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Abstract

Subduction zones are the site of long-term chemical cycling between Earth’s surface and interior. During subduction, dehy-
dration and melting may partition mobile elements into the overlying mantle wedge and arc system. Volcanic arcs also host
much of the world’s base (e.g., Cu, Sn, Sb, and Mo) and precious (e.g., Au, Ag) metal deposits. However, slab contributions
to the chalcophile and siderophile element (CSE) budget of arc magmas and their associated ore deposits remain controver-
sial. Although previous studies have identified the mobility of some CSE in slab fluids, few studies have examined the con-
tribution from sulfides to the CSE budget of the slab. Here we report in situ laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) analyses of Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, Te, Tl, Pb, and Bi
in sulfides and silicates in thirteen rocks from six exhumed high-pressure (HP) terranes worldwide. Combined with data from
the literature, we demonstrate that sulfides host nearly the entire Cu, As, Ag, Cd, and Te budget of subducted rocks, whereas
Co, Ni, Zn, Ga, Ge, Mo, Sn, and Tl are dominantly hosted in silicate and oxide phases. Prograde sulfide-breakdown during
subduction is expected to liberate Cu, As, Ag, Cd, and Te into the overlying arc-mantle wedge system, whereas Co, Ni, Zn,
Ga, and Pb may be partially lost during lawsonite, epidote, and amphibole dehydration reactions. In contrast, Ge, Tl, Sn, and
Mo are largely retained in the eclogitic slab residue. We also demonstrate that CSE zoning in pyrite may be used to track high
pressure (HP) metasomatism. Oscillatory Co and Ni zoning in metasomatic pyrite is linked to transitions between fluid and
rock buffered regimes, consistent with seismic- and dehydration-induced cyclic fluctuations in fluid pore pressure and flux.
Thus, minor and trace CSEs in HP rocks may also be a useful tool to constrain slab fluid migration.
! 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Subduction zones are home to much of the world’s base
(e.g., Cu, Sn, Sb, and Mo) and precious (e.g., Au, Ag) metal
ore deposits (e.g., Richards, 2011). Magmatic-
hydrothermal deposits are associated with arc magmas that

exhibit both slab and subarc mantle components (e.g.,
Ellam and Hawksworth, 1988; Marschall and
Schumacher, 2012; Plank and Langmuir, 1993). Elements
that fractionate from the slab residuum during dehydration
migrate to the slab-mantle interface, are eventually intro-
duced to the mantle wedge and may migrate to the crust
during arc magmatism (e.g., Bebout et al., 1999; Spandler
and Pirard, 2013). Alternatively, slab or mélange melting
may directly transfer slab components into arc magmas
(Cruz-Uribe et al., 2018; Marschall and Schumacher,
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2012; Spandler and Pirard, 2013). Incompatible chalcophile
and siderophile elements (CSE; Cr, Co, Ni, Cu, Zn, Ga, Ge,
As, Mo, Ag, Cd, In, Sn, Sb, Te, Tl, Pb, and Bi) are concen-
trated in the oceanic crust during mantle melting (see review
in Lorand and Luguet, 2015), and may be further concen-
trated during hydrothermal seafloor alteration (e.g.,
Patten et al., 2016a,b). In addition to other sources, such
as the lithospheric mantle and lower crustal cumulates,
the slab may provide a source for the CSE in arc-related
ore deposits (see review in Richards, 2011; Tomkins and
Evans, 2015). For example, Sillitoe (1972) attributed the
orogen-perpendicular zoning of Cu ± Au, Ag + Pb + Zn,
and Sn +Mo metal provinces with distance from the trench
to the partial melting of subducted oceanic crust and sea-
floor sediments at progressively deeper levels. Studies by
de Hoog et al., 2001; Noll et al., 1996; Stolper and
Newman, 1994, and Timm et al. (2012) attributed enrich-
ments of As, Sb, Pb, Cu, Mo, Zn, V, and Au in arc lavas
to a slab-derived fluid source. Additionally, Tl isotopes
have been linked to a slab sediment-derived component in
the arc (Nielsen et al., 2016). Anomalous concentrations
in arc magmas are mirrored by elevated abundances in
some subarc mantle xenoliths. Metasomatized sub-arc
xenoliths show elevated Au, Cu, Pt, Pd, Os, Re, As, Se,
Sb, Bi, and Te relative to the depleted mantle (McInnes
et al., 1999; Kepezhinskas et al., 2002; Tassara et al.,
2017, 2018). Similarly, sulfides in eclogitic diamonds show
an enrichment in As, Sb, Tl, Pb, and Bi, possibly from a
slab-derived source, whereas no addition of Cr, Co, Ni,
Cu, Ag, Sn, Mo, and W is observed (Aulbach et al.,
2012). In contrast, the studies of Jenner et al. (2010), Lee
et al. (2012), and Lee and Tang (2020) suggest no Cu or
Au enrichment in parental arc magmas relative to mid-
ocean ridge basalt (MORB). However, the lack of Cu or
Au enrichment in arc magmas may reflect sulfide saturation
during melting and does not necessarily preclude an
enriched source. Such studies have yet to come to a consen-
sus on the origin of CSEs in arc magmas; additionally, the
extent to which these elements are extracted from the slab
remains poorly constrained (Richards, 2011).

Exhumed high-pressure metamorphic rocks from fossil
subduction zones provide a record of slab fluids and their
trace element compositions. Natural data from high-
pressure reaction zones demonstrate the mobilization of
Cr, Co, Ni, Cu, Zn, As, Sb, Mo, and Pb (van der
Straaten et al., 2008, 2012; Spandler et al., 2011; Guo
et al., 2012; Li et al., 2013, 2017; Vitale et al., 2014;
Fornash and Whitney, 2020), whereas limited mobility is
observed for Ga in subduction zone fluids (van der
Straaten et al., 2012; Vitale et al., 2014; El Korh et al.,
2017). These data are supported by experiments, which
show fluid mobility for Cr, Ni, Cu, and Pb (Kessel et al.,
2005; Kogiso et al., 1997). However, the role of sulfides in
CSE loss from the slab is rarely quantified. In situ analysis
of sulfides in ore deposits demonstrate that these minerals
are a major host of a wide variety of CSEs (e.g., Cook
et al., 2013; George et al., 2018; Reich et al., 2013;
Román et al., 2019), and sulfides may play a similar role
in controlling the budget of many CSEs in the slab. Despite
their namesake, CSEs exhibit chalcophile to lithophile

behavior in many lithospheric systems. For example, the
chalcophile elements Cd, In, and Sn exhibit lithophile
behavior during mantle partial melting (Yi et al., 2000),
whereas highly siderophile elements (Os, Ir, Ru, Rh, Pt,
Pd, Au, and Re) are incorporated into residual base metal
sulfides (e.g., Luguet et al., 2003; Tassara et al., 2018). Chal-
cophile and siderophile elements may similarly deviate from
Goldschmidt’s classification in subducted mafic crust;
therefore, the degree to which CSE partition between sul-
fides, silicates, and oxides during subduction metamor-
phism must be quantified.

Recent studies suggest that sulfide breakdown and/or
dissolution may be significant during prograde subduction
metamorphism of the mafic crust (Tomkins and Evans,
2015; Walters et al., 2019; 2020; Li et al., 2020). Sulfur
loss from the slab may also drive the release of sulfide-
hosted CSE into slab fluids or melts. Studies by Evans
et al. (2014), Crossley et al. (2018), Su et al. (2019), and
Walters et al. (2019) demonstrate that pyrite precipitated
within the slab and subduction channel from slab fluids
exhibits significant zoning in Co, Ni, and As. In situ
LA-ICP-MS analyses of pyrite and chalcopyrite in eclogite
from the Tianshan, China, by Li et al. (2013) suggest that
sulfides account for 75.7, 25.5, and 99.8% of the Co, Ni,
and Cu whole-rock budgets, respectively. Sulfides are also
found to contain measurable Zn (0.15–225 lg/g), As (3.3
0–42.2 lg/g), Se (2.92–66.7 lg/g), Mo (!236 lg/g), Ag
(!45.1 lg/g), Au (!0.31 lg/g), Pb (!28.0 lg/g), Sb
(!1.81 lg/g), Te (!7.79), and Bi (!1.98 lg/g; Li et al.,
2013). Dale et al. (2009) found that sulfides similarly dom-
inate the Os, Ir, Ru, and Pd budget of eclogitic metagab-
bros, and linked the loss of Ni-rich sulfides to a prograde
depletion in Pb. Chauvel et al. (1995), Kelley et al. (2005),
and King et al. (2007) proposed that Pb in the slab is con-
centrated in sulfides during seafloor alteration and the
breakdown of sulfides during prograde metamorphism will
fractionate Pb from U. Over time, recycling of slab residue
with elevated U/Pb may be responsible for the HIMU
mantle reservoir (Chauvel et al., 1995). Consistent with
these data, Bebout et al. (1999) attributed the systematic
decrease in As (and Sb) with increasing metamorphic
grade to sulfide breakdown during sediment subduction.
The role sulfides may play in the minor and trace element
budget of other CSEs, such as Ga, Cd, In, Sn, and Tl,
remains unexplored. Additionally, the limited datasets
above may not capture the full variability of sulfide minor
and trace element compositions in exhumed high-pressure
rocks.

Here we report in situ LA-ICP-MS data for Cr, Co, Ni,
Cu, Zn, Ga, Ge, As, Mo, Ag, Cd, In, Sn, Sb, Te, Tl, Pb, and
Bi in sulfides and silicates in thirteen samples of HP rocks
from six exhumed terranes worldwide (Fig. 1). We combine
our observations with previously published literature data
and thermodynamic models to assess the impact of pro-
grade sulfur loss and slab dehydration on the CSE budget
of the subducted mafic crust. Additionally, we show
detailed examples in which sulfide and silicate trace element
zoning, coupled with petrographic observations, may be
used to infer fluid infiltration during high-pressure
metasomatism.
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2. PETROGRAPHY AND GEOLOGIC BACKGROUND

The petrography and geologic background of the stud-
ied samples are described in detail in Walters et al.
(2019). Here we present an overview and detail new relevant
insights. All mineral abbreviations in figures and tables fol-
low Whitney and Evasns, 2010, except thiospinel (Tsp, see
discussion below) and white mica (Wm). Samples used in
this study are classified in terms of their tectonic history
into two groups (Tables 1 and 2): those sourced from coher-
ent lithotectonic units (Czech Republic, France) and those
from mélange zones (Greece, Dominican Republic, and
Australia). Sample locations are shown in Fig. 1.

2.1. Coherent units

Samples from coherent lithotectonic units (Table 1) exhi-
bit similar assemblages and textures. These samples are vari-
ably retrogressed eclogites of Variscan age (350–450 Ma;

Peucat et al., 1982; Faryad et al., 2013; Collett et al.,
2018). Estimates of the peak eclogite facies metamorphic
P-T conditions for rocks from the Světlik-Sŭs, Tisova, and
Vendee localities are 2.0–2.4 GPa and 746 ± 27 "C, 1.6–
1.8 GPa and 640–715 "C, 1.6–2.0 GPa and 650–750 "C,
respectively (O’Brien and Vrána, 1995; O’Brien, 1997;
Jelı́nek et al., 1997; Štědrá, 2001; Brandelik and
Massonne, 2004; Faryad et al., 2006; Godard, 2009).
Granulite-facies overprints of the samples from Světlik-
Sŭs and Tisova are estimated at 1.7 GPa and ~780 "C and
1.2 GPa and 800–850 "C, respectively (O’Brien and Vrána,
1995; O’Brien, 1997; Jelı́nek et al., 1997; Brandelik and
Massonne, 2004; Faryad et al., 2006). More recently,
Collett et al. (2018) proposed peak eclogite facies conditions
of 2.5 GPa and 650–750 "C followed by granulite facies
metamorphism at 1.4–1.8 GPa and >800 "C for the Tisova
eclogites. Durations of <1 Ma for HT metamorphism of
eclogites from Světlik-Sŭs and Tisova are calculated by gar-
net diffusion chronometry (O’Brien and Vrána, 1995;

Fig. 1. Map showing our sample locations and the global distribution of orogenic eclogites. Modified with permission after Tsujimori and
Mattinson (2021) and Tsujimori and Ernst (2014).

Table 1
Mineralogy of samples from coherent lithotectonic units.

Locality Peak P–T
(GPa, "C)

Sample Rock type Minerals present (high to low relative abundance)

Vendee, FR 1.6–2.0, 650–750 G083-12 Eclogite Grt, Omp, Sdn/Prg, Di, Qz, Pl, Chl, Rt, Ilm, Ttn, Py,
Ccp, Tsp

Světlik-Sŭs, CZ 2.0–2.4, 746 ± 27 SVS-11-01 Retrogressed eclogite Grt, Omp, Di, Pl, Sdn/Prg, Ap, Rt, Ilm, Ttn, Py, Ccp,
Po, Tsp, Hc, Mag

Tisova, CZ 1.6–1.8, 640–715 TIS-11-02 Retrogressed eclogite Grt, Omp, Di, Pl, Sdn/Prg, Qz, Rt, Py, Ccp, Po, Czo/
Ep, Tsp, Ap
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O’Brien, 1997), whereas the geochronologic estimates of
Collett et al. (2018) suggest a 15 Ma duration for Tisova.

The coherent lithotectonic samples have a peak assem-
blage of garnet + omphacite + rutile ± quartz. Omphacite
is partially to completely replaced by symplectite of calcic
clinopyroxene + albitic plagioclase, whereas garnets are
enclosed by thin rims of kelyphite, consisting of calcic pla-
gioclase + green clinoamphibole (Fig. 2A). The kelyphitic
amphiboles in all three samples grade into massive clinoam-
phibole. Sulfide inclusions are observed in garnet in all
three samples. In G083-12, sulfide inclusions are pyrite +
chalcopyrite, whereas in SVS-11-01 and TIS-11-02 inclu-
sions are chalcopyrite + pyrrhotite ± pentlandite. Retro-
grade metasomatic sulfides are present in all three
samples (Walters et al., 2019). In samples SVS-11-02 matrix
pyrite is rimmed by chalcopyrite + pyrrhotite, whereas pyr-
ite in TIS-11-02 is rimmed by a corona of chalcopyrite fol-
lowed by pyrrhotite (Fig. 2B). In addition to inclusions of
peak phases, such as garnet, omphacite, and rutile, pyrite
grains also contain abundant inclusions of retrograde
phases. For example, clinopyroxene + plagioclase symplec-
tites are included in pyrite in SVS-11-01, and inclusions of
clinoamphibole, clinozoisite-epidote, and titanite are
observed in pyrite from TIS-11-01 and TIS-11-02.
Chalcopyrite and pyrrhotite grains contain inclusions of
small (<10 lm) thiospinel grains (Me2+Me3+2 S4, where
Me = Co,Ni,Fe). In G083-12, large xenoblastic pyrite are
overgrown by a second generation of dendritic pyrite
(Fig. 2C). Small chalcopyrite grains are present on pyrite
surfaces, and thiospinel grains are associated with late chlo-
rite and albite plagioclase (Fig. 2C).

2.2. Tectonic Mélange

Samples from tectonic mélanges (Table 2) exhibit a wide
range of mineral assemblages, textures, P–T conditions,
and tectonic histories. Samples from mélange zones were
collected from the Jagua Clara mélange, Dominican
Republic; the island of Syros, Greece; and Port Maquarie,
Australia.

The Jagua Clara mélange in the Dominican Republic
hosts blocks of blueschist, eclogite, jadeitite, peridotite,
orthogneiss, and metapelitic rocks in an antigorite serpen-

tinite matrix that has been variably converted to chlorite-
talc schist (Krebs et al., 2008, 2011; Schertl et al., 2012;
Escuder-Viruete et al., 2013). Estimates of peak metamor-
phic conditions range from 1.3 to 2.5 GPa and 360 to
800 "C depending on the peak assemblage and both
clock-wise and counterclockwise P–T paths have been pro-
posed for different blocks (Krebs et al., 2008, 2011;
Escuder-Viruete and Pérez-Estaún, 2013). Samples of
sulfide-bearing blueschist, garnet blueschist, chlorite schist,
and jadeitite are included in our study (Table 2).

On the island of Syros, Greece, a single clockwise P–T
path with peak eclogite facies conditions of 2.2 ± 0.2
GPa and 530 ± 30 "C are proposed for metamorphosed
mafic, felsic, and volcaniclastic blocks in a serpentinite
matrix (Laurent et al., 2018). Estimates of 0.6–1.3 GPa
and 350–450 "C have been proposed for some blackwall
mineral assemblages (Breeding et al., 2004; Marschall
et al., 2006; Miller et al., 2009). Samples are blackwall
lithologies, including chlorite schist, chlorite-omphacite fels
(an isotropic rock), and garnet-omphacite-chlorite fels.

The mélange at Port Macquarie, Australia, hosts blocks
of blueschist, omphacitite, glacophanite, and folded and
interlayered blueschists with rare enclaves of lawsonite
eclogite (Och et al., 2003; Nutman et al., 2013; Tamblyn
et al., 2019). Tamblyn et al. (2020) estimated approximate
peak metamorphic conditions of 2.9 GPa and 600 "C, fol-
lowed by partial exhumation to less than 2.0 GPa and
500 "C and reburial to ~2.7 GPa and ~590 "C. A single sam-
ple of sulfide-rich interlayered blueschist (Fig. 2G) is
included in this study (Table 2).

Mélange zone samples are divided into those that are
from block interiors, which largely preserve their protolith
bulk rock composition, and those that are hybrid metaso-
matic ‘blackwall’ rocks (Table 2). Samples DR1203-11-03
is the only sample taken from a block interior. It is a textu-
rally well equilibrated garnet blueschist, which exhibits a
peak assemblage of garnet + actinolite + glaucophane
+ white mica + epidote (Fig. 2D). Garnet grains contain
small inclusions of clinopyroxene replacing plagioclase,
whereas rare matrix albite is associated with pyrite. Pyrite,
pyrrhotite, chalcopyrite, and a fine-grained Co-Ni-Fe sul-
fide phase, too small to be identified by EDS, occur in the
matrix and infilling cracks within garnet (Walters et al.,

Table 2
Mineralogy of mélange samples.

Locality Peak P–T (GPa, "C) Sample Rock type Minerals present (high to low relative abundance)

Jagua Clara M.,
DR

1.3–2.5, 360–800 DR1203-07-02 Jadeitite Jd, Pl, Cal, Qz, Chl, Wm, Ttn, Ep, Py, Ccp, Gn

DR1203-10-02 Blueschist Gln, Brs, Ep, Pmp, Omp, Wm, Chl, Ttn, Po, Ccp, Pl, Ap
DR1203-11-03 Grt blueschist Grt, Gln, Act, Wm, Ep, Ttn, Pl, Qz, Py, Rt, Brt, Gp, Co-

Ni sulfide, Cct, Cv, Ccp
DR1203-15-02 Chl schist Chl, Ap, Py, Ilm, Zrn

Port Mac., AU 2.9, 600 PMQ06-5 Blueschist Gln, Omp, Wm, Ttn, Chl, Py, Ccp, Po
Syros, GR 2.2 ± 0.2, 530 ± 30 SY328 Omp-Chl fels Chl, Omp, Ilm, Ap, Py, Ccp, Bn

SY404 Chl schist Chl, Tr, Ap, Ttn, Py, Mag, Zrn, Rt, Ilm
SY462 Grt-Omp-Chl

fels
Grt, Omp/Aeg, Ap, Ilm, Rt, Ep/Aln, Py, Ccp, Cct, Ktp

SY523 Chl schist Chl, Tlc, Act, Py, Ap
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2019). Additionally, pyrite, chalcopyrite, and an inclusion
of covellite (CuS) and chalcocite (Cu2S) replacing chalcopy-
rite was observed in garnet (Fig. 2E, Walters et al., 2019).

Hybrid samples (DR1203-07-02, DR1203-10-02,
DR1203-15-02, SY328, SY404, SY462, SY523, PMQ06-5)
display a wide variety of mineral assemblages and textures
(Table 2), including nearly monomineralic rocks such as
jadeitite (Fig. 2I; DR1203-07-02) and chlorite schists
(Fig. 2F; DR1203-15-02, SY404), rocks exhibiting an iso-

tropic texture and eclogite-like assemblage (Fig. 2H;
SY462), and a sample with thin-section scale compositional
banding (Fig. 2G; PMQ06-5). Pyrite is the dominant sulfide
in most samples, with or without minor chalcopyrite. Nota-
ble exceptions include pyrrhotite + chalcopyrite masses
within a vein of pumpellyite + omphacite + chlorite + w
hite mica in blueschist sample DR1203-10-02, galena and
chalcopyrite inclusions in pyrite from jadeitite sample
DR1203-07-02 (Fig. 2I), bornite (Cu5FeS4) inclusions in

Fig. 2. Transmitted (A, D, F, G), reflected (B, E, I), and back scattered electron (C, H) images of key mineral textures. Figures A-C show
large sulfide grains associated with clinoamphibole and diopside + albite symplectite in retrogressed eclogite from coherent units. Figures D–I
show textures in samples from mélange zones: glaucophane, actinolite, albite, epidote, white mica, and garnet adjacent to a pyrite mass in
DR1203-11-03 (D), inclusion of fine grained chalcocite and covellite after chalcopyrite in garnet in DR1203-11-03 (E), pyrite in a mass of
chlorite and titanite in SY404 (F), glaucophane, white mica, omphacite, and chlorite with pyrite cross cutting the foliation of the banded
blueschist sample PMQ06-5 (G), pyrite with aegirine inclusions in sample SY462 (H), pyrite with inclusions of chalcopyrite and galena in
DR1203-07-02 (I).
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pyrite from sample SY328, and chalcocite inclusions in
ilmenite in sample SY462 (Walters et al., 2019). Hydrous
minerals such as chlorite, epidote/allanite, and clinoamphi-
bole are commonly included in sulfides, linking sulfide pre-
cipitation and blackwall formation (Walters et al., 2019). In
the more mineralogically complex blackwall samples, mul-
tiple generations of overprinting metasomatic textures are
commonly observed. For example, clinopyroxene grains
in SY462 display aegirine cores and Na-rich omphacite rims
(Fig. 2H). Overprinting textures in sulfides are also
observed in PMQ06-5, where pyrite grains are misaligned
with or cut the foliation (Walters et al., 2019).

3. METHODS

3.1. Major and minor element analysis

Samples were prepared as 1-in. (2.54 cm) round polished
sections or epoxy grain mounts.

Major and minor element data for silicates and sulfides
were collected using the electron probe microanalyzer
(EPMA) facilities at the University of Maine and Goethe
Universität. Mineral compositional data are summarized
in Tables EA1–EA2 and the analytical facility used is noted
for each analysis. Data are reported as the mean and 2SE of
ten closely spaced analyses within the same chemical zone;
however, <10 analyses are averaged for small or intensely
zoned grains. Calculations of garnet and clinopyroxene
structural formulae, including Fe3+ determination, were
done using method two of Schumacher (1991). Amphibole
structural formula calculations follow Leake et al. (1997);
however, amphiboles were classified following the recent
IMA approved classification scheme of Hawthorne et al.
(2012). Structural formulae of other elements were deter-
mined by standard normalization schemes utilizing either
an assumed number of cations or anions where appropri-
ate, and the method used is indicated in Tables EA1 and
EA2.

Instrumentation at the University of Maine consists of a
Cameca SX100 EPMA equipped with four wavelength dis-
persive spectrometers (WDS). A 15 kV accelerating voltage
and 10 nA beam current with a 5 lm spot size was used for
all analyses. Backgrounds were measured for 10 s and
on-peak counting times were 20 s, except for Na, where
counting times were 5 s and 10 s for background and peak,
respectively. The set of natural and synthetic standards
used for calibration were jadeite (Na), diopside (Mg, Si,
Ca), rutile (Ti), magnetite (Fe), rhodonite (Mn), sanidine
(K, Al), and Cr2O3 (Cr) for most silicates, except for white
mica and chlorite for which tugtupite and anorthite were
used for Na and Al, respectively.

Further, analyses at Goethe Universität were collected
using a JXA-8530F Plus Hyperprobe field-emission EPMA
equipped with five WDS carrying H- and L-type
spectrometer crystals. Operating conditions were a 15 kV
accelerating voltage, 20nA beam current, and a 3 lm spot
size for all silicates, except for white mica and chlorite,
for which a 10 lm spot size was used. Operating conditions
for sulfide analyses were a 20 kV accelerating voltage, 20nA
beam current, and 3 lm spot size. Detection limits for Co,

Ni, and As in sulfides are 116–125 lg/g, 128–142 lg/g, and
75–87 lg/g, respectively. For silicate analyses, peak count-
ing times were 40 s for Si and Mg, 30 s for K and Ti, and
20 s for Al, Cr, Fe, Mn, Ca, and Na, whereas counting
times were 80 s for S and As, 60 s for Si, 50 s for Ni, 40 s
for Co and Cu, and 30 s for Fe for sulfide analyses. Back-
ground counting times were half of their respective on-peak
counting times (e.g., 20 s for Si). The set of natural and
synthetic standards used for calibration were albite (Na),
forsterite (Mg), fayalite (Fe), wollastonite (Ca, Si), pyro-
phanite (Mn), Cr2O3 (Cr), Al2O3 (Al), and KTiO(PO4)
(K, Ti, P) for silicate analyses. For sulfide analyses a natu-
ral pyrite standard was used for S, whereas pure metal stan-
dards were used for Fe, Co, Ni, As, Cu, and Si.

3.2. X-ray intensity maps

Qualitative X-ray intensity maps were collected using
the EPMA at the University of Maine. Garnet maps
collected with a 20 kV accelerating voltage, 100 nA beam
current, and a dwell time of 30 ms. Sulfide Co, Ni, and
As X-ray intensity maps from Walters et al. (2019) are
reproduced here.

3.3. Minor and trace element analysis

Minor and trace element analyses were collected at the
laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) facility housed in the Department of
Earth Sciences, University of New Brunswick, Canada.
This facility is equipped with an Australian Scientific
Instruments ResolutionTM M-50 193 nm ArF excimer laser.
The laser is equipped with a two-volume low-volume Lau-
rin Technic Pty S-155 large format sample cell. The cell was
repeatedly evacuated and backfilled with He following each
sample exchange. Ablated material was transported to an
Agilent 7700x single collector quadrupole ICP-MS by
300 mL/min ultra-pure He carrier gas. The sample stream
was mixed downstream of the cell with 2 mL/min N2 and
930 mL/min Ar before reaching the plasma torch. For spot
analyses the Laurin Technic Pty signal smoothing device
(‘squid’) was used to decrease the relative standard devia-
tion of the measured signal during ablation; however, this
device was removed during raster analyses. At the begin-
ning of the session the ICP-MS was tuned while rastering
across NIST610 glass. Oxide production was monitored
with ThO+/Th+, which was kept below 0.2%, and double-
charged ion production monitored with 44Ca++/44Ca+

was kept below 0.3%.
Twenty-one isotopes were monitored (29Si, 34S, 52Cr,

56Fe, 59Co, 60Ni, 63Cu, 66Zn, 71Ga, 73Ge, 75As, 95Mo,
107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 205Tl, 208Pb, and
209Bi) during sulfide analyses with an additional two iso-
topes (27Al and 43Ca) monitored during silicate analyses.
Sulfide spot analyses were conducted using a ~2 J/cm2 laser
beam energy density (fluence), 3 Hz repetition rate, and a
33 lm spot size. Ablations were conducted for 45 s followed
by 30 s gas blanks. Silicates were run with the same param-
eters, except for an increased beam energy density of
~3 J/cm2. A total of 78 sweeps were measured per analysis
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with approximately 6 s of washout. Sulfide rasters were
conducted using a laser energy density of 1.5 J/cm2, repeti-
tion rate of 10 Hz, and 33 lm spot size at a raster speed of
8 lm/s.

Time resolved signals were processed using the trace ele-
ment data reduction scheme in IoliteTM version 2.5 (Paton
et al., 2011). Iron was used as an internal standardization
element for sulfide analyses, and Si was used for silicate
phases. The USGS reference material MASS-1 sulfide
pressed powder (Wilson et al., 2002) was used as the pri-
mary reference material to convert mass fractions to ele-
mental concentrations in sulfides. Quality control
materials for sulfide analyses were NIST SRM610 glass
(Pearce et al., 1997; Jochum et al., 2011), BCR-2G glass
(GeoReM database), and Po724 pyrrhotite (Memorial
University, Newfoundland). For analyses of silicate miner-
als, NIST SRM610 was used as the primary reference mate-
rial and BCR-2G was analyzed as a quality control
material.

Analytical sessions consisted of one analysis of each ref-
erence material interspersed between every 5–18 unknown
analyses, depending on the length of the analytical session.
External 2r reproducibility and GeoReM preferred values
are reported in Table EA3. Typical 2r external repro-
ducibility of secondary reference materials is <10% for con-
centration ranges of 10–100’s of lg/g and <50% for
elements <10 lg/g. Despite unmatched matrices between
the primary pressed sulfide powder reference material
(MASS-1) and glass secondary reference materials
(NIST610, BCR-2G), measured values typically reproduce
the accepted values within uncertainty (see Electronic
Annex). Analyses were carefully examined for inclusions,
down-hole zoning, and crossing grain boundaries into other
phases. Copper surface contamination was apparent in
some pyrite analyses; where observed the first 10 seconds
were not considered. Only the first portions of zoned anal-
yses are reported so as to better correlate to minor element
maps and mineral textures in 2D. Analyses were also mon-
itored for potential interferences. Potential interferences of
Na (e.g., 40Ar23Na+, 23Na2

16OH+, 23Na2
17O) and Ti (e.g.,

47Ti16O+, 46Ti17O) on 63Cu, and 115Sn on 115In were identi-
fied (see Electronic Annex); therefore, Cu and In concentra-
tions are not considered in our interpretations for minerals
with high concentrations of the respective interfering
element.

Sulfide minor and trace element data are presented in
Table EA4, and silicate data are presented in Table EA5.
Internal standard values are reported in Table EA6 and
average detection limits and associated 2SE are reported
in Table EA7.

4. EPMA RESULTS

Major and minor element data from EPMA analyses are
summarized in Table EA1 for sulfides and Table EA2 for
silicates. Qualitative sulfide and garnet X-ray intensity
maps are shown in Figs. EA1–EA22 and EA23–EA26,
respectively. These data are summarized below.

4.1. Sulfides

Pyrite shows a relatively restricted compositional range,
with only Co, Ni, and As rarely reaching the wt% level
(Table EA1). Cobalt concentrations in pyrite range from
below detection (<116–125 lg/g) to 3.32 wt% Co in the
rim of a pyrite grain in TIS-11-02. A comparison of EPMA
and LA-ICP-MS Co concentrations show a nearly 1:1 cor-
respondence within analytical uncertainty (Fig. EA27), sug-
gesting a limited contribution from the Fe Ka peak. Nickel
concentrations range from below detection (<128–142 lg/g)
to 0.40 ± 0.01 wt% Ni in G083-12. Arsenic concentrations
are typically below detection (<75–87 lg/g); however, con-
centrations up 0.58 wt% As were measured in pyrite from
PMQ06-5.

Qualitative minor element maps show a variety of Co,
Ni, and As zones, which are discussed in Walters et al.
(2019) and summarized here (see Figs. EA1–EA22). Pyrite
from blackwall samples (DR1203-15-02, PMQ06-5,
SY404, SY462, SY523) in many cases displays fine oscilla-
tory zoning in Co, whereas zoning in Ni is less commonly
observed (e.g., Fig. EA28). Cobalt and arsenic concentra-
tions correlate in sample PMQ06-5, where elevated Co-As
rich cores are followed by finer scale oscillatory zoning in
Co and Ni in the mantles and rims (Fig. 3 & EA29). In
the jadeitite sample (DR1203-07-02), two generations of
pyrite are separated by a high-Co annulus (Fig. EA2). Pyr-
ite in eclogite samples SVS-11-01 and TIS-11-02 exhibits
sharp high-Co low-Ni rims (e.g., Fig. EA22). In sample
G083-12, an early generation of large xenoblastic pyrite
shows variable zoning in Co and Ni, whereas a second gen-
eration of dendritic pyrite is Co-Ni poor (Fig. EA9).

Pyrrhotite compositions range from Fe0.867S in samples
DR1203-10-02 and TIS-11-02 to Fe0.907S in sample SVS-11-
01. Ni concentrations are consistently above the detection
limit and range from 0.23 to 0.52 wt% Ni. Chalcopyrite
analyses are stochiometric and do not display Co, Ni, and
As concentrations above detection limits. Preliminary maps
of pyrrhotite and chalcopyrite did not show visible minor
element zoning and are not considered here.

Small thiospinel grains were analyzed in samplesG083-12
and SVS-11-01, but were too small in TIS-11-02 for a clean
analysis. The analyzed thiospinel grains fall between greigite
(Fe2+Fe3+2 S4), linnaeite (Co2+Co3+2 S4), polydymite
(Ni2+Ni3+2 S4), siegenite (Co2+Ni3+2 S4), and violarite
(Fe2+Ni3+2 S4). In G083-12, thiospinel compositions range
from Fe0.519Co0.893Ni1.619 to Fe0.280Co1.417Ni1.249. A single
measured grain of a thiospinel inclusion in pyrrhotite from
SVS-11-01 has the composition Fe0.799Co0.544Ni1.715. In
addition, one inclusion of Co-rich pentlandite in garnet
was analyzed in SVS-11-01. This grain has the composition
(Fe3.43Ni3.76Co1.59)S8.

4.2. Silicates

Qualitative major element maps for sulfide-bearing gar-
net are presented in Figures EA23–EA26. Garnet in the
studied samples has a variety of compositions (Table S.2)
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and major element zoning patterns (Fig. EA30). Eclogite
and blueschist garnet compositions fall between Alm42-
Prp29Sps2Grs26Adr2 and Alm62Prp7Sps2Grs27Adr2. Garnet
in eclogite from coherent units (e.g., SVS-11-01, TIS-11-02,
G083-12) exhibits limited zoning (<10% endmember frac-
tion; EA33). Garnet from the eclogitic blackwall sample
(SY462) exhibits even less zoning compared to the true
eclogite samples, with a near constant composition of Alm64-
Prp8Sps3Grs22Adr4. In contrast, garnet in the blueschist
sample (DR1203-11-03) shows significant core to rim zon-
ing, with core compositions of Alm44Prp2Sps17Grs37 and
rim compositions of Alm60Prp7Sps1Grs32 (Fig. EA30A).

Clinopyroxene is typically omphacite with compositions
falling between Jd30 and Jd50. Notable exceptions are
jadeite (DR1203-07-02), aegirine (SY462), and diopside
(G083-12, SVS-11-01, and TIS-11-02; see Fig. EA2). Sam-
ple SY462 shows the widest single-grain compositional vari-
ation, with clinopyroxene exhibiting cores with
Aeg59Jd18Quad23 and rims of Aeg30Jd45Quad25. Diopside
occurs in symplectite with albitic plagioclase after ompha-
cite in eclogite samples from coherent lithotectonic units.

Amphibole grains span a range of sodic, sodic-calcic,
and calcic compositions (see Fig. EA31). In eclogite sam-
ples from the coherent lithotectonic units, matrix calcic
amphibole range from pargasitic in composition at the con-
tact with sulfide grains to sadanagaite or taramite more dis-
tally. Amphibole grains in mélange samples are
glaucophane, winchite, tremolite, and actinolite
(Fig. EA31). A single grain of kataphorite was identified
as an inclusion in epidote in sample SY462 and appears
rare. In the garnet blueschist sample (DR1203-11-03), acti-

nolite and glaucophane are in textural equilibrium within
the matrix, whereas in the blueschist sample (DR1203-10-
02) winchite cores are overgrown by later glaucophane
(Fig. 2). Tremolite was identified in the chlorite schist sam-
ple SY404.

Minor and accessory minerals include white mica, epi-
dote, pumpellyite, plagioclase, and titanite. White mica
grains are identified as phengite and fall between
Mus40.4Cel59.2 and Mus54.1Cel39.8, with less than 5% of
the paragonite, trioctohedral, and pyrophyllite compo-
nents. Chlorite compositions are chamosite to clinochlore
and fall between Clc31.5Sud2.5Ame24.2Dph41.2 and Clc87.0-
Sud0.0Ame0.0Dph18.5. Clinochlore was found in chlorite
schist blackwall samples,

whereas chamosite is more common in other lithologies.
Epidote compositions range from Ep46.2 to Ep85.5. Pumpel-
lyite observed in sample DR1203-10-02 is Al rich, with Al
exceeding 2 APFU. The XMg ratio ranges from 0.58 to
0.63, suggesting limited compositional variation. Albitic
plagioclase was analyzed in samples DR1203-07-02 and
G083-12 and confirmed by EDS in samples
DR1203-11-03, SVS-11-01, and TIS-11-02. Titanite grains
in sample SY404 were analyzed and found to be Fe-, Mg-,
and Mn-poor, ranging from Ttn95 to Ttn97. Titanite grains
in other samples were also found to be >Ttn90 by EDS and
were not analyzed here.

5. LA-ICP-MS RESULTS

Minor and trace element compositions determined by
LA-ICP-MS are given in Table EA4 for sulfides and EA5

Fig. 3. Cobalt and As X-ray intensity maps of pyrite from PMQ06-5 (A, C) with EPMA transects from core to rim of Co, As, and Ni (B,D).
The white line in A and C indicates the path of the transect with the arrow indicating the direction. Analyses which intersected silicate
inclusions were removed. X-ray intensity maps are from Walters et al. (2019).
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for silicate phases. These data are detailed below and
summarized graphically in Fig. 4 for sulfides and Figs. 5–
6 for silicates. Analysis locations are shown in Figures
EA34–EA46.

5.1. Sulfides

Pyrite is found to consistently incorporate only Co, As,
Ni, and Cu at concentrations above detection limits.

Fig. 4. Compilation of pyrite (light grey), chalcopyrite (gold), and pyrrhotite (dark grey) minor and trace element abundances. Column
widths correspond to normalized frequency. Elements include Co (A), Ni (B), Cu (C), Zn (D), Ga (E), As (F), Mo (G), Ag (H), Cd (I), In (J),
Sn (K), Sb (L), Te (M), Tl (N), Pb (O), and Bi (P). The dark grey line indicates the detection limit where relevant. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Compilation of garnet (red), clinopyroxene (light green), clinoamphibole (brown), white mica (pink), chlorite (light green), epidote
(dark green), titanite (yellow-green), pumpellyite (blue-green), and plagioclase (grey) minor and trace element abundances. Column widths
correspond to normalized frequency. Elements include Cr (A), Co (B), Ni (C), Cu (D), Zn (E), Ga (F), Ge (G), As (H), Mo (I), and Cd (J). The
dark grey line indicates the detection limit where relevant. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Cobalt, As, and Ni exhibit the highest concentrations, with
maximum concentrations of 2.87 wt%, 1.27 wt%, and 0.76
wt%, respectively (Fig. 4). Cobalt and Ni concentrations
are largely negatively correlated: 83% (n = 12) of Ni con-
centrations above 2000 lg/g occur at Co concentrations
<5000 lg/g. This trend is observed in aggregate, but also
evident within individual samples (e.g., PMQ06-5; Fig. 7).
In contrast, Co and Ni concentrations in pyrite are uncor-
related in chlorite schist samples DR1203-15-02 and SY404
(Fig. 8). The majority of other elements analyzed are below
their respective detection limits with some exceptions. Inter-
estingly, Te, Pb, and Bi are all above their detection limit in
pyrite analyses from the blueschist blackwall sample
PMQ06-5. Detection limits are only exceeded in a few per-
cent of the total analyses for the elements Cr, Zn, Ga, Mo,
Ag, Cd, In, Sn, Sb, and Tl.

Pyrrhotite contains consistently measurable levels of Co,
Ni, Cu, Ag, and Pb (Fig. 4). The compositional range
observed is more restricted for each element when

compared to that of pyrite in samples where both phases
are present. Cobalt concentrations range from 329 to
3510 lg/g, whereas Ni concentrations are 0.68–1.36 wt%
(Fig. 4). No correlations were observed between Co and
Ni in pyrrhotite; however, sample-to-sample variations
are evident (Fig. 7B). Copper, Ag, and Pb concentrations
are 0.52–4.15 lg/g, 0.12–0.43 lg/g, and 0.35–1.91 lg/g,
respectively. Most analyses of Cr, Ga, Mo, Cd, In, Sn,
Te, Tl, and Bi are below detection.

Chalcopyrite was found to incorporate Co, Ni, Zn,
Ga, Ag, Cd, In, Sn, Sb, Te, Tl, and Pb. Zinc
(43.2–937 lg/g) is the most abundant trace element in
chalcopyrite. Cobalt and Ni concentrations are signifi-
cantly lower than in coexisting pyrrhotite and/or pyrite.
Silver, Cd, and In concentrations are 0.80–51.4,
0.29–18.6, and 0.12–1.87 lg/g. Chalcopyrite consistently
displays Pb concentrations above detection limits
(2.10–19.3 lg/g). Much of the Sn, Sb, Te, Tl, and Bi
analyses were below detection (Fig. 4).

Fig. 6. Continued compilation of minor and trace element concentrations in silicate minerals. Column widths correspond to normalized
frequency. Elements include In (A), Sn (B), Sb (C), Tl (D), Pb (E) and Bi (F). The dark grey line indicates the detection limit where relevant.
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5.2. Silicates

Garnet contains significant concentrations of Cr
(!435 lg/g), Co (3.1–63.2 lg/g), and Zn (25.1–101 lg/g),

with subordinate concentrations of Ni (!3.77 lg/g),
Ga (4.00–9.54 lg/g), Ge (2.08–5.20 lg/g), In (!0.11 lg/
g), and Sn (!0.81 lg/g). Slight intragrain variability is
observed in some grains. For example, a garnet in blues-
chist sample DR1203-11-03 exhibits core to rim increases
in Co (9.09–12.7 lg/g), Zn (25.1–33.6 lg/g), and Ga
(5.39–7.16 lg/g), whereas Ge remains nearly constant.
A core-to-rim increase in Co and Zn concentrations is also
observed in eclogite sample G083-12 and eclogitic blackwall
sample SY462. In eclogite sample TIS-11-02, Co and Zn
concentrations are elevated in the mantle compared to cores
and rims (e.g., 100 vs 85.6–96.3 lg/g Zn), whereas in SVS-
11-01, Zn decreases from core to rim (101.2 to 90.0 lg/g)
and Co concentrations are unchanged.

Clinopyroxene grains were found to incorporate Cr
(!990 lg/g), Co (0.40–26.6 lg/g), Zn (19.5–129 lg/g), Ga
(13.0–27.7 lg/g), and Ni (0.90–170 lg/g). Cobalt
concentrations are consistently 20–30 lg/g lower in ompha-
cite relative to coexisting garnet, whereas Ni and Zn con-
centrations are consistently elevated relative to garnet.
Measurable concentrations of Ge (!3.62 lg/g), In
(0.053–0.18 lg/g), Sn (0.32–1.77 lg/g), and Pb (!2.39 lg/g)
are also observed. Arsenic (!0.96 lg/g), Cd (!0.44 lg/g), Sb
(!0.89 lg/g), andTl (!0.080 lg/g) are rarely above detection
limits.

Analyzed amphibole grains show consistently measur-
able concentrations of Cr (3.70–1532 lg/g), Co (20.9–83.0
lg/g), Ni (4.88–1294 lg/g), Zn (70.3–369 lg/g), and Ga
(2.73–34.9 lg/g). Germanium (!4.30 lg/g), Cd
(!0.48 lg/g), In (!0.64 lg/g), Sn (!2.73 lg/g), Tl
(!0.17 lg/g), and Pb (!2.37 lg/g) are also frequently above
their detection limits. Molybdenum and Sb were only
detected in one analysis each, whereas As, Ag, and Bi con-
centrations are below their respective detection limits in all
analyses. In sample DR1203-11-03, texturally equilibrated
actinolite and glaucophane are elevated in Co, Zn, and
Ga relative to garnet by 20–30 lg/g, 250–300 lg/g, and
1–20 lg/g, respectively. In contrast, garnet exhibits higher
Ge concentrations relative to coexisting amphibole, and
Cr concentrations are roughly equivalent. Coexisting acti-
nolite and glaucophane have similar trace element concen-

Fig. 7. Cobalt vs Ni concentrations in pyrite (A) and pyrrhotite
(B). Two-sigma standard errors are given. The grey field shows the
bounds of pyrite compositions for all samples, within this field only
the analyses for samples for SY523 and PMQ06-5 are highlighted
(A). These data show a negative correlation between Co and Ni
concentrations (A). In contrast, the compilation of all pyrrhotite
data (B) shows a more restricted compositional range both within
and between samples.

Fig. 8. Cobalt X-ray intensity map of pyrite in chlorite schist sample SY404 (A) with LA-ICP-MS analyses of Co and Ni plotted for samples
SY404 and DR1203-15-02 (B). Pyrite in both samples exhibit oscillatory zoning in Co, but no observed zoning in Ni. Cobalt and Ni
concentrations of coexisting chlorite ± tremolite are also shown for reference.
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trations, with the exception of Ga, which is 9–12 lg/g
higher in glaucophane.

White mica grains exhibit appreciable concentrations of
Cr (8.40–231 lg/g), Co (2.32–36.8 lg/g), Ni (5.11–52.9
lg/g), Zn (24.9–162 lg/g), Ga (17.2–37.6 lg/g), and Tl
(0.60–1.95 lg/g). White mica was found to display the high-
est Tl concentrations of any mineral (Fig. 6). More rarely
In, Sn, Sb, and Pb are observed.

Chlorite grains were found to contain significant Cr
(!1539 lg/g), Co (0.14–71.9 lg/g), Ni (0.47–971 lg/g),
Cu (!247 lg/g), Zn (3.40–646 lg/g), and Ga (8.35–51.3 l
g/g). The highest Cu concentrations were found in the
blackwall Grt-Chl-Omp fels sample SY462. Similar to
amphibole, elevated Cr and Ni concentrations in chlorite
are observed in chlorite schist blackwall samples
(DR1203-15-02, SY404). Unusually high Ni concentrations
(867–971 lg/g) were also observed in retrograde chlorite
associated with thiospinel in eclogite sample G083-12.

Epidote exhibits consistently measurable concentrations
of Cr (5.20–444 lg/g), Co (0.28–3.11 lg/g), Zn (2.71–20.1
lg/g), Ga (41.7–146 lg/g), Ge (2.56–194 lg/g), In (0.093–
1.44 lg/g), Sn (0.79–7.36 lg/g), and Pb (3.71–109 lg/g).
Epidote in sample SY462 is distinct: Zn, Ga, Ge, In, and
Sn are elevated relative to epidote in other samples, whereas
Cr is significantly lower (Table EA5). Epidote grains in
SY462 also display elevated As (17.2–26.6 lg/g) and Bi con-
centrations (5.73–6.64 lg/g).

Other minerals include pumpellyite, plagioclase, and
titanite. Pumpellyite measured in blueschist sample
DR1203-10-02 displays measurable concentrations of Cr
(13.9–26.7 lg/g), Co (13.0–14.9 lg/g), Ni (19.3–28.1 lg/g)
, Zn (49.3–50.9 lg/g), Ga (28.7–31.6 lg/g), Ge (4.94–5.28
lg/g), and Cd (1.07–1.43 lg/g). Plagioclase exhibits only
minor concentrations of Cr (!5.20 lg/g), Ga (4.06–4.53 l
g/g), and Pb (!0.12 lg/g). Titanite was found to incorpo-
rate Cr (50.8–287 lg/g), Ni (!3.82 lg/g), Ga (2.03–14.3 l
g/g), Ge (6.02–55.1 lg/g), As (0.81–11.8 lg/g), Mo
(0.36–9.60 lg/g), Cd (!0.26 lg/g), Sn (10.3–81.6 lg/g), Sb
(!0.91 lg/g), Pb (2.03–9.67 lg/g), and Bi (0.13–0.45 lg/g).

6. DISCUSSION

6.1. Summary of observed CSE concentrations

Chalcophile and siderophile minor and trace elements in
the observed samples exhibit significant intra- and inter-
mineral and sample variation. Sulfides exhibit elevated
Co, Ni, Cu, As, Ag, Cd, In, and Te concentrations relative
to silicates (Figs. 4–6). In samples containing multiple sul-
fides, pyrite is elevated in Co, As, Te, and Bi, Ni is primarily
hosted in pyrrhotite, and Cu, Zn, Ag, Cd, In, and Pb are
contained in chalcopyrite (Fig. 4). Sulfides do not host sig-
nificant concentrations of Ga, Mo, Sn, Sb, Tl, or Bi. Li
et al. (2013) and Su et al. (2019) reported similar Co, Ni,
Cu, Zn, As, Ag, Sb, and Bi concentrations for pyrite and
chalcopyrite in eclogite and vein systems from the Tianshan
(ultra-)HP metamorphic belt. However, Pb concentrations
(2000–5000 lg/g) in pyrite reported by Su et al. (2019) far
exceed the <10 lg/g concentrations commonly observed
in our study. Additionally, Mo concentrations in chalcopy-

rite (0.105–236 lg/g) measured by Li et al. (2013) are 3–4
orders of magnitude higher than those measured here
(<0.036 lg/g). We suggest that such elevated Pb and Mo
concentrations are rare based on our global survey.

In many ore deposits, minor and trace elements may be
contained in sulfide hosted nanoparticles (see review in
Deditius et al., 2011). Nanoparticles containing As, Pb,
Sb, Bi, Cu, Co, Ni, Zn, Au, Ag, Se, and Te have been iden-
tified, and may manifest as spikes in the downhill intensity
profiles of SIMS and LA-ICP-MS analyses (e.g., Pals et al.,
2003; Reich et al., 2013; Román et al., 2019). Nanoparticles
are most common in low-T hydrothermal deposits and are
thought to form when trace metal solubility limits are
reached (Deditius et al., 2011; Reich et al., 2013; Deditius
and Reich, 2016;). Given that only rare Cu (±Pb) spikes
are observed in pyrite grains containing chalcopyrite or
galena inclusions (Fig. EA46) and concentrations of the
studied elements are generally low, there is no evidence that
the solubility limit was reached during cooling.

Silicate phases contain significant concentrations of Cr,
Co, Ni, Zn, Ga, Mo, Cd, Sn, Tl, and Pb (Figs. 5–6). Tables
3 and 4 show a comparison of the data presented here with
concentration ranges reported by in the literature (Zack
et al., 2002; van der Straaten et al., 2008; El Korh et al.,
2009, 2017, 2020; Spandler et al., 2011; Guo et al., 2012;
Li et al., 2013, 2017; Hara et al., 2018; Su et al., 2018;
Chen et al., 2019). Particularly, concentrations of Ga,
Mo, Sn and Tl in silicates are elevated relative to sulfides.
Cobalt, Ni, and Zn concentrations are elevated in most
Fe-Mg bearing silicates, such as garnet, omphacite, and cli-
noamphibole (Fig. 5). Gallium concentrations are especially
high in epidote (Fig. 5). Comparable Ga concentrations
were also observed in lawsonite by El Korh et al. (2017)
and Hara et al. (2018). Cadmium concentrations are espe-
cially high (<0.14–1.43 lg/g) in Ca-silicate minerals, partic-
ularly pumpellyite and epidote (Fig. 5J). Molybdenum and
Sn are elevated in titanite relative to other silicate minerals,
displaying similar concentrations to that of rutile reported
in the literature (Zack et al., 2002; Li et al., 2013, 2017;
Su et al., 2018; Chen et al., 2019). In contrast, Sb concentra-
tions in titanite are lower than that of rutile reported by
Zack et al. (2002). Concentrations of Tl in white mica
exceed those of all other minerals by at least 1–2 orders
of magnitude (Hara et al., 2018; this study), consistent with
the correlations of K2O, Rb, Cs, and Ba with Tl identified
by Shu et al. (2019) from bulk rock analyses of eclogites.
Lead concentrations in epidote are typically 1–2 orders of
magnitude higher relative to other minerals, whereas law-
sonite is the most important host of Pb at low-T high-P
conditions in which epidote is not stable (e.g., Hara et al.,
2018; Fornash and Whitney, 2020; Whitney et al., 2020).
REE-rich epidote in sample SY462 has Bi concentrations
of 5.73–6.64 lg/g, consistent with the similar ionic radius
of Bi3+ with Ce3+. These data suggest that Bi partitioning
may follow LREE in HP rocks.

Appreciable concentrations of Cu and As were mea-
sured in some silicate phases. Arsenic was found in epidote
from sample SY462. Trivalent As has a similar ionic radius
to Fe3+ and Al3+ and may substitute into the epidote struc-
ture directly. Elevated Cu contents (<0.37–247 lg/g) are
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observed in chlorite in our study. Marschall (2005) also
observed high Cu concentrations (up to 3 wt.%) in chlorite
associated with aegirine, hematite, and andradite in veins
cutting garnet from Syros. Copper-rich chlorite (and bio-
tite) have also been observed within the supergene zone of

copper porphyry deposits for which it is suggested that
Cu in chlorite occurs as metal nanoinclusions and Cu-rich
expanded interlayers (e.g., Ilton and Veblen, 1993). How-
ever, octahedrally-coordinated Cu2+ may substitute for
Fe-Mg in biotite, and possibly chlorite, at high tempera-

Table 3
Comparison of Cr, Co, Ni, Zn, Ga, and Ge concentrations of silicate minerals.

Cr (lg/g) Co (lg/g) Ni (lg/g) Zn (lg/g) Ga (lg/g) Ge (lg/g)

Grt <2.73–435 3.08–51.9 <0.51–3.77 25.1–101 4.00–9.54 2.08–21.5
Lit. 1.00–693 0.53–127 0.27–9.66 15.6–197.9 2.50–16.0 2.70–27.0
nLit. 105 98 105 54 75 51

Cpx 2.73–990 0.88–26.6 0.90–170 19.5–129 13.0–27.7 <1.42–3.62
Lit. 1.83–35100 0.91–86.6 4.60–629 57.0–272 8.80–40.8 1.20–2.60
nLit. 294 293 294 16 18 10

Cam 3.70–1532 17.2–89.4 4.88–1294 71.5–528 2.73–34.9 <1.42–4.30
Lit. 9.67–2061 0.358–394 9.06–1505 81.0–857 1.20–36.0 <0.10–21.0
nLit. 47 41 53 39 59 32

Wm 8.00–231 2.32–36.8 8.34–52.9 24.9–162 17.2–37.6 <1.42
Lit. 0.57–1525 3.00–27.2 6.70–415 20.0–200 26.1–188 <0.10–0.91
nLit. 29 23 29 21 27 10

Chl <2.73–1539 0.13–74.4 0.47–971 3.40–646 7.91–51.3 <1.42–3.86
Lit. 11.0–274 139 244–649 418–1174 5.00–53.0 <0.10–4.5
nLit. 5 1 5 5 17 13

Ep/Zo 5.20–444 0.24–3.11 <0.51–5.04 3.40–20.1 41.7–146 2.56–194
Lit. 30–1541 0.19–138 1.21–28.0 8.03–46.0 20–186 2.70–19.0
nLit. 40 29 33 26 116 101

Pl <2.73–5.20 <0.057–0.69 <0.51 <0.93 4.06–4.53 <1.42
Lit. <3.3–17.4 1.41–1.65 <0.42–5.31 <2.60 4.00–10.0 <0.10–1.8
nLit. 4 4 4 2 9 7

Ttn 50.8–259 <0.057–0.74 <0.51–3.82 <0.93–2.62 2.03–14.3 7.28–55.1
Lit. 31.0–970 0.20–1.27 <0.42–139 5.24–271 0.41–11.0 2.1–4.2
nLit. 12 2 10 10 22 14

Table 4
Comparison of As, Mo, Sn, Sb, Tl, and Pb concentrations of silicate minerals.

As (lg/g) Mo (lg/g) Sn (lg/g) Sb (lg/g) Tl (lg/g) Pb (lg/g)

Grt <0.80 <0.066–0.43 <0.11–0.81 <0.26 <0.019 <0.067–0.16
Lit. <0.043–0.22 0.11–0.64 <0.10–0.82 <0.050–0.15 0.001–0.032 <0.050–1.07
nLit. 24 10 8 50 20 54

Cpx <0.80–0.96 <0.066 0.44–2.01 <0.26–0.89 <0.019–0.080 <0.067–2.39
Lit. <0.017–8.70 0.069–4.70 0.52–1.78 <0.01–2.3 0.019–0.049 0.067–21.0
nLit. 56 10 143 106 6 289

Cam <0.80 <0.066–0.091 <0.11–2.69 <0.26–0.78 <0.019–0.17 <0.067–2.37
Lit. <1.2–11.0 0.08–16.0 <0.10–23 1.20–20.0 0.002–0.041 0.01–39.0
nLit. 4 5 4 4 20 36

Wm <0.80 <0.066 <0.11–1.24 <0.26–0.28 0.60–1.95 <0.067–14.1
Lit. 0.026 1.29–2.67 0.45–4.30
nLit. 1 7 19

Chl <0.80 <0.066–0.18 <0.11–1.86 <0.26–2.27 <0.019–1.06 <0.067–22.8
Lit. <0.23 2.71
nLit. 1

Ep/Zo <0.80–26.6 <0.066 0.79–7.36 <0.26–0.42 <0.019 3.71–109
Lit. 13.0–22.0 <0.48–15 2.8–20.0 <0.10–16.0 5.17–279
nLit. 3 10 3 3 24

Pl <0.80 <0.066 <0.11 <0.26 <0.019 <0.067–0.12
Lit. <0.54 18.8–34.7
nLit. 2 2

Ttn 0.81–11.8 0.36–9.60 9.14–81.6 <0.26–0.91 <0.019 2.03–9.67
Lit. 0.21 1.25–2.16
nLit. 1 4
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tures and fO2 (Hazen and Wones, 1972). Hara et al. (2018)
measured concentrations up to 218 lg/g of Cu in lawsonite.
Trivalent Cu may substitute for Al3+ if rocks are sufficiently
oxidized. Monovalent Cu was the only detected species in
experimental basaltic glasses equilibrated at and below
the nickel-nickel oxide fO2 buffer (Lanzirotti et al., 2019);
however, the fO2 under which Cu3+ may be stabilized under
slab P–T–X conditions is unknown and further investiga-
tion is warranted.

6.2. Prograde sulfur loss and sulfide reprecipitation

Sulfides are commonly observed in HP reaction zones
and veins, suggesting that significant sulfur may be mobi-
lized during prograde subduction metamorphism (e.g.,
Evans et al., 2014; Crossley et al., 2018; Li et al., 2020;
Walters et al., 2020). Prograde sulfides in oceanic-type
eclogites commonly occur as inclusions in garnet and
omphacite (e.g., Evans et al., 2014; Tomkins and Evans,
2015; Li et al., 2016, 2020; Walters et al., 2019; 2020; this
study), whereas sulfides in textural equilibrium with the
peak assemblage are rare. Studies of metapelite rocks
demonstrate that sulfur may be partially conserved when
pyrite is replaced by pyrrhotite during prograde regional
metamorphism (e.g., Tracy and Robinson, 1988). The
pyrite-to-pyrrhotite reaction transfers Fe from silicate
phases to produce Mg-enriched peak metamorphic silicate
assemblages. Such peak eclogite facies assemblages are
not observed in our samples and are not described in the lit-
erature. The thermodynamic calculations of Walters et al.
(2020) instead suggest that pyrrhotite will react to form pyr-
ite during prograde metamorphism. In the oxidized altered
oceanic crust, pyrite is predicted to break down to anhy-
drite and release fluid-borne SOx species over the blueschist
to eclogite transition (Walters et al., 2020), whereas H2S
may form via pyrite dissolution in less altered lithologies
metamorphosed at or below the quartz-fayalite-magnetite
fO2 buffer (Li et al., 2020; Walters et al., 2020). These stud-
ies predict only partial sulfur loss, with a maximum of 45%
in SOx dominant systems and lower values predicted in H2S
dominated systems.

Chalcopyrite is predicted to be replaced by an interme-
diate solid solution phase at pressures >1.0 GPa, which
undergoes a terminal breakdown reaction to pyrite + bor
nite + pyrrhotite between 1.0 GPa and 1.7 GPa (Brown
et al., 2020). These data are consistent with prograde inclu-
sions of chalcocite and covellite replacing chalcopyrite in
garnet in sample DR1203-11-03 (Fig. 2E), and retrograde
chalcopyrite exsolution in bornite in metasediments from
the Tauern Window, Austria (Walters et al., 2019) and
eclogite from the Tianshan, China (Li et al., 2016).
Reactions that may govern sulfur mobilization from Cu-
sulfides are unclear. Regardless of the mechanism, the
absence of peak metamorphic sulfides in many oceanic-
type eclogite rocks and enrichment of sulfur in metasoma-
tized HP rocks are consistent with efficient sulfur loss from
subducted oceanic crust.

The samples analyzed in this study exhibit varying
degrees of overprinting metasomatism and sulfide precipita-
tion. Trace-element data of these minerals are, therefore,

not representative of prograde subduction metamorphism.
Eclogite samples from coherent lithotectonic units (SVS-
11-01, TIS-11-02, and G083-12) display abundant retro-
grade amphibole grains and diopside + plagioclase sym-
plectite (Fig. 2A–C). Pyrite grains occur with amphibole
and contain inclusions of diopside and plagioclase in
SVS-11-01 and TIS-11-02 (Walters et al., 2019). In all three
eclogite samples, pyrite crystallized during early retrograde
metamorphism is rimmed by chalcopyrite (G083-12) or
chalcopyrite + pyrrhotite (SVS-11-01, TIS-11-02). The
phase equilibrium models of Walters et al. (2020) show that
pyrrhotite may replace pyrite during decompression and
heating to granulite facies conditions, consistent with the
textures observed here. Chalcopyrite associated with pyrite
breakdown must have formed at !1.0 GPa (Brown et al.,
2020), consistent with pyrite destabilization in the granulite
facies.

Blackwall samples record slab-fluid induced metasoma-
tism at peak to retrograde assemblages. For example, gar-
net, jadeite to aegirine clinopyroxene, and epidote are
observed in sample SY462, which suggests that metasoma-
tism and sulfide precipitation initiated under eclogite-facies
conditions. Textures in other samples, such as the
omphacite + pumpellyite + chalcopyrite + pyrrhotite veins
(sample DR1203-10-01), albite and chalcopyrite inclusions
in pyrite (sample DR1203-07-02), and pyrite overprinting
the omphacite + white mica + glaucophane (blueschist
sample PMQ06-5), suggest a maximum of blueschist-
facies conditions. However, there are few pressure con-
straints for chlorite schists, which may have formed in the
eclogite facies or at shallower conditions (Marschall and
Schumacher, 2012).

6.3. CSE budget of the subducting oceanic crust

Here we assess the impact of sulfur loss on the Co, Ni,
Zn, Ga, Ge, As, Mo, Sn, Tl, and Pb budgets for subducting
mafic crust following major dehydration reactions along
‘cold’ and ‘hot’ geotherms (Fig. 9). Our sample set does
not represent a suite of sulfide-bearing rocks metamor-
phosed at varying degrees across the blueschist-eclogite
transition, and thus we prefer modeling for our budget cal-
culations. The budgets were constructed using mineral
molar fractions calculated by Hernández-Uribe and Palin
(2019) in Theriak-Domino for the N-MORB composition
of Gale et al. (2013). Molar fractions were calculated along
the ‘cold’ and ‘hot’ geotherms from Penniston-Dorland
et al. (2015). Sulfides are not included in the models of
Hernández-Uribe and Palin (2019); here we assume values
of 0.2 and 1.0 mol% pyrite, consistent with predicted pyrite
abundances for average mid-ocean ridge basalt and altered
oceanic crust metamorphosed at blueschist facies condi-
tions (Walters et al., 2020). To assess the maximum impact
of pyrite on the CSE trace-element budget, we assume
complete loss of sulfides following slab dehydration. Min-
eral/garnet rim partition coefficients for Cr, Co, Ni, Zn,
Ga, Ge, and Sn (2–4 mineral/garnet pairs) are calculated
for texturally equilibrated assemblages Grt + Gln + Act +
Ep + Wm + Ttn in DR1203-11-03, and Grt + Omp in
G083-12, SVS-11-01, and TIS-11-02. An additional
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Brs/Grt partition coefficient was calculated for G083-12
using a barroisite inclusion paired with a nearby garnet core
measurement. These data are presented in Table 5. For sul-
fide/garnet partition coefficients, average pyrite and garnet
compositions were assumed. Matrix sulfides in eclogites ret-
rogressed in the granulite and amphibolite facies were not
formed under HP metamorphic conditions and are not
included in our average. Rutile and lawsonite were not ana-
lyzed in our study, and partition coefficients were calculated
from literature data. Additionally, thallium partition coeffi-
cients are calculated from the data of Hara et al. (2018),
who report lower detection limits than our study. The liter-
ature data used are detailed in the Electronic Annex.

Here we find that despite high sulfide/silicate partition-
ing coefficients, sulfides abundances are too low (<1 vol%
in most HP mafic rocks) and sulfides contribute little to
the distribution of most CSE in the subducted mafic crust.
Although eclogite-facies sulfide ores have been observed (e.
g., Giacometti et al. 2014), such rocks are rare. Instead, the

CSE evolution of the slab is largely driven by the loss of
hydrous phases, such as amphibole, lawsonite, and epidote.
Prior to sulfide loss, pyrite hosts 18–24%, 1–2%, and >64%
of the Co, Ni, and As budgets, respectively (Fig. 9). These
values increase to 52–62%, 4–8%, and >90% of the Co, Ni,
and As budget, respectively, if 1 mol% pyrite is assumed.
Only Co and As budgets are strongly influenced by small
changes in pyrite abundance. Here we find that Ni is pri-
marily hosted by amphibole and clinopyroxene. Pyrite/gar-
net partition coefficients for Co and Ni are an order of
magnitude higher than those of any other mineral, making
the budget of these elements particularly sensitive to pyrite
abundance. With a few exceptions (Fig. 4), As
concentrations in silicates are below the detection limit of
0.80 lg/g. Based on this detection limit, our budget esti-
mates the maximum permissible contribution of silicate
(and oxide) phases to the As budget. These data suggest a
minimum pyrite contribution of 64% of the total As budget;
however, this value is likely closer to 100% in natural rocks.

Fig. 9. Predicted trace element budgets (in mole fraction, xi) for Co, Ni, Zn, Ga, Ge, As, Mo, Sn, and Tl at 2.8 GPa and 500 "C (A) and 4.4
GPa and 750 "C (B) along a cold subduction P–T path, and 1.3 GPa and 700 "C (C) and 2.7 GPa and 850 "C (D) along a warm geotherm P–T
path. The corresponding mole fractions of the phase assemblages are shown above each P–T step. Calculations assume 0.2 mol% pyrite at the
low P–T conditions (see text). Given the low abundance of As in other minerals, it is likely that As loss is complete following sulfur-loss and
therefore is not included in the sulfide absent assemblage.
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The Ga (62%) and Pb (98%) budgets are dominated by law-
sonite along the cold P–T path, whereas epidote is the pri-
mary host of Pb (86%) along the hot P–T path. At 65–86%
of the Zn budget, amphibole is the primary host of this ele-
ment along both P–T paths. Rutile and titanite are the
greatest contributors to the Mo and Sn budgets (Fig. 8).
Similarly, trace abundances (" 1 mol%) of white mica
account for 60–70% of the Tl budget. Although we do
not estimate budgets for Cu, Ag, Cd, and Te, these elements
exhibit concentrations below detection limits in most sili-
cate phases, consistent with charge and ionic radius con-
straints. It is likely that sulfides dominate the budgets for
these elements.

Following dehydration and sulfide loss, the remaining
CSE are distributed among garnet, omphacite, rutile, and
white mica. Incomplete lawsonite breakdown is predicted
to occur along the cold geotherm within the P–T limits con-
sidered here (Fig. 9) and the remaining lawsonite hosts
~75% of the Pb budget. Garnet is the primary host of Ge,
whereas omphacite dominates the Ni, Zn, and Ga budgets.
Cobalt is divided nearly evenly between omphacite and gar-
net, and Tl between white mica and omphacite. Rutile is the
primary host of Mo and Sn.

In addition to budget estimates, trace element concen-
trations in minerals are predicted using the estimated parti-
tion coefficients and average seafloor basalt concentrations
of Co, Ni, Zn, Ga, Ge, As, Mo, Sn, Tl, and Pb (see Elec-
tronic Annex). Predicted compositions assume closed sys-
tem behavior during slab dehydration and are tabulated
in Table EA8. Estimated mineral compositions at P–T con-
ditions prior to significant dehydration are consistently near
or within the observed range of natural compositions
(Tables 3–4), whereas the excess of some elements following
dehydration indicates a partial to near-total loss of these
elements in natural systems.

For example, elements that almost exclusively substitute
into sulfides, such as As, are likely to be almost completely
expelled during sulfide breakdown. Arsenic zoning in sul-
fides precipitated from slab fluids (this study) and progres-
sive As loss with metamorphic grade (Bebout et al., 1999)
are consistent with significant As mobilization. Maciag
and Brenan (2020) found >90% of the As to be As3+ in
basalt melting experiments at 1200 "C and 0.1 MPa over
an fO2 range extending from 3.3 log units below to 5.3
log units above the quartz-fayalite-magnetite buffer. There-
fore, some As3+ may be retained in apatite (Liu et al.,
2017), but the P–T–X dependency of the As3+ to As5+ tran-
sition is poorly constrained. Copper, Ag, Cd, and Te are
also almost exclusively hosted in sulfides and are also pre-
dicted to be expelled from the slab if sulfur loss is complete.

Cobalt, Ni, Zn, Ga, and Pb concentrations are predicted
to exceed measured concentrations eclogitic minerals fol-
lowing dehydration, suggesting at minimum a partial loss
of these elements. Consistent with our calculations, Li
et al. (2013) measured prograde mass losses of 10–60%
for transition metals, including Co, Ni, Cu, and Zn, in
eclogite adjacent to an omphacite-rich dehydration vein.
In contrast, Guo et al. (2012) determined mass gains of
2.3% and 0.5% for Co and Cu, respectively, and a mass loss
of 7.5% for Ni following lawsonite-breakdown in UHP
eclogite. Significant Pb loss following epidote and lawsonite
breakdown is required considering the low abundance of Pb
in garnet, omphacite, phengite, and rutile. These data are
consistent with the experimental solid/fluid residue parti-
tion coefficients <0.10 for Pb (Kessel et al., 2005). Apatite
may retain some Pb in the slab residuum but is a relatively
minor phase. The studies of Chauvel et al. (1995), Kelley
et al. (2005), and King et al. (2007) suggested that the loss
of sulfides, which may contain Pb but are unlikely to incor-
porate U, from the slab may fractionate Pb from U. This

Table 5
Mineral/garnet partition coefficients for Cr, Co, Ni, Zn, Ga, Ge, and Sn.

Omp/Grt Cam/Grt Ep/Grt

Low 2SE High 2SE Low 2SE High 2SE Low 2SE High 2SE

Cr 0.46 0.01 3.75 0.14 0.26 0.01 1.09 0.03 0.26 0.01 0.64 0.02
Co 0.42 0.01 0.64 0.02 1.7 0.05 3.26 0.18 0.02 0.05 0.02 0.06
Ni 44.1 6.5 71 32 73 33 338*
Zn 1.25 0.07 1.41 0.06 3.648 0.23 10.03 0.79 0.08 0.02 0.11 0.02
Ga 2.46 0.12 5.05 0.39 1.068 0.085 3.90 0.28 6.54 0.44 8.09 0.53
Ge 0.36* 0.40 0.17 0.30* 0.34 0.11 0.55 0.2 0.67 0.22
Sn 3.60 1.38 7.44 4.40 11.1* 18.1*

Wm/Grt Ttn/Grt

Low 2SE High 2SE Low 2SE High 2SE

Cr 0.04 0.01 0.33 0.02 0.27 0.01 0.3 0.01
Co 0.51 0.04 0.55 0.04 0.004 0.002 0.53 0.12
Ni 10.4* 7.48*
Zn 1.08 0.10 1.14 0.11 0.020 0.006 0.08 0.02
Ga 2.42 0.17 2.45 0.17 0.28 0.03 0.34 0.04
Ge 0.30* 1.28 0.34 1.55 0.38
Sn 1.36* 94.0*
*Calculated relative to detection limit.
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process may successively elevate the U/Pb ratio of the man-
tle, thereby generating the HIMU reservoir (Chauvel et al.,
1995). As shown here, sulfides make a minor contribution
to the Pb budget, and thus their breakdown during pro-
grade metamorphism will not liberate significant Pb. A
more likely explanation is that the solid-fluid partition coef-
ficient of Pb is 1–2 orders of magnitude higher than that of
U at P-T experimental conditions relatively near the
epidote-out and lawsonite-out reactions (Kessel et al.,
2005). Gallium, which is similarly concentrated in lawsonite
and epidote, may also be lost to a significant degree during
the breakdown of these minerals. While El Korh et al.
(2017) did not observe any Ga loss across the blueschist
to eclogite facies transition, the peak assemblage contained
epidote and thus Ga is retained.

In contrast, Ge, Tl, Sn, and Mo may largely be retained
in the slab. Predicted Ge concentrations at all P–T condi-
tions are within or near those observed in natural garnet
and omphacite (e.g., El Korh et al., 2017; 2020; this study).
This conclusion was also reached by El Korh et al. (2017),
who found no Ge loss between blueschist- and eclogite-
facies lithologies. White mica, the primary host of Tl, is
stable up to 10.0 GPa (Schmidt and Poli, 2014). Therefore,
the incorporation of subducted Tl into volcanic arcs may
require the melting of slab-derived material, for instance
in mélange diapirs, consistent with Tl isotope values of
Aleutian arc magmas (Nielsen et al., 2016). Alternatively,
white mica may dissolve at pressures greater than 5–6
GPa, and thus release Tl from the slab at depths beyond
the arc (Schmidt and Poli, 2014). In contrast, Tl may be
retained even more deeply. Thallium isotope values of
ocean island basalts require a slab-derived Tl addition to
the HIMU mantle component, consistent with deep Tl sub-
duction (Blusztajn et al., 2018; Nielsen et al., 2006; Shu
et al., 2019).

Predicted Mo concentrations in most minerals exceed
measured concentrations for both low and high P–T calcu-
lations. Blueschist and eclogite Mo concentrations reported
by Chen et al. (2019) are between 0.052 and 0.383 lg/g clo-
sely match the 0.05–0.53 lg/g range of altered oceanic crust
measured by Freymuth et al. (2015; with the single excep-
tion of a highly altered basalt breccia with 0.95 lg/g Mo).
These values are lower than the average ocean floor basalt
composition of 0.662 lg/g used in our calculation, thereby
explaining the discrepancy between natural and predicted
Mo concentrations in HP minerals. In contrast to Mo, pre-
dicted Sn concentrations in rutile are lower than natural
data (e.g., Zack et al., 2002; Spandler et al., 2011; Su
et al., 2018). However, Sn is likely to also be retained in
eclogitic rutile and the lower concentrations likely reflect
our choice of bulk composition.

Our data show that sulfides do not contribute signifi-
cantly to the Mo budget of the slab. This observation is
in contrast to Skora et al. (2017), who proposed that sul-
fides are a more important host than rutile for Mo in eclog-
ites. The reason for this discrepancy may be the large
amounts of pyrite (3.8 wt%) and pyrrhotite (2.5–3.8 wt%)
added to their experiments. Instead, Ti-bearing phases such
as rutile or titanite, depending on P–T–fO2 conditions, are
much more likely to be the most important host of Mo in

most natural HP metamorphic rocks. König et al. (2008,
2010, 2011) observed slab contributions of Mo and W to
volcanic arcs and varying Mo/W between arcs. Sulfides will
not contribute to the fractionation of Mo from W within
the slab. Instead, fO2, fluid salinity, and rutile abundance
are thought to be the major controls on Mo mobilization
in slab fluids (Bali et al., 2012; Chen et al., 2019).

Sulfide-silicate partitioning represents the largest source
of uncertainty for the budgets of Co, Ni, and As. Poor (re-)
equilibration of pyrite with surrounding sulfide and silicate
phases impedes the determination of exact partition coeffi-
cients. For example, linear regressions of partition coeffi-
cients for multiple chalcopyrite-pyrite, pyrrhotite-pyrite,
and pyrrhotite-chalcopyrite pairs produce mean standard
weighted deviations much greater than unity. This variabil-
ity is observed in both sulfide replacement textures and co-
precipitated sulfide pairs. Although these textures are retro-
grade, they suggest that trace element equilibration between
pyrite and other phases may be sluggish. For example, early
retrograde pyrite is partially replaced by chalcopyrite + pyr
rhotite during granulite facies and amphibolite facies over-
prinst in samples SVS-11-01 and TIS-11-02. X-ray intensity
maps and quantitative spot analyses reveal the preservation
of sharp zoning in pyrite, corresponding to wt% level vari-
ations in Co, Ni, and As concentrations (e.g., Fig. EA22).
Consistent with these data, Brenan et al. (2000) observed
no resolvable Os diffusion in pyrite in experiments con-
ducted at 500 "C. These observations suggest that trace-
element concentrations in pyrite may not reflect equilibrium
with other phases. While this source of uncertainty may be
great, the concentrations predicted from our mass balance
calculations for Co (4000–5500 lg/g), Ni (450–850 lg/g),
and As (70–90 lg/g) concentrations are well within those
observed in natural rocks. Therefore, we suggest that our
trace-element budgets provide a reasonable estimate for
these elements. Regardless of sulfide-silicate equilibrium,
the other trace elements considered in our budget, such as
Zn, Ga, Mo, and Tl, exhibit negligible concentrations in
sulfides, and sulfides will thus not contribute greatly to
the CSE budget of the subducting mafic crust.

6.4. Cses as tracers of metasomatism

Minor and trace-element zoning in sulfides has long
been utilized to investigate ore-forming processes (e.g.,
Fleischer, 1955, Hawley and Nichol, 1961; Loftus-Hills
and Solomon, 1967). Sulfide composition has been linked
to changes in P-T-X, deformation, and kinetic and crystal-
lographic controls (Chouinard et al., 2005; Cook et al.,
2013; Peterson and Mavrogenes, 2014; Tardani et al.,
2017; Román et al., 2019; Wu et al., 2019). Here we find
that CSEs in sulfides from HP rocks similarly record com-
plex P-T-X histories and are a useful monitor of metaso-
matic processes.

Pyrite from mélange blackwall samples from Syros,
Dominican Republic, and Australia exhibit cyclic zoning
in Co ± Ni ± As (e.g., DR1203-15-02, SY404, SY523,
PMQ06-5). Similar cyclic Co + Ni zoning in pyrite was also
observed by Crossley et al. (2018) in chlorite and talc schist
blackwall from Alpine Corsica, and such cyclic zoning is
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likely characteristic of pyrite in blackwall rocks. In
hydrothermal systems, Co2+ and Ni2+ form aqua- and
chloro-complexes and display a transition from octahedral
to tetrahedral coordination with increasing T and salinity,
which occurs at lower a T for Co compared to Ni (Liu
et al., 2011). This coordination change with T marks a sig-
nificant increase in solubility and has been invoked to
account for the lack of hydrothermal Ni deposits
(Brugger et al., 2016). In contrast, Ni is fluid mobile under
HP metamorphic conditions. For example, Li et al. (2013)
also report a ~40% loss in Ni from lawsonite eclogite to a
HP vein during prograde metamorphism. Similarly,
serpentinite-derived fluids have been proposed to account
for Ni addition during metasomatism observed by van
der Straaten et al. (2008), Miller et al. (2009), Spandler
et al. (2011), and Fornash and Whitney (2020).

Invoking such CSE enriched fluids, Evans et al. (2014)
suggested that Co zoning in eclogitic sulfides may represent
the passage of fluids with varying salinity. However, as
shown here, the Co (and Ni) budgets of HP rocks are dom-
inated by Fe-Mg silicates and reactions involving these
phases may liberate significant Co and Ni. We demonstrate
that trace-element zoning in pyrite provides a valuable
record of both closed-system processes and fluid infiltration
during blackwall formation.

Cobalt and Ni zoning in pyrite are negatively correlated
in most metasomatized mélange samples (Fig. 6). We sug-
gest that the observed zoning represents fluctuations
between fluid- and rock-buffered conditions for various ele-
ments during metasomatism. Whether a given element is
fluid- or rock-buffered depends on the concentration of that
element in the fluid relative to the bulk rock and the volume
of fluid reacted with the rock. Highly fluid-mobile elements,
which do not substitute into most HP minerals, such as As,
will reach fluid-buffered conditions even at low fluid:rock
ratios, whereas elements such as Co and Ni, which are more
abundant in HP minerals, will require larger degrees of
fluid-rock interaction to reach fluid-buffered conditions.
Below we discuss two of our sample localities as case stud-
ies illustrating how Co-Ni decoupling may be linked to
variations in fluid:rock ratios.

6.4.1. Case Study I: Port Macquarie, Australia
A particularly illustrative example of Co and Ni decou-

pling is observed in pyrite in banded blueschist blackwall
from Port Macquarie mélange in Australia. Pyrite in sam-
ple PMQ06-5 exhibits elevated Co- and As-rich (0.5–2.0
wt%) and Ni-poor (<100 lg/g) cores, whereas high Ni
(200–2500 lg/g) concentrations in the rims and mantle con-
sistently correspond to zones of lower Co concentrations
(Fig. 6). Additionally, pyrite mantles and rims exhibit oscil-
latory Ni zoning (Fig. 2). Matrix pyrite is texturally late,
occurring as large idioblastic grains that crosscut the folia-
tion (Och et al., 2003). These textures suggest that sulfur
was introduced by external fluids during retrograde metaso-
matism (Walters et al., 2019).

We suggest that pyrite core compositions are indicative
of relatively low fluid:rock ratios. In Port Macquarie,
high-grade blocks contain small lawsonite eclogite pods
and layers, which are largely overprinted by banded

glaucophane schists (Och et al., 2003; Tamblyn et al.,
2019; 2020). The high-grade rocks experienced multiple
stages of burial, metasomatism, and sulfide formation
(Tamblyn et al. 2020). Elevated Co in pyrite cores may
mark a local source, such as the breakdown of garnet dur-
ing retrograde metamorphism, or an externally derived
fluid. The sharp core-to-mantle decrease in As may have
been the result of dilution as the volume of precipitated pyr-
ite increased, or may mark the end of As-producing reac-
tions in the mélange matrix or fluid source region.
Arsenic may be sourced from the breakdown of sulfides
(Bebout et al., 1999; this study) or serpentine-group miner-
als (Hattori et al., 2005; Ryan et al., 2019).

Elevated Ni concentrations in pyrite rims and mantles
(Fig. 2) may indicate higher fluid:rock ratios. High-grade
blocks at Port Macquarie are hosted within chlorite-
actinolite schist and are further enclosed in unaltered ser-
pentinite (Och et al., 2003). Mid-ocean ridge basalts exhibit
an average Ni:Co ratio of ~2 (see Table EA9), similar to
that of many HP mafic rocks (e.g., Spandler et al., 2004;
Guo et al., 2012). In contrast, HP serpentinites exhibit
Ni:Co ratios of 20–25 (e.g., Miller et al., 2009; Barnes
et al., 2014; Cannaò et al., 2016). Given that blocks are
hosted in metasomatized serpentinite, high fluid:rock ratios
should be accompanied by an enrichment of Ni relative to
Co in pyrite, consistent with pyrite mantle and rim compo-
sitions at Port Macquarie.

Alternative explanations for the decoupling of Ni from
Co and As may be considered. One scenario is a shift in
fluid sources during pyrite growth. Walters et al. (2019)
found that pyrite cores in sample PMQ06-5 exhibit d34S
values of #9.0 to #7.3‰, overlapping with the #8.3 to
#7.7‰ range of mantle and rim analyses. While different
fluid sources may have similar isotopic compositions and
this explanation cannot be ruled out, there are no isotopic
data supporting this scenario. In contrast, changes in fluid
salinity as proposed by Evans et al. (2014) should not frac-
tionate Co from Ni and is an unlikely alternative explana-
tion; however, changes in Co and Ni coordination in the
fluid as a function of a decrease in P-T may be possible.

6.4.2. Case Study II: Chlorite Schists
In contrast to other samples, pyrite in chlorite schist

blackwalls from Syros and the Dominican Republic exhi-
bits oscillatory zoning in Co but is unzoned in Ni
(Fig. 7). These rocks, which form at the contact between
high-grade mafic and metasedimentary blocks and serpen-
tinite matrix, exhibit geochemical similarity with the ser-
pentinite matrix (Miller et al., 2009). Consistent with the
ultramafic character of chlorite schists, chlorite and
actinolite in samples SY404 and DR1203-15-02 exhibit high
Ni/Co ratios (Fig. 7B). In these rocks, Ni in pyrite is likely
buffered by the silicate assemblage throughout the entire
sulfide growth history. In contrast, high Co zones in pyrite
are consistent with fluid-buffered conditions, whereas low
Co zones are consistent with rock-buffered conditions for
this element.

Cyclic variations in the fluid:rock ratio may be associ-
ated with pulsed fluid flow events. Rapid fluid pulses from
the dehydrating slab (John et al., 2012; Taetz et al., 2018)
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may drive transient increases in pore fluid pressure during
released slip events at the subduction interface (see review
in Gomberg, 2010). In addition to driving variations in fluid
availability, fluid chemistry may also evolve in response to
changes in pore pressure. For example, Peterson and
Mavrogenes (2014) suggested that cyclic zoning in pyrite
may record trace element saturation in ore-forming fluids
as a result of instantaneous drops in pressure caused by
brittle failure. They also observed significant sulfur isotopic
excursions (>10‰ in d34S) in pyrite associated with the
trace element rich zones. These excursions are the result
of fluid unmixing, which partitions the oxidized and
reduced sulfur into separate brine and supercritical fluid
phases, resulting in large isotopic fractionations
(Drummond and Ohmoto, 1985). However, Walters et al.
(2019) showed no correlation between d34S values and Co
concentration in chlorite schist samples SY404 and
DR1203-15-02. Viete et al. (2018) calculated pressure fluc-
tuations of 100–350 MPa associated with oscillatory zoning
in HP garnet from the Franciscan formation, CA; pressure
variations of this magnitude may be too small to intersect
the critical curve for subduction zone fluids (Manning,
2004). Alternatively, cyclic zoning may result from transient
reaction-driven changes in porosity and permeability dur-
ing metasomatism (Yardley et al., 1991).

7. CONCLUSIONS

Here we present an overview of 18 chalcophile and side-
rophile minor and trace elements in the subducted mafic
crust and associated metasomatic lithologies. In this global
survey of six exhumed terranes worldwide, we show that
sulfides are the primary hosts of Cu, As, Ag, and Cd. In
contrast to these five elements, the budget for other CSE
is dictated by partitioning between silicate, oxide, and fluid
phases:

$ Fe-Mg silicates are the primary hosts of Cr, Ni, Zn, Ga,
and Ge, with amphibole and omphacite making particu-
larly large contributions to the whole-rock budget
(Fig. 9).

$ High concentrations of Mo and Sn are observed in titan-
ite and are comparable to those reported for rutile (Zack
et al., 2002; Li et al., 2013, 2017; Su et al., 2018; Chen
et al., 2019). Additionally, sulfides make a negligible
contribution to the Mo budget of subducted mafic
rocks.

$ Though volumetrically minor, white mica (where pre-
sent) dominates the Tl budget, supporting the conclu-
sions of Shu et al. (2019). Thallium is not hosted in
sulfides in the subducted curst despite its partly chal-
cophile character in other settings.

$ Sulfides make little contribution to the slab Pb Budget,
which is dominated by epidote and lawsonite.

We suggest that sulfide breakdown or dissolution during
prograde subduction metamorphism of the mafic oceanic
crust (Bebout et al., 1999; Tomkins and Evans, 2015; Li
et al., 2020; Walters et al., 2019; 2020) may liberate signif-
icant Cu, As, Ag, and Cd into the overlying arc-mantle

wedge system. These data suggest that Cu mobilized in slab
fluids will enrich some arc lavas (Noll et al., 1996; de Hoog
et al., 2001; Timm et al. 2012). Although our data suggest
significant Cu mobilization from the slab, more recent stud-
ies show no enrichment in Cu in arc magmas relative to
MORB (Jenner et al., 2010; Lee et al., 2012; Lee and
Tang 2020). We suggest three possible explanations for this
conundrum: (1) Arc magmas may exhibit a largely unrecog-
nized slab contribution of Cu, (2) These elements are fil-
tered out in the slab-mantle interface or in the peridotitic
mantle wedge, or (3) sulfur saturation is common and
results in overlapping Cu concentrations between MORB
and arc lavas. Therefore, the ‘missing’ slab signature of
some CSE elements warrants further investigation.

In contrast to Cu, sulfide breakdown will not contribute
greatly to Ni, Zn, Ga, and Pb loss from subducted mafic
crust; instead lawsonite, epidote, and amphibole dehydra-
tion reactions are anticipated to mobilize these elements.
The lack of a sulfide contribution to the Pb budget is par-
ticularly important, as this means that sulfides are not
responsible for the fractionation of Pb from U in the slab
and will not help to solve the ‘Pb paradox’ (e.g., Chauvel
et al., 1995. The elements Ge, Tl, and Sn + Mo may be
retained in the slab in garnet, white mica, and rutile, respec-
tively. Copper and Mo are typically enriched in arc-related
ore deposits (see review by Richards, 2011), but would be
decoupled by prograde sulfur loss to slab fluids. Molybde-
num enrichment in these deposits may require slab melting,
mélange melting or other process. Alternatively, the cycling
of Ge, Tl, Sn, and Mo into the overlying arc-mantle wedge
system may require slab fluxing by external fluids, mélange
or slab melting, or dehydration at elevated fO2 conditions
(e.g., Nielsen et al., 2016; Chen et al., 2019).

We also demonstrate that CSE zoning in sulfides and sil-
icates may be used to track metasomatism in HP rocks. In
subduction mélanges, zoning of Co and Ni in pyrite reac-
tion or ‘blackwall’ zones on mafic blocks record variations
in the degree of fluid buffering during sulfide growth. Fluid
buffering conditions are reached at different stages for Co
and Ni as a function of fluid:rock ratio and bulk composi-
tion, thereby decoupling these geochemically rather similar
elements. We also suggest that oscillatory zoning of some
mélange blackwall pyrite grains records cyclic changes in
fluid abundance, consistent with seismicity- or reaction-
induced porosity changes.
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EPMA analyses, David Hernández-Uribe for providing
the molar phase abundances from Hernández-Uribe &

210 J.B. Walters et al. /Geochimica et Cosmochimica Acta 304 (2021) 191–215



Palin (2019), and Christopher McFarlane for analytical
advice. Andrew Tomkins, Afifé El Korh, and an anony-
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ment compositional data (Tables EA1–EA2), external
reproducibility on secondary reference materials
(Table EA3), minor and trace element compositional data
(Tables EA4–EA5), LA-ICP-MS internal standard element
values (Table EA6), average limits of detection
(Table EA7), mineral trace element compositions predicted
by our mass balance constraints (Table EA8), and average
basalt trace element compositions used in our mass balance
calculations (Table EA9). Additional figures include sulfide
X-ray intensity maps with plotted compositions
(Figs. EA1–EA22), garnet X-ray intensity maps (Figs. E
A23–EA26), a comparison of LA-ICP-MS and EPMA data
for pyrite (Fig. EA27), sulfide and garnet EPMA transects
(Figs. EA27–EA30), an amphibole classification diagram
Fig. (EA31), LA-ICP-MS analysis locations (Figs. EA32–
EA43), amphibole trace element compositions for
DR1203-10-02 (Fig. EA44), a plot of Sn vs In from epidote
analyses (Fig. EA45), and an example of time resolved pyr-
ite LA-ICP-MS spectra (Fig. EA46). Additional methods
and descriptions of calculations may be found in the elec-
tronic annex.
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Supplementary data to this article can be found online at
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