Available online at www.sciencedirect.com

CrossMark SCienceDi red

Geochimicaet
Cosmochimica
Acta

o R -
ELSEVIER Geochimica et Cosmochimica Acta 211 (2017) 48-63

www.elsevier.com/locate/gca

Copper 1sotope fractionation during partial melting and
melt percolation in the upper mantle: Evidence from
massif peridotites in Ivrea-Verbano Zone, Italian Alps

Jian Huang ™", Fang Huang**, Zaicong Wang ", Xingchao Zhang®, Huimin Yu®

* CAS Key Laboratory of Crust-Mantle Materials and Environments, School of Earth and Space Sciences, University of Science and Technology
of China, Hefei 230026, China
Y Freie Universitdt Berlin, Institut fiir Geologische Wissenschaften, Malteserstrasse 74-100, 12249 Berlin, Germany

Received 12 October 2016; accepted in revised form 4 May 2017; Available online 11 May 2017

Abstract

To investigate the behavior of Cu isotopes during partial melting and melt percolation in the mantle, we have analyzed Cu
isotopic compositions of a suite of well-characterized Paleozoic peridotites from the Balmuccia and Baldissero massifs in the
Ivrea-Verbano Zone (IVZ, Northern Italy). Our results show that fresh lherzolites and harzburgites have a large variation of
8%Cu ranging from —0.133 to 0.379%o, which are negatively correlated with Al,O5 contents as well as incompatible platinum-
group (e.g., Pd) and chalcophile element (e.g., Cu, S, Se, and Te) contents. The high 8%*Cu can be explained by Cu isotope
fractionation during partial melting of a sulfide-bearing peridotite source, with the light isotope (**Cu) preferentially entering
the melts. The low 8%Cu can be attributed to precipitation of sulfides enriched in **Cu during sulfur-saturated melt
percolation. Replacive dunites from the Balmuccia massif display high §°°Cu from 0.544 to 0.610%0 with lower Re, Pd, S,
Se, and Te contents and lower Pd/Ir ratios relative to lherzolites, which may result from dissolution of sulfides during
interactions between S-undersaturated melts and lherzolites at high melt/rock ratios. Thus, our results suggest that partial
melting and melt percolation largely account for the Cu isotopic heterogeneity of the upper mantle.

The correlation between §°°Cu and Cu contents of the lherzolites and harzburgites was used to model Cu isotope fraction-
ation during partial melting of a sulfide-bearing peridotite, because Cu is predominantly hosted in sulfide. The modelling
results indicate an isotope fractionation factor of opmeie-peridotite = 0.99980-0.99965 (i.e., 1031nocmeh_perid0,ite =-0.20 to
—0.35%o0). In order to explain the Cu isotopic systematics of komatiites and mid-ocean ridge basalts reported previously,
the estimated omelt-peridotite Was used to simulate Cu isotopic variations in melts generated by variable degrees of mantle
melting. The results suggest that high degrees (>25%) of partial melting extracts nearly all source Cu and it cannot produce
Cu isotope fractionation in komatiites relative to their mantle source, and that sulfide segregation during magma evolution
have modified Cu isotopic compositions of mid-ocean ridge basalts.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Copper (Cu) is a moderately volatile, chalcophile, redox-
sensitive (Cut and Cu®") transition metal element. It has
two stable isotopes of ®>Cu (69.17%) and ®*Cu (30.83%)
(Shields et al., 1964), which can be significantly fractionated
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during both low and high temperature geochemical pro-
cesses (e.g., Albarede, 2004; Moynier et al., 2017). Due to
the recent advance of high-precision isotope analytical
method using multi-collector inductively coupled plasma
mass spectrometry (MC-ICPMS), Cu isotopes have been
used to unravel a number of fundamental issues such as
the evolution of early solar system (e.g., Luck et al.,
2005), core-mantle differentiation (Savage et al., 2015), con-
tinental weathering (e.g., Mathur et al., 2012), biological
and hydrothermal activities (e.g., Mathur et al., 2005,
2010), sources of Cu in porphyry deposits (e.g., Mathur
et al., 2009; Li et al., 2010), and source heterogeneity of
granitic rocks (Li et al., 2009).

Recent studies have revealed that the Earth’s mantle has
highly variable Cu isotopic compositions with 8°Cu (=
[(®°Cu/**C)ampie/ (P Cu/*Cu)nistors — 1] x 1000%0) rang-
ing from —0.68 to 1.82%o (Savage et al., 2014; Liu et al.,
2015). Such Cu isotopic heterogeneity has been interpreted
to result from recycling of crustal materials into the mantle
(Savage et al., 2014; Liu et al., 2015). However, Liu et al.
(2015) showed that peridotites devoid of modification by
recycled crustal materials also display significant Cu iso-
topic variations with 3°*Cu ranging from —0.24 to 0.19%.
This suggests that other unidentified processes had altered
the Cu isotopic compositions of mantle peridotites. In addi-
tion to crustal recycling, mantle processes (e.g., partial
melting and melt percolation) can also cause elemental
and isotopic heterogeneity of the upper mantle (Bodinier
and Godard, 2014 and references therein). Thus, under-
standing the behavior of Cu isotope fractionation during
mantle processes is a prerequisite for better application of
Cu isotopes in tracing the recycled crustal materials.

In situ analyses of minerals in mantle peridotites have
clearly unraveled that sulfides usually have variably higher
Cu contents (percent levels, e.g., 0.01-76.8 wt.%) relative to
the coexisting silicate and oxide minerals such as olivine,
pyroxene, garnet, and spinel (<5ppm) (Garuti et al.,
1984; Lorand, 1989; Luguet et al., 2001, 2003, 2004;
Wang et al., 2009; Harvey et al., 2011; Lee et al., 2012). This
is consistent with experimental results that sulfide has very
high sulfide melt/silicate melt partition coefficients
(suifide/meltpy ) of 600-1800 at upper mantle conditions
(e.g., Gaetani and Grove, 1997; Ripley et al., 2002;
Mungall and Brenan, 2014). Thus, sulfide is thought to be
a dominant host of Cu in mantle peridotites (e.g., Lee
et al., 2012; Wang and Becker, 2015a).

The primitive upper mantle has ~200 ppm sulfur (S)
(Palme and O’Neill, 2014), and sulfide is ubiquitous in the
upper mantle and generally involved in mantle melting
and melt percolation (e.g., Garuti et al., 1984; Harvey
et al., 2011; Lee et al., 2012; Wang et al., 2013; Le Roux
et al., 2015). At equilibrium conditions, sulfide is enriched
in the lighter Cu isotope (**Cu) relative to the coexisting sil-
icates as revealed by experimental studies (Savage et al.,
2015) and studies on natural igneous systems (Huang
et al., 2016a). It is also demonstrated that crystallization
of silicate minerals does not significantly fractionate Cu iso-
topes, as attested to by Cu isotope measurements of differ-
entiated cogenetic magmatic suites (Li et al., 2009; Huang
et al., 2016a). These results imply that Cu isotopes can be

potentially fractionated during melting of sulfide and melt
percolation. For example, Savage et al. (2014) suggested
that partial melting can fractionate Cu isotopes as they
noted that the elementally depleted peridotite xenoliths
from Kilbourne Hole have low 3°*Cu (down to —0.40%o).
However, Liu et al. (2015) proposed that there is no detect-
able Cu isotope fractionation during mantle melting based
on the similar Cu isotopic compositions between mantle
peridotites devoid of metasomatism (8%°Cu= —0.24 to
0.19%0) and mantle-derived magmas, including mid-ocean
ridge basalts (MORBs) and ocean island basalts (OIBs)
(8%°Cu = —0.07 to 0.18%o). It is thus necessary to investi-
gate the behavior of Cu isotopes during mantle melting to
clarify such a debate.

In addition to partial melting, melt percolation influ-
ences the chemical evolution of the mantle (Bodinier and
Godard, 2014 and references therein). The large variations
of §°°Fe (~1.5%o0) (e.g., Weyer and Ionov, 2007; Zhao et al.,
2015) and 8**Mg (~0.6%o0) (e.g., Xiao et al., 2013) in mantle
peridotites result from both equilibrium and kinetic isotope
fractionations during percolation of Fe-rich and Mg-poor
silicate melts. The magnitude of kinetic isotope fractiona-
tion during melt percolation depends on differential diffu-
sivities of isotopes and could be much larger than that
observed in equilibrium processes at high temperatures
(Sossi et al., 2016a and references therein). Previous studies
have shown that S-saturated melt (i.e., sulfide melt) perco-
lation with low melt/rock ratios would result in precipita-
tion of interstitial sulfide with pyroxene and spinel (e.g.,
Lorand and Alard, 2001), whereas percolation of
S-undersaturated silicate melts with high melt/rock ratios
would dissolve these minerals and precipitate olivine (e.g.,
Kelemen et al., 1995). Accordingly, percolation by melts
can redistribute platinum-group elements (PGEs, i.e., Os,
Ir, Ru, Rh, Pt, and Pd) and chalcophile elements (e.g.,
Cu, S, Se, and Te) (e.g., Lorand and Alard, 2001; Wang
et al., 2013; Wang and Becker, 2015a; Sanfilippo et al.,
2016). However, the behavior of Cu isotopes during melt
percolation involving dissolution and precipitation of sul-
fide remains unknown.

Here, we have determined the Cu isotopic compositions
of a suite of well-characterized samples from the Baldissero
(BD) and Balmuccia (BM) peridotite massifs in the Ivrea-
Verbano Zone (IVZ, Italian Alps). Both peridotite massifs
represent fragments of subcontinental lithosphere mantle
(SCLM) and had been tectonically emplaced at the lower
crustal level during the Alpine orogeny ca. 110 Ma ago
(e.g., Quick et al., 2009). In contrast to xenolith peridotites
which may experience interactions with the host lavas, mas-
sif peridotites are not subject to such interactions. Further-
more, their exposed areas (several km?) allow an in-situ
observation of mantle processes. The BD and BM peri-
dotites are extremely fresh with no or limited modification
(if any) by crustal materials (Hartmann and Hans
Wedepohl, 1993; Rivalenti et al., 1995; Mazzucchelli
et al., 2009, 2010). They are predominantly lherzolitic bod-
ies with a small (10-15% by volume) fraction of harzbur-
gites, dunites and pyroxenite veins (Shervais and Mukasa,
1991) and are modified by partial melting and percolation
of melts with different compositions (Wang et al., 2013).
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Therefore, they provide a great opportunity to examine the
behavior of Cu isotopes during partial melting and melt
percolation in the upper mantle. Our results reveal a
§%Cu range from —0.133 to 0.379%. for the fresh lherzolites
and harzburgites and from 0.544 to 0.610%. for the BM
dunites. The high 8%Cu was caused by partial melting
and S-undersaturated melt percolation with preferential
dissolution of sulfide enriched in the light Cu isotope,
whereas the low 3*°Cu was caused by sulfide melt percola-
tion. Our observations suggest that partial melting and melt
percolation likely result in significant Cu isotopic hetero-
geneity of the upper mantle and that partial melting and/
or sulfide segregation during magma differentiation control
the Cu isotopic compositions of komatiites and MORBs.

2. GEOLOGICAL SETTINGS AND SAMPLE
DESCRIPTIONS

The IVZ in the Western Italian Alps represents one of
the best preserved cross-sections of the lower continental
crust. It was formed by the Alpine collision between the

Adriatic and Europe Plates (e.g., Quick et al., 2009) and
comprises two main units of the Kinzigite Formation and
the Mafic Complex with the later intruding into the former
over a protracted time interval between 290 Ma and
210 Ma (Peressini et al., 2007) (Fig. 1).

The BM peridotite massif is a tectonic lens of 4.5 km
long and 0.8 km wide within the mafic-ultramafic complex
(Fig. 1). It predominantly consists of spinel lherzolite
(>85% by volume), subordinate dunite (~10%), and rare
harzburgite (Shervais and Mukasa, 1991; Mukasa and
Shervais, 1999). The chemical compositions of the BM lher-
zolite record low degrees of melt extraction and nearly
simultaneous melt infiltration during the late Paleozoic
(Rivalenti et al., 1995; Mukasa and Shervais, 1999;
Mazzucchelli et al., 2009; Wang et al., 2013). The spinel
lherzolite is cut by two main generations of pyroxenite
dykes, including the older Cr-diopside websterites and the
younger Al-augite clinopyroxenites (Shervais and
Mukasa, 1991; Wang and Becker, 2015b). These dykes
reflect multistage events of melt intrusion before the
emplacement of the BM massif into the lower crust
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Fig. 1. Geological map of the Ivrea-Verbano Zone with locations of the Baldissero (BD) and Balmuccia (BM) peridotite massifs (Modified
after Mazzucchelli et al., 2010). FI = Finero; CL = Cremoina line; IL = Insubric line; CMBL = Cossato-Mergozzo-Brissago line;

PL = Pogallo line; HTSZ = High-temperature shear zone.
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Fig. 2. Variations of selected element contents in Baldissero and Balmuccia peridotites. CaO and Al,O; data in (A) are from previous studies
(Hartmann and Hans Wedepohl, 1993; Obermiller, 1994; Rivalenti et al., 1995; Mazzucchelli et al., 2009, 2010; Wang et al., 2013), and trace
element data are from Wang et al. (2013). Colored and specifically-denoted symbols denote the samples investigated in this study. Black
squares denote the primitive mantle (Becker et al., 2006; Wang and Becker, 2013, 2015a; Palme and O’Neill, 2014). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



52 J. Huang et al./ Geochimica et Cosmochimica Acta 211 (2017) 48-63

(Rivalenti et al., 1995; Mukasa and Shervais, 1999). Ele-
mental and Nd-Sr isotopic variations of the pyroxenite
dykes have been considered as a response to thinning and
uplift of the SCLM and upwelling of asthenosphere to the
crustal level (Mukasa and Shervais, 1999). There are two
main types of replacive dunites in the BM massif, including
thin dunite layers (<40 cm thick) and tabular dunite bodies
(50 m thick and 150 m long). They have been interpreted to
originate from pyroxene- and sulfide-dissolving reactions
caused by focused percolation of S-undersaturated silicate
melts (Rivalenti et al., 1995; Mazzucchelli et al., 2009;
Wang et al., 2013).

The BD massif is in the south-western part of the IVZ
(Fig. 1). It is mainly composed of spinel lherzolites contain-
ing small amounts of amphibole and sulfide (e.g.,
Mazzucchelli et al., 2010). The BD lherzolite has the same
major and trace element composition as that at Balmuccia
(Hartmann and Hans Wedepohl, 1993). Incompatible ele-
ment concentrations of whole rock and clinopyroxene sug-
gest that the BD spinel lherzolite is a refractory residue
after melt extraction (Mazzucchelli et al., 2010). Predomi-
nantly Paleozoic Re depletion ages (Trp) and a Sm-Nd
errorchron age (378 4+ 48 Ma) of clinopyroxene separates
from the BD spinel lherzolite record a Paleozoic partial
melting event during the Variscan orogeny (Obermiller,
1994; Mazzucchelli et al., 2010; Wang et al., 2013). The
BD massif is also cut by different generations of Mesozoic
pyroxenite dykes (i.e., Cr-diopside and Al-augite suites)
(Mazzucchelli et al., 2010). Notably, even some BD lherzo-
lites far away from pyroxenite dykes may have been slightly
affected by melt percolation, as revealed by the presence of
accessory titanian pargasite and a slight enrichment of
highly incompatible elements (e.g., Nb) in the bulk rock
compositions (Mazzucchelli et al., 2010).

The BD and BM peridotites investigated here have been
well studied previously for petrology and major/trace
elemental and Sr-Nd-O-Os isotopic compositions
(Obermiller, 1994; Rivalenti et al., 1995; Wang et al.,
2013). They include 17 lherzolites, 3 harzburgites, and 2
tabular dunites, which represent the entire range of varia-
tions of bulk rock compositions reported in previous stud-
ies (Fig. 2A). All but two selected samples are exceptionally
fresh, as indicated by the absence of altered minerals (e.g.,
serpentine) and low loss on ignition (LOI, typically <1 wt.%
and sometimes negative) (Obermiller, 1994; Wang et al.,
2013). Accordingly, sulfides in these samples are unaffected
by alteration processes after emplacement. The major metal
sulfides are pentlandite and subordinate chalcopyrite
(>95% by volume) as interstitial and inclusion phases
(Wang et al., 2013). The co-variations of Al,O; and CaO
contents (Fig. 2A) suggest that the studied peridotites have
a variable fertility. Good correlations of S with Al,O3 and
Se, Se with Te and Pd as well as Cu with Al,Os, Pd, S, Se,
and Te can be observed in the studied samples (Fig. 2B-J).

3. ANALYTICAL METHODS
Copper isotopic analyses were performed at the Metal

Stable Isotope Laboratory of the University of Science
and Technology of China (USTC). The procedures for sam-

ple dissolution and chemical purification used here are
modified from those established by Maréchal et al. (1999).
Sample powders were dissolved in Savillex beakers with
caps using double-distilled concentrated HF + HNOs,
HCI1 + HNOj; and HCI successively. Separation of Cu was
achieved by cation exchange chromatography with Bio-
Rad AG-MP-1M strong anion resin in 6 N HCI + 0.001%
H,0, media. The column chemistry was performed twice,
and then matrix elements of Na, Ti, Fe, Mg, and Al, which
could have a significant impact on the analytical accuracy
of Cu isotopes due to molecular spectral interference con-
firmed by our cation-doping experiments (Fig. S1), were
checked for each eluted Cu fractions using ICP-MS. If
matrix elements/Cu ratios (mass/mass) are high enough
(ie., Ti/Cu>0.1, Na/Cu>0.5, Fe/Cu>2; Al/Cu>2,
Mg/Cu > 4) (Fig. S1) to affect the analytical accuracy, a
further column chemistry was performed to ensure that
these ratios are low enough to avoid a detectable molecular
spectral interference. The Cu yields through column chem-
istry, obtained by analyses of Cu contents in the elution col-
lected before and after the Cu cut, are >99.5%. The total
procedural blanks (from sample dissolution to mass spec-
trometry) during the course of this study range from 0.81
to 2.34ng (n=14), which are negligible compared to
ca.l.2 pg Cu loaded onto the resin.

Copper isotope ratios were analyzed by a sample-
standard bracketing method using a Thermo-Fisher Nep-
tune Plus MC-ICPMS. The low-mass-resolution mode
and the SIS introduction system were applied with ®Cu
in the Central cup and ®>Cu in the H2 Faraday cup. A Ni
(H) + Ni (Jet) cone was used with 150 ppb Cu yielding a
8 Cu signal of ca. 5.0 V. Copper isotope ratios are reported
in standard d-notation in per mil relative to NIST 976:
8°°Cu = [(®Cu/"C)sampie/(°Cu/*Cu)nist 976 — 1] %
1000%o0. Repeated analyses of two mono-element reference
materials over one and a half years yield §%°Cu of 0.192
4 0.048%0 (2SD, n=347) for ERM-AE-647 and 0.303
4 0.049%0 (2SD, n=51) for AAS (Fig. S2). Thus, the
long-term external reproducibility for §%°Cu is +0.049%.
(2SD) during the course of this study. Seven international
whole rock standards (i.e., AGV-2, BHVO-2, BCR-2,
BIR-1a, GSP-2, W-2a, and PCC-1) were processed through
column chemistry together with samples of interest for
accuracy check. Their Cu isotopic compositions obtained
here agree with previously-published values within error
(Table S1, Chapman et al., 2006; Li et al., 2009; Bigalke
et al., 2010a,b, 2011; Moynier et al., 2010; Moeller et al.,
2012; Dekov et al., 2013; Liu et al.,, 2014a,b; Savage
et al., 2015; Sossi et al., 2015; Huang et al., 2016a,b). This,
combined with the indistinguishable results for repeated
analyses (Table 1), assures the accuracy of our data.

4. RESULTS

The Cu isotopic compositions and selected previously-
published major and trace element concentrations of the
peridotites investigated here are listed in Table 1. The whole
range of 8%Cu varies from —0.344%o to 0.610%.. Two
dunites from the tabular dunite body at the BM massif
show heavy Cu isotopic compositions with 3%°Cu from
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Table 1
Copper isotopic compositions and selected element concentrations of Baldissero and Balmuccia peridotites from Ivrea-Verano Zone, Italian
Alps.
Sample Rock® 8%Cu® 2SD° N¢ ALO;® CaO® Cu® Pd° §° Se®  Te®  Se/Te® Pd/Ir*  '870s°/1380s

Type %0 wt.% wt% ppm ppb ppm ppb ppb

Baldissero
BD11-01 L 0.083 0.044 3 2.7 2.44 239 896 162 742 118 6.3 2.29 0.12454
BDI11-05 L 0.225 0.034 3 32 2.98 29.6  7.02 178 89.0 116 7.7 2.11 0.12935
BDI11-07 L 0.073 0.042 3 2.8 2.78 21.1  6.36 171 654 10.0 6.5 1.82 0.12672
Replicate’ 0.108 0.032 3
Average® 0.090 0.049
BDI11-08 L 0.078 0.056 3 32 2.93 30.3 6.95 180 76.1 11.5 6.6 1.82 0.12770
BDI11-12 L 0.256 0.054 3 2.3 1.67 439 374 122 364 469 7.8 1.32 0.12041
BD11-13 L 0.618 0.025 3 2.5 2.32 411 535 141 550 568 9.7 1.64 0.12223
Replicate 0.576 0.045 3
Average 0.597 0.049
BD90-4 L —0.008 0.041 3 2.4 2.71 347  10.1 853 135 63 2.78 0.12613
BD90-10 L 0.239 0.024 3 2.7 2.60 243 6.44 74.8 820 9.1 1.56 0.12303
BD92-2 H 0.205 0.042 3 1.8 1.26 151 341 799 379 577 6.6 1.13 0.11986
BD-17 H 0.379 0.091 3 1.1 0.67 2.59 1.16 358 6.8 1.53 45 0.46 0.11776
Balmuccia
BM90-15 L —0.315 0.048 3 2.57 250 742 110 205 54 1.94 0.12578
Replicate —-0.373 0.034 3
Average —0.344  0.049 2.8
BM-09 L —0.007 0.026 3 34 3.25 370 796 182 114 13.1 8.7 2.01 0.13125
BM11-02A L -0.137  0.035 3 34 3.06 553 730 349 143 114 125 1.88 0.13167
Replicate —0.128 0.010 3
Average —0.133  0.049
BM11-03B H 0.176 0.044 3 1.1 0.96 234 478 757 390 7.05 55 1.11 0.11914
BM11-04 L 0.084 0.018 3 2.5 2.78 36.0 686 153 80.4 12.1 6.6 1.78 0.12667
BM11-08 L 0.040 0.028 3 32 2.81 343 6.68 170 804 10.1 79 1.70 0.12734
BM11-09 L 0.092 0.013 3 2.7 2.57 263 697 127 782 118 6.6 1.78 0.12613
BM11-10 L 0.100 0.016 3 2.8 2.87 31.1 7.13 134 8§99 122 74 1.81 0.12702
BM11-11 L 0.250 0.035 3 2.1 1.60 780 648 88.1 409 848 4.8 1.62 0.12493
BM11-18 L 0.214 0.049 3 2.8 2.68 356 650 168 76.1 10.1 7.6 1.79 0.12649
BM11-07A D 0.554 0.044 3 0.30 0.20 252  1.18 734 355 3.53 101 0.60 0.12625
Replicate 0.534 0.029 3
Average 0.544 0.049
BM11-24A D 0.610 0.053 3 0.50 0.19 4.61 0.52 279 123 0.89 138 0.72 0.12946

% L = Lherzolite, H = Harzburgite, D = Dunite.
b §95Cu = [(65Cu/63Cu)sample/(“Cu/“Cu)leT 976 — 1] x 1000, where NIST 976 is an international Cu isotope-normalized standard.

¢ 2SD = two times the standard deviation of the population of n repeated measurements of the same solution.

4 N represents the times of repeat measurements of the same purified solution by MC-ICP-MS.

¢ Data for Cu concentrations are taken from Wang and Becker (2015a.b), and the others from Wang et al. (2013).

I Repeated = repeated the whole procedure, including sample dissolution, column chemistry and mass spectrometry.

& The average values were used in all plots and discussion. For these values, the long-term reproducibility (0.049%o, 2SD) during the course

of data acquirement is cited.

0.544%0 to 0.610%o (Fig. 3). One spinel lherzolite (sample
DBI11-13) with serpentinization (Wang et al., 2013) have a
3% Cu value of 0.597%o, whereas one spinel lherzolite (sam-
ple BM90-15) modified by a late-stage melt/fluid transport
(Wang et al., 2013), has the lowest 8°*Cu of —0.344%o
(Fig. 3). With the exception of these four samples, 8*°Cu
values of the rest eighteen peridotites display negative cor-
relations with Al,Osz, Cu, S, Se, Te, and Pd contents
(Fig. 3).

5. DISCUSSION
Previous studies have revealed that fresh lherzolites and

harzburgites from the BD and BM massifs are mantle resi-
dues after low to high degrees of melt extraction (Hartmann

and Hans Wedepohl, 1993; Rivalenti et al.,, 1995;
Mazzucchelli et al., 2010; Wang et al., 2013). This is evi-
denced by the good correlation between CaO and Al,O;
(Fig. 2A and B). Among 22 samples studied here, two lher-
zolites (samples BD11-12 and BD11-13) had experienced
low temperature serpentinization (Wang et al., 2013). Three
lherzolites (samples BM90-15, BM-09, and BM11-02A)
have notably higher S, Se, Te and/or Cu contents relative
to other peridotites and the primitive mantle (PM)
(Fig. 2B-J), suggesting local sulfide melt percolation at
the BM peridotite massif (Wang et al., 2013). Two replacive
dunites from the BM massif have much lower contents of
incompatible PGEs (e.g., Re, Pt, and Pd) and chalcophile
elements (Fig. 2B-E), but variably higher contents of com-
patible PGEs (e.g., Ir, Ru, and Rh), higher S/Se and Se/Te
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relative to the BM lherzolites (Wang et al., 2013). In
addition, the BM dunites and lherzolites have
similar '¥70s/'%80s (Fig. 4A, Wang et al., 2013). Such
geochemical characteristics of dunites might result from
S-undersaturated silicate melt-lherzolite interactions at high
melt/rock ratios with preferential dissolution of sulfide
(Wang et al., 2013). Below, we thus first discuss the
behavior of Cu isotopes during low temperature
serpentinization, partial melting, sulfide melt percolation,
and S-undersaturated melt percolation, and then the impli-
cations of our observations for the Cu isotopic heterogene-
ity of the upper mantle and the Cu isotopic compositions of
MORBs and komatiites.

5.1. Effects of low temperature alteration
Low-temperature alteration processes (such as weather-

ing and serpentinization) can influence the Cu elemental
and isotopic compositions in altered rocks and minerals

(e.g., Mathur et al., 2005, 2012; Wang and Becker,
2015a). Most samples studied here are fresh as indicated
by the absence of serpentine minerals, the lack of sulfide
alteration, and low LOI (typically <1 wt.%) (Wang et al.,
2013). The systematic variations of Cu and 3%°Cu with
lithophile fertility indices (e.g., Al,O3) and alteration-
sensitive chalcophile elements (e.g., S, Se, and Te)
(Figs. 2F-1, 3) strongly suggest the negligible effect of low
temperature alteration. This is further supported by the sys-
tematic variations of S, Se, and Te with each other and with
Al,O3 and incompatible PGEs (e.g., Pd) (Fig. 2B-E). The
exception is sample BD11-13 that displays much higher
8%Cu (0.597%o) relative to other samples at given Al, Cu,
S, Se, Te, and Pd contents (Fig. 3). Identification of serpen-
tinized cracks and relatively high LOI (~2.5 wt.%) in this
sample suggest that it had experienced low temperature
alteration processes (Wang et al., 2013). Such processes
had been invoked to explain the extremely low 8%°Cu
(—0.67 to —0.41%o0) of secondary native copper grains in a
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plagioclase lherzolite from the Horoman peridotite massif
(Tkehata and Hirata, 2012). Li et al. (2009) also suggested
that such processes were responsible for the abnormally
high §%°Cu (up to 1.51%0) of two granites from the Lachlan
Fold Belt in southeastern Australia. Thus, we suggest that
localized secondary alteration processes could be reasons
for the heavy Cu isotopic composition of sample
BDI11-13. Accordingly, this sample will not be taken into
account in the following discussions.

5.2. Copper isotope fractionation during mantle melting

Variable partition coefficients of Cu between silicate
minerals and melts (¥icate mineral/meltpy ) have led to differ-
ent understanding of the significance of sulfides and silicates
in controlling Cu partitioning during partial melting of
peridotites (Fellows and Canil, 2012; Lee et al., 2012; Liu
et al., 2014c). Experimentally determined ©/™*D¢, (about
0.05) are similar, but there exists a great difference in
Cox/meltpy . and OPVmeltp (Fellows and Canil, 2012; Liu
et al., 2014c, both S-free experiments). Using Cu-free noble
metal capsules (i.e., Re, Pt), Fellows and Canil (2012)
obtained PY™D . of 0.23 and DY of (.15, much
higher than those (P™'D¢, = 0.06, OP/™D, = 0.04)
determined using PtgsCugs alloy capsules (Liu et al.,
2014c). OVmeltp - Cpxmeltpy | and OPX/meltp . from Liu
et al. (2014c) are similar to those estimated from in situ
laser ablation ICP-MS analyses of natural minerals and
groundmass in basalts (Lee et al., 2012). These results indi-
cate only weak lithophile affinity of Cu in mantle
peridotites.

Although silicate phases are likely to host a small frac-
tion of Cu, several lines of evidence suggest that Cu is pre-
dominantly hosted by sulfides in mantle peridotites. As
illustrated in Fig. S3, sulfides in mantle peridotites have
0.01-76.8 wt.% Cu contents (e.g., Garuti et al., 1984;
Lorand, 1989; Luguet et al., 2001, 2003, 2004; Wang
et al., 2009; Harvey et al., 2011; Lee et al., 2012), much
higher than those of olivine, pyroxene, garnet, and spinel
(<5 ppm, Lee et al., 2012). High T-P experiments have indi-
cated very high $“fid/meltpy . of 6001800 (e.g., Gaetani and
Grove, 1997; Ripley et al., 2002; Mungall and Brenan,
2014), consistent with those estimated from in situ laser
ablation ICP-MS analyses of sulfide droplets and glasses
in MORBs (760-1600, Jenner et al., 2012; Patten et al.,
2013). Even if the higher Cox/meltpy , and OP¥™eltD L from
Fellows and Canil (2012) were used, mass balance of sul-
fides and silicate phases and corresponding partition coeffi-
cients indicate that sulfide contribution accounts for >70%
of the bulk rock D¢, during low to moderate degrees of
melting (Table S1). The sulfide contribution is even higher
when the lower “P™'D  and OPY™'D. from Lee
et al. (2012) and Liu et al. (2014c¢) are used for calculations
(Table S2). As shown in Fig. 2F-I, the positive correlations
of Cu with S, Se, and Te in the BD and BM peridotites are
better than those with Al,O;, which is mainly hosted in
pyroxene and spinel. Such features can be also observed
in other orogenic peridotite massifs worldwide (Fig. S4).
This also reflects the predominant chalcophile nature
of Cu.

Mantle melting and melt extraction can cause significant
Fe and Zn isotope fractionation (e.g., Weyer and Ionov,
2007; Doucet et al., 2016) but limited isotope fractionation
of Li and Mg (e.g., Tomascak et al., 1999; An et al., 2017).
Copper is a moderately incompatible element with
peridotite/meltpy | - of (0.49-0.60 in a sulfide-bearing peridotite
system and Peridotte/melty | of ¢a 0.05 in a sulfide-absent
peridotite system (Lee et al., 2012; Liu et al., 2014c; Le
Roux et al., 2015). The presence of sulfide in the mantle
source explains the higher Cu contents in oceanic and arc
basalts (ca. 60-120 ppm) relative to the primitive mantle
(30 £ 6 ppm) (Lee et al., 2012; Le Roux et al., 2015), consis-
tent with the widespread existence of sulfide in orogenic and
xenolith peridotites (e.g., Garuti et al., 1984; Luguet et al.,
2001; Wang et al., 2013). The negative correlations of Cu
and S with AlLO; in the BD and BM peridotites
(Fig. 2B and F) reflect extraction of melts enriched in Cu
and S during partial melting. The good linear correlations
of Cu with S, Se, Te, and Pd (Fig. 2G-J) strongly suggest
that these elements behave similarly and Cu is dominantly
controlled by sulfide during mantle melting. The 8%°Cu of
peridotites show a negative correlation with the Al,O3 con-
tent (Fig. 3A), indicating a link between 3°°Cu and degrees
of melt extraction. As Al,O; contents of peridotites decrease
with increasing degrees of partial melting (e.g., Walter,
1998), such a relationship further suggests that Cu isotopes
are fractionated during partial melting with ®*Cu preferen-
tially partitioning into the melts, leaving the residual
peridotites enriched in ®*Cu. This is inconsistent with the
observations of Savage et al. (2014) and Liu et al. (2015).

Liu et al. (2015) proposed that mantle melting generates
no Cu isotope fractionation on the basis of the similar
3%°Cu of MORBs/OIBs and mantle peridotites devoid of
metasomatism. However, the non-metasomatized peri-
dotites investigated by Liu et al. (2015) display a significant
range of 8%°Cu from —0.24 to 0.19%o, implying that other
unidentified mantle processes had modified the Cu isotopic
compositions of these peridotites. In addition, MORBs are
generally the evolved products of primitive melts (Kelemen
et al., 1995) and are modified by sulfide segregation during
magma differentiation (O’Neill and Mavrogenes, 2002;
Jenner et al., 2012; Patten et al., 2013). Sulfide segregation
can elevate the 3°°Cu of the evolved melts (Huang et al.,
2016a), and thus the Cu isotopic compositions of MORBs
does not directly mirror those of primitive melts. Thus, it
is inappropriate to directly compare 3°*Cu of MORBs/
OIBs and peridotites to investigate Cu isotope fractionation
during mantle melting. Savage et al. (2014) determined the
Cu isotopic compositions of peridotites from Kilbourne
Hole (Harvey et al., 2011, 2012) and found that the most
melt-depleted harzburgites with the most unradiogenic
18705/1380s have the lowest 5°°Cu (—0.40 to —0.20%0). Such
low 3%*Cu might be attributed to isotope fractionation dur-
ing partial melting under oxidized conditions, where redox
reaction controls Cu isotope fractionation with **Cu prefer-
entially entering the melts and thus enrichs *Cu in the resi-
dues. Alternatively, the low 3%°Cu of harzburgites could be
caused by infiltration of oxidized fluids because such fluids
would preferentially leach ®Cu from the reactive solid
rocks due to redox reactions (Mathur et al., 2005, 2012).
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This interpretation is consistent with the petrological and
geochemical results that the most melt-depleted harzburgite
('870s/'%0s ~0.1160, e.g., sample KHO03-16) had been
modified by CO,- or H,O-rich fluids as revealed by occur-
rence of small pockets and interstitial veins of SiO,-rich
glass and elevated bulk-rock (La/Lu)y (Harvey et al.,
2011, 2012).

Copper commonly occurs in nature as monovalent and
divalent (i.e., Cut and Cu®*" compounds), which have dis-
tinct geochemistry and bonding strengths (e.g., Ehrlich
et al., 2004). The valence of Cu in minerals and melts
depends on the oxygen and sulfur fugacities because high
oxygen fugacity (fO,) can transform Cu’ to Cu®>", whereas
high sulfur fugacity (fS,) stabilizes the sulfide phase which
contains Cu’. For example, Liu et al. (2014c) experimen-
tally showed that at the fO, of AFMQ < 1.2 (log10 unit
deviations from the fayalite-magnetite-quartz (FMQ) buf-
fer), Cut is dominant in silicate melts, while Cu®*" is dom-
inant at the fO, of AFMQ > 1.2. Orogenic peridotite
massifs typically record low fO, with AFMQ of —1.5 to
—0.4 (Woodland et al., 1992) and hence Cu™ should be
the stable species in the melts. In addition, the prevalent
presence of sulfides (e.g., Garuti et al., 1984; Wang et al.,
2013) further suggests that partial melting of the BD and
BM peridotites occurred at relatively low fO, and high
fS,, where Cu" was the dominant species in the melts and
residues and controlled by the sulfide stability during man-
tle melting. Furthermore, Cu will be bonded to O in the
melts and S in the residues, and thus a simple redox control
is invalid. Experimental results have demonstrated that Cu
solubility in silicate melts significantly increases with
increasing fO, (e.g., Ripley et al., 2002; Liu et al., 2014c),
suggesting that Cu?" preferentially enters into the melts at
high fO,. As Cu®" favors ®Cu (e.g., Zhu et al., 2002;
Ehrlich et al., 2004), mantle melting at high fO, will prefer-
entially releases *>Cu into the melts, leaving the residues
enriched in ®*Cu. If so, 8°°Cu should be positively corre-
lated with Al,O; and Cu contents, which is opposite to
the observations in this study. (Fig. 3A and B). Hence,
redox reaction during mantle melting cannot explain the
observed systematic variations of 3%°Cu with Al, Cu, S,
Se, Te and Pd contents in the BD and BM lherzolites and
harzburgites (Fig. 3).

About 0.30% Cu isotope fractionation occurs during
partial melting of the DB and BM peridotites (Fig. 3). Such
a fractionation is mainly controlled by equilibrium Cu iso-
tope partitioning between sulfide and silicate, as revealed by
the negative correlations between 8°°Cu and PGEs (e.g.,
Pd) and chalcophile elements (e.g., Cu, S, Se, and Te)
(Fig. 3B-F). These relationships suggest that during partial
melting of a sulfide-bearing mantle peridotite, sulfide break-
down would preferentially release ®*Cu into the melts. This
is consistent with previous findings that sulfides are
enriched in **Cu compared to co-existing silicates (Savage
et al., 2015; Huang et al., 2016a). As interstitial sulfides in
mantle rocks have higher '¥70s/!'%80s and Pd/Ir relative
to inclusion sulfides (Alard et al., 2000; Harvey et al.,
2011; Burton et al., 2012), the negative correlations of
8%Cu with '870s/'%80s and Pd/Ir (Fig. 4) further indicate
that the preferential removal of interstitial sulfides is the
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major process causing significant Cu isotope fractionation
observed in the BD and BM peridotites. Another implica-
tion of these relationships (Fig. 4) is that the average
3%°Cu of interstitial sulfides is higher than that of inclusion
sulfides.

Assuming variable Cu isotope fractionation factors
between  melts and  sulfide-bearing  peridotites
(Otmelt-peridotite)> the effect of melt extraction on Cu elemental
and isotopic compositions of the residual peridotites was
simulated (Fig. 5). A near-fractional melting model
described in detail by Lee et al. (2012) was used to calculate
Cu contents of aggregated melts as a function of bulk P
dotite/meltpy . and melting degrees. In this model, the peri-
dotite residues keep equilibrium with the instantaneous
melts. At small increments (1%), equilibrium melts were
removed and the compositions of the peridotite residues
were updated accordingly. The initial mineralogy of 62%
olivine, 20% orthopyroxene, 17% clinopyroxene, and 1%
spinel are assumed (Lee et al., 2012). An initial bulk-rock
S content in a fertile peridotite source of 200 ppm (Palme
and O’Neill, 2014) and the average S content in the sulfide
phase of about 363,600 ppm (e.g., Cu-Ni-sulfide) are
assumed (Lee et al., 2012). This corresponds to 0.0556%
sulfide phase in bulk rock and is also consistent with the
petrological observations that pentlandite and subordinate
chalcopyrite are the major base metal sulfides (>95% by
volume) in the BD and BM peridotites (Wang et al.,
2013). Copper contents of peridotite residues (Ciesidue)
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and primitive melts (Cy,ey;) at different degrees of mantle
melting were calculated using the Program-Chalcophile
Worksheet provided by Lee et al. (2012). We changed
sulfide/meltpy o 600, 800, 1200, and 1800 in our calculations
to be consistent with the plausible range of experimentally-
determined “Ufide/meltpy L (600-1800, e.g., Gaetani and
Grove, 1997; Ripley et al., 2002; Mungall and Brenan,
2014).

The isotope mass balance method in Craddock et al.
(2013) was used here for Cu isotopes. The equation for cal-
culating 8%°Cuyesique Of peridotite residues is:

865curesidue = 865C]-1() - [1 - X (1 - F)/CO]

3
x 10 1rm{melt-periclotile (1 )

Cresidue

where C, and 8%°Cuy is the Cu elemental and isotopic com-
positions of the mantle source (30 ppm, Wang and Becker,
2015a; 0.07%o, Savage et al., 2015), and Ciegigue 1S the Cu
contents of the peridotite residues at given degrees of
melting (F). A more detailed description of the modelling
processes can be found in Supplementary materials. The

modelling variations of Cu contents and 8°Cu in the
residual peridotites at different degrees of melting are
depicted in Fig. 5. The results show that the correlation
between 8%°Cu and Cu contents of the BD and BM
peridotites can be explained by equilibrium fractionation
with a dmeitperidotite Of 0.99965 to 0.99980, regardless of
the spread of sulfide/meltpy  ~ Thege apparent Omeit-peridotite
imply that if sulfide is an accessory phase in mantle peri-
dotites during partial melting, 103lnamelt_peridome: -0.20
to —0.35%e.

5.3. Copper isotope fractionation during melt percolation in
the mantle

5.3.1. Sulfide melt percolation in peridotites

The spinel peridotite BM11-02A most likely records
local mobilization of sulfide melts, as indicated by the high
S (349 ppm) and Se (143 ppm) contents (Fig. 2B-E) as well
as abundant interstitial sulfides (Wang et al., 2013). Because
sample BM11-02A has similar Te and PGEs (e.g., Pd)



58 J. Huang et al./ Geochimica et Cosmochimica Acta 211 (2017) 48-63

contents to those of other lherzolites (Fig. 2D and J), the
sulfide melts must have been enriched in S and Se but more
depleted in Te and PGEs. This behavior is different from
what would be expected from basaltic melts near sulfide sat-
uration (Wang et al., 2013). The light Cu isotopic composi-
tion of sample BM11-02A (Fig. 3) provide an independent
evidence for the local addition of sulfide melts that are
enriched in ®Cu. In particular, addition of sulfide melts
results in significant elevation of chalcophile element (e.g.,
Cu, S, Se, and Te) contents and decrease of 8% Cu values
in lherzolites BM11-02A and BM-09 (Fig. 3B-E), being
opposite to the partial melting trend. This possibly indicates
that equilibrium Cu isotope fractionation not only occurs
during partial melting but also occurs between lherzolites
BM11-02A and BM-09 and the percolated sulfide melts.
Alternatively, the relatively high Cu contents and low
3%Cu of BM11-02A and BM-09 (Fig. 3B) might be caused
by kinetic isotope fractionation during sulfide melt percola-
tion with a preferential diffusion of ®*Cu from the Cu-rich
melts to peridotites. The spinel lherzolite BM90-15 has
much higher Te contents (20.5 ppb) relative to, but Se con-
tents similar to other lherzolites (Fig. 2D and E). Such
anomalies might result from localized redistribution pro-
cesses during cooling and/or a late-stage melt/fluid trans-
port (e.g., Alard et al., 2011), which might have altered
the Cu isotopic composition of lherzolite BM90-15, result-
ing in a marked deviation from the trend defined by other
samples (Fig. 3B, D-F).

5.3.2. Silicate melt percolation in replacive dunites

Replacive dunites from the Oman and Troodos Ophio-
lites, formed during melt-peridotite interactions at high
melt/rock ratios, represent conduits for focused melt flow
(Kelemen et al., 1995). Dunites in the Balmuccia massif
are also of replacive origin and formed later than lherzo-
lites, as evidenced by the occurrence of relict websterite
lenses in spinel-bearing dunites (Mazzucchelli et al., 2009)
and gradual dissolution of pyroxenes from harzburgite into
dunite at their boundary (Rivalenti et al., 1995; Wang et al.,
2013). Petrological, elemental and Sr-Nd-Os isotopic evi-
dence suggested that these highly refractory dunites have
formed by focused percolation of deep-seated,
S-undersaturated silicate melts after partial melting of
lherzolites before their emplacement into crustal levels
(Mazzucchelli et al., 2009; Wang et al., 2013; Wang and
Becker, 2015b).

The coupled decrease of incompatible PGEs and S, Se,
and Te as well as low Pd/Ir ratios (Figs. 2C-E, 4B) in
dunites can be explained by preferential dissolution of inter-
stitial sulfides during S-undersaturated melt-lherzolite inter-
actions (Wang et al., 2013). The same process has been
invoked to explain the variable Os contents (383-16 ppb)
and highly fractionated '®70s/'8%0s ratios (0.129-0.140)
of troctolites from the crust-mantle transition zone in the
Indian Ocean (Sanfilippo et al., 2016). The variable and rel-
atively high contents of compatible PGEs (e.g., Ir, Ru, Rh)
but low contents of S, Se, Te, and incompatible PGEs in
dunites (Wang et al., 2013) imply precipitation of Ir-Ru-
Rh-rich metal alloys at high melt/rock ratios (e.g.,
Finnigan et al., 2008). Such metal alloys only precipitate

from S-underasturated melts (Brenan and Andrews,
2001), which in turn supports S-undersaturated conditions
during the formation of the BM replacive dunites. This is
in agreement with the idea that the BM dunites formed in
the mantle of the spinel stability field (Mazzucchelli et al.,
2009), where the percolated melts have high sulfide capacity
and thus are S-undersaturated (O’Neill and Mavrogenes,
2002). It is well known that S-undersaturated melt percola-
tion cannot add radiogenic Os into mantle rocks
(Ackerman et al., 2009; Liu et al., 2011). This can explain
the similar Os isotopic compositions of the BM dunites
and lherzolites (Fig. 4A) (Wang et al., 2013). In addition,
the BM dunites, lherzolites and pyroxenite veins have sim-
ilar Sr-Nd isotopic compositions (Voshage et al., 1988;
Obermiller, 1994; Mazzucchelli et al., 2009), further sug-
gesting that the S-undersaturated silicate melts were derived
internally (i.e., a closed system).

Two dunites analyzed in this study display extremely
heavy Cu isotopic compositions, with 8°°Cu of 0.544%o
and 0.610%o (Figs. 3 and 4). Such high §*°Cu cannot be
attributed to chemical diffusion-driven kinetic isotope frac-
tionation during melt percolation of the BM lherzolites.
Deep-seated, mantle-derived mafic melts (e.g., 60—
120 ppm in basaltic melts, Lee et al., 2012) have higher
Cu contents relative to the BM lherzolites (<35 ppm,
Table 1). As lighter isotopes generally diffuse faster than
heavier ones (Richter et al., 2003), diffusion of Cu from a
Cu-rich melt to lherzolites during melt percolation should
cause an elevation of Cu contents and an enrichment of
®Cu in the BM dunites (reaction products). This is incon-
sistent with their relatively low Cu contents and high
8%Cu (Figs. 3 and 4). As discussed above, dunites had
experienced dissolution of sulfides and precipitation of
Ir-Ru-Rh-rich alloys during S-undersaturated melt percola-
tion of their parental lherzolites. Ir-Ru-Rh-rich alloy grains
in mantle peridotites contain no Cu (e.g., Walker et al.,
2005) and thus should have no effect on the §°°Cu of the
BM dunites. Previous studies have shown that sulfide is
enriched in **Cu compared to co-existing silicates (Savage
et al., 2015; Huang et al., 2016a). Thus, we interpret the
high 8%Cu of the BM dunites as a result of preferential
dissolution of interstitial sulfides in parental rocks (i.e.,
lherzolites) during S-undersaturated melt percolation. This
process preferentially releases ®*Cu into the reactive
S-undersaturated melts, resulting in an enrichment of
%Cu in residual rocks (i.e., dunites).

5.4. Implications

5.4.1. Controls on Cu isotopic heterogeneity of the upper
mantle

Copper isotopic measurements of orogenic and xeno-
lithic peridotites have shown that the upper mantle has
highly variable 8%°Cu from —0.64 to 1.82%o (Savage et al.,
2014; Liu et al., 2015; this study). Such a Cu isotopic
heterogeneity has been interpreted to result from mantle
metasomatism by fluids sourced from subducted hydrother-
mally altered oceanic lithosphere (Savage et al., 2014; Liu
et al., 2015). This interpretation assumed no Cu isotope
fractionation during mantle processes. However, our study
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shows that Cu isotopes can also fractionate significantly
during partial melting and melt percolation in the mantle.

Partial melting can result in Cu depletion in the residual
peridotites due to its moderate incompatibility (e.g., Lee
et al., 2012; Liu et al., 2014c) and will lead to ca. 0.30%o
Cu isotope fractionation (Figs. 5 and 6). Percolation of
S-undersaturated silicate melts can cause a significant eleva-
tion of 8°*Cu (up to ca. 0.61%0) and variable Cu contents of
peridotites due to isotopically light sulfide dissolution
(Fig. 6). In the study of Liu et al. (2015), samples FS-50
and FS-64 have relatively high 8%Cu, which may be due
to Fe-rich and presumable S-undersaturated silicate melt
percolation as revealed by the low Fo (molar Mg/(Mg
+ Fe)) of olivine and bulk-rock Pt enrichments (Liu et al.,
2011). High Cu contents and low 3°°Cu in some peridotites
can be explained by reaction of peridotites with isotopically
light sulfide melts (Fig. 6). Alternatively, kinetic Cu isotope
fractionation induced by chemical diffusion is likely to
occur during sulfide melt-peridotite interactions. Diffusion
of Cu from a Cu-rich melt to a host peridotite in the course
of melt percolation could also produce combined high Cu
contents and low 8%°Cu (Fig. 6). Thus, our study together
with the previously-published data demonstrate that partial
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Fig. 6. Available 8%°Cu versus Cu of orogenic and xenolith
peridotites reported in previous and present studies. Also shown
are processes described in this study, which influence Cu isotopic
compositions of peridotites. Partial melting (blue and cyan curves
with arrows) results in Cu depletion and ®*Cu enrichment in the
residual peridotites, while oxidative sulfide breakdown (dashed line
with arrow) can further lead to Cu depletion but “*Cu enrichment.
Silicate melt percolation (circle field) produces variable Cu contents
and high 8%°Cu, while sulfide melt percolation (bold black line with
arrow) enriches peridotites in Cu and ®*Cu. For clarity, this plot
only depicts the modelling variations of 8*Cu and Cu contents in
residual peridotites during partial melting assuming a maximum
Ofmelt-peridotite Of 0.99980 (blue curve) and a minimum oyeie-peridotite
of 0.99965 (cyan curve) at a given sulfide/meltpy | — 600 (the same as
in Fig. 5A). Data sources for Orogenic Peridotite (Perid.):
Baldissero and Balmuccia (this study), Horoman (Ikehata and
Hirata, 2012), and Arami and Dabie-Sulu (Liu et al., 2015). Data
for Xenolith Peridotite from North China Craton (NCC) are from
Liu et al. (2015). Black square denotes the primitive mantle (Savage
et al., 2015; Wang and Becker, 2015a). (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

melting and percolation of different types of melts influence
the Cu isotopic heterogeneity of the upper mantle.

It is noted that most peridotites compiled from the liter-
ature have lower Cu contents and lighter Cu isotopic com-
positions relative to the primitive mantle and the trend
defined by the BD and BM peridotites (Fig. 6). These fea-
tures can be explained by a two-stage process, i.e., partial
melting and subsequent mantle metasomatism by fluids
sourced from the subducted slabs. Partial melting results
in the Cu depletion and moderate *Cu enrichments in the
residual peridotites. It is known that slab-derived fluids
have high fO, above the sulfide-sulfur oxide buffer (Sun
et al., 2007). Addition of such oxidized fluids to the peri-
dotites could result in oxidative sulfide breakdown, which
is common during mantle metasomatism by slab-derived
oxidized components, as revealed by studies of PGEs and
Os isotopes (e.g., Lorand et al., 1999; Liu et al., 2011). As
%Cu is preferentially leached into the fluid phases during
sulfide redox reactions (e.g., Mathur et al., 2005, 2012), this
process will shift the residual peridotites to lighter Cu iso-
topic compositions and lower Cu contents.

5.4.2. Controls on Cu isotopic systematics of mantle-derived
magmas

In this section, we will investigate the controls on the Cu
isotopic systematics of mantle-derived magmas (including
MORBs and komatiites) based on our observation that
mantle partial melting can result in significant Cu isotope
fractionation. We do not take OIBs into account because
their mantle sources could incorporate variable amounts
of recycled ancient oceanic crust and sediments of different
types (e.g., Hofmann, 1997; Stracke et al., 2003), which
could overprint the Cu isotopic variations induced by par-
tial melting. We have calculated the 8%°Cup, of primitive
mantle-derived melts generated by variable degrees of man-
tle melting using the Eq. (2):
66Scumelt - 665CuO + (1 - Cmell X F/C()) X 1031name1t-peridotite

2)
where C,; is the Cu contents of primitive melts at different
degrees of melting (F) and is calculated using the Program-
Chalcophile Worksheet provided by Lee et al. (2012), and
the other parameters are the same as in Eq. (1). For clarity,
we only calculated Cpneye assuming **f9/™tD . — 600 and
1800 (experimentally-determined minimum and maximum
values, e.g., Gaetani and Grove, 1997; Ripley et al., 2002;
Mungall and Brenan, 2014), and we only used the maxi-
mum and mMiNiMumM %meie-peridotite (0.99980 and 0.99965,
respectively) estimated in this study. The whole procedures
in detail can be found in Supplementary Materials, and the
modelling results are shown in Fig. 7.

It has been widely accepted that MORBs are formed by
5-20% partial melting of the upper mantle (e.g., Hamlyn
et al., 1985; Klein and Langmuir, 1987). Previous studies
have shown that MORBs have 3%°Cu from 0 to 0.14%o
(Liu et al., 2015; Savage et al., 2015), heavier than those
of primitive melts generated by 5-20% degrees of mantle
melting (—0.26%0 to 0.00%o, Fig. 7). This offset can be
explained by segregation of isotopically light sulfide during
MORB magma differentiation (Fig. 7). Mid-ocean ridge
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Fig. 7. Variations of 8%*Cu in primitive peridotite-derived melts
with degrees of mantle melting (F). The 8°Cu of primitive melts
were modelled assuming a maximum omeic-peridotite Of 0.99980 (blue
curve) and a mMiNIMuUM tyele-peridotite Of 0.99965 (red curve) at a
minimum "9/ D L of 600 (A) and a maximum S04/ MMD L of
1800 (B) (See text and Supplementary materials for details). The
3%Cu of MORBs are higher than those of the primitive melts
generated by 5-20% degrees of mantle melting. This discrepancy
can be explained by a small fraction of isotopically light sulfide
segregation (Seg.) (light yellow arrows). High degrees (>25%o0) of
melting extracts nearly all Cu in the mantle source, and thus
komatiites, formed by about 25-45% degrees of partial melting
(Sossi et al., 2016b), have similar Cu isotopic compositions to the
primitive mantle. Global MORBs (3°°Cu=0-0.14%0, N =24,
Savage et al., 2015; Liu et al., 2015) and komatiites (665Cu =0-
0.11%0, N =14, Savage et al., 2015). (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)

basalts are commonly saturated in S before eruption as
revealed by the presence of sulfide droplets enclosed in fresh
MORB glasses (Jenner et al., 2012; Patten et al., 2013) and
by experimental studies of S solubility in silicate melts
(O’Neill and Mavrogenes, 2002). The large variations of
the PGE and Te abundances in terrestrial basalts have been
interpreted to reflect variable extents of sulfide segregation
during their evolution (e.g., Patten et al., 2013; Lissner
et al., 2014). Based on the correlations of S and MgO in
MORB glasses from the Atlantic, Indian and Pacific Ridges
(Jenner and O’Neill, 2012), the calculated mass fraction of
segregated sulfide is from ~0 to 0.23%o (Kiseeva and Wood,
2015).

Sulfide can be exhausted when the degree of a fertile
mantle melting is more than 20-25% (Hamlyn et al.,
1985; Lee et al., 2012). Considering that Cu is almost exclu-
sively sulfide-controlled, nearly all Cu in the mantle source
will be partitioned into the melts at high degrees of melting.
Our modelling results show that primitive melts generated
by 25-50% degrees of partial melting have relatively homo-
geneous 3°°Cu (0.00-0.07%o) (Fig. 7), identical to that of the
primitive mantle source (0.07 £ 0.10%o, Savage et al., 2015).
Thus, it is not surprising that komatiites (0.059 4 0.064%o,
2SD, n =14, Savage et al., 2015), formed by high degrees
of melting (~25 to 40%, Sossi et al., 2016b), have identical
8%Cu with the primitive mantle (Fig. 7).

6. CONCLUSIONS

Based on high-precision Cu isotopic measurements of
the Baldissero and Balmuccia massif peridotites from the
IVZ (Northern Italy), the following conclusions can be
drawn:

(1) Fresh lherzolites and harzburgites show variable
8%°Cu values (—0.133 to 0.379%o0) that display nega-
tive correlations with Al,Os, Cu, S, Se, Te and Pd
contents, indicating Cu isotope fractionation during
partial melting and sulfide melt percolation. The
removal of sulfides enriched in *Cu during partial
melting results in the elevation of 8%°Cu in the resid-
ual peridotites, whereas sulfide melt percolation has
an opposite effect. If sulfide exists in the peridotite

during partial melting, omelr-peridotite 18 0.99980—

0.99965 as estimated from the correlation between

3%Cu and Cu contents of the Baldissero and Balmuc-

cia sulfide-bearing peridotite.

Replacive dunites have relatively high 8%Cu

(0.544-0.610%0) that might result from dissolution

of isotopically light sulfides during the focused flow

of S-undersaturated melts and re-equilibration of
their parental lherzolites.

(3) Copper isotopic heterogeneity of the upper mantle
could be related to partial melting, percolation of
deep-seated melts with different compositions, and
oxidative sulfide breakdown due to mantle metaso-
matism by slab-derived oxidized fluids.

(4) Copper isotopic compositions of MORBs are influ-
enced by partial melting and sulfide segregation dur-
ing magma evolution. The similarity of 3%Cu
between komatiites and the primitive mantle is best
explained by the fact that high degrees (>25%) of
partial melting extracts nearly all Cu in the mantle
source.
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