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The main goal of Ressources 21 is to
produce high quality research on
cutting edge issues in the field of the
geochemical cycle of metals, ore
genesis, exploration techniques,
processing including hydrometallurgy
and mine environment.
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Main topics and related laboratories
• the development of all in situ techniques necessary to the full geochemical (isotopes,
dating) and mineralogical description of ores and gangue minerals in order to develop
conceptual and numerical models of ore genesis
• the processing of unconventional ores, especially fine grained ores, search for covalorisation conditions,
• agromining, e.g. farming hyperaccumulator plants to decontaminate the land or
harvest metal resources not accessible by conventional mining techniques
• understanding the modes of dissemination and bio-accumulation of metals in the
trophic chain
• developing a better knowledge of the integration of the circular economy of raw
materials within the territories, and of the people perception about the new challenges
for sustainability and world decisions about the fight against climate changes.
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Director’s Message
RESSOURCES21 is an excellence laboratory centre
(LabEx) in the field of Geosciences, operated by the
OSU (Observatory in Science of the UniverseCNRSINSU) so-called OTELO, which federates the
Geosciences laboratories.
Lorraine University is ranked now 24 in the Mining
sector and is the first one at the European scale, and
the only french one. This progress is in great part
linked to the labex activity.
The present report provides data on the Labex activity
in 2018 activity but also a summary of the results
obtained since the beginning of the Labex activity:

Lorraine
University is
ranked now 24 in
the Mining sector
by Shangai

- a compilation of highlights obtained since 2014 , with
abstract of the most representative papers of Labex
activity and short summaries sorted by fields of
research (2014-2018),
- a list of LabEx publications since 2014 which
corresponds to the first year of publication of the
results obtained within hte framework of the firts
projects funded by Labex Ressources 21.
2018 has been the occasion of enhanced
brainstorming on the scientic and societal challenges
for the next decade. This reports provides the project
submited to ANR for the 5 years extension of the Labex
Ressources 21 (2020-2024) in septembre 2018. Labex
definitively follows the direction of Europe towards
more sustainability, circular economy and goals
defined by the Paris agreement to combat climate
change and to accelerate and intensify the actions and
investments needed for a sustainable low carbon
future.

Dr. M. Cathelineau
Scientific director
of Labex Ressources 21

Dr. M. Cathelineau and Dr. F. Villiéras
http://ressources21.univ-lorraine.fr/
This report is available from this website as
a downloadable pdf file.

Laboratory of Excellence “Strategic Metal Resources in the 21st
Century- RESSOURCES21”

We’re focusing research on three
complementary sections of the metal
cycles
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.

Fast Facts
Labex Ressources 21 activity since 2012
Research

Education

57 research projects
2 major programmes

21 PhD- graduate
27 Post-graduate
110 Masters

International networking

People

3 major collaborative programmes
10 international projects

Production

133 publications

with Labex signature

74 academic staff
1 chair Ressources 21
3 senior researchers

Conferences and workshops

Funding

Shangai ranking
ARWU (Mining)

€
4 workshops
1 major conference
1 Thematic school

9M euros
for 9 years

24

UL, First european
and unique french
University

To reach its goals, Labex
Ressources 21 develops several
complementary consolidation
tasks or tools :
- 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,

-A Hydrometalurgical
platform complementary of
separation/ flotation devices of
the platform STEVAL
-New devices for in

situ
analysis of rocks,
minerals and plants
(spectroscopic tools)

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

Research Highlights

Integrated project
on Nickel

Co
Ni

Sc

Integrated project on supergene Nickel
The program on the nickel geochemical cycle, almost achieved, covers almost all aspects of the research
from exploration and metallogenesis to soil remediation, including nickel agromining, nickel laterite ore
processing, and ecotoxicology.
The studies proposed aimed at contributing to a better understanding of the behaviour of the Ni-Co-(Sc)
system and the lithospheric and biogeo-chemical cycles of these metals. The project has considered the
processes of transport and entrapment of these metals in primary deposits (laterites and saprolites), and
develop new concepts for the extraction of secondary reserves (soils and technosoils). The stakes and
innovative aspects of the project consist in the followings:
• Testing and assessing a new concept of ore genesis to explain metal enrichment in saprolites and
laterites, taking into account both the low-temperature 'hydrothermal' history linked to early
deformational stages and the supergene processes. A subsurface reactive geochemical transport
modelling of the development of a nickel laterite profile in New Caledonia over the past few million
years, revealing the main keys to understanding the trace element mobility in ultramafic environments.
Long-term 1-D simulations (10 Ma) clearly demonstrated that the Ni enrichment and thickening of ironrich zone were governed by the vertical progression of the pH front (Myagkiy et al., 2017) while 2-D
modelling has revealed reactivation of Ni from oxide zone and its subsequent redistribution and
concentration in saprolite (Myagkiy et al., 2018).
• Scandium is a metal found in most geological formations but it has no specific ore. Because Sc is
relatively non-mobile under supergene conditions, it is enriched in residual soils. Preliminary studies
conducted in New Caledonia point to the preferential accumulation of scandium within laterites. The
objective here is to better understand the mechanisms of multi-metal incorporation, especially Sc, in
goethite/hematite (e.g., Al, Cr, Co, Ni, Zn, Sc), through the development of in situ quantitative methods
for the analysis of trace elements (Teitler et al, 2018, Ulrich et al., 2018 in review);
• Pre-concentration of valuable elements (e.g., Ni and REE) from fine-grained low-grade ores and waste
products: in order to enhance ore grades, new approaches including separation of gangue minerals have
been tested (Farrohpay and Filippov, 2016, 2017).
• Ni and environment, in strong collaboration with the University of Queensland (UQ, Australia), and Sun
Yat-sen University (SYSU, China): the fractionation of nickel and its isotopes between soil and plants was
studied on cases illustrating the functioning of metal hyperaccumulating plants (Deng et al., 2016; 2017;
Nkrumah et al, 2016, van der Ent et al. 2017, 2018). Thanks to botanic surveys and further plant
domestication (Bani et al., 2013), hyperaccumulator could be grown under field conditions to produce
biomass on Ni-bearing soils, and to extract metals (Ni) from contaminated soils (Bani et al., 2015), and
from industrial waste (Rue, 2017). Understanding the functioning of hyperaccumulators and identifying
the most suitable species for Ni phytoextraction or phytoremediation are key steps for the optimization
of agronomical efficiency and value, and defining strategies for the development and implementation of
materials for the construction of technosols. Iv) Biomass processing towards a commercial end-product
(metal salt) was demonstrated as feasible and patented (Zhang et al., 2014, Vaughan et al., 2017,
Simmonot et al., 2018).
• A better understanding of the metal transfers from the soil ecosystems to the hydrosphere and
evaluation of the toxicity when transferred towards aquatic environments are studied in the case of lakes
lakes affected by Ni and Cr mining in Albania (Ohrid). The metal accumulation was higher in primary
producers (Myriophyllum and biofilm) than in gastropods indicating a trophic dilution and no metal
transfer to higher levels of food webs. This work combining complementary lines of evidence confirms
that chemical analyses should always be associated with the assessment of biological effects.
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Petrology and geochemistry of scandium in New Caledonian Ni-Co laterites
⁎

Y. Teitlera, , M. Cathelineaua, M. Ulrichb, J.P. Ambrosic, M. Munozd, B. Sevine
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The growing demand for scandium (Sc), essential for several modern industrial applications, drives 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 in Ni-Co laterites from New Caledonia, the sixth largest Ni producer worldwide.
Representative lateritic proﬁles were selected based on the protolith type and include dunite, harzburgite and
lherzolite protoliths, wherein the Sc content, determined by the relative proportion of olivine and pyroxene,
ranges from < 5 ppm in dunite to > 10 ppm in lherzolite. In Ni-Co laterites, dissolution and leaching of primary
Mg-rich silicates leads to the residual enrichment of iron as ferric oxides/oxyhydroxides in the upper horizons.
Downward remobilization and trapping of Ni and Co lead to their local enrichment to economic concentrations,
with maximum grades reached in the saprock/saprolite and in the transition horizons, respectively. In contrast,
maximum Sc enrichment occurs in the yellow limonite horizon, where Sc-bearing goethite contains about ten
times the Sc content of the parent rock. Consequently, harzburgite- and lherzolite-derived yellow limonites yield
maximum Sc concentrations up to 100 ppm, together with moderate Ni and Co concentrations. There, Sc is
potentially a valuable by-product that could be successfully co-extracted along with Ni and Co through hydrometallurgical processing. In addition to peridotite-hosted laterites, hornblende-rich amphibolites yield elevated Sc up to 130 ppm. The saprolitization of amphibolites leads to the formation of a goethite-gibbsite-kaolinite mixture with Sc concentrations > 200 ppm. There, goethite is the main Sc carrier with up to 800 ppm Sc.
Therefore, despite their relatively limited volumes, amphibolite-derived saprolites may also represent attractive
targets for Sc in New Caledonia. It is proposed that three main factors control the distribution and intensity of Sc
enrichment in laterites derived from maﬁc and ultramaﬁc rocks: (i) the initial Sc content of the parent rock, (ii)
the development of goethite-dominated, yellow limonite after long-lived tropical weathering, and (iii) the local
remobilization of Sc from the uppermost horizons through dissolution/recrystallization of goethite and partial
replacement of goethite by hematite, thus leading to downward Sc concentration in the yellow limonite.
-RXUQDORI*HRFKHPLFDO([SORUDWLRQ  ²

Y. Teitler et al.

1. Introduction

Sc (ppm) = 0.99 * Fe2O3 (wt%)
R2 = 0,65

Scandium (Sc), the 21st element of the periodic table, has several
remarkable applications for the modern industry. The addition of small
(< 1 wt%) amounts of Sc to Al dramatically increases its weldability
and its resistance to stress, corrosion and heat, while maintaining a light
weight (Royset and Ryum, 2005; Toropova et al., 1998). Scandium is
therefore mainly used as hardening additive to aluminium to form Al-Sc
alloys, with current applications in aerospace industries and manufacturing of high-quality sports equipment. In addition, Sc ﬁnds promising application in the development of Solid Oxide Fuel Cells

⁎

Sc (ppm)
= 11.2 * Al
(wt%)
3 Sc improves conductivity and
(SOFCs), wherein
the replacement
of 2YOby
R2 = 0,83temperature, extending fuel cell life. Also, Sc is
lowers the operating
notably used in high temperature lights, lasers and ceramics manufacturing.
Owing to its ionic radius and chemical properties, Sc has historically
been regarded as a heavy rare earth element. Sc, which exclusively
occurs in the +3 oxidation state, lacks aﬃnity to combine with the
common ore-forming anions. Thus, Sc3+ is typically not concentrated
through geological processes and rarely forms Sc-rich minerals (Das
et al., 1971; Emsley, 2014). Rather, it occurs as a trace element in a
number of hydroxide, silicate, ﬂuoride, sulfate and phosphate minerals.
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Fig. 16. Plots of Sc (ppm) as a function of Fe2O3, Al2O3 (wt%) and V (ppm) along the 9 investigated peridotite-derived lateritic proﬁles (whole-rock data).

hematite-bearing laterites developed after gabbros exhibit relatively
low (usually < 50 ppm) whole-rock Sc concentrations (Fig. 21), i.e.
lower than their unweathered counterparts (40–80 ppm, see Fig. 9
Section 5.2.2), suggesting the expulsion of during the weathering of
gabbros. Such remobilization of Sc from gabbros is supported by the
anomalously elevated Sc concentrations measured in footwall perido-

concentrations, suggesting that Sc enrichment in the lower part of the
laterite proﬁle is essentially residual. Contrastingly, Sc commonly exhibits a relative enrichment compared to Fe in the yellow limonite and
a relative depletion in the red limonite and ferricrete. Such a distribution pattern, similar to that of Al, supports a certain mobility of Sc,
which is, to some extent, leached from the uppermost horizons (upper
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nickel in the weathering proﬁle. Nevertheless, some diﬀerences can be
shifted at depth once the pH decrease belowjournal
six afterhomepage:
the front. Obwww.elsevier.com/locate/chemgeo
spotted in between Fig. 7 (A) and Fig. 1 chemical distributions. First
viously, this latter phenomenon is not observed in the ﬁeld, where Ni
and foremost, as one can see, oxide Ni deposits show a regular decrease
still persists in the limonite zone. According to Dublet et al. (2012),
of bulk nickel content towards the surface (Fig. 1) (e.g. Trescases, 1973;
nickel content up to 2 wt% is common for New Caledonian laterites,
Wells et al., 2009; Dublet et al., 2012), while Fig. 7 (A) with the
where Ni2 + is associated with goethite via isomorphous substitution for
modelling results represents a stable plateau with value of 2 wt% of Ni.
Fe3 +. In order to account for this gap, here, we perform a sensitivity
Dublet et al. (2012) have explained it by ageing of goethite in situ
test that considers additionally to our previous transport model (Fig. 4)
through successive dissolution and precipitation cycles during latera precipitation of Ni-bearing goethite. In this way, reaction for prea,b of Ni-bearing goethite has beena added in the thermodynamic
a
itization. Due to a strong mismatch with Fe3 + both in terms of ionic
cipitation
nt Truche
, Michel Cathelineau
,
Fabrice
Golﬁer
a valence, nickel, substituted
database
as follows:
radii and
for Fe in goethite, is likely to be
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expelled during each dissolution/precipitation cycle which leads to
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France of crystallinity of goethite. In addition, such a
puriﬁcation and
increase
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decrease in Ni content might be related to the fact that some part of Ni
The inﬂuence of such a small amount of Ni in structure of goethite
in nature is also bonded in Mn-oxides (up to 10%). As far as these Mnon its equilibrium constant has been neglected. Indeed, this constant,
oxides are more soluble than iron oxy-hydroxides, they have been
according to Eq. (7), will be deﬁned as:
AAR BT S
I CT LRE AI C
NT
F O
A B S T R A C T
leached from upper limonite zone and, therefore, a consequent drop in
3
+
2
+
Ni grade appears.
log K = 0.98 × log [Fe ] + 0.03 × log [Ni ] + 3pH
(8)
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The association of ﬁne grained MgeNi silicates with oxy-hydroxides in laterites and saprolites represents
challenges for ore processing, in particular, in nickel enrichment. The Weda Bay nickel deposit in Indonesia is a
typical example of these complex ores, where clays such as nontronites develop on polyphase serpentinite as
-RXUQDORI*HRFKHPLFDO([SORUD
protolith. Thus, ores at Weda Bay have a very ﬁne textured and complex mineralogy, which requires a comprehensive mineralogical identiﬁcation through the use of a series of diﬀerent types of analytical approaches (i.e.
macroscopic and microscopic methods including SEM equipped with energy dispersive X-ray spectrometry
(EDS), Raman spectroscopy, Infrared and X-ray ﬂuorescence spectroscopy, and QEMSCAN® mapping). Nickel
rich saprolites were found to be principally composed of several types of MgeNi serpentines, quartz, clays
(nontronite in particular) and little amounts of iron hydroxides. Besides, some parts of the deposit were characterized by the development of nontronites at the interface between the saprolite and the limonite zone. Above
this zone, the limonite zone is dominated by iron hydroxides as expected, which replace all earlier silicates
including serpentine, and contains a signiﬁcant amount of nickel. The representative composite ore sample
contains several nickel bearers with variable nickel grade of 2 to 3%. Exceptionally richer phases such as
polygonal Fe (Ni)-rich serpentine were also found with nickel grade of 5 to 10%. Serpentine types as well as
-RXUQDORI*HRFKHPLFDO([SORUDWLRQ  ²
other newly formed silicates such as Fe-Mg-(Ni) smectites, are intimately mixed, preventing any mineral separation. Therefore, the only phases which can be separated are quartz and magnetite. This complicates the
-RXUQDORI*HRFKHPLFDO([SORUDWLRQ  ²
upgrading of nickel in Weda Bay laterite ore.

S. Farrokhpay et al.

S. Farrokhpay et al.

et al.

1. Introduction
Nickel is an important metal with a total global consumption of
about 2 million tons per year which has grown rapidly since the 1940s
(Mackey, 2011). About 70% of the nickel resources are present in laterites and the other 30% are in nickel sulphides. It should be noted that
these days nickel laterites are more attractive for production of nickel,
as the amount of high-grade nickel sulphide ores has been diminished
(Janwong, 2012). In addition, the lower cost of exploration of more
surﬁcial laterite ores makes these ores more interesting than the deeper
set sulphides. However, the challenge of processing nickel laterite ores
exists, in particular processing of very ﬁne grained ores with nickel
concentration close to the cutting grades. This encourages ﬁnding
methods that may enhance ore grades which are frequently around the
boundary of exploitability (Farrokhpay et al., 2018; Farrokhpay and
Fillipov, 2016; Quast et al., 2015).
During lateritization, ultramaﬁc rocks (peridotite) which are more
or less serpentinized during their exhumation, are in contact with
S. Farrokhpay et al.⁎

Fig. 5.author.
X-ray microﬂuorescence maps obtained
Corresponding
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meteoric waters (Webster and Mann, 1984). The subsequent water-rock
interaction yield the dissolution of Mg-silicates, a pH decrease, and the
accumulation of the less soluble elements, e.g. iron, as Fe-oxy-hydroxides (Golightly, 2010; Myagkiy et al., 2017). The weathering occurs in
sub-tropical climates and provokes leaching of nickel ions and recirculation at elevated pH's (Ashcroft, 2014). The pattern of lateritization highly depends on the drainage, morphology, cementation and
climatic changes (Butt and Cluzel, 2013; Golightly, 1981; Skarpelis,
2006). It should be noted that nickel is often extensively dispersed,
because silicates are dissolved and NieMg re-precipitated under new
mineralogical forms. The process yields to a high reworking of the initial nickel concentrations especially around the water table zone, and
results in a monotonous nickel grade in the bulk of the orebody
(Cathelineau et al., 2016).
The Weda Bay deposit is located in the central part of Halmahera
Island, in the northern part of the Maluku province in eastern Indonesia
(Fig. 1). Weda Bay Ni rich laterites developed on dunite and harzburgite
as in all other cases elsewhere in Indonesia, New Caledonia, and
-RXUQDORI*HRFKHPLFDO([SORUDWLRQ  ²

on the same sample than that presented in Fig. 3.
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used to separate strongly magnetic material in ﬁnely ground mixture,
Separation:
Magnetic separation was performed using a

2.3. Ore processing

Magnetic
with the water medium holding the small particles apart for individual
modiﬁed Jones Wet high intensity magnetic separator (WHIMS).
action by the magnetic ﬁeld (Ilschner et al., 1991).
WHIMS is often used for separation of paramagnetic minerals, weakly
The sample prepared consists of 100 g of < 300 μm (from wet
magnetic materials such as hematite and goethite in the beneﬁciation of
sieving) suspended in 1 L of water (10% solid pulp). The current of 2 A
iron ores, iron oxides and ferro silicates from quartz and clays used in
and 10 A makes the magnetic ﬁeld equivalent to 0.1 and 0.6 T, remanufacturing glass, ceramics and glazes, ilmenite, wolframite and
spectively. Therefore, 2 A separation aims ferromagnetic and 10 A sechromite from gangue during concentration, and ferro-oxides and ferparation aims paramagnetic minerals. After installing the matrix berotitanium oxides from cassiterite, zircon and rutile concentrate. A
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(Fig. 3A, upper part), ii) inﬁllings of fractures or micro domains by
smectites (e.g. saponite) (Serna et al., 1979; Sufriadin et al., 2011),
white lizardite (Fig. 3A, upper part and Fig. 3B) as shown by the Raman
which shows the presence of smectite, as well as possibly Fe and Al
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Agromining
Special focus
on Nickel
• Ni and environment : the fractionation of nickel and its
isotopes between soil and plants was studied on cases
illustrating the functioning of metal hyperaccumulating
plants (Deng et al., 2016; 2017; Nkrumah et al, 2016, van
der Ent et al. 2017, 2018). Thanks to botanic surveys and
further plant domestication (Bani et al., 2013),
hyperaccumulator could be grown under field conditions
to produce biomass on Ni-bearing soils, and to extract
metals (Ni) from contaminated soils (Bani et al., 2015),
and from industrial waste (Rue, 2017). Understanding
the functioning of hyperaccumulators and identifying the
most suitable species for Ni phytoextraction or
phytoremediation are key steps for the optimization of
agronomical efficiency and value, and defining strategies
for the development and implementation of materials
for the construction of technosols. Biomass processing
towards a commercial end-product (metal salt) was
demonstrated as feasible and patented (Zhang et al.,
2014, Vaughan et al., 2017, Simmonot et al., 2018).
Works were carried out in close collaboration in strong
collaboration with the University of Queensland (UQ,
Australia), and Sun Yat-sen University (SYSU, China).

Ore genesis

Sn
W Ta Nb
Ge
s
E
E
R

In

Besides studies of Li-Co)Sc and REE concetration processes within the two integrated
programmes, several projects focused on a series of strategic elements:
Tungsten –(Nb-Ta-Sn) hydrothermal ore deposits in the Variscan orogeny (cofunded by Labex
R21 and ERAMIN “New ores” program)
W ores from French Massif Central result from three major geodynamic events, from ViseanNamurian times (333-327 Ma) to Stephanian-permian (298-274 Ma) (Harlaux et al., 2017a).
Thanks to in situ LA-ICPMS methodological developments on fluid inclusions and minerals
(Harlaux et al., 2015b ; 2018), sources of metals have been found in granites enriched in rare
metals, through analysis of wolframite minerals. Fluids responsible for ore deposition belong
to the magmatic-hydrothermal transition and are enriched in Sn, W, Nb (102-103 ppm)
(Harlaux et al., 2017b). PhD thesis of E. Carocci is devoted to the study of W enrichment
processes with a special focus on the major W deposit of Panasqueira. It is shown that Sn-WNb-Ta are introduced very early in the system.
Germanium and related elements in sulphide minerals: crystal chemistry, incorporation and
isotope fractionation (co-funded by Labex R21 and Lorraine Region)
Germanium occurs as traces to minor amounts in sulphides from various types of ore deposits;
the most significant Ge enrichments occurr in low-T deposits (MVT, SedEx). Trace element
signatures in sphalerite indicate a first order relation of Ge contents with temperature.
Germanium, along with Ga and Sb, is associated with low-T, sediment- and carbonate-hosted
deposits, while In is markedly incorporated in high-T, magmatic-related deposits (Belissont et
al. 2014). Synchrotron-based XAFS spectroscopy show that Ge4+ occurs in tetrahedral
coordination and that Ge is chiefly incorporated through coupled substitutions like 3Zn2+ ⟷
Ge4+ + 2(Cu,Ag)+ and 3Fe3+ ⟷ 2Ge4+ + Cu+ in sphalerite and chalcopyrite, respectively
(Belissont et al., 2016). The positive δ74Ge−Ge content correlation observed in sphalerite from
Saint-Salvy deposit could indicate that Ge partition coefficient, KGe=[Ge]ZnS/[Ge]sol, increases
with temperature, implying an exothermic reaction.
• Genesis, evolution of carbonatites and REE content characterisation (single active
carbonatite volcano on Earth, Oldoinyo Lengai in Tanzania) (co-funded by ANR GECO-REE and
Labex R21): Characterization of the magma supply system architecture (pressure,
temperature, redox), and composition of the magma being transferred (including volatiles)
yield to reconstruct the magmatic conditions and processes that ultimately produce
carbonatite lavas to investigate the potential genesis of REE concentrations leading to ore
formations (Mollex et al., 2018a). Direct measurements of major and trace element partition
coefficients between coexisting carbonate and silicate natural melts have been determined.
Based on noble gas geochemistry we demonstrate that the Oldoinyo Lengai carbonatites and
silicate magmas were generated by the melting of a metasomatized subcontinental
lithospheric mantle (Mollex et al., 2018b).
• Pre-exploitation stage of REE concentrations in the Grenville province (Québec): magmatic
ore concentration processes were studied, together with the surficial behaviour of REE in a
context of pre-exploitation stage, and under artic climatic conditions, in a region where people
are in great demand of information on potential hazards linked to mining activities. The
Grenville Province (Québec, Canada) where orogenic root is exposed as bedrock, shows
numerous REE (±Nb-Ta) occurrences, associated with pegmatitic granite dykes (“PGD”), and
syenitic/carbonatitic intrusions. A multimethod approach (field geology, petro-geochemistry,
geochronology and isotopy) allows to characterize the PGDs and discuss their petrogenesis
during the geodynamic evolution of the Canadian orogeny (Turlin et al., 2018).
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de Lorraine,
CNRS,
UMR 7358, 15a Rue Notre Dame des
Rémi
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GeoRessources, Université de Lorraine, CNRS, UMR 7359, Boulevard des Aiguillettes, B.P. 70239, F-54506 Vandoeuvre-lès-Nancy, France
b
Received
18 June et
2013;
accepted(CRPG),
in revised
formde30Lorraine,
October
2013;UMR
available
17 November
Centre de Recherches
Pétrographiques
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Sulfur speciation
Thermochemical Sulfate Reduction

Sulfur plays a key role in numerous processes occurring in the Earth's crust. However, its speciation in deep and
hot geological ﬂuids remains poorly constrained. Here, we used quantitative in-situ Raman spectroscopy on
natural ﬂuid inclusions from deep sedimentary environments where thermochemical sulfate reduction (TSR)
occurred to determine the sulfur speciation at temperatures representative of their entrapment conditions
(100–300 °C). Results unambiguously demonstrate the presence of the trisulfur ion S3− and other polymeric S
species (Sn2− ± Sn0) at temperature (T) > 100 °C, whereas only sulﬁde and sulfate were detected at 25 °C.
From 200 to 300 °C, sulfate and sulﬁde, the two dominant S species, contribute to 41 ± 9% and 59 ± 9% of
the mean total dissolved S concentration ([Stot] = 0.25 mol/kgH2O = 0.8 wt%), respectively. The S3− concentration accounts for 0.2 to 3% of Stot in this T range, with a maximum recorded concentration of
2.9 × 10− 2 mol/kgH2O (2780 ppm) at 300 °C. This observation implies that the TSR process occurs under
physico-chemical conditions that enhanced the stability of S3− and other polymeric S species. This conclusion
has important consequences for the genesis of base metal sulﬁde deposits and sour gas ﬁelds where reduced
sulfur originates from TSR.

G. Barré et al.
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Fig. 7. Temperature evolution of sulfur speciation in natural ﬂuid inclusions from the
Carnian evaporites formation (French Alps). At high temperature, trisulfur radical ion S3−
(blue circles) and Sn2− ± Sn0 (estimated in grey shaded area) attain signiﬁcant
concentrations. During cooling, their concentrations drop and only sulfates and sulﬁdes
are detected at 25 °C. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

symmetric bending (δ) vibration at ~240 cm− 1 and stretching (ν)
vibration at ~ 532 cm− 1, in agreement with previous work (Pokrovski
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4.3. Sulfur species concentration in ﬂuid inclusion
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Geometallurgy

A geometallurgical approach including each operation of extractive
metallurgy processes, i.e. from mineral processing to pyrometallurgy
to hydrometallurgy is developed in this topic with the help of the
STEVAL facility that has recently implemented hydrometallurgical
equipment.

Rare earth elements
A new technology for fine particle recovery from the micaceous
residues of an European kaolin processing plant was developed at lab
scale and tested at pilot scale allowing to obtain the rare-earth
concentrate with 62 % of recovery. This innovative approach is based
on the new intensive gravity and flotation machines. A
geometallurgical model was also developed to optimise the
exploitation model of the deposits by maximizing the main
concentrate and by-product quality.
Advanced modelling of collector mineral interaction
Advanced mineral processing approaches were developed to create
new chemicals formulations for fine particles flotation based on the
original collector blend and advanced modelling (DFT) of the mineral
surface hydration and collector adsorption. Thus the spontaneous
adsorption layer formation can be predicted and optimized by
modelling the molecule surface and molecule-molecule interactions.
The results were applied to develop un efficient flow sheet for the
recovery of tugsten from an European complex skarn ore (Tabuaço,
Portugal).
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This is the last in a series of papers addressing the by-product potential of Light Rare-Earth Elements
(LREE, La, Ce, Nd) and rare-metals (Sn, Nb, W) within the St Austell kaolin deposits (UK). Previous results
have shown that heavy minerals are pre-concentrated in the micaceous residue which displays relatively
high LREE content (around 170 ppm) hosted by monazite. A combined gravity/flotation concentration
flowsheet, starting with classification of the residue into 3 size fractions (+150 lm, 150–53 lm and
!53 lm) was developed. This study presents the results of the clay-rich !53 lm size fraction beneficiation by flotation using sodium oleate and hydroxamate as collectors and compares them to results
obtained with a Falcon Ultra-Fine (UF) concentrator. The effect of dispersant addition during
de-sliming operations on flotation efficiency was also investigated. The LREE grade in the floated product
obtained with sodium oleate increased from 3370 ppm to 5350 ppm and recovery from 30% to 80% with
dispersant which is attributed to clay coating. Saturation tests performed on the Falcon UF show a
positive effect of desliming on separation performance which produces higher LREE grades and
recoveries. Comparison of flotation performance and Falcon UF concentration of monazite to previous
results obtained with the Falcon Semi-Batch (SB) gravity concentrator on the un-screened raw residue
clearly shows that flotation of the fine residue is more efficient than the Falcon UF and Falcon SB.
Indeed the Falcon UF produced high recoveries (87–95%) but with almost no enrichment (1.3–1.4 ratios)
whereas the Falcon SB concentration of un-screened residue produced higher grades (up to 0.6% LREE)
but with low recoveries (17–22%). This study has shown that LREE can be recovered with simple
two-stage operations, suggesting that the micaceous residue stream (and the associated tailings dams)
could be considered as a potential resource for these metals.
! 2016 Elsevier Ltd. All rights reserved.
L.O. Filippov et al. / Minerals Engineering 95 (2016) 96–106
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Fig. 11. Comparison of the performance of the different beneficiation methods tested in this study. (a) LREE grade vs. recovery curve for beneficiation of the !53 lm residue.
(b) Comparison of the efficiency of flotation and Falcon concentration. (c) Summary of the overall performance of all the methods investigated for the recovery of metals from
the micaceous residue using data from Dehaine and Filippov (2015) and Dehaine et al. (2016a).

concentration of un-screened micaceous residue with the Falcon
SB only yielded efficiencies below 20%. However the enrichment
ratios obtained with flotation (E = 2.8–12) are much lower than
those obtained with Falcon SB (E = 32–56). The positive effect of
dispersion on separation efficiency for flotation with sodium oleate

heavy-mineral pre-concentrate and to put emphasis on
maximising the recovery. Unfortunately, the collected material
used for metallurgical testing was depleted in most metals with
the exception of LREE, so this assessment was only possible for
the latter (Dehaine et al., 2016a). As it can be seen in Fig. 11c, there
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Salt eﬀect on gas dispersion in ﬂotation column – Bubble size as a function of
turbulent intensity
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The present work investigates the role of chloride salts on bubble coalescence properties by average bubble
diameter measurement. The tested chloride salts (NaCl, MgCl2 and CaCl2) were dissolved in fresh running water
and used as feeding of a three-meter high pilot ﬂotation column. The column was operated in close circuit while
the superﬁcial gas rate (Jg) was varied. Gas holdup in the collection zone of the column was measured using
pressure sensors. Drift ﬂux model is employed to obtain the mean bubble diameter between two pressure-tapping
points. The change of cations of chloride salts has an indisputable eﬀect on bubble coalescence; hence the bubble
size in the column varies as a function of chloride salt type. The hydrodynamics factors on bubble coalescence
and diﬀerence in inhibition behavior of monovalent (NaCl) and divalent cations (CaCl2 and MgCl2) based on the
partition of the diﬀerent hydrated ions at the gas-liquid interface were highlighted. The characterisation of the
liquid phase used for ﬂotation separation should not only focus on the concentration of salts but also on the ionwater, ion-ion and water-water properties as a function of hydrodynamic condition.

L.O. Filippov et al.
1. Introduction
The use of process water of industrial residual brines with high inorganic salt concentration is getting more frequent in ﬂotation plants.
The residual brines from soda-ash process has a high Mg:Ca ratio that is
generally inferior or equivalent to 1:10 in liquid fraction. The carbonation of brine solutions containing ﬂy ashes from coal combustion has
been proved to have a great potential for CO2 sequestration (Soong
et al., 2004). Previous studies have already shown the possibility of
using residues of the ammonia-soda process for CO2 sequestration
producing high reactive calcium carbonate (Filippova et al., 2013).
Competition between ions present in solution can inﬂuence the nature
and size distribution of precipitated carbonates: a high concentration in
Ca2+ favors calcite formation. Contrary to Ca, the ions of Mg stabilize
amorphous, unstable and hydrated phases (Filippov et al., 2013) and
then decrease the amount of well-crystallized carbonates. Magnesium
also inhibits carbonate growth and seems to change their
L.O. Filippov et incorporation
al.
morphology, from rhombohedral to spindle-like shape (Davis et al.,
2000). This phenomena will impact the eﬃciency of froth ﬂotation
intended before landﬁlling of neutralized liquid brine by aﬀecting the
bubble-particle collision/attachment phenomena, the bubble-bubble
collision/coalescence, and consequently the hydrodynamic condition in

the ﬂotation machine (Filippov et al., 2014, 2015).
The electrolytes in salt solutions can inhibit bubble coalescence
resulting decrease in bubble size that determines the carrying capacity
of ﬂotation machines. Not every salt inhibit coalescence some has
simply no eﬀect on bubble interaction. Inhibition occurs only upon the
matching combination of anion and cation. The mechanism by which a
bubble is stabilized against coalescence is a dynamic process inﬂuenced
by the location of both the anion and cations within the interface and
subsurface that ultimately is strongly inﬂuenced by ion hydration
(Parsons et al., 2010; Weissenborn and Pugh, 1995). Thus ion hydration
(but not the hydration force) is critical to speciﬁc ion eﬀects in bubble
coalescence, as it strongly inﬂuences the positioning of ions in the
subsurface region which ultimately determines whether coalescence is
inhibited (Craig, 2011).
In the present work the eﬀect of cations on bubble coalescence was
0LQHUDOV(QJLQHHULQJ  ²
studied in order to understand the change of bubble-bubble interactions
in brines. The hypothesis of the study was that the relative size
and
0LQHUDOV(QJLQHHULQJ
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Aggregation of nickel laterite ore particles using polyacrylamide homo
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also observed by larger amount of very small aggregates (or probably
individual ore particles) of less than 30 μm when neither A185 nor
A100 was used (grey and white bars, respectively, in Fig. 7).
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system [44]. This was tested by measuring the ﬂoc size using laser
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Environment and mining
Special focus on REE

Study sites for REE geochemical cycle
• The South of China (Guangdong and Jiangxi Provinces) is the second mining area in the World for REE
exploitation. It was chosen because several areas degraded by mining industry need significant restoration after
exploitation, occurring under a warm and humid tropical climate. There, the restoration of soils and control of
the fate of REEs by plants is of primary importance. A large area of surficial exploitation by ionic exchange using
ammonium sulphate resulted in several square kilometres of mine spoils composed of mineral residues after
leaching. The main objective there is to develop a quick and sustainable revegetation approach to reduce
erosion and further leaching of residual REEs to water bodies. This was made possible thanks to the
establishment in 2015 of the LIA ECOLAND between the LSE (UL and INRA) and the LEPCRT (SYSU, Guangzhou),
after more than one decade of fruitful collaboration (Tang et al., 2018). Three main strategies are promoted for
REE mine sites: i) soil construction using amendments, ii) phytostabilization of soils (using hemp, ramie or
kenaf), ii) agromining of REE using various plants (for instance Phytolacca Americana, Dicranopteris linearis), and
iii) understanding of the REE geochemistry.
• Ecotoxicological studies of REE-rich magmatic rocks in Québec (Grenville province), show that potential
release of REEs to the environment in mining areas could occur after extraction of REEs. The only potential toxic
effects that could be related to REE contents could occur in the ostracod and luminotox tests. Our study reveals
that the physicochemical properties of sediments are a key factor controlling both REE availability and their
potential toxicity. It is a starting point for understanding potential future pollution in mining areas.
• REE surficial cycle and toxicology Although used extensively in various application fields, knowledge about
REE toxicity in cells and molecular mechanisms underlying REE tolerance is still partly lacking (Gonzalez et al.,
2016). 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 (Wehrmann et al., 2017). This approach
was performed on three well-known bacterial, fungal and plant model organisms. A genome-wide phenotyping
of a mutant collection for both Escherichia coli and Saccharomyces cerevisiae was carried out and identified
genes and functions that take part into the REE toxicity response in these organisms. As exemplified for yeast,
several functions involved in REE toxicity mitigation emerged, primarily acidification and retrograde transport.
Lipidomic, ionomic and proteomic analyses were conducted and revealed the central role of sphingolipids in REE
tolerance, emphasizing the role of the plasma membrane as a hotspot for REE toxicity (Grosjean et al. 2018). In
conclusion, these pioneer studies using model organisms are an excellent first basis for the assessment of REE
toxicity towards eukaryotes and bacteria. The specific responses pointed out will lead to a better understanding
of REE transfer from contaminated substrates to living organisms and should allow the identification of
biomarkers of REE exposure.
• Gadolinium (Gd) is chelated to an organic part to form gadolinium contrast agents (Gd-CAs) used worldwide in
medicine during magnetic resonance imaging (MRI). For 20 years the number of gadolinium anomalies reported
in rivers of several European and US countries has increased. These compounds avoid the release of free Gd in
rivers but little is known concerning their bioavailability for aquatic organisms. The field study conducted in
North East of France demonstrated the presence of anthropogenic Gd in the environment originating from the
release of Gd-CAs from 14 wastewater treatment plants after hospital waste treatment (Gd-based MRI contrast
agents). For the first time, these results clearly showed that Gd can bioaccumulate in bivalve tissues even when
it is only present as Gd-CAs (Perrat et al., 2017)
• The search for new and innovative bio-sensors: 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. The first works revealed that PedH
from P. putida KT2440 actually uses REE as a cofactor (Wehrmann et al., 2017). Reporter assays demonstrated
that PedH not only has a catalytic function but is also involved in the transcriptional regulation of pedE and
pedH, most likely acting as a sensory module, they thus demonstrated that REE-utilizing bacteria are not limited
to the methano-and methylotrophs.
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mining areas may contribute to their release into surrounding ecosystems. For this reason, this study was performed in a natural area with geological material abundant in ferrocarbonatites and light REE. The aim of this
work was to assess the natural REE availability and (eco)toxicity in freshwater sediments. Sediments showed
high REE concentrations in samples with ﬁne grain size fractions, and low in organic-rich sediments. The enrichment in LREE was mostly from rocks and the obtained enrichment factors (EF) conﬁrmed that the sediments are
not anthropogenically polluted. To assess REE availability and ecotoxicity, four toxicity tests were performed.
REEs measured as the dissolved concentration in the test media were very low compared to the potentially available total REE in sediments and showed positive or negative correlations with ﬁne or coarse grain sizes, respectively, and positive correlations with the content in Mg, Fe and Al. In tests performed in media supplemented
with salts, the availability of REEs decreased considerably. Only some toxic effects could be linked to the REE contents in the ostracodtox and luminotox tests. However, measurement of toxicity could be inﬂuenced by the sediment properties and lead to a potential overestimation of ecotoxicity if only REE are regarded. Our study reveals
that the physicochemical properties of sediments are a key factor controlling both REE availability and toxicity,
whereas the determination of REE effects from toxicity tests using liquid media with salt addition will decrease
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acid at position 295 in PedE and PedH is highlighted by using a diffe

ABSTRACT The oxidation of alcohols and aldehydes is crucial for detoxification and ef-

ficient catabolism of various volatile organic compounds (VOCs). Thus, many Gramnegative bacteria have evolved periplasmic oxidation systems based on pyrroloquinoline
quinone-dependent alcohol dehydrogenases (PQQ-ADHs) that are often functionally
redundant. Here we report the first description and characterization of a lanthanidedependent PQQ-ADH (PedH) in a nonmethylotrophic bacterium based on the use of
purified enzymes from the soil-dwelling model organism Pseudomonas putida KT2440.
PedH (PP_2679) exhibits enzyme activity on a range of substrates similar to that of its
Ca2!-dependent counterpart PedE (PP_2674), including linear and aromatic primary and
secondary alcohols, as well as aldehydes, but only in the presence of lanthanide ions, including La3!, Ce3!, Pr3!, Sm3!, or Nd3!. Reporter assays revealed that PedH not only
has a catalytic function but is also involved in the transcriptional regulation of pedE and
pedH, most likely acting as a sensory module. Notably, the underlying regulatory network is responsive to as little as 1 to 10 nM lanthanum, a concentration assumed to be
Functional
Role
of
Lanthanides
Pseudomonas
putida
Role
of
Lanthanides
in in
Pseudomonas
of ecological relevance. The Functional
present study
further
demonstrates
that theputida
PQQdependent oxidation system is crucial for efficient growth with a variety of volatile
alcohols. 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 lanthanides.
Because of their low bioavailability, lanthanides have long been
considered biologically inert. In recent years, however, the identification of lanthanides as a cofactor in methylotrophic bacteria has attracted tremendous interest
among various biological fields. The present study reveals that one of the two PQQADHs produced by the model organism P. putida KT2440 also utilizes lanthanides as
a cofactor, thus expanding the scope of lanthanide-employing bacteria beyond the
methylotrophs. Similar to the system described in methylotrophic bacteria, a complex
regulatory network is involved in lanthanide-responsive switching between the two
PQQ-ADHs encoded by P. putida KT2440. We further show that the functional production of at least one of the enzymes is crucial for efficient growth with several volatile alcohols. Overall, our study provides a novel understanding of the redundancy of PQQADHs observed in many organisms and further highlights the importance of lanthanides
for bacterial metabolism, particularly in soil environments.
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Yttrium Responsive Genes in Yeast

FIGURE 5 | Functional enrichment analysis network of functions that when deleted render cells either sensitive (blue nodes) or resistant (orange nodes) to yttrium.
Green lines represent gene overlap between two functions, with the edge width being proportional to the number of shared genes. The enrichment map was built
using GSEA and visualized by the enrichment map plugin in Cytoscape.

(Figure 2) were related mainly to protein transport with the
ubiquitin-dependent protein catabolic process via the MVB

catabolism of proteins (Supplementary Table 3). Among the
51 mutants in this category, high representation of the ESCRT

Modelling
Developing numerical tools and new modeling strategies for a
better assessment of mineral resources is one of the main axis of
the Labex. During this last decade, with the support of Labex,
significant advances in these fields have been achieved including
(i) the improved modelling of 3D geological objects (faults,
sedimentary channels) with a better integration of all the
subsurface observations (petrophysics, geophysics) (e.g., Rongier
et al., 2014; Collon et al., 2015; Laurent, 2016; Laurent et al.,
2016; Grose et al., 2017) and a better constrained uncertainty
(Lallier et al., 2015; Julio et al., 2015) and
(ii) the development and numerical assessment of various
modeling/theoretical approaches (direct coupling, upscaling or
hybrid modelling strategies) for a better description of these
coupled thermo-hydro-chemico-mechanical processes (e.g.,
Sevostianov and Giraud, 2013; Chen et al., 2015; Faivre et al.,
2016; Myagkiy et al., 2017).
PhD work of M. Faivre (2012-2015) on modelling of hydraulic
breccias development in ore deposits: mineralization processes
in some formations may result from fluid-overpressure events
due to hydraulic fractures or breccias. In this work, an original
numerical approach based on the extended finite element
method (XFEM) was proposed for modelling fracture dynamics
and flow calculation (Faivre et al., 2016; Paul et al., 2018).
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1. Introduction

The permeability of rocks is widely affected by the presence of fractures as they establish preferential paths for fluid flow.
Natural fractures are then a critical factor for determining the hydro-mechanical behavior of geological formations. As a consequence, leakage or detrimental spreading (of pollutants, fluids, etc.) can locally or regionally occur. In engineering studies,
those aspects have to be considered. For nuclear waste storage in deep layers, implantation of storage cells modifies the
in situ stress field and generates fractures [1], increasing significantly the hazards associated to potential radionuclides leakage. The scenario of leakage across the cavity seal through fractures or reactivated faults is then a matter of great concern.
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cavity seal through fractures or reactivated faults is then a matter of great concern.
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g from supergene weathering of ultramafic rocks [2], are strongly constrained by the develting fracture networks which participate to mineralization, modifiying the porous structure
Fig. 25. Scalar maps for the pore pressure at t1 ¼ 18 s (left) and t2 ¼ 80 s (right).
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outlying fractures (P1) and (P3). At t 1 ¼ 18 s, the fluid pressure inside the fractures is almost the same for (P2) and the two
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A 3D fully coupled hydromechanical model for the simulation of fluid-driven fracture propagation through poroelastic saturated
media is presented and compared to several analytical or numerical benchmarks. The hydromechanical coupling in the porous
Abstract
matrix is derived within the framework of the generalized Biot theory and the fluid flow in the fractures satisfies the lubrication
equation. The presence and propagation of fluid-driven fractures is handled with the extended finite element method and the
A 3D fully coupled hydromechanical model for the simulation of fluid-driven fracture propagation through poroelastic saturated
propagation of the fluid-driven fractures is governed by a mixed linear cohesive law relying on a stable mortar formalism. A
media is presented and compared to several analytical or numerical benchmarks. The hydromechanical coupling in the porous
comparison between numerical results and a semi-analytical solution for plane fluid-driven fractures in porous media assess the
matrix is derived within the framework of the generalized Biot theory and the fluid flow in the fractures satisfies the lubrication
validity of the proposed model. Then, a procedure for the propagation of fluid-driven fractures on non predefined paths is detailed.
equation. The presence and propagation of fluid-driven fractures is handled with the extended finite element method and the
In particular, the fracture reorientation angle is computed exclusively from cohesive quantities. Various numerical experiments are
propagation of the fluid-driven fractures is governed by a mixed linear cohesive law relying on a stable mortar formalism. A
performed to study the interferences between neighboring fluid-driven fractures as well as the reorientation of fluid-driven fractures
comparison between numerical results and a semi-analytical solution for plane fluid-driven fractures in porous media assess the
under complex stress conditions. Finally, the model is extended to discontinuity junctions and an application to arrays of vertical
validity of the proposed model. Then, a procedure for the propagation of fluid-driven fractures on non predefined paths is detailed.
fractures initiated from horizontal wells is presented.
In particular, the fracture reorientation angle is computed exclusively from cohesive quantities. Various numerical experiments are
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1. Introduction

Predicting occurrence of hydraulically induced damage in geological systems constitutes a major challenge
in subsurface engineering. Geo-resource completion (geothermal, oil and gas resources), underground storage
1. Introduction
management (confinement of hazardous wastes, C O2 storage) or building and maintenance of constructions (tunnels,
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In this paper we demonstrate how recent geomodelling techniques can be combined and used to build a
3D geological model on a real case study: the former coal mine of Merlebach (France), that is targeted to
be exploited for low-temperature geothermal energy production. From geological maps, cross-sections,
borehole and mine exploitation data, we build a 3D model in which are identiﬁed the rocks and infrastructures having signiﬁcantly different permeabilities. First, a structural model of the main geological
interfaces in our area of interest (2 horizons and 13 faults) is built with classical geomodelling techniques. Then, we propose to model by surfaces the 71 irregularly stacked, very close and very thin, subvertical coal beds. To ease their construction, we use an implicit method which represents 3D surfaces as
isovalues of a scalar ﬁeld deﬁned in a 3D tetrahedral grid of the area. The corresponding triangulated
surfaces are remeshed with a recently proposed method based on Voronoi diagrams so that the exploited
parts of the coal beds, now ﬁlled by sand, can be computed. The 3D surface-based geological model, in
which infrastructures can be inserted as piecewise lines, can be volumetrically meshed. It is available for
download as supplemental material, as well as a volumetric grid.
Fig. 13. 3D surface-based structural model of the Merlebach mine.
& 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Lorraine has been one of the most important regions of coal
extraction in France until the closure of the last coal mine, La
Houve, in 2004. Unlike the neighbouring Lorraine Iron Basin
where the impact of mine ﬂooding on water quality is studied for
water supply concerns (e.g. Collon et al., 2005, 2006; Hamm et al.,
2008), the great depth (up to 1.5 km) and the favourable local
geothermal gradient (around 3.5 °C/100 m) in the Lorraine Coal
Basin make it a potential resource of low-temperature geothermal
energy. Preliminary investigations were carried out by Hamm and
Bazargan Sabet (2010), who identiﬁed the area of the Merlebach
mine, centred around the Vouters 2 mineshaft (Fig. 1), as the most
suitable place for a future full-scale demonstration facility. As
suggested by Renz et al. (2009), Hamm and Bazargan Sabet (2010)
realised a simpliﬁed model of the Merlebach mine to investigate
the geothermal potential of the site. Their encouraging results
have demonstrated that the heat production capacity would not
Corresponding author.
1
Now at: School of Earth, Atmosphere and Environment, Monash University,
PO Box 28E, Victoria, Australia.
n

only depend on the well locations and production rates, but also
highly on the rock permeabilities and on the geometry of the
underground structures. Thus, modelling the hydraulic and thermal behaviour of the targeted geothermal site is crucial for a reliable evaluation of different exploitation scenarios.
For this purpose, we built a volumetric 3D model of the Merlebach mine. 3D geomodelling of formerly mined areas is a challenging task as data are often scattered, in various formats and the
objects to represent are numerous and variable in shape and size
(e.g. Li et al., 2013; Kaufmann and Martin, 2008). Our model
should distinguish the different types of rock encountered in the
former mine so that the permeability ﬁeld, that drives groundwater ﬂow, can be correctly modelled. So, it must take account for
the main mine infrastructures (galleries, mineshafts and ramps),
for the surrounding formations and for the faults. The modelling of
the coal beds is particularly challenging as they are sub-vertical,
very thin (around 5 m thick), and irregularly stacked on a thickness of 1.8 km. Classical geomodelling methods (Caumon et al.,
2009) would imply to explicitly build each of these surfaces individually while ensuring that they do not intersect. To overcome
this particularly difﬁcult task, we used recent geomodelling techniques: an implicit modelling approach (Frank et al., 2007; Caumon et al., 2013) and a geological surface remeshing (Pellerin

http://dx.doi.org/10.1016/j.cageo.2015.01.009
0098-3004/& 2015 Elsevier Ltd. All rights reserved.

Fig. 14. Slices in the 3D regular Cartesian volumetric grid of the Vouters 2 mining area. The grid contains about 125 million cubic cells of 6 m side.
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We propose a method to remesh the surfaces of 3D sealed geological structural models for subsequent
volumetric meshing. The input of the method is a set of triangulated surfaces that are in contact along
given lines and at given points. The output is a set of surfaces meshed with triangles as equilateral as
possible. The method relies on a global Centroidal Voronoi optimization to place the vertices of the ﬁnal
surfaces combined with combinatorial considerations to either recover or simplify the surfaces, lines and
points of the input model. When the ﬁnal resolution is sufﬁcient, the input contact lines and points are
also contact lines and points of the ﬁnal model. However, when dealing with models with complex
contacts, resolution may be insufﬁcient and instead of a reﬁnement strategy that may lead to too many
points, we propose to locally merge some features of the input model. This ability to simplify the input
model is particularly interesting when the model is to be volumetrically meshed. The method is
demonstrated on twelve structural models, including seven models built with an implicit modeling
method, and one folded layer model affected by a discrete fracture network.
& 2013 Elsevier Ltd. All rights reserved.
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(e.g. Mallet, 2002), the restoration of 2D horizons (e.g. Dunbar and
Cook, 2003), and 3D conformable griding (e.g. Prevost et al., 2005).
Remeshing the surfaces of a 3D structural model without altering
3D subsurface models have gained signiﬁcant interest to
its essential features is therefore an important step of the modeloptimize the management of natural resources and associated
ing process.
risks (Farmer, 2005). Among published techniques, 3D surfaces are
Most surface remeshing methods are developed for standalone
often used to represent geological structures because they allow
closed surfaces (see Alliez et al., 2008 for a review) and cannot be
the modeling of many complex conﬁgurations encountered in
used to globally remesh 3D structural models which have several
nature. The various strategies to generate these models lead to
interconnected surfaces (Fig. 1). Moreover there are three main
several surfaces often deﬁned by triangles (see Caumon et al.,
challenges when remeshing a 3D structural model: (1) its surfaces
2009 for a review). However triangle mesh quality and resolution
can be very close (e.g. when bounding a thin layer Fig. 2a); (2) and
may vary signiﬁcantly depending on the modeler choices and on
they can intersect at small angles (e.g. when a layer pinches out
the algorithms involved during the model building. For instance,
laterally due to erosion Fig. 2b); (3) its contact lines may be very
recent geomodeling methods use level-set (implicit) surfaces to
close as often observed for horizon cutoff lines on both sides of a
account for various data types but produce very poor quality
fault surface (Fig. 2c) or on the tip of some syn-sedimentary faults
meshes (Calcagno et al., 2008; Collon-Drouaillet et al., 2012;
(Fig. 2d). In these conﬁgurations, the ﬁrst challenge is to honor the
Caumon et al., 2013). The mesh should therefore be adapted for
features smaller than required mesh element size while keeping
applications such as the efﬁcient visualization of very large
the number of elements and their quality acceptable. The second
models, the edition of the model geometry, for example when
challenge is to do that in a robust and accurate manner. Indeed,
incorporating new data or when smoothing the model surfaces
resampling a surface introduces geometrical approximations
which
may
break the
internal
consistency
of ρðyÞ
the¼model.
Fig. 21. Adaptive remeshing of top horizon in Clyde model. A density property computed
from
the distance
to the
triple points
of the model
ð1$ dðyÞ=dmax Þ4 was used
n
toCorresponding
obtain an adaptive
remesh
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model
with
10,000
seeds.Marcel
Unlike uniform
depends
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meshremeshing
quality because
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this paper,the
weresult
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method
interpolated
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Roubault
- TSA 70605
that produces a high-quality remesh of the model surfaces and of
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their intersections. Our method is based on the work of Pellerin
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5. Discussion

The surface remeshing method proposed in this paper is completely automatic and performs in several minutes or less on typically
sized 3D structural models. It operates both globally and locally on
the input model whose surface parts, contact lines, and triple points
are remeshed simultaneously depending on the selected resolution.

Paradigm Geophysical, Schlumberger, and Total for providing data
sets. We would also like to thank the anonymous reviewers for
constructive comments which helped improve this paper.
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Geology and Ni-ore genesis in New Caledonia
A seminar for mine geologists from all mining companies
working in New Caledonia

SEMI NAI RE
GEOLOGI E-METALLOGENI E DU NI
EN NOUVELLE-CALEDONI E
SEMINAIR E 28 & 29 mai 2018
Liste des inter vention s
N°
1
1 bis

INTERVENANTS
France BAILLY

EXPOSE
Présentation CNRT et Objectifs du séminaire

Michel CATHELINEAU

2

Mohamed KADAR

Principaux challenges pour la mine d'aujourd'hui en NC

3

Pierre MAURIZOT

Histoire précoce de l’ophiolite, géologie et pétrographie des roches
ultrabasiques: implications sur les gisements ?

4

Michel CATHELINEAU

Processus de latéritisation, introduction aux latérites nickélifères

5

Pierre MAURIZOT

Minerais silicatés et oxidés en NC : modèle(s) génétique(s) à grande
échelle

6

Brice SEVIN

Codifications minières : comment adopter une nomenclature identique d’un
site à l’autre

7

Michel CATHELINEAU

Chronologie des minéralisations silicatées sur discontinuités : un préenrichissement nécessaire ?

8

Michel CATHELINEAU

Formation de la saprolite : données géochimiques et modélisation
thermodynamique

9

Brice SEVIN

Contrôle par les phénomènes gravitaires des gisements de Ni ; modèle
structural pièges primaires et secondaires

10

Michel CATHELINEAU

Modélisation 3D des anomalies de teneurs et couplage 2D-transport réactif

11

Farid JUILLOT

Rôle de la maturation sur la cristallinité des goethites et implications sur les
teneurs en Ni dans les horizons latéritiques

12

Farid JUILLOT

Évolution des teneurs et de la spéciation du Mn et Co dans les profils
d'altération

13

Yoram TEITLER

Synthèse sur la distribution et le comportement du Sc, relation avec Ni et
Co. Potentiel et outils d'exploration

The seminar on Nickel ore genesis in
New Caledonia created the first
occasion to gather together
geologists from all mining
companies, and a moment of
discussion about genetic models of
Ni-Co-Sc enrichment processes.
Field works were in particular the
occasion to share identification keys
of representative minerals from the
serpentine and talc-like groups and
their time/ genetic relationships with
Ni ore formation.

Ecole Thématique CNRS

Cycle Géochimique des Métaux

Lecture in Amphitheater 8 of the Faculty of Sciences

Visit of the LA-ICP-MS laboratory at GeoRessources

The CNRS School devoted to
Mineral Resources - cycle of
metals took place in Nancy from
2 to 4 of October 2018, and
gathered 135 people, including
researchers, PhD students,
coming from most French
Universities as well as geologists
from industry. The lectures given
by renown researchers have
concentrated on geological
characterization of ore deposits
for strategic metals, innovative
and eco-responsible valorization
and recycling, agromining,
behavior of metal in the
environment and
ecotoxicological impact and
finally the societal acceptability
of mining.
Two round-tables have been
dedicated i) to the evolution of
the professions related to
metallic resources within the
next 20 years and ii) to
experiences from industry about
exploitation of mines and their
acceptance by the populations.
Visits of the laboratories have
been organized the third day.

Documentary Resources

All reports and data may be found at labex web site

http://ressources21.univ-lorraine.fr/
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