAL INSTITUTE OF ROMANIA, Bucharest, Romania

Szaibelyite	samples	from	five	boron-bearing	magnesian	skarns	in	Romania	(Ocna	de	Fier,	Maşca-Băişoara, Cacova Ierii, Băiţa Bihor and Pietroasa) were 
analysed	in	order	to	improve	on	optical,	chemical,	thermal,	infrared	and	X-ray	database.	In	all	the	five	occurrences,	the	mineral	is	present	in	the	outer	
skarn	zones	developed	at	the	contact	of	igneous	bodies	of	Upper	Cretaceous-Paleocene	age	with	dolomite	sequences	(dolostones	or	metasomatic	
dolomites).	It	characteristically	occurs	as:	(1)	sheaf-like	aggregates	of	acicular	crystals,	generally	pseudomorph	on	ludwigite,	suanite	and	rarely	
flouborite	or	pertsevite,	or	(2)	as	"spherulitic"	aggregates	composed	of	radial	bundles	of	fibers	up	to	3	mm	across,	that	apparently	have	formed	by	
metasomatic	replacement	of	preexisting	brucite	in	the	dolomitic	marble.	Szaibelyite	characteristically	associates	with	ludwigite,	kotoite,	suanite,	
rarely	with	fluoborite	and	pertsevite,	in	magnesian	skarns	containing	humites	(chondrodite,	clinohumite,	rarely	norbergite),	forsterite,	magnetite,	
dolomite,	calcite,	rarely	spinel	and	fluorite,	and	retrogressive	minerals	(i.e.,	lizardite,	chrysotile,	clinochlore,	brucite,	magnesite,	pyroaurite,	sjögrenite,	
lepidocrocite, goethite). In all the investigated occurrences, the mineral contains low amounts of sussexite (up to 3.87 mol%, generally lower), FeHBO

3
 

(up to 3.72 mol.%, with the higher contents at Maşca-Băişoara),	and	“sibirskite”	(up	to	0.56	mol.%)	in	solid	solution.	Selected-area	electron	imaging	
supported	by	X-ray	powder	patterns	indicate	that	szaibelyite	from	all	the	five	occurrences	is	monoclinic	(space	group	P2

1
/a). The mean unit-cell 

parameters	are:	a	12.544(5),	b	10.386(9),	c	3.133(9)	Å	and	b	95.71(28)°	at	Ocna	de	Fier;	a	12.553(12),	b	10.385(12),	c	3.134(7)	Å	and	b	95.67(31)°	at	Maşca 
Băişoara;	a	12.558(15),	b	10.393(12),	c	3.134(7)	Å	and	b	95.50(34)°	at	Cacova	Ierii;	a	12.559(18),	b	10.402(12),	c	3.132(8)	Å	and	b	95.77(33)°	at	Băiţa Bihor; and 
a	12.554(23),	b	10.392(17),	c	3.133(8)	Å	and	b	95.67(21)°	at	Pietroasa.	Thermogravimetric	curves	gave	a	smooth	and	continuous	weight-loss	of	up	to	~3.5	
wt.%	water	between	150	and	600°C,	in	reasonable	agreement	with	the	results	obtained	by	loss	on	ignition.	The	complete	dehydration	occurs	between	
650	and	700°C,	the	breakdown	product	being	the	monoclinic	(P21/a)	polymorph	of	Mg2(B2O5).Two	OH-stretching	bands	in	the	infrared	absorption	
spectra of the mineral, at ~3560 cm-1 and ~2510 cm-1 respectively, are indicative for two distinct hydrogen positions in the structure. The IR spectra do 
not show systematically absorption at ~1630 cm-1 (bending mode of water), suggesting that the mineral does not contain molecular H

2
O. Three other 

absorption bands occur at ~1930, ~2780 and ~2920 cm-1 respectively, and represent overtones of the OH-bending modes. From textural and paragenetic 
relationships,	szaibelyite	from	the	five	occurrences	may	have	formed	not	only	during	retrograde	metamorphism	at	the	expenses	of	suanite,	ludwigite	
and,	rarely,	fluoborite,	but	as	a	primary	phase,	by	direct	metasomatism	of	dolomite	at	high	activity	of	H

2
O	and	boron.	Szaibelyite	from	all	the	five	

occurrences	is	estimated	to	have	developed	at	temperatures	of	160-450°C	and	pressures	of	0.6-3	kbar.	
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CBED analysis of iridescent garnets from Tenkawa, Nara Prefecture, Japan
Akira Miyake1, Yohei Igami1, Chang Yuhchyuan1, Norimasa Shimobayashi1, Kenji Tsuda2

1Kyoto Univ., Kyoto, 2Tohoku	Univ.,	Sendai,	Japan

Grossular (Ca3Al2Si3O12) - andradite (Ca3Fe3+2Si3O12) garnet solid solutions (space group, Ia-3d), termed grandite series, often exhibit optical 
birefringence	and	iridescence.	Iridescent	garnet	from	Tenkawa,	Nara	Prefecture,	Japan,	has	the	fine	lamellar	texture	(ca.	100-300	nm	in	thickness)	
with small differences in Al/Fe3+ ratio by transmission electron microscope (TEM) (e.g., Shimobayashi et al., 2005). In this study, we examine not 
selected area electron diffraction (SAED) but also convergent-beam electron diffraction (CBED) by scanning TEM (STEM) to investigate the symmetry to 
investigate the symmetry of iridescent garnet, especially from the core of Fe-rich lamella to the core of Al-rich lamella, in more detail. And furthermore, 
chemical map by STEM-EDS were obtained from the same area as STEM-CBED analysis.

	A	thin	section	(100µm	thickness)	cut	parallel	to	the	(001)	face	through	the	center	of	the	crystal	was	prepared	from	an	euhedral	single	crystal	of	
iridescent	garnet	with	well-developed	rhombic	dodecahedral	{110}	facets.	TEM	specimens	with	various	crystal	planes,	(001),	(110),	and	(111)	were	prepared	
from	the	thin	section	by	using	a	focused	ion	beam	technique	(ThermoFischerScientific:	Quanta	200	3DS,	Helios	G3	CX)	and	then	TEM	(JEOL,	JEM-2100F)	
observation was carried out to investigate the symmetry and analysis of chemical composition.

The	extra	reflections,	110,	200,	411	and	so	on,	to	break	the	symmetry	of	Ia-3d	were	detected	in	SAED	patterns	from	Al-rich	fine	lamellae	and	the	crystal	
family	of	this	Al-rich	fine	lamella	is	triclinic	and	lattice	type	is	I-lattice	and	suggest	the	space	group	is	I-1	or	I1	in	the	CBED	pattenrs.	And	the	CBED	
patterns in the core of lamella and around the boundary between Al-rich and Fe-rich lamellae were different.

 CBED patterns in the core of Fe-rich lamella have the clear high order Laue zone (HOLZ) lines in (111), (110) and (001) TEM samples and mirror, 2, 3, 
4-fold	axes	can	be	identified.	These	results	show	that	the	symmetry	of	Fe-rich	lamella	core	has	Ia-3d.	In	the	core	of	Al-rich	lamella,	on	the	other	hand,	
although		HOLZ	lines	were	observed	in	CBED	patterns,	no	symmetryical	elements,	such	mirror,	2-fold	axis	and	so	on,	were	identified.	Thus	the	symmetry	
of Al-rich lamella is I(P)-1 or I(P)1. Around the boundary between Fe-rich and Al-rich lamellae, Al/Fe chemical components gradually change. Clear CBED 
patterns	and	HOLZ	lines	were	not	observed	and	no	symmpetrical	elements	were	identified	exactly	in	all	samples.	In	all	TEM	samples,	however,	the	
analysis	of	very	weak	and	no-clear	HOLZ	line	shows	that	mirror	plane	may	exit	normal	to	lamella	boundary.
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Crystal structure determination of an unknown mineral of tetradymite group from the Hitachi mine, 
Ibaraki prefecture, Japan
Toshiro Nagase1,	Takahiro	Kuribayashi2,	Tatsuo	Nozaki3, Jun-Ichiro Ishibashi4,	Kazuhiko	Shimada4, Koichi Momma5,	Masaaki	Shimizu6

1The	Tohoku	University	Museum,	2Graduate	School	of	Science,	Tohoku	University,	Sendai,	3Submarine Resources Research Project, Japan Agency for 
Marine-Earth	Science	and	Technology,	Yokosuka,	4Graduate	School	of	Science,	Kyushu	University,	Fukuoka,	5Department of Geology and Paleontology, 
National	Museum	of	Nature	and	Science,	Tsukuba,	6Faculty of Science, University of Toyama, Toyama, Japan

An	unknown	mineral,	Pb
5
Bi

2
Te

2
S

6
,	of	tetradimite	group,	has	been	found	from	the	Fudotaki	deposit,	the	Hitachi	mine,	Ibaraki	prefecture,	Japan	(LAT.	36˚	

37’	16.03”,	LON.140˚	36’	46.50”).	The	Fudotaki	deposit	is	one	of	the	Hitachi	volcanogenic	massive	sulfide	(VMS)	deposits	in	the	Hitachi	belt	and	is	Cu-Zn-
Pb	sulfide	deposit.	The	Fudotaki	sulfide	ores	have	been	metamorphosed	to	lower	epidote-amphibolite	facies.

The	unknown	mineral	has	the	trigonal	space	group	P	-3	m	1	with	a	=	4.2200(13),	c	=	27.02(4)	Å,	V	=	416.7(7)	Å3, and Z = 1. The seven strongest lines in the 
X-ray	powder	diffraction	pattern	are	[d(Å),	(I),	(hkl)]:	3.541(35)(013),	3.391(59)(013),	3.039(100)(015),	2.177(14)(1010), 2.114(56)(110), 1.793(18)(118) and 1.735(18)
(025). Electron microprobe analysis gave Pb content of 52.01; Bi, 23.06; Te, 13.74; Fe, 0.69; Sb, 0.17; S, 9.71; Se, 0.54; total, 100.04 wt.%, corresponding to an 
empirical formula of (Pb

4.75
Fe

0.23
)
∑=4.98

Bi
2.09

Te
2.04

(Sb
0.03

S
5.73

Se
0.13

)
∑=5.89

. The ideal chemical composition of this mineral is Pb
5
Bi

2
Te

2
S

6
 and could be regarded as 

(Pb
5
Bi

2
)
∑=7

(Te
2
S

6
)
∑=8
,	which	is	corresponding	to	the	2.DC.	group	(Valuable	M:S)	in	the	Strunz	classification.	The	chemical	formula	is	plotted	on	the	tie-line	

of Bi
2
Te

2
S-PbS,	and	also	those	of	saddlebackite	and	aleksite	lie	on	it.

The	color	is	silver	grey	and	luster	is	metallic.	The	streak	is	black.	On	the	Mohs’	scale,	the	hardness	is	2–21/
2
. The calculated density is 7.54 g/cm3 for the 

empirical	chemical	formula.	Associated	sulfide	minerals	are	pyrite	and	chalcopyrite,	with	minor	amounts	of	sphalerite	and	pyrrhotite,	and	with	very	
minor amounts of galena and marcasite.

Single-crystal X-ray diffraction experiments were conducted with a four-circle diffractometer using synchrotron radiation at the Beam-Line BL-10A 
in Photon Factory, KEK, Japan. X-ray diffraction intensity data were collected up to 2theta

max 
=	60º.	Twice	of	unique	reflection	region	were	measured.	

Initial	structure	model	was	leaded	from	Charge	Flipping	method	with	SUPERFLIP	sofware.	All	calculations	of	structure	refinement	were	conducted	by	
SHELXL97 software. Since the scattering factors of Pb and Bi atoms are similar, the site occupancy of each site did not directly determine by the least 
square	calculation.	Anisotropic	temperature	factors	for	metals	were	applied.	The	crystal	structure	is	based	on	an	ABC-type	close-packing	along	c-axis.	
The	structure	has	five	Pb,	two	Bi,	two	Te	and	six	S	sheets	(total	15	layers)	and	they	are	stacked	as	Te-Bi-S-Pb-S-Pb-S-Pb-S-Pb-S-Pb-S-Bi-Te.	The	c-axis	
length	corresponding	to	stacking	direction	is	approximately	27	Å.
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Compression behavior of chibaite and bosoite
Daisuke Nishio-Hamane1

1The	Institute	for	Solid	State	Physics,	The	University	of	Tokyo,	Kashiwa,	Japan

Silica	clathrate	compounds,	clathrasils,	are	zeolite-like	materials	consisting	of	silica	frameworks	with	cage-like	voids.	Clathrasils	have	a	crystal	
structure	similar	to	that	of	gas	hydrate,	and	minerals	corresponding	to	MEP,	MTN,	DOH	type	framework	have	been	known:	melanophlogite	(MEP),	
chibaite (MTN), and bosoite (DOH). Natural clathrasils essentially contain greenhouse gases in the gages, and thus the behavior under high pressure 
and	temperature	is	of	interest	as	a	candidate	for	geological	storage	that	permanently	confines	greenhouse	gases.	Those	can	also	be	expected	as	
storage of noble gas. Although there have been some reports on melanophlogite for compression behavior, little has been reported on chibaite and 
bosoite. This study reports the compression behavior of chibaite and bosoite using diamond anvil cell.

The	specimens	were	collected	from	Arakawa,	Minami	Boso,	Chiba,	Japan,	and	those	were	used	for	the	starting	materials.	Although	the	crystal	consists	
mainly	of	chibaite,	a	small	amount	of	bosoite	is	commonly	accompanied.	The	samples	from	which	gas	molecules	were	removed	by	heating	at	700	°C	for	
12 h was also used in the experiment. Compression was conducted by diamond anvil cell under several pressure mediums. Pressure was obtained using 
the equation of state of gold mixed in the sample. Angle-dispersive XRD experiment were conducted at NE1 beam line, PF-AR, KEK, Japan.

 XRD patterns for non-heating sample were obtained up to 10 GPa and room temperature under the quasi-hydrostatic condition using the pressure 
medium of methanol : ethanol = 4 : 1. Chibaite and bosoite can be indexed as cubic and hexagonal symmetries, respectively. No transitions were 
observed	in	this	condition.	Bulk	modulus	(as	K’	=	4)	were	22.45(14)	GPa	for	chibaite	and	22.93	(12)	GPa	for	bosoite.	These	values	are	close	to	that	for	
melanophlogite: 23GPa. XRD pattern of the sample after heating under ambient pressure was not changed from non-heating sample. On the other hand, 
the	peaks	of	chibaite	became	broad	and	divide	under	high	pressure	even	under	the	quasi-hydrostatic	condition.	Above	1.2	GPa,	chibaite	can	be	indexed	
as the tetragonal symmetry and the a/c ratio increase with pressure. No symmetry change was observed for bosoite. The sample after heating was 
more	compressible	than	that	for	non-heating	sample,	and	bulk	modulus	(as	K’	=	4)	were	19.50(38)	GPa	for	chibaite	and	20.45	(51)	GPa	for	bosoite.

The	presence	or	absence	of	gases	in	the	cages	strongly	influence	the	compression	behavior	of	clathrasils.	Compression	behavior	under	other	pressure	
medium is also planned to be reported.
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Kuzelite And Other Layered Tetrahedral Ldh Analogues With Chromate, Selenate, Borate And 
Molybdate
Herbert Poellmann1

1applied mineralogy/geochemistry, UNIVERSITY OF HALLE, Halle, Germany

 Layered double hydroxide minerals consist of a positive charged main layer and a negatively charged interlayer with varying amounts of water with 
many	different	cat-	and	anions.	This	work	deals	with	different	compounds	with	an	overall	composition	of	:

[Ca
 4
 Al

2
 (OH)

12
 ] [(MeO

4
).nH

2
O]    with Me = SO

4 
2- , CrO

4
2-

 
, SeO

4 
2-, MoO

4 
2- and HBO

3
2- 

The basic compositions mentioned above are able to incorporate the tetrahedal anions ino the interlayer.

These	mineral	phases	can	e	used	in	many	applications	in	building	and	construction	industry,	but	also	in	the	field	of	environmental	issues	using	the	
phases as mineral reservoirs. Kuzelite is famous due to its occurence in many hydration products of cementitous materials. These layered  minerals 
can	also	be	used	for	uptake	of	other	anions	into	the	interlayer	for	short	period	mineral	reservoirs.

The different phases were synthesized using calcium aluminate, portlandite and the relevant calcium anionic salts in aqueous solutions with a w/s 
ratio of 10 in a CO

2
-free	atmosphere	to	avoid	carbonization.	These	samles	were	continuously	shaken	in	polyethylene	bottles	for	1-3	month.	Preparation	

and investigation of the samples were all performed in a glove box. Depending on the relative humidity and temperature the interlayer can contain 
different amounts of water. Therefore the conditions of synthesis and investigation must be controlled carefully.

Depending on the available anions varying solid solutions and intermediate compounds with the components of these systems can be formed. The 
ternary system of the phases containing the anions SO

4 
2-, CO

3 
2- and (OH)

2
 2- simultaneously were described by Poellmann.

The folowing applications in environmental and material science are possible :

1. SO
4 

2-/ KuzelitePhase occurs in many hydration products of cements

2.  CrO
4

2- / Phase can incorporate and immobilize Chromium (6+)

3. SeO
4 

2-/Phase can incorporate and immobilize  Selenium (6+)

4. MoO
4 

2- /Phase can incorporate and immobilize Molybdenum (6+)

5. HBO
3
2- /Phase ocurs in hydration products of cements and as mineral reservoir for boron The structures of the AFM phases with sulfate and borate 

are	known.

It must be mentioned that also uncharged alcalisalts can additionally be incorporated into the interlayers. The addional sodiumsulfate containing 
phase	with	Kuzelite	structure	is	known	in	cement	chemistry	as	U-phase.

Table	1	shows	some	crystallographic	data	for	these	LDH	phases	and	gives	some	hydration	stages	known.

Phase composition Mineral name Lattice parameter a
o

Lattice parameter c
o

Space goup Hydration stages
[Ca

 4
 Al

2
 (OH)

12
 ] [(SO

4
).nH

2
O] Kuzelite 5.754 53.66 R3m, R-3m 16,14,12,11,9.5,6

[Ca
 4
 Al

2
 (OH)

12
 ] [(SeO

4
).nH

2
O] ---------- 5.754 29.222 R3m, R-3m 12,9,8,6

[Ca
 4
 Al

2
 (OH)

12
 ] [(CrO

4
).nH

2
O] ----------- 5.754 29.21 R3m, R-3m 16,14,12,10.5,9,6

[Ca
 4
 Al

2
 (OH)

12
 ] [(MoO

4
).nH

2
O] ------------ 5.75 30.9 R3m, R-3m 14,12,….,6

[Ca
 4
 Al

2
 (OH)

12
 ] [(HBO

3
).nH

2
O] ------------ 5.776 49.511 R3m, R-3m 11.5,10.5,9.5,8,6

Tab.1: Composition and crystallographic properties of different LDH-phases at RT
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Quartz pseudomorph in an unusual crystal shape from the Nishi-meya district, Aomori Prefecture, 
Japan
Norimasa Shimobayashi1,	Masayuki	Takada2, Kenji Tsuruta3,	Ryosuke	Tsuruta4

1Kyoto University, 2Takada	Crystal	Museum,	3Kyoto City University of Arts, Kyoto, 4Hazara	Ando	Corporation,	Tokyo,	Japan

Quartz crystals in an unusual shape were collected from an outcrop in the Nishi-meya district, Aomori Prefecture, Japan. Their external shape was that 
of a hexagonal bi-pyramid without hexagonal prisms, with apices much more acute than those of high-quartz. These curious quartz crystals were found 
in	the	druse	of	quartz	veins	in	basaltic	rocks	embedded	in	Miocene	sedimentary	rocks.	The	wall	of	the	druse	was	coated	with	chalcedony	and	rhombic	
prismatic incrustations of quartz (several cm in length) with empty inner cavities distributed on the chalcedony. The presence of a slight residue 
of anhydrite suggested that the rhombic prismatic incrustations were formed by incrustation over anhydrite crystals, which were later dissolved 
away. The hexagonal bi-pyramidal quartz crystals (< 1 mm) were found on quartz incrustations and/or on the chalcedony. Their apices were very 
acute	compared	to	usual	high-quartz	crystals	bounded	by	{10.1}	faces.	If	these	crystals	grew	originally	as	quartz	or	high-quartz,	the	pyramidal	planes	
would	be	indexed	as	{55.2};	however,	faces	with	such	a	high	index	have	not	been	previously	observed	for	quartz	[1].	Therefore,	they	must	be	a	quartz	
pseudomorph that formed after another mineral. However, we could not detect any residue of other phases, despite using various analysis techniques, 
such as OM, SEM, CL, EPMA, FTIR, micro-Raman, and XRD. We tried to identify the original mother mineral from classic morphological examinations using 
optical goniometer measurements of interfacial angles.

SEM observation of the surfaces revealed that all pyramidal planes of these hexagonal bi-pyramidal crystals were equivalent, strongly suggesting that 
the	growth	form	of	the	mother	mineral	had	either	a	hexagonal	{h0.l}	form,	or	hexagonal	or	trigonal	{hh.l}	form.	Optical	goniometer	measurements	
showed	that	the	interfacial	angle	between	the	adjacent	(hkl)	and	(hk-l)	faces	was	38.2±2.2°.	We	searched	for	candidate	phases	for	the	mother	mineral	
among common carbonates, sulfates, and silica polymorphs, where the only suitable minerals were two clathrasils.

Clathrasils	(silica	clathrate	compounds)	are	zeolite-like	materials	constructed	of	pure	silica	frameworks	with	small	cage-like	voids	occupied	by	guest	
species, such as methane gas molecules. Only three naturally occurring clathrasil minerals have been reported to date [2], melanophlogite (MEP-
type),	chibaite	(MTN-type),	and	bosoite	(DOH-type);	MEP,	MTN,	and	DOH	are	framework	codes	[3]	assigned	by	the	International	Zeolite	Association	
(IZA).	The	external	shape	of	the	present	hexagonal	bi-pyramidal	quartz	crystals	can	be	described	as	either	the	{30.1}	form	of	hexagonal	DOH-type	
(dodecasil	1H)	or	the	{11.2}	form	of	trigonal	DDR-type	(deca-dodecasil	3R)	phases.	The	former	DOH-type	clathrasil	was	reported	as	the	natural	mineral	
bosoite, topotaxially coexisting with chibaite, differing from the present quartz pseudomorph. The DDR-type clathrasil, which has not previously been 
discovered in nature, is one of the most probable candidates, although a previous synthesis study [4] stated that DOH-type and DDR-type clathrasils 
crystallized as hexagonal plates and rhombohedral crystals, respectively.
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Synthesis of zincsilite: a Zn end member of Zn-Al serials of smectites
Qi Tao1, Hongping He1, Sridhar Komarneni2

1Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, China, 2Department of Ecosystem Science and Management and 
Materials	Research	Institute,	The	Pennsylvania	State	University,	University	Park,	United	States

Zinciferous	smectites	usually	occur	in	supergene	nonsulfide	ores.	Synthesis	of	these	minerals	helps	to	understand	their	weathering	conditions	and	
therefor have implications for the chemistry of Zn in soils and sediments. This study presents a synthesis of an Al free zinciferous smectite using a 
hydrothermal	method.	The	product	shows	a	series	of	XRD	reflections	which	were	close	to	those	of	stevensite.	The	d	value	of	(001)	reflection	was	ca.	
12.8	Å,	which	was	a	typical	value	of	the	Na	intercalated	smectite.	The	d	value	of	(06,	33)	reflection	at	ca.	60º	(2δ)	was	larger	than	1.53	Å,	confirming	
that	the	sample	was	of	a	trioctahedral	nature	of	smectite	structure.	The	d001	value	increased	to16.0	Å	and	13.3	Å	after	ethylene	glycol	saturation	and	
lithium	cation	intercalation,	respectively.	The	value	reduced	to	ca.	10.0	Å	after	calcined	at	300oC for the Li+ exchanged sample. The adjacent TOT layers 
cannot	be	“locked”	by	the	intercalated	Li+	after	calcination	treatment	as	evidenced	by	showing	a	16.2	Å	d001	value	for	the	ethylene	glycol	saturated	
calcined Li+ exchanged sample. The results indicated that the layer charge of the synthesized product was generated by the vacancies in its octahedral 
sheets.	This	was	the	main	difference	from	that	of	stevensite-like	sauconite,	which	has	layer	charges	generated	from	both	octahedral	vacancies	and	
inequivalent isomorphous substitution.

This	work	was	financially	supported	by	National	Natural	Science	Foundation	of	China	(grant	nos.	41372048,	41772039,	and	41530313),	CAS	Key	
Research Program of Frontier Sciences (grant no. QYZDJSSW-DQC023-1), and Guangdong Provincial Youth Topnotch Talent Support Program (grant no. 
2015TQ01Z797).
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Structure changes near the phase transition from tetragonal to cubic phases in PbTiO3, BaTiO3, 
HfO2 and ZrO2 
Akira Yoshiasa1, Tsubasa Tobase1,	Akihiko	Nakatsuka2,	Osamu	Ohtaka3, Hiroshi Arima4, Kazumasa Sugiyama4

1Faculty of Advanced Science and Technology, Kumamoto University, Kumamoto, 2Graduate School of Science and Engineering, Yamaguchi Univ, Ube, 
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Single-crystal	X-ray	diffraction	studies	of	PbTiO3	and	BaTiO3	perovskite	were	carried	out	in	the	wide	temperature	range	298–928	K	[1,2]. Transitions 
from tetragonal (P4mm) to cubic (Pm3m) phases have been revealed at 753 and 413 K in PbTiO3 and BaTiO3, respectively. The deviation from the linear 
changes in Debye-Waller factors and bonding distances in the tetragonal PbTiO3 and BaTiO3 phases can be interpreted as a precursor phenomenon 
before the phase transition. In PbTiO3, temperature factor Ueq values for Pb and Ti are continuously changing with increasing temperature. The 
estimated values of Debye temperature Θ

D
 for Pb and Ti are 154 and 467 K in tetragonal PbTiO3 phase and decrease 22% in the high temperature 

phase.	Effective	potentials	for	Pb	and	Ti	in	PbTiO3	change	significantly	and	become	soft	after	the	phase	transition.	The	temperature	dependence	of	
atomic positions in the tetragonal phase changes discontinuously with the phase transition. This implies that the large deviation of their positions 
in the tetragonal phase from the ones in the cubic phase remains just to the vicinity of the phase transition point. The O or Ti site includes the clear 
configurational	disorder	in	the	cubic	phase.	The	order-disorder	component	in	the	cubic	phase	essentially	comes	from	static	displacement	of	O	and	Ti	
atoms in PbTiO3 and BaTiO3, respectively. The polar local positional distortions are regarded as the cause of the para-electricity.

High-temperature X-ray diffraction experiments of ZrO2 and HfO2 powders were performed using a container less aerodynamic levitation technique 
up	to	melting	points.	A	two-dimensional	IP	detector	was	used	for	data	collection	and	their	integrated	one-dimensional	X-ray	profiles	were	analyzed	
by	the	Rietveld	method.	The	lattice	constants,	thermal	expansions	and	c/a	rations	for	tetragonal	and	cubic	phases	were	refined.	The	c/a	ratios	in	the	
tetragonal	phases	decrease	remarkably	above	2500	K	and	this	is	considered	as	a	precursor	phenomenon	for	the	transition.	No	clear	lattice	volume	
changes were observed at the transition points from the tetragonal phases to the cubic phases. We therefore propose that the phase boundary 
between the tetragonal phase and the cubic phase in ZrO2 and HfO2 systems does not show a negative slope in P-T phase diagram. Temperature 
dependences	of	lattice	constants	and	c/a	ratios	in	HfO2	and	ZrO2	are	very	similar	to	those	of	perovskite	type	PbTiO3	and	BaTiO3.	On	the	other	hand,	the	
volume	changes	near	the	transition	points	are	quite	different	from	those	of	the	perovskite	type	compounds.
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Ammonium mineralization of Southern Kamchatka geothermal fields
Elena Zhitova1, Anton Nuzhdaev1

1Geothermal	laboratory,	Institute	of	Volcanology	and	Seismology,	Russian	Academy	of	Sciences,	Petropavlovsk-Kamchatsky	,	Russian	Federation

The	high	ammonium	concentration	in	the	hydrothermal	solution	at	the	geothermal	fields	of	Southern	Kamchatka	(Russia)	associated	to	Kambalny	
and	Koshelev	volcanoes	have	long	been	reported	[Nekhoroschev	(1959);	Ogorodova	et	al.,	1971;	Kalacheva	et	al.,	2016].	However,	the	ammonium	
mineralization	has	not	yet	been	described	in	those	specific	environments	probably	due	to	a	number	of	objective	reasons:	solubility	and	paucity	of	
material and remoteness of location.

The	efflorescences	covering	the	surface	of	geothermal	fields	of	Southern	Kamchatka	were	collected	in	the	summer	filed	work	of	2014,	2016	and	2017	
seasons. The samples were investigated mainly using powder X-ray diffraction and scanning electron microscopy. The following ammonium minerals 
were	identified:	tschermigite,	mascagnite,	mohrite,	clairite,	cryptohalite,	letovicite,	ammonioalunite,	ammoniojarosite	and	newly	described	member	
ammoniovoltaite, IMA no. 2017-022 (Zhitova et al., 2018). Those minerals mainly represent hydrated sulfates that are formed at temperatures up to 
150	ºC	and	crystallize	in	the	presence	of	hydrothermal	steam	(at	different	extent)	in	conditions	of	acid	leaching	of	primary	rocks	with	the	release	of	
elements	for	the	subsequent	formation	of	various	exhalative	minerals.	In	the	presentation	we	provide	systematized	data	on	identified	ammonium	
minerals with some of their crystallographic features and compare mineral assemblages and conditions of genesis of ammonium minerals from 
geothermal	fields	with	other	occurrences	characterized	by	high	ammonium	concentration:	burning	coal	seams,	guano	decomposition	and	active	
volcano cones.
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The effects of lime treatment on a zeolite rich pyroclastic soil: chemo-mineralogical evolution and 
mechanical improvement 
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Mineral	soils	represent	some	of	the	most	diffused	building	materials	as	they	are	needed	for	the	construction	of	embankments	and	earthworks	in	many	
fields	of	civil	engineering.	In	recent	years	the	ever-growing	need	to	minimize	costs	and	environmental	impact	of	civil	infrastructures	construction,	has	
led	to	the	development	of	methods	aimed	at	modifying	natural	soils	to	make	them	suitable	for	building	purposes.	One	of	the	most	diffused	treatment	
methods is the addition of lime as binders which modify physical and mechanical characteristics of unsuitable clayey soils. Pyrocastic materials such 
as	pozzolanas	find	marginal	applications	in	earthworks	practice	due	to	the	intrinsic	complexities	in	terms	of	nature,	heterogeneity,	microstructural	
features	and	unsaturated	hydro-mechanical	behaviour.	Despite	of	the	well	known	high	reactivity	of	pyroclastic	soils	with	lime,	just	recently	the	
research focused on the possible use of lime treatment for the mechanical improvement of these materials.

This study is aimed to highlight the effects of lime treatment on a zeolite rich pozzolanic soil, investigating the relationship between macro and micro 
scale	modifications	induced	by	the	addition.

The combination of chemo-physical (Thermogravimetric Analysis, 29Si Nuclear Magnetic Resonance), mineralogical (X-Ray Powder Diffraction), 
microstructural (Mercury Intrusion Porosimetry, Scanning Electron Microscopy) and mechanical investigation techniques (Direct Shear Test, Oedometer 
Test) allowed to monitor the time evolution of the system, from the atomic level to the volume scale. Rietvield analysis of X-Ray Diffraction spectra 
allowed a quantitative evaluation of amorphous phase and mineralogical components over time.

The	studied	soil	proved	to	be	highly	reactive	to	lime	treatment,	triggering	reactions	significantly	consuming	the	available	portlandite.	The	main	phases	
involved in the system evolution and the secondary compounds production differ for different treatment conditions. In the case of stressed reactivity, 
i.e. when a very high amount of lime is added to the soil, zeolites actively participate to the system evolution and to the formation of secondary 
crystalline phases. If treatment conditions acceptable in engineering practice are applied (addition of 5% of lime by dry weight of soil), the amorphous 
phase	plays	a	key	role	in	the	production	of	non-crystalline	secondary	phases.

In	both	treatments	chemo-physical	and	mineralogical	modifications,	induced	by	lime,	determine	the	soil	microstructural	arrangement,	which	involve	
the	re-organization	of	porosimetric	distribution	and	the	formation	of	a	new	class	of	pores,	linked	to	the	presence	of	secondary	products	in	the	
system. Microstructural changes affect the mechanical behaviour of soil, improving the response upon shearing and upon loading. The main chemo-
mineralogical,	microstructural	and	mechanical	modifications	take	place	within	28	days	after	treatment.	No	significant	modifications	in	the	mechanical	
response of the system are observed for longer curing times.
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Weathering of Hg-rich tetrahedrite, chalcopyrite, and pyrite in the Hrubá vein, Western Carpathian 
Mountains, Slovakia
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Weathering of ore minerals, especially sulphides, leads to release of metals, metalloids, and acidity into environment. Better understanding of these 
processes can help to contain the pollution and develop strategies to effectively deal with it. In our study, we studied the primary minerals, their 
weathering	products	and	the	elemental	mobility	and	distribution	at	the	most	northwestern	part	of	the	outcrop	of	the	Hrubá	vein	(48°52’59.23’’N;	
20°41’38.91’’E)	in	the	Rudňany	ore	district	in	eastern	Slovakia.	The	vein	material	comprises	predominantly	siderite,	barite,	and	quartz.	The	primary	
sulphide mineralization consists of pyrite (py, FeS

2
), chalcopyrite (ccp, CuFeS

2
), tennantite-tetraedrite solid solution (ttd, Cu

10
(Fe,Zn,Hg)

2
(Sb,As)

4
S

13
), and 

rare arsenopyrite (asp, FeAsS). The Sb/(Sb+As) ratio of all measured ttd varies between 0.64 to 0.91 and the Fe/(Fe+Zn+Hg) ratio ranges between 0.14 to 
0.97 due to wide variations in the Hg content. Among the sulphide minerals, tetrahedrite dominates with 60 %, followed by chalcopyrite (30 %), pyrite 
(7 %), and cinnabar (3 %). The Cu isotopic compositions (d65Cu) of tetrahedrite and chalcopyrite scatter substantially between the samples of different 
parts	within	the	location	with	-0.246	to	-3.289	‰	(mean	-1.147	‰)	and	-1.277	‰	to	-3.678	‰	(mean	-1.995	‰),	respectively.		Secondary	minerals	
are dominated by goethite (40 %), secondary cinnabar (20 %), malachite and azurite (15 %), and less abundant covellite, chalcocite, libethenite, 
and clinoclase. The occurrence of a number of secondary carbonates leads to the conclusion, that overall the massive primary carbonates are able 
to neutralize the acidic dissolution of the sulphides. The mean d65Cu	value	in	malachite	is	2.248	‰.	It	seems	that	the	weathering	of	the	primary	
ores	takes	place	in	four	stages:	initial,	early,	advanced	and	mature.	The	initial	stage	is	determined	dominantly	by	the	alteration	of	ttd	and	ccp	to	Cu	
sulphides (covellite and chalcocite) and mass loss with a remaining Fe-Cu-rich material. The early stage shows greater fractures and veinlets, but 
fewer secondary Cu sulphides due to their decomposition or removal. In the advanced stage, both primary and secondary sulphides are missing. The 
remnant is a maze of Sb-Fe-Cu veinlets and Cu-As-Sb masses. In the centre of these veinlets, small secondary barite aggregates are present. Continuing 
mass	loss,	increased	porosity	and	elemental	removal	marks	the	mature	stage.	The	preliminary	results	document	high	mobility	of	Cu,	As,	and	S	but	only	
limited mobility of Fe, Sb, and Hg. Weathering of Hg-rich tetrahedrite leads to the decoupling of the elements and a preferential release of some of 
them into environment, whereas others are naturally immobilized in situ.
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Phosphogypsum	is	a	technogenic	product	resulted	after	the	extraction	of	phosphoric	acid	from	raw	phosphate	(apatitic)	rock	by	nitric	or	sulfuric	
leaching.	In	Romania,	huge	stacks	of	phosphogypsum	resulted	from	sulfuric	leaching	are	located	at	Valea	Călugărească (56 ha), Turnu Măgurele (64 
ha), Năvodari (48 ha) and Bacău (20 ha). The chemistry of different samples from the four deposits, performed by XRF and ICP-AES, is quite similar; 
the chemical compositions are indicative for a production by the hemi-dihydrate or dihydrate procedures (relatively low contents of CaO as compared 
with the phosphogypsum obtained by the hemihydrate procedure). XRD analyses of phosphogypsum from the four occurrences, corroborated with 
Fourier-transform	infrared	absorption	spectra,	showed	that	the	main	crystallized	phases	in	this	kind	of	material	are	gypsum	(CaSO

4
·2H

2
O), and 

bassanite (CaSO
4
·0.5H

2
O),	reaching	up	to	90	wt.%	and	5	wt.%	from	the	mass,	respectively.	A	phosphate-bearing	phase	identified	as	ardealite	or	brushite	

is common. Impurities consists of quartz, calcite (probably resulted from the treatment of the plants with CaO, in order to reduce their acidity) and 
minor clay minerals. Remnants of apatite-group minerals are rare. The unit-cell parameters of gypsum from the analyzed samples are generally 
lower than those reported for the stoichiometric mineral, which is probably due to both a superior degree of hydration and to P-for-S replacements. 
The infrared absorption spectra of representative phosphogypsum samples from the four occurrences show vibrations which could be assumed to 
gypsum or bassanite, quartz and rarely calcite. The bands assumable to molecular water (the H-OH stretching vibrations at about 3610, 3550, 3405 
and 3240 cm-1, the corresponding bending vibrations at ~1685 and 1620 cm-1 and the composed modes at 2220 and 2130 cm-1) are particularly well 
developed, suggesting a high level of hydration of the samples. Bands at ~1430 and ~870 cm-1, assumable to the antisymmetric stretching and to the 
in-plane bending of the carbonate group, are indicative for the presence of calcite. A band recorded around 800 cm-1 can be assigned to the Si-O-Si 
antisymmetric stretching in quartz. The radioactivity of the measured samples, induced mainly by the radium-226 isotope, is of the order of 40 - 8750 
Bq/kg,	corresponding	to	a	relatively	low	content	in	radioactive	elements	(U	=	1.51	–	40.97,	Th	=	3.87	–	10.65	ppm).	The	content	in	some	minor	elements,	
such as Sc (0.00 – 19.75 ppm), V (20.71 -154.05 ppm), Cr (0.05 – 148.07 ppm), Ga (3.85 – 23.39 ppm), Co (2.09 – 21.05 ppm), Ni (6.45 – 85.25 ppm), Cu (34.86 
– 187.14 ppm), Zn (19.84 – 144.60 ppm), Zr (26.18 – 220.45 ppm), Nb (3.54 – 11.86 ppm), W (3.08 – 19.15 ppm), Pb (3.86 – 31.88 ppm), Th (6.76 – 48.73 ppm), As 
(0.01 – 0.09 ppm) could be correlated with the presence of iron and Al sesquioxides and parallels the abundance of Fe, Al and Mn. Some other minor 
elements such as Sr (106.31 – 224.59 ppm), Cd (0.01 – 0.12 ppm), Ba (304.90 – 599.68 ppm), Rb (49.95 – 139.75 ppm), Cs (0.00 – 214.29 ppm), Y (0.00 – 30.17 
ppm), La (0.00 – 40.20 ppm) should be imagined as replacing Ca in the structure of gypsum.
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Mineralogy of human-modified environments

Thermodynamic properties of pushcharovskite, Cu(AsO3OH)(H2O)·0.5H2O, and geminite, 
Cu(AsO3OH)(H2O)
Alexandra M. Plumhoff1, Juraj Majzlan1, Edgar Dachs2

1Institute of Geoscience, Friedrich Schiller University Jena, Jena, Germany, 2Department of Chemistry and Physics of Materials, University of Salzburg, 
Salzburg, Austria

Variability in the chemical composition and crystal chemical properties of secondary copper minerals lends them for the understanding of the 
formation and evolution of oxidation zones of ore deposits. Among others, copper arsenates are also common and widely distributed minerals in such 
oxidation	zones	where	they	form	through	weathering	of	sulfidic	minerals.	Copper	arsenates	are	not	only	capable	of	taking	up	and	releasing	copper	and	
arsenic	but	also	other	elements	such	as	lead,	zinc	and	selenium.	These	processes	can	negatively	influence	the	natural	environment,	from	microscopic	
life forms up to humans.

Our research is focused on how these minerals form, their thermodynamic properties, stabilities and crystal chemical data. The minerals we 
investigated	so	far	are	pushcharovskite,	Cu(AsO

3
OH)(H

2
O)·0.5H

2
O, and geminite, Cu(AsO

3
OH)(H

2
O).	Pushcharovskite	was	synthesized	in	our	laboratory	

and	characterized	by	X-ray	powder	diffraction,	Fourier-transform	infrared	spectroscopy	and	thermogravimetric	analyses.	These	analyses	confirmed	
that	the	sample	is	phase-pure	and	the	lattice	parameters	are	a	=	13.7090(32)	Å,	b	=	15.868(4)	Å,	c	=	19.2608(34)	Å,	α = 107.544(17), β = 90.808(16), γ 
=	98.792(15),	volume	=	3940.1(15)	Å3. We also investigated a natural geminite sample from Jachymov, Czech Republic, and the lattice parameters of 
this	sample	are	a	=	6.421(28)	Å,	b	=	8.073(43)	Å,	c	=	15.710(42)	Å,	α = 92.343(97), β = 93.746(75), γ	=	94.754(08),	volume	=	809.0(41)	Å3. The enthalpy 
of formation as well as the standard entropy of the studied phases were determined by acid-solution and relaxation calorimetry respectively. The 
measured	thermodynamic	properties	of	pushcharovskite	are	Δ

f
H°	=	-1250.5	±	3.0	kJ	mol-1, S°

 
= 176.4 ± 2.1 J mol-1K-1	and	Δ

f
G°	=	-1036.5	±	3.6	kJ	mol-1. The 

enthalpy	of	formation	of	geminite	is	Δ
f
H°	=	-1110.4	±	3.0	kJ	mol-1.

The	thermodynamic	and	crystallographic	data	of	pushcharovskite	and	geminite,	as	well	as	of	other	copper	arsenates	that	still	have	to	be	investigated,	
will be combined into thermodynamic datasets that can help to predict and explain the occurrence and interdependencies of all copper arsenates. This 
is of importance to improve our understanding of the processes that form secondary minerals and the evolution of oxidation zones.

IMA2018	Abstract	book477

Contents page



POSTER PRESENTATIONS  

Minerals and mineral museums

The National Museum of Geology – a mineralogical treasure
Adrian George DUMITRU1, Delia-Georgeta DUMITRAS1, Stefan MARINCEA1

1Geological Institute of Romania, Bucharest, Romania

The National Museum of Geology of Romania is hosted by the historical building of the Geological Institute of Romania, declared a monument of 
architecture and erected in 1906 - 1909. The museum encapsulates all the branches of the geological sciences (which are shown as if illustrating a 
treatise of geology) and posesses 85000 exhibits. The 22 halls available to the public display an impressive patrimony of science and culture through 
many	collections	of	fossiles	and	rocks.	The	richest	collection	is	the	mineralogical	one,	with	more	than	40.000	items.	It	contains	a	systematic	collection	
of	minerals,	a	didactic	collection	of	minerals,	a	collection	of	esthetic	minerals	(including	giant	crystals,	geodes	and	mine	flowers),	rare	minerals	and	
gems,	fluorescent	minerals	and	a	small	collection	of	minerals	that	were	disccovered	and	described	within	the	territory	of	today’s	Romania.	The	most	
recent collection is the result of exchanges with similar museums from abroad, to which one could add the valuable donations from various institutions 
or	individuals	(particularly	geologists	who	have	worked	for	the	Institute	of	Geology).	Some	of	these	items	are	displayed	in	permanent	exhibition	
halls, but most of them are inventoried and stored within the collection halls that are accessible to specialised personel. The collection of systematic 
mineralogy contains 1000 items, but only a part of them is exhibited according to the mineralogical classes: i.e., native elements, sulphides, tellurides, 
halogenides, oxides and hydroxides, nitrates, carbonates, borates, sulphates, chromates, tungstates, phosphates and silicates, from Romania and 
abroad. The research collection comprises only items that were found in Romania and it was established based on the material gathered in time by the 
researchers	from	the	Institute	during	their	field	researches	together	with	graduate	or	postgraduate	students.	These	samples	are	not	displayed	to	the	
public and are renewed each year according to the demands and the necessities of the Geological Faculties having a partnership with the Museum. The 
most beautiful and spectacular pieces belong to the “Mine Flowers” collection. More than 95% of these come from the mining regions of Romania: Baia 
Mare, the Western Carpathian Mountains, Banat, Bucovina and are displayed in the most beautiful hall of the Museum, namely the “Hall of Collections”. 
The small collection of minerals discovered in Romania comprises a number of 21 species of minerals (out of a total of 40 that are actually described) 
and represent mineral rarities (e.g.: rhodochrosite, andorite, ardealite, fülöppite, nagyagite, sylvanite, petzite, semseyite, native tellurium, ludwigite, 
szaibelyite, etc). The Museum also includes several laboratories such as the radiometry and RX laboratory and the electrocnic microscopy laboratory. 
They	are	very	well	endowed	with	up-to-date	technologies	manned	by	skilled	experts.	Within	the	laboratory	of	radiometry	and	RX	one	can	perform	X-ray	
powder, Fourier-transform infrared, thermal, gamma spectrometry and neutron activation analyses. The laborotary of electronic mineralogy performs 
TEM	scanning,wavelength	and	energy-dispersive	X-ray	spectroscopy,	electron	backscattering	diffraction	and	structural	scanning	through	spectrometry,	
cathodoluminescence and photoluminescence in thin sections.
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Moritz Rudol Ferber - his collection and the mineral Ferberite
Birgit Kreher-Hartmann1

1Friedrich-Schiller-University Jena, Mineralogical Collection, Jena, Germany

Moritz Rudolf Ferber was born 1805 in Gera / Germany. While he lived as a commercial apprentice in Naples/ Italy he started up his private mineral 
collection.		He	collected	minerals	around	the	Vesuvius,	he	looked	for	a	mineral	dealer	in	Hamburg	and	sent	some	boxes	with	minerals	from	the	Vesuvius	
to	Hamburg;	this	was	his	basis	for	his	later	on	intensive		swapping	with	collectors	and	dealers	around	the	world.		Back	at	home	he	had	to	invest	most	of	
his	time	into	the	family	factory.	But	his	leisure	time	was	reserved	only	for	mineralogy.	Because	of	his	work	on	crystallography	the	University	of	Jena/
Germany conferred the honorary doctorate to him in 1873.

Ferber bought from dealers all around the word, for example Krantz in Bonn/Germany, Saemann in Paris/France and Wright in London/England.  Only 
the best examples stayed in his collection. The others were swapped or went as presents to high schools in the region.  His mineral systematic based 
on	the	crystallography	of	Chr.	S.	Weiß	in	Berlin/Germany	and	the	crystallographic	and	chemical		system	of	G.	Rose		in	Berlin/	Germany.		Around	1300	
different	minerals	were	in	his	collection.	It	means	only	the	main	minerals	which	could	be	identified	at	his	time.		In	the	end	his	collection	ended	with	
nearly	10.000	objects.	Ferber	himself	filled	three	large	catalogues	with	all	information	around	his	specimen.		Physical	properties,	all	around	the	locality,	
whether it had been a bargain or a donation and from whom the specimen came and so on.  

One	of	his	sons,	Hermann,	became	a	mining	engineer.	He	worked	at	first	in	Spain	later	on	in	South	America	mainly	in	Chile.		Unknown	minerals	he	sent	
to	his	father	who	worked	together	with	K.T.		Liebe	being	in	response	of	the	chemistry	of	the	minerals.	Often	they	contacted	A.	Breithaupt	in	Freiberg/
Saxony.  The mineral Ferberite is named after Moritz Rudolf Ferber, A. Breithaupt discovered the mineral in the ore mountains/Germany and Hermann 
Ferber	sent	some	very	good	specimen	of	this	at	that	time	unknown	mineral	to	his	father	from	the	Sierra	Almagrera/Spain.	The	first	description	of	
Ferberite from the type locality exists in 1863 in the “Jahrbuch für Mineralogie”, in an article from K.T, Liebe.  The type locality is Sierra Almagrera, 
Baranco Del Jaroso/Spain.  But at the nomenclature of Ferberite  A.Breithaupt had been involved too.  In 1875 Moritz Rudolf Ferber died.

The	total	“Ferber-Collection”	had	been	bought	in	1951	by	the	university	of	Jena/Germany	where	it	is	today	still	a	significant	part	of	the	Mineralogical	
Collection.  
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Mineralogical and textural study of manganese-oxides and oxy-hydroxides related to the 
investigation of the Úrkút manganese deposit, Hungary
Boglarka A. Topa1, 2, Richard Z. Papp3,	Mate	Zs.	Lesko3, Tamas Vaczi4, Tamas G. Weiszburg1

1Dept. of Mineralogy, Eotvos Lorand University, 2Hungarian Natural History Museum, Budapest, 3University	of	Miskolc,	Miskolc,	4Wigner RCP, HAS, 
Budapest, Hungary

Due to the different naturally occurring valence states of manganese environmental changes have notable effects on manganese mineral formation. 
On account of this high sensitivity manganese minerals often precipitate as (sub)micrometer-sized crystals usually in the form of hardly separable 
mixture	of	species	instead	of	well-defined	individual	phases.	The	mineralogy	of	manganese	ore	deposits	exemplifies	this	problem	well.	Our	studied	
deposit	is	located	in	the	area	of	Úrkút	(Bakony	Mountains,	Transdanubian	Range,	Hungary)	where	the	deposition	of	manganese	was	related	to	the	
Toarcian	Oceanic	Anoxic	Event	and	represents	both	oxidic	and	carbonatic	ores.	Our	aim	was	to	explore	the	links	between	these	two	ore	types	by	
the	identification	of	manganese	mineral	phases	in	their	original	textural	positions.	Hence	the	study	of	these	kinds	of	geological	samples	requires	a	
complex investigation approach. For detailed micrometer-scaled texture-related information we combined X-ray powder diffraction, scanning electron 
microscopy,	electron	beam	induced	X-ray	microanalysis	and	Raman	spectroscopy.	Raman	spectroscopic	fingerprinting	is	a	fast	and	an	effective	tool	
for	separating	the	different	manganese	mineral	phases.	However	for	a	direct	identification	we	needed	to	compile	a	comprehensive	set	of	reference	
samples, because published Raman data did not cover all occurring spectra of this system. Therefore, we selected and sampled relevant manganese-
oxides	and	oxi-hydroxides	(manganite,	pyrolusite,	ramsdellite,	coronadite	group	minerals,	romanèchite,	todorokite	etc.)	from	the	mineral	collection	of	
the	Eötvös	Museum	of	Natural	History	(Hungary)	based	on	their	labels.	Although	XRD	measurements	of	bulk	samples	confirmed	the	presence	of	the	
expected phases in almost every case, our complex analytical approach mentioned above revealed that the heterogeneity given by the presence of 
different mineral species was clearly observable even in well-developed, macroscopically homogenous crystals. The promising measurement areas 
often	appeared	on	tiny	crystals	usually	in	secondary	textural	positions	(eg.	vein-filling),	while	larger	coherent	surfaces	showed	chemical	and/or	
mineralogical	inhomogeneity.	Fine	textural	relations	of	intergrown	manganite	and	pyrolusite	are	known	from	literature	and	usually	occurred	in	these	
samples too. Micrometer-scaled phases of these minerals could be detected based on their available spectra though orientation dependent changes in 
the presence of certain Raman bands needed further investigations. Differences between Raman spectra of coronadite group minerals (cryptomelane, 
hollandite, coronadite etc.) were also noticeable related to the varied chemical composition albeit pure phases containing only one type of cation (K+, 
Ba2+, Pb2+	etc.)	beside	manganese	were	infrequent.	The	measurements	revealed	high	amount	of	“hiding”	phases,	so	this	kind	of	museum-based	research	
could be useful not just from geological point of view but also provides new information for historical collections through the review of museum 
specimens	often	representing	irreplaceable	scientific	value.
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The crystal structure refinement of cacoxenite
Margarita Avdontseva1, Sergey Krivovichev1

1Crystallography, St.Petersburg State University, St.Petersburg, Russian Federation

Cacoxenite, Fe3+
24

AlO
6
(PO

4
)

17
(OH)

12
·nH

2
O,	is	a	unique	natural	material	with	giant	pores	of	14	Å	in	diameter	[1].	Its	natural	existence	inspired	the	search	

of	novel	microporous	iron	phosphates	similar	to	those	observed	in	aluminophosphates	[2,3].	The	mineral	was	first	described	from	the	Hrbek	mine,	
Bohemia, Czech Republic, in 1825, and is widespread in oxidized magnetite, «limonite» ores and in Fe- and Mn-bearing novaculites and gossans. The 
crystal structure of cacoxenite was solved Moore and Shen in 1983 [1]. We have studied the sample of cacoxenite from the Těškov	quarry,	Bohemia,	
Czech	Republic.	A	suitable	crystal	of	the	mineral	was	fixed	on	a	micro	mount	and	placed	on	a	XtaLab	Supernova	diffractometer	(micro-focused	
monochromated CuKα radiation). The data were collected at 100 K using HyPix-U1 detector with Hybrid Photon Counting. The unit-cell parameters were 
refined	by	least	square	techniques	using	4621	reflections	in	the	2θ range of 6.44–140.00o.	The	structure	was	solved	by	direct	methods	and	refined	to	
R

1
 = 0.057 (wR

2
	=	0.137)	for	3637	unique	reflections	with	|F

o
|	≥	4σ

F
. Cacoxenite is hexagonal, P6

3
/m,	a	=	27.4904(5),	b	=	10.5307(2)	Å,	V	=	6892.1(2)	Å3. The 

structure	is	based	on	an	open	three-dimensional	framework	of	corner-sharing	FeO
6,  

Fe,AlO
6, 

AlO
5 
and PO

4 
polyhedra. According to the information-based 

complexity	measures	[4],	cacoxenite	has	a	very	complex	structure,	possessing	(without	H-correction)	2656.355	bits	per	unit	cell.	This	makes	cacoxenite	
one	of	the	ten	most	complex	minerals	known	so	far	[4].

X-ray diffraction studies were carried out in the XRD Research Centre of St. Petersburg State University.
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Cronstedtite polytypes in the Paris meteorite
Isabella Pignatelli1, Enrico Mugnaioli2

1GeoRessources	-	Université	de	Lorraine,	Vandoeuvre-lès-Nancy,	France,	2Center for Nanotechnology Innovation@NEST, Istituto Italiano di Tecnologia, 
Pisa, Italy

This	is	the	first	detailed	crystal-chemical	and	crystallographic	study	of	cronstedtite	with	extraterrestrial	origin.	The	crystals	are	found	in	
pseudomorphs after olivine and pyroxene of the Paris meteorite, the least altered carbonaceous chondrite (1). Cronstedtite is an iron-rich T-O 
phyllosilicate	that	can	give	rise	to	twelve	maximum	degree	of	order	(MDO)	polytypes	(2).	These	MDO	polytypes	are	classified	in	four	Bailey’s	groups	also	
called	subfamilies	in	the	Order-disorder	theory	(3).	Only	two	non-MDO	polytypes	of	cronstedtite	are	known:	9R	polytype	(4)	and	6T

2
 polytype (5,6).

Two focused ion beam (FIB) foils are carried out to determine the chemical composition and the polytypic sequence of cronstedtite crystals by 
Transmission Electron Microscopy (TEM). 

TEM	energy	dispersive	X-ray	spectroscopy	(EDX)	data	indicate	that	the	crystals	have	low	amount	of	Mg	and	Al	(≤	8.09	and	2.25	at.	%)	substituting	iron	
in both octahedral and tetrahedral sites. The averaged Fe3+/ΣFe ratio for cronstedtite crystals from pyroxene and olivine precursors is respectively of 
36.5% and 48% (7). According to these data, the mean formulae are:

(Fe2+
1.56

Fe3+
0.87

Mg
0.50

)Σ = 2.93
(Si

1.27
Fe3+

0.57
Al

0.15
)Σ = 1.99

O
5
(OH)

4
           [olivine precursor]    

(Fe2+
2.01

Fe3+
0.61

Mg
0.43

)Σ = 3.04
(Si

1.31
Fe3+

0.55
Al

0.14
)Σ = 2.00

O
5
(OH)

4               
[pyroxene

 
precursor]

The	formulae	indicate	that	there	is	no	significant	compositional	variation	among	cronstedtite	crystals	with	different	precursors.

To identify the polytypes, 3D electron diffraction data are collected by combining electron diffraction tomography (EDT) (8,9,10) and precession electron 
diffraction (PED) (11,12). 2D cuts of EDT 3D diffraction volume reconstruction are obtained by UCSF Chimera software (13) and compared with the 
identification	diagram	for	MDO	cronstedtite	polytypes	available	in	literature	(14,15,16).

The	reflections’	distribution	along	the	[11l]* row on the (hhl
hex

)* plane indicate that the most common polytypes in the analysed FIB foils belonging to the 
subfamily	C.	Moreover,	the	reflections’	distribution	on	the	(0kl

hex
)* and (h0l

hex
)* planes correspond to that of 1-layer polytype, suggesting that it is 1T.

Many	cronstedtite	crystals	are	characterized	by	stacking	disorder	in	streaking	along	the	c* direction. A number of them preserve sharp maxima in the 
(hhl

hex
)*	plane,	allowing	to	attribute	them	to	the	subfamily	C,	but	the	streaks	affecting	non-family	reflections	hamper	the	polytype	identification.

Only	one	disordered	crystal	cannot	be	attributed	to	the	subfamily	C:	the	distribution	of	reflections	along	[11l]* row is consistent with that of polytypes 
belonging	to	the	subfamily	A.	The	presence	of	three	reflections	in	the	1/7	Å-1 period along [10l]* row indicates that it is a 3T polytype. However, the 
presence	of	other	reflections	not	attributable	to	3T	implies	its	coexistence	with	other	polytypes	of	subfamily	A.	In	some	[10l]* rows the maxima 
corresponding to 2M

1
	polytype	can	be	recognized,	so	this	is	the	first	contemporaneous	occurrence	of	3T	+	2M

1
 polytype, because the 3T polytype is 

commonly described in association with 1M (5,15,17).
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Natural or engineered clays and nanoparticles with various functionalities

Preparation and characterization of ZnO/Fe2O3 nanocomposites utilizing zinc basic salt precursor
Lee Do-Yeon1, Kim Bo-Kyung1,	Gwak	Gyeong-Hyeon	2, Oh Jae-Min1

1Department of Chemistry and Medical Chemistry, Yonsei University, Wonju, 2Beamline Research Division, Pohang University of Science and Technology 
(POSTECH), Pohang, Korea, Republic Of

Nanocomposites consisting of ZnO and Fe2O3 have been widely studied due to their tunable catalytic activity and potential biomedical applications. 
There have been several reports to synthesize the nanocomposites starting from nanoparticles of either ZnO or Fe2O3 and growing the counterpart 
through sol-gel process. In this study, we tried to prepare homogeneous ZnO/Fe2O3 nanocomposites through simultaneous growth of both components 
starting	from	layered	metal	hydroxide	precursor.	At	first,	Zn(NO3)2·6H2O	and	Fe(NO3)2·9H2O	were	dissolved	in	deionized	water	with	Zn/Fe	molar	ratio	
of	3	and	the	solution	was	titrated	with	alkaline	solution	upto	pH10	The	resulting	precipitate	was	determined	to	have	zinc	basic	salt	type	ZnFe-hydroxide	
showing	characteristic	X-ray	diffraction	peaks	at	8.1,	26.4,	31.1	and	36.1	under	Cu	K-alpha	X-ray	irradiation.	As	it	is	known	that	the	thermal	treatment	of	
layered metal hydroxide gives rise to the formation of mixed metal oxide, the pristine ZnFe-hydroxide was thermally treated at respective temperature 
of	400°C,	500°C	and	600°C	for	10h.	The	X-ray	diffraction	patterns	on	calcined	samples	clearly	showed	the	development	of	ZnO	nanoparticles	with	
high	crystallinity	at	600°C.	The	crystallite	size	of	ZnO	along	(101)	direction	calculated	by	Scherrer’s	equation	was	3.66,	3.63	and	27.3	nm	for	each	
temperature, respectively. Although there were no clear diffraction signals corresponding to Fe2O3, we could expect the existence of iron species 
from the brownish color of sample. The X-ray absorption spectroscopy for Zn K-edge and Fe K-edge showed that the local structure around Zn and 
Fe transformed from layered metal hydroxide to ZnO/Fe2O3 upon calcination. When neodymium magnet was applied to the aqueous suspension of 
calcined samples, magnetic attraction was clearly observed, corroborating the existence of magnetic Fe2O3, maghemite. In order to investigate the 
porosity change of layered metal hydroxide precursor and its calcined forms, nitrogen adsorption-desorption isotherm analysis was carried out. 
The	specific	surface	areas	were	determined	57.9,	38.6,	66.4	and	18.7	m2/g	for	precursor,	400°C,	500°C	and	600°C	calcined	samples	and	the	total	
pore volume were 0.255, 0.216, 0.908 and 0.306 cm3/g, respectively. The calcined samples were also treated to aqueous carbonate solution, in order 
to	check	whether	the	ZnO/Fe2O3	nanocomposite	transforms	to	original	layered	structure	as	in	general	layered	metal	hydroxide.	According	to	the	
X-ray	diffraction	and	X-ray	absorption	spectroscopy,	there	observed	no	significant	phase	transformation	but	slight	crystallinity	change	upon	water	
treatment, suggesting the water stability of current ZnO/Fe2O3 nanocomposites.
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Improved anti-biofouling property of polyurethane tube through bentonite nanopatterning and 
additional poly(ethylene glycol) coating
Do-Gak Jeung1, Hyoung-Jun Kim1, Junjeong Choi2, Jae-Min Oh1

1Chemistry and Medical Chemistry, Yonsei University, Wonju, 2College of Pharmacy, Yonsei University, Incheon, Korea, Republic Of

Biofouling	on	the	surface	of	medical	products	by	microorganism,	mucus	and	etc.	through	biofilm	formation	often	reduces	products	performance	
and	even	causes	secondary	infection	to	patient.	Especially,	biofouling	on	certain	type	of	medical	products	like	tracheal	tube	is	critical	to	patients,	
as	biofouling	on	those	product	makes	inner	tube	obstruction	and	consequently	results	in	serious	problems	threatening	life	of	patients.	In	order	to	
overcome biofouling problem in tracheal tube, we introduced nanopatterning and subsequent poly(ethylene glycol) coating on the medical product. 
Pharmaceutical grade bentonite clay (BEN), amine ended poly(ethylene glycol) (PEG; molecular weight 5,000) were selected for nanopatterning 
and	additional	coating	agents	and	polyurethane	(PU)	binder	was	utilized	as	coating	medium.	At	first,	we	evaluated	the	cytotoxicity	of	coating	
agents, BEN, PEG coated BEN and PU binder, on human bronchial epithelial cell (BEAS-2B) culture line through 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay. The IC50 values at which concentration cell viability is suppressed by 50% 
were determined 114.4, 97.5 and 3212 µg/mL for BEN, PEG coated BEN and PU binder, suggesting the high biocompatibility of coating agents. Before 
coating	process	on	tube	products,	we	optimized	coating	condition	on	film	type	PU,	which	is	a	widely	utilized	material	in	medical	products,	by	testing	
several coating methods and various ratios among coating agents. Finally, we found that 1% BEN, 26% PU binder and 0.1% PEG was the optimized 
condition	and	dip-coating	at	0.05	mm/sec	speed	followed	by	drying	at	100°C	for	30	min	was	the	best	in	terms	of	coating	thickness	and	stability.	The	
resulting	coating	had	thickness	of	10	µm	and	2H	hardness	by	pencil	test,	showing	reliable	coating.	Surface	profiles	of	neat	PU	film	and	BEN/PEG	coated	
PU	film	were	checked	using	atomic	force	microscopy.	The	resulting	surface	roughness	increased	from	3.31	nm	to	11.2	nm	after	BEN/PEG	coating	on	PU	
film,	suggesting	successful	introduction	of	nanopatterning	on	PU	surface.	To	evaluate	anti-biofouling	property	PU	film	before	and	after	coating,	both	
films	were	respectively	exposed	to	mucin	and	the	amount	of	adhered	mucin	was	quantified	by	Alcian	blue	staining	assay.	The	BEN/PEG	coated	PU	film	
showed	95.9%	enhanced	anti-biofouling	property	against	mucin	compared	with	PU	film	without	coating.	The	optimized	coating	condition	on	film	type	
of PU was directly applied PU tube to obtain nanopatterned and PEG coated tube. According to the scanning electron microscopic images and energy 
dispersive	spectrometer	analysis,	the	inner	surface	of	PU	tube	was	well	modified	with	BEN	and	PU	binder	as	in	the	film	type	PU.	The	anti-biofouling	
property was tested for both PU tubes with or without BEN/PEG coating through the mucin method above. As expected, the BEN/PEG coated PU tube 
exhibited	78.6%	increased	anti-biofouling	property	compared	with	the	tube	without	coating.	From	these	results,	we	verified	that	the	nanopatterning	by	
clay and additional coating with PEG moiety could improve anti-biofouling property of PU medical tubes.

484

Contents page



POSTER PRESENTATIONS   

Natural or engineered clays and nanoparticles with various functionalities

Long-term Antibacterial Activity of Gentamicin-Bentonite Hybrid Coated Film
Jin-Song Jung1, Jae-Min Oh1, Hyoung-Jun Kim1

1Chemistry and Medical Chemistry, YONSEI UNIVERSITY, Wonju-si, Korea, Republic Of

The antibiotic coating is commonly used for medical products to prevent bacterial infection. However, antibiotic can be easily release from the 
coating, reducing its long-term antibacterial property. To immobilize antibiotics in coating effectively, we utilized bentonite (BEN) clay. The antibiotic-
clay hybrid (GB) was obtained by intercalating cationic gentamicin (GTM) between BEN layers through ion-exchange reaction. First, clay suspension 
was prepared by slowly adding BEN powder into deionized water, and the suspension was mixed with aqueous GTM solution. The amount of GTM was 
set to two-equivalent of BEN’s cation exchange capacity (CEC). After 24 h stirring of mixture at room temperature, the suspension was separated by 
centrifugation, thoroughly washed with deionized water and then lyophilized. The X-ray diffraction pattern of GB hybrid showed that the lattice was 
expanded along crystallographic c-axis from 1.15 nm to 1.44 nm suggesting incorporation of the antibiotic molecules in the interlayer space of BEN. The 
infrared spectroscopy revealed that the intact structure of antibiotic molecules was well preserved after intercalation into BEN without any chemical 
deterioration of functional groups. Through the CHNS elemental analysis, the chemical formula of GB hybrid was determined (Si

7.88
Al

0.22
)(Al

3.20
Mg

0.64
Fe

0.16
)

O
20

(OH)
4
Na

0.22
(GTM)

0.16
 with drug content 8.7 wt/wt%. According to the surface charge measurement with light scattered electrophoresis, the zeta 

potential value of shifted from –42.2 mV for BEN itself to +2.55 mV for GB hybrid. The zeta potential shift to positive direction was attributed to the 
partial adsorption of cationic GTM on the negative BEN surface, also suggesting the strong interaction between GTM and BEN. In order to investigate 
morphology change of clay after hybridization, we carried out scanning electron microscopic analyses. The characteristic structure of BEN was 
generally	maintained	without	any	significant	change	in	size	and	morphology	after	intercalation	of	GTM.	In	order	to	fabricate	antibiotic	coated	film,	
either	GB	or	GTM	only	was	mixed	with	polyurethane	(PU)	binder	and	was	coated	on	PU	film	through	drop-casting	method	utilizing	doctor	blade	type	
applicator.	In	order	to	confirm	the	coating	thickness	and	homogeneity	of	coating,	the	cross	section	of	GTM-film	or	GB-film	was	investigated	with	
scanning	electron	microscopy.	The	images	showed	fairly	uniform	coating	thickness	for	both	films	while	the	coating	thickness	of	GB-film	(19.1	㎛) was 
slightly	thicker	than	GTM-film	(11.0	㎛),	possibly	due	to	the	hardening	effect	of	clay.	To	figure	out	sustainability	of	BEN	as	antibiotic	support,	both	GTM-
film	and	GB-film	were	immersed	in	phosphate	buffered	saline	(PBS)	during	3	and	5	days,	respectively.	The	antibacterial	activity	of	as-prepared	films	
and	PBS	immersed	films	was	evaluated	on	Escherichia	coli	and	Bacillus	subtilis,	utilizing	colony	forming	inhibition	assay.	Both	films	showed	decreased	
antibacterial	activity	upon	the	PBS	immersing	time;	however,	GB-film	showed	much	less	decrease	in	antibacterial	activity	than	GTM-film	suggesting	the	
potential	drug	support	property	of	BEN	in	coated	film.	
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Gadolinium-complex incorporated layered double hydroxide with homogeneous size prepared by 
reverse micelle method
Sang-Yong Jung1, Hyoung-Mi Kim1, Tae-Hyun Kim1, Jae-Min Oh1

1Department of Chemistry and Medical Chemistry, College of Science and Technology, Yonsei University, WONJU, Korea, Republic Of

Layered	double	hydroxide	(LDH),	which	is	also	known	as	anionic	clay,	is	one	of	the	rising	nanomaterials	in	biomedical	applications	such	as	drug	
delivery and cancer diagnostics. In order to endow contrasting functions aimed for magnetic resonance imaging (MRI) and computed tomography 
(CT), we incorporated gadolinium (Gd) chelated complex - gadolinium diethylenetriaminepentaacetic acid (Gd–DTPA) - into LDH to produce Gd-LDH. In 
order	to	bypass	macrophage	and	to	achieve	further	long-term	circulation,	the	size	of	Gd-LDH	should	be	homogeneously	controlled.	And	thus,	we	took	
advantage	of	reverse-micelle	method	in	synthesis	of	Gd-LDH.	At	first,	we	utilized	sodium	dodecyl-sulfate	based	micelle	in	octane/butanol	solvent,	which	
was previously reported for the synthesis of homogeneous LDH nanoparticles. In this method, we could obtain pure LDH phase; however, we found that 
the micelle forming dodecyl sulfate was incorporated into LDH instead of Gd-DTPA. Then we changed the micelle forming surfactant to cationic one, 
cetyltrimethylammonium bromide (CTAB). In this trial, CTAB solution in butanol/cyclohexane was prepared and three aqueous solutions each containing 
metal (Mg/Al and Mg/Ga compositions, respectively), anion (nitrate or Gd-DTPA) and NaOH were sequentially added. Thus, obtained LDHs with nitrate 
anions were named MgAl-LDH-RM and MgGa-LDH-RM, respectively, for each metal composition. LDHs with Gd-DTPAs were similarly named as MgAl-Gd-
LDH-RM and MgGa-Gd-LDH-RM. From the X-ray diffraction (XRD) patterns, prepared LDHs showed typical 2-dimensional layered structure of hydrotalcite 
(JCPDS No. 14-0191) having 0.33nm of interlayer space which suggested that surfactant CTAB was not incorporated in LDH. The fourier-transform 
infrared spectra and energy dispersive spectra in scanning electron microscopy, the Gd-moieties were successfully incorporated into LDHs. In order 
to	confirm	the	potential	of	MgAl-Gd-LDH-RM	and	MgGa-Gd-LDH-RM	as	CT	and	MRI	contrasting	agent,	we	evaluated	Hounsfield	unit	(HU)	and	relaxivities	
(both T

1
 and T

2
) of samples utilizing micro-CT and 4.7T animal MRI system. The hydrodynamic radius of LDH particles synthesized by reverse micelle 

method was measured by dynamic light scattering, showing narrow size distribution and small size which are enough for macrophage bypassing and 
long-term circulation.
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Controlling the specific surface area of layered double hydroxides utilizing albumin as a template
Bo-Kyung Kim1,	Gyeong-Hyeon	Gwak2, Jae-Min Oh1

1Chemistry, Yonsei University, Wonju, 2Pohang Accelerator Laboratory, Pohang, Korea, Republic Of

Layered	double	hydroxides	(LDH),	which	is	also	known	as	hydrotalcite-like	compound,	is	a	family	of	2-dimensional	layered	clays.	They	are	composed	
of mixed metal hydroxides of divalent and trivalent metal cations. Its layer has positive charge which is compensated by hydrated interlayer anions 
through	electrostatic	interaction.	LDHs	are	studied	and	utilized	in	various	application	fields	as	catalyst,	catalytic	support,	biomolecule	reservoir,	drug	
delivery carrier, pollutant absorbent and etc. The above-mentioned application is possible due to the LDH’s inherent high positive charge density of 
LDHs;	however,	the	limited	specific	surface	area	is	one	of	the	drawbacks	of	LDHs	in	adsorption	application.

In the previous studies, we synthesized MgAl-CO
3
-LDH	having	crystallite	size	less	than	10	nm	and	monitored	the	its	specific	surface	area	and	porosity	

according	to	calcination	and	reconstruction.	It	is	generally	known	that	the	specific	surface	area	of	LDH	increases	upon	heat	treatment	due	to	the	
interstratified	structure	of	calcined	LDH	moiety.	We	also	observed	great	enhancement	of	specific	surface	area	upon	calcination	and	reconstruction,	
even	though	the	porosity	was	not	discretely	defined	in	that	LDH.

In order to introduce homogeneous pores and to control porosity, in this study, we used albumin which has size dimension ~ 5 nm as structure 
directing template. For the synthesis, both metal (Mg2+/Al3+) and NaOH solution were simultaneously added to albumin solution (1 mg/mL) preserving 
constant pH of 9.5. Thus obtained precipitate was thoroughly washed with deionized water and lyophilized. The powder X-ray diffraction pattern of 
product showed that of typical hydrotalcite, suggesting that the albumin moiety existed between LDH crystallite, not being intercalated into LDH. Then 
the	template	albumin	was	removed	through	calcination	at	500°C	in	which	process	the	LDH	transformed	to	layered	double	oxide	(LDO).	The	LDO	was	
again	reconstructed	to	LDH	phase	under	the	presence	of	albumin	and	water.	The	calcination-reconstruction	cycle	was	repeated	and	the	specific	surface	
area	and	pore	diameter	were	monitored	at	each	point.	The	starting	LDH	with	albumin	template	showed	specific	surface	area	of	58	m2/g; however, the 
calcined ones had enhanced values of 119 and 208 m2/g	for	first	and	second	cycle,	respectively.	The	mean	pore	size	showed	decreasing	tendency	from	
24 to 14 nm upon repeated calcination cycle, while the pore volume was fairly preserved regardless of cycle number. In order to explain the structural 
and	chemical	parameters	affecting	porosity	and	specific	surface	area,	we	measured	scanning	electron	microscopy	and	27Al magic angle spinning 
nuclear magnetic resonance spectra.
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Protein immobilization on clays through adsorption mechanism
Ji-Yeon Kim1, Hyoung-Mi Kim1, Jae-Min Oh1

1Chemistry and Medical Chemistry, Yonsei University, Wonju, Korea, Republic Of

Protein is one of basic biological substances and has potential in various applications such as therapy, biosensors and drug delivery. As proteins are 
easily denatured or decomposed upon   various external stimuli including heat, ionic strength, pH change and etc, they should be immobilized and 
stabilized	for	the	applications.	In	this	regard,	we	tried	to	find	an	effective	way	to	immobilize	protein	by	utilizing	surface	of	clays	as	adsorption	site.	
As a model protein, bovine serum albumin (BSA) was selected due to its abundancy. Various clays such as tubular one (halloysite: HNT), layered one 
(monmorillonite: MMT), and positively charge one (layered double hydroxide: LDH) was utilized. The HNT and MMT clays were utilized as purchased 
and LDH was prepared by coprecipitating metal solution (Mg2+/Al3+ =2:1 in aqueous solution) with sodium hydroxide solution followed by hydrothermal 
reaction. In order to immobilize BSA on either HNT or MMT, clay suspension was prepared by adding clay powder in deionized water (2 mg/mL) and 
then the BSA solution with designated concentration was added. Protein immobilization on LDH was carried out based on memory effect. Typically, LDH 
was	calcined	at	400	°C	for	8	h	to	obtain	mixed	metal	oxide,	which	was	directly	added	to	BSA	solution	to	regenerate	LDH	structure	incorporated	with	
BSA.	The	incorporated	amount	of	BSA	was	determined	by	measuring	protein	concentration	of	reaction	supernatant	by	Bradford	protein	quantification	
assay. The X-ray diffraction (XRD) patterns showed that the crystalline phase of clays were preserved upon protein incorporation while the crystallinity 
slightly changed. Scanning electron microscopy (SEM) results revealed that size and morphology of MMT (lamellar morphology) and HNT (~500 nm 
of	rod-like	morphology)	were	not	significantly	changed	upon	protein	incorporation;	on	the	other	hand,	the	coin-like	morphology	of	LDH	dramatically	
changed to sand-rose shape upon reaction with protein. Both XRD and SEM results suggested that the immobilization of BSA might occur mainly on the 
surface of MMT and HNT, whereas the inter-particle space of LDHs’ sand-rose structure provide additional adsorption sites. In order to comprehend, 
BSA adsorption on each clay, both time and concentration dependent adsorption pattern were investigated. Time-dependent BSA adsorption was 
monitored until 30 h, and the adsorption was found to reach at very early time (<3 h). To obtain adsorption isotherm, BSA solution in the concentration 
range	0~0.5	mg/mL	was	mixed	with	clay	suspension	for	24	h	and	the	supernatant	was	quantified	with	Bradford	assay.	We	also	checked	the	protein	
fluorescence	quenching	upon	clay	treatment,	in	order	to	check	the	potential	protein	denaturation/aggregation	upon	contact	with	clays.	The	maximum	
quenching ratio was determined to be less than 0.5 suggesting that the protein structure was not seriously affected by the treatment with clays. 
Finally, the thermal stability of protein with or without clay immobilization was investigated by monitoring conformational change after exposure on 
various temperature. 
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Thermodynamics and kinetics of anion adsorption on anionic clay nanoparticles
Su-Joung Ko1, Hyoung-Jun Kim1, Jae-Min Oh1

1Chemistry and Medical Chemistry, Yonsei University, Wonju, Korea, Republic Of

Clay materials have long been utilized in adsorbent for various pollutant chemicals. Among the various clay materials, layered double hydroxide (LDH), 
which	is	also	known	as	anionic	clay	has	been	extensively	studied	due	to	their	unique	positive	layer	charge	and	high	charge	density	compared	with	
other	clays	like	smectites.	In	order	to	comprehend	anionic	adsorption	properties	of	LDHs,	we	prepared	three	different	sized	LDHs	and	investigated	
methyl	orange	(MO)	adsorption	in	terms	of	thermodynamics	and	kinetics.

First of all, small size LDH was prepared by coprecipitation method. Aqueous solution containing Mg2+/Al3+	was	titrated	with	alkaline	solution	in	the	
presence	of	carbonate	anions.	Thus	prepared	slurry	was	kept	24	h	at	room	temperature	to	obtain	S-LDH.	For	the	medium	sized	LDH	(M-LDH),	titrated	
slurry	was	transferred	to	Teflon-lined	stainless	steel	bomb	for	hydrothermal	reaction	at	150°C	for	24	h.	In	order	to	obtain	large	LDH	(L-LDH),	metal	
solution containing Mg2+/Al3+	was	mixed	with	urea	solution	then	the	temperature	was	elevated	to	90°C.	All	the	precipitates	were	washed	with	deionized	
water and lyophilized. The X-ray diffraction patterns and scanning electron microscopy revealed that all the three LDHs had hydrotalcite phase with 
clearly distinguishable size.

To evaluate time-dependent MO adsorption, LDH was suspended in deionized water and mixed with MO solution, and then aliquots were collected 
at each time point until 24 h. The adsorbed amount of MO (mg MO/ mg LDH) was determined by quantifying un-adsorbed moiety in supernatant. It 
was revealed that the adsorption was saturated within 24 h suggesting the adsorption equilibrium reached. Then the concentration dependent MO 
adsorption on each LDH was carried out in the MO concentration range 0~0.005 mol/L. The isotherms showed typical adsorption pattern of Freundlich 
model suggesting the multilayer adsorption of MO was possible in LDH. The X-ray diffraction patterns were obtained at several points of MO adsorption 
in order to verify if there occurred intercalation of MO besides surface adsorption. We found that at high concentration of MO, the anions were partially 
intercalated between the LDH layers, replacing carbonate anions. It is expected that the interlayer space as well as the positive surface of LDH provides 
multiple adsorption sites for anionic species.
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Synthesis of gold and silver nanoparticles on layered double hydroxides support through reduction 
of metal-thiolate
Hong-Beom Lee1, Tae-Hyun Kim1, Jae-Min Oh1

1Chemistry and Medical Chemistry, Yonsei University, 26493, Wonju, Gangwondo, Korea, Republic Of

Gold and silver nanoparticles are widely studied due to their potential in catalysis, sensing, bioimaging, drug delivery and etc. As the size and 
morphology of those nanoparticles are determining factors for their physicochemical properties, various methods such as capping, controlled crystal 
growth and etc. have been studied to manipulate their size. Both ionic and complex precursors for gold and silver could be utilized in nanoparticle 
synthesis; however, in this study, we focused on the synthesis of nanoparticles through reducing metal-thiolate heterocatenated polymer into zero-
valent metals. In order to control the particle growth, we utilized inorganic support, layered double hydroxide (LDH). LDHs have attracted by many 
researchers due to their unique lamellar structure which can contain various anionic species. First, metal-thiolate heterocatenated polymer with 
various compositions were synthesized. For metal part, either silver or gold ions were utilized, and various thiolates such as octanethiol (HS(CH

2
)

7
CH

3
), 

octadecanethiol (HS(CH
2
)

17
CH

3
), mercaptopropionic acid (HS(CH

2
)

2
COOH) and cysteamine (HS(CH

2
)

2
NH

2
) were tested. First, metal precursors (Ag(NO

3
), or 

HAuCl
4
)	and	thiol	was	respectively	dissolved	in	ethyl	alcohol	and	mixed	together.	The	mixture	readily	formed	precipitates	and	the	reaction	was	kept	

under vigorous stirring for 24 h at room temperature. After this slurry washed several times with ethyl alcohol by a centrifuge, then dry to vacuum 
oven	at	40	°C	for	24	h.	All	the	obtained	metal	thiolate	such	as	Ag-S(CH

2
)

7
CH

3
, Ag-S(CH

2
)

17
CH

3
, Ag-S(CH

2
)

2
COOH, Ag-S(CH

2
)

2
NH

2
, Au-S(CH

2
)

2
COOH and 

Au-S(CH
2
)

2
NH

2
	showed	well	developed	2-dimensional	structure	in	X-ray	diffraction	pattern	with	repeated	(00l)	peaks	and	expanded	layer	spaces.	We	

selected two carboxylated metal thiolates, Ag-S(CH
2
)

2
COOH and Au-S(CH

2
)

2
COOH, for intercalation into LDH. In order to facilitate intercalation, metal 

thiolate	layers	were	delaminated	by	simply	treating	them	in	alkaline	solution,	thorough	which	hydrogen	bonds	between	carboxylic	acids	of	layers	were	
broken	and	the	metal	thiolate	layers	would	be	negative	charge.	Then	LDH	was	in	situ	grown	on	metal	thiolate	layered	polymers.	Typically,	aqueous	
metal solution containing Mg2+ and Al3+	was	mixed	with	delaminated	metal	thiolate	colloid	and	then	titrated	with	alkaline	solution	until	pH	~10.5.	Then,	
one	part	of	suspension	was	aged	at	room	temperature	for	24	h	and	the	other	part	was	hydrothermally	treated	at	150	°C	for	24	h.	The	products	which	
are	LDHs	containing	metal	thiolate	were	separated	by	centrifugation	and	lyophilized	for	reduction.	The	reduction	was	carried	out	at	500	°C	for	12h	
under reducing gas condition (N

2
:H

2 
= 8:2). From X-ray diffraction patterns, the reduced samples contained silver or gold nanoparticles along with mixed 

metal	oxides.	Upon	dissolving	metal	oxide	with	acidic	solution,	we	could	obtain	silver	or	gold	nanoparticles,	and	those	nanoparticles	were	verified	to	
have anisotropic morphology through atomic force microscopy and transmission electron microscopy. 
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Hydrothermal phase transformation from brucite to highly crystalline layered double hydroxide
Jinseop Shin1, Tae-Hyun Kim1, Jae-Min Oh1

1Chemistry and Medical Chemistry, Yonsei University, Wonju, Korea, Republic Of

Layered	double	hydroxides	(LDHs),	also	known	as	hydrotalcite-like	compounds,	consist	of	divalent	and	trivalent	metal	hydroxide	layers	with	hydrated	
interlayer	anions.	Their	structure	is	usually	referred	to	as	“brucite-like	structure”	due	to	the	edge	sharing	propagation	of	metal	hydroxide	octahedrons.	
The	layer	of	LDH	can	be	understood	through	substitution	of	trivalent	metal	atoms	for	the	Mg	atoms	of	brucite	layers.	The	trivalent	atom	makes	
permanent positive charge on the layer. Thus, charge compensating anions stabilize the interlayer spaces which were affected from the repulsion 
between positive layers. The metal cation species which compose LDH layers can be diverse; however, most stable LDHs were found with metal 
combination such as Mg2+/Al3+, Ca2+/Al3+, Fe2+/Fe3+, etc.

LDHs	are	conventionally	synthesized	by	coprecipitation	method	where	mixed	metal	solution	is	titrated	by	alkaline	solution.	In	this	study,	we	
synthesized LDHs starting from brucite suspension and aqueous Al3+ precursor. Typically, brucite suspension and aluminum nitrate solution was mixed 
and	then	transferred	to	Teflon-lined	autoclave	for	hydrothermal	treatment	at	150	°C	for	12	h.	In	this	way,	we	could	obtain	highly	crystalline	LDHs.	In	
order to comprehend mechanism of phase transformation from brucite to LDHs, we collected 30 mL of suspension at designed time points during the 
hydrothermal reaction and traced the crystalline phase, size, morphology, etc.From the powdered X-ray diffraction (XRD) patterns and high resolution-
transmission electron microscope (HR-TEM) images, brucite transformed to LDHs through dissolution of brucite and precipitation of Al hydrolysis 
product on brucite surface. The crystallinity of evolved LDH was found to increase depending on the hydrothermal reaction time. At 1.5 h sample, we 
could observe there co-exist brucite, LDH and Al hydrolysis product, hopefully, boehmite. We could hypothesize the mixture of brucite and boehmite 
transformed	to	LDH,	possibly	through	solid	solution	pathway.	Energy	dispersive	spectroscopy	(EDS)	assisted	TEM	was	utilized	for	the	identification	of	
atomic distribution of the precipitate samples at each time point. At the early stage, most of Al moieties were observed at the edge side of hexagonal 
brucite particles. Between 2.3 and 4 h, Al atoms were homogeneously existed in brucite platelets, which might be due to the diffusion of Al moieties 
into	the	brucite-like	layers	developing	LDH	phase.	After	12	h,	highly	crystalline	LDH	still	existed	with	rod-like	particles	which	grew	on	the	surface	of	the	
LDH, and those rod particles were composed of Al. Therefore, we could found the hydrothermal treatment of brucite and Al3+ between 4 to 12 h resulted 
in pure LDHs, while the prolonged reaction time could give rise to impurity phases. The size and morphology of samples were evaluated with scanning 
electron microscopy (SEM). To quantify and to investigate the location of each metal species, we carried out inductively coupled plasma-optical 
emission spectrometer (ICP-OES) for both supernatant and precipitate. Through the 27Al magic-angle spinning (MAS) NMR spectra, we investigated the 
local environment around Al in all samples. The NMR results indicated the local ordering around Al increased steadily as the reaction times increased.
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Hectorite-coated Spherical Silica Particles as a Chiral Thin Layer Chromatographic Film
Kazuki Tajima1,	Tomohiko	Okada1

1Chemistry and Materials Engineering, Shinshu University, Nagano, Japan

The production of chiral molecules often constitutes a crucial step in synthetic chemistry. Today, high-performance liquid chromatography (HPLC) plays 
a central role in obtaining optically pure materials from racemic mixtures. Chiral HPLC columns have been developed for resolving racemic mixtures 
to obtain optically pure materials. When an enantiometric metal complex (e.g., tris-chelated 1,10-phenanthroline) is intercalated into smectites by ion 
exchange, a void space at a molecular level in the interlayer space often participates chiral discrimination of organic racemic mixtures.1 Spherical 
particles (RU-1: average particle diameter 5 µm) consisted of a synthetic hectorite and enantiometric tris(1,10-phenanthroline)ruthenium(II) adsorbed 
molecules so strongly that a large volume of solvent was required for elution. We have reported a new type of clay column prepared by using a silica 
gel	particle	coated	with	a	thin	film	(approximately	0.1	µm	thickness)	of	a	hectorite-like	layered	silicate	(abbreviated	as	Hect).2 Rapid elution was 
achieved with preserving a high degree of chiral discrimination as a consequence of diffusion into the thin layer of Hect; the elution volume was 
reduced nearly 10 volume% of the previous RU-1 column.

Here we present applicability of Hect-coated silica particles to the thin layer chromatography (TLC) that is used for a preliminary examination to 
determine	HPLC	separation	conditions.	Rational	design	of	chiral	TLC	plates	and	HPLC	column	packing	materials	using	a	spherical	shaped	silica	particle	
coated	with	a	thin	layer	of	Hect	modified	with	an	enantiometric	tris-chelated	1,10-phenanthroline.	A	hydrothermal	coating	with	Hect	was	employed	
according to our previous reports3 using non-porous silica gel particles with an average radius of 2.6 µm (KE-P250) and porous silica particles with an 
average radius of 5 µm (NCLEOSILL®120-5).	Heterogeneous	nucleation	reactions	took	place	hydrothermally	in	an	aqueous	solution	of	Li	and	Mg	salts	on	
the	surface	of	silica	particles	that	act	as	functions	as	the	source	of	Hect	through	partial	dissolution	with	preserving	silica	morphology.	The	thickness	
of Hect layer and the negative layer charge density of Hect changed by varying the quantities of Li and Mg salts in the starting mixture. The porous 
silica	gel	afforded	fine	platy	Hect	crystals	on	the	surface	owing	to	its	large	surface	area	of	217	m2/g. A systematic experiment using these materials 
was	conducted	by	recording	TLC	and	HPLC	chromatograms	for	optical	resolution	of	racemic	Δ-	and	Λ-tris(acetylacetonato)ruthenium(III) by elution 
with	methanol.	Whereas	two	peaks	with	slightly	overlapping	were	observed	in	HPLC	chromatograms	in	all	cases,	a	spot	in	the	TLC	plate	separated	
into two in the case of Hect with higher layer charge density. A narrow void space possibly formed by closely intercalated enantiometric tris-chelated 
1,10-phenanthroline,	when	the	layer	charge	density	of	Hect	was	high.	We	speculate	that	the	close	packing	of	the	cationic	metal	complex	involves	strong	
adsorbate-adsorbent	interactions	to	be	split	spot.	We	will	discuss	in	this	presentation	the	performances	of	TLC	and	HPLC	in	terms	of	the	thickness	of	
the Hect layer as well as the microstructures in Hect.

References 
[1] A.	Yamagishi,	et	al.,	J.	Am.	Chem.	Soc.,	103,	4640−4642	(1981).
[2] T.	Okada,	et	al.,	J.	Chromatogr.	Sci.,	54,	1238−1243	(2016).
[3] T.	Okada,	et	al.,	J.	Phys.	Chem.	C,	116,	21864−21869	(2012).
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Structure, morphology and porosity changes of allophane under heating
Peng Yuan1, 2, Peixin Du1, 2, Dong Liu1, 2, Shun Wang1, 2, Hongzhe Song1, 2, Haozhe Guo1, 2

1CAS Key Laboratory of Mineralogy and Metallogeny/Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, 2University of Chinese Academy of Sciences, Beijing, China

Allophane	with	an	Al/Si	molar	ratio	of	1.6	was	hydrothermally	synthesized	followed	by	calcination	at	defined	temperatures	up	to	1300	°C.	The	heated	
products were then characterized by a combination of techniques, including X-ray diffraction, Fourier transform infrared spectroscopy, thermal 
analyses, nuclear magnetic resonance, transmission electron microscopy and N

2
 physisorption. In allophane, the imogolite local structure (ImoLS) had 

a relatively low thermal stability and the adsorbed water was removed at a low temperature. Five major steps for the thermal evolution of allophane 
could	be	outlined:	(i)	At	200	°C	or	a	lower	temperature,	the	loss	of	adsorbed	water	and	partial	dehydroxylation	of	Si−OH	accompanying	with	the	
formation	of	Si−O−Si	result	in	the	loss	of	ImoLS.	(ii)	As	the	temperature	is	increased,	distinct	dehydroxylation	of	Si−OH	as	well	as	disassociation	of	
Al−OH	occur,	leading	to	the	decreases	of	specific	surface	area	and	porosity,	due	to	the	continued	agglomeration	of	hollow	spherules;	whereas	the	
spherical	morphology	of	allophane	is	largely	remained.	(iii)	At	approximately	500	to	900	°C,	the	disconnection	of	AlO	octahedra	and	SiO	tetrahedra	
causes	the	increased	disintegration	of	allophane	structure,	forming	amorphous	alumina	and	silica.	(iv)	At	approximately	1000	°C,	nanosized	mullite	is	
crystallized by the reaction between the yielded amorphous alumina and silica. (v) Further growth of mullite crystals and the formation of cristobalite 
with the consumption of excess silica.

Financial	supports	from	the	National	Natural	Scientific	Foundation	of	China	(Grant	No.	41472045	and	41672042)	and	Youth	Innovation	Promotion	
Association	CAS	(for	the	excellent	member	2016)	are	gratefully	acknowledged.	
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Mineralogy of rockbridgeite - frondelite series and its phosphate association from the Jocão 
pegmatite, Galileia, Minas Gerais, Brazil
Jonathan Barre Ardizzi1, Daniel Atencio1

1Mineralogy, Institute of Geoscience, University of Sao Paulo, Sao Paulo, Brazil

The	rockbridgeite	group	is	composed	by	hydrated	iron	phosphates	of	general	formula	A2+
2
B3+

3
([PO

3
(O,OH)]

3
(OH)

5
, solved in space group Bbmm by Moore 

(1970)	and	represented	by	the	isostructural	members	rockbridgeite,	described	and	named	by	Frondel	(1949)	with	ideal	composition	Fe2+Fe3+
4
(PO

4
)

3
(OH)

5
, 

and its Mn2+ equivalent frondelite, named and described by Lindberg (1949), with ideal composition Mn2+Fe3+
4
(PO

4
)

3
(OH)

5
.	Minerals	of	the	rockbridgeite	

series crystalize as hydrothermal secondary phosphates in the lithium rich pegmatite of Galileia, and occurs as bottle green spherule aggregates with 
fibroradial	habit	when	unaltered,	to	brownish-black	botryoidal	aggregates	when	oxidized.	In	thin	section,	they	show	a	huge	variation	in	pleocroism,	
mostly depending on the oxidation stage, associated minerals and crystal habit. Generally, it appears as the oxidation product of barbosalite 
(Baijot	et	al,	2014)	and	is	commonly	associated	with	a	complex	intergrowth	of	hydrothermal	secondary	phosphates	(Fransolet,	2007)	like	hureaulite,	
phosphosiderite, leucophosphite, minerals of the jahnsite group, the mitridatite-robertsite series and a huge variation of Fe-Mn oxides. Phosphates 
nodules	are	found	to	crystalize	in	association	or	within	fracture	plane	of	silicates	like	albite,	quartz	and	micas.	diffraction	echniques	and	MEV-EDS.	
Analyses by MEV-EDS show a variation in their MnO and FeO content, from 1.70-3.37 wt.% MnO

tot 
, and a FeO

tot
 variation from 53-58 wt.%. The A2+ site is 

occupied predominantly by Fe2+, with minor Mn2+. Table 1 presents the chemical data obtain by Energy-Dispersive X-ray Spectroscopy (EDS) with solid 
detector	Si(Li)	Soft	Inca	Oxford	and	SEM	microscopy	of	rockbridgeite	samples	and	closely	associated	phosphates,	with	its	petrological	description	in	
thin section.

Table	1:	Rockbridgeite	group	minerals	ideal	formulae	and	calculated	formulae	of	rockbridgeite	and	associated	phosphates	specimens	from	the	Jocão	
pegmatite.

 Ideal formulae

Rockbridgeite:	Fe2+Fe3+
4
(PO

4
)

3
(OH)

5

Phosphosiderite: Fe3+PO
4
.2H

2
O

Barbosalite: Fe2+ Fe3+
2
(PO

4
)

2
(OH)

2

Calculated formulae

Rockbridgeite	-	Joc-alt_m2003
 (Fe2+

0,63
Mn2+

0,17
Co

0,03
)
	∑0,83

Fe3+
4
(PO

4
)

3
.OH

4,66

Phosphosiderite - J67-g4004
 (Na

0,02
K

0,02
Ca

0,02
Mn

0,02
Co

0,01
Al

0,04
Fe3+

0,94
)
∑1,09

[(P
0,93

Al
0,06

Si
0,01

)
∑1

O
4
].2H

2
O

Barbosalite - Joc-alt_m3007
 (Fe2+

0,99
Mn2+

0,12
)
∑1,11

Fe3+
2
(PO

4
)

2
[O

1,20
(OH)

0,80
]
	∑2,00

Figure	1:	A)	Fibroradial	spherules	of	rockbridgeite	in	thin	section	with	fine	grained	green	barbosalite	in	cross-polarized	light.	B)	Brown	rockbridgeite	
aggregate in thin section with associated phosphosiderite of spherical habit, plane-polarized light.
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Metamictic griphite from the difunta correa pegmatite, sierra de los llanos, la rioja (Argentina)
Fernando Colombo1, 2, Edgardo  Baldo1, 2,	Agustín	Kriscautzky3, Elisa V. Pannunzio Miner2

1Dep. de Geología Básica, FCEFyN - Universidad Nacional de Córdoba, 2Centro de Investigaciones en Ciencias de la Tierra  , CONICET, Córdoba, Argentina, 
3Dept. of Earth and Planetary Sciences, The University of Tennessee, Knoxville, United States

Griphite,	an	uncommon	phosphate,	has	been	found	at	the	Difunta	Correa	granitic	pegmatite	(30º	20´	45´´	S	–	66º	32´	2.3´´	W),	in	La	Rioja	Province,	NW	
Argentina.

This	peraluminous	pegmatite,	a	tabular	body	that	reaches	2	m	thick,	is	hosted	in	diorite,	but	bears	no	genetic	link	with	it.	In	addition	to	quartz,	
microcline, plagioclase and muscovite, it also hosts zwieselite-triplite [with Fe/(Fe+Mn) = 0.35-0.53] with minor amounts of wyllieite, alluaudite, wolfeite, 
lazulite	and	fluorapatite,	as	elongated	(due	to	deformation)	nodules	in	the	intermediate	zone.

Griphite	occurs	as	blackish	brown	veinlets,	up	to	4	mm	thick,	crosscutting		potassic	feldspar,	with	intense	greasy	luster	and	conchoidal	fracture.	It	is	
not	associated	to	other	phosphates.	Griphite	is	amorphous,	with	total	absence	of	diffraction	peaks	in	a	powder	X-ray	diagram.	Its	chemical	composition,	
measured with electron microprobe (wt.%, n = 4), is  P

2
O

5
 43.10, SiO

2
 0.28, Al

2
O

3
 9.91, FeO

total
 14.75 (Fe

2
O

3 calc
 0.76, FeO

calc
 14.75), MnO 19.47, ZnO 0.13, MgO 

0.07, CaO 6.05, Li
2
O 

calc
 2.34, Na

2
O 2.12, F 2.64, H

2
O

calc
 0.59, total 101.23, with Fe3+/(Fe2++Fe3+), Li and H calculated from stoichiometry.  The empirical formula, 

based  on 6 (P+Si) atoms, is Ca (Mn
2.69

Li
1.53
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1.01

Na
0.67
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0.06
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0.02

)
∑6

Fe2+(Al
1.91
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)
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(P
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)
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24

Trace elements and U were analyzed using mass spectrometry, after dissolving the sample. The total content of rare earth elements (REE) is 273.46 
ppm,	with	a	very	pronounced	negative	Eu	anomaly	(Eu/Eu*=	0.006).	The	condrite-normalized	REE	pattern	shows	the	curvatures	known	as	the	tetrad	
effect,	which	along	with	the	Eu/Eu*	value	suggest	the	involvement	of	fluorine-rich	pegmatitic	fluids	in	the	origin	of	the	mineral	(Irber	1999).				

The U content is 4410 ppm (0.50 wt.% UO
2
), whereas Th reaches only 43.8 ppm. Therefore, U is the main cause of metamictization, as found by Peacor 

and	Simmons	(1972)	for	griphite	from	the	Sitting	Bull	and	Riverton	Lode	pegmatites	in	South	Dakota	(USA).	The	Pb	content	(16	ppm)	is	very	low	(even	
assuming	all	Pb	is	radiogenic).	The	application	of	the	equation	of	Montel	et	al.	(1996)	gives	an	age	of	26	Ma.	According	to	the	current	knowledge	(e.g.	
Verdecchia	et	al.	2014),	the	major	igneous	and	metamorphic	events	in	Sierra	de	los	Llanos	are	Ordovician.	Thus,	the	low	Pb	content	indicates	marked	Pb	
loss from griphite.

This	is	the	first	report	of	phosphates	from	Sierra	de	Los	Llanos,	and	the	first	recorded	occurrence	of	a	Li-bearing	mineral	in	this	mountain	range.

This study was partially funded by a SECyT-UNC grant (2016-2017) to FC and EPM.
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Lithium mineralogy and petrogenetic differentiation of granitic pegmatites of the Dorchap Dyke 
Swarm, NE Victoria, Australia
Ryan Eagle1, Kim Dowling1, Stafford McKnight1

1Faculty of Science and Technology, Federation University, Mount Helen, Australia

Recent	geochemical	and	mineralogical	investigation	of	Lithium-Cesium-Tantalum	(LCT)	pegmatites	of	the	extensive	Dorchap	Dyke	Swarm,	located	in	
mountainous	terrain	between	Glen	Wills	and	Eskdale	in	north-east	Victoria,	Australia,	has	revealed	the	presence	of	widespread	lithium	mineralisation,	
the	most	significant	to	date	recognised	in	eastern	Australia.	The	dykes	are	hosted	by	cordierite	schists	of	the	Omeo	Metamorphic	Complex	and	have	
been	dated	to	the	late	Silurian	with	a	monazite	U-Th-Pb	radiometric	date	of	420+/-4Ma	(Eagle	et	al,	2015)	with	proximal	field	relationships	with	the	
Siluro-Devonian	granites.	The	bulk	of	Victoria’s	historical	hard-rock	tin	production	was	obtained	from	these	dykes,	and	has	been	the	focus	for	recent	
tantalum	exploration.	The	mineralogy	of	lithium	phases	varies	in	a	consistent	manner	across	the	field,	ostensibly	reflecting	broad	changes	in	formation	
conditions	and	fractionation	history.	In	the	south	end	of	the	field,	around	Glen	Wills,	the	major	lithium-bearing	minerals	are	phosphates	including	
montebrasite and triphylite, and lepidolite. The primary phosphate assemblage is partially altered to a variety of uncommon secondary minerals. The 
northern	end	of	the	field	near	Eskdale	is	characterised	by	widespread	spodumene	as	the	dominant	lithium-bearing	phase.	The	spodumene	displays	
a variety of crystallisation styles, including spodumene-quartz intergrowth (SQI) and open growth projecting into miarolitic cavities, and presents as 
etched	‘floater’	crystals	suspended	in	pocket	clay	(Figure	1).	Cookeite	and	lithiophorite	are	also	associated	with	the	spodumene-rich	dykes.

Distinct	geochemical	differences	are	seen	between	the	northern	and	southern	end	of	the	dyke	swarm.	The	northern	pegmatites	appear	to	be	more	
highly	fractionated,	containing	greater	levels	of	Sn,	Ta	and	Nb.	They	are	also	markedly	more	sodic,	some	having	previously	been	described	as	albitite	
dykes.	Additionally,	the	southern	dykes	are	depleted	in	beryllium	whereas	the	northern	dykes	are	enriched.	These	variations	enable	the	dyke	swarm	
to	be	divided	into	two	populations	with	markedly	different	petrogenetic	histories,	which	has	siginificant	implication	for	the	targeting	of	mineral	
exploration in the area.

Image Caption:

Figure	1:	A	1.5mm	wide	etched	spodumene	crystal	enclosed	in	pocket	clay,	from	a	miarolitic	LCT	pegmatite	in	the	Dorchap	Dyke	Swarm.

 

References 
[1] Eagle, R. M., Birch, W. D., & McKnight, S. (2015). Phosphate minerals in granitic pegmatites from the Mount Wills District, north-eastern Victoria. Proceedings of the Royal Society of 

Victoria, 127(2), 55-68.

496

Contents page



POSTER PRESENTATIONS   

Pegmatite mineralogy, geochemistry, classification and origins

Alkali-rich replacement zones in evolved NYF pegmatites: metasomatic fluids or immiscible melts?
Axel Muller1, John Spratt2, Rainer Thomas3, Ben J. Williamson4, Reimar Seltmann2

1Natural History Museum, University of Oslo, Oslo, Norway, 2Department of Earth Sciences, Natural History Museum, London, United Kingdom, 3Chemistry 
and Physics of Earth Materials, German Research Centre for Geoscience GFZ, Potsdam, Germany, 4Camborne School of Mines, University of Exeter, 
Penryn, United Kingdom

Replacement	zones	(RZ),	which	are	a	common	feature	of	evolved	granitic	pegmatites,	are	irregular,	commonly	alkali-rich	zones	superimposing,	
cross-cutting and replacing the primary zonation in almost all consolidated pegmatite bodies. RZ are widely considered to result from late-stage 
metasomatism	even	though	little	is	known	about	the	melts	and/or	fluids	involved	in	their	formation.	However,	the	observed	textures	and	mineral	
paragenesis of RZ cannot be explained by metasomatism in a strict sense.

In this study, the nature of the late stage silicate melt forming “cleavelandite” RZ is assessed from textural, mineralogical, chemical and melt inclusion 
studies of evolved, Proterozoic Niobium-Yttrium-Fluorine (NYF) rare metal pegmatites from Evje–Iveland, southern Norway. These were studied as they 
are mineralogically simple, compared with RZ in evolved Lithium-Caesium-Tantalum (LCT) pegmatites.

Silicate melt inclusions in RZ-forming topaz and “cleavelandite” document high H
2
O contents of up to18 wt.%  of the F-rich silicate melt from which the 

RZ	crystallized.	In	addition,	from	mineral	compositions	(“cleavelandite”,	“amazonite”,	white	mica,	garnet,	columbite	group	minerals,	topaz,	fluorite,	and	
beryl),	they	must	have	also	been	strongly	alkaline	(Na-dominated)	with	enrichments	in	F	(at	least	4	wt.%),	Cs,	Rb,	Ta,	Nb,	Mn,	Ge,	Bi,	As,	and	in	some	
cases also Li compared with host pegmatites. These elements are concentrated in a few RZ-forming minerals resulting in very distinctive mineral-trace 
element signatures. “Amazonite” is strongly enriched in Cs and Rb and often white mica and beryl in Li and Cs. To acquire these mineral compositions, 
the overall Li-Cs-Ta-poor Evje-Iveland original pegmatite melt must have undergone extreme internal chemical differentiation resulting in melt/
melt immiscibility aiding rheology contrasts and resulting in RZ formation. The resulting RZ-forming H

2
O-F-rich silicate melt would have shown large 

differences	in	viscosity	and	density,	and	therefore	physical	flow/transport	properties,	to	the	host	pegmatite	melt	resulting	in	discordant	contacts.

The mineralogy and melt inclusion data from the Evje-Iveland pegmatites document a gradient of crystallization temperatures within the investigated 
pegmatite	bodies	with	highest	temperatures	at	the	pegmatite	margin	(during	initial	emplacement,	~680°C)	and	lowest	temperatures	within	the	RZ	
(<500°C).	Considering	the	temperature	and	pressure	conditions	of	the	host	rocks	gneisses	and	amphibolites	(~650°C,	up	to	5	kbar)	at	the	time	of	
pegmatite	emplacement	and	the	crystallization	conditions	of	the	RZ,	the	Evje-Iveland	pegmatites	and	RZ	likely	formed	over	a	period	of	2.2	million	
years,	assuming	an	exhumation	rate	of	1.5	mm	per	million	years	and	a	geothermal	gradient	of	45°C	km-1. Such a long crystallization time contradicts the 
classical view that pegmatites represent strongly undercooled melts which crystallize relatively fast.
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Paragenetic and compositional evolution of tourmaline from the Mt. Mica pegmatite (Maine, USA)
Encar Roda-Robles1, William Simmons2, Alexander Falster2, Alfonso Pesquera1, Pedro-Pablo Gil-Crespo1
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Mount	Mica	pegmatite	(Maine,	USA),	famous	for	gem	tourmaline	production,	is	the	first	described	LCT	pegmatite	formed	by	direct	anatexis	(Simmons	et	
al.,	2016).	It	is	a	dyke-like	body	of	variable	thickness	(1-8	m),	dipping	20°	SE	and	subparallel	to	the	enclosing	schists.	It	shows	a	simple	internal	zoning,	
with	three	different	zones:	a)	wall	zone	consisting	of	fine	to	medium	grained	quartz,	plagioclase,	comb	tourmaline	and	muscovite,	with	minor	biotite;	
b) intermediate zone, irregularly developed, indistinguishable or absent in places, especially in the narrower parts of the pegmatite. Main minerals are 
quartz and albite, sometimes graphically intergrown. This zone hosts a tourmaline layer and a garnet layer (locally double) under the core zone; c) core 
zone,	beaded	and	asymmetrically	distributed	inside	the	pegmatite,	it	is	located	at	≈	1/3	down	from	the	hanging	wall	contact.	This	zone	consists	mainly	
of	ellipsoidal	interconnected	masses	of	coarse-grained	quartz,	albite,	blocky	microcline,	and	tourmaline,	often	including	pods	of	white	cleavelandite	
and, less commonly, pods of deep purple lepidolite, where elbaite, spodumene, pollucite, cassiterite, columbite group minerals, and rare beryl may 
be	present.	Inside	the	core	zone,	pockets	(miarolitic	cavities)	of	different	sizes	(from	a	few	cm3 up to >500m3) are present, averaging one every 3m. 
Thousands	of	multicolored	gem-quality	tourmaline	crystals	have	been	found	in	these	pockets,	together	with	other	high-quality	mineral	specimens,	
including	mainly	beryl,	apatite,	lepidolite,	rose	and	smoky	quartz,	cassiterite	and	pollucite,	among	others.

Tourmaline	occurs	in	the	three	zones	with	a	high	textural	and	chemical	variability.	In	the	wall	zone	it	appears	as	black	schorl	prisms,	up	to	10	cm	in	
length, locally tapered or graphically intergrown with quartz. Tourmaline from the intermediate zone is mainly concentrated in a tourmaline layer 
below	the	core	zone.	There	it	appears	as	black	irregular	schorl	crystals	or	short	prisms,	of	up	to	a	few	cm	in	length.	In	the	core	zone	some	tourmaline	
crystals	are	still	dark,	but	greenish	and	pinkish	ones	are	also	common.	Commonly	the	tourmaline	crystals	of	this	zone	radiate	around	some	pockets,	
converging	toward	them	and,	hence,	serving	as	pocket	indicators.	These	crystals	may	be	chemically	and	color-zoned,	grading	from	black	(Li-rich	
schorl),	to	green	(Fe-rich	elbaite),	to	pink	(Fe-poor	elbaite).	Inside	the	pods	of	fine-grained	lepidolite	masses,	small	pinkish	tourmaline	crystals	(elbaite)	
are	relatively	common,	frequently	strongly	altered.	Tourmaline	crystals	from	the	pockets	appear	mostly	as	gem-quality	prisms	of	different	colors:	blue	
to	green	to	pink,	pink	and	green	color-zoned,	and	watermelon.	Most	of	the	analysed	tourmaline	is	alkali-rich,	with	the	exception	of	a	few	colorless	to	
pinkish	pocket	rossmanite	specimens	and	black	thin	caps	of	foitite.	Tourmaline	from	the	wall	and	intermediate	zones	is	OH-rich,	whereas	most	of	the	
tourmaline	crystals	from	the	core	zone	are	F-rich.	Therefore,	chemical	changes	observed	in	tourmaline	from	the	wall	to	the	core	zone	and	pockets	is	
progressively	poorer	in	Fe	and	richer	in	Li,	Al	and	F,	reflecting	the	chemical	evolution	of	the	pegmatitic	melt	during	fractionation.
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The occurrences and mineralogical properties of fibrous tourmaline from Japan
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Tourmaline	group	minerals	are	contained	in	various	rocks	as	accessary	minerals,	and	the	chemical	compositions	reflect	changes	of	chemical	
environment.	Though	tourmaline	generally	occurs	in	the	shapes	of	prismatic	or	granular	crystals,	it	occasionally	has	a	fibrous	habit.	Especially,	
alkali-deficient	tourmaline	such	as	foitite	and	magnesio-foitite	tend	to	have	fibrous	shapes	in	many	cases	[1].	Recently,	the	fibrous	tourmaline	from	
worldwide localities were reinvestigated, and they were not only foitite but also schorl, dravite, and elbaite [2]. The study also suggested the chemistry 
of	fibrous	tourmaline	reflects	the	fluid	compositions	at	tourmaline	formation.	In	Japan,	there	are	abundant	tourmaline	localities,	including	occurrences	
of	foitite	and	magnesio-foitite.	We	investigated	the	occurrences	and	mineralogical	properties	of	fibrous	tourmaline	from	the	pegmatites	and	skarn	
deposits in the Northeast Japan, the Inner Belt of Southwest Japan, and the Outer Belt of Southwest Japan.

In	the	Li	pegmatite	from	Sakihama	(Iwate	Prefecture),	terminations	of	elbaite-tsilaisite	crystals	are	covered	by	thin	fibrous	tourmaline	(<	5	µm	thick).	
In	the	Li-bearing	pegmatite	from	Tanakamiyama	(Shiga	Prefecture),	there	are	fine	prismatic	tourmaline	with	fibrous	termination,	and	fine	hair-like	
tourmaline covering the surface of druse with zinnwaldite. In the Outer Belt of Southwest Japan, the occurrences of tourmaline are abundantly found 
from	the	granites	and	pegmatites	derived	from	S-type	granites	such	as	Takakumayama	(Kagoshima	Prefecture),	Okueyama	(Miyazaki	Prefecture),	and	
Otsuki	(Kochi	prefecture).	Fine	prismatic	tourmaline	occur	in	the	cavities	of	granites	and	pegmatites	from	these	localities,	and	some	black	tourmaline	
crystals	have	fibrous	terminations.	In	the	Obira	mine	(Oita	Prefecture),	skarn	deposit	derived	from	the	Okue	granite,	there	are	black	tourmaline	with	
fibrous	termination,	and	fibrous	tourmaline	in	quartz	as	inclusions.	The	described	fine	prismatic	crystals	are	100-200	µm	in	diameter	and	2-6	mm	in	
length	(length	to	width	ratio	20-30),	and	the	fibrous	tourmaline	as	termination	parts	are	10-30	µm	in	diameter	and	150-1000	µm	in	length	(length	to	
width	ratio	15-30).	The	fine	hair-like	tourmaline	from	Tanakamiyama	has	significant	features;	that	is,	numerous	nanofibers	100	nm	in	diameter	and	50	
µm in length (length to width ratio 500) with random orientations (Fig. 1a).

The	chemistry	of	tourmaline	from	Takakumayama,	Okueyama,	and	Otsuki	is	Fe-rich	and	Mg-bearing	at	the	Y	site,	and	Na-	and	vacancy-rich	at	the	X	site	
with	minor	Ca	(<	0.16	apfu).	The	tourmaline	from	Sakihama	and	Tanakamiyama	are	enriched	in	Fe	at	the	Y	site,	and	Na	and	vacancy	at	the	X	site	without	
Ca. The tourmaline from the Obira mine contain Mg and Fe at the Y site, and Na- and vacancy-rich at the X site with minor Ca.

The	textures	of	fibrous	termination	tourmaline	from	Takakumayama,	Otsuki,	and	the	Obira	mine	show	the	dissolution	of	termination	and	
recrystallization	(Fig.	1b).	Primary	tourmaline	is	reacted	with	non-equilibrium	fluids	under	low	pressures	conditions,	and	fibrous	tourmaline	epitaxially	
crystallize	sharing	with	c	axis	of	the	host	tourmaline	under	metastable	conditions.	However,	the	nanofiber	tourmaline	from	Tanakamiyama	has	
different	morphology	to	the	other	fibrous	tourmaline.
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Chemical variations of tourmaline in Li pegmatite from Sakihama, Myokenzan, Nagatare, and 
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Many pegmatites are distributed in Japan, which includes minor chemically developed pegmatites. In this study, a mineralogical approach was 
performed	on	the	Li	pegmatites	from	four	localities,	Sakihama,	Myokenzan,	Nagatare,	and	Okueyama,	Japan.	The	chemical	trends	of	tourmaline	
from each locality were especially compared and discussed. The general formula of tourmaline super group minerals is XY
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Na, Ca, K, vacancy; Y = Fe2+, Mg, Mn2+, Al, Li, Fe3+, Cr3+; Z = Al, Fe3+, Mg, Cr3+; T = Si, Al, B; V = OH, O; W = OH, F, O) [1]. A chemical variation of tourmaline in 
a Li pegmatite includes increasing (Li + Al) and decreasing Fe2+	at	Y	site	from	the	country	rock	to	the	core	of	the	pegmatite,	reflecting	the	chemical	
development of melts [2].

The	Li	pegmatites	in	Nagatare	and	Myokenzan	are	larger	in	scale	than	the	other	pegmatites,	and	the	pegmatites	are	chemically	developed	pegmatites	
enriched	in	Cs	and	Ta	in	addition	to	Li	without	druse.	The	tourmaline	from	Nagatare	and	Myokenzan	are	commonly	radial	aggregates	with	small	grain	
diameters.	Many	of	the	tourmaline	from	the	core	of	the	pegmatite	are	cloudy	and	altered	to	muscovite.	The	Li	pegmatite	in	Sakihama	occurs	as	a	
horizontal	dyke	with	druses.	The	dyke	contains	tourmaline	as	intergrowth	with	quartz,	and	subhedral	to	euhedral	crystals	elongated	to	the	core.	The	
latter	crystals	are	large,	and	up	to	10	cm	in	diameter.	For	Okueyama,	small	Li	pegmatite	occurs	with	druses,	in	granite	containing	rare-earth	elements	
pegmatites	with	miarolitic	cavities.	The	tourmaline	from	Okueyama	are	subhedral	to	euhedral	crystals.

The	X	site	in	tourmaline	was	mainly	occupied	by	Na	with	vacancy	in	all	pegmatites	(Fig.	1a),	and	Li-bearing	tourmaline	from	Nagatare	and	Myokenzan	
slightly contain calcic component. A Y(Fe2+) ↔ Y(Li	+	Al)	substitution	of	tourmaline	toward	the	core	of	the	pegmatite	was	significant	in	all	pegmatites.	
However,	the	tourmaline	from	Sakihama	had	abundant	YMn2+, and a few analyses points were plotted in Mn2+-dominant species area (Fig. 1b). These 
tsilaisite	and	fluor-tsilaisite	species	had	a	distinct	difference	in	the	Y(Fe2+)	contents	compared	with	the	tsilaisite	and	fluor-tsilaisite	from	Elba	Island	
[3, 4]. A Y(Fe2+) ↔ Y(Mn2+	+	Li	+	Al)	substitution	occurred	significantly	in	the	Sakihama	tourmaline,	followed	by	a	Y(Mn2+) ↔ Y(Li + Al) substitution (Fig. 
1b). The chemical trends of YMn2+	in	the	Sakihama	tourmaline	were	similar	to	the	trends	of	the	tourmaline	from	the	Little	Three	dyke,	Ramona	District	
[5]. For the four localities, each locality shows the different chemical developments of YMn2+ contents in tourmaline. These chemical properties were 
harmonious	with	the	associated	minerals	in	the	pegmatites.	Masutomilite-lepidolite	generally	occurs	in	Li-rich	zone	from	Sakihama,	while	the	Mn	
contents	in	lepidolite	from	Nagatare	and	Myokenzan	are	small.	Concentrations	of	Ta	and	Nb	in	the	chemical	developed	pegmatites	from	Nagatare	and	
Myokenzan	induced	the	abundant	formation	of	tantalite-(Mn)	and	columbite-(Mn)	in	Li-rich	zone.	It	is	considered	that	the	formation	of	these	Mn-
oxides	prevents	an	enrichment	of	Mn	in	tourmaline	and	mica.	For	Sakihama,	low	Ta	and	Nb	concentrations	in	the	pegmatite-forming	melts	caused	the	
enrichment	of	Mn	in	tourmaline,	and	the	occurrence	of	tsilaisite	and	fluor-tsilaisite.
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Three-Dimensional Quantitative Analysis 0f Graphic Granite
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Graphic	granite	displaying	textures	reminiscent	of	cuneiform	writing	is	commonly	seen	in	pegmatitic	rocks.		This	striking	texture	is	formed	by	
intergrowths of optically continuous quartz and feldspar (predominantly K-feldspar).  In detail, however, the texture of graphic granite varies from 
locality to locality, over a distance of less than 1 m within a single locality, and can vary even within a single K-feldspar crystal, from its core towards 
its	edges.		The	formation	of	graphic	granite	is	intimately	linked	to	pegmatites	and	provides	clues	to	the	mechanisms	of	pegmatite	formation,	if	we	can	
only decipher them. 

As a further step in understanding the formation of graphic textures, we developed a set of quantitative measures to investigate these textures 
using the fractal measurements of the box-counting dimension (D

B
) and the lacunarity (L), as well as the normalized autocorrelation function.  These 

measures are scale-free and can be used to quantify and compare textures with dimensions varying by orders of magnitude (Fig. 1).  We investigated 
34 images of natural graphic textures from 7 different pegmatites.  In some cases, we	were	able	to	make	measurements	on	orthogonal	slices	through	
single graphic feldspar crystals to investigate textural variations in three-dimensions (3D) as well as several orthogonal slices from a published X-Ray 
CT	study	(Ikeda	et	al.	2002). 

When D
B
 is plotted against L, the data are negatively correlated and form a trend that overlaps with similar measurements made on experimentally 

produced graphic textures.  The distribution of these measurements is at least partly controlled by the orientation of the graphic texture in the image, 
shown in Figures 2 and 3.  The normalized autocorrelation function demonstrates that, on average, the spacing between quartz in graphic granites is 
between ~ 1.5 and ~ 2 times the size of the individual quartz seen in the image; the orientation of the graphic texture does not appear to exert a strong 
influence	on	the	spacing	of	the	quartz.

These quantitative measurements of graphic textures demonstrate the similarity of experimental textures on the scale of microns with natural textures 
on the scale of centimeters.  Additionally, they allow characterization of natural graphic textures and will be used to better understand the formation 
of granite pegmatites.
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Gersdorffite as a PGE collector in massive ores in the Ban Phuc Ni-Cu-(PGE) sulfide deposit and 
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In	the	Ban	Phuc	Ni-Cu-(PGE)	sulfide	deposit,	Suoi	Ngat	and	Suoi	Dan	Ni	prospects	in	northern	Vietnam,	the	whole-rock	PGE	concentrations	are	
decoupled from the numbers of platinum-group minerals (PGM). In the massive ores with high PGE concentrations no or few PGM are found. On the 
other	hand,	more	PGM	are	located	in	disseminated	sulfide	ores	in	which	PGE	concentrations	are	lower.	The	massive	ores	commonly	contain	gersdorffite.	
The	gersdorffite	has	been	found	to	contain	all	six	PGE	and,	along	with	BMS,	is	likely	to	be	the	host	for	PGE	in	the	massive	ores.	This	is	an	example	
of a growing number of cases where massive ores have been found to contain PGE in arsenic-bearing minerals, either PGM including sperrylite and 
members	of	the	irarsite-hollingworthite-plaratsite	solid	solution	series	or	in	gersdorffite/cobaltite.	We	suggest	that	the	presence	of	As	in	a	magma	will	
cause	early	removal	of	PGE.	The	presence	of	arsenic	in	mafic-ultramafic	magmas	in	low	and	high	level	plutonics	and	lavas	results	in	the	formation	of	
early	arsenic-bearing	PGM	and	euhedral,	10-60	µm,	PGE-bearing	sulfarsenide.	Larger	200	µm	to	mm	sized	irregular	shaped	or	rounded	gersdorffite/
cobaltite	also	concentrates	PGE	during	low-temperature	metamorphism	of	Ni-Cu-PGE-bearing	sulfide	ores. In contrast, absence of As leads to late 
interstitial formation of As-poor PGM.

502

Contents page



POSTER PRESENTATIONS   

Raw materials for a hi-tech world: geology, mineralogy and geometallurgy

Distribution of rare earth elements within apatite in fish debris from the Heavy REE-rich deep-sea 
mud of the Minami-Tori-shima Area, Southeastern Japan
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Deep-sea mud from the Minami-Tori-shima Area, Southeastern Japan, is rich in heavy rare earth elements (HREE). It has been carried out to elucidate 
the distribution of rare earth elements (REE) and host minerals. Kon et al. (2014) indicated that REY content is positively correlated with P

2
O

5
 and CaO 

contents,	and	suggesting	that	apatite	is	a	host	mineral	of	REE.	However,	the	occurrence	and	abundance	of	REY	of	apatite	in	fish	debris	from	the	HREE-
rich	deep-sea	mud	have	not	been	clarified.	In	this	study,	in	order	to	clarify	the	content	and	distribution	of	REY	in	apatite	of	fish	debris	in	the	deep-sea	
mud,	internal	texture	of	the	fish	debris	and	occurrence	of	REY-rich	apatite	were	observed	using	a	field	emission	type	electron	microscopic	analyzer	
(FE–EPMA),	and	the	chemical	composition	of	apatite	was	analyzed	by	FE–EPMA	and	laser-induced	breakdown	spectroscopy	(LIBS).

Apatite	in	the	HREE-rich	deep-sea	mud	of	Minami-Tori-shima	occurs	in	the	fish	debris	such	as	fish	bones,	teeth	and	shrivels.	The	Y	contents	in	these	
materials differ depending on the difference in the occurrence of apatite. Apatite in tooth with a dense tissue has low Y content (0.00-0.16 wt%) and 
has	similar	composition	to	common	hydroxy	apatite.	On	the	other	hand,	apatite	in	porous	fish	bone	has	a	Y	content	of	0.20-0.78	wt%,	higher	than	the	
apatite in bio-materials with a dense tissue.

Specimen	observation	and	composition	analysis	using	a	transmission	electron	microscope	(TEM)	indicated	that	the	area	of	fish	dentition	consisting	of	
rather	large	apatite	crystals	(several	µm	in	length)	is	poor	in	REY,	whereas	the	area	consisting	of	fine	apatite	crystals	(several	tens	of	nm	in	length)	is	
relatively	rich	in	REY.	In	addition,	it	was	confirmed	that	the	fish	bone	entirely	composed	of	fine	crystals	is	rich	in	REY.

Qualitative analysis of Y and C by LIBS revealed that Y-rich apatite is rich in C. 

By comparing the tissues and constituents of the biological material of this research sample with those of living things, it is concluded that apatite 
crystals,	which	are	poor	in	Y	and	C,	and	have	a	large	size,	are	enamelled	prismatic	structures	that	occupy	the	majority	of	teeth,	and	that	fine	apatite	
crystals rich in Y and C are constituents of the Crowbar interstitial part of the teeth and the Dentin of the bone.

These results indicate that REY-contents depend on occurrence of apatite. Therefore, it is concluded that REY is distributed in parts other than the 
crystal	structure	of	apatite	constituting	the	fish	bone.	For	example,	REY	present	surface	of	apatite	by	absorption	or	in	something	including	C.
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Nano-analytics for mineralogy studies with Secondary Ion Mass Spectrometry (SIMS) on the Helium 
Ion Microscope (HIM) – Applications within Applied Mineralogy
Shaun Graham1
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Typically, electron microscopy involves the utilization of a W, LaB
6
 or a Field Emission (FE) source for electron generation and subsequent imaging and 

analysis. Continuous development have meant that they are reaching the absolute limits of imaging and analytical performance.

To improve imaging resolution heavier ions such as He ions (7,000x heavier than e-) and Ne ions (40,000x heavier than e-) can be used in a Gas Field 
Ion	Source	(GFIS)	to	achieve	resolutions	of	0.5	nm	(at	30	kV)	and	1.9	nm	(at	25kV)	respectively.	Whilst	these	resolutions	push	the	boundaries	of	imaging	
capabilities, typical characteristics x-rays and EDS type analysis are not possible on the HIM due to the heavy nature of the ions used would require  
70,000	keV	to	excite	a	characteristic	Kα x-ray from Cu.

The combination however of the HIM with the Secondary Ion Mass Spectrometer (SIMS) is an exciting prospect. Interaction of the ion beam with the 
sample	surface	will	cause	the	removal	and	ionization	to	produce	a	flux/ejection	of	charged	atoms,	which	can	be	passed	through	an	integrated	Mass	
Spectrometer (MS).

Whilst this is fairly conventional and in line with other nano-SIMS instruments, advantages such as;
1. 10 nm probe-sample interaction (spatial)
2. Simultaneous imaging resolution of 0.5 nm
3. Correlative	workflows	with	X-ray	Microscopy	and	conventional	SEM	techniques
4. 3D nanotomography capability from a Ga ion FIB column
5. Flexibility of a He, Ne and Ga as an ionization source
6. 40%	SIMS	detector	transmission	efficiency	compared	to	2%	for	quadrupole	MS

For applications in mineralogy, in-situ microanalysis of trace isotopes and detection limits in the ppb to ppm range are now possible at a 10 nm 
resolution.	Such	comprehensive	analytical	tools	with	defined	workflows	offer	a	newly	accessible	analytical	instrument	for	mineralogical	analysis.	
This	talk	will	present	multiple	applications	examples	to	demonstrate	the	current	developments	and	their	capabilities	focusing	specifically	on	ore	
mineralogy and geometallurgical applications. 
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Processing of graphite raw material from the Český Krumlov - Městský vrch deposit, Czech Republic 
Michal Poňavič1,	František	Pticen2, Anna Vymazalova1, Bohdan Kříbek1

1Czech Geological Survey, Prague 5, 2Keramex Group s.r.o., Karlovy Vary, Czech Republic

This study has been performed under the project Competence Centre for Effective and Ecological Mining of Mineral Resources, funded by the 
Technology Agency of the Czech Republic (TA ČR) under the leadership of the Technical University of Ostrava (TUO). The aim of the project is to study 
critical	raw	materials	(CRM)	of	the	European	Union	(EU),	assess	the	suitable	resources	of	CRM	in	the	Czech	Republic	and	propose	a	possible	efficient	
and environment-friendly way of their mining and processing.

One of the most important topics of the project is the detail study of Czech graphite deposits. Since 2008 there is no mining of graphite in the Czech 
Republic	due	to	economic	reasons	but	also	due	to	difficulties	in	processing	of	the	material.	However,	in	the	recent	years	there	is	an	increased	interest	
in reopening of graphite mining. The most important areas with graphite deposits are in Moldanubian zone and in the Moravia-Silesia area, apart from 
many other small occurrences. The study is focused on Moldanubian graphite deposit Český	Krumlov-Městský	Vrch.

The deposit is hosted by graphitic paragneiss with a content of graphitic carbon from 8 to 30 %. The material also contains blanched biotite, less 
common	muscovite,	sericitizated	and	kaolinized	feldspars,	sillimanite,	cordierite,	apatite,	and	pyrrhotite	and	pyrite	are	also	very	common,	mostly	in	the	
form	of	sulphide	impregnations.	The	raw	material	is	formed	by	crystallin	graphite	of	the	size	of	flake	from	0.00X	to	0.X	mm.	We	have	collected	a	large	
volume	samples	of	graphitic	raw	material	for	the	further	technological	tests.	The	processing	tests	were	performed	at	the	TUO.	The	results	of	flotation	
tests	have	shown	the	low	quality	of	primary	flotation	concentrate	that	prooved	a	content	of	inner	dust	and	low	purity	of	graphitic	flakes.	The	flakes	of	
graphite are very often epitaxially grown on plates of biotite or light mica. This, during the crashing and milling of the material, causes the formation of 
graphitic	composite.	Therefore,	the	full	process	of	flotation	processing	becomes	impeded.

The aim, at the Czech Geological Survey, was the improvement of graphite processing of the material samples from Český	Krumlov-Městský	vrch	
deposit	using	the	delamination	of	graphite-mica	composite	from	the	concentrate	after	first	flotation	process,	performed	at	the	TUO.	In	order	to	
delaminate	the	graphite-mica	composite	of	the	fraction	grain	size	100–150	µm,	before	the	second	flotation	process,	the	destroying	methods	of	
ultrasound	(US),	frost	cycles	and	repeated	heating	were	applied.	The	process	of	destroying	was	tested	at	various	US	frequencies	from	20	to	40	kHz	
at different intensities and times of processing (2, 3, 5, 20 and 30 minutes). The delamination based on triple repeated frost cycles was performed at 
-18	ºC	and	+24	ºC.	Delamination	based	on	repeated	heating	up	to	150	ºC	was	conducted	at	two	cycles.	The	most	effective	method	of	delamination	of	
graphite-mica composite was the crushing using US, when the content of combustible particles increased from original 40 % (in the concentrate after 
first	flotation)	on	95	%	after	second	flotation.
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Hydrothermal Replacement of Chalcopyrite by Chalcocite via Coupled Dissolution Reprecipitation 
Reaction Mechanism
Alok Chaudhari1, Joel Brugger1, Andrew Frierdich1, Rahul Ram2, Barbara  Etschmann2

1School of Earth Atmosphere and Environment Sciences, 2School of Earth Atmosphere and Environment, Monash University, Melbourne, Australia

Coupled Dissolution-Reprecipitation (CDR) reactions refer to the simultaneous pseudomorphic (isovolumetric) replacement of the parent phase by 
the	product	phase	in	mineral	–	fluid	systems	and	have	garnered	much	attention	recently	owing	to	their	ubiquity	across	many	natural	and	engineered	
systems. CDR reactions are usually characterized by a sharp reaction interface and extensive generation of porosity in the reprecipitated phase (Altree-
Williams et al., 2015; Putnis, 2009; Xia et al., 2009).

 The replacement of chalcopyrite by chalcocite is a reaction with potential implications for mineral processing, since this reaction may provide a way 
to upgrade the concentration of copper in the ore (Wang, 2005). This study aims to elucidate the fundamental reaction mechanism involved in the 
replacement of chalcopyrite by chalcocite using the CDR approach. We have performed a number of experiments at mild hydrothermal conditions (0 
– 100 bars, 200 – 300 oC) on natural chalcopyrite (CuFeS

2
)	in	a	chloride-rich	fluid	medium	(CuCl

2
 + H

2
SO

4
) resulting in the formation of chalcocite (Cu

2
S) 

via the CDR reaction pathway. Pseudomorphic replacement of chalcopyrite by chalcocite was observed in all the experiments (Fig. 1). Reprecipitated 
chalcocite	exhibits	well-developed	porosity	and	secondary	textures.	The	reaction	kinetics	were	studied	as	a	function	of	a)	varying	run	durations,	
b)	increasing	temperature	and	c)	chloride	concentration.	To	examine	the	effect	of	temperature	on	the	bulk	mineralogy,	a	series	of	experiments	with	
run durations varying from 24 to 250 hours and at constant temperature were performed. For experiments performed at constant temperature the 
reprecipitation	of	chalcocite	correlates	strongly	with	run	durations.	Further	it	was	also	observed	that	experiments	at	temperatures	≤	200	oC yield a mix 
of	covellite	(CuS)	and	chalcocite	whereas	experiments	at	temperatures	≥	200	oC yield only chalcocite as the reprecipitated phase.

To	further	investigate	the	role	of	Cu(II)	in	activating	the	reaction	and	to	quantify	the	extent	of	mineral-fluid	exchange,	experiments	will	be	carried	
using a 65Cu	isotopic	tracer.	In	addition,	on-going	work	is	looking	at	the	redistribution	of	trace	elements	contained	in	chalcopyrite	during	the	mineral	
replacement reaction. 
 
Figure	1.	Backscattered	secondary	electron	image	showing	the	pseudomorphic	replacement	of	chalcopyrite	by	chalcocite

 

References 

[1] Altree-Williams, A., Pring, A., Ngothai, Y., Brugger, J., 2015. Textural and 
compositional complexities resulting from coupled dissolution–reprecipitation 
reactions in geomaterials. Earth-Science Rev. 150, 628–651. doi:10.1016/j.
earscirev.2015.08.013
[2] Putnis, A., 2009. Mineral Replacement Reactions. Rev. Mineral. Geochemistry 
70.
[3] Wang, S., 2005. Copper leaching from chalcopyrite concentrates. JOM 57, 
48–51. doi:10.1007/s11837-005-0252-5
[4] Xia, F., Brugger, J., Chen, G., Ngothai, Y., O’Neill, B., Putnis, A., Pring, A., 2009. 
Mechanism	and	kinetics	of	pseudomorphic	mineral	replacement	reactions:	A	
case study of the replacement of pentlandite by violarite. Geochim. Cosmochim. 
Acta 73, 1945–1969. doi:10.1016/j.gca.2009.01.007
[5] Altree-Williams, A., Pring, A., Ngothai, Y., Brugger, J., 2015. Textural and 
compositional complexities resulting from coupled dissolution–reprecipitation 
reactions in geomaterials. Earth-Science Rev. 150, 628–651. doi:10.1016/j.
earscirev.2015.08.013
[6] Putnis, A., 2009. Mineral Replacement Reactions. Rev. Mineral. Geochemistry 
70.
[7] Wang, S., 2005. Copper leaching from chalcopyrite concentrates. JOM 57, 
48–51. doi:10.1007/s11837-005-0252-5
[8] Xia, F., Brugger, J., Chen, G., Ngothai, Y., O’Neill, B., Putnis, A., Pring, A., 2009. 
Mechanism	and	kinetics	of	pseudomorphic	mineral	replacement	reactions:	A	
case study of the replacement of pentlandite by violarite. Geochim. Cosmochim. 
Acta 73, 1945–1969. doi:10.1016/j.gca.2009.01.007

506

Contents page



POSTER PRESENTATIONS   

Reactions at the mineral-fluid interface

Leaching mechanism of bioapatite in carbonate saturated water
Zsolt Dallos1, 2,	Viktória	Kovács	Kis2, Ferenc Kristály3, István Dódony1

1Department of Mineralogy, Eotvos Lorand University, 2Centre for Energy Research, Hungarian Academy of Sciences, Budapest, 3Institute of Mineralogy 
and	Geology,	University	of	Miskolc,	Miskolc,	Hungary

Many	models	of	hydroxylapatite	(HAp)	dissolution	in	different	acids	were	published	as	reviewed	them	by	Dorozhkin	[1].	The	Ca
5
(PO

4
)

3
OH formation from 

aragonite (CaCO
3
)	is	also	known	[2].	However,	only	a	few	papers	dealt	with	leaching	processes	of	HAp	and	even	less	with	the	reactions	of	bioapatite	in	

alkaline	fluids.	Since	bioapatite,	the	main	inorganic	component	of	bone,	is	structurally	similar	to	HAp	and	has	some	CO
3
 content, its leaching properties 

can play important role in many biological lesions. We studied the leaching  of bovine tibia powder in carbonate saturated water. We used bone/solution 
mass	ratios	of	1	and	3	%	and	2	and	4	weeks	leaching	time.	After	leaching	the	reaction	products	were	characterized	by	X-ray	(Bruker	D8	Advanced)	and	
electron diffraction (SAED) techniques (Philips CM20 and JEOL 3010) as well as high resolution transmission electron microscopy (HRTEM) and energy 
dispersive	spectroscopy	attached	to	the	TEM	(Bruker-EDS).		The	newly	formed	crystalline	phases	were	identified	and	crystallite	size	and	chemical	
composition were determined. We found evidences for structural transformation of Ca-phosphate to Ca-carbonate. The rate of transformation was 
found to be function of the mass ratios and the leaching time. According to XRD, calcite formed as a new crystalline phase. Based on the analyis 
of	SAEDs	and	FFT	of	HRTEM	images	nanocrystalline	apatite	and	Ca-bearing	phases	were	also	indentified	which	allowed	the	reconstruction	of	the	
intermediate	stages	of	the	leaching	process.	We	propose	reaction	sequence	for	the	transformation	of	bioapatite	in	carbonated,	slightly	alkaline	media	
which may contribute to our understanding of lesion processes of bone.

The	project	was	supported	by	the	ELTE	Talent	Management	Council	and	the	National	Research,	Development	and	Innovation	Office	of	Hungary,	grant	
number K-125100.
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Geometry and competitiveness of arsenate and phosphate oxyanions in the individual and 
competitive adsorption on magnetite
Xiaoliang Liang1, Hongping He1, Xiaoju Lin1

1Guangzhou Institute Of Geochemistry, Chinese Academy Of Sciences, GuangZhou, China

Arsenate and phosphate released from natural and anthropogenic activities are widespread in soil and aquatic systems, and their geochemical 
behavior	in	geomedia	is	strongly	influenced	by	metal	(hydr)oxides	with	high	adsorption	affinities	for	these	oxyanions.	Magnetite	is	a	common	
constituent of soil and sediment that is formed naturally via several pathways including iron metal corrosion, ferrous iron oxidation, and chemical and 
biological reduction of ferric oxides. Information regarding the distribution of arsenate and phosphate at the magnetite-solution surface is essential 
for understanding their transport, bioavailability and toxicity in the environment. In the present study, individual and competitive adsorption of 
arsenate	and	phosphate	on	magnetite	surface	was	investigated	using	in	situ	attenuated	total	reflectance	Fourier-transform	infrared	(ATR-FTIR)	and	
two-dimensional correlation analysis (2D-COS) to illustrate the adsorption geometries and adsorption competitiveness. In single adsorption of 
phosphate, mono-protonated monodentate mononuclear (MMM) complexes dominated at acidic pH, while non-protonated bidentate binuclear (NBB) 
complexes	were	dominant	at	alkaline	pH.	Arsenate	mainly	formed	bidentate	binuclear	(BB)	complexes	with	fewer	outer-sphere	species,	both	of	
which were more favored at acidic pH. During competitive adsorption, the pre-absorbed inner-sphere arsenate species were scarcely affected by 
the	introduction	of	phosphate.	However,	when	pre-absorbed	onto	magnetite	surface,	phosphate,	especially	that	in	MMM	complexes,	was	significantly	
substituted	by	arsenate	with	BB	adsorption	geometry.	The	adsorption	affinity	of	phosphate	and	arsenate	species	to	magnetite	surface	was	found	to	
increase in the following order: MMM complex (phosphate) < NBB complex (phosphate) < BB complex (arsenate). The effects of medium pH, adsorption 
sequence and mineral species on the competitive adsorption between arsenate and phosphate were also discussed, and their different competitive 
ability and stability on magnetite were ascribed to the variations in adsorption geometry with pH and the heterogeneity of active site density on 
magnetite surface. This study provides molecular-level insights into the adsorption geometries of phosphate and arsenate on magnetite surface and 
their relative stability, and would improve understanding of their mobility and bioavailability.

Keywords
ATR-FTIR; 2D-COS; Competitive adsorption; Phosphate; Arsenate; Adsorption geometry
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The effect of water on the pyrolysis of clay mineral-organic matter complexes
Hongmei Liu1, 2, Peng Yuan1, 2, Dong Liu1, 2, Hongling Bu1, 2, Hongzhe Song1, 2

1CAS Key Laboratory of Mineralogy and Metallogeny/Guangdong Provincial Key Laboratory of Mineral Physics and Materials, Guangzhou Institute of 
Geochemistry, Chinese Academy of Sciences, Guangzhou, 2University of Chinese Academy of Sciences, Beijing, China

The role of clay minerals in hydrocarbon generation is still controversial because catalytic activity of clays is thought to be suppressed in the presence 
of	water,	a	ubiquitous	component	of	sedimentary	rocks	(Seewald,	2003).	However,	this	argument	was	obtained	based	on	the	assumption	that	the	
organic matter (OM) and clay exist separately. Actually, clay-OM associations commonly occur in modern sediments (Keil et al., 1994; Mayer, 1994) and 
ancient	thermally	immature,	organic-rich	rocks	(Kennedy	et	al.,	2002,	2011,	2014),	and	can	affect	the	pyrolytic	behaviors	of	OM	(Bu	et	al.,	2017).	In	this	
study, comparative studies with and without water were conducted on clay-OM complexes with different associations (interlayer clay-OM complex and 
clay-OM	mixture)	to	determine	whether	water	has	the	inhibiting	influence	on	clay	mineral	catalysis	when	the	mineral	is	closely	associated	with	OM.	
The anhydrous pyrolysis results showed that, compared to neat OM, clay minerals promoted the pyrolysis of OM by increasing the yield of gaseous 
hydrocarbon products and CO

2
. With the addition of water, notably higher increment of aforementioned products were observed in clay-OM complexes 

than that of anhydrous experiment. In particular, the above-mentioned catalysis effect was more obvious in interlayer clay-OM complex than clay-OM 
mixture, no matter with or without water. Thus, the suppression of water on the catalysis effect of clay minerals was proved to be limited in the applied 
experimental conditions of this study, which might be attributed to the following reasons: On the one hand, the associations between clay minerals 
and OM can protect the active site of clay mineral from the poisoning of water. On the other hand, clay minerals may promote the dissociation of 
water to provide more hydrogen and oxygen sources for the generation of hydrocarbons and CO

2
. Due to the wide occurrence of clay-OM complexes in 

geological environments, the role of clay minerals during hydrocarbon generation must be reevaluated.

	This	work	was	financial	supported	by	the	National	Natural	Science	Foundation	of	China	(Grant	No.	41502031）, Science Foundation of Guangdong 
Province, China (Grant No.2015A030310363）, and Science and Technology Program of Guangzhou, China (Grant No. 201607010280).
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In-situ observation of skeletal growth and solution inclusion formation: A model study using 
acetaminophen
Mihoko Maruyama1, 2,	Kosuke	Nii1,	Riki	Fujimoto1,	Yuka	Tsuri1, Masashi Yoshimura3,	Yusuke	Mori1, 4
1Graduate	School	of	Engineering,	Osaka	University,	Suita,	2Graduate School of Life and Environmental Science, Kyoto Prefectural University, Kyoto, 3ILE, 
Osaka	University,	4SOSHO Inc., Suita, Japan

Skeletal	growth	and	solution	inclusions	in	minerals	are	well	known	structures	and	they	are	sometimes	used	to	estimate	environments	when	the	
minerals were formed. Such structures are also formed when we grow crystals for the purpose of industrial and pharmaceutical use, and the structures 
change the quality of crystals. For example, solution inclusions can be stages of solution-crystal interaction1. Such the interaction is a serious problem 
when	we	want	to	keep	a	specific	phase.	Thus	understanding	the	mechanism	of	skeletal	growth	and	solution	inclusion	formation	is	important.	In	this	
study,	we	examined	the	relation	between	crystal	growth	rate	and	skeletal	growth	by	in-situ	observation.

Acetaminophen was used as a model material, which is one of the most frequently used antipyretic and analgesic drug. Acetaminophen has several 
polymorphs; form I (stable phase)2, 3, form II (metastable phase) 3, 4, form III (metastable phase)5 and three hydrates (e.g. monohydrate6, dihydrate7, 
trihydrate8). We have succeeded crystallization of form I, form II and tryhydrate 9, 10, 11.	We	did	a	model	experiment	of	skeletal	crystal	growth	using	form	II.	
At	first,	we	prepared	seed	crystals	of	form	II	by	ultrasonic	irradiation	method9.	Next,	we	prepared	the	supersaturated	solutions	for	seed	crystal	growth	
(30 and 50 mg/ml). The solutions were dispensed in 1.7-ml aliquots into 19-ml glass vials, then form II crystals were seeded. The morphology and defects 
of	the	obtained	crystals	were	observed	under	an	inverted	microscope	(Nikon	Eclipse	TS	100).

The (010) and (110) surfaces developed because the growth rates of a- and b-axis directions were slow in comparison than the growth rate of c-axis 
direction. We measured the growth rates of two directions (c-axis and a-axis) as a function of time. In the case of the high supersaturated condition (50 
mg/ml, T = 20 ○C),	opaque	areas	in	crystals	(indicated	by	dashed	circles	in	Fig.	1	(a))	developed,	which	were	skeletal	growth.	Those	defects	generated	at	
the initial growth stage (indicated as G in Fig.1 (c)), and closed at the late growth stage (indicated as K in Fig.1 (d)). The results show that the defects of 
seed crystals were generated at a growth rate of over 60 µm/min and closed at a growth rate of under 20 µm/min. At lower supersaturation (30 mg/
ml, T = 20 ○C), obtained crystals were transparent with almost no visible defects (Fig.2 (a) and (b)). The growth rates of observed crystals were less than 
30 µm/min (Fig.2 (c)). These results indicate that low supersaturated solution growth realizes the high quality crystals of metastable form II. In order 
to evaluate the stability of form II, we measured the time needed for phase transformation from form II to form I by using powder X-ray diffraction 
measurement.	Form	II	crystals	without	skeletal	growth	and	solution	inclusion	needed	longer	time	to	transform	into	form	I,	that	means	the	crystals	had	
better quality12. 
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Boron Isotope Of Calcium Borate Minerals In The Cao-B2o3-H2o System At The Fuka Mine, Okayama 
Prefecture, Japan
Toshiki Nishii1, Shoichi Kobayashi1, Jun Naohara2, Isao Kusachi3,	Yasushi	Takechi4
1Earth Science, 2Okayama	University	of	Science,	3Okayama	University,	Okayama,	4Kurashiki	Museum	of	Natural	History,	Kurashiki,	Japan

Isotope analysis was conducted to determine the origin of boron in calcium borate minerals of the CaO-B
2
O

3
-H

2
O	system	at	the	Fuka	mine.	The	Fuka	

mine,	known	as	high	temperature	skarn	produced	between	limestone	and	quartz	monzonite,	is	located	about	40	km	west-northwest	of	Okayama	
city,	Okayama	Prefecture,	Japan.	Twelve	new	minerals	such	as	shimazakiite,	takedaite	and	kusachiite,	and	more	than	30	species	of	new	minerals	
in	Japan	have	been	reported	from	the	Fuka	mine.	It	is	suggested	that	anhydrous	takedaite	and	shimazakiite	are	formed	in	the	early	stage	during	
skarn	mineralization,	and	hydrous	calcium	borates	are	formed	by	the	later	hydrothermal	alteration.	There	are	two	outcrops	mainly	composed	of	
takedaite	and	shimazakiite	in	the	mine.	Zonings	formed	by	borate	minerals	with	different	water	contents	are	recognized	at	each	outcrop.	The	zone	
changed	from	takedaite	to	nifontovite,	olshanskite	and	frolovite	in	the	outcrop	mainly	composed	of	takedaite,	and	changed	from	shimazakiite	to	
uralborite，nifontovite	and	pentahydroborite	in	the	outcrop	mainly	composed	of	shimazakiite.

The origin of boron in these minerals has been reported as being released by limestone recrystallization, but it is not clear yet. Therefore, the boron 
isotopic composition (δ11B	values)	and	boron	contents	of	the	minerals	and	rocks	from	the	Fuka	mine	were	analyzed	to	examine	origin	of	boron.	In	this	
study, two methods were used for high-accuracy isotopic analysis using ICP-MS: melting method and laser ablation (LA) method. The samples are 
takedaite,	shimazakiite,	uralborite，nifontovite，olshanskyite，frolovite and pentahydroborite of CaO-B

2
O

3
-H

2
O	system,	and	three	rocks	of	limestone,	

crystalline	limestone	and	quartz	monzonite	related	to	skarnization	at	the	Fuka	mine.

 As a result, the δ11B	values	of	takedaite	and	shimazakiite	of	primary	minerals	from	the	Fuka	mine	were	about	-5	~	-23	‰.	However,	the	δ11B values of 
hydrous borate minerals, which were formed by the later hydrothermal alteration of the primary minerals, are lower, and the values decrease with 
increasing water content in the borate minerals. Moreover, the δ11B	values	of	takedaite	and	shimazakiite	are	close	to	those	of	limestone	and	crystalline	
limestone	related	to	skarnization,	and	the	value	of	the	most	hydrous	borate	mineral	resembles	the	value	of	quartz	monzonite.

From the above results, it was considered that the origin of boron to CaO-B
2
O

3
-H

2
O	system	minerals	in	the	Fuka	mine	is	explained	by	two	stages	as	

follows.	Initially,	takedaite	and	shimazakiite,	which	are	primary	minerals,	were	formed	by	the	supply	of	boron	released	by	the	recrystallization	of	
limestone	due	to	the	intrusion	of	quartz	monzonite,	because	takedaite	and	shimazakiite	was	formed	only	in	the	crystalline	limestone,	and	the	δ11B 
values of these minerals were as similar as those of limestone and crystalline limestone. In the next step, the more hydrous borate minerals are closer 
to the δ11B values of quartz monzonite, so it was seemed that the primary minerals underwent metasomatic alteration by the late hydrothermal activity 
related to the monzonite.
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Mineralogical characteristics of silver minerals from the Dongyang Gold deposit, China: implications 
for the evolution of epithermal metallogenesis
He Zhang1, Yuanfeng Cai1, Yang Zhang1, Pei Ni1, Suning Li1, Junying Ding1, Yuguan Pan1, Tan Bao1

1Earth Science and Engineering, Nanjing University, Nanjing, China

The	Dongyang	gold	deposit	is	located	in	Fujian	Province	in	southeastern	China,	mainly	hosted	by	Late	Jurassic	porphyritic	rhyolite,	and	is	classified	
as a volcanic–subvolcanic type gold deposit. The units associated with the gold mineralization have undergone sericitization, argillization and 
silicification.	This	deposit	contains	pyrite,	marcasite,	arsenopyrite,	silver	minerals,	etc.,	with	these	minerals	indicating	the	evolution	of	the	ore-forming	
fluid	and	the	processes	that	caused	the	gold	enrichments.	Here,	we	present	compositional	and	structural	data	for	these	minerals	within	this	deposit	
by	scanning	electron	microscopy,	electron	microprobe	analyser,	X-ray	diffraction	and	laser	Raman	microprobe.	We	intend	to	outline	key	concepts	for	
future gold deposit exploration in this region. Four types of pyrite in the deposit are recognized based on arsenic content and crystal morphology, 
evolving from early As-poor pyrite (Py1) to As-rich pyrite (Py2) and/or arsenopyrite, to As-poor pyrite with combinations of cubic and pyritohedron form 
(Py3),	and	finally	to	As-poor	pyrite	with	cubic	form	(Py4),	with	an	inverse	correlation	between	sulfur	and	arsenic	concentrations.	The	morphologies	
of pyrite vary from earlier pyritohedron forms to later cube forms, indicating a decrease in supersaturation and/or temperature conditions for 
pyrite	growth	(Murowchick	and	Barnes,	1987).	In	addition,	the	presence	of	marcasite	associated	with	early	pyrite	(Py1)	suggests	that	the	early	ore-
forming	fluid	was	relatively	acidic	(Murowchick	and	Barnes,	1986).	This	study	also	identified	a	number	of	key	silver	mineral	phases	that	formed	in	a	
sequence	from	chalcopyrite,	to	a	galena–fahlore–allargentum–dyscrasite–polybasite–electrum	assemblage,	to	stephanite,	and	finally	to	chlorargyrite.	
Chalcopyrite replaced by fahlore suggests increased oxygen fugacity and decreased temperature (Huston et al., 1996). Fahlore Sb/(As + Sb) (>90%) and 
Ag/(Ag + Cu) ratios (6%–27%) are indicative of relatively high temperatures (200oC–240oC;	Gołębiowska	et	al.,	2012),	and	allargentum	is	thought	to	form	
in elevated pH conditions (pH>7; Staude et al., 2007). Stephanite and chlorargyrite precipitated under relatively low temperature (<200oC; Gammons 
and Williams-Jones, 1995; Keighin and Honea, 1969). Finally, the presence of chlorargyrite suggested that silver was transported as chloride complexes, 
indicating	relatively	high	oxygen	fugacity	(Akinfiev	and	Zotov,	2001).	The	sequence	of	silver	mineral	precipitation	suggests	that	the	ore-forming	fluids	
showed	a	temporal	increase	in	pH	and	oxygen	activity,	and	a	decrease	in	temperature	and	sulfur	fugacity.	This	indicates	the	hydrothermal	fluids	that	
formed	the	deposit	can	be	divided	into	early	and	late	stage	fluids,	with	the	former	being	a	relatively	higher-temperature	and	higher-sulfur	fugacity	
fluid	compared	with	the	lower-temperature	and	higher-oxygen-fugacity	late-stage	fluid.	Finally,	the	presence	of	silver	minerals	with	high	gold	contents	
(up to 2 wt%), as well as arsenian pyrite and arsenopyrite, may be useful indicators of prospective areas for gold exploration in this region. This study 
was supported by the NSFC Project (41272055).
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Study on Gemological and Mineralogical Characteristics of Chrysocolla Chalcedony from Taiwan
Min Ye1, Andy Shen1

1Gemmological Institute, China University of Geosciences, Wuhan, CHINA, Wuhan, China

Chrysocolla	chalcedony	is	a	precious	variety	of	chalcedony.	This	kind	of	chalcedony	is	colored	by	numerous	inclusions	of	mineral	chrysocolla.	
Chrysocolla chalcedony from Taiwan is usually found in the seacoast mountain range of the eastern Taiwan, and it is formed as hydrothermal deposit. 
This paper presents a careful study on gemological and mineralogical characteristics of chrysocolla chalcedony from Taiwan.

 We studied ten Taiwan chrysocolla chalcedony samples. The color ranges from vivid blue to bluish green. And the transparency ranges from semi-
transparent	to	semi-translucent.	Different	proportion	of	chrysocolla	and	quartz	lead	to	uniform	or	mottled	appearances	and	can	also	affect	the	specific	
gravity.

	In	thin	sections,	under	cross	polarized	light,	quartz	acts	as	main	component,	usually	occurs	in	three	varieties:	firstly,	as	microcrystalline	quartz;	
secondly,	as	coarser	grained	quartz,	sometimes	showing	hexagonal	growth	striation;	thirdly,	as	fibrous	chalcedony,	usually	surrounding	the	chrysocolla	
as	outwardly	radiating	fibers	(then	followed	by	coarser	grained	quartz)	or	forming	clusters	of	small	rosettes.	Furthermore,	chrysocolla	occurs	as	
irregularly	shaped	fibrous	aggregates	or	globular	radiating	fibers,	showing	pale	green,	yellow,	or	colorized	anomalous	interference	colors.

	Under	the	Scanning	Electron	Microscope	(SEM),	the	Back	Scattered	Electron	(BSE)	images	identified	three	varieties	of	chrysocolla:	firstly,	as	irregularly	
shaped	aggregates,	sometimes	surrounded	by	radiating	chrysocolla	fibers;	secondly,	as	spotted	fibrous	aggregates	and,	thirdly,	as	globular	radiating	
fibers,	which	can	form	a	network.

 We also used SEM to observe the micro-structure of fresh fractures. Sheet structure can be found in uniform blue areas. Fragmented grains occur 
in	loose	structure	areas	whose	apparent	color	is	pale	blue.	In	some	obvious	uneven	blue	areas,	usually	we	can	find	two	structures	are	intimately	
intergrowth:	grains	of	quartz	(even	the	conchoidal	fracture)	can	be	found	in	transparent	areas,	usually	surrounded	by	radiating	chrysocolla	fibers.	
Further	magnifying	on	these	chrysocolla	fibers,	an	ordered	sheet	structure	can	be	observed.

	Apart	from	chrysocolla,	there	are	a	few	specks	of	other	accessory	minerals,	such	as	malachite,	iron	minerals,	carbonate	minerals	and	so	on.	They	can	
also	influence	the	apparent	color.	Sometimes	black	manganite	can	be	found	in	Taiwan	samples,	which	existing	as	veins	or	rhombus	grains.	Careful	
study	on	gemological	and	mineralogical	characteristics	of	chrysocolla	chalcedony	from	Taiwan	can	provide	important	background	information	for	
identifying chrysocolla chalcedony from different geographic origins.
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The Effect of Low-Pressure High-Temperature Treatment on Brown Type Ia Diamonds
Troy Ardon1, Sally Eaton-Magaña1

1GIA, Carlsbad, United States

The effects of high-pressure high-temperature annealing on diamonds have been well studied. Low-pressure high-temperature (LPHT) annealing 
however has been less well documented due to the challenges involved, most notably the tendency of diamond to burn and graphitize at even 
moderate temperatures. Advances in technology have made LPHT treatment a more viable option and, due to its lower cost, a more attractive one as 
well. This study is an investigation into the effects of LPHT annealing on a suite of type Ia diamonds containing brown coloration that lies along the 
octahedral	crystal	planes	known	in	the	gemology	trade	as	‘brown	graining’.	The	samples	used	were	twelve	faceted	diamonds	and	one	parallel	plate	
sample.

The faceted samples were split into two groups, one with longer time anneals and the other with shorter time anneals at higher temperatures. 
The faceted samples were characterized at every step with infrared spectroscopy, UV-Visible-NIR spectroscopy, photoluminescence spectroscopy, 
fluorescent	imaging,	and	photomicrography.	The	infrared	spectra	showed	a	series	of	broad	bands	around	4000	cm-1 associated with brown coloration 
known	as	amber	centers.	These	centers	were	shown	to	anneal	out	at	different	temperatures.	The	H3	defect	in	the	UV-Visible-NIR	spectra	was	seen	to	
increase after annealing. In photoluminescence spectra the 612.4 nm, 490.7 nm, and H4 defects were all seen to decrease with the annealing.

An	in	depth	study	was	also	conducted	on	a	sample	cut	into	a	parallel	plate	with	the	opposing	polished	surfaces	being	of	the	{100}	planes.	The	sample	
was characterized with infrared spectroscopic mapping done on a Thermo Nicolet iN10 FTIR mapping microscope and photoluminescence mapping on a 
Thermo 2XR2xi Raman Imaging Microscope. The sample was then annealed in a reduced pressure atmosphere of hydrogen to a temperature of 1600oC 
for ten minutes at temperature and then at 1800oC for ten minutes, with re-characterization done at each step.

The infrared mapping was used to study the spatial distribution and evolution of major nitrogen defects such as the A-center and B-center as well as 
an	amber	center.	The	photoluminescence	mapping	was	primarily	used	to	track	vacancy	related	defects	as	it	was	expected	that	these	would	correlate	
strongly	with	the	brown	graining,	which	was	the	case	for	the	H4	and	H3	defects	(both	vacancy	containing	defects).	A	peak	of	unknown	structure	at	
490.7	nm	was	seen	to	correlate	with	the	colorless	areas,	unlike	most	other	optical	defects.

The	samples	showed	significant	damage	despite	the	attempts	to	reduce	graphitization	and	etching.		Surfaces	showed	etch	marks	and	graphitization	in	
cavities, and internal inclusions showed tension fractures and graphitization. Despite the damage reliable optical data was still obtainable. It is clear 
that the major limiting factor in LPHT treatment as a commercially viable option is the ability to minimize these effects. The samples in this study did 
show a reduction in brown color and a shift towards more favorable hues. If damage could be minimized, LPHT treatment could become a new low-cost 
treatment for diamonds.
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Inclusions of spinels from Tanzania
Weizhi Huang1, Jingcheng Pei1

1Gemmological Institute, China University of Geosciences (Wuhan), Wuhan, China

Although confused with ruby for centuries, spinel, the great imposter, stands on its own merits. Chased by dealers and collectors around the world, 
spinel	in	top-quality,	like	“Jedi”	spinel	from	Man	Sin,	Mogok,	commands	a	higher	price	than	ever.	Furthermore,	the	demand	for	geographical	origins	
determination	has	driven	labs	and	research	institutes	to	keep	a	watchful	eye	on	cues	associated	with	the	localities	of	origin.	Spinel	deriving	from	
Mahenge,	Tanzania,	is	generally	highly	sought	by	connoisseurs	for	its	vivid	pure	color,	which	makes	it	more	popular	with	consumers.

This	paper	presents	photographs	and	Raman	spectral	studies	of	the	inclusions	in	52	pieces	of	spinels	from	Tanzania.	Disc-like	fractures	and	healed	
fractures were found in forty percent of these samples, while octahedral negative crystals were arrayed as usual, empty or not. Main minerals in 
the	samples	were	dolomite,	calcite,	magnesite,	apatite	and	rutile	(as	confirmed	by	Raman).	Dolomite,	calcite	and	magnesite	usually	existed	in	the	
octahedral negative crystals of spinel, displayed a colorless entirety under daylight equivalent light while independent entities under polarized light. 
Solo columnar crystals of that were also recorded. Apatite preferred to be short columnar or tabular, free from erosion, which was relatively easy to 
tell. Rutiles dispersed in the spinels as short needles, along certain crystallographic orientations. It was the nano-scale solids that enjoy forming a 
stream,	cloud	and	a	view	of	mist	under	the	stereomicroscopic	examination	captured	distinctly	in	near	half	samples.	Though	identification	of	the	nano-
scale solids remains undone, such exclusive inclusion are available to separating Tanzania spinel from other geographical origins’.
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Luminescent properties of heat treated blue sapphire
Seung Kwon Lee1

1Wooshin Gemological Institute of Korea, Seoul, Korea, Republic Of

Luminescent	features	for	an	identification	of	gemstones	have	been	using	to	diamonds	and	colored	gemstones	[1,2,3].	Especially,	a	DiamondView	has	
been	succeeded	in	the	separation	of	synthetic	and	natural	diamonds.	The	characteristic	fluorescence	features	of	synthetic	diamonds	are	related	to	the	
internal growth structure of synthetic diamonds [4].

In	this	study,	we	investigated	the	fluorescence	properties	of	heat	treated	sapphire	involving	lattice	diffusion	of	beryllium.	Pure	corundum	is	a	
transparent and highly insulating material with a wide band gap energy measured value of 8.8 eV [5]. Consequently, a spectrum of pure corundum 
exhibits	no	absorption	from	160	to	5000	nm	and	no	fluorescence.	However,	a	natural	corundum	always	has	a	certain	level	of	impurities.	These	trace	
elements and heat treatments create new energy levels within corundum. Under the short-wave radiation in the DiamondView device, the heat treated 
blue	sapphire	displayed	a	strong	chalky	blue	fluorescence	and	inert	area	clearly	showed	inside	(see	Fig	1a).	According	to	Hughes	and	Emmett	[6],	
the	chalky	blue	fluorescence	was	due	to	isolated	Ti4+	ions,	or	Ti-Al	vacancy	pairs.	The	strength	of	the	chalky	fluorescence	depended	on	the	growth	
temperature and Ti4+ concentration relative to other impurities.

The	similarity	of	luminescent	properties	between	the	heat	treated	and	Be	diffusion	blue	sapphire	was	the	chalky	fluorescence	(see	Fig	1).	However,	
fluorescent	pattern	of	Be	diffusion	blue	sapphire	was	clearly	distinguishable	from	simple	heat	treatment	(see	Fig	1b).	This	phenomenon,	fogged	
fluorescence,	might	explain	beryllium	diffused	into	lattice	scattered	and/or	dispersed	the	fluorescence.		

The	fluorescent	imaging	under	short-wave	radiation,	i.e.	DiamondView,	can	be	used	for	the	positive	identification	of	between	simple	heat	treated	and	
Be diffusion blue sapphire.

Figure captions

Fig.	1a:	Heat	treated	blue	sapphire’s	fluorescent	image	showed	a	zoned	and	chalky	fluorescence.

Fig.	1b:	Be	diffusion	blue	sapphire’s	fluorescent	image	showed	a	bluish	white	and	fogged	fluorescence.
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Spectroscopic study on Heat and radiation treated natural and synthetic amethyst and ametrine
Tian Shao1, Andy Shen1

1Gemmological Institute, China University of Geosciences (Wuhan), Wuhan, China

Amethyst and ametrine are popular by attractive violet color and violet-yellow combination. They are both alpha- quartz and the coloration theory has 
been discussed for half of a century[1]. We studied both ultraviolet – visible (UV-Vis) and infrared (IR) spectroscopic changes in heated and irradiated 
natural	and	synthetic	amethyst	and	ametrine	in	this	work.

 Natural amethyst from East Africa and ametrine from Bolivia and synthetic amethyst were heated and irradiated. The heat treatment was performed 
by using a tube furnace at 8 different temperatures (from 200 to 550 °C, interval 50 °C) and the irradiation treatment was carried out using electron 
beam in different dosage (from 1 to 23 MGy). Before and after each treatment, UV-Vis and middle infrared (MIR) spectra were collected using a 
microscopic	UV-Vis	spectrometer	JASCO	MSV	5200	and	a	Bruker	v80	FT-IR	spectrometer	in	combination	with	a	Bruker	HYPERION	3000	IR	microscope.	
From UV-Vis spectra, both amethyst and ametrine samples showed bands near 220, 350, 540 nm, while for MIR spectra, bands in 3614, 3585, 3435 cm-1 
are characteristic.

After heating to above 300 °C, the violet color started to fade and the band in 350, 540 nm began to decrease while the absorption in ultraviolet area 
increased and went oversaturation. When the samples faded completely at 400 °C or higher, the MIR bands in 3614, 3585, and 3435 cm-1 increased 
together. All these MIR bands are assigned to be related to structural water. In this experiment, structural water seemed to decrease with the fading of 
color.

Unheated and heated samples were both irradiated in electron beam. For unheated natural samples, with increasing radiation dosage, the violet color 
was enhanced. In the UV-Vis spectra, the band at 540 nm increased nonlinearly. But the band at 220 nm was replaced by band at 228 nm. In the MIR 
spectra, the 3614 cm-1 band disappeared, and a new band at 3620 cm-1 appeared. Bands at 3585 and 3435 cm-1 decreased, and bands at 3486 and 3407 
cm-1 emerged. These phenomena suggested that with the accumulating radiation dosage, violet color became deepened as the crystal dehydrated. 
Radiation treatment on the sample heat up to 550 °C was also performed. After electron radiation treatment, the violet color in the sample reversed 
back	slightly.	In	the	UV-Vis	spectra,	the	aforementioned	540	nm	band	grew	a	little	while	the	structural	water	bands	in	MIR	remained	very	low.	We	can	
see that structural water bands in 3585, 3435 cm-1 tend to decrease no matter the color is fading, deepening or the reversing. Therefore, it is obvious 
that direct correlation between the structural water and violet color does not exist.

Some	other	details	in	spectrum	during	the	treatment	pointed	out	that	electron	irradiation	can	make	the	amethyst	become	more	violet	efficiently,	but	
its capacity rely on the properties of the amethyst, for example the Fe and water contents and the defects along positive rhombohedron. 
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Color improvement using heat treatment and characteristic spectra of brownish yellow zoisite
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The mineral zoisite, Ca
2
Al

3
(SiO

4
)(Si

2
O

7
)O(OH), is a calcium aluminium hydroxysoro silicate, belonging to the epoiote group. In gem trade, nearly all 

tanzanite is usually has been heat-treated to enhance the beautiful blue to the violet color, called tanzanite. At this time, heat treatment in zoisite is 
not	detectable	in	most	cases.	In	this	work,	color	enhancement	of	natural	brownish	yellow zoisites from Tanzania was performed by heat treatment 
and its spectroscopic characterization was determined. The stones were heat-treated in an atmosphere with the heating temperatures at 400, 
500 and 600oC,	soaked	for	2	hours.	Basic	gemological	equipment	was	applied	to	identify	the	zoisite	sample.	In order to study the color change of 
zoisite before and after heat treatment, The UV-visible spectrophotometer was employed for color index measurement (CIE L*a*b* color index) and 
absorption measurement. Moreover, diffuse	reflectance	infrared	Fourier	transforms	(DRIFT)	and	EDXRF	spectroscopy	have	been	performed	for	chemical	
composition analysis.

The results revealed that both	refractive	indices	and	specific	gravity	do	not	show	variation	after	the	heat	treatment,	but	some	changes	can	be	
observed in the pleochroic scheme. In particular, the unheated zoisite samples are all trichroic but some samples become dichroic after heating. By 
visual	appearance,	the	significant	color	change	was	obviously	observed	when	increasing	heating	temperature	was	employed. The color of samples 
was changed from brownish yellow to bluish violet color with all heating temperatures. The total color difference (DE*) showed increasing trend with 
increasing temperature. For chemical analysis, EDXRF result revealed trace elements in the stone were V, Ti, Nd, Cr, and Fe. Causes of color and color 
changing are obviously observed from UV-visible absorption spectra. After heat treatment, absorption of V3+ at 450 nm decreased while the blue color 
originated from V4+	absorption	band	increased	at	380	nm.	Interestingly,	diffuse	reflectance	spectra	of	heated	zoisites	revealed	small	absorption	band	
appeared at 1100 cm-1 and 1000 cm-1 which related to Si-O vibration.
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Quantitative study of the Filling Amount of Lead Glass in Ruby
Zuowei Yin1, Zihan Xiang1

1China University of Geosciences, Wuhan, China

Domestic	and	foreign	jewelry	industry	for	filling	ruby	identification	problems,	already	have	a	clear	detection	method,	are	basically	through	the	
magnification	of	observation	and	large	equipment	to	identify.	However,	the	quantitative	comparison	and	quantitative	study	of	the	filling	amount	of	
lead glass in ruby are rare. This paper mainly uses infrared spectrometer and new instrument-X-ray scanning fault analysis technology to study the 
quantity	of	ruby	filling.

Infrared spectrum shows that 3424cm-1 and 2600cm-1	is	the	indicating	peak	of	typical	lead-glass	filling.	The	vibrational	absorption	peak	of	water	
molecules is 2600cm-1.	The	peak	of	Si-OH	is	2600cm-1.The	peak	shape	strength	and	peak	height	of	the	10	samples	measured	at	2600cm-1 are different 
because	of	the	different	filling	amount	of	the	sample.	Taking	2600cm-1	absorption	peak-filling	characteristic	absorption	peak	as	an	example,	the	
peak	height	was	calculated	in	turn,	and	the	value	of	the	peak	height	of	different	samples	was	obtained.	Because	the	peak	height	value	is	directly	
proportional	to	the	filling	volume,	the	peak	height	map	can	indicate	the	change	of	the	filling	volume.	In	addition,	three	dimensional	and	two	
dimensional	images	of	filling	fracture	distribution	were	obtained	by	X	ray	scanning	fault	analysis.	The	two	dimensional	diagrams	show	that	the	lead-
glass mesh is distributed on the whole surface of the gem, and there is no fusion with the ruby itself. In the two-dimensional image, the bright region is 
netted	and	the	strip	is	lead-glass	filling,	and	the	dark	part	is	the	ruby	itself.	The	obvious	degree	of	thickness	of	bright	line	also	reflects	the	amount	of	
ruby	filling,	which	show	the	area	of	band	bright	spot	aggregation,	the	ruby	filling	is	more	serious,	this	area	is	more	wide	and	interlaced	with	each	other.	
The	bright	line	with	fine	stripe	distribution	is	mostly	the	end	of	filling	fissure,	and	the	fracture	distributes	independently.	The	thickness	of	3D	fracture	
is	characterized	by	different	color,	and	the	thickness	reflects	the	amount	of	filling,	which	is	an	important	parameter	of	quantitative	comparison	in	the	
comparative	study	of	different	filling	amount.	At	the	same	time,	the	volume	value	of	fissure	thickness,	the	total	volume	value	of	ruby	and	the	volume	
ratio	of	fracture	thickness	can	be	calculated	by	using	three-dimensional	spatial	resolution	volume	quantitative	measurement.	The	volume	ratio	is	an	
important	indicator	of	the	amount	of	filling.	In	subsequent	studies,	we	can	calculate	the	volume	fraction	of	the	fracture	thickness	and	the	x-ray	scan	of	
different	filled	samples	by	expanding	the	number	of	samples	to	be	measured.	On	the	other	hand,	we	can	find	the	linear	relationship	between	the	two,	
On	the	one	hand,	we	can	further	study	the	quantitative	grading	of	lead	glass	filled	ruby	by	analogy	with	the	existing	quantitative	grading	standards	
and	improve	the	grading	standard	system	of	filling	degree	with	accurate	measuring	standard.
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Thermal treatment of greenish yellow apatites
Jinqiu Zhang1, Andy  Shen1

1Gemmological Institute, China University of Geosciences(Wuhan), Wuhan, China

Apatite is a phosphate mineral with the formula of A
10
(MO

4
 )

6
X

2
, in which A is a divalent or trivalent cation (Ca, Sr, Ba, Mn, REE), M can be P, Mn, S, Si, As 

or	V,	and	X	represents	F	,	Cl	or	OH.	Therefore,	apatites	can	be	divided	into	three	subspecies,	including	fluorapatite,	chlorapatite	and	hydroxyapatite.	
Gem-grade	apatites	are	usually	fluorapatites	and	have	many	colors,	like	blue,	green,	purple,	yellow	and	pink.	Apatites	with	bluish	green	color	which	are	
called by “paraiba apatites” in the gem trade have become more popular and expensive than the other apatite species because of its attractive color. 
This paper presents spectroscopic data of greenish yellow apatites which are transformed into more valuable “paraiba apatites” by thermal treatment. 
Samples are cut into slabs paralleling to the c-axis, and then the samples were characterized by ultraviolet – visible absorption (UV-Vis) spectroscopy 
before	and	after	heat	treatment.	Heat	treatment	was	performed	in	air	by	tube	furnace	from	300ºC	to	700	ºC	with	increasement	of	50	ºC.	The	UV-
Vis spectra obtained in room temperature showed that there are three apparent absorption regions: a strong absorption in 380nm-460nm, a band 
at 580nm with 30nm width and a wide band between 590-780nm. Among all polarized UV-vis absorption spectral, the absorption in orange and red 
regions	is	the	highest	when	electric	vector	is	parallel	to	c-axis,	making	the	color	the	greenest.	The	greenish	yellow	apatite	slabs	became	bluish	green	
after	heating	at	650ºC	because	the	absorption	in	380nm-460nm	was	reduced	drastically,	which	made	the	color	bluer.	In	conclusion,	this	study	shows	
that the thermal treatment of greenish yellow apatites could change their color. Thus it’s still uncertain whether the color of “paraiba apatite” in the 
gem	markets	is	natural	or	processed.	Besides,	slabs	cut	perpendicular	to	c-axis	should	be	avoided	to	ensure	heating	effects	better.
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Spectroscopic study of heat treated and irradiated dark green tourmaline from Zambia
Peipei Zhong1, Andy Shen2

1Center for Innovative Gem Testing Technology Gemmological Institute, 2Gemmological Institute, China University of Geosciences (Wuhan), Wuhan, China

Tourmaline is an important petrogenetic indicator as a number of chemical elements can be incorporated in them by partial and complete substitution 
depending	on	the	mineralogical	and	petrogenic	history	of	the	rock.	Tourmaline	has	a	very	complex	chemical	composition	and	can	be	represented	
by the general structural formula X Y

3 
Z

6 
[T

6
O

18
] (BO

3
)

3 
V

3
 W, where X = Na+, K+, Ca2+, vacancy; Y = Mg2+, Fe2+, Mn2+, Al3+, Li+, Fe3+, Ti3+, Cr3+, V3+; Z = Al3+, Mg2+, 

Fe3+, V3+, Cr3+; T = Si4+, Al3+, B3+; V = OH-, O2-; W = OH-, F-, O2-. The nature, abundance and occurrence of cations and anions in these sites result in the 
varied	species.	We	have	obtained	dark	green	tourmaline	from	Zambia	and	have	conducted	tests	on	these	crystals.	The	heat	treatment	and	irradiation	
treatment	are	two	simple	and	accessible	ways	of	enhancing	the	color	of	minerals.	This	paper	presents	spectroscopy	data	of	dark	green	tourmaline	
from Zambia and those after heat and irradiation treatments.

The samples were characterized by Ultraviolet – visible (UV-Vis) absorption spectroscopy and Infrared spectroscopy (IR) before and after treatments. 
A	microscopic	polarized	UV-Vis	absorption	spectrometer,	Jasco	MSV-5200,	and	an	FT-IR	spectrometer,	Bruker	Vertex-80	were	used.	The	heat	treatment	
was performed in a high temperature furnace GSL-1700, and the irradiation source was electron accelerator AB 5.0. The optical absorption spectra of 
the	dark	green	tourmaline	allowed	identification	of	the	chromophore	elements	responsible	for	the	absorption	bands.	Previous	studies[1,2] proposed that 
the green color is attributed to mechanisms of ionic interactions involving ions of Fe2+, Fe3+, and Mn2+.	The	spectra	obtained	in	natural	dark	green	
tourmaline, showed bands at ~ 415nm and ~ 716nm, related to Fe3+ / Mn2+ and charge transfer between Fe2+ - Fe3+, respectively. On mid-infrared region 
we	identified	bands:	3478cm-1, 3558cm-1, 3583cm-1 related to OH3. After heat treatment of 650-700℃	in	oxidizing	atmosphere,	the	dark	green	color	
lightened. In the visible and near infrared region, main absorption bands at 716nm (Fe2+ - Fe3+)	were	weakened	or	shifted	to	726nm,	where	the	dark	
green	color	were	lightened	after	heat	treatment.		After	irradiation	treatment	of	140	k	Gy,	the	dark	green	color	changed	to	reddish	brown.	The	bands	at	
~716nm (Fe2+ - Fe3+) were enhanced, while bands at 415nm (Fe3+ / Mn2+) were covered by the strong absorption in the ultraviolet region - resulting reddish 
brown color. On the other hand, the IR spectra after heat treatment in the same samples showed that the bands related to OH3

 
(3478cm-1, 3558cm-1, 

3583cm-1)	decreased,	while	there	are	no	significant	changes	in	the	mid-infrared	region	after	irradiation	treatment.	In	conclusion,	this	study	shows	that	
the	color	of	the	dark	green	tourmaline	from	Zambia	can	be	lightened	to	green	by	heat	treatment	or	changed	to	reddish	brown	by	irradiation	treatment.
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Micro-Raman spectroscopic analyses of mineral species of the microlite group
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Microlite group minerals are members of the pyrochlore supergroup of minerals (Atencio et al. 2010), whose general formula is A
2
B

2
X

6
Y. Only nine 

microlite group mineral species (Table 1) have been approved by the International Mineralogical Association (IMA) and Ta5+ is dominant at their B-site. 
Brazil is the world’s largest supplier of tantalum used in superalloys for jet engines and as capacitors used in computers and mobile phones. Micro-
Raman	spectroscopy	is	a	non-destructive	tool	for	the	screening,	identification	and	spectroscopic	vibrational	characterization	of	rare	and	new	mineral	
species. This manuscript presents the characteristic spectra of some microlite group mineral species. Such minerals exhibit complex chemistry and the 
Raman analysis investigated four mineral species from the group, namely	hydroxycalciomicrolite	(Andrade	et	al.	2017),	fluornatromicrolite	(Witzke	et	
al.	2011),	kenoplumbomicrolite	(Atencio	et	al.	2018)	and	fluorcalciomicrolite	(Andrade	et	al.	2013).	The	characteristic	spectra	were	recorded	on	a	LabRAM	
high spectral resolution Raman microscope (Horiba-Jobin Yvon) equipped with diode laser operating at 532 nm and an air-cooled charge coupled 
device	(CCD)	detector.	The	RRUFF	database	(http://rruff.info/)	was	used	for	comparison.	The	comparison	of	the	spectra	in	the	fingerprint	region	up	to	
1100 cm-1	was	enough	to	differentiate	only	kenoplumbomicrolite	(Figure	1).	The	vibrational	spectral	analysis	of	hydroxycalciomicrolite	in	the	3000	to	
3800 cm-1	region	is	essential	for	the	identification	of	the	bands	due	to	the	O-H	stretching	vibrations.	Potential	new	minerals	from	the	group	and	new	
tantalum compounds deserve further investigation. 

Table 1. Microlite group mineral species approved by IMA ( http://rruff.info/ima/).

 Chemical formula
fluorcalciomicrolite (Ca,Na,□)

2
Ta

2
O

6
F

fluornatromicrolite (Na,Ca,Bi)
2
Ta

2
O

6
F

hydrokenomicrolite (□,H
2
O)

2
Ta

2
(O,OH)

6
(H

2
O)

hydroxycalciomicrolite Ca
1.5

Ta
2
O

6
(OH)

hydroxykenomicrolite (□,Na,Sb3+)
2
Ta

2
O

6
(OH)

kenoplumbomicrolite (Pb,□)
2
Ta

2
O

6
[□,(OH),O]

oxynatromicrolite (Na,Ca,U)
2
(Ta,Nb)

2
O

6
(O,F)

oxystannomicrolite Sn
2
Ta

2
O

6
O

oxystibiomicrolite (Sb3+,Ca)
2
Ta

2
O

6
O

Figure 1. Characteristic spectra of microlite group minerals.

 

References 
[1] Andrade	M	B,	Yang	H,	Atencio	D,	Downs	R	T,	Chukanov	N	V,	Lemée-Cailleau	M	H,	Persiano	A	I	C,	Goeta	A	E,	Ellena	J	(2017)	Hydroxycalciomicrolite,	Ca

1.5
Ta

2
O

6
(OH), a new member of the 

microlite group from Volta Grande pegmatite, Nazareno, Minas Gerais, Brazil. Mineralogical Magazine 81, 555-564.
[2] Andrade M B, Atencio D, Persiano A I C, Ellena J (2013) Fluorcalciomicrolite,(Ca,Na,□)

2
Ta

2
O

6
F, a new microlite-group mineral from volta grande pegmatite, Nazareno, Minas Gerais, 

Brazil. Mineralogical Magazine 77, 2989-2996.
[3] Atencio D, Andrade M B, Bindi L, Bonazzi, P, Zoppi M, Stanley C J, Kristiansen R. (2018) Kenoplumbomicrolite,(Pb,□)

2
Ta

2
O

6
[□,(OH)O],	a	new	mineral	from	Ploskaya,	Kola	Peninsula,	

Russia. Mineralogical Magazine, DOI: https://doi.org/10.1180/minmag.2017.081.082.
[4] Atencio	D,	Andrade	M	B,	Christy	A	G,	Gieré	R,	Kartashov	P	M	(2010)	The	pyrochlore	supergroup	of	minerals:	nomenclature.	The	Canadian	Mineralogist	48,	673-698.
[5] Witzke	T,	Steins	M,	Doering	T,	Schuckmann	W,	Wegner	R,	Pöllmann	H.	(2011)	Fluornatromicrolite,(Na,Ca,Bi)

2
Ta

2
O

6
F, a new mineral species from Quixabá, Paraíba, Brazil. The Canadian 

Mineralogist 49, 1105-1110.

522

Contents page



POSTER PRESENTATIONS   

The ever-growing mineral diversity in the Earth and the Solar System: new minerals, 
including nano- and biominerals, and related nomenclature/classification issues

Arctite supergroup – hexagonal intercalated antiperovskites 
Evgeny Galuskin1,	Irina	Galuskina1, Biljana Krüger2, Hannes Krüger2
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Minerals	with	hexagonal	antiperovskite	structures	are	excluded	from	classification	as	members	of	the	perovskite	supergroup	because	their	structures	
are	mainly	characterized	by	face-sharing	anion-centered	octahedra,	whereas	in	perovskite	structures	only	corner-sharing	octahedra	exist	[1].	

Recently,	silicate	minerals,	in	which	antiperovskite	modules	(AP)	alternate	with	tetrahedral	layers	(T),	were	discovered	in	pyrometamorphic	rocks	
(Fig.	1).	We	propose	to	distinguish	two	groups	of	intercalated	antiperovskites:	the	nabimusaite	group	and	the	zadovite	group	with	common	formulae	
AB

12
(TO

4
)

4
(TO

4
)

2
W

3
 and AB

6
(TO

4
)

2
[(TO

4
)

2-x
(CO

3
)

x
]W, respectively, where A = K, Ba; B = Ca, Na; T = Si, P5+, S6+, V5+; W = F, O; x = 0 and = 1 [2-8] (Table 1, Fig. 1). 

Two	different	types	of	AP	modules	are	known:		single-layered	–	{WCa
6
(TO

4
)

2
}e+	(zadovite	group)	and	triple-layered	–	{W

3
Ca

12
(ТО

4
)

4
}e+ (nabimusaite group), 

which alternate with T modules – A(TO
4
)

2
e- (Fig. 1). In stracherite, BaCa

6
(SiO

4
)

2
[(PO

4
)(CO

3
)]F, about half of the (РО

4
)3- tetrahedra within the T module are 

replaced by planar (СО
3
)2- groups. They are randomly located on one of the three faces of the tetrahedra, which share the same apical oxygen atom on 

the three-fold axis. Minerals of the nabimusiate group are isostructural with the phosphate  arctite, BaCa
7
Na

5
(PO

4
)

6
F

3
,	which	was	discovered	in	alkaline	

pegmatite	from	Khibiny	[9]	(Table	1).	As	arctite	is	the	first	mineral	of	that	structure	type,	which	was	discovered,	we	propose	to	combine	the	known	
hexagonal	intercalated	antiperovskites	into	the	arctite	supergroup	(Table	1).				

Table	1.	Proposed	classification	of	the	arctite	supergroup
mineral name end-member formula a(Å) c(Å) V(Å3) Z Ref.
R-3m
“arctite group” (phosphates)
arctite Ba(Ca

7
Na

5
)(PO

4
)

4
(PO

4
)

2
F

3
7.094 41.320 1800.83 3 [9]

nabimusaite group (silicates)
nabimusaite KCa

12
(SiO

4
)

4
(SO

4
)

2
O

2
F 7.1905(4) 41.251(3) 1847.1(2) 3 [2]

dargaite BaCa
12
(SiO

4
)

4
(SO

4
)

2
O

3
7.1874(4) 41.292(3) 1847.32(19) 3 [7]

ariegilatite BaCa
12
(SiO

4
)

4
(PO

4
)

2
OF

2
7.1551(6) 41.303(3) 1831.2(3) 3 [5]

zadovite group (silicates)
zadovite BaCa

6
[(SiO

4
)(PO

4
)](PO

4
)

2
F 7.0966(1) 25.7284(3) 1122.13(3) 3 [3]

aradite BaCa
6
[(SiO

4
)(VO

4
)](VO

4
)

2
F 7.1300(1) 26.2033(9) 1153.63(6) 3 [3]

gazeevite BaCa
6
(SiO

4
)

2
(SO

4
)

2
O 7.1540(1) 25.1242(5) 1113.58(3) 3 [4]

stracherite BaCa
6
(SiO

4
)

2
[(PO

4
)(CO

3
)]F 7.0877(5) 25.201(2) 1096.4(1) 3 [6]

mixed structure (silicates)
new phase Ba

2
Ca

18
(SiO

4
)

6
(PO

4
)

3
(CO

3
)F

3
O 7.1255(1) 66.2903(13) 2914.78(9) 3 [8]

Another	mineral,	which	should	be	classified	as	a	member	of	the	arctite	supergroup,	was	found	together	with	ariegilatite	and	stracherite	in	altered	
spurrite marbles of the Hatrurim Complex in the Negev Desert, Israel. Its Crystal chemical formula corresponds to the sum of ariegilatite and 
stracherite end-member formulas: Ba

2
Ca

18
(SiO

4
)

6
(PO

4
)

3
(CO

3
)F

3
O. Preliminary structural investigations [8] revealed, that this mineral exhibits an ordered 

structure formed by alternating stracherite and ariegilatite macromodules (Fig. 1, Table 1).

Fig.	1.	Modular	intercalated	antiperovskite	structures	of	arctite	supergroup	minerals:	A	zadovite	group,	B	nabimusaite	group,	C	potentially	new	mineral	
with	mixed	structure.	AP	–	antiperovskite	module,	T	–	tetrahedral	module.
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Potentially new Cl-bearing minerals from xenolith of the Upper Chegem Caldera, Northern Caucasus, 
Russia 
Irina Galuskina1,	Evgeny	Galuskin1, Dorota Środek1,	Viktor	Gazeev2

1Faculty of Earth Sciences, University of Silesia, Sosnowiec, Poland, 2Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry 
(IGEM) RAS, Moscow, Russian Federation

Minerals containing Cl, such as rusinovite Ca
10
(Si

2
O

7
)

3
Cl

2
, rustumite Ca

10
(Si

2
O

7
)

2
(SiO

4
)(OH)

2
Cl

2
,	rondorfite	Ca

8
Mg(SiO

4
)

4
Cl

2
, defernite Ca

6
(CO

3
)

2-x
(SiO

4
)

x
(OH)

7
(Cl,OH)

1-2x
, wadalite Ca

12
Al

10
Si

4
O

32
Cl

6
 – chlormayenite Ca

12
Al

14
O

32
[ð

4
Cl

2
]	–	chlorkyuygenite	Ca

12
Al

14
O

32
[(H

2
O)

4
Cl

2
] series are abundant in relatively big 

calcium-silicate	xenolith	no.11,	recently	found	within	ignimbrites	of	the	Upper	Chegem	Caldera,	Northern	Caucasus,	Kabardino-Balkaria,	Russia	[1].	
Moreover, small Cl content was detected in ellestadite group minerals and As-analog of apatite. The main high-temperature minerals are represented 
by	larnite,	rankinite,	galuskinite,	spurrite,	rondorfite,	rusinovite,	pavlovskiite,	cuspidine	and	also	by	minerals	of	the	hydroxylellestadite-fluorellestadite-
chlorellestadite,	brownmillerite-srebrodolskite,	edgrewite-hydroxyledgrewite,	chegemite-fluorchegemite,	kerimasite-toturite,	lakariite-megawite,	
wadalite-chlorkyuygenite	series.	Two	new	Cl-bearing	minerals	were	established	in	specimens	collected	in	2016.	The	first	mineral	(marked	as	X1	in	Fig.	
1A), with a formula of Ca

3
(SiO

4
)Cl

2
,	was	found	as	an	inclusions	up	to	10	µm	in	fluorellestadite.	It	corresponds	to	the	well-known	synthetic	phase	[2],	

which	was	described	from	burned	spoil-heaps	of	the	Chelyabinsk	coal	basin	under	the	non-approved	by	CNMNC-IMA	name	–	albovite	[3].	The	second	
mineral is a disilicate with composition of Ca

5
(Si

2
O

7
)Cl

2
(OH)

2
 (X2 in Fig. 1B) and has not synthetic analogs. Raman spectrum of Ca

3
(SiO

4
)Cl

2
 exhibits bands 

related to SiO
4
 groups and it resembles the one of other Cl-bearing orthosilicates [4]. Raman spectrum of Ca

5
(Si

2
O

7
)Cl

2
(OH)

2
 is similar to the spectra 

of sorosilicates containing Si
2
O

7
	groups	–	rankinite	and	rusinovite,	and	confirms	a	presence	of	OH	groups	in	composition	of	this	mineral	exhibiting	

bands in the OH stretching region (Fig. 2) [5]. Potentially new mineral (X1) Ca
3
(SiO

4
)Cl

2
 crystallized at high temperature. The mineral shows the highest 

Cl-content.	It	is	unstable	and	preserved	only	as	inclusions	in	fluorellestadite.	Potentially	new	mineral	(X2)	Ca
5
(Si

2
O

7
)Cl

2
(OH)

2
 replaces early formed high-

temperature minerals, mainly, larnite.

Fig.	1.	Raman	spectra	and	BSE	images	of	potentially	new	Cl-bearing	minerals:	A	–	inclusions	of	potentially	new	mineral	X1	in	fluorellestadite;	B	–	radiated	
aggregates of potentially new mineral X2.

Ell	–	fluorellestadite,	Etr	–	ettringite,	HSi	–	unidentified	hydrosilicate,	Gal	–	galuskinite,	Kil	–	killalaite,	Lrn	–	larnite,	X1	–	Ca
3
(SiO

4
)Cl

2
, X2 – Ca

5
(Si

2
O

7
)Cl

2
(OH)

2
.  
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The crystal structure of two possible new minerals within the apatite supergroup
Cristian Biagioni1, Ulf Hålenius2, Marco Pasero1,	Adam	Pieczka3
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The	framework	topology	of	apatite	displays	a	great	flexibility,	and	is	able	to	incorporate	a	wide	combination	of	cations	and	anions.	Despite	its	simple	
general formula, M1

2
M2

3
(TO

4
)

3
X,	the	apatite	supergroup	currently	includes	40	mineral	species,	not	to	speak	of	hundreds	of	synthetic	compounds	with	

the apatite structure (e.g. White et al., 2005). The discovery of a new apatite-supergroup mineral may be related to subtle chemical differences along 
binary and ternary joins, e.g. to the dominant anion at the X site, for which the integration of single-crystal X-ray diffraction (SCXRD) and electron 
micro-probe analysis (EMPA) data may be crucial. We present herewith crystal structure data on two potentially new minerals within the apatite 
supergroup.

1. Hedyphane has ideal chemical formula Ca
2
Pb

3
(AsO

4
)

3
Cl. A natural phase with (OH) > Cl would represent a new mineral, i.e. the hydroxyl analogue of 

hedyphane.	We	got	structural	data	on	a	specimen	(from	Sweden)	which	could	meet	this	requirement.	The	refimenent	of	the	site	occupancies	results	in	
the following structural formula: (Ca

1.44
Pb

0.56
)Pb

3
[(As

0.97
P

0.03
)O

4
]

3
[(OH)

0.52
Cl

0.48
].	Unit	cell	parameters:	a	=	10.0581(6),	c	=	7.2865(5)	Å.	Refinement	parameters:	

space	group	Pbar3,	R1	=	0.0533,	wR2	=	0.1293,	1252	unique	reflections.	Together	with	the	acquisition	of	good-quality	EMPA	data,	the	accurate	evaluation	
of	occupancies	at	the	split	X	sites	along	the	channels	of	the	structure	does	represent	the	key	point	for	giving	this	phase	the	status	of	new	mineral. 
2. A mineral with ideal chemical formula Ca

2
Mn

3
(PO

4
)

3
(OH) would represent an unprecedented combination of dominant cations within the whole 

supergroup, and would deserve a new root name. We got structural data on a specimen (from Poland) which could meet this requirement. The 
refimenent	of	the	site	occupancies	results	in	the	following	structural	formula:	(Ca

1.25
Mn

0.74
Na

0.01
)(Mn

1.90
Ca

1.06
Mg

0.04
)(PO

4
)

3
[(OH)

0.55
Cl

0.45
], which closely 

matches	the	empirical	chemical	formula	obtained	through	EMPA.	Unit	cell	parameters:	a	=	9.4900(6),	c	=	6.4777(5)	Å.	

Refinement	parameters:	space	group	P6
3
/m,	R1	=	0.0459,	wR2	=	0.0946,	422	unique	reflections.	This	should	be	the	second	apatite	supergroup	mineral,	

after	pieczkaite,	having	manganese	as	a	species-forming	element.	The	possible	existence	of	such	new	mineral	was	anticipated	in	Pasero	et	al.	(2010).	
In that paper the ideal chemical formula was tentatively given as Mn

2
Ca

3
(PO

4
)

3
(OH), according to the general tendency of the M cation with larger ionic 

radius (in this case, Ca) to order at the M2 site. However, our structural information indicates an opposite situation, with Ca dominant at M1 and Mn 
dominant	at	M2,	in	agreement	with	Tait	et	al.	(2015),	who	found	a	preferential	partitioning	of	Mn	at	M2	in	pieczkaite.
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Theoretical and computational mineral physics

Structure study of synthetic Ge-akaganéite (β-FeOOH) 
Dong Hoon Chung1, Woohyun Choi1, Yungoo Song1

1Department of Earth System Sciences, Yonsei University, Seoul, Korea, Republic Of

We	report	the	crystal	structure	of	Ge-akaganéite	with	X-ray	diffraction	refinement	and	ab	initio	approach	to	compare	the	reliability	of	tunnel	site	
structure	with	five	suggested	model	structures.	By	the	DELF	map	analysis,	we	assign	Fe1	site	and	tunnel	site	division	of	germanium	distribution.	
The calculation of hypothetical model structure in CASTEP program suggest the model stability due to tunnel hydrogen bond between the tunnel 
tetrahedron made up by Ge(OH)

4 
and	framework	OH.	The	distance	of	atoms	suggests	the	tunnel	Ge(OH)

4
 tetrahedron might be prefer GeO(OH)

3
- form. 

Consequently	we	suggest	the	Ge-akaganéite	structure	formula	for	(Fe
7.2

Ge
0.8

)O
8.8

(OH)
7.2

Cl
0.8

(Ge(OH)
4
)

0.2
. And that results would be support the application 

of	stable	akageneite	in	environmental	and	industrial	ground.
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Theoretical and computational mineral physics

POLARIO, a computer program for calculating refractive indices from chemical compositions
Manfred	Burianek1, Reinhard X. Fischer1, Robert D. Shannon2

1Fachbereich Geowissenschaften, Universität Bremen, Bremen, Germany, 2Geological Sciences, University of Colorado, Boulder, United States

POLARIO is a computer program to calculate total electronic polarizabilities, refractive energies, and refractive indices of transparent minerals 
and synthetic crystalline compounds from the chemical composition and the molar volume. It uses two different approaches for the calculation of 
refractive indices:

(1) The Gladstone-Dale approach

Following	the	approach	by	Gladstone	and	Dale	(1863),	we	use	a	set	of	parameters	k
i
 (Gladstone-Dale constants) determined by Mandarino (1976, 1981) 

to	define	a	specific	chemical	refractivity	K
c
=Σ

i
(k

i
p

i
/100) (cm3/g) where p

i
 = weight percentages of the oxide contents in the respective compounds. This 

quantity, K
c
,	is	then	compared	to	an	experimental	physical	value	defined	as	K

p
 = – 1/D with the density D (Mandarino 1979, 1981). Replacing K

c
 by K

p
 allows 

the calculation of the mean refractive index according to <n
D
>=Σ

i
(k

i
p

i
/100)·D+1.

(2) The polarizability approach

Using the electronic polarizabilities of cations and anions from Table 4 in Shannon and Fischer (2016) the total polarizability of a mineral or compound 
can be calculated by applying the additivity rule. Thus, the total polarizability a

T 
is calculated by the sum of the cation and anion contributions which 

can be expressed as α
T
= Σ

i
Ncat(m

i
·α

ei
(cat)+ Σ

i
Nan(n

i
·α

ei
(an)

. 
While the cation polarizabilities are strictly additive, the anion polarizabilities α

an
 including 

water molecules are correlated with the volume occupied by the anion expressed by the volume of the formula unit divided by the number of 
anions. We use the relationship α

an
= α_o · 10^(-N

o
/V

an
1.20) with V

an 
= anion molar volume, and α_o = free-ion polarizability and N

o
	taken	from	Table	5	in	

Shannon and Fischer (2016). The mean refractive index n
D
 at λ = 589.3 nm is then calculated from the total polarizability using the Anderson-Eggleton 

relationship (Anderson 1975; Eggleton 1991; Shannon and Fischer 2016) solved for n according to n
D
=sqrt((4πα/(c-b)α+V

m
)+1).

If measured refractive indices or the observed polarizabilities are entered, POLARIO also allows calculation of the deviation between observed and 
calculated values and determines the compatibility index as a measure of agreement. The “compatibility” measures the agreement between the 
two sides of the equation (n-1)/D = Σk

i
p

i
/100

 
where “superior” < 2%; excellent 2% - 4%; good 4% - 6%; fair 6% - 8% and poor  >8%. The density of 

the compound is calculated from the chemical composition and the molar volume of a formula unit. Atomic parameters can be read in cif format to 
determine possible coordination numbers of cations and to compose the entire input necessary to perform the calculations. It displays a table of 
interatomic distances and angles, and it shows the chemical composition with superscripted coordination numbers and valencies. The program is 
written in Delphi XE6 for WINDOWS operating systems and contains 5,300 constants and parameters to perform the calculations. 
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Unseen but integral to the Earth's interior: How minerals determine properties and 
processes

High pressure behavior of ternary sulphosalts: an overview
Paola Comodi1, Tonci Balic-Zunic2, Francesco Guidoni1, Sabrina Nazzareni1, Azzurra Zucchini1

1Dipartimento di Fisica e Geologia, University of Perugia, Italy, Perugia, Italy, 2Department of Geosciences and Natural Resource Management, University 
of	Copenaghen,	Copenaghen,	Denmark

Sulphosalts (Me+, Me2+, etc.)
x
[(Bi, Sb, As)3+, Te4+]

y
[(S, Se, Te)2−] a low-cost raw material important for the extraction of metals, represent new technological 

materials	with	specific	optical,	magnetic	and	electric	properties.	They	have	band	gap	values	interesting	for	solar	cell	technology	as	they	can	be	
adjusted in a large range of eV value changing chemical and structural construction units.

They	represent	interesting	variations	of	structure	types	based	on	octahedral	coordination	and	higher	Number	Coordinations	(NC),	which	are	in	the	first	
approximation the low P equivalents of high P silicate minerals assumed to be important phases in the earth’s interior. However due to the presence 
of Lone Electron Pairs (LEP)  in metalloids and in some metals,  the crystal structure details and the behavior under varying PT conditions have some 
interesting peculiarities.

New data on emplectite isotypic series (CuSbS
2
-CuBiS

2
) and lillianite (Pb

3
Bi

2
S

6
) collected with single crystal X-ray diffraction data from synchrotron 

radiation	at	different	P	are	presented.	The	bulk	moduli	are	similar	for	emplectite	(K
0
 =55 GPa with K’= 5), chalcostibite (K

0
=50 GPa with K’ = 6.9) and 

lillianite (K
0
 =48.6 GPa with K’= 3.9); however, the structural evolution is quite different.

The presence of
 
LEP	of	Sb,	Bi	and	Pb	(which	steroechemical	activity	can	be	quantified	by	cation	eccentricity	namely		the	displacement	of	the	cation	

from the centroid of the polyhedron,  Balić-Žunić	and	Makovicky,	1996,	and	by	the	volume	distortion,	Makovicky	and	Balić-Žunić, 1998) affects the 
structure in different way. In emplectite isotypic series, Sb shows larger eccentricity than Bi and the value of the volume distortion for the SbS

7
 

polyhedron lies close to the ideal value for the monocapped trigonal prism, whereas that of the BiS
7
 polyhedron  lies approximately half-way between 

the monocapped trigonal prism and the split octahedron, again indicating a larger sterochemical activity of Sb with respect to that of Bi.

In lillianite, LEP of Pb and Bi show a mild stereo chemical activity. At P over 11 GPa for chalcostibite (Comodi et al., 2018) and around 4 GPa for lillianite 
(Olsen et al., 2008), phase transitions occur, as indicated by a step wise change in unit cell parameters and the change of space groups (in calcostibite 
from Pnma to P2

1
 and in lillianite from Bbmm to Pbnm). Most probably, a phase transition occurs in emplectite at P higher than 9 GPa as indicated by 

additional	reflections	violating	the	Pnma	space	group.	The	phase	transitions	are	of	first	order,	anisotropic,	produce	new	structures	more	compact	and	
denser than the low P phases and an increase of the average CN of metals+semimetals.

All observed phase transitions are displacive with a reorganization of the archetypal modules characteristic,  reversible and the single crystals are 
preserved	after	the	transitions,	an	aspect	might	be	important	for	specific	technological	applications.

The	new	data	here	presented	are	being	compared	with	the	high	P	behavior	of	other	sulphosalts	from	literature	increasing	the	knowledge	about	
sulfosalts at non-ambient conditions.
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Unseen but integral to the Earth’s interior: How minerals determine properties and processes

Phase relations upon partial melting of the model GLOSS-peridotite system at 7 and 24 GPa: 
Evidence from multi-anvil experiments at 800–1600°C
Aleksandra Kharitonova1, 2, Andrey Bobrov1, 2, 3,	Ekaterina	Sirotkina2, Tetsuo Irifune4

1Lomonosov Moscow State University, 2GEOKHI RAS, Moscow, 3Institute	of	Experimental	Mineralogy,	Chernogolovka,	Russian	Federation,	4Geodynamics 
Research Center, Ehime University, Matsuyama, Japan

The	processes	of	crust-mantle	interaction	have	significant	influence	on	the	composition	of	phase	assemblages	in	the	deep	Earth.	It	is	known	that	
subduction at mantle temperatures and pressures upon interaction of mantle peridotite and subducted crustal material (GLOSS) may result in the 
formation	of	melts	enriched	in	Na,	K,	Al,	Ti,	REEs,	and	other	elements,	which	may	be	parental	for	many	deep-seated	rocks.	In	addition,	participation	
of	the	crustal	material	may	affect	significantly	on	the	major	solid-state	reactions	under	the	conditions	of	the	Earth’s	mantle.	Study	of	phase	
transformations upon partial melting of the crust-mantle material under the conditions of the uppermost lower mantle is an important and actual 
problem.

The main objective of our research is experimental study of the interaction between the model sediment GLOSS (Global Ocean Subducting Sediment) 
[Plank	and	Langmuir,	1998]	and	peridotite,	with	the	composition	of	garnet	lherzolite	(weight	proportions	of	Ol

60
Opx

16
Cpx

12
Grt

12
). Experiments were also 

focused on the study of partitioning of such elements as Al, Cr, Na, Ti, and others between the GLOSS and peridotite zones of the samples.

The	experiments	were	performed	at	pressures	of	7–24	GPa	and	temperatures	of	800–1600°С using a 1000-, 2000-, 3000-t Kawai-type multi-anvil high-
pressure apparatus at the Geodynamics Research Center, Ehime University (Matsuyama, Japan).

The samples after runs demonstrate clear zoned structure with the peridotite, GLOSS, and intermediate zones. At 7 GPa, the peridotite zone is 
composed of olivine, garnet and pyroxene. With decreasing temperature, garnets become depleted in Mg and enriched in Ca. The concentration of Cr

2
O

3
 

reaches 4 wt % and has no clear correlation with temperature. Pyroxenes in this zone are low-Ca (up to 0.6 wt % CaO). The GLOSS zone contains garnet 
and omphacitic pyroxene. The concentration of jadeite in pyroxene increases with temperature and reaches a maximum of 48 mol %. The compositions 
of associated minerals in two zones of the samples change synchronously. With increasing temperature, garnets from both zones are characterized by 
increase in Mg content and Fe/Ca ratio. Pyroxenes from the peridotite zone show increase in Mg/Fe ratio with temperature, whereas pyroxenes from the 
GLOSS zone become enriched in Al with slight decrease in Mg/Ca ratio.

The samples produced in the GLOSS–peridotite system at 24 GPa are also characterized by the clear zoned structure with a strong predomination of 
bridgmanite in both zones. Bridgmanite shows wide compositional variations with typomorphic features in each zone. Bridgmanite from the GLOSS 
zone is characterized by the higher concentrations of Al

2
O

3
 (up to 8 wt %) and presence of titanium (~0.7 wt % TiO

2
). Bridgmanite from the peridotite 

zone is Cr-rich (>1 wt % Cr
2
O

3
), whereas the concentration of Al

2
O

3
 does not exceed 5 wt %. In both zones, bridgmanite associates with ferropericlase 

and CaSiO
3
-perovskite.	The	samples	usually	contain	an	intermediate	zone	with	the	monomineral	Al-rich	bridgmanite	composition.

This study was supported by the Russian Science Foundation (project no. 17-17-01169).
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Iron-titanium oxyhydroxides as a water transporter into the Earth’s mantle transition zone and 
lower mantle
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We experimentally discovered new hydrous phases, iron-titanium oxyhydroxides, in the system basalt +  H
2
O at pressure of 12 GPa and temperature 

of	1000°C	which	corresponds	to	condition	of	the	deep	upper	mantle	in	the	slab	(Matsukage	et	al.	2017).	These	new	hydrous	phases	have	chemical	
compositions in the system FeOOH-TiO

2
. To determine their crystal structure and water content, we synthesized single phase in the system FeOOH-TiO

2
 

at	pressures	of	10-16	GPa	and	temperatures	of	900–1600°C	(Nishihara	and	Matsukage,	2016).	In	this	system,	we	identified	two	stable	FeTi	oxyhydroxide	
phases whose estimated composition is expressed by (FeH)

1 – x
Ti

x
O

2
 . One is the Fe-rich solid solution (x < 0.23) with ε-FeOOH type crystal structure 

(ε-phase, orthorhombic, P2
1
nm)	that	was	described	by	the	previous	studies	(e.g.,	Suzuki	2010),	and	the	other	is	the	more	Ti-rich	solid	solution	(x	>	0.35)	

with α-PbO
2
 type structure (α-phase, orthorhombic, Pbcn). The α-phase	is	stable	up	to	1500ºC	for	a	composition	of	x	=	0.5	and	at	least	to	1600ºC	for	x	=	

0.75. Our result means that this phase is stable at average mantle geotherm in the Earth’s deep upper mantle and mantle transition zone.

Here, to investigate the stability of the FeTi oxyhydroxides in subducting basaltic system, we performed high pressure and high temperature 
experiments of basalt + H

2
O system. Two different compositions having water contents of H

2
O wt% = 2.0, 3.5 were used as starting materials, which 

were	prepared	by	mixing	JB-2	(a	reference	basaltic	rock	distributed	by	the	Geological	Survey	of	Japan)	with	a	Mg(OH)2	reagent.	The	experiments	
were	carried	out	using	Kawai-type	multi-anvil	apparatus	(Orange-1000	at	Ehime	University,	SPI-1000	and	SAKURA	at	Tokyo	Institute	of	Technology).	
The hydrous phase with α-PbO

2
 type structure was stable at wide pressure range at deep upper mantle and mantle transition zone (9-18GPa) at slab 

temperatures.	In	this	type	of	system,	lawsonite	is	a	major	hydrous	mineral	in	the	upper	mantle,	although	it	dehydrates	at	~10	GPa	(Okamoto	and	
Maruyama).	Our	study	indicates	that	the	FeTi	oxyhydroxide	represents	the	main	carrier	of	water	at	depths	beneath	the	lawsonite	stability	field.	The	
Fe	Ti	oxyhydroxide	dehydrated	at	pressure	of	~19	GPa,	and	CaTi	perovskite	was	formed	as	a	Ti-bearing	phase.	After	dehydration	of	FeTi	oxyhydroxide,	
Al-bearing	phase	D,	which	is	one	of	major	water	carriers	in	lower	mantle,	was	stable	(Liu	et	al.,	submitted).	Our	findings	suggest	that	water	transport	in	
the	Earth’s	deep	interior	by	basaltic	crust	is	probably	much	more	efficient	than	had	been	previously	thought.

Keywords
Deep upper mantle, mantle transition zone, FeTi oxyhydroxide, hydrous phase, basaltic crust, water
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Al substitution mechanism in anhydrous bridgmanite as a function of Al content
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1Geodynamics Research Center (GRC), Ehime University, Matsuyama, 2Department of Earth and Planetary System Science & Hiroshima Institute of Plate 
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MgSiO
3
	bridgmanite	(Brg)	is	considered	to	be	a	major	constituent	mineral	in	the	Earth's	lower	mantle,	and	almost	Al	in	lower	mantle	can	be	

incorporated in Brg in anhydrous condition (e.g. Irifune, 1994). The Al substitution mechanism is supposed to be complicated, because there are two 
types	of	Al	substitution	mechanisms	in	anhydrous	Brg,	Tschermak	and	oxygen	vacancy	substitutions	(e.g.	Kojitani	et	al.,	2007).	However,	the	pure	
Tschermak	and	oxygen	vacancy	substitutions	Brg	has	not	been	reported	so	far	in	low	Al	content,	when	we	checked	the	previous	reported	compositions	
carefully	(e.g.	Irifune	et	al,	1996;	Kubo	and	Akaogi,	2000).	The	previous	studies	have	used	powder	samples	as	the	starting	materials,	so	we	considered	
that the absorbed water may affect the results. Therefore, we investigated Al substitution mechanism in Brg as a function of Al content in extremely 
anhydrous condition.

The high pressure synthesis experiments were conducted at 28 GPa and 1600-1700℃ for 1hour using a Kawai-type multi-anvil apparatus. Four different 
Al	content	samples	were	prepared	as	the	starting	materials	along	the	ideal	substitution	line	of	Tschermak	(Al=0.025,	0.05,	0.1,	0.15	pfu	(per	formula	unit)	
and oxygen-vacancy (Al=0.025, 0.05, 0.075, 0.1 pfu) substitutions, respectively (when total cation of 2). Glass rods were used as the starting materials to 
eliminate the absorbed water on the sample surface. Moreover, the glass rods were enclosed in a rhenium capsule to prevent the water incorporation 
from the surrounding cell assembly. In addition, all parts of the cell assembly were dried just before the synthesis experiments. The chemical 
compositions of the starting materials were examined by SEM-EDS.

The	recovered	samples	were	identified	by	X-ray	and	neutron	(in	J-PARC)	diffractions	and	SEM-EDS.	Both	the	X-ray	and	neutron	diffraction	results	
showed that stishovite (SiO

2
)	and	periclase	(MgO)	coexisted	with	Brg	in	our	Tschermak	and	oxygen-vacancy	substitution	samples,	respectively.	However	

the chemical compositions of the synthesized Brg could not be measured by SEM-EDS because of the small grain size less than submicron. Therefore 
the chemical compositions were estimated from the result of Rietveld analysis of neutron diffraction conducted in J-PARC by subtracting the amount of 
the other phases.

Our	results	show	that	it	is	possible	to	exist	both	Tschermak	and	oxygen-vacancy	substitution	Brgs	in	low	Al	content	in	anhydrous	condition.	The	
maximum Al content for pure oxygen-vacancy substitution Brg was less than 0.025 pfu in total cation of 2. The present result combining with our 
previous study in hydrous condition, shows that hydration in Al- Brg should occur easily if hydrogen exists in the system (lower mantle) in pyrolite 
(MgO-excess)	composition.	Thus	the	large	deviation	from	the	Tschermak	substitution	in	the	previous	studies	mainly	should	come	from	the	hydration	
from the absorbed water.
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Interphase partitioning of trace elements in the deep transition zone and uppermost lower mantle: 
evidence from experiments on partial melting of model pyrolite at 21-24 GPa and 1100-2400°C
Anastasia Tamarova1, Andrei Bobrov1, 2, 3,	Ekaterina	Sirotkina2, Luca Bindi4, 5, Tetsuo Irifune6
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Partitioning of trace and rare-earth elements between mantle minerals and melts at high pressures and temperatures is of considerable importance 
for	all	geochemical	models	involving	melting	of	the	Earth's	mantle.	As	is	evident	from	previous	experimental	studies,	trace	and	rare-earth	elements	in	
the	lower	mantle	preferably	distribute	to	calcium	perovskite	in	relation	to	bridgmanite	and	ferropericlase	(Corgne	et	al.,	2003).	Calcium	perovskite	is	
often	enriched	in	LREEs,	whereas	bridgmanite	is	depleted	with	them	(Kaminsky,	2012).	Most	of	minor	elements	are	incompatible	in	bridgmanite;	only	Si,	
Mg,	Sc,	Zr,	Lu	and	Hf	are	consistently	compatible.	Partition	coefficients	of	REEs	in	bridgmanite	increase	from	La	(D

La
 = 0.01) to Lu (D

Lu
	up	to	~1.5)	(Liebske	

et al., 2005).

Experiments	at	21-24	GPa	and	1100-2400°C	were	performed	using	a	2000	ton	multi-anvil	press	installed	at	the	Ehime	University	(Matsuyama,	Japan).	
Starting compositions were represented by the model pyrolite (Ringwood, 1991). Agents of partial melting included (1) H

2
O in the composition of brucite 

Mg(OH)
2
 (2 wt % H

2
O), (2) mixture of carbonates (10 and 15 wt % of carbonate mixture). The carbonate composition was multicomponent: CaCO

3
, MgCO

3
, 

FeCO
3
, Na

2
CO

3
, and corresponded to the carbonatite end-member of the carbonate–silicate matter of primary inclusions in natural diamonds (Schrauder, 

Navon, 1994). In each starting composition, a trace-element mixture was added in a weight ratio of 1/99.

Several	parageneses	were	obtained	in	experimental	samples.	In	the	carbonate-silicate	system,	the	evidence	for	partial	melting	occurs	at	≥1700°C.	
In	the	hydrous	system,	partial	melting	is	observed	at	≥1900°C.	The	following	parageneses	are	typical	of	the	carbonate-silicate	system:	fPer+L;	
L+fPer+Brd+CaPrv; fPer+Brd+ CaPrv+Carb. We should note that ferropericlase is a liquidus mineral in all systems studied, which is consistent with 
predominance of ferropericlase as inclusions in diamonds and its wide compositional range. The samples produced in the hydrous system consisted of 
L+fPer+Brd+CaPrv; fPer+Brd+CaPrv. Our experiments substantiate the mechanisms isomorphism in the bridgmanite structure: Mg2+

A
 + Si4+

B
 = Al3+

A
 + Al3+

B
 

and 2Si4+
B
 + O2-

O
 = 2Al3+

B
 + V

O
	(Akaogi,	2007)	with	prevalence	of	the	second	scheme.

It is shown that bridgmanite and ferropericlase are enriched with HREEs. Pyrolite with carbonate is characterized by an increase in the partitioning 
coefficients	for	light	rare	elements.	For	calcium	perovskite,	on	the	contrary,	light	enrichment	and	depletion	of	heavy	rare	earths	are	observed.	

Partition	coefficients	(CaPrv/L)	of	REEs	in	calcium	perovskite	decrease	with	temperature.	The	results	obtained	indicate	that	under	the	conditions	of	the	
Earth’s lower mantle, trace and rare-earth elements may be accumulated not only in the CaSiO

3
	perovskite	(Ringwood	et	al.,	1988),	but	in	ferropericlase	

and bridgmanite as well.

This study was supported by the Russian Science Foundation, project no. 17-17-01169.
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Dehydration kinetics in elbaite
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The	dehydration	kinetics	of	three	elbaite	samples	with	varying	Fe-contents	was	studied	by	heating	experiment	in	air,	following	the	change	in	OH	
contents	by	polarized	FTIR	spectroscopy.	Experiments	were	performed	in	step-wise	mode	in	the	range	700-900°C	with	spectral	data	acquired	after	
each step. As the principal OH bands in FTIR spectra polarized in the c-direction are notoriously strong and normally not possible to get “on scale” by 
sample	thinning,	the	first	overtone	bands	around	7000	cm–1 were used to monitor the gradual decrease of OH contents. The infrared spectra contain 
around	seven	bands	in	the	overtone	region	that	are	caused	by	OH	at	the	two	crystallographic	sites	O1	and	O3,	and	are	further	diversified	by	the	local	
arrangement of neighboring cations.    

The	different	OH-bands	show	different	relative	decrease	in	intensity	(Figure),	with	specific	bands	decreasing	considerably	faster	than	other	bands.	The	
bands showing faster decrease occur predominantly at the higher wavenumbers, and are normally considered caused by OH at the O1 site. This site is 
known	to	frequently	contain	also	other	anions	such	as	F	and	O2–, whereas the O3 site normally contain OH and only occasionally O2–.

The experimental results from samples with different Fe contents reveal that the dehydration process is considerably faster for the more Fe-rich 
elbaitic	sample	(FeO	=	6.8	wt%	)	compared	to	an	Fe-poor	sample	and	an	almost	Fe-free	sample.	Based	on	experiments	in	air	at	800°C,	an	overall	
diffusion	coefficient	of	–logD	=	13.6	was	calculated	for	the	Fe-rich	elbaite,	whereas	dehydration	kinetics	for	the	Fe-poor	samples	are	approximately	1.5	
order of magnitudes slower.

The	observed	difference	in	dehydration	kinetics	is	probably	related	to	different	
dehydration mechanisms. Mössbauer spectroscopy obtained on the Fe-rich 
sample before and after the dehydration experiments show that the 
dehydration is coupled to a concomitant increase in the Fe3+/Fe

tot
 ratio. This 

indicates that dehydration largely follows the reaction Fe2+ + (OH)– = Fe3+ + O2– + 
1/2H

2
 in Fe-rich samples, whereas the dehydration process in Fe-poor samples 

has	to	occur	by	other,	less	well-known	mechanisms.

Figure:	Evolution	of	polarised	FTIR	spectra	OH	bands	in	the	first	overtone	region	
after heat treatment in air. Legend denote cumulative heating time (m=minutes, 
h=hours).
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