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A B S T R A C T   

Numerous orogenic gold deposits have been discovered within the Archean Abitibi greenstone belt of Canada. 
These include the Francoeur, Wasamac, Astoria, Zulapa, Goldex, Lamaque, Lac Herbin, and Beaufor deposits, all 
of which are located within the Cadillac–Larder Lake Fault Zone (CLLFZ). These gold deposits are hosted by 
various lithologies and vary in terms of style of mineralization, sulfide abundance, and hydrothermal alteration. 
These variations mean that exploration for new deposits has been difficult in this area using common exploration 
criteria. This study presents the results of a principal component analysis (PCA)-based approach, combining 
geochemical and mineralogical data to quickly identify different types of gold mineralization within the CLLFZ, 
including assessing the use of this approach in mineral exploration. 

The first principal components in both classification methods used during this study (PCE1 and PCM1, rep-
resenting element geochemical and mineralogical classification respectively) can efficiently discriminate be-
tween mineralization and barren/altered rocks. The second principal components (PCE2 and PCM2) can be used 
to constrain the host rocks (altered vs. barren) and style of mineralization (disseminated vs. vein-hosted), 
respectively. Finally, PCE3 and PCM3 give more detailed information on the nature of the mineralization in an 
area, possible reflecting variations in the composition of ore-forming fluids. All of the above indicates that the 
two PCE and PCM classification methods are complementary, which means that using approaches that combine 
these methods will provide a comprehensive understanding of the nature of studied samples and/or deposits. 

Information extracted from the results of the PCA undertaken during this study may be beneficial for mineral 
exploration in unknown districts, such as glaciated areas, where traditional geological fieldwork is challenging. 
This study also defines element and mineral mineralization indices based on PCE1 and PCM1, which enables 
evaluation of the extent and style of gold mineralization in an area. This study indicates that PCA-based auto-
mated mineralogical and geochemical classification methods could be highly useful in exploration for gold 
deposits.   

1. Introduction 

Orogenic lode gold deposits generally form within compressional to 
transpressional crustal-scale fault zones in Archean greenstone belts 
(Colvine et al., 1984; Rabeau et al., 2013; Groves et al., 2018). These 
major structures act as important channels for hydrothermal fluids 
(Beaudoin and Pitre, 2005; Goldfarb et al., 2005). Numerous orogenic 
lode gold deposits are located along the Destor–Porcupine Fault Zone 
and the Cadillac–Larder Lake Fault Zone (CLLFZ) within the Archean 
Abitibi greenstone belt of the Superior Craton, Canada (Fig. 1). The 
CLLFZ accounts for half of the gold production and reserves in the 

Abitibi Province, and >25% of the gold production and reserves in 
Canada (Dubé et al., 2007). The zone has produced >4200 t Au, and 
contains 37 world-class (>10 t Au) gold deposits and 4 giant gold dis-
tricts (>100 t Au). As such, the CLLFZ represents one of the most 
important gold metallogenic districts in the world (Dubé et al., 2007). 

Orogenic gold deposits are associated with characteristic types and 
styles of alteration and mineralization (Goldfarb et al., 2001; Trépanier 
et al., 2015) and detailed analysis of alteration zoning can provide 
vectors for gold mineralization (Eilu and Mikucki, 1998; Crosta et al., 
2003; Gaillard et al., 2018). Specific mineral assemblages in alteration 
zones can also provide information on the prevailing temperature, 
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pressure, and fluid composition during mineralization, providing 
important constraints on ore deposit models (Colvine et al., 1984; 
Groves et al., 1998; McCuaig and Kerrich, 1998; Goldfarb et al., 2005). 
However, the intensity, range, and mineral assemblages formed during 
alteration vary with changes in host rock lithology and crustal depth 
(Colvine, 1989; Groves et al., 1998; Goldfarb et al., 2005). In addition, 
poor exposure levels in glaciated areas mean that alteration features can 
be difficult to identify. This means that identifying the type of miner-
alization in new areas on the basis of alteration is challenging during the 
early stages of mineral exploration. In addition to the variations in 
alteration discussed above, orogenic gold deposits also contain different 
types of mineralization that reflect the influences of different faulting 
regimes (Robert et al., 1995, 2005; Robert and Poulsen, 2001; Sibson, 
2004; Rafini, 2014). Ore deposit formation under brittle faulting 

conditions is typically associated with mineralized stockworks and 
breccias, whereas ductile conditions are typically associated with 
disseminated mineralization that is hosted by deformed stratiform veins 
(Goldfarb et al., 2005). Mineralization within the brittle–ductile tran-
sition zone is generally hosted by discordant or concordant quartz-
–carbonate or S-type veins (Goldfarb et al., 2005). This adds a level of 
complexity to mineral exploration, as the presence of disseminated 
mineralization in an area can often be overlooked if detailed mineral-
ogical and geochemical analyses are not undertaken. 

Previous research has outlined the geochronology, tectonic evolu-
tion, and ore-forming processes involved in the formation of Archean 
greenstone-hosted orogenic gold deposits within the Abitibi Province 
(Robert, 1990; Wong et al., 1991; Beaudoin and Pitre, 2005; Goldfarb 
et al., 2005; Neumayr et al., 2007; Rabeau et al., 2013; McNicoll et al., 

Fig. 1. Map showing the main structural corridors of southern Abitibi, namely the Cadillac–Larder Lake Fault Zone (CLLFZ) and the Destor–Porcupine Fault Zone 
(PDFZ; modified from Robert, 2001, Rabeau et al., 2013, and Rafini, 2014). The location of the gold deposits that form the focus of this study are also shown. 
Structural segment divisions are after Bedeaux et al. (2017). 

Table 1 
Characteristics of the different gold mineralization styles spatially associated to the CLLFZ in Abitibi of Canada.  

Deposit Francoeur Wasamac Astoria Zulapa Goldex Lamaque Lac Herbin Beaufor 

Segment Rouyn Rouyn Rouyn Joannes Val-d’Or Val-d’Or Val-d’Or Val-d’Or 

Tonnages and 
grades 

0.6 Mt @ 6.91 
g/t Au 
(Probable) 

21.45 Mt @ 
2.56 g/t 
(Proven +
Probable) 

2.9 Mt @ 4 g/t Au 
(Proven +
Probable) 

1.12 Mt @ 7.24 
g/t Au (Proven); 
1.71 Mt @ 7.56 
g/t Au 
(Probable) 

14.8 Mt @ 1.87 
g/t Au 
(Proven); 13.0 
Mt @ 1.62 g/t 
Au (Probable) 

24 Mt @ 5.9 g/ 
t Au (Proven +
Probable) 

43,000 t @ 7.45 
g/t Au (Proven); 
96,000 t @ 6.45 
g/t Au 
(Probable) 

81,742 t @ 7.53 
g/t Au (Proven); 
201,296 t @ 7.6 
g/t Au 
(Probable) 

Mineralization 
style 

Disseminated 
pyrite 

Disseminated 
pyrite 

Tabular, 
stockwork 

Sulfide-rich 
veins 

Tourmaline 
veins 

Tourmaline 
veins 

Tourmaline 
veins 

Tourmaline 
veins 

Sulfide 
abundance 

Medium to high 
(7–40%) 

Medium to high 
(7–40%) 

Low (<5%) Medium 
(10–15%) 

High (up to 
25%) 

High (up to 
25%) 

High (up to 25%) High (up to 
25%) 

Sulfide nature Pyrite Pyrite Pyrite, 
arsenopyrite, 
gersdorffite, 
chalcopyrite 

Pyrite, 
arsenopyrite, 
pyrrhotite 

Pyrite Pyrite, 
chalcopyrite, 
pyrrhotite, 
tellurium 

Pyrite, 
pyrrhotite, 
chalcopyrite, 
sphalerite, 
galena, cobaltite, 
tellurides 

Pyrite and 
chalcopyrite 

Alteration Carbonate, 
hematite, 
muscovite, 
albite 

Microcline, 
carbonates 
quartz, albite, 
sericite 

Carbonate, 
fuchsite, sericite 

Biotite Albite, sericite, 
biotite, chlorite 

Carbonate, 
sericite, pyrite, 
minor albite 

Carbonate, white 
mica, chlorite 

chlorite, 
sericite, 
carbonate 

Host rock Mafic to felsic 
metavolcanic 
schists and 
abitite dykes 

Mafic to felsic 
metavolcanic 
schists and 
abitite dykes 

Mafic and 
ultramafic 
metavolcanites 
and clastic 
sediments 

Mafic to 
ultramafic rocks 

Tonalitic to 
dioritic 
intrusion 

Diorite 
intrusions 

Diorite Granodiorite 

Note: This table is compiled according to Rafini (2014) and Bedeaux et al. (2017). Tonnages and grades data: Lamaque-Cowan (2020), Wasamac-NS Energy Company, 
Astoria- Yorbeau Resources Inc., data for Francoeur, Zulapa, Goldex, Lac Herbin and Beaufor are from Natural Resources Canada (https://www.nrcan.gc.ca/mini 
ng-materials/exploration/8294). 
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2014; Rafini, 2014; Beaudoin and Chiaradia, 2016; Fayol et al., 2016; De 
Souza et al., 2017; Dubé et al., 2017; Mercier-Langevin et al., 2017; 
Poulsen et al., 2017; Rezeau et al., 2017). Some of these studies deter-
mined that individual deposits can contain different types of minerali-
zation and alteration (Robert and Poulsen, 1997; Neumayr et al., 2000; 
Beaudoin and Pitre, 2005; Rabeau et al., 2013). Gold deposits within the 
CLLFZ exhibit different types of mineralization, have different geome-
tries, sulfide abundances, and host rocks, and are associated with hy-
drothermal alteration (Table 1; Rafini, 2014; Bedeaux et al., 2017; De 
Souza et al., 2017; Dubé et al., 2017; Mercier-Langevin et al., 2017). The 
mineralization within this area includes tabular stockwork, dissemi-
nated pyrite, sulfide-rich vein, stockwork–disseminated, albite vein, and 
tourmaline vein mineralization types (Table 1; Rafini, 2014; Bedeaux 
et al., 2017). The mineralization is associated with various types of 
carbonate alteration, silicification, and alkali metasomatism (e.g., 
potassic and sodic alteration). Variations in alteration and mineraliza-
tion types within individual deposits in this region makes mineral 
exploration challenging, because not all exploration criteria are appli-
cable to all of the deposits in this area, or even to different parts of the 
same deposit. This makes it impossible to establish clear quantitative 
relationships between gold grades and the given features of a deposit. As 
such, a rapid, quantitative method is needed for characterizing deposits 
based on limited surface exposure, or from samples from drill cores only. 

This paper outlines the chemical composition and mineralogy of 
mineralized samples from eight orogenic gold deposits within the Abi-
tibi Province. These deposits include the Francoeur, Wasamac, Astoria, 
Zulapa, Goldex, Lamaque, Lac Herbin, and Beaufor deposits, from west 
to east along the CLLFZ (Fig. 1). This multidimensional dataset contains 
abundant information about the alteration and mineralization charac-
teristics of these eight deposits. Commonly used binary plots or multi- 
element variation diagrams appear to capture only specific informa-
tion on mineralization and alteration within these deposits. However, 
principal component analysis (PCA), which is an effective data dimen-
sion reduction method based on covariations between variables, can 
reveal information that is otherwise hidden within individual datasets 
(Grunsky, 2010). This approach has been widely used for provenance 
discrimination and mineral exploration (e.g., Chandrajith et al., 2001; 
Cheng et al., 2011; Makvandi et al., 2016; Chen et al., 2018). This study 
uses PCA to extract important information about alteration and miner-
alization that can be used to discriminate between different types of gold 
deposit. This approach demonstrates that geochemical and mineralog-
ical classification can provide diagnostic information about variations in 
host rock lithologies, mineralization and alteration types, and the for-
mation of mineralized veins. Both of the methods outlined in this study 
can efficiently discriminate between mineralized and barren/altered 
rocks; however, the mineralogical classification method discriminates 
between different styles of mineralization, whereas the geochemical 
classification method discriminates between altered and unaltered 
rocks. This means that the classification methods are complementary, 
with a combined approach being potentially useful during exploration 
for gold deposits within poorly studied or poorly exposed districts. 

2. Geological background 

The Abitibi metallogenic province within the southwestern Superior 
Province is the largest greenstone belt in the Canadian Shield and covers 
an area of 700 × 300 km (Fig. 1). The southern Abitibi greenstone belt 
contains metavolcanic units of the Blake River, Malartic, and Louvicourt 
groups and the Piché structural complex, all which are ultramafic to 
felsic in composition and are tholeiitic to calc-alkaline (Goodwin, 1982; 
Corfu, 1993; Scott et al., 2002; McNicoll et al., 2014; Monecke et al., 
2017). Archean sedimentary units that overlie these metavolcanic units 
include the flysch-type Cadillac and Kewagama groups, the turbiditic 
Pontiac Group, and the Timiskaming Group, which contains polymict 
conglomerates, sandstones, and argillites (Bedeaux et al., 2017). The 
belt has undergone regional sub-greenschist to greenschist–amphibolite 

transitional facies metamorphism, with deeper parts of the crust exposed 
with increasing proximity to the Proterozoic Grenville Front (Powell 
et al., 1995). The metamorphism within the southern Abitibi greenstone 
belt occurred between ca. 2680 and ca. 2640 Ma (Jolly, 1978; Powell 
et al., 1995; Dubé et al., 2007). 

The CLLFZ is an east–west trending crustal discontinuity that extends 
for around 250 km (Bedeaux et al., 2017), and separates the Abitibi and 
Pontiac sub-provinces in Quebec (Fig. 1). The structural evolution of the 
CLLFZ is divided into four major events, the two most important of 
which are a late Archean N–S shortening event and a later NW–SE 
shortening event that was coincident with dextral strike-slip movements 
(Wilkinson et al., 1999; Daigneault et al., 2002, 2004; Bedeaux et al., 
2017). Numerous gold deposits with diverse styles of mineralization and 
alteration cluster in regional-scale goldfields along the CLLFZ (Couture 
et al., 1994; Robert and Poulsen, 1997; Neumayr et al., 2000; Beaudoin 
and Pitre, 2005; Rabeau et al., 2013; Rafini, 2014). The CLLFZ can be 
subdivided into four segments according to changes in deformation 
patterns, namely (from west to east) the moderately north-plunging 
Rouyn, subvertical to west-plunging Joannes, steeply NE-plunging 
Malartic, and steeply north-plunging Val-d’Or segments (Bedeaux 
et al., 2017). Structural heterogeneities within the CLLFZ led to persis-
tent seismic segmentation and repeated rupturing of the same fault 
windows (Bedeaux et al., 2017). These ruptures enhanced the perme-
ability of large-scale fluid migration channels, thereby acting as a con-
trol on the hydrothermal activity within the southern Abitibi greenstone 
belt and the resulting distribution of gold deposits (Bedeaux et al., 2017, 
2018). 

2.1. Rouyn segment 

The Rouyn segment of the CLLFZ is the westernmost part of the zone 
and extends 50 km from west to east (Fig. 1). This segment contains 
stockwork–veinlet and disseminated sulfide mineralization that is hos-
ted by ultramafic and mafic rocks and albitite dikes (Bedeaux et al., 
2017; Mériaud and Jébrak, 2017). The veins have low sulfide abun-
dances (<5%), whereas the stockwork–veinlet and disseminated styles 
of mineralization contain 7%–40% sulfides. The sulfides are dominated 
by pyrite, arsenopyrite, and chalcopyrite, and are associated with car-
bonate, fuchsite, and albite alteration. 

The Francoeur and Wasamac gold deposits within the Rouyn 
segment were selected as representative examples of the disseminated 
pyrite style of gold mineralization. Both deposits are located along a 
second-order reverse structure related to the CLLFZ (Couture and Pilote, 
1993), and have pyrite-dominated sulfide assemblages that are 
disseminated within mylonitic foliations. The mineralization is hosted 
by mafic to felsic metavolcanic schists of the Blake River Group and 
albitite dikes. The deposits are associated with: (1) Early pervasive, pre- 
ore, low-temperature K–Fe hydrothermal alteration that forms carbon-
ates, hematite, and muscovite; (2) a gold mineralization-related albi-
te–pyrite phase of alteration; and (3) post-ore alteration associated with 
the formation of gypsum and anhydrite veinlets (Couture and Pilote, 
1993). The Wasamac gold deposit is also associated with potassic 
(microcline, carbonate, and quartz) and sodic (albite, sericite, and car-
bonate) alteration that occur together (Mériaud and Jébrak, 2017). The 
Astoria gold deposit is classified as a quartz vein-dominated tabular 
stockwork deposit, and was studied for comparative purposes. It is 
hosted by mafic and ultramafic metavolcanic rocks of the Piché struc-
tural complex and clastic sediments of the Timiskaming Group, both of 
which have undergone intense carbonate–fuchsite (+sericite) alteration 
(Rafini, 2014). The sulfide assemblage within the deposit is dominated 
by arsenopyrite, gersdorffite, pyrite, and chalcopyrite associated with 
free native gold (Table 1). 

2.2. Joannes segment 

The Joannes segment is 40 km long, strikes east–west, and is 

Y.-M. Meng et al.                                                                                                                                                                                                                               



Ore Geology Reviews 127 (2020) 103840

4

geometrically separated from the Malartic segment to the east. This 
segment contains semi-massive vein- and veinlet-type gold mineraliza-
tion that contains 10%–15% sulfides. These sulfides are dominated by 
pyrite with arsenopyrite and pyrrhotite, and are associated with biotite 
alteration (Rafini, 2014; Bedeaux et al., 2017). The mineralization is 
hosted in a syn-tectonic intrusion and surrounding banded iron forma-
tion units. 

The Zulapa gold deposit was chosen as a representative example of 
the sulfide-rich vein-hosted mineralization in this segment. The gold 
mineralization within the deposit is hosted predominantly by mafic to 
ultramafic rocks of the Piché Group that have been significantly 
deformed, metamorphosed (under upper greenschist–lower amphibolite 
facies conditions), and altered (Simard et al., 2013). Gold mineralization 
is present as invisible gold within arsenopyrite + pyrrhotite ± pyrite 
sulfide assemblages, as native gold disseminated within hydrothermally 
altered wall rocks (Simard et al., 2013), and locally in quartz–carbonate 
veinlets. The precipitation of auriferous arsenopyrite may be related to 
potassic alteration, as evidenced by the close spatial association between 
biotite-altered wall rocks and arsenopyrite (Simard et al., 2013). 

2.3. Val-d’Or segment 

The Val-d’Or segment is 70 km long and located in the eastern CLLFZ 
(Fig. 1). The Bourlamaque quartz diorite pluton hosts a number of gold 
deposits (Jébrak et al., 1991), and has an ovoid shape with a long axis 
parallel to the dominant regional E–W-trending structure in this area 
(Jébrak et al., 1991). This pluton is thought to have formed during the 
same volcanic and magmatic event that formed the Val-d’Or Formation 
(Belkabir et al., 1993; Kerrich and King, 1993; Faure, 2009). 

Two types of gold deposit have been identified within the Val-d’Or 
sediment, namely (1) disseminated gold with sulfides, hosted by 
massive, fractured, or brecciated wall rocks, and (2) vein-type deposits 
(Robert, 1990, 1994; Jébrak et al., 1991; Couture et al., 1994). The 
majority of the gold within this segment is hosted by massive quartz-
–carbonate–tourmaline–chlorite–scheelite veins (Bedeaux et al., 2017) 
that contain up to 25% sulfides, with an assemblage dominated by pyrite 
and chalcopyrite. The alteration within this segment is dominated by 
chlorite, sericite, and carbonate alteration (Bedeaux et al., 2017). 

The Goldex, Lamaque, Lac Herbin, and Beaufor deposits within the 
Val-d’Or segment were selected for analysis in this study. The Goldex 
gold mine is located 4 km west of the town of Val-d’Or. The minerali-
zation within the deposit is hosted by gold-bearing quartz–tourmaline 
veins that are located within a quartz diorite and granodiorite sill 
(Hudyma et al., 2010; Daver et al., 2015; Daver, 2017). The gold within 
the deposit is hosted predominantly by pyrite, and is associated with 
sericite, albite, and chlorite alteration (Bedeaux et al., 2017). 

The Lamaque gold deposit is located to the south of the Bourlamaque 
pluton and is hosted in a diorite that intersects the Val-d’Or Formation. 
It is connected to a third-order fault system associated with the CLLFZ 
(Neumayr et al., 2000, 2007) and has produced >140 t of Au, with some 
mineralized zones within the deposit remaining unexploited (Poirier 
et al., 2005). These include the Triangle and Parallel zones that are 
separated by 2 km, with the former lying to the southeast of the latter 
(Poirier et al., 2005). The deposit is dominated by a pyrite, chalcopyrite, 
pyrrhotite, and tellurium mineralized assemblage that is associated with 
carbonate, sericite, pyrite and albite alteration. The mineralization is 
also associated with quartz, tourmaline, calcite, chlorite, scheelite, and 
albite (Sasseville et al., 2015; Kreuzer et al., 2019). 

The Lac Herbin gold deposit is hosted by the Bourlamaque grano-
diorite pluton (Lemarchand, 2012), and consists of a number of sub-
vertical and subhorizontal quartz–tourmaline–carbonate fault-fill veins 
(Rezeau et al., 2017). This mineralization is associated with carbonate, 
white mica, chlorite, and albite alteration (Rezeau et al., 2017). The 
mineralization contains abundant, locally semi-massive pyrite and 
pyrrhotite, with minor amounts of chalcopyrite. Gold is predominantly 
hosted by fractures within deformed pyrite and quartz associated with 

chalcopyrite and carbonate (Lemarchand, 2012; Rezeau et al., 2017). 
The Beaufor gold mine is located in Val-d’Or, to the east of the 

Bourlamaque pluton. This deposit hosts several auriferous quartz-
–tourmaline–carbonate veins (Tremblay, 2001) that contain sulfide as-
semblages dominated by pyrite and chalcopyrite. The gold in the deposit 
is closely associated with pyrite. The alteration in this area is charac-
terized by a bleached inner zone associated with chlorite, sericite, and 
carbonate alteration, which gives way to an outer zone containing hy-
drothermal chlorite and igneous plagioclase (Tessier et al., 1990). 

3. Methodology 

3.1. Sample and method selection 

The samples used during this study were either mineralized or 
altered samples from the eight southern Abitibi deposits outlined above. 
These deposits are located in different structural segments (Fig. 1) and 
are associated with different host lithologies, sulfide abundances, 
alteration, and types of mineralization (Table 1). The selected deposits 
are representative examples of the main mineralization types in the 
Abitibi area. The approach used during this study involved the selection 
of single samples for each deposit, the majority of which were divided 
into subsamples based on a size-fraction approach. Sample selection 
relied on discussions with mine operators to ensure the samples used 
were representative of the mineralization within each deposit. Samples 
that contained veins were prepared to include both vein and wall rock 
materials. Pyrite separates from the same samples (i.e., subsamples) 
have been used previously for Re–Os isotope dating of these deposits 
(Sasseville and Jébrak, 2017), as well as trace element analysis (Daver 
et al., 2020). Tourmaline separates from the same sample set have also 
been used for B isotope and trace element analyses (Daver et al., 2020). 
This meant that a systematic dataset that included data obtained pre-
viously from the same samples and size fractions were available for use 
during this study, which allows the linkage of features within the de-
posits, such as alteration and mineralization, with variations in the 
timing of formation and fluid evolution within these mineralizing sys-
tems. The size-fraction sampling approach used was originally designed 
for the separation of pyrite for Re–Os isotope analysis, and this approach 
can potentially discriminate between different generations of pyrite or 
sulfides that contain different concentrations of Re and Au. In addition, 
the more data used in a multivariate statistical analysis with fixed var-
iables, the more the reliable results. The size-fraction method divides 
one sample into a few subsamples, increasing the amount of available 
data and furthering the ability to determine any potential impact of 
particle size distribution on the resulting data. 

3.2. Size-fraction approach to sample separation 

The methodology used here was based on that outlined by Clauer and 
Chaudhuri (1998) and built on by Sasseville et al. (2015) and Meng et al. 
(2017). In this study, the size-fraction approach entailed the use of 
samples that are first crushed by a manual cast-steel jaw crusher before 
disaggregation by grinding for 1–2 min in an electric rotary agate 
mortar. The resulting ground samples were then sorted into different 
size fractions by sieving with an aliquot of material reserved for use as a 
whole-rock sample. The remaining samples were sieved with USA 
standard test sieves, which yielded eight size fractions at >1000, 
500–1000, 250–500, 100–250, 60–100, 40–60, and <40 μm. An aliquot 
of each fraction was kept dry for use in X-ray fluorescence (XRF) and X- 
ray diffraction (XRD) analyses, ensuring that soluble minerals such as 
anhydrite and various salts were not lost as a result of their solubility. 
Traditional chemical dissolution methods, such as those used for 
inductively coupled plasma–mass spectrometry (ICP–MS or ICP–atomic 
emission spectrometry (AES), require time consuming, expensive, and 
hazardous sample preparation techniques. In comparison, XRF and XRD 
analyses yield non-destructive, fast, and low-cost geochemical and 
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Fig. 2. Box and whisker plots showing variations in major and trace element concentrations within mineralized rocks from orogenic gold deposits of the Abitibi. 
Whiskers represent the range of minimum and maximum values, and the short line within each box represents the median value, which separates the box into two 
parts (i.e., lower 25–50 and upper 50–75 percentile groups). The gray filled circle represents the average value, and the number along the x-axis indicates the number 
of analyses undertaken for each deposit. 
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mineralogical information, respectively. 

3.3. XRF analysis 

A total of 46 size-distribution fractions and whole-rock samples were 
analyzed using a Bruker S-4 Pioneer XRF instrument at the University of 
Quebec at Montreal, Montreal, Quebec, Canada (UQÀM). This analysis 
used a Rh target and a 4 kW maximum power setting, and determined 
the concentrations of a series of elements, including Si, Ti, Al, Fe, Mn, 
Mg, Ca, Na, K, P, Mn, C, S, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, 
Y, Zr, Nb, Mo, Ag, Sb, Ce, Ba, Nd, Eu, Ho, Er, Yb, Lu, Ta, W, Re, Pt, Au, 
Hg, Te, Pb, Bi, Th, and U. The analytical procedures used are similar to 
those outlined in Longerich, 1995 and are summarized here. Prior to 
analysis, samples were powdered to 30–40 μm using an agate pestle and 
mortar. Five grams of the resulting powdered sample was then mixed 
with 10% of Chemplex boric acid before being pressed in a pellet at 25 t 
(metric) pressure. A pressed pellet approach was used here rather than a 
fusion disc approach as the latter may result in the loss of volatile ele-
ments during high temperature fusion. Semi-quantitative concentrations 
were determined using a standard-less analytical method. Data acqui-
sition, peak intensity calibration, and element content calculations were 
undertaken using the Integrated Analytical Intelligence approach within 
the SPECTRA plus software package, yielding 0.5% uncertainties 
(Takahashi, 2015). 

3.4. XRD analysis 

The mineralogies of a total of 50 complete size fraction and whole- 
rock samples were determined using XRD employing a Bruker D5000 
X-ray diffractometer at UQÀM using the approach outlined in Simon 
et al. (2014). Prior to analysis, individual samples were ground in a 
mortar to obtain a powder <10 μm in size, and free of any preferential 
orientation. The powder was then packed in a solid cobalt plate in 
holders of 5 cm in diameter (X-ray λ: CoKa1: 1.78896). The samples 
were scanned between 3◦ and 90◦ (2θ) at an angle step of 0.02, and with 
0.6 sec duration per step. Each analysis lasted 15 min and the resulting 
diffractogram was analyzed using the EVA software package (DIFFRAC. 
EVA of the Bruker DIFFRAC.SUITE). The grain size approach allows the 
determination of quantitative evolution within the minerals in the 
different sub-samples. Semi-quantitative mineral abundances were 
calculated using the peak height (in counts per second) of the first 
diffraction peak for each mineral corrected for quartz and normalized to 
100% (Cook et al., 1975). The estimated uncertainty (1σ) of these 
mineral abundance calculations is 5%. 

3.5. Principal component analysis 

Principal component analysis can be used to evaluate the variance of 
a dataset, using a small number of orthogonal variables (principal 
components), the calculation of eigenvectors, or artificial linear com-
binations of the original variable (i.e., elements). Each successive prin-
cipal component accounts for a lesser and decreasing amount of 
variance. In geochemical data, the majority of variability can be 
accounted for by the first few principal components, thus reducing the 
number of dimensions. Each principal component likely reflects an in-
dividual process affecting the data, such as alteration and mineralization 
(Grunsky, 2010). 

The geochemical compositions of rocks are considered “closed”, 
because the sum of analytical data is constant (i.e., 100%), and this 
closure issue results in a lack of independence between variables. This 
problem was avoided by applying a centered log ratio (CLR) trans-
formation to all data prior to statistical analysis, as suggested by 
Aitchison (1986). The PCA undertaken during this study utilized the 
SPSS 16.0 statistical software package (Norusis, 2008), and principal 
components were extracted using correlation matrixes. Principal 
component loadings and scores are used to describe the importance of 

variables (i.e., elemental concentrations or mineral abundances) and 
observations (samples), respectively. The relationship between variables 
is shown as scatterplots that indicate the loading and score values of 
pairs of components (e.g., P1–P2). The loadings express how variables 
can be linearly combined to yield the scores. The magnitude of indi-
vidual loadings provides information on the impact of a particular 
element or mineral on sample classification, and variables with loadings 
outside the –0.5 to 0.5 interval are the most important (Davis, 1986). 
Elements and minerals that plot in the same quadrant positively and 
negatively correlate with those within the opposite quadrant. The cor-
relation of elements and minerals in the loading plot determines the 
sample distribution in the score plot, with the identification of re-
lationships among samples, elements, and minerals facilitated by plot-
ting principal component scores and loadings in the same space. The 
terms PCE and PCM are used to represent principal components based on 

Fig. 3. Variations in major-element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) 
concentrations within different size fractions (SF), normalized to the concen-
trations of the same elements within whole-rock (WR) samples for (a) the felsic 
rock-hosted Beaufor, (b) the diorite-hosted Goldex, and (c) the ultramafic- 
hosted Zulapa deposits. 
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elemental geochemistry and mineral abundance, respectively. 

4. Geochemical approach and results 

4.1. Chemical composition of mineralized rocks 

The major- and trace-element compositions of the mineralized 
samples from the study area are given in Appendix A. Variations in the 
chemical compositions of samples from different deposits can be iden-
tified using boxplots (Fig. 2). These samples contain 21–24 wt% Si and 
1–10 wt% Al, Fe, Mg, Ca, Na, and K (Fig. 2a–c), with Ti, C, and S contents 
that range from hundreds of ppm to 8 wt% (Fig. 2a, c), and P, Ni, Cu, and 
Ba contents ranging from ~100 to ~2000 ppm (Fig. 2c–f). Tungsten 
concentrations are highly variable (40–7500 ppm; Fig. 2g) with other 
elements (including V, Cr, Co, Zn, Sr, Zr, Mo, Yb, Ta, Re, Pt, Au, and Hg) 
present at concentrations lower than ~500 ppm. Comparing samples 
from different deposits indicate that Si, Fe P, Cr, Ba, Yb, Ta, and Re 
contents are within one order of magnitude, but other elements have 
inter-deposit content variations that differ by two or three orders of 
magnitude (Fig. 2). 

The major element concentrations of whole-rock and different size- 
fraction samples from the Beaufor, Goldex, and Zulapa gold deposits 
are used to illustrate compositional variations with changes in size 

fraction. These three deposits have different host rocks that range in 
composition from felsic to mafic–ultramafic. The size-fraction data for 
deposits with different host rocks are plotted in whole-rock concentra-
tion-normalized variation diagrams (Fig. 3) that indicate that the 
smaller size-fraction (i.e., 0–40, 40–60, and 60–100 μm) samples from 
the Beaufor deposit are depleted in K and Ti, relative to whole-rock 
concentrations, whereas larger size fractions (i.e., 200–500 and 
500–1000 μm) are relatively enriched in Na (Fig. 3a). In comparison, 
smaller size-fraction samples (i.e., 0–40, 40–60, and 60–100 μm) from 
the Goldex deposit have major element concentrations that contrast 
significantly with those in the larger size-fraction samples (i.e., 
100–250, 250–500, and 500–1000 μm), with the 0–100 μm sample 
containing relatively high concentrations of Ti, Fe, Mn, Mg, Ca, P, and 
low concentrations of Si, Al, Na, and K. All size fraction samples from the 
Zulapa deposit have similar relatively depleted patterns, barring Si, 
compared with their whole-rock concentrations. 

4.2. PCA results 

Five principal components with eigenvalues >1 were extracted from 
all of the XRF data used during this study (Fig. 4a), accounting for 35%, 
23%, 10%, 6%, and 5% of the variance in the dataset. The first three 
principal components (PCE1, PCE2, and PCE3) account for a total of 68% 

Fig. 4. Results of the PCA of centered log ratio transformed element concentrations within mineralized rocks from orogenic gold deposits in Abitibi. (a) Eigenvalues 
for seven principal components, the first five of which have eigenvalues larger than one. (b–d) Element loadings for the first three principal components; loadings 
with absolute values >0.5 are considered statistically meaningful. PCE1 has positive loadings for Al, Fe, Mn, Mg, Ca, K, V, Ni, and Zn, and negative loadings for Co, W, 
Re, Pt, Au, and Hg, whereas PCE2 positively correlates with Si, Fe, S, Cr, Ni, and Cu, but negatively correlates with P, Zr, and Ba. PCE3 has positive loadings for Ti and 
K, and negative loadings for Mo. 
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Fig. 5. Results of the PCA of elemental concentrations within ore-bearing rocks from the Francoeur, Wasamac, Astoria, Zulapa, Goldex, Lamaque, Lac Herbin, and 
Beaufor orogenic gold deposits of the Abitibi greenstone belt. These data are displayed as compositional biplots showing principal component scores for all analyses 
(samples) and principal component loadings for individual variables (elements). The x- and y-axes in both (a) and (b) correspond to the gray element labels, whereas 
the right and top axes correspond to the color-filled symbols for different samples. (a) Diagram showing variations in PCE1 vs. PCE2 values showing the separation of 
ore-forming (Pt, W, Co, Hg, Re, Au) and lithological (e.g., Fe, Ca, Mn, Mg, Al, K) elements. (b) Diagram showing variations in PCE1 vs. PCE3 values showing the 
separation of Ti and K from Mo. 
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of this variance, and form the focus of this discussion. Element loadings 
for principal components that have absolute values >0.5 are considered 
statistically meaningful (Fig. 4b–d), and the relationship between 
loadings and scores is shown in PCE1–PCE2 and PCE1–PCE3 diagrams in 
Fig. 5. 

The PCE1 component has positive Al, Fe, Mn, Mg, Ca, K, V, Ni, and 

Zn, and negative Pt, W, Co, Hg, Re, and Au loadings (Figs. 4b and 5a), 
whereas PCE2 is characterized by positive loadings for Cu, S, Si, Cr, Ni, 
and Fe, and negative loadings for Zr, P, and Ba (Figs. 4c and 5a). The 
PCE3 component has positive loadings for Ti and K, and negative load-
ings for Mo (Fig. 4d and 5b). Despite having lower absolute loadings, 
PCE3 also positively correlates with Au, Re, and Hg, and negatively 

Fig. 6. Box and whisker plots showing variations in the mineralogical composition of mineralized rocks from orogenic gold deposits of Abitibi. The different 
components within this diagram are similar to those described for Fig. 2 with the number along the x-axis indicating the number of analyses for each deposit. 
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correlates with Co, Pt, and Mo (Figs. 4d and 5b). 
We define an element mineralization index (EMI) using PCE1 com-

bined with element concentrations and their absolute loadings as fol-
lows: EMI = Σ(C(X)*AL(X))/Σ(C(Y)*AL(Y)), where C(X) represents the 
content of element X , AL(X) represents the absolute loading of element 
X , X includes the ore-related elements Co, W, Re, Pt, Au, and Hg, and Y 
includes the rock-forming elements Al, Fe, Mn, Mg, Ca, K, V, Ni, and Zn. 
The EMI values for samples from the Francoeur, Wasamac, Astoria, 
Zulapa, Goldex, Lamaque, Lac Herbin, and Beaufor deposits are 0.2–0.5, 
0.2–2.3, 1.0, 5.1–18.5, 1.0–2.4, 0.2–1.7, 0.8–46.4, and 24.5–69.6, 
respectively (Appendix A). 

Samples from the Lac Herbin, Beaufor, Zulapa, Goldex, and Wasamac 
deposits generally have negative PCE1 values that indicate higher con-
centrations of W, Pt, Hg, Co, and Mo (Fig. 5a), whereas samples from the 
other deposits are characterized by higher concentrations of lithological 
elements such as Ni, Fe, Ca, Mg, Mn, V, K, Zn, and Al (Fig. 5a). Some 
samples from the Lac Herbin deposit contain elevated concentrations of 
Cu, S, Si, and Cr, whereas some samples from the Francoeur deposit 
contain higher concentrations of Zr, P, and Ba (Fig. 5a), compared with 
the other deposits. In addition, some samples from the Lac Herbin de-
posit are enriched in Mo, whereas some samples from the Beaufor de-
posit contain elevated Ti and K concentrations (Fig. 5b). 

The influence of size fractions on elemental PCA values can be 
evaluated by analysis of the distribution of different size fractions from 
the same sample or deposit. The whole-rock and size-fraction data for 
the Francoeur, Goldex, and Beaufor deposits cluster in specific quad-
rants (i.e., the positive PCE1–negative PCE2, negative PCE1–negative 
PCE2, and negative PCE1–positive PCE2 regions, respectively; Fig. 5a). 
The fact that whole-rock and size-fraction data for the same deposit 
cluster in the same quadrant indicate that the results of the PCA un-
dertaken in this study are not influenced by size-fraction variations. 
Whole-rock and size-fraction samples from the Wasamac and Lac Herbin 
deposits have negative and positive PCE2 scores, respectively, whereas 
those from the Lamaque deposit have positive PCE1 scores. The fact that 
these different size fractions from the same deposit have consistent 
negative or positive scores for specific principal components also in-
dicates that size fractions have little influence on the results of PCA. 
Finally, the whole-rock sample from the Zulapa deposit plots on a line 
with a PCE2 score of zero, but has a PCE1 score of ~0.1 (Fig. 5a), indi-
cating that the whole-rock data is not important for PCA regression. 
Different size fractions for the Zulapa sample also cluster in the same 
negative PCE1 and PCE2 quadrant, again consistent with size-fraction 
variations and sample preparation having little influence on the re-
sults of PCA. 

5. Mineralogical approach and results 

5.1. Mineral abundance variations between deposits 

Boxplots were used to identify the main differences in mineral 
abundance among different deposits (Fig. 6). All of the samples are 
dominated by quartz (21.8%–93.6% abundance; Fig. 6a) with clino-
chlore, muscovite, albite, calcite, dolomite, and pyrite abundances 
varying between 0.1% and ~50% (Fig. 6a, b), and scheelite, schorl, 
uvite, dravite, and microcline abundances generally <10% (Fig. 6b, c). 
Samples from the Francoeur deposit have relatively high dolomite and 
muscovite abundances, whereas the Wasamac samples have elevated 
abundances of albite, microcline, calcite, schorl, uvite, and dravite 
(Fig. 6). The Astoria samples have higher pyrite abundances, whereas 
the Beaufor samples contain more scheelite (Fig. 6). Finally, samples 
from the Goldex deposit have higher albite, schorl, uvite, and dravite 
abundances (Fig. 6). 

The effect of size-fraction variations on mineral abundances was 
investigated by normalizing mineral abundances for different size frac-
tions to the mineral abundances obtained for the whole-rock aliquot of 
the same sample. Samples with different host rocks have different 

normalization patterns (Fig. 7), with the felsic-hosted Beaufor deposit 
having clinochlore depletions in the 60–100, 100–250, and 250–500 μm 
size fractions, pyrite depletions in the 40–60, 60–100, and 100–250 μm 
size fractions, and schorl, uvite, and dravite depletions in the 500–1000 
μm size fraction (Fig. 7a). Size fraction data from the diorite-hosted 
Goldex deposit indicate that size fractions below 500 μm are depleted 
in albite, 60–1000 μm size fractions are relatively depleted in calcite and 
dolomite compared with the <60 μm size fraction, and size fractions 
<250 μm are relatively depleted in scheelite in contrast with the >250 
μm size fractions (Fig. 7b). Finally, different size fractions from the 
ultramafic-hosted Zulapa deposit all have similar normalized patterns 
that are relatively depleted in clinochlore, pyrite, and microcline, but 
enriched in other minerals (Fig. 7c). 

Fig. 7. Mineral abundances within different size fractions (SF) normalized to 
the abundances within whole-rock (WR) samples within (a) the felsic-hosted 
and albite-free Beaufor deposit, (b) the diorite-hosted Goldex deposit, and (c) 
the ultramafic-hosted Zulapa deposit. 
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5.2. PCA results 

Only four of the mineral-related principal components determined 
during this study are statistically meaningful because they have eigen-
values larger than one (Fig. 8a). We consider the first three principal 
components (PCM1, PCM2, and PCM3) that account for 32%, 32%, and 
17% of the variance within the dataset, respectively. The mineral 
loadings for individual principal components are shown in Fig. 8b–d and 
are plotted along with scores in PCM1–PCM2 and PCM1–PCM3 spaces in 
Fig. 9a and b. 

PCM1 has negative loadings for muscovite, albite, and dolomite, and 
positive loadings for pyrite, scheelite, schorl, uvite, and dravite (Figs. 8b 
and 9a), indicating that this principal component separates alteration 
minerals rich in Ca, Na, and K from ore-related minerals. Pyrite, 
scheelite, and tourmaline are all important indicators of orogenic gold 
mineralization, with PCM2 having negative loadings for albite, schorl, 
and uvite, and positive loadings for quartz, clinochlore, calcite, and 
pyrite (Figs. 8c and 9a). This suggests that PCM2 can separate different 
types of vein (e.g., tourmaline veins versus quartz–calcite–pyrite veins). 
PCM3 correlates positively with muscovite, schorl, and uvite and cor-
relates negatively with microcline, dravite, and albite (Figs. 8d and 9b). 

Here we define a mineral mineralization index (MMI) based on 
mineral abundances and their absolute loadings within the PCM1 prin-
cipal component as follows: EMI = Σ(A(X)*AL(X))/Σ(A(Y)*AL(Y)), 
where A(X) represents the abundance of mineral X , and AL(X) repre-
sents the absolute loading of the same mineral X. Minerals are divided 
into X , which includes ore-related minerals such as pyrite, scheelite, 
schorl, uvite, and dravite, and Y, which includes alteration minerals 
such as muscovite, dolomite, albite, and microcline. The MMI values for 
samples from the Francoeur, Wasamac, Astoria, Zulapa, Goldex, Lama-
que, Lac Herbin, and Beaufor deposits are 0.07–0.17, 0.42–0.54, 4.74, 
0.22–0.47, 0.16–0.49, 0.01–0.04, 0.90–1.55, and 1.97–17.1, respec-
tively (Appendix B). 

Samples were separated into four groups in PCM1–PCM2 space, 
reflecting variations in mineral assemblages. Samples from the Lamaque 
and Lac Herbin deposits are characterized by a mineral assemblage 
dominated by clinochlore, calcite, and dolomite, whereas samples from 
Beaufor and Astoria contain more quartz, pyrite, and scheelite (Fig. 9a). 
Samples from the Francoeur deposit also have relatively high muscovite, 
microcline, and albite abundances, whereas samples from the Wasamac, 
Zulapa, and Goldex deposits contain more tourmaline (i.e., uvite, schorl, 
and dravite; Fig. 9a). The Lamaque, Beaufor, and Lac Herbin deposits 

Fig. 8. Results of the PCA of centered log ratio-transformed mineralogical abundances of mineralized rocks from orogenic gold deposits within Abitibi. (a) Ei-
genvalues for seven principal components, the first four of which have eigenvalues >1. (b–d) Element loadings for the first three principal components, where 
loadings with absolute values >0.5 are considered statistically meaningful. PCM1 has positive loadings for pyrite, scheelite, schorl, uvite, and dravite, and negative 
loadings for muscovite, albite, and dolomite, whereas PCM2 positively correlates with quartz, clinochlore, calcite, and pyrite, but negatively correlates with albite, 
schorl, and uvite, and PCM3 has positive loadings for muscovite but negative loadings for microcline and dravite. 
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Fig. 9. Results of the PCA of XRD data for ore-bearing rocks from eight orogenic gold deposits within the Abitibi greenstone belt, shown as compositional biplots 
showing principal component scores for all analyses (samples) and principal component loadings for variables (minerals). The left and bottom axes in (a) and (b) 
correspond to the gray mineral labels whereas right and top axes correspond to color-filled symbols for different samples. (a) Diagram showing variations in PCM1 vs. 
PCM2 values indicating the separation of ore-related minerals (pyrite, scheelite, dravite, schorl, and uvite) from rock-forming minerals (clinochlore, dolomite, 
muscovite, microcline, and albite). (b) Diagram showing variations in PCM1 vs. PCM3 showing the separation of muscovite from microcline and dravite. 
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also plot separately from the other deposits in a PCM1 vs. PCM3 diagram 
(Fig. 9b). This reflects the fact that samples from the Lamaque deposit 
contain more muscovite, dolomite, and clinochlore, relative to other 
deposits, whereas samples from the Beaufor deposit have relatively high 
uvite, schorl, and scheelite abundances (Fig. 9b). Samples from the Lac 
Herbin deposit also contain more microcline and dravite than other 
deposits (Fig. 9b). Different size-fraction samples from the same deposit 
have mineral abundance related PCA values that cluster together and 
plot in the same quadrant (Fig. 9a, b), indicating that size-fraction dif-
ferences have no impact on mineral-based PCA values. This is true for 
the Lamaque deposit, despite the whole-rock sample potting separately 
from the size-fraction samples from the same deposit, because all of 
these samples plot in the same quadrant (Fig. 9a). This means that dif-
ferences in mineral abundances between whole-rock and size-fraction 
data do not affect the PCA analysis of samples from the Lamaque de-
posit, again consistent with size-fraction variations having little influ-
ence on mineral abundance-based PCA. 

6. Discussion 

6.1. Comparison between different classification methods 

Different classification methods can provide different information on 
host rocks, alteration, and mineralization. Table 2 compares the three 
principal components derived from the geochemical and mineral clas-
sification methods used during this study. Here, PCE1 separates rock- 
forming (Al, Fe, Mn, Mg, Ca, K, V, Ni, and Zn) and hydrothermal/ore- 
related elements (Pt, W, Co, Hg, Re, and Au), indicating that PCE1 is a 
very efficient discriminator between mineralized and barren host rocks, 
with the latter either altered or unaltered, but generally lacking in 
mineralization. In addition, PCM1 separates alteration minerals rich in 
Ca, Na, and K from Fe or W-rich ore minerals such as pyrite, tourmaline, 
and scheelite, therefore providing a discriminant between altered host 
rocks and mineralization. This indicates that both PCE1 and PCM1 can 
efficiently discriminate between mineralization and barren rocks. 

The PCE2 component separates ore elements (e.g., Cu–S–Fe in chal-
copyrite, Fe–Ni in pyrite or pyrrhotite, and Si–Cr in fuchsite) from 
alteration elements (Si from quartz), and from rock-forming elements 
(Zr from zircon, P from apatite, and Ba–[K–Sr] from K-feldspar), indi-
cating that PCE2 can efficiently discriminate between mineralization 
and altered host rocks. The PCM2 component separates Si-rich minerals, 
such as quartz, from low Si minerals, such as albite, uvite, and schorl, 
indicating that this component can discriminate between different types 
of mineralization (e.g., disseminated vs. vein-hosted mineralization). 
This indicates that the PCE2 and PCM2 components provide different 
information, where PCE2 discriminates between altered and unaltered 
host rocks, indicating that it represents a useful tool for characterizing 

host rock alteration, whereas PCM2 discriminates between disseminated 
and vein-hosted mineralization, meaning that it is useful for dis-
tinguishing between mineralization types. 

The information extracted from the PCE3 and PCM3 components is 
not as clear as those extracted from their respective first and second 
principal components. The PCE3 component separates K–Fe alteration 
(K from potassic minerals, Ti from Fe–Ti oxides) from molybdenite; Mo). 
The PCE3 component also separates the ore elements Re, Au, Hg, and W 
from Mo, Pt, and Co. The platinum group elements (including Pt, Pd, Rh, 
Os, Ir, and Ru) are commonly enriched in mafic–ultramafic rocks and 
related magmatic Ni–Cu sulfide deposits (Naldrett, 2004), whereas Co 
and Ni are generally enriched in pyrite from magmatic Ni–Cu sulfide 
deposits and magmatic–hydrothermal deposits, such as porphyry Cu and 
iron oxide–copper–gold deposits (e.g., Bajwah et al., 1987; Meng et al., 
2019). Element assemblages enriched in Pt, Co, and Mo are therefore 
indicative of possible magmatic contributions as a result of fluids being 
exsolved from mafic magmas or fluids altering and replacing 
mafic–ultramafic rocks. The positive loadings for Ti, K, Re, Au, and Hg 
suggest that the main ore element Au (as well as Re and Hg) may be 
related to K–Fe alteration. This means that the PCE3 component can be 
used to discriminate between different fluid and mineralizing processes 
(e.g., truly orogenic mineralization vs. deposits influenced by magma-
tism). In comparison, PCM3 may distinguish between different alteration 
paragenesis, such as albite + microcline vs. uvite and schorl. This means 
that the PCE3 and PCM3 components can provide more complex infor-
mation relating to mineralization and alteration, and may also provide 
insights into hydrothermal fluid compositions. 

In summary, both PCE1 and PCM1 can similarly discriminate between 
mineralized and altered or unaltered barren rocks, whereasPCE2 and 
PCM2 provide more detailed information on alteration and mineraliza-
tion, respectively. Finally, PCE3 and PCM3 may provide information on 
the different compositions of fluids responsible for the mineralization 
and alteration in an area. 

6.2. Implications for mineral exploration 

Multivariate statistical methods such as PCA have been widely used 
to characterize the alteration and mineralogy of mineralized systems, 
and to identify sources of metals and fluids, all of which indicate their 
potential applications for mineral exploration (Chandrajith et al., 2001; 
Crosta et al., 2003; Grunsky, 2010; Cheng et al., 2011; Makvandi et al., 
2016; Meng et al., 2017; Chen et al., 2018). For example, the PCA of the 
chemical composition of stream sediments in the Walawe Ganga Basin of 
Sri Lanka led Chandrajith et al. (2001) to determine that areas that 
contain calc-silicate/marble and charnockitic rocks are probable source 
regions for certain minerals, particularly in the axial regions of anti-
clines. Chen et al. (2011) also used a distance-based fuzzy mask in 

Table 2 
Comparison between different classification methods.  

Method Geochemical 
classification   

Mineralogical 
classification   

Positive loading Negative loading Interpretation Positive loading Negative 
loading 

Interpretation 

PC1 Al, Fe, Mn, Mg, Ca, 
K, V, Ni, Zn 

Pt, W, Co, Hg, 
Re, Au 

PCE1 separates ore-related elements from rock- 
forming elements, thus discriminating 
mineralization from barren rocks 

Pyrite, scheelite, 
tourmaline, schorl, 
uvite, dravite 

Muscovite, 
albite, 
dolomite 

PCM1 discriminates altered 
rocks from mineralization 

PC2 Cu, S, Si, Cr, Ni, Fe Zr, P, Ba PCE2 separates elements constituting ore 
minerals such as pyrite, chalcopyrite, pyrrhotite, 
and alteration mineral such as fuchsite from 
elements of igneous accessory minerals 

Quartz, clinochlore, 
calcite, pyrite 

Albite, schorl, 
uvite 

PCM2 discriminates 
minerals comprising 
different types of veins/ 
alteration 

PC3 Ti, K (Re, Au, and 
Hg with lower 
loadings) 

Mo (Pt and Co 
with lower 
absolute 
loadings) 

PCE3 separates K-Fe alteration from 
molybdenite. PCE3 may also distinguish 
orogenic fluids from magmatic influence 

Muscovite Microcline, 
dravite 

PCM3 may distinguish 
different alteration 
parageneses 

Note: PCE1, PCE2, and PCE3 represent the first, second, and third principal components of geochemical classification method, respectively. PCM1, PCM2, and PCM3 
represent the first three principal components of mineralogical classification method. 
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conjunction with PCA to delineate potential areas for new felsic in-
trusions (including buried intrusions) and related Sn mineralization in 
the Gejiu mineral district of Yunnan, China. Finally, Chen et al. (2018) 
used PCA of geochemical data for sandstones overlying the Phoenix 
uranium deposit within the Athabasca Basin of Canada to determine that 
the uranium within the deposit was derived predominantly from base-
ment fluids rather than detrital heavy minerals. 

The PCA of geochemical and mineral abundance data for ores from 
gold deposits within the Abitibi of Canada provides useful information 
on the mineralization and alteration within these deposits. The most 
critical first principal components (PCE1 and PCM1) can efficiently 
discriminate between mineralized and barren or altered rocks. The PCA 
methods outlined in this study allow the quick identification of minerals 
related to mineralization and those that are not, despite the challenges 

posed by limited sampling. This approach would be especially useful for 
greenfields exploration in new areas, and would provide key informa-
tion on which minerals are associated with mineralization. The PCA 
method also enables the quantification of the association between 
minerals and geochemical data, instead of the typically qualitative 
approach used in the field and during exploration. This quantitative and 
rapid identification of mineralization and alteration will be particularly 
useful during mineral exploration in poorly exposed areas (e.g., glaci-
ated regions) where geological fieldwork and exploration may be 
challenging 

The element and mineral mineralization indexes (EMI and MMI) 
defined during this study can be used to evaluate the intensity of gold 
mineralization (i.e., the concentrations of elements, or the abundance of 
minerals associated with gold mineralization vs. values typical for 
barren or altered host rocks). These indexes were compared with gold 
grades and textures present in hand specimens from each deposit to 
assess the feasibility of using PCA-based approaches in mineral explo-
ration. No obvious correlation between EMI or MMI values and varia-
tions in deposit gold grade or amount of contained gold was evident, 
indicating that mineralization intensity at a hand-specimen scale cannot 
provide an indication of the average gold grade of an entire deposit, 
primarily as a result of limited sampling. However, EMI or MMI values 
can provide information on the style of mineralization present in the 
samples analyzed during this study (e.g., disseminated vs. vein-hosted 
mineralization), and reflect the relative abundance of pyrite in the 
samples. The EMI and MMI values calculated during this study increase 
from the Lamaque deposit through the Francoeur, Wasamac, Astoria, 
Zulapa, Goldex, and Lac Herbin deposits to the Beaufor deposit, which 
has the highest values (Fig. 10). This is consistent with variations in 
mineralization type, from disseminated ores with relatively low sulfide 
abundances within the Lamaque, Francoeur and Wasamac deposits, to 
vein-hosted mineralization with increased sulfide abundances in the 
Goldex, Lac Herbin, and Beaufor deposits. This indicates that use of EMI 
and MMI with unknown samples can provide information on the likely 
mineralization intensity and style that is present in an area; this infor-
mation is essential for gold exploration. 

In addition to PCE1 and PCM1, the second most important principal 
components, namely PCE2 and PCM2, can also constrain the nature of 
the host rocks (altered vs. unaltered) and the style of mineralization 
(disseminated vs. vein) in an area, respectively. This means that PCE2 
values are useful for the identification of altered regions that could host 
mineralization, whereas PCM2 values characterize the nature of the 
mineralization that is likely to be present in an area, providing infor-
mation that is useful during field-based exploration. The less important 
third-principal components cannot be used directly during mineral 
exploration, but instead provide constraints on the nature of ore-forming 
fluids associated with mineralization in an area, providing insights for 
future research. In summary, the two geochemistry- and mineralogy- 
based automatic classification methods developed during this study 
are complementary, meaning that using both together may well be a 
useful approach for mineral exploration. 

6.3. Future developments in PCA-based approaches for mineral 
exploration 

This study has demonstrated that PCA can effectively discriminate 
between mineralized and barren rocks associated with gold minerali-
zation in the Abitibi Province using geochemical and/or mineral abun-
dance data. However, the limited number of samples used means that 
the principal components developed during this study that provide in-
formation on mineralization, alteration and wall rock characteristics 
need to be refined using a larger dataset. This also applies to the pro-
posed mineralization indexes (EMI and MMI), which need to be verified 
by comparing different types of samples from a single deposit to assess 
the variability of these indices at a deposit scale. Using PCA on a single 
deposit means that PCE1 or PCM1 scores can be used to determine 

Fig. 10. Diagram showing variations in element mineralization index (EMI) 
and mineral mineralization index (MMI) values for different gold deposits in the 
study area where EMI = (C(Co)*0.69 + C(W)*0.75 + C(Re)*0.75 + C(Pt)*0.66 
+ C(Au)*0.55 + C(Hg)*0.76)/(C(Al)*0.91 + C(Fe)*0.75 + C(Mn)*0.88 + C 
(Mg)*0.72 + C(Ca)*0.76 + C(K)*0.59 + C(V)*0.67 + C(Ni)*0.66 + C(Zn) 
*0.78)*1000 and MMI = (C(pyrite)*0.59 + C(scheelite)*0.84 + C(schorl)*0.55 
+ C(uvite)*0.48 + C(dravite)*0.66)/(C(muscovite)*0.60 + C(dolomite)*0.85 
+ C(albite)*0.55 + C(microcline)*0.47). Legends indicate variations in size 
fractions in μm with grey filled stars and crosses indicating the mean and me-
dian values for each deposit, respectively. Vein abundances increase from the 
Lamaque, Francoeur, Wasamac, and Astoria deposits to the Zulapa, Goldex, Lac 
Herbin, and Beaufor deposits, consistent with the changing textures of the hand 
specimens from these deposits. Different size fractions from the same deposit 
have different EMI and MMI values but these variations as a result of changes in 
size do not influence the overall variations and trends between the deposits. The 
higher EMI value for the 100–250 μm size fraction from the Lamaque deposit 
relative to the other size fractions from this deposit reflects the higher Au 
content of this size fraction. 
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relative mineralization intensities for individual samples. For example, 
more negative PCE1 and more positive PCM1 scores are likely to repre-
sent samples that contain increasing amounts of mineralization. Using 
PCA approaches in regional mineral exploration should ideally utilize 
discrimination diagrams that are constructed using known samples (e.g., 
Makvandi et al., 2016). These sample types can include barren host (e.g., 
volcanic, sedimentary, and metamorphic rocks), altered (e.g., sodic, 
potassic, or calcic alteration), and mineralized (e.g., containing different 
types of mineralization) rocks. The development of PCA-based 
discrimination diagrams means the origins of unknowns can be deter-
mined, indicating the usefulness of PCA approaches using geochemical 
and mineral abundance data for exploration targeting in greenfield en-
vironments, as well as to potentially develop vectors toward 
mineralization. 

7. Conclusions 

A detailed geochemical and mineralogical study of eight gold de-
posits along the CLLFZ combined with PCA of the resulting data has 
yielded important constraints on the types of mineralization and alter-
ation present within these gold deposits. The PCA-based mineralogical 
and geochemical classification methods are equally efficient in terms of 
discriminating mineralization from altered and/or barren rocks, as 
indicated by the PCE1 and PCM1 components developed during this 
study. However, these two classification approaches provide different 
information on the nature of mineralization and alteration present in a 
given area, as indicated by second and third principal components. The 
PCE2 component allows the discrimination of hydrothermally altered 
rocks from unaltered rocks, whereas PCM2 distinguishes between 
different types of mineralization (e.g., disseminated vs. vein-hosted). 
Element and mineral mineralization indexes (EMI and MMI) extracted 
from PCE1 and PCM1 are consistent with textural observations on a hand 
specimen scale, and can be used in gold mineralization exploration in 
under-explored regions. 
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