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G E O C H E M I S T R Y

Oxidized sediment recycling as a driver for 
postsubduction porphyry copper formation
Zhiming Yang1*, Xiang Sun2*, Massimo Chiaradia3, Yongjun Lu4,5, Runsheng Yin6, Zengqian Hou1, 
Huawei Li1, Yiwei Zhou1

The mechanisms driving the elevated oxidation state of postsubduction porphyry magmas and porphyry copper 
mineralization are still not fully understood. We present an integrated study of trace elemental and Mg-Hg isoto-
pic compositions of pre-, syn-, and postcollisional magmatic rocks from the eastern Gangdese belt in southern 
Tibet. Our findings show increased magmatic oxidation states linked to the enrichment of terrigenous sediments 
from Neo-Tethys subduction to postcollision, as evidenced by distinctive mass-independent Hg isotope fraction-
ation in postcollisional porphyries (Δ199Hg  =  −0.25 to 0.22‰) and mantle-derived ultrapotassic rocks 
(Δ199Hg = −0.54 to 0.25‰) and negative δ26Mg values in ultrapotassic rocks (δ26Mg = −0.51 to −0.04‰). These 
results suggest that oxidation of postcollisional magmas was driven by the subduction of carbonates and/or sul-
fates from the Indian plate, enhancing metal enrichment. This finding challenges the traditional view that oceanic 
subduction primarily drives porphyry copper formation, highlighting the significance of continental subduction 
processes in metallogenic models.

INTRODUCTION
Porphyry copper deposits (PCDs), supplying ~60% of global Cu re-
serves, typically occur in magmatic arcs and are genetically associ-
ated with oxidized calc-alkaline arc magmas (1–3). These magmas 
are oxidized because they originate from partial melting of the man-
tle wedge above active subduction zones, which is metasomatized 
by oxidized fluids and melts of the subducting slab (4–10). The ele-
vated oxidation state in these magmas enhances Cu solubility, allow-
ing metal transport until magma ascends to the shallow crust where 
copper precipitates as sulfide minerals in hydrothermal systems 
(1, 11, 12). Intriguingly, recent studies have shown that PCDs can 
also develop in postsubduction environments, such as those associ-
ated with the oxidized adakite-like, calc-alkaline porphyries in the 
Alpine-Himalayan orogenic belt (13–16). The genesis of these de-
posits remains debated because of the absence of active subduction 
inputs, which makes unclear the ultimate origin of the oxidized flu-
ids forming them. Although some researchers argue that the high 
oxidation state of the postsubduction ore-forming porphyries can 
result from endogenic oxidation processes, such as garnet fraction-
ation during synmagmatic crustal thickening (17, 18), other studies 
emphasize the potential influence of subduction-modified lower 
crustal magmas and metasomatized mantle–derived ultrapotassic 
mafic magmas in the formation of these highly oxidized porphyries 
(14, 19–21). The Gangdese porphyry copper belt, situated within the 
Neo-Tethys domain, lacks notable PCDs related to the subduction 
of the Neo-Tethys oceanic slab. Instead, it hosts several large to giant 
Miocene postcollisional PCDs with a total resource of >45 million 

tons of copper (Fig. 1) (22). This unique temporal and geodynamic 
framework makes the Gangdese belt an exceptional natural labora-
tory for investigating magma oxidation processes in postsubduction 
tectonic settings.

While direct magma redox measurements are challenging, prox-
ies like whole-rock V/Sc (23) and zircon trace elements (24, 25) offer 
robust constraints. Furthermore, mercury (Hg) isotopes are increas-
ingly recognized as a powerful tool for tracking the recycling of 
volatile elements, such as those from Earth’s surface marine and ter-
restrial systems into the mantle (26, 27). Similarly, magnesium (Mg) 
isotopes can be used to trace recycled carbonates in the mantle, 
which is important for understanding subduction processes and 
mantle evolution (28–30). Therefore, combining Mg and Hg isotopic 
systems with whole-rock and zircon compositions offers a promis-
ing approach to investigating the link between mantle metasoma-
tism and variations in magmatic oxidation states.

In this study, we analyzed whole-rock and zircon compositions 
in 62 igneous rocks and Mg-Hg isotopes in 52 igneous rocks from 
the Gangdese belt. The samples include 34 precollisional rocks, 31 
syncollisional rocks, and 49 postcollisional rocks.

RESULTS
Geological background and samples
The Gangdese belt originated as part of an accretionary orogen, 
which formed through the subduction of the Neo-Tethyan oceanic 
slab, resulting in continental arc magmatism during the Mesozoic 
(31, 32). This region evolved into a collisional orogen at ~65 to 
60 million years (Ma) as a consequence of the collision between the 
Indian and Asian plates (33–35). The magmatic rocks found in this 
belt are classified into three main groups, reflecting their formation 
periods and associated tectonic settings (36, 37): precollisional (230 
to 60 Ma), syncollisional (60 to 45 Ma), and postcollisional rocks (45 
to 10 Ma). Subduction-related PCDs have been discovered only at 
Xiongcun, whereas postcollisional PCDs occur across the eastern 
Gangdese belt (Fig. 1). No economic PCDs have been recognized in 
association with syncollisional rocks.
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Our dataset consists of 2050 samples, including new and pub-
lished data of whole-rock and mineral geochemistry, and 283 Mg-
Hg isotope data, of which 114 were acquired in the present study 
(tables S1 to S3). All the whole-rock V/Sc and zircon ΔFMQ [the log 
fo2 (oxygen fugacity) deviation from the fayalite-magnetite-quartz 
(FMQ) buffer] data, where higher values of these parameters indi-
cate a higher magmatic oxidation state (24), along with the whole-
rock Sr/Y ratios (where higher values indicate greater magmatic 
water content) (38), are plotted as contour maps to illustrate their 
spatial distributions across the Gangdese belt (Fig. 2).

Whole-rock and zircon compositions
The Sr/Y values range from 0.1 to 540 (median: 33; n = 1093) for the 
precollisional rocks and from 0.5 to 121 (median: 23; n = 301) for 
the syncollisional rocks (Fig. 2). In comparison, the postcollisional 
rocks have elevated Sr/Y ratios of 1.7 to 217 (median: 78; n = 443), 
particularly in the ore-forming porphyries, which have Sr/Y ratios 
ranging from 41 to 186 (median: 94; n = 123).

The V/Sc ratios range from 0.43 to 35.6 (median: 9.5; n = 868) for 
the precollisional rocks, from 1.5 to 22.0 (median: 9.2; n = 213) for 
the syncollisional rocks, and from 0.7 to 25.8 (median: 11.0; n = 311) 
for the postcollisional rocks (Fig. 2). In particular, the postcollision-
al ore-forming porphyries have V/Sc ratios ranging from 6.3 to 22.4 
(median: 11.3; n = 76). These values are comparable to previously 
reported Cu ore-forming porphyry intrusions with V/Sc > 10 (23) 
and are higher than mid-ocean ridge basalts, which have V/Sc val-
ues of 6.74 ± 1.11 (39).

The zircon ΔFMQ values range from −1.2 to 2.6 (median: 1.0; 
n = 73) for the precollisional rocks and from −2.5 to 2.7 (median: 
0.4; n = 45) for the syncollisional rocks (Fig. 2). Notably, the post-
collisional rocks have overall higher zircon ΔFMQ values ranging 
from −0.5 to 2.6 (median: 1.5; n = 50), and among them, the ore-
forming porphyries exhibit even higher zircon ΔFMQ values of 0.8 
to 2.5 (median: 1.7; n = 15).

Hg and Mg isotope compositions
The pre- and syncollisional granitoids exhibit Δ199Hg values near 
zero (−0.1 to 0.14‰) (Fig.  3), similar to the estimated primitive 
mantle value (0 ± 0.1‰) (40). While overlapping with the mantle 

range, the postcollisional ore-forming porphyries and ultrapotassic 
rocks show a broader spread in Δ199Hg values, particularly toward 
negative values, with porphyries ranging from −0.25 to 0.22‰ and 
ultrapotassic rocks from −0.54 to 0.25‰.

The δ26Mg values range from −0.37 to −0.16‰ (mean: −0.22‰; 
n = 9) for the precollisional granitoids and from −0.23 to −0.07‰ 
(mean: −0.17‰; n = 9) for the syncollisional granitoids. Postcolli-
sional rocks, in comparison, exhibit a wider spread in δ26Mg values. 
The postcollisional ore-forming porphyries range from −0.39 to 
−0.06‰ (mean: −0.17‰; n = 19), whereas the ultrapotassic rocks 
display an even broader range from −0.51 to −0.04‰ (mean: 
−0.31‰; n = 128) (Fig. 4).

DISCUSSION
Increasing the magmatic oxidization state from subduction 
to collision
Our mapping of whole-rock V/Sc ratios and zircon ΔFMQ in the 
Gangdese belt reveals a distinct increase in magmatic oxidation state 
from precollision to postcollision stages (Fig. 2). The precollisional 
arc igneous rocks exhibit a broad range of V/Sc ratios and zircon 
ΔFMQ values (Fig. 2), indicating substantial variability in the oxida-
tion state of arc magmas associated with the subduction of the Neo-
Tethys oceanic slab. This variability aligns with previous studies 
suggesting that the oxidation state of the mantle wedge and related 
arc magmas in subduction zones is heterogeneous because of the 
input of fluids and melts derived from the subducted slab (4, 7, 41–
43). The domains with high V/Sc ratios and zircon ΔFMQ values 
indicate highly oxidized arc magmas, such as the Jurassic porphyries 
associated with Cu-Au mineralization at Xiongcun, which is consis-
tent with the general characteristics of arc magmas associated with 
PCD formation.

Zircon ΔFMQ values of the syncollisional rocks maintain broad 
dispersion patterns yet exhibit a downward shift in median values 
relative to precollisional rocks (Fig. 2). This suggests a transient de-
crease in magmatic fo2. However, localized peaks in zircon ΔFMQ—
such as those in southwestern Lhasa—indicate that oxidized melts 
were still sporadically generated, perhaps due to localized remelting 
of the metasomatized lower crust.
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In contrast, postcollisional magmas display consistently elevated 
zircon ΔFMQ values and V/Sc values, notably higher than their pre- 
and syncollisional counterparts, indicating a uniformly oxidized 
magmatic signature. This enhanced oxidation state is most pro-
nounced between longitudes 87°E and 92°E, which coincides spa-
tially with Miocene porphyry Cu deposits (Fig. 2).

Recycling of carbonates from the Indian continental plate 
into the Tibetan lithosphere during the Indo-Asian collision
The postcollisional ore-forming porphyries and mantle-derived ul-
trapotassic rocks exhibit elevated Th/Yb and Th/La ratios relative to 
the pre- and syncollisional granitoids and mafic rocks (Fig. 5). These 
trace element systematics point to a dominant contribution of 
sediment melts to the mantle source of postcollisional magmas, as 
Th is simply more enriched than La and Yb in subducted sediments 

(44, 45). Further insights into the nature of the recycled sedimentary 
component are provided by Lu/Hf systematics. The postcollisional 
rocks display notably lower Lu/Hf ratios compared to pre- and syn-
collisional granitoids and mafic rocks (Fig. 5D), suggesting a sub-
stantial contribution from terrigenous sediments, which typically 
contain abundant detrital zircon and are therefore enriched in Hf 
(46). This interpretation is further supported by zircon oxygen iso-
topic data from postcollisional ultrapotassic rocks, which yield δ18O 
values ranging from ~6 to ~9‰ (fig. S1), substantially higher than 
mantle-derived zircon (~5.3 ± 0.3‰) (47). Collectively, these geo-
chemical and isotopic observations indicate a substantial increase in 
the flux of terrigenous sediments into the lithospheric mantle fol-
lowing the India-Asia collision.

Considering that the increased involvement of terrigenous sedi-
ments in the subarc mantle began around 45 Ma, it is likely that 
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these sediments were sourced from the northern Indian passive 
margin. This inference is further supported by whole-rock Sr-Nd 
isotopic and zircon Hf isotopic compositions. The postcollisional 
ore-forming porphyries and mantle-derived mafic magmas exhibit 
high initial Sr isotopic ratios and lower Nd isotopic ratios compared 
to their pre- and syncollisional counterparts (fig. S2). In addition, 
our mapping of zircon Hf isotopic compositions in the Gangdese 
belt using literature data reveals a distinct decrease in εHf(t) values 
from precollision to postcollision stages (fig.  S3). These observa-
tions rule out the possibility that the terrigenous sediments were 
derived from the weathering and erosion of the pre- and syncolli-
sional igneous rocks in the southern Lhasa Terrane, which has been 
suggested to be isotopically depleted via zircon Hf isotopic mapping 
(48). The postcollisional mafic rocks have higher 87Sr/86Sr and lower 
εNd(t) values than pre- and syncollision rocks (fig. S2). This suggests 
that the isotopic characteristics of the postcollisional rocks are pri-
marily inherited from their source rather than resulting from in-
creased crustal assimilation. Therefore, these terrigenous sediments 
most likely originated from the northern Indian continent.

Hg isotopes exhibit both mass-dependent fractionation (typi-
cally reported as δ202Hg) and mass-independent fractionation (MIF; 
typically reported as Δ199Hg) (26). The MIF of Hg isotopes in igne-
ous rocks is not influenced by magmatic, metamorphic, or hydro-
thermal processes but instead reflects Earth’s surface reservoirs, 
which can be recycled into magma sources through plate tectonics 

(27, 49, 50). The lack of correlations between SiO2 concentrations 
and ∆199Hg or δ202Hg values (fig. S4) indicates that Hg-isotope vari-
ations are not related to magma differentiation. All samples show a 
positive correlation between Δ199Hg and Δ201Hg with a slope of 
1.00 ± 0.17 (fig. S5), which is indistinguishable, within uncertainty, 
from the correlation observed in aqueous Hg(II) (divalent mercury 
species) photoreduction (slope of 1.00 ±  0.02) (26). The pre- and 
syncollisional granitoids exhibit Δ199Hg values similar to the esti-
mated primitive mantle value (40), whereas the postcollisional ore-
forming porphyries display more variable and, in many cases, more 
negative Δ199Hg values (Fig. 3). The pronounced Hg-MIF signatures 
suggest the addition of ancient terrestrial Hg via the subduction of 
Indian continental sediments into the crustal sources, as terrestrial 
materials typically exhibit negative Δ199Hg values (27, 51). Similarly, 
the postcollisional ultrapotassic mafic rocks, which are interpreted 
to originate from partial melting of the metasomatized lithospheric 
mantle (19, 20), also show pronounced Hg-MIF signals with nega-
tive Δ199Hg values. This further indicates the recycling of ancient 
Indian terrestrial Hg into the Tibetan lithospheric mantle.

Mg isotopes further demonstrate the recycling of carbonates into 
the Tibetan lithospheric mantle. The high CaO/Al2O3 ratios of the 
postcollisional ultrapotassic mafic rocks indicate an essential role of 
carbonate melts in the petrogenesis of these rocks (Fig. 4), because 
carbonated melts are characterized by high CaO/Al2O3 (52). Most 
ultrapotassic mafic rocks in the Gangdese belt exhibit lower δ26Mg 
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values compared to those of the primitive mantle or mid-ocean 
ridge basalts (29). These δ26Mg values are notably lower than those 
of the pre- and syncollisional granitoids (Fig.  4), ruling out the 
involvement of terrigenous sediments from the southern Lhasa 
Terrane. Given that partial melting does not substantially fractionate 
Mg isotopes and carbonates have inherently lighter δ26Mg values 
(30, 53), the isotopically light Mg signature observed in the ultrapo-
tassic rocks is best interpreted as a geochemical fingerprint of recy-
cled carbonate material. This interpretation is further supported by 
the lack of correlation between δ26Mg and SiO2 contents (fig. S6), 
which rules out differentiation processes or upper crustal assimila-
tion as primary controls on the isotopic variability. The inferred car-
bonate input likely originated from the subducted northern Indian 
continental margin, which is known to host thick carbonate-bearing 
sedimentary sequences. These include platform and basinal carbon-
ates of the Tethyan Himalayas, Ladakh Himalaya, and Eastern 
Pontides, which formed during the Mesozoic to Eocene and locally 
reach several kilometers in thickness (54–56). The substantial vol-
ume and regional extent of these sedimentary carbonates make them 
a plausible and volumetrically notable source of recycled material 
during the India-Asia continental collision.

While both the postcollisional ultrapotassic rocks and the ore-
forming porphyries display Hg-Mg isotopic evidence for sediment-
derived signatures, the signal from recycled carbonate is more 
pronounced in the ultrapotassic rocks (Figs. 3 and 4). This differ-
ence likely reflects their contrasting petrogenetic origins. Ultrapotas-
sic rocks are typically mantle derived and form from low-degree 
partial melting of a metasomatized lithospheric mantle (19, 20, 57), 
making them more sensitive to carbonate addition. In contrast, 
porphyry-forming felsic magmas are primarily derived from juve-
nile lower crustal sources (14), where the isotopic signatures may be 
more diluted or modified by crustal processes. Despite these differ-
ences, the consistent isotopic trends between these two rock types 
suggest that both ultimately record the recycling of carbonates into 
the mantle and/or lower crust during continental subduction.

Cause of elevated magmatic fo2 from oceanic subduction 
to postcollision
Intracrustal oxidation attended by Fe depletion coupled with frac-
tionation of Fe-rich garnet is an important mechanism to increase 
the oxidation of calc-alkaline arc magmas (17, 58). In the Gangdese 
arc, the presence of an amphibole-dominated arc root (59, 60) and 
the decreasing Dy/Yb ratios observed in the postcollisional ore-
forming porphyries with magmatic fractionation (fig. S7A) indicate 
that amphibole fractionation plays a dominant role. Furthermore, 
whole-rock V/Sc ratios and zircon ΔFMQ values for the postcolli-
sional ore-forming porphyries show no clear trends with magmatic 
fractionation (fig.  S7, B and C). The least evolved postcollisional 
ore-forming porphyries exhibit elevated V/Sc ratios and zircon 
ΔFMQ values. Therefore, we propose that magma sources might be 
responsible for the highly oxidized signature of these postcollisional 
ore-forming porphyries rather than intracrustal processes.

A fo2 increase in the magma source can be caused by the addi-
tion of oxidized components into the mantle via oceanic slab sub-
duction (4, 9). However, the Gangdese postcollisional ore-forming 
porphyries were emplaced between 18 and 13 Ma (22), ~40 to 50 Ma 
after the initial collision of India with Asia (34). Thus, it is unlikely 
that the elevated oxidation state of these postcollisional ore-forming 
porphyries is related to the input of fluids or melts derived from the 

Neo-Tethys oceanic slab. A more plausible mechanism for the ele-
vated magmatic oxidation state observed during the postcollisional 
stage involves the subduction of carbonate-rich lithologies and/or 
terrigenous sediments from the Indian continental plate into the 
Tibetan lithospheric mantle. This process may have triggered oxida-
tion in the overlying lithosphere through redox reactions involving 
Ca-carbonates. Experimental studies at 3 GPa and 900°C demon-
strate that Ca-carbonate can oxidize ferrous iron in silicates via the 
reaction (61)

This redox mechanism is capable of increasing the ferric iron 
content in mantle silicates, thereby raising the whole fo₂ of the litho-
spheric mantle. Moreover, recent experiments conducted at high 
pressures (2.5 GPa) and temperatures (750° to 1050°C) have dem-
onstrated that carbonate melts are capable of capturing sulfur in the 
form of sulfate from mantle peridotite and pyroxenite (62). Collec-
tively, these findings suggest that sedimentary carbonates, trans-
ported by the subducted Indian continental plate into the Tibetan 
lithospheric mantle and/or lower crust, could have acted as oxidiz-
ing agents and enhanced the fo2 of postcollisional magmas.

In addition, evaporite rocks, including sulfates, are found along-
side carbonate rocks in the northern margin of the Indian continent 
(54). As the Indian plate subducted, these oxidized sediments un-
derwent dehydration, releasing oxidized fluids that interacted with 
the overlying lithosphere, thus forming a highly oxidized mantle 
source region for postcollisional magmas. Therefore, the addition of 
evaporite sulfates into the Tibetan lithosphere during the subduc-
tion of the Indian plate can also help explain the elevated magmatic 
fo2 of postcollisional ore-forming porphyries in the Gangdese belt.

Updated genetic model for postsubduction porphyry 
copper mineralization
PCDs in subduction zones are typically associated with the release 
of oxidized melts and fluids from the subducted oceanic lithosphere, 
which metasomatize the overlying mantle wedge, leading to the 
generation of highly oxidized, metal-rich arc magmas (Fig. 6A) (4–
10). However, the mechanisms driving the elevated oxidation state 
of postcollisional PCDs remain poorly understood. The Hg and Mg 
isotope results of our study suggest that the oxidation of postcolli-
sional magmas in the Gangdese belt was driven by the subduction of 
continental sediments, particularly carbonates and/or sulfates, from 
the Indian plate into the Tibetan lithosphere (Fig. 6B). The collision 
between the Indian and Asian plates resulted in the cessation of oce-
anic subduction and the initiation of continental subduction, lead-
ing to the incorporation of Indian continental sediments into the 
Tibetan lithosphere during the postcollisional stage. Elevated mag-
ma fo2 leads to a shift in the dissolved sulfur species in porphyry 
magmas, from being predominantly in the form of sulfides to being 
predominantly in the form of sulfates (63, 64). This sulfur oxidation 
raises the magmatic sulfur saturation point, allowing for higher 
magmatic sulfur concentrations (65, 66). As a result, copper (and 
other chalcophile elements) remains in the magma rather than be-
ing captured by magmatic sulfides until it is later precipitated as 
copper-bearing minerals from fluids released by the magma to form 
PCDs (1, 11, 67).

Our study highlights that the postcollisional setting, where con-
tinental sediments are subducted and recycled, can also generate 

4Fe2+ (olivine)+C4+ (Ca−carbonate)

=4Fe3+
(

spinel
)

+C0
(

graphite
) (1)
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highly oxidized magmas conducive to porphyry copper mineraliza-
tion. This challenges the conventional view that oceanic subduction 
is the dominant driver of porphyry copper formation and under-
scores the importance of considering continental subduction processes 
in metallogenic models. This insight not only expands the geody-
namic framework for porphyry copper formation but also opens ad-
ditional directions for exploration in other collisional orogens, such 
as the Zagros belt and the Lesser Caucasus, where similar tec-
tonomagmatic conditions and porphyry copper mineralization 
have been reported (68, 69).

MATERIALS AND METHODS
Materials
This study focuses on magmatic rocks from the eastern Gangdese 
belt (87°E to 95°E) (Fig. 1). To obtain better spatial coverage along 

the belt, we collected some samples from those areas with low sam-
ple density. Our combined lithogeochemical and geochronological 
data, including both newly acquired and previously published data, 
comprise a dataset of 2050 igneous rocks ranging in age from the 
Late Triassic to Miocene. These samples are subdivided into precol-
lisional (210 to 60 Ma), syncollisional (60 to 45 Ma), and postcolli-
sional (45 to 10 Ma) suites based on the timing of initial collision 
between India and Asia at ~60 Ma and the loss of the pull force from 
the subducting oceanic slab because of its breakoff at ~45 Ma (37).

Analytical methods
Whole-rock major and trace element analyses
The whole-rock major element and loss-on-ignition analyses were 
conducted at the National Research Center for Geoanalysis, Chinese 
Academy of Geological Sciences (Beijing). Whole-rock major ele-
ment and loss-on-ignition analyses followed the GB/T 14506.28-2010 
and GB/T 14506.34-2019 standards, respectively. Major elements 
were analyzed by wavelength-dispersive x-ray fluorescence spec-
trometry (Malvern Panalytical, AXIOS-PW4400). The 2SD uncer-
tainties for all major elements are <2% relative. The samples (25 mg) 
were digested in a sealed vessel with 0.5 ml of nitric acid and 1.5 ml 
of hydrofluoric acid and then heated for 48 hours to ensure com-
plete dissolution. Trace elements, including the rare earth elements, 
were analyzed by inductively coupled plasma mass spectrometry 
(ICP-MS) using an Agilent 7500a system. Three international stan-
dards (GSR-1, GSR-3, and GSR-5) were used to assess the analytical 
reproducibility. The 2SD uncertainties are <10% for elements with 
abundances <10 ppm (parts per million) and <5% relative for those 
>10 ppm. A total of 62 whole-rock major and trace elements were 
analyzed, and the data are listed in table S1.
Zircon U-Pb dating and trace element analyses
Zircon grains were separated from igneous rocks and mounted in 
epoxy resin for age and trace element determinations. Zircon U-Pb 
dating and trace element analyses were conducted simultaneously by 
laser ablation ICP-MS in the Mineral and Fluid Inclusion Microanal-
ysis Laboratory, Institute of Geology, Chinese Academy of Geologi-
cal Sciences, Beijing, China. The NWR 193UC laser ablation system 
(Elemental Scientific Lasers, US) was equipped with a Coherent Ex-
cistar 200 excimer laser and a two-volume ablation cell. The laser 
ablation system was coupled to an Agilent 7900 ICP-MS instrument 
(Agilent, US). Zircons were mounted in epoxy resin discs, polished 
to expose grain interiors, cleaned ultrasonically in ultrapure water, 
and then cleaned again before analysis using analytical-grade metha-
nol. Preablation was conducted before each spot analysis using five 
laser shots (~0.3 μm in depth) to remove potential surface contami-
nation. The analyses used a 30-μm laser beam diameter with a laser 
frequency of 8 Hz and a fluence of 2 J/cm2. The Iolite software pack-
age was used for data reduction (70). Zircons 91500 and SA01 were 
the primary and secondary reference materials, respectively. The ex-
ponential function was used to correct for down-hole fractionation 
(71). NIST 610 and 91Zr were used to calibrate the trace element con-
centrations as an external reference material and internal standard, 
respectively. A total of 1477 zircon grains from 82 magmatic rocks 
was analyzed. Zircon age and trace element data are listed in table S2.
Hg isotope analyses
Hg concentrations and Hg isotope ratios were measured at the State 
Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, 
Chinese Academy of Sciences in Guiyang. Hg in rock powder was ex-
tracted using a dual-stage tube furnace using a catalyst-containing 
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furnace quartz tube, with the detailed testing procedure described in 
the previous literature (72). After a combustion-trapping procedure, 
the trapping solution was transferred into a 40-ml lucifugal borosili-
cate glass bottle (precleaned at 480°C in a muffle furnace for 1.5 hours) 
at 4°C before trace element concentration, Hg concentration, and Hg 
isotopic composition analyses. Hg recoveries of 90 to 110% and un-
certainties of <10% (2SD) were obtained. The total Hg concentrations 
of samples were directly measured using a Milestone DMA-80 Hg 
analyzer. The sample solutions were diluted to 1 ng/ml Hg in 10 to 
20% (v/v) reverse aqua regia (HNO3/HCl  =  2/1, v/v) using 18.2 
megohms·cm water. Analysis of the Hg isotopic composition was 
done using Neptune Plus multicollector ICP-MS. Instrumental mass 
bias was corrected using a NIST SRM 997 Tl standard solution [25 ng/
ml Tl in 3% (v/v) HNO3] introduced by an Aridus II desolvating neb-
ulizer. The Hg isotopic composition was reported following the con-
vention recommended by Bergquist and Blum (26). The overall average 
and uncertainty of NIST-3177 (δ202Hg, −0.53  ±  0.08‰; Δ199Hg, 
−0.01 ± 0.07‰; Δ200Hg, 0.02 ± 0.09‰; and Δ201Hg, −0.03 ± 0.06‰; 
2SD, n = 24), GSR-2 (δ202Hg, −1.48 ± 0.13‰; Δ199Hg, −0.00 ± 
0.10‰; Δ200Hg, 0.05 ± 0.06‰; and Δ201Hg, −0.08 ± 0.05‰; 2SD, 
n = 3), and GSS-4 (δ202Hg, −1.67 ± 0.18‰; Δ199Hg, −0.38 ± 0.11‰; 
Δ200Hg, −0.09 ± 0.20‰; and Δ201Hg, −0.42 ± 0.16‰; 2SD, n = 3) 
agree well with previous results (27, 40, 73, 74), and all results are 
listed in table S3.
Mg isotope analyses
Mg isotope ratio analyses were carried out at the MNR Key Labora-
tory of Isotope Geology, Institute of Geology, Chinese Academy of 
Geological Sciences. Approximately 10 to 30 mg of sample powders 
was weighed into precleaned Savillex PFA beakers and digested us-
ing a 3:1 mixture of HF and HNO3 on a hot plate at 120°C for 
>48 hours. After digestion, samples were further treated with aqua 
regia until they were fully dissolved. Mg was purified using a 
one-stage column procedure with Bio-Rad AG50W-X12 cation resin 
(200 to 400 mesh). Around 10 μg of Mg in 0.7 M HNO3 was loaded 
onto the column, which contained 1.78 ml of precleaned resin. Ma-
trix elements (Al, Ti, Fe, Li, Na, and K) were removed using 50 ml of 
0.7 M HNO3 and 0.2 M HF, and Mg was eluted with 8 ml of 2 M 
HNO3. After one purification step, matrix elements were effectively 
removed. At least one basaltic standard (BHVO-2 and GSR-3) and a 
duplicate were processed with each batch.

Mg isotope ratios were measured on a Nu Plasma II multicollec-
tor ICP-MS in low-resolution mode, with standard-sample bracket-
ing used to correct for mass fractionation. Samples with Mg (~1 μg/
ml) were introduced into the mass spectrometer in 0.3 M HNO3 
using a microconcentric quartz nebulizer at a flow rate of ~30 μl 
min−1. Ion beams for 24Mg, 25Mg, and 26Mg were measured on the 
L5, H1, and H6 Faraday cups. Each measurement included 100 cy-
cles of 3-s integration time. A blank (0.3 M HNO3) was measured at 
the beginning of each session for on-peak-zero correction. The dif-
ference in Mg concentration between samples and standards was 
less than 10%. Mg isotope compositions were reported relative to 
the DSM-3 standard (a solution in 3% HNO3 made from pure Mg 
metal) (75) using the equation (i = 25 or 26)

where i is 25 or 26, (iMg/24Mg)DSM3 is the iMg/24Mg ratio of DSM-3, 
and (iMg/24Mg)sample is the iMg/24Mg ratio of studied samples. The 
overall average and uncertainty of BHVO-2 (δ25Mg, −0.1 ± 0.03‰; 

δ26Mg, −0.22 ± 0.07‰; 2SD, n = 3), GSP-2 (δ25Mg, 0.04 ± 0.02‰; 
δ26Mg, 0.07 ± 0.04‰; 2SD, n = 4), GSR-3 (δ25Mg, −0.22 ± 0.02‰; 
δ26Mg, −0.45 ± 0.05‰; 2SD, n = 4), and seawater (δ25Mg, −0.43 ± 
0.04‰; δ26Mg, −0.84 ± 0.04‰; 2SD, n = 4) agree well with previous 
results (76–78), and all results are listed in table S3.

Mapping strategy
Whole-rock and zircon geochemical contour maps were under-
taken in ArcGIS Pro using the inverse distance weighted interpola-
tion, which represents the best combination of mapping methods 
(79, 80). All data were grouped by the geometrical interval method 
with some manual adjustment, ensuring that each group had ap-
proximately the same number of values and more geological sig-
nificance. The geographic coordinate system is the World Geodetic 
System 1984. All zircon data shown in contour maps represent the 
mean values of each rock.

Supplementary Materials
The PDF file includes:
Figs. S1 to S7
Legends for tables S1 to S4

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S4
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