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23 Abstract
24 The mechanisms and geodynamic significance of sediment recycling in
25  subduction zones remain intensely controversial in Precambrian geology. This study
26  reports a suite of Precambrian sediment-derived felsic intrusions preserved within an
27  exhumed mantle peridotite of a supra-subduction zone in South China. These felsic
28  rocks intruded into the peridotite of the Fuchuan Ophiolite show U-Pb ages of 846 -
29 837 Ma, coinciding with the dating of ca. 848 - 820 Ma crustal section rocks of the
30  ophiolite, implying their generation during slab subduction rather than later obduction.
31  Petrography, zircon O isotopic and trace elemental signatures of the Fuchuan mantle-
32  hosted granitoids indicate S-type affinity. Integrated O (5'80 = 7.5 %o to 11.3 %o), Hf
33 (enf =-3.8t0 +6.9) and Nd (enaw) = -2.2 to -0.4) isotopic compositions, coupled with
34 inherited zircon ages and whole-rock geochemistry, collectively suggest derivation
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from a continental margin sediment protolith. Geochemical analyses and pseudosection
modeling reveal partial melting of subducted sediment at 650 - 790 °C and <4 kbar
(~12-15 km). This condition of melting is atypical in a mature subduction channel, but
is plausible during the initiation phase of subduction. Consequently, the mantle-hosted
S-type intrusions formed during slab subduction may represent a proxy for subduction
initiation. In contrast to the formation depth (< 14 kbar; depths < 45 km) of Phanerzoic
mantle-hosted leucogranitoids, sediment-derived melt transport from subducting slabs
during the Neoproterozoic occurred at substantially shallower depths, suggesting that
the Neoproterozoic era may witness the reoperating of modern-style plate tectonics
after Earth’s middle age, occurring under elevated mantle potential temperatures

relative to present-day conditions.

Keywords: mantle-hosted S-type granitoids, Neoproterozoic, South China, subduction

initiation, plate tectonics

1. Introduction

Subduction is the main mechanism of mass transfer from Earth’s surface to its
mantle and has the potential to modify the compositions of mantle, crust, hydrosphere,
and atmosphere (Klaver et al., 2024; Stern, 2002; Zheng, 2019; Zheng et al., 2019).
Sediments, containing abundant lithophile elements (for example, K, Rb, Th, U and
LREE), play a pivotal role in the generation of volcanic arc magmas and the crust-
mantle interaction processes during slab subduction (Klein and Behn, 2021). In the
classic model, sediments on top of the subducting slab release aqueous fluids and melts,
which metasomatize the mantle peridotite and thus facilitate the generation of mantle-
derived magma (Li et al., 2022; Zheng, 2019). However, some recent studies have
revealed that oceanic sediments, altered basaltic crust and serpentinite from the
subducted slab can potentially ascend as a diapiric fashion into the overlying mantle
wedge (Behnetal., 2011). Although slab subduction has been recognized from the early
Neoproterozoic and even the Archean (Zheng and Zhao, 2020), critical geological
evidence is lacking on whether sediment transfer conditions in Precambrian subduction
zone matched that in Phanerozoic, given the differences in thermal state between the
Precambrian and contemporary Earth (van Keken et al., 2018).

Suprasubduction zone (SSZ) ophiolites comprise fragments of oceanic crust and

underlying mantle rocks and represent key archives for investigating mass transfer and
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crust-mantle interactions in subduction systems (Cawood et al., 2024; Stern, 2002).
Granitic rocks within oceanic crustal units of the SSZ-type ophiolites are commonly
plagiogranites, generated through fractional crystallization of mantle-derived melts or
partial melts of oceanic crust (Cortik et al., 2024; Li et al., 2022a, 2023; Sun et al.,
2020). Meanwhile, a minor proportion of peraluminous granitoids within the ophiolite
are genetically linked to the partial melting of metasedimentary rocks during obduction
(Coxetal., 1999; Li et al., 2008). However, mantle-hosted S-type granitoids within the
SSZ-type ophiolite formed during slab subduction, although rare, preserve a record of
direct melting of sediment at mantle depths and thus crustal-mantle interaction during
slab subduction (Angelo et al., 2023; Haase et al., 2015). As a result, deciphering the
petrogenesis of mantle-hosted S-type granitoids can be potentially used to understand
the mechanism of sediment transfer and subduction zone crust-mantle interaction. At
present, the mantle-hosted S-type granitoids formed during the process of oceanic slab
subduction have predominantly been reported from the Phanerozoic Samail Ophiolites
(Angelo et al., 2023; Cox et al., 1999; Rioux et al., 2021), whereas their counterparts in
Precambrian ophiolites have rarely been documented (Huang et al., 2021).

In this work, we report Neoproterozoic mantle-hosted S-type intrusions from the
SSZ-type Fuchuan Ophiolite, South China (Fig. 1). Field and petrological observations,
whole-rock geochemistry and Nd isotope, zircon trace elements, zircon U-Pb
geochronology and Hf-O isotopes of these mantle-hosted S-type intrusions indicate
generation by partial melting of sediment in a subduction channel, and subsequent
intrusion into the cold corner of the mantle wedge. Temperature and pressure estimates
suggest that mantle-hosted S-type granitoids in ophiolites may be a proxy for
subduction initiation. In addition, our findings indicate that during the Neoproterozoic
era, the depth at which sediments were transported from subducting slabs into the

mantle was significantly shallower than observed in modern subduction systems.

2. Geological background

The Neoproterozoic Fuchuan Ophiolite lies in the eastern part of the Jiangnan Belt
of South China (Bai et al., 1986; Zhao, 2015; Zhou et al., 1989; Zhou and Zhao, 1991).
The ophiolite comprises serpentinized harzburgite with minor pyroxenite, dunite,
wehrlite, lenses of chromitite and veins (or blocks) of granitoids in its mantle section.
Its crustal section consists of isotropic gabbro (with subordinate layered troctolite and

anorthosite), pillowed lava and sedimentary cover (including black chert, meta-
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graywacke and tuffaceous sandstone) (Fig. 1; Bai et al., 1986; Zhang et al., 2012).
Zircon U-Pb geochronology, whole-rock and mineral geochemistry suggest that the
Fuchuan Ophiolite formed at ca. 848 - 820 Ma in a suprasubduction zone (SSZ) setting
(Huang et al., 2021; Li and Zhao, 2020; Shu et al., 2019; Zhang et al., 2013). The
Fuchuan Ophiolite was obducted into the early Neoproterozoic littoral- to marine-facies
autochthonous sedimentary sequences of the Shangxi/Xikou Group and onto the
Shexian granitoid plutons after ca. 820 Ma, with mylonitization occurring along the
thrust-fault contact zone (Ding et al., 2008; Li et al., 2003; Wang et al., 2013a; Yao et
al., 2019). The SE-dipping mylonitic foliations are pervasively developed in both the
Shangxi/Xikou Group and the Shexian granitoid plutons, indicating that the Fuchuan
Ophiolite was emplaced as a tectonic nappe from southeast to northwest direction (Bai
et al., 1989; Ding et al., 2008; Zhou et al., 1989).

The Shangxi/Xikou Group was mainly derived from the Neoproterozoic magmatic
arc with a peak U-Pb zircon age of 830 - 1000 Ma and so the maximum depositional
age has been interpreted to be ca. 820 - 830 Ma (Wang et al., 2013a; Xu et al., 2014).
The Shexian granitoid plutons, along with the Xucun and Jiuling plutons in the Jiangnan
Belt, are markedly strongly peraluminous (Huang et al., 2025; Li et al., 2003; Shen et
al., 1993; Wu et al., 2006; Xu and Zhou, 1989; Zheng et al., 2008). These plutons have
been dated at ca. 850 - 810 Ma, and may have formed in a syn-/post-collisional tectonic
setting when the Yangtze and Cathaysia Blocks amalgamated (Li et al., 2003; Wu et
al., 2006; Wang et al., 2013b, 2023; Zheng et al., 2008). Alternatively, they have been
interpreted as being generated in a back-arc extension setting when the paleo-Huanan
oceanic slab subudcted along the southeastern margin of the Yangtze Block (Yao et al.,
2019; Zhu et al., 2023; Huang et al., 2025). These peraluminous granitoid plutons and
sedimentary sequences, along with the Fuchuan Ophiolite, are unconformably overlain
by the late Neoproterozoic sedimentary sequences formed during Nanhua rifting (Wang
etal.,, 2016; Yin et al., 2013).

Numerous felsic intrusions, varying in width from 0.1 to 2 meters, intrude the
harzburgite matrix of the Fuchuan Ophiolite, without any discernible metamorphic
aureole or mylonitization in the contact zone (Fig. 1d-f). These felsic intrusions exhibit
tectonic dislocation, with their shear sense aligned with the mylonitized foliation
orientation in the thrust-fault contact zone, demonstrating they constitute a part of the
Fuchuan Ophiolite (Shu et al., 2019). In contrast to country granitoids, exemplified by

the Shexian granitoid plutons, which are typically characterized by enrichment in mafic
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minerals (~10 - 20%; Fig. 1g), the felsic intrusions, intruded into harzburgite of the
Fuchuan Ophiolite, exhibit an off-white coloration and lack significant mafic mineral
content (colour index < 5; Fig. 1f). Therefore, the felsic intrusions of the Fuchuan
Ophiolite are known as Fuchuan mantle-hosted granitoids to distinguish them from the
country granitoid rocks (e.g., Shexian granitoid pluton). They are mainly composed of
potassium feldspar (30 - 40 vol.%), plagioclase (20 - 25 vol.%), quartz (10 - 30 vol.%),
muscovite (~5 vol.%) and accessory minerals (cordierite, zircon, and apatite) (Fig. 1h-
1). In contrast to typical plagiogranites, marked by plagioclase enrichment, the Fuchuan
mantle-hosted granitoids are characterized by their abundance of potassium feldspar
(Fig. 1h-i).

3. Methods

Zircon cathodoluminescence images were acquired at the State Key Laboratory of
Geological Process and Mineral Resources (GPMR), with a CL 4+ system integrated
into a Zeiss Sigma 300 scanning electron microscope. In-situ zircon O isotope analyses
were measured using the Cameca IMS-1280 SIMS housed at Guangzhou Institute of
Geochemistry following the analytical procedures given in Li et al. (2010). The
standard zircon Qinghu was as an unknown sample to monitor data quality, yielding
weighted mean value of 880 is 5.55 + 0.12%o (25, n=13), which is identical to the
reported value of 5.46%o + 0.24%0 within the errors (Yang et al., 2018). In-situ zircon
U-Pb dating were determined using an Agilent Technologies 7700x quadrupole ICP-
MS were attached with RESOlution laser-ablation system at GPMR. Zircon 91500 was
set as external standard material. Zircon GJ-1 and Plesovice were used as unknown
samples to monitor quality of geochronology with weighted mean 2%Pb/?%U ages of
599.4 +3.6 Ma (MSWD= 3.0, n = 14) and 337.0 £2.8 Ma (MSWD = 0.64, n = 7),
respectively (Jackson et al., 2004; Slama et al., 2008). Trace elemental contents of
zircon were calibrated using ?Si as internal standard and NIST SRM 610 as an external
reference standard material. Zircon Lu-Hf isotope analyses were measured at GPMR,
using a Neptune Plus multi-collector ICP-MS attached with an ArF excimer laser
ablation system. Standard zircon 91500 and GJ-1was used for quality control. Raw
datasets of zircon U-Pb and Lu-Hf isotopes were processed using ICPMSDataCal
software (Liu et al., 2010). Concordia diagrams and age calculation were performed

on-line by procedure of IsoplotR (Vermeesch, 2018).
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Whole-rock major element compositions were obtained at GPMR using a
Shimadzu 1800-XRF. Measurements of trace element abundances were conducted
using an Agilent 7700x ICP-MS at Nanjing FocuMS Technology Co. Ltd. The sample
was firstly digested by acetic acid, and then by HF + HNO3 mixture at 190 °C for 48 h
to ensure complete dissolution of residue. Pure elemental standards were used as
external calibration for instrument responses and internal reference materials BHVO-2,
W-2, GSP-2 and AGV-2 were used to monitor the quality of analyses. High precision
radiogenic Nd isotope composition was measured by Nu Instruments Plasma Il MC-
ICP-MS. Detailed analytical procedures were described by Chen et al. (2009).

Pseudosection modeling was carried out by GeoPS (http://www.geops.org/zh-cn/)
with the MNNCKFMASHT system and employed the hp633ver.dat thermodynamic
database (Xiang and Connolly, 2022). The a-x solution models for orthopyroxene
[Opx(W)], garnet [Gt(W)], melt [melt(W)], mica [Mica(W)], ilmenite [lim(W)],
cordierite [Crd(W)], biotite [Bi(W)], chlorite [Chl(W)], chloritoid [Ctd(W)] and spinel
[Sp(WPC)] from White et al. (2014), and for feldspar [Fsp(C1)] and epidote [Ep(HP11)]
from Holland and Powell (2011) were used. The modeling focused on the Xikou Group

metasedimentary rocks, assuming an Fe**/(Fe**+Fe?") ratio equivalent to 0.1.

4. Results
4.1. Zircon U-Pb geochronology

While a few zircon grains from the Fuchuan mantle-hosted granitoids have core-
rim structure, most of them show clear oscillatory zoning (Fig. 2a-d). Zircons from the
studied grains have Th/U ratio ranging from 0.11 to 1.32, total REE concentrations of
310 - 3486 ppm, positive Ce (Ce/Ce* = 1 - 395) and negative Eu anomalies (Eu/Eu* =
0.02 - 0.51), indicative of magmatic origin (Fig. S1). High (Sm/La)n, consistent
(Yb/Dy)n values and lack of correlation between Th/U and LREE-I [LREE-I =
(Dy/Nd)+(Dy/Sm)] values (Fig. S1), also suggest the zircons of the felsic intrusions are
magmatic (Bell et al., 2016). A total of 120 zircon spots from 4 samples for U-Pb dating
were measured. Twenty-seven of them show older 2°Pb/?8U apparent ages, varying
from 880 to 2468 Ma, and are considered as xenocrysts from the source material rather
than captured from wall rocks, because the studied intrusions outcrop in mantle
peridotite (Fig. 1d, e). Nine spots were analyzed on the zircon cores with ages ranging
from 829 to 852 Ma, and they are also considered to be xenocrysts, because of the

inconsistent oscillatory zoning in the core and the rim, and low U contents (Figs. 2 and
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S1). Eleven zircon grains with younger ages of 646 to 806 Ma are dark and have high
U contents, indicative of a later thermal event (Bell et al., 2016). Sixteen zircon grains
show discordant U-Pb ages, attributed to later lead loss (Bell et al., 2016). The
remaining analyses for samples FC19-21, FC19-22, FC10-01 and FC10-36 yield
206pp/238Y weighted mean ages of 842 + 4 Ma (MSWD = 1.06, n = 17), 844 + 5 Ma
(MSWD =1.20, n=15), 845+ 5 Ma (MSWD =0.77, n = 14) and 846 + 4 Ma (MSWD
=0.76,n=12), respectively (Fig. 2e-h). These ages, within analytical uncertainty, agree
with previous LA-ICP-MS/SIMS zircon ages (841 + 5 Ma; 840 + 5 Ma and 837 £ 6 Ma)
for the Fuchuan mantle-hosted granitoids (Li and Zhao, 2020; Shu et al., 2019) and are
interpreted as the emplacement age. Existing studies document that mafic-ultramafic
magmatism (e.g., gabbros, anorthosites, wehrlites) in the Fuchuan Ophiolite persisted
from ca. 848 Ma to ca. 820 Ma (Huang et al., 2021 and references there in), indicating
that the Fuchuan mantle-hosted granitoids (ca. 846 - 837 Ma) formed during oceanic
slab subduction rather than during obduction of the ophiolitic suit onto the continental

margin.

4.2. Zircon Hf-O isotopes
Magmatic zircons exhibit elevated §'30 values ranging from 7.47 + 0.23 %o to
11.27 + 0.29 %o (n = 36), averaging 9.16 £ 0.26 %o (20; Fig. S2). In contrast, inherited

zircon grains display significantly greater 520 variability (4.70 £ 0.16%o to 10.35 =
0.22%0, n = 27), with their oxygen isotope composition characterized by a distinct
bimodal distribution pattern (Fig. S2). The enfy values of magmatic (n = 51) and
inherited (n = 27) zircons range from -3.8 £ 0.5 to +6.9 + 0.5 and from -4.9 £ 0.5 to
+13.0 £ 0.7, respectively.

4.3. Whole-rock geochemistry and Nd isotopes
The Fuchuan mantle-hosted granitoids display variable SiO2 (62.7 - 75.1 wt. %),
K20 (4.3 - 9.1 wt. %), Na2O (2.4 - 6.8 wt. %) and Al.03 (12.7 - 16.7 wt. %) contents,
and high K.O/Na0 ratios (0.71 - 3.09; Fig. 3). Aluminum saturation index (ASI) of
the Fuchuan mantle-hosted granitoids range from 0.65 to 1.04, which may represent an
underestimate due to the presence of calcite veins (width of ~1 mm) in felsic intrusions.
These mantle-hosted granitoids have crust-derived rather than mantle-derived

granite (e.g. plagiogranite in ophiolite) features, including fractionated light rare earth
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elements [(La/Sm)n = 1.48 - 2.83], unfractionated heavy rare earth element patterns
[(Dy/Yb)n = 0.84 - 1.12], and significantly negative Eu anomalies (Eu/Eu* = 0.16 -
0.42; Fig. 4a). Pronounced enrichment of LILEs (Rb, U, K and Pb) and depletion of
HFSEs (Nb, Ta and Ti) related to primitive mantle are also indicative of crustal origin
of the magma (Fig. 4b).

The Fuchuan mantle-hosted granitoids have measured *4Nd/***Nd ratios ranging
from 0.512265 to 0.512615, and the corresponding whole-rock enq) values from -2.2
to -0.4.

5. Discussion
5.1. Fuchuan mantle-hosted granitoids derived from partial melts of subducted
sediments

Investigations relying exclusively on zircon U-Pb-Hf isotopic data propose that
the Fuchuan mantle-hosted granitoids are mantle-derived plagiogranites (Li and Zhao,
2020; Shu et al., 2019). However, we demonstrate that these granitoids show features
of S-type granites, including high K>O contents and the presence of magmatic
muscovite, cordierite, and abundant inherited zircons. The 880 values (7.5 %o - 11.3
%o0) of magmatic zircons are higher than both mantle and lower crustal values (5.3 £ 0.6
%o) (Valley et al., 2003), thus suggesting their supracrustal material source. Phosphorus
content of the studied magmatic zircons is highly variable (208 to 2369 ppm; 76 %
grains > 600 ppm), with a mean concentration of 1136 + 596 ppm, similar to zircons
from the Lachlan S-type granites (1000 + 490 ppm) (Burnham and Berry, 2017). The
REE + Y contents of zircon positively correlate with P concentrations, with a slope of
1, further indicative of a S-type granite affinity (Fig. 5a). This conclusion is
demonstrated by the cumulate curves of P and Y contents and U/Th ratios of zircon
(Fig. 5b). Furthermore, there is a close similarity in trace element patterns between the
Fuchuan mantle-hosted granitoids and leucogranites from the Samail Ophiolite and the
Himalayas (Fig. 4).

The intrusion of Fuchuan mantle-hosted granitoids into a matrix of mantle
peridotite, means that it is possible that the native mantle constituents imparted a
significant chemical imprint upon the Fuchuan felsic intrusions. However, low MgO
(0.4 - 2.2 wt. %), Cr (mean of 17 ppm), and Ni (mean of 21 ppm) contents of the
Fuchuan mantle-hosted granitoids suggest negligible mantle contribution. This is also

supported by the sharp contact (without any discernable contact metamorphic aureole)
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between felsic intrusions and harzburgite. The lack of disequilibrium mineral pairs
precludes the possibility of crustal-mantle hybrids (Sylvester, 1998), and this is also
supported by their consistent La/Sm (2.3 - 4.4) ratios and ende) (-0.4 to -2.2) values. A
notable feature of the Fuchuan mantle-hosted granitoids is the pronounced decoupling
between the predominantly positive nft) (up to +6.9) and the negative whole-rock end)
values. The presence of inherited zircons indicates zirconium saturation in the melt,
implying that residual zircons were preserved in the source. These zircons retained Hf-
Nd fractionation signatures during partial melting, as reflected by the low Hf contents
(2.42 - 4.39 ppm) and high Nd/Hf ratios (1.72 - 6.20) of the Fuchuan mantle-hosted
granitoids. We suggest that these residual zircons sequestered substantial ’’Hf in the
source, thereby elevating the enf(r) values of the derived melt and decoupling it from the
end(. Batch partial melts derived from crustal sources can exhibit a wide spectrum of
enre) vValues (Tang et al., 2014). Therefore, the Hf isotopic heterogeneity observed in
the Fuchuan mantle-hosted granitoids likely originated from mixing of multiple melt
batches derived from a common source, rather than from mixing between mantle- and
crust-derived magmas. Meanwhile, the positive correlation between e and §'20 of
magmatic zircons does not support two end-member mixing, ruling out a significant
mantle-derived material contribution (Fig. 6a). Furthermore, a significant contribution
of mantle-derived melts would yield high Na,O contents and consequent low
K20/Na20 ratios, which is inconsistent with the Fuchuan mantle-hosted granitoids (Fig.
3). Therefore, we argue that the Fuchuan mantle-hosted granitoids were derived from
the partial melting of subducted sediments with insignificant contribution from the

mantle peridotite.

5.2. Continental margin sediments as the magma source for the Fuchuan mantle-hosted
granitoids

Sediments subducted into the mantle on a down going oceanic plate can be abyssal
or continental margin in origin. Abyssal sediments are mainly composed of pelagic
mud, and siliceous and carbonate oozes. The moderate-to-high paleo-latitudinal
positioning of the Yangtze Block within Rodinia (de Kock et al., 2024), along with the
comparatively limited faunal distribution during the early Neoproterozoic era (before
850 Ma) (Retallack, 2013), means that carbonate ooze and its counterparts are not
effective candidates for melting to produce the Fuchuan mantle-hosted granitoids. The

3180 values (7.5 %o - 11.3 %o) of magmatic zircons from the Fuchuan mantle-hosted
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granitoids are significantly lower than leucogranite (3'80 up to 26 %o) derived from
pelagic mud in Samail Ophiolite (Spencer et al., 2017). The melt of siliceous rock would
have extremely high SiO2 contents (> 80 wt.%) as compared to mantle-hosted
granitoids. Calculations shows that even with 1 % partial melting of global subducting
sediment (GLOSS) and typical abyssal metasediments (from Samail Ophiolite), the
melts would still show significantly low Th/La ratios (0.37 and 0.58, respectively)
relative to the Fuchuan mantle-hosted granitoids (0.48 - 1.27; Fig. 7). All the above
observations indicate that abyssal sediment was not the melt source of the Fuchuan
mantle-hosted granitoids.

The Fuchuan mantle-hosted granitoids exhibit Sm/La and Th/La ratios comparable
to those observed in Himalayan leucogranites and enrq - 50 values of magmatic
zircons to the ca. 850 - 810 Ma S-type granitoids in the Jiangnan Belt (Figs. 6-7),
suggesting continental metasedimentary rocks are the primary magma source.
Calculation of Hf-O isotopes suggests that the sedimentary source of the Fuchuan
mantle-hosted granitoids contained ~30% to 80% juvenile crust components, which is
also supported by ~50% inherited zircons with mantle-type 80 values (Fig. 6a). This
juvenile signal was likely inherited from adjacent juvenile arc crust (e.g., the Jiangnan
arc) that supplied detritus to the sedimentary source, as most inherited zircons with
206pp/238Y ages ranging from 1000 Ma to 930 Ma are coeval with arc-related
magmatism in the eastern segment of the Jiangnan Belt (Yao et al., 2019 and references
therein). Furthermore, the studied mantle-hosted granitoids have whole-rock endq)
values (-0.4 to -2.2) and two-stage Nd model ages (1.54 - 1.64 Ga) similar to the ca.
850 - 810 Ma strongly peraluminous granitoids (-3.0 to -0.3; 1.51 - 1.74 Ga) and the
Shangxi/Xikou Group sediment sequences (+0.1 to -2.7; 1.38 - 1.63 Ga) in the Jiangnan
Belt (Chen and Jahn, 1998; Li et al., 2003; Huang et al., 2019; Wu et al., 2006; Wang
et al., 2016, 2023; Zheng et al., 2018; Zhu et al., 2023), confirming the continental
margin sediments derived interpretation. This interpretation is supported by the
presence of abundant inherited zircons, which mainly show Neoproterozoic U-Pb
apparent ages (ca. 830 - 1000 Ma), similar to detrital zircon age patterns from the
Neoproterozoic Shangxi/Xikou Group (Wang et al., 2013a).

5.3. Partial melts of subducted sediments during the incipient subduction
The Fuchuan mantle-hosted granitoids have low to medium Al.O3 contents (12.7-
16.7 wt.%), strongly negative Eu anomalies (Eu/Eu* = 0.16 - 0.42), low Sr/Y ratios



339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

(1.12-10.4) and flat HREE patterns ((Dy/Yb)n = 0.84-1.12; Fig. 4a), indicating that
plagioclase instead of garnet was the dominant crystallizing/residual phase (Rioux et
al., 2021). The constant Eu/Eu* values in these granitoids along with the variable Ba/Sr
and Rb/Sr ratios (Fig. 8), show that plagioclase (as a residual phase) has played a key
role in the magma source, indicating low-pressure partial melting in the plagioclase
stability region (Zhu et al., 2023). Thermodynamic modeling of partial melting of
metasedimentary rocks from the Shangxi/Xikou Group demonstrates that melts with
elevated K-O/Na2O ratios (up to 2.1), comparable to those observed in the Fuchuan
mantle-hosted granitoids, are generated under low-pressure conditions with
insignificant garnet residue (< 4 kbar, corresponding to depths < 12 - 15 km) (Fig. 9a).
Phase equilibrium analyses of the plagioclase-dominant and garnet-free source
lithology under varying thermal regimes imply melting temperature for the generation
of Fuchuan mantle-hosted granitoids below 800 °C, with requisite high geothermal
gradients (Fig. 9b-c).

While evidence from thermobarometric modeling supports the possibility that the
peraluminous granitoids within the ophiolite could have been derived from the melting
of underlying sediments during obduction (Li et al., 2008; Whitehead et al., 2000), the
geochronological results (846 - 837 Ma) indicate that the Fuchuan mantle-hosted
granitoids were formed during oceanic slab subduction (this study; Li and Zhao, 2020;
Shu et al., 2019). The temperature experienced by sediments at the top of subducted
slab (< 2.0 GPa) in a normal subduction zone with arc magmatism is below 600 °C
(Gerya, 2011; van Keken et al., 2018), much lower than the melt temperatures (657 -
785 °C) of the Fuchuan felsic intrusions estimated through Ti-in-zircon and zircon
saturation geothermometer (Boehnke et al., 2013; Watson and Harrison, 2005).
Numerical modeling indicates that the temperature within the mantle wedge near the
trench can reach up to 800 °C (Gerya, 2011). Consequently, the diapir melting of
mélange, which consists of sediment, altered oceanic crust, and mantle peridotite, could
be a plausible mechanism for the formation of the Fuchuan mantle-hosted granitoids
(Behn et al., 2011). Nevertheless, experimental petrology suggests that mélange-
derived melts are generally metaluminous (A/CNK < 1.0), and are characterized by
relatively low SiO, (49 - 58 wt. %), high MgO (1.0 - 16 wt. %) contents and low
K20/Na;0 (< 0.5) ratios (Cruz-Uribe et al., 2018). Furthermore, the melts forming the
Fuchuan mantle-hosted granitoids are pure sediment-derived melts (Fig. 3). Added to

this, recent temperature-pressure experimental petrology shows that subduction zone
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mélange dehydration forms dense peridotite with buoyancy loss, inhibiting diapir
ascent (Rebaza et al., 2024).

Alternatively, such high melting temperatures could be reached when subduction
initiation, as the geotherms of subduction initiation are prone to be particularly steep in
comparison with a mature subduction zone (Hall et al., 2003; Rollinson, 2015; van
Keken et al., 2018). Considering the suprasubduction zone setting of the Fuchuan
Ophiolite, together with the high-T and low-P conditions of the felsic melts, we propose
that the mantle-hosted S-type granitoids were derived from partial melting of subducted
sedimentary rocks during incipient subduction. Following this these S-type granitic
melts would have been emplaced into the shallow and cold corner of mantle wedge
forming through lithospheric extension of the upper plate in response to oceanic slab
sinking (Fig. 10a). Therefore, such mantle-hosted S-type granitoids are an excellent
proxy for modelling the process of subduction initiation.

The Fuchuan mantle-hosted granitoids can be modelled by partial melting of
subducted sedimentary rocks and thus provide significant insight in deciphering the
process of sediment recycling in the subduction zone and arc magmatism. Both the
boninitic lavas and highly depleted mantle peridotites in the Fuchuan Ophiolite show
significant enrichment in incompatible elements, including Rb, K, Th, U, and light rare
earth elements (Huang et al., 2021; Li and Zhao, 2020; Zhao and Asimow, 2014). This
distinct geochemical signature is remarkably similar to the enrichment patterns
observed in the Fuchuan mantle-hosted granitoids (Fig. 4b). Furthermore, it is widely
recognized that melts derived from subducted sediments play a crucial role in the
generation of boninites, as evidenced by the well-studied examples from the Samail
Ophiolite and the lzu-Bonin arc (Ishikawa et al., 2005; Li et al., 2022b). These
phenomena collectively suggests that the Fuchuan mantle-hosted granitoids likely
represent the subducted slab-derived component responsible for metasomatizing the
mantle source region prior to boninitic magma generation. Therefore, with the further
down-going of subducting slab after the generation of S-type felsic intrusions,
sediment-derived melts metasomatize deeper and hotter mantle peridotite and then
trigger boninitic melts (Fig. 10b). This model may offer new insights into the multistage
island-arc subduction along the southeastern margin of the Yangtze Block during 1000
- 820 Ma (Chen, 1993; Guo et al., 1984; Shu et al., 1994, 2019; Wang et al., 20133,
2013Db; Yao et al., 2019; Zhao, 2015; Zheng et al., 2008).
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5.4. Significance of subduction sediments recycling in Neoproterozoic

The mantle-hosted S-type granitoids in the Phanerozoic Samail Ophiolite have
trace element geochemical signatures are similar to boninitic lavas derived from
depleted mantle peridotites (Haase et al., 2015) and this provides further support for
our subduction initiation model. However, these Phanerozoic mantle-hosted S-type
granitoids show slight HREE depletion compared to the Fuchuan mantle-hosted
granitoids (Fig. 4a). Calculations and thermodynamic modeling of Rioux et al. (2021)
suggests that the sources of these Phanerzoic mantle-hosted granitoids have at least 5-
10 % garnet, corresponding to a pressure of < 14 kbar (depths < 45 km), which is
significantly deeper compared to the Neoproterozoic Fuchuan mantle-hosted granitoids
(<12 - 15 km). Therefore, we suggest that during the Neoproterozoic era, the transport
depth of sediment-derived melts from subducting slabs into the mantle was
substantially shallower compared to modern subduction systems and this was likely
linked to elevated mantle potential temperatures relative to present-day Earth (van
Keken et al., 2018).

Some research reveals that mantle potential temperatures have decreased to below
80-100 °C relative to modern Earth since the Neoproterozoic. This suggests the
establishment of a globally connected deep subduction system under modern-style plate
tectonic paradigm characterized by enhanced orogenic activity, increased sediment flux
to subduction zones and high P/T metamorphic records with low thermal gradients
(<350°C/GPa) (Campbell and Squire, 2010; Cawood et al., 2024; Sobolev and Brown,
2019; Stern, 2025; Yao et al., 2021). This tectonic shift facilitated massive sediment
recycling into the mantle through subduction processes (Sobolev and Brown, 2019;
Wang et al., 2020; Zhao et al., 2022; Zheng and Zhao, 2020), promoting the generation
of mantle-hosted S-type granitoids, associated arc magmatism (e.g., boninitic melts)
and abundant SSZ-type ophiolites along the margin of Rodinia (Huang et al., 2021;
Tang et al., 2021). The Fuchuan mantle-hosted granitoids, representing the earliest
known mantle-hosted S-type granitoids formed at shallow depths during oceanic slab
subduction, may well mark the initial manifestation of modern-style plate tectonics
under elevated mantle potential temperatures compared to present-day conditions.

A range of geochemical evidence indicates the recycling of supracrustal rocks (e.g.,
altered oceanic crust and pelagic sediments) into the mantle during the Archean. This
evidence includes: a) the heavy Si-O isotopic signatures detected in Archean zircons

from the North China, Slave, Siberia, Antarctica, Greenland, and Australia cratons



441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

(Guitreau et al., 2022; Zhang et al., 2023; Wang et al., 2022); b) atmospheric sulfur
isotope anomalies identified in Eoarchean meta-mafic rocks from the Innuksuac
Complex, Canada (Caro et al., 2025); c) late Archean sulfide inclusions within
lithospheric diamonds of eclogitic paragenesis (Farquhar et al., 2002; Smit et al., 2019).
However, the Archean mantle was approximately 300 K hotter than present-day
ambient mantle, and such elevated temperatures would have significantly influenced
the feasibility and mode of subduction processes (Fischer and Gerya, 2016).
Consequently, widely invoked models for early plate tectonics involves shallow and
flat subduction (Foley et al., 2003; Johnson et al., 2014; Lu et al., 2024a, Wang et al.,
2022a) or sagduction process triggered by mantle plumes (Yu et al., 2022). These
processes would have inhibited deep subduction under low thermal gradients. This is
further supported by the absence of Archean ophiolites and high P/T metamorphic
records.

The emergence of ca. 2.2-1.8 Ga ophiolite suites (e.g., the Flin Flon ophiolite and
Jormua ophiolites; Peltonen et al., 1996; Scott et al., 1992) and contemporaneous high
P/T blueschists/eclogites formed under low thermal gradients (e.g., eclogite xenoliths
found in Paleoproterozoic carbonatites within the North China Craton; Brown and
Johnson, 2019; Weller and St-Onge, 2017; Xu et al., 2018), may indicate a short-lived
period of globally connected deep subduction during Paleoproterozoic mantle cooling.
The recycling of surficial crustal materials at this time, including sediments, is
evidenced by increasing alkaline content and Nb/Ta ratios in igneous rocks, elevated
mantle oxygen fugacity, and signals from the deep carbon cycle (Liu et al., 2019; 2023;
2025, 2025a; Moreira et al., 2023). However, this transient phase of global deep
subduction may have ceased following the assembly of the Nuna/Columbia
supercontinent. Because mantle temperature likely rose again from 2.2 to 1.8 Ga with
enhanced continental insulation effects associated with supercontinent consolidation
(Lu et al., 2024), leading to an extended period of “single-lid” tectonics throughout
Earth's middle age (Cawood et al., 2014; Huang et al., 2025; Stern, 2025; Tang et al.,
2021; Zhang et al., 2025).

5.5. Implication for the generation of S-type granitoids
S-type granitoids are largely derived from partial melting of pre-existing
metasedimentary/other supracrustal materials (Wang et al., 2013b, 2023). They occur

across a range of geodynamic settings including ocean-continent subduction
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accretionary orogens and continent-continent collisional orogens, as well as continental
rifts (Collins and Richards, 2008; Zhu et al., 2023), and thus represent intracrustal
fractionation of crustal components via anataxis (Ackerson et al., 2018; Kemp et al.,
2007; Schaen et al., 2021). The discovery of mantle-hosted S-type granitoids points to
subduction initiation as a potential mechanism for the recycling of sediments at the
mantle depth. In addition, the sharp contact observed between the felsic intrusions and
mantle peridotite in the Fuchuan Ophiolite (Fig. 2a-b) signifies rapid solidification
within a cold and shallow mantle wedge corner. This implies a steep thermal gradient
during subduction initiation created a narrow and transient hot zone within the corner,
resulting in the proximal emplacement of granitic melts and thereby precluding any
long-distance migration. This phenomenon is consistent with the observation of these
granitoids in the Samail Ophiolite (Rioux et al., 2021; Rollinson, 2015), suggesting that
sediment-derived melts can be preserved within the mantle wedge corner, and thus they

hold the potential to significantly contribute to the heterogeneity of the mantle.

6. Conclusions

A suite of mantle-hosted S-type granitoids within the Neoproterozoic Fuchuan
supra-subduction zone ophiolite in South China has been newly identified in this study.
These mantle-hosted granitoids emplaced at ca. 837 - 846 Ma and are coeval with the
subduction-related mafic-ultramafic rocks (848 - 820 Ma) within the Fuchuan Ophiolite,
implying the former’s emplacement during oceanic slab subduction rather than late
obduction. Geochemical analyses and pseudosection modeling collectively reveal that
these felsic intrusions formed during subduction initiation and so are a crucial proxy
for subduction initiation. In contrast to the generation depth of the Phanerzoic mantle-
hosted S-type granitoids, Neoproterozoic sediment-derived melt transport from
subducting slabs occurred at substantially shallower depths, hinting that the
Neoproterozoic era likely witnesses the re-operation of modern-style plate tectonic
paradigm after ceasing of Paleoproterozoic deep subduction.
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Figure Captions:

Fig. 1. Simplified geological map, hand-specimen photographs and microscopic
photos. (a to ¢) Simplified geological map of the Fuchuan Ophiolite and adjacent
key Neoproterozoic igneous and sedimentary rocks in the Jiangnan Belt, South
China. Modified after Huang et al. (2021) and Shu et al. (2019). (d and e) Field
photographs of the Fuchuan mantle-hosted granitoids in the Fuchuan Ophiolite. (f
and g) Hand-specimen photographs of the Fuchuan mantle-hosted granitoid and
Shexian granitoid. The key and pen serving as scales have actual lengths of 7.1cm
and 14.9cm, respectively. (h and i) Microscopic photos of the Fuchuan mantle-
hosted granitoids. Abbreviation: Ap-apatite; Kfs-potassium feldspar; Mus-

muscovite; Pl-plagioclase; Qz-quartz.
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2. Zircon cathodoluminescence (CL) images and U-Pb concordia diagrams. (a to
d) Representative zircon CL images for sample FC19-21, FC19-22, FC10-01 and
FC10-33. The white, red and yellow circles in the CL images with diameters of
54um, 33pm and 20um, are for Lu-Hf, U-Pb and O isotope analyses, respectively.
Age, eHf(t) and 580 values of representative zircons are marked with yellow, red,

and blue fonts. (e to h) Zircon U-Pb concordia plots and weighted mean ages.

3. Bivariate plots of the selected major oxide contents/ratios against SiO.. Data of
experiment melts derived from amphibolite basalt and subduction sediment are
from Johnson and Plank (1999), Rapp et al. (1991), Rushmer (1991) and Sen and
Dunn (1994). Data of typical oceanic plagiogranite in the Jiangxi Ophiolite are
from Gao et al. (2009), Li and Li (2003) and Sun et al. (2020).

4. Chondrite normalized REE (a) and primitive mantle-normalized incompatible
trace element (b) patterns for felsic intrusions from the Fuchuan Ophiolite. Data
of Typical oceanic plagiogranite in the Jiangxi Ophiolite are from Gao et al. (2009),
Li and Li (2003) and Sun et al. (2020). Leucogranite in Samail Ophiolite and
Himalaya are from Guo and Wilson (2012) and Haase et al. (2015).

5. Zircon trace elements characteristics. (a) Cumulative frequency diagrams of
trace element (P and Y) concentration and ratio (U/Th) in zircon. Revised shaded
areas indicating zircon provenance for I- and S-type granite in the Lachlan Fold
Belt (Burnham and Berry, 2017). (b) Relationship between the concentration of P
and REE+Y in magmatic zircons for I- and S-type granite.

6. Zircon U-Pb-Hf-O isotopes. (a) enfyy versus 8'80. Green lines represent
calculated mixing tend (with 10% mixing increments) between the crustal end-
member (a: enfr) = -5.1, 880 = 11.3%o; b: enfy = -2.5, 880 = 11.3%o) and the
mantle end member (C: enrg = +9.0, 880 = 5.6%o0) (Shu et al., 2019; Zhang et al.,
2012, 2013). The mantle-like zircon 8*80 and e is from Valley et al. (2003), Shu
et al. (2019) and Zhang et al. (2012, 2013). (b) e versus ages. Complied data of
the granitoids and basaltic rocks (Shu et al., 2019; Zhang et al., 2012, 2013), the
early Neoproterozoic arc-related granitoids and plagiogranites from the eastern
segment of the Jiangnan Belt (Sun et al., 2020) and the ca. 850-510 Ma strongly
peraluminous granitoids (Xucun, Shexian and Jiuling plutons) (Wang et al., 2013b;

Zhao et al., 2013) is shown for comparison.
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Fig.

7. Th/La versus Sm/La of whole-rock geochemistry. Outline of Himalayan
leucogranite and MORB are from Guillot and Le Fort (1995), Guo and Wilson
(2012) and Tommasini et al. (2011). The inset diagrams show modeling of partial
melting for GLOSS and the metasedimentary rocks from the Samail Ophiolite.
Percentages (1%) represent the degree of partial melting. Composition of the
GLOSS and metasedimentary rocks from the Samail Ophiolite are compiled from
Plank and Langmuir (1998), Johnson and Plank (1999) and Rioux et al. (2021).
Partition coefficients are from Hermann and Rubatto (2009) and Kessel et al.
(2005). The legend is the same as that of Fig. 3.

Fig. 8. Bivariate plots of Eu/Eu* versus Rb/Sr and Ba/Sr for the Fuchuan mantle-hosted

granitoids. The legend is the same as that of Fig. 3.

Fig. 9. P-T phase diagrams. Modeled P-T pseudosections for sedimentary rocks of the

Fig.

Xikou Group, South China (a) with 3 wt. % H20. The yellow dotted-dashed lines
in panel (a) indicate the variation of K.O/Na.O value for melt. The modelling
results (b, ¢) of phase mode (vol %) for sedimentary rocks of the Xikou Group
under different geothermic gradient at 500 °C/GPa and 1000 °C/GPa. Composition
of the sedimentary rocks of the Xikou Group (Table S5) are compiled from Xu et
al. (2014).

10. Schematic model for subduction initiation under modern plate tectonic
paradigm. (a) Sinking of density and cold oceanic slab into mantle with high
geotherms during subduction commencement, resulted in partial melting of
sedimentary rocks on the top of subduction slab. These melts were emplaced into
the shallow and cold corner of mantle wedge and solidified rapidly (this study). (b)
With down-going and rollback of subduction slab, sediment-derived melts
metasomatized deeper and hotter mantle peridotite and then trigger the fore-arc
basaltic and boninitic magmatism in tectonic extension (Huang et al., 2021; Zhao
and Asimow, 2014).
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