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GEOLOGY

Copper isotope evidence for sulfide fractionation and
lower crustal foundering in making continental crust
Sheng-Ao Liu1*, Roberta L. Rudnick2, Wen-Ran Liu1, Fang-Zhen Teng3, Tian-Hao Wu1,
Ze-Zhou Wang3

The continental crust is strongly depleted in copper compared with its building blocks—primary arc magmas—
and this depletion is intrinsically associated with continental crust formation. However, the process by which Cu
removal occurs remains enigmatic. Here we show, using Cu isotopes, that subduction-zone processes and
mantle melting produce limited fractionation of Cu isotopes in arc magmas, and, instead, the heterogeneous
Cu isotopic compositions of lower crustal rocks, which negatively correlate with Cu contents, suggest segrega-
tion or accumulation of isotopically light sulfides during intracrustal differentiation of arc magmas. This is sup-
ported by the extremely light Cu isotopic compositions of lower crustal mafic cumulates and heavy Cu isotopic
compositions of differentiated magmas in thick continental arcs. Intracrustal differentiation of mantle-derived
magmas and subsequent foundering of sulfide-richmafic cumulates preferentially removes isotopically light Cu,
leaving a Cu-depleted and isotopically heavy continental crust.
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INTRODUCTION
The continental crust has a bulk andesitic composition (1), which is
evolved compared to primary mantle-derived magmas at both con-
vergent margins and within plates that are predominantly basaltic
(2). Therefore, the bulk continental crust (BCC) cannot be directly
derived from partial melting of the mantle (3–5). The origin of the
evolved continental crust is an intriguing and enigmatic problem.
The BCC is depleted not only in magnesium but also in copper
and other chalcophile elements (e.g., Au and Ag) compared with
basaltic arc magmas and mid-ocean ridge basalts (MORBs) (6, 7).
It has an average Cu concentration ([Cu]) of ~27 parts per million
(ppm) (1), less than half that of primitive arc lavas (~60 ppm) and
MORB (~80 ppm) (Fig. 1A). Unravelling the origins of the conti-
nental crust’s Cu deficit will help constrain its formation and evo-
lution and allow for a better understanding of the genesis of
porphyry Cu systems. For example, porphyry copper deposits
form mainly in continental arcs with thick crust (8, 9), but the
reason is not fully understood, given that the continental crust is
strongly Cu-depleted.
Arc magmas are the major building blocks of the continental

crust (5, 10, 11), and two hypotheses have been advocated to
explain the crust’s Cu deficit. On the basis of the systematic differ-
ence in Cu content between arc magmas in arcs with thin crust and
those in arcs with thick crust, previous studies concluded that Cu is
concentrated in the lower crust via intracrustal magmatic differen-
tiation involving sulfides in thick arcs, followed by foundering of the
sulfide-bearing mafic/ultramafic cumulates into the mantle, leaving
behind a Cu-depleted, evolved continental crust (6, 7, 12, 13).
However, the Cu systematics of arc magmas depend on multiple
factors, including Cu and sulfur contents, oxygen fugacity ( fO2)
and degree of melting of the subarc mantle sources (14, 15), in

addition to magmatic differentiation. For example, the low Cu con-
tents of magmas erupted in thick arcs might also result from lower-
degree melting of a sulfur-rich mantle (15). Thus, the origin of the
Cu deficit in both evolved arc magmas and the continental crust is
uncertain.
This ambiguity regarding the origins of the continental crust’s

Cu depletion can be addressed by examining Cu isotopes because,
unlike [Cu], Cu isotopes are essentially unfractionated during
partial melting of the mantle, regardless of the melting degree
and the presence of residual sulfide (16, 17), which is Cu-poor
monosulfide solid solution and/or sulfide melt (18). Various types
of basalts formed by different degrees of mantle melting all have
mantle-like Cu isotopic compositions (δ65Cu) (Fig. 1B). By con-
trast, substantial Cu isotope fractionation occurs during magmatic
differentiation that involves more Cu-rich sulfides; these sulfides
have δ65Cu that is more than 2‰ lower than equilibrium silicate
melts at temperatures below ~1100 K (Fig. 1B) (19–22). Moreover,
if redox reactions involving Cu reduction from silicate melt to
sulfide occur during sulfide crystallization, then Cu isotope frac-
tionation is more than one order of magnitude larger than in the
absence of these reactions (23). These properties make Cu isotopes
a powerful tool for identifying sulfide fractionation during intra-
crustal differentiation of mantle-derived magmas, thereby helping
to determine the origin of the Cu deficit in the continental crust.
Here, we report [Cu] and δ65Cu in lower crustal rocks, sulfide-

rich continental arc cumulates, arc basalts and basaltic andesites
erupting through a thick (continental) crust, and a suite of subduc-
tion-zone prograde metamorphosed rocks (fig. S1). These samples
are used to characterize the Cu isotopic composition of the lower
continental crust (LCC), to investigate the behavior of Cu isotopes
during intracrustal differentiation of basaltic magmas in thick (con-
tinental) arcs, to elucidate the behavior of Cu isotopes during slab
dehydration, and to assess the Cu isotopic heterogeneity of arc
magma sources. Our results reveal substantial Cu isotope heteroge-
neity in lower crustal rocks and cumulates, which suggests that in-
tracrustal sulfide fractionation of basaltic magmas and subsequent
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foundering of sulfide-rich mafic cumulates cause the Cu depletion
in the continental crust.

RESULTS
The lower crustal rocks are xenoliths fromNorth Queensland (Aus-
tralia) and both xenoliths and outcrops from Xuzhou-Bengbu
(eastern China) and have variable chemical compositions (e.g.,
MgO, Cr, Ni, and Al2O3/CaO) falling about the globally averaged
LCC composition (fig. S2). The lower crustal cumulates are from
southern Tibet, represent tectonically uplifted products of intra-
crustal differentiation of continental arc magmas, and are thus con-
sidered to be compositionally complementary to the differentiated
upper continental crust (UCC). The continental arc basalts and ba-
saltic andesites are also from the Gangdese arc in southern Tibet.
The metamorphosed rocks are from the Dabie-Sulu orogenic belt
and experienced metamorphic grades ranging from greenschist
facies through amphibolite facies to eclogite facies. Details of the
geologic settings and sample descriptions can be found in Materials
and Methods.
The lower crustal rocks are divided into Cu-depleted and Cu-

rich subgroups based on a threshold [Cu] of ~50 ppm, which is
close to that of primitive continental arc magmas [~50 to 60 ppm
at 8 to 10 weight % (wt %) of MgO; Fig. 1A]. The Cu isotopic com-
positions of these rocks negatively correlate with their Cu abun-
dances and range well beyond the δ65Cu range of global arc
basalts (Fig. 1B and table S1). The Cu-depleted lower crustal
rocks are notably enriched in the heavier Cu isotope, while the
Cu-rich lower crustal rocks generally have lighter Cu isotopic com-
positions than those of the mantle or the bulk silicate Earth (BSE)
(Fig. 1B). Similar to the Cu-rich lower crustal rocks, the deep-seated
arc cumulates from southern Tibet have high Cu contents of 392 to
2760 ppm and light Cu isotopic compositions with δ65Cu values
varying from −1.96 to −1.11‰ (Fig. 1B and table S1). The

continental arc basalt from southern Tibet has a mantle-like
δ65Cu value of 0.01‰, whereas the basaltic andesites have higher
δ65Cu values of 0.53 to 0.63‰ (Fig. 1B and table S1). The Dabie-
Sulu metamorphosed rocks have nearly identical [Cu] (5.4 to 42
ppm) and Cu isotopic compositions (−0.17 to 0.47‰) to one
another regardless of their metamorphic grades (Fig. 1B and
table S2).

DISCUSSION
Origins of copper isotopic variation in lower crustal rocks
The negative correlation between δ65Cu and [Cu] in Cu-depleted
rocks (Fig. 2A) is inconsistent with chemical weathering, alteration,
or sulfide oxidative dissolution because these processes preferential-
ly release heavy Cu into fluids and leave behind isotopically light
residues (24–26). Elemental mapping reveals that Cu in the lower
crustal xenoliths is dominantly hosted by chalcopyrite (fig. S3),
also implying negligible redox breakdown of primary sulfides.
Samples containing secondary sulfides formed by fluid/melt meta-
somatismmay be enriched in heavy Cu isotopes, but these rocks are
typically Cu-rich because of the addition of exotic Cu (16, 26). This
contradicts the overwhelmingly light Cu isotopic composition of
the Cu-rich rocks (Fig. 2A), indicating that these sulfides are not
metasomatic. Contamination of the xenoliths by the host magmas
can also be excluded, given the mantle-like δ65Cu values of the latter
(table S1). The lack of correlation between δ65Cu and Ba/Th and Ba/
Nb (proxies for fluids; fig. S4) indicates negligible effects of meta-
morphic dehydration on the δ65Cu in their igneous protoliths.
Therefore, the Cu isotopic heterogeneity observed in the lower
crustal granulites is primarily inherited from their igneous
protoliths.
Most modern island arc lavas have mantle-like δ65Cu values

(Fig. 2A), regardless of their MgO contents, [Cu], and elemental
ratios (e.g., Ba/Nb and Th/Yb) (16, 27, 28), including the

Fig. 1. Cu systematics of arc magmas and Cu isotopic systematics of terrestrial reservoirs. (A) [Cu] versus MgO in arc volcanic rocks and MORB. Individual symbols
represent the average Cu and MgO contents of 1 wt % of MgO intervals with two SEs. Colored arrows represent sulfide saturation at MgO below 5 wt % and sulfide
unsaturation at MgO over 5 wt %. MORB data are from (28). Data for global island and continental arc volcanic rocks (Cascades, Andes, and Mexico) are from the PetDB
(https://search.earthchem.org/) and GEOROC databases (https://georoc.eu/georoc/). Data for bulk and LCC are from (1). The Cu-depleted lower crustal rocks are plotted
for comparison. (B) Comparison of δ65Cu values among lower crustal rocks, continental arc cumulates, basalt and basaltic andesites in southern Tibet, sulfides in mag-
matic Cu ore deposits (19, 20, 78), and various types of basalts (16, 17, 27, 28, 79). The equilibrium Cu isotope fractionation between sulfide and silicate melts is from the
experimental work of (21). The average δ65Cu values and SDs are given. The gray vertical band denotes the δ65Cu of the bulk silicate Earth (BSE) (16).
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continental arc basalt from southern Tibet analyzed in this study
(Fig. 1B), which suggests that there has been limited addition of
slab-derived Cu to the subarc mantle. Our results from subduc-
tion-zone metamorphosed rocks support this interpretation and
reveal a lack of systematic variation in both [Cu] and δ65Cu
values from greenschist to eclogite facies metamorphism, reflecting
a minimal loss of Cu during slab dehydration (fig. S4). In addition,
[Cu] of primary arc lavas is not distinctly different from that of
MORB at similar MgO contents (Fig. 1A) (29). Primary arc lavas
have Cu/Sc ratios, a proxy for Cu enrichment in mantle sources,
that are also indistinguishable from those of MORB at given MgO
(6). Although some metasomatized xenoliths from the continental
lithospheric mantle exhibit a wide range of δ65Cu values (16, 30),
these Cu-isotope signatures are not observed in island arc
magmas (Fig. 1B). Thus, the large range of δ65Cu observed in the
lower crustal rocks is unlikely to be inherited from the mantle

sources of their arc magma precursors. Instead, it likely formed
by substantial isotopic fractionation during igneous differentiation.
The high δ65Cu observed in Cu-depleted lower crustal rocks re-

quires segregation of an isotopically light phase during magmatic
differentiation. Because the equilibrium Cu isotope fractionation
between silicate minerals (e.g., pyroxene) and silicate melt at mag-
matic temperatures is close to zero (31), sulfide is the best candidate
for this phase. Although Fe-Ti oxide is also isotopically lighter than
the basaltic melt (table S1), oxide fractionation has a weak influence
on the melt composition (Fig. 2B, red dashed line) relative to sulfide
fractionation because the partition coefficient of Cu betweenoxides
and basaltic melts is three orders of magnitude lower than that
between sulfides and basaltic melts (6, 32). One lower crustal xeno-
lith (83 to 112 from Chudleigh, North Queensland, Australia) has a
low δ65Cu value and falls off the trends defined by the other samples
(Fig. 2); this sample contains unusually large amounts of cumulate
Fe-Ti oxides (33), and its low δ65Cu is most likely the result of oxide
accumulation (Fig. 2B).
The average valence state of Cu in silicate melt varies between +1

and +2, increasing with elevated fO2 of the melt (34), and reaches
~+1.76 at the fO2 of typical arc magmas (+1.3 relative to the Faya-
lite-Magnetite-Quartz buffer) (15, 35). Provided that monovalent
Cu dominates in crystalline sulfide and sulfide melt (36–38), the
equilibrium Cu isotope fractionation factor between sulfide and sil-
icate melt (α65Cusulfide–silicate melt) is ~0.9990 to 0.9995 at 1100° to
1200°C—the temperature for early sulfide saturation in basaltic
magmas (39); this value substantially reduces to ~0.9980 at
~950°C (fig. S5). Rayleigh fractionation modeling indicates that
the heavy Cu isotopic composition and its negative correlation
with [Cu] in the Cu-depleted rocks can be produced by sulfide frac-
tionation from their igneous protoliths at a range of α65Cusulfide–sil-
icate melt values from ~0.9980 to 0.9995 (trend I; Fig. 2B). Thus, the
Cu isotopic compositions of the Cu-depleted rocks were mainly
controlled by sulfide fractionation, although some of the Cu-deplet-
ed rocks with extremely high δ65Cu values (>~2‰) may have in-
volved additional (~900°C) processes in the lower crust, such as
reactive porous flow, redistribution of the magmatic sulfides, and/
or subsolidus reequilibrium of sulfides (40, 41). Despite the highly
variable δ65Cu values of Cu-depleted rocks, they are all complemen-
tary to the low δ65Cu values of the Cu-rich lower crustal rocks and
continental arc cumulates (Fig. 2); the latter two contain sulfide in-
clusions within silicate minerals or sulfides as intergranular phases
(fig. S3), suggesting that their extremely light Cu isotopic composi-
tions are the result of sulfide saturation and accumulation during
differentiation of their igneous protoliths.

Sulfide fractionation and lower crustal foundering in
making continental crust
The results presented here provide insights into the origin of the
continental crust’s Cu deficit, which is intrinsically associated
with continental crust formation. Chemical weathering has been
proposed to lead to depletion of Mg in the continental crust and
may help convert basaltic arc crust into andesitic continental
crust (42–44). Chemical weathering of sulfides can efficiently
extract Cu from crustal rocks, but the gradual increase in δ65Cu
with lower [Cu] in the lower crustal rocks is opposite to that ob-
served in weathering profiles, where redox transformation of
Cu(I) in sulfides into Cu(II) in fluids preferentially leaves behind

Fig. 2. Correlation between δ65Cu and [Cu] for lower crustal rocks and sulfide-
rich arc cumulates. δ65Cu versus Cu contents in logarithmic (A) and linear coor-
dinates (B), respectively. Two trends for lower crustal rocks are observed: trend I for
Cu-depleted and high-δ65Cu rocks and trend II for Cu-rich and low-δ65Cu rocks. Arc
cumulates follow the trend II. Original data are provided in table S1. The δ65Cu data
for granulite xenoliths from Hannuoba in the North China craton are not plotted
because these rocks suffered strong oxidative sulfide breakdown and associated
Cu mobilization (26). All data for arc basalts and andesites, including high-Mg an-
desites are from (16, 27, 28, 79). The horizontal yellow band represents the δ65Cu of
BSE (16). The red dashed line represents sulfide fractionation along with 5% Fe-Ti
oxides. Details of the Rayleigh fractionation models are given in Materials and
Methods. Inset in (B) shows the correlation between δ65Cu and 1/Cu (ppm−1).
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isotopically light residues (24), suggesting that the Cu deficit in the
continental crust is not the result of chemical weathering.
Instead, the negative correlation between δ65Cu and [Cu] sup-

ports several previous studies suggesting that intracrustal sulfide
fractionation in mantle-derived magmas exerts the main control
on Cu systematics of crustal rocks (6, 7, 12, 13). To explain the de-
pletion of Cu in the upper and middle continental crust (MCC) (28
and 26 ppm on average, respectively) (1) relative to primary arc
magmas (~50 to 60 ppm) (13) by accumulation of Cu-rich sulfides
crystallizing in the lower crust, mass balance requires that the LCC
has an average [Cu] of ~120 to 140 ppm (Fig. 3A). However, global
lower crustal granulites have much lower [Cu] than this (Fig. 3A).
Thus, Cu-rich cumulates must have been lost from the lower crust
via density foundering or similar processes. To create a BCC having
[Cu] of 27 ppm (1), mass balance indicates that the mass ratio of
recycled lower crust to the modern continental crust is ~0.21 on
average (fig. S6). Errors in estimating [Cu] of the recycled lower
crust (196 ± 44 ppm; fig. S6) have considerable effect on the mass
balance, but we are able to make an estimate based on Monte Carlo
models. The remainder of the continental crust is estimated to have
an average δ65Cu value of 0.30 ± 0.15‰ (Fig. 3B). Thus, intracrustal
differentiation leads to a Cu-depleted BCC that is slightly isotopi-
cally heavier than the mantle due to the net removal of isotopically
light sulfides via lower crustal foundering.
The lower crustal rocks investigated here display a broadly pos-

itive correlation between δ65Cu and SiO2 and a negative correlation
withMgO (fig. S7), further supporting the conclusion thatmore dif-
ferentiated crustal rocks have heavier Cu isotopic composition.
Because Cu is highly incompatible in silicate minerals (14), these
correlations suggest the removal of sulfides, along with mafic min-
erals during intracrustal differentiation. Accumulation of sulfide-
rich mafic/ultramafic lithologies in deep continental crust and
arcs, as observed in continental arc cumulates from southern
Tibet (this study), Arizona, and the Sierra Nevada (6, 13), would
cause differentiated magmas to be depleted in both Cu and Mg
and have higher δ65Cu values. Subsequent removal of these
mafic/ultramafic cumulates from the continental crust through
density foundering (4–6) generates the Cu-depleted, slightly isoto-
pically heavy, andesitic BCC (Fig. 4). This model can also explain

the deficit of other chalcophile metals (e.g., Ag, Au, and Pb) in
the continental crust compared to primary arc magmas (7).
Arc magmas erupting through thin crust (e.g., Tonga, Izu-

Bonin-Marianas, and Kamchatka; <25 km in thickness) (45, 46)
exhibit a narrow range of δ65Cu values over a broad range of [Cu]
(Fig. 2A). This suggests no apparent Cu isotope fractionation
during sulfide segregation of these magmas (27). By contrast,
strong Cu isotope fractionation is seen in the extremely low-
δ65Cu lower crustal mafic cumulates and in evolved basaltic andes-
ites with δ65Cu values that are up to 0.6‰ higher than those of the
basalt (table S1) from southern Tibet where the arc crust is at least
40 to 50 km in thickness (47). This is consistent with experimental
studies showing that sulfides in deep-crustal cumulates have en-
hanced stability with increasing pressure (48), allowing Cu-rich sul-
fides to crystallize at high pressures (HPs) (1.0 to 1.5 GPa) even from
relatively oxidized magmas and then accumulate in the deep arc.
Moreover, sulfide-rich arc cumulates in the deep continental crust
may be subject to reactive melt flow and mobilization of magmatic
sulfides as discussed above (40, 41). These differences at least partly
explain the more variable δ65Cu values seen in the lower crustal cu-
mulates and the basaltic andesites from Tibet. Given that the Cu
isotopic variations of lower crustal rocks exceed the range observed
in arc magmas erupted in thin arcs, our findings strongly support
the view that arc magmas traversing thick (continental) crust are re-
sponsible for generating mature continental crust (13, 49). Last, the
Cu isotopic compositions of lower crustal rocks exceed those of an-
desites in modern arcs (Fig. 2A), suggesting that it is unlikely that
andesites dominate post-Archaean continental crustal growth
without further intracrustal differentiation.

Implications for porphyry copper systems
Understanding the fate of Cu during intracrustal differentiation has
implications for the origins of porphyry copper systems. Some
studies have suggested that subducted slabs bring oxidized fluids
to the mantle wedge, leading to the formation of oxidized arc
magmas and porphyry Cu systems along convergent plate bound-
aries (8, 50, 51). These slab-derived oxidized fluids can also trans-
port Cu and other chalcophile metals to the subarc mantle (52, 53).
In these fluids, Cu complexation with sulfate species incorporates
heavy over light Cu isotopes (23). However, the constant Cu

Fig. 3. Modeling recycled LCC. (A) Histogram of the distribution of [Cu] in LCC granulite facies rocks and [Cu] in the LCC required to balance the Cu depletion of UCC and
MCC in the absence of delamination. Data for LCC granulites (n = 2212) are from Earthchem.org (http://www.EarthChem.org/). We excluded 20% of the samples with
highest and lowest [Cu] to reduce the chance of incorporating atypical samples or bad analyses. (B) δ65Cu of themodern BCC versus themass proportion of recycled LCC.
The solid lines denote the average result of Rayleigh distillation. Details of the Monte Carlo and Rayleigh fractionation models are given in Materials and Methods.
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isotopic compositions observed in subduction-zone rocks meta-
morphosed at different grades (fig. S4) suggest that Cu is not
strongly incorporated into sulfate species during slab dehydration.
Together with the similar [Cu] and Cu/Sc ratios between primary
arc lavas and MORB at given MgO (6), these observations suggest
that pre-enrichment of Cu in the subarc mantle by oxidized slab
fluids is not important in the formation of porphyry Cu systems.
This conclusion is consistent with a sulfur isotope study that also
suggests limited contribution of slab sulfate to the mantle sources
of arc lavas (54). Instead, large magma volumes and prolongedmag-
matic activity play critical roles in the formation of porphyry Cu
systems in thick (continental) arcs (55, 56). In addition, continental
arc cumulates from southern Tibet, where giant porphyry Cu ore
deposits are widespread (57, 58), are dominated by hornblende-
bearing assemblages (47). Hydrous magmas derived from these cu-
mulates would enhance the ability of endogenic fluids to extract Cu
from felsic magmas, which further promotes the formation of por-
phyry Cu systems.

MATERIALS AND METHODS
Lower crustal rocks
Two types of rocks are available from the LCC: granulite xenoliths
and high-grademetamorphic terranes. Granulite xenoliths from the
McBride and Chudleigh volcanic provinces, North Queensland,
Australia, are hosted by Cenozoic basalts (fig. S1) and are predom-
inantly mafic in composition with minor felsic to intermediate li-
thologies in McBride (33, 59). The protoliths of several McBride
xenoliths formed at ~1.57 Ga, while most formed at 300 Ma (59).
All McBride xenoliths underwent granulite facies metamorphism at
300 Ma, followed by slow cooling in the lower crust (59). The Chu-
dleigh xenoliths are plagioclase-rich and pyroxene-rich granulites.
Chemical and isotopic compositions (O, Sr, Nd, Hf, Pb, and Os)
indicate that the Chudleigh xenoliths are cogenetic crystal cumu-
lates derived from mafic magmas (33, 60–63). Samples analyzed

in this study have been previously used to assess the composition
of the LCC and were well characterized in terms of petrology and
geochemistry [e.g., (33, 59, 64)]. All samples are relatively fresh,
and alteration is generally restricted to grain boundary zones or
in development of kelyphite on garnet. Lower crustal rocks
exposed as xenoliths within early Cretaceous intrusions (dioritic
porphyry) and as bands or lenses in the Precambrian metamorphic
basement in the Xuzhou-Bengbu area of the North China craton
(fig. S1) are mainly mafic, including garnet granulites and garnet
amphibolites, composed of garnet, clinopyroxene, Ti-rich amphi-
bole, plagioclase, and quartz with minor rutile, ilmenite, and
sphene, and several samples are plagioclase amphibolites. These xe-
noliths and terranes are predominantly mafic and underwent HP
granulite facies metamorphism at ~1.8 Ga with protolith ages of
ca. 2.5 to 2.4 Ga (65). Geochemical data (e.g., Nb and Ta depletion)
and hydrous characteristic indicate that their protoliths resemble
mafic igneous rocks formed at convergent continental margin arc
setting (66). More detailed descriptions can be found in (65–67).
Given that these rocks dominantly formed at arc settings, there is
no geodynamic difference between the Cu-rich and Cu-depleted
subgroups, but they display systematic differences in chemical com-
positions (e.g., MgO and SiO2) in addition to Cu isotopes (fig. S7).
Collectively, the lower crustal samples investigated here show a

negative correlation between MgO with Al2O3/CaO and positive
correlation between MgO with Cr and Ni contents (fig. S2).
These correlations suggest that their igneous protoliths underwent
varying degrees of fractional crystallization and accumulation.
Some of the lower crustal xenoliths from Xuzhou-Bengbu are con-
siderably Cu-rich (up to ~350 ppm) and contain sulfides (chalcopy-
rite, pyrrhotite, and pyrite) included within silicate minerals or
occurring at grain boundaries (fig. S3), suggesting sulfide accumu-
lation during differentiation of their igneous protoliths.

Continental arc cumulates, basalts, and basaltic andesites
The Gangdese arc in southern Tibet is a juvenile continental mag-
matic arc formed by Mesozoic subduction of the Neo-Tethyan
oceanic lithosphere and Cenozoic collision between the Indian
and Asian continents (fig. S1) and has been extensively studied in
recent years [e.g., (47, 68, 69)]. The exposed lower arc crustal section
of the Gangdese arc consists mainly of garnet gabbros (68), which
crystallized at the base of the continental arc root and formed as
typical cumulates by intracrustal differentiation of the lateMesozoic
hydrous basaltic arc magmas (47). These lower crustal cumulates
underwent HP (1.3 to 1.7 GPa) granulite facies metamorphism, sug-
gesting an arc crustal thickness of at least 40 to 50 km (47). One of
the most noticeable characteristics of the Gangdese mafic cumulates
is the high abundance of sulfides and the strong enrichment of Cu
(up to >1000 ppm) (47). These rocks also contain a considerable
amount of amphibole along with garnet that formed during differ-
entiation of arc magmas in the lowermost portion of thick crust
(70). The sulfide-rich mafic cumulates in this study were collected
from Linzhi in the Gangdese arc (fig. S1). Pyrrhotite is the dominant
Cu-rich sulfide in these cumulates, with minor pyrite and chalco-
pyrite (fig. S3), which is similar to the assemblage of sulfides in con-
tinental arc cumulates (garnet pyroxenites) from the Sierra Nevada
batholith and Arizona (6, 13). The calc-alkaline basalts and basaltic
andesites are from Pangduo in the Gangdese arc (fig. S1). These
rocks display typical arc-lava geochemical features and were
derived from a subarc mantle source associated with northward

Fig. 4. Schematic model for intracrustal sulfide fractionation. Sulfide fraction-
ation during intracrustal differentiation of mantle-derived magmas results in en-
richment of the lighter Cu isotopes in Cu-rich lower crustal rocks and
continental arc cumulates, leaving behind differentiated magmas characterized
by low [Cu] and high δ65Cu. Foundering of dense, Cu-rich mafic/ultramafic cumu-
lates from the lower crust leaves the continental crust depleted in both Cu andMg.
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subduction of the Neo-Tethyan oceanic slab (71), with different
chemical compositions reflecting magma evolution.

Subduction-zone metamorphosed rocks
The metamorphosed rocks in the Dabie-Sulu orogenic belt formed
during northward subduction of basaltic crust of the South China
Block and its final collision with the North China Block in the Tri-
assic (fig. S1). Rocks investigated include Neoproterozoic mafic vol-
canic rocks (unmetamorphosed protoliths), amphibolites, and
eclogites. These are ideal samples with which to investigate the be-
havior of elements and isotopes during metamorphic dehydration
of basaltic rocks in a subduction zone (72). The amphibolites
contain amphibole + clinopyroxene + plagioclase + biotite +
epidote + quartz + calcite. Eclogites occur as fresh blocks or
lenses within gneisses, marbles, and ultramafic massifs, and the
dominant minerals are garnet and clinopyroxene. Coesite and/or
diamond inclusions preserved in zircons and garnets indicate that
the basaltic protoliths of these eclogites were subducted to depths of
at least 90 to 120 km (73) and experienced peak metamorphism at
temperatures of ~650 to 750°C. More detailed information can be
found in (72).

Elemental mapping
To determine the distribution of Cu and identify the major hosts for
Cu in lower crustal rocks, we performed elemental mapping using
the TESCAN Integrated Mineral Analyzer (TIMA). After carbon
coating, two well-polished probe slices (samples 14JG-35 and
20JG-16, with Cu contents of 188 and 177 ppm, respectively)
were loaded and scanned in the TIMA-3 analyzer. The raw data
were imported and processed using software TESCAN TIMA
version 2.7.0. By comparison with the standard mineral dataset
(www.webmineral.com), the proportion of unclassified mineral
phases is less than ~5%. Field 155 in 14JG-35 and field 117 in
20JG-16 including BSE and element mapping images are shown
in fig. S3. Copper (Cu) and sulfur (S) elemental mapping is
shown in magenta and brown colors, respectively. The numbers
in fig. S3 represent signal intensities in energy spectrum. This
number is semiquantitative and does not correspond to parts
per million.

Copper isotope analysis
About 1 to 20 mg of powder of each sample was digested in a 1:1
concentrated HF:HNO3 mixture at 160°C in perfluoroalkoxy
beakers. After complete dissolution, the sample was transferred
into 1 ml of 8 N HCl + 0.001% H2O2 in preparation for ion-ex-
change separation. Each sample was loaded through a column con-
taining precleaned strong anion resin (AG-MP-1M), following the
procedures outlined in (74, 75) to separate Cu from matrices. The
U.S. Geological Survey basalt standards (BIR-1, BHVO-2, and BCR-
2) were also processed through column chemistry. The recovery of
Cu is 99.5 ± 0.8% (2SD). The total procedural blank is <2 ng, and,
thus, no blank corrections were performed. The purified Cu frac-
tions were lastly dissolved in 3% (m/m) HNO3 for isotope analysis.
The presence of Ti and Na in the solution was checked for each pu-
rified sample owing to their potential interference contribution at
63amu and 65amu. After two passes of column chemistry, these el-
ements are low enough to be negligible (molar Ti/Cu < 0.005 and
Na/Cu < 0.001) for all studied samples. Isotope ratio measurements
were conducted on a Thermo-Finnigan Neptune Plus multiple-

collector inductively coupled plasma mass spectrometer at the
Isotope Geochemistry Lab of the China University of Geosciences,
Beijing. Instrumental mass fractionation of Cu isotopes was correct-
ed by a combination of standard-sample bracketing and elemental
doping by adding a Zn isotopic reference (IRMM 3702) to each
sample based on the exponential law (74). Copper isotope data
are reported in the standard notation in per mil relative to the stan-
dard reference material NIST 976

δ65Cu ¼ ½ð65Cu=63CuÞsample=ð65Cu=
63CuÞNIST 976 � 1� � 1000

The long-term external reproducibility of δ65Cu is ±0.05‰
(2SD) obtained by repeat analyses of natural samples and synthetic
solutions (75). Each sample was measured three times, and the
average is reported. The Cu isotopic compositions of three basalt
standards analyzed during the course of this study overlap with
the recommended values within uncertainty (table S1) (23).

Sulfide fractionation model
To quantify the extent of Cu isotope fractionation during sulfide
fractionation or accumulation from silicate magmas, we adopted
the Rayleigh fractionation models as follows

½Cu�silicate melt ¼ ½Cu�0 � FðD� 1Þ ð1Þ

δ65Cusilicate melt ¼ ðδ65Cu0 þ 1000Þ � f ðα� 1Þ � 1000 ð2Þ

δ65Cucumulate ¼ ðδ65Cu0 þ 1000Þ � ð1 � f αÞ=ð1 � f Þ � 1000 ð3Þ

where α is the equilibrium Cu isotope fractionation factor between
sulfide and silicate melt based on experimental work at 1.5 GPa (21),
F is the mass fraction of evolving silicate melt, and f [(1 − F ) ×
[Cu]silicate melt/[Cu]0] is the mass fraction of Cu remaining in the
melt with an initial [Cu] of ~60 ppm, close to that of primary con-
tinental arc lavas (13) and Cu isotopic composition (δ65Cu0) of
0.06‰ equal to that of the BSE (16). In equilibrium with silicate
melt, sulfide with high Ni content (~25 wt %) exhibits larger Cu
isotope fractionation than that with low Ni content (<1.2 wt %)
(21); sulfides in the investigated samples have low Ni content
(<0.2 wt %), and, thus, the low Ni experimental result of (21) is
applied, which gives α values between 0.9995 and 0.9980 at a tem-
perature range of ~1200 to 950°C and in fO2 of typical arc magmas
(fig. S5). The partition coefficients of Cu (D) between clinopyrox-
ene, garnet, and sulfide and melt are 0.043, 0.0035, and 800, respec-
tively (6). Themineral mass fraction is assumed to be 0.79, 0.20, and
0.01 for clinopyroxene, garnet, and sulfide, respectively. The sulfide
fraction (~1 wt%) used in this model falls within the range of sulfide
fractions observed in deep crustal cumulates [(6, 76), this study].
Other parameters can be obtained by mass conservation. The mod-
eling results are plotted in Fig. 2B. The negative correlation between
δ65Cu and [Cu] in the Cu-depleted lower crustal rocks (trend I) can
be generated by sulfide segregation from a primary magma with an
initial [Cu] of ~60 ppm at a range of α values from ~0.9980 to
0.9995. The high Cu contents and light Cu isotopic compositions
of the Cu-rich lower crustal rocks and continental arc cumulates
are modeled via sulfide accumulation from primary mantle-
derived magmas at similar α65Cusulfide-melt values (trend II).
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The potential role of oxide fractionation or accumulation in the
Cu isotopic composition of magmas is also plotted in Fig. 2B. The
red dashed line represents fractional crystallization of sulfides along
with 5% Fe-Ti oxides at 1300 K. The α65Cuoxide-melt value is assumed
to be ~0.999 based on the apparent Cu isotope fractionation
between Fe-Ti oxide and the host basalt (table S1). The partition
coefficient of Cu between oxide and basaltic melt is 0.79 (32).

Modeling the proportion of recycled lower crust
In the absence of delamination, the Cu content of the LCC required
to reconcile the depletion of Cu in the UCC and MCC can be esti-
mated by adopting the following equations

½Cu�JCC �mJCC ¼ ½Cu�LCC �mLCC þ ½Cu�MCC �mMCC
þ ½Cu�UCC �mUCC ð4Þ

mJCC ¼ mLCC þmMCC þmUCC ð5Þ

½Cu�LCC ¼ ð½Cu�JCC �mJCC � ½Cu�MCC �mMCC � ½Cu�UCC
�mUCCÞ=ðmJCC � mMCC � mUCCÞ ð6Þ

where the mass proportions of LCC, MCC, and UCC are based on
global seismic data in (77). The [Cu] of the UCC andMCC are from
(1), and the [Cu] of the juvenile continental crust is assumed to be
~50 to 60 ppm, close to that of primary continental arc magmas
(13). Using a Monte Carlo scheme with kernel density estimation,
the modern LCC is required to contain ~120 to 140 ppm Cu to
create a bulk crust having similar [Cu] to primitive arc magmas
(Fig. 3A), following Eq. 6. However, the modern BCC has a much
lower [Cu] of ~27 ppm on average (1), Thus, Cu-rich cumulates
must have been recycled into the mantle via density foundering
or similar processes. Below, we use the same method to calculate
the mass proportion of recycled, Cu-rich lower crust as follows

½Cu�JCC �mJCC ¼ ½Cu�recycled LCC �mrecycled LCC
þ ½Cu�modern BCC �mmodern BCC ð7Þ

mJCC ¼ mrecycled LCC þmmodern BCC ð8Þ

mrecycled LCC
mmodern BCC

¼
½Cu�JCC � ½Cu�modern BCC
½Cu�recycled LCC � ½Cu�JCC

ð9Þ

where [Cu] of the modern BCC is from (1) and [Cu] of the recycled
LCC is represented by lower crustal cumulates (13, 47), which have
an average [Cu] of 196 ± 44 ppm (n = 166). A histogram of Cu con-
tents in lower crustal cumulates is provided in fig. S6. To match the
juvenile continental crust composition ([Cu] = 50 to 60 ppm),
Monte Carlo simulations indicate that the mass ratio of recycled
LCC to the modern BCC is 0.21 ± 0.05 (fig. S6) based on Eq. 9.
On this basis, we use a Rayleigh fractionation model to estimate

the Cu isotopic composition of the modern BCC, i.e., the BCC left
behind after lower crustal foundering, as follows

δ65Cumodern BCC ¼ ðδ65CuJCC þ 1000Þ � f ðα� 1Þ � 1000 ð10Þ

where α is the Cu isotope fractionation factor between recycled LCC

and primary arc magmas at temperatures of 1100° to 1200°C, which
is assumed to vary between 0.9995 and 0.9999 depending on the
amount of sulfide in the recycled LCC, and f is the mass fraction
of Cu remaining in the continental crust after foundering, expressed
as

f ¼ 1=
½Cu�recycled LCC �mrecycled LCC
½Cu�modern BCC �mmodern BCC

þ 1
� �

ð11Þ

The Cu isotopic composition of the juvenile continental crust
(δ65CuJCC) is taken to be 0.06 ± 0.20‰, equal to that of primary
arc magmas and the BSE (16). The average modeling results and
Monte Carlo simulations are plotted in Fig. 3B.While the extremely
high δ65Cu values of some of the Cu-depleted lower crustal rocks
may have involved additional lower crustal processes at ~950°C,
these processes do not affect the estimate of δ65Cu in the differen-
tiated crust because the adopted isotope fractionation factor is
≥0.9995, which corresponds to temperatures for early sulfide satu-
ration in basaltic melts (1100° to 1200°C) (39). The modern BCC is
then estimated to have an average δ65Cu of 0.30 ± 0.15‰. As the
proportion of recycled LCC increases, the δ65Cu of the remaining
continental crust gradually increases.
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Figs. S1 to S7
Tables S1 and S2
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