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ANR-10-LABX-21-01

FOREWORD

RESSOURCES21 is an excellence laboratory centre
(LabEx) in the field of Geosciences, operated by the
OSU (Observatory in Science of the Universe-CNRS-
INSU) so-called OTELO, which federates the
Geosciences laboratories from the Lorraine
University.

The present report provides:

- Abstracts and illustrations from the workshop
held in Nancy in October 2017 (17-19) on the
geochemical cycle of Nickel and associated
elements: abstracts from oral communications or
poster  presentations are presented with
illustrations, focusing on RESSOURCES21’s
activities in the field of nickel geochemical cycle,
covering almost all aspects of the research from
exploration and metallogenesis to soil remediation,
including nickel agromining, nickel laterite ore
processing, and the social aspects related to the
extraction of nickel.

- a summary of the research presently being
carried out at RESSOURCES21 on the natural
geochemical cycle of Rare Earth Elements and
associated elements, on two contrasted and
specific geological sites: i) the Grenville province
(Québec) where magmatic ore concentration
processes are studied, together with the surficial
behavior of REE in a pre-exploitation context, and
ii) the Guandong chinese province where is
currently studied the restauration of soils and
uptake of REE by plants, and where the creation of
an international joint laboratory with the Sun Yat
Sen University has boosted the collaboration on
these subjects.

In this report, we also provide LabEx publications
about other metal cycles, as well as highlights
about RESSOURCES21’s communication actions
and examples of the interactions with the industry
and society.

Dr. F. Villiéras and Dr. M. Cathelineau

http://ressources21.univ-lorraine.fr/
This report is available from this website as a
downloadable pdf file.
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Context and General Objectives

CONTEXT AND GENERAL OBJECTIVES

RESSOURCES21, Laboratory of Excellence (LabEx
RESSOURCES21), has been allocated 9 million euros
in funding for 2011 to 2019, as part of the so-called
program “Investissements d’avenir” (Investments
for the future) launched by the French National
Research Agency from the French Ministry of
Research and Higher Education.

The LabEx RESSOURCES21 has enabled laboratories
working in Geosciences from the Lorraine area
(OSU OTELO) to structure their research landscape
and place themselves at the cutting edge of
international innovation.

The LabEx RESSOURCES21 has three missions
divided in three complementary fields:

O Science: the common ambition, shared by the
multidisciplinary team of researchers leading the
project is:

(1) to understand all the processes associated with
the mechanisms of enrichment and dispersion of
metals,

(2) to develop innovative tools and new concepts
for a better extraction of resources.

® Education: Training students at all levels in
the field of mineral resources from exploration to
extraction, taking into account all the
environmental aspects. This has been enhanced
through the enrichment of existing programs and
the development of new university level training
programs such as masters.

© Diffusion of know-how and knowledge
i) to industry thanks to a specific relationship with
industrial partners, ii) to general audience, through
exhibitions and conferences, and iii) to political
representatives.

Context of the project

Constant  global population growth, new
technologies, and the growing needs of emerging
economies like China and India, are all contributing
to a perpetually increasing demand for rare metal
resources.

Every day new applications using many metals,
such as the rare earth elements (Nd, Dy, Eu, Tn,...),
the rare metals (Nb, Ta, Sn, W, ...), metals such as
Sb, Ge, Ga, In; are used both in modern
manufactured products and in techniques related
to carbon-free energy. Several years ago access to
natural metal resources, which were both
abundant and easily accessible, caused little
concern. Recent economic and political changes
have pointed out the needs to ensure the supply of
these resources, at the European and national

levels, for the next decades. In this context, it
becomes necessary to redefine the notion of
resources in terms of geologic context, metal
concentration in  rocks, separation and
concentration techniques, and recycling, while
integrating the aspects of ecotoxological impact
and environmental management and remediation.

This subject is therefore of economic and strategic
importance. It presents researchers with numerous
challenges: in geology, geochemistry, 3D-modeling,
in better separating metals present in low
concentrations in ores, recycling better, keeping
the environmental impact and ecotoxicology of
increasingly used and extracted metals low, in
developping new sensors and systematic
observations.

The objectives of RESSOURCES21
Theresearch project LabEx RESSOURCES21 proposes
an integrated scientific and educational approach
to the understanding, extraction and environ-
mental management of strategic metal resources
for the 21 century. RESSOURCES21 faces many
challenges in terms of geology, mineral processing,
environmental and ecotoxicological impact.

Scientific activities of the Laboratory of Excellence
“Strategic Metal Resources in the 21 Century-
RESSOURCES21” project focus on three main
research themes identified as priorities:

1. the understanding of the natural and
anthropogenic cycles of strategic metals, and
the processes of concentration (ore deposits) or
dispersion in the environment;

2. the development of innovative tools for a
better ore processing and better extraction of
metals;

3. the evaluation of the environmental impact of
these metals, once scattered throughout the
ecosystem.

To achieve these main goals, three complementary

consolidation tasks can be added:

- the development of new analytical tools for
the determination, the distribution and the
concentration of trace elements within rocks
and minerals, as well as for the dating of
geological events ;

- 3D-Modelling of ore geometries, of metal
transport at complementary scales, in order to
understand the distribution of metals and how
ore deposits form over space and time;

- Inventing and perfecting biogeochemical
environ-mental sensors to monitor the spread
of hazardous elements, with the aim of being
able to predict pollution.

LabEx RESSOURCES 21 - Annual Report - 5



Context and General Objectives

CONTEXT AND GENERAL OBJECTIVES

Means and research programs

To achieve its goals, the LabEx RESSOURCES21

analyses the international industrial context,

identifies the pertinent scientific questions, and

develops its own programs. Several types of

actions are financed or co-financed:

- short-term research programs dedicated to
stimulate emergent research,

- post-doctoral and PhD fellowships,

- integrated 3-year programs on a group of
metals having similar geochemical behaviour in
the lithosphere and in the environment: two of

these programs have already started, one
dedicated to Ni (Co, Sc), the other to REE (Nb-
Ta-U-Th).

- exchanges of researchers (invitation of
researchers having an international renown,
fellowships for young researchers sent abroad
in collaboration with universities or industrial
partners).

The endowment to research programs includes

funds for post-doctoral positions, doctoral fellow-

ships, and operating costs, as well as the co-
funding of major equipments.

A QUICK SUMMARY OF THE 2017 ACTIVITY

Research programs and dissemination of
results

The teams of LabEx RESSOURCES21 have focused
their studies on several groups of metals, from the
point of view of the processes of concentration:
metals necessary to the photovoltaic sector (Ga,
Ge, In); rare metals (Nb, Ta, Sn, W) associated to
the felsic peraluminous magmatism; the
concentrations of metals in laterites developed on
ultramafic rocks (Ni, Co, Sc); rare earth elements in
carbonatites, alkaline and pegmatitic intrusions,
and the general environmental impact of REE.

Besides, the teams have continued to work on
strategic metals of high economic importance (Ni,
U, Au) for which they had already acquired an
international reputation, as well as on the impact
of metals as traces in the environment (Cd, Ag, Cu,
Ti) or on metalloids (As).

Several PhD theses were achieved and defended in
2017, and postdoctoral research programs were
carried out. They cover the whole metal cycle, and
several types of metal deposits (Sn-W deposits, Ni-
Sc-Co in laterites, REE in pegmatites, giant U
deposits at the basement-basin unconformity) , ore
processing (agglomeration and in situ leaching),
environmental issues (behavior of rare earth
elements in the environment, development of
biosensors, integrated modeling).

A special effort has been done in the field of social
sciences, especially the general public perception
of the mining activities, with developments in
France and French Guyana. It is particularly
important to understand why main users of new
technology products (telephone, computers) and
energies (solar, wind) are refractory to the search

and exploitation for metals essential for such
technologies.

New analytical developments and platforms are in
current development, and will be in operation next
year:

- The setting up of a new platform for
hydrometallurgy which will be inaugurated on
september 2018: this platform is an essential tool
for training and research in the field of ore
processing and recycling,

- A new micro-fluorescence X equipment has been
received and installed by the end of the year and
will be especially helpful for the mapping of metal
distribution in all kinds on matrix

- The new LA-ICP-MS laboratory is in current
installation, and will be devoted to new trends in
dating, and to the detailed analysis of fluid
inclusions.

Scientific meetings

Details are provided in the dedicated section. In
summary:

¢ In October 2017, the international workshop of
the Geochemical cycle of Ni, Co and Sc has
gathered together more than 110 participants from
all disciplines. This has been one of the highlight of
the year, and has been the occasion to Lorraine
University people to show the extension of their
field of know-how.

* In december 2017, several days were also
dedicated to Sn-W and to REE-rare metal deposits.
This meeting was held in Nancy at the occasion of
several PhD defenses of students working within
the framework of Labex R21 laboratories, one of
them having been entirely supported by the Labex
(REE deposits from the Grenville province).
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Context and General Objectives

SCHEDULE OVERVIEW

S o | aoue | aous |aons | 2oy | 2018 | a0

1- Ni (Sc) : _
3 Sc, 2 post-doc 3 yr-program: 2 PhD, 5 post-doc, 1 senior researcher
yean ot
program
2- REE TR €COtoX, post-doc  EG————————————————————
—_— (PhD) 3 yr-program: 5 PhD, 5 post-doc
3 year Carbonatite (PhD)
program Bio-chemical models Chair
[m——— LB ]

3- Other Ge modelling
elements P Other metals, reinforcement
(Ge, Nb-Ta-W- I G A G N e
Sn, Sb) Bio-sensors n-w, Nb-Ia Hydrometallurgy
Equipment IK-Ar b E——---—
(co-funding) On Probe s  LA-ICP-MS EeE——--—

g Art. rivers s XRF s
Complementary Social acceptability, modelling
program exaloration techniques
Diffusion, Workshops and meetings SGA Sn-W Ni Sn-W REE
visibility ® ®@ 0 OFE @
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Human Resources

HUMAN RESOURCES

Postdoctoral fellows - REE program

Céline BAUDOIN graduated her
Ph.D. in petrology  and
geochemistry (2016) entitled
“Alkaline volcanism associated
with early stages of rifting” at
the University of Montpellier
(France), where she also got her
bachelor and masters degrees (2008-2013). She
obtained a DAAD fellowship grant (German
Academic Exchange Service) in 2017 to study the
iron and sulfur speciation applied on alkaline
magmas at the University of Potsdam. Céline
Baudouin has currently a postdoctoral position co-
funded by the LabEx RESSOURCES21 and located at
CRPG Laboratory, she will focus on bringing new
constraints on the extreme differentiation of
alkaline magmas.

Charlotte BERTHELOT  joined  the LabEx
RESSOURCES21’s team within the GeoRessources
laboratory in 2017. Her activities, supervised by Dr.
Patrick Billard focus on "Conception of bacterial
biosensors for the study of the bioavailability of REE
in environmental matrices (SensoBacTeR)".

New Ph.D students

Ottone ~ SCAMMACCA. -
Holding a Masters degree at
AgroParisTech Soil and
Ecosystem services manage-
ment, Ottone Scammacca has
™ just joined the GeoRessources
V laboratory in October 2017
‘ . for a 3 year period. His project
» is entitled "Project risks in
mining operations. Evaluation and commensuration
of technical and societal risks, with application to
open pit mines during the development and
exploitation phases, especially under tropical
climate”; it is supervised by Yann Gunzburger &
Rasool Mehdizadeh.

Romane TISSERAND graduated her
Masters degree in soil water and
environment at the University of
Lorraine (2017). She has joined the
LabEx  RESSOURCES21’s  team
within the LSE laboratory and will
stay over the 2017-2020 period.
Her activities, supervised by
Guillaume Echevarria, Antony van der Ent and Peter
Erskine, aim at studying "The Ni biogeochemical
cycle in a tropical agromine metal crop system”.

Yann FOUCAUD joined the
LabEx RESSOURCES21’s team in
2017. He is part of the
GEORESSOURCES laboratory for
a period of time up to 2019. His
activities supervised by Lev
FILIPPOV and Inna FILIPPOVA
aim at developing a project entitled "Synergistic
effects of reagents with different molecular
structures in the flotation of low separation contrast
tungsten ores”.

—
- v
-

-— Europe

o ) RESSOURCES21’s team for a PhD
K{‘ thesis. She is assigned for 3 years,
L from 2017 to 2019 in the LIEC
laboratory. Her activities,

supervised by Corinne Leyval and Alexis De Junet
are part of the project entitled "Mobility and

transfer of rare earth elements from soil to plants by
arbuscular mycorrhizal fungi”.

Ruoyu HU is a Masters holder at
Erasmus Mundus Marine
Environment and Resources in
(2017). She joined

After the LabEx RESSOURCES21

Laetitia MINGUEZ

After obtaining her PhD at the
University Paul Verlaine-Metz
in 2011, a 27-month
postdoctoral position at the
laboratories BOREA and
CERMN (Caen), then a 12-
month postdoctoral position at the Leibniz-Institute
of Freshwater Ecology and Inland Fisheries (IGB,
Germany), Laetitia came back to Metz in April 2016
to start a postdoctorate project in the framework of
the Nickel program of LabEx R21 for the LIEC
laboratory. Her work at LabEx R21 aimed at better
understanding the ecotoxicology of nickel and
associated metals, especially by assessing the
accumulation and trophic transfer of these elements
in several organisms from Lake Ohrid (Albania),
exposed to a pollution of multi-metallic elements.
Since October 2017, she has been recruited as a
CNRS researcher at LIEC laboratory. Her research
project aims at evaluating and understanding the
effects of pharmaceutical compounds on freshwater
invertebrates, taking into account the
environmental context that can lead to multistress
situations.

—————
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Human Resources

Rémi BELISSONT obtained his Ph.D.
in geochemistry entitled “Germa-
nium and related elements in
sulphide minerals: crystal chemistry,
/. incorporation and isotope fractio-
nation” in 2017 at the Univer-sity of
Lorraine, where he also was a postdoctorate fellow
during 12 months, working on “Experimental

approach to elementary and isotopic sharing of Ge
in sphalerite”. His work at LabEx RESSOURCES21 was

Su

pervised

by

Marie-Christine

Boiron

(GEORESSOURCES) and Béatrice Luais (CRPG).
He has
development engineer at ARCELOR MITTAL since
October 1st 2017.

been

working as a

Research

and

Below, the full list of current positions and occupations of former RESSOURCES21 people, Ph.D students and

Postdoctoral fellows.

Current occupation of former RESSOURCES21 PhD students
Priority research - Host Home N N . Nowadays occupations
Year Name Origin Supervisors Laboraton Title of the project
actions . University  University o v LI after RESSOURCES21
v R h
S Dr Marie- Germanium and related elements in sulphide devel esearl:t andA
,:,7' PRA1&PRA4 Rémi BELISSONT France uL UL ENSG Christine & Dr |GeoRessources minerals: crystal chemistry, incorporation and evelopment engneer
= P . . . . ARCELORMITTAL
S Béatrice Luais isotope fractionation .
o Lorraine FRANCE
©
IS Dr Fabrice Modélisation du comportement Postdoc at the
.:,y PRAS Maxime FAIVRE France uL UL ENSG Golfier & Dr |Geol es| hydrogéomécanique d'un réseau de failles sous | University of Minnesota
,§ Richard Giot |'effet des variations de I'état de contrainte Twin cities USA
%) Dr Sandri . . Teacher i ivat
S Université de Pair: Daer:/irr\”:Pr Effets des nanoparticules manufacturés sur les sche::l err;n :::a fir
,3‘ PRA3&PRA4 Jennifer ANDREI France uL . LIEC invertébrés d'eau douce et leurs fonctions au sein p P g
5 BORDEAUX | Frangois des écosystemes medecine studies
W Guerold v Bordeaux FRANCE
N Dr Michel L: i i lizati
3 . r |c&eP ate.o:ogenlc tunfslteh T}l\ne\: |z:tE|on and 2 years Postdoc fellow
o~ PRAL&PRA4 Matthieu HARLAUX | France uL UL ENSG g;e_yt_ " |GeoRessources a\fs‘?c'a ehrlatr‘e meta |s n ] ‘he Fes h“,::pea_f" at the university of
a I'I.S lan ariscan belt: example O .E renct assi Geneve SWITZERLAND
~ Marignac Central deposits
N Université . .
S Blaise Pascal Dr Lydéric Genesis, evolution and alteration of carbonatite Training for primary
,2' PRA1&PRA4 Gaelle MOLLEX France uL v CRPG ! school teacher
=~ Clermont- France magmas
S FRANCE
N Ferrand
Identification a I'aide de bactéries génétiquement
§ . - modifiées émettant des signaux luminescents Postdoc at the
& R Institut des Dr Christian . N . . N
3 PRA6 Damien PARRELLO France uL . LIEC (biocenseurs) les paramétres biotiques et University of Dakota
& BIOTECH PARIS Mustin - Lo P 5
S abiotiques induisant la mobilisation de métaux USA
stratégiques comme le nickel
N
S Université Dr Marc Parant Environmental impacts of Gadolinium-based
,.',,'\' PRA3 Emilie PERRAT France uL J'ANGERS & Dr Cossu- LIEC contrast agents: local situation, cellular and in vivo | Looking for a postition
5 Leguille approaches
Senior Consultant at
o Apport de la modélisation 3D et de la restauration N .
] . Dr Jean-Jacques i . ) MIRA Geoscience in
S PRA1&PRAS Pablo MEJIA-HERRERA |Colombia uL UL ENSG CRPG structurale dans la compréhension de gisements e
N Royer d e N inéral Vancouver, British
ie matieres premieres minerales Columhia, CANADA

LabEx RESSOURCES 21 - Annual Report -9



Human Resources
Current occupation of former RESSOURCES21 Postdoctoral fellows
Priorit h N d ti
Year riort y.researc Name Origin Supervisors Laboratory Title of the project owadays occupations
actions after RESSOURCES21
;\'/ & PRAAZPRAG Asfaw Ethiopia Dr Christian LIEC Bio-Reduction of Metal-substituted Iron Oxides: A Researcher - CNRS
10pI:
& 4 ZEGEYE P Mustin Mechanism for Metal Remobilization? FRANCE
N2 Marc Dr Michel Geochemistry and Mineralogy of Scandium in MCF - University of
S o PRA1 France . GeoRessources X
S8 N ULRICH Cathelineau Laterites Strasbourg FRANCE
) Dr Chistoph
S Nicolas Clro I:t:?[)er Optimizing nickel phytomining: use of isotope Postdoc University of
U
,2' PRA4 France q ) CRPG fractionation to better understand soil British Columbia
~ ESTRADE Thibault .
S to hyperaccumulating plant transfers CANADA
~ Sterckeman
3 P Transfert et dissémination des éléments rares et
S Véronica PrLaure des terres rares dans I'écosphere : mécanismes University of Almeria
& PRA3 GONZALES | Spain | Giamberini & Dr LIEC e P e SI",AIN
S ANDRES Corinne Leyval Impact ecotoxicol olglfqu.e et strategies ae
N remédiation
< Senior Lab. Tech.
S 5 Dr Christiant ) L, . emor. av. fec )
~ Jennifer Analyses gaz rares et développement liés au projet| International Atomic
& PRA4 Usa France Lanord, CRPG A A |
~ MABRY datation potassium Argon Energy Agency Vienne
o Bernard Marty
~ AUSTRIA
) Pr Jean Louis ARC Postdoc Research
S L
A VAN Morel & P Fell Th f
;'\' PRA2 ntony Australia ore &Pr LSE Agromining of Ni in tropical Ni mine environments ellow The Umvt.erslty °
5 DER ENT Guillaume Queensland Brisbane
N Echevarria AUSTRALIA
Dével i i h:
o Ritech . DF Mare elv'e ?ppements de mesu'resllsotor.nques de a},lte NASA Johnson space
S PRA4 India . CRPG précision avec les sondes ioniques ims 1270 et ims
~N MISHRA Chaussidon centre, Houston USA
1280HR2
Dr Etienne Mobility of metallic trace elements in the Limousin Lect
) Afifé EL X Deloule, Dr Marie ophiolite massifs : implication for fluid-rock ) -ec urer.
S PRAL Switzerland L . CRPG A . . . University of Fribourg
N KORH Christine Boiron, interactions signatures and concentration
P . SWITZERLAND
Dr Béatrice Luais processes
Dr Christi
N rthristian Laboratoire Potassium — Argon : datation des
& France-Lanord . ) ‘ol .
~ Thomas . CRPG/ argiles dans les bassins sédimentaires et les Postdoc-UNAM MEXICO
& PRA1/PRA4 France Dr Michel N b X
~ BOULESTEIX . GeoRessources | systémes hydrothermaux pour I’'amélioration des (to be updated)
S Cathelineau/Paca N PP P,
~ modeéles génétiques des ressources métalliques
| Robert
' .. Pr L An int ted h to th toxicit
é N Laetitia . r aAure n integra e‘ approach to the ecof (?XICI Y . Reseacher - CNRS
S o PRA3 France Giamberin & Pr LIEC assessment of nickel and other metals in aquatic .
~ N MINGUEZ . , ) R K Lorraine FRANCE
Frangois Guérold organisms: A case study at Lake Ohrid (Albania)
N R h and
s Rémi br Marie- Experimental study of Ge isotopic fractionation in develoesr:::lct ea: ineer
‘2' PRA1&PRA4 France Christine & Dr GeoRessources P v ) P p 8
~ BELISSONT P . sphalerite ARCELORMITTAL
S Béatrice Luais .
N Lorraine FRANCE
N
S Ana Dr Davide Predicting and understanding Rare Earth Element Postdoc SPAIN
~ . ostdoc
4 PRA3 ROMEIRO- S LIEC
9 pain VIGNATI (REE) effects at the sediment-water interface (to be updated)
S FREIRE
57 Use of Bacterial biosensor to access the
,'S PRA3 Charlotte r Dr Patrick LIEC bi ilability of R rth el s Engineer at CTIFL Paris
N BERTHELOT rance BILLARD ioavailabi |Fy of Rare earth elements in FRANCE
S environmental samples
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National and ilnternational Visibility

NATIONAL AND INTERNATIONAL VISIBILITY

Scientific events

Labex Ressources 21 tracking scandium in New
Caledonia laterites

The growing demand for scandium (Sc), essential for
several modern industrial applications, thrives on
the mining industry to develop alternative Sc
sources. In such a context, significant Sc
concentrations (~100 ppm) were recently reported
in several Ni-Co lateritic oxide ores, developed after
mafic-ultramafic rocks. The contribution of a
consortium  of laboratories (GeoRessources,
CEREGE, EOST, Geosciences Montpellier, BRGM),
under the framework of a CNRT —Labex Ressources
21 contract was presented in several places in New
Caledonia by the end of May 2017:

- A presentation of the results to the CNRT group
was first realised, followed by several presentations
at the office of mining companies (Eramet-SLN at
Noumea, SLN at Thiebaghi, Konimabo SA at Koné)
and SGNC at Noumea).

- A conference for general public audience on “the
Metals in our daily lives” was also presented both at
Noumea (Hotel de la Province Sud) and Koné (Hotel
de la Province Nord) by M. Cathelineau.

The results show that in Ni-Co laterites, dissolution
and leaching of primary Mg-rich silicates lead to the
residual enrichment of the upper horizons with iron
as ferric  oxides/oxyhydroxides. Downward
remobilisation and trapping of Ni and Co trigger a
localized enrichment reaching economic
concentrations, with maximum grades reached in
the coarse saprolite and in the transition laterite. In
contrast, maximum Sc enrichments occur in the

yellow laterite, where Sc-bearing goethite reaches
about ten times the Sc content of the parent-rock.
Consequently, harzburgite- and l|herzolite-derived
yellow laterites yield maximum Sc concentrations up
to 100 ppm, together with moderate Ni and Co
concentrations. There, Sc is a potentially valuable
by-product that could be successfully co-extracted
during hydrometallurgical processing.

Field-trip to scandium-rich intrusions, organized by the
Nancy group for industrial partners and CNRT.

IPC 2017, 14" International Phytotechnologies
Conference, Montréal, 25-29 septembre.

e » IPc2017

PHYTOTECHNOLOGIES
‘@ conrerence

The International Phytotechnology Society is a non-
profit, worldwide professional society comprised of
individuals and institutions engaged in the science
and application of wusing plants to address
environmental problems. A delegation of the LabEx
attended the conference and presented a series of
communications, all oriented towards the recovery
of strategic elements with agromining technologies.
Baker AJM, Echevarria G, van der Ent A, Morel JL. 2017.

Agromining: farming for metals and valorization of
metal-contaminated lands. Keynote speaker.

Echevarria G. LIFE agromine: a european demonstration
project for Ni agromining.

Bani A, Echevarria G, Shallari S, Miho L, Delia E.
Agromining of nickel as an agricultural alternative in
albanian ultramafic landscapes.

Rue M, Simonnot MO, Morel JL. Nickel recovery from
wastes by soil engineering and agromining.

Simonnot MO, Hazotte C, Houzelot V, Laubie B, Morel JL.
Nickel recovery by agromining: focus on the ashing
step.

Morel JL, Chour Z, Laubie B, Simonnot MO, Muhr L.
Agromining of rare earth elements: recovery from the
hyperaccumulator D. Dichotoma.

Morel JL, Guilpain M, Laubie B, Simonnot MO. Nickel

agromining: direct recovery from the
hyperaccumulator A. murale.
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National and international Visibility

9th International Conference on Serpentine
Ecology

The ninth edition of the International Conference on
Serpentine Ecology (ICSE) was held in Tirana and
Pogradec (Albania) from June 5 to 9, 2017. More
than 100 delegates from 29 countries worldwide
gathered to present an update on the recent
advances in: i) ultramafic soils, i) their
biogeochemistry, iii) the diversity of ultramafic flora,
microflora and fauna, iv) the ecophysiology of
ultramafic adapted organisms, v) the interactions
between ultramafic organisms and their ecology, vi)
the nature-based solutions developed to
rehabilitate ultramafic environments after strong

degradations such as surface mining or to produce
bio-based metals through the ecofriendly
agromining technology. Finally, the ICSE held its first
symposium on ultramafic aquatic ecology and
ecotoxicology on the shores of Lake Ohrid, a
biodiversity hotspot in Europe. The official Journal
of The Ecological Society of Japan, i.e. Ecological
Research has accepted to host a special issue that
collects some of the most significant contributions
to the 9% ICSE. G. Echevarria is the Invited Editor in
Chief for this issue. The financial contribution of
LabEx Ressources21l helped participants from
developing countries to attend and present their
contributions at the 9th ICSE.

China and LIA

November 2016 and June 2017

The international joint lab (laboratoire international
associé — LIA) ECOLAND (ecosystem services
provided by contaminated land) was created in 2015
by the University Sun Yat-sen and the University of
Lorraine and INRA. Among the main objectives of
the project is the reclamation and re-use of former
mine sites, e.g. rare earth mine sites. Work initiated
on REEs mine sites located in Southern China (>100
km?) and based on field investigations, experimental
sites and lab experiments, continued and amplified
during 2017. The field experiment established in
2016 allowed the integrated study of the efficiency
of remediation strategies based on the reclamation
of soil functions and on the production of biomass
of industrial interest, e.g. oil, fiber, agromining.
Investigations are conducted at various scales and
are related to soil properties (physical, chemical and
biological properties), impact of mine tailings of the
quality of water, sediments and farmland soils,
biodiversity, biomass production, and recovery of
REEs using appropriate plants and amendments.
This several year field experiment is unique and will
provide essential insights to understand the
functioning of abandoned mine sites and to assess

the relevance of reclamation strategies that could
be implemented at a larger scale.
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Workshop franco-australia

June 2, 2017

In a context of an established and widening
collaboration between RESSOURCES21 and its
counterpart -the Sustainable Mineral Institute (SMI)
at the University of Queensland, Brisbane, Australia,
the LabEx RESSOURCES21 welcomed in Nancy the
first Franco-Australian workshop on June 2nd, 2017.
Antony van der Ent and Peter Erskine, researchers at
the Centre for Mined Land Rehabilitation at the SMI,
and 3 of their PhD students — Vidiro Gei, Philip
Nkrumah and Adrian Paul involved in collaborative
projects with the LabEx RESSOURCES21 at the LSE
(Laboratoire Sols et Environnement), presented

their on-going studies and results. RESSOURCES’21
associated researchers from GeoRessources, LIEC,
LSE and LRGP -Benoit Quesnel, Isabelle Zelano,
Séverine Lopez, Celestino Quintela, and Baptiste
Laubie also gave presentations about their studies
on diverses aspects of Serpentine Environments,
from geological to remediation points of view. A
meeting between RESSOURCES21 researchers and
the SMI visitors followed the workshop and marked
the beginning of a closer scientific and institutional
collaboration between the two research groups
from the University of Queensland and the
University of Lorraine.
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Book: Agromining: Farming for Metals -

Extracting Unconventional Resources Using

Plants. 2018. Antony van der Ent, Guillaume

Echevarria, Alan J.M. Baker, Jean Louis Morel (Eds.),

Springer, ISSN  2365-0559, ISSN  2365-0567

(electronic), ISBN 978-3-319-61898-2 ISBN 978-3-

319-61899-9 (eBook)

Chapters (authors belonging to Labex) :

Chaney RL, Baker AJM, Morel JL. 2018. The Long Road to
Developing Agromining/Phytomining, 1-18

Nkrumah PN, Chaney RL, Morel JL. Agronomy of ‘Metal
Crops’ Used in Agromining, 19-38

Simonnot MO, Vaughan J, Laubie B. Processing of Bio-ore
to Products, 39-52

Pons MN, Rodrigues J, Simonnot MO. Life Cycle
Assessment and Ecosystem Services of Agromining,
53-74

Reeves RD, van der Ent A, Baker AJM. Global Distribution
and Ecology of Hyperaccumulator Plants , 75-92

Gei V, Erskine PD, Harris HH, Echevarria G, Mesjasz-
Przybytowicz J. Tools for the Discovery of
Hyperaccumulator Plant Species and Understanding
Their Ecophysiology, 117-133

Echevarria G. Genesis and behaviour of ultramafic soils
and consequences for nickel biogeochemistry.
Agromining: Farming for Metals, 135-156

Benizri E, Kidd PS. The Role of the Rhizosphere and
Microbes Associated with Hyperaccumulator Plants in
Metal Accumulation, p. 157-188

Sterckeman T, Puschenreiter M. Phytoextraction of
Cadmium: Feasibility in Field Applications and
Potential Use of Harvested Biomass, 205-220

Bani A, Echevarria G, Pavlova D, Shallari S, Morel JL, Sulge
S. Element Case Studies: Nickel, 221-232

Liu C, Yuan M, Liu WS, Guo MN, Huot H, Tang YT, Laubie B,
Simonnot MO, Morel JL, Qiu RL. Element Case Studies:
Rare Earth Elements, 297-308

Morel JL, Echevarria G, van der Ent A, Baker AJM.
Conclusions and Outlook for Agromining. Agromining:
Farming for Metals, 309-312

Antony van der-Ent
Guillaume Echevarria
Alan J.M. Baker

Jean Louis Morel Editors

Agromining:

Farming for
Metals

1 Unc

@ Springer

SGA2017-Québec City

August 20-23, 2017

After being host in Nancy in 2015, and organized by
RESSOURCES21 and GeoRessources people, in 2017
the SGA took place on the North American
continent. The capital of Québec welcomed the 14t
SGA Biennal Meeting in the Québec city Convention
centre. This year, the SGA conference theme was
“Mineral Resources to discover”. Four symposia and
12 sessions generated many oral and posters
presentations and a lot of opportunities of
discussions about the geology of ores deposits
(gold, uranium, iron, etc), their formation and how
to improve their identification and understanding,
for better exploration methodologies on the field
and in the lab. For the first time, RESSOURCES21
occupied a booth at the SGA, and its 3 ambassadors,
Anne-Sylvie André-Meyer, lIsabelle Abildtrup and
Agnes Samper, interacted with visitors to spread out
the RESSOURCES21’s research projects and
achievements, through numerous contacts with
visitors, and with RESSOURCES21’s flyers and
brochures on display.

From Left to Right: A.S. André-Mayer, C. Demeurie, M.
Brouand, P. Alexandre, M. Harlaux, F. Turlin, C. Bonnetti, R.
R. Feitwess, P. Martz, I. Annesley, I. Abildtrup.
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Workshop MinPro - KIC Raw Materials

Mineral processing techniques for unlocking
primary low grade complex ores value

6-7 June 2017, Nancy, France

ERAL PROCESSING TECHNIQUES FOR
UNLOCKING PRIMARY LOW GRADE
COMPLEX ORES VALUE

eit ) RawM ial UNIVERSITE
@ i @ DE LORRAINE

Key numbers: 49 participants excluding the
organizers and UL officials - 4 key notes
presentations - 3 round tables and a general
discussion

Low grade ore are commonly associated with
high tonnage/volume operations. Development
of intensive flotation processes coupled with
the implementation of supervisory control
strategies including froth modelling for
flotation plants is critical for industrials to
guarantee positive return on investment.
Research on the mechanisms of particle-bubble
interaction has provided valuable information
on how to improve the flotation of fine (<20
pum) and coarse particles (>100 um) with novel
flotation machines which provide higher
collision and attachment efficiencies of fine
particles with bubbles and lower detachment
of the coarse particles.

(Ultra) fine grinding is becoming a crucial step
in the treatment of ore with small liberation
sizes. Optimization of comminution parameters
and development of innovative techniques
must lead to substantial energy cost savings

Present challenge is to develop adaptive
hydrometallurgical processes enabling valuable
metal extraction from complex, varying and
low grade ores. Hydrometallurgy represent a
real benefit to low grade ore treatment given
its environmental impact and controlled by-
product generation (topic covered by S.Bourg
(CEA) and J.Thiry (Areva)).

14" International Conference on the

Biogeochemistry of Trace Elements
July 16 - 20, 2017, Ziirich, Switzerland

Biogeochemistry of emerging trace elements
in aquatic and terrestrial systems

Bert-Jan Groenenberg (NL), Montserrat Filella (CH),
Andreas Voegelin (CH), Kirk Scheckel (US) and
Sebastien Rauch (SE)

ICOBTE 2. | 8
201763 / gl

New technologies in the fields of
communication, mobility and energy drive the
increasing extraction and use of a range of
trace elements, including platinum group
elements (PGE), certain rare earth elements
(REE), Nb, Ta, Ga, In, Tl, Ge, Te and others. Due
to limited resources and supplies on the one
hand and increasing demands on the other
hand, most of these elements are considered
technology critical elements (TCE), and
initiatives at national and international levels
are introduced to secure their availability in the
future. Although there is evidence that these
elements are released into the environment as
a result of their increasing extraction and uses,
little is known about their natural cycling,
anthropogenic emissions, geochemical
behavior, environmental fate and their
interaction with biota. This lack of knowledge
and the increasing use make TCE and other rare
elements contaminants of emerging concern.
Understanding the fate of TCE and associated
biogeochemical processes (sorption,
complexation, precipitation) might also lead to
improved recovery of these valuable metals.
For this special symposium, we invite
contributions concerned with the detection,
monitoring, quantification of anthropogenic
emissions, chemical speciation, abiotic and
biotic transformation processes, geochemical
modelling, transport and environmental fate
and potential ecological and toxicological
effects of these emerging trace elements in
aquatic and terrestrial systems. We think a
special symposium on this topic is timely based
on the increasing economic and environmental
relevance of these emerging trace elements.
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International Workshop - Nickel
17-19* of October 2017, Nancy

LabEx RESSOURCES21 organised from October 17 to

19, 2017 an International workshop around the

geochemical cycle of the nickel, cobalt and

scandium, in the contexts of exploration and mining.

More than 110 people stemming from public

scientific research, research organisations and

industry, gathered in Nancy on the Science Campus

of the Université de Lorraine. Amongst them,

representatives from the National Centre of

Technological Research on Ni and the Geological

survey of New Caledonia, were present.

This multidisciplinary workshop, organised over

three days was successively devoted to the

following themes:

e General overview of needs in the scientific and
industrial fields

e Genetic models of ore deposits: nickel ores in
saprolitic rocks, nickel in laterites, co-processing
of nickel, cobalt and scandium

e Scandium: an unknown resource?

e social acceptability and mining activity

e Phytomining and Agromining

e Geochemical cycle of Nickel

e Ecotoxicology and environment

e Soil remediation

The conference's purpose was to cover the set of

current research and present-day challenges related

to the exploitation of nickel, in particular in New
Caledonia.

During these three days of symposium, numerous
meetings and  discussions  stimulated the
development and reinforcement of the scientific
and multidisciplinary relationships already existing
within the community working on nickel issues
around the mines from exploration geology to
ecotoxicity.

A similar event is planned for 2019. More likely to
be held in the southern hemisphere, the objectives
of the next RESSOURCES21 international workshop
on Nickel, will be to share this multidisciplinary
approach with a much wider international scientific
community and will include conferences and field
trips in Australia, Indonesia, Malaysia or New
Caledonia.

International Workshop in Sn-W and rare
metal deposits metallogenesis
14 to 15 of December 2017

This two days workshop was organized in the
framework of the PhD defenses of Héléne LEGROS?
(ICEEL Carnot et BRGM) and Frangois TURLIN?
(LabEx RESSOURCES21 et Région Grand Est)
allowing to travel from China in the Jiangxi Nb-Ta-Li-
Sn province to Canada in the Proterozoic Grenville
REE-rich  province. Exchanges about recent
advances on the Sn-W and REE mineral systems at
diferent time- and space- scales have been carried
out through conferences delivered by about 20
speakers.

1Héléne LEGROS. Tungsten and rare metal (Nb-Ta-Li-Sn)
hydrothermal metallogenic systems of the Jurassic-
Cretaceous period in the southern Jiangxi province (SE
China).

2Francois TURLIN. Light rare-earth elements enriched
pegmatitic granite as tracers of crustal growth and
differentiation processes: example of the Proterozoic
Grenville Province, Québec.

Ressources

RESSOURCES

Recent advances
in W-Sn and Rare Metal
mineral system

December 14" to December 15%
2017

Nancy, France
Amphi 8 - Faculté des Sci et Techni

AP A Grand Est LA
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ECROFI 2017: Bubbles and Champagne
23 to 23 of June 2017
http://2017.ecrofi.univ-lorraine.fr/

120 delegates coming from Australia, China, United
States and Europe attended the 24 edition of the
ECROFI conference, organized last June in Nancy by
GeoRessources and CRPG.

ECRG6FI:

EUROPEAN CURRENT RESEARCH ON FLUID INCLUSIONS

e

=

ECROFI 2017
BIENNIAL MEETING

23-29
NANCY

\ JUNE
k 2o17i FRANCE

UNIVERSITE {3 SRSt
@ouomms AS.GA ,! FEASE Resoourdes

The conference began with a field trip in
Vosges/Alsace in the mining Park Tellure, and then
at the Mineral & gem international show
(http://www.sainte-marie-mineral.com/english/).

The next five days were dedicated to workshops @
given by Larryn Diamond (university of Bern, Swiss)
to numerous young researchers that came to
discover the fundamental notions about fluid
inclusions, and ® dedicated to methods and tools

used in our laboratories (Raman, infrared, LA-
ICPMS, etc.), and ® three days sessions with oral
and posters presentations.

A tribute was dedicated to the scientific careers of
two researchers of GeoRessources laboratory
GeoRessources: Bernard Poty, instigator of the
study of the fluid inclusions in France in the sixties
and Jean Dubessy, just retired and international
expert of the analysis of geological fluids.

Key numbers : 120 delegates - 2 workshops - 1 ice
breaker - 5 sessions - 85 posters - 1 gala diner at the
Palais du Gouvernement - 2 fieltrips - 1 tasting of
champagne - 15 sponsors or exhibitors.
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NATIONAL AND INTERNATIONAL VISIBILITY

International exchanges

Visit of Roger Skirrow, Geoscience Australia
September-October 2017

Dr Roger Skirrow, a Principal Research Scientist
from Geoscience  Australia, visited the
GeoRessources Lab for approximately 6 weeks in
September-October 2017. The main objective was
to conduct new research on iron oxide copper-gold
(IOCG) deposits, and in particular to obtain new
analytical data on the occurrence of critical metals
in I0CG deposits. Such deposits are known to
contain major resources of critical metals, but the
distributions and origins of the critical metals has
not been well understood. Petrographic, EPMA,
SEM and LA-ICPMS data were obtained for key
samples from several Australian I0CG deposits,
focussing on the rare-earth elements (REE), Bi, Se,
Te and Mo. Follow-up work is continuing in
Australia currently, with SIMS analysis being
undertaken on selected samples of REE-bearing
minerals.

In addition, Dr Skirrow presented two lectures at
the university, and assisted in the supervision of
University of Lorraine PhD student Joséphine
Gigon. Subsequently, as co-advisor in the PhD
project, Dr Skirrow supervised Ms Gigon during her
three week visit to Australia (Canberra, Perth,
Darwin) in November 2017. This collaborative
project on Zn-Pb-Cu-U ore-forming systems in
northern Australia will continue to provide the
GeoRessources lab with opportunities for field-
based research on base metal and U mineral
deposits and systems.

Critical metals in IOCG deposits

Tennant Creek Au-Cu-Bi and Curnamona Province Cu-Au-Mo deposits

REE in the Orlando East Au-Cu-Bi deposit, REE in the Kalkaroo Cu-Au-Mo deposit,
Tennant Creek district Province

4

monazite chalco:

(LREE-phosphate) pyrite

GEOSCIENCE AUSTRALIA

Collaboration development - visit to the
University of Queensland, Brisbane

Following the first Franco-Australian Workshop
that took place on June 2" at the University of
Lorraine on the Science Campus, in Nancy, Agnes
Samper, in charge of developing the international
visibility of LabEx RESSOURCES21 and hence
international collaborations and projects, was
welcomed by Antony van der Ent and Peter Erskine
at the the Sustainable Mineral Institute (SMI) at the
University of Queensland, Brisbane, Australia, from
July 30 to August 3. Her stay enabled her to meet
with the director of the SMI, Neville Plint, so as to
work on further developing the already on-going 7
year long collaboration between the CMLR and the
LSE labs, respectively part of the SMI and
RESSOURCES21. Key meetings with SMI resear-
chers focusing on soil remediation, Social sciences
applied to the mining industry, Exploration geology,
and Metallurgy permitted to identify the first
members of this multi-disciplinar franco-australian
group. It was agreed to meet again in Nancy in
October, following the multi-disciplinar workshop
on “the Geochemical cycle of Ni, Co and Sc, from
exploration geology to ecotoxicity organized by the
LabEX RESSOURCES21.

This 2" Franco-Australian meeting was the
occasion to assess the institutional progresses that
had been made, through the signature of a
Memorandum of Understanding and 3 joint PhDs
between UL and UQ. Further scientific and
institutional development of the collaboration are
expected in 2018 and should prove to be exciting
developments for RESSOURCES21.
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RESEARCH HIGHLIGHTS 2017
NICKEL PROJECT

International workshop
Geochemical cycle of Ni, Co and Sc :
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October 17-19, 2017
Nancy, France
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INTERNATIONAL WORKSHOP ON Ni, Co, Sc
GEOCHEMICAL CYCLES

The Laboratory of Excellence Ressources 21
and the Lorraine Earth and Environment
observatory OTELO, hosted in Nancy, France,
the 1% International Workshop on the
geochemical cycle of nickel, from October 17 to
19, 2017.

This workshop was a call for multidisciplinary
submissions, and aimed at covering analytical
advances in all topics related to low-
temperature geochemistry of nickel and allied
elements.

Through this conference, the objectives were
to improve our understanding of key questions
in the domain of Ni laterites from exploration
to mining:

¢ Ni mineralogy, including the behaviour of Ni
during the serpentinisation and formation of Ni
silicate ores (garnierite, talc-like, sepiolite)

e The geochemical cycle of elements allied to
Ni : Sc, Mn, and Co

e Geometallurgy of Ni ores, including flotationn
and hydrometallurgy

e Ni in soils and plants: phytomining,
agromining, including advances in Ni isotope
geochemistry, Ni hyperaccumulators, remedia-
tion of soils on ultrabasic rocks

¢ Ni ecotoxicity and the hydrosphere

This workshop hosted more than 110
researchers and students. A book of abstract

Where, Why, How ?
Ore genesis in saprolites
and laterites

Ore processing
of Ni-ores

Social
acceptability
of mining

industry

Economic
Constrains and
Life cycle

assessment

with all communications is available on the
Ressources 21 website.

H Germany

W Australia

M Austria

m Belgium

Around 100 participants, 13 nationalities.

H New Caledonia
M Spain
M France
M Nancy-Labex
W Italy
Poland
W Turkey
m UK
i Finland
USA

It has benefited from the help of the Faculty of
Sciences and Technology (Amphitheater 8) ,
and from funds from Labex RESSOURCES21

The compilation of the following abstracts with
illustrations provide a general overview of the
results obtained thanks to the 3 years
Programme on Ni deposits carried out thanks
to the Labex RESSOURCES21 funds, and
cofunding by a variety of programmes.

The presentation of the abstracts follows the
main aspects of the geochemical and like cycle
above mentioned.

A special issue of the Journal of geochemical
exploration (B. Orberger, M. Cathelineau eds)
is currently open to the reception of papers
until the end of January 2018.

In the following section, abstracts will follow a
presentation of the main aspects of the
geochemical cycle of nickel.

Ni (Co, Sc, Mn)

Extraction from
soils and plants:

Phytomining and

agromining of Ni

Evaluation of
the impact on
biosphere
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A  THREE-STEP MODEL FOR THE
FORMATION OF NI ENRICHMENT AS
SILICATES WITHIN THE SAPROLITE (NEW
CALEDONIA)

Michel Cathelineau!, Benoit Quesnel?, Andrey
Myagkiy®, Yoram Teitler', Philippe Boulvais?, Marc
Ulrich3, Manuel Munoz*

Université de Lorraine, CNRS, CREGU, GeoRessources lab., F-
54518, Vandoeuvre-lés-Nancy, France

2Géosciences Rennes - OSUR, Université Rennes 1, UMR
6118,CNRS, 35042, France

3 EOST, 1 rue Blessig, 67084 Strasbourg Cedex, France

4 Géosciences Montpellier, place Eugéne Bataillon, 34095
Montpellier cedex 05, France

Saprolitic ores exploited today in New Caledonia
result from the superimposition in time and space
of three distinct processes which are not all
genetically related:

e the richest Ni silicate ores (type 1) occur in
fractures within the bedrock and saprolite, generally
at a depth of several tens of meters to hundred
meters below the present-day surface. The
crystallization sequence in fractures is as follows: (1)
serpentine stage: lizardite > polygonal serpentine >
white lizardite; (2) Ni stage: Ni-Mg kerolite followed
by red-brown microcrystalline quartz; and (3)
supergene stages. The red-brown microcrystalline
quartz corresponds to the very last stage of the Ni
sequence and is inferred to have precipitated within
the 50— 95 °C temperature range. It constitutes also
the main cement of breccia that has all the typical
features of hydraulic fracturing. The whole
sequence is therefore interpreted as the result of
hydrothermal fluid circulation under medium to low
temperature and fluctuating fluid pressure.
Although frequently described as the result of a
single downward redistribution of Ni and Mg,
leached in the upper part of the regolith under

-

Active dissolution pipe

Type 2 ore
(target-like)

Type 1 ore
(fracture-set)

ambient temperature, the Ni silicate veins thus
appear as the result of recurrent crack and seal
processes, corresponding to upward medium
temperature fluid convection, hydraulic fracturing
and subsequent fluid mixing, and finally, mineral
deposition (Cathelineau et al., 2016).

e These Ni-rich veins are affected by active
dissolution-precipitation processes at the level of
the water table. Ni in solution, is precipitated as
silicates in thin layers within cementing joints, found
particularly  in preserved boulders.  This
mineralization (type Il) is characterized by chemical
and mineralogical concentric zoning, with an outer
green rim around an inner white zone. The
mineralisation is thus composed, from the edge to
the centre of the block, of: (i) a highly oxidized and
altered zone, (ii) a green pure Ni-rich pimelite zone,
(iii) a zone (limited to a few centimetres) made of a
mixture of Ni poor kerolite and Ni-rich pimelite and
intermediate colours and (iv) a large white Mg-
kerolite mineralization zone. This study proposes
that the concentric zonation, named “cocarde” (in
French) or “target-like” zonation, results from
evapoprecipitation processes related to alternate
periods of hydration and drying, induced by water
table movements (Cathelineau et al., 2015).

¢ The preceding fractures and” target-like joints are
dissolved when affected by the oxidizing dissolution
fronts, that will then form the saprolite assemblages
(type llI) at the expense of the boulders. There,
nickel is redistributed within both silicates (smectite
in particular), and oxy-hydroxides (goethite). When
smectite is abundant, this gives the mustard-colored
ores (type IV).

The superimposition of the two existing dissolution-
reprecipitation processes (Il and Ill), especially in
zones where clusters of early kerolite veins (type I)
are already present, explains the occurrence of the
highest Ni grades within the saprolite.

Relics of laterites

Not at scale

Oxydizing dissolution
(water unsaturated) zone

Zone of nickel

redistribution O

Water table
movements

Reduced and water
saturated zone

Figure 1. Main types of Nickel ores in saprolites.

LabEx RESSOURCES 21 - Annual Report - 22



Research Highlithgts 2017

Finally, nickel is again redistributed as a result of
several oxidation processes along pH fronts within
the laterite, as described in Myagkyi et al. (2017),
and Quesnel et al. (2017).

References
Myagkiy, A. et al. (2017) Chemical Geology, 466, 274-
284.

Cathelineau, M., et al. (2015) Mineralium Deposita. DOI
10.1007/s00126-016-0695-3

Cathelineau, M., et al. (2016) Mineralium Deposita 51,
271-282. doi:10.1007/s00126-015-0607-

Quesnel, B. et al. (2017) Mineralium Deposita DOI
10.1007/s00126-017-0712-1

3D MODELING OF THE LATERITES ON TOP
OF THE KONIAMBO MASSIF, NEW
CALEDONIA: REFINEMENT OF THE PER
DESCENSUM  LATERITIC MODEL FOR
NICKEL MINERALIZATION

Benoit Quesnel’ 2, Christian le Carlier de Veslud?,
Philippe Boulvais!, Pierre Gautier!, Michel
Cathelineau?, Maxime Drouillet?

'Géosciences Rennes - OSUR, Université Rennes 1, UMR
6118,CNRS, 35042, France

2CNRS, CREGU, GeoRessources lab, Université de Lorraine,
54506,Vandoeuvre-lés-Nancy

3Service géologique, Koniambo Nickel SAS, 98883,Voh, New
Caledonia, France

Lateritic nickel deposits are associated with the
intense weathering of ultramafic rocks. The
development of laterite involve the dissolution of
primary minerals in the peridotite, which leads to (i)
the leaching of soluble elements (Si, Mg) and (ii) in
situ neoformation of mineral phases (mainly oxy-
hydroxides) that host insoluble elements (Fe, Al, and
Cr). Nickel, with an intermediate behaviour, is
concentrated at the base of the lateritic profile, in
the saprolite horizon, where it reaches economic
concentrations (>1 wt.%).

For the New Caledonian Ni laterite deposits, as for
others worldwide, a downward model of fluid
circulation is classically invoked to explain the
geometry of the lateritic profile and the distribution
of the elements within the profile. According to this
per descensum model, the supergene alteration of
peridotite leads to vertical leaching and passive
transport of Ni (and other mobile elements as Mg
and Si) through discontinuities crosscutting the
peridotitic bedrock. Nickel is then immobilized in
the saprolite zone as a silicate ore, in the
discontinuities, or as an oxide ore. Even if such
model is a simple way of explaining the Ni laterite
deposit formation, several further studies suggest
have renewed their examination of the per
descensum model and corroborated it is warranted
(Cathelineau et al., 2016a,b; Cluzel and Vigier, 2008;
Fritsch et al., 2016; Quesnel et al., 2016; Villanova-
de-Benavent et al., 2014)

In this study (Quesnel et al., 2016), we combine 3D
modelling with field observations and a borehole
dataset in order to characterize the relationship
between the distribution, the geometry of the

lateritic surfaces and the Ni contents in the
underlying saprolite zone on the Koniambo massif.
Our data suggests the existence of lateral infiltration
of dissolved Ni rich waters, from areas such as
topographic highs to downstream slope areas, in a
process leading to enriching in Ni the saprolite in
the slope areas. Mechanical transport and leaching
of laterite material on the slopes, including Ni-
bearing material, could also contribute to the local
enrichment of Ni in the saprolite.

a - - ™~
Past relief e
~
— T = 7
e Souree of laterite material ™
b Downslope mechanical > Present day
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Figure 1. Sketches illustrating the two possibilities invoked
in the text to explain Ni enrichment in the saprolite from
the slope. A. Successive leaching of laterite materials,
coming from former lateritic profiles, leading to an
increase in Ni grade in the underlying saprolite. B. Lateral
infiltration of groundwater enriched in dissolved Ni from
thick laterite profiles in topographic highs to the saprolite
zone downstream.
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SUBSURFACE REACTIVE  TRANSPORT
MODELLING OF THE LATERITIC NI
MINERALIZATION IN NEW CALEDONIA: A
COUPLED THERMO-HYDRO-GEOCHEMICAL
APPROACH

Andrey Myagkiy!, Fabrice Golfier, Laurent

Truche'?, Michel Cathelineau?
Université de Lorraine, CNRS, CREGU, GeoRessources lab., F-
54518, Vandoeuvre-lés-Nancy, France

%ISTerre, UMR 5275 of CNRS, University of Grenoble Alpes, F-
38041 Grenoble Cedex 9, France.

This research proposes a modelling of the
subsurface reactive geochemical transport involved
in the development of a nickel laterite profile in
New Caledonia, over the past few million years.
Such a model of regolith formation, from an
ultramafic bedrock, provides new profound insights
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A) Ni mus/
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22
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into the Ni mobility through a profile, and its
alternation of retention and relative enrichment
processes. Therefore, models are important for
better understanding the formation of deposits as
well as for improving resource management.

The present work consists of the following models:
i) 1-D calculations, done at 25°C with the code
PHREEQC (Parkhurst and Appelo, 2013) associated
with the linl thermodynamic database and ii) a 2-D
model that handles coupled thermo-hydro-chemical
processes, and that is calculated on the interface
Comsol-Phreeqc (iCP, Nardi et al., 2014). The impact
of i) profile slopes, ii) fluid flow in fractures, iii)
recharge rate and iii) hydraulic gradients are
considered here. Particular emphasis is placed on
the detailed understanding of Ni redistribution as a
function of time and depth triggered by Ni-bearing
silicate precipitation (i.e. garnierite) and by sorption
or recrystallization processes with goethite.

Ni, mol/I

*10°
18

(After 50 years)

(After 100 years)

Figure 1. Leaching of Nickel in saprolites and its redistribution downward.

While the first model provides with deep insights
into the vertical mobility of metals upon the
formation of laterite (Myagkiy et al., 2017), the
latter one additionally allows to describe the
heterogeneities of mineralizing distributions,
through the influence of preferential pathways
(fractures), convective flows and lateral transfers.
Our long-term 1-D simulations (10 Ma) clearly
demonstrate that the Ni enrichment and thickening
of iron-rich zones are governed by the vertical
progression of the pH front. At the same time, the
2-D modelling shows a reactivation of Ni from the
laterite/saprolite zone and its subsequent redistri-

bution and concentration deeper in the profile, in
particlular in fractures within the bedrock. The
model appears to be of importance as anattempt of
explaning Ni mineralization processes and revealing
the main keys to understanding trace elements
mobility in ultramafic environments, and Ni
distribution in present day profiles.
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LA-ICP-MS ANALYSIS OF SCANDIUM:
CALIBRATION, AND APPLICATION TO IN
SITU ANALYSIS OF SC IN SILICATES AND
OXIDES

Marc Ulrich!, Michel Cathelineau?, Marie-Christine
Boiron?, Manuel Mufioz?, Yoram Teitler?

1IPGS-EOST, UMR-CNRS 7516, 1 rue Blessig, 67084 Strasbourg
Cedex, France
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Bataillon, 34090 Montpellier, France

The New Caledonia ophiolite, which contains ~30 %
of the world's nickel resources mainly in the form of
laterite ore deposits, has been recently investigated
to estimate the potential for Sc exploitation as a
nickel by-product (Audet, 2009). Those preliminary
results on bulk rock show a progressive enrichment
through the weathering profile, with Sc
concentrations increasing from ~20 ppm in the
bedrock to ~120 ppm in limonite horizons. In order
to measure the concentration of Sc and other
transition metals (Ti, V, Cr, Co, Ni) in individual
minerals, in situ LA-ICP-MS measurements were
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carried out on samples collected in different parts of
the weathering profile.

From the analytical point of view, such in situ
measurements were challenging, since there is no
international standard sample available for Sc in
iron oxyhydroxide matrices. Therefore, an effort has
been made in early 2012 in the synthesis of an
appropriate Sc-bearing goethite standard, further
certified by ICP-MS analysis. Our results show that
using the synthetic silicate standard glass NIST SRM
610 for signal calibration leads to a severe
overestimation of the element concentration in iron
oxides (from 20 to 50 %) compared to electron
microprobe analyzes. Such a concentration gap for
Sc measurements is attributed to a strong contrast
of matrix effects observed between the NIST
standard (i.e., silicate glass) and our in-house
synthetic standard (i.e., iron hydroxide). Therefore,
previous concentrations measured by LA-ICP-MS in
iron oxides and available to date in the literature
must be considered with care (e.g., Aiglsperger et
al., 2015). Finally, our measurements performed on
silicate minerals revealed that Sc and other
transition metals are mainly concentrated in
clinopyroxene, except for Ni and Co that are mainly
concentrated in olivine and serpentine. Among the

different iron oxides and hydroxides observed in
limonite horizons, goethite is by far the most
enriched in Sc. The transition from goethite to
hematite is accompanied by a significant depletion
in Sc.
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Figure 1. Decrease of scandium concentration during the
conversion of goethite to hematite (LA-ICP-MS data,
goethite standard).
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BEHAVIOUR OF SCANDIUM FROM SOURCE
ROCKS TO LATERITES
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The growing demand for scandium (Sc), essential for
several modern industrial applications, thrives the
mining industry to develop alternative Sc sources. In
such context, significant Sc concentrations (~100
ppm) were recently reported in several Ni-Co
lateritic oxide ores developed after mafic-ultramafic
rocks. This contribution examines the distribution of
Sc and other critical metals in Ni-Co laterites from
New Caledonia, the sixth largest Ni producer
worldwide. Representative lateritic profiles were
selected, based on the protolith type, dunite,
harzburgite and lherzolite, and wherein the Sc
content, determined by the relative proportion of
olivine and pyroxene, ranges from <5 ppm in dunites
to >10 ppm in lherzolites.

In Ni-Co laterites, dissolution and leaching of
primary Mg-rich silicates leads to the residual
enrichment in iron as ferric oxides/oxyhydroxides in
the upper horizons. Downward remobilisation and
trapping of Ni and Co lead to the local enrichment
of laterites to economic concentrations, with
maximum grades reached in the coarse saprolite for
Ni and in the transition laterite for Co.. In contrast, a
maximum Sc enrichment occurs in the yellow
laterite, where Sc-bearing goethite reaches about
ten times the Sc content of the parent rock.
Consequently, harzburgite- and I|herzolite-derived
yellow laterites yield Sc concentrations of maximum
100 ppm, together with moderate Ni and Co
concentrations. Therefore, Sc is a potentially
valuable by-product that could be successfully co-
extracted during hydrometallurgical processing.

In  addition to peridotite-hosted laterites,
hornblende-rich amphibolites yield elevated Sc up
to 130 ppm.The ILateritisation of amphibolites leads
to the formation of a mixture of Al-goethite,
gibbsite and kaolinite, with Sc concentrations >200
ppm. There, Al-goethite is the main Sc carrier, with
up to 700 ppm Sc. Therefore, despite their relatively
limited volumes, amphibolitic laterites may also
represent attractive targets for Sc in New Caledonia.

LabEx RESSOURCES 21 - Annual Report - 25



Research Highlithgts 2017

Al (wt. %)

Figure 1. WDS X-Ray maps of Si, Al, Sc, Ti, and V in gibbsite-kaolinite-aluminous goethite mineral assemblage.

IN SITU ANALYSES OF SC AND OTHER
ACCOMPANYING ELEMENTS (TI, V, ...) IN
LATERITIC NI ORES USING PORTABLE XRF

Lacroix Elodie, Cauzid Jean, Teitler Yoram

UMR Georessources 7359, Université de Lorraine, CNRS, CREGU,
54506 Vandoeuvre, France

Scandium is a rare earth and a strategic metal
retrieved as a by-product of lateritic nickel ores. This
study focused on the detection of Sc in
concentrations under 315 ppm within the laterite
ores of New Caledonia using portable XRF. The aim
is to compare quantification methods using this
widespread tool and build up a methodological
guide for miners.

XRF quantification of Sc suffers from several adverse
physical phenomena related to the energy position
of Sc: spectral interferences with more concentrated
elements (Ca and Ti), escape peak corrections (Mn)
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and secondary fluorescence. This study was carried
out on pelletized samples from homogenized and
dry powder previously sent for whole-rock analysis.
It was conducted using a Niton XL3t GOLDD+
spectrometer. Three distinct quantification methods
were tested. The first consisted in reading the data
directly on the spectrometer, in which elemental
quantification relies on regions of interest. Spectral
interferences are solved by applying multilinear
corrections. The second method is based on spectral
fitting of the data using the PyMCA software. This
software allows to solving spectral interferences
arising between two elements within a single region
of interest. These two first methods were carried
out using the experimental conditions provided by
the manufacturer. The last method was based on
spectral fitting using PyMCA from spectra acquired
with modified experimental conditions. The changes
consisted in changing the voltage in the X-ray tube
and the secondary X-ray source.
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The study provided for each method a limit of
detection for Sc and a Ca/Sc ratio above which
measurements showed an overestimation of Sc
concentrations. The use of PyMCA improves the
accuracy of the quantification, but does not improve
its precision. The change in experimental conditions
appears as the best way to increase both statistical
parameters. Due to the Ca/Sc interference, under-
dosing of Ca and over-dosing of Sc can lead to
values mistakenly appearing as above the Sc LOD,
and below the upper limit for the Ca/Sc ratio.

A guide for users was written to explain a
methodological procedure based on a limited
number of known samples, consisting in either
already analyzed rocks or synthetic mixtures. It
allows the wuser to sort out the measured
concentrations, to identify the reliable ones, from
those requiring further laboratory analyses.

These outcomes pave the way to further studies
based on a large number of samples with limited
costs and time.

DISTRIBUTION AND SPECIATION OF SC IN
LATERITIC PROFILE OF NEW CALEDONIA
USING SYNCHROTRON-XRF AND SC K-
EDGE XANES SPECTROSCOPY

Manuel Muioz!, Marc Ulrich?, Clément Levard?,
Jérome Rose?, Jean-Paul Ambrosi}, Michel
Cathelineau®, Yoram Teitler?, Clément Marcaillou?®,
Bernhard Hesse®

'Geosciences Montpellier, Univ. Montpellier, Place Eugéne
Bataillon, Montpellier 34095, France

2|PGS-EOST, Univ. Strasbourg, 1 rue Blessig, Strasbourg 67084,
France

3CEREGE, Technopéle de I'Arbois-Méditerranée, Aix en Provence
13545, France

“GeoRessources, Univ. Lorraine, rue Jacques Callot, Vandoeuvre-
lés-Nancy 54506, France

SLe Nickel-SLN, Groupe ERAMET, Tiébaghi Mine, Tiébaghi-
Koumac 98850, Nouvelle-Calédonie

6ESRF, The European Synchrotron, 71 avenue des Martyrs,
Grenoble 38000, France

Scandium is considered as a strategic metal and is
critical for modern technology and industry (hybrid
and electric cars, wind turbines, electronic devices,
etc.). Among the different possible sources of REE,
weathering horizons are particularly investigated
(Dequincey et al., 2006; Kaya and Topkaya, 2015). In
New Caledonia, recent studies as well as our
preliminary measurements revealed a progressive
enrichment through the weathering profile, with Sc
concentrations increasing from ~8 ppm in the

bedrock (peridotite to serpentinite rocks) to almost
100 ppm in the limonite horizon (Audet, 2009); such
enrichment being potentially compatible with
mining operation. Assessment of Sc distribution and
speciation will guide the implementation of
innovative extraction protocols with limited
environmental impact (Wang et al., 2011, 2013).

In this study, we aim at understanding the
concentration processes of Sc with respect to Ni and
other metals, along lateritic profiles developed from
ultramafic bedrock. Distribution and speciation of Sc
in phyllosilicate and oxyhydroxide minerals compo-
sing laterite horizons were characterized by
synchrotron XRF and Sc K-edge XANES spectroscopy,
at the ID21 beamline of the ESRF. Samples were first
collected through the lateritic profile of the East-
Alpha open pit from the Tiébaghi mine. Sc-bearing
phases were identified and quantified thanks to
comparisons — linear combination fitting procedures
— with spectra acquired for synthetic model
compounds. Our results show that, 1). Sc is mainly
concentrated in the limonite horizon, in contrast
with Ni that mainly accumulates in the rocky
saprolite facies, 2) the speciation models for Sc
clearly highlights affinity with goethite, in
agreement with previous observation (Chassé et al.,
2016). However, we demonstrate here a well
contrasted speciation regime for Sc along the
lateritic profile.

Sc-1-Al

Figure 1. Distribution of scandium in goethite pisolites, showing heterogeneities of concentrations in grains (XRF map-

Synchrotron).
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SCIENCE AND SOCIETY RELATIONSHIPS IN
THE NEW CALEDONIAN NICKEL POLICY:
THE CASE OF THE GORO-NICKEL
CONTROVERSY

Julien Merlin
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New Caledonia, an archipelago in the South Pacific, has
been a territory of the French Republic since the mid-19th
century. With Nickel as the main natural resource, and the
primary source of wealth for the territory, the debate
about possible independence is still ongoing. As an
historic part of the French colonial enterprise, nickel
mining was initially planned to be undertaken under the
heading of mise en valeur (literally, “highlighting,
promotion”) — an expression regularly used by French
colonial administrators to point out the joint processes of
economic valorisation, political allocation of
administrative powers and spatial organisation of
colonized territories (Laurent, Merlin, to be published).
The colonial genealogy of mise en valeur determines its
contemporary use in the last traces of the former empire.
Today, in New Caledonia, mise en valeur is adopted by
local public and private actors, such as the New Caledonia
government and mining companies, as well as
environmental and indigenous groups, to conceive and
implement the political, economical, and social objectives
of nickel mining.

PROCESSING OF FINE GRAINED LATERITIC
ORES: NEW CHALLENGES

Saeed Farrokhpay'?

*Université de Lorraine, GeoRessources Laboratory, 2 rue du
Doyen Marcel Roubault, 54518, Vandoeuvre-lés-Nancy, France
2University of Queensland, School of Chemical Engineering, St
Lucia, Brisbane, Australia

Nickel in laterite ores is often finely disseminated in
various minerals, and the complex mineralogy of
laterite ores makes it difficult to achieve any
significant nickel upgrading by physical techniques.
In addition, different types of clays are often present
in laterite ores. This adds to the complexity of these
ores, and makes their process more challenging.
However, it has been shown that nickel availability

New Caledonia is therefore an ideal place to study the
relationships between mining and society.

For this purpose, | have focused on the mining project of
Vale-Nouvelle-Calédonie, led by a Brazilian company
recently involved in mining activities in the territory, and
using a new industrial process to refine nickel
(hydrometallurgy). For ten vyears, the project and its
technical characteristics have been contested by
environmentalists, NGOs, and indigenous groups,
criticizing the project from an environmental and social
point of view. In order to frame these two critics, the
administrative authorities set up a forum for discussing
with the stakeholders, where both socials and technical
problems were discussed. This has led to the
establishment of expertise and counter-expertise,
regarding the environmental impacts of the project, but
also the mode of negotiations between industrials and
local populations. The study of this forum demonstrates
how the regulation of nickel activities is closely linked to
technical and sociological concerns. | propose to
generalize the use of STS works (Science, Technology &
Social studies) for similar cases, as STS approaches have
demonstrated how science and technological artifacts
(like mining infrastructures) can evolve when in touch
with specific social orders, identities, institutions and
through enhanced dialogs between these (Jasanoff, 2004).
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can be higher when nickel is associated with clays
rather than with well-crystallized iron oxides.

In order to liberate nickel-bearing particles, laterite
ores need to be finely ground. However, particles
resulted from such fine grinding are often very
small, and difficult to process. Therefore, increasing
the particle size often results in a better
performance when using physical separation
methods.

In this paper, new challenges in processing fine
grained laterite ores will be discussed. In particular,
the mineralogy of laterite ores, the liberation of
nickel bearing particles, and the challenges
associated with the separation of these particles,
will be emphasized. Factors which influence the
processing of fine particles such as selective
aggregation, and particle-particle interactions will
also be discussed.
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A  HOLISTIC APPROACH TO PRE-
CONCENTRATE NICKEL IN LATERITE ORES

Saeed Farrokhpay®?, Lev Filippov*

lUniversité de Lorraine, GeoRessources Laboratory,
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1 Vandoeuvre-lés-Nancy, France

2University of Queensland, School of Chemical
Engineering, St Lucia, Brisbane, Australia

Nickel is an important metal with a total global
consumption of about 2 million tons per year. It is
sourced from both sulphides and laterites, but
currently laterites are becoming more attractive for
nickel production due to the depletion of high grade
nickel sulfide ores. Laterites are generally processed
by hydro or pyro-metallurgy and therefore, pre-
concentration of nickel before such processes is very
important.

Flatation Magnetic separation
BD 4
_ 60 e s
&£ " =
(¥ - _
o a0 v,
20 =
1
o L
0 500 1000 1500 o Foed
o .
Collector dosage (g/t) Ao Con Tail
IR gnalysis -
&
|22 3
"
- - . )
ation tailf ..
N Flotation tailf .,
Magnetic con = I

— Magnetic tail

/.: Flotation con/ SNe—

3800 3400 5000 2600 2200 1500 1400 1000 600

Whave aumber cm-1

%

LabEx RESSOURCES 21 - Annual Report - 29



Research Highlithgts 2017

In this paper the effect of different physical methods
on the pre-concentration of nickel in laterite ore will
be discussed. Nickel was upgraded using different
methods such as magnetic separation, flotation and
sizing. The effect of ore mineralogy on choosing the
best strategy to upgrade nickel will be discussed.
The findings of this project will help to unlock
substantial volumes of nickel with significant value
from laterite ores.
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NI AGROMINING: FROM HYPERAC-
CUMULATING PLANTS TO END-PRODUCTS,
A NEW RAW MATERIAL TO UNDERSTAND
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Agromining aims at producing commercial metal
compounds from secondary resources using
hyperaccumulating  plants. These  metal-rich
resources may be natural soils, brownfields or
industrial residues. Nowadays, research has proved
that it is possible to grow nickel hyperaccumulators
on a grand scale, as well as on different types of
substrates. It is possible to yield for example more
than 100 kg Ni extracted per hectare on serpentine
soils, with Alyssum murale [1]. However, biomass
transformation into commercial compounds has to

Ni agromining

Serpentine
soils

Grinded
biomass

The low content of oxygen leads to a partial nickel
reduction instead of oxide formation. Nickel
leaching is therefore much lower.

To conclude, combustion is a key step to transform
hyper-accumulating  plants into commercial
products. However, two very different biomasses

,_,‘A

be studied and well understood, in order to make
agromining a viable process of metal extraction. The
simplest way is to burn the plant, to remove organic
matter and concentrate Ni. Ashes are then treated
by hydrometallurgical processes, and particularly by
acid leaching to make metals soluble into the
aqueous phase.

Two different hyperaccumulators were studied:
Alyssum murale (from temperate climates) and
Rinorea bengalensis (from tropical areas). Even if
the elemental composition is not similar (especially
for calcium, phosphorus and iron), both plants have
the same behavior during combustion (except for
potassium). The main factors influencing ashes
quality are temperature and oxygen content. Mass
loss is higher at 900°C than at 550°C, because of
carbonate decomposition. K2Ca(PO4)2 is not
anymore detected, on the contrary of KCaPO4,
which starts appearing. In similar conditions, Ni
leaching yields for both plants are similar, but better
at low temperature.

Sulfuric acid
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seem to show similar behaviors, highlighting the
robustness of the process.

References
van der Ent, A. et al. (2015) Environ. Sci. Technol. 49:
4773-4780.

LabEx RESSOURCES 21 - Annual Report - 30



Research Highlithgts 2017

MODELLING OF LIQUID-LIQUID
EXTRACTION OF COBALT, NICKEL AND
MANGANESE FROM ACIDIC CHLORIDE
MEDIA
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Cobalt, nickel and manganese are used in many
applications including alloys  manufacturing,
electrode materials for lithium-ion batteries (LIBs),
etc. Their recovery from primary and secondary
resources is therefore of great interest, but their
separation by solvent extraction is not necessarily
easy. The most frequently used extracting agent for
cobalt-nickel separation is Cyanex 272 (bis-(2,4,4-
trimethylpentyl) phosphinic acid). However, this
extractant exhibits a low separation factor between
cobalt(ll) and manganese(ll) both from acidic
sulphate and chloride media. Conversely, D2EHPA
(bis-(2-ethyl-hexyl-phosphoric acid) is a suitable

Extracting Agent

TN

Organic Chemistry

Screening
¢ | new extractants :"-9.

extractant for Co(ll)-Mn(ll) separation from acidic
chloride media. The pH12 (pH for which the
extraction efficiency is equal to 50%) for Mn(ll),
Co(ll) and Ni(ll) extraction from acidic chloride
media are equal to 3.95, 4.30 and 6.65 when Cyanex
272 is used as an extractant, diluted in kerosene and
2.20, 3.30 and 3.83 when D2EHPA is employed
instead of Cyanex 272. Therefore, a large amount of
alkaline solution such as sodium hydroxide, must be
added in the leached solution to adjust the pH, so
that a selective extraction can be achieved,
especially when Cyanex 272 is used to separate
Co(ll) from Ni(ll). In order to decrease the
operational expenditure, the design of new
extracting agents, capable to recover and separate
cobalt, nickel and manganese, at low pH and in only
a few stages, is highly required. In this work, six new
cationic exchangers reported below, have been
synthesized in order to investigate their extraction
properties for the recovery of Co(ll), Ni(ll) and
Mn(ll) from acidic chloride media. A particular
attention has been paid to elucidate the
physicochemical phenomena involved at the liquid-
liquid interface during the mass transfer process.

Physicochemical
Models
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DISCOVERY OF TROPICAL HYPERAC-
CUMULATORS IN NEW CALEDONIA AND
MALAYSIA, AND ADVANCING THE
DEVELOPMENT OF PRACTICAL TROPICAL
AGROMINING

Antony van der Ent**, Guillaume Echevarria?, Peter
D. Erskine?

1Centre for Mined Land Rehabilitation, Sustainable Minerals
Institute, The University of Queensland, Australia.

2Laboratoire Sols et Environnement, Université de Lorraine,
France.

New Caledonia is a global hotspot for hyperac-
cumulator plants, with 65 nickel and 11 manganese
hyperaccumulator plant species recorded to date.
We have performed XRF-analysis at the Institute for
Research and Development (IRD) Herbarium in
Nouméa, New Caledonia on over 7500 dried
herbarium specimens. This led to the discovery of
the greatest additional top global inventory of
hyperaccumulator species. Restricting to high range
records only (i.e. Ni >5000 pg g, Mn >20 000 pg g4,
Co >1000 pg g1, and Zn 10 000 pg g?): 87 taxa for
nickel (including 69 new records), 68 taxa for
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manganese (including 59 new records), 8 taxa for
cobalt (none previously recorded), and 4 taxa for
zinc (none previously recorded) were recorded.
Furthermore, 54 taxa were identified as simul-
taneous hyperaccumulators of two or more trace
metals.

Agromining involves cultivating high biomass
hyperaccumulator plants on mineralised soils
(ultramafic soils) and recovering valuable products
from the harvested biomass. High biomass yield and
metal hyperaccumulation in harvestable biomass
(>1%) are required to make agromining a comer-
cially viable proposition. Although tremendous
potential exists in tropical regions for Ni agromining,
the agronomic system has not been tested to date.
Therefore, a large pot trial was used to demonstrate
the feasibility of using tropical nickel ‘metal shrubs’
for agromining operations. Two species (Rinorea
bengalensis and Phyllanthus securinegoides) were
selected and exposed to nutrient and nickel dosing
treatments in over 400 pots. The preliminary results
show that these tropical nickel ‘metal crops’
respond strongly to fertilisation and have high
growth rates. Consequently, the potential Ni yield
per hectare per year exceeds 250 kg using
Phyllanthus securinegoides. Following on from the
pot trial, a 1.5-ha field trial has been created to
assess real-life implementation of agromining in
tropical settings over the coming three years.
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PEDOGENESIS OF ULTRAMAFIC SOILS AND
BIOGEOCHEMISTRY OF NICKEL:
ECOLOGICAL IMPLICATIONS IN KINABALU
PARK (MALAYSIA)
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Ultramafic outcrops represent less than 1% of world
surface but their unusual geochemistry makes them
a global hotspot for biodiversity. Ultramafic soils are
a peculiarity in all climatic zones of the world, as
they lack major and essential pedogenetic
elements: Al, Ca, K, and P. Southeast Asia and Sabah
(Malaysia) in particular, host the most important

ultramafic rock outcrops worldwide. In Sabah, they
cover 3500 km?, a significant outcrop in the tropical
zone where the peridotite type dominates.
However, strongly serpentinised peridotite is also
locally common, particularly along fault lines in the
Mt. Kinabalu area. There is also a strong altitudinal
gradient in this region that also affects ultramafic
outcrops (200-2950 m. a.s.l.). We aimed to
determine the effects of (i) the degree of bedrock
serpentinisation, (ii) the weathering intensity and
(iii) the altitude, on pedogenesis, resulting nickel
biogeochemistry, and consequent potential
ecological implications of the resulting fertility of
soils. It was hypothesized that young soils and
derived from bedrock with a significant degree of
serpentinisation, strongly differ from typical
ultramafic laterites and result in soil chemistries
with more adverse properties to plant life (e.g. low
availability of the essential nutrients N, P, K and Ca
and high concentrations of potentially phytotoxic
Mg and Ni). Ultramafic soil diversity linked to the
age of the soil, or the degree of serpentinisation,
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would thus be a main factor of plant diversity and
distribution. The diverse topography of Kinabalu
Park has given rise to high pedodiversity with the
broad overall ultramafic soil types being: (i) deep
laterite soils (Geric Ferralsols); (ii) moderately deep
montane soils (Dystric Cambisols) with more
humus; (iii) shallow skeletal soils at high altitude
(Eutric Cambisols); and (iv) bare serpentinite soils
(Hypereutric Leptosols) at low altitude (200-700 m
asl). The two latter types have the most extreme
chemical properties in Kinabalu Park, both with very
high Mg:Ca ratios, with high available Ni and high
pH. These soils host specific and adapted vegetation
(high level of endemism) that tolerates geochemical
peculiarities, including Ni hyperaccumulators. Geric
Ferralsol present far less chemical constraints than

116 116 116

hypermagnesian serpentinite soils to the vegeta-
tion, and host a tall and very diverse rainforest,
which is similar to that of non-ultramafic soils.
Altitude, soil age and degree of bedrock serpenti-
nisation are the main determining factors of soil
properties: the qualifier “ultramafic” alone is not
sufficient to define soil geochemical and ecological
conditions in the Kinabalu Park area, probably more
than in any other ultramafic region in the world.
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DEVELOPING NI-AGROMINING BY ASSO-
CIATING ALYSSUM MURALE WITH A
LEGUMINOUS PLANT: AN IN-SITU
EXPERIMENT ON AN ULTRAMAFIC SITE IN
SPAIN
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The objectives of agromining are to rehabilitate
contaminated or natural metal-rich soils by
extracting metals of high economic importance,
such as nickel (Ni), using hyperaccumulator plants,
and then, to improve the agronomic value of these
areas for traditional agricultural use. The low
fertility of these soils can limit the growth of some
hyperaccumulator plants and therefore their use in
phytoextraction. Classical co-cropping with legumes
has the potential to combine reduced application of
fertilizers and pesticides, with a high economic
performance and a low environmental impact.
Several studies have shown the benefits of
introducing legumes into cropping systems
(reduction of soil erosion, improvement of soil
quality/fertility and structure). However, few studies
have assessed the potential benefits of these new
cropping systems on Ni agromining.

Here, we characterized the effect of co-cropping
two plants, a hyperaccumulator (Alyssum murale)
and non-accumulator legume (Vicia sativa) on
phytoextraction efficiency (biomass, Ni yields and
soil biological quality). An experiment was set up in
an ultramafic zone in NW Spain. Four treatments

with 3 replicates each were tested: co-cropping both
species (Co), fertilized mono-culture of A.murale
(FMo), non-fertilized mono-culture (NFMo) and
control (non-fertilized bulk soil, BS).

After one year of cultivation, plants were harvested
at their early flowering stage, and soils were
sampled in order to analyse biotic and abiotic
parameters. FMo and Co treatments increased
biomass vyields by 453% and 417%, respectively,
compared to NFMo (884 and 827 vs 160 kg ha™).
The Co treatments reached had the highest Ni-yield
by an increase of 35% and 493% of Ni extracted in
comparison to FMo and NFMo respectively (7.83,
5.81 and 1.32 kg Ni ha? for Co, FMo and NFMo,
respectively). Soils of the Co treatment showed the
highest level of global enzymatic activities
indicators, and the highest microbial biomass N in
comparison with all other treatments. Biolog
Ecoplate™ revealed that Co modified significantly
the phenotypical structure  of  bacterial
communities. Most of the microbial analyses
showed that introducing V. sativa significantly
modified bacterial communities of ultramafic soils.
FMo had a less beneficial effect on microbial soil
characteristics in comparison to Co. Concerning
bacterial diversity studied by high-throughput 16S
rRNA amplicon sequencing, Co had the highest
relative abundance for Bacteroidetes, and the
lowest one for Actinobacteria phyla. In addition,
non-metric multidimensional scaling analysis, based
on the OTUs showed that Co was strongly
discriminated from all the treatments.

This study showed that co-cropping a hyperac-
cumulator with a legume in Ni-agromining systems,
improves the plant biomass and Ni yields. It also
results in enhancing some soil microbial activities.
Improving agromining by the replacement of
inorganic fertilizers can be at the same time a safe
remediating method of degraded soils, and a way to
restore soil quality for future agriculture.
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Figure 1. Heatmap representing linear correlations of plant and soil parameters to bacterial families of phyla with relative
abundances higher than 10%. Parameters correlated to the bacterial families are abbreviated as the following: shoot
biomass (BSh), root biomass (BRo), shoot carbon content (CSh), root carbon content (CRo), shoot nitrogen content (NSh),
root nitrogen content (NRo), shoot Ni content (NiSh), root Ni content (NiRo), microbial biomass carbon (MBC), microbial
biomass nitrogen (MBN), soil arylsulfatase activity (Ary), soil urease activity (Ure), soil 8-glucosidase activity (Bgl), soil
phosphatase activity (Pho), soil FDA activity (FDA), soil ACC deaminase activity (ACCd), substrate richness (R), Shannon’s
diversity index (H), substrate evenness (E) , average well color development (AWCD), sum index (Sum), soil total carbon
concentration (tCs), soil total nitrogen concentration (tNs), soil organic matter concentration (OM), soil organic nitrogen
concentration (Nor), soil soluble carbon concentration (Cso), soil soluble nitrogen concentration (Nso), soil pH (pH), soil
Cation Exchange Capacity (CEC), soil conductivity (Con), percentage of soil DTPA Ni-extracted concentration to pseudo-total
Ni concentration (%Nib), soil ammonium concentration (NH4), soil nitrate concentration (NO3) and soil exchangeable Ni

concentration (Niex).
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NI ISOTOPIC FRACTIONATION AND NI
RECYCLING IN UPPER SOIL LAYERS
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“The University of Queensland Sustainable Minerals Institute, St
Lucia, 4068 QLD,Australia

Even though it is widely assumed that
biogeochemical cycles of metals are influenced by
biotic processes, only a few data have been
published on the role of biological organisms on Ni
isotopic fractionation. The discrimination of the
stable isotopes of Ni in plants through accumulation
processes, has just started with a preliminary study
(1, 2). Little is known about the replenishment of
available Ni pools in soils, by mineral dissolution of
biogeochemical recycling. However, the
contribution of vegetation on Ni isotopic
composition in the upper soil horizon, and its
influence on Ni exports towards aqueous
compartments is certainly recognized (2),
particularly for hyperaccumulating plants (HA). To
investigate this phenomenon, we simulated litter
decomposition by performing 30-day leaching
experiments on the hyperaccumulator Rinorea

Ni biogeochemical recycling

/ 4

5 Ni

Bengalensis (up to 5 % wt Ni in leaves). After 30
days, leaves released more than 80% of the total Ni
content, and Ni isotopic compositions highlighted
the presence of two processess. The different
isotopic compositions of leachates obtained after 10
and 30 days were calculated, yielding a A60N-
leached 10days-leached 30 days= 0.20 %o. Although
this value is rather close to A60N' measured after the
complexation reaction of Ni with carboxylic acids
(A60Ncitrate-free = 0.16 + 0.07 %o), the link
between Ni speciation and isotopic compositions in
the leachate still needs further investigations.
Interestingly, some preliminary data showed that a
Ni isotopic fractionation was happening between
the leaves and the roots of R. Bengalensis, with
A60Nleaves-roots=0.32 + 0.05 %o. Even if organic
acidids are involved in Ni sorption, and its storage in
HA plants, the fractionation due to the
complexation reaction is not enough to justify the
different isotopic signature between the roots and
the leaves. Therefore, with a relatively high Ni
content, the decomposition of HA plants leaves can
result in a major input of Ni at the surface of soils,
characterised by a light isotopic signature compared
to the Ni signature stored in the roots.
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THE BACTERIAL COMMUNITY DIVERSITY IN THE
RHIZOSPHERE OF ULTRAMAFIC SOILS OF NICKEL-
HYPERACCUMULATOR SPECIES FROM HALMAHERA
ISLAND (INDONESIA)
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Ultramafic bedrock (rich in nickel; Ni) is widespread
and extensive in Indonesia, especially on Halmahera
Island where with it represents a surface of about 8
000 km?, hence probably one of the world's largest
outcrops (van der Ent et al., 2013). Ni-
hyperaccumulator plants have evolved on
environments such as favoring a higher number of
Ni-tolerant bacteria in their rhizosphere. Only few
studies have focused so far on the characterization
of the genetic structure and diversity of these
bacterial communities (Mengoni et al., 2010; Lopez
et al.,, 2017). However, it is essential to better
understand in these ultramafic areas, the close
correlations between rhizosphere microorganisms,
host plants and surrounding soils,. Therefore, the
aim of the current work is to investigate the genetic
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diversity of bacterial communities present in the
rhizosphere of Ni-hyperaccumulator plants growing
in Halmahera Island, and to improve the knowledge
on the various factors that can drive this bacterial
diversity.

We collected 45 rhizosphere soils from 11 different
Ni-hyperaccumulator plants, at 16 different sites, to

physicochemical parameters and site localisation on
bacterial diversity. Abiotic parameters (pH, CEC,
pseudo-total elements and bioavailable metals)
were measured. Total genomic DNA was extracted
and barcoded amplicon sequencing was performed
using primers targeting the V5-V8 region of the 16S
rRNA gene. Sequencing was performed according to
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Figure 1. Redundancy Analysis (RDA) performed between the soil physico-chemical characteristics and the relative
abundancy of bacterial phyla for the main species. Rin, Fic and Tri correspond to R. bengalensis, F. trachypison and T.
morotaiense rhizosphere samples. Number 1 to 3: the sample number. A to P: the sampled site. Abbreviations: % of soil
organic carbon % (%Corg), % of soil total nitrogen (%N), soil pH (pH), soil Cation Exchange Capacity (xx-CEC), bioavailable

element (xx-DTPA), pseudo-total element (xx-T).

A total of 2 833 538 bacterial 16S rRNA gene
sequences were obtained and clustered into 11 566
OTUs. At the phylum level, 40 phyla were identified
and the dominant ones were Proteobacteria,
Acidobacteria, Actinobacteria and Chloroflexi. A
redundancy analysis (RDA) between the soil
physico-chemical characteristics and the bacterial
phyla relative abundance for the samples collected
from the three-main species (Rinorea bengalensis,
Ficus trachypison and Trichospermum morotaiense)
was performed. The main factor driving the

bacterial diversity in the rhizosphere of R.
bengalensis seemed to be the plant itself whatever
the samples’ origins, while it appeared to be the
localisation site for the twoother species. This may
be due to the fact that R. bengalensis is an obligate
Ni hyperaccumulator.
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AN INTEGRATED APPROACH TO THE
ECOTOXICITY ASSESSMENT OF NICKEL AND
OTHER METALS IN AQUATIC ORGANISMS:
A CASE STUDY AT LAKE OHRID (ALBANIA)

Laetitia Minguez*, Elisabeth M. Gross, Davide A.L.
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It is now widely admitted that chemical monitoring
of pollutants in waters and sediments is not
sufficient to assess the risks caused by such
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pollution to an aquatic ecosystem, since chemical
data alone provide no indication about any
biological effects. Biological responses of exposed
organisms need to be taken into account, allowing
to define the ecotoxicological status of the studied
system. The ancient lake Ohrid, the most biodiverse
lake in Europe, shared between Albania and
Macedonia, was chosen as a case study. The
Albanian side, due to the presence of ultramafic
rocks, used to be a large mining area exploited for
nickel production, chromium, and iron, until the
early nineties. Several ore dumps from this past
activity still remain near the shoreline, representing
one potential input source of these metals.
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Several creeks flowing across soils naturally rich in
metals, also contribute to the metals input to the
lake. Metallic contamination in the Lake Ohrid was
thus assessed in four sites using an integrated
approach consisting in: (1) chemical and physical
analyses in waters and sediments; (2) laboratory
studies and (3) field studies. The sediments
contained high metal levels with concentrations
reaching 93.8 mg/kg for Co, 345.1 mg/kg for Cr,
553.8 mg/kg for Ni, 49.9 g/kg for Fe and 872.9
mg/kg for Mn. We used four solid-phase bioassays
to evaluate sediment toxicities: Alliivibrio fischeri
(Microtox®), Chlorella vulgaris  (Luminotox®),
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Heterocypris incongruens, and Chironomus riparius.
However, since bioassays were performed under
laboratory conditions, they may not accurately
mimic environmental conditions to which resident
biota are exposed. We also studied the biological
responses of native organisms from Lake Ohrid. For
this, we quantified metal accumulation in organism
tissues, subcellular responses (i.e. biomarkers), as
well as the potential trophic transfer of metals.
During this presentation, the main results from this
integrative assessment of metal ecotoxicity at Lake
Ohrid will be presented.
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EFFICIENCY OF RECLAMATION PROCESSES
ON SOILS FROM ULTRAMAFIC AREAS
DEGRADED BY HUMAN ACTIVITIES: A
MESOCOSM STUDY
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Due to their particular soil conditions, ultramafic
areas host special ecosystems with distinctive flora.
Human activities, such as mining or public works,
can degrade ultramafic areas due to soil excavation
and/or compaction, loss of nutrients, elimination of
biota... Reclamation of these areas may be active
(i.e. planting of seeds or seedlings) or passive (i.e.
removal of stressors and spontaneous revegetation)
(Rey Benayas et al. 2008). The feasibility of an
intermediate reclamation approach (modification of
soil conditions and spontaneous revegetation) of an
excavated serpentine tailing from Sabah (Malaysia)
has been tested in a mesocosm experiment. Three
soil treatments have been tested: Control

(compacted soil with no organic matter added),
Decompaction (aerated soil), and Decompaction +
Amending (addition of 30% -volume- of shredded
oil-palm leaves). Mesocosms were kept outdoors,
under real conditions close to the sampling area, for
a period of one year. Data of plant spontaneous
colonisation of the mesocosms and drainage water
from the pots were collected along the
development of the experiment. Number of plants,
plant diversity, plant biomass (roots and shoots), as
well as the rooting depth, were assessed on harvest.
Different physico-chemical and biological
parameters were estimated on collected water and
soil samples. Preliminary results indicate that
Decompaction + Amending had a positive effect on
plant biomass and plant cover but specially on
rooting depth, which suggests a sustainable plant
development. However, the dominant presence of
alien plant species in the pots suggests that active
planting is needed to recover a native plant cover.
Analyses of soil nutrients and metal availability, as
well as soil enzyme activities, currently running, will
allow the assessment of restoration actions on the
recovery of soil functions.

References
Rey Benayas, J.M. et al. (2008). Front Ecol Environ 6:
329
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FEASIBILITY IN A MINE SPOIL DUMP AND
PLANT GROWTH OPTIMIZATION USING
WASTE MATERIALS AS SOIL AMENDMENTS
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Nickel (Ni) is classified by the European Commission
as a non-critical element with a high economic
importance, and is used in many industrial products
such as stainless steel, rechargeable batteries, Ni
alloys or Ni plating. Phytomining is a non-
destructive approach for the recovery of high value
metals, such as Ni, from sub-economic ores, such as
mine wastes or dumps. Ni phytomining cultivates
hyperaccumulating plants which are able to take up
and accumulate extraordinary concentrations of Ni
in their aboveground tissues. The biomass can be
harvested and incinerated to produce a Ni-enriched
ash or bio-ore from which Ni metal or Ni-products
can be recovered. Implementing phytomining
systems in mine-affected areas could provide
potentially valuable sources of metals but at the
same time contribute towards site rehabilitation
and waste stabilization. However, mining areas are
characterized by a lack of soil structure and organic

matter, and deficiency in essential macro- and
micro-nutrients. These severe growth-limiting
factors negatively affect the development of
hyperaccumulators and  consequently  their
phytomining capacity. Soil amendments can
improve soil fertility and physical properties thus
overcoming plant growth limitations.

The aim of this study was to assess the feasibility of
Ni phytomining in a serpentine quarry using four
hyperaccumulator plant species (Alyssum murale,
Alyssum serpyllifolium, Leptoplax emarginata and
Noccaea caerulescens) under two fertilization
regimes (inorganic NPK and composted sewage
sludge). In autumn 2016, experimental field plots
(consisting of three replicate sub-plots per plant
species and fertilization regime) were established in
an abandoned serpentine quarry (Bandeira, A
Corufia, NW Spain) and plants were harvested in
summer 2017. In parallel, we performed incubation
experiments and a pot study evaluating the impact
of different organic and inorganic amendments
(based on waste materials) on the mine-soil
properties and plant growth. The global objective is
to identify the optimal amendment combination(s)
for achieving best plant growth and biomass
production and Ni accumulation. These will be
applied in the near future in new experimental plots
which are being established in the serpentine
quarry. Here the results will be presented from the
incubation and pot studies, as well as the
preliminary results from the first year of cultivation
in the field.

We also acknowledge the financial support of the
Spanish Ministerio de Economia e Competitividad
and FEDER (CTM2015-66439-R) and the LIFE-
AGROMINE project.
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BORNEAN  SERPENTINES:
TOOLS FOR SOIL RESTORATION
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Restorating ultramafic technosols requires the
identification of plant species able to deal with
multiple soil stressors (lack of nutrients,
compaction, metal toxicity, drought) as well as local
climatic conditions. Ceuthostoma terminale and
Gymnostoma nobile (Casuarinaceae family) are
tropical pioneer tree species naturally colonising
serpentinic landslides in Sabah (N of Borneo,
Malaysia). These species are also able to fix
atmospheric Nitrogen due to root symbioses with
Frankia Actinobacteria, and the released litter may
create suitable microsites for the germination of less
tolerant species. In this communication we report
the analysis of the effect of C. terminale on the
restoration of soil functions in a serpentine quarry
in Bukit Kulung (Sabah, Malaysia). Our data show
that, in spite of extremely low soil concentrations of
nitrogen (N), phosphorus (P) and potassium (K), C.
terminale trees have high concentrations of these
nutrients on their branches (1.1 % N, 278 mg kg P,
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2600 mg kg K). These values point to the presence
of currently undescribed fungal symbioses. In
addition, our results indicate that soil functions
(estimated on the basis of activities of soil enzymes
related to the cycle of C, N, P and S) are increased in
soils around C. terminale trees compared with non-
vegetated soils. Moreover, the presence of C.
terminale provoked a strong reduction in soil pH
(from around 8 to around 7), maybe related to the
process of N fixation.

This analysis of serpentine technosols is completed
by the assessment of the effect of C. terminale and
G. nobile on the recovery of soils and vegetation in
natural ultramafic landslides in Wuluh and
Panataran river valleys (Sabah, Malaysia).

In summary, native Casuarinaceae from Borneo are
useful tools for the restoration of ultramafic
technosols in tropical areas, although more research
is needed to make possible its use at a large scale.
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Figure 1. Plant-soil feedback during the colonisation of ultramafic soils by Casuarinaceae species in Borneo. A: schema of
sampling strategy along tree-age gradient. B: soil biological activity, measured as degradation of FDA by soil. C:
concentrations of N, P and K in photosynthetic branches of Ceuthostoma terminale and Gymnostoma sumatranum. Classes
in age gradient: NV (non vegetated soil), S (saplings), YT (young trees), MT (mature trees).

CHANGES IN SOIL PHYSICOCHEMICAL
CHARAC-TERISTICS AND ROOT
ARCHITECTURE OF ALYSSUM MURALE
CROPPED WITH A LEGUME ON A
SERPENTINE SOIL
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Legumes’ associations with an agricultural
interesting plant (rapeseed, wheat...) is known to
improve soil structure and fertility. In fact, previous
studies highlighted that legumes introduction, by
rotation and co-cropping, in classical agricultural
systems, improves soil nitrogen and carbon
contents, soil porosity, but also reduces soil
compaction and the use of chemical fertilizer and
pesticide. In addition, N, fixation by legumes
increased significantly crop yields. Agromining is a
recent green technology based on the esta-
blishment of agricultural systems on naturally
metal-rich (ultramafic) soils to produce high value
metal compounds such as nickel (Ni), with the final
aim to restore soil agricultural functions. This goal
implies to obtain an important biomass production
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of hyperaccumulator plants that can extract metals
and concentrate them in aerial parts. Using legumes
in agromining cultural systems could increase
hyperaccumulator ~ biomass  production by
enhancing soil fertility. Moreover, co-cropping or
rotation with legumes could protect environment
from chemical treatments (herbicides and
fertilizers).

A three months rhizobox experiment was carried
out under controlled conditions to study the effect
of a legume (Vicia sativa) associated with a
hyperaccumulator plant (Alyssum murale), on the
structure and physicochemical properties of an
ultramafic soil and on the root architecture of the
hyperaccumulator plant. The experiment had a
completely randomized block design with three
replicates of the following four treatments: co-
cropping of both species (Co), rotation of both
species (Ro), fertilized mono-culture of A. murale
(FMo) and control (non-fertilized bulk soil, BS).
Plants were harvested after 105 days and different
parameters were measured on parts of the plants
and rhizosphere soils. Geostatistics were used to
model the spatial distribution of the measured
variables, and relationships between them were
tested.

Co treatments showed the highest values for plant
parameters in comparison to FMo (biomass and C,
N contents of shoot and roots). Co had the highest
Ni content (shoot and roots) in comparison to other
treatments. Laser diffraction granulometry showed
that Co rhizosphere soils led to greater particles
sizes and better aggregations in comparison to
other treatments. The spatial variability of Root
Surface Area (RSA), pH, Ni-DTPA, C and N soil
contents, and soil porosity were estimated using a 2
cm? sampling grid (6 x 13 units). Co showed higher
RSA in comparison to Ro and FMo. Legumes
introduction (i.e. Co and Ro) increased plant
biomass, Ni-yields and soil pH in comparison to
FMo. Moreover, Co and Ro led to Ilower
concentrations of Ni in the soils, in comparison to
other treatments. No spatial distribution was
detected for C and N soil content except for N in the
case of FMo. Based on Mantel tests, significant
positive correlations were found between almost all
spatial maps created for Co, Ro and FMo. Co-
cropping of Alyssum murale with a legume
improved soil physical characteristics and enhanced
Ni phytoextraction and plant biomass. The use of
legumes in Ni-agromining systems could be an
innovative strategy to reduce chemical inputs and
restore soil agricultural functions.

ULTRAMAFIC (SERPENTINE) HABITATS IN
MEXICO
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México-Texcoco de Mora, Estado de México 56230, México

3 Laboratoire Réactions et Génie des Procédés (LRGP), 1 Rue
Grandville, Nancy, 54000, France

Despite the abundance of metallic ores and
ultramafic (UM) complexes in Latin America, only a
few metal-tolerant and metal hyperaccumulator
plants species have been reported in these regions,
with the exception of the island of Cuba. This may
be explained by the scarcity of scientific studies of
the native vegetation growing on natural
mineralized or metal-contaminated sites. The
exploration of UM complexes in Mexico could be a
great opportunity to find native Ni and other metal
hyperaccumulator species due to its wide climate
variety and ecological diversity, since Mexico hosts
the five types of existing ecosystems according to
the WWEF classification for Latin America and The
Caribbean.

Mafic and ultramafic complexes are present in
different regions in Mexico, from the northwest in

Baja California Norte to the southeast in Chiapas.
Firstly, we explored some of the UM (serpentine)
habitats existing in central Mexico: the complex of
Cuicatlan-Concepcion Papalo belonging to Cuicateco
area in Oaxaca state and the serpentine sequence of
Tehuitzingo-Tecomatlan.
Plant specimen collection, soil sampling and field X-
ray fluorescence spectrometry scanning were
carried out in 2016-2017. XRF scanning results on
the collected specimens showed Ni accumulations
in a range of 9 to 609 pg/g. However, they did not
show evidence of Ni hyperaccumulation. We
present a general information of the soil and flora
found in these zones. The exploration of others
serpentine habitats existing in Mexico is needed in
order to find all the potential hyperaccumulator
species, not only for Ni, but also for other metals.
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IMPROVING NI-AGROMINING WITH
MEDITERRANEAN HYPERACCUMULATORS:
THE ROLE OF FERTILISATION AND CO-
CROPPING WITH LEGUMES
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Ni-hyperaccumulators are ideal candidates for
agromining on ultramafic Ni-rich soils where other
technologies for metal recovery are economically
non-viable. However, agronomic practices can be
optimised in order to fully develop agromining at a
large scale. Nitrogen (N) supply is a relevant factor,
since it is generally a limiting nutrient, especially in
ultramafic soils.

A pot experiment using ultramafic soil was carried
out to improve the performance of agromining by
the hyperaccumulators Odontarrhena serpyllifolia
(OS) and  Bornmuellera  emarginata  (BE)
(Brassicaceae). Six different treatments, providing
different N sources, were established for each
hyperaccumulator: control monoculture,
monoculture with mineral N fertilisation (2*40 kg
ha'l), monoculture with 2% manure addition and co-
culture with 3 different nodulating leguminous
species (Anthyllis vulneraria and Lotus corniculatus —
both native to ultramafic areas- and the commerecial
cultivar Vicia sativa cv. Prontivesa).

Figure 1. Effect of different treatments on the aerial
biomass (top), nickel shoot concentration (medium) and
nickel yield per plant (bottom) with two Mediterranean
nickel hyperaccumulators: Bormuellera emarginata (BE,
formerly Leptoplax emarginata) and Odontarrhena
serpyllifolia (OS, formerly Alyssum serpyllifolium). Six
treatments (regarding Nitrogen source) were applied to
each species: CONTROL (no N fertilisation); MIN FERT (N
added as NH4NO3); MANURE (soil amendment with 5% of
cow manure); and co-culture (CC) with three different
leguminous species, Anthyllis vulneraria (CC-AV), Lotus
corniculatus (CC-LC) and Vicia sativa ‘Prontivesa’ (CC-VS).
In each graph, different upper case letters indicate
significant differences between treatments within species;
whereas different lower case letters indicate significant
differences between species for one treatment.
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The effects of the six treatments on Ni agromining
efficiency of both hyperaccumulators were assessed
from different perspectives: physico-chemical and
biological properties of soils, plant biomass (shoots
and roots) and nutritive status, &N isotopic
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signatures of plants, and Ni concentration and Ni
yield after 5 months growth of shoots.

Fertilisation with manure had a strong impact on
plant biomass of both hyperaccumulators and
resulted in a significant increase in Ni yield
(maximum values of 90 mg Ni plant® for BE).
Increased plant biomass due to manure application
also influenced other soil parameters (such as DTPA-
extractable [Ni] or soil urease and arylsulphatase
activities). Co-culture with leguminous species
increased the Ni concentration in shoots for both
hyperaccumulators. However, a significant increase
in Ni yield was only obtained for BE when co-
cultured with A. vulneraria. Mineral fertilisation and
co-culture with Vicia sativa improved roots’ and

shoots” N concentrations of both hyperac-
cumulators. These two treatments also led to
increased N assimilation at the shoot level (as
indicated by increased 8N signatures between
shoots and roots). Hyperaccumulators with manure
treatments presented the maximum of &8N per
plant. The abundance of soil microbial communities
involved in N-cycles varied between treatments and
species, pointing out possible competitive effects
for  nutrients between plants and  soil
microorganisms. BE is a promising species for Ni-
agromining. Breeding with the aim of increasing
biomass and/or Ni concentration is needed in order
to improve the use of OS for agromining in the
Iberian Peninsula.

EVALUATING NI PHYTOMINING EFFICIENCY
ON AUSTRIAN SERPENTINE SOILS IN A
LONG-TERM FIELD EXPERIMENT

Charline Ridard!, Theresa Rosenkranz!, Petra
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Serpentine soils are typically rich in Ni and Mg, have a
Ca/Mg ratio < 1 and show low fertility. Serpentine soils
in the East of Austria have developed on bedrock
containing ~85% serpentine, ~13% chlorite and ~1-2%
magnetite; the Ni concentration in this parent rock
material is ~1800 mg kg*. The corresponding total Ni
concentration in soils is ranging from ~500 — 1500 mg
kg®. Water-soluble Ni concentrations are typically
below 1 mg kgl. Most plants growing on these soils
are Ni excluders, but some species are able to
concentrate Ni, in their shoot biomass, >100 times
more than in excluder plants. These species are called
hyperaccumulator plants, and up to now 500 species in
the world have been identified as Ni hyperac-
cumulators. Phytomining is a novel technology based
on the use of these hyperaccumulator plants for
recovering Ni from the harvested biomass. Although
several studies showed that phytomining has a strong

potential for practical application, large-scale field
demonstration is still required. Also, potential means
for increasing phytomining efficiency still need to be
investigated. The goal of this study is to test different
options under field conditions to improve the biomass
of hyperaccumulators plants with the final aim of
increasing Ni vyields. A field experiment has been
established near Bernstein, Austria (47,406397 N
16,260334 0O) in autumn 2016, containing 24 plots of
10 m2. This soil is characterized by a pH of 5,9; [Ni-
DTPA]: 30 mg kg*; [Ni-SrNO3]: 75 mg kg-%; 1,05 mg N
100 mg? soil. For the 1 year two species are under
testing: Noccaea goesingensis and Alyssum murale. For
Noccaea goesingensis (planted as 3 month-old
seedlings in October 2016) we have been comparing 1)
two different planting densities (20 vs. 10 cm distance
between plant and 2) with or without an intercropping
with Lotus corniculatus in the 20 cm plant density
plots. For Alyssum murale (planted in April 2017 as 2
month-old seedlings) a distance of 50 cm was applied.
For improving Ni vyields, we have been testing
intercropping with Lotus corniculatus vs the addition of
elemental sulphur (0.125 kg m?2 The proposed
harvesting is planned for October 2017 for N.
goesingensis and April 2018 for A. murale. In parallel,
different winter cropping mixtures containing Avena
strigosa, Lathyrus sativus, Vicia sativa, Trifolium
resupinatum, Phacelia sp for improving soil fertility are
currently under testing, in a 4 month pot experiment
set up in a wire house under outdoor conditions. We
will then choose the best combination to apply in the
Bernstein field experiment.
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IMPROVING THE STRUCTURE AND THE
BIOFUNCTIONING OF AN ULTRAMAFIC

SOIL WITH AGRO-ECOLOGICAL
AGROMINING
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The objective of agromining is to phytoextract heavy
metals using hyperaccumulators while rehabilitating
ultramafic soils. After the removal of bioavailable
metals, ultramafic soils are improved in terms of
agronomic properties for better future agriculture
uses. The low fertility of ultramafic soils can be
compensated by integrating legumes. They are
indeed already used in traditional agro-systems
because of their importance for soil nitrogen
enrichments. However, only rare studies have
evaluated so far the potential profits of legumes on
nickel (Ni) agromining, and nothing is known on the
potential benefits of such co-cropping on soil
biological fertility.

Here, we characterized the effects of the crop
rotation of two plants: a legume (Vicia sativa) and a
hyperaccumulator  (Alyssum murale), on the
efficiency of phytoextraction and on soil structure
and biofunctioning. A pot experiment was set up
under controlled conditions for growing A. murale.
Four treatments were tested: rotation with V. sativa
(Ro), fertilized mono-culture (FMo), non-fertilized
mono-culture (NFMo) and bare soil without plants
(BS). No significant difference was found between

Ro and NFMo treatments for the dry biomass.
However, Ro treatment showed highest Ni
concentrations ([Ni]) in A. murale shoots compared
to FMo and NFMo. The Ro treatment had more than
twice as much leaves of [Ni] compared to FMo. Soil
physico-chemical analyses showed that the Ro
treatment was better structured and showed the
highest presence of bacterial micro-aggregates as
well as less non-aggregated particles.

30 -
m Ro

25 4 a FMo

Ni concentrations in plant parts (g kg~")

Stemns Leaves Rnaots

Figure 1. Ni concentrations in shoots, leaves and roots of
Alyssum murale at harvest. Ro, FMo and NFMo
corresponds to rotation, fertilized monoculture and non-
fertilized monoculture cultural systems, respectively. Mean
+ standard error followed by different letters are
significantly different at P > 0.05 (Duncan’s multiple range
test), (n=5).

The integration of legumes in Ni-agromining
systems could be a pioneering strategy to reduce
chemical inputs and to improve soil biofunctioning,
thus fertility.

NICKEL PHYTOMINING FROM WASTE-

DERIVED TECHNOSOLS: SUBSTRATE
FORMULATION AND PHYTOTOXICITY
ASSESSMENT

Alice Tognacchini¥?, Markus Puschenreiter?,
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Guillaume Echevarria®, Johannes Kisser!
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In phytomining operations, plants capable to
accumulate metals in their above-ground biomass
are cultivated on mineral rich substrates, with
the objective of recovering the metal for
commercial gains (Robinson et al., 2003). Research
and development of the phytomining technology has
so far focused on nickel (Boominathan et al,
2004), showing the possibility to recover high
purity bio-ores from harvested plants. Considering
the great amounts of nickel-rich waste produced
worldwide, the possibility to recover valuable
metals from materials that would otherwise need
to be disposed, is of particular interest.

As part of the Life AGROMINE project (LIFE15
ENV/FR/00512), the objective of the present study is
to investigate the possibility to recover nickel from
industrial waste through phytomining applications.
Nickel-rich waste materials have been collected
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from industries that are operating in galvanic
processes of nickel plating. We are investigating the
possibility of growing nickel hyperaccumulator plant
species on galvanic sludge-derived technosols. The
galvanic sludges have been initially characterized
and different formulations of artificial substrates
have been tested for phytotoxicity, to assess the
potential suitability for phytomining applications.
Phytotoxicity tests have been conducted with the
nickel hyperaccumulator Alyssum murale and the

non-hyperaccumulator Lolium perenne for further
selection. Based on the results, the most relevant
formulations will be wused for higher scale
phytomining pot experiments
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Boominathan, R. et al. (2004). Biotechnology and
Bioengineering, Vol. 86, n. 3.
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THINKING AGROMINING IN TERMS OF
OPTIMISATION OF ECOSYSTEM SERVICES

Dulce Montserrat Navarrete Gutiérrez!?,
Guillaume Echevarria!, Marie-Noélle Pons?, Jesus
Axayacatl Cuevas Sanchez?

Laboratoire Sols et Environnement (LSE), 2 Avenue de la Forét de
Haye TSA 40602, Vandoeuvre-lés-Nancy Cedex, 54518, France
2Universidad Auténoma de Chapingo (UACh), Km 38.5 carretera
Meéxico-Texcoco de Mora, Estado de México 56230, México

3 Laboratoire Réactions et Génie des Procédés (LRGP), 1 Rue
Grandville, Nancy, 54000, France

Agromining, a more integrated concept than
phytomining, involves growing hyperaccumulator
plants as a crop in a sustainable cropping system
(with sustainable management of soils/substrates).
It then involves harvesting biomass, drying, ashing
and processing it to recover target metals, including
the recycling of by-products. Agromining, by
designing new agro-ecological cropping systems and
associated metallurgical chains, is able to optimize
many ecosystem services (ES), already provided by

current ultramafic ecosystems (natural or agro-
systems). Likewise, it allows improving a wide array
of other ecosystem services, mainly provisioning,
supporting and regulating services such as provision
of biomass for bio-ores, food and energy
production, climate regulation, mediation by biota
and lifecycle maintenance, etc. Life Cycle
Assessment was performed (Rodrigues et al., 2016)
on different agromining scenarios in order to assess
the potential impacts of agromining on the
environment over its whole life cycle.

The aim of this research work is to create a
methodology for the valuation of the potential
ecosystem services of agromining, taken up from
the Life Cycle Assessment and highlighting the
influence of the land use impacts (LUIs) on the
capacity of a land to rend those services. Certainly,
ecosystem services indicators and models to
evaluate them, must be selected in the most proper
way. A case study in Albania or Mexico will be used
to test a methodology for the evaluation of ES levels
according to different scenarios.
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THE 3 YEARS PROGRAM ON REE
GEOCHEMICAL CYCLE

The objective of this project is to:

- Develop a complementary series of cross-
functional  multidisciplinary ~ projects  which
encompass the cycle of rare earths in and on the
surface of the lithosphere

- Solve problems scientifically important and of
strong interest for the industrial world, still not
resolved

- Bring to the foreground a community " Rare Earth
Elements " at Otelo who could be fully recognized
within a few years.

This justifies the cross-functional general plan based
on:

- the study of two main workshop sites ,
characterized by two types of mineralizations, two
climates (artic, and humid-warn sub-tropical), two
stages contrasted in the mining operation: (a pre-
and a post-exploitation stages).

- several  experimental (mineral  solubility),
analytical or methodological (thermodynamics,
speciation, isotopy) works carried out as
complementary approaches.

The two workshops are the following:

Pre-exploitation stage : for a better understanding
of magmatic processes concentrating in mineral
systems, and towards an evaluation-prediction of
the environmental risks linked to future
exploitations

e A large exploration area where the expectation
from the metallogenic point of view concerns the
understanding of the magmatic processes at the
origin of REE abnormal concentration within a
variety of intrusion types (carbonatites, alkaline
intrusions, felsic pegmatitic dykes): the Grenville
province in Québec. This work benefits from a
consortium of collaborations with the Ministére des
Ressources Naturelles at Québec , and the DIVEX
and IRME network

* From the magmatic / concentration point of view,
another workshop dedicated to the carbonatites is
the unique worldwide occurrence of active
carbonatitic volcano: the Ol Doinyo Lengai in
Tanzania. The study of this complete magmatic
edifice and magmatic chambers is of first interest
for the understanding of older carbonatitic
intrusions, and the REE concentration processes in
such magmas. Carbonatites, thus, are the main
exploited concentration over the world (Bayan Obo
(China), Mount Weld (Australia), ...).

Croute

H+1V

Mantead

FUSION = genése 5

Figure 1. Crustal differentiation in relation with REE
enirchment

There, besides natural REE concentration processes
within the long history of the crustal block, the
current exploration has stimulated programme
devoted to the evaluation of the environmental risk
associated with potential future exploitation. There
is thus a strong demand of the general public to
evaluate the risks linked to REE exploitation, as the
anthropic actions may bring suddenly in contact the
biosphere with the REE ores .

The environmental issues studied within this
programme include:

e test of ecotoxicity of REE to a series of
representative organisms representing all the
trophic network

e evaluation of the REE speciation in waters and
soils

e search for biosensors sensitive to REE

Post-exploitation stages: Requalification and
remediation of soils after REE exploitation in the
Guandong province (China)

e A large area of surficial exploitation by ionic
exchange using ammonium sulfate resulted in
several square kilometers of badlands occupied by
the soil residues after leaching.

The main objective there is to develop a quick but
sustainable revegetation of slopes and waste piles,
and to extract REE from residues using plants.

For this purpose, an international collaboration
through a LIA (international laboratory) has been set
up between the LSE (Lorraine Univ.) and the Sun Yat
Sen University.

The main objectives are the followings:

- the phytostabilization of the soils (using hemp,
ramie or kenaf)

- the phytoextraction of REE using different plants
(for instance Phytolacca)

- the understanding of the REE geochemical cycle
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Canada China

Carbonatite, Alkaline intrusions, Allanite and Altered granites, REE phosphates and
Monazite-bearing pegmatite, ionic clays

REE carbonates and silicates

Neartic conditions Subtropical conditions

Prospection and Surficial transfers, remediation
environmental conditions polluted soils

pre-exploitation stage post-exploitation stage

Figure 1. The two main workshop sites: the Québec province targeted for REE exporation projects, the Guandong province
mined for REE by the use of using leaching techniques.

Pre-exploitation stages

Exploration Evaluation of environmental
Ore systems impacts

Revegetation of soils

and residues

Post-exploitation stages

Figure 2. The main stages of pre-exploitation, ore processing and post-exploitation stages.
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Complementary approaches

Several experimental (mineral solubility), analytical
or methodological (thermodynamics, speciation,
isotopy) aspects have been developed as
complementary tools or elements of understanding.
The main lines of research concern:

Monazite : its natural behaviour during
hydrothermal and supergene alteration, its
recovery using new processing approaches

Monazite is generally considered as a rather
resistant accessory mineral which can be found as
detrital grains in seashore sands. However, in a
number of geological contexts, especially when in
contact with saline and acid solutions, monazite
solubility could be enhanced as well as REE mobility.

The understanding of such process is important as
monazite is not only a source of REE but also of
uranium and is considered in many cases as the
main U source. To study its solubility in low to
medium  temperature environments, several
experimental works were conducted at varying pH,
pCO2 and chlorinities.

Monazite in granites affected by kaolinization may
transform in rhabdophane, and REE sorbed onto
clays (kaolinite in China). But under more temperate
climates, monazite may afford kaolinization. This is
typically the case of Cornwall granites where the
mica residues from the exploitation of kaolinite
contains several accessories including monazite.
New developments in mineral phase separation
were carried out on these residues to recover REE.

Behaviour of REE in felsic rocks:
hydrothermal alteration of monazite and REE surficial cycle

Monazite
(LREE)PO4

. REE carbonates,
| phosphates (APS)

Preserved
in kaolinite

Ore beneficiation
Flotation of fine
grained fractions

by products of

SN

REE residual phases as

kaolinite exploitation

REE issued from
remediation stages

OTELo - LaBex RESSOURCES 21

Rhabdophahe

wE)POM(HZO)

lonic clays
(kaolinite)

Agromining
Phytomining
Soil Remediation

Figure 3. the monazite cycle, and its behavior during the weathering of felsic rocks
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REE speciation, isotopic tracers in waters and soils

REE speciation is a rather difficult problem as REE
may be transported as complexes, but also may be
sorbed or incorporated to fine grained materials or
colloids (clays, iron hydroxides, humic and fulvic
acids, organic matter). B-Y Groenenberg, who is
invited at the labex chair, has developed the
ORCHESTRA multi-code assemblage which allow to

pegmatite '
REE fractionation
processes in carbonatites

Evaluation of
the
environmental
impact of
exploitation

Hydrothermal to
supergene alteration

_— )| REE Speciation

« lon clays »

Phytoremediation

use several types of thermodynamic modeling
within an integrated general model. Numerical
results are confronted to experimental results,
which allow to check the general processes
governing REE speciation during transport and
trapping. Besides, specific efforts are done of Nd
isotope fractionation (14% 143, 144 145 ..150 Nd ) as
tracers of biological or anthropogenic processes.

Ore processing:
monazite separation

@ | Water-sediment
|/ interface

in waters

Modeling of REE ll

Speciation/

fractionation
REE Impact
on
Biosphere

(genomics)

Figure 4. The overall programme on REE with the main links between approaches
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COMPLETED PH.D - December 15, 2017
REE MINERAL SYSTEMS: FROM
CRUSTAL DIFFERENTIATION TO REE
MAGMATIC DEPOSITS

TURLIN Frangois
PhD supervisors : Anne-Sylvie ANDRE-MAYER,
Olivier VANDERHAEGHE - GeoRessources, GET

General framework and objectives

The Grenville Province spreads along the
southeastern margin of the Canadian Shield and
formed by a complex protracted magmatic and
tectonic history during the Mesoproterozoic. It
ended in a continent-continent collision, the
Grenvillian Orogeny, from late-Mesoproterozoic to
early-Neoproterozoic. It is divided in two phases,
the Ottawan phase affecting the Allochthonous belt
at ca. 1090-1020 Ma and the Rigolet phase affecting
the structurally underlying Parautochthonous belt at
ca. 1005-980 Ma, both under high-grade
metamorphism. This province offers insight on
crustal growth and differentiation processes, and
displays numerous Rare Earth Elements (REE)
magmatic occurrences associated with peralu-
minous pegmatitic granite dykes (‘PGD’) and
therefore constitutes a perfect natural laboratory to
investigate the REE metallogenic system during an
orogenic cycle.

This thesis aims to decipher crustal growth and
differentiation processes during an orogenic cycle
through the integration of REE-rich PGD in their
tectonometamorphic framework. These PGD are
either derived from (i) the partial melting of the
orogenic root composed of reworked Archean
and/or Proterozoic pre-existing continental crust, or
from (ii) the extreme differentiation of mantle melts
produced during post-orogenic extension.

Methods

A multi-method approach combining field geology,
petrogeochemistry, geochronology and isotopy
allows to characterize the PGD and to discuss their
petrogenesis during the geodynamic evolution of
the province.

Results and discussion

The PGD are undeformed, steep-dipping and
discordant to the foliation of their Mesoproterozoic
hosts that are deformed during the Ottawan phase
(Fig. la-c). These field observations suggest the
post-Ottawan timing of intrusion of the PGD and
their derivation from a deep-seated source.

The low Ca, Fe and LREE contents of zircon
grains evidence for their pristine character,
consistent with the lack of textural and isotopic
inheritance.

Accordingly these grains reflect the magma
chemical and isotopic composition. The U-Pb dating
of zircon yield concordant ages of ca. 1005-1000 Ma
that confirm the post-Ottawan and early-Rigolet
timing of intrusion of the PGD.
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Figure 1. a. Discordant contacts of a PGD with its
metasedimentary host; b. LREE mineralization hosted in
monazite (Turlin et al., 2017); c. Corroded phlogopite from
the fine-grained facies; d. Fractionation of the PGD from
the leucosomes of parautochthonous metapelites
evidenced by the K/Rb ratio and Rb content of K-feldspar.
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Figure 2. eHft signatures vs intrusion age of magmatic zircon from the PGD with reported values of allochthonous plutonic
units from the Lac Okaopéo region (from Augland et al., 2015).

The U, Yb and Y contents of zircon grains are typical
of continental granitoids (Grimes et al., 2007). The
continental source of the PGD are strengthened by
the supramantellic 5®0v.smow sighatures of zircon
grains (i.e. above 5.3+0.3%o., Valley et al., 2005).
Their strongly sub-chondritic gHf(1005 ma) Signatures
contrast with that of allochthonous plutonic units
and yield to older Hf Tpy model ages from 2.05 to
2.19 Ga (Fig. 2). Accordingly, along with the strongly
peraluminous character of the PGD, all these
features bring evidence that they are derived from
the partial melting of Paleoproterozoic to Archaen
metapelites from the Parautochthonous Belt.

The partial melting of these metapelites is
associated with the Rigolet orogenic phase (ca.
1005-980 Ma) and took place under protracted
high-temperature conditions of ca. 815-850 °C that
allowed the (i) total consumption of monazite from
the matrix, the (ii) saturation of the anatectic melt
in LREE, and the (iii) sequestration of the HREE
within peritectic garnet trapped in the mesosome
and the melanosome. The genesis of LREE-saturated
anatectic melts was subsequently followed by melt
loss events that allowed the genesis of the PGD by
multiple injections.

The genetic link between the PGD and the
parautochthonous metapelites is evidenced by the
K/Rb ratios and Rb contents of the K-feldspar from
the various facies of the PGD and from the leuco-
somes of the metapelites that plot on a single frac-
tionation trend (Fig. 1d, e.g. Hulsbosch et al., 2014).

The petrogenesis of the PGD involves first the

formation of a fine grained LREE-rich (6949 ppm)

facies marked by a quartz + K-feldspar + plagioclase
+ phlogopite + monazite + zircon assemblage. The
subsequent magma injections are associated with
the corrosion of phlogopite (Fig. 1c) and complex
internal zonation of monazite grains from the fine
grained facies. They are responsible for the random
organization of the various facies identified in the
PGD. These successive injections are marked by a
progressive decrease of the LREE content (down to
705 ppm) and a coeval increase of the grain size of
the dyke up to LREE relatively impoverished
pegmatitic facies dominated by a quartz + K-feldspar
+ plagioclase + phlogopite assemblage.

Perspectives

Complementary investigations of the Hf-O isotopes
of the parautochthonous metapelites compared to
the isotopic signatures of the PGD would allow to
confirm the derivation of the PGD from these
paragneisses. Furthermore, this might give insights
on the nature and age of the protoliths which
dismantling led in fine to the genesis of the LREE-
rich PGD.
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COMPLETED PH.D - July 13, 2017
PLUMBING SYSTEM ARCHITECTURE OF
THE CARBONATITE OLDOINYO LENGAI
VOLCANO

Gaélle MOLLEX

PhD supervisors: Lydéric FRANCE, Pete BURNARD,
Evelyn FURI

CRPG

General framework and approach

Carbonatite and associated alkaline magmas
represent the main Rare Earth Element (REE)
deposits on Earth. The origin of those magmas, and
the REE concentration process remain nevertheless
controversial. This is partly due to the lack of active
igneous system as only the Oldoinyo Lengai
(Tanzania) emits such magmas. Carbonatites at
Oldoinyo  Lengai are alkaline-rich  (natro-
carbonatite), and represent highly evolved
carbonatite melts derived from calciocarbonatite
ones (e.g., Weidendorfer et al., 2017). The objective
of this project is to provide new constraints on the
genesis and evolution of the carbonatites by
focusing on the igneous stage, before hydrothermal
alteration or fenitization proceed. We use
exceptional cognate samples that document the
2008 active magma chamber (Figure 1).

Initelr:
Mellit

Figure 1. Optical and electron microscope view of the
cognate ijolite sample studied herein. The two lower
pictures are BSE images highlighting the presence of
interstitial melt that cast for the cognate character.

Noble gas data are used to track the mantle source
characteristics, and the potential interactions during
magma transfer to the surface, when a
thermobarometer based on mineral and melt

compositions, and a barometer based on volatile
solubility are used to characterize the plumbing
system architecture.

Magma genesis and subsequent potential
interactions: the Noble gas point of view

New helium isotopic data highlights that the
fumaroles signature has been constant since at least
1988 despite the radical morphological change of
the summit crater after the last sub-Plinian eruption
in 2007-2008 (Figure 2). The transition from effusive
to explosive eruptions does not cause major
modifications in  the hydrothermal system
architecture, which is therefore inferred to be
deeply rooted. Cognate xenoliths that were emitted
during the eruption in 2007-2008 represent a
unique opportunity to document the igneous
processes occurring within the active magma
chamber. The comparison between the noble gas
(helium) isotopic compositions of the active magma
chamber and those of the other silicate volcanoes
of the Arusha region indicates that both types of
magmatism have similar sources, identified as being
a typical sub-continental lithospheric mantle, which
was previously metasomatized by asthenospheric
fluids. Moreover, these isotopic signatures confirm
that no crustal contamination has occurred during
the magma ascent from mantle to surface. Further
details are presented in Mollex et al. (2018).
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Figure 2. Helium isotopic composition of fumaroles at
Oldoinyo Lengai.

Plumbing system architecture & magma chamber
processes: messages in melt inclusions

Detailed petrographic descriptions coupled to a
thermo-barometric  approach, and to the
determination of volatile solubility models for a
phonolite composition, allow us to identify the melt
evolution at magma chamber conditions and the
storage parameters. These results indicate that the
magma injected in 2007 has a phonolitic
composition (Figure 3), contains a high amount of
volatiles (3.2 wt.% H,0 and 1.4 wt.% CO,; Figure 4),
and is equilibrated at a temperature of ~1060°C
(Figure 5).
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Figure 3. Total alkali-silica diagram displaying the
composition of the studied melt inclusions compared to
silica lavas from Oldoinyo Lengai. Raw analyses, and
compositions corrected for post entrapment crystallization
are presented.
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Figure 4. Volatile contents of studied melt inclusions, and
experimentally determined solubility curves.
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Figure 5. Composition variations during magma cooling for recalculated melt inclusions from 2008 sub-Plinian eruption of
Oldoinyo Lengai. Thermometric estimates are performed by using Masotta et al. (2013) model.

This magma subsequently evolved in a crustal
magma chamber located at 11.5 + 3.5 km depth
(Figure 6) until reaching a nephelinite composition
(Mg and Ca decrease, and Na increase) and a
temperature of 880°C (Figure 5).

a) Frequency
0 2 4 6 8 10 12 14 16 18 20 22 24 26
0 Y
F2
S L4
Q2
= -6
n.2 o
z
E 8 g
= b
23 F 10 =
g L 2
5
Q
g 14
o4
- 16
= - 18

g

Figure 6. Pressure estimates based on in-equilibrium
clinopyroxene-melt couples. Barometric estimates are
performed by using Masotta et al. (2013) model.

During the differentiation in the magma chamber,
the silicate magma is enriched in sodium whereas
the content of calcium and Magnesium decrease.
The composition of melts involved in 2007-2008
sub-Plinian eruption is similar to the one of
historical products emitted during the whole
volcano history, allowing us to formulate the
suggestion that no major modification in the

plumbing system has occurred during the Oldoinyo
Lengai evolution.

Perspectives

Relying on the results of G. Mollex, current projects
focus 1/ on the quantification of major and trace
elements (including REE) partition coefficients
during  crystallization  (mineral-melt  partition
coefficients), and during carbonatite-silicate melts
immiscibility (melt-melt partitioning), and 2/ on the
quantification of the last stages of evolution
(protracted differentiation). Experimental
simulations will also be developed to strengthen the
models.
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HYDROTHERMAL MOBILITY OF RARE
EARTH ELEMENTS IN CARBONATE AND
MAGNESIUM BEARING SOLUTIONS

KOKH Maria

TRUCHE Laurent, BOIRON Marie-Christine, LUAIS
Béatrice, CATHELINEAU Michel

GeoRessources

General framework

During the past fifteen years, numerous studies
have demonstrated that the Rare Earth Elements
(REE) are mobilized by hydrothermal fluids in a wide
range of geological settings [e.g., 1, 2, 3]. As carbo-
nate complexes of REE are known to be among the
most stable REE-bearing aqueous species at
ambient temperature, it is therefore reasonable to
suppose that these species could play an important
role in REE transport in hydrothermal systems with
high carbonate activity [4]. However, our current
knowledge of the mobility of REE in hydrothermal
carbonate-bearing solutions relies entirely on the
theoretical predictions of Haas et al. (1995) and
Wood (1990) [5, 6]. Therefore, new robust expe-
rimental data are required to evaluate the role of
carbonate complex in REE transport by hydro-
thermal fluids. In addition, monazite (a light REE
orthophosphate) solubility is poorly constrained
under mid-hydrothermal conditions (200°C). Specta-
cular alteration of monazite in the presence of deep
basinal brines is well documented [7, 8], but the few
experiments conducted so far failed to explain the
reason of such enhanced dissolution even in the
presence of highly saline solutions [9]. Here we
investigate thoroughly the effect of pH, salinity and
magnesium (a cation that may favor the dissolution
of the passivation layer protecting monazite) on
monazite dissolution. We present a parametric (T,
pH, carbonate speciation and concentration) investi-
gation of the behavior of REE, including Y, in
carbonate and magnesium bearing aqueous
solutions to determine the properties of carbonate-
REE complex at elevated temperature and to
evaluate monazite solubility in the presence of
magnesium bearing brines.

Objectives

The aim of this study is to understand the mobility
of Rare Earth Elements (REE) in hydrothermal
conditions (100-300°C), with the objectives to
constraint and decipher the key parameters finally
leading to the formation of hydrothermal REE
mineral deposits. For this purpose, a coupled
experimental and analytical approach is targeted,
with experimental study a) of the solubility of
primary REE-bearing minerals in hydrothermal fluids
as a function of pH and carbonate speciation and b)
of REE-bearing monazite solubility at 200°C under a

wide pH range and in the presence of highly saline
solutions containing chloride or carbonates.

Methods

We performed batch parametric experiments using
titanium autoclaves equipped for in situ sampling of
the solution. We play on T, pH, chlorinity, carbonate
and magnesium concentration. The initial solids
were either pure REE oxides or monazite powders.
CO2(g), NaHCOs, and Na,CO; were use to produce
carbonate bearing solution at different pH (from 4
to 12 at 25°C). Na, Ca, Mg, K-Cl salts and various
mixture of NaOH and HCl were use to produce
highly saline solutions over a wide pH range.
Dissolved REE were measure by ICP-MS after
separation using ion-exchanged columns.

Results

REE transport in hydrothermal systems with high
carbonate activity

First results demonstrate the enhanced capacities of
carbonates aqueous fluids to transport REE under
circumneutral and alkaline pH conditions where
HCOs; and COs* predominate. Figure 1 shows the
REE oxydes solubility in carbonate-bearing solutions
having different pH conditions at T ranging from 100

to 250°C.
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ranging from 100 to 250°C.
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Figure 2. REE, Y, Th and U concentration after 2 months of
monazite dissolution at 200°C as a function of pH, brine
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The solubility values vary from ~1 ppt to ~100 ppm
depending on the element and temperature. The
retrograde behavior of REE solubility in such fluids
observed in our experiments agrees with previous
studies of REE hydroxide complexes [5, 6], whose
properties should also be revised in the
thermodynamic point of view. Heavy REE are more
soluble (~100 ppm) than light REE (<lppm) in
neutral and alkaline fluids.

Monazite solubility in brines. Monazite solubility
primarily depends on pH (Fig. 2). Acidic pH clearly
enhanced the dissolution of monazite. The effect of
chlorinity plays a secondary role whatever the pH
considered. Monazite solubility is independent of
the nature of the chloride brine (Na, K, Mg, Ca - Cl),
at least under acidic conditions. The presence of
carbonates clearly enhanced monazite dissolution.
This observation is in perfect agreement with the
results obtained on REE oxydes and demonstrates
the important role of carbonate complex in the REE
transport. Monazite products show a replacement
rim that propagates anisotropically through the
unaltered core, due to preferentially oriented
dissolution and/or fracturing at the reaction
interface.

Perspectives

The data obtained during this project should be
interpreted from a thermodynamic point of view in
order to derive the stability constants of carbonate
complex responsible for enhanced REE solubility.
The dissolution mechanism of monazite must better
be assessed through a thorough investigation of all
the experiments currently performed.

[1] Banks et al. (1994) Chem. Geol. 113, 259-272. [2] Salvi
and Williams-Jones (2006) Lithos 91, 19-34. [3] Richard et
al. (2013) Geofluids 13, 101-111. [4] Migdisov et al. (2016)
Chem. Geol. 439, 13-42. [5] Haas et al. (1995) Geochim.
Cosmochim. Acta 59, 4329-4350. [6] Wood (1990) Chem.
Geol. 88, 99-125.

Figure 3. SEM images of monazite alteration product at 200°C after 2 months in 3 m KCI + 0.1 m NaOH solution. The rim of
the grains is clearly depleted in REE compare to the core of the grain (here, the example of La and Ce are showed).
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A DEEPER ECOTOXICOLOGICAL INSIGHT
INTO REE EXPLOITATIONS' IMPACT ON
AQUATIC BIOTA

ROMERO-FREIRE Ana
VIGNATI Davide, GIAMBERINI Laure

General framework

Rare earth elements (REEs) have become a highly
valuable commodity due to their increased use in
high-tech products and medical applications. In the
current geopolitical and economical context,
(re)opening of mining facilities for REE extraction is
being explored in several countries. Mining of REE
may result in their dispersal from indigenous rocks
to soils, sediments, water and possibly biota. In
recent years, their environmental behaviour has
attracted increasing attention, studying their cycling
and geochemistry, but their potential
ecotoxicological effects require further
investigation. Although they show the same
behaviour during natural processes, the co-
occurrence of lanthanides as a group in nature and
thus in the context of mining exploration can
potentially affect aquatic organisms.

Objectives

This project focuses on if and how (re)opening of
REE mines may have effects on different aquatic
organisms. We established a widely applicable
conceptual approach to assess the potential
environmental hazard of REE mining and to verify if
REE leaching from sediments and rocks has the
potential to adversely affect organisms.

Methods

During a campaign done in 2016 in a prospective
REE-rich mining area in Quebec with a 250 Mt
carbonatite-hosted REE-Nb deposit (Montviel) (Fig.
1), samples were collected from seven locations.
REE content was determined in river waters and
sediments, and four toxicity tests (MicroTox,
LuminoTox, OstracodTox and PhytoTox test) were
done using sediment eluates. A second experiment
was done with the eluates obtained from rock
material enriched in REE (ferro- and calcio-
carbonatite, monazite- and  allanite-bearing
pegmatite) after a simulation of weathering, with
weekly artificial rain flows during one month. REE
content in the eluates at time 0 and 28 days was
determined and four toxicity tests were performed
at each period (MicroTox, AlgaeTox, DaphnidTox and
ZebrafishTox test).
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Figure 1. Site of study (Montviel, Quebec, Canada) and lithological map with the localization of the seven sampling points

over watercourses.

Results

Sediments

The availability of REEs decreased considerably in
toxicity tests and only some toxic effects could be
linked to the REE contents for OstracodTox and
LuminoTox tests. We observed, in some cases,
values higher than the effective concentrations (EC)

proposed by Gonzalez et al. (2015) for individual
elements and the observed differences in obtained
EC were related, in general, to sediment type. We
concluded that measurement of toxicity could be
influenced by the sediment properties and lead to a
potential overestimation of ecotoxicity if only REE
are regarded (Romero-Freire et al., 2018).
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Figure 2. Effective concentrations causing a 10% of
reduction in the luminescence for the test LuminoTox done
in the seven sediments sampled in Montviel. *Means

values higher than ECyi9 proposed by Gonzdlez et al.
(2015).

a) Content of REE in Montviel rivers and in rock eluents (T 0d)
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Waters and eluates

REE content in rivers flowing in the natural enriched
area was in accordance with non polluted-natural-
rivers. However the content in the eluates derived
from rocks showed in general higher values,
although it remained in the pg/L range (Fig 3a).
Contents of REE were, in some cases, higher than
the maximum permissible values reported in
literature (Sneller et al., 2000). In addition toxicity
was not in accordance with the REE content and
decreased with weathering for MicroTox test (Fig.
3b) but not for the other tests performed (data not
shown).

b) Luminiscence inhibition for A. fischeri (T 0d and T 28d)
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Figure 3. a) REE content in river waters in Montviel and in the eluates obtained from rock material leaching at time 0 days.
Parallel lines show the maximum permissible values reported by Sneller et al. (2000). b) Toxicity obtained for the test
MicroTox in the eluates of the studied rocks obtained at O days and at 28 days of weathering. FER: ferro-carbonatite, CAL:
calico-carbonatite, MON: monazite-bearing pegmatite, ALA: allanite-bearing pegmatite.

Perspectives

The trend towards a greater environmental input of
REE indicates a pressing need to assess the potential
hazard they pose. Potential release of REE to
environmental in mining areas could occur after REE
extraction, due to ore exploited and discards will be
deposit again in the environment. Our results
showed potential lixiviation and visible toxic effects,
although further research is needed to apportion
such effects between REE and other confounding
factors (e.g., sediment texture) or co-occurring
contaminants.

References

Gonzalez, V., Vignati, D.A.L.,, Pons, M.N., Montarges-
Pelletier, E., Bojic, C., Giamberini, L., 2015. Lanthanide
ecotoxicity: first attempt to measure environmental

risk for aquatic organisms. Environmental Pollution
199: 139-147.

Romero-Freire, A., Minguez, L., Pelletier, M., Cayer, A.,
Caillet, C., Devin, S., Gross, E.M., Guérold, F., Pain-
Devin, S., Vignati, D.A.L., Giamberini, L. 2018.
Assessment of baseline ecotoxicity of sediments from
a prospective mining area enriched in light rare earth
elements. Science of the Total Environment 612: 831-
839.

Sneller, F.E.C., Kalf, D.F., Weltje, L., van Wezel, A.P. 2000.
Maximum permissible concentrations and negligible
concentrations for rare earth elements (REEs), report
601501011, National Institute for Public Health and
the Environment (RIVM): Bilthoven, The Netherlands.
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ON-GOING PH.D

RECENT DEVELOPMENT OF NEW
TECHNOLOGIES FOR THE INVESTI-
GATION AND THE OPTIMISATION OF
FINE PARTICLES FLOTATION

GENEYTON Anthony
PhD supervisor: FILIPPOV Lev
GeoRessources

General framework

Ore beneficiation of the finest granular fractions
using flotation technology is, generally speaking, a
frequent economical requirement without well-
developed technical solutions. Solving the
associated technical problems should increase
significantly the resources of strategic metals.
Indeed those finest size fractions (below 5-10um)
are generally removed prior to any ore beneficiation
operations. In  parallel, mineral processing
operations of a wide variety of ores, such as
precious metals, ferrous and non-ferrous metals and
industrial minerals, generate large amounts of
tailings. The finest granular fractions of those
tailings frequently exhibit significant levels of
valuable minerals or metals such as light rare earth
elements unrecovered for reasons of technical
feasibility.

Objectives

The guideline of the engineering work performed is
to develop a method of recovery of finely grained
minerals from the finest granular fractions using
flotation technology. A micaceous residue
containing finely grained monazite was selected as
object of study. In order to achieve that goal, it is
necessary to develop highly innovative flotation
technology whose hydrodynamics parameters are
specifically adapted for this type of fine ores.

In parallel to this flotation pilot development,
because of the mechanical entrainment of the fine
particles, the conventional microflotation systems
are not adapted to study floatability of finely
grained powders of pure minerals. It was therefore
required to develop new microflotation apparatus
adapted to this type of ore. Microflotation study
based on the measurement of the attachment time,
i.e. the time required for stable attachment
between a bubble and a particle to occur, was
considered as the most suitable method.

Methods

A new type of intensive flotation cell based on a
reactor-separator system that requires a high level
of automation and monitoring was recently
developed to investigate the effect of the operating
parameters on the flotation results and finally find

appropriate operating conditions to achieve a
selective and efficient flotation of finely grained
monazite in a finely grained industrial residue.

In parallel, a new experimental setup, so-called
SPATA system (Single Particle Attachment Time
Apparatus) was designed to proceed to a contact
between a bubble and a single particle. It allows a
precise and accurate calculation of the contact time
and thus estimation of the attachment time,
enlarging significantly the potential applications of
the  attachment time  measurements for
fundamental purposes.

Results

The optimization of the hydrodynamic regime in the
reacting area of the intensive f lotation cell
highlights an operating point circa 700-800 liters per
hour of pulp treated. Such a high flowrate is
required to achieve optimal bubble bursting and
homogeneous dispersion. While the feed flow rate
is extremely elevated, thanks to the regulation
system that finely controls the filling level of the
separator, the developed froth is extremely stable.
Furthermore, the implement of a graphical user
interface affords a perfect monitoring of the pilot
and a continuous control of the developed froth
thickness.

Figure 1. Formation of a magnetite-rich stable froth in the
separator at the beginning of the flotation operation.
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Figure 2. Exploded view of the bubble motion system.

The preliminar experiments performed on the
attachment time apparatus highlights the
importance of the fine control of the bubble motion
on the accuracy and the representativeness of the
final measured contact time between the bubble
and the particle. It was therefore required to
develop a reliable and reproducible motion system.

The used of 3D printed components made with
titanium alloy, resinous polymer and polyurethane
elastomer indicates a perfect alignment of the
system driving the bubble motion.

Perspectives

The innovative design of the intensive flotation
system coupled with an efficient automation system
widens our possibilities of investigation and
optimization of the treatment of conventional ores
affected by a too fine liberation mesh. Furthermore,
it affords the technical feasibility of the recovery of
highly valuable and strategical metals in the finest
granular fractions.

Now that the experimental protocol of attachment
time measurement is achieved, several series of
tests will be performed to highlight the gain of
precision  and information  compared to
conventional microflotation system. The apparatus
will also be used with coarser particles for
fundamental purposes such as the comprehension
of the mechanism of surfactants adsorption.

However, further developments are required and a
final prototype more reliable with better
components (positioning system, high-speed
camera and digital microscope) must be developed
to sanctify the long-term use of this innovative
apparatus.

Machined steel backing

<«—— lLaser-cutted aluminium backing

Micro-displacement laser sensor

Bubble motion system

Digital microscope

Cuvette

«—High-speed camera

Levelling feet

Micropositioning stage

Figure 3. 3D model of the intended final attachment time apparatus version.

LabEx RESSOURCES 21 - Annual Report - 62



Research highlights 2017

ON-GOING PH.D

SPECIATION OF REES IN MINE-TAILINGS
FROM SOUTHERN CHINA:
EXPERIMENTAL RESULTS AND MULTI-
SURFACE MODE LLING

JANOT Noémie

HUOT Hermine, LEGUEDOIS Sophie, SERE Geoffroy,
TANG Ye-Tao, QIU Rong-Liang, GROENENBERG Bert-
Jan

LSE

General framework

Rare Earth Elements (REEs) are a strategic resource
found in southern China, where the traditional
mining process to recover these elements from
underground deposits consists in heap leaching
using ammonium sulfate, resulting in important
environmental damage on surrounding rivers and
soils. One objective of the international joint
laboratory ECOLAND is the design of suitable
remediation strategies and development of new
soils. Currently, at the Dingnan study site, mine
tailings are composed of degraded soil showing
poor physical conditions and high erosion, low
organic matter and nutrient levels and high
concentrations in REEs.

Objectives

The objective of this project is to improve the
characterization and description of the dynamic of
both REEs and major nutrients in soils. The
transport and availability of REEs in the
environment depends on their speciation. The high
number of ligands present in natural systems makes
the discrimination between reactive phases difficult,
and geochemical multi-surface models can be used
to calculate the solid-solution partitioning of metals
in soils. Calculated REEs speciation is used to get
insight in the most important REEs species in
solution and the important reactive constituents for
REEs binding in the solid phase. Here we evaluate
the modelling of REEs speciation by comparing
calculated with measured solid-solution partitioning
(Figure 1).

Methods

Samples characterization

The site of study is located in the Dingnan county of
Ganzhou city, Jiangxi province. Experimental plots
have been set up in July 2016, and were sampled in
November 2016. Subsamples comprise soils from
bare tailings (B), tailings amended with organic
matter (BA), tailings amended with organic matter
and planted with commercial grasses (BAGH).
Fifteen samples were dried and sieved, and used for
the determination of Al and Fe-oxides, organic

matter, clay and geochemically-reactive element
contents (0.43 M HNOs, Groenenberg et al. 2017).
As a proxy for the pore-water composition, dilute
CaCl, extraction (0.001M) was performed on tailing
material. In the CaCl, extract we measured REEs,
major ions and organic carbon concentrations and
pH.

Speciation modelling

The solid-solution partitioning and speciation were
modeled with the software ORCHESTRA using the
NICA-Donnan model for organic matter binding, the
Dzombak and Morel model for complexation onto
oxides surfaces and a Donnan model for clay binding
using default parameters (Dijkstra et al., 2009).
Model database for REE binding was built using data
from Sonke (2003) for the NICA-Donnan model and
from Astrom et al. (2010) for the Dzombak and

Morel.
. REEs
Reactive content
surfaces

(oM,

Multi-surface modelling
ORCHESTRA

REEs
speciation
Predicted
content in

CaCl, extrac|

Measured
content in
CaCl; extract

Figure 1. Schematic overview of the study.

Results

REE content

Soils samples are acidic (pH 4.0-4.5) and poor in
organic carbon: 0.1% for the bare tailings, up to
0.8% in the amended samples. Their REE content is
shown in Figure 2.
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Figure 2. REE content in soils from bare tailings (B),
amended tailings (BA) and amended and planted tailings
(BAGH,.
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REE solid-solution partitioning

Experimental results show that REEs are strongly
bound to the soil solid phase. The CaCl, solution,
used as a proxy to soil solution, only extracts 1% of
the REE pool in the bare tailings, and less than 0.3%
in amended samples.

Preliminary modelling results show a trend in
predicted REE concentrations in the CaCl,-extracts
that compares well with measured concentrations
(Figure 3), even if the model tends to
underestimates concentrations.

Possible explanations of the discrepancies between
model and measurements are:

e Fraction of reactive organic matter,
default at 50% in the model,

Use of generic instead of specific proton- and
metal-binding parameters for organic material,
Limited set of data used to derive the REEs-binding
NICA-Donnan parameters (Sonke 2003).
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cB53885883388
BL |
B2
B3 |
B4 |
85 |
BAL |
BA2 |
BA3 |
BA4 4_
BAGH] | —
BAGH? ——
BAGH3 |——
BAGH! | ——
BAGHS | S——
c5B888588388

BA4

REE speciation

Metal speciation is dominated by binding to organic
matter, both in dissolved and solid phases. Free
metal and clay-bound metal phases are substantial
only in bare tailing materials low in organic matter
and low pH, especially for the light and medium REE
(Figure 4).
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Figure 3. Comparison of modelled with measured
concentrations of REEs in tailing materials.

oBR85833888
Bl ———
B2 4—_
B3 AI_
B4 4_
BS AI_
BA1 4_
BA2 4_

81 |
B2
B3 |
B4 |
85 |

BAL |

BA3

BAS _

BA3

=
BENWH YO N RO O
0co0o05656835066
BA4_

BA2

o~
I I
o o
< <
o @

BAGH3 :-_
BAGHA s

Lu
100
90
80
70
60
50 m Clay
40 m SHA
30
20 m HFO
10
aeaB8B 8 o HHAMHEHNRRAENRNHHEHWHHAL
2T I 223383
- ENGCENGCENGCENGERG) mmmmmggggg
EREEE 332D a
100
90
80 -
70 -
60 -
50 4 = DOM
40 1 H free
30 - .
20 - M inorg
10
1 T S e ]
3egeese a@83aggeIgseeie
- B - BN CENCENGCENGENGE Eﬂmmmmggggg
3333 $3233

Figure 4. La, Sm and Lu speciation (top) in the solid phase in % REE bound to clay, soil humic acid (SHA) and oxides (HFO) and
(bottom) in the solution phase in %REE free, inorganic (inorg) and organic complexed metal (DOM).

Perspectives

The numerical description of processes needs to be
improved. We would like to extend the
mineralogical characterization of soil samples
(mineral phases, organic matter) in order to better
constrain the modelling.

Evolution of REE speciation with time in the
different  experimental plots with ongoing
remediation will be a major tack in 2018.
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ON-GOING PHD

DEVELOPMENT OF MASS-DEPENDENT
ND ISOTOPIC ANALYSIS TO TRACE
ANTHROPOGENIC ND POLLUTION

BOTHAMY Nina
PhD supervisor: GALY Albert
CRPG

General framework

The neodymium (Nd) is one of the rare earth
elements (REEs) subjects to increasing use in
industry (CD, DVD or computer hard drive, Nd
magnets), especially due to the current energy
transition (Nd permanent magnets for wind
turbine).

Anthropogenic contamination of the environment
by REEs have already been reported (Gd worldwide,
La and Sm in European natural waters reported by
Kulaksiz and Bau, (2013) and reference therein).
Anthropogenic Nd have not yet been reported but it
is only a matter of time, with increasing industrial
processing and exponential rise of REEs mine
production (Haxel et al., 2002, USGS).

In natural waters, Nd is present at ppt level, the use
of the concentration difference is a sufficient tool to
identify potential anthropogenic Nd contamination
from natural Nd. However, the huge concentration
variability of Nd in the environment implies that it is
not possible to use only the concentration in every
scenario. For example, soils and sedimentary
organic matter bear Nd at ppm levels and a 2 ppm
hypothetical Nd pollution will be masked by natural
heterogeneity. Measuring the decay of *Sm in
143Nd is also useless because the 7Sm high half-life
implies no variation at the human timescale. So, we
propose the measurement of the mass-dependent
Nd isotopic signatures as a new tool to distinguish
anthropogenic from natural Nd. We also measure
the 3Nd radiogenic isotope to obtain information
on the source materials used in human activity.

Objectives

We improved the isotopic analysis by MC-ICPMS of
Neodymium (Nd) allowing the determination of
precise and accurate mass-dependent Nd isotopic
composition.

Methods

We used a Neptune Plus multicollector inductiveliy
coupled plasma mass spectrometer coupled to an
Apex desolvating nebulizer. Samples were
measured with the sample-standard bracketing
technique using the JNdi-1 Nd as the reference

standard. We define the mass-dependent Nd
isotope compositions (&Nd) as the relative
deviation from the JNdi-1:

o [CNd/ N, e .

6*Nd = (de/““Nd-)mdiﬂ — 1| x 10
where x = 145, 146, 148 or 150. The external
reproducibility of 6'*°Nd, 64°Nd, §'*4Nd and §*°°Nd
are respectively £0.045, +0.051, +0.080 and +0.145
%o (20, N= 29). The accuracy of the method has
been validated by the standard addition method.
Mixing proportion of two known solutions can be
accurately measured using the £'*3Nd (radiogenic
contribution on *3Nd from the decay of ¥’Sm) and
linear relationship between £*3Nd and 6*Nd where
observed (Figure 1).
We measured purified Nd commercially available
samples (either purchased as solution or metal)
against the JNdi-1 reference standard.

-20

-25

measured €' “*Nd (%o0)
b &

-30

-35
12 -10 08 06 04 -02 00 02 04
measured §'**Nd (%s-)

Figure 1. Standard addition method. The mix of two
known solutions produce a linear relationship between
€143Nd and 6148Nd, validating the accuracy of the
method.

Results

The measured &Nd versus &8¥“Nd show co-
variations  consistent  with  mass-dependent
fractionation laws. The isotopic range obtained for
our man-made samples is 0.3 %o amu (Figure 2).
The highest signal-to-noise ratio was obtained for
5'8Nd (range/analytical noise). Extreme values
were observed for JMC, the lightest with §*Nd = -
1.013 %o, and for JM, heavier that he JNdi-1, with
8¥8Nd = 0.186 %o. This extends the published
anthropogenic range by a factor of 2 and confirms
that man-made samples have distinct Nd isotopic
signatures, generally pointing towards lighter Nd.
According to previous papers, the range of stable
Nd isotopic composition of natural terrestrial
material is 3 times smaller than that of synthetic
man-made purified Nd. This observation suggests
that 1) anthropogenic Nd should be distinguishable
and traceable in the environment thanks to this
new analytical tool, or 2) the range of natural
terrestrial rock samples is not yet fully described.
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Figure 2. Summary of the 6Nd measured on natural and man-made materials. Orange triangles: this study. Blue
data: Wakaki and Tanaka, 2012; Ohno and Hirata, 2013; Saji et al., 2016 and McCoy-West et al., 2017.

Perspectives

We would like to extend the number of natural
terrestrial samples characterized for their mass-
dependent neodymium isotopic signatures. Our
developed experimental technique will be useful to
distinguish and trace anthropogenic Nd in the
environment.
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ON-GOING PHD

IDENTIFICATION AND ANALYSIS OF REE
RESPONSIVE GENES IN MODEL
ORGANISMS (TER-GENES PROJECT)

GROSJEAN Nicolas
LE JEAN Marie, GROSS Elisabeth, BLAUDEZ Damien
LIEC

General framework

Rare Earth Elements, unlike to what this term
indicates, are broadly found in the Earth crust. Their
specific properties make them essential for many
domains i.e. green energies, fertilization and high
technology devices. Their wide use, associated to
their low recyclability, induces an increasing
dispersal of REE in the environment and REE are
therefore now recognized as  emerging
contaminants. Thus, a rising concern for the impact
of REE on the ecosystem and living organisms
recently emerged. Studying the transfer and the
toxicity of these elements in organisms is therefore
of high importance.

Objectives

Although used extensively in various application
fields, knowledge about REE toxicity in cells and
molecular mechanisms underlying REE tolerance is
still lacking. A few studies, using biochemical and
physiological approaches, mentioned at the cellular

b
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o

vacuolar mem_brzli\lnf & |
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level the occurrence of induced oxidative stress
together with increased membrane permeability
upon exposure to REE. To investigate the cellular
targets and the tolerance mechanisms towards REE,
high-throughput methods were carried out and the
implication of identified genes and functions were
confirmed by complementary studies of
biochemistry, microscopy, physiology and molecular
biology. This approach was performed on three
well-known bacterial, fungal and plant model
organisms.

Methods

Two complementary high-throughput methods
were performed on three model organisms. A
genome-wide phenotyping of a mutant collection
for both  Escherichia coli (bacteria) and
Saccharomyces cerevisiae (eukaryote) was carried
out. Transcriptomic analyses (RNA-seq) were also
performed on these two organisms, as well as on
the plant model Arabidopsis thaliana. These studies
allowed us to identify genes and functions that take
part into the REE toxicity response in these
organisms. Moreover, a parallel investigation on REE
accumulation by plants has been initiated on several
fern species. Dryopteris erythrosora was selected for
further analyses by X-ray micro-fluorescence at the
PETRA-3 DESY synchrotron in Hamburg, giving
preliminary insights on the distribution of REE in the
fronds of this REE-accumulating fern species.
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Figure 1. Lanthanum and ytterbium response patterns obtained from the genomic phenotyping of a whole mutant
collection of Saccharomyces cerevisiae. a) Venn diagram highlighting the number of mutants that are sensitive or resistant
to La and/or Yb. b) Cellular compartments involved in a REE stress in S. cerevisiae. Values in yellow and in blue are the
number of mutants found in the lanthanum and ytterbium sensitivity/tolerance screens, respectively; NS: not significant. c)
Cross-comparison with other metallic stressors. Hierarchical clustering of REE sensitivity-conferring mutations with the
mutant sensitivity profiles obtained for other metallic stressors. The x-axis corresponds to gene-deleted mutants and the y-
axis indicates the different stressors from previous genomic phenotyping screens conducted on deletion mutant collections.
Mutants exhibiting either a REE enhanced sensitivity or resistance are shown in blue and orange, respectively.
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Results

The screening of a whole mutant collection of the
eukaryotic model S. cerevisiae allowed us to identify
630 mutants as being either sensitive or resistant to
either La or Yb. Further analyses identified a few
dissimilarities between La (a light REE) and Yb (a
heavy REE), pinpointing differential cellular
responses among the different REE species (Figl.a).
Several cellular compartments were involved in the
REE-mediated stress response, among which the
cytoskeleton, membranes (lipids), the vacuole and
the vesicular transport system (Figl.b). The REE-
specific response was evidenced when comparing
the REE responsive mutants we obtained to the data
arising from other metal screening experiments. The
opposite phenotype for certain mutants between
REE and other metallic stressors, as well as REE-
specific responsive mutants, supported this
statement (Figl.b). Transcriptomic analyses on the
three model organisms were also carried out.
Biological pathways involved in root morphogenesis,
regulation of hormone levels, ion transport and
homeostasis were among the functions that were
over-represented in A. thaliana under REE stress.
Only a few genes were differentially expressed in
the leaves while many more were up- or down-
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regulated in the roots in both La and Yb treatments.
Additionally, organelles, including the vacuole,
appeared to be compartments of high importance in
the response to a REE stress.

Beyond this model-organisms based approach,
further studies aiming at unraveling the REE transfer
through the ecosystem have also been engaged,
based on REE-accumulating plant species. The REE
accumulating phenotype of the fern Dryopteris
erythrosora, as previously mentioned in a few
studies, was confirmed out of a set of fern species.
More than 350 ppm REE were measured in the
fronds after a 6 months exposure to a soil enriched
with six REE (La, Ce, Sm, Gd, Yb, and Y) (Fig2.a). The
exposure to an acidic soil (pH 4.7) increased the
accumulation potential up to 2 000 ppm (Fig2.b).
Discrimination for the accumulation of the different
REE was observed. Additionally, elemental

distribution within D. erythrosora fronds was
analyzed by synchrotron X-ray micro-fluorescence.
This powerful method allowed us to observe the
differential localization of the different REE.
Furthermore, it showed the discrimination of La and
Ca suggesting different transfer and accumulation
mechanisms between these two elements (Fig2.c).

Figure 1. REE accumulation and localization in ferns. a) REE concentrations in fronds of three fern species grown on a REE-
contaminated soil for 6 months. b) REE concentrations in fronds of Dryopteris erythrosora grown on a REE-contaminated
acidic soil (pH 4.7) for 3 months. c) Ca and La distribution in pinnula of D. erythrosora observed by X-ray microfluorescence.

Perspectives

Further analyses on key functions and selected
genes/proteins are underway to confirm the results
obtained from the high-throughput methods and to
go deeper into the understanding of yet unraveled
mechanisms. Thus, the construction of multiple
mutants, the over-expression of genes of interest,
the determination of REE content in different
mutants, biochemical and molecular analyses,
microscopic studies, and other complementary
methods will be performed.

Additional experiments on D. erythrosora should
ascertain the spatial segregation of the different REE
and will give insights on their speciation. Indeed we
further aim to investigate the ligands involved in the
transport of these elements throughout the plant.
Molecular analyses aiming at identifying the REE
transport system in this accumulating fern would
also represent promising prerequisites to
understand the REE transfer from the soil to the
plant compartment.

LabEx RESSOURCES 21 - Annual Report - 68



Research highlights 2017

RESEARCH HIGHLIGHTS 2017

Chair in environmental geochemistry of critical metals

Bert-Jan GROENENBERG
LIEC

Summary of the project

The object of the chair is to generate new
knowledge on thermodynamics, kinetics, mobility
and biodisponibility of strategic metals in the
ecosystem compartments according to the
environmental factors. This will be achieved by
research which aims at the development of an
integral model to describe physico-chemical and
biological interactions of critical metals in terrestrial
and aquatic environments. This model will aid to the
understanding of the interactions of critical metals
with biotic and abiotic reactive surfaces. For the
physico-chemical interactions of the critical metals
(inorganic complexation in solution and binding of

solid phase

Donnan / cation
exchange
model
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Introduction

This report gives an overview of the work which has
been done within the framework of the LABEX
RESSOURCES21 chair in environmental
geochemistry of critical metals during the period
January 2017 - November 2017). The report
describes both the development and achievements
of the work within the project “Development of an
integral geochemical model concept for
environmental fate” (Groenenberg, 2014) which is
linked to the chair and the work and developments
related to education. The planning of the project
has been changed as of 1 January 2017. From then
on Bert-Jan Groenenberg works 50% on the Chair
position and 50% at Wageningen University,

solute phase

NICA-Donnan

NN \
N Y / OH

metals to adsorptive surfaces) available model
concepts will be used i.e. NICA-Donnan for metal
binding to humic substances; CD-Music for metal
binding to Al/Fe-(hydr)oxides, and parameters for
critical metals will be obtained using literature data
and using new experimental data.

For the interaction of critical metals with biotic
entities, new mechanistically based concepts will be
developed in order to quantify the uptake and bio-
availability of these critical metals. For modelling
the model framework ORCHESTRA will be used
which already includes the models for the physico-
chemical interactions. Models for binding to and
uptake by biota will be added to the model
framework. Finally the integral model can be used
as a tool for the risk assessment of critical metals.

i biotic phase

eOHM 1+

/ Thermodynamic

equilibrium model
(MINTEQ )

however without a change in the workload. The
contractual time period of the Chair is therefore
extended until 30 September 2018 (was 31 January
2018).

The project proposal for the work related to the
chair was written as part of the selection procedure
(Groenenberg, April 2014). The actual realization of
the planned research is foreseen to be realized in
two post-doc projects related to the Chair and in
various new and ongoing research projects within
Labex/Otelo. Below you find a short summary of the
project with the overarching goal of the proposed
research. The actual implementation will be
discussed in the sections thereafter.
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The research is divided over four workpackages:

1. Development of a conceptual model and
derivation of model parameters from literature data

2. Adsorption experiments in ternary systems and
modelling

Calender of actions

3. Metal uptake experiments algae and plants and
modelling

4. Model evaluation
The work will focus on priority elements within the

LABEX R21 i.e. Rare Earth Elements (REE), Nickel
(Ni), Chromium (Cr) and possibly antimony (Sb).

Action 2015

2016 2017 2018

3 3

1. Conceptual model and
parameterisation with
literature data

2. Adsorption experiments
ternary systems +
modelling (microcosm)

3. Uptake of critical metals
by algae/plants
(macrocosm) + modelling

4. Model evaluation

Realisation of the planned research

Post-doc project: “Modelisation de I'impact
environnemental des terres rares” (Modelling the
environmental impact of the rare earth elements)
which is directly linked to the chair and which is
partly financed by Labex R21 and the region
Lorraine. Noémie Janot (post-doc) is contracted for
this project for the period May 2015 - November
2016. The project is supervised by Bert-Jan
Groenenberg and Paulo Pinheiro. This project is
formally finished. Part of the uncompleted work will
be realized in the post doc project within Labex R21
which is supervised by Jose-Paulo Pinheiro. Due to
unforeseen experimental problems no data are yet
available for Eu binding to humics and in ternary
systems (humics and clay). Noémie Janot has been
on maternity and parental leave from February 2017
to the end of November 2017. When she is back the
modelling and reporting of Eu binding to clays will
be completed. Part of the work with respect to REE
binding to humic substances will be included in the
newly appointed post-doc who will work in the ANR
project ECOTREE and within Labex R21.

1. Conceptual model and derivation of model
parameters

The literature and internet have been examined for
thermodynamic data(bases) of REE chemistry in
aqueous media and solubility of REE solid phases. A
selection has been implemented in a
thermodynamic database which is suitable for use
with the geochemical software ORCHESTRA. The
data have already been used to calculate the

speciation of REE in growth media for ecotox tests
(results to be used by V. Gonzalez, former post-doc
LIEC).

The model framework ORCHESTRA has been
coupled to the parameter estimation software
package PEST. This combination enables the
optimisation of model parameters based on
experimental data (literature and new experimental
data). The use of the PEST-ORCHESTRA tool is
described in a scientific paper (Janot et al., 2017)
and has been used by Janot to derive the proton-
binding parameters to the humic acid that will be
used in our experiments (Botero et al., 2017).

The literature has been examined for data of REE
binding to humic substances and have been used to
derive NICA-Donnan model parameters for REE. This
is planned to be completed in the first quarter of
2018. Within the ECOTREE project

The literature has been examined for REE binding to
ferric (hydr)oxides. The data will be used to derive
model parameters for REE in the CD-MUSIC model
implemented in ORCHESTRA. Planned to be
completed first quarter 2018.

The biotic ligand model (BLM), a conceptual model
for the toxicity of metals, has been implemented in
ORCHESTRA. The model has been tested to model
the toxicity of Cu in terms of the root elongation of
lettuce (Master student thesis Wageningen
University). The study has been presented in a
poster at ICOBTE 2017 in Ziirich (see scientific
output) When possible the BLM will be used to
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model the toxicity of REE (algae) in experiments
within the ANR ECOTREE project starting February
2017. The experiments are foreseen in 2018.

Based on literature data adsorption- and BLM type
models for REE will be implemented in ORCHESTRA
for metal binding to/uptake by bacteria and algae.
This will be completed before August 2018.

2. Adsorption of rare earth elements
systems and modelling.

in ternary

Eu *-nH;0

AH

: r @ illite
&

This work is implemented in the post-doc project
Modelling the environmental impact of the rare
earth elements. In this project we study the
adsorption of the REE Eu in binary systems with Eu
and either humic acid and clay and in the ternary
system: Eu-humic acid-clay. The data will be
modelled with a surface complexation model to be
implemented in ORCHESTRA and NICA-Donnan.
Experiments have been carried out to establish the
adsorption of HA to clay minerals. Experiments with
HA and clay are currently running.

* Major divalent or trivalent

@) Pseudomonas
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3. Uptake/toxicity of critical metals

The work on the uptake of critical metals by algae
and plants will be the subject of a second post-doc
project planned to start January 2018 in connection
to the ANR project ECOTREE (coordinators L.
Giamberini and A. Gutleb).

Within an Erasmus+ traineeship Ms. F.G. Acanforna
(University of Salerno) at LIEC Bridoux has worked
on the speciation of Cr(lll) in ecotoxicological test
media and toxicity to algae supervised by Davide
Vignati and Bert-Jan Groenenberg.

e Toxicity assays of REE for various aqueous
species in test media and more environmental
realistic media (microcosms/mesocosms)
including REE speciation within the ECOTREE
project.

e Speciation of Cr(lll) in ecotoxicological test
media and toxicity to algae in Erasmus+
Traineeship with Davide Vignati.

e Aquatic plant trace metal transfer from
sediment to higher trophic levels with focus on
Ni with Laetitia Minguez (post-doc Bridoux) and
Elisabeth Gross.

N

. Model evaluation
Modelling of REE solid/solution partitioning and
speciation in Chinese mine tailings and soils (LSE

Eu - illite- Pseudomonas

project with Sophie Léguedois(LSE), Noémie
Janot(LSE/LIEC) and Hermine Huot (Sun Yat Sen-
University China). Experimental work is ongoing,
first results are presented in a poster
presentation at ICOBTE (see scientific output)

e Modelling of REE solid/solution partitioning and
speciation in Canadian soils and sediments (LIEC
project with Laure Giamberini(LIEC), Ana
Romero-Freire (post-doc LIEC), .First modelling
results are presented in poster presentation
ICOBTE (see scientific output).

Future work

Projects/traineeships:

e ANR project: ECOTREE: Ecotoxicologie des
Terres Rares dans les systémes aquatiques (lead
L. Gamberini (LIEC) and A. Gutleb (LIST,
Luxembourg). Work package leader of WP 4

e Stage Master 2 Environnement, Ecotoxicologie,
Ecosystemes  Spécialité  Ecotoxicologie et
Ecologie des Systémes Anthropisés (E2SA):
Influence de la matiere organique sur la
biodisponibilité et I’écotoxicité des éléments
stratégiques chez des algues d’eau douce.
Supervisors : Bert-Jan Groenenberg, Davide
Vignati and Carole Leguille.
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Education

e 4 lectures on geochemical modelling in master
course ENSG: “Interactions fluide roche”

e Presentation on geochemical modelling at
summer school Soil functions Along a Gradient
of AnthropisationSAGA/IUFRO INRA,
Champenoux (Nancy) 15 September

e 2 day course Geochemical modelling with
ORCHESTRA at the Goldschmidt conference
August 2017, Paris.

Scientific output

Conference presentations oral and poster

A two day special symposium “Biogeochemistry of

emerging trace elements in aquatic and terrestrial

systems” was held at the ICOBTE conference 16-20

July 2017, Zurich, Switzerland organised and

convened by Bert-Jan Groenenberg, Montserrat

Filella, Andreas Voegelin, Kirk Scheckel and

Sebastien Rauch.

e Romero-Freire,A, L. Minguez, J.E. Groenenberg,
A. Cayer, M. Pelletier, D.A.L. Vignati and L.
Giamberini. Biogeochemistry and toxicity
assessment of sediments in a natural area
enriched by light rare earth elements. Oral
presentation ICOBTE 16-20 July 2017, Zurich,
Switzerland.

e Vignati, D.A.L, I. Aharchaou, E. Battaglial, S.
Polesello, J.E. Groenenberg. Promoting “redox
equality” in ecotoxicology: the case of Cr(VI) and
Cr(lll). Oral presentation at SETAC 7-11 May
2017, Brussels, Belgium.

e Janot, N., A. Romero-Freire , H. Huot , S
Leguédois and J.E. Groenenberg. Solid-solution
partitioning of Rare Earth Elements in mine-
tailings, soils and sediments in China and
Canada: experimental results and multi-surface
modelling. Poster presentation at ICOBTE 16-20
July 2017, Zurich, Switzerland.

e Broers, M. J. E. Groenenberg and R.N.J. Comans.
Do toxicity studies using natural organic matter
or synthetic EDTA result in identical biotic ligand
model parameters? Poster presentation at
ICOBTE 16-20 July 2017, Zurich, Switzerland.

Articles in scientific journals

e Janot, N., J.P. Pinheiro, W.G. Botero, J.C.L.
Meeussen and J.E. Groenenberg, 2017. PEST-
ORCHESTRA: A tool for optimizing NICA-Donnan
model parameters for humic substances
reactivity. Environmental Chemistry 14:31-38.

e Groenenberg, J.E., PFAM Romkens, A. van
Zomeren, S.M. Rodrigues, R.N.J. Comans,
Evaluation of the single dilute nitric acid

extraction (0.43 M HNO3) to determine the
geochemically reactive element concentration in
soil. Environmental Science and Technology

e Rosa, A.H., J.P. Pinheiro, A.S.C., Monteiro, N.
Janot. J.E. Groenenberg, 2017. Especiacdo
termodinamica de metais trago com substancias
hdmicas: o modelo Nica-Donnan. Quimica Nova
August 2017. DOI10.21577/0100-
4042.20170107

e Botero, W., M. Pineau, N. Janot, R.F. Domingos,
J. Mariano, L.S. Rocha, J.E. Groenenberg, M.F.
Benedetti, J.P. Pinheiro. Evaluating the
purification procedures of soil organic matter:
Part 1 Binding behaviour of trace metals with
fully purified and soil organic extracted peat
humic acids. Environmental chemistry accepted

Book chapter

Di Bonito, M, S. Lofts, J. E. Groenenberg. Models of
Geochemical Speciation: Structure and Applications.
In: Environmental Geochemistry (Second Edition)
Site Characterization, Data Analysis and Case
Histories. Benedetto De Vivo, Harvey E. Belkin and
Annamaria Lima (Eds.) Elsevier 2018.
doi.org/10.1016/B978-0-444-63763-5.09991-2

In preparation

e Groenenberg, J.E. and E.J.M. Temminghoff.
Modelling chromium(lll) binding to humic
substances and its speciation in soil solution.

e Contribution to a review paper on Gadolinium
within the COST Action TD1407 NOTICE Network
on Technology-Critical Elements

Research networks

e Member of Labex RESSOURCES21 Modelling
group: contact Sophie Leguédois with
participants from LIEC, LSE, Georessources and
CRPG (Sophie Leguédois, Gautier Laurent,
Noémie Janot, Laurent Truche, Guillaume
Caumon, ..)

e Member of Drafting Committee ISO/NP 19648,
Soil quality - Parameters for geochemical
modelling of the leaching and speciation of
constituents in soils and materials — Guidance
for the application of 1ISO 12782

e Member management committee COST Action
TD1407 NOTICE Network on Technology-Critical
Elements: from Environmental Processes to
Human Health Threats (www.costnotice.net).
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RESEARCH HIGHLIGHTS 2017
SMALL PROJECTS ON METAL CYCLES

INSIGHTS INTO THE RESPONSE OF SOIL

BACTERIA TO RARE EARTH ELEMENTS
BERTHELOT Charlotte

ZEGEYE Asfaw, BILLARD Patrick

LIEC

General framework

Because of their low bioavailability, rare earth
elements (REEs) have long been considered
biologically inert. In recent years, however, the
identification of REEs as essential metals for activity
And expression of the XoxF family of methanol
dehydrogenase in methylotrophic bacteria has
attracted tremendous interest among various
biological fields. Several lines of evidence indicate
that homologs of XoxF and XoxF-like enzymes are
widely distributed among prokaryotes. Enzymes
that depends on REEs but not related to XoxF may
also exist, and these have not been identified so far.
It appears, therefore, that REEs may act as key
drivers of carbon biogeochemical cycling and of
microbial diversity in natural environments.
However, our understanding of the biological role
of these metals still remains largely unknown due to
the lack of information on the function of
REE-utilizing enzymes.

Objectives
Since their discovery in 2011, REE-dependent
enzymes have been characterized in several
methano-and methylotrophs only. Howeuver,
determining  how  widespread and how
metabolically important are these enzymes in other
Taxa is necessary to assess the microbial functions
that REE may regulate. To address this issue, we
aimed to determine the effect of REEs on the
metabolism of soil microorganisms at both the
cellular level using a non-methylotrophic model
bacterium and at the microbial community level.
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Methods

Pseudomonas putida KT2440, a metabolically
versatile soil bacterium, widely used as a model
organism for biotechnological and environmental
applications was chosen here. This strain produces
two pyroloquinoline quinone dependent dehydro-
genase (PQQ-ADH), namely PedE and PedH. In silico
homology modeling indicated a putative REEs
binding site in the PedH protein. We thus used A
combination of biochemical (enzyme purification
And assay) and genetic approaches (mutant strain
construction, reporter gene assays) to investigate
the role of REEs in activity and expression of both
enzymes (in collaboration with J. Klebensberger,
University of Stuttgart).

In the second part of this work, three soils with
constrasting physico-chemical characteristics were
spiked with 50 and 500 ppm lanthanum (La%*). The
impact of lanthanum addition on microbial
community activity and diversity after 50 days
incubation was then evaluated by measuring (i) the
Basal soil respiration (ii) the activity of soil enzymes
(iii) the carbon substrate utilization patterns
(Biolog® EcoPlateTM) and through (iv) 16S rRNA
Targeted PCR-DGGE fingerprinting.

Results

The first part of this work revealed that PedH from
P. putida KT2440 actually uses REE as a cofactor.
The enzyme was found to exhibit activity on a range
Of substrates similar to that of its Caz+-dependent
counterpart PedE, including linear and aromatic
primary and secondary alcohols, as well as
aldehydes, but only in the presence of light REE
including La%, Ce*, Pr3, Nd*, Sm3" and Gd*'.
Reporter assays demonstrated that PedH not only
has a catalytic function but is also involved in the
transcriptional regulation of pedE and pedH (figure
1), most likely acting as a sensory module.
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Figure 1. Expression of the pedE And pedH promoters in strain KT2440 incubated in the presence of (A) various

oncentrations of La3* and (B) of various REEs at 100 nM.

Notably, the underlying regulatory network is
responsive to as little as 1 to 10 nM lanthanum, a
concentration assumed to be of ecological
relevance. From these results, we conclude that
functional redundancy and inverse regulation of
PedE and PedH represent an adaptive strategy of P.
putida KT2440 to optimize growth with volatile
alcohols in response to the availability of different
REEs. Besides these findings, the Iuminescent
reporter strains constructed in this work were
applied to the assessment of bioavailable
concentrations of REEs in different environmental
samples and materials. Although semi-quantitative,
the developed bioassay proved highly sensitive and
enabled the dose dependent detection of REEs in
most cases, e.g. neodymium leached out from
Nd-magnets or REE in Contaminated soils (Fig. 2).
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Figure 2. Luminescence response of KT2440*-pedE-lux
and KT2440*-pedH-lux reporter strains incubated in the
presence (A) of various concentrations of crushed Nd-
magnets (B) soil solutions. Solid bars represent H20-
extracted samples whereas hatched bars are relative to
CaCl2-extracted samples.

Soil microcosm experiments revealed that the
addition of La3* at low concentration (50 ppm)
significantly increased microbial respiration (from
29% to 35% of the control). Likewise, phosphatase
activity was stimulated in the three soils at this La3*
level (Fig. 3). The consumption of organic acids (e.g.
citrate, gluconate) and alcohols (e. g. ethanol) was
also promoted as a result of La®>* application. In
contrast, 16S rRNA  targeted PCR-DGGE

fingerprinting did not reveal apparent effect of La®*
application on bacterial diversity.
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Figure 3. Effect of La®* on soil enzymatic activities.
Asterisks indicate significant differences as compared to
the control (P < 0.05. Kruskal-Wallis test).

Perspectives

Having demonstrated that REE-utilizing bacteria are
not limited to the methano-and methylotrophs, we
now plan to (i) unravel the molecular mechanisms
underlying the sensing and uptake of these metals,
as well as the physiological functions they regulate
in P. putida KT2440 and in other model soil
bacteria (i.e. PGPR and plant pathogens) and (ii)
identify  specific microbial populations and
metabolic functions that depends on REE in soils.
The next step in the validation of whole-cell
bioreporters as a tool for the assessment of
bioavailable REEs will involve a comparison of their
detection performance with that of standard
analytical methods (ICP-MS).
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STUDY OF THE SYNERGISTIC EFFECS OF
REAGENTS WITH DIFFERENT
MOLECULAR STRUCTURE IN THE
FLOTATION OF TUNGSTEN ORES WITH

LOW SEPARATION CONTRAST
FOUCAUD Yann

FILIPPOVA Inna, FILIPPOV Lev
GeoRessources

Introduction

Tungsten has been classified as a Critical Raw
Material by the European Union in 2011, for its
economic importance and its high supply risk [1].
Tungsten is mainly extracted from wolframite and
scheelite. In scheelite ores, fluorite, apatite and
calcite constitute common gangue minerals.
Nowadays, the main route for scheelite
beneficiation is flotation, during which fatty acids
are traditionally used as collectors [2]. However,
separation of calcium-bearing minerals from
themselves by flotation is very difficult, due to the
presence of the same cation, Ca% [3, 4] Then, low
selectivity is obtained in flotation, linked to the
chemisorption of fatty acids (mainly sodium oleate)
onto Ca?* of the surface [5]. The selectivity can be
improved by the uses either of specific
depressants [6] either of mixture of collectors with
different molecular structure [7, 8].

To achieve the selective separation of scheelite from
apatite and fluorite, several depressants were tested
on an ore from a Portuguese deposit. The stress was
put on the combination of sodium carbonate and
sodium silicate, which is known to provide very
positive effects. Otherwise, new collector
formulations were tested to increase the separation
contrast between the calcium-bearing minerals. The
influence of the rosin acids content in the collector
formulation was investigated. To describe and
understand the synergistic effects induced by the
use of reagents mixtures, DFT modelling was
initiated, which is a quantic calculation approach. It
will permit, in the future, to compare the
adsorption of different reagents onto the 4 different
minerals and to characterize the mechanisms
leading to the formation of an optimized adsorption
layer .

Material and methods

We performed flotation tests on a W-skarn ore from
the Tabuago deposit (Northern Portugal). It is
composed of scheelite, fluorite, apatite, calcite, Ca-
bearing silicates (vesuvianite, zoisite, grossular) and
other silicates like quartz and feldspars. The
liberation mesh of scheelite is 150 um. The ore has
been milled and flotation tests were realised on
500 g of +10/-150 um size fraction. All the products
were analysed by ED-XRF spectroscopy using a

Thermo Scientific Niton™ XI3t, calibrated with ICP-
AES/ICP-MS analyses.

The DFT calculations were performed using VASP
software, giving the total energy of the system after
the simulation. The van der Waals interactions were
taken into account thanks to new calculation
methods implemented in VASP.

Results

Tests with sodium silicate were conducted with
200 g/t BD15 as collector (commercial mixture of
fatty acids). Low quantity of sodium silicate
(NaySiO3) has little influence on the scheelite
flotation. The sudden increase of the WO3 grade at
875 g/t indicated the gangue minerals depression.
At more than 1,225g/t of Na,SiOs, the WO3
recovery falls, which means that scheelite is
depressed. Apatite is depressed efficiently at
1,225 g/t and more of sodium silicate, indicating a
selective depression of apatite as scheelite is not
impacted. As well, silicate minerals undergo a strong
depression, really efficient from 875 g/t, the SiO,
recovery being lower than 10 % from this point.
However, fluorite shows the same behaviour than
scheelite in terms of depression by sodium silicate.
No impact is significant below 1,225 g/t and fluorite
starts to be depressed when scheelite starts too. It
can be explained by the very similar Ca-Ca distance
on the mineral surface between scheelite and
fluorite, as the depression by sodium silicate is
linked to the formation of Ca-SiO(OH); onto the
surface [6]. The best flotation test (1,225 g/t of
sodium silicate) produces a concentrate assaying
6.62 % WO;3 with 96 % WOs recovery. This result can
be enhanced in terms of grade by the addition of
sodium carbonate (Na,COs) prior to the addition of
sodium silicate. Very beneficial synergistic effects
are shown when both are used. Indeed, when
1,150 g/t of Na,COs are added before 1,225 g/t of
Na,SiOs, the WO3 grade of the concentrate reaches
11.2 % WOs without impacting significantly the
recovery, which is still 95%. The SiO, and P,0s
recoveries are divided by two compared to the test
where no Na,COs; was used. Added alone, the
sodium carbonate is a pH modifier which has no
impact on the flotation, except to not depress the
gangue minerals, leading to a consumption of
collector by other species than scheelite and then to
a decrease in WOs recovery. Synergistic effects of
the combination of Na,COs; and Na,SiO; can be
explained by a surface carbonation of silicates and
apatite, inducing the formation of a CaCOs
precipitate onto the surface, which has a strong
affinity with Na,SiOs [9]. No selectivity was reached
between scheelite and fluorite with Na,COs; and
Na25i03.
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Then, new formulations of collectors were used to
reach this selectivity. The influence of the content
on rosin acids (big hydrophobic molecules) in the
collector was investigated, with only sodium silicate
used as depressant. The increase of the rosin acids
content leads to a significant rise of the WOs3
recovery. This improvement of recovery is not
selective as the recoveries of all minerals are
enhanced (silicates, apatite and fluorite), leading to
an important decrease of the WO3 grade of the
concentrate. These results show that carboxyl group
of the rosin acids adsorbs unselectively onto the
Ca?* sites of the calcic minerals. It induces an
additional hydrophobation of all the Ca-bearing
minerals as scheelite, apatite and fluorite.
Moreover, the rosin acids are big molecules,
containing several terpenic rings and may play a role
in the stabilization of the oleate/linoleate
adsorption layer. They can reduce polar repulsion
between the carboxyl groups, having a big coverage
per adsorbed molecule, but also make better the
destabilization of the water layer onto the surface,
permitting more easily the adsorption of the fatty
acids.

For a (fatty acids):(rosin acids) of 6:1, the rougher
concentrate assays 7.8 % WO3 for a
93 % WOs recovery with only 29 % and 7 % P,0s and

SiO, recoveries, respectively. A cleaner stage
permits to reach 12.7% WO; in the final
concentrate.
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Perspectives

Selectivity is reached between scheelite and apatite
and Ca-bearing silicates, using either a combination
of depressants, either a combination of fatty acids
as collectors. However, selectivity is low between
scheelite and fluorite, and further studies have to
be lead to increase the separation contrast between
these minerals. Fluorite-specific depressants have
been tested, with no positive results. New reagents
mixtures will be investigated, with synergistic effects
confirmed by in-course DFT calculations.
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General framework

The Panasqueira W-Cu (Ag)-Sn deposit in central
Portugal lies within the Central Iberian Zone (CIZ) of
the southern arm of the Ibero- Armorican Arc (IAA).
It is the result of the continental collision during the
Hercynian Orogeny that involved subduction-related
high-pressure low-temperature metamorphism (430
Ma to 400 Ma), followed by nappe emplacement,
Barrovian metamorphism, crustal thickening (380
Ma to 340 Ma), and by crustal anatexis and granite
emplacement (380 Ma to 280 Ma) (Thadeu, 1951;,
Clark, 1964; Clark,1970; Kelly and Rye, 1979;
Marignac, 1982; Snee et al., 1988 ; Bussink, 1984 ;
Bussink et al., 1984 ; Polya, 1988-1989 ; Foxford et
al., 1991; and Noronha et al., 1992). Panasqueira is
composed by an intricate network of sub-horizontal
mineralized quartz veins that are concentrated at
the proximity of a greisen apex that is directly
observable underground in the mine (Fig.1). In
particular, the veins cut the greisenized cupola of
the batholith (Kelly and Rye, 1979; Bussink, 1984;
Polya, 1989) that consists of a Hercynian fine- to
medium- grained, porphyritic muscovite-biotite
granite (muscovite>biotite). The granite has a
peraluminous composition characteristic of S-type
granites and ages of around 290 Ma (for K-Ar Clark,
1970 and for Rb-Sr Priem and Den Tex, 1984)
making it one of the younger granites in the CIZ. The
granite intruded the Beira schist sequence and
produced a metamorphic aureole contact
dominated by cordierite-biotite spots. The veins of
Panasqueira deposit are hosted by this greenschist
facies Beira Schists composed by Palaeozoic
metasediments, which are overlapped, in central
and northern Portugal, with an unconformity by
terrestrial Upper Carboniferous sediments. The
Beira Schists are CaO-poor and notably are devoid
of evaporites. Regional greenschist metamorphism
of the Beira Schists occurred during the early stages
of the Hercynian Orogeny and was accompanied by
the formation of tight, upright folds. Numerous
pods and vein-like masses of barren quartz locally
termed “seixo-bravo” probably also formed at this
time (Thadeu, 1951).

Objectives

The objective of this study is to investigate the
magmatic-hydrothermal transition that is of primary
importance to better understand the current
mineralogical expression of the rare metal ore
deposits, focused on the Panasqueira deposit. In
particular, the discrimination of strictly magmatic
processes (partial melting, fractionated
crystallization, assimilation, immiscibility) from the
hydrothermal processes is necessary to identify the
source of metals.

This task is achieved through: I. Identification of
geochemical and/or mineralogical markers in both
the wveins and their surrounding rocks. Il
Identification of specific fluids associated with
mineral deposition by direct measuring of fluid
compositions (FI).

To reach these objectives, it is necessary to know
with a high degree of precision the timing of
wolframite, cassiterite or chalcopyrite deposition, in
a detailed framework of the deposit history.
Unfortunately, it appears that in spite of the huge
quantity of work already performed at Panasqueira
(Kelly and Rye, 1979; Bussink, 1984; Luders, 1996;
Polya, 1988-1989, Foxford et al., 1991) it remains
great uncertainty concerning both the timing of vein
opening and quartz deposition, and the paragenetic
evolution. In particular, the early quartz exhibits far
more complexities than realized until now. As a
consequence, the evolution of the system, and the
exact conditions of wolframite, cassiterite, or
chalcopyrite deposition, remain poorly constrained.
For these reasons, a part of this thesis is also
devoted to a better comprehension of the solubility
and speciation of tungsten (W): the knowledge of W
speciation in hydrothermal solutions is of primary
importance to develop a geochemical model for the
genesis of tungsten ore deposit. Some dedicated
experiments will be performed using the glass
capillary  technique coupled with  Raman
spectroscopy analyses, to provide a structural
description of the solvent properties (H20 - CO2)
under hydrothermal conditions.

Methods

In recent years, progresses in the technics of
microanalysis of minerals and their contained fluid
inclusions have provided very powerful tools for the
unraveling of hydrothermal fluids source and
compositions. A precise and detailed paragenetic
succession is, however, the prerequisite to any
reliable geochemical or fluid inclusion work.
Unfortunately, when the hydrothermal history
appears, as is usual, multiphase, overprinting
phenomena (often implying dissolution and
replacement processes) tend to obscure the
temporal relationships and the establishment of a

LabEx RESSOURCES 21 - Annual Report - 77



Research highlights 2017

robust paragenetic chart. This is precisely the case
at Panasqueira. Around 250 samples have been
collected and described from macroscale to
microscale. These samples are issued from an
extended sampling of level 0 and 1 centered on the
historical center of the mine (40 years ago by C.
Marignac) and from sampling from the same levels,
located south-westwards then the historical zones,
during this Ph.D. To obtain a reliable paragenetic
sequence, observations must be integrated at all
scales, from the “outcrop” level (observation works
at the scale of the mine gallery pillar) to the
microscopic level (including photonic and electronic
microscopy).

Results

A new (provisional) succession is proposed (Fig.1).
Main differences with the previous ones are the
following. The earlier stages (STAGES | and II): they
are characterized by a simple quartz-wolframite
(Wfm 1-2) association, being clearly the main W-
depositing events.  Neither cassiterite, nor
arsenopyrite, are present at these stages, nor
muscovite or topaz as well. Wolframite deposition
was immediately preceded by a Tur/W-Rt
assemblage developed within the close wall-rock
(see crystal chemistry section). A Toz-(Cst1)-(Wfm3)-
Sp1 assemblage (STAGE llI-A) : this stage marks the
beginning of the main sulphide stage (stage III-B),
with sphaleritel-pyrrhotite (dominant)-
chalcopyritel. The exotic phosphate wagnerite may
be coeval, and seems temporally not connected to
the other phosphates. A first pyritisation
(xmarcasite) event (Stage IlI-C) immediately follows
the main sulphide deposition, and was independent
from the later siderite-pyrite assemblage. STAGE IV :
it is the main Sn-depositing event (Cst2), but a late
wolframite (Wfm4) is also present. This stage was
first recognized by Snee et al.,, 1988 and then by
Lourengo, 2008; but considered as a second and
subordinated stage of Sn deposition. It is very likely
that the L3 level W-bearing veins are from this stage
(as well as the Vale da Ermida Sn-rich section).
Quartz, muscovite (Msl) and arsenopyrite
(apparently, only one generation) are however the
main phases in stage IV. Panasqueraite and apatite
are coeval. It is at this stage that spectacular
arsenopyrite and/or muscovite “selvages” are
developed. It is also at this stage that
muscovitisation occurred in the wall-rock,
overprinting  the  earlier  quartz-tourmaline
assemblages. Integrated geochemical profiles are
therefore difficult to interpret, if not meaningless.
STAGE V: it is marked by the development of

sideritetpyrite and late Ms2, then chlorite. The later
stages ( STAGE VI and VII): a new generation of
sphalerite (Sp2) and chalcopyrite (Ccp2) follows
(stage VI), preceding what was apparently the latest
stage VII, with Bi-Ag-Pb-Sb and Mo minerals. Most
analysed wolframites are characterized by rather
constant compositions, with  Frb# generally
comprised between 0.845 and 0.865*. Significant
departures of these mean compositions, towards
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Fig. 1. Paragenetic stages

either more ferberitic (up to 0.950) ore more
hibneritic (down to 0.670*), reflect metasomatic
modifications related to post-wolframite deposition
events. In particular, Ms1 deposition seems rather
systematically to have been associated to shifts
towards hiibneritic compositions. Concerning the
trace elements, in twelve samples analyzed a
significantly amount higher than detection limits
has been observed for: Nb (5117-5 ppm), Ta (4529-
0.1 ppm), Mg (755-7 ppm), Zn (275-19 ppm), Ti
(421-1 ppm), Sc (129-0.3 ppm), V (55-0.1 ppm), Zr
(137-0.3 ppm), Sn (191-1 ppm), In (37.6-0.4 ppm), Li
(15.2-0.11 ppm), Ge (1.32-0.25 ppm), As (712-0.4
ppm, but possible nano-inclusions of Apy for max
values), Pb (3.8-0.03 ppm), U (31.6-0.01 ppm), Y
(2.74-0.05 ppm), Mo (1.09-0.11 ppm), Ga (0.18-0.02
ppm), Th (0.26-0.03 ppm), Bi (0.225-0.007 ppm),
and, erratically, Cu (0.87-0.17 ppm), Sb (0.24-0.03
ppm) and Ag (0.133-0.028 ppm). Using sample
average values, three groups may be defined on a
Nb (Ta) basis:

e group A, Nb: 1500-2000 ppm, rich in Ta (50-2800
ppm), with Ta# between 0.66 and 0.09

e group B, Nb: 140-320 ppm, with Ta (1-30 ppm)
and Ta# between 0.05 and 0.02

e group C, Nb: 15-50 ppm, with Ta (0,2-0,8 ppm)
and Ta# between 0.02and 0.01
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Parallel decreasing is observed for Sn (13-65 ppm in
group A, < 10 ppm in groups B-C) and Mo (0.6 in A,
0.5in B, 0.4 in C), whereas Mg (average A, 170 ppm,
average B, 250 ppm, average C, 320 ppm), Li
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(average A, 0.4 ppm, average B, 2.4 ppm, average C,
3 ppm) increase. Other elements are either rather
constant (Zn, In, Ge) or vary erratically.
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Fig. 2. Speciation in alkaline solution is dominated by " ~+

more complex with the formation of polymeric species some of them being currently unknown like

temperature.

Speciation in alkaline solution is dominated by
WOZ~ the main species identify, while in acidic
solution W speciation is more complicated with the
formation of polymeric species like Hy; (W0 ,};°~ at
low temperature (Wesolowski et al., 1984). The
polymeric species will probably play an important
role in the transport of W in acidic to neutral
hydrothermal solution. Their stability constants
remain to be calculated. The preliminary results
(Fig.2) already obtained demonstrated that Raman
spectroscopy is the perfect tool to achieve this goal.
The role of CO4, always present in huge amount in
the fluid inclusion associated to the W
mineralization, will be also investigated in this study.
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European Project Media - article

TravelEx - KIC Raw Materials P o
01.2018-12.2020, 730 k€ « Le marche du scandium

pourrait décoller »

IMINES. Métal aux propriétés particuliéres, le scandium est bien présent dans les latérites
Une étude du CNRT vient de le confirmer. La demande pourrait bientdt exploser grace au secteur de I'automobile.

eit ) RawMaterials o - o o

Michel Cathelineau

Connecting matters

D DED =N,

This project will set up a 200

7 to 300m? travelling exhibition.
partners It aims at providing easily
@y e accessible general information

brgm : -
about raw materials, in

particular about their
scientific and economic
contexts, and how to work at
better securing their access. It
will provide a comprehensive
description of the metal cycle
(exploration - extraction -
process- recycling).

It will combine interactive
participatory activities and workshops based on the
following questions: What are raw materials? What
are they made for? How do they form? Where to
find raw material resources? Are our resources
limitless? What is the use of raw materials,
especially in everyday life products? What types of
jobs depend on the availability of raw materials and
on the prosperity of the raw material sector? The
200m? exhibition will be available for rent in all
national museums for a period of about 6 month
per country. Such a format of exhibition usually
stays on display for 5 years, a duration that enables
getting enough feedback and reaching a balance
between the initial propositions and the objectives.
Nevertheless, as things are always changing a lot
and very fast in the area of economic geology, we
will need to reassess the data on display after 3
years (figures, statistics, new discoveries, trends of
the market, ...). The first three years will be funded
by the KIC project and a business model will be
established for an autonomous management of the
partners.

The kick-off meetng of TravelEx is scheduled the 5-
6" of February.
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DISSEMINATION OF KNOWLEDGE

EDUCATION

PDAC - Toronto

March 2013 to March 2017

Every year, a team from RESSOURCES21 attends
the PDAC event to meet with the mining industry,
and promote the Education and Research activities
realised at the Université de Lorraine. About
30000 delegates attend the event to interact in
the fields of mining industry, education, geological
survey, etc...

Aeid) il

UNIVERSITE ~ March 6-9, 2016
International trade show, Metro Toronto
DELORRAINE  conlcriion center, oronto, Canada

UNIVERSITE March 1-4, 2015

Convention Center, Toronto, Canad

UNIVERSITE March 5-8, 2017

International trade show, Metro Toronto
DE LORRAINE Convention Center, Toronto, Canada

This year again, the Université de Lomaine is proud to be an exhibitor st the PDAC 2017.

of geoscience. Meet our tesm and find out more 8bout our research Programs and training opporturties. 56 Susden

E [ Booth ™
= )

#1339

The PDAC2017 offers again the opportunity to
do networking for both education and
research, and to follow innovation in the field
of exploration. Former students or colleagues
from Nancy, working worldwide, are always
please to exchange all together at the booth.

From Left to Right. Behind: Quentin LE BERRE, Agnés
SAMPER (UL-LabEx RESSOURCES21), Jose Loenardo SILVA
Andriotti (Director of Geology and Mineral Resources),
Paul ALEXANDRE (Brandon University, Canada), Pablo
Meija HERRERA (Mira Geosciences, Montreal, Canada).
Front: Nicolas GAILLARD (Ph.D student McGill,
Montréal), Fortune TULOMBA (M2 GPRE student UL,
now exploration geologist at Rangold), Joseé de Jesus
PARGA (Mexico), Jean CAUZID (UL, GeoRessources-
Geosciences Dpt), Anne-Sylvie ANDRE-MAYER (UL,
GeoRessources-ENSG)

DE LORRAINE _ \nterational trade show, Metro Toronto 2015

SGA2017-Québec City

20-23 november 2017

It has already been four years that a UL-
RESSOURCES21 delegation has regularly been
attending the Quebec Mines event, and entered
the competition of the “Defi-Explo”, an exploration
targeting challenge. In 2013, Pierre Martz,
Benjamin Pelissier, and Francois Turlin; in 2015,
Julien Boulliung, Valentin Kremer and Marion
Grosjean; in 2016, Pierre Argoud, Alexandre
Crépon, and Julien Perret; and this past year -in
2017, Nathanael Kirch, Simon Hector, and Maxime
Dour. They had 12 hour to study the geological
data of a selected area of Quebec, elaborate, and
finally deliver an exploration program ready to use,
as best as possible!

Three former students from UL (F. Turlin, P.A
Groulier, and B. Fradet) made the front page of the
last Quebec Mines 2017 flyer, and part of the 2016

team was interviewed during the meeting:
https://www.youtube.com/watch?v=5EBcgsuf7ww&sns=fb

| .d:ng Innove

QUEBEC

| R
MINES e
20 AU X i

Un congrés signé

Ressources
naturelles

LabEx RESSOURCES 21 - Annual Report - 83


https://www.youtube.com/watch?v=5EBcgsuf7ww&sns=fb

Dissemination of knowledge 2017

EUROCORE - KIC Raw Materials
01.2017-12.2018, 840 k€

@ RawlViatenrials
COI’N‘IECUHQ matters
European Core Sample Collection for Master Training

B DB =S8 =T

Core logging remains a critical point in mineral
exploration. Traditional logging techniques provide
some access to mineralogy and structures.
However, spectroscopic portable devices can now
be applied to cores at a very low cost and enable a
more detailed interpretation of the core samples
by complementing mineralogical measurements
and giving direct to elemental concentrations.
These new tools are based on X-Ray Fluorescence
(XRF), Laser-Induced Breakdown Spectroscopy
(LIBS) Fourier Transform InfraRed spectroscopy
(FTIR), Ultra-violet-visible-Near- InfraRed-Short-
Wave-length-InfraRed (UV-vis-NIR-SWIR), Raman
spectro-scopy, X-Ray Diffraction (XRD). They
complement the older Gamma-Ray Spectroscopy
(GRS). They however move spectroscopic skills
onto the field and require training of geologists.
Teaching centers do not always find funding for
renewing on a regular basis these portable devices.
Neither do they always host trained users as
teachers.

* Automated system for core analysis (project)

UNIVERSITE

OF LORRAINE 0 ngses%'m y 3

oD
s &Y ) RawMaterss

Za "
300x140x140
)

2,8kg

250x230x95
1,3kg

135x150x25
0,25kg

=t =9,
NV

300x220x150
= 5kg

180x170x130
=1,5kg

A European consortium running the EUROCORE
(European Core Sample Collection for Master

Training) has been settled to create teaching
modules for European Students. It is based on the
collaboration between the Geological Survey of
Finland, providing representative core samples, the
Fraunhofer Insitute (Germany), performing X-ray
Tomography on cores, the University of Lorraine
(France), managing the project, automating the
portable device measurements on cores, and
leading the implementation of Teaching modules,
the University of Tallin (Estonia), building up
databases with the whole data (geological,
traditional descriptions, tomographies and results
from portable devices), and the University of
Madrid (Spain), also involved in the design of the
Teaching modules.

The set of data, currently being acquired, will be
accessible to students from the internet and will
help raising the skills of the next generation of field
exploration geologists.

The kick-off meeting of EUCOCORE occurred last
June 2017, and representative core samples were
chosen in the GTK National drill core archive in
October 2017. News about the EuroCore avtivties
can be followed at the following address:
eurocore.eitrawmaterials.univ-lorraine.fr

(M = Fraunhofer Q it eorea™ ' g

Enpesserin 1 b
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Gratifications Masters/ Année 2016-2017

Student Lab Training
N Priority research . .
Year Name Fist name Courses . Y Supervisors Laboratory Title
(Gpre, EA, PR...) |actions
Fractionnement isotopique du germanium dans les roches

ARGOUD Pierre RMGE PRA1 B Luais CRPG encaissantes du gisement filonien a Zn-Ge—Ag de Saint-Salvy (Massif
Central) : tracage de la source et des processus de mobilisation du Ge
Paragenéses et éléments en traces marqueurs des différentes stades

BATELLIER Paul RMGE PRA1 M Cathelineau GeoRessources (=8 .e € ) ntrace gu ur fHerente €
de formation du gisement de Panasqueira
Comparaison de la carbonatite a REE de Montviel (Supérieur,

éb I" li éniti -carbonatiti a Nb-Ta-REE d

CREPON Alexandre [RMGE PRA1 AS André - Mayer GeoRessources Q“eAeC) avec|'anomalie syénitique-carbonatitique & > e
Crevier (Grenville, Québec) : pétrographie et géochronologie des
pyrochlores et des carbonates
Petrographie géochimie des granitoides de la mine de W de

DEAMORIN  |Antoine  |RMGE PRAL M Cuney GeoRessources SR o8 ; e
Panasqueira (Portugal): Role dans |la genése des minéralisations

L . Fluides minéralisateurs dans le gisement de Panasqueira :

DEJEAN Mélanie RMGE PRA1 M Cathelineau GeoRessources .
reconstruction P-T-X
Etude pétrographique, thermobarométrique, géochimique et

soch logi | . B .

BERI e EE S AS André - Mayer GeoRessources |BS° rono oglqu? de leucosomes de paragneiss migmatitiques du
Grenville : contraintes sur la source et les processus
d’extraction/concentration des REE au cours de la fusion partielle
Avancées méthodologiques dans |'utilisation du spectrometre de

LACROIX Elodie  |RMGE PRAL ) cauzid GeoRessources o s
fluorescence X portable
Characterization of the fluid and magmaticinclusions in Songshugang

LOCATELLI Alexis RMGE PRA1 J Mercadier GeoRessources |rare metal granite in Jiangxi Province (China), and comparison with
the Beauvoir rare metal granite (France)

f: fl i t f the sheeli

FILLON Gaetan ENSG/GPRE PRA2/TR | Filippova, Y Foucaud Georessources Sur ace ene‘rgy‘measljlrements an}i Ptatlon S ERRE s
using combination of ionic and noionic reagents
Etude electrocinétique et microflotattion des minéraux de terres

BILIEN Cécilia ENSGE/GPRE PRA2/TR I.Filippova, A. Geneyton  [Georessources . q
rares |égeres
Etude physico-chimi t cinétique de la flottation des fi

CHARROY Julien ENSG/GPRE  |PRA2/ LFilippov, H.Apaza Blanca |Georessources | o Prysico-chimique etcinctique de fa Hottation des Tines
particules de la cassitérite
Preconcentration of Ni in laterite ore using physical methods

GASTALDI Yann ENSG/GPRE  |PRA2/ Ni project |Saeed Farrokhpay Georessources | N ! X X Y . A
including flotation and magnetic separation
Optimisation de la flottati élective de la sphalérite d

OTRON Aba Marie [ENSG/GPRE PRA2/ Indium recoyR.Joussemet, H.Apaza Blan{Georessources p |m|§a on 'e ariotration selective de Ja spnalerite dans un

2017 minerai sulfuré complexe (Tellerhauser, Allemagne).
Characterisation of different laterite ores with saprolite and limonite
DIWA Mar FST/GPRE PRA2/ Ni project [Saeed Farrokhpay Georessources e satt ' ' ' e '
P trati f Ni f t duct of a laterit

M'HAMED Mohamed [FST/GPRE PRA2/ Ni project |Saeed Farrokhpay Georessources recon(:en e
processing plant
Valorisation de la pegmatite a métaux rares (Nb-Ta) de Syvéjarvi

APALO Bernard FST/GPRE PRA2/ TR L.Filippov, G.Crumiere Georessources N p g Y ( ) ENETET
(Finlande) par flottation.

AHOULOU Wilfried GR (ENSG) PRAS C. Oltéan/ A.). Tinet GeoRessources |Physical modelling of rock alteration patterns
Abondance et diversité des communautés bactériennes ACC
deaminase des rhizosphéres de plantes hyperaccumulatrices de

CLAUSTRE Matthieu C |MASTER FAGE  [PRA2 Guillaueme Echevarria LSE nickel prélevées sur sols ultramafiques de Grece, Indonésie et
Albanie. Cas particulier de I’étude de la diversité fonctionnelle acdS
dans la rhizosphére d’Alyssum murale en sol ultramafique ».

QUINTELA SABARIS, Evolution physico-chimique de sols de résidus miniers nickéliféres

AUBER Etienne M1FAGE PRA2 Celestino and LEGUEDOIS, |LSE en vue de leur restauration par une recolinisation écologique

Sophie naturelle
Effet de terres rares et du nickel sur le développement larvaire du

POULET ELISA M23E-E2SA (pra3 COSSU-LEGUILLE / PARANT |LIEC ) R Lo
poisson zébre et chez des individus adultes

MARTIN- . . s . . q

MERIADEC Audrey M2 GPRE pra3 Damien Blaudez et Patrick|LIEC toxicité des terres rares et microorganismes, biosenseurs

. Venssa Koele-Divo & Efffets biologiques de nanoparticules métalliquesa différents
LACHAUX Nicolas M13E-E2SA |pra3 N L. LIEC ) . . . . "
Laure Giambérini niveaux d 'organisation biologique chez le bivalve Corbiculae
Laetitia Minguez & Transfert du nickel depuis le sédiment et les plantes vers les
MOUNIANMAN (Samuel M13E-E2SA |pra3 . g LIEC . . p, . a B 2
Elisabeth Gross niveaux trophiques supérieurs et écotoxicité. Encadrants
. Nicolas Grosjean et Le . .
FRACCIA Felix M1 GPRE pra3 ) LIEC Réponses cellulaires aux terres rares
ean

En cours En cours M1 GPRE pra3/PRA6 Asfaw Zegeye LIEC Disponibilité des terres rares
Mesures des éléments volatils S, Cl et F dans les laves de |a province

VORGY Clément PRA4 Lydéric FRANCEE CRPG du Lac Natron : Implications dans la genése des carbonatites de
I’Oldoinyo Lengai"

Premiére quantification du contenu en volatils (CO2-H20) des

MOUREY Adrien PRAS Lydéric FRANCEE CRPG N ( )

magmas parents des carbonatites
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Industry Interactions

RELATIONS WITH INDUSTRY

The relationships between laboratories from
OSU OTELO, the labex Resources21 and the
industry

A schematic representation of the different types
of interactions between the industry and the
laboratories from Labex is shown in Fig. 1.

Four main types of interactions can be listed:

e direct discussions between engineers and

researchers yield to collaborative projects through
contracts with a R&D service from the mining
industry, and management is realised through
bilateral contracts. In addition, there does exist
several interfaces between research teams as
industry partners: the “civil society” of CREGU is a
special link between GeoRessources and Areva
(and TOTAL for oil and gas themes); ASGA ensures
the management of several industrial contracts.

Specific joined programs between labs and
industry have been emplaced throughout the
activities of the LabEx. For example, recent projects
enclose:

- a research partnership with the ERAMET group
on the ore processing of fine grained materials
(Ni project)

- the development of remediation applications, or
agromining of Ni-rich soils (on the particular
example of Philippines, in the Wedda Bay) with
ERAMET.

The implementation of some of the LabEx’s
collaborative projects with the industry have been
facilitated through the discussions emplaced
between the LabEx and companies’ scientific
councils.

Laboratories involved in European contracts in
collaboration with the industry. Several programs
have involved both LabEx laboratories (OSU) and
industrial partners: Fame, Stoicism (Imerys), kaolin
from St Austell (UK), BioMore (KGHM's Rudna
copper mine in Poland). Within the Eranet-ERAMIN
program, the NewOres project is in great part
dedicated to the study of the distribution of ores in
the Panasqueira mine (Minas de Panasqueira,
Portugal, Sojitz Beralt-Almonty industries), the
remnant part focuses on the search of new
processes for metal extraction from waste piles.
International collaborations have been developed
frequently through the years since the onset of the
LabEx, thanks to other research networks or
institutions. They provided several opportunities of
collaborations with the industry.

oM,
A O Ni program o emaronnemen
AREVA
ToTAL
: « ANR, ADEME « ore processing , M
* CT5-INSU-CESSUR mineralogy
ASGA. cregu

=) Research -

programmes

International 1

e WAXI

(participation,
leader: CET, UWA Perth)

CNRT-Ni
New Caledonian
mining companies
Koniambo SA
SMSP, SMT
SNL, ...

4
B A smr

Had Do

NICKEL
MINING COMPANY

REE program

Canada : coll DIVEX

ERA-NET
RA-MIN

STOICISM

I FAME II BIOMORE I

Minas de Imerys n

Panasqueira Kaolin, St Kfu'y\n/l:
Sojitz-Almonty Austell N
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Yat Sen)
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Industry interactions

- the WAXI projects on metal prospection in the
West African craton was carried out with Acacia
mining, Resolute mining Limited, Newcrest,
lamGold, Rio Tinto, First Quantum, Qatar mining,
Gryphon Minerals Limited, ToroGold, Sarama
Newmont and numerous academic partners UWA
(Australia), IRD (France), University of Paul Sabatier
in Toulouse (France), CNRS (France), Universities of
Ouagadougou (Burkina Faso) Dakar (Senegal) and
Bamako (Mali), Universities of Johannesburg and
Tshwane university of technology (RSA).

- the REE project on Grenville terranes in Quebec,
carried out in collaboration with DIVEX, and the
MERN ministry of Energy and Natural Resources;

- the “LIA Laboratoire International Associé” is a
joint international lab in collaboration with the Sun
Yat Sen University, and focuses on specific areas of
South China to be remediated following extraction
activities - the CNRT project on Sc and Ni, in
collaboration with KNS (Koniambo SAS, SMSP-
Glenmore), SLN Eramet (Thiebaghi), SMT (Cap
Bocage), MKM (Ngo), NMC (Nakety) and the SGNC.
In conclusion, interactions with the industrial
sector are multiple, even though we still aim at
developing more collaborations in the near future.

The Raw Materials mirror group
The analysis of the present-day situation in France,
is as follows:

« Le groupe Miroir »:
interface for discussion and critical th

Groupe Miroir
Raw Materials
Research, Innovation, Development

e |t appears absolutely necessary to sustain the
availability of essential resources for French needs,
and by extension, the industrial needs of Europe.
Resources cannot be provided solely from
recycling. Their supply needs to be warranted by
the Primary Resources sector. However, the main
users and suppliers of raw materials are not yet
organized to prevent supply crises.

¢ There are numerous skills available at all levels in
France (academics e.g. universities, CNRS: UMRs,
mining companies, research centres, and EPIC).
However, there is a great deficit of mutual
knowledge and little coordination between these
actors, resulting in a lack of visibility of both
industry and academic efforts on raw materials. In
any case, the visibility remains below what can be
expected from the existing potential. Further, there
is a large dispersal of means and monitoring
centres, and the main actors are separated through
alliances, agencies, and the diversity of the
industrial actors, with numerous SMEs.

* A recent example is given by a report by the
German Ministry for Education, which enlightens
the lack of activity in the raw materials sector (see
FONA report : Raw materials of strategic economic
importance for high-tech made in Germany). It is
noted in particular that France lacks a structure
such as the Agency for Raw Materials, which exists
in Germany (DERA, created in 2010).

European Community
inking : Elzg,zlg/larie Curie

e KIC Raw Materials
* Eranets

EIP(European Innovation partnerships)
Program comittees H2020
National contacts (PCN) (France)

Departments- MENESR, MEEM, MEIN

ANR, ADEME
Alliances TR : ANCRE, AllEnvi, ATHENA

COMES
CSF-recycling
Strategic comittee
of the mining
sector
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Industry interactions

e There is current "political" interest in raw
materials, however this interest is generally bound
to metal exchange and supply crises: e.g. during
the period of strong ascent of stock exchange in
2008 unfortunately followed by almost complete
indifference. The life cycle of metals and mineral
resources is not handled as such, as there does not
exist a strictly dedicated sector, and no specific
public alliance [(i.e., raw materials are
subcontracted through the domain of energy
(ANCRE), or Environment (AllEnvi)]. For these
reasons, the French Ministry of Education decided
to set up a group of thinking and communication
where most structures are represented, at the
interface between the academics, industry, and
Europe: a mirror group on raw materials called
“Groupe Miroir for Raw Materials”, in French (see
figure 2).

The Groupe Miroir comprises the main actors
within the raw materials sector and primary
processing industry. It aims to: maximize the
capacities of influence of this group during the
elaboration of Research- Innovation and
Development (RID) programs at the French or
European level, propose a place for information
sharing and exchanges within this community,
together with ministries and financing agencies, in
particular for information about the selection
processes for European R&D projects, and identify
and promote the R&D projects in which the French
actors are committed. The Groupe Miroir has been
chaired since November 2016 by the Scientific
director of LabEx RESSOURCES 21, M. Cathelineau.

The activity of the groupe Miroir in 2017 consisted
in the organization of two information days, and
the meeting of the board. In March 2017 (3-03-
2017), the information day included:

e An overview of the European calls on - raw

materials, by Emmanuelle Klein (RCP) and Katrin
Dumoulin (PCN)

eThe presentation of the new call of the Eranet
ERAMIN Il by O. Spalla (ANR)

e An overview of the projects funded during
ERAMIN | by R. Baudry (ADEME)

e Flash presentations for networking.

In October (5-10-2017), the information day
focused on :

e Mapping of the raw material sector and
governance in France by R. Galin (MTES-DGALN)

e The main European calls for 2018-2019 by K.
Dumoulin (PCN, CEA)

e European innovation partnership: the « after
2020 programme» workshop by  P.Akodjénou,
(MTES-DGALN)

¢ An overview of the current research on recycling
in France, both in academic institutions or industry
: a synthesis by ADEME (R. Baudry, ADEME)

e Overview of the results from the first phase of
selection of the Eramin 2 projects, (M. Picciani
ANR)

¢ South-South-(North) projects on Raw materials
by F. Colin (IRD) : the Amédée network.
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Equipments-Infrastructures

EQUIPMENTS - INFRASTRUCTURES

Hydrometallurgy

The laboratories of Université de Lorraine
gather a large scope of skills, useful in the
development of extractive metallurgical
processes for the recovery of metals from
primary and secondary resources. These skills
cover geosciences, mineral  processing,
engineering, environmental issues, bioreme-
diation, hydrometallurgy, pyrometal-lurgy, etc.
In particular, the experimental station STEVAL
was initially built to facilitate technological
transfer from the laboratory scale to the
industrial scale in the field of mineral
processing. This station was especially
dedicated to the production of metal
concentrate from ore or wastes. However, no
facilities to process the concentrate by
hydrometallurgy existed. This is why the
technical platform HydroVAL has been recently
built in parallel to the hydrometallurgical
laboratory HydroLAB by means of fundings
from the FEDER and CPER programs, and with
the contributions of |ICEEL and LABEX
RESSOURCES21.

HydrolLAB is devoted to the development of
flowsheets at the laboratory scale and the
understanding of physicochemical phenomena,
happening through hydrometallurgical
processes. HydroVAL uses data and flowsheets
developed in HydroLAB at the laboratory scale
to test and optimize flowsheets in mini-pilots.
These two entities are connected with the new
analytical platform PGM, which contains all
analytical equipment required to perform
relevant analyses for HydroVAL, HydroLAB and
STEVAL (ICP-AES, AAS, XRF, ionic
chromatographic, colorimetric analyses, mine-
ralization equipment, etc.). HydroVAL is
equipped with leaching/precipitation thermo-
stated reactors (20 L) equipped with redox, pH
and turbidity electrodes, Nutsche filters,
mixers-settlers equipped with pH and redox
recording devices in each settler, Agilent MP
analyser, etc. All of these platforms will
contribute strongly to the structuration of the
research activities in the field of extractive
metallurgy at Université de Lorraine for the
development of new efficient and selective
processes for the sustainable valorization of
metals contained in complex resources.
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List of publications

PUBLICATIONS

In blue, LabEx sensus stricto publications
In black, publications concerning metals in general

Theme 1: Exploration, metallogenesis, metal
geochemical cycle

Aissa D-E, Marignac C. Controls on gold deposits in
Hoggar, Tuareg Shield (Southern Algeria). Journal
of African Earth Sciences, 2017, 127(SI):136-45.

Ballouard C., Poujol M., Mercadier J., Deloule E.,
Boulvais P., Baele J.M., Cuney M., Cathelineau
M., 2017, Uranium metallogenesis of the
peraluminous leucogranite from the Pontivy-
Rostrenen magmatic complex (French Armorican
Variscan belt): the result of long-term oxidized
hydrothermal alteration during strike-slip
deformation. Mineralium Deposita, on line.

Ballouard C., Poujol M., Boulvais P., Mercadier J.,
Tartése R., Venneman T., Deloule E., Jolivet M.,
Kéré |, Cathelineau M., Cuney M., 2017,
Magmatic and hydrothermal behavior of
uranium in syntectonic leucogranites: The
uranium mineralization associated with the
Hercynian Guérande granite (Armorican Massif,
France). Ore Geology Reviews, 80, 309-331.

Barré G., Truche L., Bazarkina E.F., Michels R.,
Dubessy J., 2017, First evidence of the trisulfur
radical ion S3° and other sulfur polymers in
natural fluid inclusions. Chemical Geology, 462,
41640.

Bonnet J, Cauzid J, Testemale D, Kieffer I, Proux O,
Lecomte A, et al. Characterization of Germanium
Speciation in Sphalerite (ZnS) from Central and
Eastern Tennessee, USA, by X-ray Absorption
Spectroscopy. MINERALS. 2017 May;7(5).

Bonnetti C., Liu X., Zhaobin Y., Cuney M., Michels R.,
Malartre F., Mercadier J., Cai J. X., 2017, Coupled
uranium mineralisation and bacterial sulphate
reduction for the genesis of the Baxingtu
sandstone-hosted U deposit, SW Songliao Basin,
NE China.Ore Geology Reviews, 82, 108-129.

Cathelineau M., Myagkiy A., Quesnel B., Boiron M.-
C., Gautier P, 2017, Multistage crack seal vein
and hydrothermal Ni enrichment in
serpentinized ultramafic rocks (Koniambo massif,
New Caledonia). Mineralium Deposita, 52, 945-
960.

Cuney M., 2017, Ore deposits Encyclopedia of
Geochemistry, in press, DOl 10.1007/978-3-319-
39193-9_126-1

Eglinger A., Thébaud N.,Zeh A., Davis J., Miller
J, Parra-Avila L. A, Loucks R., McCuaig

C., Belousova E., 2017, New insights into the
crustal growth of the Paleoproterozoic margin of
the Archean Kéména-Man domain, West African
craton (Guinea): Implications for gold mineral
system. Precambrian Research, 292, 258-289.

El Korh A., Luais B., Boiron MC., Deloule E., Cividini
D., 2017, Investigation of Ge and Ga exchange
behaviour and Ge isotopic fractionation during
subduction zone metamorphism. Chemical
Geology, 449, 165-181.

El Korh, A., Luais, B., Deloule, E. & Cividini, D. lron
isotope fractionation in subduction-related high-
pressure metabasites (lle de Groix, France).
Contributions to mineralogy and petrology 172,
(2017).

Essarraj S., Boiron M.-C., Cathelineau M., Tarantola
A., Leisen M., Boulvais P., 2017, Basinal Brines At
The Origin Of The Imiter Ag-Hg Deposit (Anti-
Atlas, Morocco): Evidence From LACP-MS Data
On Fluid Inclusions, Halogen Signatures, And
Stable Isotopes (H, C, O), a reply. Economic
Geology, 112, 1273-1277.

Feneyrol, J. et al. age and origin of the tsavorite and
tanzanite mineralizing fluids in the
neoproterozoic mozambique metamorphic belt.
canadian mineralogist 55, 763-786 (2017).

Fontaine A., Eglinger A., Ada K., André-Mayer A.-S.,
Reisberg L., Siebenaller L., Le Mignot E., Ganne
J., Poujol M.,2017, Geology of the world-class
Kiaka  polyphase  gold  deposit,  West
African Craton, Burkina Faso.Journal of African
Earth Sciences,126, 96-122.

Goldfarb R.J., André-Mayer A.S., 2017, West Africa
Gold: preface. Economic Geology, 112, 1-2.

Goldfarb R.J., André-Mayer A.S., Jowitt S.M., Mudd
G.Mbiblio-labex-zotero., 2017, West Africa: the
World’s premier Paleoproterozoic  gold
province.Economic Geology, 112, 123-143.

Harlaux M., Romer R. L., Mercadier J., Morlot C.,
Marignac C., Cuney M., 2017, 40 Ma years of
hydrothermal W mineralization during the
Variscan orogenic evolution of the French Massif
Central revealed by U-Pb dating of wolframite.
Mineralium Deposita, DOI 10.1007/s00126-017-
0721-0

Hulsbosch N., Thomas R., Boiron M.C., Dewaele S.,
Muchez P., 2017, Direct observation of boro-
aluminosilicate melt compositions: insignts from
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raman spectroscopy of melt inclusions in
pegmatitic tourmaline of the Gatumba-Gitarama
area (Rwanda). The Canadian Mineralogist, 55,
377-397.

lelsch G., Cuney M., Buscail F.,, Rossi F.,, Leon A.,
Cushing M.E., 2017, Estimation and mapping of
uranium content of geological units in France.
Journal of Environmental Radioactivity, 166, 210-
219.

Jebrak M., Lebrun C., André-Mayer A.-S., Simard M.,
2017, Native antimony emplaced by methane-
rich hydrothermal fluid in an orogenic fault-
zone.Terra Nova, DOI: 10.1111/ter.12300

Jébrak M., Montel J.M. (2017). Educating the
Ressource Geologist of the Future: between
observation and imagination. Elements, 13, 331-
336.

Lecomte A., Cathelineau M., Michels R., Peiffert Ch.,
Brouand M., 2017, Uranium mineralization in the
Alum Shale Formation (Sweden): Evolution of a
U-rich marine black shale from sedimentation to
metamorphism. Ore Geology Reviews, 88, 71-98

Mathieu, M., Roy, R., Launeau, P., Cathelineau, M. &
Quirt, D., 2017, Alteration mapping on drill cores
using a HySpex SWIR-320m hyperspectral
camera: Application to the exploration of an
unconformity-related uranium deposit
(Saskatchewan, Canada). Journal of geochemical
exploration 172, 71-88.

Mollex, G., Firi, E., Burnard, P.,, Zimmermann, L.,
Chazot, G., Kazimoto, E.O., Marty, B., France, L.,
2017. Tracing helium isotope compositions from
mantle source to fumaroles at Oldoinyo Lengai
volcano, Tanzania. Chemical Geology.
https://doi.org/10.1016/j.chemgeo.2017.08.015

Myagkiy, A., Truche, L., Cathelineau, M., Golfier, F.,
2017. Revealing the conditions of Ni
mineralization in the laterite profiles of New
Caledonia: insights from reactive geochemical
transport  modelling.  Chemical Geology.
https://doi.org/10.1016/j.chemgeo.2017.06.018

Le Mignot E., Reisberg L., André-Mayer A.S.,
Bourassa Y., Fontaine A., Miller J., 2017, Re-Os
geochronological  evidence  for  multiple
Paleoproterozoic gold events at the scale of the
West African craton. Economic Geology, 112,
145-168.

Le Mignot E., Siebenaller L., Béziat D., André-Mayer
AS., Reisberg L., Salvi S., Velasquez G.,
Zimmermann C., Naré A., Fransceschi G., 2017,
The Paleoproterozoic copper-gold deposit of
Gaoua, Burkina Faso: Superimposition of a
porphyry copper with an orogenic gold deposit?
Economic Geology, 112, 99-122.

Mathieu M., Roy R., Launeau P., Cathelineau M.,
Quirt D., 2017, Alteration mapping on drill cores
using a HySpex SWIR-320m hyperspectral
camera: Application to the exploration of an
unconformity-related uranium deposit
(Saskatchewan, Canada). Journal of Geochemical
Exploration, 172, 71-88.

Muchez P., André-Mayer A.-S., Dewaele S., Large R,,
2017, Discussion: age of the Zambian
Copperbelt. Mineralium Deposita, 52(8), 1269-
1271.

Myagkiy A., Truche L., Cathelineau M., Golfier F.,
2017, Revealing the conditions of Ni
mineralization in the laterite profiles of New
Caledonia: Insights from reactive geochemical
transport modelling. Chemical Geology, 466,
274-284.

Padyar F., Rahgoshay M., Alirezaei S., Pourmoafi M.,
Tarantola A., Vanderhaeghe 0., Caumon M.C,,
2017, Cathodoluminescence, micro
thermometry and laser raman spectroscopy
studies on hydrothermal quartz in Latala deposit,
Central Iran. Scientific Quarterly Journal
Geosciences, 26-102, 39-52.

Padyar F., Rahgoshay M., Alirezaei S., Tarantola A.,
Vanderhaeghe O., Caumon M.-C., 2017 Evolution
of the mineralizing fluids and possible genetic
links between Miduk porphyry copper and Latala
vein type deposits, Kerman copper belt, South
Iran. Journal Geological society of India, 90, 558-
568.

Quesnel B., Le Carlier de Veslud C., Boulvais P,
Gautier P., Cathelineau M., Drouillet M., 2017,
3D modeling of the laterites on top of the
Koniambo Massif, New Caledonia: refinement of
the per descensum lateritic model for nickel
mineralization. Mineralium Deposita, 52, 961-
978.

Richard A., 2017, Radiolytic (H2, O2) and other trace
gases (CO2, CH4, C2H6, N2) in fluid inclusions
from unconformity-related U deposits. Procedia
Earth and Planetary Science, 17, 273-276.

Richard A., Banks D.A., Hendriksson N., Lahaye Y.,
2017, Lithium isotopes in fluid inclusions as
tracers of crustal fluids: An exploratory study.
Journal of Geochemical Exploration, 184, 158-
166.

Rossi M., Gasquet D., Cheilletz A., Tarrieu
L., Bounajma H., Mantoy T., Reisberg L., Deloule
E., Boulvais P.,, Burnard P., 2017, Isotopic and
geochemical constraints on lead and fluid
sources of the PbZnAg mineralization in the
polymetallic Tighza-Jbel Aouam district (central
Morocco), and relationships  with  the
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geodynamic context. Journal of African Earth
Sciences, 127, 194-210.

Rouxel, O.J., Luais, B., 2017. Germanium Isotope
Geochemistry. Reviews in Mineralogy and
Geochemistry 82, 601-656.
https://doi.org/10.2138/rmg.2017.82.14

Salvi, S. et al.,, 2017, Fluid inclusion and stable
isotope constraints on the formation of the
lanapera emerald deposit, southern Madagascar.
Canadian Mineralogist 55, 619-650.

Scheffer C., Tarantola A., Vanderhaeghe O.,
Voudouris P., Rigaudier T., Photiades A., Morin
D., Alloucherie A., 2017, The Lavrion Pb-Zn-Fe-
Cu-Ag detachment-related district (Attica,
Greece): Structural control on hydrothermal flow
and element transfer-deposition.
Tectonophysics, 717, 607-627.

Scheffer C., Tarantola A., Vanderhaeghe O.,
Rigaudier T., Photiades A., 2017, CO2 flow during
orogenic gravitational collapse: Syntectonic
decarbonation and fluid mixing at the ductile-
brittle transition (Lavrion, Greece). Chemical
Geology, 450, 248-263.

Tchakounté J., Eglinger A., Félix Toteu S., Zeh A,,
Nkoumbou C., Mvondo-Ondoa J., Penaye J., de
Wit M., Barbey P, 2017, The Adamawa-Yadé
domain, a piece of Archaean crust in the
Neoproterozoic Central African Orogenic belt
(Bafia area, Cameroon). Precambrian Research,
299, 210-229.

Teitler Y., P. Duuring P, Hagemann S.G., 2017,
Genesis history of iron ore from Mesoarchean
BIF. Australian Journal of Earth Sciences, 64,
Issue 1, 41-62.

Turlin  F., André-Mayer A.-S., Moukhsil A,
Vanderhaeghe 0., Gervais F., Solgadi F., Groulier
P-E., Poujol M., 2017, Unusual LREE-rich,
peraluminous, monazite- or allanite-bearing
pegmatitic granite in the central Grenville
Province, Québec. Ore Geology Reviews, 89,
627-667.

Zhu, C. Wen, H, Zhang, Y, Fu, S, Fan,H, Cloquet, C.,
2017, Cadmium isotope fractionation in the Fule
Mississippi Valley-type deposit, Southwest China.
Mineralium deposita 52, 675-686.

Theme 2: Ore processing

Chopard A., Benzaazoua M., Bouzahzah H., Plante
B., Marion P.,, 2017, A contribution to improve
the calculation of the acid generating potential
of mining wastes. Chemosphere, 175, 97-107.

Dehaine Q., Filippov L.O., Joussemet R., 2017, Rare
earth (La, Ce, Nd) and rare metals (Sn, Nb, W) as
by-product of kaolin production, Cornwall — Part

2: Gravity processing of micaceous residues.
Minerals Engineering, 100, 200-210.

Farrokhpay S. & Filippov L., 2017, Aggregation of
nickel laterite ore particles using polyacrylamide
homo and copolymers with different charge
densities. Powder Technology, 318, 206-213.

Farrokhpay S. & Fornasiero D., 2017, Flotation of
coarse composite particles: effect of mineral
liberation and phase distribution. Advanced
Powder Technology, 28, 1849-1854.

Filippov L.O., Royer J.J. and Filippova LV., 2017,
Improvement of ore recovery efficiency in a
flotation column cell using ultra-sonic enhanced
bubbles. Journal of Physics: Conference Series,
Volume 879, 1, doi :10.1088/1742-
6596/879/1/012023.

Flamme B., Rodriguez Garcia G., Weil M., Haddad
M., Phansavath P., Ratovelomanana-Vidal V.,
Chagnes A., 2017, Guidelines to Design
Electrolytes for Lithium-ion Batteries:
Environmental Impact, Physicochemical and
Electrochemical Properties. Green Chemistry, 19,
1828-1849.

Fornasiero D. and Filippov L.O., 2017, Innovations in
the flotation of fine and coarse particles. Journal
of Physics: Conference Series, Volume 879, 1, doi
:10.1088/1742-6596/879/1/012002.

Hoummady, E. et al.,, 2017, A multi-analytical
approach to the study of uranium-ore
agglomerate structure and porosity during heap
leaching. Hydrometallurgy 171, 33-43.

Kanari, N., Diot, F., Allain, E. & Yvon, J. Processing of
magnesium bearing materials by dry chlorination
- An overview of kinetic aspects. in 5TH
INTERNATIONAL CONFERENCE NEW
ACHIEVEMENTS IN MATERIALS AND
ENVIRONMENTAL SCIENCE (NAMES'16) 879,
(Univ Lorraine; Natl Univ Sci & Technol MISIS;
GrandEst; ARCUS, 2017).

Lafhaj Z., Filippov L.O. and Filippova V., 2017,
Improvement of calcium mineral separation
contrast using anionic reagents: electrokinetics
properties and flotation. Journal of Physics:
Conference Series, Volume 879, 1, doi
:10.1088/1742-6596/879/1/012012.

Nguyen V.T., Lee J.C., Kim M.S,, Jeong J., Chagnes A.,
Cote G., 2017, Sustainable Extraction and
Separation of Precious Metals from Hydrochloric
Media using Novel lonic Liquid-in-Water
Microemulsion. Hydrometallurgy 171, 344-354.

Omelchuk K., Szczepanski P., Shrotre A., Haddad M.,
Chagnes A., 2017, Effects of structural changes of
new organophosphorus cationic exchangers on
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solvent extraction of cobalt, nickel and
manganese from acidic chloride media. RSC
Advances, 7, 5660-5668.

Poperechnikova, O. Y., Filippov, L. O., Shumskaya, E.
N. & Filippova, I, V. Intensification of the
Reverse Cationic Flotation of Hematite Ores with
Optimization of Process and Hydrodynamic
Parameters of Flotation Cell. in 5TH
INTERNATIONAL CONFERENCE NEW
ACHIEVEMENTS IN MATERIALS AND
ENVIRONMENTAL SCIENCE (NAMES’'16) 879,
(Univ Lorraine; Natl Univ Sci & Technol MISIS;
GrandEst; ARCUS, 2017).

Royer J.J., Monnin N., Pailot-Bonnetat N., Filippov
L.O., Filippova LV. and Lyubimova T, 2017,
Thermodynamics of ultra-sonic  cavitation
bubbles in flotation ore processes. Journal of
Physics: Conference Series, Volume 879, 1, doi
:10.1088/1742-6596/879/1/012024.

Theme 3: Environmental issues

Aharchaou, 1., Rosabal, M., Liu, F., Battaglia, E.,
Vignati, D.A.L., Fortin, C., 2017. Bioaccumulation
and subcellular partitioning of Cr(lll) and Cr(VI)
in the freshwater green alga Chlamydomonas
reinhardtii. Aquatic Toxicology 182, 49-57.
https://doi.org/10.1016/j.aquatox.2016.11.004

Auffan, M. et al.,, 2017, Structural and physical-
chemical behavior of a CeO2 nanoparticle based
diesel additive during combustion and
environmental release. Environmental Science-
Nano 4, 1974-1980.

Auffan, M., Tella, M., Liu, W., Pariat, A., Cabié, M.,
Borschneck, D., Angeletti, B., Landrot, G.,
Mouneyrac, C., Giambérini, L., Rose, J., 2017,
Structural and physical-chemical behavior of a
CeO ; nanoparticle based diesel additive during
combustion and environmental release. Environ.
Sci.: Nano. https://doi.org/10.1039/C7EN00494)

Bertrand, C., Devin, S., Mouneyrac, C., Giambérini,
L., 2017, Eco-physiological responses to salinity
changes across the freshwater-marine
continuum on two euryhaline bivalves: Corbicula
fluminea and Scrobicularia plana. Ecological
Indicators 74, 334-342.
https://doi.org/10.1016/].ecolind.2016.11.029

Coussy, S. et al., 2017, Evolution of iron minerals in a
100 years-old Technosol. Consequences on Zn
mobility. GEODERMA 290, 19-32..

Deng THB, van der Ent A, Tang YT, Sterckeman T,
Echevarria G, Morel JL, Qiu RL. 2017. Nickel
hyperaccumulation mechanisms: a review on the
current state of knowledge. Plant and Soil, 1-11

Devin, S. et al.,, 2017, The integrated biomarker
response: a suitable tool to evaluate toxicity of
metal-based nanoparticles. Nanotoxicology, 11,
1-6.

Dinh, N., van der Ent, A., Mulligan, D.R., Nguyen,
AV, 2018. Zinc and lead accumulation
characteristics and in vivo distribution of Zn 2+ in
the hyperaccumulator Noccaea caerulescens
elucidated with fluorescent probes and laser
confocal  microscopy. Environmental and
Experimental Botany 147, 1-12.
https://doi.org/10.1016/j.envexpbot.2017.10.00
8

Galey, M.L, van der Ent, A., Igbal, M.C.M,,
Rajakaruna, N., 2017. Ultramafic geoecology of
South and Southeast Asia. Botanical Studies 58.
https://doi.org/10.1186/s40529-017-0167-9

Gonneau, C. et al., 2017, Demographic history of the
trace metal hyperaccumulator  Noccaea
caerulescens (J. Presl and C. Presl) F. K. Mey. in
Western Europe. Molecular Geology 26, 904-
922.

Gonneau, C. et al.,, 2017, Design and validation of
sixteen single nucleotide polymorphism to
investigate plastid DNA sequence variation in
Noccaea caerulescens (Brassicaceae).
Conservation genetics Resources 9, 67-71.

Groenenberg, J. E., Romkens, P. F. A. M., Van
Zomeren, A., Rodrigues, S. M. & Comans, R. N. J.,
2017, Evaluation of the Single Dilute (0.43 M)
Nitric Acid Extraction to Determine
Geochemically Reactive Elements in Soil.
Environemntal Science & Technology 51, 2246-
2253.

Hazotte, C., Laubie, B., Rees, F., Morel, J. L. &
Simonnot, M.-O., 2017, A novel process to
recover cadmium and zinc from the
hyperaccumulator plant Noccaea caerulescens.
Hydrometallurgy 174, 56-65.

Houzelot V., Laubie B., Pontvianne S., Simonnot
M.O. Effect of up-scaling on the quality of ashes
obtained from hyperaccumulator biomass to
recover Ni by agromining, Chemical Engineering
Research and Design 120 (2017) 26-33.

Jacobs, A., Drouet, T., Sterckeman, T. & Noret, N.,
2017, Phytoremediation of urban soils
contaminated with trace metals using Noccaea
caerulescens: comparing non-metallicolous
populations to the metallicolous “Ganges’ in field
trials. Environmental Science and pollution
research 24, 8176-8188.

Janot, N., Pinheiro, J. P, Botero, W. G., Meeussen, J.
C. L. & Groenenberg, J.,, 2016, E. PEST-
ORCHESTRA, a tool for optimising advanced ion-
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binding model parameters: derivation of NICA-
Donnan model parameters for humic substances
reactivity. Environmental Chemistry.

Joimel, S. et al. Urban and industrial land uses have
a higher soil biological quality than expected
from physicochemical quality. SCIENCE OF THE
TOTAL ENVIRONMENT 584, 614-621 (2017).

Kanbar, H. J. et al.,, 2017, lron mineralogy as a
fingerprint of former steelmaking activities in
river sediments. Science of the total
environment 599, 540-553.

Lange, B., van der Ent, A., Baker, A.J.M., Echevarria,
G., Mahy, G., Malaisse, F., Meerts, P., Pourret, O.,
Verbruggen, N., Faucon, M.-P., 2017. Copper and
cobalt accumulation in plants: a critical
assessment of the current state of knowledge.
New Phytologist 213, 537-551.
https://doi.org/10.1111/nph.14175

Lopez S, Piutti S, Vallance J, Morel JL, Echevarria G,
Benizri E. 2017. Nickel drives bacterial
community diversity in the rhizosphere of the
hyperaccumulator Alyssum murale. Soil Biology
& Biochemistry, 114:121-130.

Liu WS, Guo MN, Liu C, Yuan M, Chen XT, Huot H,
Zhao CH, Tang YT, Morel JL, Qiu RL. Water,
sediment and agricultural soil contamination
from ion-adsorption rare earth mine site.
Chemosphere, submitted

Mocellin J, Mercier G, Morel JL, Charbonnier P, Blais
JF, Simonnot MO. 2017. Recovery of zinc and
manganese from pyrometallurgy sludge by
hydrometallurgical processing. Journal of Cleaner
Production, 168:311-321

Nkrumah PN, Echevarria G, Erskine PD, van der Ent
A. 2017. Nickel hyperaccumulation in Antidesma
montis-silam: from herbarium discovery to
collection in the native habitat. Ecological
Research, 1-11

Pardo T. Soto JL, Vazquez, Prieto-Fernandez A,
Rodriguez-Garrido B, Saad R, Loureiro Vifias M,
Echevarria G, Benizri E, Kidd PS. 2017. Assessing
the agromining potential of Ni-
hyperaccumulating plant species at field-scale in
ultramafic soils of NW Spain. ICOBTE 2017,
Zirich

Perrat, E., Parant, M., Py, J.-S., Rosin, C., Cossu-
Leguille, C., 2017. Bioaccumulation of
gadolinium in freshwater bivalves.
Environmental Science and Pollution Research

24, 12405-12415. https://doi.org/10.1007/s11356-017-
8869-9

Present, R. M. et al., 2017, Impact of intracellular
metallothionein on metal biouptake and

partitioning dynamics at bacterial interfaces.
Physical chemistry chemical Physics 19, 29114-
29124,

Quintela-Sabaris, C., Marchand, L., Kidd, P.S., Fries|-
Hanl, W., Puschenreiter, M., Kumpiene, J.,,
Miiller, 1., Neu, S., Janssen, J., Vangronsveld, J.,
Dimitriou, 1., Siebielec, G., Gatazka, R., Bert, V.,
Herzig, R., Cundy, A.B., Oustriere, N., Kolbas, A.,
Galland, W., Mench, M., 2017a. Assessing
phytotoxicity of trace element-contaminated
soils phytomanaged with gentle remediation
options at ten European field trials. Science of

The Total Environment 599-600, 1388-1398.
https://doi.org/10.1016/j.scitotenv.2017.04.187

Quintela-Sabaris, C., Marchand, L., Smith, J.A.C,,
Kidd, P.S., 2017b. Using AFLP genome scanning
to explore serpentine adaptation and nickel
hyperaccumulation in Alyssum serpyllifolium.
Plant and Soil 416, 391-408.
https://doi.org/10.1007/s11104-017-3224-y

Rees F, Watteau F, Mathieu S, Turpault MP, Le Brech
Y, Qiu RL, Morel JL. 2017. Metal immobilization
on wood-derived biochars: distribution and
reactivity of carbonate phases. Journal of
Environmental Quality, 46:845-854

Rees F, Dhyevre A, Morel JL, Cotelle. 2017. Decrease
in the genotoxicity of metal-contaminated soils
with biochar amendments. Advances in Toxicity
Assessment, DOl 10.1007/s11356-017-8386-x

Reeves RD, Baker AJM, Jaffré T, Erskine PD,
Echevarria G, van der Ent A. 2017. A global
database for plants that hyperaccumulate metal
and metalloid trace elements. New Phytologist

Sabaris CQ, Faucon MP, Repin R, Sugau JB, Nilus R,
Echevarria G. 2017. Plant functional traits on
serpentine degraded areas in Sabah (Malaysia).
International Conferences on Serpentine Ecology
(ICSE)

Saad, R.F, Kobaissi, A., Machinet, G., Villemin, G,,
Echevarria, G., Benizri, E., 2017. Crop rotation
associating a legume and the nickel
hyperaccumulator Alyssum murale improves the
structure and biofunctioning of an ultramafic
soil. Ecological Research.
https://doi.org/10.1007/s11284-017-1526-4

Séré G., Schwartz C., Cortet J.,, Guimont S., Watteau
F., Simonnot M.O., Morel J.L. Pedological
engineering for brownfield reclamation. In :
Soils within cities, Levin M.J., Kim K.H.J., Morel
J.L., Burghardt W., Charzynski P., Shaw R.K.
edited on behalf of IUSS Working Group
SUITMA, Catena-Schweizerbart, Stuttgart., 2017,
152-158.
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Sterckeman, T., Cazes, Y., Gonneau, C. & Sirguey, C.,
2017, Phenotyping 60 populations of Noccaea
caerulescens provides a broader knowledge of
variation in traits of interest for phytoextraction.
Plant and Soil 418, 523-540.

Simonnot M.O., Laubie B., Mocellin J., Mercier G.,
Blais J.F., Recovery of strategic metals from
urban soils. In : Soils within cities, Levin M.J,,
Kim K.H.J., Morel J.L., Burghardt W., Charzynski
P., Shaw R.K. edited on behalf of IUSS Working
Group SUITMA, Catena-Schweizerbart,
Stuttgart., 2017, 189-196.

van der Ent, A,, Callahan, D.L., Noller, B.N., Mesjasz-
Przybylowicz, J., Przybylowicz, W.J., Barnabas, A.,
Harris, H.H., 2017. Nickel biopathways in tropical
nickel hyperaccumulating trees from Sabah

(Malaysia).  Scientific Reports 7, 41861.
https://doi.org/10.1038/srep41861

van der Ent, A., Cardace, D., Tibbett, M., Echevarria,
G., 2018. Ecological implications of pedogenesis
and geochemistry of ultramafic soils in Kinabalu

Park  (Malaysia). Catena 160, 154-169.
https://doi.org/10.1016/j.catena.2017.08.015

van Leeuwen HP, Duval JFL, Pinheiro JP, Blust R,
Town RM., 2017. Chemodynamics and
bioavailability of metal ion complexes with
nanoparticles in aqueous media. Environmental
Science-Nano 4(11):2108-33.

Vaughan, J., Riggio, J., Chen, J.,, Peng, H., Harris,
H.H., van der Ent, A., 2017. Characterisation and
hydrometallurgical processing of nickel from
tropical agromined bio-ore. Hydrometallurgy

169, 346-355.
https://doi.org/10.1016/j.hydromet.2017.01.012

Wehrmann, M., Billard, P.,, Martin-Meriadec, A,,
Zegeye, A., Klebensberger, J., 2017. Functional
Role of Lanthanides in Enzymatic Activity and
Transcriptional Regulation of Pyrroloquinoline
Quinone-Dependent Alcohol Dehydrogenases in
Pseudomonas putida KT2440. mBio 8, e00570-
17. https://doi.org/10.1128/mBi0.00570-17

Yuan M, Liu C, Liu WS, Guo MN, Morel JL, Huot H, Yu
HJ, Tang YT, Qiu RL.2017. Accumulation and
fractionation of rare earth elements (REEs) in the
naturally grown Phytolacca americana L. in
Southern China. International Journal of
Phytoremediation,
DOI:10.1080/15226514.2017.136533

Yuan M, Guo MN, Liu WS, Liu C, van der Ent A,
Morel JL, Huot H, Zhao WY, Wei XG, Qiu RL, Tang
YT. 2017. The accumulation and fractionation of
Rare Earth Elements (REEs) in hydroponically
grown Phytolacca americana L. Plant & Soil. DOI:
10.1007/s11104-017-3426-3

Theme 4: Modelling

Godefroy, G., Caumon, G., Ford, M., Laurent, G.,
Jackson, C.A-L, 2017. A parametric fault
displacement model to introduce kinematic
control into modeling faults from sparse data.

Interpretation 1-48. https://doi.org/10.1190/int-2017-
0059.1

Grose, L., Laurent, G., Ailleres, L., Armit, R., Jessell,
M., Caumon, G., 2017. Structural data
constraints for implicit modeling of folds. Journal

of Structural Geology.
https://doi.org/10.1016/j.jsg.2017.09.013

Social sciences

- Gunzburger Y., Agnoletti M.-F., Deshaies M., Ferey
S., Raggi P, 2017,. Social acceptability of an
economic revival project based on subsurface
resources exploitation: example of coalbed
methane in Lorraine, France. The Extractive
Industries and Society, 4 (1), 53-62 (doi:
10.1016/j.exis.2016.12.006)

- Gunzburger Y. [éd.], 2017 Le gaz de charbon en
Lorraine. Quelle intégration dans le territoire ?
CNRS Editions, collection « Alpha », 212 p. ISBN:
9782271117731.
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https://doi.org/10.1038/srep41861
https://doi.org/10.1016/j.catena.2017.08.015
https://doi.org/10.1016/j.hydromet.2017.01.012

Ph.Ds defended in 2017

PHDS DEFENDED IN 2017

LabEx sensus stricto publications
In black, in the field of metal cycles

CRPG, UMR 7358

Gaélle MOLLEX. Architecture de la plomberie
du volcan carbonatitique Oldoinyo Lengai.
Nouvelles contraintes sur la source, les
transferts hydrothermaux, et la différenciation
magmatique dans la chambre active, Ph.D
defended on July 12, 2017. Supervisors: Lydéric
FRANCE (MCF UL), Evelyne FURI (CR UL), Pete
BURNARD, Bernard MARTY (Prof. UL)

GEORESSOURCES, UMR 7359

Zineb LAFHAJ. Augmentation du contraste de
séparation des minéraux calciques semi-
solubles a l'aide de combinaison de réactifs
arboxyliques et non-ionique, Ph.D defended on
April 7, 2017. Supervisor: Lev Filippov (Prof. UL)

Oumar Barou KABA. Etude des mécanismes et
microprocessus régissant les interactions entre
les especes minérales et les modulateurs de
flottation en vue de la valorisation minerais de
phosphates complexes, Ph.D defended on April
13, 2017 : Supervisor: Lev Filippov (Prof. UL)

Guillaume BARRE. Réle de la spéciation du
soufre dans les fluides géologiques en contexte
orogénique application aux processus
d'oxydo-réduction affectant la Nappe des
Gypses (Alpes francaises), Ph.D defended on
October 20, 2017. Supervisors: Laurent TRUCHE
(Prof. Grenoble), Raymond MICHELS (CR HDR
CNRS)

Valérie PAYRE. Contribution de [IInstrument
ChemCam a la compréhension de la crodte
primitive martienne et des mécanismes
d’altération de la surface de Mars -
Quantification LIBS des éléments traces Li, Rb,
Sr, Ba et Cu. Ph.D defended December 01, 2017.
Supervisors: Céciel FABRE (MCF HDR, UL)

Emerence HOUMMADY. Etude multi-échelle de
I'agglomération pour la lixiviation en tas de
minerais uranifere, Ph.D defended on
December 6, 2017. Supervisors: Fabrice
GOLFIER (MCF UL), Michel CATHELINEAU (DR
CNRS)

Andrey MYAGKIY. Mineralization of Nickel in
saprolitic ore of New Caledonia: Dynamics of
metal transfer and modeling of coupled
geochemical and hydrodynamic processes, Ph.D
defended on December 8, 2017. Supervisors:

Fabrice GOLFIER (MCF
CATHELINEAU (DR CNRS)

uL), Michel

Pierre MARTZ. Characteristics, chronology and
roles of fluid circulations in the Athabasca Basin
and its basement: Implications for the
formation and evolution of the Cigar Lake
uranium deposit, Ph.D defended on December
13, 2017. Supervisors: Michel CATHELINEAU
(DR CNRS), Julien MARCADIER (CR CNRS)

Héléne LEGROS. Tungsten and rare metal (Nb-
Ta-Li-Sn) hydrothermal metallogenic systems of
the Jurassic-Cretaceous period in the southern
Jiangxi province (SE China), Ph.D defended on
December 14, 2017. Supervisors: Marc
LESPINASSE (Prof. UL)

Frangois TURLIN. Light rare-earth elements
enriched pegmatitic granite as tracers of crustal
growth and differentiation processes: example
of the Proterozoic Grenville Province, Quebec,
Ph.D defended on December 15, 2017.
Supervisors: Anne-Sylvie ANDRE-MAYER (Prof.
UL), Olivier VANDERHAEGHE (GET Toulouse)

LIEC, UMR 7360

LSE

Kahina MEHENNAOUI. Understanding the
impact of engineered nanoparticles -
Gammarus sp. as a valuable non-vertebrate
model? », Ph.D defended on December 20,
2017. Supervisors: Laure GIAMBERINI (Prof. UL),
Arno GUTLEB (Project leader, LIST,
Luxembourg).

Marine POTET. De l'acclimatation a I'adap-
tation: mécanismes évolutifs, conséquences
populationnelles et implications en
biosurveillance., Ph.D defended on December
21, 2017. Supervisors: Laure GIAMBERINI, (Prof.
UL), Simon DEVIN, (Prof. UL).

Emilie PERRAT. Impacts environnementaux des
agents de contraste a base de Gadolinium:
situation locale, approche cellulaire et in vivo,
PhD defended on December 12, 2017.
Supervisors: Christophe ROSIN (Adjoint chef
d'unité chimie des eaux, Laboratoire
d'hydrologie de I'ANSES, Nancy), Marc PARANT
(MCF UL), et Carole COSSU-LEGUILLE (Prof. UL).

Rue M, 2017. Hyperaccumulation du nickel sur
des substrats élaborés pour I'agromine. These
Univ Lorraine, Ph.D defended on June 1%, 2017.
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