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Porphyry copper (-gold) deposits in both arc and non-arc settings are hosted by oxidized magmatic
rocks, but the exact mechanism by which the source magmas of these non-arc deposits become
oxidized remains obscure. Through whole-rock geochemistry, mineral chemistry, and zircon isotopic
analyses, here we show that the Neoproterozoic root of the Cretaceous Shaxi porphyry copper-gold
deposit in the Jiangnan orogen is reduced and copper-sulfide rich, whereas the Cretaceous ore-
forming magmas are oxidized. An oxidized mafic melt flushed the Neoproterozoic root zone, extracted
copper and gold, and transported them to the upper crust where the Cretaceous Shaxi deposit formed.
Evidence is recorded in growth zones of clinopyroxene, zircon, spinel, and plagioclase. Our results
indicate that the relatively reduced, sulfide-enriched sub-continental lithospheric mantle or lower crust
is essential but not sufficient for the formation of fertile non-arc porphyry magmas. Addition of a newer
oxidized magma is crucial for the formation of this mineralization style.

Porphyry Cu (-Au) deposits (PCDs) typically form in oceanic
subduction-related magmatic arcs, but have also been recognized in non-
arc settings, including post-subduction, collisional, and intracontinental
environments'™. In magmatic arc settings, PCDs are the product of
oceanic plate subduction, where the high metal contents (Cu, Au) and
oxidation state of primitive porphyry magmas are mostly related to melt
or fluid metasomatism derived from the subducted oceanic plate'.
However, PCDs in non-arc settings are commonly considered unrelated
to ongoing oceanic plate subduction, with some studies suggesting that
they form through remelting of sulfide-bearing residues at the base of the
crust left by earlier arc magmatism®*'*"”. For example, Pettke et al.” used
Monte Carlo simulations to infer that the Pb isotope composition of
mineralizing fluid inclusions in the Cenozoic Bingham Canyon deposit
was mainly derived from the subcontinental lithospheric mantle that had
been metasomatized by ancient Proterozoic slab-derived fluids*. Core
et al.” confirmed the existence of a Cu-rich lower crust source region
beneath the Bingham deposit. Hou et al.° suggested that Cu-Au enriched
Neoproterozoic metamorphic amphibolite xenoliths hosted by syenite
and monzogranite porphyries provided the metals for the Au-rich por-
phyry system at the cratonic edge, based on whole-rock geochemical
and zircon Hf isotopic data. However, previous studies only showed
an indirect link between deeply-sourced Cu and upper crustal miner-
alization and did not propose oxidation and element transfer

mechanisms between the deep-seated sulfide-bearing sources and the
PCDS(),&I 8,23,24 .

An increase in oxygen fugacity (fO,) is generally regarded as a crucial
chemical mechanism for ore-forming materials (metals, sulfur) in the
sulfide-bearing residues to be dissolved and released into ascending silicate
melts to form fertile non-arc PCD magmas'*”. Several models have been
proposed to explain the increase in fO, that occurs in non-arc PCD magma
systems, including addition of oxidized sediment during continental slab
subduction™, fractional crystallization of garnet or amphibole” ™, gain of
H,O by basaltic replenishments and loss of H,O during magmatic
differentiation’’, or gain of oxidizing substances by interaction with high fO,
mafic magmas'*”. However, the exact mechanism that oxidizes non-arc
settings ore-forming magmas and subsequently releases metals from
sulfide-bearing residues at the base of the crust remains unclear.

The Middle-Lower Yangtze River Valley metallogenic belt (MLYB) on
the northwestern margin of the Yangtze block in South China hosts many
Cretaceous PCDs (total resources >13 Mt Cuand 600 t Au). Previous studies
have suggested the belt was the product of Paleo-Pacific oceanic crust
subduction, but more recent work has identified it as a typical intraconti-
nental porphyry belt that formed by partial melting of delaminated
lower crust or lithospheric mantle triggered by asthenospheric
upwelling' """ (Fig. 1). The MLYB occurs on the northwestern margin of
the Jiangnan orogen, which was generated by subduction of the Cathaysia
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Fig. 1 | Simplified geological map of the MLYB. The map shows the location of
Shaxi deposit and distribution of Neoproterozoic rocks in the Jiangnan Orogen
(modified after Chen et al. and Li et al.)**". Dark blue dots show the location of
Neoproterozoic rocks used as parent rock compositions for inherited zircons. SJPSZ,
Shaoxing-Jiangshan-Pingxiang suture zone. NJXSZ, Northeastern Jiangxi suture
zone. JSBF, the Jiujiang-Shitai buried fault (the boundary between the Yangtze
carton and the Jiangnan orogen, He et al.)*.

oceanic slab between the Cathaysia terrane and the Yangtze craton in the
Early Neoproterozoic, preserving 1.1 to 0.82 Ga ophiolites, 1.1 to 0.89 Ga
island arc volcanic rocks and ca. 0.87 Ga high-pressure blueschists™***
(Fig. 1). The belt was subsequently the site of shallow marine sedimentation,
sporadic magmatism and high-grade metamorphism prior to the Mesozoic,
covered by Jurassic-Cretaceous thick continental clastic sequences®. During
the Late-Jurassic to Cretaceous, the belt was characterized by extensive
magmatism, including felsic intrusions, bimodal volcanic rocks and A-type
granites™***’. Ore deposits in the belt are concentrated in the eight mining
districts (Edong, Jiurui, Anqing, Luzong, Tongling, Xuancheng, Ningwu,
Ningzhen). PCDs primarily formed between 150 and 135 Ma, and are
associated with adakitic magmas with high Sr/Y, La/Yb and low Y & Yb
geochemical features™'>'"”,

Here, we use the Shaxi porphyry deposit, a typical PCD in the MLYB, as
a case study. The Shaxi deposit (>1.5 Mt Cuat 0.55% and 40 t Auat 0.50 g/t)
formed at ~129-127 Ma, slightly younger than the main metallogenic peak,
and contains pre-ore diorite porphyry (DP) and syn-ore quartz diorite
porphyry (QDP; Supplementary Fig. 2)*. Mafic enclaves have been iden-
tified in the QDP, but not in the DP (Supplementary Fig. 2). There are
abundant Neoproterozoic inherited zircons and clinopyroxene xenocrysts
in both the enclaves and QDP, offering a rare window into the relationship
between the Cretaceous Shaxi deposit and contributions from underlying
Neoproterozoic arc rocks.

Results

Whole rock geochemistry

The Shaxi intrusions have high SiO, (>58 wt%), Sr (>900 ppm), Sr/Y
(70-160), and (La/Yb)y (12-14), and low Y (<12.9 ppm) and Yb (<1.2
ppm), similar to other porphyries in the MLYB (Supplementary Figs. 4-5).
The mafic enclaves have high Mg# (molar 100 x Mg/(Mg+Fe), >60) with
high Cr (610-650 ppm) and Ni (200-220 ppm) contents (Supplementary
Table 1).

Geochronology and mineral geochemistry

Cretaceous zircons from the Shaxi DP, QDP and mafic enclaves yielded
U-PD ages of 129.3 +1.0 Ma, 127.0 £2.0 Ma and 127.6 + 1.9 Ma, respec-
tively (Supplementary Table 2; Supplementary Fig. 6). Inherited zircon cores
were found in the DP and mafic enclaves with U-Pb ages of 811 + 15 Ma
and 804 + 9 Ma respectively, and those in QDP yielded weighted average
*%Pb/**U ages of 814 + 10 Ma (Supplementary Fig. 6). Rare earth element
(REE) patterns of the Cretaceous zircons and Neoproterozoic inherited
zircons are light REE (LREE)-depleted and heavy REE (HREE)-enriched,

with negative Eu anomalies, typical of igneous zircons (Fig. 2A). Oxygen
fugacity was estimated following the method of Loucks et al.”. The calcu-
lated fO, (expressed as AFMQ, the deviation in log units from the fayalite-
magnetite-quartz fO, buffer) for Cretaceous zircons from the DP, QDP and
the mafic enclaves are AFMQ =+0.1 £0.7 (n=14), AFMQ=+23+0.6
(n=8) and AFMQ = +2.3 0.3 (n = 8), respectively, whereas the inherited
zircon fO, range is AFMQ = -1.1+ 1.4 (n=11) (Fig. 2B; Supplementary
Table 3).

The ey(t) values of the Cretaceous zircon rims of the DP and QDP
range from -2.7 to +0.5 (n = 16) and -2.1 to +0.6 (n = 9), those of the mafic
enclaves range from -2.2 to +0.0 (n=9), whereas the ey(f) values of the
eight Neoproterozoic inherited zircon cores vary from 0.0 to +4.6 (Fig. 2C;
Supplementary Table 4). Zircon oxygen isotopic compositions of Cretac-
eous zircon rims from the DP are 4.44 to 6.29%o (n = 21), the QDP are 4.95
t0 6.67%o (n = 10), and mafic enclaves are 5.61 to 6.12%o (1 = 8) (Fig. 2D).
Neoproterozoic inherited zircon cores from the DP, QDP and mafic
enclaves yielded oxygen isotopic compositions of 4.83 to 6.72%o (n =8;
Supplementary Table 5).

Clinopyroxene phenocrysts (n = 5) from the mafic enclaves are zoned
with cores characterized by higher SiO,, FeO and MnO, and lower TiO,,
Al, 03, Cr, Co, Nj, Sr/Y and Mg# values compared to the rims (Fig. 3A, B;
Supplementary Tables 6-7). Clinopyroxene cores contain abundant sulfide
inclusions, consisting of pyrrhotite, pentlandite, and chalcopyrite
(Fig. 3C-G; Supplementary Fig. 7; Supplementary Table 8). No sulfide
inclusions were observed in clinopyroxene rims (Fig. 3A; Supplementary
Fig. 7). Sulfide inclusions in clinopyroxene cores are commonly accom-
panied by magnetite inclusions (Supplementary Fig. 7).

Spinel from mafic enclaves generally occurs in inclusions hosted in
other minerals. They are magmatically zoned, different to weathered spinel
with a typical irregular shape and porous texture. The magmatic spinel cores
are dominated by the chrome-spinel component, whereas the rims are
predominantly chromian magnetite (Fig. 3H, Supplementary Fig. 8, Sup-
plementary Table 9).

Apatite from DP, QDP and mafic enclaves occurs in primary inclu-
sions as well as cleavage and fracture infill (particularly in amphibole). Here,
we only consider primary apatite inclusions away from the edge and the
fracture zones of magmatic minerals (Supplementary Fig. 9). Sulfate in
apatites from the QDP (0.14-0.83 wt%) and mafic enclaves (0.11-0.61 wt%)
is higher than DP apatite (0.03-0.16 wt%; Fig. 3I; Supplementary Table 10).
All DP and QDP apatites have high Mn/Fe and LREE/HRE values indi-
cating a magmatic origin (Supplementary Fig. 10; Supplementary
Table 11)*. Plagioclase from the QDP has inverse zoning, characterized by
oligoclase cores (An# = 22-30), mantled by andesine rims (An# = 36-45;
Fig. 3K; Supplementary Table 12).

Discussion

Copper and sulfur release by interaction with oxidized

mafic magma

Mafic enclaves are commonly interpreted as either (1) partial melting
residues from the host magma formation, (2) xenoliths incorporated into
the magma by wall rock stoping, (3) autoliths formed during parent magma
crystallization representing early crystal accumulations, or (4) products of
mafic magma mingling*'. The age of the Shaxi mafic enclaves is similar to
the age of the QDP, negating a xenolith origin. Morphology, magmatic
textures, mineralogy, and chemical features of the Shaxi mafic enclaves
indicate that they crystallized from a mafic magma. There is a diffuse fine-
grained margin in the contact zone between the mafic enclaves and QDP,
with clinopyroxene, plagioclase, ilmenite and other fine-grained minerals
(Supplementary Fig. 2I). This suggests that these mafic enclaves are not
restites. Autoliths are typically flow-microstructured with pillow-shaped
chilled margins, similar mineral assemblages, higher compatible elements
(Sc, V and Ni) and HREE, and lower incompatible elements (Ba, Rb, Th, U
and Zr) compared with their host rocks"'. However, at Shaxi, the contact
zone between the mafic enclave and QDP has no flow microstructure or
pillow-shape, and their incompatible trace element contents are higher than
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the QDP. Thus, we conclude that the mafic enclaves in the ore-bearing QDP
represent mostly thermodynamically equilibrated liquids and mineral rims
but poorly-mixed remnants of a mafic melt that was injected into the QDP-
forming magma. Thermodynamic equilibrium is supported by similar
chemical compositions of apatite, spinel rims, zircon rims, and plagioclase
rims in both QDP and the enclaves. The primitive character of the mafic
melt is indicated by plagioclase rims from QDP richer in the anorthite
component (Fig. 3K), and clinopyroxene rims from the enclaves richer in
Mg, Cr, and Ni (Fig. 3B), relative to the respective mineral cores. This
bimodality in textures and chemical compositions is also observed in spinel
and zircon, confirming the two-stage growth. No such textures have been
found in the barren DP.

Zircon ages of the cores and rims constrain episodic zircon crystal-
lization during the Neoproterozoic and Cretaceous (Supplementary Fig. 6).
Oxygen fugacity of syn-ore QDP (AFMQ = +2.3 + 0.6) is higher than that
of the pre-ore DP (AFMQ =+0.1+0.7) and Neoproterozoic inherited
zircons (AFMQ = —1.1 + 1.4; Fig. 2B), indicating that high oxidation states
were present during ore formation. In the enclaves, spinel rim compositions
have a substantial magnetite component, whereas the cores are primarily
chrome-spinel. This indicates an abundant supply of Fe’" from the deep-
sourced mafic melt, compared to the more reduced cores”. Although a
transition from chrome-spinel to magnetite could result from the stability of
other aluminous phases, in Shaxi plagioclase is stable throughout so mag-
netite rims indicate a true oxidative effect”.

Apatite sulfur content is an oxygen fugacity indicator of the melt*
because S partitioning into apatite is strongly dependent on the melt S
valence, but mostly independent of temperature and pressure®. Although
no growth zones were observed in apatite, apatites from the ore-bearing
QDP (0.14-0.83 wt%) and its mafic enclaves (0.11-0.61 wt%) have higher
SO; content than apatite from the barren DP (0.03-0.16 wt%), which has no
associated mafic enclaves (Fig. 3I). These geochemical features are inter-
preted to indicate an increase in fO, during the formation of the Shaxi ore-
forming QDP magmas, relative to earlier melts.

Petrographic observations show that sulfide inclusions are only present
within the cores of enclave-hosted clinopyroxene (Fig. 3A; Supplementary
Fig. 7). Most sulfide inclusions are composed of shrinkage bubbles, Ti-
magnetite or ilmenite, and base metal sulfides (Fig. 3E-G; Supplementary
Fig. 7). Hydrothermal sulfides are mostly zoned with a spongy or vesicular
texture, and commonly occur in cracks and veins with other low tem-
perature hydrothermal minerals (e.g., hematite, chlorite)*®. At Shaxi,
hydrothermal sulfides are pyrite, chalcopyrite, and bornite, which coexist
with hydrothermal minerals such as quartz, anhydrite, K-feldspar, and

3,44
>

chlorite®®. In contrast, we observe that sulfide inclusions are magmatic,
supported by their globular or elliptical shape, lack of intersection by frac-
tures, and complete envelopment by clinopyroxene cores (Fig. 3E-G;
Supplementary Fig. 7). Base metal sulfides consist of pyrrhotite, pentlandite
and chalcopyrite, with flame-structured pentlandite generally occurring in
pyrrhotite (Fig. 3A, Supplementary Fig. 7), typical for magmatic sulfide
inclusions®. The sulfides (n = 98) hosted in the clinopyroxene cores from
mafic enclaves have high Co and Ni content, which is obviously different
from hydrothermal sulfides (Supplementary Fig. 11; Supplementary
Table 8). Further support for their magmatic origin comes from tempera-
ture and pressure estimations of clinopyroxene cores using the thermo-
barometer of Putirka””. These estimations are plotted in the transition zone
of sulfide liquidus and monosulfide solid solution (mss) in Supplementary
Fig. 12. Therefore, we consider that these sulfide inclusions are of high-
temperature magmatic origin, initially trapped in clinopyroxene cores as
either mss or liquid during sulfide saturation.

Sulfide inclusions are absent from clinopyroxene rims. It is possible
that the cores may have been xenocrysts that provided nuclei for the growth
of the rims in a younger mafic magma of distinct composition. Unlike
plagioclase, zircon, and spinel, where rims appear as smooth overgrowths
around the mineral cores, the clinopyroxene rims are highly irregular,
indicating some dissolution. These dissolution textures commonly pene-
trate into the cores, replacing them (Fig. 3A) with rim compositions. This
replacement process probably dissolved many sulfide inclusions, while
oxidizing the sulfide to sulfate (as recorded by apatite and zircon fO, values),
and releasing Cu so that it was available for subsequent mineralization.

Subduction of oxidized sediment on continental slabs could increase
fO, in non-arc PCD magmas™’. However, the adakitic Shaxi intrusive rocks
are different from the products of subducted oceanic crust-derived adakites,
similar to thick lower crust-derived adakite-like rocks (Fig. 4A, B). Addi-
tional geochemical and geophysical evidence also suggests that Cretaceous
magmatism in the MLYB was formed in an intracontinental setting, driven
by lithospheric thinning or delamination in response to far-field stresses at
plate margins associated with the initial subduction of the paleo-Pacific
platel—5,7,9—l7.

In alternative interpretations, fO, increase is commonly inferred to
result from garnet fractionation” . However, the DP and QDP samples
display similar spoon-shaped REE patterns and lack obvious Eu anomalies,
indicating dominant amphibole and minor garnet fractionation, with no
evidence for plagioclase fractionation (Supplementary Figs. 4-5)***". This
suggests that garnet fractionation had little impact on fO, increase. The pre-
ore DP and syn-ore QDP have similar REE patterns, and both contain
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abundant amphiboles. However, the pre-ore DP is reduced (AFMQ =
+0.1 +0.7), which implies that amphibole fractionation had little effect on
fO, increase. Moreover, the (Eu/Eu*)/Yby value of QDP is slightly higher
than that of DP, suggesting an H,O gain caused by basaltic replenishment in
deep magma chambers’'. However, the oxidation effect of this water may be
limited (far below the H,O gain oxidation trend, Fig. 2B) and cannot meet
the requirements for increasing oxygen fugacity. Finally, fO, could increase
by interaction with high fO, mafic magmas'®*’. Given the zoning patterns
observed in the Shaxi QDP and their absence from the Shaxi DP, we infer

that the likely oxidation mechanism was interaction with an oxidized
Cretaceous mafic mantle-derived melt.

The required oxidation states for sulfide-to-sulfate conversion are
affected by magma composition, pressure, temperature, and H,O content;
previous experimental results provide information on typical trends’"*. In
an empirical melt S*'/£S—fO, relationship diagram (Supplementary
Fig. 13A), most sulfur exists as sulfate in the oxidation states of Shaxi mafic
enclaves (AFMQ + 2.0 to +2.6) following the experimental trachydacitic
(60 to 69 wt% SiO,) curve of Matjuschkin et al.”” at 950 °C and =1 GPa

Communications Earth & Environment| (2025)6:876


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02830-z

Article

Fig. 4 | Modelling of the genetic link between Shaxi 6 Fa 90 B
and Neoproterozoic arc magma residues. A MgO Subducted oceanic Adakites related
. . . . 5 Metabasalti d ~crust- derived adakites = DP to slab melting
vs. Si0, (wt.%) diagram, B Ni (ppm) vs. Mg# diagrams eceloznaessxéi”memal = QDP
for the Shaxi adakitic rocks (diagram modified after 3 4 | melts (14 GPa) Delaminated lower | _ B0« MLYB porphyries
37.90 9\_, \ /crus(-denved adakite| £
Wang et al. and Shen et al.)’”"”. C Calculated REE B 3 like rocks S
. ) .. . L ° ¥, =
clinopyroxene melt. partition co-efﬁaents f<?r clin . 2 P =4 I — -
opyroxene cores using Shuangxiwu volcanic rocks 2 Vo= to lower crust melting -
and clinopyroxene rims using Shaxi lamprophyre 1 ghick Ié)wgr ;:{ust- oS
aee . eer erived adakite-
composition. Clinopyroxene-melt partition coeffi- like rocks ' = B
cients data for the low-Mg (brown field) and high-Mg 0645 0 55 S'O60 a/65 76 75 80 U5 25 35 4'\5;I . 55 65 75
(blue field) clinopyroxenes from Wood and Trigila® c i0, (wi%) 5 ?/ | —
- ‘olcanic arc basalts
and Qian et al.”’. D Plot of F1 against F2 for clin- -2.4 (VAB)
opyroxene (diagram modified after Nisbet and @ 4ol low-Mgcpx Clinopyroxene cores Ocean floor
Y™ o1 & < 10F Mgr<75,D,>12) Rims basalts (OFB)
Pearce)’'. %3 +VAB
S & o~ -2.5
; g 1 - Cores
© ¢ Within plate alkalic
£9 basalts (WPA) WPT+OFB
% £ 0.1 high-Mg cpx Clinopyroxene rims 26
58 (Mg*>73,D,, < 12) : Within plate
tholeiitic basalts (WPT)
. X F1
LaCe Pr Nd SmEu GdTb Dy Y Ho Er TmYb Lu -1.1 -1.0 -0.9 -0.8 -0.7

recalculated by Nash et al.”', according to the pressure and temperature
dependence of Fe**/Fe** and the diminishing fO, distance between the
FMQ buffer and the NNO (nickel-nickel oxide) buffer” reference frame
used by Matjuschkin et al.”>. Moreover, the sulfide-sulfate transformation
curves will shift to the right with temperature increase and more mafic
magma composition (Supplementary Fig. 13A). This also supports a
mechanism of interaction with an oxidized (AFMQ + 2.0 to +2.6) Cre-
taceous mafic mantle-derived melt at 1 GPa and 1120 to 1155 °C at Shaxi.
Remote stresses from long-distance paleo-Pacific plate subduction likely
enhanced deep-crustal ponding of mantle-derived mafic magmas, pro-
moting sustained thermal and chemical interaction with Proterozoic juve-
nile lower crust'~">".

Oxidation of sulfide by ferric iron requires 8 times more mols of Fe than
S: 4Fe,03 + FeS = 8FeO + FeSO,. However, given that Fe is much more
abundant in silicate melts than sulfur, even small changes in Fe’* contents
(e.g., an addition of 1% or 2% Fe’") are sufficient to control fO, and absorb
electrons from most sulfide. Sulfur is often present in the hundreds to
thousands of ppm, roughly one to two orders of magnitude less abundant
than Fe. Indeed, recent studies’ show that the iron-sulfur redox couple is
directly correlated; a small increase in magma Fe’* contents, given the much
greater abundance of Fe relative to S in silicate melts, provides sufficient
oxidizing capacity to drive a conspicuous increase in S°* (Supplementary
Fig. 13B). The variation in our spinel core-to-rim compositions suggests that
the deep-sourced mafic melt supplied abundant Fe*", further supporting
our model. The mafic enclaves have similar geochemical features to Cre-
taceous lamprophyres, derived from partial melting of a metasomatic
lithospheric mantle (Supplementary Figs. 4-5), likely linked either to Neo-
proterozoic subduction of the Cathaysia Block beneath the Yangtze
Craton”**, or to asthenospheric upwelling associated with rollback of the
subducting Paleo-Pacific slab™.

Source of the Neoproterozoic inherited zircons

Hafnium isotopic compositions of the DP and QDP Cretaceous zircons plot
along the inferred evolution trend of Neoproterozoic inherited zircons, and
show similar oxygen isotopic compositions (Fig. 2C, D; Supplementary
Tables 4-5). This suggests that the Shaxi ore-forming magmas are geneti-
cally related to the protolith of the Neoproterozoic inherited zircons. The
oxygen isotope composition of Cretaceous zircons from the DP and QDP is
similar to that in felsic rocks in southeastern China (Fig. 2D), which have
been confirmed to be derived from buried unweathered Neoproterozoic
juvenile crust''. Moreover, inherited zircon ages are broadly coeval with the
approximate peak of Neoproterozoic arc magmatism in the western
Yangtze craton (ca. 813Ma)*, the peak crustal growth period
(1000-740 Ma) of the craton™, and the subduction of Cathaysia oceanic

crust (970-840 Ma)™. It is difficult to precisely pinpoint the inherited zircon
source, but the 850 Ma to 790 Ma Neoproterozoic magmatic rocks in the
eastern Jiangnan Orogen near the MLYB**" are broadly coeval with the
inherited Neoproterozoic zircons from Shaxi (Fig. 1).

To test possible sources, the parent rock composition of the inherited
zircons was calculated using the Smythe and Brenan method™*® and
compared with contemporary magmatic rocks, including the Jiuling granite
(822+3 to 819+3)”, Xucun granite (805+4 to 804 +7)”, Shangshu
(809 £ 14 to 731 + 10)”, Shuanggqiaoshan (832 + 9 to 829 + 12)°' rhyolites,
and Shuangxiwu basaltic to andesitic volcanic rocks (1025+40 to
750 + 60)™, all of which are located around the MLYB (Fig. 1). We used
zircon-melt partition coefficients (D;**°*™") and compositions of inherited
zircons to test whether calculated melt compositions are consistent with
these nearby Neoproterozoic rocks. The calculated melt compositions most
closely resemble those of the contemporary Shuangxiwu arc volcanic rocks
(Fig. 2A, Supplementary Fig. 14)*. Furthermore, the trace elements of
inherited zircons at Shaxi are similar to Neoproterozoic inherited zircons
(830-642 Ma) in Dexing deposit (Fig. 2A), which is also believed to have
been generated from Shuangxiwu arc volcanic rocks™. Moreover, the similar
ep(t) values (4-0.0 to +-4.6) of the inherited zircons and the Neoproterozoic
volcanic arc rocks, together with their mantle-like oxygen isotope values
(4.83-6.72%0; Supplementary Table 5), also indicate that the inherited zir-
cons originated from arc-derived magmatic rocks (Fig. 2C, D).

REE and Y clinopyroxene-melt partition coefficients were used to
derive parent melts using clinopyroxene core compositions (Mg# = 62-67)
from mafic enclaves. Consistent with the zircon signature, the Shuangxiwu
arc volcanic rocks emerge as the most likely source. Calculation of REE
partition coefficients using the Shuangxiwu arc volcanic rocks are also
similar to the reported low-Mg# (<75) mantle clinopyroxene (Fig. 4C)***.
Although our measured Mg# values (62-67) of clinopyroxene cores are
relatively low, they are similar to typical Mg# values of 57-70 observed in
clinopyroxenes hosted in Neoproterozoic lower crust garnet-amphibolite
xenoliths in the Yangtze block’.

We can estimate clinopyroxene core formation pressures using the
method of Putirka”’. The result shows that the clinopyroxene cores crys-
tallized at 7.6 to 12.4 kbar (average ~33 km, based on a rock density of
3.0 g cm™>; Supplementary Table 6), comparable to clinopyroxene from the
Neoproterozoic lower crust xenoliths in the Yangtze block (8.5—15.6 kbar)®.
The average crustal thickness beneath the Yangtze Block is 35 km and the
Jiangnan Orogen is ~40 km in the period™. Clinopyroxene cores plot in the
volcanic arc and ocean floor basalt fields, whereas the rims plot in the
within-plate field (Fig. 4D). The MLYB has no volcanic arc magmatism after
subduction of the Cathaysia oceanic slab between the Cathaysia terrane and
the Yangtze Craton in the Early Neoproterozoic, and there are
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Fig. 5 | A schematic model illustrating the two suggested stages for the Shaxi PCD
formation. A Sulfide-bearing arc magma residues containing clinopyroxene (Cpx)
with sulfide inclusions, zircon (Zrn), sulfides, etc., formed by subduction between the
Cathaysia and Yangtze blocks in the Neoproterozoic (NP), preserved at the base of
the lower crust. B In the Cretaceous, these Neoproterozoic residues were remelted to
generate the pre-ore barren DP magma with inherited NP Zrn, Cu-sulfides were
then scavenged by a deep-sourced oxidized mafic melt, releasing metals (Cu, Au) to
produce the fertile QDP magma with inherited NP Zrn and zoned plagioclase (PI)
and mafic enclaves with inherited NP Zrn and zoned spinel (Sp) and zoned Cpx with
sulfide inclusions.

1-5,7,9-17

Neoproterozoic arc magma residues at the base of the crust , sup-
porting a Neoproterozoic age for clinopyroxene cores. Clinopyroxenes with
similar textures and compositions in Late Jurassic Xinglonggou andesites
have also been shown to form from the recycling of lower continental crust®.
Moreover, the calculated Fe-Mg exchange coefficients using the Shuang-
xiwu arc volcanic rocks range from 0.285 to 0.293, similar to the standard
exchange coefficients (0.28 £0.08) derived from 1245 experimental
observations”. Based on the clinopyroxene characteristics combined with
the evolution of the tectonic setting in the MLYB, we conclude that the
clinopyroxene cores from the mafic enclaves probably originated from
Neoproterozoic arc-derived magmatic rocks (either the Shuangxiwu arc
volcanic rocks or associated compositionally equivalent rocks; Fig. 5A).

Recycling of Neoproterozoic copper-bearing sulfides

Copper preferentially partitions into sulfides rather than silicate melts that
are sufficiently sulfur-rich to have stable sulfide phases™****”’. Moderately
oxidized to reduced arc magmas (AFMQ <+ 1.0) may become sulfide
saturated during their evolution in deep magma chambers, resulting in
immiscible sulfide phases that can remain suspended, or—under the right
conditions—separate from the magma and form cumulates in the lower
crust”™*, These cumulates with residual sulfide phases in the lower crust
were predicted in principle and observed in rare examples of deep-arc
magmatic complexes.

Experimental studies™ suggest that neither bulk nor melt compositions
have any effect on D, ™", but D, ™™ increases with clinopyroxene
Na,O content and fO,. Clinopyroxene Na,O content of cores (0.57 to
0.91 wt%) and rims (0.44 to 0.81 wt%) are similar, however, the fO, of the
source rock for the clinopyroxene cores is AFMQ = -1.1 + 1.4 and that of
rims is AFMQ = +2.3 + 0.3. Moreover, clinopyroxene core Cu contents are
higher than the rims (Fig. 3B). This suggests that the Cu content of the
parental magma for the clinopyroxene cores was higher than Cu in the
parental magma for their rims. Copper contents of the parental magma of

the Neoproterozoic arc-derived magmatic rocks and mantle-derived mafic
magma have been estimated using the Cu content of clinopyroxenes in the
mafic enclaves and D¢, ™" (Cu partition coefficient for Cpx/melt)®.
Accounting for the analytical error and the oxidation state, we use the
minimum (0.017 + 0.002) and maximum (0.105 = 0.054) of D¢, “P™ with
Na,O content between 0 and 1 wt% from the Liu et al.” experiments to
estimate the parental magma Cu contents of clinopyroxene cores and rims,
respectively.

Calculation of the parental magma of the Neoproterozoic inherited
zircons and clinopyroxene cores suggests that the Cu contents of their
parental magmas were 56 to 95 ppm (Supplementary Table 7), which is
comparable to the initial Cu content (40-60 ppm)**”° of magma believed to
generate porphyry Cu deposits in the thick continental crust. This is a
minimum number, because sulfide saturation causes Cu depletion during
the evolution of the arc magma'*”"". It is consistent with high Cu and Au
contents (~125 ppm Cu, ~68 ppb Au)’* in Shuangxiwu arc volcanic rocks,
and is higher than the lower continental crust of Eastern China
(46 ppm Cu)”.

Copper contents for the Cretaceous mafic magmas calculated using
clinopyroxene rims (5-23 ppm; Supplementary Table 7) generated from
either asthenospheric or lithospheric mantle are similar or lower than the
primitive mantle (20-35 ppm)’*”. Therefore, it is unlikely that the mafic
magmas on their own could generate a PCD, but this provides additional
evidence for the metal being derived from Neoproterozoic sulfide-bearing
residues. Modeling for Cu concentrations of melts also implies that the
Shuangxiwu arc volcanic rocks are good candidates for the source of
magmas parental to the Shaxi deposit, but must interact with a high fO,
mafic magma (Supplementary Fig. 15).

Implications
The Cu contents of Neoproterozoic arc volcanic rocks in the Jiangnan
orogen range from initial values of ~60 ppm at 9.0 wt% MgO (similar to Cu
content in thicker arcs and MORB)™ and steadily increase to maximum
values of ~200 ppm at ~6.0 wt% MgO, then decrease sharply (Supple-
mentary Fig. 16). This suggests that the magmas were sulfide-saturated
following the onset of magnetite crystallization. It has been suggested that
magnetite fractionation causes a decrease in fO, and Fe contents in arc
magmas, which further promotes sulfide saturation””. The onset of the
decrease in Cu contents in arc magmas depends on the thickness of the crust
and generally starts at 5-10 wt.% MgO in thicker arcs and 4-6 wt.% MgO in
thinner arcs, which supports that a large amount of Cu sequestered in the
former accumulates as copper sulfides within or at the base of thicker arcs”*’®
(Fig. 5A). Magnetite coexists with sulfides in melt inclusions hosted in
clinopyroxene cores (Supplementary Fig. 7), establishing the link between
sulfide saturation and magnetite fractionation. Elevated sulfide saturation
caused by assimilation of reduced crust or magnetite fractionation is gen-
erally considered detrimental to the genesis of syn-magmatic PCDs because
it limits the flux of ore-forming elements to shallow crustal levels*****~*.
The sulfide-bearing residues generated by this process would act as an
important reservoir and source of ore-forming materials for subsequent
magmatic events to generate fertile magmas parental to non-arc
PCDs**'****>”° However, if there is no suitable trigger mechanism during
the remelting of the sulfide-bearing residues, the sulfide cannot oxidize to
sulfate, and the ore-forming metals cannot be released. Therefore, an
increase in fO, is crucial during the remelting of the sulfide-bearing residues,
such that ore-forming metals are subsequently released to generate PCD
ore-forming magmas (Fig. 5B). Modeling for Cu concentrations of melts
implies that the Shuangxiwu arc volcanic rocks are good candidates for the
source of magmas parental to Shaxi deposit, but must interact with a high
fO, mafic magma. A similar process has been observed in modern volcanic
systems, suggesting that it may also be applied to older porphyry systems”.
Our study provides direct evidence in support of the hypothesis that
the sulfide-bearing residues generated by the arc magmas during ascent and
evolution through the crust can act as an important reservoir and source of
ore-forming materials in the non-arc settings (Fig. 5A). Although the metals
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(e.g., Cu) content of magmas that forms typical PCDs does not need to be
particularly high”, itis clear that the more metal that magmas can transfer to
the exsolved fluids'****, the larger the PCDs that can be formed by later
hydrothermal activity. Exceptionally high fO, (AFMQ=+0.8 to +3.0)
ultrapotassic magmas have also been confirmed to be involved in the post-
subduction porphyry mineralization process in Tibet™. As such, new
mafic magma with high fO, generated by magmatic activity in non-arc
settings may well be required for the formation of this mineralization type
worldwide (Fig. 5B).

Methods

Whole-rock geochemistry

Major and trace element analyses of representative, least-altered intrusive
rocks from the Shaxi deposit were carried out at ALS Chemex (Guangzhou),
China. For major elements, ~0.9 g of calcined or ignited powder was fused
with ~9.0 g of a 1:1 mixture of lithium tetraborate and lithium metaborate at
1050-1100 °C in an autofluxer. The resulting glass disk was analyzed using
X-ray fluorescence, with analytical uncertainties of approximately +1-2%.
For trace elements, ~0.2 g of powdered sample was fused with ~0.9 g lithium
metaborate at 1000 °C, and the glass bead was subsequently dissolved in 4%
HNOs;. Trace element concentrations were determined by inductively
coupled plasma-mass spectrometry (ICP-MS), with precision better than
+5% for most elements.

Electron probe microanalysis (EPMA)

Analyses of apatite and plagioclase were conducted at the Central Science
Laboratory, University of Tasmania, using a Cameca SX100 instrument.
Operating conditions included an accelerating voltage of 15kV, a beam
current of 10 nA, and a spot size of 10 um, with a takeoff angle of 40°.
Analytical uncertainties for most elements were within 1%. Clinopyroxene
analyses were carried out on the same model instrument at the Microbeam
Laboratory, University of Manitoba, under 15 kV accelerating voltage and a
20 nA focused beam with a 10 pm diameter. Detection limits for major
elements (Na, Mg, Al, Si, Cl, K, Ca, Mn, Fe) were typically better than 0.1%.
Counting times were 15 s for peaks and 5 s for backgrounds. All data were
corrected using standard ZAF matrix procedures.

Clinopyroxene and apatite trace element analyses

Trace element concentrations were measured by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at the Ore Deposit and
Exploration Centre (ODEC), Hefei University of Technology, China.
Analyses employed an Agilent 7900 quadrupole ICP-MS coupled to a
Photon Machines Analyte HE 193 nm ArF excimer laser equipped with a
SQUID signal-smoothing device. Helium was used as the carrier gas and
mixed with argon make-up gas via a T-connector prior to entering the ICP.
A spot diameter of 30 um was used, with an 8 Hz repetition rate, ~2 J/cm’
fluence, and 40 s ablation following a 20 s gas blank. Calibration was based
on external standards (GSE-1g, BCR-2G, NIST 610, NIST 612), using
preferred values from the GeoReM database (http://georem.mpch-mainz.
gwdg.de/). Data reduction was performed offline using the ICPMS DataCal
software. Analytical uncertainties are estimated at ~5% for major elements
and ~10% for trace elements.

Zircon U-Pb isotope and trace element analyses

Zircons were separated from drill core samples and analyzed at the Uni-
versity of Tasmania, Hobart, using an Agilent 7500cs quadrupole ICP-MS
coupled to a 193 nm Coherent ArF excimer laser with a Resonetics S155
ablation cell. Downhole fractionation, instrument drift, and mass bias for
Pb/U ratios were corrected using two analyses of the primary standard
(91500) and one analysis of each secondary standard (Temora and JG1) at
the start of each session and every 15 unknown zircons (~30 min intervals)
under the same spot size and conditions as the samples. Additional sec-
ondary standards (Mud Tank, Penglai, and PleSovice zircons) were also
analyzed. Correction factors for *”Pb/**Pb ratios were determined from
large NIST610 spots measured every 30 unknowns and adjusted following

Baker etal.*’. Each zircon was ablated at 32 pm spot size, 5 Hz repetition rate,
and ~2 J/cm’ fluence, preceded by a 30 s blank and followed by 30 s of signal
acquisition. Helium carrier gas at 0.35 L/min transported ablated material to
the plasma, mixed with argon make-up gas before entering the torch. Iso-
topes measured included *Ti, *Fe, *°Zr, *Hf, **Hg, **Pb, **Pb, *’Pb,
2%pb, **Th, and **U, with 0.16 s dwell per element and longer counting
times for Pb isotopes. Zircon element abundances were calculated using Zr
as the internal standard, assuming stoichiometric proportions, with mass
bias and drift corrected using NIST610.

Zircon O isotopes

Oxygen isotopic analyses of zircons were performed at the Australian
National University (ANU), Canberra, using a SHRIMP II equipped with a
Cs source and an electron gun for charge compensation following Ickert
etal.”’. Analyses were conducted on 20 pm spots in multiple collector mode,
using an axial continuous electron multiplier (CEM) triplet collector and
two floating heads with interchangeable CEM-Faraday cups. The Temora II
reference zircon was analyzed to monitor and correct for isotope fractio-
nation, with measured "*O/"°O ratios normalized to a weighted mean §'*0 of
+8.2%0". Reproducibility for Temora II §'*0 was +0.55 to 0.72%o (20).
Secondary reference zircons from the Duluth Gabbro sample FC1 yielded
80 values of 5.41 + 0.35%o and 5.42 + 0.62%o (20).

Zircon Lu-Hf isotopes

LA-MC-ICP-MS analyses of zircon Lu-Hf isotopes were conducted at the
Australian National University (ANU), Canberra, following SHRIMP
®0/'%0 measurements. Analyses used a 193 nm excimer laser-based
HELEX ablation system coupled to a Neptune multiple-collector ICP-MS,
with a 41 pm spot size and ablation times up to 60 s. Accepted "°Hf/"”"Hf
values for zircon standards were taken from Sldma et al.** and Woodhead
and Hergt". Single-stage model ages (Tpy;) were calculated using measured
7SLu/"""Hf ratios relative to a "°Hf/"”’Hf ratio of 0.28325 and a ""°Lu/"’Hf of
0.0384 for a depleted mantle model. Two-stage model ages (Tp) for the
magma source were calculated assuming a mean 7°Lu/"”’Hf of 0.015 for
average continental crust.

Data availability
All the data used for this study are available in Supplementary Tables 1-12

or through Figshare (at https://figshare.com/s/9432716b9f91679c14b5).
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