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Abstract

The trace element composition of scheelite from 19 well-documented reduced and oxidized skarn systems was measured by
laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) to establish chemical criteria for the application
of scheelite as an efficient indicator mineral for mineral exploration targeting. In both reduced and oxidized skarns systems,
scheelite forms during prograde and retrograde stages. Prograde scheelite is texturally and chemically zoned, whereas ret-
rograde scheelite is predominantly texturally homogeneous but may display chemical zonation. Five chondrite-normalized
REE patterns, displaying both positive and negative Eu anomalies, are identified in the data: (i) steep and (ii) shallow negative
slopes, (iii) concave, (iv) flat to slightly concave, and (v) convex shapes. The different REE patterns are related to variable
fluid salinity and association with co-precipitated garnet or clinopyroxene. Results of partial least square-discriminate analysis
(PLS-DA) show that scheelite composition varies according to skarn redox, intrusion composition, and metal association.
These results support the fact that the trace element composition of scheelite is in part a function of igneous rock composition
and oxygen fugacity, in addition to salinity, co-genetic minerals, and composition of the mineralizing fluids. Scheelite from
reduced and oxidized skarns can be discriminated from those from orogenic and intrusion-related gold deposits due to their
lower Sr and higher Mo, Ta, and Nb concentrations. Scheelite trace element composition investigated by PLS-DA is effective
in discriminating different deposit types, supporting the use of scheelite as an indicator mineral for exploration targeting.
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Introduction 2020). Because scheelite is a resistant mineral and occurs

in several geological settings, it has been used as an indica-

Scheelite (CaWO,) is a common tungsten ore mineral in
skarn, greisen Sn, porphyry (Mo—W and Sn—W), and poly-
metallic deposits, as well as an accessory mineral in reduced
intrusion-related gold systems (RIRGS), orogenic gold, Au
skarns, and porphyry-skarn Cu deposits (Brown and Nesbitt
1987; Brugger et al. 1998, 2000; Uspensky et al. 1998; Hart
2007; Song et al. 2014; Guo et al. 2016; Fu et al. 2017; Pou-
lin et al. 2018; Wintzer 2019; Xu et al. 2020; Sciuba et al.
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tor mineral for targeting primary tungsten bearing deposits
(Toverud 1984; Averill 2001; McClenaghan et al. 2017) in
addition to orogenic gold deposits (Uspensky et al. 1998;
Maneglia et al. 2017; Grzela et al. 2019; Sciuba et al. 2020;
de Bronac de Vazelhes et al. 2021).

The advances of micro analytical techniques (LA-ICP-
MS) allow a wide range of trace elements in various min-
erals to be measured (Cook et al. 2016; Sylvester and Jack-
son 2016). Studies on mineral chemistry are essential to
understand ore-forming processes, since the mineral trace
element composition varies as a function of the origin,
composition, and physicochemical conditions of hydro-
thermal fluids or melts from which it precipitates (Gas-
par et al. 2008; Dare et al. 2012; Andersson et al. 2019;
Mansur et al. 2021). Since the composition and physico-
chemical conditions of hydrothermal fluids are determined
by the geological settings, and the chemical composition
of minerals reflects this environment, the compositional
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variation of minerals is used to discriminate among mag-
matic or hydrothermal environments (Duran et al. 2016;
Huang et al. 2019), deposit types (Dupuis and Beaudoin
2011; Boutroy et al. 2014; Dare et al. 2014; George et al.
2015a,b; O’Brien et al. 2015; Duran et al. 2016; Makvandi
et al. 2016a, 2020; Mao et al. 2016; Gregory et al. 2019;
Porter et al. 2020; Liu and Beaudoin 2021), hydrothermal
alteration (Wilkinson et al. 2015), and mineralized and
barren rocks (Gregory et al. 2019; Shu et al. 2019). Trace
element chemistry of indicator minerals is used to vector
toward ore bodies (Barker et al. 2020; Cook et al. 2020;
Wilkinson et al. 2020; Rottier and Casanova 2020) and
for exploration for diamonds (Gurney and Zweistra 1995;
Griitter et al. 2004) and concealed deposits (Eppinger et al.
2011; Kelley et al., 2011; Duran et al. 2019). Several con-
tributions have shown the potential use of scheelite chem-
istry for indicating different deposit types and the source
of hydrothermal fluids (Ghaderi et al. 1999; Song et al
2014; Poulin et al. 2018; Sciuba et al. 2020).

Skarn deposits, where garnet and clinopyroxene are com-
mon minerals, are the main worldwide source of tungsten,
and scheelite is one of the most common W ore minerals
in these systems (Einaudi et al. 1981). Based on garnet and
clinopyroxene major element compositions, skarns are clas-
sified following different redox states, reduced and oxidized,
which is a result of magma and host rock compositions and
depth of formation (Einaudi and Burt 1982; Newberry and
Swanson, 1986; Meinert 1997; Chang et al. 2019). For
instance, hedenbergitic clinopyroxene and grossular-spes-
sartite garnet commonly occur in reduced skarns, whereas
andradite garnet and diopisidic clinopyroxene are typically
found in oxidized skarns (Einaudi et al. 1981; Einaudi and
Burt 1982). Scheelite occurs in both redox skarn types and
can be temporally and spatially associated with several other
metals such as Au, Cu, Mo, and Sn (Lu et al. 2003; Hart
2007; Song et al. 2014). Therefore, scheelite chemistry may
be used to target not only tungsten as the primary commod-
ity, but also other metals (Au, Cu, Mo, and Sn) found in
association with tungsten. Although scheelite major element
chemistry has been studied in some detail (Raimbault et al.
1993; Ghaderi et al. 1999; Robert et al. 2006; Dostal et al.
2009; Song et al. 2014; Poulin et al. 2018; Zhao et al. 2018;
Sciuba et al. 2020), its trace element composition remains
poorly documented in several settings, and our understand-
ing of the controls of its chemical composition and the appli-
cation for the exploration for skarn deposits remains limited.

In this contribution, we document the chemical signature
of scheelite, garnet, and clinopyroxene from various skarn
systems to develop compositional fingerprints that allow dis-
crimination of scheelite from reduced and oxidized skarns,
skarn deposits with different metal associations, and other
scheelite-bearing deposit types. The results are explored
using basic and multivariate statistical methods, which
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establish chemical criteria for the scheelite as an efficient
indicator mineral for mineral targeting.

Selected tungsten skarns deposits

Scheelite crystals and co-genetic minerals (garnet and
clinopyroxene) from exoskarn samples from thirteen
W(+ Au—Cu—Mo-Sn) skarn deposits were investigated
(Fig. 1; Table 1). Typical examples of scheelite-bearing
skarn samples related to RIRGS (Scheelite Dome, Ray
Gulch, Lermontovskoe and Vostok-2), Au skarn (Marn), and
Cu-polymetallic porphyry-skarn deposit (Jiama) were also
included in our dataset (Table 1). In total, scheelite-bearing
skarn samples from 19 localities formed in varied geological
settings, metal associations, from a range of deposit sizes,
and mineralization ages ranging from Neoproterozoic to
Miocene were selected (Table 1; Fig. 1).

According to Einaudi et al. (1981), scheelite skarns are
classified in oxidized and reduced types, based on skarn
mineralogy (Fe** versus Fe?* bearing minerals, Fig. 2),
which depends on the host rock composition, the redox state
of the hydrothermal fluids and on the depth skarn forma-
tion. In general, reduced skarns are hosted in pure limestone
and are associated with ilmenite-series intrusions (Ishihara
1977), emplaced at greater depth (> 2 kbar) relative to, for
example, skarns associated with porphyry Cu systems (New-
berry and Swanson 1986; Chang et al. 2019). In contrast,
oxidized skarns are closely associated with magnetite-series
intrusions emplaced at shallow crustal levels (<2 kbar;
Newberry 1983; Newberry and Swanson 1986; Chang et al.
2019) and developed in impure carbonates and/or hematite-
rich metasedimentary host rocks (Newberry 1983; Newberry
and Swanson 1986).

Newberry (1983) and Zaw and Singoyi (2000) showed
that scheelite skarns might also be classified as moderately
reduced (e.g., Pine Creek, California) to moderately oxidized
(e.g., King Island, Tasmania) because they show intermedi-
ate characteristics between end-member of oxidation state,
host rock composition, and depth of formation (Kwak and
Tan 1981; Newberry 1983). For simplicity, in this study
we grouped the moderately oxidized skarns with oxidized,
and moderately reduced with reduced skarns, respectively
(Table 1). Typical examples of reduced scheelite-bearing
skarns include Sangdong (South Korea) and Cantung and
Mactung (Canada), whereas Kara (Australia) and Costa-
bonne (France) are examples of oxidized W skarns (Ein-
audi et al. 1981; Dick and Hodgson 1982; Zaw and Singoyi
2000; Table 1).

The reduced skarn prograde mineral assemblage is
dominated by hedenbergitic (Fe**-rich) clinopyroxene over
grossular-spessartite (Al-rich) garnet (Fig. 2). The retro-
grade assemblage comprises hornblende and/or biotite, and
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Fig. 1 World distribution of sampled scheelite-bearing skarn deposits (references included in Table 1)

sulfides such as pyrrhotite, chalcopyrite, molybdenite, sphal-
erite, and arsenopyrite (Dick and Hodgson 1982; Mathieson
and Clark 1984). In oxidized skarns, andradite (Fe**-rich)
garnet is more abundant than diopisidic clinopyroxene in the
prograde stage (Fig. 2), whereas the retrograde assemblage
consists mainly of epidote, hornblende, magnetite, and pyrite
(Kwak and Tan 1981; Zaw and Singoyi 2000). In both redox
type skarns, fine-grained, Mo-rich (> 1000 ppm) scheelite
occurs in the prograde stage, whereas coarse-grained, Mo-
poor (< 1000 ppm) scheelite occurs commonly in the retro-
grade stage (Kwak and Tan 1981; Liu et al. 2020; Su et al.
2020).

Methodology
Sample selection

Fifty-three scheelite-bearing skarn samples from 19 well-
documented deposits distributed worldwide were investi-
gated (Fig. 1 and Table 1). Garnet and clinopyroxene com-
positions from literature and this study were used as proxies
for redox conditions (ESM1 Table S1; Fig. 2). Twelve are
classified as reduced, and 7 as oxidized skarns (Table 1,
Fig. 2). In total, 70 polished thin sections were studied to
constrain mineralogy, morphology, texture, and chemical
composition of scheelite and co-existing minerals in differ-
ent skarn facies.

Electron probe micro-analyses (EPMA)
and cathodoluminescence images (CL)

Major and minor element composition of scheelite (n=164
analysis), garnet (n=384) and clinopyroxene (n=32)
(ESM1 Table S1), and cathodoluminescence (CL) images
of scheelite were obtained by electron probe micro-analyser
(EPMA) at Université Laval, using a CAMECA SX-100
instrument equipped with five wavelength-dispersive spec-
trometers (WDS) and a CL detector. The analyses were per-
formed using a 10-pm-diameter beam. Analytical conditions
for major elements analyses were 20 nA for beam current
and 15 kV for accelerating voltage, with a counting time
of 20 s at the peak and 10 s at the background. For minor
elements in scheelite (Na, Sr, Mo, Y, and Fe), the analytical
conditions were 100-nA beam current, 15 kV of accelerating
voltage, and counting times of 120 s at the peak and 30 s at
the background. Metal tungsten (W), metal molybdenum
(Mo), MgO (Mg), diopside (Ca), quartz (Si), celestite (Sr),
YPO, (Y), magnetite (Fe), albite (Na), plagioclase (Al),
rutile (Ti), Cr (chromite), sphalerite (Zn), rhodochrosite
(Mn), zircon (Zr), apatite (P), and orthoclase (K) were used
as standards. For CL investigation, the accelerating volt-
age was set at 15 kV, the beam current at 20 nA, and work
distance fixed at 2 mm. The dwell time of each pixel was
0.03 ms. The CL images were recorded in gray scale in order
to document texture and zonation patterns in scheelite prior
to other micro-analyses.
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Fig.2 Ternary diagrams for garnet (a) and clinopyroxene (b) compositional variations from the studied scheelite-bearing skarn deposits. Data
from literature (references included in Table 1) and this study (ESM1 Table S1)

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

The concentration and distribution of the minor and trace
element in scheelite (n =382), and in garnet (n=32), and
clinopyroxene (n=31), were determined by LA-ICP-MS at
the 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 (Laurin Technic) and coupled with
an Agilent 7900 mass spectrometer. The LA-ICP-MS tuning
parameters were a laser frequency of 15 Hz, a fluence of 3 J/
cm?, and rastering speed of 10 pm/s for the line scans. Spots
and line scans across the surface of scheelite grains were
made with beam sizes of 33 and 55 pm, depending on grain
size. Given the distinct textures in scheelite, the spots were
performed in all distinct CL zones to obtain most variance as

@ Springer

possible in scheelite composition. For garnet and clinopyrox-
ene, spot analyses were made with beam size of 55 pm. Data
reduction was carried out using the Iolite v3 running in Igor
Pro 6.37 (Paton et al. 2011). The **Ca was used for internal
standardization for scheelite and silicates, based on EPMA
results (ESM1 Table S1). Synthetic glass reference material
NIST-610 were used as external standard for all elements
using preferred values from the GeoReM database (Jochum
et al. 2005). In addition, GSE-1 g, GSD-1 g, and Gprobe6-A,
which are basalt glasses, and NIST-612, which is a synthetic
glass, were used as secondary reference materials for quality
control. They were analyzed at the beginning, throughout
and the end of each analytical session, to monitor a potential
instrumental drift. The following isotopes were measured:
1B, 23Na, 2 Mg, ¥ K, “Ca, “°Ti, 3! V, 5Mn, 5'Fe, %°Co,
61Ni, 93Cu, 7Zn, 75 As, $Rb, 58S, Y, %3Nb, *Mo, 7Ba,
139 5 140Ce, 141py 146N, 147§ m, 13Ey, 157Gd, 1%° Tb, 19Dy,
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165, 1665y 169y 172yp, 1751y, 181y, 182 W, 183 yy, 208py,
20984, 232Th, and 2*®U. Silicon and S were also monitored to
identify possible silicate and sulfide inclusions, respectively.
Analyses affected by inclusions were discarded.

Maps of element distribution of individual scheelite grain
used a laser frequency of 15 Hz and power of 3 mJ/pluse.
Different beam size (19 and 25 pm) and stage movement
speed (10 to 20 pm/s) were used to optimize spatial resolu-
tion according to grain size. The maps were generated using
Iolite v3 based on the time-resolved composition of each
element. The maps indicate the relative concentration of
the elements and are semi-quantitative. Detailed informa-
tion about laser setting and results for reference material are
presented in ESM1 Tables S2 and S3, respectively.

Statistical analysis

Scheelite compositional data were investigated using basic
and multivariate statistics using Rstudio v4.04 (R Core Team
2021). Elements with <40% below detection limit (bdl) or
left-censored data were imputed using log-ratio Expecta-
tion—Maximization (IrEM) algorithm from the R package
zCompositions (Palarea-Albaladejo and Martin-Fernandez
2015). The IrEM algorithm replaces left-censored values
by expected values conditional to the information provided
by the compositional dataset (Palarea-Albaladejo and Mar-
tin-Fernandez 2013, 2015). Elements with over 40% left-
censored data were excluded from further analysis. After
imputation, the dataset was transformed using centered-log
ratios (clr) to overcome the closure effect in compositional
data (Aitchison, 1986). The clr-transformed values were
investigated using partial least squares-discriminant analysis
(PLS-DA, mixOmics package in R) to reveal hidden corre-
lations among elements, and to identify potential elements
useful to classify scheelite from different geological settings.

The PLS-DA is a supervised method that combines
linear regression with classification technique. It consists
of making a regression model from a predictive matrix X
(variables/elements) to a response matrix Y (known groups/
samples). To separate the known groups, the model finds the
maximum covariance of uncorrelated linear transformations
(latent components) of X and Y matrices, and the variables
that best describe their differences. The results are visualized
on scatter plots referred to as loading and scores plots (Mak-
vandi et al. 2016b), and in bar plots referred to as scores
contribution and as variable importance on projection (VIP)
(Makvandi et al. 2016b). The loadings plot displays the cor-
relations among the variables and illustrates the relationship
between variables and groups. Variables that plot in the same
quadrant are positively correlated, whereas those plotting on
opposite quadrants are negatively correlated. Additionally,
the farther an element plots from the origin of the diagram,
the greater its contribution to the model. The scores plot

displays the distribution of the samples and the relationship
among the groups, where samples with similar features are
grouped together (Eriksson et al. 2001). The score contribu-
tion plot is used to highlight the differences between each
group and the average of the entire dataset. In compositional
data, the element contribution reflects its concentration. The
VIP plot emphasizes the importance of each element for the
model. Elements with VIP values > 1 have major controls in
the discriminant analysis, whereas those between 0.8 and 1,
and < 0.8 have intermediate and minor contributions to the
model, respectively (Eriksson et al. 2001).

Results
Texture and scheelite composition

In oxidized and reduced skarns, scheelite associated with
prograde assemblages is commonly fine grained (< 1 mm)
and varies from rounded to euhedral, occurring as inclusions
within garnet, less commonly within clinopyroxene, and as
disseminated crystals (Fig. 3a—c). Scheelite associated with
retrograde stages varies from fine- to coarse-grained (from
1 to 5 mm), rounded to euhedral and is mostly disseminated
(Fig. 3d—f). Mineral inclusions such as amphibole, biotite,
pyrrhotite, apatite in reduced skarns, and magnetite in oxi-
dized skarns, are commonly found in scheelite, especially in
retrograde stages (Fig. 3e—f).

Cathodoluminescence (CL) and backscatter electron
(BSE) photomicrographs reveal three different internal
textures in scheelite: (i) homogeneous, (ii) zoning, and (iii)
dissolution fronts (Fig. 4). Homogenous scheelite is com-
monly associated with retrograde stages, and less often with
prograde stages (Fig. 4a—b), whereas zoned scheelite com-
monly occurs in prograde stages (Fig. 4c—f). Two zoning
patterns were identified: (i) oscillatory and (ii) patchy. Oscil-
latory zoning is the most common and is characterized by
alternation of darker- and lighter-gray micrometric bands
(Fig. 4c—d). Patchy zoning is less common and consists of
irregular zones (Fig. 4e). Dissolution fronts are observed in
zoned (Fig. 4e—f) and in homogenous crystals (Fig. 4b), and
are characterized by resorption/dissolution of external parts
of scheelite crystals, leading to variably rounded shapes with
overgrown rims.

Compositional data for scheelite and ZREE for garnet and
clinopyroxene are reported in supplementary data (ESM1
Tables S4 and S5). In scheelite, Mo is the only trace ele-
ment with median concentration above 100 ppm. Cerium,
Sr, Nd, Nb, La, Y, Mn, and Na have median concentrations
between 10 and 100 ppm, whereas B, Mg, K, As, Pr, Sm,
Eu, Gd, Dy, Er, Yb, and Pb have median contents between 1
and 10 ppm. Titanium, V, Co, Ni, Ba, Tb, Ho, Tm, Lu, Ta,
Bi, Th, and U have the lowest median concentrations, which
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Fig.3 Photomicrographs under
transmitted light a-d and
reflected light e-f of scheelite-
bearing skarn samples. a.
Scheelite associated with garnet
(King Island). Scheelite occurs
as inclusions in andradite, and
as disseminated grains in the
matrix. b. Scheelite inclusions
in garnet from garnet-clinopy-
roxene skarn facies (Lened).

c. Scheelite associated with
clinopyroxene (Mactung). d.
Disseminated scheelite associ-
ated with amphibole (Cantung).
e. Scheelite grains associated
with magnetite and amphibole
from magnetite skarn (Kara). f.
Scheelite with pyrrhotite, bio-
tite, and chalcopyrite (Lened).
Note biotite and pyrrhotite
inclusions close to scheelite
grain boundaries. sch: scheelite;
grt: garnet; cpx; clinopyroxene;
qz: quartz; mag: magnetite;
amph: amphibole

are all below 1 ppm. The concentration ranges for each ele-
ment are shown in box and whisker plot grouped according
to skarn redox (Fig. 5).

Trace element concentrations of scheelite from oxi-
dized and reduced skarns show significant differences
(Fig. 5). Scheelite from oxidized skarns has higher con-
centrations of Mo (< 18.1 wt.%), As (<103 ppm), Ti
(<42 ppm), V (<16 ppm), and Pb (<52 ppm) compared
to those from reduced skarns (Mo <7 wt.%, As <27 ppm,
Ti< 28 ppm, V <3 ppm, and Pb < 18 ppm; Fig. 5). Yttrium,
Nb, Ta, and HREE display higher contents in reduced
skarn scheelite (Y < 1980 ppm, Nb <970 ppm, Ta< 11, and
HREE < 1450 ppm; Fig. 5) and lower concentrations in oxi-
dized skarn scheelite (Y <197 ppm, Nb <77 ppm, Ta<?2,
and HREE <206 ppm; Fig. 5). Boron, K, Sr, Na, Mg, Co,
Ni, Mn, Ba, LREE, Th, and U have similar concentration
ranges in scheelite from both skarn types (Fig. 5). Given
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these differences, scheelite from oxidized skarns has higher
LREE/HREE (up to 510) and Mo/Nb (from 5 to 40,577)
ratios relative to reduced skarn scheelite (LREE/HREE from
0.6 and 65, and Mo/Nb < 324; Fig. 6a-b). Significant posi-
tive correlations exist between YREE-Eu+Y and Na, As+V,
and Nb+ Ta (Fig. 6¢c—e) in both reduced and oxidized skarns
scheelite. The MoO5 and WOj; contents are negatively corre-
lated (Fig. 6f). Weak to no correlations are noticed between U
and Mo (Fig. 6g), ZREE-Eu+Y, and K (ESM2 Fig. S1a) in
reduced and oxidized skarns. Europium anomaly and Mo dis-
play a weak negative correlation in reduced skarn scheelite,
and no correlation in oxidized skarns (Fig. 6h). A positive
correlation is observed between U and Th in scheelite from
both reduced and oxidized skarns (Fig. 6i).

Figure ESM2 S2 and Fig. 7 show representative LA-ICP-
MS multielement maps of scheelite grains found in (i) pro-
grade stage oxidized tungsten skarn (King Island; ESM2 Fig.
S2) and (ii) retrograde stage from reduced tungsten skarn



Mineralium Deposita (2022) 57:1469-1497

1479

Fig.4 Cathodoluminescence
(a=b, d-f) and backscattered
electron (c¢) images of scheelite
crystals. a. Homogeneous
scheelite from Zhuxi. b. Homo-
geneous scheelite cut by late,
brighter CL scheelite (Kara). c.
and d. scheelite with oscillatory
zoning from King Island and
Jiama, respectively. e. Scheelite
with irregular zoning and with
an overgrown of brighter CL
scheelite (Mactung). f. Scheelite
with narrow oscillatory zoning
with an overgrown of brighter
CL scheelite (Mactung)

(Cantung; Fig. 7). The maps revel that Mo is the main element
mirroring the CL zoning in scheelite. The CL-darker domains
coincide with Mo-rich bands, and the lighter domains repre-
sent Mo-poor sectors (ESM2 Fig. S2 and Fig. 7). In contrast,
more homogenous grains display flat Mo signal (Fig. 8). Some
of the darkest CL zones coincide with high Nb, U, and Th
concentrations (ESM2 Fig. S2 and Fig. 7). Strontium, As,
Y, and ZREE distributions do not correlate with the internal
textures revealed by CL imaging, even though these elements
also show a heterogeneous distribution in the elemental maps.
Strontium varies from zoned (ESM2 Fig. S2 and Fig. 7) to
homogenous (Fig. 8c—d). Arsenic exhibits a zoned distribution
in scheelite from oxidized skarn, which roughly matches the
Mo zonation (ESM2 Fig. S2). However, it tends to be more
homogenously distributed in scheelite from reduced skarns
(Figs. 7 and 8c), and in unzoned scheelite from oxidized ret-
rograde skarns (Fig. 8d). Yttrium and Yb have a similar dis-
tribution and differ from that of Eu and La (ESM2 Fig. S2

/‘ Overgrowth

Dissolution
200 um

< 9verg rowth

4

S 4

and Fig. 7). Cores of zoned crystals are depleted in Y and Yb
relative to the younger rims. In contrast, La is higher in the
core relative to the rims (ESM2 Fig. S2; Figs. 7 and 8c—d),
whereas Eu displays variable distribution relative to La and Y.

Garnet and clinopyroxene composition

Figure 2 shows a compilation of major elements composi-
tion of garnet and pyroxene from this study and literature
(Table 1 for references). These data show that garnet from
reduced skarn varies in composition mostly from grossu-
lar to spessartite (GrggAd;,Spy—Grg3Ad,;,Sp,;), whereas
in oxidized skarns garnet composition ranges from andra-
dite to grossular (GryAd;y,Spy—Gr,y0AdgySpy), but being
predominantly andraditic in composition (>50% mol of
andradite). Clinopyroxene was analyzed for major and
trace elements only in reduced skarns, since it is rare in
oxidized skarns. Clinopyroxene from reduced skarns varies
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Fig.5 Box and whisker diagram of trace elements concentrations
in scheelite from reduced and oxidized skarns. Dashed line repre-
sents the detection limit (DL). Note that scheelite from oxidized

in composition from diopside to dominantly hedenbergite
(Fig. 2; DiggHd, gJo,—DigHdggJo,).

Garnet and clinopyroxene have much lower ZREE con-
tent compared to scheelite. In garnet, XREE contents vary
from 0.01 to 134.5 ppm, whereas in clinopyroxene these
vary from 0.2 to 8.8 ppm (ESM1 Table S5). Grossular-
spessartite garnet from reduced skarns contains lower LREE
contents (<7 ppm) relative to HREE (< 127 ppm; ESM2
Fig. S3). Andradite garnet from oxidized skarn has relatively
higher LREE contents (12 to 29 ppm) compared to HREE
(0.3 to 10.5 ppm). Light REE contents in clinopyroxene vary
from 0.115 to 6.7 ppm and HREE vary from 0.06 to 2.6 ppm
(ESM2 Fig. S3).

REE patterns

Scheelite displays five main REE patterns: (i) steep and (ii)
shallow negative slope, (iii) concave, (iv) flat to slightly
concave, and (v) convex shape (Fig. 9). The steep negative
slope pattern is characterized by high (La/Sm)qy and (Gd/
Lu)qy ratios (i.e.,> 10; Fig. 10), negative to slightly positive
Eu anomalies, and is restricted to oxidized skarns scheelite
(Fig. 9a). The shallow negative slope pattern has (La/Sm)y
and (Gd/Lu)qy ratios > 1 (Fig. 10), negative and positive Eu
anomalies, and occurs in scheelite from both oxidized and
reduced skarns (Fig. 9b—c).

The concave pattern is characterized by an enrichment
of Pr—Dy relative to La—Ce and Ho—Lu, with (La/Sm)y <1
and (Gd/Lu)cy > 10 ratios (Figs. 9d and 10). It occurs mostly
in reduced skarn scheelite, with a few samples from oxidized
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skarns contains higher concentrations of Ti, V, As, and Mo, whereas
scheelite from reduced skarns contains higher concentrations of Nb,
Y, and HREE

skarns (i.e., Brejui and Shizhuyuan). The Eu anomaly is pre-
dominantly negative, with a few samples displaying positive
Eu anomaly (Fig. 9d).

The flat to slightly concave pattern is characterized by
(La/Sm)cn < 1 and (Gd/Lu)qy between 1 and 10 (Figs. 9e
and 10). It commonly has a negative Eu anomaly and
occurs in both reduced and oxidized skarn scheelite; how-
ever, reduced skarns have REE scheelite/chondrite ratio> 1,
whereas oxidized skarn scheelite has predominantly REE
scheelite/chondrite ratio < 1 (Fig. 9e).

The convex pattern, characterized by (La/Sm)qy> 1
and (Gd/Lu)-y <1 and a positive to slightly negative Eu
anomaly, is commonly associated with scheelite from ret-
rograde stages in reduced skarns (Fig. 9d and ESM2 Fig.
S4i). One exception is the Jiama oxidized porphyry-skarn
Cu deposit, where retrograde scheelite displays a convex
pattern (Fig. 9f).

Garnet displays three different REE patterns according to
its composition (Figs. 9 and S4). Andradite garnet displays a
(1) flat to shallow negative slope pattern with (La/Sm)y and
(Gd/Lu)y ratios > 1 and positive and negative Eu anomalies
(Fig. 9a). In contrast, grossular-spessartite garnet displays a
(ii) positive slope with (La/Sm)-y <1 and (Gd/Lu)qy vary-
ing from 0.3 to 2, and (iii) positive slope with flat HREE,
which is characterized by (La/Sm)-y < 1 and (Gd/Lu)cy > 2
(Fig. 9b). The Eu anomaly in grossular-spessartite garnet is
predominantly positive with few slightly negative values.
The Fe-rich clinopyroxene has a flat pattern between La and
Ho and a small enrichment from Er to Lu. The Eu anomaly
varies from positive to negative (Fig. 9c—d).
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Fig.6 Binary plots of minor (f) and trace (a—e, g—i) elements compo-
sition scheelite. a. Mo versus LREE/HREE, b. Mo versus Mo/Nb, c.
Na versus XREE-Eu+Y, d. V+ As versus XREE-Eu+Y, e. Nb+Ta
versus XREE-Eu+Y, f. WO; versus MoOj;, g. Mo versus U, h. Mo
versus Eu anomaly, and i. U versus Th. Data from: Song et al. (2014),

Figure S4 (ESM2) shows REE patterns of coexisting
scheelite, garnet, and clinopyroxene. Scheelite associated
with andradite garnet has steep negative slope, whereas
garnet displays a flat REE pattern (ESM2 Fig. S4a—c).
Positive slope REE pattern scheelite coexists with shal-
low negative slope pattern grossular-spessartite garnet
(ESM2 Fig. S4d—f). Where scheelite and clinopyroxene
coexist, scheelite displays both shallow negative slope and
concave patterns with a depletion among Er-Lu, whereas
pyroxene shows a flat pattern with an enrichment among
Er—-Lu (ESM2 Fig. S4g-i).

Fu et al. (2016), Guo et al. (2016), Ding et al. (2018), Zhao et al.
(2018), Li et al. (2019), Wu et al. (2019), Yuan et al. (2019), Xu et al.
(2019), Chen et al. (2020), Seo et al. (2020), Song et al. (2020), and
Su et al. (2020)

Multivariate statistical analysis of scheelite
composition

Scheelite from oxidized and reduced skarns

Figure 11 shows PLS-DA results for LA-ICP-MS scheelite
analyses classified according to skarn redox type. The
loadings plot (Fig. 11a) of the first and second PLS-DA
components (qw*1-qw*2) displays the relationship among
variables and groups, whereas the scores plot (Fig. 11b)
shows the distribution of the samples in t1-t2 space. In
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Fig.7 Cathodoluminescence image (gray scale) and LA-ICP-MS
multi-element maps (white-violet scale) showing zoning, dissolution,
and overgrown textures in scheelite from amphibole facies, Cantung.

general, positive correlations exist among Mo, As, and V
in negative qw*1 and positive qw*2; Th, U, XREE, Ta,
and Na in positive qw*1 and qw*2; Nb, Mn and Y, and Ba
and Eu anomaly in positive qw*1 and negative qw*2; B,
Co, Ni, Ti, and Sr in negative qw*1 and qw*2 (Fig. 11a).

Oxidized skarns plot in the negative qw*1 and posi-
tive qw*2, as a result of correlated Mo, As, V, and Ti
(Fig. 11a). In contrast, reduced skarns plot at positive
gw*1 and negative qw*2 because of correlated Mn, Y,
and Nb (Fig. 11a). Therefore, oxidized and reduced skarn
classes are mostly discriminated by qw*, (Fig. 11a). Fig-
ure 11b shows that oxidized skarn scheelite plots at nega-
tive t1 and spreads in negative and positive t2 due to high
Mo, As, V, and Ti concentrations (Fig. 11c). Scheelite
from reduced skarns plots mostly at positive t1, and nega-
tive and positive t2 because of high Mn, Y, Nb, U, and
Eu anomaly contents (Fig. 11b,d). However, few scheelite
analyses from reduced skarns plot in negative t1, which
overlaps with few samples of oxidized skarn scheelite
(Fig. 11b). The elements that best discriminate for redox
state skarn classification are Ti, V, Mn, As, Y, Nb, and Mo
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Note the homogenous distribution of As. The concentrations of the
elements in the LA-ICP-MS maps are semi-quantitative. The white
lines show the grain outline

(VIP > 1) followed by Co, Th, U, and Eu anomaly (VIP
between 0.8 and 1) (Fig. 11e).

Figure 11f displays the same scheelite analyses plotted
in the t1-t2 space (Fig. 11b), labeled according to redox
state of the granitic intrusions that are associated with the
formation of oxidized and reduced skarns. Figure 11f shows
a direct relationship between the redox states of skarns and
granites, where scheelite associated with magnetite-series
granite plots in the oxidized skarn field and scheelite asso-
ciated with ilmenite(titanite)-series granite plots in the
reduced skarn field.

Intrusion composition

Figure 12 displays PLS-DA results of LA-ICP-MS data for
scheelite related to the aluminum saturation index of their
source felsic intrusions. Figure 12a highlights that peral-
unimous granites plot at negative qw*1 due to correlated
Mn, Mg, and Nb, and at negative qw*2 very close to the
qw*2 axis. In contrast, metaluminous granites plot at posi-
tive qw*1 because of correlated As and V, and at positive
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Fig.8 Cathodoluminescence image showing homogeneous scheelite
from Lened in a, and homogenous grain overgrown and cut by
brighter CL scheelite (Kara) in b. The yellow lines indicate the
laser-ablation trenches. c—d. Time-signal diagram showing the trace

qw*2 because of correlated U, Th, Y and Pb, and Sr and
2REE. Therefore, peraluminous and metaluminous granites
are mainly discriminated by qw*1 (Fig. 12a).

In the t1-t2 scores plot (Fig. 12b), scheelite related to
peraluminous granitic intrusions plots mostly at negative t1
because of high Mn, Mg, and Nb contents and scattered
through negative and positive t2. Few analyses plot at nega-
tive t1, likely due to higher V and As concentrations rela-
tive to the other elements of the peraluminous intrusions
(Fig. 12b—c). In contrast, scheelite related to metaluminous
granitic intrusions plots mostly at positive t1 and t2, due to
high V and As, and U and Th concentrations, respectively
(Fig. 12b—d). A few analyses scatter at negative t2, which
causes an overlap with analyses of scheelite related to per-
aluminous granitic intrusions. Figure 12e shows that the
most important elements for classification are Mg, V, Mn,
As, Nb, Mo, and Ta for VIP > 1, and Ti, Pb, Bi, and U with
VIP between 0.8 and 1.

Metal association

Figure 13 displays PLS-DA results of LA-ICP-MS data
for scheelite classified in 5 deposit types according to the
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element distribution in scheelite along the ablation trenches. Flat
patterns indicate homogeneous trace element distribution, whereas
irregular profiles indicate heterogeneous element distribution

metal association (Cu-polymetallic, W, W-Au, W-Cu,
W-Mo(Sn); Table 1). Figure 13a shows that W—Mo(Sn) and
Cu-polymetallic deposits plot at negative qw*1 and positive
qw*2 as they correlate with As and Ti, and Co and Ni. The
W deposits plot at negative qw*1 and qw*2 because of cor-
related Mo and V. The W—Au and W-Cu deposits plot at
positive qw*1 because of correlated Nb and Mn. The W-Au
deposits plot at positive qw*2 due to Na, Th, U, Y and ZREE
correlation and W—Cu deposits plot at negative qw*2 own-
ing to correlated Eu anomaly, Mg, and Ba. Overall, qw*1
discriminates W—Mo(Sn), Cu-polymetallic, and W deposits
from W—-Cu and W—Au deposits, and qw*2 discriminates
W-Mo(Sn), Cu-polymetallic, and W—Au from W and W—Cu
deposits.

Figure 13b shows that scheelite associated with
W-Mo(Sn) and Cu-polymetallic deposits overlap in nega-
tive t1 and positive t2. Scheelite from W—Mo(Sn) and Cu-
polymetallic deposits has in common higher contents of Co,
Ni, As, and Ti relative to the other deposits. Scheelite from
W-Au deposits plots mostly at positive t1 and t2 because
of high Y and XREE, and low Pb and Sr contents, with few
samples plotting at negative t1 and t2, close to the origin.
Scheelite from W—Cu deposits shows a wide spread, where
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Fig.9 Chondrite-normalized REE patterns of scheelite, garnet, and
clinopyroxene. Chondrite normalized values from McDonough and
Sun (1995). a. Steep negative slope in scheelite coexisting with flat
pattern in garnet. b. Shallow negative slope in scheelite coexisting
with positive slope pattern in garnet. ¢. Shallow negative slope with
a slight depletion between Er-Lu pattern in scheelite coexisting with

most analyses plot at positive t1 and negative t2 due to
higher Nb and Mn concentrations, and with few scheelite
analyses with positive t1 and t2. Few scheelite analyses from
W-Cu deposits plot at negative t1 and t2 overlapping with
scheelite from W deposits (Fig. 13a—b). Scheelite from W
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flat pattern with a slight enrichment among Er-Lu in clinopyroxene.
d. Concave shape with a depletion among Er-Lu coexisting with flat
pattern with a slight enrichment among Ho-Lu in clinopyroxene. e.
Flat to slightly concave shapes with scheelite/chondrite ratio>1 for
reduced skarns and < 1 for oxidized skarns. f. Convex shape

deposits plots mostly at negative t1 and t2, because of higher
Mo and Pb concentrations relative to the origin. A small
group of few scheelite analyses plot at negative t1 and posi-
tive t2 due to their higher Co and Y concentrations relative
to the others scheelite from W deposits.
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Figure 13c displays the first and third components
(qw*1-qw*3), where W-Mo(Sn) deposits are better
discriminated from Cu-polymetallic deposits relative to
gqw*1-qw*2 plot (Fig. 13a). Scheelite from Cu-polymetal-
lic and W deposits plot at negative qw*1 and qw*3 as they
correlated to V and Mo. The W-Mo(Sn) deposits plot at
negative qw*1 because of Ti, As, and Mo correlation, but
gw*3 is not discriminant. Tungsten-Au and W—Cu depos-
its plot close to each other at positive qw*1 and qw*3
owing to correlated Ta, Eu anomaly, XREE, Mg, and Na.

Figure 13d shows significant overlaps between: (i)
scheelite from W—-Cu and W-Au deposits that spread
from positive t1 and negative t2 toward negative tl and
positive t2, and have in common high Nb, Mn, and Y
concentrations and; (ii) scheelite from W-Mo(Sn) and W
deposits that plot at negative side of t1, but through posi-
tive and negative t2. Scheelite Cu-polymetallic deposits
plots separately from the others scheelite at negative tl
and t3, due to high V and Mo concentration (Fig. 13d).

10"

10° 10" 10? 10°
(La/Sm)cN
Discussion

Scheelite trace element substitution

Scheelite has a tetragonal structure with two cation sites: a
dodecahedral coordination occupied by [CaOg] 14~ groups and
a tetrahedral coordination occupied by [WO,]*~ groups. Ele-
ments with similar electron configuration and ionic radii to Ca
(i.e., Sr, Pb, Mn, Y, ZREE) and W (i.e., Mo, V, As, Nb, Ta)
commonly substitute into the scheelite lattice (Ghaderi et al.
1999; Poulin et al. 2018; Sciuba et al. 2020).

The REE>* and Y>* are incorporated as follow (Nassau
1963; Burt 1989; Ghaderi et al. 1999):

2Ca** = (REE, Y)** + (Na)* D

Ca** + WO = +(REE, Y)**+(V, As, Nb, Ta)>* )
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Fig. 11 Partial least squares discriminant analysis (PLS-DA) of LA-
ICP-MS data for scheelite from skarn systems. a. qw*1—-qw*2 (first
and second loadings) plot showing the correlations among elemental
variables and skarn types (oxidized vs reduced). b. t1-t2 (first and
second scores) plot showing the distribution of scheelite analyses in
the latent variable space defined by qw*1-qw*2. c—d Score contribu-
tions of scheelite associated with oxidized (¢) and reduced (d) skarns
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indicating the main elements that contribute to classification. e. Vari-
able Importance on Projection (VIP) plot showing the importance of
compositional variables in classification of the model in (b). f. Pro-
jection of the compositional data of scheelite analyses labeled by the
oxidation state of the intrusion related to skarn mineralization in the
t1-t2 plot (b)
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3Ca’* = 2REEY>* + Ca,,. whereCa,, isavacancysite (3)

For substitution, (i) the sum of monovalent cations must
be equal to all trivalent REE and Y, since 1 + cations provide
the charge balance in scheelite structure. The MREE (Sm-
Dy) are preferentially incorporated in the dodecahedral site
relative to LREE (La-Nd) and HREE (Ho-Lu), which char-
acterizes the bell-shaped/MREE-enriched pattern as exem-
plified by Ghaderi et al. (1999) in scheelite from Archaean
gold deposits in Western Australia. For equation, (ii) the sum
of Nb, Ta, As, and V also needs to be similar to that of REE
and Y (Dostal et al. 2009).

Among the monovalent cations hosted in scheelite (K and
Na), only Na is positively correlated with trivalent REE and
Y (Fig. 6c and ESM2 Fig. Sla). Niobium, Ta, As, and V also
display a positive correlation with REE and Y (Fig. 6d—e),
suggesting that REE and Y are, at least in part, incorporated
through mechanism (ii). However, the sum of Na, Nb, Ta,
As, and V is lower than the sum of REE and Y (ESM2 Fig.
S1b), which suggests that part of the REE and Y are incor-
porated by substitution (iii). In this case, as substitution (iii)
does not depend on a coupled substitution to maintain crystal
neutrality, the scheelite REE signature is directly controlled
by that of the fluid (Ghaderi et al. 1999; Song et al. 2014).

Strontium?>* and Pb?>* are readily incorporated into Ca**
site as they have similar ionic radii and valence state (Dostal
et al. 2009; Sciuba et al. 2020). The Mn** and Mg** incor-
poration is limited because they have smaller cations rela-
tive to Ca?* ((VMn2+: 0.96; VIMg?*: 1.03; VHCa?:
1.12) and prefer monoclinic structure (Ghaderi et al. 1999;
Dostal et al. 2009). This may explain their lower contents
in scheelite (Fig. 5). Although Mn occurs in low content,
it is an important element (VIP > 1) for discrimination of
reduced and oxidized skarn scheelite (Fig. 11). Manganese is
widely accepted to be transported as MnCl, or MnCl™ com-
plexes in crustal fluids (Tian et al 2014; Brugger et al. 2016).
Stokes et al. (2019) and Bromiley et al. (2021) showed that
the magma fO, does not affect the concentration of Mn in
magmatic apatite, which is commonly found as Mn?* form.
Given that Mn occurs as MnCl, or MnCI™ complexes in
crustal fluids (Tian et al. 2014; Brugger et al. 2016) and
assuming that magma fO, does not affect the Mn redox state,
a possible explanation for the higher Mn concentration in
reduced skarns relative to oxidized skarn could be magma
composition because the majority of reduced skarns are
related to peraluminous felsic intrusions that have high Mn
concentration (Table 1; Fig. 12).

Scheelite forms a solid solution with powellite
(CaMoO,) through the simple substitution of Wt for
Mo®* (Fig. 6f). This substitution is strongly favored by
high fO, in the hydrothermal system, where Mo migrates
as Mo®* and thus substitutes for W in scheelite (Hsu
1977). Scheelite associated with high fO, systems has

higher Mo content than that associated with low fO, sys-
tems (Figs. 5, 6f, and 11) as confirmed by our dataset and
Xu et al. (2020).

Molybdenum is the main element that causes different
textural zonings in scheelite reveled by CL imaging (Figs. 4,
7-8; ESM2 Fig. S2), and Nb, Th, and U are often concen-
trated in few zones through the scheelite crystal (Fig. 7;
ESM2 Fig. S2). Oscillatory zoned scheelite grains com-
monly occur during the prograde stage, and less commonly
during the retrograde stage (Fig. 4). As Mo incorporation
in scheelite is mainly controlled by the fO, of hydrothermal
fluids (Hsu 1977), the oscillatory zoning (ESM2 Fig. S2;
Fig. 7) is likely due to fluctuations of the redox conditions.
Scheelite crystallized from retrograde fluids is predomi-
nantly homogeneous, which suggest more constant hydro-
thermal fluid fO,. Retrograde stage scheelite has relatively
lower Mo content relative to prograde stage (Figs. 7-8) due
to Mo depletion as a result of earlier deposition of scheelite
(Einaudi et al. 1981; Choi et al. 2020; Su et al. 2020).

Arsenic, V, Nb and Ta are incorporated in the scheelite
lattice according to (ii) substitution mechanism (Nassau
1963; Burt 1989; Brugger et al. 1998; Ghaderi et al. 1999),
as shown by their broad correlation with XREE (Fig. 6d—e).
Similar to Mo, As and V incorporation in scheelite is domi-
nantly controlled by the redox conditions. At high fO,, As™*
and V>* form H;3A50,,q) and H3VO,,,, complexes (Teste-
male et al. 2004; James-Smith et al. 2010; Brugger et al.
2016) which have similar ionic radii to W ("V'W%*: 0.42 A;
VIA§S+: 0.335 A; IVIV5+: 0.355 A; Shannon 1976). At
lower fO,, As and V (less soluble) are transported in more
reduced forms [YUAs?* (0.58 A) and V ((VIV#*: 0.58 A;
VIy3+. 0.64 A; Shannon 1976) as As(OH)5,,, and VO**/
VOH?** complexes (Testemale et al. 2004; James-Smith et al.
2010; Brugger et al. 2016), which are less compatible to
enter scheelite structure. This may explain their lower con-
centration in scheelite from reduced skarns (Figs. 5 and 11).

Unlike As and V, the Nb concentrations are higher in
scheelite from reduced relative to oxidized skarns (Figs. 5
and 11). Higher Nb contents coincide with lower Mo con-
centrations (ESM?2 Fig. S2; Fig. 7). According to Zhao et al.
(2018), the presence of Mo in hydrothermal fluid has a nega-
tive effect on Nb incorporation into the scheelite structure
as IVIND>* (0.48 A) and "VIMo® (0.41 A) occupy the same
UVIwo+ (0.42 A; Shannon 1976) site and scheelite-powellite
solid solution results from the preferential incorporation of
Mo®" into scheelite at high fO,. At moderate to low fO,
conditions, Mo is dissolved in the hydrothermal fluid as both
IVIMo™* (0.46 A) and YIMo** (0.65 A) states (Hsu 1977
Zhao et al. 2018), which form the coupled substitution:

(1) ca + Mo = Y REE* + (1 = x)Mo™* + xNb**(0 < x < n(Zhao et al.

2018).

@ Springer



1488 Mineralium Deposita (2022) 57:1469-1497

I ® Element |
o 1
a U : |>:|< Metaluminous b % , B EED
4 Peraluminous [
0.4 : .Th - ><><><>><< } <@ .
°! X X% o
v*ie s g B :
X 2R o
0.2 ! X X %%&ngx 400 @
: u . x
anomaly : SREE Metaluminous ><X x% 2;;?(( E_’E‘_ ? E,E,L ]
: m
|

" °
%— Peraluminouix §<x>9§<>% o
00f - ===------- AT s mmm s s s X X
X
Nb _ v >§3§<X><;<><% Xx ED
251 KR K X %
“ X x X « X
X X kX
X 7 X
X X
x y
X
5.0 R X: X

Score Contribution
Score Contribution

Peraluminous Metaluminous

ogb—— —_

B NaMg K Ti V MnCoNi As Sr Y NbMoBaTa Pb Bi Th UREEEu ’ B NaMg K Ti V MnCoNi As Sr Y NbMoBaTa Pb Bi Th U3REE Eu
anomaly anomaly

2.5 T T T T T T T T T T T T T

VIP

B NaMg K Ti V Mn Co Ni As Sr Y Nb Mo Ba Ta Pb Bi Th U ZREEan%Lrlnaly

High Mo®*/(Mo®* 4+ Mo™) ratios in hydrothermal fluids by low Mo/Nb ratios in scheelite from reduced skarns (0.06
inhibit Nb incorporation into scheelite, whereas lower Mo®/ to 324) relative to higher Mo/Nb ratios in oxidized skarns
(Mo>* +Mo™) ratios favor it. Such correlation is supported  (from 5 to 40,577; Fig. 6b).

@ Springer



Mineralium Deposita (2022) 57:1469-1497

1489

«Fig. 12 Partial least squares discriminant analysis (PLS-DA) of LA-
ICP-MS data for scheelite from skarn systems. a. qw*1—-qw*2 (first
and second loadings) plot showing the correlations among elemental
variables and intrusion composition (peraluminous and metalumi-
nous). b. t1-t2 (first and second scores) plot showing the distribution
of scheelite analyses in the latent variable space defined by qw*1-
qw*2. c—d. Score contributions of scheelite associated with peralumi-
nous (c¢) and metaluminous (d) intrusions indicating that each group
is discriminated by distinct mean composition, and the main elements
that contribute for each group. f. VIP plot showing the importance of
compositional variables in classification of the model in b

Higher U and Th concentrations coincide with darker
zones in CL images in both skarn types (ESM2 Fig. S2;
Fig. 7). Su et al. (2019) showed similar features with CL
images of scheelite from the Dabaoshan porphyry Mo-W
deposit, suggesting that U replaces W in scheelite, since
U®* has similar ionic configurations to W°*, and displays a
negative correlation with Mo. Thorium is incorporated into
the Ca site because Th has a similar ionic radii (V" Th**:
1.05 A and V1Ca2*: 1.12 A; Shannon 1976; Sun et al.
2019). Uranium and Mo show weak negative correlations
in reduced skarns and display no correlation in oxidized
skarn scheelite (Fig. 6h). Such weak correlations suggest
that U may not necessarily substitute for W but instead for
Ca. Given that U also exists as U* (VUU**: 1 A) and is
positively correlated to Th (Fig. 6i), we suggest that both U
and Th may be incorporated together as follows:

2Ca* = (U, Th)** + Ca

whereCa,, isavacancysite

vac, vac

This substitution may explain the low concentration of
both U and Th in skarn scheelite (Fig. 5), given the valence
state differences between (U, Th)** and Ca>*. However, more
work is required to better understand U and Th incorporation
in scheelite.

Titanium concentration is higher in oxidized relative to
reduced skarn scheelite (Fig. 5), yet its distribution is not
affected by fO,. In hydrothermal fluids, Ti is commonly
transported as Ti**, and its solubility increases with increas-
ing fluid salinity, temperature, and pressure (Ayers and Wat-
son 1993; Purtov & KoteVnikova 1993; Ryzhenko et al.
2006). Given that oxidized skarns are formed from higher
salinity fluids relative to reduced skarns (Table 1), and
Ti*" can be incorporated into either W or Ca sites ('VITi**:
0.42 A versus ™VIW*6: 0.42 A, and VUUTi*: 0.74 A versus
(VIca2+: 1,12 A; Shannon 1976), the salinity is likely a
contributing factor for the higher Ti concentrations in oxi-
dized skarn scheelite (Figs. 5 and 11).

REE patterns

Negative slope REE patterns are the most common in
scheelite from skarn systems (Song et al. 2014; Guo et al.

2016). Li et al. (2019) observed that less fractionated REE
patterns (slightly concave to flat) are commonly associated
with retrograde stage scheelite. This study confirms these
findings but also shows that the negative slope REE pattern
can be divided in two types, steep and shallow negative slope
REE patterns, with distinct (La/Sm)CN and (Gd/Lu)CN
ratios (Fig. 10), with the steep negative slope REE pattern
being restricted to oxidized skarn scheelite (Figs. 9a and 10).

Song et al. (2014) suggested that the steep negative slope
REE pattern in scheelite from oxidized skarns at Chizhou
(China) is caused by co-precipitation of andradite garnet.
In this case, garnet incorporates preferentially HREE over
LREE causing HREE depletion in hydrothermal fluids (Song
et al. 2014). Our results show that Fe-rich garnet, associated
with steep negative slope REE pattern, has a flat REE pattern
with no enrichment in HREE relative to LREE (Fig. 9a),
which is a typical REE pattern for andradite garnet (Gas-
par et al. 2008; Ismail et al. 2014; Xu et al. 2020). For this
sample suite, garnet crystallization cannot explain the REE
fractionation in scheelite.

Factors such as fluid composition, redox, and salinity can
lead to the fractionation of REE during transport (Haas et al.
1995; Migdisov et al. 2016). In high salinity fluids, LREE
are more stable as chloride complexes relative to HREE
(Migdisov et al. 2016). Given that prograde oxidized skarn
scheelite formed from fluids with higher salinities than those
of reduced skarns (up to 60 wt.% NaCl equiv. versus up to 14
wt.% NaCl equiv. for reduced skarns; Table 1), such differ-
ences of salinity would explain the stronger REE fractiona-
tion in oxidized skarn prograde scheelite.

In reduced skarns, the typical grossular-spessartite gar-
net displays a strong HREE enrichment relative to LREE
(Fig. 9b), and clinopyroxene has a flat REE pattern from La
to Dy, with a slight enrichment from Ho to Lu (Fig. 9c—d).
In cases where scheelite co-crystalized with garnet (Fig. 9b;
ESM2 Fig. S4d-f), scheelite displays a shallow negative
slope REE pattern and in cases where it co-crystalizes with
clinopyroxene (Fig. 9c—d; ESM2 Fig. S4d-f), the scheelite
REE pattern is depleted in Er to Lu. Unlike in oxidized
skarn, we suggest that the co-crystallization of grossular-
spessartite garnet and clinopyroxene in reduced skarns frac-
tionate HREE in the fluids, yielding scheelite REE patterns
slightly depleted from Ho—Lu relative to La-Dy (Fig. 9b—d;
ESM2 Fig. S4d-i).

Brugger et al. (2000) showed that scheelite from Mt.
Charlotte orogenic gold deposit (Australia) has concave
and convex REE patterns, where the convex REE pattern
is the result of fractional crystallization of scheelite in
a closed system. Because the partition coefficients for
MREE (Sm-Dy) between scheelite and the fluid are rela-
tively higher than for LREE and HREE (Brugger et al.
2000), the early scheelite to crystalize has a concave REE
pattern, causing depletion of MREE in the fluid resulting
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Fig. 13 Partial least squares discriminant analysis (PLS-DA) of LA-
ICP-MS data for scheelite from skarn systems. a. qw*1-qw*2 (first
and second loadings) plot showing correlations among elemental var-
iables and metal associations. b. t1-t2 (first and second scores) plot
showing the distribution of scheelite analyses in the latent variable

in the latest scheelite with a convex REE pattern. Zhang
et al. (2018) reported similar findings for scheelite from
the vein and disseminated Shimensi W deposit in South
China. Given that the convex REE pattern is restricted
to scheelite crystallized during the late stages of skarn
systems, this pattern probably results from MREE incor-
poration in early scheelite (ESM2 Figs. S4 and S5).

@ Springer

space defined by qw*1-qw*2. ¢. qw*1-qw*3 (first and third load-
ings) plot showing the correlations among elemental variables and
metal association. d. t1-t3 (first and third scores) plot showing the
distribution of scheelite analyses in the latent variable space defined
by qw*1-qw*3

Eu anomaly

The Eu anomaly is commonly used as a qualitative indicator
to track the redox conditions of fluids or melts (Sverjensky
1984; Zhang et al. 1990). A positive Eu anomaly indicates
an abundance of Eu’* relative to Eu®* in the fluids, suggest-
ing more reduced conditions, and a negative Eu anomaly
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indicates abundance of Eu**, and more oxidized conditions.
In the case of scheelite, caution is in order in interpreting
redox conditions as Eu is incorporated into the Ca site of
scheelite; regardless of its oxidation state, Eu?* is more read-
ily incorporated over Eu** because of its valence and ionic
radii similarity to Ca?* (Ghaderi et al. 1999; Brugger et al.
2000, 2008).

Scheelite from reduced and oxidized skarns system dis-
plays both positive and negative Eu anomalies (Fig. 6h).
Strong negative Eu anomalies are limited to oxidized skarn
scheelite, and strong positive Eu anomalies are limited to
reduced skarns, which matches with the redox state of each
system (Fig. 6h). A broad negative correlation between the Eu
anomaly and Mo content suggests that the Eu>*/Eu’* ratio of
scheelite increases with decreasing fO, (Fig. 6h), given that
low Mo content is an indicative of low fO, (Hsu 1977). The
Eu anomaly in scheelite does not seem to be totally controlled
by the fO,, given that negative Eu anomalies are also observed
in reduced skarn scheelite. A plausible explanation could be
that the Eu anomaly is inherited from the mineralizing fluid
extracted from the residual melt of felsic intrusions, which
commonly have a negative Eu anomaly due to crystallization
of feldspar (Drake and Weill 1975; Baker et al. 2004).

In oxidized skarn scheelite, positive Eu anomalies (from
2 to 3.4) are associated with the highest Mo concentrations
(Jiama porphyry-skarn Cu deposit, 12 to 17 wt.% of Mo;
Fig. 6h). The felsic intrusion related to mineralization at
Jiama displays weak negative Eu anomalies (Zheng et al.
2016), so the positive Eu anomalies in Jiama scheelite can-
not be explained by high Eu content of mineralizing fluid
sourced from this intrusion. Salinity and the nature of the
REE ligands can cause changes in the Eu anomaly (Mig-
disov et al. 2016), since the Eu2* cation is more stable in
Cl-rich fluids whereas Eu®* is more easily mobilized by OH
complexes (Sverjensky 1984; Bau 1991; Haas et al. 1995).
The Jiama porphyry-skarn Cu deposit is dominated by Cl-
rich saline fluids (<36 wt.% NaCl eq.; Zheng et al. 2016),
so Eu?* would be preferentially transported as chloride com-
plexes relative to Eu>*, yielding positive Eu anomalies in
scheelite. The positive Eu anomalies can also be related to
local variation of the pH of mineralizing fluids due to fluid-
rock interaction (Brugger et al. 2008).

Use of scheelite chemistry as discriminant
of skarn type, source of mineralizing fluids,
and deposit types

Skarn type and source of the mineralizing fluid

The PLS-DA results show that scheelite composition var-
ies following skarn redox state, intrusion composition, and

metal association (Figs. 11-13). Scheelite from oxidized
skarns, metaluminous felsic intrusions, and from Cu-poly-
metallic, W—Mo(Sn), and W deposits have in common high
concentrations of Mo, As, and V. Scheelite from reduced
skarns, peralunimous felsic intrusions, and W—Au and
W-Cu deposits have in common low Mo, As, and V, and
high Mn, Nb, and Ta concentrations (Figs. 11-13). These
results suggest that scheelite chemistry is strongly dependent
on composition of mineralizing fluids, which are partially
controlled by the chemical composition of the felsic intru-
sion, so the chemical variations of scheelite can be used to
discriminate skarn redox state, fluids source, and deposit
types.

The redox state of skarns depends either on the redox
potential of the host rocks or the fO, of the source magma
(Einaudi et al. 1981; Newberry and Swanson 1986; Chang
et al. 2019). The redox potential of the different rocks host-
ing the investigated scheelite skarn deposits is difficult to
estimate. The majority are hosted in limestone and/or car-
bonaceous-rich (reduced) rocks having a relatively similar
redox potential. The fO, of magmas controls skarn redox
state as reduced skarns are dominantly associated with
ilmenite- and titanite-bearing intrusions, and oxidized skarn
with magnetite-bearing intrusions (Table 1). The control of
magmas fO, on scheelite composition is supported by the
concentration of elements sensitive to the oxidation state of
the fluid (e.g., Mo, As, V) that correlates with the oxidation
state of magma (Fig. 11f).

The metal association is largely controlled by the redox
state and fractionation degree of the magma in magmatic-
hydrothermal systems (Chang et al. 2019). Intrusion-related
Cu—Mo deposits are commonly associated with more oxi-
dized magmas and Sn, and some Au deposits are commonly
related to more reduced magmas (Ishihara 1977; Belvin and
Chappell 1992; Thompson et al. 1999). Tungsten deposits
can be related to both redox type magmas. Because scheelite
records both fO, and the chemical affinity of granitic magma
(Figs. 11a-b and 12a-b), our results show that scheelite can
be used to discriminate different metal association in intru-
sion-related deposits (Figs. 13a—d).

Scheelite from different deposit types

Several discrimination diagrams based on Mo, Sr, and REE
concentrations in scheelite have been proposed (Song et al.
2014; Poulin et al. 2018; Sciuba et al. 2020). Song et al.
(2014) suggested that the differences in LREE (La-Nd),
MREE (Sm-Dy), and HREE (Ho-Lu) concentrations in
scheelite may be used to separate skarn-porphyry and Au—W
quartz vein deposits. Poulin et al. (2018) and Sciuba et al.
(2020) showed that the Sr/Mo ratio versus Eu anomaly dis-
criminate scheelite from metamorphic environments from
those from magmatic-hydrothermal settings, although there
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Fig. 14 Partial least squares discriminant analysis (PLS-DA) of LA-
ICP-MS data for scheelite from orogenic gold and intrusion-intrusion
related gold deposits (from Sciuba et al. 2020 and De Bronac de
Vazelhes et al. 2021; ESM1 Table S6) and skarn systems (this study).
a. qw*1-qw*2 (first and second loadings) plot showing the correla-
tions among elemental variables and different deposit types. b. t1-t2

is a considerable overlap. Sciuba et al. (2020) showed that
multivariate statistical methods (PLS-DA) allow better dis-
crimination of scheelite from magmatic-hydrothermal sys-
tems from those from orogenic gold deposits.

A PLS-DA of LA-ICP-MS scheelite composition from
this study and literature (n =711 in total) using 18 ele-
ments, XREE and Eu anomaly, is applied to compare
scheelite composition from intrusion related gold, oro-
genic gold, reduced skarn, and oxidized skarn deposits
(Fig. 14). Other deposit types in our sample suite had
insufficient data to be included in this PLS-DA. Figure 14a
shows that orogenic gold deposits plot at negative qw*1
and qw*2, as result of the Sr, Pb, Na, Ba, and Eu anomaly
correlation. An intrusion-related gold deposit (Crusader
deposit) plots at negative qw*1 and positive qw*2 due
to correlated As and V, and oxidized skarn deposits plot
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anomaly

(first and second scores) plot showing the distribution of scheelite
analyses in the latent variable space defined by qw*1—qw*2. Note
that qw*1 separates fluid origin whereas qw*2 separates oxygen
fugacity. c. The Variable Importance on Projection (VIP) plot shows
the importance of compositional variables in classification of the
model

at positive qw*1 and qw*2, as it correlates with Ti and
Mo (Fig. 14a). Reduced skarns deposits plot at positive
gw*1 and negative qw*2 due to correlation of Nb and
Mn. Overall, reduced skarn, and oxidized skarn deposits
from intrusion-related gold, oxidized and reduced skarns
deposits by qw*1.

Figure 14b shows that scheelite from orogenic gold
deposits forms a cluster at negative t1 due to high Sr and Pb
concentrations, but also scatters from negative and positive
t2 because of high Y and As concentrations, respectively
(Fig. 14a-b). Scheelite from oxidized skarns plots mostly at
positive t1 and t2 due to high Mo content, but few analyses
have negative t2. Reduced skarn scheelite plots at positive
t1 and negative t2 due to high contents of Nb and Mn. Some
of the analyses of reduced skarn scheelite plot at positive t1
and overlap with scheelite from oxidized skarns. Scheelite
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from intrusion-related gold deposit forms a cluster in nega-
tive t1 and positive t2 due to high As and V concentrations.

The high Sr concentration in scheelite from orogenic
gold deposit is likely because of higher content of Sr in
hydrothermal fluids derived from dehydration of metasedi-
ments and/or mafic—ultramafic volcanic rocks associated
with orogenic gold deposits (Kempe et al. 2006; Poulin
et al. 2018; Sciuba et al. 2020). Given that Sr is compat-
ible during fractional crystallization, scheelite crystalized
from fluids exsolved from felsic magmas has low Sr con-
centration (< < 1000 ppm, Poulin et al. 2018). High Nb,
Ta, and Mo contents characterize scheelite formed from
fluids exsolved from felsic magmas (Fig. 14a-b) due to
the incompatibly of these elements during fractional crys-
tallization and to higher fO, of magmatic-hydrothermal,
relative to metamorphic fluids. Given that Sr and Pb are
negatively correlated with Mo, Nb, and Ta, qw*1 allows
discrimination of scheelite formed from distinct hydro-
thermal fluid sources, i.e., metamorphic vs magmatic.
High As and V concentrations characterize the intrusion-
related deposit (Crusader gold deposit; Sciuba et al. 2020)

and oxidized skarns (this study), and Mn characterizes
scheelite from more reduced environments. The negative
correlation between As—V and Mn in qw*2 discriminates
scheelite crystallized from contrasting fO, (Fig. 14a-b).

Given that Mo and Sr are the main elements used for
discriminating the source of hydrothermal fluids (Fig. 14a)
and because Mo and Sr are commonly analyzed, we pro-
pose that, although there are some overlaps, the rela-
tion between these elements can be used to discriminate
scheelite derived from metamorphic and magmatic fluids
(Fig. 15). Scheelite from magmatic-hydrothermal set-
tings such as intrusion-related gold, oxidized and reduced
skarns, Sn—W quartz-veins/greisen, and Mo—W porphyry
deposits have high Mo, and low to intermediate Sr concen-
trations (Fig. 15), as does scheelite associated with VMS
hydrothermal deposits. Similar to scheelite associated
with orogenic gold deposits, metamorphic scheelite from
W occurrence in metasediments has low Mo and inter-
mediate to high Sr contents. The Mo and Sr correlation
does not discriminate scheelite from different magmatic-
hydrothermal deposits, however, reinforcing the advantage
of PLS-DA.
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Fig. 15 Binary plot of Mo versus Sr showing that scheelite formed
from metamorphic fluids can be discriminated from that of magmatic
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from: Song et al. (2014), Fu et al. (2016), Guo et al. (2016), Poulin
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Zang and Gao (2018), Zhao et al. (2018), Liu et al. (2019), Wu et al.
(2019), Xu et al. (2019), Yuan et al (2019), Chen et al. (2020), Sciuba
et al. (2020), Seo et al. (2020), Su et al. (2020), and de Bronac de
Vazelles et al. (2021)
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Conclusions

This work shows the efficiency of scheelite chemical
composition as a tool for mineral exploration targeting.
Texturally, scheelite may display complex zoning patterns
and dissolution front textures, which indicate changes in
physicochemical conditions of hydrothermal fluids during
scheelite crystallization. Skarn prograde scheelite is zoned,
whereas retrograde scheelite is commonly homogeneous
in CL and BSE images. The trace element composition
of scheelite reflects compositional features inherited from
the magmatic-derived fluids and the nature of co-precipi-
tated minerals. Scheelite displays five main REE patterns
with positive and negative Eu anomalies: steep and shal-
low negative slopes, concave, flat to concave and convex
shapes. These different REE patterns reflect differences
in salinity of hydrothermal fluids, type of co-precipitat-
ing minerals, and amount of early scheelite precipitation.
Niobium, Ta, Mn, Mo, V, and As are the best elements
to discriminate scheelite according to redox skarn types,
felsic intrusion composition, and metal association. High
Mo, As, and V contents characterize scheelite from oxi-
dized skarns, metaluminous felsic intrusions, Cu-polym-
etallic, W—Mo(Sn), and W deposits. High Mn, Nb, and
Ta concentrations are typically of scheelite from reduced
skarns, peralunimous felsic intrusions, W—Au, and W—Cu
deposits. The PLS-DA results show that scheelite from
magmatic-hydrothermal settings can be discriminated
from those from orogenic gold deposits due to higher Mo,
Nb, and, Ta and lower Sr abundances. Overall, our results
support the use of scheelite as an indicator mineral for
exploration targeting.
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