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Geochemical diversity of continental arc
basaltic mushy reservoirs driven by
reactive melt infiltration
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The reactive melt flow emerges as an important factor for diversification of basaltic magmatic
reservoirs, but whether and how it influences continental arc basaltic mushes are enigmatic. Here, we
used mineral and whole-rock geochemistry to examine the petrogenesis of a suit of mafic and
intermediate plutons in western Yangtze Block, which were emplaced at continental arc crust and
primarily had plagioclase and clinopyroxene as early cumulate mineral phases. We found the crystal
musheswere infiltratedby externally-derived reactivemelt with high δ18Oand fertile crustal signatures,
resulting in the changes of mineral phases (e.g., clinopyroxene transformed to hornblende) and bulk-
rock geochemistry (including isotopes). Then, the reacted granitic melt was prone to either be
extracted from or stall in the crystal mushes, generating quartz-poor (mafic) or quartz-rich
(intermediate) plutons, respectively. This study supports the reactive melt infiltration may serve as an
important engine for compositional diversity of basaltic mush system within continental arc settings.

Incremental mantle-derived melts added into the crust contribute to the
formation of transcrustal basaltic magmatic reservoirs and crustal growth
and reworking.However, how the basalticmagmatic reservoirs differentiate
within the crust is controversial1–4. In classic melt-dominated magma
chamber paradigm, the differentiation is suggested to be primarily con-
trolled by slow removal of crystals along walls of chamber (i.e., fractional
crystallization)5,6. Recently, it has been shown that differentiation is gen-
erally correlated to crystal-melt separation in crystal-dominated mush
through compaction, convective or diffusive exchange, gas-driven filter
pressing, or Darcy flow7–11. Besides, the complicated open crystal-mush
system could also interact with the reactivemelt flow3,12–17. This mechanism
involves a network of melt percolating through a porous crystal framework
and reacting with the surrounding crystals, resulting in dissolution-
reprecipitation process of the minerals and consequent bulk geochemical
modulation. On the other hand, the reactive melt flow is generally accom-
panied with mush compaction and associated melt extraction, which could
further complicate geochemistry of the crystalmush.As a result, the reactive
melt flow emerges as a prominent factor differentiating basaltic mushy
reservoirs. Its influence was firstly revealed in continental layered
intrusions12,18–20, and then developed in the oceanic gabbroic cumulates in
different tectonic settings (i.e., fossil mid-ocean ridge15,21,22, oceanic island23,
and island arc14). Continental arcs witness extensive juvenile magmatism
and could serve as ideal sites to investigate the differentiation processes of

continental basaltic mushy system24. Their magma differentiation is gen-
erally interpreted to involve complex interplay between crystal fractiona-
tion, assimilation, andmagmamixing24.However, whether the reactivemelt
infiltration was operative and how it influences the magma reservoirs are
enigmatic.

Here, by examining the petrogenesis of a suit ofmafic and intermediate
plutons fromaNeoproterozoic deep arc section inwesternYangtzeBlock of
South China, we found the interconnected reactive melt (±hornblende-
equilibrium melt extraction) considerably modified early-crystallized
mineral phases and bulk-rock compositions, and it can serve as an impor-
tant mechanism controlling compositional diversity of continental arc
magmas.

Results
Geological context and petrography
The Yangtze Block is located in the northwestern part of the South China
Block and is bounded with the Cathaysia Block to the southeast by the
JiangnanOrogen. It records remarkable crustal growth and reworkingduring
Neoproterozoic, with the western margin characterized by prolonged con-
tinental arcmagmatism in theperiodof ca. 860Ma to ca. 750Ma25–27 (Fig. 1a).
Miocene extrusion and thrust processes28 gave rise to well-exposed Neo-
proterozoic deep arc sections and linearly distributed igneous rocks spanning
over 800 km (Fig. 1c). The Neoproterozoic Pengguan Complex (PC) is the
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largest plutonic mid- to upper-crustal basement unit exposed in the area29

(Fig. 1b).Our research focusedonsamples collected fromthecentral regionof
the PC, comprising of hornblende gabbro, diorite, quartz diorite, and gran-
odiorite (dark red areas in Fig. 1b).

These samples predominantly exhibit cumulate textures and
have similar mineral assemblages, with main mineral phases of pla-
gioclase (Pl), clinopyroxene (Cpx), hornblende (Hbl), actinolite
(Act), quartz (Qz), and chlorite (Chl), albeit with varying proportions
(Figs. 2–3, Supplementary Fig. 1; and Supplementary Table 1). Minor
proportions (<1 vol%) of apatite, zircon, magnetite, ilmenite, biotite,
(±) orthopyroxene, (±) orthoclase, (±) sphere are also present. The
plagioclase grains are subhedral–euhedral and may represent earlier
cumulate phases. They were partially altered to sericite and albite,
with some of them exhibiting albite rims (e.g., sample 15PG-13-3 in

Supplementary Fig. 1) that possibly indicative of mineral-melt
interaction. The hornblende (Hbl) has an irregular morphology. It
is closely associated with clinopyroxene and sometimes replaces
clinopyroxene along its rims or cleavage planes, leaving the clin-
opyroxene residues with irregular morphologies (Fig. 2c–f and Sup-
plementary Fig. 2). This suggests that the formation of hornblende
may occur at the expense of clinopyroxene precursors through
peritectic reactions14,30, rather through equilibrium crystallization
processes. The Cpx-Hbl association generally exhibits subhedral
shapes, partially corroded or fragmented textures, and often displays
a poikilitic texture in most samples. This implies that the clinopyr-
oxene likely crystallized after plagioclase, followed by the formation
of peritectic hornblende. Quartz in the samples typically contacts
with hornblende, coexists with zircon, and serves as an interstitial
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Fig. 1 | Geological background and field photos of the Pengguan Complex (PC).
a Simplified geologicmap showingwidespread 860–750Ma strata and igneous rocks
in the Yangtze Block, which were linked to ocean-continent subduction process.
b Geological map of the PC and sample locations. The PC represents part of fossil
Neoproterozoic continental arc section along the western Yangtze Block. c Cross

section showing the uplift of the PC during the Late Miocene deformation process
(after Wang and Meng28). LTB Longmenshan Thrust Belt. d–e Representative field
photos of quartz-poor and quartz-rich plutonswithin the PC. The cumulate banding
can be seen in the quartz-poor pluton.
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phase filling within the earlier-crystalized mineral skeleton (Supple-
mentary Figs. 5–6). The actinolite is observed to develop along
cleavage planes and grain boundaries of clinopyroxene and horn-
blende (Fig. 2c–f and Supplementary Fig. 2), and the chlorite gen-
erally develops along the rims of biotite (Supplementary Fig. 5). Their
formation in samples were interpreted to be resulted from later
hydrothermal alteration.

Sample classification, mineral, and bulk-rock compositions
We divided the plutonic samples into two types based on their quartz
contents: quartz-poor (<5 vol% quartz; hornblende gabbro and
diorite) and quartz-rich (≥5 vol% quartz; quartz diorite and grano-
diorite) rocks, represented by samples 15PG-21-3 and 16SC-33-1
respectively (Figs. 2–3). The two types exhibit notable distinctions
in terms of petrographic texture, as well as bulk and mineral
compositions. The quartz-poor pluton demonstrates a strong
preferred orientation of plagioclase (e.g., alignment factor of 0.46 in
Fig. 3b), in contrast to the quartz-rich pluton, which exhibits a weak
preferred orientation of plagioclase (e.g., alignment factor of 0.06
in Fig. 3a).

In relation to major elements, the quartz-poor samples are mafic in
composition (SiO2 = 43–51 wt%), different from the intermediate com-
position of quartz-rich samples (SiO2 = 50–68 wt%) (Fig. 4). The quartz-
poor samples generally exhibit higher contents of FeOT (9–16 wt%),
MgO (3.2–6.9 wt%), TiO2 (1.0–3.6 wt%), CaO (7–11 wt%), and P2O5

(0.2–1.7 wt%), but lower contents of K2O (0.5–1.2 wt%) compared to the
quartz-rich samples (FeOT = 4–11 wt%; MgO = 0.6–3.7 wt%; TiO2 =
0.5–1.2 wt%; CaO = 4–7 wt%; P2O5 = 0.1–0.3 wt%; K2O = 1.2–2.4 wt%)
(Supplementary Data 1). Regarding trace elements normalized to
chondrite or primitive mantle (Fig. 5c–d), the two plutonic types show
similar geochemical features in some aspects, such as enrichments of
large-ion lithophile (LILE) and light rare-earth elements (LREE), positive
Pb and K, and negative Nb anomalies. However, the quartz-poor samples
generally have higher concentrations of compatible elements (such as Sc,

V, Cr, Co, Cu), but lower concentrations of incompatible elements (such
as Rb, Pb, La, Th, U, Zr, Hf) compared to the quartz-rich samples (Fig. 5).
Several quartz-poor samples show positive Eu and P anomalies
(Fig. 5c–d), indicating potential accumulation of plagioclase and apatite
in these samples. The wide ranges of bulk-rock MgO (0.6–6.9 wt%) and
compatible elements, such as V (19–363 ppm), Co (2.2–42 ppm), and Sc
(2.6–82 ppm), in all samples are interpreted as a result of varying pro-
portions of mafic mineral accumulation.

The plagioclase grains in quartz-poor samples are anorthite
(An)-richer (51–59) than those (An=44–49) in quartz-rich samples
(Supplementary Data 2). The clinopyroxene in both categories
straddles the augite-diopside compositions (Fig. 6a), while the clin-
opyroxene grains of quartz-poor pluton have slightly higher Mg#

[71.3–74.9; Mg#=100*Mg/(Mg+Fe) in mole] than those (65.6–70.5)
of quartz-rich pluton. The actinolite in both categories are MgO-rich,
shows wide range of Mg# (~55–73), and exhibits intermediate com-
positions of major elements between clinopyroxene and hornblende
(Fig. 4). The hornblende in quartz-poor samples is predominantly
tschermakite (Fig. 6b) and has higher Al2O3 contents (9.2–11.7 wt%),
Mg# (55–72), and (Na+K)A contents (~0.2–0.6 a.p.f.u). In contrast,
the hornblende in quartz-rich samples is magnesio-hornblende with
lower Al2O3 contents (4.6–10.0 wt%), Mg# (39–65), and (Na+K)A
contents (~0.0–0.4 a.p.f.u; Supplementary Data 2).

Both clinopyroxene and hornblende exhibit notable variations in the
concentrations of incompatible trace elements (Fig. 6c–f and Supplemen-
tary Data 3). Generally, the concentrations of trace elements tend to be
higher in hornblende compared to clinopyroxene, with the exception of Li,
Th, U and Pb. In chondrite-normalized REE diagrams (Fig. 6c, d), clin-
opyroxene displays pronounced negative Eu anomalies (Eu/Eu* =
0.44–0.75, chondrite normalized Eu/

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Sm � Gd
p

), depletion in La relative to
Sm [(La/Sm)N = 0.26–0.97], and slight MREE/HREE enrichment [(Sm/
Yb]N = 1.31–2.41]. The hornblende exhibits weak to positive Eu anomalies,
ranging from 0.61 to 1.29. It also demonstrates depletion in La relative to
Sm [(La/Sm)N = 0.65–1.05], and slight MREE/HREE enrichment
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Fig. 2 | Micrographs of typical quartz-poor and quartz-rich samples in the PG.
a A quartz-poor pluton typically consists of clinopyroxene, hornblende and plagi-
oclase. The plagioclase was extensively replaced by albite and mica. b A quartz-rich
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[(Sm/Yb]N = 1.89–3.00]. In primitive mantle normalized diagrams
(Fig. 6e–f), the clinopyroxene shows slight enrichments of Li, Pb, Th, U and
REEs, as well as negative peaks of high field strength elements (HFSEs; Zr,
Hf, Nb, Ta) and LILEs (Ba, Sr). The transitional metals are either less
enriched (i.e., Sc, V, and Zn) or depleted (i.e., Co). Principally, the REE and
trace element profiles of hornblende closely resemble those of associated
clinopyroxene within the same sample (Fig. 6c–f), with the exception that
hornblende exhibits notable enrichments in Rb, Ba, Nb, Ta, Th, and U and

slight depletion in Li, indicating the possible formation of hornblende
through breakdown of clinopyroxene via a peritectic reaction.

Bulk-rock and mineral isotopes
All zircon grains show weak CL intensity, and display broad oscillatory
zoning without alteration rims (Supplementary Fig. 3). Zircon U-Pb
dating results for eight samples indicate that they formed synchronously
at ca. 840–820Ma within uncertainties (Supplementary Fig. 3). Overall,
all zircon Hf–O isotope analyses show variable εHf(t) values from –0.7 to
+13.5 (n = 54) and δ18O values of 6.05–7.40‰ (n = 55), indicative of a
predominantly juvenile origin with the addition of ancient supracrustal
material (Fig. 7a and Supplementary Data 4). Zircon grains from quartz-
rich samples show more variable εHf(t) and δ18O values compared to
those from quartz-poor samples (Fig. 7a). Moreover, the bulk-rock Nd
(εNd(t) primarily ranging from –4.0 to 0) and Sr isotopes
[(87Sr/86Sr)i = 0.7049–0.7085] of samples generally exhibit enriched sig-
natures that are decoupled from the zircon Hf isotopes (Fig. 7b and
Supplementary Data 1).

The quartz grains in samples 15PG-15-2, 15PG-18-2, and 15PG-21-6
are irregular in shape and exhibit dark and homogeneous (or slightly
mottled) luminescent intensity (Fig. 7c). These CL characteristics indicate
that quartz either initially precipitated without any discernible CL texture
under stable conditions of high temperature and pressure, or that a pre-
existing CL-texture was subdued by annealing under metamorphic
conditions31. The δ18O values of quartz in each sample are homogeneous,
ranging from 9.52 to 10.7‰ for 15PG-15-2 (n = 14), 9.76 to 10.6‰ for
15PG-18-2 (n = 15) and 11.6–12.9‰ for 15PG-21-6 (n = 14), with the
average δ18O values of 10.1 ± 0.7‰ (2 SD), 10.1 ± 0.4‰ (2 SD) and
12.2 ± 0.9‰ (2 SD), respectively (Supplementary Fig. 4 and Data 5). The
average δ18O values of quartz are approximately 3.6‰ to 5.0‰ higher than
those of magmatic zircon in the same sample (Fig. 7c).

Discussion
Open-system differentiation with presence of externally-
derived melts
The samples in this study exhibit cumulate textures, with
euhedral–subhedral plagioclase (An = 44–59) and clinopyroxene
(Mg# = 65.6–74.9) serving as earlier crystallization minerals and
constituting the primary silicate crystal frameworks. Subsequently,
the clinopyroxene was partially replaced by anhedral hornblende
(Fig. 3c). And the mineral mapping results show that the volume
ratios between (Cpx+Act) and Hbl are approximately 1:7 for the
representative quartz-poor pluton 15PG-21-3 and about 3:2 for
representative quartz-rich pluton 16SC-33-1 (Supplementary
Table 1). The hornblende likely formed at high temperatures, given
the obtained temperatures of ca. 790–850 °C from machine-leaning-
based Hbl-thermometry32 and of ca. 600–875 °C (mostly within range
of 710–870 °C) from Ti-in-amphibole thermometer33 (Supplementary
Data 2). Therefore, the replacement of clinopyroxene by hornblende
is likely to occur during late magmatic stage with temperature
exceeding 700 °C. On the other hand, the Cpx-Hbl replacement,
associated with peritectic reaction between clinopyroxene and
evolved hydrous melt, could provide insights into whether magmatic
differentiation took place in an open or closed system14,30. A closed-
system differentiation requires the evolved melt was solely the
magma residual melt, whereas the evolved melt for open-system
differentiation was involved in externally-derived melt. Zircon in
hydrous parental basalts generally saturates and crystallizes at late
magmatic stage when residual melt evolves to SiO2 > 65 wt% at
temperature of ~850–750 °C34. We hence could employ the zircon,
along with quartz, which crystallized during late magmatic stage and
coexisted in our samples (Supplementary Figs. 5–6), to trace the
influence of external melts.

The oxygen isotopic compositions of quartz in each sample are
homogeneous, with the variations of δ18O values less than 1.3 ‰.
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This indicates the quartz crystallized uniformly and was unlikely to
have been altered by hydrothermal fluid flow35. Besides, the absence
of observable fluid conduits in quartz CL images and alteration rim
in the zircon CL images (Supplementary Figs. 3–4) discounts the
involvement of fluids that may have affected the oxygen composition
of quartz. According to the oxygen-isotope fractionation diagram
(Fig. 7c), the high δ18O values of quartz are not equilibrated with
zircon δ18O at temperatures above 700 °C, which is inconsistent with
a closed-system magmatic differentiation. Instead, the elevated δ18O
of the quartz could be explained by introduction of external high-
δ18O silicate melts during the late magmatic stage. Additionally, the
negative correlation between zircon δ18O and εHf(t) values, as well as
the decoupling between bulk-rock Nd and zircon Hf isotopic sig-
natures (Fig. 7a–b), further supports the potential involvement of
external melts with high δ18O and enriched Hf and Nd isotopes
during late magmatic differentiation. Mineral chemistry also supports
an open-system differentiation. It’s noteworthy that all analyzed
clinopyroxene domains exhibit pronounced negative Eu/Eu*
anomalies, while the analyzed hornblende domains display weak to
positive Eu/Eu* anomalies (Fig. 6c, d). This indicates that the two
mineral types crystallized from plagioclase-saturated and plagioclase-

undersaturated melts, respectively, possibly implying an infiltration
of more water-rich and oxidizing melts during the peritectic reaction
to form hornblende14.

The above lines of evidence suggest the studied basaltic mushy reser-
voirs may have differentiated within an open system, characterized by the
involvement of externally derivedmelts that were potentially high-δ18O and
derived from ancient crustal materials. The external melts possibly mixed
with residual magma melts. Their mixture was expected to be chemically
reactive and likely formed an interconnected network along grain bound-
aries, facilitating pervasive chemical exchange with matrix crystals (i.e.,
clinopyroxene and plagioclase).

Geochemical change of basaltic mush induced by reactive melt
infiltration
An interconnected melt network along grain boundaries within mush
reservoirs could be easily achieved when the melt proportion is above a
threshold value (typically <2%) to permit melt migration through the
crystal mush13,36. This allows the ingress of externally-derived melts into
the migrated melt network, and pervasively chemical reaction between
reactive melts and matrix crystals. In this study, both quartz-poor and
quartz-rich plutons witnessed the infiltration of externally-derived melts.
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The addition of external and evolved melts into the crystal mush would
promote more replacement of clinopyroxene by hornblende, considering
that magma residual melts would also contribute to the formation of
peritectic hornblende. On the other hand, chemical exchange between
reactive melts and crystal matrix would create new reacted melts in
equilibrium with the hornblende. The Hbl-equilibrium melts were esti-
mated to be granitic (SiO2 > 65 wt%) based on calculation methods from
Putirka37, Zhang et al.38, and Higgins et al.32 (Supplementary Data 2).
However, the equilibrium melts have different fates in the two
pluton types.

In the case of the quartz-poor pluton, the equilibriummelts may have
been largely extracted, leaving dominantly earlier-crystalized mineral
assemblageswith reaction-rind relics as we observed (Figs. 2 and 3b). This is
also supported by their lowbulk-rockTh (mainly<2ppm) andK2O(mainly
<1 wt%) contents (Figs. 4f and 5a), as these elements tend to be compatible
with the granitic melt phase. On the other hand, the crystal mush of quartz-
poor pluton exhibits high degree of anisotropy due to strong preferred
orientation of plagioclase crystals (e.g., alignment factor of 0.46; Fig. 1g). The
noticeable anisotropy of the crystalswould have facilitatedmelt connectivity
and extraction of interstitial melts39. As a result of almost complete melt
extraction, the geochemical compositions of the quartz-poor samples were
primarily determined by residual reacted solid assemblage (i.e., mainly
plagioclase, hornblende, and clinopyroxene). Of them, the formation of
hornblende was thought to be associated with reactive melt-involved
peritectic reaction with clinopyroxene at the late magmatic stage. The
near complete replacement of clinopyroxene by amphibole as exempli-
fied by 15PG-21-3 (Fig. 3c) indicates the reactive melt had been quite
pervasive and was likely present in abundance (or over a long time
period). The plagioclase might be less influenced by reactive melt, as the
compositional zoning associated with peritectic reaction was less docu-
mented within plagioclase of the quartz-poor plutons. As reactive melt
infiltration could elevate the ratio of Cpx-Hbl replacement, we could
predict that the combined reactive melt infiltration and complete
extraction of equilibrium melt would elevate the bulk-rock

concentrations of most elements, such as Al2O3, FeO, Na2O, K2O, Ba, V,
Zr, rare earth elements, etc (Figs. 4 and 6f), leading to chemical
enrichment of the cumulate. On the other hand, this process only reduces
the bulk-rock concentrations of several elements, including SiO2, CaO,
and Li (Figs. 4 and 6f), and slightly affects the concentrations of MgO, Rb,
Pb, Hf, Th, and U (Figs. 4 and 6f). Different Cpx-Hbl replacement ratios
would result in various bulk-rock compositions, while these ratios are
determined by the extent of melt-crystal exchange. The input of Nd into
the system through peritectic reaction potentially contributed to the
enriched bulk Nd isotopes [εNd(t) ranges from –3.8 to –2.7]. More
importantly, both of the Cpx-Hbl replacement and the extraction of
granitic equilibrium melt behaved in quartz-poor pluton would lead to a
depletion of silica, giving rise to more mafic plutons (SiO2 = 43–51 wt%)
within crustal magmatic reservoirs (Figs. 4 and 8).

For the quartz-rich samples (Fig. 8b), they generally show weak
mineral orientation (Fig. 1h) which declines the anisotropic distribution
of interstitial melts and hinders the melt migration, making them a more
optimal place for melt stalling relative to the quartz-poor samples. The
equilibrium melts retained within quartz-rich samples might mainly
present in interstitial quartz pseudomorph according to textural relations
(Fig. 1), and partly have crystallized to albite rims on the pre-existing
plagioclase grains (typically seen in sample 15PG-13-3; Supplementary
Fig. 1) and interstitial mica. Therefore, the geochemistry of quartz-rich
plutons may reflect variable hybridization of granitic equilibrium melts
with reacted solid assemblage. Typical granitic melts are high in silica
contents (SiO2 > 65 wt%) and enriched in highly incompatible elements
as illustrated in Chappell and White40 (K2O = ~4 wt%, Pb = ~20 ppm,
La = ~30 ppm, Th = ~20 ppm, U = ~5 ppm, etc). Therefore, the elevated
and various concentrations of SiO2, Th, La, K2O, and Pb in quartz-rich
samples were mainly controlled by variable mixing of granitic melts
(Figs. 4f and 5a). Mixing of granitic melts with mafic crystal frameworks
would lead to further bulk-rock fertilization and could also be a domi-
nant mechanism in the generation of the intermediate plutonic rocks
(quartz-rich plutons: SiO2 = 50–68 wt%) (Figs. 4 and 8).
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Overall, our findings suggest that the basaltic mushy reservoirs in
continental arc settings may evolve in an open and dynamic scenario
and that the reactive melt infiltration is critical for differentiation of
the mushy system (Fig. 8). First, the reactive melt can incorporate
fertile crustal signatures into the basaltic mush system (Fig. 8a),
resulting in mineral phase transformation and consequent change of
bulk-rock geochemistry (including H2O, major and trace elements,
radiogenic and stable isotopes) (Figs. 4–7). Second, the interstitial,
reacted, equilibrium granitic melts could be either extracted from or
stored in crystal mush, which would further complicate the geo-
chemistry of mushy systems and potentially make a compositional
stratification of them (i.e., mafic and intermediate plutons at different
crustal regions) (Fig. 8b, c). Our study lends further support for that
the coupled melt migration and chemical exchange induced by reac-
tive melt flow can be a dominant mechanism for chemical differ-
entiation of basaltic mush reservoirs.

Methods
Mineral mapping
The mineral mapping of the studied samples was conducted at
Nanjing Hongchuang Geological Exploration Technology Service
Co., Ltd., using a TIMA (Tescan Integrated Mineral Analyzer) system
which comprises a Mira-3 scanning electron microscope equipped
with energy dispersive X-ray spectrometers (EDS, EDAX Element
30). The measurements were done with a dot mapping mode which
includes the collection of BSE (Back-scattered Electron) and EDS

(Energy Dispersive X-ray Spectroscopy) data on a regular grid (9 µm
dot spacing). The analyses were performed at 25 kV using a spot size
of ~90 nm, and a working distance of 15 mm.

Mineral composition
Major element contents and BSE imaging of plagioclase, amphibole,
pyroxene grains were conducted using a JXA-8230 (JEOL) electron
microprobe analyzer (EMPA) at the Shandong Analysis Center of
China Metallurgy Geology Bureau, Ji’nan, China. Operating condi-
tions included a 15 kV accelerating voltage and a 20 nA beam cur-
rent. A beam size of 10 µm at spot mode was applied. The analytical
precision (i.e., one standard deviation) for major elements with mass
proportions of >1 wt% is generally better than 2% (Supplementary
Data 2). The EMPA data can accurately classify mineral type. These
data were integrated into the TIMA images to obtain the updated
images as shown in Fig. 3a, b. The trace element concentrations of
minerals were determined by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) at the State Key Laboratory
for Mineral Deposits Research, Nanjing University (MiDeR-NJU).
The ablation was achieved with a GeoLas Pro 193 nm ablation system
connected to a Thermal iCAP RQ ICP-MS. The repetition rate of the
laser was set to 5 Hz with an energy density of ~7.5 J/cm2 and a spot
size of 32 µm. A single measurement lasted 60 s including 20 s
background measurements. The NIST 610 reference material serves
as an external standard and internal standardization to 29Si. Laser-
ablation spots were put on top of EMPA pits as much as possible and
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hence Si contents obtained by EMPA could be used for normal-
ization. The NIST 612 was used to monitor precision and accuracy,
and the two standard deviations were generally with the range of ±
2.0–6.5 ppm for elements of interest (Supplementary Data 2). The
concentration difference between measured and preferred values for
most elements of NIST 612 is within ±6 ppm (Supplementary
Data 2). The LA-ICP-MS raw data were reduced using the GLITTER

4.4 software41. The 1σ error was based on counting statistics from
signal.

Whole-rock composition
Whole-rock major elements for the samples were analyzed using a
Thermal Scientific ARL 9900 X-ray fluorescence spectrometer (XRF)
at MiDeR-NJU, following the method similar to Franzini et al.42 SY-4,
SARM-45, SCH-1, SARM-43, GBW07103, GBW07104, and
GBW07105 standards were used for quality control. The analytical
precision (RSD) is 1–3% for elements with contents above 1 wt% and
is better than 6 % for elements with contents below 1 wt%. For
whole-rock trace elements, about 50 mg of sample powder for each
sample was digested using a mixture of concentrated HF+HNO3 in
Teflon bombs. Then, trace element concentrations of dissolved
samples were determined by an Agilent 7700x inductively coupled
plasma-mass spectrometer (ICP-MS) at Nanjing FocuMS Technology
Co. Ltd. Following the procedures of Gao et al.43 AGV-1, W-2,
BHVO-2, RGM-2, GSP-2, AMH-1, GBPG-1, and OU-6 standards
were used to monitor the instrument performance. The analytical
precisions are generally better than 5%. Whole-rock Rb–Sr and
Sm–Nd isotopic compositions were measured using a Finnigan Tri-
ton TI thermal ionization mass spectrometer (TIMS) and the Nep-
tune (Plus) MC-ICP-MS respectively at MiDeR-NJU, following the
methods of Pu et al.44,45. The detailed analytical procedures and
parameters for the calculations of (87Sr/86Sr)i, εNd(t) and Nd model
ages are shown in supplementary Data 1.

Zircon isotopes
Zircon grains were separated using conventional density and mag-
netic techniques, mounted in epoxy resin disk, and polished to
expose their internal texture. The structures in zircon were then
studied using CL imaging. Three samples were chosen for zircon U-
Pb-O isotope analyses using Cameca IMS-1300HR3 SIMS at the
MiDeR-NJU, while seven samples were chosen for zircon U-Pb
dating using LA-ICP-MS at MiDeR-NJU. Zircon Lu-Hf isotopic
analyses were conducted using a GeoLas 193 nm laser-ablation sys-
tem attached to a Neptune (Plus) MC-ICP-MS at MiDeR-NJU. The
detailed analytical procedures for above isotopes are followed Li
et al.29.

Quartz O isotopes
We first cut the hand samples to millimeter to centimeter-sized rock chips
and embedded the chips near the center of 1 inch diameter epoxy plugs.
After curing the epoxy mount two days at 50 °C, the samples were first
grounded by sand papers, and then polished by 3 μm and 1 μm diamond
polishing liquids respectively. After a flat surface was obtained, small
(~1mm) holes were drilled within 5mm of the sample center to accom-
modate a quartz standard (UWQ-1; Kelley et al.46). The holes were filled
with epoxy and after curing at ~50 °C for two days, the resulting epoxy
protuberances were brought to level with the sample with 1 μm diamond
polishing liquid. The Quartz O-isotope analyses were performed with a
CAMECA IMS-1300HR at MiDeR-NJU. Sampling spots were selected
based on detailed SEM and reflected images. All analysis spots were selected
within a radius of 5mm from the center of themount. A ~ 2–3 nA primary
Cs+ beam focused to a spot size of ~10 × 15 μmwas applied to the analysis.
Secondary ions of 16O– and 18O– were detected simultaneously with two
faraday cup detectors, L2’ (1010Ω) and H2’ (1011Ω), respectively. Counting
rates for 16Owere ~1.4–2.3 × 109cps.Mass resolving powerwas 2400 at 50%
peak height. The UWQ-1 quartz standard was analyzed once every
three unknown quartz samples, with two analyses of UWQ-1 quartz stan-
dards made before and after each group of analyses. The spot-to-spot
reproducibility of each group of 8 standard analyses averages ±0.13‰,
±0.22‰ and ±0.32‰ (2 SD), respectively, and the standard errors are
±0.10–0.19‰ (2SE).
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Data availability
The dataset that supports the findings of this study is available in Supple-
mentary Information and Supplementary Data 1–5. In addition, these
supplementary files can be found in the online open-access repository at
https://doi.org/10.6084/m9.figshare.25045631.
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