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Foreword 
 
The Laboratory of Excellence RESSOURCES21 and the Lorraine Earth and Environment 
observatory OTELo, are honoured to welcome in Nancy, France, the participants in the 
first International Workshop on the geochemical cycle of nickel, from October 17th to 19th, 
2017. 
 
After 4 years of research on the natural geochemical cycle of Nickel and associated 
elements, especially in supergene deposits, the RESSOURCES21 research committee 
has decided to organise an international workshop with the aims of reinforcing ongoing 
multi-disciplinary exchanges and generating new ones.  
 
Through this conference, we will improve our understanding of key questions around Ni 
laterites, and our knowledge of analytical advances in all topics related to the low-
temperature geochemistry of nickel and allied elements: from exploration, with the 
identification of ores and their generation, to mining, with the development of new 
approaches to processing, and the development of the innovative techniques of 
agromining; assessment of main after-mine issues, how to better analyse them, and how 
to better consider the social response to Nickel mining projects, before, during and after 
Ni extraction. 
 
We wish you an excellent stay in Nancy with many fruitful discussions and interactions 
during the workshop. 
 
The organizing committee 
Michel Cathelineau, Marie-Christine Boiron, Guillaume Echevarria, Lev Filippov, 
Christophe Cloquet, Laure Giamberini, Agnès Samper and Isabelle Abildtrup 
(GeoRessources, LIEC, CRPG, LSE, LabEx RESSOURCES 21 from OSU OTELo, 
Vandoeuvre-les-Nancy, France) 
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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 all Geosciences laboratories from Lorraine University. 
RESSOURCES21 has been allocated 9 million euros in funding for 2011 to 2019, as part 
of the 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.  
 
Context of the RESSOURCES21 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, 
...), 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 geological 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 
low concentrations of metals in ores, in recycling better, in keeping the environmental 
impact and ecotoxicity of increasingly used and extracted metals low, in developing new 
sensors and new systematic observations. 
The choice of Nickel has been guided by the fact that nickel in New Caledonia, as well as 
gold in French Guiana, are the only metals produced by French companies in French 
territories. Ni is also accompanied by other metals, seldom extracted up to now, such as 
Co, Mn, Cr, Sc. The process of co-beneficiation is from now on, one of the major 
challenges for society, as most deposits are extracted for only one metal (sometimes a 
few), leaving wastes with other metals at a low content, which nevertheless could 
constitute the reserves for tomorrow, when better extraction processes are available. 
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The objectives of the LabEx RESSOURCES21 
 
The research project LabEx RESSOURCES21 proposes an integrated scientific and 
educational approach to the understanding, extraction and environmental management 
of strategic metal resources for the 21st century. RESSOURCES21 faces many 
challenges in terms of geology, mineral processing, environmental and ecotoxicological 
impact.  
Scientific activities of the Laboratory of Excellence project “Strategic Metal Resources in 
the 21st Century-RESSOURCES21” focus on three main research themes identified as 
priorities:  

• the understanding of the natural and anthropogenic cycles of strategic metals, and 
the processes of concentration (ore deposits) or dispersion in the environment; 
• the development of innovative tools for better ore processing, and better extraction 
of metals; 
• the evaluation of the environmental impact of these metals, once scattered 
throughout the ecosystem. 

To achieve these main goals, three complementary strengthening tasks: 
• 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 environmental sensors to monitor the 
dispersal of hazardous elements, with the aim of better predicting pollution. 

 
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 programmes. 
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 
fellowships, and operating costs, as well as the co-funding of major equipments. 
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	 Workshop	Schedule	

	 	 	 	
	 Tuesday	17th	 Wednesday	18	th	 Thursday	19th	
	08:30	 Registration	

Co-beneficiation of Ni-Co-Sc, 
Scandium: a hidden 

resource? 

Phytomining-Agromining 9:00-9:30	 Welcome	Adresses	

	

General overview of needs in 
the scientific and industrial 

fields 
Ni geochemical cycle 

	
Coffee	break	 Coffee	break	 Coffee	break	

	

Ore formation: Ni in 
saprolites Social acceptance and mining Assessment of Environmental 

Impacts 
12:30	 Lunch	 Lunch	 Lunch	

	
Ni in laterites Ore Processing Remediation programmes 

	
Coffee	break	 Coffee	break	 Closure discussion 

	
Ni in laterites 

Phytomining-Agromining 

	

17:00-
18:00	 Poster	session	and	Beers	
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PROGRAMME 
Keynote speakers in blue (25+5mn) / Other speakers in black (15+5mn) 
 
Tuesday, October 17th 
9:00 Introduction  
Leyval C. (Director of OSU OTELO): Welcome address 
Cathelineau M. (Scientific director of RESSOURCES21) Research projects on Nickel and associated 
elements at Lorraine University and the objectives of the workshop 
 
9:30 

General overview of needs in the scientific and industrial fields 
 
9:30-10:00    
A-1 Bailly F. (CRNT director, Noumea, New Caledonia) – Keynote:  CNRT "Nickel" in New Caledonia: 
Shared vision and transverse programmes from mining to natural and human environment  
 
10:00-10:20 
A-2 Le Gleuher M. (BRGM, Orléans France) - Nickel Market Developments: a review 
 
10:20-10:40 
A3- Bernard Robineau Mining exploration of supergene Ni ore deposits: a panel of new non-invasive 
investigations before drilling surveys. 
 
 
Coffee break  

Ore formation: Ni in saprolites 
 

11 :00-11:30 
A-4 Villanova-de-Benavent C. (Barcelona Univ.) - keynote: The variety of Ni-bearing phyllosilicate ores 
in the Ni-laterites from the Dominican Republic: a multiscale approach. 
 
11:30-11:50 
A-5 Cathelineau M., Quesnel B., Myagkiy A., Teitler Y., Boulvais P., Ulrich M., Munoz M. -  A three step 
model for the formation of Ni enrichment as silicates within the saprolite (New Caledonia)  
 
11:35-12:10 
A-6 Génin J.-M. R., Orberger B., Maubec N., Duée C., Bourrat X., Blaineau P.-G., da Silva Alves A. - 
Green rust related FeII-III topotactical minerals in hydromorphic soils (gley of aquifers and maritime 
marshes) and the search of their homologous Ni minerals 
 
12:10-12:30 
A-7 Martin F., Aymonier C., Einloft S., and Careme C. - Ni, and Co: important cations for crystal 
chemistry mechanisms and industrial applications. 
 
12:30  Lunch offered by RESSOURCES21 
 

Ni in laterites 
14:00-14:30 
A-8 Herrington R. (NHM, London) - keynote: Palaeo Ni-Co-Sc laterites of Europe: diversity, formation 
and future potential  
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14:30-14:50 
A-9 Quesnel  B., Le Carlier de Veslud C, Boulvais P., Gautier P., Cathelineau M., Drouillet M.  - Ni 
redistribution in laterites: effects of geomorphology on lateral transfer, leading to Ni-enrichment 
in saprolite 
 
14:50-15:10 
A-10 Domènech C., Galí S., Villanova-de-Benavent C., Soler J.M., Proenza J.A.. - Modeling the 
formation of oxide-type Ni-laterite profiles. The example of Punta Gorda, Moa Bay, Cuba 
 
15:10-15:30 
A-11 Myagkiy A., Golfier F., Truche L., Cathelineau M. - Subsurface Reactive Transport Modelling of 
the Lateritic Ni mineralization in New Caledonia: A coupled Thermo-Hydro-Geochemical approach 
 
Coffee break 
 
15:50-16:10 
A-12 Putzolu F., Boni M., Mondillo N., Pirajno F. - The Wingellina Ni-Co Laterite Project (Western 
Australia): preliminary data 
 
16:10-16-40 
A-13 Ramanaidou E. (CSIRO, Perth, Australia), Wells M., Godel B. - keynote: Ni-goethites in nickel 
laterites 
 
16:40-18:00 All sessions Posters and beers 
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CNRT “Nickel” in New Caledonia – Shared vision and transverse 
programmes from mining to natural and human environment  
 
France Bailly 
 
CNRT “Nickel and its environment”, BP 12235, 98857 Noumea, New Caledonia. 
 
Corresponding author : france.bailly@cnrt.nc 

 
New Caledonia, a French overseas territory located in the southwest of the Pacific 
Ocean, presents the third largest nickel deposit in the world and, according to recent 
estimates, would have more than 25% of the world's nickel resources and about 40% of 
the world's oxidized mineral resources, together with the presence of cobalt, chromium 
and manganese. The mining areas, spread over the whole ‘Grande Terre’ (mainland), 
comprise about 250,000 hectares of scattered concessions shared by French and 
international world scale mining and metallurgic companies and a few other local small-
scale miners. 
To face the challenges of a “better way of mining”, fit the new regulatory requirements 
and improve mining social acceptability, the mining sector stakeholders decided to create 
a dedicated resource agency devoted to applied research and technology development 
in New Caledonia’s mining industry. Created in 2007, this unique public and private 
organisation jointly involves all New Caledonian’s mining companies, political and 
administrative stakeholders and various scientific research bodies.  
Research has focused on three identified areas (technology and mineral resources, 
natural environment and social issues) to fill on-going gaps in fundamental knowledge, 
offer and adapt new technology that is relevant to the industry, develop methodology 
aids, manage knowledge transfer and upgrade practices on the ground. If action of 
CNRT has effectively added value to New Caledonian research, at the same time it 
permanently keeps in touch with industry. The fact that CNRT takes up social challenges, 
funds innovative projects and caters to its membership concerns, makes it more than a 
research-funding facility. While it does endeavour to develop fundamental and applied 
research projects, it also strives to provide technical and economic solutions and foster 
knowledge-transfer to mining companies and other businesses and professionals in the 
industry. New Caledonia has become something of a “laboratory” for studying the 
complex interactions between mines and society, a now essential component for 
consideration. 
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Nickel Market Developments: a review 
 
Maïté Le Gleuher* 

 
1BRGM, 3, avenue Claude-Guillemin, BP 36009 - 45060 Orléans cedex 2, France 
 
*Corresponding author: m.legleuher@brgm.fr  
 
Nickel Demand 
Nickel is primarily used in the manufacturing of stainless steel products which now 
accounts for two thirds of global nickel demand worldwide. China is the main Ni 
consumer with close to 52% of world demand. World primary nickel usage increased to 
2.03 Mt in 2016 driven by an unexpected growth of the global stainless steel production 
(+10.2% y-o-y at 45.8 Mt). China’s production of stainless steel containing Ni grew by 
14% to 20 Mt. Nickel demand for batteries is forecast to increase dramatically in the 
future.  
Mine supply 
Since China started using nickel pig iron (NIP) in the mid-2000s as a cheap alternative to 
nickel metal and stainless steel scrap in the production of stainless steel, laterite deposits 
became the major source of nickel. Indonesia was the top supplier to China prior to the 
ban on unprocessed ore exports in 2014 (about 60% of Chinese imports). Since then, the 
supply gap has been partly filled by low grade ore from the Philippines with an average 
nickel grade close to 1.2% compared to Indonesian grades closer to 1.8%. China NPI 
production decreased sharply (360 kt in 2016 down from 480 kt in 2013, Ni content). 
However China Ni production drop was offset by a surge in China imports of refined 
nickel from Russia and NPI production from Chinese-funded NPI projects in Indonesia 
(67kt in 2016). Nickel supply is increasingly dependent on political decisions with 
uncertainty surrounding the impact of recent developments in the Philippines and 
Indonesia – i.e. the threat of mine closures after the Philippines mine audit conducted in 
2016 and the easing of the Indonesian ban on nickel ore exports in January 2017.  
 
 
References 
International Nickel Study Group, 2017 Monthly Bulletin, August 2017 
Le Gleuher, M. (2017) Ecomine, http://www.mineralinfo.fr/ecomine 
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Mining exploration of supergene Ni ore deposits: a panel of new non-
invasive investigations before drilling surveys. 
 
Bernard Robineau 
Service de la Géologie de Nouvelle-Calédonie, 1 ter rue Unger - BP 465 - 98845 Nouméa Cedex, New 
Caledonia 
 
corresponding author: bernard.robineau@gouv.nc 
 
Limits of geological field exploration 
For decades, Ni saprolitic ores were explored using classic field surveys including: 

- preliminary stereo-photo interpretation  
- geomorphological analysis 
- mapping and sampling of outcropping saprolitic/lateritic layers 
- continuities inferred under the lateritic cover. 

Interpretations of possible Ni economic deposits were then confirmed by a progressive 
tightening of the core drilling grid. Most of the present nickel deposits have been 
discovered by this way. Remain now only hidden deposits under a thick lateritic cover 
with a high mining ratio ore/waste (Maurizot et al). Any opportunity of getting information 
on this cover helps to reduce and better position boreholes. 
 
New investigation methods or technics 
Both mapping and depth non-invasive investigations have been improved thank to new 
methods and technics. 
1. Regolith mapping 
Expert analysis of hyperspectral aerial data (Sevin et al) or multispectral high definition 
satellite views (Andréoli) projected onto the surface of a digital elevation modelling, gives 
mineralogical information, eg serpentine or Fe oxy/hydroxy content, highly improving 
regolith mapping. Such information can even be deduced under a sparse vegetation 
cover. 
 
2. Geophysical surveys 
Electrical Resistivity Tomography has already proven its efficiency for 2D imaging of the 
regolith down to >80 m (Savin et al, 2002, Robineau et al 2007). It is now an usual tool 
for nickel ore exploration in New Caledonia, reducing significantly the number of further 
drillings. In 2016, the first heliborne electro-magnetic survey of several test zones on 
mining sites delivered now spectacular results (Iseppi et al), imaging accurately 
structures of the weathering mantle and the bedrock down to 300 m. 
 
To conclude, in New Caledonia, geochemistry is of poor contribution in the first steps of 
nickel ore prospection, but recent development or adaptation of remote sensing or 
geophysical methods may be of considerable help for mining geologist in better 
positioning exploration boreholes. 
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References 
De Boissieu F., Sevin B. & al. 2017, International Journal of applied Earth Observation and 
Geoinformation,  
Iseppi, M., Sevin, B., Reninger, P.-A., Perrin, J., Jeanpert, J., Le Bayon, B., Lesimple, S., Maurizot, P., 
Cluzel, D., Foged, N., and Auken, E., 2016, 35th International Geological Congress – Cap Town, South 
Africa. 
Maurizot, P., Sevin, B., Lesimple, S., Bailly, L., Iseppi, M., Robineau, B., Geological Society, London, 
Memoir, chapter 10. 
Robineau B, Join J.L., Beauvais A., Parisot J-C,& Savin C. 2007,  Australian Journal of Earth Sciences, 
54, 5773-5781. 
Savin C., Robineau B., Monteil G., Beauvais A., Parisot J.C. & Ritz M. 2002 Proceeding 16th ASEG 
Geophysical Conference, Adelaide. 
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The variety of Ni-bearing phyllosilicate ores in the Ni-laterites from the 
Dominican Republic: a multiscale approach 
 
Cristina Villanova-de-Benavent 
Departament de Mineralogia, Petrologia i Geologia Aplicada, Facultat de Ciències de la Terra, 
Universitat de Barcelona (UB), C/ Martí i Franquès s/n - 08028 Barcelona, Catalonia, Spain 
 
*corresponding author: cvillanovadb@ub.edu 
 
Ni-bearing Mg-phyllosilicates (commonly known as garnierites) are significant ore 
minerals in many Ni-laterite deposits worldwide. However, the characterisation, 
classification and nomenclature of these mineral phases is complex due to their fine-
grained nature, low crystallinity and frequent occurrence as mixtures. 
In the Falcondo district (Dominican Republic), garnierites are found within the saprolite 
horizon mainly as fracture-fillings, coatings on joints and as breccias. They display 
different shades of green and characteristic textures, which correspond to different 
mineral phases, as observed by X-ray diffraction (XRD), optical and electron microscopy, 
and electron microprobe (EMP) analyses: i) mixtures of serpentine- and talc-like, i) talc-
like, and iii) sepiolite-falcondoite. The characterisation was completed with differential 
thermal analysis and thermogravimetry (DTA-TG), transmission electron microscopy 
(TEM), µRaman spectroscopy, and synchrotron microfocus X-ray absorption 
spectroscopy (µXAS). 
EMP oxide totals and DTA-TG indicate that talc-like contain higher H2O than talc sensu 
stricto (about 4.5% mass loss at 200ºC, and up to 5% at 650ºC), and therefore the 
names kerolite-pimelite are proposed, instead of talc-willemseite. EMP reveal that the 
mixed samples with larger amounts of kerolite-pimelite displayed the highest Ni contents 
(up to 2.2 apfu out of 3 octahedral cations). Furthermore, EMP quantified X-ray element 
imaging indicate several stages of growth with variable Ni content, pointing to recurrent 
changes in the physical-chemical conditions during the garnierite precipitation. TEM 
imaging shows a variety of nanotextures: 15-sectored polygonal serpentine, chrysotile 
tubes, lizardite lamellae, kerolite-pimelite lamellae and sepiolite ribbons. HRTEM 
revealed that kerolite-pimelite lamellae replace the Ni-poor serpentine particles. 
Characteristic Raman bands were observed for serpentine-, talc- and sepiolite-like 
phases, and therefore this technique allowed discriminating the garnierite components. 
XANES results indicate that Fe in the weathered saprolite and in the garnierite is mostly 
oxidised and the EXAFS spectra indicate that Ni is accumulated in discrete domains 
(clusters) in the weathered saprolite and the garnierite. 
This multiscale study aims to provide a good approximation to the mineralogy of 
Caribbean garnierites and to help shed light to garnierite formation processes in a 
lateritic environment. 
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A three step model for the formation of Ni enrichment as silicates within 
the saprolite (New Caledonia) 
 
Michel Cathelineau1*, Benoit Quesnel1,2, Andrey Myagkiy1, Yoram Teitler1, Philippe 
Boulvais2, Marc Ulrich3, Manuel Munoz4 

 
1Université de Lorraine, CNRS, CREGU, GeoRessources lab., F-54518, Vandoeuvre-lès-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 Eugène Bataillon, 34095 Montpellier cedex 05, France 
 
*Corresponding author: michel.cathelineau@univ-lorraine.fr  
 
Saprolitic ores exploited today in New Caledonia result from the superimposition in time 
and space of tree distinct processes which are not all genetically related: 
• the richest Ni silicate ores (type I)  occur in fractures within the bedrock and saprolite, 
generally 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 ambient temperature, the Ni silicate veins thus appear as the result of recurrent 
crack and seal process, corresponding to upward medium temperature fluid convection, 
hydraulic fracturing and subsequent fluid mixing, and mineral deposition (Cathelineau et 
al.,  2016).  
• 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 layer cementing 
joints which are found in particular in the preserved boulders. This mineralization (type II)  
is characterized by chemical and mineralogical concentric zoning with an outer green rim 
around an inner white zone composed, from the edge to the centre of the block, (i) a 
highly oxidized and altered zone, (ii) a green pure Ni-rich pimelite zone, (iii) a zone 
(limited to a few centimetres) with 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 results from evapo-precipitation process related to 
alternate periods of hydration and drying, induced by water table movements 
(Cathelineau et al., 2015).  
• The preceding fractures and cocarde joints are then dissolved when affected by the 
oxidizing dissolution fronts which forms the saprolite assemblage (type III) at the expense 
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of the boulders. There, nickel is redistributed within both silicates (smectite in particular), 
and oxy-hydroxides (goethite). When smectite is abundant, this forms the mustard color 
ores (type IV). 

 
The superimposition of the two dissolution-reprecipitation processes (II and III), 
especially in zones where clusters of early kerolite veins (type I) are already present 
explains the highest Ni grades within the saprolite. Finally, nickel is again redistributed at 
the favor of several oxidation processes along pH fronts within the laterite as described in 
Myagkyi et al., 2017, and Quesnel et al., 2017 see abstracts in  this volume). 
 
 
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 
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Green rust related FeII-III topotactical minerals in hydromorphic soils 
(gleys of aquifers and maritime marshes) and the search of their 
homologous Ni minerals 
 
J.-M. R. Génin1*, B. Orberger2, N. Maubec3, C. Duée3, X. Bourrat3, P.-G. Blaineau3, A. 
da Silva Alves3  
 
1Polytech-Nancy, Univ-Lorraine, CNRS (FR2843), 2 rue Jean Lamour, 54500 Vandœuvre-lès-Nancy, 
France 
2GEOPS, Université Paris Sud, Bât 504, 91405 Orsay, France 
3BRGM, 3 avenue Claude Guillemin, BP 36009, 45060 Orléans Cedex, France 
 
corresponding author: *jean-marie.genin@univ-lorraine.fr 
 
The biogeochemical cycle of iron has been described during the past two decades [1-4]; 
three minerals related to the commonly named « green rusts » (GR) that are observed 
during the corrosion of iron and steels, have been identified; they play a major role for 
depollution since synthetic green rusts reduce oxidized pollutants, e.g. nitrates, due to 
unchallenged redox properties in hydromorphic soils, which are characterized by the 
bluish-green color of « gleys » in aquifers and maritime marshes. GRs belong to the 
double layered hydroxide family (DLH). Made of the stacking of Fe(OH)2 layers and anion 
interlayers, it is the special case where divalent and trivalent cations are from the same 
element, iron, where Mössbauer spectroscopy determines the molar ferric ratio x = 
{[FeIII]/ ([FeII] + [FeIII])} within the solid phase. Whatever the size, charge and shape of 
the anions, e.g. C2O4 2-, Cl-, F-, I-, CO3 2-, SO42-, SeO3 2- , COOH-, all known GRs display 
a 2D long-range order where each Fe3+ ion is surrounded by six Fe2+ ions and x values 
are precisely 1/4, 2/7 and 1/3; this depends of the 2D-order of the anions in interlayers 
that matches the cation 2D-order, according to Goodenough-Kanamori superexchange 
rules. The carbonated GR(CO3 2-) of formula FeII4 FeIII2 (OH)12 CO3 • 3H2O at x = 1/3 will 
be now considered. GRs own two modes of oxidation (i) by aerial oxidation, it dissolves 
and a ferric oxyhydroxide FeOOH precipitates out of the solution explaining the usual 
behavior of corrosion of steels; (ii) by violent oxidation, e.g. by H2O2, an in situ 
deprotonation occurs [2] and an oxyhydroxycarbonate, FeII6(1-x) FeIII6x O12 H2(7-3x) CO3 • 
3H2O seams to appear but is not a solid solution: any x ratio value is due to mixing 
domains of three distinct ordered phases, which were later identified in gleys as minerals 
constituting the “fougèrite group” (IMA 2012-049) [3] for x values of 1/3, 2/3 and 1 that 
topotaxicaly transform during the redox reaction. Formulae are: (i) for fougèrite at x = 1/3 
(F), FeII4 FeIII2 (OH)12 CO3 • 3H2O, that is ferrimagnetic (TN = 5K), (ii) for trébeurdenite at 
x = 2/3 (T), FeII2 FeIII4 (OH)10 O2 CO3 • 3H2O, that is also ferrimagnetic (TN ~ 30K), (iii) 
the ferric form at x = 1 FeIII6 (OH)8 O4 CO3 • 3H2O, mössbauerite (M) is ferromagnetic 
(TC ~ 80K) with superparamagnetic behavior. 
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Mössbauer spectroscopy using a Co57 source only sensitive to iron containing 
compounds detected in 1996 a mixture of F and T in the gley under the water table of the 
forest of Fougères (Brittany) with x in the [1/3-2/3] range [1]. In 2010, mixtures of T and M 
were observed in maritime marshes of Trébeurden and Mont Saint Michel bay [6]. 
Finally, M alone was recently identified in the marl of a reservoir of the Murray River 
catchment (NSW-Australia). As soon as 2000, a mixture of F and T (x ~ 0.5) was 
obtained in the laboratory by bacterial reduction of g-FeOOH in anoxic conditions 
demonstrating the biogenesis of these minerals [7]. Homologous (bio-)minerals also play 
a role during the geochemical cycle of nickel, as gleys may also occur in laterites in the 
saprolite zone. Takovite, a Ni-hydrocarbonate mineral of the hydrotalcite supergroup, not 
far of the composition of fougèrite, was detected in saprolite from New Caledonia [5,8]. 
Pyroaurite was also found in weathered serpentinzed dunite hosting Ni-sulphide (Acoje 
ophiolite block, Zambales-Philipinnes [9]). To study such occurrences, a program is 
proposed using Ni61 Mössbauer spectroscopy with the synchrotron at UCDavies. 
 
[1] Génin J.-M. R., Bourrié G., Trolard F., Abdelmoula M., Jaffrezic A., Refait Ph., Maître V., Humbert B., 
Herbillon A. J., (1998) Environmental Science and Technology, Vol. 32, pp.1058-1068  
[2] Génin J.-M. R., Ruby C., Upadhyay C., (2006, Solid State Sciences, Vol. 8, pp. 1330-1343  
[3] Herbillon A. J., Génin J.-M. R. editors, (2006), Comptes Rendus Geoscience, French Academy of 
Sciences Vol. 338 (6, 7) pp. 393-498. 
[4] Génin J.-M. R., (2013), Mössbauer References and Data Journal, Chinese Academy of Sciences, 
Vol.36 (6), pp.113-160. 
[5] Mills S. J., Christy A.G., Génin J.-M. R., Kameda T., Colombo F., (2012), Mineralogical Magazine, 
Vol. 76(5), pp. 1289-1336.  
[6] Génin J.-M. R., Mills S. J., Christy A. G., Guérin O., Herbillon A., Kuzmann E., Ona-Nguema G., 
Ruby C., Upadhyay C., (2014),. Mineralogical Magazine, Vol. 78(2), pp. 447-465. 
[7] Ona-Nguema G., Abdelmoula M., Jorand F., Benali O., Géhin A., Block J.-C., Génin J.-M.R. (2002), 
Env. Sci. Techn., Vol. 36, pp. 16-20. 
[8] Maubec N. et al.; to be published.  
[9] Orberger B., Alleweldt J. (1994), J. South East Asian Earth Sci. Vol. 9 (3) pp. 229-239. 
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Ni, and Co : important cations for crystal chemistry mechanisms and 
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Natural talc has been used for decades as a filler for applications going from plastics to 
cosmetics, through ceramics. This variety of applications implies a precise control over 
the mineral production, in order to fulfill specific requirements in terms of size, 
crystallinity, purity, morphology, etc. However, when reaching the nanoscale, the usual 
top down procedure based on grinding, dramatically decreases the mineral crystallinity, 
making it much less attractive for a certain amount of applications. This is why interest 
regarding synthesized talc (Mg3Si4O10(OH)2), has been growing over the last years. This 
bottom up approach permits to keep a high quality mineral even at the nanoscale [1,2]. 
Among different synthesis pathways, the one based on supercritical fluids (T > 374°C 
and P > 221 bar) has been identified as very promising [3,4,5]. Compared to the 
hydrothermal procedure that requires 6 hours of synthesis at 300°C and 86 bar, 
supercritical conditions enable drastic synthesis time reduction down to a few seconds. 
IMERYS group with GET and ICMCB laboratories in Bordeaux are developing a new 
industrial apparatus able to produce many kilograms of synthetic talc per hour. Such 
different behavior under supercritical conditions highlights a change in the usual 
nucleation and growth mechanisms, never studied up to now. Ni or Co cations replace 
Mg cations during the synthesis, and are thus incorporated into the phyllosilicate 
structure. Thanks to this substitution, Ni and Co environments can be observed by X-ray 
absorption spectroscopy, which is very difficult for Mg, especially on nano-divised phases 
[6]. The intrinsic green or pink coloration caused by Ni or Co cations substitutions, can be 
observed in polymers, as well as whether these mineral fillers are perfectly dispersed in 
the matrix or not [7,8,9,10,11]. On the contrary, white nano-objects composed of Mg do 
not allow such direct observations. In conclusion, data collected during crystal-chemical 
feeding studies carried out on natural products of micronic scale, [12], can be transposed 
onto synthesized nano-objects. These new results need to be understood in order to 
develop a better and fine-tuned synthesis protocole for industrial purposes. 
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The western Tethys region is host to numerous Ni-Co-(Sc) laterite deposits developed 
during the Mesozoic and Cenozoic, with a peak of formation coincident with the 
Paleocene-Eocene Thermal Maximum (PETM) when geology, paleogeography, and 
climate were ideal for the deep weathering of favourable lithologies.  Ni-Co-(Sc) laterites 
developed on fragments of obducted ophiolite derived from the former Tethys Ocean, 
uplifted and exposed to weathering only after the Jurassic.  
These laterites range in style from oxide, to clay-silicate, to hydrous-silicate types, but 
are also represented by distinctive, extensively redeposited clay-oxide ores. This 
diversity of styles probably reflects differences in topography and uplift history because 
the deposits all formed within a similar, restricted climatic time window.  Significant Ni-
Co-(Sc) laterite resources are found through a geographic area stretching from Serbia in 
the west through Turkey and beyond into Iran. Ni production is now mainly restricted to 
Greece, yet the region still accounts for around 1% of world production. However, there 
is little or no recovery of Co and Sc. Many undeveloped deposits are recorded in the 
region, but for oxide-dominated mineralization, current metallurgical techniques are 
largely uneconomic. Technology changes have the potential to unlock large low-grade 
redeposited lateritic Ni-Co-Fe deposits like Mokra Gora in Serbia, which alone has an 
untapped resource of more than 1 Gt of ore with an average grade of 0.7% Ni and 0.05% 
Co.  
The range of mineralisation styles and distribution of elements of economic interest will 
be highlighted and discussed in terms of geochemical models for formation and potential 
for future exploitation.  
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The formation of the Punta Gorda oxide-type Ni-laterite deposit from an initial partially 
serpentinized peridotite was simulated by reactive transport modeling with the aim of 
testing a conceptual model for the formation of this type of deposits and of identifying and 
quantifying the key parameters affecting the development of the different laterite 
horizons.  
We performed a set of 1D reactive transport models with Crunchflow. Rain water 
infiltrated and flowed vertically downwards simulating the infiltration through fractures and 
cracks. Formation of the goethite and saprolite horizons followed the dissolution of 
primary minerals and precipitation of secondary minerals. Porosity changes were also 
calculated. The model could reproduce the formation of the laterite horizons in the profile 
in 106 years. A narrow saprolite horizon rich in Ni-bearing serpentine was formed above 
the peridotite parent rock and a thick limonite horizon was formed over saprolite. Results 
also confirmed that sorption of Ni onto goethite could explain the weight percent of Ni 
found in the Moa goethite. Sensitivity analyses accounting for the effect of key 
parameters (composition, dissolution rate, aqueous carbonate concentration, quartz 
precipitation) showed that carbonate concentration and quartz precipitation significantly 
affected the laterization process, while the effect of the composition of secondary 
serpentine or of mineral dissolution rates was minor. The results of this reactive transport 
modeling have proven useful to check the conceptual models derived from field 
observations.  
Further work will focus on increasing the complexity of the geochemical system (e.g. 
garnierite mineralogy) and of the physical system (e.g. advection and diffusion domains) 
as some important issues concerning laterite formation have not still been elucidated.  
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Lateritic nickel deposits are associated with the intense weathering of ultramafic 
rocks. Laterite development involves dissolution of the primary minerals of the peridotite, 
which leads to (i) leaching of soluble elements (Si, Mg) and (ii) in situ neoformation of 
mineral phases (mainly oxy-hydroxides) that host the insoluble elements (Fe, Al, and Cr). 
Nickel, with an intermediate behavior, 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 elements. 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 
peridotite. Nickel is then immobilized in the saprolite zone as silicate ore in discontinuities 
or as oxide ore. Even if this model is a simple way to explain the Ni laterite deposit 
formation, several studies suggest renewed examination of the per descensum model 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., 2017), we combine 3D modeling 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 content in the underlying 
saprolite zone on the Koniambo massif. Our data suggests the existence of lateral 
infiltration of water rich in dissolved Ni, from areas such as topographic highs to 
downstream slope areas, in a process leading to enrichment of saprolite in Ni in slope 
areas. Mechanical transport and leaching of laterite material on slopes, including Ni-
bearing material, could also contribute to local enrichment of Ni in the saprolite. 
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This research proposes a subsurface reactive geochemical transport modelling of the 
development of a nickel laterite profile in New Caledonia over the past few million years. 
Such a model of regolith formation from ultramafic bedrock provides new profound 
insights into the Ni mobility in a profile, its retention processes and relative enrichment, 
and, therefore, is important for better understanding the formation of deposits as well as 
for better resources management.  
Present work consists of the following models: i) 1-D calculations that are done at 25℃ 
with the code PHREEQC (Parkhurst and Appelo, 2013) associated with the llnl 
thermodynamic database and ii) 2-D model that handles coupled thermo-hydro-chemical 
processes and 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 process with 
goethite.  
While the first model gives profound 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 due to 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 zone are governed by the vertical progression of the pH front. At the same time 2-D 
modelling shows reactivation of Ni from laterite/saprolite zone and its subsequent 
redistribution and concentration deeper in the profile, in particlular in fractures within the 
bedrock. The model appears to be of importance in attempt of explanation Ni 
mineralization processes and revealing the main keys to understanding the trace 
elements mobility in ultramafic environment and Ni distribution in present day profiles. 
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The Wingellina property (Metals X Ltd) is a classic “oxide type” Ni(Co) laterite (187 
Million tonnes of ore at 0.98% Ni and 0.08% Co), which develops from the weathering of 
the olivine-rich mafic to ultramafic layered-intrusion on the Giles Complex 
(Mesoproterozoic). It consists of “limonite” and “saprolite/serpentinite” horizons, with a 
high degree of mineralogical and geochemical variability. 
The “limonitic” ore consist of Fe- and Mn-(hydr)oxides, which are the carrier of both Ni 
and Co. The Fe-(hydr)oxides are common also in the lower “saprolite/ serpentinite” 
horizon. The Mn-(hydr)oxides do not occur as pure “end members” but display an 
intermediate composition, and are generally enriched in both Ni and Co. Lithiophorite is 
the main Co-host in the “limonite” horizon and has also a significant Ni content. 
The “saprolitic” ore is dominated by hydrous Mg/Ni-silicates and by subordinate Mg/Ni-
bearing clays. These species do not contain Co, and display a lower Ni enrichment (max 
5 wt%). Minor amounts of Mn-(hydr)oxides have been detected also in this zone. Fe-
(hydr)oxides have high Ni and Co values: Ni2+ can be trapped either by sorption on the 
(hydr)oxides surface, or by substitution of Fe2+. Cobalt2+ and Co3+ can be retained by 
goethite, mainly by sorption under pH ranging between 8 and 10. Also Mn-(hydr)oxides 
display a high degree of chemical affinity both for Ni and for Co. 
The restricted Ni enrichment in the “saprolitic” zone could be possibly due to: 1) a poor 
degree of serpentinization of the ultramafic parent rock, 2) the tectonic stability of the 
Australian craton, which in absence of continuous uplift did not trigger the lowering of the 
water-table and the precipitation of Ni-rich “garnierites” in open spaces, cracks and joints. 
The Wingellina deposit is considered to be the result of a multistage-formation 
mechanism. The first stage was characterized by the formation and evolution of a lateritic 
profile under a constant humid “savannah-like” climate in stable tectonic conditions. 
Under such conditions, the water table is very high in the weathering profile and the 
erosion is low, in order to produce a deep regolith. Nickel and Co released from the 
weathering of olivine and serpentine can be mainly kept by neoformed Fe- and Mn-
(hydr)oxides. Afterwards, the onset of an arid to semi-arid climate in the Australian 
continent led to a decrease of the weathering rate, and hence to precipitation of 
carbonates, which are widespread in the saprolite horizon. 
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In 2016, lateritic nickel deposits represented 60% of the global Ni resource currently 
estimated at 78 Mt. Current nickel production follows a similar ratio with 60% in laterite 
and 40% in sulphides. The current biggest producers of lateritic nickel are the Philippines 
(21%), Australia (9%), New Caledonia (8%), Indonesia (7%) and Brazil (4%). Lateritic 
nickel deposits are the result of intense lateritic weathering of serpentinites or partially 
serpentinised ultramafic rocks. Lateritic nickel deposits are subdivided into three sub-
types and are by order of volumetric importance: 
  
(1) Oxide or ‘Limonitic’ Deposits also called “Yellow Laterite” dominated by Ni 

substituted goethite with a Ni grade of 1.0 to 1.6% (50% of the total global Ni 
laterite deposits) 

(2) Hydrous Mg-silicate Deposits dominated by Ni-serpentine, -chlorite and- talc 
labelled under the term “garnierite” with a Ni grade of 2% to 5% (35% of the total 
global Ni laterite deposits) and, 

(3) Clay Silicate Deposits dominated by Ni-rich saponite and smectite with a Ni grade 
of 1.0–1.5 wt% (15% of the total global Ni laterite deposits) 
 

The introduction of Ni in the structure of goethite in the Oxide type considerably 
increases the size of the unit-cell along the b-axis and enlarges the goethite unit-cell 
volume. The incorporation of Ni within the goethite structure also decreases goethite 
crystallinity demonstrated by the increase of full width at half-maximum values of the 
goethite 110 peak. In the Oxide type, horizontal and particularly vertical variations in Ni 
grade are substantial as Ni substituting for Fe in the goethite structure changes. The Ni 
content of goethite at depth is greater (to 2.92 wt% Ni) than their shallower counterparts 
with goethite at the near-surface containing Ni grades of <1.0 wt%. 
The characterisation of the Ni-goethite association in oxide-style lateritic nickel deposits 
has emphasised the major impact of Ni and, the role of ore forming processes in 
affecting the physico-chemical properties of goethite as the main Ni-host phase 
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Wednesday, October 18th 
 

Co-beneficiation of Ni-Co-Sc 
Scandium: a hidden resource? 

 
9:00-9:30 
B-1 Ambrosi J-P (CEREGE, France) - keynote: Fifteen years with New Caledonian lateritic Ni ore and 
… so what ?  
 
9:30-9:50 
B-2 Ulrich M., Cathelineau M., Boiron M.-C., Muñoz M., Teitler Y. - LA-ICP-MS analysis of Scandium: 
calibration, and application to in situ analysis of Sc in silicates and oxides 
 
9:50-10:10 
B-3 Teitler Y., Cathelineau M., Ulrich M., Ambrosi J.-P., Muñoz M. - Behaviour of scandium from source 
rocks to laterites  
 
10:10-10:30 
B-4 Lacroix E., Cauzid J., and Teitler Y. - In situ analyses of Sc and other accompanying elements (Ti, 
V,..) in lateritic Ni ores using portable XRF 
 
10:30-10:50 
B-5 Muñoz M., Ulrich M., Levard C., Rose J., Ambrosi J-P., Cathelineau M., Teitler Y., Marcaillou C., 
Hesse B. - Distribution and speciation of Sc in lateritic profiles of New Caledonia using synchrotron-XRF 
and Sc K-edge XANES spectroscopy 
 
Coffee break  

Social acceptance and mining 
 
11:10- 11:40 
B-6 Merlin J. (School of Mines, Nancy, UL, France) – Keynote: Science and society relationships in the 
New Caledonian nickel policy 
 
11:40-12:00 
B-7 Kowasch M. - Nickel mining and alternative indigenous development in northern New Caledonia? 
 
12:00-12:20 
B-8 Levacher C. Extracting, measuring, tramming, loading the nickel. Importance of technique and 
skills in identities and relations between small and medium mining extraction companies in New 
Caledonia 
 
12:30 Lunch offered by RESSOURCES21 
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     Ore Processing 
 
13:30-14:00 
B-9 Farrokhpay S. (UL, France, and UQ, Australia) - keynote: Processing of fine grained lateritic ores: 
new challenges  
 
14:00-14:20 
B-10 Blancher S.B., Wallmach T., Graham S. - Mineral quantification in nickel laterite by Mineralogic: 
breakthrough in statistical EDS analyses 
 
14:20-14:40 
B-11 Saikkonen P., Rastas J. - New ways for the Integrated Laterite Processing - An Atmospheric 
Process for Laterites:  H2SO4 – SO2 –method 
 
14:40-15:00 
B-12 Farrokhpay S., Filippov L. - A holistic approach to pre-concentrate nickel in laterite ores   
 
15:00-15:30 
B-13 Hawker W.  (Faculty of Engineering UQ, Australia) - keynote: The extractive metallurgy of 
agromined nickel  
 
15:30-15:50 
B-14 Simonnot M.O., Laubie B., Hazotte C., Jally B., Guilpain M., Morel J.L. - Ni agromining: from 
hyperaccumulating plants to end-products, a new raw material to understand 
 
15:50-16:10 
B-15 Chagnes A., Omelchuk K. - Modelling of liquid-liquid extraction of cobalt, nickel and manganese 
from acidic chloride media. 
 
Coffee break and Posters 
  

Phytomining-Agromining 
16:40-17:00  
B-16 van der Ent A. (SMI, UQ, Australia), Echevarria G., Erskine P.D. – keynote: Discovery of tropical 
hyperaccumulators in New Caledonia and Malaysia, and advancing the development of practical tropical 
agromining 
 
17:00-17:20  
B-17 van der Ent A., Cardace D., Tibbett M. and Echevarria G. - Pedogenesis of ultramafic soils and 
biogeochemistry of nickel: ecological implications in Kinabalu Park (Malaysia) 
 
17:20-18:40 
B-18 McCartha G.L., Taylor C. M., and Pollard A.J. - Phylogenetic and geographic distribution of Nickel 
hyperaccumulation in neotropical Psychotria (Rubiaceae) 
 
17:40-18:00 
B-19 Saad R., Kobaissi A., Goux X., Echeverria G., Kidd P., Benizri E. - Developing Ni-agromining by 
associating Alyssum murale with a leguminous plant: an in-situ experiment on an ultramafic site in Spain 
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Fifteen years with New Caledonian lateritic Ni ore and … so what ?  
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This presentation aims to present the approaches we undergone since 15 years in New 
Caledonia. It represents the efforts of numerous researchers, teams and consortium, 
which belong to public organisms, private engineering and mining companies. New 
Caledonia is one of the most important world’s biodiversity hotspots as defined by Myers 
et al. (2000), but also the world’s fourth-highest Ni reserve (6.7 million t) and the fifth-
larger producer of metal for 2016 (205,000 t). Since 1864, New Caledonia as a long 
mining history and the present landscape show the scars of the past and recent 
extractive activities. 
The Ni rich silicate ores (garnierite) were firstly discovered and removed, but nowadays 
almost all of the ultrabasic rocks weathering profile is quarrying with the development of 
pyro- and hydro-metallurgical processes. In the beginning of the 21-century, new mining 
projects occurred with special consideration to environmental impact of theirs 
forthcoming activities on one side and metals co-valuation process and engineering on 
the other. We tried to conjugate these two facing views of the same lorgnette in an 
multidisciplinary approaches: botany, ecology, soil science, geochemistry,... 
The first one, being a better understanding of the soil-plant relationships targeting post-
mining rehabilitation and restoration, have been developed to evaluate the importance of 
soil constraints associated to “ultramafism” (high contents in heavy metals: Ni, Cr, Co, 
Mn, low N, P, K content and Mg in excess (low Ca/Mg) and up to 50% of iron 
oxihydroxides) on plants and their adaptation. In this purpose and in relation with metals 
availability and speciation in the soil-plant continuum, various weathering sequences 
within selected sites have been characterised on New Caledonian massif to understand 
endemic plant adaptive mechanisms to non-biotic constraints. 
The second approach were devoted to the comprehension of the metals enrichment 
during lateritic weathering of ultrabasic rocks and not only the Ni but also Mn, Cr, Co and 
Sc. Chemical extraction assigned the metals localization and their co-localization in the 
different layers (horizons) of the weathering profile. Such approach should be further 
dogged and extended to metal recovery in industrial processes. 
Both approaches would be combined in an idealized “life cycle” for economic metals 
mining and with the best practices for environmental reconstruction.  
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analysis of Sc in silicates and oxides 
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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 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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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 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 remobilisation and trapping of Ni and Co lead to their local enrichment to 
economic concentrations, with maximum grades reached in the coarse saprolite and in 
the transition laterite, respectively. In contrast, 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 lherzolite-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. 
 
In addition to peridotite-hosted laterites, hornblende-rich amphibolites yield elevated Sc 
up to 130 ppm. Lateritisation 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. 
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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 to 
miners. 
 
XRF quantification of Sc suffers from several adverse physical phenomena at the energy 
position of, Sc: spectral interferences with more concentrated elements (Ca and Ti), 
escape peak corrections (Mn) 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 quantification method 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 from 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. 
 
The study provided for each method a limit of detection for Sc and a Ca/Sc ratio above 
which measurements overestimate Sc concentrations. The use of PyMCA improves 
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 limited number of known samples consisting in either already analyzed rocks or 
synthetic mixtures. It allows the user to sort out samples on which concentrations can be 
relied on from those requiring further laboratory analyses.  
These outcomes paves the way to studies based on large number of samples with 
limited costs and time. 
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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 composing 
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. 
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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, “promoting”) – 
an expression regularly used by French colonial administrators to point out the joint 
processes of economic valorization, 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 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.   
New Caledonia is therefore an ideal place to study the links between mining and society. 
For this purpose, I will focus 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 years 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. I 
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 (as mining infrastructure) can evolve when in touch with specific social orders, 
identities, institutions and through enhanced dialogs between those (Jasanoff, 2004). 
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Commodity prices peaked at the beginning of the new century, before declining by 14% 
since February 2015 (IMF, 2015). The booms and busts have significant effects on 
indigenous peoples living close to mining and processing operations, with major political 
debate taking place over the value of the mining sector as a whole. Power and profits 
accrue to institutions and to places distant from the point of exploitation, or to local but 
non-indigenous interests (Nest, 2011). The extraordinary irony of “poverty in the midst of 
plenty” raises challenges for indigenous people and corporate good practice (Langton & 
Mazel, 2008).  
Some centuries ago, Polanyi (1944) explained that ironically indigenous success is 
predicated on a sort of “double movement”: capitalist success is needed to allow 
indigenous culture to flourish and be protected from that success. Bebbington (1993: 
289) coined the term “alternative indigenous development”, and argued that to achieve it, 
“the challenge is therefore not to resist modernization, but to control it and take it further, 
increasing indigenous peoples’ abilities to negotiate market relationships, (…) and 
compete in a hostile market”.  
In this paper, I will explain how indigenous Kanak peoples in northern New Caledonia get 
involved in nickel mining and how they negotiate market relationships. According to 
Bebbington (1993), I will show that Kanak peoples do not resist modernization, but 
actively participate in mining development. Via the local mining company SMSP (Société 
Minière du Sud Pacifique), which is in the ownership of the Northern Province, both 
indigenous controlled, the Kanak independence movement wants to promote economic 
emancipation from France. Economic emancipation in turn is seen as a base for political 
independence.  
The extractive sector can be described as an enclave industry, because mining 
development often occurs in remote or rural areas without established infrastructure. This 
is also the case in northern New Caledonia where Koniambo – a large scale nickel 
project – was established in a region where socio-economic facilities are lacking (e.g. a 
hospital). At the same time, this situation represents an opportunity for local enterprises 
and for landowners to benefit from the construction of new infrastructure (e.g. industrial 
areas and rental housing on customary land). This paper asks who benefits from the 
development of the nickel industry in northern New Caledonia? Or does a resource curse 
scenario actually occur?   
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The results are based on extensive fieldwork in the frame of a PhD in geography, a 
postdoc and consultancy work, including qualitative surveys and participatory 
observation in different Kanak villages in the vicinity of the Koniambo project. Between 
2007 and 2016, I have done interviews and surveys including customary authorities, 
Kanak entrepreneurs and political leaders.        
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In New Caledonia, mining activities are distributed between three ore processing plants: 
the Société Le Nickel (SLN), historically the oldest in the country, is located in Noumea; 
Vale New Caledonia, operated by a Brazilian transnational corporation, is in the extreme 
south; the Koniambo Nickel SAS, operated in a partnership between the Société Minière 
du Sud Pacifique (SMSP) and the Anglo-Swiss company Xstrata, is in the North. These 
companies have their own extraction sites. Otherwise, there are smaller companies, 
called ‘petits mineurs’ (‘small miners’) or ‘tâcherons’, who extract for their own account or 
that of other mining companies. Here, we will focus on the latter from the point of view of 
the identities and the corporate cultures they convey. 
Identity and corporate culture are relatively vague concepts that could refer both to 
values, norms and rules, and modes and ways of thinking and acting that enable the 
company to ensure the continuity of its activities. In this sense, they appear to belong to 
an organizational construct, as instruments used by social actors to regulate their 
interactions and pursue their goals. They express relational capacities and strategies in 
action as well as a process of definition of the company that oscillates between the 
attributed identity and the identity constructed through the trajectory of actors and/or the 
company. 
 
Based on the results of qualitative studies carried out among small and medium-sized 
mining companies, we will examine here the elements that make sense for the actors in 
the definition of their activities and the repertoires of justifications and action they 
mobilize. Firstly, we will focus on technical organization of the production and the sector, 
the relations they imply between companies and the power relations they can express. 
Secondly, we will analyze to what extent these registers can appear as part of diverse 
corporate cultures and identities through organizational structures and attention paid by 
companies to skills and expertise especially in the management of relationship with 
subcontractors. Hence we hope to demonstrate how the definition of extractive activities 
reveals different identities and local political and economic issues.   
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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 clays often present in laterite ores. This will add 
to the complexity of these ores, and makes their process more challenging. It has been 
shown that nickel availability 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 better performance in 
physical separation methods.  
In this paper, new challenges in processing fine grained laterite ores will be discussed. In 
particular, the mineralogy of laterite ores, liberation of nickel bearing particles, and 
challenges in separation of these particles will be emphasized. Factors which influence 
processing fine particles such as selective aggregation, and particle-particle interactions 
will be also discussed. 
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Mineral quantifications are challenging on Ni-laterites: XRD analyses provide useful 
information on mineral species present in samples but with limitations in the precise 
quantification of complex mineral assemblages containing different particle and grain 
sizes. The quantification of clay mineral rich samples presents particular challenges as 
described by Pevear (1989) and Reynolds (1989). Automated-SEM systems including 
MLA, Qemscan, and TIMA show also limitations with respect to the distinction of Mg-
silicates with close chemical compositions (olivine, serpentine, talc, nontronite, saponite, 
pyroxene,…). MLA and Qemscan, and the associated software, provide analytical results 
as count proportions acquired by their respective detectors. These results are presented 
as element wt%. It should be noted, though, that these results are far from precise and 
need to be laboriously calibrated and converted in order to ascertain precise element  
wt% information that are necessary to calculate a structural formula of a mineral. The 
Mineralogic system allows very fast EDS analyses that provide element and oxide 
analyses that are acquired from Zeiss SEM analyses and are presented as precise 
element and oxide wt%. This Mineralogic methodology is a step change to methods 
employed by QMESCAN, MLA and TIMA. Mineralogic allows for each acquired EDS 
spectrum to have a matrix correction and peak deconvolution applied before a spectrum 
quantification. This methodology thus allows for accurate and precise elements 
quantification, which is subsequently classified using the designed mineral library. In 
contrast to MLA and Qemscan systems, Mineralogic data can be directly used to 
establish precise phase compositions, structural formulae, and to even distinguish 
mineral phases of very similar chemical compositions. The Mineralogic system enables 
the user to group mineral populations of minor chemical variation. The distinction and 
quantification of clay minerals and minerals that are grouped within the smectite group is 
only one field of application. An extensive database is currently under construction that 
allows a high-precision identification and distinction of minerals including those that were 
hitherto regarded as problematic with respect to their identification and, even more, 
quantifications.   
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Laterites are a type of weatherized soils, which typically are present in tropical climatic 
zones. They will often consist of various layered soils with different constituents within 
the same(main) orebody. Their main valuable metal is normally nickel with various forms 
and amounts of other metals and minerals.  
It is largely accepted, that the most part for production of nickel production in the future 
will be based on lateritic ores.  The present-day figures will show up, that nickel 
production from laterites will be about 70-75 % of the world-wide nickel reserves in the 
future. 
Actually, a minor third of these laterite reserves (i.e. mostly of saprolitic types) is, at 
present, utilized mainly using pyrometallurgical processes resulting to rather impure 
products. I.e. to produce steel, which is not considered within the high standards, mainly, 
because of contained impurities, like Co, Cr, Mn, Al, etc. 
So, it is our important goal in developing new process solutions, that will treat all the 
kinds of lateritic material within a single hydrometallurgical process, which treats and 
recovers effectively all kind of lateritic materials and utilize economically all the valuable 
materials insisted, in suitable and saleable forms and with maximum profits altogether. 
Thus, this kind of processes solutions are obviously practically wasteless, which is 
important both environmentally and for economic reasons.    
In the following, we will demonstrate our goals and achievements based to our 
experimentally achieved  results and, also, compared with other similar newish process 
suggestions. 
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Nickel is an important metal with the total global consumption of about 2 million tons per 
year. It is sourced from both sulphide and laterite, 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. 
 
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 a substantial volume of nickel with 
significant value from laterite ores.  
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The University of Queensland metallurgy group works on meeting the demands of 
modern society by improving current and designing new innovative physical and 
chemical treatment processes for mineral and metal goods production in an 
environmentally responsible way that minimize solid waste and water usage, and 
maximize energy efficiency.  
The use of hyperaccumulator plants to extract metals, such as nickel, provides a unique 
opportunity to develop new metal and metal goods production processes as the bio-ore 
is relatively free from impurities that complicate the traditional processing of nickel ores. 
In this presentation, the current processing routes for primary production of nickel and 
the range of nickel goods produced from traditional nickel ores will be described.  
A range of proposed nickel bio-ore processing options will also be described, highlighting 
the differences between the treatment processes for traditional ores and bio-ores as well 
as the opportunities and advantages of the bio-ore processing. 
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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 is possible to 
grow nickel hyperaccumulators at large scale, and on different types of substrates, 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 be studied and well understood, 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 solubilized metal 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, contrary to KCaPO4 which appears. In the same conditions, Ni leaching yields 
for both plants are similar, but better at low temperature. 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 hyperaccumulating plants into 
commercial products. But two very different biomasses seems to have the same 
behavior, showing the robustness of the process.  
 
References:  
Van der Ent, A. et al. (2015) Environ. Sci. Technol. 49: 4773-4780. 
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Modelling of liquid-liquid extraction of cobalt, nickel and manganese 
from acidic chloride media  
 
Alexandre Chagnes1*, Kateryna Omelchuk2 

 
1 GéoRessources - UMR CNRS 7359-CREGU-Université de Lorraine, 2 Rue du Doyen Roubault 54518 
Vandoeuvre les Nancy Cedex (France) 
2 PSL Research University, Chimie ParisTech - CNRS, Institut de Recherche de Chimie Paris, 11 rue 
Pierre et Marie Curie, 75005 Paris, France  
 
*Corresponding author: alexandre.chagnes@univ-lorraine.fr  
  
 
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(II) and 
manganese(II) both from acidic sulphate and chloride media. Conversely, D2EHPA (bis-
(2-ethyl-hexyl- phosphoric acid) is a suitable extractant for Co(II)-Mn(II) separation from 
acidic chloride media. The pH1/2 (pH for which the extraction efficiency is equal to 50%) 
for Mn(II), Co(II) and Ni(II) extraction from acidic chloride media are equal to 3.95, 4.30 
and 6.65 when Cyanex 272 is used as extractant diluted in kerosene and 2.20, 3.30 and 
3.83 when D2EHPA is employed instead of Cyanex 272, respectively. Therefore, a large 
amount of alkaline solution such as sodium hydroxide must be added in the leach 
solution to adjust the pH so that a selective extraction could be achieved, especially 
when Cyanex 272 is used to separate Co(II) and Ni(II). 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 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(II), Ni(II) and Mn(II) 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. 
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Discovery of tropical hyperaccumulators in New Caledonia and 
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New Caledonia is global hotspot for hyperaccumulator 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 the global inventory of hyperaccumulator species. Restricting to 
high range records only (i.e. Ni >5000 µg g-1, Mn >20 000 µg g-1, Co >1000 µg g-1, and 
Zn 10 000 µg g-1): 87 taxa for nickel (including 69 new records), 68 taxa for 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 
simultaneous 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 commercially 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 exceed 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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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 km2, 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 effect 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 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 mor 
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 
hypermagnesian serpentinite soils to the vegetation and host a tall and very diverse 
rainforest, which is similar to that of non-ultramafic soils. Altitude, soil age and degree of 
bedrock serpentinisation are the main determining factors of soil properties: the qualifier 
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“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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The genus Psychotria (Rubiaceae) is large and taxonomically challenging.  
Hyperaccumulation of nickel in species of Psychotria is known in both the Pacific and 
Caribbean regions.  In the Greater Antilles (Cuba, Dominican Republic, Puerto Rico), six 
species of Psychotria have been reported to hyperaccumulate nickel on serpentine 
(ultramafic) soils (Reeves et al. 1999; Campbell et al. 2013).  Three of these species are 
widespread across the Neotropics, occurring on both serpentine and non-serpentine 
soils.  One goal of this research was to determine the broader geographic distribution of 
hyperaccumulation in the known hyperaccumulator species, especially in Central 
America, where metal hyperaccumulation has not previously been reported.  Additionally, 
we investigated five other species closely related to the known hyperaccumulators (Paul 
et al. 2009; Borhidi et al. 2016), to explore the phylogenetic distribution of this trait.  To 
obtain the large sample size needed for these studies, we used a handheld X-ray 
fluorescence spectrometer for rapid, nondestructive measurement of elemental 
concentrations in specimens from the herbarium of the Missouri Botanical Garden (MO).  
Our results indicate that nickel hyperaccumulation (foliar Ni concentration >1000 µg/g) 
occurs in P. grandis from Guatemala to Venezuela, and in P. costivenia from southern 
Mexico to Costa Rica.  In both species, nickel concentrations varied widely, presumably 
reflecting variation in metal availability in the soil (Pollard et al. 2014).  
Hyperaccumulation has also previously been reported in one specimen of P. glomerata 
(Reeves et al. 1999), now considered a synonym of P. viridis; however, examination of 
100 P. viridis specimens ranging from Guatemala to Brazil revealed no evidence of 
hyperaccumulation, and we consider earlier reports of hyperaccumulation in this species 
questionable, perhaps based on a misidentified specimen.  Among related species not 
previously investigated, we found no evidence of hyperaccumulation in P. flava, P. 
pleuropoda, or P. clivorum, but we report the discovery of nickel hyperaccumulation in P. 
papantlensis and P. lorenciana.  Little is known of the soils where these species occur, 
but our results suggest the existence of previously unreported serpentine or nickel-
laterite deposits.  Central America, not previously known to harbor any 
hyperaccumulating species, is now shown to possess at least four closely related nickel 
hyperaccumulators in the genus Psychotria. 
 
Borhidi A.L. et al. (2016) Acta Bot. Hung. 58: 1-48. 
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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 early flowering stage and soils 
were sampled in order to analyse biotic and abiotic parameters. FMo and Co treatments 
increased biomass yields by 453% and 417%, respectively, compared to NFMo (884 and 
827 vs 160 kg ha-1). Co treatment 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-1 for Co, FMo and NFMo, respectively). Soils of the Co treatment 
showed the highest level of global enzymatic activities indicator and the highest microbial 
biomass N in comparison with all other treatments. Biolog EcoplateTM revealed that Co 
modified significantly the phenotypical structure of bacterial communities. Most of the 
microbial analyses showed that introducing V. sativa significantly modified bacterial 
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communities of ultramafic soils. FMo had a less beneficial effect on soil microbial 
characteristics in comparison to Co. Concerning bacterial diversity studied by high-
throughput 16S rRNA amplicon sequencing, Co had 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 hyperaccumulator with a legume in Ni-agromining 
systems improves plant biomass and Ni-yields and also results in enhanced 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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Thursday, October 19th 

Phytomining-Agromining 
 
9:00-9:20 
C1 Roccotiello, E., Cecchi, G., Marescotti, P., Di Piazza, S., Rosatto, S., Mariotti, M., Zotti M. - Metals 
accumulation by fungi and plants in a Mediterranean sulphide mine  
 
9:20-9:40 
C2 Marescotti P., Crispini, L., Fornasaro, S., Mariotti, M., Marsili, S., Roccotiello, E., Zotti M. - Plants 
and fungi in Ni-, and Cr-rich serpentine soil from Voltri Massif (Liguria, Italy) 

 
9:40-10:00 
C3 Rozpądek P., Domka A., Ważny R., Nosek M., Jędrzejczyk R., Turnau K. - How do the endophytic 
fungi improve plant adaptation to metal enriched environments? 

 
 

Ni geochemical cycle 
 
10:00-10:30 
C-1 Quantin C. (Paris-Sud University, France), Ratié G., Calmels D., Monvoisin G., Vantelon D., 
Garnier J., Cloquet C., Montargès-Pelletier E., Sivry Y., Ettler V. - keynote: Ni Isotopic fractionation in 
the surficial cycle of nickel 
 
10:30-10:50 
C-2 Zelano, I. Cloquet C., Echevarria, G., van der Ent, A., Fraysse F., Montargès-Pelletier, E.: Ni 
Isotopic Fractionation and Ni recycling in the upper soil layers. 
 
10:50-11:10  
C3 -Grangeon S : In situ determination of the kinetics and mechanisms of Ni uptake by nanocrystalline 
Mn oxide: a combined synchrotron and atomic-resolution STEM study 
 
Coffee break 
 

Ecotoxicology and environment 
11:30-12:00 
C-4- Schlekat C. E. (NiPERA, Durham, USA), Merrington G., Garman, E. - keynote: Positive synergism: 
How the intersection of environmental regulation and corporate responsibility increased our 
understanding of nickel ecotoxicology 
 
12:00-12:20 
C-5 Lopez S., Goux X., Van der Ent A., Erskine P. E., Echevarria G.,  Calusinska M., Morel J.L., Benizri 
E. - The bacterial community diversity in the rhizosphere of ultramafic soils of nickel-hyperaccumulator 
species from Halmahera Island (Indonesia) 
 
12:20-12:40  
C-6  Minguez L., Gross, E.M., Vignati, D.A.L., Pain-Devin, S., Devin,S., Guérold, F., Giambérini L. - An 
integrated approach to the ecotoxicity assessment of nickel and other metals in aquatic organisms: A 
case study at Lake Ohrid (Albania) 
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12:40-13:00  
C-7  Baudrimont M., Dominique Y., Gunkel-Grillon P., Juillot F., Boula A., Laporte-Magoni C., Semaoui 
Folcher N., Bellec J., Maury-Brachet R., Gonzalez P., Gourves P-Y. and Feurtet-Mazel A. - Mining 
activities in New Caledonia: transfer of Ni, Cr, Co, Mn and Fe in freshwater trophic webs from natural 
biofilm to carnivorous fish 
 
Lunch offered by RESSOURCES21 

Remediation programmes 
14:00-14:30  
C-8 Colin F. (IRD scientific Vice-director) - keynote: Towards a more sustainable mining activity based 
on circular economy principles: rational and perspective in New Caledonia? 
 
14:30-14:50 
C-9 Quintela-Sabarís C., Masfaraud J.F., Séré G., Echevarria G., Leguédois S. - Efficiency of 
reclamation and processes on soils from ultramafic areas degraded by human activities: a mesocosm 
study 
 
14:50-15:10 
C-10 Lagrange A., Rigault F., L’Huillier L., Derroire G., Jaffré T., Ambrosi J.P - Phytosociology and soil 
chemistry relationships on an ultramafic weathering sequence in the South West of New Caledonia 
 
15:10-15:30 
C-11 Cerdeira-Pérez A., Monterroso C., Barreira Díaz M.,  Machinet G.,  Echevarria G., Prieto-
Fernández A., Kidd P. - Assessment of Ni phytomining feasibility in a mine spoil dump and plant growth 
optimization using waste materials as soil amendments 
 
15:30-15:50 
C-12 Auber E., Masfaraud J.F., Faucon M.P., Saad R., Sumail S., Van der Ent A., Repin R., Sugau J., 
Nilus R., Echevarria G., Leguedois S., Quintela-Sabarís C. - Pionneer Casuarinaceae from Bornean 
serpentines: potential tools for soil restoration 
 
 
15:50 - 16:00. Closure discussion  
 
End of the meeting 
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The research illustrates the results of a ten-year multidisciplinary study conducted in the 
Libiola sulphide mine (NW Italy). This was one of the most important Cu sulphide mines 
in Europe. It was industrially exploited from 1864 until 1962 when it produced over 1 Mt 
of Fe-Cu sulphides (average grade 7-14 Cu wt%). The mine is located in a moderately 
steep mountainous terrain at an altitude between 40-400 m a.s.l., close to the Liguria sea 
coast. Sulphide mineralizations occurs within the Jurassic ophiolites of the Northern 
Apennines (Vara supergroup) which are geologically characterized primarily by pillow 
basalts with minor serpentinites, gabbros and ophiolitic breccias. The soil of the studied 
dump is characterized by severe edaphic conditions, mainly represented by high 
concentration of several toxic metals (Cr, Cu, Co, Ni, and Zn largely exceeding law 
limits), low pHs, paucity of nutrients (i.e., P, Ca, and K) and presence of superficial Fe-
rich hardpans. 
The research goals are 1) identify and select tolerant and hyperaccumulator fungi and 
plants suitable for mine remediation 2) screen and select the soil microbiota of the plants 
living on mine dump. 
The ectomychorrizal macrofungi collected reveal a highly significant metal accumulation, 
specifically Cu>1000 mg kg-1 in Telephora terrestris Ehrh. and Ag>50000 µg kg-1 in 
Scleroderma polyrhizum (J.F. Gmel.) Pers. When occurring in mine sites, these fungi are 
able to actively absorb the most of metals in their basidiomata (Cu>Zn>Cr>Ni>Co).  
Among soil microfungi the most frequent species were: Trichoderma harzianum group, 
Clonostachys rosea (Link) Schroers, Samuels, Seifert & W. Gams and Aspergillus 
alliaceus Thom & Church. In vitro tests showed a Cu(II)-tolerance capability ranging from 
100 to 400 mg L-1 in T. harzianum, and C. rosea, a high tolerance and Ag-accumulation 
in T. harzianum (up to 153 mg L-1) and a Ni-hyperaccumulation (up to 11000 mg kg-1) of 
this latter fungal strain.  
Concerning plant communities, in the study area they ranging from herbaceous to 
arboreal stages with the absence of a real shrub layer. The dominant tree is Pinus 
pinaster Aiton. whose soil colonization is mainly due to the presence of S. polyrhizum 
and T. terrestris ectomycorrhizic with pine. P. pinaster completely excludes toxic metals 
from its tissue acting as phytostabilizer. Among the plants screened for Ni accumulation, 
Thlaspi caerulescens J. & C. Presl and Alyssoides utriculata (L.) Medik. hyperaccumulate 
Ni (1000-10000 mg kg-1 Ni DW in leaves). Interestingly, A. utriculata rhizosphere’s 
microbiota is composed by the previously cited hyperaccumulator and hypertolerant 
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microfungal strains.  Concerning rhizospheric bacteria, colonies are up to one order of 
magnitude higher than in bare soil  (4*105 and 3*104 CFU g-1,  respectively) and they do 
not seem to be affected by metal stress.   
The enormous potential of native fungi and plants that are able to colonize metal-
contaminated soils need to be studied in-depth in order to preserve the natural genetic 
resources of metalliferous habitats and to increase our basic knowledge about the 
natural adaptation mechanisms of hyperaccumulators to employ them in 
phytoremediation purposes. The results suggest the use of these native fungi and plants 
to develop experimental protocols of bioremediation and habitat restoration.  
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Plants and fungi in Ni-, and Cr-rich serpentine soil from Voltri Massif 
(Liguria, Italy) 
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In this study, we have correlated the plants and fungi to the distribution of Ni and Cr in 
serpentine soil from the high pressure-low temperature metaophiolites of the Voltri Massif 
(Central Liguria). All the studied soil profiles are restricted in depth (10-50 cm) and show 
a low degree of maturity, varying from lithosols, with weakly developed A-C horizons, to 
rankers. Chromium and nickel concentrations strongly exceed the concentration limits of 
the Italian laws and significantly vary from site to site. Chromium evidenced a 
conservative behavior and its concentration in soils are generally correlated with the Cr 
concentration of the parent rocks. Chromium concentration ranged from 1200 to 2500 
ppm without significant variations along the soil profiles. Conversely, the Ni distribution in 
soil profiles evidenced a high variability and a general increase in the upper horizon (up 
to 4500 ppm) due to the weathering of the primary Ni-bearing minerals (mainly olivine 
and serpentine minerals) and to the uptake by the authigenic secondary minerals. The 
mineral distribution along soil profiles evidenced a significant increase of weathering from 
the parent rock toward the superficial horizons in all sites. The most weatherable 
minerals resulted, in order of decreasing alteration degree, olivine, pyroxene, magnetite, 
and serpentine minerals. Conversely, chlorite, plagioclase, and chromites were weakly 
altered or unaltered. Authigenic secondary minerals were mainly represented by 
microcrystalline Fe-oxyhydroxides with very subordinate clay minerals.  
In the area of the Voltri Massif a total of 84 species were recorded and screened for Ni-
hyperaccumulation. The plants observed are pioneer species of rocks and screes where 
endemic serpentinophytes Ni-excluders like Cerastium utriense Barberis and Viola 
bertolonii Pio are associated with other obligate Ni-excluders serpentinophytes like 
Festuca robustifolia Markgr.-Dann., Asplenium cuneifolium Viv. subsp. cuneifolium and 
obligate metallophyte like Thlaspi caerulescens J. Presl & C. Presl. (Ni-
hyperaccumulator, up to 10000 mg kg-1). There are also facultative serpentinophytes like 
Alyssoides utriculata (L.) Medik. (Ni-hyperaccumulator, up to 3000 mg kg-1), Sesamoides 
interrupta (Boreau) G. Lopez, and Linum campanulatum L. (Ni-excluders). Where the 
plant cover increases, the serpentine species were replaced by those of the xerophilous 
grasslands mainly dominated by Brachypodium pinnatum (L.) P.Beauv. gr., Sesleria 
pichiana Foggi, Gr. Rossi & Pignotti, and Bromus erectus Huds. (Ni-excluders). As 
concerns fungal flora, until today the studies carried out do not show selective species of 
serpentine soil:  ectomycorrhizal fungi are only related to plants present in the area (ex. 
Lactarius deliciosus (L.) Gray, Russula torulosa Bres.). Regarding other trophic groups, 
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like saprotrophic species (including soil microfungi), the results seem to be similar, but 
studies are still ongoing. 
Further study will be devoted to clarify the possible relations between soil hotspot of Ni 
and Cr and related macrofungi, microfungi and plants species in those areas. 
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Recently, significant advances in understanding the role of the plant mycobiome has 
been made. Endophytic fungi facilitate water and nutrient acquisition, resistance to 
abiotic stress such as toxic metal stress, drought, salinity and provide protection against 
pathogenic microorganisms and herbivores. Their popularity is growing, for their potential 
in agriculture and bioremediation (Johnson et al., 2013; Li et al., 2012; Oelmüller et al., 
2009). The potential for application of beneficial fungi seems very optimistic. However, 
understanding the mechanisms of the interactions between plants and endophytic fungi 
seems of great importance.  
Fungal endophytes were isolated from the metallophyte Arabidopsis arenosa inhabiting 
post mining wastes lands and Zn, Cd, Ni hyperacumulators from the Thlaspi genus. Their 
role in plant adaptation to toxic metal enriched environment was investigated. The 
response of plant-fungi consortia differed between different set ups. Several species of 
endophytic fungi were found to be beneficial for the plant. Inoculated Arabidopsis and 
Thlaspi yielded significantly more biomass. Additionally, root to shoot translocation of 
metals: Fe, Cd, Ni and Zn was improved. The expression of metal transporters 
associated with metal influx, efflux and distribution within the plant corresponded with 
altered metal homeostasis.  

Their growth response was correlated with significant elongation of root hairs, an 
improved water and P status and a significant upregulation of the expression of genes 
associated with nutrient uptake. The mechanism of root hair elongation was investigated 
with auxin and ethylene insensitive Arabidopsis thaliana mutants. The results clearly 
indicate that the root hair elongation phenotype results from fungi induced alterations in 
ethylene metabolism. The upregulation of close to 50 genes associated with ethylene 
biosynthesis and signaling confirm these results. The results of this study clearly show 
that the endophytic fungi play an important role in the adaptation of plants to metal 
toxicity. 

References:  
Li, H et al. (2012) Fungal Divers. 54, 11–18.  
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Biogeochemical cycle of both major and trace elements is strongly influenced by 
Humans, but also by change in environmental, including climatic, conditions. Therefore, 
the actual but also the past environmental changes at the Earth’s surface have certainly 
been recorded by element cycles. Among them, trace elements such as Nickel, can be 
used to understand and quantify these changes. Indeed, Ni continental contribution of 
river to the ocean is 30.106kg/y [1] corresponding to ca. 50% of total Ni flux to the ocean 
[2]; Ni can be used to understand and quantify the impact of primitive microbial 
metabolisms on the modern and ancient Earth [3] ; Ni can be considered as “the 
industrial metal”, with a growing industrial use [4] and therefore is a widespread 
contaminant, as well as a health hazard. Besides, it is a micronutriment, which can 
become toxic at a certain level [5]. Therefore, Ni presents high economical and socio-
environmental impacts for our society. Its cycle needs, therefore, to be better 
constrained. 
In that frame, metal stable isotope systematics provides useful tools for tracing metal 
sources and cycling in natural environments [5] for a better understanding and 
quantification of the metals fate in the rock–soil–water–plant continuum, i.e. at the Earth’s 
Critical Zone scale. To target Ni fluxes, the specific Ni isotope fractionation key steps and 
the influence of mixing of various sources or interfacial processes, such as sorption, 
complexation, dissolution or precipitation, have to be fully understood and characterized. 
This presentation will review current knowledge of the Ni isotopic fractionation during its 
continental biogeochemical cycle, particularly in ultramafic environments, highlighting the 
role of interfacial processes and plants, but also the needs to fully understand its 
systematics. Moreover, the potential use of Ni isotopes to discriminate the 
“anthropogenic” Ni from the “natural” one in soils in the mine and plant vicinity will be 
discussed. 
 
[1] Gaillardet et al., 2014, In: Holland H.D. and Turekian K.K (eds.) Treatise on Geochemistry, 2d Ed., 7, 
195-235. Oxford: Elsevier, 
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Even though it is widely assumed that biogeochemical cycle of metals is influenced by 
biotic processes, only few data have been published on the role of biological organisms 
on Ni isotopic fractionation. The discrimination of stable isotopes of Ni in plants through 
accumulation processes has just started during a preliminary study so far (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 exported towards aqueous 
compartment is certainly recognized (2), particularly for hyperaccumulating plants (HA). 
To investigate this phenomenon, we simulated litter decomposition by performing 30 day 
leaching experiment on the hyperaccumulator Rinorea Bengalensis (up to 5 % wt Ni in 
leaves). After 30 days, leaves released more than 80% of the total Ni content, and Ni 
isotopic composition highlighted the presence of two processess. The different isotopic 
composition of leachate between 10 and 30 days was calculated, obtaining 
Δ60Nileached 10days-leached 30 days= 0.20 ‰. Although this value is rather close to 
Δ60Ni measured after the complexation reaction of Ni with carboxylic acids 
(Δ60Nicitrate-free = 0.16 ± 0.07 ‰), the link between Ni speciation and isotopic 
composition in the leachate still needs further investigaitons.  Interestingly, some 
preliminary data shown a Ni isotopic fractionation between leaves and roots of R. 
Bengalensis, Δ60Nileaves-roots=0.32 ± 0.05 ‰. Even if organic acidids are involved in 
Ni sorption and storage in HA plants, the fractionation due to the complexation reaction is 
not enough to justify the different isotopic signature between roots and leavs. However, 
thanks to the relatively high Ni content, the decomposition of HA plant leaves can result, 
therefore, in major input of Ni to the surface soil with a ligh isotopic signature compare Ni 
store in roots. 
 
References: 
(1) Deng, T-H-B. et al. (2014) Environ. Sci. Technol. 48, 11926–11933 
(2) Estrade, N. et al (2015) Earth Plan. Sci. Lett. 423, 24-35 
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Vernadite is a nanocrystalline layered Mn oxide which is ubiquitous in the environment, 
being found for example under the form of nodule, rock varnish, coating or isolated grain 
in soils, freshwater and marine sediments, and cold and hot deserts. In all these 
environments, vernadite is observed to exert a strong control on the mobility and 
distribution of trace elements, including transition metals, actinides, and organic 
molecules. There is thus a clear need to obtain a sound picture of the nature of the 
interactions between vernadite and trace elements to understand, and thus being able to 
predict and model, the geochemical cycle of these elements. In this view, we determined 
the in situ kinetics and mechanisms of Ni2+ uptake by synthetic vernadite at pH 5.8 and I 
= 0.1 M NaCl using wet chemistry, atomic-resolution scanning transmission electron 
microscopy coupled with electron energy loss spectroscopy (STEM-EELS) and 
synchrotron high-energy X-ray scattering (HEXS) (Grangeon et al., 2017). The structural 
formula of the initial solids was TCMn3+0.05Na+0.23(H2O)0.69H+0.06[(Mn4+0.86Mn3+0.04vac0.1)O2], 
where species under brackets form the layer having “vac” layer vacancies, and where 
other species are present in the interlayer, with TC standing for “triple-corner sharing” 
configuration. According to HEXS and STEM-EELS, adsorbed Ni2+ adopted mainly a TC 
configuration, and had a Debye-Waller factor about four times higher than layer Mn. 
Steady-state was reached after ~ 2.2 h of contact time, and the final structural formula of 
the solid was TCNi2+0.12TCMn3+0.05Na+0.12H2O0.36H+0.01[(Mn4+0.87vac0.13)O2]. Atomic-scale 
imaging of the solids also evinced the presence of minor Ni adsorbed at the crystal edge. 
The retention coefficient RD = 103.76 ± 0.06 L kg−1, computed from PDF data modelling 
and solution chemistry results, was in agreement with those available in the literature.   
References  
Grangeon S. et al. (2017) Chem. Geol. 459 
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Nickel is classified in the European Union as a Priority Substance.  With this 
classification comes a series of obligations in terms of environmental hazard 
classification and risk assessment of nickel and nickel substances.  Gathering these data 
and placing them in the appropriate regulatory context has been a joint exercise between 
the nickel industry and the European regulatory system.  This collaboration has 
succeeded in satisfying regulatory data needs, but has also informed the scientific 
community in terms of patterns of nickel ecotoxicology, the influence of nickel with 
geochemical parameters in wide ranges of environmental matrices, and the development 
of speciation-based models that can predict nickel toxicity to aquatic, sediment, and soil 
organisms.  The primary regulatory goal is the protection of ecosystems, and this is often 
translated to the maintenance of ecosystem structure.  To this end, ecological risk 
assessment should include ecotoxicity databases that are representative of the systems 
they are meant to protect.  Due to the generation of data driven by regulatory processes, 
the ecotoxicity databases for nickel are among the largest and most diverse of any 
chemical substance.  The aquatic toxicity database is comprised chronic endpoint data of 
over 31 species of freshwater organism, including invertebrates, unicellular algae, 
vascular plants, fish, and amphibians.  The databases for the soil compartment (n=41) 
and sediment compartment (n=9) are also among the largest of any chemical substance.   
A major regulatory dilemma is created by deriving environmental quality standards that 
are based on worst case assumptions.  Nickel toxicity is influenced by water chemistry, 
and the greatest toxicity is observed in conditions of low dissolved organic carbon (DOC), 
high pH, and low water hardness (Ca and Mg concentrations).  This combination of 
parameters is not common in European surface waters, meaning that overprotection is 
possible (underprotection is also possible).  Placing ecotoxicity data into environmental 
context is therefore critically important, and this has been achieved through the 
development of Biotic Ligand Models (BLMs), which remove the influence of test 
chemistry on ecotoxicity data, and can normalize the data for specific water chemistry 
conditions.  BLMs therefore allow the same level of protection to be conferred to 
freshwater systems that vary substantially in their water chemistries.  Bioavailability 
models have also been developed for soil and sediment compartments, allowing for 
flexible risk assessment approaches to be developed for these systems as well.  
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Bioavailability-based approaches for nickel have now been incorporated into chemicals 
management frameworks such as the Water Framework Directive, REACH, and others.  
The depth and precision of these approaches were made possible by the regulatory drive 
for quality ecotoxicity data and the willingness of the nickel industry to support their 
generation. 
 
References:  
Merrington. et al. (2016) Environ Toxicol Chem 35: 257-265 
Schlekat et al. (2016) Integr Environ Assess Manag 12: 735-746 
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Ultramafic bedrock (rich in nickel; Ni) is widespread and extensive in Indonesia, 
especially on Halmahera Island where with its surface of about 8 000 km2 it is probably 
one of the world's largest outcrops (Van der Ent et al., 2013). Ni-hyperaccumulator plants 
have evolved on such environments favoring a higher number of Ni-tolerant bacteria in 
their rhizosphere. Only few studies have focused 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 the close correlations between 
rhizosphere microorganisms, host plants and surrounding soil, in these ultramafic areas. 
Therefore, the aims of the current work were to investigate the genetic diversity of 
bacterial communities present in the rhizosphere of Ni-hyperaccumulator plants growing 
in Halmahera Island and improve the knowledge on the factors that can drive this 
bacterial diversity. 
We collected 45 rhizosphere soils from 11 different Ni-hyperaccumulator plants at 16 
different sites to highlight the influence of plants, soil physicochemical parameters and 
site localization 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 Illumina platform-
compatible approach. 
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 origin, while it appeared to be the site 
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localization for the two-other species. This may be due to the fact that R. bengalensis is 
an obligate Ni hyperaccumulator.  
 
References:  
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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 pollution to an aquatic ecosystem, 
since chemical data alone provide no indication of 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 case 
study. The Albanian side, due to the presence of ultramafic rocks, was a large mining 
area exploited to produce nickel, 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. Several creeks flowing across soils naturally rich in metals 
also contribute to metal inputs into the lake. Metallic contamination in 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. 
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®), 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 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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Mining activities in New Caledonia are responsible of Ni and other associated metal trace 
elements (Cr, Co, Mn and Fe) release in the environment and especially in the upper part 
of rivers. Nevertheless, the potential accumulation and transfer of these metals in 
freshwater trophic webs has been poorly studied so far, especially in the area of Mont 
Koniambo. The aim of this study conducted in May 2016 was thus to describe the 
potential transfer and accumulation of these metals in several aquatic organisms 
representative of the rivers in this region.  
 
Periphytic biofilms (major primary source in freshwaters) were developed on immerged 
artificial glass slides for 5 weeks in 3 sites of the Taléa river (under the more or less 
influence of mining activities) and in 2 sites of a reference river, the Tivoli. They were 
collected in the same time than river rocks biofilms to compare the bioaccumulation 
capacities of biofilms developed on artificial or natural substrates. 
 
By electric fishing, several species of crustaceans and fish were collected in three sites 
along the Taléa river and in one site of the Tivoli river, and metals analyses were realized 
in several organs, along with morphometric measurements. The first results of metals 
analyses in these compartments revealed the huge ability of biofilms to accumulate 
metals, especially in the upper part of the river under the influence of mining activities. 
For crustaceans and fish, we observed a gradient of contamination following the release 
of metals from upstream to dowsntream for the 5 metals analyzed in organs of 
crustaceans (Macrobrachium amelum) and eels (Anguilla marmorata). Interestingly, the 
highest concentrations were measured in the gills of the organisms, suggesting a role of 
the dissolve form of metals in the bioaccumulation, in addition to the trophic route. 
Muscles are the less contaminated organs, indicating an absence of risk for human 
consumption of fish, and no biomagnification along the trophic web was observed.  
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New Caledonia owns about 25% of the world's nickel resources, and 9% of the world's 
reserves, distributed over 300,000 hectares of concessions allocated to date, ie 
approximately 18% of the total surface of the main island. 
Low temperature alteration and supergene weathering of ultramafic rocks have led to the 
genesis of heterogeneous lateritic nickel-rich ores of i) garnierite type (NiO> 1.5%) and / 
or ii) iron oxy- hydroxide type  (NiO <1.5%) under tropical lateritic conditions that have 
prevailed over 30 millions of years. These conditions have shaped the current 
landscapes of New Caledonia while offering Ni-rich regolith easy to exploit by open pit 
mining. Since 1880, nickel has been so far used as an economic driver and a societal 
development impetus (even if the Ni-market is volatile) and such mineral potential has 
constituted the basis of agreements that structures the political evolution of this territory. 
Since 1998 (Noumea Accord), three worldwide projects have been developed, using 
pyrometallurgy (Ni-Si) and more recently hydrometallurgy (Ni-Fe) ore processes. 
However, natural erosion, anthropogenic disturbances (climate change, fires, 
urbanization, mining) can add up to disrupt the whole terrestrial and marine ecosystem 
functioning at the regional scale. This will consequently doubly degrade the natural 
capital of New Caledonia (ores and sustainable resources simultaneously decline): This 
critical mined zone is covered by specific terrestrial ecosystems of great endemic 
biodiversity and adjoining a lagoon that has been listed as a UNESCO World Heritage 
Site in 2008 for its exceptional biodiversity. Such ecosystems are already, and without 
any doubt, a valuable natural resource for the sustainable future for the next generations.  
Are mining and preserving ecosystems compatible, how, and for what economic and 
societal model? 
Only the increase in knowledge concerning all sectors of mining activity (1-genesis, 
nature and functioning of geological-superficial formations, and natural ecosystems at a 
regional scale, their interactions, 2- exploration and exploitation methods and processes, 
their risks and their impacts, 3 - relationships between nature, humanity, society and 
technology, can help to answer this question and propose concrete solutions to tackle 
such development challenges. 
Research programs have been performed in this context in close relationship with local 
authorities and mining operators for more than 40 years gradually strengthened since the 
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post-Rio-1992 years, and particularly since 1998, by multidisciplinary and multi-
institutional public-private partnerships. 
The conference illustrates this collective approach, based on specific and concrete 
examples of results (mining, terrestrial and marine ecosystems impacts, restoration). 
This approach has helped to strengthen the R&D territory's building capacities, to 
develop appropriate tools, methods and technological innovations, which in turn have 
generated knowledge. In addition, the results have helped to inform public policies in this 
field (License to operate, environment code, global mining blueprint, 2025 NC 
management and development plan), and to accompany all the involved actors, in order 
to enhance the application of the best possible techniques and to promote social and 
environmental corporate responsibilities.  
Moreover, these examples show that the corpus of acquired knowledge allows us to 
propose a new model that will go beyond such proposed mining activity perimeter: An 
inclusive model of responsible mining activity, throughout its life cycle, and opening 
economic diversifications. This model is based on the co-valorization of both non-
renewable and renewable primary resources through the development of circular 
economy and bio-economy principles, applied to the long-term “mining ecosystem” 
project management. It will reinforce societal cohesion, enhancing both the natural, 
intangible and human heritages, which is essential in the current local context, 
considering i)the negative trade balance, the very weak real growth rate, the 98%  
dependency from fossil sources of energy., the CO2 emissions and  ii)the Ni-market 
international context  This new paradigm, based on necessary changes in scale of 
investigating and monitoring the mining projects in development,  must enable to link the 
inert with the living world, through  specific actions toward an energy transition, a better 
ecological efficiency, to achieve the objective of an equal multiethnic society. 
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Due to its 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 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:  
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The so-called “ultramafic maquis“ (shrub dominated vegetation) is major vegetation on 
New Caledonian ultramafic massifs with a high rate of endemism, which is undergoing 
degradation due to mining. A suitable knowledge of the relationships between soil and 
vegetation is needed for ecological restoration; those relationships have, however, been 
poorly studied (Van der En, Lambers, 2016; Isnard et al., 2016). 
We aim to examine the influence of soil chemistry on vegetation along a typical 
ultramafic weathering sequence in a former mining area. Soil and vegetation 
characteristics, including floristics and soil chemistry, were compared among 95 plots 
from a range of altitudes and topographic positions in order to detect possible 
correlations. Statistical analysis of vegetation plots (AHC and NMDS) identified four 
floristic groups according to their altitudinal position. Analysis of soil total elements 
identified three chemical groups characterizing respectively Si-Mg saprolitic soils, lateritic 
soils and soils rich in organic matter. Colluvial soils at the bottom of the sequence show 
mixed lateritic and saprolite origin overlain by paraforest vegetation. Floristic and 
chemical characteristics are clearly linked along the sequence. Moreover, element 
availability inferred from three chemical extraction procedures highlighted the 
relationships between phytosociology and soil properties (pH, conductivity, cationic 
exchange capacity, KCl ionic exchange and DPTA extract). Metals availabilities reveal 
two different groups, one lateritic and the other saprolitic soils, and seem to play an 
important role in the differentiation of plant formations. 
The hierarchical structure and the ecological units obtained for the sequence provides 
important knowledge on the ultramafic ecosystems for biodiversity conservation, 
ecosystem restoration and post mining rehabilitation programs; especially in the case of 
saprolitic and lateritic maquis ecosystems, which are formed by metal tolerant and 
impoverished soil adapted pioneer species. 
 
References: 
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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 Coruña, 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.  
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Restoration of 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 (Family 
Casuarinaceae) are tropical pioneer tree species that naturally colonise serpentine 
landslides in Sabah (N of Borneo, Malaysia). These species are also able to fix 
atmospheric Nitrogen due to root symbioses with Frankia Actinobacteria, and 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 function 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-1 P, 2600 mg kg-1 K). These values point 
to the presence of currently undescribed fungal symbioses. In addition, our results 
indicate that soil function (estimated on the basis of activities of soil enzymes related to 
the cycling of C, N, P and S) is increased in soils around C. terminale trees compared 
with non-vegetated soils. Moreover, the presence of C. terminale also 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 assesment of the effect of C. 
terminale and G. nobile on the recovery of soil and vegetation in natural ultramafic 
landslides in Wuluh and Panataran river valleys (Sabah, Malaysia). 
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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 large scale.  
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The SOLSA project (www.solsa-mining.eu) aims to develop an on-line-on-mine expert 
system coupling sonic drilling, chemical and mineralogical analyses and data treatment. 
In a first place, this expert system is planned for lateritic profiles of New Caledonia, 
known to held nickel. 
The latter is found in two forms in these profiles. First, nickel can be adsorbed on the 
surface or inserted in the structure of goethite (α-FeOOH) present in the limonites and 
saprolites. Second, Ni may substitute Mg in different silicates of saprolite, like in 
garnierite, known to be nickel-rich and corresponding to a mixture of phyllosilicates 
usually occurring as vein or porosity filling. 
The SOLSA system will combine several analytical techniques, such as XRD, XRF, 
Raman spectroscopy, RGB or hyperspectral, and the data collected will be compared to 
an internal library in order to identify the several minerals present in the lateritic profiles. 
Therefore, the elaboration of a comprehensive library, taking into account the influence of 
chemistry on the different signals, is mandatory. 
Thus, our study focuses on the evolution of the hyperspectral signal (400-2500 nm) with 
the quantity of nickel for several Ni-bearing silicates present in the lateritic profile. Among 
the results, nickel influences the behaviour of the doublet in the 1380-1405 nm region for 
the specific mineral association constituting the garnierite. 
 
References:  
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Cluzel, D., Vigier, B. (2008) Resource Geology 58: 161. 
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Nickel concentrations resulting from the weathering of ultrabasic rocks may lead to the 
formation of saprolitic ore where the garnierite is more or less expressed. This latter is 
mainly found in veins and fissures within the saprolite and can host 20 to 40 wt% Ni 
(Soler et al., 2008). Garnierite is characterized by a mixture of various nickel-bearing 
magnesium-phyllosilicates, such as serpentine, talc or sepiolite which form a series of 
solid solution by Mg-Ni substitution (Gleeson et al., 2004).  
In the context of SOLSA project (www.solsa-mining.eu), which aims to develop an on-
mine-on-line system analysis for industrial applications by combining sonic drilling, 
chemical, mineralogical characterizations and data treatment, the analysis of nickel-rich 
phases (e.g. garnierite, smectite, serpentine) has been studied in view of their interests 
for nickel exploration in lateritic profiles.  
Thus, in order to define characteristic signals of garnierite, a set of samples 
representative of the diversity of Ni-bearing clay minerals has been characterized using 
different analytical techniques, such as X-ray diffraction (XRD), Raman 
microspectroscopy, scanning electron microscopy (SEM) and electron probe micro-
analysis (EPMA). The collected samples are Ni-bearing laterites from New Caledonia 
and the Dominican Republic. The results obtained show the effect of Ni on the position of 
certain X-ray diffraction peaks and/or Raman bands. The observed shifts between Ni-
poor and Ni-rich phyllosilicate phases are characteristics of the substitution of Mg by Ni in 
octahedral sites and can be correlated to the amount of Ni (Cathelineau et al., 2015; 
Baron and Petit, 2016). 
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The Bou Azzer-El Graara inlier is localised in the Moroccan Anti-Atlas, south of 
Ouarzazate. The inlier is composed of seven geological units (Leblanc, 1981) that are, 
from older to younger: The Tonien gneisses (PI); the Cryogenian ophiolitic complex of 
Bou Azzer (PII, 680 Ma); the Bleïda unit, a Cryogenian passive margin; the Tiddiline 
formation composed by upper Cryogenian grauwackes and siltstones (PII sup, 606 Ma); 
the siliceous and carbonated shell associated with ultramafic rocks of the ophiolitic 
complex, dated to upper Cryogenian (PII sup); granodiorites of upper Cryogenian age 
that crosscut all units; and finally, in unconformity on all Precambrian units, the 
Adoudounian carbonate layers. The Neoproterozoic Bou Azzer mining is composed of 
over 60 little-size deposits in which Co-Ni Arsenides were exploited by the Tifnoute 
Tirhanimine Company (CTT) since 1958. Today, the district of Bou Azzer is one of the 
world's leading producers of cobalt and accounts for about 8% of annual global cobalt 
production (Hawkins, 2006). 2500 tons of cobalt metal, 10 000 t of arsenic, 300 t of nickel 
and 250 kg of gold have been exploited under the direction of CTT. Two types of 
structures host the mineralization. The first is only found along the contact between the 
serpentinized peridotites, gabbroic rocks, quartz-diorite and Precambrian volcanic rocks 
and are called mineralizations of “contact”. Mineralizations are formed by massive bodies 
composed by pure Co-Ni arsenides everywhere associated with a more or less 
developed carbonated or siliceous gangue. The second type corresponds to NE-SW 
directed vertical faults that crosscut all the Neoproterozoic and Precambrian geological 
units. Mineralization is present along these faults only when crosscutting peridotite 
massifs. Fault-related mineralizations are supposed to intersect and cut the massive 
“contact” Co-Ni-As ore deposit of Bou Azzer.  
Structural, petrological and fieldwork studies demonstrated that these two structures play 
a significant role in the formation and concentration of mineralization in the Bou Azzer 
deposit. We herein present the first results of our combined structural, microtectonics, 
textural and mineralogical investigations in order to determine the different characteristics 
of each of the above presented structures and to establish a preliminary model of 
formation that can explain the very complex and still misunderstood mineralization of the 
Bou Azzer area.  
References: Leblanc M. (1981) Notes Mém. Serv. Géol. Maroc volume 280 306 p. 
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Legumes association with an agricultural interest plant (rape, wheat…) is known to 
improve soil structure and fertility. In fact, previous studies highlighted that legume 
introduction, by rotation and co-cropping, in classical agricultural systems improves soil 
nitrogen and carbon contents, soil porosity, but also reduce soil compaction and the use 
of chemical fertilizer and pesticide. In addition, N2 fixation by legumes increased 
significantly crop yields. Agromining is a recent green technology based on the 
establishment 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 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 in controlled conditions to study the 
effect of a legume (Vicia sativa) associated with a hyperaccumulator plant (Alyssum 
murale) on structure and physicochemical properties of an ultramafic soil and on root 
architecture of the hyperaccumulator. 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 plant parts and rhizosphere soil. Geostatistics 
were used to model the spatial distribution of the measured variables, and relationships 
between them were tested. 
Co treatments showed the highest values of 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 had greater particles size and better aggregation 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 cm2 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 showed lower soil Ni concentrations in comparison to other 
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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 to restore soil agricultural 
functions. 
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Despite the abundance of metallic ores and ultramafic (UM) complex existing in Latin 
America, 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 WWF 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 Cuicatlán-
Concepción Pápalo belonging to Cuicateco area in Oaxaca state and the serpentine 
sequence of Tehuitzingo- Tecomatlán.  
Plant specimen collection, soil sampling and field X-ray fluorescence spectrometry 
scanning were carried out in 2016-2017. XRF scanning results of specimens collected 
showed Ni accumulation in a range of 9 to 609 µg/g. However, they did not show 
evidence of Ni hyperaccumulation. We present a general information of the soil and flora 
found on 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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Ni-hyperaccumulators are ideal candidates for agromining on ultramafic Ni-rich soils 
where other technologies for metal recovery are economically unviable. 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-1), monoculture with 2% manure addition and co-
culture with 3 different nodulating leguminous species (Anthyllis vulneraria, Lotus 
corniculatus –both native to ultramafic areas- and the commercial cultivar Vicia sativa cv. 
Prontivesa). The effects of the six treatments on Ni agromining efficiency of both 
hyperaccumulators were assessed from different perspectives: soil physico-chemical and 
biological properties, plant (shoot and root) biomass and nutritive status, plant δ15N 
isotopic signatures, and shoot Ni concentration and Ni yield after 5 months growth. 
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-1 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 shoot Ni 
concentration of 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 root and shoot N concentration of both 
hyperaccumulators. These two treatments also led to increased N assimilation at the 
shoot level (as indicated by an increased δ15N signature between shoots and roots). 
Hyperaccumulators in manure treatment presented the maximum δ15N per plant. The 
abundance of soil microbial communities involved in N-cycling varied between treatments 
and species, pointing out to possible competitive effects between plants and soil 
microorganisms for nutrients. BE is a promising species for Ni-agromining. Breeding for 
increased biomass and/or Ni concentration is needed in order to improve the use of OS 
for agromining in the Iberian Peninsula. 
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Ultramafic (serpentine) rocks and soils have peculiar chemistry, including low availability 
of calcium and high concentrations of magnesium, chromium, cobalt and nickel.  We 
measured concentrations of metals in canopy leaves from three ultramafic forests in 
contrasting climates: a temperate deciduous forest (Buck Creek, North Carolina, USA), a 
tropical dry semi-deciduous forest (Susúa, Puerto Rico), and a tropical wet evergreen 
forest (Maricao, Puerto Rico).  In all forests, concentrations of Cr and Co in leaves were 
very low, and often below detection limits.  We found no Ni hyperaccumulator plants in 
our study areas, although there is at least one hyperaccumulator species in Puerto Rico 
(McAlister et al. 2015).  However, the moderate foliar Ni concentrations in our study sites 
represent a substantial quantity of Ni sequestered in the forest canopy, when total 
canopy biomass is considered (Pollard 2016; Medina et al. 1994).  To determine whether 
seasonal variation in weather and leaf-fall affect nickel concentrations in soil and stream 
water, we sampled soils and water from these three sites over the course of a year.  
Organic layer (O-horizon) and mineral layer (A-horizon) soils were extracted using 0.5M 
ammonium acetate solution to approximate natural cation availability.  At Buck Creek, 
nickel availability in A-horizon soils varied little over the year.  Nickel in O-horizon 
samples was generally lower, except during February when a peak of nickel availability 
was observed, possibly representing nickel release from decaying leaf litter.  Elevated 
nickel in stream water was detected in April, suggesting nickel movement from soil to 
surface waters.  In the dry tropical forest at Susúa, O-horizon soils had consistently lower 
nickel concentrations than A-horizon soils, with little seasonal variation.  In the wet 
tropical forest at Maricao, there were no significant differences, either between collection 
dates or soil horizons.  All water samples from Puerto Rico were below detectable limits 
for nickel.  These findings suggest that the more dramatic weather changes and more 
strongly deciduous vegetation in North Carolina may cause consequently greater 
seasonal variability in the flux of soluble nickel in temperate forests. 
 
 
McAlister R.L. et al. (2015) Aust. J. Bot. 63: 85-91. 
Medina E. et al. (1994) Plant Soil 158: 13-21. 
Pollard A.J. (2016) Castanea 81: 257-269.  
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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-1. The corresponding total Ni concentration in soils is ranging from 
~500 – 1500 mg kg-1. Water-soluble Ni concentrations are typically below 1 mg kg-1. 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 
hyperaccumulators. 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 in field 
conditions to improve the biomass of hyperaccumulators plants for increasing Ni yield. A field 
experiment has been established near Bernstein, Austria (47,406397 N 16,260334 O) in 
autumn 2016 containing 24 plots á 10 m2. The soil is characterized by a pH of 5,9; [Ni-
DTPA]: 30 mg kg-1; [Ni-SrNO3]: 75 mg kg-1; 1,05 mg N 100 mg-1 soil. For the 1st year we are 
testing two species: Noccaea goesingensis and Alyssum murale. For Noccaea goesingensis 
(planted as 3 months old seedlings in October 2016) we are 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 months old seedlings) 50 cm distance was applied. For improving 
Ni yield we are testing intercropping with Lotus corniculatus vs the addition of elemental 
sulphur (0.125 kg m-2. Proposed harvesting will be in October 2017 for N. goesingensis and 
April 2018 for A. murale. In parallel, different winter cropping mixtures containting Avena 
strigosa, Lathyrus sativus, Vicia sativa, Trifolium resupinatum, Phacelia sp for improving soil 
fertility are tested in a 4 months pot experiment set up in a wire house at outdoor conditions. 
We will choose the best combination for application in the Bernstein field experiment. 
 
Key words: Phytomining, Hyperaccumulator, Nickel, Crop rotation  
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The objective of agromining is to phytoextract heavy metals using hyperaccumulators 
while rehabilitating ultramafic soils. After the removal of bioavailable metal, ultramafic 
soils are improved in terms of agronomic properties in the aim of future agricultural uses. 
The low fertility of ultramafic soils can be compensated by integrating legumes already 
used in traditional agro-systems because of their importance in soil nitrogen enrichment. 
However, rare studies have evaluated 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 effect 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 in controlled 
conditions to grow A. murale and 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. Ro treatment had 
more than twice as much leaves [Ni] compared to FMo. Soil physico-chemical analyses 
showed that Ro treatment was better structured and showed the highest presence of 
bacterial micro-aggregates as well as less non-aggregated particles. 
The integration of legumes in Ni-agromining systems could be a pioneering strategy to 
reduce chemical inputs and to improve soil biofunctioning and thus fertility. 
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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 gain (Robinson et al., 2003). Research and development of the 
phytomining technology has so far concentrated 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 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 
used for higher scale phytomining pot experiments  
 
References:  
Boominathan, R. et al.  (2004). Biotechnology and Bioengineering, Vol. 86, n. 3. 
Robinson, B.H. et al. (2003) Plant and Soil, 249(1), pp 117–25.  
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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), then harvesting biomass, drying, ashing and 
processing it to recover target metals including recycling of by-products. Agromining, by 
designing new agro-ecological cropping systems and associated metallurgical chain, 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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Soil erosion and subsequent sediment transfer in rivers are exacerbated in tropical 
regions exposed to heavy rainfall. In New Caledonia, a significant fraction of this 
sediment is likely originating from tributaries draining nickel mining sites that are known 
to increase the terrigenous inputs to the rivers and, potentially, to UNESCO World 
Heritage listed coastal lagoons.  
 
Nevertheless, the contribution of this sediment source has not been quantified and this 
estimation is required to guide the implementation of efficient management 
measurements to mitigate fine sediment supply to New Caledonian rivers and lagoons. 
To this end, a pilot sediment tracing study has been conducted in one of the first areas 
exploited for nickel mining, the 400-km2 Thio River catchment.  
 
Sediment deposits were collected between April and May 2015 in potential sources, i.e. 
(i) tributaries draining mines, (ii) tributaries draining ‘natural’ areas affected by landslides 
occurring frequently in the region, and (iii) the main stem of the Thio River. In addition to 
the test of the conventional methods based on fallout radionuclides, the applicability of 
alternative sediment tracing method such as spectrocolorimetry in the visible (VIS) range 
of the spectrum was investigated.  
 
Thorium-228 radionuclide provides the best discrimination between sediment originating 
from the two tributaries. A distribution modelling approach based on this geogenic 
element was used to quantify the relative sediment contributions from these tributaries to 
the Thio River main stem. Results demonstrate that tributaries draining mining sites 
supply more than half of sediment (56 %) to the main river. In order to confirm the validity 
of these first results, these latter should be compared with those being acquired with 
spectrocolorimetry. 
 
After validation, these two methods could be applied on a sediment core collected in the 
Thio river deltaic plain to characterize sediment source contributions over a longer time 
period and in other catchments draining mines in New Caledonia.  
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