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Abstract: Mining wastes containing sulfide minerals can generate contaminated waters as acid mine
drainage (AMD) and contaminated neutral drainage (CND). This occurs when such minerals are
exposed to oxygen and water. Nowadays, mineralogical work—when it is done—is independently and
differentially done according to the needs of the exploration, geotechnics, metallurgy or environment
department, at different stages in the mine development process. Moreover, environmental impact
assessments (EIA) are realized late in the process and rarely contain pertinent mineralogical
characterization on ores and wastes, depending on countries’ regulations. Contaminant-bearing
minerals are often not detected at an early stage of the mine life cycle and environmental problems
could occur during production or once the mine has come to the end of its productive life. This work
puts forward a more reliable methodology, based on mineralogical characterization of the ore at the
exploration stages, which, in turn, will be useful for each stage of the mining project and limit the
unforeseen environmental or metallurgical issues. Three polymetallic sulfide ores and seven gold
deposits from various origins around the world were studied. Crushed ore samples representing
feed ore of advanced projects and of production mines were used to validate the methodology
with realistic cases. The mineralogical methodology consisted in chemical assays and XRD, optical
microscopy, SEM and EPMA were done. Five of the ores were also submitted to geochemical tests to
compare mineralogical prediction results with their experimental leaching behavior. Major, minor,
and trace minerals were identified, quantified, and the bearing minerals were examined for the
polluting elements (and valuables). The main conclusion is that detailed mineralogical work can
avert redundant work, save time and money, and allow detection of the problems at the beginning of
the mine development phase, improving waste management and closure planning.

Keywords: environmental mineralogy; exploration; contaminant; geochemical behavior

1. Introduction

With the growing demand for new technologies and in life quality of emerging countries, mineral
and metal productions will become critical in years to come. The industry has to adapt its practices
to be more efficient. Moreover, the mining industry, like other industries, produces waste that have
negative impacts on the environment [1]. To maintain license-to-operate, companies must consider and
address social issues and environmental concerns throughout the life cycle of the project [2]. Moreover,
decisions in mining projects are mainly based on valuable metal grades without taking into account
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environmental issues. Contaminants are often not taken into account during the first stages (exploration
or feasibility stages) of a mine project. In addition, if they are, geologists will not consider them at their
potential contaminating value because their focus is on mineralization and deposit geology where
trace elements are less informative. This can lead to major environmental challenges underestimation.
Frequently, problems regarding the release of toxic elements are discovered after the mine starts up.
Consequently, mining companies should modify their treatment techniques, their effluent management
(liquid and solid) and their closure plan. This can generate unexpected and supplementary costs. In
the case of a belated discovery of a contaminant, the issue is generally explained by the mineralogy of
the ore or of the waste [3,4].

The contaminants are mostly brought about through weathering of sulfides containing metals
and metalloids such as As, Cu, Ni, Sb, Zn, etc. Indeed, when solid mine wastes contain sulfides or
sulfosalts, and are exposed to air and oxygen, chemical reactions will occur and the mine wastes will
generate poor water quality. When the pH is acidic, the phenomenon is called acid mine drainage
(AMD). The sulfides react at different oxidation rates according to their nature and crystallography and
differently contribute to water pollution [5–12]. Sulfosalt minerals are considered as “trash minerals”,
as they contain numerous toxic elements (As, Bi, Co, Hg, Ni, Tl, Sb, Se, etc.), and dissolve easily when
exposed to weathering conditions and are more likely to generate contaminants. Another phenomenon,
called contaminated neutral drainage (CND), can occur when neutralizing minerals are present or
when not enough sulfides are found in the solids. The pH is circumneutral, but metals and metalloids
concentrations are present in the leachates above regulation levels.

Microscale mineral dissolution in mine wastes will determine the weathering processes and the
minerals are the sources of metal concentrations in the leachates [13]. Mineral dissolution, oxidation,
or precipitation depend on several mineralogical parameters: amount, composition, particle size
distribution, liberation degree, other mineral associations, ore texture, and surface properties [14].
For example, the associations of minerals can play a significant role in the acidity and contaminants
generation, as their association can change the reactivity rates of the minerals. In the case of sulfides,
which are semiconducting minerals, galvanic interactions occur and will accelerate or inhibit the
oxidation of the affected sulfides [15–17]. Over the last few years, some authors have demonstrated that
the mineralogy is decisive in AMD and CND generation [18–21]. Applied mineralogy in environmental
studies would help to predict the water quality and to characterize the problematic minerals in a
sample [22,23]. The various elements dispersed into the environment from a given sample are strongly
influenced by the major and trace element composition of the minerals present in this sample.

Mineralogical information is important for all the mining departments: geology, metallurgy, and
environment [24]. Mineralogical investigations are necessary to identify and quantify major, minor
and trace minerals and can detect valuable elements as by-products that could improve the recovery
efficiency of the ore and increase the value of the deposit. Valuable elements can be found as the main
element of trace minerals like platinum in sperrylite (PtAs2), or as a trace element in major, minor, or
trace minerals like indium in sphalerite (ZnS). Moreover, valuable minerals in small amounts can be
detected and beneficiated as well. If their detection is early in the development process, the appropriate
treatment can be implemented.

Likewise, AMD and CND prediction studies can be conducted on the wastes to assess
their environmental behavior. They mainly consist in geochemical testing. A few mineralogical
characterizations can be done in specific cases (e.g., contaminant detection in the leachates of the
geochemical tests) [25]. But tailing samples are only available after metallurgical pilot tests are
preformed, which means that the project is in an advanced stage. In order to predict the environmental
impact of the mining deposit at an earlier stage (like exploration), the studies could be performed
directly on the ore. Unfortunately, the quality of the mine drainage is not always predictable with
ore products. As Dold [21] recommends, refined methodologies must be applied to characterize ore
deposits before mine start up and to assess the geochemical behavior of mine products. This might
give us the opportunity to design optimized processes for efficient metal recovery of the different
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mineral assemblages in an ore deposit and, at the same time, to minimize the future environmental
impact and costs for mine waste management.

This study proposes to implement a reliable and simple methodology for ore characterization,
combining accurate chemical analysis as well as rigorous mineralogical analysis and observations,
as early as the exploration stage. The procurement of an ore profile will allow detection of the
contaminating elements as well as the valuable elements, related to metallurgical and environmental
challenges. This approach is based on the mineralogy of the ores and will take into account bearing
minerals and the element speciation. Geochemical tests have been also completed on five ores to link
the mineralogical results with the geochemical results. The final aim is to develop tools to acquire
information providing companies with a better assessment of the environmental impacts of a future
exploitation and a better preparation for metallurgical issues that they will have to face, as early as
possible in the mining development.

2. Materials and Methods

2.1. Materials

Three polymetallic and seven gold deposits were studied, mainly from Canada, but also from
Argentina, Finland and Mexico. Table 1 briefly describes the deposits. Operators collected the samples
of these ores on the mine sites, except for Westwood, where the collection was done by the authors.
Some samples collected were already prepared in the mines’ lab. All samples were then submitted to a
meticulous preparation to remain representative of the initial sample. The initial sample was considered
a part of the feed. The feed ore is the first solid material to meticulously characterize environmental
and ore processing behaviors. Inline Appendix A Table A1 describes in detail the different sample
collection and the mine’s preparation. The preparation described in Figure 1 aimed to obtain two 500 g
samples of different particle size. The first one is a 2–5 mm sample, prepared in polished section, to
allow observation of the ore texture. The second one is a milled sample with a D80 approximately the
same as the plant’s final product. The latter was used for all chemical and mineralogical analyses and
to be quantitatively representative when observed on polished sections by microscopy. The samples
already with a particle size of ≤2 mm were directly screened at 1 mm and kept despite their fine particle
size distribution, and then rod milled to obtain the chosen D80. The representativeness of the initial
material was kept thanks to successive homogenization and dividing with appropriate techniques
(Figure 1). The ore powders containing less than 5 wt. % sulfur were also concentrated with a heavy
liquid (bromoform) by centrifugation to maximize sulfide grain observation. The polished sections
were prepared with epoxy resin, hardener and black carbon powder. The black carbon powder aims to
avoid particles sedimentation and improve the representativeness of the analyzed surface, to limit
differential removal of particles by polishing, and to reduce the particles in contact in the polished
section [26]. This preparation has the advantage of making the surface conductive without carbon
coating, which allows successive observations by optical and electron microscopy.
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Table 1. Deposits description: country, geology, mineralization, and products.

Mine’s Name Country Ore Type Host Rock Mineralization Main Product By-product(s)

LaRonde Canada Volcanogenic massive
sulfide (VMS) Metamorphic volcanic rocks Massive and disseminated

sulfide lenses Au Ag, Cu, Pb, Zn

Pirquitas Argentina Epithermal Ag-Sn
Low-grade metamorphosed

marine sandstone, siltstone and
minor shale beds

Sulfide and quartz sulfide
vein systems Ag Sn, Zn

Raglan Canada
Komatiite

Ni-Cu-Platinum-group
element

Mafic and ultramafic volcanic
rocks (peridotite)

Magmatic immiscibility sulfides
lenses associated with

ultramafic flows
Ni Co, Cu, Pd, Pt, Rh

C. Malartic Canada Archean porphyry
gold system

Potassic-altered, silicified
greywackes, altered porphyry and
gabbro dykes and ultramafic rocks

Widespread shell of
disseminated gold-bearing pyrite Au

Goldex Canada Shear zone gold Granodiorite
Stockwork veins; microscopic
gold within pyrite and coarse

native gold
Au

Kittilä Finland Shear zone gold Mafic volcanic and
sedimentary rocks

Structural gold in arsenopyrite
and pyrite Au

Lapa Canada Shear zone gold Volcanic rocks Quartz veins, tabular zones,
biotite-altered zones Au Ag

Meliadine Canada Shear zone gold Sedimentary and
volcanic sequences

Sulfide quartz veins, quartz
lodes and sulfide replacement Au

Pinos Altos Mexico Epithermal Au-Ag Volcanic and intrusive rocks
(Andesite and ignimbrite)

Low sulfidation epithermal type
hydrothermal quartz veins,

stockworks and breccias
Au Ag

Westwood Canada Volcanogenic massive
sulfide (VMS) Metamorphic volcanic rocks

Sulfide quartz veins,
disseminated and semi-massive

to massive sulfide lenses
Au
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Figure 1. Lab preparation procedure to obtain the two different polished sections.

2.2. Methods

2.2.1. Particle Size Distribution

The particle size distributions of the successive milling step samples and of the final powders
were measured with a S3500 laser grain size analyzer (Microtrac) [27].

2.2.2. Chemical Characterization

Several chemical analysis techniques were tested to obtain a reliable chemical composition of the
samples. The selected methods are described here. The sulfur and carbon content were analyzed by a
CS-2000 induction furnace ELTRA (Haan, Germany) coupled with an infrared analyzer. The major
elementary composition (Na, Mg, Al, Si, P, Cl, K, Ca, Ti, V, Cr, Mn, Fe) was determined with a whole
rock analysis by fused discs (lithium metaborate fusion) [28–31] and by multi-acid digestion in the
microwave which was followed by analysis using an Optima 3100 ICP-AES instrument (Perkin Elmer,
Waltham, MA, USA) to obtain more accurate results for the smaller concentrations of these elements.
The elementary chemical composition (As, Ba, Bi, Cd, Co, Cu, Mo, Ni, Pb, Sb, Se, Sn, and Zn) was
determined by an Optima 3100 ICP-AES analysis following a multi-acid digestion (HNO3-Br2-HF-HCl)
of 500 mg of a pulverized aliquot in the microwave and by a combined ICP-AES and ICP-MS following
a sodium peroxide fusion. The trace elements (rare earths and others) were analyzed by ICP-MS
following the sodium peroxide fusion. The analysis of gold was performed using a 50 g subsample by
a fire assay procedure combined with both gravimetric and atomic absorption spectroscopy (AAS).
The PGEs (Pd and Pt) were analyzed by fire assay combined with AAS. The mercury content was
determined by thermal decomposition, amalgamations and AAS.

2.2.3. Mineralogical Characterization

The powder samples were micronized to be analyzed by X-ray diffraction with an AXS Advance
D8 system (Bruker) equipped with a copper cathode, acquired at a rate of 0.02◦ s−1 between 2θ values of
5◦ and 70◦. The DiffracPlus EVA software (Version 9.0) was used to identify the mineral species, and the
quantitative mineralogical compositions were evaluated using the TOPAS software (Version 2.1) with a
Rietveld refinement [32]. The absolute precision of this quantification method is ± 0.5 to 1% [33,34],
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but in practice, 1% to 5% should be considered. The identification of the minerals and the texture
observations were performed in reflected light mode using an AxioImager M2m optical microscope
(Zeiss, Oberkochen, Germany) equipped with the AxioVision (Version 4.8) software. Scanning electron
microscopy (SEM) observations using backscattered electrons (BSE) for texture observations were
made on a S-3500N microscope (Hitachi, Chiyoda, Tokyo, Japan) with the INCA software (450 Energy).
The major element chemical composition of individual minerals was determined using an energy
dispersive spectrometer (EDS; Oxford SDD, X-Max 20mm2). The SEM observations and microanalyses
were performed with 15 mm working distance and 100-µA current at 20 kV. Then, the more precise
composition of some minerals and trace elements quantification in arsenopyrite, chalcopyrite, galena,
pentlandite, pyrite, pyrrhotite and sphalerite were achieved by analyzing a minimum of ten particles
from each mineral using a SX100 Electron Probe Micro-Analyzer (EPMA, Cameca) coupled with four
WDS (Wavelength-dispersive X-ray Spectrometry) spectrometers. All quantitative analyzes were
realized using an accelerating voltage of 20 kV and a constant beam current of 20 nA. The counting
time on each peak/background was 10 s on the major elements and 40 s on the trace elements: Ag, As,
Au, Cd, Co, In, Mn, Ni, Pb, Se, Sn, Te, and Tl. Depending on the sample studied, pyrite was analyzed
for S, Fe, As, Au, Ag, Tl, and Se; pyrrhotite for S, Fe, Co, and Ni; arsenopyrite for S, Fe, As, and Au;
chalcopyrite for S, Cu, Fe, Ag, As, Sn, Tl, Te, and Cd; sphalerite for S, Zn, Fe, Ag, In, Cd, Mn, Pb, and
Tl; galena for S, Pb, Fe, and Ag; and pentlandite for S, Fe, Ni, and Co.

2.2.4. Geochemical Testing

The geochemical behavior of five ores was evaluated using modified weathering cell tests. These
weathering cells are small-scale humidity cells that render similar results for the rates of reactions [35–37].
A 100 mm Büchner funnel with a 0.45 µm glass-fiber filter is held with 67 g of material. The sample is
leached twice a week with 50 mL deionized water. The cells were placed in a controlled-weather box
to maintain the samples under optimal saturation conditions ranges and avoid extreme drying [38].
Leachates from the weathering cells were analyzed for pH, conductivity, Eh, sulfur and elemental
concentrations. The element concentrations in the leachates were analyzed by ICP-AES on an aliquot
acidified to 2% HNO3 for preservation. The weathering cells were run for thirty cycles.

2.3. General Methodology

The approach used in this study is mainly based on the chemical assay, obtained with a thorough
methodology taking into account the mineralogy of the sample. In this paper, the reliability of the
chemical assay is considered. Each element, valuable or contaminant, present in a higher concentration
than one or several defined thresholds, are examined for their bearing minerals. The thresholds chosen
in this study correspond to the elemental grade either superior at ten times the Clarke value [39,40], or
superior at the threshold values determined in Quebec Directive 019, for the regulation of mine solid
materials. As most of the elements sought are contained in sulfides or sulfosalts, the identification
of these opaque minerals is made by optical microscopy in reflected light mode. Then, the minerals
of interest are circled to be further analyzed by electron microscopy, to get a higher magnification
or EDS-microanalyses with a detection limit around 5000 ppm. For the detection of suspected trace
elements in certain minerals, EPMA analyses were performed with different detection limits according
to the counting time of the detectors. Figure 2 presents the logical diagram of the methodology.
The greyed-out rectangles represent the results obtained and necessary for the following steps of
exploitation and management.
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Figure 2. Logical diagram of the methodology of environmental and processing prediction applied at
the stage of exploration. Then, a reconciliation of all the results is made by spreadsheet calculations to
obtain a quantitative mineralogical characterization. The quantitative mineralogy was calculated with
X-ray powder diffraction (XRD) mineralogy, chemical assay, and stoichiometry of the minerals. This
stoichiometry was either theoretical or determined by electron probe micro-analyzer (EPMA).

3. Results and Discussion

3.1. Chemical Characterization

Major, minor, and trace elements contained in the ore samples are presented in Appendix A
Tables A2 and A3. Elements were classified per grade value in the ore. The interest may be either for
contamination or for recovery. In this paper, the focus is given on the contaminating elements. All
the studied ores contain sulfur in significant amounts (>0.3% S), except for Pinos Altos. Arsenic (As),
mercury (Hg) and antimony (Sb) are largely above the defined thresholds in all the ores. The most
abundant polluting elements in the ores studied are: As, Hg, Sb, bismuth (Bi), cadmium (Cd), copper
(Cu), lead (Pb), selenium (Se) and zinc (Zn). To a lesser extent, barium (Ba), cobalt (Co), chromium (Cr),
manganese (Mn), molybdenum (Mo), nickel (Ni), tin (Sn), strontium (Sr), tellurium (Te), and thallium
(Tl) are present in the ores. The rare-earth elements were also analyzed, but no significant amount
was identified. We chose to exclude these elements from the study. The valuable elements Ag, Au, In,
Li, Pd, and Pt were identified. Gold was found in all the ores, even in small amount in Raglan and
Pirquitas. Silver was found in most of the ores, except in Canadian Malartic, Goldex, and Kittilä. A
significant amount of indium (30 ppm) was found in the Pirquitas sample and a non-negligible amount
in LaRonde and Westwood (1 and 0.5 ppm, respectively). It is difficult to state the amount of lithium in
the ores. Palladium and platinum were logically found in Raglan, but platinum was also found in
small amounts in Meliadine and Pinos Altos.

3.2. Mineralogical Characterization and Identification of the Bearing Minerals

After selecting the potential contaminating elements, the polished sections were observed under
the optical microscope. The optical microscope is very useful to identify accessory minerals. As most
of the contaminants identified are contained in accessory minerals, the optical microscope was used to
detect the bearing minerals of these contaminants. Then, a SEM-EDS analyze allowed us to confirm the
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approximate stoichiometry of the mineral and/or to recognize the minerals not identifiable only by the
physical and optical properties under optical microscopy. As the mineralogical state of a given element
determines its geochemical behavior during dissolution and further transport, it is of importance to
know the elemental speciation to assess the contaminating potential (or recovery potential). Table 2
presents the bearing minerals of the elements of interest for all the ores, classified in a decreasing
order of elemental concentrations. The LaRonde sample presents a complex mix of sulfide minerals,
incorporating varied metals (Cu, Zn, Pb, Bi, Sn, Ag, Cd, Au, Tl, In) and metalloids (As, Sb, Te). The
Pirquitas sample presents a very complex mix of sulfides and sulfosalts. The sulfosalts of Pirquitas
(Aramayoite, Freibergite, Matildite, Owyheeite, Pyrargyrite (see Table 2 for formulae) contain Ag, Cu,
Sb, As, Bi, Pb, and Co. The Raglan sample shows lower concentrations (Zn < 88 ppm; As, Se < 20 ppm;
Sb, Bi, Te, Ag, Cd < 10 ppm; and Pt, Hg, Au < 1 ppm). Therefore, it was more difficult to identify
the bearing minerals and to detect the elements in the minerals in a relatively short time, since the
mineral phase detection limit depends on the number of observed grains and the elemental detection
limit depends on photon counting time. Only pentlandite, pyrrhotite, chalcopyrite, chromite, and
sperrylite were observed and analyzed. The principal assemblage in the sample consists of pyrrhotite
and pentlandite, with pentlandite in “flames” (Figure 3).

The gold ore samples mainly display pyrite as sulfide, except for Lapa, where pyrrhotite is
dominant. In general, all the gold ores contain Zn in too high concentrations, except for Goldex and
Canadian Malartic. The main bearing mineral for Zn is sphalerite. Cd and Tl were also found in
sphalerite. Mo is present in several gold ores (from 1.7 to 8 ppm). Sb is present in all samples, except
for Pinos Altos, where the geological context is different. The bearing minerals for Sb are often difficult
to identify as a unique grain of this mineral is enough to give concentrations above 10 times the Clarke
value. Ullmannite (NiSbS), berthierite (FeSb2S4) and tetrahedrite ((Cu,Fe)12Sb4S13) sulfosalts were
identified. As and Cu are present most of the time as arsenopyrite and chalcopyrite, but sulfosalts are
also present, as gersdorffite (NiAsS) and tetrahedrite. Cubanite (CuFe2S3) was also found in Westwood,
As-pyrite in Pinos Altos, Kittilä, and Meliadine, and As-ullmannite in Lapa. Ni was present only in
two samples, as argentopentlandite (Ag(Fe,Ni)8S8) in Pinos Altos and pentlandite ((Fe,Ni)9S8) and
pyrrhotite (Fe0.93S) in Lapa and Raglan.

Lead tellurides were found in Westwood, however, galena is the main bearing mineral for Pb.
Se and Bi are present in almost all the samples, in amount varying from 0.33 ppm to 139 ppm, and
from 2.8 ppm to 169 ppm. No bearing minerals were identified for Se. Bi was found as kochkarite
(PbBi4Te7) in Westwood; as native bismuth and kawazulite (Bi2(Te,Se,S)3) in LaRonde as matildite and
in galena; aramayoite and owyheeite in Pirquitas. Co was found in Lapa as gersdorffite. Finally, Tl
and Hg were found in very low amount (from 0.02 to 1.4 ppm) in Pinos Altos, Goldex, Kittilä, and
Westwood. These two elements are very toxic for ecosystems. Gold is present as free grains, electrum
and inclusions in arsenopyrite. Structural gold was not analyzed in the present study, as the focus is
on contaminating elements. The Pinos Altos sample is different from the others as its sulfur content is
below 0.3 wt. % and the sample contains oxides and sulfates.

 

 

8 

 

studied are: As, Hg, Sb, bismuth (Bi), cadmium (Cd), copper (Cu), lead (Pb), selenium (Se) and zinc (Zn). 

To a lesser extent, barium (Ba), cobalt (Co), chromium (Cr), manganese (Mn), molybdenum (Mo), nickel 

(Ni), tin (Sn), strontium (Sr), tellurium (Te), and thallium (Tl) are present in the ores. The rare‐earth 

elements were also analyzed, but no significant amount was identified. We chose to exclude these elements 

from the study. The valuable elements Ag, Au, In, Li, Pd, and Pt were identified. Gold was found in all the 

ores, even in small amount in Raglan and Pirquitas. Silver was found in most of the ores, except in Canadian 

Malartic, Goldex, and Kittilä. A significant amount of indium (30 ppm) was found in the Pirquitas sample 

and a non‐negligible amount in LaRonde and Westwood (1 and 0.5 ppm, respectively). It is difficult to state 

the amount of lithium in the ores. Palladium and platinum were logically found in Raglan, but platinum 

was also found in small amounts in Meliadine and Pinos Altos. 

3.2. Mineralogical Characterization and Identification of the Bearing Minerals 

After selecting the potential contaminating elements, the polished sections were observed under the 

optical microscope. The optical microscope is very useful to identify accessory minerals. As most of the 

contaminants identified are contained in accessory minerals, the optical microscope was used to detect the 

bearing minerals of these contaminants. Then, a SEM‐EDS analyze allowed us to confirm the approximate 

stoichiometry of the mineral and/or to recognize the minerals not identifiable only by the physical and 

optical properties under optical microscopy. As the mineralogical state of a given element determines its 

geochemical behavior during dissolution and further transport, it is of importance to know the elemental 

speciation to assess the contaminating potential (or recovery potential). Table 2 presents the bearing minerals of 

the elements of interest for all the ores, classified in a decreasing order of elemental concentrations. The LaRonde 

sample presents a complex mix of sulfide minerals, incorporating varied metals (Cu, Zn, Pb, Bi, Sn, Ag, Cd, 

Au, Tl, In) and metalloids (As, Sb, Te). The Pirquitas sample presents a very complex mix of sulfides and 

sulfosalts. The sulfosalts of Pirquitas (Aramayoite, Freibergite, Matildite, Owyheeite, Pyrargyrite (see Table 2 

for formulae) contain Ag, Cu, Sb, As, Bi, Pb, and Co. The Raglan sample shows lower concentrations (Zn < 

88 ppm; As, Se < 20 ppm; Sb, Bi, Te, Ag, Cd < 10 ppm; and Pt, Hg, Au < 1 ppm). Therefore, it was more 

difficult to identify the bearing minerals and to detect the elements in the minerals in a relatively short 

time, since the mineral phase detection limit depends on the number of observed grains and the elemental 

detection limit depends on photon counting time. Only pentlandite, pyrrhotite, chalcopyrite, chromite, and 

sperrylite were observed and analyzed. The principal assemblage in the sample consists of pyrrhotite and 

pentlandite, with pentlandite in “flames” (Figure 3). 

  

Figure 3. (a) Flames of pentlandite in a pyrrhotite grain, Raglan sample; (b) Zoom on the flames of 

pentlandite (Pn) in pyrrhotite (Po). 

Po 

Pn 

a b 

Figure 3. (a) Flames of pentlandite in a pyrrhotite grain, Raglan sample; (b) Zoom on the flames of
pentlandite (Pn) in pyrrhotite (Po).



Minerals 2019, 9, 397 9 of 31

Table 2. Observed bearing minerals of the elements of interest for the ten ores. S, 16.2%; Fe, 15.5%.
* Products; ** By-products.

LaRonde

Elements Grade (ppm) Observed Bearing Minerals Formula

Cu ** 3039

Chalcopyrite CuFeS2
Stannite Cu2FeSnS4

Ferrokesterite Cu2(Fe,Zn)SnS4

Freibergite (Ag,Cu,Fe)12
(Sb,As)4S13

Tetrahedrite (Cu,Fe)12Sb4S13

Zn ** 946
Sphalerite (Zn,Fe)S

Ferrokesterite Cu2(Fe,Zn)SnS4

Pb 219 Galena PbS

Bi 169
Bismuth Bi

Kawazulite Bi2(Te,Se,S)3

As 143
Arsenopyrite FeAsS

Freibergite (Ag,Cu,Fe)12
(Sb,As)4S13

Sn 22
Stannite Cu2FeSnS4

Ferrokesterite Cu2(Fe,Zn)SnS4

Ag * 14
Electrum (Ag,Au)

Freibergite (Ag,Cu,Fe)12
(Sb,As)4S13

Chalcopyrite CuFeS2

Te 14
Benleonardite Ag8(Sb,As)Te2S3

Kawazulite Bi2(Te,Se,S)3

Sb 5
Freibergite (Ag,Cu,Fe)12 (Sb,As)4S13

Tetrahedrite (Cu,Fe)12Sb4S13
Benleonardite Ag8(Sb,As)Te2S3

Cd 3.5 Sphalerite (Zn,Fe)S

Au * 2.5 Electrum (Ag,Au)

Tl 2.4

In 1 Sphalerite (Zn,Fe)S

Pirquitas

Elements Grade (ppm) Observed Bearing Minerals Formula

Zn 8380
Sphalerite (Zn,Fe)S

Freibergite (Ag,Cu,Fe)12(Sb,As)4S13

Sn 2280
Cassiterite SnO2
Kesterite Cu2(Zn,Fe)SnS4

Solid solution
hocartite-pirquitasite Ag2(Fe,Zn)SnS4

As 1160
Arsenopyrite FeAsS

Pyrite (Fe,As)S

Freibergite (Ag,Cu,Fe)12(Sb,As)4S13

Sr 460

Ba 360

Cu 307 Freibergite (Ag,Cu,Fe)12(Sb,As)4S13
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Table 2. Cont.

Pirquitas

Elements Grade (ppm) Observed Bearing Minerals Formula

Ag * 141

Galena (Pb,Ag)S
Aramayoite Ag3Sb2(Sb,Bi)S6
Acanthite Ag2S
Matildite AgBiS2

Pyrargyrite Ag3SbS3
Freibergite (Ag,Cu,Fe)12(Sb,As)4S13
Owyheeite Pb7Ag2(Sb,Bi)8S20

Pb 134
Owyheeite Pb7Ag2(Sb,Bi)8S20

Galena (Pb,Ag)S

Bi 123

Galena (Pb,Ag)S
Aramayoite Ag3Sb2(Sb,Bi)S6
Owyheeite Pb7Ag2(Sb,Bi)8S20
Matildite AgBiS2

Sb 54.8

Freibergite (Ag,Cu,Fe)12(Sb,As)4S13
Aramayoite Ag3Sb2(Sb,Bi)S6
Pyrargyrite Ag3SbS3
Owyheeite Pb7Ag2(Sb,Bi)8S20

Cd 40
Sphalerite (Zn,Fe)S

Kesterite Cu2(Zn,Fe)SnS4

In ** 30.2
Sphalerite (Zn,Fe)S

Cassiterite SnO2

Se 25.4

Tl 11

Te 1.88

Hg 0.07

Au 0.04

Raglan

Elements Grade (ppm) Observed Bearing Minerals Formula

Ni * 24,460 Pentlandite (Fe,Ni)9S8
Pyrrhotite Fe0.86S

Cu ** 6033 Chalcopyrite CuFeS2

Cr 2300 Chromite Fe2+Cr2O4

Co 548 Pentlandite (Fe,Ni)9S8

Zn 88

As 16

Se 14.2

Sb 7.8

Bi 4.9

Te 4

Ag 2

Cd 1.55

Pt ** 0.69 Sperrylite PtAs2

Hg 0.09

Au 0.06
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Table 2. Cont.

Canadian Malartic

Elements Grade (ppm) Observed Bearing Minerals Formula

Ba 700 Barite BaSO4

Sr 570 Barite BaSO4

Cu 122 Chalcopyrite CuFeS2

Pb 25 Galena PbS

Sb 23

As 17

Mo 5.3

Bi 5.1

Se 1.6

Au 0.56 Free grains Au

Goldex

Elements Grade (ppm) Observed Bearing Minerals Formula

Sr 460
Sb 446

Ni 126 Crusher pieces

Cu 79 Chalcopyrite CuFeS2

As 36 Arsenopyrite FeAsS

Bi 10.4

Mo 2.6

Au 2.1

Hg 0.51

Lapa

Elements Grade (ppm) Observed Bearing Minerals Formula

As 1865
Arsenopyrite FeAsS
Ullmannite Ni(Sb,As)S

Gersdorffite-Fe (Ni,Fe,Co)AsS

Ni 623.1
Pentlandite (Fe,Ni)9S8
Pyrrhotite Fe0.93S

Sb 140.7
Ullmannite Ni(Sb,As)S
Berthierite FeSb2S4

Se 139

Zn 115 Sphalerite (Zn,Fe)S

Co 52 Gersdorffite (Ni,Fe,Co)AsS
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Table 2. Cont.

Pinos Altos

Elements Grade (ppm) Observed Bearing Minerals Formula

Ba 730
Barite BaSO4

Coronadite Pb(Mn4+,Mn2+)8O16

Zn 197 Sphalerite (Zn,Fe)S

Li 90

Ni 89 Argentopentlandite Ag(Fe,Ni)8S8

Ag 88

Lenaite AgFeS2
Argentopyrite AgFe2S3

Argentojarosite AgFe3+(SO4)2(OH)6
Free grains Ag

Pb 66 Coronadite Pb(Mn4+,Mn2+)8O16

As 44 Pyrite (Fe,As)S2

Au 3.2 Free grains Au

Bi 2.8

Mo 1.7

Tl 1.4

Cd 1

Hg 0.82

Se 0.43 Lenaite AgFeS2

Pt 0.03

Kittilä

Elements Grade (ppm) Observed Bearing Minerals Formula

As 12,200
Arsenopyrite FeAsS

Pyrite (Fe,As)S2
Gersdorffite (Ni,Co)AsS

Mn 2400 Clinochlore

Zn 197 Sphalerite (Zn,Fe)S

Cu 104
Chalcopyrite CuFeS2
Tetrahedrite (Cu,Fe)12Sb4S13

Sb 77
Ullmannite NiSbS
Tetrahedrite (Cu,Fe)12Sb4S13

Au 6.63
Free grains Au

Arsenopyrite FeAsS

Se 1.3

Tl 1

Hg 0.4

Cd 0.75
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Table 2. Cont.

Meliadine

Elements Grade (ppm) Observed Bearing Minerals Formula

As 13,600 Arsenopyrite FeAsS
Pyrite (Fe,As)S2

Ba 450 Barite BaSO4

Zn 213 Sphalerite (Zn,Fe)S

Pb 101 Galena PbS

Cu 92 Chalcopyrite CuFeS2

Sb 17

Mo 8

Bi 5

Au 4.0
Arsenopyrite FeAsS
Free grains Au
Electrum (Ag,Au)

Ag 1
Galena PbS

Electrum (Ag,Au)

Cd 0.77 Chalcopyrite CuFeS2

Se 0.33

Pt 0.02

Westwood

Elements Grade (ppm) Observed Bearing Minerals Formula

Zn 3244 Sphalerite (Zn,Fe)S

Ba 810 Barite BaSO4

Cu 245
Chalcopyrite CuFeS2

Cubanite CuFe2S3

Pb 186
Altaite PbTe

Plumbotellurite PbTe4+O3
Kochkarite PbBi4Te7

Sb 57

As 42 Arsenopyrite FeAsS

Bi 10 Kochkarite PbBi4Te7

Cd 7.6 Sphalerite (Zn,Fe)S

Se 3.6

Au 3.6
Free grains Au

Lenaite AgFeS2

Ag 3
Argentopyrite AgFe2S3

Lenaite AgFeS2

Mo 1.7

In 0.5

Hg 0.02

As a general remark, it was difficult to detect the bearing minerals of elements present in too small
concentrations, except when the element is coupled with another major element present in higher
concentrations (e.g., Cd in sphalerite as Zn is sought and Cd is suspected to be included in sphalerite).



Minerals 2019, 9, 397 14 of 31

For some major elements not identified and suspected in minor minerals, longer SEM work would be
necessary with the applications of the X-ray mapping on polished sections.

EPMA Results

EPMA results are presented in Appendix A Table A4. The major sulfides known for bearing the
elements of interest only were analyzed by EPMA, as this mineralogical technique is less available and
more time-consuming than others are. The methodology has to stay simple and affordable. However,
EPMA is very useful to find the exact concentration of trace elements in a known mineral and the exact
stoichiometry of a rarer mineral (like a sulfosalt). In this study, the major sulfides (cited later) are the
main bearing minerals of the main contaminants (As, Cd, Co, Cu, Mn, Zn) except for sulfosalts and for
certain valuable elements (Ag, In). So, grains of pyrite, pyrrhotite, arsenopyrite, chalcopyrite, sphalerite,
galena, and pentlandite were analyzed. The pyrite grains were arseniferous in the Pirquitas and Kittilä
samples. The pyrite of Pirquitas also contains Ag and Tl. The pyrrhotite grains were nickeliferous in
the Raglan and Meliadine samples. No cobalt was found in the pyrrhotite grains. For arsenopyrite,
according to the percentage of arsenic, it is possible to estimate the amount of gold possibly present in
the grains [41]. According to the atomic percentage of arsenic in Kittilä (30.9) and Meliadine (31.1), no
more than 4000 ppm in weight of gold could be found in these arsenopyrite grains. The detection limit
was of 1300 ppm and no gold was detected. The chalcopyrite grains of Meliadine contain Cd, but no
other trace element in chalcopyrite were found in any sample. All the grains of sphalerite analyzed
were iron sphalerite and contain Cd: 1.16 ± 0.09 wt. % in the LaRonde sample, 0.37 ± 0.21 wt. % in the
Pirquitas sample, and 1.00 ± 0.12 wt. % in the Westwood sample. Tl was also found in sphalerite in no
negligible amount: 0.1 ± 0.09 wt. % in LaRonde and 0.33 ± 0.22 wt. % in Pirquitas. The LaRonde and
Pirquitas grains of sphalerite contain In, 0.45 ± 0.10 wt. % and 0.25 ± 0.18 wt. % respectively. Galena
was only detected in the Meliadine sample. Galena exhibits a composition close to the theoretical
stoichiometry, but contains Fe (1.37 ± 0.20 wt. %) and Ag (0.09 ± 0.04 wt. %). These elements
have already been found in traces in galena [42,43]. Finally, the pentlandite of Raglan contains Co,
0.75 ± 0.08 wt. %.

3.3. Chemical and Mineralogical Data Reconciliation

The quantification of the major gangue minerals and of the bearing minerals of major and minor
elements was determined thanks to the combination of XRD analysis and data reconciliation with
the chemical analyses [44,45]. The trace elements are not considered in the reconciliation, as their
amount in not significant enough to be quantified. Thus, the bearing minerals of precious metals are
not quantified, as well as the bearing minerals of sparse elements. Twenty-six elements were used for
the data reconciliation: Al, As, Ba, Bi, C, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, S, Sb, Si, Ti,
Zn, and Sn. Se and Sr were not used as their bearing minerals and were not identified, likely because
of their presence in very few grains. The EPMA results were used for a better quantification of the
sulfides. The results are presented in Table 3. The main concern with the reconciliation between the
chemical and mineralogical data was about the Al content. For example, for the Raglan sample, the
chemistry calculated by the mineralogical composition and the whole rock result are not corresponding.
Moreover, senaite and chromite were not taken into consideration for the Raglan sample. Another issue
is with the pyrite and pyrrhotite quantification, as well as the hematite and magnetite quantification,
where linear systems of N equations with N unknowns should be solved, and several solutions can be
found. The content of pyrite, pyrrhotite, hematite, or even magnetite can then be misestimated. These
issues can be resolved by analyzing the polished sections under optical microscopy [46].
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Table 3. Quantitative mineralogical composition determined by chemical/mineralogical reconciliation.

Polymetallic Ores

Dana Class LaRonde Pirquitas Raglan

Group Minerals (wt. %) (wt. %) (wt. %)

Sulfides

Arsenopyrite 0.03 0.08
Chalcopyrite 0.89 1.72

Galena 0.03
Pentlandite 6.86

Pyrite 26.82 9.66
Pyrrhotite 3.99 18.34
Sphalerite 0.16 1.08
Stannite 0.10

Plagioclases Albite
Labradorite 2.19

Chlorites
Chamosite 0.93
Clinochlore 0.90 10.40

Sulfates
Anhydrite 0.32

Barite 0.06

Micas
Biotite 0.48

Muscovite 7.55 18.22
Paragonite 7.5

Oxides

Cassiterite 0.25
Hematite
Magnetite 5.29

Quartz 46.27 49.75
Rutile 0.52 0.58

Ilmenite

Serpentine Antigorite 16.77
Lizardite 40.62

Kaolinite
Dickite 15.51

Kaolinite 2.4

Phosphates Apatite 0.25

Zeolite Gobbinsite 3.51

TOTAL 100.01 100.02 100.00

Gold Ores

Dana class Canadian
Malartic Goldex Kittilä Lapa Meliadine Pinos

Altos Westwood

Group Minerals (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)

Sulfides

Arsenopyrite 2.45 0.25 3.12
Chalcopyrite 0.04 0.03 0.03 0.07

Galena 0.01 0.02
Pentlandite 0.06

Pyrite 1.71 1.41 4.46 0.10 0.84 0.02 10.03
Pyrrhotite 2.83 0.86 1.00
Sphalerite 0.03 0.02 0.04 0.03 0.57

Ullmannite 0.01 0.02

Sulfosalt Gersdorffite 0.10

Plagioclases Albite 42.25 39.34 14.65 16.38 1.66 12.82
Labradorite 0.00

Chlorites
Chamosite 7.85 6.73 6.19 10.47 3.97
Clinochlore 0.00 7.64 2.34

Carbonates

Ankerite 1.08 9.14 13.83 1.20
Calcite 3.24 9.22 0.00 5.14 0.23 2.30

Dolomite 1.34 14.35
Siderite 0.10 7.31
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Table 3. Cont.

Gold Ores

Dana class Canadian
Malartic Goldex Kittilä Lapa Meliadine Pinos

Altos Westwood

Group Minerals (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)

Sulfates Barite 0.12 0.12 0.14

Epidote Epidote 4.93

Pyrophyllite Talc 26.46

Micas
Biotite 7.08 0.23 5.84 10.64

Muscovite 4.25 11.91 15.02 7.15 20.56
Siderophyllite

Oxides

Hematite 2.85 2.57
Magnetite 1.65

Quartz 22.24 20.74 26.05 16.93 36.94 66.36 43.47
Rutile 0.48 0.32 1.63 0.52 0.25 0.67

Tourmaline Dravite 16.68

Smectite Montmorillonite 5.51

Feldspaths Microcline
Orthoclase 13.19 12.53

Phosphates Apatite 0.48 0.45

Cordierite Cordierite 20.02

Sodalite Lazurite 1.22

TOTAL 99.54 100.00 100.15 100.00 99.17 99.99 100.00

3.4. Geochemical Results

The pH and electrical conductivity results from the modified weathering cells are shown in
Figure 4a,b, respectively. The pH is neutral and relatively stable for Kittilä, Meliadine, and Westwood,
varying from 7.2 to 8.5, 7.2 to 8.4, and 7.1 to 8.1, respectively. The electrical conductivity of Kittilä and
Meliadine is quite low at an average of 230 µS/cm and 240 µS/cm, respectively, whereas Westwood
presents higher electrical conductivity values with an average of 750 µS/cm and median of 470 µS/cm.
The pH of the LaRonde leachates has been found to decrease from 6.9 in the beginning, to 3.4 after a
hundred days of testing, with an average of 4.2. The electrical conductivity (median of 490 µS/cm)
decreases from 2770 µS/cm to 400 µS/cm after sixty days of testing and increases up to 600 µS/cm after
one hundred days. The pH of the Pirquitas sample is acidic and relatively stable, varying from 3.7
to 4.6, with a slight drop all along the test. Its electrical conductivity is very high for the first three
flushes (2250, 970, and 540 µS/cm) and then stabilizes (median of 440 µS/cm). This behavior is due to
the dissolution of initial oxidation products and probably to the sulfosalts at the beginning of leaching.
Sulfur concentrations are in the same order of magnitude for Kittilä and Meliadine (average of 30 mg/L)
and for Pirquitas, LaRonde, and Westwood it averages 110 mg/L, and 190 mg/L, respectively. Moreover,
Westwood presents the highest [Ca + Mg + Mn] concentrations, averaging at 230 mg/L, which is
representative of the neutralization potential [44], and mostly due to Ca concentrations. Ca is present
in calcite in the Westwood sample. Although Kittilä contains the highest Ca concentration in solid, the
leachates of the sample do not contain the highest concentrations in Ca (average of 25 mg/L) as Ca
is present as dolomite and ankerite, which are dissolved more slowly than calcite. The neutralizing
element concentrations [Ca + Mg + Mn] decreases quickly until 10 mg/L for LaRonde. Meliadine
presents concentrations decreasing from 170 mg/L to 30 mg/Lwith Ca and Mg as the major contributing
elements. Calcite, siderite and ankerite are present in the Meliadine sample. Pirquitas has the highest
Mn concentration and [Ca + Mg + Mn] concentration decreases from 190 to 2 mg/L.
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Figure 4. Geochemical results from the weathering cells: (a) pH and (b) electrical conductivity;
(c,d) concentrations (mg/L) of metals associated with sulfide oxidation in the ore samples: (c) S,
(d) Ca + Mg + Mn.

The concentrations of elements associated with metal sulfide oxidation (sulfates and metals) are
shown in Figure 5. Despite their content in the solid samples, no Bi concentrations were found in the
leachates. Pb was found in the first flush for Pirquitas, and in the leachates of LaRonde (average of
0.6 mg/L). Mo was found in the leachates of Meliadine. Hg, Sn and Tl were not analyzed. Table 4
presents the average and median leachate concentrations in mg/l and the initial content in the solid
samples. Although all the ores contain Sb in significant amount, it was only found in the leachates
with an acidic pH (LaRonde and Pirquitas).

For the other elements, the concentrations are generally higher in the first leachates, except for
elements such as Cd, Cu, Fe, or Te. Cd is relatively stable all along the test for LaRonde, Pirquitas
(average of 0.05 mg/L, 0.7 mg/L, respectively). These concentrations are above the resurgence norm
of the directive 019 of Quebec (0.0021 mg/L). In the LaRonde leachates, Cu and Fe follow the same
behavior, which could signalize galvanic interactions between the sulfides [47] and a preferential
oxidation of chalcopyrite. Although the Sb and As content are lower in Pirquitas and Kittilä than in
Meliadine, their concentrations in the leachates are higher (average of 0.26 mg/L and 0.20 mg/L for
Pirquitas and Kittilä, respectively, and average of 0.07 mg/L for Meliadine) than in the leachates of
Meliadine, because As and Sb are present as sulfosalts in Pirquitas and Kittilä.

The mineralogy of the various ores in this study has influenced the water quality results. Metals
have been leached from both acid generating and buffering reactions. However, these metals would
stay under soluble form depending on the solubility product on the compound and of the sorption
mechanisms at different pH. Table 5 presents the yield of the release of elements that are possible to
follow. Therefore, the release of Zn, Cd, Cu, Pb, Co, As, and Sb was assessed by calculating the yield
according to the following equation:

η =
El100

Ei
(1)

where η = yield in percentage, El100: cumulative values of the element E after a hundred days of testing,
Ei: initial amount of the element E in the weathering cell.
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Figure 5. Geochemical results from the weathering cells: concentrations (mg/L) of metals associated with 

sulfide oxidation in the ore samples; (a) As, (b) Cd, (c) Cu, (d) Fe, (e) Mn, (f) Ni, (g) Sb, (h) Sr, (i) Te, and (j) Zn. 
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Table 4. Initial content and metal concentrations in the leachates of geochemical testing in the Kittilä, Meliadine, Westwood, LaRonde and Pirquitas ore samples.

Kittilä Average pH = 8.0 Meliadine Average pH = 8.1 Westwood Average pH = 7.7

Element
Solid

content (in
ppm)

Leachates
Average

Content (in
mg/L)

Leachates
Median

Content (in
mg/L)

Resurgence
Criterion

(mg/L)

Solid
Content (in

ppm)

Leachates
Average

Content (in
mg/L)

Leachates
Median

Content (in
mg/L)

Solid
Content (in

ppm)

Leachates
Average

Content (in
mg/L)

Leachates
Median

Content (in
mg/L)

S 39,600 31.2 12.1 16,600 32.8 15.3 56,600 186 104
As 12,200 0.2 0.2 0.34 13,600 0.07 0.07 42 0 0
Cd 0.75 0 0 0.0021 0.77 0 0 7.6 0 0
Cu 104 0.003 0.003 0.0073 92 0.01 0.01 245 0.03 0.01
Fe 96,700 0.02 0.02 97,800 0.01 0.01 70,600 0.02 0.02

Mn 2430 0.03 0.03 320 0.02 0.01 660 0.45 0.42
Ni 32 0.01 0.01 0.26 0 0 0 0 0 0
Sb 77 0 0 0.088 17 0 0 57 0 0
Sr 120 0.06 0.04 260 0.14 0.12 110 0.42 0.28
Te NA 0.003 0.001 NA 0.002 0 NA 0.002 0.001
Zn 153 0.01 0.01 0.067 213 0.012 0.011 3244 0.21 0.13

LaRonde Average pH = 4.2 Pirquitas Average pH = 4.2

Element Solid Content (in ppm)

Leachates
Average

Content (in
mg/L)

Leachates
Median

Content (in
mg/L)

Resurgence
Criterion
(in mg/L)

Solid
Content (in

ppm)

Leachates Average Content
(in mg/L)

Leachates Median Content
(in mg/L)

S 162,000 189 88 55,000 114 85.5
As 143 0 0 0.34 1160 0.26 0.24
Cd 3.5 0.05 0.04 0.0021 40 0.73 0.73
Cu 3039 5.09 5.67 0.0073 307 0.92 1.07
Fe 155,000 18.35 11.07 47,400 18.04 10.6

Mn 401 1.25 0.62 32 1.62 0.24
Ni 40 0.12 0.11 0.26 0 0.47 0.4
Sb 5 0.02 0.02 0.088 55 0.1 0.07
Sr 110 0.26 0.1 460 0.05 0.01
Te 14 0.004 0.002 1.9 0.002 0
Zn 946 10.85 9.88 0.067 8380 97.3 86.7

NA = Non-Applicable.
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Table 5. Geochemical parameters of the LaRonde, Kittilä, Pirquitas, Meliadine, and Westwood samples, and pure samples of sphalerite, chalcopyrite, galena,
and arsenopyrite.

Yields after 100 Days of Testing

Ore LaRonde Kittilä Pirquitas Meliadine Westwood

Elements Pure mineral pH100 3.4 8.2 3.7 8.3 8

SO4
2− - η pure mineral 1.5% 1.0% 2.4% 2.8% 5.8%

Zn Sphalerite 1.0% 20.6% 0.08% 14.1% 0.09% 0.12%

Cd Sphalerite 0.17% 25.4% 2.4% 22% - -

Cu Chalcopyrite 3.5% 3.4% - 3.7% 0.1% 0.03%

Pb Galena 0.27% 5% - - - -

Co - - 3.3% - - - -

As Arsenopyrite 7.4% - 0.02% 0.28% 0.01% -

Sb - - 7.5% - 2.1% - -

Reactivity Rates, from 40 to 100 Days

Ore LaRonde Kittilä Pirquitas Meliadine Westwood

Elements Pure mineral r pure mineral

SO4
2− - 8.30 × 10−5 3.54 × 10−5 2.09 × 10−4 9.49 × 10−5 1.85 × 10−4

Zn Sphalerite 8.73 × 10−5 1.87 × 10−3 8.71 × 10−6 9.20 × 10−4 7.57 × 10−6 5.80 × 10−6

Cd Sphalerite 2.16 × 10−5 2.48 × 10−3 5.22 × 10−4 1.46 × 10−3 - -

Cu Chalcopyrite 4.21 × 10−5 4.00 × 10−4 - 6.01 × 10−4 2.23 × 10−6 -

Pb Galena 3.28 × 10−5 4.82 × 10−4 - - -

Co - - 2.23 × 10−4 - 5.65 × 10−4 - 1.78 × 10−5

As Arsenopyrite 5.77 × 10−4 - 2.37 × 10−4 2.35 × 10−5 8.44 × 10−7 -

Sb - - 5.32 × 10−4 - 1.02 × 10−4 - -
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The yield was calculated for the elements in the five ores and in the weathering cells of pure
materials [12], to compare the reactivity of these minerals according to their associations and their
occurrence in a material. Similarly, the reactivity rates of the same elements were calculated on the
stabilized portion of the geochemical tests, which means from forty to one hundred days, normalized
by the initial amount in the sample (Table 5). As expected, the release of elements is strongly correlated
with the pH of the solution. For instance, the yield of sphalerite for Zn and Cd is twenty times higher
in LaRonde and Pirquitas than in the pure sphalerite sample. That can be explained in part with the
pH as it is of 6.3 for the leachates of pure sphalerite. However, arsenopyrite has a different behavior in
ores than it does in pure samples. Despite the content in the initial solid, the LaRonde sample does not
release arsenic. This may be due to the liberation parameters of the arsenopyrite grains. In contrast,
Kittilä (As-pyrite and gersdorffite) and Pirquitas (As-pyrite and freibergite) release arsenic since the
bearing minerals differ, and the grains are accessible for the reaction. The yields for chalcopyrite
dissolution are the same for the pure mineral geochemical test than in the LaRonde and Pirquitas tests.

The reactivity rate is ten times higher in LaRonde and Pirquitas than in the pure chalcopyrite
sample. That may be due to galvanic interactions occurring in the ore samples [47]. For sphalerite, it is
less evident as the pH plays a great role in the reaction mechanisms.

3.5. Acid Mine Drainage Estimation

After determining the precise mineralogy of the ores, the quality of the drainage generated
by the wastes can be assessed. The differences in mineral textures and rock competency bring
complications, as do microbial activity and the different oxidation rates of the sulfide minerals
according to their trace-element content. Approximations are unavoidable [48]. Moreover, static tests
are used in this study, as they are a first screening to determine which sample and which part of the
deposit will need careful geochemical testing and further mineralogical characterization (liberation
degree and mineralogical associations). Appendix A Table A5 exposes the different estimations of the
acid-generation potential (AP) and the neutralization potential (NP) according to different mineralogical
methods: Sobek, Schuller [49], Paktunc [25], Bouzahzah, Benzaazoua [44] and unpublished work from
the authors for the AP calculation and Lawrence and Scheske [50], Paktunc [51], Plante, Bussière [52]
and the standard carbonate NP (CNP) and corrected CNP (CCNP) methods [53] for the NP calculations.
These static tests, their characteristics, their advantages and disadvantages are fully explained in
Plante, Bussière [52] and in Bouzahzah, Benzaazoua [44]. In the case of the polymetallic ores, the
minerals of economic interest are, in a first approximation, considered to be 95% recovered in the
plant. Therefore, the contribution of chalcopyrite, sphalerite, and galena has been removed from
the calculations in the AP determination for the LaRonde sample, the contribution of sphalerite and
stannite for the Pirquitas sample, and of pentlandite and chalcopyrite for the Raglan sample. This
estimation can change according to the ore processing method and its particular extraction yields.
The net neutralization potential (NNP) and the ratio AP/NP were calculated with all possibilities of
AP and NP results according to the various methods, by the matrix. Two combinations were used to
calculate NNP and AP/NP: the AP and NP calculations by the Paktunc [51] methods, and the AP by
Chopard, Benzaazoua [54] with the NP by Plante, Bussière [52]. The classification used here is from
Ferguson and Morin [55] for the NNP value and from Price, Morin [56] for the NP/AP ratio value. If
the NNP is below −20 kg CaCO3/t, the material is considered acid generating; if the NNP is comprised
between −20 and +20 kg CaCO3/t, the material is classified uncertain, and if the NNP is above 20 kg
CaCO3/t, therefore, the material is not considered acid generating. If NP/AP < 1, the wastes will be
acid generating; if 1 < NP/AP > 2, the wastes are likely to be acid generating. If 2 < NP/AP < 4, the
wastes are not likely to be acid generating. Finally, if NP/AP > 4, the wastes are considered as not acid
generating. Bouzahzah, Benzaazoua [44] recommends the use of the NNP as a classification’s criterion,
whereas Sherlock, Lawence [57] recommend the use of the NP/AP ratio. Figure 6 shows the results for
the NNP calculation with the methods of Plante, Bussière [52] and Chopard, Benzaazoua [54].
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Figure 6. Net neutralization potential values for the ten ore samples calculated from the neutralization
potential (NP) by Plante [52] and from the acid-generation potential (AP) by Chopard et al. [54].

Despite the possible removal of certain minerals by flotation, all polymetallic samples studied
will generate acid-generating wastes. Therefore, contaminants will also be released. This is confirmed
by the geochemical tests on the LaRonde and Pirquitas samples, as their pH is acidic (average of 4.2)
and by the elemental concentrations found in the leachates. For gold ores, it was evaluated that all
sulfides would go into the waste materials. Westwood, Kittilä and Meliadine would be acid generating,
however the kinetic test results are in contradiction with this estimation. On the first hundred days of
testing, as the pH of the leachates is comprised between 7.0 and 8.2 for these samples. This contradiction
may be explained by the texture of the ores and by the short testing time. The lag time for acid
generation is indeed an important consideration in acid rock drainage (ARD) prevention and the early
results of geochemical testing may not be representative of long-term behavior [58]. Conversely, the
SEM observations have shown partially or totally liberated sulfides. Thus, the oxidation-neutralization
curve [59,60] was plotted to compare the cumulative extracted amounts of the main sulfide oxidation
products (sulfates) and the main acid neutralization products (calcium, magnesium, and manganese)
(Figure 7) to attempt to explain predictable results. The acid-generating potential can be assessed by
extrapolating the oxidation-neutralization curve on a longer period and by projecting the initial sulfur
and Ca + Mg + Mn initial contents of the sample.

For Kittilä, the initial composed projection is over the oxidation-neutralization curve, which
means that the sample contains neutralizing minerals in sufficient amount to neutralize the acidity
generated by sulfide oxidation. In this case, the material should not be acid generating in the long-term.
This statement should be established by taking into account the ore’s texture and other mineralogical
parameters than modal mineralogy. Contrariwise, for Meliadine and Westwood, the initial composition
projections are under the oxidation-neutralization curve. The samples would be acid generating in
the long term, and thus the results of the static test would be relevant and the initial geochemical
behavior of the two samples would not reflect the whole behavior in the long run. Lapa would be acid
generating too, but according to the methods of Paktunc [25,51], it would be classified as uncertain.
Canadian Malartic and Pinos Altos will be uncertain. Only the Goldex wastes will be classified as not
acid generating.
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Figure 7. Extrapolation of the oxidation‐neutralization curves and projection of the samples initial compositions 

for (a) Kittilä, (b) Meliadine, and (c) Westwood. A: acid‐generating samples; N: neutralizing samples. 
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Figure 7. Extrapolation of the oxidation-neutralization curves and projection of the samples initial
compositions for (a) Kittilä, (b) Meliadine, and (c) Westwood. A: acid-generating samples; N:
neutralizing samples.

4. Conclusions and Perspectives

Ten samples were submitted to a detailed mineralogical characterization to identify the possible
issues of their future exploitation, for environmental and ore processing considerations. This work
allowed to determine the specification of valuable elements (Ag, Au, Li, In, Pd, Pt) and potential
contaminants (As, Ba, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Se, Sn, Sr, Te, Tl, and Zn). Regarding
the methodology itself, firstly, it is important to be confident in the assay, using the appropriate
chemical methods. Then, the reconciliation of mineralogical data (XRD, optical microscopy, SEM-EDS,
and EPMA) and the assay is necessary to obtain a reliable quantitative mineralogy (as XRD is only
a semi-quantification technique) and improve the estimation of the acid-generation potential. The
mineralogical difficulties occurred when the concentrations of an element were too low to detect its
bearing mineral. The geochemical interpretation difficulties were causes by the changing pH of the
leachates. The possible contaminants will be found in the leachates only if they are soluble under the
pH conditions of the water. It was difficult to consider this parameter here, as three of the five ore tests
have presented a neutral pH at the beginning of the geochemical test but have not presented high levels
of concentrations of the possible contaminants identified by the mineralogical characterization. The pH
effects on the geochemical and environmental behavior of samples (like the release of contaminants)
will be investigated in a later study.

The strength of this study is due to the availability and relatively cost-effectiveness of the
main mineralogical techniques used to identify the elements and the minerals (optical and electron
microscopy), and the possibility to choose if EPMA will be necessary to bring benefit for upcoming
decisions. The cost of the methodology is very low compared with the time and costs saved by the
mineralogical information obtained on the ores. This knowledge will enable a complete planning
and integrated waste management strategy at the stage of exploration. Regarding the identification
of secondary valuable elements, a detailed mineralogical characterization would also allow junior
companies to minimize the risks associated with a deposit and then to increase the economic value of a
potential site after its sale.

The goal of this study was to propose a simple and low-cost methodology based on a mineralogical
characterization. However, other work could be done at the stage of exploration to still better estimate
the environmental and mineral processing challenges, particularly, automated mineralogy could
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be done in addition to this methodology to bring supplementary information. Samples must be
carefully chosen, as automated mineralogy is largely more expensive. The information on particle size,
distribution, liberation and minerals association should be integrated in the methodology to assess for
instance the availability of the minerals for reactions or the elements to be leached (or recovered). More
work could be done on thermochemical equilibrium calculations with PhreeqC to perform mineral
speciation and saturation index calculations to determine the major sources of ionic elements in water.
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Appendix A

Table A1. Initial sample description and final D80 desired.

Mine’s Name Sample Mine’s Lab
Preparation

Initial
Mass (g)

Initial Particle
Size

Final Target
D80 (µm)

LaRonde Blasted ore No 2150 D80 ≈ 80 mm 68
Pirquitas JIG feed ore Unknown 900 <10 mm 48
Raglan Blasted ore No 39,000 D80 ≈ 80 mm 79

C. Malartic Stockpile No 12,000 D80 ≈ 100 mm 64
Goldex Jaw crusher sample Crushed, split 1630 D80 ≈ 7.1 mm 66
Kittilä GTK composite Crushed, split 2650 <1 mm 85
Lapa Composite Crushed, split 1000 <2 mm 80

Meliadine Tiriganiaq open pit
Composite Crushed, split 1000 <2 mm 63

Pinos Altos Santo Niño
Composite Crushed, split 4300 <2 mm 74

Westwood Stockpile No 35,000 D80 ≈ 100 mm 64

Table A2. Precious elements in the ores’ samples. The values above ten times the Clarke value are
in gray.

Precious Metals (ppb)

Ag Au In Li Pd Pt

Clarke value 70 1.1 50 60,000 15 1
LaRonde 14,000 2534 1000 20,000
Pirquitas 141,000 42 30,200 60,000
Raglan 2000 60 1627 694

C. Malartic 560 20,000
Goldex 2097
Kittilä 6628 20,000
Lapa

Meliadine 1000 4018 20,000 22
Pinos Altos 88,000 3207 90,000 30
Westwood 3000 3582 500 20,000
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Table A3. Major, minor and trace elements of the ores’ sample. For minor and trace elements, and for Cr, Mn, and S, the values above the Directive 019 values are in
light gray, the values above ten times the Clarke values or above both the defined thresholds are in dark gray; ND: No determined.

Minor and Trace Elements (ppm)

As Ba Bi Cd Co Cu Hg Mo Ni Pb Sb Se Sn Sr Te Tl Zn

Clarke value 5 250 0.2 0.15 25 70 0.007 1.5 80 16 0.2 0.05 2.2 375 0.005 0.45 75
Directive 019 5 200 ND 0.9 20 50 0.1 6 50 40 ND 3 5 ND ND ND 120

LaRonde 143 150 168.8 3.47 11 3039 0.04 0.7 39 219 5.0 <0.0004 ND 110 14 2.4 946
Pirquitas 1160 360 122.5 40.0 10 307 0.07 1.1 <0.0007 134 54.8 1.88 2280 460 2.0 11 8380
Raglan 16 20 4.9 1.55 548 6033 0.09 0.6 24460 13 7.8 14.2 ND 20 4 <0.5 88

C. Malartic 17 700 5.1 0.09 16 122 <0.01 5.3 20 25 22.7 1.56 ND 570 <2 <0.5 65
Goldex 36 250 10.4 0.08 14 79 0.51 2.6 126 7 445.9 0.05 ND 460 <2 <0.5 54
Kittilä 12,200 220 1.9 0.75 25 104 0.40 1.5 32 15 76.9 1.25 ND 120 <2 1 153
Lapa 1865 250 <0.1 0.48 52 65 <0.01 1.2 623 13 141 <0.0004 1.3 <10 <2 <0.5 114

Meliadine 13,600 450 5.0 0.77 15 92 <0.01 8.0 <0.0007 101 16.8 0.33 ND 260 <2 <0.5 213
Pinos Altos 44 730 2.8 1.00 6 67 0.82 1.7 <0.0007 89 65.9 0.43 ND 100 <2 1.4 197
Westwood 42 810 10.1 7.62 18 245 0.02 1.7 <0.0007 186 57.4 3.55 ND 110 <2 <0.5 3244

Major Elements (wt. %)

Al Ca Cr Fe K Mg Mn Na Si Ti S

Clarke value 0.08 3.6–4.1 0.01–0.02 4.1–5 2.1–2.5 2.1–2.3 0.04–0.16 2.4–2.8 0.45 0.03–0.05
Directive 019 ND ND 0.0085 ND ND ND 0.1 ND ND ND ND

LaRonde 5.79 0.30 0.0069 15.5 0.78 0.12 0.04 0.53 26.17 0.31 16.2
Pirquitas 7.46 0.16 0.0079 4.74 2.00 0.14 0.00 0.26 32.81 0.35 5.50
Raglan 1.20 0.25 0.2294 21.7 0.39 17.49 0.07 0.01 13.15 0.05 10.1

C. Malartic 7.79 1.91 0.0169 3.67 2.49 1.62 0.04 3.51 26.31 0.29 0.94
Goldex 8.22 3.55 0.0099 2.91 0.44 1.72 0.03 3.67 26.22 0.19 0.75
Kittilä 5.88 5.19 0.0155 9.67 1.69 3.39 0.24 1.22 21.24 0.98 3.91
Lapa 4.80 3.97 0.1008 6.35 0.96 9.33 0.10 0.90 24.01 0.31 0.45

Meliadine 5.66 2.42 0.0079 9.78 1.47 1.21 0.03 1.36 26.69 0.19 1.66
Pinos Altos 3.80 0.25 0.0074 2.07 2.46 0.36 0.07 0.36 38.51 0.15 0.11
Westwood 7.40 1.96 0.0066 7.06 2.02 1.39 0.07 1.06 28.16 0.40 5.66
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Table A4. EPMA analysis of the elements of interest in certain minerals observed.

Polymetallic Ores Gold Ores

Mineral Elt (%) DDL (ppm) LaRonde Pirquitas Raglan Canadian Malartic Goldex Kittilä Meliadine Westwood

Pyrite

S 53.53 ± 0.31 51.8 ± 3.71 53.2 ± 3.07 53.3 ± 3.07 50.4 ± 3.92 53.2 ± 3.08 54.1 ± 0.31
Fe 46.47 ± 0.44 46.9 ±1.79 46.8 ± 2.15 46.7 ± 2.14 46.3 ± 2.37 46.8 ± 2.15 45.9 ±0.44
As 650 <2000 ppm 0.83 ± 0.26 <650 ppm <650 ppm 3.26 ± 0.49 <650 ppm <2000 ppm
Au 1100 NA NA NA NA <1100 ppm NA NA
Ag 1400 NA 0.40 ± 0.25 NA NA NA NA NA
Tl 1500 NA 0.45 ± 0.27 NA NA NA NA NA
Se 650 <650 ppm NA NA <650 ppm <650 ppm NA <650 ppm

Pyrrhotite

S 40.0 ± 1.82 39.8 ± 1.81 39.3 ± 1.76
Fe 59.7 ± 1.94 60.2 ± 1.95 60.6 ± 1.92
Co 330 <330 ppm <330 ppm <330 ppm
Ni 550 0.37 ± 0.22 <550 ppm 0.10 ± 0.10

Arsenopyrite

S 21.1 ± 1.88 21.1 ± 1.89
As 43.9 ± 3.08 43.6 ± 3.08
Fe 35.0 ± 1.90 35.2 ± 1.92
Au 1300 <1300 ppm <1300 ppm

Chalcopyrite

S 35.5 ± 1.74 34.7 ± 1.64 NA
Cu 34.2 ± 1.85 34.5 ± 1.22 NA
Fe 30.2 ± 1.39 30.5 ± 1.21 NA
Ag 430 NA <430 ppm <430 ppm
As 1700 <1700 ppm NA NA
Sn 700 <700 ppm NA NA
Tl 2000 <2000 ppm NA NA
Te 1600 <1600 ppm NA NA
Cd 500 <500 ppm 0.37 ± 0.10 NA

Sphalerite

S 33.1 ± 1.57 33.6 ± 2.53 33.4 ± 1.62
Zn 60.7 ± 2.33 63.8 ± 2.13 61.2 ± 2.64
Fe 950 4.39 ± 0.43 2.06 ± 0.30 4.31 ± 0.42
Ag 680 NA 0.84 ± 0.27 NA
In 475 0.45 ± 0.10 0.25 ± 0.18 NA
Cd 550 1.16 ± 0.09 0.37 ± 0.21 1.00 ± 0.12
Mn 400 0.25 ± 0.09 NA 0.16 ± 0.09
Pb 2600 NA 0.71 ± 0.65 NA
Tl 1500 0.1 ± 0.09 0.33 ± 0.22 NA
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Table A4. Cont.

Polymetallic Ores Gold Ores

Mineral Elt (%) DDL (ppm) LaRonde Pirquitas Raglan Canadian Malartic Goldex Kittilä Meliadine Westwood

Galena

S 13.2 ± 0.32
Pb 85.4 ± 1.06
Fe 1.37 ± 0.20
Ag 430 0.09 ± 0.04

Pentlandite

S 33.8 ± 1.67
Fe 30.0 ± 1.22
Ni 35.5 ± 1.34
Co 330 0.75 ± 0.08

Table A5. Different estimations of the acid-generation potential (AP) and the neutralization potential (NP) according to different mineralogical methods; and
neutralization net potential (NNP) and NP/AP ratios.

LaRonde Pirquitas Raglan

NP (kg CaCO3/t)

Lawrence & Scheske [50] 2 2 88
CNP 0 6 8

CCNP 0 6 8
Paktunc [51] 0 0 0
Plante [52] 0 0 0

AP (kg CaCO3/t)

Sobek et al. [49] 496 160 225
Paktunc [51] 483 158 205

Bouzahzah et al. [44] 483 159 205
Chopard et al. [54] 814 159 516

NNP
Paktunc [51] −483 −158 −205

Chopard et al. [54] & Plante [52] −814 −159 −516

NP/AP Paktunc [51] 0 0 0
Chopard et al. [54] & Plante [52] 0 0 0



Minerals 2019, 9, 397 28 of 31

Table A5. Cont.

Canadian Malartic Goldex Kittilä Lapa Meliadine Pinos Altos Westwood

NP (kg CaCO3/t)

Lawrence & Scheske [50] 55 105 134 101 127 5 31
CNP 47 103 302 101 126 0 23

CCNP 47 103 302 101 63 0 23
Paktunc [51] 40 95 103 38 55 2 23
Plante [52] 40 96 109 47 55 2 23

AP (kg CaCO3/t)

Sobek et al. [49] 29 23 122 14 52 3 177
Paktunc [51] 28 23 120 13 44 1 171

Bouzahzah et al. [44] 28 23 142 15 73 0 166
Chopard et al. [54] 28 23 387 88 103 1 176

NNP
Paktunc [51] 11 72 −17 25 10 2 −148

Chopard et al. [54] & Plante [52] 12 73 −278 −41 −48 1 −153

NP/AP Paktunc [51] 1.40 4.12 0.86 2.89 1.23 3.66 0.13
Chopard et al. [54] & Plante [52] 1.41 4.16 0.28 0.53 0.54 2.48 0.13
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