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Copper isotope evidence for recycled
crustal sulfides in deep mantle

plume source
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Earth’s crustal materials are recycled into the mantle through subduction, but the depth and nature of
recycled components remain debated. Here we report copper (Cu) isotope evidence for the
involvement of recycled crustal materials in a deep-mantle plume source. Permian mantle plume-
derived picrites and basalts from the Emeishan large igneous province (Southwest China), excluding
three hydrothermally altered outliers, exhibit §°*Cu values up to 0.65%., obviously higher than typical
mantle values (0.07 + 0.10%o). The 8°°Cu values show no correlation with loss-on-ignition (LOI), Mg#,
Enawy, CU/Th, Cu/Pd, or redox state, ruling out magma differentiation or post-magmatic alteration.
Instead, the elevated 6%°Cu values most plausibly reflect recycled crustal sulfides with elevated §%°Cu
value in the mantle source. These findings provide robust evidence for the recycling of Cu-rich sulfides
into the deep mantle (potentially the lower mantle), elucidating the ultra-deep geochemical cycling of

copper and sulfur within Earth’s interior.

Tracing recycled components in Earth’s deep mantle is essential for devel-
oping a comprehensive understanding of mantle compositions and ele-
mental cycles'”. Mantle-derived volcanic rocks provide valuable insights
into the nature of the deep mantle at various depths, ranging from the
lithospheric mantle to the sub-arc mantle, mantle transition zone, and lower
mantle">*, Early studies mainly focused on radiogenic isotopes (including
Sr-Nd-Pb-Hf-Os isotopes) and traditional stable isotopes (including C-O-S-
H isotopes) in volcanic rocks, which have helped constrain the presence of
recycled silicate components in Earth’s mantle"*”~’. However, more recent
studies have shifted attention to the stable isotope compositions of certain
metals (such as Mg-Zn-Mo), offering the potential to trace different types of
recycled components (including subducting sedimentary carbonates,
crustal sulfides and organic materials) into the deep mantle'""*.

Copper (Cu) is a key element in studying deep mantle processes due to
its highly chalcophile (sulfur-loving) and redox-sensitive characteristics.
The Cu isotope compositions of geological samples are strongly influenced
by oxygen fugacity'”’ and exhibit substantial variations in low-temperature
supergene processes, compared with basalts and mantle rocks'". Some
volcanic rocks, such as those from Mariana Arc and southern Okinawa

Trough (with 8*Cu values ranging from +0.26%o to +0.67%o), and
metasomatized mantle peridotites/pyroxenites from southeastern Arizona
(with 8°Cu values ranging from —0.29%o to +3.88%o), exhibit higher or
lower 8Cu values than the normal mantle value (8°Cu = 0.07 % 0.10%o)"°.
These variations have been attributed to processes such as the addition of
recycled crustal Cu-rich materials or metasomatism of oxidizing melts or
fluids in the upper mantle''*. However, the mechanisms behind copper
isotope fractionation during magmatic processes remain a subject of debate.
While these studies provide preliminary insights into the Cu cycle in the
upper mantle, our understanding of Cu in deeper mantle reservoirs remains
limited.

Oceanic hotspots (e.g., Hawaii, Iceland) and certain Large Igneous
Provinces (LIPs) (e.g., Emeishan, Siberia) are believed to originate from
deep-seated mantle plumes, which provide critical insights into the com-
position and dynamics of Earth’s deep interior**"*~*>. Compared with mid-
ocean ridge basalts (MORBs) and oceanic island basalts (OIBs), continental
intraplate basalts display a broader range of Cu isotope composition™**
(Fig. 1). Understanding these variations in Cu isotope composition is crucial
to reveal the nature of Earth’s deep copper reservoirs. In this study, we
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Fig. 1 | The whole-rock §*Cu values of the
Emeishan lavas in comparison with peridotites, Yumen Picrites ‘ m
basalts, and other geological reservoirs reported in
literatures. The Emeishan lavas (this study), bulk Yumen Pd-undepleted _Emeishan >
silicate earth (BSE)', other data (reference listed in basalts ‘ ‘ ’ ‘ high-Ti lavas _S
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present high-precision Cu isotope compositions for a series of samples from
the Emeishan Large Igneous Province (ELIP) in southwest China. These
samples include eighteen high-Ti picrites and basalts from the Yumen area
and four low-Ti picrites from the Dali area (Fig. S1). The ELIP, interpreted as
originating from the decompression melting of a mantle-plume head within
the spinel stability field (<100 km depth)***, comprises a wide range of
basaltic rocks, minor picrites, and rare komatiites, forming a diverse picritic-
basaltic magma series” . The low-Ti magmas of ELIP, characterized by a
Ti/Y ratio of <500, show lower oxygen fugacity (fO,: ~QFM + 0.3) than
those of high-Ti series with Ti/Y > 500 (fO,: ~QFM + 2)*~*'. Further details
on the geological setting, petrography, and previously published geo-
chemical features for the collected samples are provided in Supplementary
Note 1. Through analytical Cu isotope data, we assess the potential effects of
magmatic processes and varying fO, levels on Cu isotope fractionation,
estimate the Cu isotope composition of the mantle source in ELIP, and
explore the implications for recycled components in Earth’s deep interior
(e.g., the lower mantle) and the deep cycling of Cu-rich sulfides.

Results and discussion

Whole-rock Cu isotope compositions

The Cu isotope compositions, along with previously published data on
whole-rock elemental data (including major, trace, and platinum-group
elements) and Sr-Nd isotope compositions of Emeishan volcanic rocks, are
compiled in Supplementary Data 1. Detailed major and trace element
compositions for the two studied low-Ti picrites from the Dali area are
presented in Supplementary Note 2.

Asillustrated in Fig. 1, the majority of Emeishan samples from the ELIP
(including nine high-Ti picrites and nine high-Ti basalts from Yumen area,
and four low-Ti picrites from Dali area) exhibit §°Cu values higher than
MORB and OIB (§Cu = —0.07%o to +0.18%0)****, and the Bulk Silicate
Earth (BSE, 0.07 + 0.10%o)"’. Only two exceptions are observed: one picrite
(YBYM1306) and one Palladium (Pd)-undepleted basalt (YBYM1603)
from Yumen area. The Emeishan picrites show a relatively narrow range of
8%®Cu values. High-Ti picrites (from Yumen) have 6*°Cu values ranging
between 0.01%o and 0.65%o, while §°Cu values of low-Ti picrites (from
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Fig. 2 | Relationships between whole-rock §°Cu isotope compositions, Cu
abundances, and geochemical proxies indicative of Cu loss or enrichment in the
Emeishan lavas. §°°Cu versus Ti/Y (a), and loss on ignition (LOI) (b), and Cu versus

1.5
(b)
1.0 ¢
- 1%
3 0.51 Q@ 8 ¢
g A
S o0 & % A O A
8, 0.01 &
Emeishan high-Ti (Yumen)
& Picrite
¢ Pd-undepleted basalt
-0.51 ® & Pd-depleted basalt
Emeishan low-Ti (Dali)
A Picrite
-1.0 T T T T T T T T T T .
1 2 3 4 5 6 7
LOI (wt%)
160
Low-t t
1 (@ Giteration %
120 R - 24
‘ ‘ P
Prs R?=0.91
T ] A_-4d
2 801 o e
= gead & A
(@] i -
X
40 4
<
0 T T T T T
0 40 80 120
Cu/Yb
1.5
O
1o L@ r——lewiemperare
- \ 1S
L0517 ¢ o 00 & O &
= A
§ o < AA j o0
8, 0.07 &
Low-temperature
-0.51 v,“\/a/teration
-1.0 T T T T
0 20 40 60 80
Cu/Th

LOI (c), Cw/Yb (d), Cu/Th (e), and 8*Cu versus Cu/Th (f). ¢ The gray and yellow
bands represent the Cu content ranges of OIB and MORB glass samples, respec-
tively. Data source: BSE'®, MORB and OIB”. Error bars are 2 SD.

Dali) cluster between 0.26%o and 0.30%o (Figs. 1 and 2a). In contrast, the
Emeishan basalts exhibit highly variable Cu isotope compositions, with
8%Cu values ranging from —0.58%o to +1.04%o, which displays a range far
exceeding that reported for other continental intraplate basalts (Fig. 1).

As a platinum-group element (PGE), palladium (Pd) exhibits extre-
mely high partition coefficients (=1.7 x 10*) between immiscible sulfide
meltand silicate melt”, giving it a far stronger affinity for sulfide liquids than
Ni, Cu and lithophile elements (e.g., Yb). This contrasting partitioning
behavior makes elemental ratios such as Cu/Pd and Pd/Yb highly sensitive
tracers of sulfide melt segregation, a process that can markedly influence
8%Cu values. Following Li et al.”, we apply a threshold of 10° x (Pd/Yb) <

100 to identify Pd depletion linked to magmatic sulfide melt saturation and

segregation. Using this criterion, the Emeishan basalts are classified into two
groups: Pd-depleted (samples affected by sulfide melt segregation) and Pd-
undepleted (samples retaining primary magmatic signatures). Notably, Pd-
undepleted basalts exhibit 8*Cu values spanning from —0.58%o to +1.04%o,
over sixfold greater than the variability observed in MORB and OIB
(8*°Cu = —0.07%o to +0.18 %o)***". In contrast, Pd-depleted basalts show a
more constrained §*°Cu range of 0.28%o to 0.47%o.

The influence of hydrothermal alteration

Low-temperature hydrothermal alteration can drive substantial Cu isotope
fractionation, with altered rocks exhibiting 8*°Cu values ranging from
—16.96%o and +9.98%o'*", as stable isotope fractionation factor typically
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increases with decreasing temperature™~*. Despite the high loss-on-ignition
(LOI) values in most of our samples, a common indicator of post-magmatic
alteration, four lines of evidence (detailed in the next section) indicate that
low-temperature processes have not substantially affected their Cu isotope
compositions. Exceptions include three Pd-undepleted basalts, two of which
display extreme §*°Cu values.

First, no clear correlation exists between §*°Cu values and common
indicators of chemical alteration, such as LOI and the chemical index of
alteration (CIA: AL,O5/(Na,O + K,0 + AL O; + CaO) x 100, mol) (Fig. 2b
and Fig. S2a). Second, previous studies’”** have shown that low-temperature
alteration can result in remarkable loss of Cu in rocks (up to 90%), leading to
Cu isotope fractionation. However, the whole-rock Cu contents of our
samples (31 ppm to 145 ppm) overlap with those of fresh OIBs and show no
covariation with LOI (Fig. 2c and Fig. S2b), suggesting minimal Cu mobi-
lization. Given that Yb and Th are fluid-immobile under oxic conditions
near Earth’s surface and that Pd-undepleted basalts have not undergone
sulfide segregation, variations in whole-rock Cu content along with Cu/Yb
and Cu/Th ratios could be used to evaluate potential effects of low-
temperature fluids or sulfide accumulation on whole-rock Cu. Most samples
display a strong positive correlation between Cu and Cu/Yb or Cu/Th
(R*>0.9), while three Pd-undepleted basalts deviate from this trend
(Fig. 2d-e), likely reflecting Cu variation caused by either of these processes.
Third, the most extreme §*Cu values (—0.58%o and 1.04%o) are observed in
two of these three basalts, while the remaining samples have a relatively
limited variation in 8*Cu values (Fig. 2f). These two samples with extreme
8%Cu values also exhibit extreme (lowest and highest) rubidium (Rb)
contents, a moderately fluid-mobile element susceptible to fluid-related
processes (Fig. S2c), further supporting the idea that these two extreme
outliers result from low-temperature alteration. Lastly, due to their strong
affinity for sulfides, both Cu and Pd exhibit similar behavior during basaltic
magma differentiation. In a Cu versus Pd diagram (Fig. 3a), these three
samples slightly deviate from the trend defined by other samples, displaying
Pd contents slightly lower than other Pd-undepleted samples. This is
inconsistent with the effect of the magma sulfide accumulation in the rock
samples. Therefore, we infer that low-temperature alteration not only
modified the Cu isotope compositions but also facilitated the redistribution
of some fluid-mobile elements (e.g., Rb, Cu) in these three samples, while its
influence on the remaining Emeishan samples was minimal. In order to
better constrain the chemical behavior of Cu during magmatic evolution
and the Cu isotope composition of the mantle source in ELIP, these three
outlier samples will be excluded from subsequent discussions.

The influence of magmatic processes

Experimental studies demonstrate that in silicate melt, Cu™ dominates
under reducing conditions (AFMQ < +1.2), whereas Cu** becomes pre-
valent at higher oxygen fugacity fO, (AFMQ = +1.2)”. Theoretically, the
fractional crystallization of early-stage Fe**-rich silicate minerals (e.g., oli-
vine, clinopyroxene), without cotectic crystallization of Fe’*-rich spinel,
increases the Fe**/Fe’" ratio in the residual silicate melt. This elevated ratio
raises the oxygen fugacity (fO,) of the magma, promoting the redox-driven
reaction (Cu" — Cu*")". In sulfide-undersaturated melts, Cu behaves
incompatibly, leading to its enrichment in evolved melts. Because the hea-
vier isotope ®Cu preferentially partitions into Cu’* species”, this redox
process fractionates Cu isotopes, enriching the residual magma with heavier
Cu isotope (®Cu)*’. Moreover, while co-precipitation of spinel with olivine
may buffer fO, of magma, spinel preferentially uptakes the lighter isotope
(®Cu)*, driving the residual melt toward heavier Cu isotope compositions.
However, such isotopic enrichment of heavier Cu isotope is likely negligible
unless substantial fractional crystallization of spinel and olivine occurs, as
Cu isotope fractionation factors are inherently small at magmatic
temperatures™*.

Geochemical data from the Emeishan picrites and basalts indicate that
these rocks mainly underwent fractional crystallization of olivine and
clinopyroxene, with a minor amount of spinel*. However, their whole-rock
8%Cu values show no systematic correlation with indices of magmatic

differentiation, such as Mg# (Fig. 3b) or Cr content (Fig. 3¢). Moreover, no
clear correlation is observed between V/Sc and §®Cu values (Fig. 3d),
despite the wide range of V/Sc ratios (from 8 to 16), which likely reflects
variations in oxidation state of magma. This lack of correlation suggests that
early-stage fractional crystallizations of mafic minerals from basaltic magma
result in limited Cu extraction, insufficient to induce appreciable Cu isotope
fractionation. In addition, Cu isotope fractionation has not been docu-
mented during the fractional crystallization of sulfur-undersaturated
magma”*. These findings collectively indicate that magmatic fractional
crystallization has a negligible impact on Cu isotope variability in the
Emeishan samples.

Because the continental crust exhibits markedly elevated *'Sr/*Sr
ratios, as well as lower Eygq and Nb/La ratios relative to the mantle, these
geochemical parameters serve as robust indicators of crustal contamination.
Sr-Nd isotope compositions suggest negligible crustal contamination in the
Emeishan picrites and less than 10% contamination in the Emeishan
basalts*. However, this minor level of crustal contamination is unlikely to
affect the 8”Cu values of Emeishan basalts. Typical upper continental crusts,
as well as I-type and S-type granites, exhibit §**Cu values of 0.03 + 0.15%o
and —0.03 + 0.42%o, respectively®, which overlap with the range of Cu
isotope composition in MORBs. Lower crustal rocks tend to exhibit het-
erogeneous Cu isotope compositions that negatively correlate with Cu
content’. Even using a lower crustal rock with the highest §”Cu value
(2.5%o) as an end-member, a simple mixing calculation based on Cu-Nd
isotopes shows that less than 10% lower crustal contamination would have
an insignificant effect on Cu isotope composition in the magma. This would
not account for the heavy Cu isotope compositions observed in our samples
(Fig. 3e), as lower crustal rocks with high 6®Cu values have very low Cu
contents (as low as 20 ppm)*. Detailed compositions of the end-members in
the binary mixing model are listed in Supplementary Data 2. This conclu-
sion is further supported by the lack of correlations between 8 °Cu values
and some other chemical indices such as Nb/La or *’Sr/*Sr ratios in these
samples (Fig. S2d—e). Additionally, while the assimilation of crustal sulfur is
known to trigger magmatic sulfide saturation and Pd depletion in the
Emeishan basalts”, the §®Cu values of Pd-depleted basalt samples align
closely with those of the uncontaminated picrites (Fig. 3f). Thus, crustal
contamination has a negligible effect on Cu isotope compositions in the
Emeishan picrites-basalts.

Mantle-derived basaltic magma often experiences sulfide melt
saturation and segregation of immiscible sulfide droplets or minerals during
processes such as fractional crystallization, crustal contamination, mixing
with hydrous fluids at depth, or rapid magma ascent”**"*. During these
events, Cu is preferentially partitioned into sulfide melts due to its high
compatibility in sulfides”. If substantial Cu isotope fractionation occurs
between sulfide melt and silicate melt, this segregation could substantially
alter the 8°°Cu values of the residual silicate melt. However, previous studies
showed that the Cu isotope fractionation factor («) between sulfide melt and
silicate melt is highly variable, displaying both negative to positive values.
For example, results of lab experiments'*’ and natural samples**** have
shown that sulfide melt can preferentially incorporate light Cu isotope
(a<1), leading to higher §Cu values in the remaining silicate melt. In
contrast, a study of mantle pyroxenites from the Balmuccia massif indicates
that segregated sulfide melt can, in some cases, prefer heavier Cu isotopes,
with a fractionation factor « > 1°'. Moreover, studies on arc magmas and
magmatic Ni-Cu sulfide deposits have shown very limited Cu isotope
fractionation during sulfide segregation, with « value close to one'”***.

Pd depletion in basalts serves as a reliable indicator of magmatic sulfide
segregation due to the extremely high partition coefficient of Pd in sulfide
melts. The §°Cu values of Yumen Pd-depleted basalts fall within the range
of the Yumen picrites and Pd-undepleted basalts. Moreover, no correlations
are observed between 8*Cu values and Pd/Yb or Cu/Pd ratios in these
samples (Figs. 3f and S2f). Although MORBs are generally believed to be
saturated with sulfide melts™, and some OIB samples show evidence of
sulfide segregation®, OIBs and MORBs typically exhibit *Cu values con-
sistent with ranges of the mantle and komatiites (between —0.07%o and
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+0.16%0)'°*. In contrast, other studies attribute §°Cu variations in massif
peridotites and magmatic Ni-Cu deposits to sulfide segregation
processes******, While future research is needed to reconcile discrepancies in
Cu isotope behavior between sulfide and silicate melt, the lack of systematic
8%Cu variations among Emeishan high-Ti samples (including Yumen
picrites, Pd-depleted basalts, and Pd-undepleted basalts) suggests that sul-
fide segregation in our Pd-depleted basalt samples did not induce substantial
Cu isotope fractionation.

Studies of non-metasomatized mantle peridotites and mantle-derived
volcanic rocks with varying degrees of melting (e.g., MORB, OIB, and

komatiite) show these rocks have similar Cu isotope compositions, leading
some researchers to suggest that Cu isotope fractionation during mantle
melting is minimal'**’. However, the negative correlation observed between
8®Cu values and ALO; contents of mantle peridotites, though subtle,
suggests that lighter “Cu preferentially enters the melt during partial
melting of mantle rocks™. This observation appears at odds with the
relatively high 8°Cu values (from 0.20%0 to 0.65%o) measured in
most Emeishan picrites and basalts, except for one picrite (§°Cu=0.01 +
0.03%o, 20) and two outliers likely affected by hydrothermal alteration.
Moreover, the ELIP mantle source is believed to lack residual sulfide due to a
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the Dali low-Ti and Yumen high-Ti magmas™’; MORB and Oceanic Arc’'. Data
source of oxygen isotopes: the Dali low-Ti and Yumen high-Ti magmas*>**; mantle
value”” and oceanic arc”. Error bars for 8°Cu are 2 SD. Error bars of average AFMQ
and §"°0 values are 1 standard deviation.

high degree of melting and/or elevated oxygen fugacity, leading to
sulfide undersaturation in the silicate melts”. This interpretation is
supported by the high Pd contents measured in the Emeishan picrites
and basalts**". Consequently, we propose that during partial melting,
sulfides in the mantle source were fully melted and depleted, releasing
their Cu into the silicate melt. Despite ongoing debates regarding the extent
of Cu isotope fractionation among different mineral phases, this process
does not appear to induce substantial Cu isotope fractionation in Emeishan
magmas.

In summary, despite undergoing complex petrogenetic processes
(including fractional crystallization, crustal contamination, and sulfide melt
segregation), the elevated §“Cu signatures of the Emeishan lavas largely
reflect the compositional characteristics of their mantle source. These sig-
natures were not substantially modified by subsequent magmatic evolution.

The origin of heavy Cu isotope composition

Four potential mechanisms have been proposed to account for the heavy Cu
isotope composition in the mantle source, including (1) the partial melting
of mantle under oxidizing conditions'’; (2) the mantle melting and melt
migration—reaction%; (3) the involvement of metasomatized sub-
continental lithospheric mantle (SCLM)'%; and (4) the addition of sub-
ducted components with high §**Cu values™.

First, experimental studies have shown that copper speciation in sili-
cate melt is redox-dependent: Cu” dominates under relatively reduced
conditions (AFMQ < +1.2), while Cu’* prevails under oxidizing conditions
(AFMQ=>+1.2)". This redox control may influence Cu isotope

fractionation, as Cu*" preferentially incorporates isotopically heavier “*Cu
over lighter ®Cu, leading to ®Cu enrichment in oxidized silicate melts
during mantle melting"". Empirical support for this mechanism comes from
studies of magmatic Ni-Cu deposits, where positive correlations between
the 8®Cu values of chalcopyrite separates and magma fO, values have been
reported”. In ELIP, previous studies”™" suggested that the fO, values of
Emeishan high-Ti magmas range from FMQ + 1.1 to FMQ + 2.6, which
are higher than those of the Emeishan low-Ti magmas (ranging from
FMQ — 0.5 to FMQ + 0.5). However, both high-Ti and low-Ti lavas in the
ELIP exhibit heavy Cu isotope compositions (Fig. 4a), suggesting that the
mantle melting under oxidizing conditions cannot explain the elevated
8%Cu values in Emeishan picrites and basalts.

To quantitatively assess Cu behavior during mantle melting, we
modeled Cu concentrations in primitive melts at varying degrees of melting
using the approach of Lee et al."” and calculated their 8”Cu values using a
simple Rayleigh distillation model with different Cu isotope fractionation
factors (@melt-peridotite) between mantle-derived melts and residual peridotite.
This model assumes an initial mantle Cu concentration of 40 ppm with a
8%®Cu value of 0.07 + 0.10%o, and a Cu partition coefficient between sulfide
and melt (D 6ge/melr) of 800 Under these assumptions, Cu behaves as a
compatible element before sulfide exhaustion, remaining largely retained in
the residual mantle. However, once sulfides are fully depleted at >20%
partial melting®, Cu transitions to an incompatible element, leading to a
shift in its partitioning behavior. This results in a distinct inflection point in
Cu behavior at ~25% melting (Fig. 4b), which is consistent with estimates
that Emeishan picrites formed through 16% to 30% partial melting of a
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plume-head””. By adjusting the fractionation coefficients (Cmeit-peridotite)>
we successfully reproduced the highest §”Cu value observed in the
Emeishan picrites at ~20% partial melting using an ome-peridotite Of
1.00015 (Fig. 4b).

If such a high &pelr-peridotite Value is common under oxidizing condi-
tions, it could imply that the heavy Cu isotope compositions may be pre-
valent in global arc basalts, particularly given that many arc magmas exhibit
fO, values exceeding AFMQ + 1. This interpretation is consistent with
observations from the Mariana Arc, where basaltic lavas display higher
8%Cu values (between +0.38 and +0.67%o) than mantle value'’. However,
mantle-like 8”Cu values have been reported in Izu-Bonin-Mariana arc-
related volcanic rocks even though these systems also record high fO, values
(AFMQ > +1)*. These contrasting observations suggest that redox-
controlled Cu isotope fractionation may not systematically occur during
mantle melting. Instead, additional factors may contribute to the high §°Cu
value observed in basaltic lavas from the Mariana Arc. For example, sulfide
undersaturation during melting could retain all Cu in the melt phase, ren-
dering its Cu isotope composition insensitive to oxygen fugacity. Alter-
natively, the involvement of serpentinite-derived sulfate-rich fluids, which
may carry high §“Cu values, could modify the Cu isotope compositions of
sub-arc mantle sources”.

Second, the elevated §”Cu values (up to 0.38%o) observed in massif
peridotites from Ivrea-Verbano Zone (Italian Alps) have been attributed to
the removal of sulfides enriched in lighter ®’Cu during partial melting,
leaving residual mantle peridotites enriched in heavier °Cu isotopes™.
However, the Emeishan high-Ti lavas were interpreted as decompression
melting of a deep-seated mantle plume of peridotitic composition origi-
nating from Earth’s deep interior (e.g., the lower mantle)*. Unlike meta-
somatized SCLM, this ELIP plume source remains largely unaffected by
subduction-related processes (e.g., metasomatism from slab-derived fluids/
melts) or melt-rock interaction processes associated with upper mantle
magmatism. Moreover, several Emeishan high-Ti lavas have much higher
8“Cu values than 0.38%o. Thus, while sulfide extraction during melting
drives Cu isotope fractionation in the Ivrea-Verbano system, the Emeishan
lavas derive from a mantle source isolated from subduction zones and
shallow mantle processes, likely preserving Cu isotope signatures of pri-
mitive magmas.

Third, some rocks derived from metasomatized SCLM can exhibit high
8®Cu values'. This enrichment may arise from serpentinite-derived,
sulfate-rich fluids, which are known to enrich the mantle wedge with heavier
%Cu through redox-driven processes, as sulfate (SO,’") facilitates the pre-
ferential incorporation of isotopically heavier “Cu into mantle rocks"”. The
Yangtze craton, which underwent multiple subduction events (such as the
Neoproterozoic Panxi subduction zone)”, may host a metasomatized
lithospheric mantle with elevated §*°Cu values due to prolonged interaction
with such fluids. If the Emeishan mantle plume interacted with this meta-
somatized SCLM during ascent, it could theoretically generate melts with
high 8%Cu values. However, two lines of evidence argue against this
hypothesis. First, previous studies™ have proposed that the Emeishan low-Ti
basalts originated from metasomatized lithospheric mantle, whereas the
Emeishan high-Ti basalts were derived from the deep mantle plume itself.
While the Emeishan low-Ti picrites might have originated from a meta-
somatized SCLM, as inferred from elevated 8O values (5.3-6.0%o) in
primitive olivine phenocrysts™, the Dali low-Ti picrites, which also exhibit
high 8O values, have slightly lower 8*°Cu values than those of the
Emeishan high-Ti picrites. This inconsistency challenges the hypothesis that
an important contribution from a metasomatized lithospheric mantle with
high 8®Cu values is responsible for the heavy Cu isotope composition
observed in Emeishan lavas (Fig. 4c). Second, the §”Cu values of the
Emeishan samples show no clear correlations with geochemical indicators
for slab-derived fluid/melt contributions (e.g., Ba/La, Ce/Pb, Ba/Th, and Th/
Yb; Fig. S3), inconsistent with the involvement of metasomatized SCLM.
Thus, while minor contamination by metasomatized SCLM cannot be
entirely excluded, its contribution to the high 8”Cu values in Emeishan lavas
is likely small.

Finally, recent studies'®***"**** support the hypothesis that ELIP likely
originated from a mantle source of peridotitic composition. However,
geochemical evidence from primitive magma compositions inferred from
melt inclusions, trace element systematics, and oxygen isotope composi-
tions of olivine phenocrysts suggests minor contributions from recycled
subducted components in the mantle source’***. While oxidizing condi-
tions may enhance the enrichment of heavier Cu isotope (“Cu) in melts, the
addition of recycled components with heavy-Cu isotope signature is most
likely the main factor in raising the 8°Cu values of the Emeishan lavas.
Therefore, our results highlight recycled subducted components as a key
mechanism for generating heterogeneous Cu isotope compositions in the
deep mantle. This process likely dominates over redox-driven Cu isotope
fractionation effects, particularly in systems where ancient slab-derived
materials contribute to mantle source heterogeneity.

Implication for deep copper-rich sulfide cycle

This study reports substantial heavy Cu isotope enrichment (elevated §*°Cu
value) in intraplate basalts sourced from the deep mantle. The high §*Cu
values observed in Emeishan picrites and basalts suggest the incorporation
of recycled components with §*Cu values in the mantle source. These
findings have critical implications for understanding the cycling of Cu-rich
sulfides in deep mantle.

Cu isotopes have been well-documented to undergo substantial frac-
tionation during low- to medium-temperature geological processes,
including chemical weathering”, Cu deposition in hydrothermal environ-
ments (e.g., porphyry and skarn deposits)’"”, sedimentary processes*’, and
the formation of Cu-bearing sulfides in black smokers*. For example, in the
Emeishan Pd-undepleted basalts (Yumen), three outliers (two of which have
extreme §”Cu values) are attributed to alteration by low-temperature fluids.
In contrast, under high-temperature magmatic conditions, processes such
as progressive sulfide segregation or melt-peridotite reactions, while theo-
retically capable of inducing Cu isotope fractionation in the lithospheric
mantle™, do not appear to drive substantial isotopic variability. Both our
data and previous studies confirm smaller Cu isotope variation during the
magmatic evolution of basaltic melts (including fractional crystallization or
melt migration) than observed in most Emeishan basalts and picrites.

Oceanic igneous rocks (e.g., OIBs and MORBs) typically exhibit
mantle-like Cu isotope compositions, whereas continental intraplate basalts
display a wider range of §”Cu values, reflecting their complex petrogenic
processes (Fig. 1). During the subduction of oceanic igneous rocks, several
observations indicate that subduction metamorphism has a limited impact
on the Cu isotope signatures of subducting slabs. For example, Busigny
et al.” suggested that Cu loss from metagabbro to subduction fluids is
minimal during subduction metamorphism, based on Cu-N isotope sys-
tematics in Alpine meta-gabbros; Cu depletion instead occurs mainly
during hydrothermal alteration on the seafloor. Similarly, Liu et al. found
no systematic variation between Cu and §“Cu values in a suite of
subduction-related prograde metamorphic rocks (from greenschist to
eclogite facies), further supporting limited Cu mobility during slab dehy-
dration. In addition, most modern volcanic rocks from island arcs have
mantle-like 6°°Cu values despite varying trace element ratios (e.g., Ba/Nb
and Th/Yb)*****". These observations collectively imply that subducted
materials appear capable of preserving their original Cu isotope composi-
tions through the subduction cycle, enabling recycled components to retain
surficial Cu isotope signatures in the deep mantle.

As shown in Fig. 1, Fe-Mn crusts®® and black smokers™, formed in
Earth’s surface systems and enriched in sulfide minerals, exhibit remarkably
higher §*°Cu values. Fe-Mn crusts are characterized by elevated §*°Cu and
8%Zn values along with high Mn concentrations®’; these signatures could
theoretically contribute to mantle sources after being subducted. However,
primitive magmas of the ELIP exhibit Zn isotope compositions akin to those
of MORB (8°Zn: ~0.3%o)*” and do not show Mn enrichment®, ruling out
the assimilation of subducted Fe-Mn crust as a dominant mechanism.
Instead, we propose that subducted, Cu-enriched crustal sulfides (e.g.
black smokers) represent the more plausible source component, considering
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Fig. 5 | Schematic model showing a deep cycle of
crustal Cu-rich sulfides tracked by the heavy Cu
isotope composition from the ELIP picrites-
basalts. Cu isotope data source of different geolo-
gical reservoirs is listed in Supplementary Note 2.
See texts for further explanations. Error bars
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that Cu is predominantly hosted in sulfides in both Earth’s surface systems
and deep-seated systems.

Our findings, along with previous studies on the ELIP, support a multi-
stage deep-cycle model for Cu-rich sulfides (Fig. 5). The cycle begins with
the subduction of Cu-rich materials having high 8*°Cu values (e.g., active
black smokers formed in a submarine hydrothermal system) into the deep
mantle. As the chemically heterogeneous Emeishan mantle plume ascends,
partial melting of mantle components containing these subducted materials
with high 8 Cu values generates high-Ti and low-Ti magmas. A minor
contribution from subducting oceanic crust may explain the elevated Fe and
Ti abundances in high-Ti melts and olivines with slightly higher §'°0 values
than mantle values from low-Ti melts. The incorporation of subducted
crustal sulfides with high §*°Cu values contributes to the heavy Cu isotope
compositions observed in the Emeishan lavas. The incorporation of variable
proportions of these recycled components could account for the distinct
8%Cu observed between high-Ti and low-Ti picrites and basalts within the
ELIP. Finally, magmatic processes, including fractional crystallization, sul-
fide melt segregation, and crustal contamination, produce the diverse geo-
chemical signatures observed in the Emeishan picrites and basalts’*******.

This multi-stage deep-cycle model provides a simplified explanation
based on interpretations of currently available data. While we suggest the
involvement of material geochemically akin to black-smoker sulfides that
represents the most plausible known Cu reservoir with the requisite heavy
isotope signature, the precise mechanism and quantity of its incorporation
into the mantle source of Emeishan picrite-basalt suite remain unresolved.
Other, as yet unidentified surficial or mantle reservoirs, could potentially
bear similar geochemical signatures. However, until such reservoirs are
identified, recycled crustal sulfides within a deep mantle plume source
remain the most plausible and preferred explanation for the Cu-rich
materials with high §°Cu values observed in the Emeishan samples. More
complex models involving multiple processes and components cannot be
ruled out. For example, metasomatisms of the SCLM by melts from a plume
containing recycled sulfides, followed by later plume ascent incorporating
this modified signature. Nevertheless, the fundamental origin of the high-
8%Cu signature is most likely explained by recycled crustal sulfides within
the deep mantle plume source.

In conclusion, this study demonstrates that Cu isotope compositions
(8%Cu) serve as an effective tracer for identifying recycled, Cu-rich crustal
components within the deep mantle. The heavy Cu isotope signatures
observed in the Emeishan picrite-basalt suite provide strong evidence for
subduction-driven recycling of crustal sulfides (possibly incorporating
minor metasomatic SCLM) into mantle-derived magmas. Further

investigation into deep mantle copper reservoirs is crucial for elucidating the
mechanisms and pathways of the deep Cu-S cycle, as well as for under-
standing the long-term cycling of crustal sulfides within Earth’s interior.
Such insights will substantially enhance our understanding of material
exchange between the crust and mantle and contribute to a more com-
prehensive view of Earth’s geochemical evolution over geological timescales.

Methods
Whole-rock major-trace element analyses
Loss on ignition (LOI) was measured by recording the weight loss of sample
powder after heating at ~1000 °C for ~1.5 hours. For major element analysis,
~0.6 g of the dried sample was mixed with ~6 g of lithium tetraborate and
fused at ~1050 °C to form a glass disk, which was then analyzed using X-ray
fluorescence spectrometry at the Rock-Mineral Preparation and Analysis
Lab, Institute of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS). The analytical precision for major elements is better than 5%.
Whole-rock trace element concentrations were determined using an
Agilent 7500a inductively-coupled-plasma mass-spectrometer at IGGCAS,
with detailed analytical procedures described in a previous study”'. The
analytical precisions for most trace elements are generally better than 10%.

Cu isotope composition analysis
Sample digestion and column chemistry for whole-rock Cu isotope analyses
were carried out at the School of Earth System Science (SESS), Tianjin
University, following a modified procedure outlined in previous studies***.
About 20-50 mg of sample powders were weighted into Teflon beakers
based on their Cu concentrations to obtain ~1.2 mg of Cu. Samples were
dissolved in a mixture of HNO5-HF-HCI at ~120 °C for ~72 hours. After
complete dissolution, the samples were dried, with HF removed by adding
and evaporating concentrated HNO;. Subsequently, about 1 mL of 8.2 M
HCI + 0.03% H,O, were added to the beaker and evaporated to dryness at
~95 °C. This process was repeated three times. The final material was dis-
solved in ~1 mL of 8.2 M HCI + 0.03% H,O, for ion-exchange separation.
The sample solution was loaded on ~1 mL of pre-cleaned AG MP-1 M resin
(Bio-Rad, 100-200 mesh), with matrix elements eluted using ~4 mL of
8.2 M HCl + 0.03% H,O, solution, while Cu was collected in ~11 mL of the
same solution. The column separation procedure was repeated to ensure Cu
purity. The Cu fractions were dried, converted to nitrate form, and re-
dissolved in 2% HNO; for Cu isotope ratio analysis. The Cu recovery yields
were 99 + 1% (1 SD, n = 19), with total procedural blank typically <1 ng.
Copper isotope ratios in an ~200ng/g Cu solution were measured
using a Neptune Plus MC-ICP-MS at SESS, Tianjin University. A sample-
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standard bracketing method was employed to correct for instrumental mass
bias and drifts during measurement. Cu concentrations in the samples were
verified and adjusted to match the Cu standard solution within 10%. Each
analysis consisted of one block of 90 cycles, with each cycle lasting ~2 sec-
onds. Cu isotope ratios are reported in delta notation relative to the standard
reference  material (SRM) NIST 976 (expressed as follows:
8°Cu = [(*Cu/”Cu)sampte/ ("CW/*Cu)nist 976 — 1] X 1000%o0). Analysis of
the BHVO-2 standard processed in the same way as unknown samples,
yielded a §®Cu value of 0.15 + 0.03%o (2 SD, 1 = 5), which is consistent with
previously reported values'”.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Information and Supplementary Data.
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