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Abstract

Chalcopyrite from 51 volcanogenic massive sulfide (VMS) and sea-floor massive sulfide (SMS) deposits from
six lithostratigraphic settings was analyzed for trace elements by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) to evaluate its potential as an indicator mineral for exploration. Partial least squares
discriminant analysis (PLS-DA) results reveal that chalcopyrite from different lithostratigraphic settings has
different compositions reflecting host rock assemblages and fluid composition. Three random forest (RF) classi-
fiers were developed to distinguish chalcopyrite from the six lithostratigraphic settings with a divisive approach.
This method, which primarily classifies according to the major host-rock affinity and subsequently according
to VMS settings, yielded an overall accuracy higher than 0.96 on test data. The model validation with literature
data having the same elements required by the models yielded the highest accuracies (>0.90). In validation
using published data with missing elements, the accuracy is moderate to high (0.60-1); however, the perfor-
mances decrease significantly (<0.50) when the most important elements are missing. Similarly, RF regression
models developed using all sets of analyzed elements to determine ccp/(cep + sp) ratio (cep = chalcopyrite; sp
= sphalerite) in chalcopyrite within a single VMS setting reported high performances, thus showing a potential
to predict the Cu/Zn ratio (Cu-rich vs. Zn-rich) of the mineralization based on chalcopyrite composition. This
study demonstrates that trace element concentrations in chalcopyrite are primarily controlled by lithotectonic
setting and can be used as predictors in an RF classifier to distinguish the different VMS subtypes.

Introduction in bedrock; their morphology, textures, and/or geochemis-
try may be investigated in order to obtain information about
transport and nature of mineralization (McClenaghan, 2005).

The characteristics to consider a mineral as indicator in explo-

Chalcopyrite occurs in numerous mineral deposit types, from
magmatic to hydrothermal systems. Its trace element compo-
sition is highly variable, as shown by several studies of mag-

matic Ni-Cu-platinum group element (PGE) deposits (Cza-
manske et al., 1992; Barnes et al., 2008; Godel and Barnes,
2008; Dare et al., 2010, 2011, 2014; Pifia et al., 2012; Du-
ran et al., 2016; Mansur et al., 2020; Caraballo et al., 2022)
and hydrothermal environments (Hawley and Nichol, 1961;
Rose, 1967; Harris et al., 1984; Cabri et al., 1985; Bajwah et
al., 1987; Kase, 1987; Huston et al., 1995; Butler and Nesbitt,
1999; Moggi-Cecchi et al., 2002; Cook et al., 2011; Reich et
al., 2013b; Wang et al., 2015; Wohlgemuth-Ueberwasser et
al., 2015; Agangi et al., 2018; George et al., 2018b). The crys-
tal structure, partitioning with cocrystallizing minerals, and
magma/fluid composition are the principal factors controlling
the trace element content of chalcopyrite (George et al., 2016;
Caraballo et al., 2022). Thus, the trace element composition
of chalcopyrite can be used for provenance studies (Hashmi
et al., 2015; Duran et al., 2019; Caraballo et al., 2022).

An indicator mineral provides evidence on the presence of
a type of mineralization, hydrothermal alteration, or lithology
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ration are (1) a specific gravity relatively high (G>3.2) to be
separated from sample media; (2) distinctive visual proper-
ties with minimal size of about 0.25 mm to be recuperated
efficiently from sediments (e.g., till, soils, fluvial); (3) high
resistance to weathering (e.g., oxidation) and/or mechanical
transport; and (4) a wide range of trace element compositions
that is sensitive to the environment of crystallization, includ-
ing important genetic information about mineralization and
host rocks (Averill, 2001, 2011; McClenaghan, 2005). With a
specific gravity of 4.1 to 4.3, chalcopyrite is easily separated by
density, and its physical properties enable recognition by op-
tic microscope. In addition, chalcopyrite is among the sulfides
most resistant to dissolution in the weathering environment,
and several hypotheses have been proposed to explain the
mechanisms leading to slow dissolution kinetics (Rimstidt et
al., 1993; Crundwell et al., 2021). Averill (2011), based on sta-
bility in surficial sediments under temperate and humid tropi-
cal conditions, and Crundwell (2021), based on the electronic
structure of the most common sulfides, proposed a relative
scale of dissolution resistance/stability, which places chalcopy-
rite as one of the most resistant sulfides.
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Moreover, the potential of chalcopyrite as an indicator min-
eral is highlighted by several studies on heavy mineral frac-
tions in surficial sediments from glacial environments. Aver-
ill (2001 and 2011) showed that chalcopyrite can be used as
an indicator mineral of volcanogenic massive sulfide (VMS),
skarn, and Ni-Cu-PGE, since it is marginally stable in till sedi-
ments. Hashmi et al. (2015) demonstrated in till sediments
from Mont Polley (British Columbia, Canada) that chalcopy-
rite indicates the presence of Cu-Au porphyry mineralization.
Plouffe et al. (2016) showed that anomalies of chalcopyrite ex-
tend over 30 km? in till sediments associated with Cu-Mo por-
phyry mineralization in Gibraltar (British Columbia, Canada).
Duran et al. (2019) showed that the 0.25- to 1-mm nonfer-
romagnetic heavy mineral concentrates of Quaternary till and
esker samples from the Churchill Province (Québec, Canada)
contain thousands of chalcopyrite and pyrite grains and that
their trace element compositions may be used to determine
provenance. According to its physical properties, abundance
and stability in surficial sediments, and ability to host a rela-
tively wide variety of trace elements, chalcopyrite can record
chemical variation associated with crystallization and compo-
sition of host rocks. Therefore, chalcopyrite can be used as an
indicator for mineral exploration.

Multivariate statistical analysis, such as principal compo-
nent analysis (PCA) and partial least squares discriminant
analysis (PLS-DA), and machine learning methods such as
random forest (RF) are useful to investigate the chemical
variations of large data sets of trace elements in indicator
minerals such as gold (Liu and Beaudoin, 2021; Liu et al.,
2021), pyrite (Gregory et al., 2019), magnetite (Makvandi et
al., 2016a, b; Duran et al., 2020; Bédard et al., 2022), schee-
lite (Manéglia et al., 2018; Grzela et al., 2019; Sciuba et al.,
2020; Miranda et al., 2022), sphalerite (Frenzel et al., 2016;
Zhang et al., 2022), rutile (Sciuba and Beaudoin, 2021), and
tourmaline (Sciuba et al., 2021). However, studies on chal-
copyrite using this approach are scarce, and previous work
relied more on empirical discrimination diagrams (George et
al., 2018b; Duran et al., 2019). Bédard et al. (2017) investigat-
ed trace element compositions of chalcopyrite from different
ore deposit types using principal component analysis (PCA)
and demonstrated its potential for recognizing chalcopyrite
from different deposit types. They showed that trace element
signatures discriminate chalcopyrite from volcanogenic mas-
sive sulfide (Ag, Sn, Zn, and Se), Ni-Cu-PGE (Ni, Te, and
Pd), orogenic gold and red beds (Au and As), porphyry and
skarn (Sb, In, and Se), and iron oxide-copper-gold (I0OCG; Zn
and Ba) deposits. Caraballo et al. (2022) demonstrated, using
PLS-DA, that chalcopyrite from Ni-Cu sulfide and reef-type
PGE deposits can be distinguished using Bi, In, Se, Sn, and
Te. Furthermore, they showed that in Ni-Cu sulfide deposits,
it was possible to discriminate chalcopyrite according to ore
type (Cu-rich vs. Fe-rich) using the assemblage Sb, Se, Sn, T1,
and Zn. Based on cluster analysis and classification trees ap-
proach on trace elements in chalcopyrite from a single Ni-Cu-
PGE deposit (Norilsk-Talnakh), Marfin et al. (2020) showed
that there are chemical differences between massive vs. dis-
seminated ore types. This study focuses on another single de-
posit type, VMS, to determine the intradeposit—scale variation
of chalcopyrite composition according to both ore type and
lithostratigraphic setting.

Volcanogenic massive sulfides occur as ancient accumula-
tions of sulfide minerals (sphalerite, chalcopyrite, pyrite +
pyrrhotite, galena) that precipitated at or below the sea floor
from convective hydrothermal fluids, in spatial relationship
with volcanosedimentary sequences, and usually coeval with
volcanic host rocks (Lydon, 1988; Barrie and Hannington,
1999; Franklin et al., 2005; Hannington, 2014). They are im-
portant sources of Zn, Cu, Pb, Ag, and Au, and of critical and
strategic metal by-products such as Co, Sn, Se, Mn, Cd, In,
Bi, Te, Ga, and Ge (Galley et al., 2007). The modern equiva-
lent of VMS deposits are sea-floor massive sulfides (SMS),
which form in active submarine hydrothermal systems, where
high-temperature (=350°C) black smoker vents are the most
recognizable features and occur in extensional environments,
principally at mid-ocean ridges, in back-arc basins, and along
submarine volcanic arcs (Hannington et al., 2005; Fuchs et
al., 2019).

This deposit type typically comprises a mound-shaped to
tabular, stratabound body of massive sulfides (>60% sulfides)
with altered silicates, with some underlain by a discordant
stockwork or stringer veins composed of Cu-rich sulfides
(Lydon, 1988; Barrie and Hannington, 1999; Galley et al.,
2007; Hannington, 2014). In some VMS deposits, a zona-
tion is present, with a systematic decrease of chalcopyrite/
(sphalerite + galena) ratio from the inner, underlying stock-
work zones to the outer margins (Lydon, 1988; Galley et al.,
2007; Hannington, 2014). This zoning is principally a result
of several high-temperature events, with replacement of early
sulfides (Zn-Pb-rich) by Cu-rich ores as the system increased
temperature in the lower parts and a reprecipitation of Zn-Pb
minerals in the outer zones of the growing orebody (Eldridge
et al., 1983; Ohmoto, 1996). The spatial distribution of these
minerals could also be affected by the cooling path and the
solubility of chalcopyrite and sphalerite, precipitating initially
chalcopyrite and then sphalerite (Hannington et al., 1995;
Hannington, 2014). Chalcopyrite precipitates at relatively
high temperatures, between 270° and 360°C, at the base,
whereas sphalerite is deposited at lower temperatures (175°—
250°C) in the outer margins (Lydon, 1988; Hannington et al.,
1995; Franklin et al., 2005; Hannington, 2014). In conductive
cooling processes, pH variation in the fluid is limited, which
could inhibit precipitation of sphalerite and trigger chalcopy-
rite precipitation at the base, whereas in a mixing cooling his-
tory, the pH variation is greater, leading to cocrystallization
of chalcopyrite and sphalerite (Hannington et al., 1995). In
hydrothermal systems, the behavior of elements is controlled
principally by the stability of aqueous complexes of chlorine
and sulfur (Hannington, 2014; Seward et al., 2014). Hanning-
ton (2014) indicates that there are two principal trace element
associations according to temperature: (1) a low-temperature
assemblage, comprising Zn, Pb, Ag, Cd, Sn, Sb, As, Hg, <TI,
and =W, in the outer margin; and (2) a higher-temperature
association of Cu, Co, Bi, Se, In, Ni, and +Mo in the deeper
roots of the system. The composition of chalcopyrite is also
determined by partitioning in cocrystallizing sulfides such
as pyrite, sphalerite, and galena (Genna and Gaboury, 2015;
George et al., 2016, 2018b).

Although several studies have analyzed chalcopyrite from
VMS-SMS (sea-floor massive sulfide) deposits (e.g., Hawley
and Nichol, 1961; George et al., 2018b; Wang et al., 2018;

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/doi/10.5382/econge0.5020/5959979/5020_caraballo_et_al.pdf
bv Memorial LIniv of Newfoundland Stenhen .] Piercev



COMPOSITION OF CHALCOPYRITE FROM VOLCANOGENIC MASSIVE SULFIDE DEPOSITS 3

Martin et al., 2019), only a few have been focused on vari-
ability of the trace element composition at deposit scale (But-
ler and Nesbitt, 1999; Revan et al., 2014; Maslennikov et al.,
2017; Torré et al., 2022). Torré et al. (2022) showed that the
increase of Se and Bi contents in chalcopyrite from Zn-rich
to Cu-rich zones suggests an increase in temperature at the
Soffa-D massive sulfide body in the Maria Teresa VMS depos-
it (Perd). Furthermore, at chimney scale, the same behavior
is observed in the Broken Spur SMS deposit (Mid-Atlantic
Ridge; Butler and Nesbitt, 1999), at Cayeli,-Kutlular (Turkey;
Revan et al., 2014), and in Urals deposits (Russia; Maslen-
nikov et al., 2009, 2017), where chalcopyrite from inner zones
is higher in Se than that from outer parts of the chimney; like-
wise supporting the model of temperature-controlled precipi-
tation. However, more studies are needed to fully understand
the chemical behavior of chalcopyrite in VMS deposits.

Based on the volcanosedimentary assemblage within a
district, delimited by major time breaks, faults or major in-
trusions, and metal proportions and associated with spe-
cific tectonic settings, VMS deposits are classified into five
lithostratigraphic types (Barrie and Hannington, 1999; Frank-
lin et al., 2005). Furthermore, the sulfide mineralogy and
abundance vary according to the composition of ore-forming
hydrothermal fluids and the interaction with the underlying
rocks (Hannington et al., 2005; Shanks et al., 2012; Hanning-
ton, 2014), such that mafic-hosted deposits are typically Cu
rich, whereas bimodal-felsic deposits are higher in Zn, and
siliciclastic-felsic deposits are higher in Pb (Galley et al., 2007;
Hannington, 2014). The five VMS lithostratigraphic types are
as follows: (1) mafic, associated with ophiolite assemblages in
mature intraoceanic back-arc basins, dominated by mid-ocean
ridge basalt (MORB) successions; (2) siliciclastic-mafic, relat-
ed to mature back-arc settings in basalt-pelite or pelite-domi-
nant sequences; (3) bimodal-mafic, associated with incipient-
rifted bimodal volcanic arcs and basalt-dominated with up to
25% felsic volcanic strata; (4) bimodal-felsic, in continental
margin arcs and related back-arcs, with felsic volcanics up to
35 to 75% and basalt 20 to 50%; and (5) siliciclastic-felsic, as-
sociated with mature epicontinental back-arcs and dominated
by siliciclastic rocks (~80%). Patten et al. (2022) suggested
there is also an ultramafic-hosted subgroup of VMS deposits,
given their unique lithostratigraphic setting and metal endow-
ment (e.g., Cu, Zn, Co, Ni). They form principally in slow- to
ultra-slow—spreading mid-ocean ridges with limited effusive
magmatic activity. Although chalcopyrite is present in all the
subtypes of VMS deposits, there is not a systematic study that
has compared the signatures between these different settings.
Therefore, the ability to predict the VMS lithostratigraphic
setting using chalcopyrite as an indicator mineral from till
or river sediments at an early exploration stage could be an
important tool to guide exploration strategies in covered ter-
rains, in addition to geophysical techniques.

This study aims to evaluate the potential of chalcopyrite
chemistry from ancient VMS deposits (Archean to Tertiary)
and sea-floor massive sulfide (SMS) deposits to be used as an
indicator mineral for exploration. We systematically investi-
gated the variation of 36 trace elements in chalcopyrite from
worldwide VMS-SMS deposits as a function of the deposit
lithostratigraphic subtype (Franklin et al., 2005; Patten et al.,
2022), ore type (massive/stockwork), and sulfide proportions.

We show that the chalcopyrite chemical composition varies
as a function of lithostratigraphic setting and that, by using
multivariate statistical analysis and an RF classification model
combined with an understanding of the processes that con-
trol the trace element content of chalcopyrite, it is possible to
distinguish chalcopyrite from different lithostratigraphic sub-
types and to classily accurately unknown chalcopyrite samples
by VMS-SMS subtype. In addition, we tested the models on
literature data, demonstrating that internal variation at the
deposit scale or in a single VMS subtype is considerably less
important that the variation between VMS subtypes.

Methodology

Sample selection

A total of 100 chalcopyrite-bearing samples (n = 100) were
selected from 51 VMS-SMS deposits from around the world
(Fig. 1). The deposits belong to six lithostratigraphic types of
settings according to the classification for VMS-SMS (Franklin
et al., 2005; Patten et al., 2022), as follows (Table 1): (1) ultra-
mafic (UM, n = 8); (2) mafic (M, n= 6); (3) siliciclastic-mafic
(SM, n = 3); (4) bimodal-mafic (BM, n = 27); (5) bimodal-felsic
(BF, n = 30), and (6) siliciclastic-felsic (SF, n = 22). The VMS
samples (n = 89) comprise all of the lithostratigraphic types,
except for the ultramafic type. The SMS samples (n = 11) are
related to the ultramafic (n = 8; from the Logatchev and Iri-
novskoe vent fields) and bimodal-felsic types (n = 3; PacManus
vent field). The sulfide proportions in each sample are report-
ed as ccp/(cep + sp), po/(po + sp + py), and ccp/(cep + po)
ratios (where ccp = chalcopyrite, sp = sphalerite, py = pyrite,
and po = pyrrhotite). The sulfide proportion was calculated for
each sample from percentage of sulfides in thin section and
in macroscopic sample, and from information on position in
deposit. Since this study focuses on chalcopyrite, samples from
the Cu-rich areas of mineralization were targeted. However,
chalcopyrite from the Matagami district comprises samples of
both Cu-rich (n = 7) and Zn-rich (n = 6) ores and represents
the most balanced sample set according to Cw/Zn ratio. Fur-
thermore, according to microscopic and megascopic sample
observations, we classified the samples into massive ore (>60%
opaque minerals and massive structure) and stockwork ores
(stringer/vein mineralization; App. 1, Table A1).

Most of the studied deposits are metamorphosed, from
prehnite-pumpellyite to principally greenschist conditions,
and only one has undergone amphibolite-grade metamor-
phism (Tétrault, Québec). Among the unmetamorphosed de-
posits are those from Semail (Lasail) and VMS-SMS deposits
(Table 1; App. 1, Table Al). The siciclastic-felsic group pres-
ents the greater diversity of the metamorphic grades, whereas
the siliciclastic-mafic subtype is at upper greenschist meta-
morphic facies.

The selected samples are representative of the different
subtypes of VMS-SMS deposits. For 10 deposits we ana-
lyzed more than four samples, whereas we analyzed two to
three samples in 10 other deposits and one in the remain-
ing 31 deposits (Table 1). According to the compilation in-
cluded in Franklin et al. (2005), among a total of 646 VMS
deposits, only 63 (10%) correspond to mafic and 80 (12%) to
siliciclastic-mafic settings (Fig. 3). An underlying class imbal-
ance problem is present as a result of rarity of deposits be-

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/doi/10.5382/econge0.5020/5959979/5020_caraballo_et_al.pdf
bv Memorial LIniv of Newfoundland Stenhen .] Piercev



4 CARABALLO ET AL.
A < B C
. Perseverance lce
§ * 1 | McLeod York Harbour Whalesback vV
5"\5'5? "l| caber Ming
i ‘ i i Lagoa Salgada
Kidd Creek A DUfaLlIt/HaIf "l”f Lak Little Deer Wolverine g [¢]
Tétrault@ ) Little Bay Lousa P Aznalcollai
a N r 1
Horne ~ S
Bathurst F -
250 k .
Quémont Boundary. Lindskold Aljustrel ¥ rsis
Aldermac ' Suffield Duck Pond 4Adak Brannmyran Ne&e&f
Norbec™ |Waite-Amule oo Hi C 7
Pike Hill — . orvo AN
Zambujal
Normetal 250 km G
: raga
¢ Ravliden £
D s A E Roman Ruins Yy [
Irina Il > = T
.., [Irinal » S G \ﬂ\Pj Draa Sfar
) Candelabra. fowcap { ]
' g? ic-Mills h&\'\s\ Lasail p
Irinovskoe ? poataiicayins L Hajar
| —| N Z20 mem— | | I —
1500 km 250 km|| 100 Km

2

Archean Proterozoic Paleozoic

VMS deposits (N=100)
@ Ultramafic (N=8)

V¥ Mafic (N=7) N=18

% Siliciclastic-mafic (N=3)

A Bimodal-mafic (N=27)

B Bimodal-felsic (N=33) | V=60

+ Siliciclastic-felsic (N=22)

B vvs (N=89) [l SMS (N=11)
Mesozoic Cenozoic Undetermined

Fig. 1. Location of selected volcanogenic massive sulfide—sea-floor massive sulfide (VMS-SMS) deposits in this study. Clas-
sification according to Franklin et al. (2005) and Patten et al. (2022). Generalized geologic map of the world (Chorlton, 2007).

N = number of samples.

longing to these settings. In our data, deposits from the mafic
subtype represent about 12% (7 samples from six deposits;
Fig. 1), belonging to four host tectonostratigraphic complexes
with a total of 42 analyses (7.4%). Based on these sampling
statistics, the mafic subtype would be considered representa-
tive, since its distribution is similar to the deposit distribution
from Franklin et al. (2005). Concerning the siliciclastic-mafic
subtype, according to Franklin et al. (2005), it represents 12%
of compiled deposits. In our data, deposits from this setting
represent about 4%, belonging to the same host tectonostrati-
graphic complex. The representative nature of the selected
samples and deposits ensures that the analytical data will cap-
ture the more important characteristics of chalcopyrite com-
position in VMS-SMS deposits, but it is possible that some
intradeposit variance or less common features will require
detailed deposit-scale studies and investigation of other VMS-
SMS deposits in the future.

Petrography

Mineralogical composition and detailed textural descriptions
of each thin section, considered representative of the sample,

were carried out using a reflected-light microscope. From
this information, paragenetic sequences were determined in
each sample. Modal percentages were calculated using Im-
age] 1.52p based on a mosaic of photomicrographs. To verify
the presence of inclusions not detected under optical micro-
scope, and to select regions without inclusions (<10 pm) for
geochemical analysis, scanning electron microscopy (SEM)
was used (model FEI Inspect F50, equipped with an energy-
dispersive spectrometer [EDS] at Université Laval; App. 2,
Fig. Al). Between five and seven grains of chalcopyrite were
selected in each polished section for geochemical analysis,
based on the amount and distribution of chalcopyrite, grain
size, and mineralogical association.

Analytical methods

Major elements in 296 grains of chalcopyrite (n = 296) were
analyzed by electron probe microanalysis (EPMA), using a
CAMECA SX-100 equipped with five wavelength-dispersive
spectrometers (WDS) at Université Laval, Québec. Beam size
was 10 pm with a voltage of 15 kV and a current of 20 nA. The
background was measured for 15 to 20 s on both sides, and a
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peak counting time of 10 s was carried out. Standard FesOs
(Fe), FeSs (S), and CuFeSs (Cu) were used for the calibra-
tion. The results are given in Appendix 1 and Table A2 and
show that the major element composition of all chalcopyrite is
close to stoichiometric values.

Trace elements in 561 grains of chalcopyrite (n = 561)
were analyzed by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) at LabMaTer (Université
du Québec a Chicoutimi, UQAC) using an Excimer 193-nm
RESOlution M-50 laser ablation system (Australian Scientific
Instrument) equipped with a double volume cell S-155 (Lau-
rin Technic) and coupled to an Agilent 7900 ICP-MS follow-
ing the protocol described in Caraballo et al. (2022). Depend-
ing on grain size, a beam size of 55 pm and 33 pm, a line
speed of 5 p/s, a laser frequency of 15 Hz, and a fluence of
3 J/em? were used to analyze chalcopyrite. Lines were made
across the sulfide grains for a period of 20 to 60 s according to
grain size, after measuring the gas blank for 30 s. The ablated
material was carried into the ICP-MS by an argon-helium gas
mix at a rate of 0.8 to 1 I/min for Ar and 350 mL/min for He,
and 2 mL/min of nitrogen was also added to the mixture. Data
reduction was carried out using the Iolite package for Igor
Pro software (Paton et al., 2011). Full results are given in Ap-
pendix 1, Table A3.

Thirty-six isotopes were measured: 2¢Mg, 29Si, 345, 49Ti,
51V 5201 55Mn. 9Co. ONi. 65Cu. 67n. 11Ga. “Ge. TAs. 2Se
951\/’[0’ 10’1Ru, 163Rh, )“’TAg,, IOSP,d, méd) “’51n, “’SSn, ,lﬁlsb:
125Te, 137Ba, 152, 15Re, 1990, 193]y, 195Pt, 197Au, 202Hg, 205T1,
205Pb, and 299Bi. The polyatomic interference of °Ar%Cu on
103Rh was corrected in chalcopyrite using a Cu blank. How-
ever, the 193Rh values are not reported, as the interference
corrections are too large in chalcopyrite (1% Cu produces
about 0.1-0.2 ppm '93Rh interference). Additionally, in most
cases, PGE contents were below detection limit in chalco-
pyrite. Direct interference of '"Sn on "5In and %Cd on
108Pd were corrected in chalcopyrite manually from 118Sn
and "'Cd. We used 5"Fe as the internal standard with stoi-
chiometric iron value of chalcopyrite (30.43%). Calibration
was based on a combination of three international reference
materials (RM): MASS-1 (Wilson et al., 2002), correspond-
ing to a pressed powder pellet (ZnCuFeS) used to calibrate
S, Cu, Zn, As, Se, Mo, Cd, Sn, Sb, Te, W, Hg, T, and Pb;
GSE-1g (Jochum et al., 2005), an Fe-rich natural basaltic
glass used to calibrate Si, Ti, V, Cr, Mn, Co, Ni, Ga, Ge,
Ag, In, Ba, Re, and Bi; and Laflamme Po727, a synthetic
FeS doped with PGEs, used to calibrate Au and PGEs. The
reference materials used to monitor quality control of the
analyses were as follows: CCu-1le, a copper concentrate (cer-
tified by CCRMP-Canadian Certified Reference Materials
project, CANMET, Canada); UQAC-FeS1, a synthetic sul-
fide developed at LabMaTer (UQAC); and PTC-1b, a Cu-
Ni-sulfide concentrate powder (Jochum et al., 2005). The
results of analyses of reference materials and the ranges of
detection limits are shown in Appendix 1, Table A4. Most
elements (Ag, As, Au, Bi, Co, Ga, In, Ir, Mn, Mo, Ni, Os, Pb,
Rh, Ru, Sb, Se, Sn, Te, T1, and Zn) have a moderate to high
accuracy relative to their reference values (relative differ-
ence [rel. diff.] <10-15%) and a moderate to high precision
(relative standard deviation [RSD] <10-15%). Elements
such as Ti, Ge, and Cd show lower accuracy (rel. diff. >15%)

and lower precision (RSD >15%; App. 1, Table A4). Dif-
ferences between working values in a few of the reference
materials and those measured in this study could be a result
of heterogeneity and non-matrix-matched materials or due
to the low level of confidence of reported working values for
some elements in reference materials (provisional/informa-
tive values). As polyatomic interferences were detected on
4Ti (from 335160+) and ™Ge (from 40Ar34S+, 36Ar38Ar+, and/
or 3Ar36S+), and Cd shows low accuracy and precision, these
elements were not used for statistical analysis.

Elements such as Si (silicates), Zn-Cd (sphalerite), Pb (ga-
lena), Ni (pentlandite), and Ba (barite) were used to monitor
for inclusions. On each time signal, only micrometric inclu-
sion-free regions were selected for data reduction in order to
have the most reliable composition of chalcopyrite (App. 2,
Fig. Al).

Statistical methods

Data preprocessing: Before statistical analysis, the geochemi-
cal data were preprocessed for the values below detection
limit (i.e., censored values). Since most imputation algorithms
do not remain stable with higher degrees of censoring (Hron
et al., 2010; Antweiler, 2015; Makvandi et al., 2016b), ele-
ments with more than 40% of censored values were excluded
from the database. The log-ratio expectation-maximization
(IrEM) algorithm was applied to impute censored values,
using the zComposition R-package (Palarea-Albaladejo and
Martin-Ferndndez, 2015). According to Palarea-Albaladejo
and Martin-Ferndndez (2008), an alr-transformed component
yij = In(xyAip) from a compositional vector x; is considered
a censored value if y; < ¥, where ¥ is an alr-transformed
threshold (detection limit). This adapted statistical iterative
procedure ensures that censored values y;; are replaced by val-
ues lower than threshold y;; (Palarea-Albaladejo et al., 2007).

Compositional data describe quantitatively the parts of a
whole, which sum to a constant (i.e., 100%), having thus a
closed nature, leading to potential spurious correlations (Fil-
zmoser et al., 2009; Egozcue and Pawlowsky-Glahn, 2011;
Pawlowsky-Glahn and Buccianti, 2011). In order to avoid this
problem, the data were transformed using centered log ratios
following Aitchison (1986).

Exploratory data analysis: The exploratory analysis com-
prised univariate, bivariate, and multivariate methods to identify
systematic variations in the data before building discrimination
models. Univariate analysis (box plots) explores each variable
in a data set separately. In this phase, to characterize different
variables, the trimmed mean (pt) and the trimmed standard
deviation (sdt), two robust measures of location and dispersion
with the aim to reduce effects of outliers on estimator calcula-
tion, were used (Wilcox, 2011). These statistic estimators are
presented for each variable (trace elements and mineralogical
composition) in the format pt + sdt plus the respective unit
(ppm or vol %). The bivariate analysis was conducted to deter-
mine whether a statistical association exists between two vari-
ables and verify clusters in the data using, respectively, Pearson
correlation coefficients and binary diagrams.

A PLS-DA based on clr-transformed and autoscaled data
was performed. Previous studies have used PLS-DA on indi-
cator minerals as a tool to classify unknown data (Makvandi et
al., 2016b; Sciuba et al., 2020, 2021; Liu and Beaudoin, 2021;
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Table 1. Summary of Studied VMS and SMS Deposits (details of sulfide textures and opaque mineralogy in App. 1, Table A1)

Deposit name

Host tectonostratigraphic complex

Setting? Affinity? (no. of samples) (age) Location
Ultramafic Mafic-ultramafic Irinovskoe (4) Mid-Atlantic Ridge (?) Irinovskoe field, Atlantic Ocean
Ultramafic Mafic-ultramafic Candelabra (2) Mid-Atlantic Ridge (1-60 ka) Logatchev-1 field, Atlantic Ocean
Ultramafic Mafic-ultramafic Irina I (1) Mid-Atlantic Ridge (1-60 ka) Logatchev-1 field, Atlantic Ocean
Ultramafic Mafic-ultramafic Irina II (1) Mid-Atlantic Ridge (1-60 ka) Logatchev-1 field, Atlantic Ocean
Mafic Mafic-ultramafic Lasail (2) Semail ophiolite (95 Ma) Al Batinah North, Oman
Mafic Mafic-ultramafic Little Deer (1) Dunnage zone-Notre Dame Lushs Bight, Newfoundland, Canada
subzone (0.48 Ga)
Mafic Mafic-ultramafic Whalesback (1) Dunnage zone-Notre Dame Lushs Bight, Newfoundland, Canada
subzone (0.48 Ga)
Mafic Mafic-ultramafic Little Bay (1) Dunnage zone-Notre Dame Newfoundland, Canada
subzone (0.48 Ga)
Mafic Mafic-ultramafic York Harbour (1) Humber zone-Bay of Islands Newfoundland, Canada
ophiolite (0.48 Ga)
Mafic Mafic-ultramafic Ice (1) Slide Mountain terrane (0.28 Ga) Yukon, Canada
Siliciclastic-mafic Mafic-ultramafic Ely (1) Vermont copper belt (0.41 Ga) Vermont, USA
Siliciclastic-mafic Mafic-ultramafic Pike Hill (2) Vermont copper belt (0.41 Ga) Vermont, USA
Bimodal-mafic Bimodal Poirier (1) Abitibi greenstone belt (2.7 Ga) Joutel, Quebec, Canada
Bimodal-mafic Bimodal Caber (3) Abitibi greenstone belt (2.7 Ga) Matagami, Quebec, Canada
Bimodal-mafic Bimodal Ming (5) Dunnage zone-Notre Dame Newfoundland, Canada
subzone (0.48 Ga)
Bimodal-mafic Bimodal Aldermac (3) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-mafic Bimodal Dufault (3) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-mafic Bimodal Norbec (2) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-mafic Bimodal Normetal (1) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-mafic Bimodal Waite-Amulet (5) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-mafic Bimodal Kidd Creek (4) Abitibi greenstone belt (2.7 Ga) Timmins, Ontario, Canada
Bimodal-felsic Bimodal Suffield Mine (1) Ascot-Weedon Complex (0.45 Ga) Cantons de 'Est, Quebec, Canada
Bimodal-felsic Bimodal Weedon (1) Ascot-Weedon Complex (0.45 Ga) Cantons de I'Est, Quebec, Canada
Bimodal-felsic Bimodal McLeod (4) Abitibi greenstone belt (2.7 Ga) Matagami, Quebec, Canada
Bimodal-felsic Bimodal Perseverance (6) Abitibi greenstone belt (2.7 Ga) Matagami, Quebec, Canada
Bimodal-felsic Bimodal Boundary (1) Dunnage zone-Exploits subzone Newfoundland, Canada
(0.51 Ga)
Bimodal-felsic Bimodal Duck Pond (1) Dunnage zone-Exploits subzone Newfoundland, Canada
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COMPOSITION OF CHALCOPYRITE FROM VOLCANOGENIC MASSIVE SULFIDE DEPOSITS 7

Table 1. (Cont.)

Host rock composition Regional metamorphism References

Pdt-Gabnor
Pdt-Gabnor
Pdt-Gabnor
Pdt-Gabnor

Bas and basaltic And
Pillow Bas

Pillow Bas
Pillow Bas
Pillow Bas

Bas

Meta-Bas/Meta-Sed/minor Meta-Maf-volc
Meta-Bas/Meta-Sed/minor Meta-Maf-volc
Rhy-Dac/And-Bas

Rhy

Bon/Bas/Rhy

Rhy-And

Rhy

Rhy-And

Rhy-And

Rhy

Rhy-Um

Felsic-volc
Felsic-volc
Rhy-Rhydac

Rhy-Rhydac

Dac-Rhy/Bas

Dac-Rhy/Bas

Unmetamorphosed
Unmetamorphosed
Unmetamorphosed
Unmetamorphosed

Unmetamorphosed
Lower greenschist

Lower greenschist
Lower greenschist
Lower greenschist

Lower greenschist
Upper greenschist
Upper greenschist
Lower greenschist

Lower greenschist

Upper greenschist

Lower greenschist

Lower greenschist

Lower greenschist

Lower greenschist

Lower greenschist

Lower greenschist

Lower greenschist
Lower greenschist
Lower greenschist

Lower greenschist

Lower greenschist

Lower greenschist

Cherkashev et al. (2013); Petersen et al. (2009); Wohlgemuth-
Ueberwasser et al. (2015)

Cherkashev et al. (2013; Petersen et al. (2009); Wohlgemuth-
Ueberwasser et al. (2015)

Cherkashev et al. (2013; Petersen et al. (2009); Wohlgemuth-
Ueberwasser et al. (2015)

Cherkashev et al. (2013; Petersen et al. (2009); Wohlgemuth-
Ueberwasser et al. (2015)

Gilgen et al. (2014); Stakes and Taylor (2003)

Kean et al. (1995); Piercey (2007)

Cloutier et al. (2015); Piercey (2007)
Kean et al. (1995); Piercey (2007)
Lode et al. (2015); Piercey (2007)

Piercey et al. (2008)

McWilliams et al. (2010); Slack et al. (2001)

McWilliams et al. (2010); Slack et al. (2001)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Ioannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Brueckner et al. (2014); Brueckner et al. (2015); Pilote et al. (2020); Pilote and
Piercey (2013)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Ioannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Ioannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Gauthier et al. (1994)

Gauthier et al. (1994)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Ioannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Buschette and Piercey (2016); Piercey (2007)

McNicoll et al. (2010); Piercey (2007)
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Table 1. Summary of Studied VMS and SMS Deposits (details of sulfide textures and opaque mineralogy in App. 1, Table A1)

Deposit name

Host tectonostratigraphic complex

Setting? Affinity? (no. of samples) (age) Location

Bimodal-felsic Bimodal Horne (4) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-felsic Bimodal Quémont (5) Abitibi greenstone belt (2.7 Ga) Noranda, Quebec, Canada
Bimodal-felsic Bimodal Roman Ruins (1) Pual Ridge (20-50 ka) Pacmanus field, Papua New Guinea
Bimodal-felsic Bimodal Satanic Mills (1) Pual Ridge (20-50 ka) Pacmanus field, Papua New Guinea
Bimodal-felsic Bimodal Snowcap (1) Pual Ridge (20-50 ka) Pacmanus field, Papua New Guinea
Bimodal-felsic Bimodal Adak (2) Bothnia-Skelleftea unit (1.8 Ga) Visterbotten, Sweden
Bimodal-felsic Bimodal Brannmyran (1) Bothnia-Skelleftea unit (1.8 Ga) Visterbotten, Sweden
Bimodal-felsic Bimodal Lindskold (3) Bothnia-Skelleftea unit (1.8 Ga) Visterbotten, Sweden
Bimodal-felsic Bimodal Riivliden (1) Bothnia-Skelleftea unit (1.8 Ga) Visterbotten, Sweden

Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic

Siliciclastic-felsic

Siliciclastic-felsic

Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic
Siliciclastic-felsic

Siliciclastic-felsic

Siliciclastic-felsic

Aznalcollar (1)
Tharsis (1)
Aljustrel (1)
Corvo (4)

Graca (1)

Neves (2)
Zambujal (1)
Hajar (1)

Draa Sfar (1)
Tétrault (1)
Bathurst (4)
Halfmile Lake (1)
Lagoa Salgada (1)
Lousal (1)

Wolverine (1)

Tberian Pyrite Belt (0.34-0.38 Ga)
Iberian Pyrite Belt (0.34-0.38 Ga)
Iberian Pyrite Belt (0.34-0.38 Ga)
Iberian Pyrite Belt (0.34-0.38 Ga)
Tberian Pyrite Belt (0.34-0.38 Ga)
Tberian Pyrite Belt (0.34-0.38 Ga)
Iberian Pyrite Belt (0.34-0.38 Ga)
Guemassa Massif (0.34 Ga)
Jebilet Massif (0.34 Ga)
Greenville Province

Bathurst Mining Camp (0.47 Ga)
Bathurst Mining Camp (0.47 Ga)
Iberian Pyrite Belt (0.34-0.38 Ga)
Tberian Pyrite Belt (0.34-0.38 Ga)

Yukon-Tanana terrane (0.34 Ga)

Andalucia, Spain
Andalucia, Spain

Beja, Portugal

Beja, Portugal

Beja, Portugal

Beja, Portugal

Beja, Portugal
Marrakech-Safi, Morocco
Marrakech-Safi, Morocco
Montauban, Quebec, Canada
New Brunswick, Canada
New Brunswick, Canada
Setibal, Portugal

Setiibal, Portugal

Yukon, Canada

Abbreviations: And = andesite, Bas = basalt, Bon = bonninite, Dac = dacite, Fel-volc = felsic volcanic rocks, Gabnor = gabbronorite, Maf-volc = mafic vol-
canic rocks, Nor = norite, Pdt = peridotite, Phy = phyllite, Qzt = quartzite, Rhy = rhyolite, Rhydac = rhyodacite, Sed = sedimentary rocks, SMS = sea-floor
massive sulfide, Um = ultramafic rocks, VMS = volcanogenic massive sulfide, Volc = volcanic

IClassification according to Franklin et al. (2005)
2Classification according to major host rocks composition

Liu et al., 2021; Caraballo et al., 2022; Miranda et al., 2022).
However, since in this study the PLS-DA recorded lower per-
formance than the RF model, as presented below, this was
used as a multivariate exploratory method. This method con-
sists of a supervised linear classification, which models depen-
dent variables Y from a set of predictor variables X by reduc-
ing the multidimensionality of the data (Wold et al., 2001;
Ruiz-Perez et al., 2020). A PLS-DA model can be interpreted
from two principal outputs: scores and loadings. After calcu-
lating latent variables, they can be used in a cartesian space
(i.e., ti-t2) to project X-scores of the observations. The aim of
these representations, called score plots, is to look for clusters
indicating similar characteristics (Brereton and Lloyd, 2014).
Likewise, the distance between clusters can suggest differ-
ences in attributes. On the other hand, loading plots show
correlations between original variables. Superposing X-load-
ings (specifically X-weight, w*) and Y-loadings in the same

plot, the relationship between X-variables (elements) and Y-
variables (classes) can be inferred (Wold et al., 2001; Dunn,
2019). Variables positively correlated are shown grouped,
whereas those with a negative correlation plot diametrically
opposed. Location of variables in a loading plot is dependent
on contributions in discrimination; therefore, X-variables near
the correlation circle (radius = 1) are interpreted to be highly
variable between classes. In contrast, those located near the
origin contribute weakly to classification, as variability is neg-
ligible. Since dummy variables are required to use PLS-DA
on categorical data, the encoding, which consisted of binary
integers where 1 is in class and 0 is out of class, was performed
automatically by the CARET package in R.

Different estimators have been used to judge the impor-
tance of the X-variables on the classification model. Mehmood
et al. (2012) described three filter methods (loading weights,
regression coefficients, and variable importance on projection)
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Table 1. (Cont.)

Host rock composition Regional metamorphism

References

Rhy-And Lower greenschist
Rhy-And Lower greenschist
Dac-Rhy Unmetamorphosed
Dac-Rhy Unmetamorphosed
Dac-Rhy Unmetamorphosed

Felsic-volc

Felsic-volc

Felsic-volc

Fel-volc to Maf-volc/argilites
Rhy-Dac/phyllite-quartzite

Lower greenschist
Lower greenschist
Lower greenschist
Lower greenschist
Prehnite-pumpellyite

Rhy-Dac/phyllite-quartzite Prehnite-pumpellyite

Rhy-Dac/phyllite-quartzite Prehnite-pumpellyite
Rhy-Dac/phyllite-quartzite Prehnite-pumpellyite
Rhy-Dac/phyllite-quartzite Prehnite-pumpellyite
Rhy-Dac/phyllite-quartzite Prehnite-pumpellyite
Rhy-Dac/phyllite-quartzite Prehnite-pumpellyite

Rhy-Rhydac
Rhy-Rhydac

Lower greenschist
Lower greenschist

Gneiss Amphibolite
Rhy-Rhydac Upper greenschist
Rhy-Rhydac Upper greenschist

Rhy-Dac/Phy-Qzt Prehnite-pumpellyite

Rhy-Dac/Phy-Qzt Prehnite-pumpellyite

Maf-volc and Fel-volc/dark Sed Middle greenschist

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Toannou et
al. (2007)

Barrie et al. (1999); Dubé et al. (2007); Gaboury and Pearson (2008); Lafrance
et al. (2000); Mercier-Langevin et al. (2007); Shriver and MacLean (1993);
Taylor et al. (2014); Genna et al. (2014a); Genna et al. (2014b); Ioannou et
al. (2007)

Binns et al. (2007); Hannington et al. (2005); Reeves et al. (2011)

Binns et al. (2007); Hannington et al. (2005); Reeves et al. (2011)

Binns et al. (2007); Hanmngton et al. (2005); Reeves et al. (2011)

Allen et al. (1996); Arebiick et al. (2005); ); Johansson (2017); Skytti et al. (2020)

Allen et al. (1996); Arebiick et al. (2005); Johansson (2017); Skyttii et al. (2020)

Allen et al. (1996); Arebiick et al. (2005); Johansson (2017); Skyttii et al. (2020)

Allen et al. (1996); Arebiick et al. (2005); Johansson (2017); Skytti et al. (2020)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); S4ez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Admou et al. (2018); Marcoux et al. (2008); Moreno et al. (2008)

Admou et al. (2018); Marcoux et al. (2008); Moreno et al. (2008)

Tomkins (2007); Stamatelopoulou-Seymour and MacLean (1984)

Goodfellow (2007); Mireku and Stanley (2006)

Goodfellow (2007); Mireku and Stanley (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Almodévar et al. (2019); Barrie et al. (2002); Inverno et al. (2015); Relvas et al.
(2001); Relvas et al. (2006); Sdez et al. (1999); Tornos (2006)

Piercey et al. (2008)

used to determine variable importance. Variable importance
on projection (VIP) quantifies the influence on the model by
accumulating the importance of each variable j reflected by
the weight w from each latent variable (Mehmood et al., 2012;
Favilla et al., 2013). The average of VIP scores is 1, and the
sum of squares of all VIP scores is equal to M. Thus, variables
with VIP scores >1.0 are considered highly influential on the
discrimination model, whereas VIP scores between 0.8 and
1.0 indicate a variable moderately influential, and VIP scores
<0.8 represent less important variables (Chong and Jun, 2005;
Gosselin et al., 2010; Mendez et al., 2020).

A second, widely used method to assess the importance of
X-variables on the classification model is the vector or matrix
of regression coefficients (Bpls), which measures the associa-
tion between predictor and response variables (Mehmood et
al., 2012). Partial least squares discriminant analysis is based
on a regression algorithm, thus these coefficients are calcu-
lated for each modeled response or class (Ballabio and Con-
sonni, 2013). Variables with a strong importance for a spe-
cific class have generally high absolute values of regression
coefficients, whereas those with small absolute values do not

contribute importantly (Gosselin et al., 2010; Mehmood et al.,
2012; Ballabio and Consonni, 2013).

Random Forest: In order to test the trace element com-
position of chalcopyrite to discriminate different lithostrati-
graphic settings of VMS deposits, a supervised classification
was performed using the RF algorithm. In addition to the
classification model, a preliminary RF regression model was
developed using trace elements in chalcopyrite to predict
cep/(cep + sp) ratio. Random forest consists of an ensemble of
methods using tree-type classifiers, which generates predic-
tions based on class membership probabilities for individual
predictions (Breiman, 2001). This algorithm is random in two
ways: (1) each tree is based on a random subsample of the ob-
servations, and (2) each split within each tree is created based
on a random subset of independent variables or predictors
(Breiman, 2001; Gislason et al., 2006; Harris and Grunsky,
2015). The random subsamples are created from an internal
resampling in the training set through a bootstrapping proce-
dure, which provides a stable estimate of classification accu-
racy from out-of-bag (OOB) data (Harris and Grunsky, 2015).
An RF algorithm is considered a nonparametric classifier; it
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is insensitive to outliers and requires minimal input param-
eters—the number of decision trees and the number of ran-
dom variables for each decision tree, called mtry (Harris and
Grunsky, 2015). For classification problems, the dependent
variable Y is categorical (classes), and the prediction is based
on a majority class vote, whereas in regression, the outcome
Y is numerical (e.g., sulfide ratio), and the final prediction is
the average of the individual tree values (Svetnik et al., 2003;
Gromping, 2009; Brownlee, 2018; Barker et al., 2021).

Before building the classification and regression models, a
recursive feature elimination (RFE) incorporating resampling
was performed to determine the optimal number of variables
using an exploratory RF model. When the model is created,
a measure of variable importance is calculated; thus, the least
important predictor is iteratively eliminated prior to rebuild-
ing the new model (Kuhn, 2008; Kuhn and Johnson, 2013).
Thus, an optimal number of important variables is chosen and
used to train the RF model.

The data set in this study presents a class imbalance prob-
lem, where the ultramafic, mafic, and particularly siliciclastic-
mafic classes have the lowest number of samples. The class im-
balance ratio between the overrepresented bimodal-felsic and
underrepresented siliciclascic-mafic classes is =9. Class imbal-
ance in a data set degrades the performance of machine learn-
ing models, leading to misclassifying the minority class samples
(Abd Elrahman and Abraham, 2013). This problem has been
discussed in several studies, and different approaches have
been proposed to counteract its negative effect (e.g., Abd El-
rahman and Abraham, 2013; Kuhn and Johnson, 2013; Weiss,
2013; Thabtah et al., 2020; Megahed et al., 2021). The sam-
pling methods are mostly used to overcome the class imbalance
and include preprocessing of data by creating a balanced train-
ing data set, either by undersampling the majority class and/or
oversampling the minority class (Abd Elrahman and Abraham,
2013). However, Tarawneh et al. (2022) evaluated more than
70 oversampling methods, of which only six were developed to
multiclass problems, and concluded that in the current forms,
the sampling methods are unreliable for learning from imbal-
ance data. Oversampling methods create fictitious samples,
adding more samples to the minority class, and can result in
an overfitting (Abd Elrahman and Abraham, 2013; Megahed
et al., 2021). In contrast, undersampling methods randomly
remove samples from the majority class, which can result in
a loss of important information (Abd Elrahman and Abraham,
2013; Megahed et al., 2021). According to Weiss (2013), there
is no standard on the degree of class imbalance in a data set to
be considered unbalanced, indicating that overall, a class im-
balance ratio (IR) <2 would be considered as marginally un-
balanced, whereas an IR =10 would be considered modestly
unbalanced, and an IR =1,000 would be considered extremely
unbalanced. To avoid the problem of class imbalance, the prob-
lem was redefined with a divisive approach by classifying the
samples according to major host rock affinity and training an
RF model as a first step. In this method, samples are separated
into three major classes, as follows (Table 1):

1. Mafic-ultramafic (M-UM) class: contains all samples from
subtypes constituted principally by mafic-ultramafic host
rocks. It comprises ultramafic, mafic, and siliciclastic-mafic

subtypes.

2. Bimodal-mafic-felsic (BMF) class: contains all samples
from bimodal-felsic and bimodal-mafic subtypes.

3. Siliciclastic-felsic (SF) class: corresponds to the original
siliciclastic-felsic setting.

Once the samples are classified by the affinity model (RF
model.01), two models will be used to reclassify between ul-
tramafic, mafic, and siliciclastic-mafic subtypes (RF model.02-
A) and between bimodal-mafic and bimodal-felsic subtypes
(RF model.02-B).

For each RF model, the data set was split into training
(7T0%) and test (30%) subsets using stratified sampling to ob-
tain balanced classes. In order to improve the classification
model, the optimal number of randomly selected variables
in each split (mtry) was determined using a hyperparameter
grid search function, implemented by the Caret package in
R software. Performances were determined through 10-fold
cross-validation with 10 repetitions during training, and dif-
ferent metrics were used to evaluate the model efficacy (ac-
curacy, kappa, recall, specificity, precision, F1, and balanced
accuracy). For the RF regression model, performance estima-
tors were the root mean squared error (RMSE), the mean
absolute error (MAE), and the coefficient of determination
(R?) in training and test data. Details of performance estima-
tors and calculations are shown in Appendix 3. The variable
importance in classification and regression models was mea-
sured with the mean decrease in accuracy (MDA) and mean
decrease Gini (MDG) coefficients (Han et al., 2016). The in-
dex MDA uses permuting OOB samples to compute the im-
portance of the variable, whereas the MDG index determines
the impurity at each node (Harris and Grunsky, 2015; Gregory
etal., 2019).

To verify the model classification accuracy, we used the re-
maining 30% of the total data set to compare the predicted
classes with the actual classes (i.e., known classes) in a con-
fusion matrix. Confusion matrices allow an evaluation of the
classification performance, consisting of a square matrix C x
C, where C is the number of classes and collects the outputs
of the classification model. This allowed the calculation of
multiple estimators, such as the accuracy, which measures the
percentage of observations correctly classified (Ballabio and
Consonni, 2013).

Results

Petrography

Mineralogical composition and textural features are summa-
rized in Figure 2 and Appendix 1, Table Al. Most samples
contain an assemblage of chalcopyrite, pyrrhotite, pyrite, and
sphalerite in different proportions and textural relations, with
minor and trace minerals (i.e., magnetite, cassiterite, tennan-
tite). Chalcopyrite (66 + 32 vol %) occurs in varying propor-
tions, coexisting principally with anhedral pyrrhotite (4.2 +7.9
vol %; Fig. 2A) and commonly replacing pyrite (Fig. 2C) and/
or sphalerite (Fig. 2C-E). Pyrite (8.7 + 13 vol %) is present in
most samples, occurring principally as subhedral to anhedral
grains (Fig. 2C-E, G, I). Sphalerite (3.2 £ 4.1 vol %) is pres-
ent as anhedral grains, often showing replacement textures
by chalcopyrite in different proportions (Fig. 2C-F). In some
cases, sphalerite occurs in fractured pyrite (Fig. 2D). Rarely,
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COMPOSITION OF CHALCOPYRITE FROM VOLCANOGENIC MASSIVE SULFIDE DEPOSITS

Fig. 2. Reflected light photomicrographs of chalcopyrite from volcanogenic massive sulfide—sea-floor massive sulfide (VMS-
SMS) deposits from Cu-rich (A-C) and Zn-rich (D-F) samples. (A) pyrrhotite (po) coexisting with chalcopyrite (ccp) from
the Aldermac deposit. (B) Star-like sphalerite (sp) and cubanite (cbn) lamellae exsolutions in chalcopyrite in association with
pyrrhotite (Pike Hill deposit). (C) Pyrite (py) and sphalerite replaced by chalcopyrite (chalcopyrite disease) and (D) pyrite
replaced by sphalerite; in addition, chalcopyrite replaces sphalerite and pyrite in samples from the Kidd Creek deposit. (E)
Chalcopyrite replacing sphalerite (chalcopyrite disease) in sample from Waite-Amulet. (F) Galena (Gn), sphalerite, chalco-
pyrite, and pyrrhotite assemblage in sample from the Hajar deposit. (G) Magnetite (mag)-rich sample from the Quémont
deposit, in association with chalcopyrite, pyrite, pyrrhotite, and sphalerite. (H) Anhedral cassiterite (cst) and euhedral tennan-
tite (tnt) with pyrite and chalcopyrite in Sn-rich sample (Corvo deposit). (I) Sphalerite and pyrite replaced by chalcopyrite and
bornite (Ice deposit). (J, K) Layered covellite-digenite (cv-dg) and chalcopyrite in sample from Roman Ruins (J) and Satanic
Mills (PacManus field, K). (L) Subhedral chalcopyrite with minor pyrite from the Irinovskoe hydrothermal field.
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exsolutions of pyrite in cubanite lamellae are present in chal-
copyrite (Fig. 2B).

Magnetite is the most abundant iron oxide (1.9 = 9.9 vol
%), forming mainly anhedral to subhedral grains (Fig. 2G).
Occasionally, magnetite is present in high concentrations,
such as at the Quémont (=81 vol %) and Caber (=45 vol %)
deposits (App. 1, Table Al). Cassiterite (<1.5 vol %) and ten-
nantite (<1.5 vol %) are present in samples from the Iberian
Pyrite Belt, principally in the stringer mineralization (Fig.
2H). Other Cu minerals such as bornite (<3 vol %) occur with
chalcopyrite (Ice deposit; Fig. 21), whereas covellite (<2.5 vol
%) and digenite (<3 vol %) occur dominantly in SMS samples,
where they are typically layered, intergrown with coarse- to
fine-grained chalcopyrite and occasionally minor anhydrite
and opal-A (i.e., amorphous silica; Fig. 2]J-L).

Trace element composition of chalcopyrite

Among the analyzed trace elements, Mn, Co, Ni, Zn, Ga, Se,
Ag, In, Sn, Sb, Te, Au, T1, Pb, and Bi have <40% censored
data. Arsenic, PGEs, Mo, and Re were below detection lim-
its (<dl) in most samples. Of the elements used for statisti-
cal analysis, Zn and Se show the highest mean concentration
values (312 and 260 ppm, respectively), whereas Ag, In, and
Sn vary, typically between 40 and 100 ppm. Elements such as
Pb, Ga, Mn, Bi, and Co have a range between 1 and 5 ppm,
whereas the concentrations of Sb, Ni, Te, Au, and TI are typi-
cally below 1 ppm. The data distribution is highly asymmetric
with a large range of values and outliers (Fig. 3). Table 2 pres-
ents a statistical summary, and the complete database is given
in Appendix 1, Table A3.

The box plots (Fig. 3) show that only a few elements have
a significant difference amongst the VMS-SMS subtypes ac-
cording to lithostratigraphy. In chalcopyrite from ultramafic
deposits (n = 50), Co (275 + 140 ppm), Te (26 + 19 ppm),
and to a lesser extent Se (718 + 526 ppm) and Ni (38 + 81
ppm) contents are higher than those in chalcopyrite from the
other VMS-SMS subtypes. In contrast, chalcopyrite from ul-
tramafic settings shows low values of In (4.1 £ 2.9 ppm), Sb
(0.07 = 0.14 ppm), Tl (<dl), Bi (0.19 £ 0.16 ppm), and the
lowest content of Pb (0.13 + 0.15 ppm). Chalcopyrite from
mafic settings (n = 42) has a slightly higher concentration of
Pb (9.3 £ 8.2 ppm) and the lowest Sn (1.5 + 1.5 ppm) con-
centrations compared to chalcopyrite from other VMS-SMS
subtypes. In bimodal-mafic deposits (n = 163), chalcopyrite
is slightly enriched in Ag (95 £ 113 ppm); however, this value
is highly biased by the values from samples from the Kidd
Creek (sample 2369) and Normétal (sample 52) deposits,
which have a trimmed mean of 1,491 and 940 ppm of Ag,
respectively (Table 2; App. 1, Tables Al, A3). Chalcopyrite
from the bimodal-felsic subtype (n = 168) has no significant
differences compared to other VMS-SMS settings for most
of the elements except for slightly higher Au concentrations
(0.09 £ 0.14 ppm). However, the data shows a considerable
dispersion. Chalcopyrite from the siliciclastic-mafic subtype
(n = 18) shows higher content in Mn (92 + 63 ppm), the low-
est concentrations of Au (<dl), and the second lowest values
in Pb (0.66 + 0.47 ppm), after ultramafic settings. In silici-
clastic-felsic deposits (n = 127), chalcopyrite is substantially
higher in Sn (467 + 414 ppm) than in the other subtypes, and
to a lesser extent Bi (4.4 + 5.5 ppm), In (140 + 152 ppm), and

Sb (3.4 + 3.8 ppm), whereas Ag (9.6 = 11 ppm) and Te (<dl)
have the lowest values.

Pearson correlation coefficients for chalcopyrite from the
VMS-SMS settings show the positive correlation between Pb
and Tl (r = 0.50) and to a lesser extent Te and Co (r = 0.41;
Fig. 4A-B). Antimony-Co and Pb-Ni have dispersed, negative
correlations (Fig. 4C-D). These binary diagrams confirm that
chalcopyrite from ultramafic deposits is significantly differ-
ent from the other settings. Although an imperfect group-
ing is shown between chalcopyrite in the remaining deposits,
samples from siliciclastic-felsic deposits form a cluster in the
Te-Co diagram with the lowest content of Te (Fig. 4B). Cor-
relation matrices by deposit setting are shown in Appendix
2, Figure A2. Chalcopyrite from the bimodal-mafic deposit
subtype shows a bimodal distribution of Te and Co, and to
a lesser extent Ni (Figs. 3, 4). These samples correspond to
different host tectonostratigraphic complexes (Abitibi belt vs.
Dunnage zone-Notre Dame subzone). Chalcopyrite from the
Dunnage zone-Notre Dame subzone complex (Newfound-
land) has higher concentrations of Te than most of the chal-
copyrite from the Abitibi belt. Furthermore, bimodality in
Co and Ni is overall related to the deposit; however, it is less
systematic.

Deposits showing differences as a function of the cep/(cep
+ sp) ratio and ore type (massive vs. stockwork) are presented
in binary diagrams in Figure 5. Overall, chalcopyrite from
samples with low cep/(cep + sp) ratio (i.e., Zn-rich samples) is
higher in Ga, In, and Sn and lower in Bi and Co than that from
samples with high ccp/(cep + sp) ratios (i.e., Cu-rich samples;
Fig. 5A-1). Gold, (except Ascot-Weedon; Fig. 51), Zn (except
Kidd Creek; Fig 5F), and Tl show no differences as a function
of this ratio. Chalcopyrite from the Perseverance and McLeod
deposits (Matagami; Fig. 5A-D) shows the same variations, ex-
cept for Sn, whose concentrations are similar in chalcopyrite
from Zn-rich and Cu-rich samples (Fig. 5C). From Matagami,
only one analysis is from a stockwork sample; consequently,
comparison between ore types is not possible.

In chalcopyrite from Kidd Creek (Fig. 5E-H), the differ-
ences are defined by ccp/(cep + sp) ratio but not ore type.
In particular, chalcopyrite from Zn-rich samples is consider-
ably higher in Zn than in other deposits (Fig. 5F). The dia-
gram of Tl-Co, however, shows no grouping as a function of
cep/(cep + sp) (Fig. 5H) except for the Matagami and Ascot-
Weedon samples. Furthermore, chalcopyrite from Ascot-
Weedon (Suffield and Weedon deposits) forms separate
groups according to ccp/(ccp + sp) ratios (Fig. 5I-L). Chal-
copyrite from Cu-rich samples is depleted in Ga and Sn
compared to chalcopyrite in Zn-rich samples (Fig. 5I). Other
elements such as Ag and occasionally Se, Te, and Ni are en-
riched in chalcopyrite from Cu-rich samples, whereas Sb is
principally higher in those from Zn-rich samples (App. 2, Fig.
A3). Manganese and Pb do not show systematic variations.
However, Pb has a high positive correlation with Sb at Kidd
Creek, with a relative enrichment in Pb in Zn-rich samples (r
= 0.83; App. 2, Fig. A3H). According to ore type, chalcopyrite
from the Ming deposit shows significant differences between
massive and stockwork ores, in which that from massive ores
is higher in Au, Bi, and Co and lower in In, Sn, and Tl (Fig.
5M-P). Successive remobilization of these elements from sul-
fides previously formed at lower temperature (e.g., sphalerite,
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Fig. 3. Box plots showing the variation of selected trace elements (in ppm) in chalcopyrite according to the geologic setting of
the deposit; n = number of analyses. Q1 and Q3 indicate first and third quartiles, respectively.

galena, or pyrite) suggests that the trace element composition
of chalcopyrite is inherited from replaced assemblages.

Exploratory PLS-DA

The PLS-DA using all elements with less than 40% of cen-
sured values confirms that chalcopyrite can be grouped ac-
cording to VMS-SMS settings (Fig. 6A). The first two latent
variables explain about 36.5% of the variance of the 15 chemi-
cal variables (t; = 24.7%; ta = 11.8%; Fig. 6A), and at least
six latent variables are necessary to explain more than 60%

of the data variance (App. 2, Fig. A5G). Estimators indicate
a moderate to low performance of the model with an accu-
racy of 0.48 and kappa 0.29 (App. 2, Fig. A5G). Chalcopyrite
from ultramafic, mafic, and to a lesser extent siliciclastic-felsic
deposits shows significant differences from the other set-
tings (Fig. 6A). Chalcopyrite from ultramafic deposits forms a
group separated from the other subtypes, and there is a posi-
tive correlation with Co, Te (+Sn), and to a lesser extent Ni
according to the score plot ti-tz and loading plot qw*1-qw*2
(Fig. 6A, B), respectively. In contrast, Ag, Pb, Bi, and Sb are
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Table 2. Summary of Selected Trace Elements (ppm) in Chalcopyrite from Volcanogenic Massive Sulfide Deposits

Used for Multivariate Statistical Analysis and Machine Learning

Setting Name Host tectonostratigraphic complex n Element Mn Co Ni Zn
Isotope 55 59 60 66
Median of detection limits 55 um 0.479 0.016 0.207 0.024
33 um 1.03 0.028 0.410 0.051
Ultramafic
Candelabra Mid-Atlantic Ridge 11 e 341 678 266 755
sd; 2.78 706 132 723
Irina I Mid-Atlantic Ridge 6 it 3.36 206 163 124
sd; 0.942 59.9 114 13.6
Irina I1 Mid-Atlantic Ridge 6 I 3.83 829 0.635 1296
sd; 1.65 476 0.976 824
Irinovskoe Mid-Atlantic Ridge 27 e 1.80 240 2.09 201
sd; 0.631 53.3 2.54 83.4
e 2.45 275 38.2 345
Summary ultramafic 50 sd; 1.35 141 81.3 420
med 2.17 245 4.95 178
Mafic
Little Bay Dunnage zone-Notre Dame subzone 6 e 2.38 0.039 0.766 646
sd; 0.345 0.016 1.28 127
Little Deer Dunnage zone-Notre Dame subzone 6 e 6.00 0.315 1.84 406
sd; 1.21 0.155 2.18 153
Whalesback Dunnage zone-Notre Dame subzone 5 e 755 1.05 0.596 493
sd; 2.38 0.454 1.29 51.2
York Harbour Humber zone-Bay of Islands ophiolite 6 e 2.51 3.40 0.923 521
sd; 0.525 9.43 1.54 54.3
Lasail Semail ophiolite 14 e 1.58 0.397 <dl 926
sd; 1.86 0.580 na 1414
Ice Slide Mountain terrane 5 e 3.73 0.156 <dl 1.24
sd; 2.64 0.349 na 0.540
1 3.23 0.336 0.349 443
Summary mafic 42 sdy 2.70 0.479 0.815 412
med 2.63 0.255 0.031 496
Bimodal-mafic
Aldermac Abitibi greenstone belt 18 e 4.04 2.18 1.80 421
sd; 1.89 1.81 2.08 84.4
Caber Abitibi greenstone belt 10 e <dl <dl <dl 176
sd; na na na 95.1
Dufault Abitibi greenstone belt 20 e 1.51 0.886 <dl 285
sd; 1.93 1.14 na 38.9
Kidd Creek Abitibi greenstone belt 28 e 0.873 0.644 <dl 302
sd; 0.906 0.917 na 49.5
Norbec Abitibi greenstone belt 12 e 0.800 0.383 2.03 331
sd; 0.607 0.407 1.34 24.8
Normetal Abitibi greenstone belt 5 e <dl 2.29 <dl 288
sd; na 0.188 na 61.7
Poirier Abitibi greenstone belt 6 e 2.52 0.033 6.78 161
sd; 0.217 0.035 2.83 11.1
Waite-Amulet Abitibi greenstone belt 33 e 1.64 1.40 <dl 325
sd; 1.38 1.22 na 58.2
Ming Dunnage zone-Notre Dame subzone 31 e 1.11 0.366 1.75 513
sd; 0.645 0.649 3.38 95.7
e 1.37 0.802 0.430 339
Summary bimodal-mafic 163 sd; 1.41 0.999 1.13 104
med 1.09 0.866 0024 330
Bimodal-felsic
Horne Abitibi greenstone belt 24 t 1.45 3.64 0.685 243
sd; 1.59 2.23 1.02 133
McLeod Abitibi greenstone belt 10 e 2.89 0.212 <dl 232
sd; 451 0.255 na 43.0
Perseverance Abitibi greenstone belt 15 e <dl 0.235 <dl 235
sd, na 0.584 na 42.9
Quémont Abitibi greenstone belt 32 e 1.48 5.65 2.39 162
sd; 1.50 6.79 4.46 58.4
Suffield mine Ascot-Weedon Complex 6 e <dl <dl <dl 145
sd, na na na 9.31
Weedon Ascot-Weedon Complex 7 e 0.543 4.73 0.445 306
sd; 0.334 1.41 0.580 24.0
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Table 2. (Cont.)

Ga Se Ag In Sn Sb Te Au Tl Pb Bi
71 52 107 115 118 121 128 197 205 208 209
0.079 0.029 0.011 0.070 0.017 0.221 0.007 0.004 0.006 0.004 0.006
0.149 0.030 0.026 0.147 0.027 0.501 0.012 0.007 0.011 0.007 0.004
0.235 1371 9.30 33.5 52.6 <dl 57.5 0.085 <dl 0.145 0.293
0.285 163 5.88 39.8 28.2 na 63.6 0.082 na 0.197 0.597

<dl 1195 2.94 5.78 44.9 <dl 24.9 0.006 <dl 0.048 0.040
na 129 3.92 1.35 9.02 0.344 11.8 0.012 na 0.020 0.033
1.22 375 1.51 1.75 216 <dl 19.3 0.031 <dl 0.138 0.159
1.56 496 1.66 2.54 42.8 na 31.4 0.023 na 0.139 0.085
3.77 503 32.3 3.36 123 <dl 23.3 0.045 <dl 0.155 0.282
2.90 222 25.7 2.30 101 na 14.8 0.048 na 0.163 0.229
1.74 719 15.6 4.16 100 0.070 25.5 0.039 0.001 0.129 0.190
2.19 526 19.6 2.93 91.1 0.136 19.3 0.047 0.001 0.150 0.160
1.53 669 8.82 4.18 78.4 0.023 254 0.033 0.000 0.092 0.172
2.50 110 1.95 12.4 2.12 <dl 5.64 0.024 0.030 7.60 7.96
0.135 59.4 1.34 1.40 0.393 na 0.902 0.057 0.028 1.89 11.0
1.89 378 94.8 36.3 0.171 3.88 2.08 <dl 0.758 7.14 1.12
0.432 54.6 9.64 3.49 0.087 1.26 2.33 na 0.211 3.09 0.366
8.65 549 70.2 7.78 3.28 34.2 2.27 <dl 0.830 17.4 <dl
0.389 265 48.0 6.28 3.26 24.0 0.173 na 0.551 2.53 na
0.484 264 120 17.8 1.81 <dl 2.63 0.031 <dl 5.74 0.252
0.322 7.15 141 14.2 0.544 na 0.326 0.043 na 2.16 0.550
543 40.0 13.2 10.2 4.69 <dl 0.712 0.031 0.008 15.2 0.223
7.08 54.8 10.2 6.22 6.72 na 1.02 0.037 0.009 22.3 0.227
17.8 112 8.30 29.3 0.443 0.401 0.083 <dl 0.024 114 0.162
15.0 29.5 7.45 18.2 0.168 0.350 0.009 na 0.036 14.4 0.191
3.84 160 29.5 14.9 1.48 0.483 1.81 0.013 0.084 9.26 0.391
4.74 154 42.5 11.1 1.55 1.18 1.89 0.023 0.192 8.19 0.511
2.41 130 20.5 13.9 1.32 0.051 2.22 0.004 0.019 757 0.287
1.93 149 124 35.7 42.9 0.344 0.536 0.021 0.009 1.98 1.10
2.06 32.7 86.1 43.6 51.5 0.390 0.519 0.022 0.012 1.23 1.08
0.285 461 9.01 16.4 12.4 0.995 13.9 0.013 0.013 2.64 0.086
0.221 460 25.3 16.7 4.07 0.690 13.3 0.018 0.018 1.93 0.078
2.96 271 88.4 179 88.9 0.421 0.048 0.045 0.048 2.37 1.94
6.16 399 57.3 140 26.9 0.240 0.013 0.064 0.058 1.08 1.60
2.55 114 170 211 93.3 <dl 0.053 <dl 0.022 3.39 0.770
1.82 98.9 283 216 83.6 na 0.045 na 0.019 2.95 0.904
0.349 259 222 61.1 140 <dl 0.023 0.010 <dl 0.925 0.881
0.190 309 327 90.1 110 na 0.006 0.013 na 0.498 1.32
4.03 139 1491 19.6 35.2 1.96 0.088 <dl 0.007 2.86 3.90
0.526 38.3 182 1.11 1.81 1.36 0.025 na 0.006 2.10 1.81
<dl 76.6 32.0 6.72 21.4 <dl 0.756 0.056 <dl 3.82 1.65
na 3.86 3.71 0.360 4.12 na 0.224 0.036 na 0.767 0.532
6.16 60.6 91.0 30.0 70.1 0.427 0.049 0.123 0.059 2.27 1.89
11.7 41.5 73.8 11.1 28.1 0.507 0.022 0.176 0.075 1.06 1.68
1.99 230 187 14.9 99.2 1.15 1.86 0.050 0.017 2.72 0.346
1.67 188 352 18.4 83.2 0.898 0.880 0.042 0.026 1.83 0.385
1.48 140 94.8 41.8 69.9 0.447 0.293 0.026 0.020 241 0.990
1.80 123 113 49.5 58.6 0.460 0.509 0.036 0.029 1.57 1.11
1.11 122 67.5 32.0 68.3 0.410 0.076 0.016 0.012 2.25 1.07
7.46 1349 61.5 57.4 82.2 0.357 5.43 0.285 0.016 4.52 6.36
9.83 1193 16.3 67.5 27.8 0.287 4.09 0.198 0.018 2.92 6.35
0.182 57.2 35.0 37.0 22.0 <dl 0.525 0.017 0.010 1.84 0.310
0.259 67.6 13.3 477 6.32 na 0.205 0.027 0.012 1.09 0.195
1.90 782 3.98 53.3 23.0 1.04 8.43 0.019 <dl 2.79 0.096
2.28 482 4.44 13.0 7.24 0.981 11.2 0.011 na 2.07 0.172
0.160 392 204 51.3 79.6 0.303 0.506 0.832 0.008 3.95 2.04
0.062 104 150 26.0 37.0 0.187 0.295 1.03 0.009 2.08 2.04
129 31.9 16.7 5.44 134 6.16 0.064 0.025 0.015 4.88 0.110
194 3.92 10.1 0.919 26.2 8.01 0.019 0.031 0.021 2.65 0.087
4.35 42.3 123 9.13 4.32 0.393 1.35 <dl 0.047 7.45 1.14
0.633 2.65 2.61 0.364 0.729 0.045 0.238 na 0.011 6.61 0.184
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Table 2. (Cont.)

Setting Name Host tectonostratigraphic complex n  Element Mn Co Ni Zn
Bimodal-felsic
Adak Bothnia-Skelleftea unit 11 e 3.20 1.30 0.574 454
sdy 0.812 0.566 1.27 93.8
Brannmyran Bothnia-Skelleftea unit 6 e 3.70 2.02 0.359 576
sdy 0.393 0.817 0.832 51.2
Lindsksld Bothnia-Skelleftea unit 18 e 3.75 2.73 0.775 483
sdy 1.47 2.82 1.20 87.8
Rivliden Bothnia-Skelleftea unit 6 e 3.58 1.76 <dl 492
sdy 0.502 0.678 na 68.3
Boundary Dunnage zone-Exploits subzone 5 e 2.34 13.3 <dl 486
sdy 0.421 2.31 na 64.9
Duck Pond Dunnage zone-Exploits subzone 7 e <dl <dl <dl 135
sdy na na na 29.1
Roman Ruins Pual Ridge 8 e 1.97 0.469 0.508 60.8
sdy 0.327 0.219 0.620 8.19
Satanic Mills Pual Ridge 7 it 1.30 0.136 2.17 7.68
sdy 0.404 0.137 2.65 0.727
Snowcap Pual Ridge 6 e 1.28 0.056 8.90 6.51
sdy 0.406 0.070 9.79 0.769
it 1.80 1.55 0.398 255
Summary bimodal-felsic 168 sd, 1.79 2.24 0.820 192
med 1.84 1.19 0.093 225
Siliciclastic-mafic
Ely Vermont copper belt 6 e 27.5 3.08 2.90 375
sdy 10.5 1.01 2.25 28.2
Pike Hill Vermont copper belt 12 e 119 7.44 1.79 519
sdy 26.7 8.31 2.16 62.7
12 92.0 5.12 2.16 466
Summary siliciclastic-mafic 18 sd; 62.7 5.42 2.35 107
med 99.9 3.46 2.53 457
Siliciclastic-felsic
Bathurst Bathurst Mining Camp 21 W 1.94 0.309 <dl 324
sdy 0.576 0.142 na 30.9
Halfmile Lake Bathurst Mining Camp 5 W 1.17 1.05 1.15 415
sdy 0.089 0.068 0.252 30.4
Tétrault Greenville Province 5 W 2.57 14.6 3.03 159
sdy 0.308 6.28 3.69 32.9
Aljustrel Iberian Pyrite Belt 6 W 4.23 0.169 0.348 367
sdy 5.79 0.316 0.892 25.5
Aznalcollar Iberian Pyrite Belt 6 W 0.715 0.060 19.5 256
sdy 0.387 0.081 30.2 34.6
Corvo Iberian Pyrite Belt 28 W 1.00 0.192 0.758 197
sdy 0.939 0.238 1.03 166
Graga Iberian Pyrite Belt 6 W 0.618 0.074 0.599 314
sdy 0.653 0.100 1.59 74.9
Lagoa Salgada Iberian Pyrite Belt 7 W 0.824 0.028 0.355 225
sdy 0.441 0.009 0.458 60.2
Lousal Iberian Pyrite Belt 7 W 1.74 0.462 0.952 216
sdy 2.04 0.630 1.32 27.0
Neves Iberian Pyrite Belt 7 W 2.39 0.050 2.73 192
sdy 0.487 0.039 2.93 126
Tharsis Iberian Pyrite Belt 4 W <dl <dl <dl 449
sdy na na na 107
Zambujal Iberian Pyrite Belt 7 W 3.42 0.231 20.4 178
sdy 3.72 0.268 23.7 19.2
Draa Sfar Jebilet Massif 6 W 0.940 0.193 <dl 273
sdy 1.10 0.100 na 22.9
Hajar Jebilet Massif 6 W 3.88 0.189 <dl 466
sdy 2.47 0.016 na 51.1
Wolverine Yukon-Tanana terrane 6 W 2.68 5.42 434 1002
sdy 0.448 1.70 7.00 120
12 1.57 0.227 0.762 286
Summary siliciclastic-felsic 127 sdy 1.37 0.294 1.35 130
med 1.51 0.184 0.260 286
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Ga Se Ag In Sn Sb Te Au Tl Pb Bi
0.739 509 84.7 85.8 81.6 0.379 0.483 0.043 <dl 8.06 1.08
0.455 47.5 6.39 18.7 21.4 0.317 0.165 0.054 na 3.58 0.549
1.46 428 87.3 68.4 179 1.05 0.462 0.068 <dl 4.50 2.26
0.140 35.8 1.97 9.60 26.1 0.876 0.065 0.068 na 1.98 1.18
1.17 329 85.4 479 104 1.91 0.823 0.017 0.008 4.83 0.779
1.46 156 53.2 31.8 45.0 1.91 0.281 0.020 0.009 3.17 0.433
0.523 599 79.9 73.5 73.3 0.339 0.770 0.094 <dl 7.73 1.00
0.107 23.2 2.37 13.5 8.24 0.117 0.198 0.078 na 2.14 0.532
0.257 271 1.11 6.78 45.2 8.33 1.35 0.021 0.024 16.0 0.799
0.117 18.4 0.736 0.939 3.78 571 0.588 0.023 0.028 16.1 0.396

474 33.8 6.34 48.3 41.0 4.51 0.270 <dl 0.028 8.54 6.44
6.61 11.5 1.99 2.99 1.76 3.30 0.353 na 0.026 6.66 4.55
1.62 305 5.87 10.4 26.4 <dl 1.43 0.051 <dl 0.049 0.338
0.695 31.9 3.77 2.06 20.1 na 1.08 0.058 na 0.023 0.233

21.2 4.87 2.96 49.9 734 29.7 1.52 0.120 <dl 0.287 21.7
3.78 2.04 0.595 21.0 176 27.8 0.885 0.139 na 0.272 20.8

29.5 1.02 4.76 68.7 148 302 3.74 2.67 0.009 5.19 29.7
3.55 0.181 1.41 18.8 52.1 245 2.96 2.63 0.007 4,92 23.4
2.34 361 56.7 47.1 72.1 0.735 1.01 0.094 0.008 4.25 1.52
4.61 309 58.0 40.1 51.8 0.936 0.948 0.142 0.011 3.50 1.73
1.08 385 58.2 49.2 69.0 0.460 0.775 0.051 0.005 4.01 1.16
0.810 158 12.1 4.05 5.89 <dl 1.55 <dl <dl 1.07 0.385
0.311 9.18 0.682 0.921 1.25 na 0.351 na na 0.829 0.317
4.17 85.2 83.3 5.90 45.0 <dl 0.696 <dl <dl 0.524 0.618
441 36.5 18.3 0.970 55.6 na 0.320 na na 0.429 0.212
2.55 110 60.5 5.21 25.9 0.125 0.958 0.003 0.001 0.660 0.562
3.16 55.0 48.8 1.17 41.4 0.090 0.559 0.001 0.000 0.474 0.273
1.31 114 72.5 5.06 8.55 0.118 0.920 0.003 0.001 0.660 0.608
3.06 936 25.2 78.9 165 0.221 0.057 0.247 <dl 2.55 7.04
3.57 184 10.0 22.1 70.6 0.121 0.013 0.199 na 1.51 7.48
0.304 56.4 63.5 22.4 543 1.22 0.027 0.114 0.024 5.25 7.09
0.038 2.92 3.64 6.53 175 1.02 0.003 0.160 0.029 1.65 4.98
0.091 43.3 35.5 2.01 141 <dl 0.344 0.050 <dl 3.11 0.787
0.021 1.90 28.4 1.48 94.6 na 0.049 0.063 na 0.765 0.517
4.36 51.7 4.60 77.5 321 4.56 0.049 0.023 0.209 2.29 0.846
3.10 9.05 2.02 9.30 198 6.10 0.031 0.025 0.334 297 0.880
0.614 84.0 0.322 238 375 3.03 0.026 <dl 0.039 2.63 0.185
0.077 5.22 0.331 5.59 27.2 1.95 0.009 na 0.040 2.52 0.197
7.35 407 3.84 278 771 5.35 0.069 0.023 0.040 7.89 8.45
5.96 484 3.21 124 349 4.58 0.038 0.029 0.071 7.26 7.96
3.33 267 5.36 320 1007 6.00 0.036 0.007 0.042 4.14 1.66
141 132 3.02 134 415 5.85 0.018 0.006 0.048 4.25 1.54
0.429 187 8.75 54.0 714 18.5 0.030 0.086 0.091 10.8 3.95
0.230 29.8 9.14 34.1 301 17.6 0.006 0.115 0.112 8.98 2.88
0.297 974 5.31 549 312 21.2 0.048 0.042 0.026 179 16.2
0.156 24.9 2.24 147 43.3 9.67 0.028 0.080 0.018 5.96 6.36
1.39 48.5 5.44 421 700 3.46 0.023 0.005 <dl 2.72 0.348
0.797 51.5 1.95 233 700 2.98 0.008 0.002 na 1.77 0.467
4.66 2.40 315 0.433 434 0.519 0.016 0.017 0.053 0.850 <dl
0.263 1.01 154 0.288 189 0.458 0.007 0.011 0.039 0.889 na
7.85 1097 0.733 235 1058 5.00 0.043 0.006 0.015 4.45 4.90
1.08 56.9 0.131 21.0 79.7 1.73 0.009 0.005 0.010 3.27 1.66
0.283 98.7 3.26 7.68 35.0 4.18 0.070 0.281 0.016 23.3 28.7
0.047 2.22 0.925 2.15 15.0 2.71 0.013 0.103 0.012 7.77 13.3

12.6 8.38 61.4 5.56 856 7.90 0.033 0.030 0.027 11.1 0.170
4.12 5.79 4.69 1.26 64.6 7.15 0.009 0.018 0.035 6.84 0.148
0.613 4310 10.1 1.61 101 2.81 0.084 0.015 0.024 0.360 1.85
0.070 236 2.27 0.182 13.3 2.06 0.011 0.011 0.032 0.322 0.655
2.79 316 9.62 140 467 3.39 0.050 0.045 0.019 4.65 4.36
3.43 466 10.9 153 415 3.81 0.029 0.067 0.026 4.80 5.49
1.92 178 7.38 104 437 2.92 0.048 0.026 0.012 3.50 3.13
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Fig. 4. Binary diagrams of elements with highest Pearson correlation coefficients showing grouping in function of the geologic
setting of the deposit. Chalcopyrite from ultramafic deposits is separated from the remaining classes in most diagrams, to a
lesser extent in mafic and siliciclastic-felsic subtypes. Abbreviations: clr = centered-log transformation, r = Pearson correla-

tion coefficient, p = p-value.

situated opposed to the UM (ultramafic) pole, suggesting a
negative correlation with chalcopyrite from the ultramafic
subtype (Fig. 6B). Relatively high regression coefficients of
Co, Te, Ag, Pb, Bi, and Sb confirm a high correlation with
chalcopyrite from the ultramafic deposit subtype (Fig. 6C).
Samples from mafic deposits form a group associated with
positive scores on latent variable to separated from the re-
maining subtypes (Fig. 6A) and are positively correlated with
Pb and Ga and negatively correlated with Sn (Fig. 6B, C). The
positive correlation between Pb and Ga and the mafic subtype
is shown in loading plots qw*3-qw*4 (Pb; App. 2, Fig. A5A) as
well as loading plots qw*7-qw*8 and qw*9-qw*10 (Ga; App.
2, Fig. A5C, D), and by their higher concentrations than in
the other deposit subtypes (Table 2). Also, regression coef-
ficients show that Ag, Bi, and Co have a moderate negative
correlation with chalcopyrite from mafic deposits (Fig. 6C).
These relations are evidenced by the loading plots in Appen-
dix 2, Figure A5, where Ag, Bi, and Co tend to be opposed
to the M (mafic) pole. Chalcopyrite from siliciclastic-mafic
deposits forms a compact group in the upper left part of the
score plot ti-to, relatively near to the center (Fig. 6A). These
samples are principally correlated with Mn, which records a
high positive regression coefficient (Fig. 6C). Lead, Tl, Sn,

and Au have moderate negative regression coefficients, which
is evidenced by loading plots in Appendix 2, Figure A5, which
show a relative opposed position to the SM (siliciclastic-mafic)
pole. Chalcopyrite from bimodal-mafic and bimodal-felsic de-
posits overlaps considerably, plotting principally at the center
of the score plot ti-tz and loading plot qw*1-qw*2 (Fig. 6A,
B). However, according to the regression coefficients, chal-
copyrite from the bimodal-mafic deposit subtype has a high
positive correlation with Ag and moderate positive correlation
with Tl and Zn, whereas Pb and to a lesser extent Co, Mn,
Sb, and Te record a moderate negative correlation. Load-
ing plots qw*3-qw*4, qw*7-qw*8, and qw*9-qw*10 illustrate
these relations (App. 2, Fig. A5A, C and D, respectively). On
the other hand, chalcopyrite from the bimodal-felsic subtype
records high positive regression coefficients in Te and Pb,
whereas Ag, Au, and Sb show moderate positive values. In
contrast, Tl and Zn show negative regression coefficients (Fig.
6C). The association between Te, Pb, and chalcopyrite from
bimodal-felsic settings is evidenced in the loading plot in Ap-
pendix 2, Figure A5. Chalcopyrite from the siliciclastic-felsic
subtype is grouped in the lower right quadrant (Fig. 6A),
positively correlated with Sn and to a lesser extent Se, and
negatively correlated with Ag and Te (Fig. 6B, C).
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Fig. 5. Binary diagrams by deposit showing differences between chalcopyrite in function of cep/(cep + sp) ratio and ore type.
Dashed lines show approximate limits between groups. Clr = centered-log transformation.

In order to evaluate the impact of metamorphism, the sul-
fide proportion, and the ore type on PLS-DA results by VMS
setting (Fig. 6), each factor was projected on score plot ti-ts
(Figs. 7, 8; App. 2, Figs. A6-A8). Among the studied VMS
subtypes, only mafic, bimodal-mafic, bimodal-felsic, and si-
liciclastic-felsic have samples from different metamorphic fa-
cies. Chalcopyrite records similar trace element composition
within each VMS subtype, independently of the metamor-
phic facies, although a certain grouping is observed within
the siliciclastic-felsic subtype (Fig. 7B-F). In the mafic sub-
type, chalcopyrite from unmetamorphosed deposits has no
significant difference from that from deposits with lower

greenschist metamorphism (Fig. 7B). In the bimodal-mafic
subtype, chalcopyrite from deposits with lower and upper
greenschist metamorphism shows similar trace element
composition, with a considerable overlapping at the center
of score plot (Fig. 7D). In the bimodal-felsic subtype, chal-
copyrite from unmetamorphosed deposits (SMS deposits
from PACMANUS) forms a group plotting at the edge and
outside of the 95% confidence ellipse (Fig. 7TE), which en-
closes approximately 95% of the data points (Michael et al.,
2013). Chalcopyrite in unmetamorphosed deposits from the
bimodal-felsic subtype plotting outside of the confidence el-
lipse has similar composition to that from siliciclastic-felsic
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Fig. 6. Partial least squares discriminant analysis (PLS-DA) on trace elements in chalcopyrite by geologic setting of the
deposit. Chalcopyrite from ultramafic, mafic, and siliciclastic-felsic settings shows an important separation from the other
subtypes in score plot ti-t2 (A). According to loading plot (B) and regression coefficients (C), chalcopyrite from the ultramafic
subtype is associated with a high content of Co (+Te), whereas chalcopyrite from mafic settings is correlated with high Ag
and low Sn concentrations. In contrast, chalcopyrite from siliciclastic-felsic settings is associated with high Sn and low Ag
concentrations. Abbreviations: BF = bimodal-felsic, BM = bimodal-mafic, Bpls = regression coefficients, M = mafic, SF =
siliciclastic-felsic, SM = siliciclastic-mafic, UM = ultramafic. Confidence ellipses enclose approximately 95% of the data.

deposits with prehnite-pumpellyite metamorphism (Fig. 7E).
In the siliciclastic-felsic subtype, chalcopyrite from deposits
with upper and lower greenschist forms a group separate
from those with prehnite-pumpellyite and, to a lesser extent,
middle greenschist metamorphism, whereas chalcopyrite
from deposits with amphibolite metamorphism plots outside
of the confidence ellipse (Fig. 7F). Although metamorphism
has an effect on the trace element contents in chalcopyrite,
the modifications are smaller than the much larger variation
in composition due to the different lithotectonic subtypes of
VMS deposits, such that it does not significantly affect the
trace element signature.

Similarly, trace element composition of chalcopyrite from
samples with different sulfide proportions shows variation
within each VMS subtype (Fig. 8; App. 2, Figs. AG-AS8). Chal-
copyrite from samples with different ccp/(cep + sp) ratios in
bimodal-mafic and bimodal-felsic VMS subtypes has simi-
lar trace element composition, with an important overlap at
the center of the score plot (Fig. 8D, E). Although samples
with different cep/(cep + sp), po/(po + py + py), and cep/(cep
+ po) ratios and different ore types show a slight grouping

within each VMS subtype (App. 2, Figs. A6-A8), the trace ele-
ment composition of chalcopyrite remains constrained to the
groups defined by the PLS-DA by VMS setting.

Since the ccp/(cep + sp) ratio provides important informa-
tion on location in the deposit and its distribution is skewed
in whole data, a PLS-DA was carried out separately on chal-
copyrite from bimodal-mafic (Fig. 9A, B), bimodal-felsic (Fig.
9C, D), and siliciclastic-felsic settings (Fig. 9E, F) as a pre-
liminary approach. The PLS-DA results show that Ga, Sn, Tl,
In, and to a lesser extent Sb and Zn are positively correlated
with samples with a low ccp/(cep + sp) ratio, whereas Bi, Co,
Ni, Au, Se, Mn, and Te are associated with samples with a
high cep/(cep + sp) ratio. Results for the bimodal-mafic set-
ting show two clusters in the score plot ti-ta: (1) chalcopyrite
from samples with a low ccp/(cep + sp) ratio is associated with
Ga, Sn, T1, In, and to a lesser extent Sb and Zn, whereas (2)
chalcopyrite from samples with a high ccp/(cep + sp) ratio
is principally associated with Te, Au, Se, Bi, Mn, Ni, and Co
(Fig. 9A, B). Chalcopyrite from Cu-rich stockwork ores plots
mainly with chalcopyrite from low cep/(cep + sp) ratio mas-
sive samples. Chalcopyrite from bimodal-felsic settings shows
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Fig. 7. Metamorphic grades of samples projected on partial least squares discriminant analysis (PLS-DA) results according to
lithotectonic settings. (A) Samples from unmetamorphosed sea-floor massive sulfide (SMS) ultramafic-hosted deposits. (B)
Mafic subtype group comprising samples from deposits with different metamorphic grades, showing similar trace element
composition. (C) Samples from siliciclastic-mafic settings have upper greenschist metamorphism. (D, E) Chalcopyrite from
bimodal subtypes showing similar trace element composition independent of metamorphic grade. (F) In siliciclastic-felsic
settings, chalcopyrite from deposits with prehnite-pumpellyite, lower greenschist, upper greenschist, and to a lesser extent
middle greenschist and amphibolite metamorphism has similar trace element composition. Abbreviations: Amp = amphibo-
lite, L-Greensch = lower greenschist, M-Greensch = middle greenschist, Prh-Pmp = prehnite-pumpellyite, U-Greensch =
upper greenschist, Unmet = unmetamorphosed.

similar relations according to ccp/(cep + sp) ratios (Figs. 9C,
D). Indium, Ga, Sn, and to a lesser extent Zn, Sb, and Pb
are positively correlated with Zn-rich samples (Fig. 9D). To a
lesser extent, in siliciclastic-felsic settings, chalcopyrite from
Zn-rich samples (Fig. 9E) with relatively low ccp/(ccp + sp)
ratios is associated with Ga, Mn, Zn, Sb, and marginally Pb

and Ag (Fig. 9F).

Supervised classification and regression with
Random Forest

Performance estimators in the optimized models, calculated
from cross validation during training, are summarized in Ta-
ble 3. Figure 10 shows results of recursive feature elimination,
indicating that the optimal variables are as follows: Sn, Co, Te,
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squares discriminant analysis (PLS-DA) results, showing that sulfide proportions have no impact on grouping according to

lithotectonic setting.

In, Zn, Se, Ag, Sb, and Pb for RF model.01 (affinity); Co, Sn,
Mn, Te, In, Pb, Se, Tl, Ni, Ag, Zn, and Bi for RF model.02-A
(ultramafic vs. mafic vs. siliciclastic-mafic subtypes); and Te,
Se, Zn, In, Ag, Sb, Co, Ga, Sn, and Ni for RF model.02-B (bi-
modal-mafic vs. bimodal-felsic subtypes). All models resulted
in kappa values greater than 0.90. Minimum training accuracy
was 0.95, recorded by RF model.02-B, whereas maximum
training accuracy was 0.99, reported by RF model.02-A. Clas-
sification outcomes for the test data are presented in Tables 4,
5, and 6 for each model. Random Forest model.01 correctly
identified the classes from chalcopyrite trace element compo-
sition with an overall accuracy of 0.98, whereas RF model.02-

A and RFmodel.02-B recorded accuracies of 0.97 and of 0.96,
respectively.

In addition to classifying chalcopyrite by VMS setting using
trace elements, an RF regression model was developed for
bimodal-mafic, bimodal-felsic, and siliciclastic-felsic deposit
subtypes to predict the ccp/(cep + sp) ratio in samples. Figure
11 summarizes the performance and shows the variable im-
portance for each model. The regression model performs bet-
ter for chalcopyrite from bimodal-mafic VMS settings (Fig.
11A, B), reporting the lowest errors in training (root mean
squared error [RMSE]tr: 0.09; mean absolute error [MAE]
tr: 0.06) and test data (RMSEtest: 0.06; MAEtest: 0.06), and
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a higher coefficient of determination (R2tr: 0.84; R2test: 0.93).
In bimodal-felsic settings (Fig. 11C, D), RF regression model
errors for training (RMSEtr: 0.12; MAEtr: 0.08) and test data
(RMSEtest: 0.12; MAEtest: 0.07) are slightly higher, whereas
the coefficient of determination is lower (R2tr: 0.78; R2test:
0.79), indicating a performance slightly lower than bimodal-
mafic. Finally, in siliciclastic-felsic settings (Fig. 11E, F), the
performance of the RF regression model is the lowest, re-
porting the highest errors in training (RMSEtr: 0.13; MAEtr:
0.09) and test data (RMSEtest: 0.14; MAEtest: 0.10) as well

as the lowest coefficient of determination (R2tr: 0.50; R2test:
0.55). The results of RF regression models confirm that there
is potential to predict ccp/(cep + sp) ratio and determine Cu-
rich and Zn-rich zones in bimodal-mafic, bimodal-felsic, and
siliciclastic-felsic VMS settings, as suggested by PLS-DA re-
sults.

Discussion

Numerous parameters affect the trace element composition
of sulfides in VMS deposits, such as host rock composition,
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Table 3. Classification Performance Estimators of the Random Forest Models

RF model.01 (Affinity)

RF model.02-A (M-UM) RF model.02-B (BMF)

Estimator Mean Standard deviation

Mean Standard deviation Mean Standard deviation

0.97
0.95
0.97
0.98
0.98
0.96
0.97

0.03
0.05
0.03
0.02
0.02
0.04
0.03

Accuracy (Acc)

Kappa (K)

Fl-score (F1)

Specificity (Spe)
Precision (Pre)

Recall (Recall)

Balanced accuracy (Bacc)

0.99
0.98
0.99
0.99
0.99
0.98
0.99

0.04
0.06
0.04
0.02
0.02
0.07
0.04

0.95
0.91
0.95
0.97
0.97
0.94
0.95

0.04
0.07
0.04
0.05
0.05
0.06
0.04

Abbreviations: BMF = bimodal-mafic-felsic, M = mafic, UM = ultramafic

temperature, f02= as, and pH of the fluid in the reaction zone,
volatile content, as well as cooling, mixing with seawater, and
boiling (Barrie and Hannington, 1999; Franklin et al., 2005;
Galley et al., 2007; Hannington, 2014; Fuchs et al., 2019).
During precipitation, trace elements partition between chal-
copyrite and coprecipitating sulfides, such as sphalerite, ga-
lena, and pyrite/pyrrhotite (Reich et al., 2013a; Lockington
et al., 2014; Genna and Gaboury, 2015; George et al., 2015,
2016, 2018b; Carvalho et al., 2018; Torr6 et al., 2022; Xing et
al., 2022). Although the Cu-Zn zonation model is consistent
in most deposits and at a variety of scales, locally VMS and
SMS are often paragenetically complex (Hannington, 2014).
Deposits can be affected by different thermal histories involv-
ing continuous dissolution and precipitation processes (i.e.,
zone refining) and potentially trace element remobilization,
as shown by replacement of preexisting sulfides (Eldridge et
al., 1983; Ohmoto, 1996; Hannington, 2014).

Trace element composition of chalcopyrite as a tool to sulfide
assemblage recognition

Based on our PLS-DA results, at the deposit scale, chalco-
pyrite from Cu-rich samples with high ccp/(ccp + sp) ratios
is enriched in Bi, Co, Ni, Au, Ag, Te, and Se (Figs. 5, 9; App.
2, Figs. A3, A4). According to Hannington (2014), these ele-
ments correspond to a typical high-temperature polymetallic
assemblage, including Ag transport under reducing condi-
tions. Similar results are reported in pyrite from high-temper-
ature Cu-rich VMS ore zones, which also are enriched in Se,
Bi, and Co (Genna and Gaboury, 2015). Silver-bearing chalco-
pyrite has been reported in VMS deposits (Broken Spur vent
field: Butler and Nesbitt, 1999; Izok Lake: Harris et al., 1984)
and other hydrothermal systems (Cook and Chryssoulis, 1990;
Cook et al., 2011; Reich et al., 2013b, 2020) incorporated in
solid solution. In contrast, chalcopyrite from Zn-rich samples
with low cep/(cep + sp) ratios is high in Ga, Sn, In, Sb, and to
a lesser extent Tl (Figs. 5, 9; App. 2, Figs. A3, A4), typical of
low-temperature assemblages (Hannington, 2014). In Zn-rich
samples, chalcopyrite commonly replaces pyrite and sphaler-
ite, with the latter showing typical replacement textures such
as chalcopyrite disease (Fig. 2D, E; Barton and Bethke, 1987;
Bortnikov et al., 1991; Nagase and Kojima, 1997; Hanning-
ton, 2014). Previous studies have demonstrated that sphaler-
ite and galena are the principal hosts of elements such as Ga,
In, Sb, and TI in hydrothermal deposits (Lockington et al.,
2014; George et al., 2015, 2016; Carvalho et al., 2018; Torré
et al., 2022; Xing et al., 2022). Likewise, pyrite is also known
to be an important sink of Tl and Sb, in particular in Zn-rich
zones, among others (Genna and Gaboury, 2015; Dehnavi et
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Table 4. Confusion Matrix and Performance Estimators for
RF Model.01 on Test Data

Actual
Mafic-
ultramafic Bimodal Felsic Total
?.:5 Mafic-ultramafic 31 0 0 31
2= Bimodal 0 99 3 102
£ Felsic 0 0 35 35
Total 31 99 38 168
accuracy by class 1.00 1.00 0.92
overall accuracy 0.98
recall 0.97
kappa 0.97

Note: Bold numbers indicate samples correctly classified in each class,
allowing for calculation of overall accuracy

Table 5. Confusion Matrix and Performance Estimators for
RF Model.02-A on Test Data

Actual
Siliciclastic-
Ultramafic Mafic mafic Total

E Ultramafic 15 1 0 10
£ Mafic 0 10 0 1
é Siliciclastic-mafic 0 0 5 5

Total 15 11 5 31

accuracy by class 1.00 0.91 1.00

overall accuracy 0.97

recall 0.97

kappa 0.96

Note: Bold numbers indicate samples correctly classified in each class,
allowing for calculation of overall accuracy

Table 6. Confusion Matrix and Performance Estimators for
RF Model.02-B on Test Data

Actual
Bimodal-mafic Bimodal-felsic Total

Predicted  Bimodal-mafic 48 3 47

Bimodal-felsic 1 47 3

Total 49 50 99

accuracy by class 0.98 0.94

overall accuracy 0.96

recall 0.96

kappa 0.95

Note: Bold numbers indicate samples correctly classified in each class,
allowing for calculation of overall accuracy

al., 2018; Ren et al., 2021). Probably during the zone refin-
ing process, a successive remobilization of these elements
from sulfides previously formed at lower temperature (e.g.,
sphalerite, galena, or pyrite) led to their incorporation into
chalcopyrite at different replacement degrees. Chalcopyrite
still forms at high temperature; however, it overprints the low-
temperature assemblage. Differences between chalcopyrite
composition from massive and stockwork ores in some depos-
its are not systematic, suggesting that conditions of precipita-
tion are similar.

Trace element composition of chalcopyrite as a tool for VMS
setting recognition

Partial least squares discriminant analysis results demonstrate
that lithostratigraphic setting of the VMS-SMS deposits (e.g.,
Franklin et al., 2005; Patten et al., 2022) is the main control on
the trace element content in chalcopyrite (Fig. 6). Moreover,
PLS-DA allows for determination of the element association
for each lithostratigraphic setting, information not provided
by RF classification model. Our results show that chalcopyrite
from ultramafic-hosted SMS deposits (Logatchev and Irinovs-
koe hydrothermal fields) is significantly enriched in Co, Ni,
and Te when compared to other subtypes (Figs. 3, 4). This is in
agreement with results previously published from Logatchev
(Wohlgemuth-Ueberwasser et al., 2015). Previous studies on
tourmaline reported unusually high Ni and Co concentrations
in orogenic gold deposits that are hosted in mafic-ultramafic
rocks (Hazarika et al., 2015; Sciuba et al., 2021), possibly in-
dicating a common enrichment process related to the host
rock lithology. Ultramafic rocks have abundant ferromagne-
sian minerals and minor Ni-Co-enriched magmatic sulfides
(e.g., olivine; Vasyukova and Williams-Jones, 2022). During
fluid-rock interaction, Ni and Co can be leached, transported,
and precipitated in the massive sulfide deposits (Barrie and
Hannington, 1999; Hannington, 2014). High values of Te in
chalcopyrite from ultramafic-hosted deposits may also have
been derived from sulfide droplets in ultramafic rocks (Hat-
tori et al., 2002). In contrast, Pb is significantly depleted in
chalcopyrite from ultramafic-hosted deposits relative to other
settings (Figs. 3, 4, and 6). Chalcopyrite from Cu-rich samples
shows negative correlation coefficients between Pb-Se (r =
—0.41) and Pb-In (r = -0.39), whereas Pb is positively cor-
related with TI (r = 0.35) (App. 2, Fig. A2B), suggesting that
temperature could be a factor controlling concentration of
Pb and Tl (Hannington, 2014). Selenium and In show strong
correlation with Cu in most VMS deposits, which form stable
HsSe and InCls complexes at high temperatures, respectively
(Ishihara and Endo, 2007; Hannington, 2014; Carvalho et al.,
2018). Additionally, ultramafic rocks are characterized by low
Pb concentrations compared to the other rock types (Hof-
mann, 1988; Workman and Hart, 2005; Digis Team, 2022),
which also influences the low Pb contents of the ultramafic
VMS subtype.

Most trace elements in chalcopyrite from the mafic subtype
of VM deposits do not show significant differences compared
to chalcopyrite from the other settings (Fig. 3). Although Pb
has a low average concentration in mafic rocks (3.6 ppm in
basalt; 4.2 ppm in gabbro; Digis Team [2022] database), it is
the only element showing a trimmed mean in chalcopyrite
higher than for the other subtypes (9.26 ppm; Table 2; Fig. 3).
The association between Pb and mafic-hosted deposits is also
evidenced by high positive regression coefficients from PLS-
DA (Fig. 6C) and loading plot qw*3-qw*4 (App. 2, Fig. A5A).
According to our results, chalcopyrite from the Whalesback
(17.4 ppm, n = 5), Lasail (15.2 ppm, n = 14), and to a lesser
extent Ice (11.4 ppm, n = 5) deposits has higher concentra-
tion of Pb than the remaining mafic VMS deposits (Table 2).
Mafic VMS deposits are on average dominated by Cu-rich and
Pb-Zn—poor sulfide assemblages with scarce to absent galena
(Franklin et al., 2005; Galley et al., 2007; Hannington, 2014).
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According to George et al. (2016), chalcopyrite may be an im-
portant trace element host of Pb in the absence of sphalerite
and/or galena. The high Pb content in chalcopyrite from the
mafic subtype could be related to the near absence of galena,
which led to more availability of Pb to partition into chalcopy-
rite. In addition, Pb can be efficiently mobilized not only from
the sheeted dike zones (i.e., epidosite zones) but also from
Sb- and Pb-enriched plagiogranites during hydrothermal al-
teration of the oceanic crust, such as that at the Troodos ophi-
olite, Cyprus (Patten et al., 2016, 2017). As such, Martin et
al. (2019) reported high concentrations of Pb in chalcopyrite
from the Troodos mafic-hosted VMS deposit. In the Lasail de-
posit of the Oman ophiolite, Stakes and Taylor (2003) demon-
strated the existence of multiple superimposed magmatic and
hydrothermal events, and that the large plagiogranite bodies
and associated gabbroic rocks found with the contemporane-
ous late mafic dikes played an important role as a source of
heat and metals (such as Pb) for massive sulfide formation.

In the bimodal-mafic subtype, chalcopyrite shows a slightly
higher trimmed mean of Ag (94.8 ppm) than the other sub-
types (Fig. 3) and a high positive regression coefficient from
PLS-DA (Fig. 6C). The high concentration of Ag in chalco-
pyrite from bimodal-mafic settings is significantly biased by
samples from Normétal (sample 51) and Kidd Creek (sample
2369), with maximum values of 1,640 and 1,031 ppm, respec-
tively (App. 1, Table A3). The bias is also evidenced by the
median of Ag in chalcopyrite from bimodal-mafic deposits
(68 ppm Ag), which is significantly different from the mean
value (95 ppm Ag; Table 2). Except for Au, Se, and Pb, chalco-
pyrite from bimodal-mafic and bimodal-felsic subtypes does
not show significative differences from each other (Fig. 6).
Bimodal deposits are characterized by a variable proportion
of mafic and felsic volcanic rocks, representing a transition of
host rock composition (Franklin et al., 2005) leading to similar
trace element composition in chalcopyrite, as shown by im-
portant overlapping of chalcopyrite composition from these
settings in our PLS-DA results (Fig. 6A).

Chalcopyrite from bimodal-felsic settings has higher con-
centrations of Au than the remaining subtypes. Chalcopyrite
from the Quémont (0.83 £ 1.0 ppm) and Horne (0.29 + 0.20
ppm) deposits is enriched in gold compared to the other de-
posits (<0.05 ppm), reaching a maximum of 5.6 and 1.1 ppm
Au, respectively (Table 2; App. 1, Table A3). The Quémont
and Horne deposits are considered two of the largest and
richest gold-rich VMS deposits worldwide (Dubé et al., 2007;
Mercier-Langevin et al., 2007, 2011), which is clearly record-
ed in the chalcopyrite composition. Chalcopyrite from the
Snowcap bimodal-felsic-hosted SMS occurrence in the PAC-
MANUS hydrothermal field also records a high concentration
of Au (2.7 £ 2.6 ppm) with a maximum of 4.8 ppm. Studies
have reported that chalcopyrite-rich chimneys in PACMA-
NUS are enriched in Au (Binns et al., 2004, 2007; Hanning-
ton et al., 2005; Fuchs et al., 2019). In addition, chalcopyrite
from bimodal-felsic compared to bimodal-mafic settings has
a higher content of Pb, which may be explained by a greater
proportion of felsic volcanic host rocks. Lead is principally de-
rived from the destruction of feldspar, particularly abundant
in felsic rocks from subduction-related volcanic arc systems
floored by continental basement (Hannington et al., 1995;
Hannington, 2014).

The trace element composition in chalcopyrite from silic-
iclastic-mafic settings has the highest values of Mn (Fig. 3),
particularly those from Pike Hill mine in the Vermont cop-
per belt (119 ppm; Table 2). The association between Mn and
the siliciclastic-mafic subtype is supported by a high positive
regression coefficient and the loading plots qw*1-qw*2 and
qw*3-qw*4 (Fig. 6B, C; App. 2, Fig A5A). In metamorphosed
hydrothermal systems, Mn-rich siliciclastic sedimentary rocks
(i.e., coticule) that are usually intercalated with other meta-
exhalites are typically found in rift-hosted volcanosedimentary
base metal sulfide deposits, typical for the siliciclastic-mafic
type (Spry et al., 1998). Slack et al. (2001) also reported the
presence of Mn-rich garnet-quartz rocks in the Elizabeth and
Pike Hill mines in the Vermont copper belt and suggest that
they have formed as exhalative chemical precipitates on the
sea floor. According to Hannington (2014), Mn is common at
high concentrations in the most reduced fluids involved in the
formation of VMS deposits. However, it rarely forms stable
sulfides and is lost to distal hydrothermal facies, such as exha-
lites. The presence of coticules in Pike Hill mine suggests mo-
bilization of Mn by hydrothermal fluids during VMS deposit
formation, which was in part incorporated in chalcopyrite.

Finally, our results show that chalcopyrite from siliciclastic-
felsic settings has higher concentrations of Sn, Sb, Bi, and In
than the other subtypes (Figs. 3, 6). In particular, chalcopy-
rite from Neves-Corvo is enriched in Sn (1,058 ppm) and to a
lesser extent In (Table 2), in agreement with the study of Car-
valho et al. (2018). Likewise, chalcopyrite from the Halfmile
Lake (5,643 ppm) and Hajar (856 ppm) deposits also shows
high values of Sn (Table 2). Several studies have proposed a
model for ore formation at Neves-Corvo involving direct mag-
matic contributions of Sn in addition to footwall metasedi-
ments (Relvas et al., 2001, 2006; Huston et al., 2011; Carvalho
et al., 2018; Li et al., 2019; Marques et al., 2020). Similarly,
Goodfellow (2007) reported Sn enrichment at Bathurst, also
proposing a magmatic component for the metal source based
on radiogenic Pb isotopes. The high concentration of Bi in
chalcopyrite from siliciclastic-felsic settings may therefore
also be explained by the presence of a magmatic component,
since significant coenrichment of Bi and In have been used
as evidence of direct contributions of metal from magmatic
fluids (Hannington, 2014).

Predicting lithostratigraphic setting of VMS-SMS deposits
with Random Forest (from affinity to VMS subtype)

The results of the predictions of literature data are summa-
rized in Tables 7 and 8. All analyses were classified primarily
by affinity with RF model.01; subsequent analyses correctly
predicted were reclassified by subtype with RF model.02-A
or RF model.02-B for those predicted as belonging to mafic-
ultramafic or bimodal classes, respectively. Literature data
with the complete set of elements analyzed by LA-ICP-MS
required by the models correspond to George et al. (2018b),
Wang et al. (2018), and Melekestseva et al. (2020a) (Table 7).

The highest rates of analyses correctly classified according
to affinity (RF model.01) were recorded for the ultramafic-
hosted SMS deposits Ashadze-2 hydrothermal field (Mid-
Atlantic Ridge; Melekestseva et al., 2020a) and Kairei vent
field (Central Indian Ridge; Wang et al., 2018), with 100%,
followed by the mafic-hosted Vorta deposit, Romania (George
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_ gL 8 et al., 2018b), with 87.5% (Table 7). Similarly, the Ashadze-2
; 8 _f @ < and Kairei deposits reported the highest rates of analyses cor-
2Lz . & rectly classified according to VMS sqbtype (RF model.02-A),
2 f.) 2 1‘9 S £ with 100% and 93.8%, respectively, followed by the Vorta de-
STzl & g = posits which registered an accuracy of 87.5%. The Sulitjelma
2|2 4 - i deposit has an imprecise classification using literature data,
XY 2% - z and although several studies indicate that the host rocks show
= Zg g © i characteristics similar to the mafic subtype (Cook and Halls,
= 1990; Cook, 1996; Barrie et al., 2010a), Pedersen et al. (1991)
=g =& g 5 proposed that Sulitjelma formed during the initial stages of
R == Z back-arc spreading in the late Ordovician, more akin to the
S|z | g g bimodal-mafic setting. Considering this uncertainty of the
SIEE oy ¥ = lithostratigraphic setting of the Sulitjelma deposit, the RF
=zl = f 2| S =R = ! classification model yields results more consistent with a bi-
E B ESIE 2 modal affinity (96.4%) and bimodal-mafic subtype (60.4%).
i = = & £ g ¥ £ Predicting samples with missing elements: Published trace
=Y s <§ E E g g < £ element data of chalcopyrite is scarce for VMS-SMS deposits.
= E p = 2 This is especially true for analyses of the elements required
2l =3 g5 T;] by our RF classification models. Machine learning algorithms
és EE[- m - 5 provide some techniques to deal with missing predictors, such
P Z 8 " as bagged classification trees or k-Nearest Neighbor (kNN;
4 . .| g8 R E (Provost and Saar-Tsechanski, 2007; Kuhn and Johnson,
% =zl “|S s = 2 ) 2013). We tested bagged classification trees to impute missing
i 2 9| Z - e s s % predictors in studies where one or multiple elements were not
g = A 32 S n - E analyzed. During our RF model training, bagged classifica-
i 1 I T ] O - z tion trees can be built for each predictor in order to use them
g S NC ?; sl 8§ Céc for imputation of missing data (Provost and Saar-Tsechanski,
ga g A= ;’ S S 2 g ; 2007; Kuhn and Johnson, 2013).
=l | = =2° = Among studies with missing variables, those with a low
é = S g3 ; number of nonanalyzed elements (<2) and of moderate to low
,% P : % - g 5 g V}?ﬂibli importan;:e hin1 classification (eig., lGa, ﬁIn()1 (1rr1(?(i§)lrd§§1
< Zz S < the highest rate of chalcopyrite correctly classifie able 6).
= Hs = = = ﬁ The h%ghest proportion ofp Z‘Iorrect prediztion according to af-
3 gl E 5 5 b =l finity (Table 8) were obtained for the bimodal-felsic Maria
;*E é <|= R Teresa deposit, Peru (100%; Torrd et al., 2022), the bimodal-
5 E 3 ) E% felsic Cayeli-Kutlular deposit (82.1%; Revan et al., 2014) and
° 3 £Z 2 = 2 |E% the ultramafic-hosted Dergamysh deposit, Russia (77.3%;
g a gF Melekestseva et al., 2020b). The remaining deposits, except
5 e e w - :i < for the bimodal-felsic SMS Roman Ruins, Papua New Guinea
£ = = §§ (74.1%; Wohlgemuth-Ueberwasser et al., 2015), which have
P - = B EX at least half of the key elements missing, reported an overall
= - °§’ % Z ;g E accuracy lower than 65% with a minimum of 24.1% for the
E ZE B z % ﬁh mafic-hosted Troodos deposits, Cyprus (Table 8; Martin et al.,
z £ % % < iéo = - 2019). According to RF models by VMS settings, the highest
E g tg *g 5 3 :j; percentage of analyses corrected classified were reported for
< g DE DE E D& % . bimodal-felsic Maria Teresa (89.6%), the bimodal-felsic Cay-
= S E eli-Kutlular deposit (79.1%), and the ultramafic-hosted Der-
o [ B gamysh deposit (63.7%). Furthermore, the ultramafic-hosted
@ = £ [E2%¢ SMS Logatchev deposit, the bimodal-felsic SMS Roman Ru-
5 5 52 |£95% % ins and Satanic Mills deposits, and the mafic-hosted Troodos
e 2 E g legss 2 deposits registered an overall accuracy lower than 60%. An
o é . E 2 Zi % :% T?g increase of the number of nonanalyzed elements, particularly
g 2 i‘ 3 E El EEE: § those with a moderate to high variable importance, degrades
2 ﬁu;ﬁ § g considerably the performance of the classifier, since less infor-
=] 5 -2 3 |Zei? mation is available to determine the provenance of the analy-
= bt LS g |BREZ ses. In addition to the number of missing elements, another
b T 5 28 2357 g >
2 g S 5 =5 |TE5E important factor impacting the performance of the models is
2 i3 B 8 % §°“§ 53 the percentage of censured values in the original data. This
g s % 8 i;c g & gE tE is the case of the data set from Martin et al. (2019), which
= Z g < = é § g ;’% g E has more than 30% of values below detection limit (in addi-
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tion to the missing elements), decreasing the precision of the
imputation, and consequently the performance of the predic-
tion. On the other hand, although all samples from Cerro de
Maimén deposit (Torr6 et al., 2022) were predicted as mafic
subtype, its classification in the literature is inconclusive since
it is considerably deformed. The RF classification model (RF
model.02-B) yields results more consistent with a mafic sub-
type, with 100% of samples predicted as belonging to this set-
ting.

Effects of metamorphism on classifier predictions

Several studies have documented the textural and chemical
effects of deformation and remobilization on sulfides from
VMS settings during metamorphism, principally on pyrite
(Barrie et al., 2009, 2010b; George et al., 2018a; Conn et
al., 2019; Zhao et al., 2021), sphalerite (George et al., 2016;
Zhao et al., 2021), galena (George et al., 2015), and pyrrho-
tite (Steadman and Large, 2016). Solid mechanical transfer,
liquid-state chemical transfer, and/or partial melting are the
principal mechanisms involved in metamorphic remobiliza-
tion of massive sulfide ores (Marshall et al., 1998; Tomkins,
2007; Tomkins et al., 2007; Andersson et al., 2016). Although
little is known about the effect on chalcopyrite, some studies
suggest that at high grades of metamorphism (upper amphib-
olite to granulite facies) Sn, In, Ga and Ag are preferentially
incorporated into chalcopyrite, especially when it coexists
with sphalerite, probably through partial melting, as well as a
chemical remobilization mechanism combined with mechani-
cal processes (George et al., 2016; Zhao et al., 2021).

In this study, samples come from a range of low metamor-
phic grades (Table 1). The majority of deposits underwent
low-grade prehnite-pumpellyite (Iberian Pyrite Belt) and
lower greenschist (Abitibi greenstone belt). In the Iberian
Pyrite Belt deposits, studies have reported tectonic stack-
ing of massive sulfide lenses, metal remobilization and local
enrichment associated with Variscan deformation and meta-
morphism (Marignac et al., 2003; Tornos, 2006; Castroviejo
et al., 2011;Almodévar et al., 2019). Moreover, Almodévar et
al. (2019) suggested that postmineralization and pre-Variscan
deformation sill emplacement in some Iberian Pyrite Belt
deposits (e.g., Aguas Tenidas) conducted to a local increase
of temperature leading to a Cu remobilization, probably by
a liquid-state mechanism. Few studies have been conducted
on remobilization mechanisms in sulfides at greenschist fa-
cies. For the McLeod deposit (Matagami, Québec), Genna
and Gaboury (2019) suggested that semivolatile elements,
principally hosted in pyrite (e.g., Sb, T1, W, Sn), could be re-
mobilized from the massive sulfide lens to the host rhyolite
during prograde greenschist metamorphism by the transfor-
mation of pyrite to pyrrhotite. Concerning the deposits from
the Bothnia-Skelleftea Unit, Skytti et al. (2020) indicated that
they have been affected by polyphase ductile deformation and
metamorphism at variable temperature and low-pressure con-
ditions, the later event under lower greenschist conditions. In
these deposits, both solid-state remobilization, which includes
fold hinge sulfide thickening and limb attenuation, and liquid-
state remobilization has led to gold enrichment (Weihed et al.,
2002). Samples from Ming, Bathurst, and the Vermont cop-
per belt have undergone upper greenschist metamorphism
(Table 1; App. 1 Table Al). At Ming, minor metal remobiliza-

tion by metamorphism and deformation has been recorded
(Brueckner et al., 2015, 2016; Pilote et al., 2020). On the
other hand, the Bathurst and Halfmile Lake deposits show
textural characteristics typically related to remobilization of
sulfides (Dehnavi et al., 2018), by solution transfer, princi-
pally in pyrite but also probably in pyrrhotite, sphalerite, and
chalcopyrite (Roo and Staal, 2003). Samples from the Tétrault
deposit of Montauban (Grenville Province, Québec) reached
the lower amphibolite facies. In this deposit, Tomkins (2007)
demonstrated that mechanical remobilization of sulfides was
the most important mechanism for controlling the distribu-
tion of Zn-Pb mineralization, whereas a combination of par-
tial melting and prograde hydrothermal mechanisms were
responsible for Ag-Au remobilization.

Our PLS-DA results (Fig. 7) demonstrate that any modifi-
cation of the trace element composition of chalcopyrite due to
variable metamorphic grade is in fact smaller than the much
larger variation in composition due to the different lithotec-
tonic subtypes of VMS deposits. This is particularly well shown
for the mafic subtype, where chalcopyrite from unmetamor-
phosed and lower greenschist grade deposits plot within the
limits of the 95% confidence ellipse, indicating no significant
differences in trace element composition (Fig. 7B). For the si-
liciclastic-felsic subtype, although chalcopyrite from deposits
at greenschist and amphibolite facies form a group separated
from those at prehnite-pumpellyite and to a lesser extent mid-
dle greenschist metamorphism, the signature of chalcopyrite
from this subtype as a whole is still distinctive from all other
VMS subtypes (Fig. 7F). As such, the RF model remains ro-
bust even when metamorphic grade varies, i.e., the predic-
tion is not significantly affected. The literature data used to
validate the RF models also includes samples from deposits
that have undergone metamorphism at different conditions
(Tables 7, 8). Yet, the RF models reported a high accuracy
for prediction (>60%) in samples from the ultramafic-hosted
Dergamysh deposit (Melekestseva et al., 2020b) affected by
greenschist metamorphism (Table 8) in spite of the fact that
the ultramafic class was trained exclusively with chalcopyrite
from unmetamorphosed SMS deposits. Similarly, literature
data from unmetamorphosed deposits, such as the bimodal-
felsic Cayeli-Kutlular deposit (Revan et al., 2014), reported
more than 79% of samples correctly classified (Table 8), al-
though the training set was mostly from deposits at the lower
greenschist facies.

Conclusions

This study shows that the trace element composition of chal-
copyrite is principally controlled by the lithostratigraphic
setting, which is affected by the host rock composition, but
with a second-order variation due to the temperature of the
sulfide assemblage (Cu-rich vs. Zn-rich) in which chalcopy-
rite is replacing/precipitating. In addition, results demon-
strate that metamorphic grade does not significantly impact
PLS-DA results nor the ability of RF models to identify VMS
subtype. Chalcopyrite from ultramafic-hosted SMS settings is
characterized by high content in Co, Ni, and Te most likely
as a result of leaching of these elements by the fluids dur-
ing the alteration of the ferromagnesian minerals and mag-
matic sulfides of the footwall ultramafic rocks. Chalcopyrite
from mafic-hosted VMS, although it does not show significant
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differences in most trace elements from the other subtypes,
has higher concentrations of Pb, which could be derived from
alteration of plagiogranites in the oceanic crust and/or result
from the lack of galena coprecipitating in mafic-hosted depos-
its. Chalcopyrite from bimodal settings of VMS shows similar
content for most elements since they are constituted by a vari-
able proportion of mafic and felsic volcanic rocks, represent-
ing a transition of host rock composition. However, Au and
Pb are enriched in chalcopyrite from the bimodal-felsic sub-
type, with Pb likely derived from the destruction of feldspar in
felsic volcanic rocks. In siliciclastic-mafic deposits, chalcopy-
rite is particularly enriched in Mn. The presence of Mn-rich
meta-exhalites in this deposit type suggests that Mn-rich hy-
drothermal fluids were involved in forming siliciclastic-mafic
deposits, as recorded by chalcopyrite. Finally, in siliciclastic-
felsic settings, chalcopyrite is characterized by high contents
of Sn, Sb, Bi, and In, associated with a magmatic component
in addition to footwall metasediments. On the other hand,
chalcopyrite from Cu-rich samples is associated with high
contents of high-temperature elements (Bi, Co, Ni, Au, Ag,
Te, and Se), whereas that from Zn-rich samples is associated
with high Ga, Sn, In, Sb, and TI, a typical low-temperature
assemblage, suggesting that during the zone refining process,
a successive remobilization of these elements from sulfides
previously formed at lower temperature (e.g., sphalerite, ga-
lena, or pyrite) led to their incorporation into chalcopyrite at
different replacement degrees.

We developed a set of three RF models to classify chalcopy-
rite from VMS deposits according to the six lithostratigraphic
subtypes proposed in the literature. Our approach, consist-
ing of one RF model to first classify chalcopyrite according
to major host rock affinity and two subsequent RF models to
reclassify chalcopyrite according to VMS subtype, recorded
an overall accuracy higher than 0.95. Further testing using
data from the literature illustrates that the performance of the
prediction of our classification model is determined by the
deposit setting and the number and importance of variables
used (quality of the data). Chalcopyrite from the ultramafic
subtype shows the highest classification rates because this
subtype is significantly different in trace element composi-
tion from all others. The prediction results show the highest
performance in predictions with literature data containing all
elements required by the RF models. In studies with missing
elements, the classification accuracy decreases significantly,
especially when a high number or the most important vari-
ables are missing. Finally, RF regression models indicate that
there is a potential to predict ccp/(ccp + sp) ratio from trace
element composition, and we suggest further studies involv-
ing a wider range of samples.
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