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ABSTRACT

Magmatic rocks carry key information to understand the processes of material cycling in the Earth’s interior and
record crucial clues to reconstruct the important tectonic evolution of the Earth. Therefore, it is of great
importance to constrain the magma source (such as origin from crust or mantle, oceanic crust or continental
crust, lower or upper continental crust) accurately, which however remains to be unraveled because of the
variety magmatic sources and complex magmatic processes. High-precision stable isotopic analyses provide new
tools to decipher the genesis of igneous rocks and to reconstruct their associated tectonic settings. Here, we
report a pioneering work using integrated O-Hg-Hf-Nd isotopes to understand the genesis of the Early Cretaceous
A-type granites and rhyolites from the Paleozoic-Mesozoic accretionary orogen in NE China. Low 880 zircon
values (3.2-5.7%o) of the A-type rocks reveal a magma source affected by meteoric fluids. Their whole-rock
negative A'°°Hg values (—0.24 to —0.01%0), which are similar with the terrestrial systems but clearly
different from the marine systems, indicate that hydrothermal alteration took place in the continental setting.
Positive zircon epg(t) (4.2-10.7) and mainly positive whole-rock eng(t) (—0.5 to 2.4, mean = 1.2 + 1.0, 1SD)
values indicate that the magma source was dominated by juvenile crustal materials. This study suggests an
elevated geothermal gradient due to the lithospheric thinning triggered by rollback and foundering of a Paleo-
oceanic slab. The specific thermal anomaly caused the remelting of the altered upper continental crust, resulting
in the formation of the A-type granites and rhyolites, with the characters of low-5'%0 and negative-A'*°Hg
values. Our study shows that Hg isotope, coupled with O and Nd—Hf isotopes, is a promising tool for petro-
genetic studies.

1. Introduction

Yang et al., 2021). Although the Early Cretaceous A-type granites and
rhyolites in NE China indicate an overall extensional setting (e.g., Wei

The late Mesozoic tectonic evolution in eastern China was charac-
terized by the westward subduction of the Paleo-Pacific Plate, conti-
nental lithospheric thinning and associated large-scale magmatism
(Griffin et al., 1998; Wu et al., 2005; Zhu and Zhu and Xu, 2019; Zhu and
Sun, 2021). Significant Early Cretaceous lithospheric thinning in eastern
China provides an important window in understanding craton modifi-
cation, orogenic accretion and evolution, and mantle-crustal interaction
(Zhu et al., 2012; Wu et al., 2019; Zheng et al., 2019; Liu et al., 2021;
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etal., 2002a; Wang et al., 2013; Gong et al., 2018), their magma sources
remain controversial. It is still unclear whether their magmas are
sourced from partial melting of oceanic crust, lower continental crust, or
upper continental crust. This controversy hinders the reconstruction of
the Early Cretaceous tectonic settings in NE China. Moreover, the coeval
occurrence of different Early Cretaceous igneous rocks, such as arc-like
(Xu et al., 2013; Deng et al., 2019), within plate A-type (Jahn et al.,
2001; Wang et al., 2013; Qin et al., 2019) and high Sr/Y adakitic rocks
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Fig. 1. (a) Simplified tectonic map of East Asia (modified after Safonova, 2017) showing the location of NE China. (b) Geological map of NE China (modified after

Wu et al., 2011 and Xu et al., 2013) showing the distribution of the Mesozoic igne:

ous rocks and location of samples in this study. (c) Ages and distances to the trench

of Late Mesozoic igneous rocks in NE China, showing the temporal-spatial evolution of Mesozoic magmatism (Ji et al., 2019).

(Wang et al., 2019; Xu et al., 2020), makes it more complicated to un-
derstand the Early Cretaceous geodynamics and thermal-tectonic
structure in NE China.

Igneous rocks have been used as a key tracer to decipher the geo-
dynamic evolution of the earth, given that their geochemical charac-
teristics ultimately reflect their source nature, and melt conditions
(Rollinson, 1993). However, it is a great challenge to constrain the
magma source accurately because of the varied magmatic sources and
complex magmatic processes. Radio active isotopic systems (such as Sr-
Nd-Hf) were traditionally used to distinguish the magma sourced from
the depleted or enriched mantle (e.g., Salters and White, 1998). In
particular, zircon oxygen isotope ratios (typically shown as 5'%0) are
regarded as the most reliable indicator of magma sources since it is
resistant to subsolidus hydrothermal alteration or high-grade meta-
morphism (Valley et al., 1994; Page et al., 2007). Therefore, zircon 5%
values are widely used to distinguish the post-magmatic hydrothermal
alterations (Valley et al., 2005; Wei et al., 2008; Wang et al., 2017;
Gevedon et al.,, 2021). Igneous rocks with low zircon 5'%0 values
(<5.5%o) indicate high temperature (800-1000 °C; Zheng, 1993) and the
involvement of meteoric water (Valley et al., 2005; Bindeman et al.,
2012; Boroughs et al., 2012; Smithies et al., 2015). However, O isotope
composition itself is not capable to distinguish a meteoric water-altered
upper continental crust from a seawater-altered oceanic crust, and
additional isotopic systems are therefore required (e.g., Lackey et al.,
2012).

Mercury is the only metal undergoing both large isotopic mass-
dependent fractionation (MDF, defined as 52°2Hg) and mass-
independent fractionation (MIF, usually defined as A°°Hg) (Bergquist
and Blum, 2007). A variety of physical, chemical, or biological processes
related to Hg biogeochemical cycling can trigger Hg-MDF (Smith et al.,
2005; Blum et al., 2014), whereas only a few specific processes (e.g., Hg
photochemical reactions) can trigger significant Hg-MIF (Bergquist and

Blum, 2007; Blum et al., 2014). Combined with the MDF and MIF sig-
natures, Hg isotope geochemistry has emerged as a reliable tracer to
constrain the sources and processes of Hg in different geochemical
processes (Blum et al., 2014; Yin et al., 2022). On Earth’s surface,
photochemical processes result in negative A®°Hg (—0.6 to 0%0) in
terrestrial reservoirs (e.g., soil and vegetation) but positive A'°°Hg (0 to
0.4%o) in oceanic reservoirs (e.g., seawater and marine sediments) (Blum
et al., 2014). Notably, since Hg-MIF is resistant to magmatic and
metamorphic processes (Moynier et al., 2021; Chen et al., 2022; Deng
etal., 2022a; Yin et al., 2022), it is widely used to distinguish the marine
sources from the terrestrial sources (Wang et al., 2021; Deng et al.,
2022b; Tian et al., 2022).

This study examines Earth Cretaceous granite and rhyolite samples
from NE China by investigating the whole-rock Hg isotopic composi-
tions, zircon U-Pb-Hf-O isotopes and whole-rock Nd isotopes. Results
show that these rocks were derived from the juvenile upper continental
crust, indicating a thermal anomaly during the Early Cretaceous, which
may be caused by the lithospheric thinning that occurred in the accre-
tionary orogen in NE China.

2. Geological setting and samples

NE China is situated in the eastern part of the E-W-trending Central
Asian Orogenic Belt (CAOB), one of the largest accretionary orogenic
collages on Earth (Fig. 1a; Jahn, 2004; Xiao et al., 2015). It is charac-
terized by a long history of accretion and collision of multiple micro-
continents, terranes, and arc-back arc systems (Windley and Xiao,
2018). The microcontinents (Erguna, Xing’an, Songnen, and Jiamusi
blocks from west to east; Fig. 1b) in NE China underwent a series of
subduction processes, which include the subduction of the Paleo-Asian
oceanic slab at Paleozoic-early Mesozoic, the southward subduction of
the Mongol-Okhotsk Plate at late Paleozoic-late Jurassic (Yang et al.,
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Fig. 2. Photographs and microphotographs showing the texture and mineralogy of the Nianzishan granite (a-c), Tuohe rhyolite (d-f), Aliwula granite porphyry (g-i),
Aliwula granite (j-1) and Woduhe granite (m—o). Abbreviations: P, plagioclase; Q, quartz; Kfs, K-feldspar; Ms., muscovite; Arf, arfvedsonite.

2015; Deng et al., 2019), and the northwestward subduction of the
Paleo-Pacific Plate at late Mesozoic (Wu et al., 2011; Xu et al., 2013). All
continental blocks and fragments converged to the pre-Jurassic com-
bined North and South China blocks following the final closure of the
Paleo-Asian Ocean during the Late Permian-Middle Triassic (Cao et al.,
2013; Wang et al., 2015; Eizenhofer and Zhao, 2018; Zhao et al., 2018).
The amalgamated eastern China continent then underwent northwest-
ward subduction of the Paleo-Pacific oceanic slab during the late
Mesozoic (Li et al., 2019), producing extensive magmatism (Fig. 1c; Ji
et al., 2019; Ma and Xu, 2021).

This work studies the Early Cretaceous magmatic rocks distributed in
the Erguna and Xing’an blocks (Fig. 1b) in NE China, including the
Nianzishan granites, Tuohe rhyolites, Aliwula granite porphyry, Aliwula
granites and Woduhe granites. The Nianzishan granites consist of K-

feldspar (45 vol%), quartz (30 vol%), plagioclase (15 vol%), arfved-
sonite (~7 vol%) (Figs. 2a-c) and aegirine (~1 vol%), with minor
accessory minerals (~2 vol%) of zircon, magnetite and apatite. The
Tuohe rhyolites consist of a fine-grained matrix (90 vol%) and medium-
to fine-grained phenocrysts (5 vol%) of K-feldspar and quartz (Fig. 2d-f).
The Aliwula granite porphyry consist of a fine-grained matrix (90 vol%)
and phenocrysts (10 vol%) of quartz, K-feldspar (Fig. 2h-i) and minor
riebeckite. The Aliwula granites show typical graphic texture and consist
mainly of medium- to fine-grained quartz (35 vol%), K-feldspar (55 vol
%) (Fig. 2j-1), plagioclase (5 vol%), riebeckite (~2 vol%), aegirine, and
accessory minerals (zircon and magnetite). The Woduhe granites are
composed of K-feldspar (20 vol%), plagioclase (35 vol%), quartz (35 vol
%), muscovite (~8 vol%) (Fig. 2m-o), garnet (~1 vol%) and accessory
minerals of zircon, apatite and opaque minerals.
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Table 1
Total Hg contents and isotopic compositions of the Early Cretaceous granites and rhyolites in NE China.
Sample No. Description Hg contents (ppb) 5'%Hg 52%°Hg 52THg 5292Hg A'%°Hg A%Hg A%'Hg
NZS-2 Granite 0.57 -0.13 -0.27 —0.44 —0.50 —0.01 —0.03 —0.07
NZSs-4 Granite 0.93 —0.05 —0.06 0.08 0.23 -0.11 -0.18 —0.09
NZS-5 Granite 1.38 —0.22 —0.34 —0.60 —0.85 —0.01 0.09 0.04
NZS-12 Granite 0.25 —0.40 —0.49 —0.86 —0.98 —0.15 0.00 -0.13
NZS-13 Granite 0.65 —-0.24 —-0.20 —0.40 -0.31 -0.16 —0.04 -0.17
NZs-14 Granite 0.85 —0.11 0.01 —0.07 0.08 —0.12 —0.03 —0.13
NZS-15 Granite 1.15 —0.11 —0.02 —0.08 0.08 -0.13 —0.06 —0.14
TH-1 Rhyolite 0.43 —-0.25 —0.06 —0.20 —0.03 —-0.24 —0.04 -0.18
TH-2 Rhyolite 0.36 —0.22 -0.17 —0.39 —0.31 —0.14 —0.02 —-0.16
TH-3 Rhyolite 0.85 —0.34 -0.27 —0.58 —0.47 —0.22 —0.03 —0.23
ALWY-1 Granite porphyry 0.53 —0.27 —0.32 —0.68 —0.83 —0.06 0.09 —0.05
ALWY-2 Granite porphyry 0.89 -0.29 —0.51 —0.63 —0.68 —0.11 -0.17 —0.12
ALWG-1 Granite 5.42 ~0.51 —0.71 ~1.11 ~1.30 -0.18 ~0.06 ~0.13
ALWG-2 Granite 3.32 -0.32 —0.47 ~0.72 ~0.83 ~0.11 ~0.05 ~0.10
ALWG-3 Granite 2.29 -0.30 —0.46 -0.73 -0.87 —0.08 —0.02 —0.08
WDH-1 Granite 0.16 -0.28 -0.33 -0.65 -0.73 -0.09 0.03 -0.11
WDH-3 Granite 0.30 —0.06 0.10 —0.00 0.18 —0.11 0.01 —0.14
WDH-4 Granite 0.15 —0.28 —-0.23 —0.51 —0.44 -0.17 —0.01 —-0.18
WDH-5 Granite 0.25 —0.44 ~0.49 -0.76 -0.81 -0.23 ~0.09 -0.15
WDH-7 Granite 0.16 —-0.10 —0.02 —0.20 —-0.09 —0.08 0.03 —0.13
WDH-8 Granite 0.66 —0.02 0.04 —0.11 —0.02 —0.01 0.05 -0.10
WDH-9 Granite 0.18 -0.27 -0.31 ~0.56 -0.56 -0.13 -0.02 -0.14
WDH-13 Granite 0.18 -0.37 ~0.34 -0.72 -0.74 -0.18 0.03 -0.16
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Fig. 3. (a) A/NK vs. A/CNK (after Maniar and Piccoli, 1989), (b) NayO + Ko0-CaO vs. SiO (after Frost et al., 2001), the color areas are defined by Qin et al. (2019),
and (c) Zr vs. 10,000 x Ga/Al plots (after Whalen et al., 1987). (d) Primitive mantle-normalized (Sun and McDonough, 1989) trace element spider grams and (e)
Chondrite-normalized (Sun and McDonough, 1989) REE patterns for the A-type granites and rhyolites in NE China.

3. Methods

Whole-rock major and trace-element compositions, both conducted
at the Institute of Geochemistry, Chinese Academy of Science (IGCAS),
Guiyang, were analyzed by using X-ray fluorescence spectrometry and

inductively coupled plasma mass spectrometry (ICP-MS), respectively.
The fused glass disks were firstly prepared and then major element
contents were analyzed. Trace element compositions were undertaken
following the methods and procedures described by Gao et al. (2002).
The analytical uncertainty for major and trace elements are better than
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Fig. 4. (a) 8'®0 values versus U—Pb ages of zircon grains. Data source for
Baerze granite refers to Yang et al. (2013). (b) eyg(t) values versus U—Pb ages of
zircon grains. (c) 5180 vs. e plots of the zircon grains, as well as different
O—HI isotope reservoirs. Oxygen isotopes for the upper crust (UC), EM1, EM2
and DM refer to Eiler (2001), for meteoric water to Drew et al. (2013); for the
lower crust (LC) to Kempton and Harmon (1992). Hf isotopes for DM, EM1 and
EM2 refer to Salters and White (1998).

1%, and 10%, respectively. The results are listed in Supplementary
Table 1.

Six samples (TH-1, NZS-1, NZS-7, WDH-1, ALWY and ALWG) were
processed for zircons separation according to the standard density and
magnetic procedures, followed by hand-picking under a binocular mi-
croscope. The zircon grains then were mounted in epoxy resin together
with zircon (91,500, PleSovice and Penglai). Zircon O isotopic analysis

Chemical Geology 633 (2023) 121569

was performed using the Cameca IMS-1280 SIMS at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. Oxygen iso-
topes were measured in multi-collector mode with two off-axis Faraday
cups with each analysis consisting of 20 cycles x 4 s counting time.
Oxygen isotopic results are reported with the conventional §'%0 nota-
tion in permil (%o) relative to Vienna Standard Mean Ocean Water
(VSMOW). The instrumental mass fractionation (IMF) was corrected
using in-house zircon standard Penglai with 5!80 value of 5.3 = 0.1%o.
Qinghu zircon, a zircon standard, was analyzed as an unknown to
monitor the external precision, yielding a mean §'80 of 5.7 4 0.2%o (n =
11). Detailed oxygen isotopic analytical procedure can refer to Li et al.
(2010). The analytical results of studied rocks are listed in Supplemen-
tary Table 2.

Zircon U—Pb isotopic analysis was performed using laser ablation
ICP-MS at the Wuhan Sample Solution Analytical Technology Co., Ltd.,
Wuhan, China. Detailed analytical procedures are available in Liu et al.
(2010). Zircon GJ-1 was used as an external standard and ICPMSDataCal
software was used to perform signals analysis, time-drift corrections and
calibration. Concordia diagrams and weighted mean calculations were
created using Isoplot/Ex_ver3 (Ludwig, 2003). The Plesovice zircon was
treated as an unknown sample, and yielded a weighted mean 2°°Pb,/238y
age of 337.8 + 0.87 Ma (2sd, n = 12), which is compatible with the
recommended 2°°Pb/?38U age of 337.13 + 0.17 Ma (2sd) (Slama et al.,
2008). The results of U—Pb isotope dating of the zircons are listed in
Supplementary Table 3.

In situ zircon Hf isotope analyses were performed at the Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS), using a Neptune
Plus MC-ICP-MS equipped with a 193 nm laser. All zircon grains were
analyzed in single-spot ablation mode with a spot size of 50 pm. Details
of the analytical methods are provided by Wu et al. (2006). The
weighted mean '76Hf/!77Hf isotopic ratio of the GJ-1 zircon external
standard was 0.282006 + 0.000014 (20, n = 4), which is compatible
with the recommended 7®Hf/Y7Hf isotopic ratio of 0.282000 +
0.000005 (20) (Morel et al., 2008). The zircon Lu—Hf isotopic data are
presented in Supplementary Table 4.

Twenty-three fresh granite and rhyolite samples were collected from
NE China for whole-rock Nd and Hg isotopic analyses. Prior to analyses,
the samples were air-dried, crushed, powdered and sieved at 200 mesh.
Whole-rock Hg and Nd isotope analyses were undertaken using a
Neptune Plus multi-collector (MC) ICP-MS at IGCAS. The Nd isotope
analyses were undertaken using a Neptune Plus multi-collector (MC)
ICP-MS at (IGCAS), following the method by Wei et al. (2002b).
Measured*>Nd/***Nd ratios were normalized to***Nd/***Nd = 0.7219.
The measured **Nd/1**Nd ratio of the GSB standard was 0.512440 +
0.000008 (20, n = 4), which is within the uncertainty of the reported
values (0.512439 + 0.000010; Li et al., 2016). The whole-rock Nd iso-
topic compositions are presented in Supplementary Table 5.

Bulk Hg concentrations of the samples were measured using a DMA-
80 Hg analyzer, with Hg detection limit of 0.01 ng/g. Measurements of
standard sample (GSR-2, andesite) yielded Hg recoveries of 90-110%.
Analysis of triplicate samples yielded uncertainty (2SD) of<10% for Hg.
The samples were prepared for mercury isotope analysis following the
double-stage thermal combustion and pre-concentration protocol (Zer-
kle et al.,, 2020). The double-stage thermal combustion system is
composed of a quartz tube containing solid powder samples and two
combustion furnaces (Huang et al., 2015). The combustion temperature
of the first furnace is generally set as 950 °C for Hg release, meanwhile,
the second furnace is set as 950-1000 °C for keeping constant temper-
ature. The released Hg was captured by a 5 mL 40% (v/v, 3HNO3/1HCI)
acid-trapping solution. The preconcentrated solutions were diluted to
0.5 ng/mL Hg and measured following Yin et al. (2016). Hg-MDF is
expressed in §2°2Hg notation in units of %o referenced to the NIST-3133
Hg standard (analyzed before and after each sample):

SZOZHg(%O) = [(zozHg/l%Hgsamplc)/(ZOZHg/wSHgS‘a“da“d) - 1] x 1000
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Fig. 5. Cathodoluminescence images of representative analyzed zircons and concordia or weighted zircon U—Pb age diagrams for the studied igneous rocks in

NE China.

MIF is reported in A notation, which describes the difference be-
tween the measured 5™*Hg and the theoretically predicted 5**Hg value,
in units of %o:

Axxng — axxng _ 6202Hg % B

B is 0.2520 for '°°Hg, 0.5024 for 2°°Hg, and 0.7520 for 2°'Hg (Blum
and Bergquist, 2007). Analytical uncertainty was estimated based on the
replication of the NIST-3177 standard solution. SRM GSR-2 (andesite)
was prepared and measured in the same way as the samples. Result of
GSR-2 (62°2Hg: —1.65 =+ 0.10%0; A1°°Hg: —0.03 = 0.06%0) agrees within
uncertainty with those reported by Geng et al. (2018). The overall
average and uncertainty of NIST-3177 (52°2Hg: —0.52 + 0.10%o;
A°Hg: —0.02 + 0.06%0; A2° Hg: 0.01 + 0.08%o, 2SD, n = 5) agree well
with previous studies (Blum and Berquist, 2007). The uncertainties of
NIST-3177 with §2°2Hg, A'%°Hg, and A%°'Hg of 0.10%o, 0.06%0 and
0.08%o, respectively, represent the analytical uncertainties of our sam-
ples. Hg isotopic compositions of the samples are shown in Table 1.

4. Results
4.1. Whole-rock geochemistry

Samples in this study are felsic (SiOy: 71.1-76.9 wt%), showing
peralkaline to slightly metaluminous (Fig. 3a), alkalic to calc-alkalic
geochemical features (Fig. 3b). Their high 10,000 x Ga/Al ratios
(3.43-7.43) suggest an A-type granites affinity (Fig. 3c). Trace element
compositions show that they are enriched in Rb, Th, U, Nb, Ta, Zr, Hf
and heavy REEs, but depleted in Ba, Sr, P, Ti, and Eu (Figs. 3d-e).

4.2. Zircon O isotopic compositions

Zircon grains from the Nianzishan granite, Tuohe rhyolite and
Woduhe granite show 5180 values of 4.5 & 0.3%o (1SD, n = 35), 5.0 +
0.3%o0 (1SD, n = 17) and 5.2 + 0.6%o, (1SD, n = 5), respectively.
Magmatic zircon grains from the Aliwula granite porphyry and granite
have low 8'80 values of 4.1 + 0.7%0 (1SD, n = 14) and 5.2 + 0.5%0 (1SD,
n = 8), respectively, whereas xenocrysts/antecrysts have higher 5!%0
values (5.3-10.2%o for rhyolite and 6.1-10.7%o for granite) (Fig. 4a).

4.3. Zircon U—Pb age

Zircon U—Pb isotopic data are presented in Fig. 5. Tuohe rhyolite
(TH-1) and Nianzishan granite (NZS-1 and NZS-7) produce the concor-
dant weighted mean 2°°Pb/2%%U ages of 110.8 = 0.7 Ma, 118.3 + 0.8 Ma
and 116.5 + 1.1 Ma (10), respectively. Because of the high U-Th-Pb
contents, only seven concordant U—Pb ages were obtained for the
Woduhe granite (WDH-1), yielding a weighted mean 2°°Pb/238U age of
125.8 + 3.3 Ma, which is consistent with the previously reported
Sm—Nd ages (127 + 4; Jahn et al., 2001). Twenty inherited zircon
grains obtained from the Aliwula granite porphyry (ALWY) and granite
(ALWG) yield ages varied from 141.9 to 2484.4 Ma (Supplementary
Tables 2), which are interpreted as xenocrysts/antecrysts. In addition,
two concordant 2°°Pb,/238U ages of 124.3 + 1.0 Ma (16, MSWD = 0.48)
and 108.8 + 0.9 (16, MSWD = 0.63) Ma, obtained from Aliwula granite
porphyry and granite, respectively, are interpreted to represent the
emplacement age of the magma.

4.4. Zircon Hf isotopic compositions

Magmatic zircon grains from the studied rocks have positive eyg(t)
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et al. (2016), and Moynier et al. (2020, 2021).

values of 4.2 to 10.7, falling between the depleted mantle and chondrite
evolution lines (Fig. 4b). Xenocryst/antecryst grains from the Aliwula
granite porphyry and granite with ages ranging from 141.9 to 1400.9 Ma
have low eyg(t) values of —11.5 to 2.9. Zircon grains with low 5180
values generally have high Hf isotopic compositions (Fig. 4c).

4.5. Whole-rock Nd and Hg isotopic compositions

The studied granite and rhyolite samples have!*’Sm/!*‘Nd and
143Nd/1Nd ratios of 0.109889-0.294669 and 0.512668-0.512728,
respectively. Based on their zircon U—Pb ages, the initial ***Nd/***Nd
ratios were calculated to eng(t) values of —0.5 to 2.4. Nd model ages
were calculated by using a two-stage model (Liew and Hofmann, 1988)
relative to average continental crust (Jahn and Condie, 1995). The re-
sults show that all the Nd two-stage model ages are younger than 1.0 Ga
(957-720 Ma; Supplementary Table 4).

The samples have low Hg contents (0.15 to 5.42 ppb), negative to
slightly positive 52°2Hg values (—1.30 to 0.23%o) and negative A'°°Hg
values (—0.24 to —0.01%o) (Fig. 6a). A positive correlation between
A?THg and A'®°Hg with A1°°Hg/A%°'Hg ratio of 1.0 was observed for
these samples (Fig. 6b).
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5. Discussion
5.1. Remelting of juvenile upper continental materials

The rhyolite and granite samples in this study are characterized by
the enrichment of Nb, Ta and HREEs but the depletion of Sr and Eu
(Fig. 3) (Jahn et al., 2001; Wang et al., 2013; Jin, 2018; Qin et al., 2019),
which distinguish these rocks from the coeval Nb—Ta depleted arc-like
felsic rocks derived from the basaltic lower crust (e.g., Wu et al., 2011;
Xu et al., 2013; Deng et al., 2019; Ge et al., 2021) and the adakitic rocks
derived from oceanic crust or thickened lower crust in NE China (e.g.,
Wang et al., 2019; Xu et al., 2020). Compared with the zircons derived
from the mantle rocks, the zircon grains with Early Cretaceous ages
show mostly lower 5180 values (5.3 + 0.3%o; Valley et al., 1998), indi-
cating the involvement of meteoric water or sea water during magma
genesis (Valley et al., 2005; Boroughs et al., 2012; Smithies et al., 2015).
Given the low water solubility in silicic magmas, it is unlikely to
generate magmas with low-5'80 (< 5.5%0) via direct magma-water
interaction (Boroughs et al., 2012). Therefore, the low-5'80 values of
the studied granites and rhyolites indicate that the source rocks had
experienced hydrothermal alteration. This finding is consistent with the
conclusion of the low-5'80 granites in eastern China (Wei et al., 2002a;
Gong et al., 2018). Although the presence of xenocrystic zircon in the
Aliwula granite porphyry and granite evidences the assimilation of
ancient crustal materials during magma evolution, their high-5'%0val-
ues (Fig. 4a) argue against the assimilation of a low-5'80 source.

Previous studies have shown that Hg is relatively rare in silicate
matters (Meier et al., 2016). The granites and rhyolite samples in this
study have low Hg contents (0.15-5.42 ppb), which is comparable to the
previously reported igneous samples (Geng et al., 2018; Moynier et al.,
2020). The analytical uncertainties (2SD) of our samples are 0.10%o,
0.06%0 and 0.08%0 for §2°2Hg, A'%°Hg, and A2°'Hg, respectively.
Therefore, A'®°Hg values lower than —0.06%o are considered as pro-
nounced Hg-MIF signals. As shown in Fig. 6b, our samples show a
AHg/A?0 Hg ratio of 1.0, which is consistent with the ratio observed
during aqueous Hg(II) photoreduction (Bergquist and Blum, 2007).
Given the occurrence of Hg(Il) photoreduction in Earth’s surface, the
observed negative A'>’Hg values of the granite and rhyolite samples
suggest recycling of terrestrial Hg (A1%°Hg < 0; Blum et al., 2014) into
deeper reservoirs. The negative A'°°Hg values preclude a source from
seawater-altered oceanic crust, considering the positive A'°°Hg values
in marine systems (Blum et al., 2014). The felsic rocks develop Hg iso-
topic compositions that are distinct from those of mantle-derived basalts
or ordinary chondrites (Fig. 6a; Meier et al., 2016; Moynier et al., 2020,
2021), but similar to those of intracontinental hydrothermal systems
(Fig. 6a; Yin et al., 2019; Deng et al., 2021), indicating the existence of
meteoric water-altered magmatic source rocks, or post-solidus hydro-
thermal overprint. However, the lack of alteration minerals in these
samples precludes low-temperature hydrothermal alteration, which is
also supported by the zircon O isotopes. The 62°2Hg values (—0.47 +
0.42%0; 1SD, n = 23) in the studied rocks are outside of the composi-
tional fields of the primitive mantle (—1.7%o; Moynier et al., 2021) or
crustal materials —0.68 & 0.45%o; Blum et al., 2014), precluding the
significant influence of crustal assimilation. Notably, no linear rela-
tionship was observed between Hg and zircon O isotopes, probably due
to (1) the large Hg isotopic variation in an individual reservoir (Fig. 6)
and (2) the decoupling of Hg and O in zircon due to their different
chemical features. Nevertheless, the co-existence of negative A!'°°Hg
bulk-rock values and low-5'80 zircon values supports that the conti-
nental crust was affected by meteoric-water alteration, but excludes
marine origin.

The magmatic zircon grains of the rhyolite and granite samples show
positive eye(t) values (Fig. 3b), consistent with the eydt) data of late
Mesozoic felsic magmatic rocks in NE China, which were regarded as
generated by re-melting of juvenile continental crust (Gong et al., 2018;
Li et al., 2017; Ge et al., 2021). The felsic rocks in this study have
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Neoproterozoic two-stage model ages (957-720 Ma), indicating a source
from the juvenile crust. These juvenile crustal materials were then
altered by meteoric water carrying Hg (with negative A'*°Hg values),
and were remelted later to produce low-5!%0 and negative A!°°Hg
melts. Previous studies show that the maximum depth for the effective
penetration of water circulation is 5 km (McIntosh and Ferguson, 2021)
or ~10 km (Menzies et al., 2014), i.e. within the upper continental crust.
Therefore, the low zircon 5'%0 and positive ey¢(t), and negative whole-
rock A'%°Hg and slightly positive eyg(t) values indicate hydrothermal
alteration and remelting of juvenile rocks within the upper continental
crust.

5.2. Orogenic thinning and mantle wedge replenishment

Partial melting of upper crustal rocks in a shallow magma chamber
requires high temperature (e.g., Boroughs et al., 2012; Wang et al.,
2017). Therefore, the formation of the Early Cretaceous low-5'%0 and
negative A'°’Hg melts indicates a thermal anomaly to achieve the
remelting of the upper juvenile crust in NE China.

Previous studies have suggested that the pre-Jurassic assembly of the
NE, North and South China blocks and westward subduction of the

Paleo-Pacific oceanic slab since the Jurassic formed the giant ocean-
continent subduction zone in East Asia (Fig. la; Li et al., 2019 and
reference therein). This low-angle subduction of the Paleo-Pacific plate
underneath East China during the Jurassic was evidenced by the west-
ward migration of magmatism in NE and North China (Fig. 7a; Ji et al.,
2019; Liu et al., 2021; Ma and Xu, 2021; Yang et al., 2021). During the
Late Jurassic-Early Cretaceous, the termination of westward migration
and subsequent eastward migration of magmatism in NE and North
China indicate the rollback or retreat of the Paleo-Pacific oceanic slab (Ji
etal., 2019; Ma and Xu, 2021). This mirrors the shift from a compressive
to an extensional setting induced by arc retreat (Li et al., 2019 and
reference therein). A similar subduction-induced extension is recorded
by the development of basins and metamorphic core complexes in
eastern China during the Early Cretaceous (Liu et al., 2005; Li et al.,
2013; Lin et al., 2013).

Zircon U—Pb ages indicate that the studied low-5'%0 and negative
A%°Hg rocks formed in the Early Cretaceous (125.8-108.8 Ma; Fig. 5),
coeval with the occurrence of large-scale magmatism in eastern China
(Wu et al., 2005; Xu et al., 2013; Deng et al., 2019; Ji et al., 2019) and
peak modification of the North China Craton (Zhu et al., 2012; Yang
et al., 2021). As a part of the accreted continental margin in East Asia,
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lithospheric thinning in NE China occurred simultaneously with the
North China Craton modification. Under this kind of extensional setting,
Early Cretaceous magmas were formed by the remelting of upper con-
tinental crust. The subsequent regional-scale hydrothermal alteration
imparted low-5'%0 geochemical features.

Lithospheric delamination in NE China was enabled by regional
stress transition from compression to extension, upwelling of astheno-
sphere and large-volumes of felsic magmatism (e.g., Ducea, 2011;
Krystopowicz and Currie, 2013). We propose that crust-mantle in-
teractions during the lithospheric delamination triggered the melting of
diverse sources of Early Cretaceous magmatic rocks in NE China. Large-
scale release of fluids from the prior-flat slab could have triggered the
partial melting of metasomatized mantle and formed the mantle-derived
mafic rocks (Fig. 7b; Xu et al., 2013; Deng et al., 2019). Upwelling of the
asthenosphere, as compensation of the delaminated lithosphere, would
cause the partial melting of the basaltic lower crust and also altered
juvenile upper crust, forming granitic rocks with arc-like geochemical
features (Wu et al., 2011; Ge et al., 2021) and low-5'80 felsic rocks
(Fig. 7¢; Wei et al., 2002a; Gong et al., 2018 and this study). The coeval
partial melting of oceanic crust likely produced the adakitic rocks
(Fig. 7d; Wang et al., 2019; Xu et al., 2020). 5180 values of magmatic
zircon grains show no correlations with whole-rock geochemistry, Hf,
Nd or Hg isotopes, but show a gross correlation with magma ages, with
the lowest 580 values observed in the igneous rocks of 120-125 Ma
(Fig. 4a). This age is coeval with the peak modification of North China
Craton (Zhu and Sun, 2021). The lowest 5'0 values probably recorded
the strong water-rock interaction occurred at ~125 Ma during the large-
scale crustal thinning in NE China (Fig. 7b). Spatially, the younger (<
105 Ma) magmatism in NE China, which mainly occurred adjacent to the
subduction zone, was likely caused by the further retreat of the Paleo-
Pacific oceanic slab (Fig. 7e; Li et al., 2019; Ma and Xu, 2021).

6. Conclusions and implications

The Early Cretaceous granites and rhyolitesin this study bridges the
thermal structure of the orogen in NE China and the tectonic history of
eastern China and the Paleo-Pacific plate. The low-5'%0, negative
A199Hg and positive zircon eyg(t) and whole-rock enq(t) values reveal a
juvenile upper continental crust origin. Partial melting of upper crustal
rocks requires high temperature. The thermal anomaly required for the
formation of the low-5'80 and negative A'®’Hg magmatic rocks in NE
China is contemporaneous with the peak destruction of the North China
Craton, which was caused by the roll-back and foundering of the Paleo-
Pacific oceanic slab during the Early Cretaceous. This study presents a
showcase where Hg isotopes, coupled with O and Nd—Hf isotopes, is a
promising tool for petrogenetic studies, although additional work is
required.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2023.121569.
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