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Abstract 

Magmatic fluids are an important carrier of precious and base metals in many mineralized 

systems (porphyry deposits, intrusion-related gold systems – IRGS, volcanogenic massive 

sulfides – VMS). Recognizing magmatic inputs is essential for understanding metallogenic 

processes and for developing accurate exploration models, and the importance of fluids 

exsolved from magmas remains a source of much debate for some contexts, such as IRGS 

and orogenic gold deposits. This study aims to identify magmatic fluids in the 

Chibougamau area (northeastern corner of the Neoarchean Abitibi Subprovince, Canada), 

using pyrite chemistry. This is achieved by comparing the chemistry of pyrites recovered 

from the Cu-Au magmatic-hydrothermal (porphyry) systems of the Chibougamau area to 

“background” compositions, i.e., the chemistry of pyrites from weakly mineralized rocks 

from the same area. Analyses of quantitative laser ablation inductively coupled plasma 

mass spectrometry (LA-ICP-MS) are processed in three distinct manners to better evaluate 

the trace elements controlled by silicates, oxides, sulfides, and sulfosalt inclusions and the 

trace elements that are structurally bound to pyrite. Detailed investigation of the trace 

element content of pyrite indicates that most elements are controlled by silicate inclusions, 

some reflect the composition of the host rock, others correlate with the mineralizing style, 

and only Te and Bi are discriminant of the porphyry systems of the Chibougamau area. 

Tellurium is structurally bound to pyrite or forms telluride nanoparticles in the study area, 

while the distribution of Bi is controlled by galena and chalcopyrite inclusions, and pyrite 

chemistry is interpreted using absolute Te values and Bi ratios (Bi/Pb and Bi/Cu). This 

study provides insight into the Cu-Au magmatic-hydrothermal systems of the 

Chibougamau area. It also has implications for the way pyrite chemistry can be used to 

probe for magmatic fluids in other mineralized contexts.  

 

Keywords: pyrite chemistry; Te-Bi, porphyry deposit; magmatic-hydrothermal systems; 

Abitibi Subprovince; fluid signature  



1. Introduction 

Many gold and base metal Archean mineralization are related to hydrothermal systems 

dominated by heated seawater (VMS, volcanogenic massive sulfides) or metamorphic 

fluids (orogenic gold deposits) (Galley et al., 2007; Hannington et al., 2005; Phillips and 

Powell, 2010). The influx of magmatic fluids in most of these systems is progressively 

being recognized; for example, the input of magmatic fluid may upgrade gold in VMS 

(Mercier-Langevin et al., 2011) or form early low-grade mineralization that are later 

remobilized and upgraded by orogenic gold systems (Meffre et al., 2016). Magmatic fluids 

also dominate the gold-mineralizing processes that occur late in the evolution of a 

greenstone belt, i.e., intrusion-related gold systems (IRGS), also referred to as syenite-

associated types (Robert, 2001). Other Archean magmatic-hydrothermal systems 

concentrate gold and base metals. They form during the main magmatic phase of 

greenstone belts and are designated as porphyry deposits. Examples of such systems 

include the Côté-Gold Au ±Cu deposit in Ontario (Katz et al., 2017), as well as the Lac 

Bachelor Au and the Central Camp Cu-Au deposits in Québec (Fayol and Jébrak, 2017; 

Mathieu and Racicot, 2019). 

Thus, magmatic fluids are an essential component of Archean gold and base metal deposits. 

Determining the origin of hydrothermal fluids is useful for classifying deposits, 

understanding their genesis, and vectorizing in an exploration context (Huston et al., 1995). 

For example, from an exploration point of view, an intermediate to felsic magma intrusion 

may host the mineralization, i.e., intrusion with a passive role (Robert and Poulsen, 1999). 

Intrusions may have a more active role, as metals may be leached from igneous rocks by 

an hydrothermal system, or molten magmas may exsolve metal-bearing fluids.  In the latter 

cases, intermediate to felsic intrusions are the source of metals and the chemistry of the 

intrusive rocks may be worth integrating within an exploration model. The lack of 

recognition of magmatic fluid inputs is thus detrimental to our understanding of 

metallogenic processes and their application within exploration models.  

Magmatic fluids are identified readily when the mineralized system comprises 

hydrothermal breccia, intermineral dikes (dikes that cut and are cut by the mineralization), 

and specific alteration (Na- and/or K-metasomatism), as observed in the Central Camp Cu-



Au porphyry system (Cimon, 1973; Guha et al., 1984; Pilote et al., 1996). In other systems, 

the importance of magmatic fluid influx remains debated, such as in the Malartic gold 

deposit, which is either an IRGS (Helt et al., 2014) or an orogenic gold system partially 

hosted by felsic intrusions (De Souza et al., 2016). The IRGS deposits can be recognized 

from metal assemblages (Cu, Pb, Zn, Mo, W, Te, Bi, As, F, B) (Duuring et al., 2007; 

Robert, 2001) that are not usually observed in gold-only orogenic deposits (Phillips and 

Powell, 2010). This implies that the chemistry of magmatic fluids differs from that of 

heated seawater and from metamorphic fluids that have interacted with magmatic rocks at 

an elevated fluid/rock ratio. 

This study aims to evaluate the usefulness of pyrite chemistry as a probe for assessing 

magmatic fluid influx into mineralizing systems. Pyrite is abundant in hydrothermal 

systems; it can incorporate high levels of many trace elements, and its chemistry has been 

studied intensely (Deditius et al., 2011; Large et al., 2009; Roberts, 1982). Pyrite is useful 

to metallogenists because of its abundance, its capacity to integrate metals and non-metals 

and because one of the main factors controlling metal uptake in pyrite is the chemical 

composition of the hydrothermal fluid (Deditius and Reich, 2016). There is, however, no 

simple correlation between the source of a fluid, its chemistry, and the chemistry of 

associated hydrothermal pyrite, and it is essential to take into account the properties of 

pyrite and study how pyrite incorporates metals before concluding on the chemistry of the 

hydrothermal fluid with which pyrite may have equilibrated (Chouinard et al., 2005). This 

is because the uptake of a metal may depend on the presence of another metal in the pyrite 

structure, e.g., more Au can be dissolved in As-bearing than As-barren pyrite (Kusebauch 

et al., 2019; Reich et al., 2005). This is also because pyrite records the conditions in which 

it precipitates, i.e., the physicochemical fluid parameters that include temperature, pH, 

redox, and the availability of complex-forming ligands (Deditius et al., 2014; Huston et al., 

1995; Keith et al., 2016b; Revan et al., 2014). Pyrite may also record the chemical 

modifications of the fluid induced by an increased fluid/rock ratio or phase separation 

(Keith et al., 2016b; Roman et al., 2019; Tardani et al., 2017; Wohlgemuth-Ueberwasser 

et al., 2015). Partitioning coefficients have seldom been proposed for pyrite (Kusebauch et 

al., 2019, 2018), possibly in part because equilibrium conditions are rarely attained in 

hydrothermal systems. An additional difficulty when studying pyrite from high-grade 



mineralization is that early precipitated pyrite may be destabilized and/or modified by 

subsequent fluid circulation (Fougerouse et al., 2016; Xing et al., 2019). Long-lived 

hydrothermal systems may be essential for concentrating Au, for example, and processes 

such as metamorphic upgrading, zone refining, or multi-stage events are thus likely 

frequent (Meffre et al., 2016; Wagner et al., 2007). In such conditions, it might be difficult 

to “decipher” the chemistry of pyrite 

This contribution introduces a methodology to facilitate the use of pyrite chemistry, using 

the example of the Chibougamau area, Abitibi Subprovince, Québec. The introduced 

method compares pyrite from the Cu-Au porphyry systems of the Chibougamau area to a 

“background” signal recorded by pyrite from regional weakly mineralized sedimentary and 

volcanic environments, i.e., rocks that contain up to 30% pyrite but minor amounts (ppb to 

ppm levels) of base and precious, such as Au, Ag, Cu and Zn. This study also focuses on 

pyrite located in a distal position to orebodies, ~100 m away, and on pyrite from weakly 

mineralized rocks that record a simple (single stage) hydrothermal history. 

2. Geological setting and sampling 

2.1. Regional Geology 

This study was carried out in the Chibougamau area as this region contains a variety of 

mineralizing systems, such as VMS and porphyry deposits, as well as a diversity of pyrite-

bearing lithologies including sedimentary units, felsic to mafic intrusive and extrusive 

magmatic rocks. These rocks have mostly been metamorphosed into a greenschist facies, 

as have most rocks of the Abitibi Subprovince (Faure, 2015; Jolly, 1974). 

The Chibougamau area is located in the northeastern corner of the gold-endowed 

Neoarchean Abitibi Subprovince, which is the largest continuous greenstone belt of the 

Canadian Shield (Goodwin and Ridler, 1970). Most magmatic activity (synvolcanic 

period) occurred from > 2790 to ~2710 Ma, and deformation and minor magmatic activity 

(syntectonic period) occurred from 2701 to 2690 Ma (Leclerc et al., 2017). The synvolcanic 

period consists of two main volcanic cycles that produced abundant mafic lava flows as 

well as intermediate to felsic extrusions and volcanoclastic deposits of the Roy Group 

(Picard and Piboule, 1986). The Roy Group is itself topped by clastic sedimentary rocks of 



the Opémisca Group, a ~2700 Ma Timiskaming-style basin that formed during the 

syntectonic period (David et al., 2007; Leclerc et al., 2012) (Figure 1). 

Several intrusions formed during the synvolcanic period including tonalite-trondhjemite-

granodiorite (TTG) plutons and the ~2728 Ma (Mortensen, 1993) Lac Doré Complex 

(LDC), which is a layered complex dominated by anorthosite units that is coeval with 

volcanic cycle 1 (Allard, 1976) (Figure 1). The Chibougamau pluton is a tonalite-

trondhjemite-diorite intrusion (TTD) (Mathieu and Racicot, 2019), that was mostly 

emplaced between 2718–2715 Ma (Krogh, 1982; Pilote et al., 1997) during volcanic cycle 

2. The Cummings complex formed during the same period and consists of three ultramafic 

to mafic sills intruded at the contact between the Bruneau and Blondeau formations 

(Roberge and Venture sills) and within the Blondeau Formation (Bourbeau sill, ~2717 Ma) 

(Mortensen, 1993). 

The syntectonic period, on the other hand, is dominated by sedimentary units (Opémisca 

Group), small to intermediate volume granodiorite intrusions, shoshonitic volcanism and 

large-volume sanukitoid plutons (Frarey and Krogh, 1986; Mortensen, 1993). For a more 

detailed and recent review of the stratigraphy of the Chibougamau area, the reader is 

referred to the work of Leclerc et al. (2017). 

2.2.  Sampling of Cu-Au porphyry systems 

The Chibougamau pluton is genetically related to the Cu-Au porphyry deposits (Guha et 

al., 1990; Magnan et al., 1995; Pilote, 2006; Pilote et al., 1998b, 1998a, 1995, 1994, 1993) 

of the historical mining camp (Central Camp; Figure 1), which is the main economic 

magmatic-hydrothermal system in the Chibougamau area. The Kokko, the Queylus, and 

the Bruno samples are from Central Camp and nearby porphyry systems (Table 1). 

The Kokko sample comes from the Central Camp Cu-Au porphyry deposit. The 

mineralization formed at 2715.2 ± 0.7 based on the dating of intermineral dikes (Pilote, 

2006). These deposits may correspond to the deeper portion of a porphyry system (Mathieu 

and Racicot, 2019), i.e., they may be related to magmatic fluids undiluted by sea water and 

groundwater. The Kokko sample is located 600 m west of the old Kokko Creek open pit 

and contains 10% pyrite disseminated in sericitized LDC anorthosite (Table 1). 



The Queylus sample originates from the main stripping of the Queylus project, a 

hydrothermal breccia located in an intrusive phase of the Chibougamau pluton (Figure 1). 

The sample contains 30% pyrite disseminated in a sericitized, carbonatized, and silicified 

brecciated tonalite. The timing of this mineralization is not fully resolved; it may be 

contemporaneous with the ~2715 Ma Central Camp Cu-Au porphyry system or be related 

to a late intrusive phase (2705–2701 Ma) of the Chibougamau pluton (David et al., 2011; 

McNicoll et al., 2008). 

The Bruno sample is from a site located next to the main entrance of the old Bruneau mine. 

The area was mined for Cu, Au, and Ag in the late 1960s. The mineralization consists of 

veins of chalcopyrite, pyrite, pyrrhotite, and magnetite, and it may be genetically related to 

the Central Camp system (Duquette, 1966). The Bruno sample contains 15% pyrite 

disseminated in a mafic volcanoclastic horizon (Table 1).  

2.3.  Sampling of weakly mineralized area 

In addition to Cu-Au mineralization, a variety of weakly mineralized settings has been 

sampled. The sampled mineralization corresponds to synvolcanic (seawater-derived fluids 

circulating within submarine volcanic rocks), syn-sedimentary (diagenetic pyrite), and 

syntectonic systems (metamorphic and other fluids circulating in < 2700 Ma rocks) (Table 

1). 

The SUL-Vx samples originate from volcanic rocks (volcanic cycles 1 and 2) modified by 

seawater. The sampled sulfides likely formed on the seafloor (volcanogenic system), as 

indicated by the inter-pillow sulfides and mineralized cherty horizons (exhalite) observed 

in the field. The samples come from the volcanic cycle 1, which consist of the undated, 

large-volume Obatogamau Formation—mostly basaltic to basalt-andesitic lava flows—

and the 2729–2727 Ma (Leclerc et al., 2011; Mortensen, 1993) VMS-bearing Waconichi 

Formation (Mercier-Langevin et al., 2014), a complex assemblage of differentiated 

volcanic, volcanoclastic, and sedimentary products (Figure 1). Other samples come from 

the base of volcanic cycle 2, i.e., the 2724 Ma (Davis et al., 2014) Bruneau Formation 

(mafic to intermediate lava flows). 

The SUL-V1 sample, located 100 m northeast of the Bruno sample, comes from pillow 

basalts and contains 5% inter-pillow pyrrhotite ± pyrite. The other samples are basalts that 



contain 5% thin-grained pyrite and pyrrhotite (SUL-V2), 15% coarse-grained pyrite (SUL-

V3), 3% euhedral pyrite (SUL-V4), and 25% disseminated pyrite (SUL-V5). Additional 

samples are intermediate to felsic volcanoclastic rocks having 5% pyrite ± pyrrhotite (SUL-

V7) and 30% thin- to coarse-grained disseminated pyrite (SUL-V8) (Table 1). Sample 

SUL-V6 comes from a cherty horizon (possibly exhalite) intercalated between basalt lava 

flows, and this sample contains 5% disseminated pyrrhotite. 

Other samples (SUL-Sx) originate from the volcanoclastic and sedimentary rocks of < 

2721 Ma (Leclerc et al., 2012) Blondeau Formation (assemblage of felsic extrusions, 

volcanoclastic and sedimentary products) (Figure 1). This formation contains abundant 

sulfides (commonly > 10–30 vol%) that likely formed in shallow anoxic basins (Archer, 

1983; Tait, 1987). The studied samples come from black shale having quartz-carbonate 

veins that enclose > 50% spongy and euhedral pyrite (samples SUL-S12 and SUL-S13). 

The SUL-S11 sample contains clasts that are mostly of andesitic composition, as well as 

60% nodular pyrite (Table 1). 

The final two samples (SUL-Tx) contain sulfides formed during the syntectonic period 

(Table 1). SUL-T10 contains 5% euhedral pyrite disseminated in a clastic sedimentary 

rock of the Bordeleau Formation (Figure 1). SUL-T9 comes from the Richardson 

stripping, a gold showing that belongs to Tarku Resources (Lafrance, 2018). The SUL-T9 

sample contains 3% pyrite disseminated in a mafic sill of the Cummings complex. 

The studied samples have mostly been metamorphosed into a greenschist facies. The 

exceptions are samples SUL-V6 and SUL-V5 that have been metamorphosed to upper 

greenschist–lower amphibolite facies by contact metamorphism (SUL-V6) or burial along 

the Barlow Fault (SUL-V5) (Figure 1). 

3. Methodology 

3.1. Analysis 

The samples were imaged using a conventional petrographic microscope equipped with an 

Olympus camera. Additional imaging was performed using the scanning electron 

microscope (SEM) Zeiss Sigma 300VP of IOS Services Géoscientifiques Inc., Chicoutimi, 

Québec. Semi-quantitative energy dispersive X-ray spectroscopy (EDS) chemical mapping 



(Figure 2a) and backscattered imaging (Figure 2b) were performed. The EDS detector is 

an Oxford Ultim-Max 170 mm2, and each pixel (1.77 to 3.53 µm in size, depending on the 

map) was analyzed for 200 µs. Individual chemical maps were processed using the Aztec 

4.0 software and were then combined to produce false color images using ImageJ 1.52a 

software (Figure 2a). 

Quantitative laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

analyses were carried out on polished thin sections at LabMaTer (UQAC). These in-situ 

analyses were run using a RESOlution ArF-193nm excimer laser ablation system 

(Australian Scientific Instrument) equipped with a double-volume cell S-155 (Laurin 

Technics) coupled to an Agilent 7900 ICP-MS. The parameters used for these analyses 

were a beam size of 75 µm, a laser frequency of 20 Hz, a dwell time of 5 ms for each 

element and an energy density of 3 J/cm2. Pyrite and reference materials were analyzed 

using spots (20 s acquisition time), lines (10 µm/s stage speed), and maps (beam size of 

15 µm, scan speed of 10 µm/s) after measuring the gas blank for 20 s. 

For most elements, calibration was performed using the UQAC-FeS-1 reference material, 

which is an artificial sulfide produced at UQAC (Savard et al., 2018) based on a modified 

technique developed at Kiel University (Garbe-Schönberg and Müller, 2014). For Ca, Zr, 

and Al, calibration relied on the USGS reference material GSE-1g, which is a fused-

basaltic glass containing ~10% Fe and doped with ~500 ppm of each trace element 

(Jochum et al., 2005). MASS-1 (USGS) (Wilson et al., 2002) was used as quality control 

reference material. Data quality was also monitored using the UQAC-FeS-5 reference 

material and a massive sulfide reference material: CCU-1e, a copper concentrate (Canadian 

Certified Reference Materials Project - CCRMP). Pressed pellets were produced from 

CCRMP powdered reference material using a similar technique for the production of 

UQAC-FeS-1. It was presumed that the concentrations reported on the certificates of 

analysis provided by the CCRMP were not affected by the recrushing procedure that 

involves 60 minutes of crushing in a Planetary Micro Mill (Pulverisette 7, Fritsch) to reduce 

the powder to a submicron particle size (Garbe-Schönberg and Müller, 2014). The results 

are in good agreement with working values (see Supplemental material). The RSD (relative 

standard deviation) are < 5% for the trace elements of interest and for the UQAC-FeS-1 

reference material (see Supplemental material for the bulk of RSD values).  



3.2. Data processing 

The line and spot data were reduced using the LADR 0.6.6.0 software 

(http://norris.org.au/ladr), and maps were produced using the IOLITE software (Paton et 

al., 2011). The internal standard 57Fe and the stoichiometric value 46.55 wt% were used 

(Webmineral mineralogy database http://webmineral.com). A detection limit value was 

assigned to undetected elements to remove zeros from the dataset. 

Line analyses can be processed using a single integration that encompasses the entire 

analyzed grain and that includes pyrite and the majority of its inclusions (Wohlgemuth-

Ueberwasser et al., 2015). Such an approach provides a bulk chemical composition of the 

studied sulfide. However, pyrite usually has complex texture. Pyrite may comprise 

inclusion-rich and inclusion-poor areas (Figure 3a), as well as multiple overgrowths that 

vary in chemical composition. If the ratio between inclusion-poor and inclusion-rich areas, 

for example, varies from one pyrite to the next, considering only the bulk chemical 

composition of the mineral may induce a bias. For this reason, two types of integrations 

are run: 1) single integrations that encompass an entire grain performed on line analyses 

only (DB1 dataset, n = 84) (Figure 3b); and 2) distinct integrations applied to inclusion-

rich and inclusion-poor pyrites analyzed using lines and spots (DB2 dataset, n = 238) (see 

Supplementary material for the full LA-ICP-MS dataset, including calibration). 

LA-ICP-MS analyses cannot be used to distinguish homogeneously distributed inclusions 

from lattice-bound elements (Wu et al., 2019), but this is not the purpose of this study. 

Micro- and larger-sized inclusions, however, produce intensity peaks in time-resolved 

profiles. From these profiles and microscopic observations, the studied pyrites contain a 

large amount of sulfide, silicate, and Fe-Ti-oxide inclusions (Figure 3). Chalcopyrite is 

observed in most samples, both inside and outside of the pyrite grains. The other sulfides 

are less abundant and correspond to pyrrhotite, sphalerite, and ± galena. The silicates and 

oxide inclusions are the main constituent minerals of the rocks hosting the studied pyrite 

(Table 2). The integrations used to produce the DB1 and DB2 datasets encompass variable 

amounts and types of inclusions and correspond to mixed compositions. To obtain pyrite-

only chemical analyses, additional integrations were performed to compile “time-slice 

datasets” (TSD), following the recommendations of Gourcerol et al. (2018). 

http://norris.org.au/ladr
http://webmineral.com/


The used integrations correspond to 2 s of acquisition (DB3 dataset), during which the 

beam traveled for 20 µm across the sample (line analyses; Figure 3) or drilled a few µm 

into the pyrite (spot analyses). The advantage of this technique is that pyrite and its 

inclusions are treated as distinct analyses. Once exported, data with Al2O3 + SiO2 + MnO 

+ CaO (wt%) > 5 wt% were removed from the dataset to discard silicate analyses. The 

DB3 dataset (n = 2148) contains pyrite analyses mixed with a minor amount of silicates, 

Fe-Ti-oxides, or sulfides, except for the analyses where Fe/S > 1 (classified as Fe-rich), Cu 

> 20,000 ppm (chalcopyrite), and Zn > 15,000 ppm (sphalerite) (Supplementary material). 

The Fe-rich analyses may correspond to pyrrhotite grains (SUL-V1, SUL-V2, SUL-V5, 

and SUL-V6) or to magnetite inclusions mixed with the hosting pyrite (SUL-V4). 

However, ablation of pyrite may fractionate the Fe/S ratio and form deposits with ~FeS 

composition (Gilbert et al., 2014) that may be ablated during line analysis. This induces 

imprecise S estimates but does not affect Fe values and metallic ratios, and the Fe-rich 

analyses of trace elements are considered reliable.  

3.3. Data analysis 

The studied pyrites were analyzed for 32 elements, including the internal standard Fe. 

Some elements, such as S, Al, Si, Ti, Zr, and Ca, were analyzed to monitor silicate, Fe-Ti-

oxide, and pyrrhotite inclusions. This study focuses on the distribution of these elements 

in pyrite: 51V, 53Cr, 55Mn, 59Co, 61Ni, 65Cu, 66Zn, 71Ga, 75As, 82Se, 107Ag, 111Cd, 118Sn, 121Sb, 
126Te, 138Ba, 182W, 197Au, 202Hg, 205Tl, 208Pb, and 209Bi. Three elements (In, Ge, Mo) were 

not considered due to their low concentration (< detection limit) in the studied pyrites. 

The trace element content of the studied pyrites was compared using binary diagrams and 

median values, as well as principal component analysis (PCA). PCA is a coordinate 

transformation method used to reduce the dimensionality of a dataset (n observations and 

m variables). The method calculates principal components (PC1, PC2, PC3, etc.) and by 

considering only PC1 and PC2, the dimensionality of the data is reduced from m to a few 

variables. Data were transformed using a natural logarithm to ensure a normal distribution 

of data and facilitate combining variables. PCA results are presented in a two-dimensional 

plot. In this plot, elements are distributed as a function of their degree of correlation 



(positive or negative) with respect to the components (PC1 and PC2 or PC3) that best 

explain the variability in the multidimensional dataset. 

Analyses were also compared using median values. This median was calculated using the 

analyses of the DB3 dataset, as follows: 1) analyses identified as Fe-rich, chalcopyrite, and 

sphalerite were discarded (n = 1898 data left); 2) a median value per sample was calculated; 

and 3) the median of these individual medians was calculated. The median value (Table 3) 

was used to normalize the samples displayed on multielement diagrams. 

4. Results 

4.1. Kokko sample 

The Kokko sample from the main Cu-Au porphyry system of the Chibougamau area 

(Central Camp) will be described in detail as it is the most likely sample to record the 

signature of undiluted magmatic fluids in the study area. In this sample, pyrite is 

disseminated in sericitized anorthosite. The host rock is an assemblage of greenschist facies 

minerals, i.e., epidote, albite, muscovite, and chlorite (Figure 2a). Accessory phases 

include apatite and magnetite. These silicate and oxide minerals are observed as inclusions 

in pyrite (Figure 2a, Table 2). The pyrite of the Kokko sample is a subeuhedral mineral 

having an inclusion-rich core and an inclusion-poor rim (Figures 2 and 3a). The most 

common sulfide inclusion is chalcopyrite. 

In-situ line analyses show that chalcopyrite controls the distribution of the economic metals 

Cu, Au, and Ag (Figure 3b). Other elements, such as Co, have an irregular distribution 

due to oscillatory zoning (discussed further below). Bismuth and Te also display a complex 

distribution and are more abundant in the inclusion-rich core than in the inclusion-poor rim 

of pyrite. Bismuth is slightly more abundant in chalcopyrite inclusions than in the 

inclusion-rich pyrite (Figure 3b). The Kokko pyrite is enriched in Cd, Te, Hg, Bi, and 

depleted in Cr, As, Se, Sb, Ba, and Pb relative to the other sampled pyrites (Figure 4a). 

Displaying the DB2 dataset on a binary diagram confirms that the inclusion-rich core of 

pyrite, which was monitored using Si values (Figure 4c), is more enriched in Te and Bi 

than inclusion-poor pyrite (Figure 4b). One pyrite grain is off-trend (highest Bi/Te ratio) 

because it contains Bi-enriched galena inclusions identified by a Bi-Pb correlation R2 of 



0.72. Some inclusion-poor pyrites are also off-trend (lowest Bi/Te ratio) because Te not 

only concentrates in the core of the pyrite but also defines growth zoning in the inclusion-

poor and Bi-poor outer rim of pyrite (see next section). 

Binary diagrams also show that the DB1 and DB2 datasets have average chemical 

compositions that are not as useful as the DB3 dataset for unraveling the chemical 

complexity of the studied pyrites (Figure 4b). However, the DB2 dataset, which 

documents the inclusion-rich and inclusion-poor portions of pyrite, is more representative 

of the chemical diversity of the studied pyrite than the DB1 dataset. 

4.2. Pyrite from magmatic, volcanic, and sedimentary environments 

The other samples in this study contain mostly greenschist facies silicates and ± Fe-Ti-

oxides, which are observed as inclusions in pyrite (Figure 5; Table 2). Pyrite observed in 

silicified zones or quartz-epidote veins (Figure 5a–d; Figure 6a) is more inclusion-poor 

than pyrite disseminated in less altered rocks (Figure 5e–f; Figure 6b–k). 

Most pyrites resemble those observed in the Kokko sample: they are euhedral minerals 

with an inclusion-rich core and inclusion-poor rim (Figure 6d, e, f, i, k). Some pyrites have 

inclusion-poor cores with large sulfide inclusions and inclusion-rich rims (Figure 5e, f). 

Other grains contain only a minor amount of large sulfide and silicate inclusions (Figure 

5a–d, Figure 6a, c, g, i). Portions of the pyrites are lathlike inclusion-rich minerals (Figure 

6b) and spongy pyrites that correspond to inclusion-rich aggregates of small (~10–50 µm) 

pyrite grains (Figure 6c, f, h, j). The samples having spongy pyrite also contain thinly 

disseminated small (typically 10 µm) pyrite (Figure 6g, h, j). Spongy pyrite usually has 

an irregular outline, except for sample SUL-S11, where it forms nodular pyrite (Figure 

6h). 

Based on LA-ICP-MS chemical maps, the 2D distribution of most trace elements is 

controlled by sulfide, oxide, and silicate inclusions (Supplementary material). The main 

exceptions are As, Co, Ni, Te, and Bi that concentrate either in the core of the pyrite or 

mimic the growth zoning of the outer rim (Figure 7). Chemical mapping also reveals that 

most pyrites have complex crystallization histories, with an early core overgrown by 

pyrites having distinct chemistries (Figure 7a, b). 



The main elements that mimic the growth zoning of pyrite are Co, Ni, and As. Cobalt is 

enriched in the outer rim of early pyrite (Kokko and SUL-V8) or pyrite overgrowth (SUL-

T9; Figure 7c). In contrast to Co, enrichment in As and Ni is most pronounced in pyrite 

hosted by felsic lithology (SUL-V8; Figure 7). In the Kokko sample (Figure 7a), Te and 

Se are more abundant in the inclusion-rich core of pyrite, but also mimic the growth zoning 

of the inclusion-poor outer rim. In other samples, Te is only detected in the core of pyrite. 

Selenium is undetected (SUL-V8 and SUL-T9) or concentrates in the early core of pyrite 

(SUL-V4; Supplementary material). Bismuth is also concentrated in the pyrite core, except 

in SUL-V4 (Figure 7c), but it is most abundant in chalcopyrite ± galena inclusions (Figure 

7). The other elements are controlled by inclusions. The exceptions are Pb, Ag, and Sb of 

SUL-V8 that concentrate in the pyrite core (Supplementary material). 

For most samples, the core and rim of the bulk of the studied pyrites have different 

chemistries, as shown by examining the line analyses (Figure 6 and Supplementary 

material). Inclusion-rich pyrite is enriched in most elements relative to inclusion-poor 

pyrite. Spongy pyrite also contains more trace elements than euhedral pyrite observed 

within the same sample (Figure 6c, f). Cobalt generally has an irregular distribution 

because this element mimics growth zoning. Copper is mostly found in chalcopyrite 

inclusions (Figure 6i). Bismuth and Te have a more homogeneous distribution and 

concentrate in inclusion-rich pyrite. Bismuth and Te are well correlated in spongy and 

lathlike pyrite (Figure 6b, j) and are less correlated in euhedral grains (Figure 6d). 

Median chemical compositions are calculated using the DB2 dataset to further evaluate the 

chemical differences between inclusion-rich and inclusion-poor pyrite. Compared to its 

inclusion-poor counterpart, inclusion-rich pyrite is enriched in trace elements, Bi and Te 

included (Figure 8a). The main exception is Se that is equally abundant in inclusion-rich 

and inclusion-poor pyrite, except for SUL-V3, SUL-V8, and SUL-T9 (Figure 8b). 

Comparing pyrite chemistry with the samples’ depositional environments highlights 

additional chemical associations. The samples from magmatic-hydrothermal systems are 

most enriched in Te (Queylus samples) and Bi-Te (Kokko and Bruno samples) (Figure 

9a). The Queylus and Kokko pyrites are also depleted in As and Sb relative to the other 

pyrites, and these elements are most abundant in sedimentary contexts (Figure 9b). 



Selenium is enriched in the Bruno sample and some Queylus pyrites, but it is also abundant 

in other contexts and is not discriminant of magmatic-hydrothermal environments (Figure 

9c). Tungsten and Sn are detected only locally and are slightly more abundant in the Kokko 

and some Queylus pyrites than in other samples (Figure 9d). Tungsten and Sn are, 

however, poor discriminants of magmatic-hydrothermal contexts due to their low 

abundance in the studied pyrite. Cobalt and Ni are only enriched in parts of the Queylus 

pyrites and does not help discriminate magmatic-hydrothermal settings from other 

environments (Figure 9e–f). 

PCA reveals Te and Bi as the best discriminant elements of magmatic-hydrothermal 

contexts (Figure 10a, c). Other elements, such as Cr and V, are most abundant in mafic 

contexts, whereas Mn is abundant in pyrites hosted by felsic rocks, and Cd and Hg are 

discriminant of sedimentary contexts (Figure 10b). The normalized median values of 

pyrite chemistry on a multi-element diagram (Figure 11) reveal that samples from 

magmatic-hydrothermal systems are characterized by low As, Sb, Cr, Pb, and Ba contents 

and elevated Te (Queylus sample) and Bi-Te (Kokko and Bruno samples). 

5. Discussion 

In this first section, the texture of pyrite and the distribution of trace elements are discussed 

before linking trace element content and mineralizing contexts. Those elements best suited 

for discriminating magmatic-hydrothermal settings from other pyrite-bearing 

environments are then discussed. 

5.1. Pyrite texture and chemical heterogeneity 

The studied pyrite records complex crystallization histories. Based on petrographic 

observations, most pyrites have inclusion-rich cores with irregular outlines and inclusion-

poor overgrowths. Inclusion-rich, or porous, pyrite is frequent in sedimentary 

environments where pyrite crystallizes from low-temperature fluids (Cioacă et al., 2014), 

as is likely the case for the spongy pyrite of samples SUL-S11 and SUL-S12 (Figure 6h–

j). Inclusion-rich pyrite may also crystallize rapidly from pyrite-supersaturated solutions 

in a manner analogous to framboid pyrite (Butler and Rickard, 2000). Porous pyrite is rare 

in epithermal and porphyry deposits, where they form due to low fluid/rock ratios and 

relatively quick precipitation or as a result of growth under non-equilibrium conditions 



(Cioacă et al., 2014). The inclusion-rich pyrite of the Chibougamau area likely crystallized 

rapidly, which explains its elevated trace element content relative to the inclusion-poor 

pyrite. Rapid crystal growth under non-equilibrium conditions favors vacancies and lattice 

defects, favoring the uptake of As, Au, Te—and likely other elements—by pyrite (Keith et 

al., 2018; Reich et al., 2005). 

In contrast, inclusion-poor or massive subeuhedral pyrite has crystallized more slowly, or 

it has recrystallized either during the hydrothermal event or the subsequent metamorphism. 

Indeed, recrystallized pyrite tends to lose its inclusions (Huston et al., 1995) and expel its 

trace elements as micro-inclusions of chalcopyrite or galena, for example (Cioacă et al., 

2014). Trace elements may also be released from pyrite and other sulphides during 

metamorphism (George et al., 2018a; Lockington et al., 2014). Recrystallized pyrite is 

euhedral because of the great “crystallization force” of pyrite that can push surrounding 

minerals as the pyrite cube grows (Craig et al., 1998). Recrystallization may have formed 

the inclusion-poor core of the pyrite of sample SUL-V4. This recrystallization expelled Cu 

from the structure of the pyrite to form chalcopyrite inclusions that are now located at the 

contact between the inclusion-rich and inclusion-poor portions of the pyrite (Figure 5f). In 

other samples, the sulfide inclusions likely coarsened during pyrite recrystallization 

(Figure 6i). The patchy distribution of inclusion-rich areas may also be attributed to the 

recrystallization of fine-grained pyrite aggregates (Figure 6f), as observed elsewhere 

(Cioacă et al., 2014). 

However, recrystallization only explains some of the observations. Recrystallization would 

have had to expel most trace elements from the pyrite structure to form the inclusion-poor 

and trace element–depleted pyrite observed in the study area (Figure 8). Pyrite may indeed 

lose As and Sb during recrystallization from a porous to massive texture (Wohlgemuth-

Ueberwasser et al., 2015). However, pyrite also has a refractory behavior in regard to 

metamorphism and does not lose its chemical signature (As, Ni, and Co) during 

recrystallization under conditions of greenschist and amphibolite facies (Craig et al., 1998). 

Deformation expulses lattice-bound elements from pyrite more effectively than static 

recrystallization (Craig et al., 1998; Sung et al., 2009); however, the studied pyrites were 

sampled away from shear zones and did not display evidence of deformation. In addition, 



recrystallization is expected to homogenize the distribution of trace elements and would 

not explain the growth zoning observed in inclusion-poor pyrite (e.g., Figure 7a). 

Recrystallization may thus be important only in a few pyrites, such as these of sample SUL-

V4, in which chalcopyrite inclusions coarsened and collected Cu and Bi (Figure 7c). The 

majority of inclusion-poor pyrites, however, likely crystallized slowly, possibly in pyrite-

saturated—but not oversaturated—fluids, as slowly crystallized pyrite tends to be less 

enriched in most trace elements than rapidly crystallized pyrite (Hazarika et al., 2013; 

Huston et al., 1995; Large et al., 2007). Therefore, inclusion-rich and inclusion-poor pyrites 

either record the circulation of a hydrothermal fluid that evolved from a pyrite-

supersaturated to pyrite-saturated state, or they record the circulation of different fluids 

from successive hydrothermal stages or distinct systems. The inclusion-poor outer rim of 

pyrite tends to be enriched in As, Ni, and ±Co, whereas the core is enriched in various 

elements (Bi and Te included), depending on the context. This is discussed in the next 

section (Figure 7). 

5.2. Elements controlled by inclusions 

The studied pyrite contains a large number of silicate inclusions from the hosting lithology 

(Figures 5 and 6, Table 2). The elements associated with silicate and oxide inclusions are 

Ti and Ca (titanite), V and Cr (magnetite), as well as Mn, Ba, and Ga (feldspar and other 

silicates). Principal component analysis confirms these associations and shows positive 

correlations between V and Cr, as well as Mn, Ba, and Ca (Figure 12). 

Tin and W are positively correlated (Figure 12), and the chemical maps (LA-ICP-MS) 

(Supplementary material) illustrate that they are controlled by inclusions. Tungsten, as well 

as Mo, is enriched in fluids with a granitic source (Blevin et al., 1996); however, the 

Chibougamau pluton is not sufficiently differentiated (Mathieu and Racicot, 2019) to 

produce such fluids. Tungsten is not abundant in the study area, but the slight enrichment 

of W in the pyrites of the Kokko sample (Figure 9d) can be interpreted as related to a 

magmatic fluid. Tin is a potential discriminant of magmatic-hydrothermal systems as it 

tends to be most soluble in CO2-rich fluids (Kokh et al., 2017) and be least abundant in 

oxidized systems (Huston et al., 1995). Tin is, however, a poor discriminant of the 



magmatic-hydrothermal systems of the Chibougamau area, as it displays a low abundance 

in most of the studied pyrites (Figure 9d). 

Other elements are controlled by sulfide inclusions. Pyrrhotite can incorporate Ni and Co 

(Bowles et al., 2011; Huston et al., 1995), and these elements can redistribute between 

pyrite and pyrrhotite during metamorphism (Cambel and Jarkovsky, 1966). Pyrrhotite is 

only observed in a few samples, and coexisting pyrite and pyrrhotite have comparable Ni 

and Co contents in the study area. Pyrrhotite thus likely exerts limited control on the 

distribution of trace elements in the studied pyrite. 

Sphalerite can incorporate significant amounts of Cd, Ge, and Ga, whereas galena can 

incorporate Ag, Bi, and Sb (Bowles et al., 2011), and other elements such as Tl (George et 

al., 2015). In the studied pyrite, only Cd and Sb are ±correlated with Zn and Pb as shown 

on the PCA. This pattern suggests that the distribution of Cd and Sb is controlled partially 

by sphalerite and galena inclusions (Figure 12). In detail, the Cd-Zn correlation is best 

expressed in sample SUL-S12, which contains the largest sphalerite inclusions (Figure 6i). 

Galena micro-inclusions also control the distribution of a minor amount of Bi, as observed 

in the Kokko sample. In the study area, however, galena is not abundant and controls a 

limited amount of trace elements. Antimony is correlated weakly with Pb and is 

uncorrelated to Ag, i.e., galena and tetrahedrite micro-inclusions. Most Sb is structurally 

bound to pyrite. 

In the study area, chalcopyrite is the most abundant sulfide after pyrite. Copper, which can 

substitute for Fe in pyrite (Bowles et al., 2011), concentrates in chalcopyrite in the studied 

samples. The ubiquitous presence and relatively high abundance of chalcopyrite in the 

sulfide-bearing rocks of the Chibougamau area are unique in the Abitibi Subprovince; it is 

a local peculiarity whose metallogenic implications have not been fully resolved. 

Chalcopyrite can incorporate Ag (substituting for Cu), and Sn, Zn, and ±Cd (Huston et al., 

1995). In the studied pyrite, chalcopyrite concentrates Au and Ag (Figure 3). Statistically, 

Cu correlates with Au, Ag, ±Cd, and ±Se (Figure 12). The Se-Cu correlation is weak and 

only observed in a few samples (Figures 8b, 9c). A small amount of Bi is concentrated by 

chalcopyrite (Figures 3, 7c), but most Bi is associated with pyrite (Figures 3, 6, 7). 

Chalcopyrite can incorporate a wide range of elements (George et al., 2018b), but it only 



controls a limited amount of trace elements in the study area. A possible explanation is that 

the weakly mineralized systems considered by this study have not reached a temperature 

sufficient (> 300 °C) (George et al., 2018b) to induce the precipitation of significant 

amounts of chalcopyrite (the porphyry systems excepted). Alternatively, Cu, Au, and Se 

may have been incorporated by coupled substitutions, such as Au-Cu for Fe2+ (Chouinard 

et al., 2005). Selenium, which substitute for S, may also distort the structure of pyrite and 

facilitate the incorporation of metals such as Cu (Chouinard et al., 2005). These elements 

may have been structurally bound to pyrite prior metamorphic recrystallization. 

In summary, the distribution of Cd, Sb, and ±Bi-Se is weakly controlled by inclusions. The 

main elements controlled by inclusions are Mn, Ba, Ga, Cr, V, Zn, Pb, Ag, Cu, Au, and 

possibly Sn and W. The abundance of these elements depends therefore on the distribution 

and abundance of silicate, oxide, and sulfide inclusions, and the absolute concentration of 

these elements in pyrite is not discriminant of the magmatic-hydrothermal systems of the 

Chibougamau area. 

The most efficient way to interpret the abundance of such elements is to use ratios; for 

example, as Au and Ag are mostly controlled by chalcopyrite, the Au and Ag content of 

the studied pyrites is best compared using Au/Cu and Ag/Cu ratios (Figure 13a, b). A part 

of the Queylus sulfides are enriched in Au relative to the sulfides from other samples, 

whereas the Kokko sample is as enriched in Ag as the samples from sedimentary 

environments. As the studied samples are located away from the main orebodies and record 

only simple hydrothermal processes—there is no evidence of metal-upgrading processes— 

the studied sulfides likely approximate the Au/Cu and Ag/Cu ratios of the hydrothermal 

fluids. The fluids of the Queylus area were therefore more Au-rich than those of Central 

Camp (Kokko sample). This supports the hypothesis that these systems belong to distinct 

hydrothermal events (see Section 2.2). The Au/Cu and Ag/Cu, however, are not 

discriminant of the magmatic-hydrothermal systems of the study area.  

5.3. Elements sensitive to physicochemical parameters 

The most common stoichiometric substitution for Fe in pyrite involves Co and Ni, which 

may form complete solid solutions above 400–600 °C (Bowles et al., 2011). Cobalt- and 

Ni-rich sulfides are, however, rare as hydrothermal fluids tend to be undersaturated in these 



elements. The studied pyrite follows this general trend and contains a low abundance of 

Co and Ni (Figure 9e, f). 

Many studies have used Ni and Co as discrimination tools (Bralia et al., 1979; Campbell 

and Ethier, 1984; Clark et al., 2004; Fleischer, 1955; Loftus-Hills and Solomon, 1967). 

However, in the studied pyrites, the Co/Ni ratio is not discriminant of synvolcanic or other 

mineralizing environments (Figure 9f) and there is no correlation with the composition of 

the host rocks (Figure 10b), possibly because of low fluid/rock ratios in the study area.  

Cobalt enrichments are observed in Cu deposits, due to the higher solubility of Co in high-

temperature fluids (Huston et al., 1995). A slight temperature dependence is also reported 

in VMS, where the pyrite most enriched in Co-Ni precipitates under high-temperature 

conditions (Keith et al., 2016a). The PCA illustrates a weak correlation between Co and 

the samples from Cu-Au magmatic-hydrothermal systems (Figures 10 and 12). However, 

only a portion of the Queylus pyrites is characterized by an elevated Co/Ni ratio (Figure 

9f), and Co and Ni are poor discriminants of the magmatic-hydrothermal systems of the 

Chibougamau area. 

Nickel and Co mimic the growth zoning in the studied pyrites (Figure 7). Cobalt shows 

the most complex spatial distribution, and its concentration in pyrite likely reflects local 

fluid conditions such as temperature. This sensitivity to local physicochemical parameters 

explains why Co and Ni are poor discriminants of fluid chemistry and depositional 

environments in the study area (Figure 9e, f). 

5.4. Elements enriched in sedimentary environments 

Thallium and Sb may be incorporated by coupled substitution, such as Tl+ + Sb3+ for 2Fe2+ 

(George et al., 2018a) and Tl may also occur in structural defects in pyrite (George et al., 

2019; Huston et al., 1995). Arsenic is either incorporated in pyrite as nanoparticles 

(Deditius et al., 2011) or substitutes for Fe or S (Deditius et al., 2008; Fleet and Mumin, 

1997; Kusebauch et al., 2018). In addition, As distorts the structure of pyrite to enable the 

incorporation of elements, such as Au, Hg and Tl (Deditius et al., 2014; Deditius and Reich, 

2016).  



Arsenic has been most intensely studied because of the control that it exerts on the 

solubility of Au in pyrite (Reich et al., 2005). The studied pyrites plot below the solubility 

of Au and are precipitated from Au-undersaturated fluids (Figure 14). Arsenic and Au are 

also correlated in some of the pyrites, particularly those hosted by sedimentary rocks (SUL-

T10, SUL-S11, SUL-S12, SUL-S13), in which As was more readily available than in other 

contexts (Figure 14). A weak correlation between As and Au is also observed in the Bruno 

sample (R2 of 0.18; Figure 14)—although not in the Kokko or Queylus samples—where 

Au is mostly controlled by chalcopyrite. In porphyry deposits, pyrite records the Au/As 

ratio of the magmatic-hydrothermal fluid (Deditius et al., 2014). If this holds true for the 

Bruno sample, then the magmatic fluid was not particularly Au-enriched relative to the 

other hydrothermal fluids of the Chibougamau area (Figure 14). The As-content of pyrite 

from the Bruno, Kokko and Queylus samples varies from 1 to 1000 ppm.  This suggests 

that the magmatic fluid, as recorded by the Kokko sample, was As-poor and that its As-

content has been increased by fluid-rock interactions, as recorded at the old Bruno mine 

(Bruno sample).  

Arsenic, as well as Sb and Tl, are common in many Au deposits, especially in black shale- 

and limestone-hosted systems (Barker et al., 2009; Graham et al., 2009; Ingham et al., 

2014; Large et al., 2009; Wagner and Jonsson, 2001). In the Chibougamau area, As, Sb, 

and Tl are most abundant in pyrite hosted by sedimentary rocks (Figures 9d, 10c). The 

studied pyrite is, however, poor in Tl, As, and Sb relative to pyrite compiled from a variety 

of environments (Abraitis et al., 2004) because sedimentary rock-hosted mineralization are 

rare in the Chibougamau area. Arsenic is also abundant in the outer rim of some pyrites 

(Figure 7b), possibly because of prolonged fluid circulation, i.e., a high fluid/rock ratio 

(Xing et al., 2019). Arsenic is thus a poor discriminant of the magmatic-hydrothermal 

systems of the Chibougamau area. 

Cadmium and Hg are known to accumulate in sedimentary environments (Deditius and 

Reich, 2016; Thomas et al., 2011); this would explain the Cd and Hg enrichment of pyrite 

hosted by sedimentary rocks in the study area (Figures 10, 12). Mercury, as well as Tl, is 

also reported in low-temperature assemblages observed in VMS (Kristall et al., 2011). Due 

to the volatile nature of Tl, Cu-porphyry tends to be Tl-poor (Deditius and Reich, 2016), 



as observed in the Chibougamau area (Figure 12). None of these elements are useful 

indicators of magmatic fluid input.  

5.5. Temperature-dependent element (Se) 

This study compares high-temperature pyrite from magmatic-hydrothermal systems (i.e., 

Kokko, Queylus, and Bruno samples) to pyrite from weakly mineralized area that likely 

formed at lower temperatures. Temperature-dependent elements may thus be used to 

discriminate the magmatic-hydrothermal systems from the other environments of the 

Chibougamau area. The best proxy for fluid temperature is Se (Keith et al., 2018, 2016a), 

which substitute for S in pyrite (Chouinard et al., 2005; Huston et al., 1995). Se abundance 

in pyrite increases as the temperature of the fluid decreases (Huston et al., 1995; Keith et 

al., 2018). 

However, Se may be sensitive to other parameters. For example, Se is most abundant in 

oxidized fluids (Ingham et al., 2014) and is thus statistically less abundant in orogenic gold 

systems (Keith et al., 2018). Copper-porphyry are also Se-poor, possibly because pyrite 

incorporates little Se at high temperatures (Keith et al., 2018). In VMS systems, Se is 

abundant in the high-temperature, Cu-rich portion of the system (Genna, 2015; Grant et 

al., 2018; Maslennikov et al., 2009), and variable Se/S ratios are due to variations in local 

pH, redox, and fluid composition (Kristall et al., 2011), including the influx of magmatic 

fluids (Huston et al., 1995; Layton-Matthews et al., 2008; Martin et al., 2009). Despite 

these complications, Se remains the best indicator of fluid temperature (Keith et al., 2018). 

In the study area, Se abundance varies little between pyrites observed in the same sample, 

and Se is mostly uncorrelated to Cu (Figures 8b and 9c). Selenium is also uncorrelated to 

mineralizing environments and host-rock composition (Figures 10 and 12). Selenium may 

thus be temperature-dependent, and it can be used as a Se-in-pyrite thermometer (Keith et 

al., 2018). The estimated temperatures span a 500 °C range (Figure 15). The Queylus 

pyrite has Se-poor rim, possibly developed under higher temperature conditions than its 

Se-rich core (Figure 15a). The Kokko sample contains pyrites that may have formed at 

~500 °C. This temperature is realistic for post-Archean porphyry systems, in which 

chalcopyrite precipitates around 400–500 °C (Sillitoe, 2010), and likely applies to the 



porphyry systems of the Archean period (magmas may have been different, but processes 

were likely similar). 

The other > 400 °C calculated temperatures are unrealistic for the study area. These pyrites 

may have lost Se during metamorphism, but this hypothesis is not favored as Se is located 

in the structure of pyrite and not in inclusions; therefore, Se tends to be insensitive to 

metamorphic modifications (Huston et al., 1995). In the study area, the samples that were 

metamorphosed under upper greenschist to lower amphibolite facies conditions are not 

systematically Se-poor, e.g., sample SUL-V6. A pyrite from sample SUL-V4 also 

demonstrates that the Se-content of pyrite is insensitive to metamorphism. The core of the 

SUL-V4 pyrite has recrystallized to expulse silicate inclusions, coarsen chalcopyrite 

inclusions, and displace Bi (Figure 7). This recrystallization was, however, unable to 

modify the distribution of Se, Te, and Co, that still outline a cubic core overgrown by a Se-

Te-Co-poor pyrite. 

Alternatively, the Se/S ratio may be sensitive to mineralogical constraints with Se being 

incorporated by selenide or preferring chalcopyrite over pyrite (Layton-Matthews et al., 

2008; Yamamoto et al., 1984). Nonetheless, this hypothesis is not favored either, as Se and 

Cu are uncorrelated (Figure 9c), and selenide inclusions have not been observed in the 

study area. However, several pyrites enclose pyrrhotite or magnetite inclusions (SUL-V1, 

SUL-V3, SUL-V4, and SUL-V5). Among these samples, some pyrites contain > 50–

100 ppm Se (SUL-V3 and SUL-V4), suggesting a link between Se-rich pyrite, pyrrhotite 

and systems having the lowest S activity. 

The Se-content of pyrite is also likely sensitive to the availability of Se in the fluid. Some 

pyrites have Se-rich porous cores and Se-poor and inclusion-poor rims: these rims are 

unlikely to have crystallized at 500 °C (samples SUL-V3 and SUL-T10; Figure 15b). 

These Se-poor overgrowths may have precipitated from Se-depleted fluids. The pyrites of 

SUL-S11 may be Se-poor because Se is not abundant in sedimentary environments and not 

because precipitation occurred at a high temperature. Selenium in pyrite has been 

previously correlated to changes in the Se/S of the fluids (Huston et al., 1995); therefore, 

the Se-in-pyrite thermometer may not apply to pyrite precipitated from Se-undersaturated 



fluids. This conclusion is similar to that drawn for As-in-pyrite -thermometer that should 

only be applied to As-rich systems (Xing et al., 2019). 

Despite these limitations, a weak correlation between Te abundance and the < 400 °C 

temperatures estimated using the Se-in-pyrite thermometer is observed (Figure 15). 

Tellurium is also correlated to Cu in most samples (e.g., R of 0.52 for the SUL-V3 sample; 

supplementary material). Tellurium does not fractionate between chalcopyrite and pyrite, 

except if these minerals precipitate at different temperatures or if recrystallization occurs 

(Wohlgemuth-Ueberwasser et al., 2015). In the studied samples, Te is enriched in the 

porous core of pyrite, where most chalcopyrite inclusions are observed, explaining the Te-

Cu correlation. Some of these Te-enriched porous pyrites are also Se-poor due to high 

temperatures (i.e., 300–400 °C) of crystallization. 

5.6. Magmatic signature (Bi and Te) 

Bismuth and Te are enriched in the porphyry systems of the Chibougamau area (Figures 

10, 11, 12). Tellurium is most systematically enriched in pyrite that precipitated from fluids 

having a magmatic origin (samples Kokko, Queylus, Bruno), whereas Bi can be less 

abundant (Figure 11). These elements are also most abundant in the inclusion-rich parts of 

pyrite (Figure 4b). 

In most deposits, Te is either structurally bound (substitute for S) or occurs as telluride 

nanoparticles in pyrite (Pals et al., 2003), while Bi generally concentrates in galena or 

sulfosalt inclusions (Deditius et al., 2011; Huston et al., 1995), such as telluride and Pb-

Cu–bearing sulfosalts (Jian et al., 2014). In the studied pyrite, Te is structurally bound to 

pyrite, while Bi is found in pyrite and in inclusions of galena and chalcopyrite (Figures 6 

and 7).  

The distribution of Bi is best described by ratios such as Bi/Te (Figure 9a), Bi/Pb, and 

Bi/Cu (Figure 13c, d). These ratios confirm that the pyrite associated with magmatic-

hydrothermal systems is enriched in Bi relative to its Te content (samples Kokko and 

Bruno) and has elevated Bi/Pb (Kokko and Queylus) or Bi/Cu ratios (Kokko). In summary, 

absolute Te concentrations, as well as the Bi/Te, Bi/Cu, and Bi/Pb ratios, confirm that the 

pyrites precipitated in magmatic-hydrothermal systems are Bi- and Te-enriched compared 

to the other pyrites considered by this study. 



It is concluded that Bi and Te are the best discriminant of magmatic-hydrothermal systems 

in the Chibougamau area. This conclusion can be drawn because the pyrite of the Cu-Au 

porphyry systems of the Chibougamau area contain more Bi and Te than the pyrite from 

regional, weakly mineralized, sedimentary and volcanic environments that record a 

“background” signal.  

5.7.  Applicability of the method to other contexts 

The method introduced in this contribution has two components: 1) documenting the trace 

elements distribution using 2s integrations (DB3 dataset) to evaluate whether pyrite 

chemistry should be interpreted using absolute concentration (for elements structurally 

bound to pyrite) or ratios (for elements controlled by inclusions); and 2) comparing the 

chemistry of pyrite from the mineralizing systems of interest to a “background” signal to 

identify the most discriminant elements. This procedure can be applied to any mineralizing 

contexts. This contribution also concludes on the usefulness of Bi and Te in the 

Chibougamau area. In this section, the usefulness of Bi and Te as discriminant of magmatic 

fluids in other areas is discussed.  

In porphyry deposits, Bi and Te have a magmatic source (Cioacă et al., 2014), and Bi can 

be abundant in such systems (Sinclair, 2007). The Bi observed in iron-oxide-Cu-Au 

(IOCG) systems is also of magmatic origin (Williams et al., 2015). Tellurium tends to 

concentrate in vapor phases (Cooke and McPhail, 2001), and both Bi and Te are most 

abundant in epithermal systems (Ciobanu et al., 2006; Franchini et al., 2015). Bismuth and 

Te are thus potential markers of magmatic fluids in magmatic-hydrothermal systems 

around the World.  

Tellurium is soluble in oxidized fluids having a variable pH, low salinity, and high 

temperature, and its solubility decreases in reduced conditions (Cook et al., 2009; Cooke 

and McPhail, 2001; Gao et al., 2017; Grundler et al., 2013; Kelley et al., 1998; Scherbarth 

and Spry, 2006). Thus, the oxidized magmatic fluids involved in most porphyry systems 

(Sun et al., 2015)—this includes the Cu-Au deposits of Chibougamau (Mathieu and 

Racicot, 2019)—may concentrate more easily Te than reduced systems. These remarks 

should be tempered somewhat as Te can also be transported in reduced S-rich or CO2-rich 

solutions and vapors (Brugger et al., 2012). This process may explain the Au-Bi-Te-W 



metal assemblages that are observed in reduced intrusion-related gold systems (RIRGS, 

not to be mistaken for the abovementioned IRGS), which are hydrothermal systems related 

to reduced magmas that interacted with sedimentary rocks (Hart, 2007). In addition, Te 

transportation is favored by high pH conditions, such as these encountered in epithermal 

systems associated with alkali magma (Gao et al., 2017; Grundler et al., 2013; Smith et al., 

2017). Tellurides are also reported in orogenic gold deposits lacking magmatic fluid input 

and in which fluid immiscibility may have been a primary mechanism of gold precipitation 

(Neyedley et al., 2017). Tellurium enrichment may thus be reached in a variety of 

environments.  

A similar remark can be made on Bi. Indeed, native Bi and maldonite are stable in reduced 

conditions. These conditions may occur in several types of deposits, such as skarns, IRGS, 

and orogenic gold systems (Cook et al., 2009). The Au-Bi-Te metal association, which is 

found in a variety of deposits (epithermal, orogenic gold, skarn, IRGS, RIRGS, and VMS), 

has also been explained by the Bi-collector model. This model stipulates that Bi-liquids 

may precipitate from a fluid and scavenge gold (Cockerton and Tomkins, 2012; Douglas, 

2000; Tooth et al., 2011). Bismuth enrichment may thus not systematically be diagnostic 

of the involvement of magmatic fluid in a mineralizing system.  

In VMS systems, however, Bi and Te are markers of magmatic fluid influx (Wohlgemuth-

Ueberwasser et al., 2015). In VMS, Bi and Te may also be controlled by temperature, phase 

separation, and interactions with Bi-rich sediments (Keith et al., 2016b, 2016a). Bismuth 

is not usually enriched in diagenetic pyrite but can be observed together with Te in nodular 

pyrite (Thomas et al., 2011). Both Te and Bi can be released during pyrite recrystallization 

and integrate orogenic gold-mineralizing systems (Large et al., 2009). Bismuth is also an 

incompatible element and will be enriched in VMS hosted by felsic volcanic rocks relative 

to VMS hosted by basalts (Wohlgemuth-Ueberwasser et al., 2015) if the fluid/rock ratio is 

sufficiently high (Sung et al., 2009). In the studied samples from volcanogenic and 

sedimentary environments, the fluid/rock ratio is low and the pyrite is not enriched in Bi 

and Te (Figure 10). In other contexts, the fluid/rock ratio would have to be evaluated 

before concluding that Bi and Te have a magmatic origin and are discriminant of porphyry 

or other magmatic-hydrothermal systems. 



In summary, in the Chibougamau area, Bi and Te are only discriminant of porphyry 

systems because the other pyrite-bearing environments of the study area are not favorable 

to concentrating of Bi and Te. However, in other contexts, the fluid/rock ratio, the presence 

of reduced fluids or Bi-liquids should be evaluated before interpreting the elevated Bi-Te 

content of pyrite as a magmatic fluid signature. 

6. Conclusions 

This study demonstrates that Bi and Te in pyrite are the most discriminant tracers for 

magmatic fluid influx into the mineralizing systems of the Chibougamau area. In addition, 

interpreting pyrite chemistry must consider crystallographic constraints before establishing 

whether absolute concentrations or ratios reliably indicate the source of the hydrothermal 

fluids. In the study area, Te is structurally bound to pyrite and absolute Te concentration 

can be used to interpret pyrite chemistry. Bismuth has a more complex distribution: it is 

controlled by pyrite as well as chalcopyrite and galena inclusions, and ratios (Bi/Pb, Bi/Cu) 

are required to interpret the Bi-content of pyrite.  

This study established that the Bi and Te contents of pyrite in the Chibougamau area are 

the best indicators of magmatic fluid circulation. This conclusion is derived from the 

chemistry of pyrite obtained from magmatic-hydrothermal systems, by taking into account 

crystallographic constraints and by comparing these results to “background” values, i.e., 

the chemistry of pyrites from weakly mineralized systems of the same area. It is advised to 

apply such a procedure to other mineralized systems to interpret fluid signatures. Indeed, a 

variety of processes may concentrate Bi and Te, and elements discriminant of magmatic 

fluid signature in the Chibougamau area may provide misleading information in other 

areas.  

This study also provides insights into the magmatic-hydrothermal systems of the 

Chibougamau area. The Kokko sample from Central Camp, i.e., the main Cu-Au porphyry 

system of the study area, contains pyrite that formed at elevated temperatures (~500 °C) 

from undiluted Cu-bearing and not particularly Au-enriched magmatic fluids. The Cu 

deposit of the old Bruno mine (sample Bruno) is located ~5 km from Central Camp and 

was formed by similar magmatic fluids that interacted with volcanic and possibly 

sedimentary rocks (higher fluid/rock ratios). The Queylus breccia likely belongs to a 



different hydrothermal system active ~15 Ma after the Central Camp Cu-Au porphyry 

system and is characterized by Au-richer fluids. 
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Table 1: Sample list and location. 

Table 2: Main minerals observed as inclusions in pyrite and in the host rock.  

Table 3: Median chemical composition of the studied pyrites (in ppm) 

Figure captions 

Figure 1: Geological map of the Chibougamau area, showing the main volcanic, 

sedimentary, and intrusive phases. The geological map is modified from the Ministère de 

l’Énergie et des Ressources Naturelles (MERN), Québec (SIGEOM, 2018). The projection 

is UTM NAD83 Zone 18N. This map presents the remaining units of the Gilman Formation 

in light green, i.e., the color of the Bruneau Formation, following the most recent 

stratigraphic interpretation (Leclerc et al., 2017). The Caopatina Formation is undated and 

its relationship with the volcanic cycle 2 and the Opémisca Formation is unresolved. 

Figure 2: SEM (scanning electron microscope) images of pyrites from the Kokko sample. 

a) False color image obtained by combining EDS (energy dispersive X-ray spectroscopy) 

semi-quantitative chemical maps (Ca, Al, and Si) using the ImageJ software; and b) 

electron backscattered image. These images show that pyrite contains chalcopyrite 

inclusions and entraps silicates from the groundmass (chlorite, epidote, albite, and 

muscovite in this example). Mineral abbreviations stand for: albite (Ab), apatite (Ap), 

chalcopyrite (Cpy), chlorite (Chl), epidote (Ep), magnetite (Mag), muscovite (Ms) and 

pyrite (Py).  

Figure 3: Pyrite from the Kokko sample. a) Reflected light image of the grain showing its 

inclusion-rich core and its inclusion-poor outer rim. The red arrow corresponds to the trace 

of the 73 µm wide laser ablation line shown in (b); b) Time-resolved profiles showing the 

distribution of 57Fe, 59Co, 65Cu, 125Te, 107Ag, 197Au, and 209Bi in pyrite. Note the complex 

distribution of Co that mimics the growth zoning of pyrite, the Bi- and Te-rich inclusion-

rich core of the pyrite, and the spatial association between Ag, Au, and Cu (chalcopyrite 

inclusions). The integration boxes used to reduce LA-ICP-MS data are shown for the DB1, 

DB2, and DB3 datasets. 

Figure 4: Chemical composition of the pyrite of the Kokko sample. a) Box plots displaying 

the DB3 dataset (n = 267) and comparing it to median values (red rectangles) reported by 

Table 3. Relative to these median values, the Kokko pyrite is enriched in Cd, Te, Hg, and 

Bi (orange boxes) and depleted in Cr, As, Sb, Ba, and Pb (blue boxes). b) Bi vs Te binary 



diagram comparing the chemistry of the Kokko pyrite as documented by the DB1 (n = 10), 

DB2 (n = 24), and DB3 (n = 267) datasets. c) Bi vs Te binary diagram displaying the DB3 

dataset (n = 267) and using Si as a proxy for inclusion-rich pyrite. 

Figure 5: SEM (scanning electron microscope) images of pyrite from the Queylus (a–b), 

SUL-S13 (c–d) and SUL-V4 (e–f) samples. (a, c, e) False color images obtained by 

combining EDS (energy dispersive X-ray spectroscopy) semi-quantitative chemical maps 

using the ImageJ software. The images show that all the minerals observed in the 

groundmass of the rocks can be found in inclusions in the pyrite. (b, d, f) Electron 

backscattered images showing the distribution of silicate, chalcopyrite, and magnetite 

inclusions in pyrite. Mineral abbreviations stand for: albite (Ab), amphibole (Amp), apatite 

(Ap), biotite (Bt), carbonate (Carb), chlorite (Chl), chalcopyrite (Cpy), epidote (Ep), 

magnetite (Mag), muscovite (Ms), pyrite (Py) and quartz (Qz). 

Figure 6: Pyrites from the Queylus (a), Bruno (b), SUL-V3 (c), SUL-V4 (d), SUL-T9 (e), 

SUL-V7 (f), SUL-V8 (g), SUL-S11 (h), SUL-S12 (i), SUL-S12 (j), and SUL-S13 (k) 

samples. The reflected light images show the trace of the 73 µm wide laser ablation line 

(red arrow) that goes through inclusion-rich (pink lines) and inclusion-poor (green lines) 

pyrites. The time-resolved profiles show the distribution of 57Fe, 59Co, 65Cu, 125Te, and 
209Bi in pyrite. The analyzed pyrites are subeuhedral grains with inclusion-rich and 

inclusion-poor sectors (a, c, d, e, f, g, i, k), inclusion-rich lathlike pyrites (b), and spongy 

pyrites with irregular (c, f, j) or nodular (h) outlines. Mineral abbreviations stand for: 

chalcopyrite (Cpy) and sphalerite (Sph). 

Figure 7: Reflected light images and chemical maps (LA-ICP-MS) of pyrites from the 

Kokko (a), SUL-V8 (b), SUL-V4 (c), and SUL-T9 (d) samples. The chemical maps are 

semi-quantitative, and the color bar goes from 0 to the following maximum (max) values 

(in ppm): 0.7, 35, 2, and 35 (As); 70, 150, 130, and 120 (Co); 25, 35, 20, and 150 (Ni); 1, 

0.23, 0.25, and 1 (Te); 4.5, 0.23, 0.6, and 1 (Bi); and 2.3, 1.3, 5, and 5 (Se) for a, b, c, and 

d, respectively. The analyzed pyrite records complex growth interpreted using pink dashed 

lines (reflected light images). The Kokko pyrite (a) has an inclusion-rich and Bi-Te-rich 

core with a Co-rich overgrowth and an outer rim having As, Co, Ni, and Te oscillatory 

zoning. The SUL-V8 pyrite (b) has an inclusion-free core with two inclusion-bearing and 

Bi-rich growth zones that become progressively enriched in As, Co, Ni, and Te, and an As-



and Ni-enriched outer rim. The SUL-V4 pyrite (c) has an inclusion-poor core with large 

Bi-rich chalcopyrite inclusions and an outer zone of Bi-bearing pyrite enriched in silicate 

inclusions. The upper-left part of the SUL-V4 pyrite is Se-enriched cubic pyrite with a Co-

rich rim and a Se-poor overgrowth. The SUL-T9 (d) pyrite has an As-poor core (magmatic 

pyrite?) with a Co-poor and Te-Bi-bearing overgrowth that turns into a Co-richer 

overgrowth with an irregular outline, and a Co-As-enriched and Ni-poor outer rim. 

Figure 8: Bi vs Te (a) and Se vs Cu (b) binary diagrams that display median values 

calculated from the DB2 dataset and for inclusion-rich and inclusion-poor pyrites (n = 188). 

These diagrams show that most elements (except Se) are more abundant in inclusion-rich 

than inclusion-poor pyrite. The color lines connect the median values calculated for 

inclusion-rich and inclusion-poor pyrite. 

Figure 9: Bi vs Te (a), As vs Sb (b), Te vs Se (c), W vs Sn (d), Co vs Ni (e), and Co/Ni vs 

Co+Ni (f) binary diagrams showing the pyrite (n = 1898) of the DB3 dataset. The color 

code is designed to help the reader compare the chemistry of the pyrites from magmatic-

hydrothermal systems (Kokko, Queylus, and Bruno samples) to those formed in other 

contexts. 

Figure 10: Results of principal component analysis (PCA) performed using the DB3 

dataset (n = 1898) and the elements of interest as variables (m = 22). The diagrams are 

displayed, from top to bottom, as a function of PC1 and PC2, PC1 and PC3, and PC2 and 

PC3. The dataset is displayed on binary diagrams using color codes that refer to the 

depositional environment (a) and the composition of the host rocks (c). The contribution 

of each variable is shown using circle diagrams (b). 

Figure 11: Multi-element diagram for sulfide grains (for pyrite, chalcopyrite, and 

sphalerite analyses; with Fe-rich analyses discarded) of the DB3 dataset (n = 1947), 

normalized by the median values reported in Table 3. The elements are displayed in order 

of increasing abundance in the pyrites of the Kokko sample (red line). These pyrites are 

richer in Bi and Te and poorer in As, Sb, Cr, Pb, Ba, and Sn than the other pyrites 

considered. The pyrite from the Queylus sample displays the same tendency as the Kokko 

sample with the exception of Bi. The pyrite from the old Bruneau mine (Bruno sample) 

and the nearby SUL-V1 sample is also enriched in Te and ±Bi. 



Figure 12: Zoom on the circle diagrams of Figure 10, obtained by principal component 

analysis (PCA) of the DB3 dataset (n = 1898). The diagrams are displayed as a function of 

PC1 and PC2, PC1 and PC3, and PC2 and PC3. The color code enhances the main positive 

correlations between elements.  

Figure 13: Ag vs Cu (a), Au vs Cu (b), Bi vs Pb (c), and Bi vs Cu (d) binary diagrams 

showing the pyrites and other sulfides of the DB3 dataset (n = 2145). The color code is 

designed to help the reader compare the chemistry of the pyrites from magmatic-

hydrothermal systems (Kokko, Queylus, and Bruno samples) to those formed in other 

contexts. 

Figure 14: Diagram of Au solubility in pyrite as a function of As (Reich et al., 2005), 

displaying the analyses of the DB3 dataset for which Au is detected, i.e., Au > 0.1 ppm, n 

= 831. The samples are from magmatic-hydrothermal systems (a) and other environments 

(b). The color code (b) emphasizes the samples for which Au and As are correlated; the 

other samples are displayed in gray.  

Figure 15: Binary diagram of ln(Te) vs temperature estimated using the Se-in-pyrite 

thermometer (Keith et al., 2018). The dots and error bars correspond to median and 

standard deviation, respectively, calculated using the DB3 dataset (n = 2145) (a). Two 

median values are calculated for the Queylus and SUL-V3 samples, in which Se has a 

bimodal distribution (a). The bottom diagram (b) shows median values calculated using the 

analyses of the DB2 dataset and for the samples that contain inclusion-rich and inclusion-

poor pyrites (n = 188). 
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Figure 1: Geological map of the Chibougamau area, showing the main volcanic, 

sedimentary, and intrusive phases. The geological map is modified from the Ministère de 

l’Énergie et des Ressources Naturelles (MERN), Québec (SIGEOM 2018). The projection 

is UTM NAD83 Zone 18N. This map presents the remaining units of the Gilman Formation 

in light green, i.e., the color of the Bruneau Formation, following the most recent 

stratigraphic interpretation (Leclerc et al. 2017). The Caopatina Formation is undated and 

its relationship with the volcanic cycle 2 and the Opémisca Formation is unresolved. 

 



 
Figure 2: SEM (scanning electron microscope) images of pyrites from the Kokko sample. 

a) False color image obtained by combining EDS (energy dispersive X-ray spectroscopy) 

semi-quantitative chemical maps (Ca, Al, and Si) using the ImageJ software; and b) 

electron backscattered image. These images show that pyrite contains chalcopyrite 

inclusions and entraps silicates from the groundmass (chlorite, epidote, albite, and 

muscovite in this example). Mineral abbreviations as reported in the literature (Whitney 

and Evans 2010). 

  



 

 

Figure 3: Pyrite from the Kokko sample. a) Reflected light image of the grain showing its 

inclusion-rich core and its inclusion-poor outer rim. The red arrow corresponds to the trace 

of the 73 µm wide laser ablation line shown in (b); b) Time-resolved profiles showing the 

distribution of 57Fe, 59Co, 65Cu, 125Te, 107Ag, 197Au, and 209Bi in pyrite. Note the complex 

distribution of Co that mimics the growth zoning of pyrite, the Bi- and Te-rich inclusion-

rich core of the pyrite, and the spatial association between Ag, Au, and Cu (chalcopyrite 

inclusions). The integration boxes used to reduce LA-ICP-MS data are shown for the DB1, 

DB2, and DB3 datasets. 

  



 

 

Figure 4: Chemical composition of the pyrites of the Kokko sample. a) Box plots 

displaying the DB3 dataset (n = 267) and comparing it to median values (red rectangles) 

reported by Table 3. Relative to these median values, the Kokko pyrites are enriched in Cd, 

Te, Hg, and Bi (orange boxes) and depleted in Cr, As, Sb, Ba, and Pb (blue boxes). b) Bi 

vs Te binary diagram comparing the chemistry of the Kokko pyrites as documented by the 

DB1 (n = 10), DB2 (n = 24), and DB3 (n = 267) datasets. c) Bi vs Te binary diagram 

displaying the DB3 dataset (n = 267) and using Si as a proxy for inclusion-rich pyrites. 

 

 



 

Figure 5: SEM (scanning electron microscope) images of pyrites from the Queylus (a–b), 

SUL-S13 (c–d) and SUL-V4 (e–f) samples. (a, c, e) False color images obtained by 

combining EDS (energy dispersive X-ray spectroscopy) semi-quantitative chemical maps 

using the ImageJ software. The images show that all the minerals observed in the 

groundmass of the rocks can be found in inclusions in the pyrite. (b, d, f) Electron 

backscattered images showing the distribution of silicate, chalcopyrite, and magnetite 



inclusions in pyrite. Mineral abbreviations as reported in the literature (Whitney and Evans 

2010).  
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Figure 6: Pyrites from the Queylus (a), Bruno (b), SUL-V3 (c), SUL-V4 (d), SUL-T9 (e), 2 

SUL-V7 (f), SUL-V8 (g), SUL-S11 (h), SUL-S12 (i), SUL-S12 (j), and SUL-S13 (k) 3 

samples. The reflected light images show the trace of the 73 µm wide laser ablation line 4 

(red arrow) that goes through inclusion-rich (pink lines) and inclusion-poor (green lines) 5 

pyrites. The time-resolved profiles show the distribution of 57Fe, 59Co, 65Cu, 125Te, and 6 
209Bi in pyrite. The analyzed pyrites are subeuhedral grains with inclusion-rich and 7 

inclusion-poor sectors (a, c, d, e, f, g, i, k), inclusion-rich lathlike pyrites (b), and spongy 8 

pyrites with irregular (c, f, j) or nodular (h) outlines. Mineral abbreviations as reported in 9 

the literature (Whitney and Evans 2010). 10 



 11 

Figure 7: Reflected light images and chemical maps (LA-ICP-MS) of pyrites from the 12 

Kokko (a), SUL-V8 (b), SUL-V4 (c), and SUL-T9 (d) samples. The chemical maps are 13 

semi-quantitative, and the color bar goes from 0 to the following maximum (max) values 14 

(in ppm): 0.7, 35, 2, and 35 (As); 70, 150, 130, and 120 (Co); 25, 35, 20, and 150 (Ni); 1, 15 

0.23, 0.25, and 1 (Te); 4.5, 0.23, 0.6, and 1 (Bi); and 2.3, 1.3, 5, and 5 (Se) for a, b, c, and 16 

d, respectively. The analyzed pyrites record complex growth interpreted using pink dashed 17 

lines (reflected light images). The Kokko pyrite (a) has an inclusion-rich and Bi-Te-rich 18 

core with a Co-rich overgrowth and an outer rim having As, Co, Ni, and Te oscillatory 19 

zoning. The SUL-V8 pyrite (b) has an inclusion-free core with two inclusion-bearing and 20 

Bi-rich growth zones that become progressively enriched in As, Co, Ni, and Te, and an As-21 

and Ni-enriched outer rim. The SUL-V4 pyrite (c) has an inclusion-poor core with large 22 

Bi-rich chalcopyrite inclusions and an outer zone of Bi-bearing pyrite enriched in silicate 23 

inclusions. The upper-left part of the SUL-V4 pyrite is Se-enriched cubic pyrite with a Co-24 

rich rim and a Se-poor overgrowth. The SUL-T9 (d) pyrite has an As-poor core (magmatic 25 

pyrite?) with a Co-poor and Te-Bi-bearing overgrowth that turns into a Co-richer 26 

overgrowth with an irregular outline, and a Co-As-enriched and Ni-poor outer rim. 27 

  28 



 29 

Figure 8: Bi vs Te (a) and Se vs Cu (b) binary diagrams that display median values 30 

calculated from the DB2 dataset and for inclusion-rich and inclusion-poor pyrites (n = 188). 31 

These diagrams show that most elements (except Se) are more abundant in inclusion-rich 32 

than inclusion-poor pyrites. The color lines connect the median values calculated for 33 

inclusion-rich and inclusion-poor pyrites of the displayed samples.  34 

  35 



 36 

 37 

Figure 9: Bi vs Te (a), W vs Sn (b), Te vs Se (c), As vs Sb (d), Co vs Ni (e), and Co/Ni vs 38 

Co+Ni (f) binary diagrams showing the pyrites (n = 1898) of the DB3 dataset. The color 39 

code is designed to help the reader compare the chemistry of the pyrites from magmatic-40 

hydrothermal systems (Kokko, Queylus, and Bruno samples) to those formed in other 41 

contexts. 42 



 43 

Figure 10: Results of principal component analysis (PCA) performed using the DB3 44 

dataset (n = 1898) and the elements of interest as variables (m = 22). The diagrams are 45 

displayed, from top to bottom, as a function of PC1 and PC2, PC1 and PC3, and PC2 and 46 

PC3. The dataset is displayed on binary diagrams using color codes that refer to the 47 

composition of the host rocks (a) and the depositional environment (c). The contribution 48 

of each variable is shown using circle diagrams (b). 49 

 50 

 51 

 52 



 53 

Figure 11: Multielement diagram for sulfide grains (for pyrite, chalcopyrite, and sphalerite 54 

analyses; with Fe-rich analyses discarded) of the DB3 dataset (n = 1947), normalized by 55 

the median values reported in Table 3. The elements are displayed in order of increasing 56 

abundance in the pyrites of the Kokko sample (red line). These pyrites are richer in Bi and 57 

Te and poorer in As, Sb, Cr, Pb, Ba, and Sn than the other pyrites considered. The pyrites 58 

from the Queylus sample display the same tendency as the Kokko sample with the 59 

exception of Bi. The pyrites from the old Bruneau mine (Bruno sample) and the nearby 60 

SUL-V1 sample are also enriched in Te and ±Bi. 61 

 62 



 63 

Figure 12: Zoom on the circle diagrams of Figure 10, obtained by principal component 64 

analysis (PCA) of the DB3 dataset (n = 1898). The diagrams are displayed as a function of 65 

PC1 and PC2, PC1 and PC3, and PC2 and PC3. The color codes enhances the main positive 66 

correlations between elements.  67 



 68 

Figure 13: Ag vs Cu (a), Au vs Cu (b), Bi vs Pb (c), and Bi vs Cu (d) binary diagrams 69 

showing the pyrites and other sulfides of the DB3 dataset (n = 2145). The color code is 70 

designed to help the reader compare the chemistry of the pyrites from magmatic-71 

hydrothermal systems (Kokko, Queylus, and Bruno samples) to those formed in other 72 

contexts. 73 

 74 



 75 

Figure 14: Diagram of Au solubility in pyrite as a function of As (Reich et al. 2005), 76 

displaying the analyses of the DB3 dataset for which Au is detected, i.e., Au > 0.1 ppm, n 77 

= 831. The samples are from magmatic-hydrothermal systems (a) and other environments 78 

(b). The color code (b) emphasizes the samples for which Au and As are correlated; the 79 

other samples are displayed in gray.  80 

 81 



 82 

Figure 15: Binary diagram of ln(Te) vs temperature estimated using the Se-in-pyrite 83 

thermometer (Keith et al. 2018). The dots and error bars correspond to median and standard 84 

deviation, respectively, calculated using the DB3 dataset (n = 2145) (a). Two median 85 

values are calculated for the Queylus and SUL-V3 samples, in which Se has a bimodal 86 

distribution (a). The bottom diagram (b) shows median values calculated using the analyses 87 

of the DB2 dataset and for the samples that contain inclusion-rich and inclusion-poor 88 

pyrites (n = 188). 89 



Table 1: Sample list and location 90 

Sample UTMEU18 UTMNU18 Host rock Pyrite origin Formation, location 
Kokko 547443 5525432 anorthosite porphyry Lac Doré Complex (Cu-Au Central 

Camp) 
Queylus 543739 5508354 tonalite porphyry (?) Hydrothermal breccia in the rocks of 

the Chibougamau pluton 
Bruno 553459 5531754 basalt porphyry (?) Bruneau Formation (old Cu-Au-Ag 

Bruneau mine) 
SUL-V1 553531 5531830 basalt synvolcanic Bruneau Formation (near the old 

Bruneau mine) 
SUL-V2 535928 5544073 basalt synvolcanic Bruneau Formation 
SUL-V3 535928 5544073 basalt synvolcanic Bruneau Formation 
SUL-V4 538851 5534698 basalt synvolcanic Bruneau Formation 
SUL-V5 553282 5550067 basalt synvolcanic Bruneau or Obatogamau Formation, 

Barlow Fault (lower amphibolite 
facies) 

SUL-T9 556035 5550291 mafic intrusion syntectonic Cummings sill along the Barlow Fault 
SUL-V6 515874 5510071 chert in basalt synvolcanic Obtaogamau Formation (lower 

amphibolite facies due to contact 
metamorphism) 

SUL-V7 525920 5483935 volcanoclastic synvolcanic Waconichi Formation 
SUL-V8 555392 5538504 volcanoclastic synvolcanic Blondeau Formation 
SUL-T10 541675 5538540 clastic sed. rock syntectonic Bordeleau Formation 
SUL-S11 559797 5539549 clastic sed. rock syn-sedimentary Blondeau Formation 
SUL-S12 554987 5532695 black shale syn-sedimentary Blondeau Formation 
SUL-S13 556925 5536272 black shale syn-sedimentary Blondeau Formation 

 91 
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 93 

Table 2: Main minerals observed as inclusions in pyrite and in the host rock 94 

 95 

Sample Pl or Ab-Epa Qz Ms Bt Chl Amp Spn Cb Mag 
Kokko X  X  X    X 
Queylus X X X X    X  
Bruno X    X X X   
SUL-V1 X X    X X   
SUL-V2 X X    X X   
SUL-V3 X  X   X X   
SUL-V4 X X X  X X X X X 
SUL-V5 X X  X X X X X  
SUL-T9 X  X   X X   
SUL-V6 X X X  X     
SUL-V7 X X X     X  
SUL-V8 X X X  X   X  
SUL-T10 X X X    X   
SUL-S11 X X X  X   X  
SUL-S12  X X     X  
SUL-S13 X X X  X   X  

 96 

a Mineral abbreviations stand for: albite (Ab), amphibole (Amp), biotite (Bt), carbonate 97 
(Cb), chlorite (Chl), epidote (Ep), magnetite (Mag), muscovite (Ms), plagioclase (Pl), 98 
quartz (Qz) and titanite (Spn). 99 

 100 

  101 



Table 3: Median chemical composition of the studied pyrites (in ppm) 102 

Element Median  Element Median 
V 2.06  Cd 0.01 
Cr 1.09  Sn 0.14 
Mn 7.48  Sb 0.30 
Co 429.53  Te 1.03 
Ni 129.27  Ba 0.77 
Cu 12.10  W 0.02 
Zn 2.00  Au 0.01 
Ga 0.19  Hg 0.28 
As 86.93  Tl 0.01 
Se 10.85  Pb 13.41 
Ag 0.65  Bi 1.56 
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