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The mineralogy and chemical composition of native gold from twenty-seven representative orogenic gold de-
posits were investigated using optical microscopy, electron probe microanalysis (EPMA), and laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS). Minor elements, such as Ag and Cu, occur in
solid solution, while trace elements, such as Fe, As, S, Hg, form impurities or micro inclusions in native gold.
Partial least squares-discriminant analysis (PLS-DA) has identified compositional characteristics based on min-
eral association, gold texture and dominant country rocks. Gold grains are commonly associated with pyrite,
arsenopyrite, chalcopyrite, pyrrhotite, and tourmaline in the studied orogenic deposits. Chemical variations in
gold with different associated mineral assemblages are related to the partitioning of trace elements between co-
crystalizing minerals and gold during precipitation. Gold inclusions in gangue minerals are discriminated from
later gold in fractures based on contents of Ag, Fe, Pb, and Bi, which indicates that gold in different paragenetic
stages of mineralization can be identified using its trace element signature. Gold hosted in different regional
country rocks can be discriminated by Ag, Cu, Pd, Sb, and Hg, likely because of reactions of hydrothermal fluids
with the regional country rocks along the fluid flow paths.

1. Introduction

Indicator minerals can indicate the presence of a specific mineral
deposit, alteration type, or rock lithology (McClenaghan, 2011). The
application of indicator mineral methods using garnet, magnetite, Cr
diopside, olivine, gold, etc., to mineral exploration has developed
significantly over the past three decades. Indicator minerals are now
used to explore for various deposit types, such as porphyry Cu, lode gold,
magmatic Ni-Cu-PGE, volcanogenic massive sulfide, rare earth, dia-
mond, and iron oxide-copper-gold deposits (McClenaghan, 2005;
McClenaghan and Layton-Matthews, 2017; Cooke et al., 2020).

Native gold occurs in a variety of deposit types and the chemical
composition of the gold can be associated with a wide range of transport
media and precipitation processes (Chapman et al., 2009; Frimmel,
2014). Thus, native gold may possess a geochemical signature related to
a specific deposit type, which could be used to identify the source of
detrital gold found in overburden sediments.
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Native gold is an alloy of Au and Ag, with minor Cu, S and Hg, in
proportions that vary with the conditions of formation (Desborough,
1970; Boyle, 1979). Gold compositions have been measured by electron
probe microanalysis (EPMA) for Ag, Cu, and Hg in several deposit types
(Chapman et al., 2010a, 2011, 2017; Omang et al., 2015; Mehrabi et al.,
2019). Combining alloy compositions and inclusion mineralogy allowed
identification of various alloy types for placer gold derived from deposits
that were precipitated by highly oxidized chloride hydrothermal sys-
tems based on the relative proportions of Au, Ag, Pd and Hg (Chapman
et al., 2009). Detrital gold grains from porphyry deposits from Yukon
(Canada), characterized by a Bi-Pb-Te-S inclusion suite mineralogy,
typically exhibits a slightly higher Cu content compared to gold from
epithermal deposits, which shows a wide range of Au/Ag ratios from
different deposits but a relatively narrow Ag range from individual de-
posits (Morrison et al., 1991; Chapman et al., 2018). Based on the
contents of Au, Ag and Cu, ternary diagrams were constructed to
distinguish gold from porphyry Cu, porphyry Cu-Au, and epithermal
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deposits (Townley et al., 2003). However, due to the limited numbers of
elements measured (Au, Ag, Cu, Hg, Fe), these diagrams are not able to
differentiate gold from epithermal and orogenic gold deposits (Moles
et al., 2013).

Analysis of gold grains by LA-ICP-MS for elements such as Mo, Sb,
and Sn allowed fingerprinting of groups of gold grains or deposits from
Western Australia and South Africa (Watling et al., 1994). The trace
element composition of gold grains from the Klondike District (Canada)
suggests that Pt, Sn, Hg, Cu, Cd, and As variations can be used to
discriminate different placer gold subgroups (Crawford, 2007). Velas-
quez (2014) reported 64 trace element analyses from the Hollinger,
Mclntyre, and Aunor orogenic deposits (Canada) by LA-ICP-MS and
suggested that chalcophile (Ag, Cu, Zn, Bi, Sb, Pb, As, and Sn) and
siderophile elements (Pd, Fe, Co, Ni, and Mo) fingerprint these orogenic
gold deposits, whereas lithophile (Mg, Al, Ca, Si, and Ti) elements are
not useful for distinguishing these orogenic gold deposits from other
deposit types. A large suite of elements determined by LA-ICP-MS and
EPMA has been used to identify the Au-Ag-Cu-Hg-Sb signatures of
around 800 detrital gold grains derived from orogenic and alkalic por-
phyry deposits from 18 different localities in British Columbia(Canada,
Banks et al., 2018). However, most previous studies focused on the
chemical compositions of placer gold in specific regional localities
which are not sufficient to build relationship between the geochemical
signatures of native gold and generic characteristics in orogenic de-
posits. The chemical data in this study are derived from economically
important orogenic gold deposits worldwide, which can be used to
compare with previous studies.

Orogenic gold deposits are the source of 75% of the world’s gold
production (Goldfarb et al., 2001; Goldfarb and Groves, 2015; Gaboury,
2019). Orogenic gold deposits dominantly occur in metamorphic rocks
that formed in the mid- to shallow crust (5-15 km depth), at or above the
brittle-ductile transition, in compressional settings that facilitate trans-
port of Au-bearing fluids from deep levels in the crust (Groves et al.,
2003; Goldfarb et al., 2005; Goldfarb and Groves, 2015). Alternatively,
multistage fluids during the late diagenesis and metamorphism may play
a key role in upgrading gold grade to form large orogenic deposits in
active continental margin settings (Large et al., 2007; Meffre et al.,
2016; Augustin and Gaboury, 2019). Native gold in orogenic gold de-
posits is dominantly found in quartz-carbonate veins as well as in biotite-
or actinolite-altered and schistose wall rocks. Most of the gold occurs as
fine grains along quartz or sulfide boundaries and in fractures, and as
isolated inclusions within pyrite (Goldfarb et al., 2005). Gold can also be
associated with tourmaline, tellurides and carbonate veins (Dubé and
Gosselin, 2007; Tshibubudze and Hein, 2016; Kallioméki et al., 2017).
The concentration of trace elements in gold likely depends on (1) the
concentration of the trace element in the fluids, (2) the partition coef-
ficient of the element between native gold and co-existing minerals, (3)
physicochemical conditions of fluids, such as temperature, pressure,
oxygen fugacity, and (4) the ionic radii of trace element in Au-Ag alloy
(Hough et al., 2009; Garofalo et al., 2014; Wyman et al., 2016; Pokrovski
et al., 2019).

The aim of this study is to characterize the chemical compositions of
native gold in orogenic systems and to discuss the controls of the trace
element distributions in native gold grains. In order to identify sys-
tematic differences in gold grain composition, we used in situ analytical
techniques to investigate the major and trace element compositions of
gold from representative orogenic gold deposits located in various
geological settings, with ages ranging from the Archean to the Creta-
ceous. Statistical interrogation of the gold composition dataset is then
used to examine the potential control of mineral association, texture,
and dominant country rocks on the variations of gold composition in
orogenic gold deposits.
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2. Samples and analytical methods
2.1. Sample collection

A total of 287 native gold grains were investigated from twenty-
seven orogenic deposits or districts worldwide (Fig. 1). The deposits
selected for this study are documented as orogenic gold deposits in
literature, and for which adequate background information exists. The
samples come from different orogens, with a wide variety of minerali-
zation ages from the Archean to the Cretaceous and are hosted by
various types of country rocks including ultramafic to mafic, interme-
diate and felsic igneous rocks, and sedimentary rocks (Table 1). The host
rocks were metamorphosed from the greenschist to the granulite grade.
The need for a broad scope of gold samples is to capture the variance
that may arise from different compositions of gold grains resulting from
various gold precipitation conditions and hydrothermal fluids compo-
sitions. The compositional data obtained from gold samples in this study
is considered to provide useful insights from the natural variability of
orogenic gold deposits, which can be used to compare with gold
composition from other deposit types. However, a larger population of
gold grains from a large range of different settings will be needed to
completely characterize the composition of gold from orogenic deposits.
The key characteristics and geological setting of the selected deposits are
presented in Table 1.

2.2. Analytical methods

2.2.1. Electron probe micro-analysis

A total of 224 gold analyses for major (Au, Ag) and minor elements
(Zn, Cu, Ni, Co, Fe, Rh, Pb, S, Hg, Pt, Se, As) were obtained with a
CAMECA SX-100 electron probe micro-analyzer (EPMA) at Université
Laval (Québec, Canada). The device is equipped with 5 wavelength
dispersive spectrometers. The analyses were performed using a 25 kV
accelerating voltage with 100nA beam current for minor elements and
20nA for major elements, both with a 5 pm beam size. Standard mate-
rials were oxides and pure metals from the Astimex company. For each
gold grain, we analyzed at least two spots in different positions to check
within-grain homogeneity. The average detection limits for each
element are: ~2227 ppm for Au, ~1040 ppm for Ag, ~22 ppm for Zn,
~18 ppm for Cu, ~15 ppm for Co, ~22 ppm for Fe, ~21 ppm for Ni,
~56 ppm for Rh, ~85 ppm for Pb, ~128 ppm for Pd, ~28 ppm for S,
~122 ppm for Hg, ~87 ppm for Pt, ~44 ppm for Se, and ~ 47 ppm for
As.

2.2.2. Laser ablation-inductively coupled plasma-mass spectrometry

A total of 190 gold analyses by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) were carried out at the
Geological Survey of Canada (GSC, Ottawa, Canada) and University of
New Brunswick (UNB) following the methodology of Milidragovic et al.
(2016). At the GSC, gold samples were analyzed using an Agilent
Technologies 7700x Series quadrupole ICP-MS coupled to a Photon
Machines Analyte 193 nm excimer laser ablation system. The samples
were ablated for 60 s in spot mode with a 15 to 40 pm spot size, energy
density of ca. 4.2 J/cm?, and a laser repetition rate of 10 Hz. Trace
element contents of Mg, Al, Si, S, Cr, Mn, Fe, Co, Ni, Ti, Cu, Zn, As, Se,
Mo, Pd, Cd, In, Sn, Sb, Te, Re, Pt, Tl, Pb, and Bi, were measured. The
basaltic glass standard GSE-1G was used for calibration for Mg, Al, Si, Ti,
Mo, and Tl employing the GeoReM preferred values from the GeoReM
on-line reference materials data base (Jochum et al., 2005). The syn-
thetic pyrrhotite standard Po726 was used for calibration of S, Fe, and
PGE (Sylvester et al., 2005). The USGS synthetic MASS-1, a pressed
powder pellet, was used for calibration of Hg (Wilson et al., 2002). The
synthetic gold standard (NA-Au-31) was used for calibration of other
trace element contents in gold (As, Bi, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sn, Sb,
Te, Se, Zn) and the gold standards (NA-Au-30 and Au-RM-2) were used
for quality control of the LA-ICP-MS analyses (Milidragovic et al., 2016).
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Fig. 1. Distribution of the selected twenty-seven orogenic gold deposits in this study.

Data were reduced using CONVERT and LAMTRACE spreadsheet pro-
grams (Jackson & Sylvester, 2008), which employ procedures described
by Longerich et al. (1996).

At the UNB, a Resonetics S-155-LR 193 nm Excimer laser ablation
system coupled with an Agilent 7700x quadrupole ICP-MS was used to
determine the trace element contents in gold. Native gold grains were
ablated for 40 s in spot mode with a 24 to 45 pm spot size depending on
the gold size, and 30 s for background measurement, energy density of
ca. 2.3 J/cm?, and the beam operating at 3.5 Hz for spot analyses.
Acquisition time for all masses was set to ensure higher counting times
on more important elements, with a total sweep time of ~ 0.8 s. The
same trace element suites as at the GSC are measured at the UNB. The
external standard NIST610 was used for calibration of Mg, Al, Si, S, Ti,
Mo, In, and Tl (Rocholl et al., 1997). The USGS synthetic standard
MASS-1 was used for calibration of Hg (Wilson et al., 2002). The syn-
thetic gold standard (NA-Au-31) was used for calibration of Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Se, Pd, Cd, Sn, Sb, Te, Pt, Pb, and Bi, whereas the gold
standard (NA-Au-30) was used for quality control of LA-ICP-MS analyses
(Milidragovic et al., 2016). The standards were analyzed every eight
samples as same ablation spot size with the sample analysis. Data were
reduced using Iolite3.0 software based on standard methods (Longerich
et al., 1996; Paton et al., 2011). At both laboratories, one or two spots
were analyzed in one gold grain, but more spots were analyzed to check
the homogeneity of trace elements in larger gold grains (>100 um). For
internal standardization in both laboratories, element contents were
normalized to Ag values determined by EPMA at Université Laval to
correct for differing ablation yields. The ranges of detection limits for
analyses conducted in both laboratories are reported in Supplementary
data 2.

2.3. Data pre-processing

Geochemical data may contain values below the detection limit,
which can bias the estimates of mean and variance when applying
multivariate statistical methods. Therefore, a replacement value that
more accurately reflects an estimate of the true mean and does not affect
the covariance of the data set, is required to generate data sets for
multivariate analysis. Replacement methods for censored geochemical
data and the validation for these methods have been reported in several
studies (Grunsky, 2010; Hron et al., 2010; Palarea-Albaladejo et al.,
2014; Grunsky and de Caritat, 2020). Element with less than 60%
censored data, including Ag (0%) and Fe (25%) contents determined by
EPMA, and Cu (0%), Hg (15%), Pd (41%), Pb (54%), and Bi (51%)
contents determined by LA-ICP-MS, were investigated by PLS-DA in this

study.

In this study, we used the robust multiplicative lognormal replace-
ment method, zCompositions, implemented in the R environment to
impute censored data (Palarea-Albaladejo and Martin-Fernandez,
2015). Censored geological data were imputed via Expectation Maxi-
mization (IrEM function, Palarea-Albaladejo et al., 2007), which con-
verts compositional data into the Aitchison space using the additive log-
ratio (alr). The IrEM imputation uses maximum-likelihood estimation
and proceeds by replacing values that are missing or below detection
limit (BDL, Palarea-Albaladejo and Martin-Fernandez, 2015). The
imputation of BDL values is not restricted to one limit of detection
(LOD), but combines all the aspects of LOD values for the reference such
as scale invariance and sub-compositional coherence (Palarea-Albala-
dejo and Martin-Fernandez, 2015). Thus, IrEM can impute the BDL
values with a replacement that is between 0 and LOD, which preserves
the relative variance structure of the whole censored dataset. The IrEM
imputation method has been applied to compute BDL values when
applying multivariate statistical methods to explore mineral geochem-
istry compositions (Cracknell et al., 2019; Grunsky and Caritat, 2017;
Dmitrijeva et al., 2019).

Composition data are measured proportions that sum up to a con-
stant value of 1, also called closed data sets (Aitchison, 1986; Aitchison
and Greenacre, 2002). Closed geological data can lead to a spurious
correlation when studying the relationship within a dataset (Aitchison,
1986). We used the centered log-ratio (clr) transformation, which is
recommended for multivariate statistical methods (Makvandi et al.,
2016; Grunsky and de Caritat, 2020).

2.4. Partial least squares discriminant analysis

Gold compositional data consist of various elemental variables,
forming a high dimensional data set, where a dimension reduction sta-
tistical method is preferred to visualize compositional data and to
investigate the controls of different geological phenomenon on the gold
composition. Partial least squares discriminant analysis (PLS-DA) is a
linear classification method, which searches for latent variables with a
maximum covariance with the Y-variables (Barker and Rayens, 2003;
Brereton and Lloyd, 2014). The main advantage of PLS-DA is that it
enhances the separation between groups of observations and identifies
variables responsible for the separation of the labeled subgroups. The
application of PLS-DA in mineral compositional investigations has been
reported in several studies (Makvandi et al., 2016; Huang et al., 2019a,
2019b; Sciuba et al., 2020a, 2020b). In the PLS-DA model, the weights
and loadings biplot (qw*1-qw*3) is used to illustrate the correlations



Table 1

Sample descriptions and geologic background of twenty-seven studied orogenic gold deposits from the Archean to the Cretaceous.

Deposit name Orogen/craton Gold occurrence Host rocks Metamorphic grade Mineralization Reference
period
Canada
Veine Superior Anhedral inclusions in quartz or veinlets filling in the Granodiorite Greenschist Archean Hanes et al., 2017; Mercier-Langevin et al.,
fractures of pyrite 2012
Wedding Superior Anhedral inclusions in pyrite and contact with chalcopyrite ~ Granodiorite Greenschist Archean
Wogogoosh Superior Anhedral inclusions in quartz + pyrite Granodiorite Greenschist Archean
Orfée Superior Disseminated inclusions in quartz; fine round grain Mafic rocks Greenschist Archean Bogatu, 2017
Lucien Superior Anhedral inclusions in pyrite or veinlets filling in fractures Granodiorite Greenschist Archean Pilote, 2000; Daigneault et al., 2002
Béliveau in tourmaline; isolated fine grain
Sigma Superior Anhedral inclusions in quartz or veinlets filling in the Granodiorite Greenschist Archean
fractures of tourmaline; irregular fine grain
Beaufor Superior Anhedral inclusions or veinlets in pyrite + quartz Granodiorite Greenschist Archean Roussy, 2004
Lapa Superior Irregular inclusions in quartz + chalcopyrite Granodiorite Greenschist Archean Simard et al., 2013
Lac Herbin Superior Irregular inclusions or elongated veinlets in pyrite Granodiorite Greenschist Archean Rezeau et al., 2017
Goldex Superior Anhedral inclusions in pyrite + quartz or elongated veinlets  Granodiorite Greenschist Archean Dubé and Gosselin, 2007
filling in the fractures of pyrite
Dome Superior Irregular inclusions in pyrite + quartz Mafic rocks Greenschist Archean Robert et al., 1997; Poulsen, 2000
Giant Slave Anhedral inclusions in quartz; fine round grain Basalt Amphibolite Archean Michibayashi, 1995; Shelton et al., 2004
Yellowknife
Amaruq Rae Anhedral inclusions in arsenopyrite or veinlets filling in Mafic rocks Greenschist Archean Coté-Mantha et al., 2017; Valette et al.,
fractures in quartz + tourmaline; isolated fine grain 2018; Bronac and de Vazelhes, 2019
Meliadine Rae Subhedral to anhedral inclusions in pyrrhotite Gabbro dykes and sills Lower to middle Proterozoic Carpenter et al., 2005; Lawley et al., 2015
greenschist
Brazil
Cuiaba Sao Francisco Subhedral to anhedral inclusions in pyrrhotite; fineroundto ~ Mafic volcanic rocks Greenschist Archean Ribeiro-Rodrigues et al., 2007
angular grain
Australia
Tarmoola Yilgarn Subhedral to anhedral inclusions in quartz + arsenopyrite; Komatiite, trondhjemite Greenschist Archean Cox and Ruming, 2004; Duuring et al., 2004
fine angular to irregular grain
St Ives Yilgarn Anhedral inclusions in pyrite; fine round grain Dolerite Upper greenschist Archean
Goldfield
Fosterville Lachlan Fold belt Subhedral inclusions in quartz; coarse grain Turbidites Prehnite-lower Ordovician Mernagh, 2001
greenschist
Suriname
Rosebel Trans-Amazonian Anhedral inclusions in tourmaline; fine isolated grain Felsic to mafic volcanic Greenschist Proterozoic Daoust et al., 2011
Orogen rocks
Burkina faso
Essakane Oudalan-Gorouol belt Elongated veinlets in fractures in quartz Turbidites (arenite-argillite) =~ Lower greenschist Proterozoic Tshibubudze and Hein, 2016
Finland
Kittila Fennoscandian (or Anhedral inclusions in arsenopyrite; coarse to fine grain Mafic rocks and felsic Greenschist to granulite Proterozoic Eilu et al., 2003; Wyche et al., 2015
Baltic) Shield volcanic rocks
Ethiopia
Lega Dembi Arabian-Nubian Shield Subhedral to anhedral inclusions in pyrite + chalcopyrite; Contact gneiss-volcano- Upper greenschist to Cambrian Billay et al., 1997
coarse to fine irregular grain sedimentary lower amphibolite
Russia
Sukhoi Log Siberian Anhedral inclusions in pyrite; fine irregular grain Shale, mudstone-sandstone Greenschist Carboniferous Laverov et al., 2000; Large et al., 2007;
Meffre et al., 2008
France
La Lucette Central-Armorican Subhedral to anhedral inclusions in quartz + stibnite; coarse Black shales Greenschist Triassic Pochon et al., 2016, 2015
irregular to elongated grain
USA
Empire Cordilleran Orogen Anhedral inclusions in pyrite + galena; fine irregular grain ~ Metavolcanics, Greenschist Jurassic Taylor, 2007; Alpers et al., 2014
serpentinites, granodiorite
China
Wulong North China Craton Anhedral inclusions in pyrite + telluride Biotite granite Granulite Cretaceous Junhao et al., 2004
Shangxu Bangong Nujiang suture  Irregular inclusions in pyrite + quartz Turbidite Greenschist Cretaceous Fang et al., 2020
belt
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between elemental variables and relationships between variables and
classification groups. Samples grouped in the same quadrant and/or in
the vicinity of each other are positively correlated, whereas they are
negatively correlated with the variables positioned in the opposed
quadrants. The correlation among variables and sample classes control
the distribution of samples in the score scatter plot (t;-t3). The origin of
score scatter plots represents the mean composition of the whole dataset
(Makvandi et al., 2016). Elemental variables located at the extreme
corners of the weights and loadings plot (Qqw*;-qw*2) contribute most to
the separation of groups in the scores plot (t;-t3), whereas those located
near the origin plot have negligible impact on classification in this
model. The Variable Importance on Projection (VIP) is used to illustrate
the importance of variables in the class discrimination in the scores plot
(Eriksson et al., 2001, 2013). Variables with VIP values>1 have more
impacts in the model. Variables with a VIP between 0.8 and 1 are
moderately influential variables, whereas the VIP with less than 0.8
have smaller contributions to the classification (Makvandi et al., 2016).

3. Results
3.1. Gold texture

The 287 native gold grains studied from orogenic gold deposits are
fine- to coarse-grained (5-495 pm), 80% of which range from 20 to 120
pm (Fig. 2A). Three common gold textures have been identified by op-
tical microscopy and back-scattered electron imaging. The dominant
native gold texture is anhedral to subhedral inclusions in pyrite (51%),
arsenopyrite (36%), chalcopyrite (28%), and pyrrhotite (11%) (Fig. 2B).
Selected native gold grains with typical textures from various orogenic
gold deposits are shown in Fig. 3. Gold is intergrown with stibnite and
arsenopyrite in the La Lucette deposit. Gold from Lapa shows a rim of
aurostibite (AuSby) with arsenopyrite inclusions in the aggregate
(Fig. 30). The second more common gold texture is veinlets filling in
fractures in pyrite (30%), quartz (44%), calcite (7%) and tourmaline
(13%). Gold from Essakane can occur as single subangular coarse grains
intergrown with tourmaline (Fig. 3H), whereas gold is finely dissemi-
nated in quartz veins at Orfée. Subhedral gold from Lucien Béliveau is
intergrown with Ag-rich telluride (Fig. 3P). These gold grains form
veinlets filling in fractures in brittle minerals or between the gap of
minerals (Fig. 3D, E, F, G, and 2D). The less common, third gold texture
is subhedral isolated grains in quartz veins or rounded grains along the
boundaries of sulfides (Fig. 31, J). The majority of gold grains in this
study exhibit a homogeneous elemental distribution and generally
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contain a low abundance of inclusions of pyrite, arsenopyrite, stibnite,
and chalcopyrite under BSE (Fig. 31, L, and M). However, we cannot
exclude the occurrence of micro inclusions within gold grains.

3.2. Geochemistry of native gold

Major and minor element contents in native gold, determined by
EPMA, are reported in Supplementary data 1. The Au contents in gold
grains show a range from 64 to 99 wt% and Ag contents ranging from 0.6
to 29.8 wt%, respectively. Gold fineness, expressed as {Auy,. %/(Au,.%
+ Agyt %) x 1000}, ranges from 702 to 994, with an average value of
903. Copper, Fe, S, and Hg commonly have concentrations above the
detection limit of the EPMA method. However, other minor elements
(Zn, Ni, Rh, Pb, Se) have less frequently detected values and thus are not
discussed further. Copper content in gold grains from orogenic deposits
has a range from 0.0023 to 0.2 wt%. Iron ranges from 0.0022 to 1.1 wt
%. Sulfur has a range from 0.0048 to 0.7 wt%. Mercury has an average
value of 0.2 wt%, excluding gold grains from Kittila with an average of
4.5 wt% Hg.

Bivariate plots show that element atomic proportions do not corre-
late with Au contents for most orogenic gold grains, with the exception
of a strong negative linear correlation between Au and Ag (R = 0.98;
Fig. 4A). It is notable that there is a broad correlation between Cu
content with increasing Au content up to 90 at.%, whereas there is an
inverse trend between Cu and Ag contents. Above 90 at.% Au, the Cu
content shows a broad decrease with increasing gold (Fig. 4B). For some
gold deposits, there are correlations between Au and Fe, and Hg. For
instance, at Tarmoola, there is a moderate negative linear correlation
between Au and Fe (R = 0.70) and a weak positive correlation between
Ag and Fe (R = 0.45) (Fig. 4E and H). A strong negative linear corre-
lation is observed between Au and Fe (R = 0.96) at Goldex (Fig. 4E).
There is a strong negative correlation between Au and Hg (R = 0.90) and
a weak positive correlation between Ag and Hg (R = 0.34) in gold from
Kittila (Fig. 4C and I). For gold from other orogenic gold deposits, there
are not significant correlations between Au and Fe, Hg, S, and As.

Trace element contents in native gold determined by LA-ICP-MS are
reported in Supplementary data 3. The ranges in contents of twenty-four
trace elements from 190 gold analyses are displayed in a multi-element
box-whisker plot (Fig. 5). As the lithophile (Mg, Al, Ca, and Si) elements
likely are from sub microscopic or below surface inclusions of gangue
minerals, and do not show discriminant signatures for fingerprinting
Abitibi greenstone belt orogenic deposits (Velasquez, 2014), hence, they
are not discussed in this study. Fig. 5 indicates that, for the majority of
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Fig. 2. Histograms of gold grain sizes and mineral associations. (A) Histogram of grain sizes of 287 gold samples. (B) Histogram of mineral association of 287

gold samples.
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Fig. 3. Selected native gold grains with typical textures from various orogenic gold deposits. (A) Anhedral gold inclusions in pyrite from Lucien Béliveau. (B) Gold
elongated inclusions in galena intergrown with euhedral pyrite from Empire. Minor gold is found in fractures in pyrite. (C) Rounded gold inclusion in chalcopyrite
from Lega Dembi deposit. (D) Coarse gold in fractures in tourmaline and along the boundary of chalcopyrite from Beaufor deposit. (E) Elongated gold veinlets in
fractures in pyrite from Goldex. (F) Anhedral gold veins in association with calcite from Giant. (G) Anhedral gold grains in tourmaline from Sigma. (H) Coarse
anhedral gold grain is hosed in tourmaline from Essakane. (I) Coarse gold in contact with arsenopyrite in a quartz vein. Small stibnite and pyrite inclusions in gold
from Fosterville. (J) Isolated gold is contact with arsenopyrite from Lapa. (K) Anhedral gold intergrown with euhedral stibnite in quartz veins from La Lucette. (L)
Back-scattered electron image of subrounded gold inclusions in arsenopyrite from Kittila. (M) Rounded gold inclusion in euhedral pyrite in contact with telluride in a
calcite vein from Beaufor. (N) Elongated gold in a vein in association with tellurides from Beaufor. (O) Back-scattered electron image of gold with a rim of aurostibite
in association with arsenopyrite from Lapa. (P) Anhedral gold coated by Ag-rich telluride film from Lucien Béliveau. Abbreviations: Au-gold; Py-pyrite; Apy-
arsenopyrite; Ccp-chalcopyrite; Cal-calcite; Stb-stibnite; Qtz-quartz; Tur-tourmaline; Gn-galena.

the elements, there is at least one order of magnitude variability of the
contents at the 25th to 75th percentile range. The comparison of element
content from EPMA and LA-ICP-MS for Cu, Hg, and Fe shows similar
average, median, and range of concentrations for both analytical
methods with lower concentrations detected by LA-ICP-MS (Fig. 6). The
main difference is S data where EPMA analyses yield an order of
magnitude greater mean value than the LA-ICP-MS data, and this is
likely due to large variations of detection limits of LA-ICP-MS. The
higher detection limit by LA-ICP-MS is related to smaller laser beam
sizes. Alternatively, due to the higher volatility of S, significant frac-
tionation of S relative to Fe (and Co, Ni, Cu) may occur during LA-ICP-
MS analyses (Gilbert et al., 2014). Therefore, the S contents determined
by LA-ICP-MS are not taken into consideration in PLS-DA analysis.

3.3. Multivariate statistics of gold trace element composition

The data set reported in this study are not large enough for deposit
scale studies, but we can group gold compositional data in relation to

petrographic observations (Fig. 3) and documented geological infor-
mation in literature (Table 1). Thus, geological factors, including min-
eral association, occurrence texture, and dominant country rock
composition, are investigated by PLS-DA to identify controls on the trace
element composition in gold grains from studied orogenic deposits.

3.3.1. Gold composition in relation with mineral association

For the purpose of PLS-DA, the mineral association with gold para-
genesis is hereby simplified to record the host mineral of an inclusion or
the co-existing minerals. Based on petrography, mineral associations are
simplified into the arsenopyrite-pyrite-magnetite-stibnite (Apy-Py-Mag-
Stib), pyrite-arsenopyrite-pyrrhotite-galena-chalcopyrite (Py-Apy-Po-
Gn-Ccp), and tourmaline-quartz-calcite (Tur-Qtz-Cal) assemblages. The
loadings biplot of the first and second PLS-DA components (qw*1-qw*s,
Fig. 7A) illustrates positive correlations between Bi, Sb, and Ag within
negative first (qw*;) and positive second components (qw*3), whereas
Fe and Cu with positive qw*; and negative qw*9, have negative cor-
relations with Bi, Sb, Ag. There are positive correlations between Pb and
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Fig. 6. Comparison of the element concentration in gold grains determined by
EPMA and LA-ICP-MS. The whisker plots indicate the range between minimum
and maximum values. Short line within the box represents the median value,
whereas the white circle on the whisker indicates the mean value.

outlier valued beyond the range of 5th — 95th percentile. Short line within the

box represents the median value, whereas the white circle on the whisker in-
dicates the mean value. All the trace element concentrations determined by LA-
ICP-MS are filtered by the limit of detection (LOD) for each analysis.

Pd with negative qw*; and qw*y values, whereas Pb and Pd have
negative correlations with Hg, which have positive qw*; and qw*,
values. The distribution of samples on the scores plot (t1-t2) shows that
the three groups form overlapping clusters due to the simplification of
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Fig. 7. The PLS-DA plot of LA-ICP-MS compositional data for native gold from different mineral associations in studied orogenic gold deposits. (A) The first and
second loadings plot (qw*;-qw*,) indicate correlations among elemental variables and mineral association. (B) The first and second scores plot (t1-t2) shows the
distribution of gold analyses classified by mineral associations from various orogenic gold deposits in the latent variable space defined by loadings (qw*;-qw*3). (C)
Score contributions of Apy-Py-Mag-Stib assemblages. (D) Score contributions of Py-Apy-Tur-Po-Gn-Ccp assemblage. (E) Score contributions of Tur-Qtz-Cal assem-
blage. (F) The variable importance on the projection (VIP) values reflect the significance of compositional variables for classification of samples in the score plot (t1-
t2). Py-pyrite; Apy-arsenopyrite; Mag-magnetite; Ccp-chalcopyrite; Stib-stibnite; Gn-galena; Po-pyrrhotite; Tur-tourmaline; Qtz-quartz; Cal-calcite.

the complex mineral combinations with quartz-calcite (Fig. 7B), though
they can be distinguished through their distinct mean compositions from
variable score contribution plots (Fig. 7C-E). For instance, gold inter-
grown with the Apy-Py-Mag-Stib assemblage can be discriminated

mainly because of high Fe and Hg, lower Pb and Bi relative to the
average of the whole dataset (Fig. 7C). In contrast, higher Cu and Pb and
lower Sb discriminate the gold associated with the Py-Apy-Po-Gn-Ccp
assemblage (Fig. 7D), whereas the Tur-Qtz-Cal assemblage forms a



H. Liu et al.

cluster with positive t1 and t2 values because of relatively high Sb, Bi,
and low Fe, Cu, Pb, Hg. The VIP plot also shows that Pb is an important
element in classification of all three groups (VIP > 1), whereas the
contribution of Ag and Pd to the classification is negligible (VIP < 0.8).
Additionally, Cu and Sb are important in the classification of Py-Apy-Po-
Gn-Ccp assemblage, whereas Fe, Bi and Hg are important for the sepa-
ration of the other two groups (Fig. 7F).

3.3.2. Gold composition in relation to texture

Native gold is divided into two common textures, gold inclusions and
gold filling fractures. The first and third principle components plots
(qw*1-qw*3) show the better classification relative to the combination
of first and second components in discriminating the two textures. The
loadings plot (qw*1-qw*3) indicates there are strong positive correla-
tions between Fe, Pb, Cu, Pd, and between Sb, Bi, which consequently
contribute to the sample distributed in Fig. 8B. Palladium, Cu, and Hg
also indicate their negligible contributions on the classification as they
plot close to the center of the loadings plot (Fig. 8A). Even though there
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is large overlapping between the two groups, as scores contribution plots
in Fig. 8C and D depict, they are characterized by distinct variations in
Ag, Fe, and Bi compared to mean compositions of the whole dataset. The
majority of gold inclusions plot with negative t1, because of relatively
high Ag, Fe, and Pb (Fig. 8B and D).

3.3.3. Gold composition in relation to country rock composition

The country rock compositions are summarized from descriptions of
the selected orogenic gold deposits and labelled according to the
dominant lithologic assemblage (Table 1). The first and second loadings
plot (qw*1-qw*3) in Fig. 9A shows a positive correlation between Ag
and Pb both with negative qw*; and positive qw*3 values, and between
Sb and Fe, which lie in the negative qw*; and qw*2 quadrant. There is a
negative correlation between Hg, Cu and the group of Sb, Fe plotting in
the opposite quadrant (Fig. 9A). Copper shows an inverse relationship
with Sb in qw*; but with qw*y values close to 0, indicating they have
negligible contributions on the second component (qw*3). This char-
acteristic contributes to distinguishing gold hosted by ultramafic-mafic
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Fig. 8. The PLS-DA plot of LA-ICP-MS compositional data for native gold from different textures of native gold from studied orogenic gold deposits. (A) The first and
third loadings plot (qw*;-qw*3) indicate correlations among elemental variables and gold textures. (B) The first and third scores plot (t1-t3) shows the distribution of
gold analyses classified by textures from various orogenic gold deposits in the latent variable space defined by loadings (qw*;-qw*3). (C) The score contribution plots

of gold veinlets in fractures. (D) The score contribution plots of gold inclusions.
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Fig. 9. The PLS-DA plot of LA-ICP-MS
compositional data for native gold classi-
fied by dominant host rocks of studied
orogenic gold deposits. (A) The first and
second loadings plot (qw*;-qw*3) indi-
cate correlations among elemental vari-
ables and dominant host rocks. (B) The
first and second scores plot (t1-t2) shows
the distribution of gold analyses classified
by dominant host rocks from various
orogenic gold deposits in the latent vari-
able space defined by loadings (qw*;-
qw*5). (C) Score contribution plot of gold
hosted in ultramafic-mafic rocks. (D)
Score contribution plot of gold hosted in
sedimentary rocks. (E) Score contribution
plot of gold hosted in intermediate
igneous rocks. (F) Score contribution of
gold hosted in felsic igneous rocks. (C)
The VIP values reflect the significance of
compositional variables corresponding to
the classifications of samples in score plot
(t1-t2).
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igneous rocks from intermediate igneous rocks in the scores plot (t1-t2).
In contrast, Hg and Pb shows an inverse relationship with Bi and Pd
along the second component (qw*3), which characterizes the gold
hosted in sedimentary rocks by high Hg, Pb and low Bi, Pd (Fig. 9B).
Gold hosted by ultramafic-mafic igneous rock clusters mainly in the
negative t1 and t2 quadrant because of high Sb, and low Cu, Hg,
whereas gold hosted by intermediate igneous rocks clusters mainly at
positive t1 and negative t2, characterized by high Cu, Pd, and Bi
(Fig. 9B). There is overlap between gold hosted by ultramafic-mafic
igneous rocks and felsic igneous rocks, because gold hosted by felsic
igneous rocks is not well discriminated by low negative qw*; and pos-
itive qw*3 close to 0, in contrast, gold hosted in ultramafic-mafic rocks
cluster in negative qw*; and qw*y (Fig. 9B). However, gold hosted by
felsic rocks is characterized by relatively high Sb, Pb, Bi, Hg, and low Ag,
Cu, Pd (Fig. 9F). The VIP plot also shows that Cu, Sb, and Hg, with VIP >
1 are the most important discriminators in classifying gold in relation to
different host rock compositions. Trace elements, Fe and Bi with VIP <
0.5, are the least important elements for distinguishing gold hosted in
different igneous rocks (Fig. 9G). The variable contributions presented
in the Fig. 9C, D, E, and F indicate the mean composition of each host
rock subtype is characterized by gold chemical signatures.

4. Discussion
4.1. Inclusions in native gold

There is evidence suggesting that micro-inclusion suites in native
gold can provide a characteristic signature for comparing different
mineralization types (Potter and Styles, 2003; Chapman et al., 2009,
2010b, 2017, 2018; Dvorani, 2016). In gold grains from orogenic de-
posits, small sulfide inclusions (2-5 pm) form either irregular blebs or
euhedral grains (Fig. 2I). Samples with arsenopyrite inclusions, smaller
than the laser ablation spot or which are not exposed on the gold surface,
can be recognized from the time-resolved LA-ICP-MS signal spectrum
(Fig. 10). In these analyses, signals for inclusion minerals that do not
represent the composition of gold were excluded when reducing the LA-
ICP-MS data. Inclusions may also consist of a complex association of
several phases. For instance, minor stibnite and pyrite form fine-grained
inclusions in a coarse gold grain from Fosterville (Fig. 2I). A small
proportion of other inclusions, such as arsenopyrite, magnetite, and
pyrrhotite, are found in gold from Lapa, Meliadine, and Orfée (Fig. 20).
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Chapman and Mortensen (2016) demonstrated that pyrite is the most
common inclusion in gold grains from orogenic deposits in the Cariboo
Gold District, British Columbia. Overall, compositional data show that
most gold grains from the selected orogenic deposits are homogeneous
in major element composition under BSE, or that the inclusions are
either absent or too small to be detected by SEM. The presence of simple
inclusion assemblages (e.g., pyrite, arsenopyrite, pyrrhotite) is in
agreement with studies of orogenic gold in British Columbia and Yukon
(Chapman et al., 2010a; Chapman and Mortensen, 2016). Even though
tiny stibnite form inclusions in gold from the Fosterville and La Lucette
deposits (Fig. 3I), Sb does not show significant contributions to distin-
guish gold with the arsenopyrite-pyrite-magnetite-stibnite assemblage
from other mineral association assemblages (Fig. 7C). This indicates that
undetected inclusion minerals in gold do not impact significantly the
chemical signature of gold in different groups in PLS-DA models.
However, the common sulfide inclusion suite (Fe-As-Sb-S) observed in
gold from orogenic deposits analyzed in this study, can be used to
compare with the inclusion signatures reported from other mineraliza-
tion types. The inclusion suite coeval with gold is therefore character-
istic, as shown by the Pd-Ag-Te-S inclusion suite observed in gold from a
skarn mineralization and the Bi-Cu-Te-S-Pb-Sb inclusion suite in gold
related to an intrusion-related gold mineralization in the Estero Hondo
deposit (Ecuador, Potter and Styles, 2003), whereas the Bi-Pb-Te-S in-
clusion suite in gold is linked with calc- alkalic porphyries from Yukon
(Canada, Chapman et al., 2018).

4.2. Solid solutions in native gold

The strong negative linear correlation, between Au and Ag, with R =
0.98, indicates that silver occurs in solid solution with gold (Fig. 4A).
This occurs because of the close similarity in the atomic radius of Au and
Ag, such that Ag atoms easily replace Au atoms (Morrison et al., 1991;
Hough et al., 2009; Williams-Jones et al., 2009). As previous authors
have suggested, lower temperatures correlate with lower Au/Ag ratio in
the alloy, whereas a lower pH depresses the Ag content in gold (Morrison
etal., 1991; Gammons and Williams-Jones, 1995). The range in fineness,
from 702 to 994, is consistent with previous studies that reported the
gold fineness from 780 to 1000 in Archean deposits (Morrison et al.,
1991; Pal’yanova, 2008). The Cu-rich gold from studied orogenic de-
posits is likely because of the Au-Ag-Cu complete solid-solution
depending on the mineralization temperature (Raynor, 1976;
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Fig. 10. Representative time-resolved depth profiles for gold grains (samples from Rosebel, Suriname) analyzed in this study indicating the occurrences of inclusions.
The spiky Ag indicates the heterogeneous concentration of Ag in the gold. The elevated Fe, Cu, Bi, and Te contents suggest the presence of Fe-Cu-Bi-Te phase micro
inclusions under the surface of gold grain, whereas elevated As and Fe indicate that arsenopyrite is likely present in the structure of native gold.
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Chudnenko and Palyanova, 2016). Higher Cu values (up to 0.4 at%)
correlate with higher fineness but lower Ag among all the gold grains
from this study, showing a mutually reverse relationship between Cu-Au
vs. Cu-Ag (Fig. 4B and G). This relationship has also been observed in
gold grains from the Koyukuk-Chandalar mining district (Alaska, Mosier
et al., 1989), the Ballincurry River (Ireland, Moles et al., 2013), the
Copper Mountain area (Canada, Chapman et al., 2017), and the Meyos
Essabikoula area (Cameroon, Nguimatsia Dongmo et al., 2019). Copper
is usually transported as a chloride complex or as a hydrosulfide com-
plex at high concentrations of reduced sulfur and the solubility of Cu is
highly depended on temperature (Mountain and Seward, 2003).
Chapman et al. (2005) interpreted the elevated Cu in the alloys, and Cu
sulfide inclusions in Scottish gold, to indicate a relatively high-
sulfidation environment. This scenario is consistent with the findings
that gold richer in Cu is correlated with a plutono-volcanic event in the
Rosebel gold district (Daoust et al., 2011), and higher temperature fluids
at the Beaufor, Goldex, and Lac Herbin deposits (Rezeau et al., 2017;
Daver et al., 2020). We propose that the elevated Cu contents in gold
grains from some orogenic gold deposits may be suggestive of higher
temperature hydrothermal fluids or contributions from a magmatic
hydrothermal system.

It is likely that Fe, S, Hg, and As occur in native gold in the form of
lattice impurities or sub-micrometer or nanoparticle inclusions, as sug-
gested by the lack of correlation between these elements and Au or Ag
(Fig. 4). One possible interpretation is that the differences in ionic
radius, between Ag'* (1.26 A), Au'* (1.37 A), and Fe?* (0.76 A), Hg'*
(1.19 A), $** (0.37 A), As®* (0.47 A), creates small interatomic gaps or
lattice distortions which allows for the incorporation of other trace
element impurities, even though gold is generally considered to be a
relatively poor host for trace elements compared with sulfides (Ant-
weiler and Campbell, 1977; Boyle, 1979; Railsback, 2003). Copper is
present in gold alloys as a trace element in most studies (Knight et al.,
1999; Chapman et al., 2011; Omang et al., 2015; Gas’kov, 2017). Copper
is ~ 12% smaller in atomic radius, whereas Cut is ~ 30% smaller in
ionic radius, than Au™, resulting in lattice distortions when Cu replaces
Au in the crystal (Hough et al., 2009). Therefore, even small proportions
of Cu in gold can lead to lattice distortion in the octahedral site, which
would provide space for ion impurities (Chouinard et al., 2005). The
negative correlation between Au and Fe at Tarmoola and Goldex in-
dicates that Fe probably replaces Au in solid solution (Fig. 4E). This
substitution has also been reported for gold hosted in cosalite at Dublin
Gulch, a reduced-intrusion related gold deposit (Cave et al., 2019).
However, this is not common in most other orogenic gold deposits,
because of the differences in ionic radii and valence between Au' " (1.37
A) and Fe®" (0.76 A). There is a slight negative correlation between Sb
and Au, indicating the substitution between Au®" and Sb>" due to their
similar radius (Fig. 11A). There is no significant correlation between Pb
and Au in gold, thus Pb seems not to be solid solution but instead forms
impurities in gold (Fig. 11B).

Mercury has been suggested as a useful discriminator for gold from
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alkalic porphyry and orogenic deposits in British Colombia (Chapman
et al., 2017). Gold grains from alkalic porphyry deposits are reported to
have higher contents of Hg than gold from the epithermal Black Dome
deposit and orogenic deposits in the Cariboo Gold District (Banks et al.,
2018). High levels of Hg, however, have been recognized in Au-Ag alloy
from some orogenic gold deposits, such as the Violet occurrence, Klon-
dike (Yukon) with 9 wt% Hg (Chapman et al., 2010a). Gold from studied
orogenic deposits has relatively low contents of Hg (average at 0.5 wt%),
but the Hg content in gold grains varies from site to site (Supplementary
data 1). Mercury-rich gold has been reported to be related to low tem-
perature mineralization stages (Gas’kov, 2017). Gold alloys with
elevated Hg contents are also reported in porphyry (Sammelin et al.,
2011), epithermal (Pearcy and Petersen, 1990), and VMS deposits
(Nysten, 1986; Wagner et al., 2007). Several parameters have been
proposed to control the concentration of Hg in gold alloys, such as
temperature (Rushton et al., 1993), vapor transportation, and fluid
composition (Chapman et al., 2010b), however, the mechanisms of
transport of Hg, and its partitioning into gold in orogenic systems, are
not sufficiently well understood (Chapman et al., 2010b). Mercury is not
commonly detected by EPMA in gold from studied orogenic deposits,
whilst the highest average value occurs at Kittila (average 4.45 wt%,
Supplementary data 1). However, the negative correlation between Au
and Hg in gold from Kittila suggests that Hg increases at the expense of
Au in Au-Ag-Hg alloys (Fig. 4C and I). Due to the mobility of Hg at low
temperature, the Hg-rich gold in Kittila is likely related to retrograde
metamorphism, which has been indicated in most of metamorphosed
orogenic gold deposits in Finland (Filu et al., 2003; Wyche et al., 2015).

4.3. Controls of mineral association on gold composition

The presence or absence of co-crystallizing minerals with native gold
may influence trace element incorporation into gold. Copper, Pb, and Sb
are important discriminators to classify gold associated with the Py-Apy-
Po-Gn-Ccp assemblage (Fig. 7F), however, their chemical partitioning
preferences seem to be different. Copper and Pb show positive contri-
butions to discriminate gold associated with chalcopyrite and galena,
but negative contributions in gold either associated with the
arsenopyrite-pyrite-magnetite-stibnite or the tourmaline-quartz-calcite
assemblages, which suggests that co-existing chalcopyrite and galena
have no significant impacts on the gold composition, likely because Cu-
and Pb-rich fluids were not depleted in Cu or Pb by precipitation of
sulfides (Fig. 7D).

There is a broad negative covariation of Sb with Au for gold associ-
ated with the Py-Apy-Po-Gn-Ccp assemblage, whereas Sb is low in gold
associated with Apy-Stib-bearing assemblage (Fig. 11A). One possible
explanation is the partitioning of Sb between co-crystallizing stibnite
and gold, whereby precipitation of stibnite from sulfur-bearing fluids
leads to removal of Sb from the system and forms the Sb-poor native
gold. In addition, it has been reported that Sb can substitute for As in the
crystallization of arsenopyrite at low temperature, therefore also
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Fig. 11. Bivariate plots showing the correlations between Au and trace elements in native gold. The data comes from Supplementary data 3 and the classifications
correspond to PLS-DA in relation to mineral associations. (A) Au versus Sb, (B) Au versus Pd, (C) Au versus Hg, (D) Au versus Pb.
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depleting Sb content in the hydrothermal fluid (Fleet and Mumin, 1997;
Ashley et al., 2000; Tomkins et al., 2006), such that Sb-bearing arse-
nopyrite can also lead to Sb-poor gold. Positive contributions of Ag, Bi
and Sb discriminate gold associated with the Tur-Qtz-Cal assemblage,
indicating that Ag, Bi, and Sb partition into gold where sulfides are
absent. However, the concentration of Bi in gold is depressed where
chalcopyrite and/or pyrite crystallizes, indicating that Bi is incorporated
preferentially into chalcopyrite and/or pyrite in the presence of gold.
This is consistent with the findings that chalcopyrite and/or pyrite hosts
greater concentrations of Bi in different ore types (George et al., 2018).

Elevated Pd in placer gold likely indicates formation by oxidizing,
low temperature chloride hydrothermal systems (Gammons et al., 1993,;
Chapman et al., 2009). Higher concentration of Pd (>10 ppm) in gold
from studied orogenic deposit associated with the pyrite-chalcopyrite
assemblage suggests that precipitation of pyrite or chalcopyrite does
not depress the Pd concentration in fluids compared to gold associated
with other mineral assemblages (Fig. 11C). Therefore, the presence of
trace elements in gold may be controlled by the partition preference
between gold and co-existing minerals.

4.4. Controls by hydrothermal fluid composition

The two common gold textures in orogenic deposits are gold occur-
ring as inclusions and in veinlets (Fig. 2), with different chemical sig-
natures (Fig. 8). It has been demonstrated that Au(HS); is the dominant
phase to transport Au in near neutral and low salinity orogenic hydro-
thermal systems at low temperatures (250-350 °C, Goldfarb et al., 2005;
Williams-Jones et al., 2009). Gold is commonly precipitated in an
assemblage of pyrite, arsenopyrite, chalcopyrite and pyrrhotite in
orogenic deposits, likely because sulfur is consumed to form sulfides
when Au-bearing solution reacts with metals with a decrease in oxygen
fugacity and the Au-S complex breaks down (Fig. 12; Gammons and
Williams-Jones, 1995; Williams-Jones et al., 2009; Garofalo et al., 2014;
Goldfarb and Groves, 2015). Gold inclusions in sulfides can be recog-
nized by chemical signatures with positive contribution of Ag, Fe, Pb,
and negative contribution of Sb, Bi by PLS-DA (Figs. 8 and 12). In
contrast, gold in fractures, likely related to a latter fluid event, is char-
acterized by chemical signatures with positive contribution of Sb, Bi,
and negative contribution of Ag, Fe, Pb in PLS-DA (Figs. 8 and 12). One
interpretation for gold in fractures would involve gold remobilization
from the host sulfide minerals and precipitating veinlets within or
nearby the parent mineral by fluid infiltration during later hydrothermal
events or higher grade metamorphism (Large et al., 2007, 2009; Thomas
et al., 2011; Cook et al., 2013; Gao et al., 2015; Larocque et al., 1995;
Rezeau et al., 2017). Gold in fractures has been interpreted to be
mobilized from oscillatory zoned and fractured auriferous sulfide min-
erals in different metamorphosed orogenic and Au-rich VMS deposits
(Huston et al., 1992; Velasquez et al., 2014; Fougerouse et al., 2016;
Hastie et al., 2020). Our study cannot distinguish between remobilized
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gold and new gold influx during successive hydrothermal stages.
Nevertheless, the distinct chemical signatures recognized by PLS-DA
from the two gold textures indicates a change in fluid compositions
and/or temperatures. The lower Ag content in gold in fractures has been
recognized at the Lac Herbin deposit, where the later, higher tempera-
ture, Ca-rich, high salinity fluid, precipitated gold in fractures (Rezeau
et al., 2017). Therefore, the differences in chemical signatures in gold
are likely linked with the changes of fluid composition between different
paragenetic events.

4.5. Native gold composition in relation to host rocks

The hydrothermal fluids that form orogenic gold deposits are most
likely to have interacted continuously with crustal rocks along the fluid
pathways (Garofalo et al., 2014; Goldfarb and Groves, 2015). Thus,
modification of a common hydrothermal fluid by local fluid-rock re-
actions is a likely hypothesis to explain native gold chemistry with
respect to the country rock compositions (Fig. 9). Differences in the
budget of metals mobilized in metamorphosed orogenic deposits are
dominantly controlled by the primary protolith composition and the
efficiency of metal mobilization (Pitcairn et al., 2015). Gold in deposits
hosted by metasedimentary rocks is characterized by high Ag, Cu, Pb,
Hg, but low Fe, Pd, Sb, Bi, which is consistent with the finding that Hg,
Pb, and Cu can be released during prograde metamorphism of pyrite in
metasedimentary rocks (Large et al., 2007, 2011). Gold in deposits
hosted by ultramafic-mafic rocks (e.g., Tarmoola and Cuiaba) are
characterized by high Sb probably because Sb can be enriched as the
fluids reacted with the host mafic volcanic rocks. The mobilization of Sb
during the circulation of metal-rich fluids with host ultramafic rocks has
been reported at the Hemlo Au-Mo deposit (Schandl and Gorton, 2000).
Gold in deposits hosted by felsic rocks (e.g., Empire and Wulong) has
relatively high Pb contents probably because of fluid reaction with felsic
rocks. Therefore, the compositions of host rocks exert a control on the
trace element content of fluids that precipitated gold, likely as a result of
reaction and exchange between hydrothermal fluids and host rocks
(Ridley, 2000).

To apply gold compositions as indicators to discriminant host rock
types, a dataset of gold compositions from Hollinger, Mclntyre, and
Aunor orogenic gold deposits (Canada, Velasquez, 2014), was projected
on the latent variable spaces defined by PLS-DA of gold compositions
from studied orogenic deposits (Fig. 13). Hollinger and Mclntyre de-
posits are mainly hosted by metamorphosed mafic lavas and felsic tuffs,
whereas the Aunor deposit is hosted by tuffaceous basalts (Bateman
et al., 2008; Velasquez, 2014). These gold grains hosted by mafic
igneous rocks, form a cluster, with a high proportion of gold grains
projected within the ultramafic-mafic region (Fig. 13B). Thus, the re-
sults exemplify that trace elements Ag, Cu, Pd, Sb, and Hg have high
potential to discriminate gold grains hosted in different country rock
types in provenance studies and provide indications in exploration for
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Fig. 13. Application of gold compositions as indicators to fingerprint the host rock types. (A) The first and second scores plot (t1-t2) shows the distribution of gold
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compositional data of gold grains from Hollinger, Mclntyre, and Aunor orogenic gold deposits (Canada, Velasquez, 2014).

orogenic gold deposits.
5. Conclusions

Our scoping study shows that major and trace element signatures of
native gold from twenty-seven orogenic gold deposits enable discrimi-
nation between populations of gold grains in relation to different min-
eral associations, textures, and dominant country rocks.

Minor elements, such as Ag and Cu, occur in solid solution in gold,
whereas elements such as Fe, As, S, Hg, form impurities or micro in-
clusions due to lattice distortion caused by differences in Ag and Au
ionic radius in native gold. The common sulfide inclusion suite (Fe-As-
Sb-S) in micro size is the characteristic of native gold from the studied
orogenic deposits. Gold grains from orogenic deposits in spatial associ-
ation with the pyrite-arsenopyrite-chalcopyrite-pyrrhotite-tourmaline
assemblage, can be discriminated by PLS-DA based on contributions of
Fe, Cu, Pb, Sb, Bi, and Hg. The controls of mineral associations on gold
compositions can be explained by partitioning of trace elements be-
tween different co-crystallizing minerals and gold during precipitation.
Two common types of native gold textures are identified within studied
orogenic gold deposits, which are gold inclusions and veinlets. Silver,
Fe, Pb, and Bi are the most important elements for distinguishing the
compositions of gold related with these two textures. The distinct
compositional characteristics of gold inclusions and veinlets result from
changes of fluid composition and perhaps fluid temperature. The
chemical signatures identified in gold from deposits hosted in different
dominant country rocks are probably linked to the primary protolith
composition and modification of common metamorphic fluids by local
fluid-rock reactions along the flow path. Finally, the statistical models
enable comparison of orogenic gold composition to literature data.
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