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A B S T R A C T

Adakites are closely related to Cu–Au deposits in many regions worldwide. The petrogenesis of the Early
Cretaceous adakites in the Lower Yangtze River Belt (LYRB) of East China and their genetic relationship with Cu-
Au polymetallic mineralization are still debated. The Tongguanshan (TGS) pluton is representative of the ada-
kitic intrusions in the Tongling region and is composed of granodiorite and quartz monzodiorite, and contains
quartz monzodiorite enclaves. Zircons from the granodiorite yield a SIMS U-Pb crystallization age of
136.7 ± 1.4 Ma, which suggests that the Cretaceous magmatism is related to the mineralization. The host rocks
and enclaves have SiO2 contents of 61.2–65.3 wt% and 54.9–58.0 wt%, respectively. Both the host rocks and the
enclaves are characterized by high Al2O3 and Sr, and low Y and Yb contents, as well as high Sr/Y and (La/Yb)N
ratios, which are typical geochemical characteristics of adakites, and they can be further divided into high-silica
(host rock) and low-silica (enclave) adakites. The large range of εHf(t) and δ18O values of the host rocks (−11.6
to − 21.9, 6.8‰–7.6‰, respectively) and of the enclaves (−13.8 to − 23.6, 6.9‰–7.3‰, respectively), suggest
an enriched and heterogeneous source. The host rocks and enclaves have similar Sr-Nd isotopic compositions
(εNd(t) = −9.73 to −11.4, ISr = 0.7068 to 0.7073), which are intermediate among those of MORB, marine
sediment, and the Yangtze lower crust. Whole-rock element ratios suggest that the host rocks were generated by
the partial melting of subducted oceanic crust mixed with sediments, followed by assimilation of the lower crust.
In contrast, the enclaves were derived from partial melting of enriched mantle metasomatized by slab-derived
melts. Magma mixing, crustal contamination, and metasomatism play roles in generating the geochemical
variations in the TGS adakites. The high oxygen fugacity and high contents of slab-derived volatiles suggested by
apatites are favorable for large-scale Cu mineralization in the Tongling area, LYRB.

1. Introduction

The term ‘adakite’ was first proposed to describe intermediate to
felsic igneous rocks that were produced by partial melting of subducted
hot, young oceanic crust (Defant and Drummond, 1990). These rocks
have distinctively geochemical characteristics, including SiO2 contents
of ≥56 wt%, Al2O3 contents of ≥15 wt%, high Sr contents
(mostly ≥ 400 ppm) and Sr/Y (≥20) ratios, low Y and Yb contents
(generally ≤ 18 ppm and ≤ 1.9 ppm, respectively), and the absence of
Eu anomalies (Drummond and Defant, 1990; Martin, 1999). It has re-
cently been shown that, in addition to slab melting (Drummond and

Defant, 1990; Martin, 1999; Moyen, 2009; Zhang et al., 2017; Deng
et al., 2019, 2020; Hernández-Uribe et al., 2020), adakitic magmas can
be generated by other mechanisms in different tectonic environments,
including partial melting of thickened lower continental crust by ba-
saltic underplating or delamination (Petford and Atherton, 1996; Guo
et al., 2007; Goss and Kay, 2009; He et al., 2011; Li et al., 2019),
fractionation from hydrous basalts (Castillo et al., 1999; Richards and
Kerrich, 2007; Ma et al., 2015), and interaction between slab-derived
melt and mantle peridotite (Bourdon et al., 2002; Wang et al., 2008).
Because there is a genetic link between the adakites and a majority of
known Cu–Au mineralization, the generation of adakites has attracted
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widespread attention (e.g. Thiéblemont et al., 1997; Borisova et al.,
2006; Sillitoe, 2010; Sun et al., 2010a, 2010b, 2011, 2012, 2015, 2017;
Deng et al., 2016, 2019, 2020; Zhang et al., 2017; Hernández-Uribe
et al., 2020).

Accessory minerals reflect the geochemical characteristics of their
host rocks and place constraints on their petrogenesis and magmatic
processes that may not be apparent using whole-rock chemistry (Miles
et al., 2013; Bruand et al., 2014a, 2014b; Duan et al., 2019). Zircon is a
common robust accessory mineral in magmatic rocks, which in-
corporates a variety of trace elements and preserves the isotopic com-
position of its parent magma, used to investigate crystallization age and
trace petrogenesis (Hoskin and Ireland, 2000; Hoskin and Schaltegger,
2003; Hawkesworth and Kemp, 2006; Kemp et al., 2007; Gagnevin
et al., 2010). Apatite is another important accessory mineral, which
buffers trace element compositions and most of the halogen contents.
Apatite displays great potential in metallogenic studies (Barth et al.,
2013; Bouzari et al., 2016; Mao et al., 2016; Pan et al., 2016), especially
in evaluating the physiochemical conditions of ore-forming processes
and placing constraints on magmatic processes (Boyce and Hervig,
2009; Patiño Douce et al., 2011; Bruand et al., 2014; Harlov, 2015;
Kusebauch et al., 2015; Jiang et al., 2018a,b).

The Lower Yangtze River Belt (LYRB) hosts abundant Mesozoic
magmatic rocks and economic mineral deposits. Studies reveal that Cu-
Au ore deposits in the LYRB are both spatially and temporally asso-
ciated with Early Cretaceous adakites (Li et al., 2013; Wu et al., 2017;
Xie et al., 2017; Du et al., 2018; Gu et al., 2020; Wang et al., 2020).
However, the genesis of those adakites remains controversial, and
several different models have been proposed: (1) partial melting of
subducted oceanic crust, mixing with metasomatized mantle-derived
magmas and old crustal components (Ling et al., 2009; Xie et al., 2017,
2019; Hu et al., 2018); (2) fractional crystallization of basaltic magma
possibly coupled with crustal contamination (Li et al., 2009a,b; Du
et al., 2018); (3) derived from delaminated lower continental crust
(LCC), interaction with the mantle peridotites (Wang et al., 2004, Wang
et al., 2006, Wang et al., 2007); (4) originated from enriched mantle
source, metasomatized by dewatering from a delaminated-slab (Li
et al., 2013), or mixed by crustal melts (Yan et al., 2015). Analogously,
the large-scale Cu-Au metallogenesis is also controversial, genetically
related to the delaminated LCC (Wang et al., 2004) or the subducted
oceanic slab (Xie et al., 2017, 2018).

The Tongling metallogenic region of Anhui Province is an important
polymetallic ore district in the LYRB (Fig. 1; Chang et al., 1991; Zhai
et al., 1996; Pan and Dong, 1999). The formation of the Cu-Au poly-
metallic deposits in this region is closely related to Late Mesozoic in-
trusions (Wang et al., 2003; Xie et al., 2009; Mao et al., 2011; Yang
et al., 2014; Wang et al., 2016; Xie et al., 2012, 2017). However, the
petrogenesis still need to be further clarified. The Mesozoic adakites in
Tongguanshan (TGS) are tightly associated with the Cu-Au ore deposits
in the Tongling region, LYRB. In this study, we integrated an analysis of
mineral chemistry of zircon and apatite, combined with systematical
analyses of whole-rock geochemistry of the corresponding adakites. It is
aimed to provide firm constraints on the petrogenesis of the adakitic
rocks and the associated Cu-Au metallogenesis through the integrated
study of accessory minerals and whole-rock geochemistry.

2. Geological background and sample descriptions

The LYRB is located on the northern margin of the Yangtze Block,
separated from the Jiangnan domain to the southeastern by Yangxing-
Changzhou fault, and from the North China Craton and Dabie Orogenic
Belt to the northwestern by the NW-trending Xiangfan-Guangji and
Tan-Lu faults (Fig. 1). The oldest basement in the Yangtze Craton are
the > 3.2 Ga Kongling Group gneisses (Guo et al., 2014), which are
overlain by ~ 2000 m thick Paleoproterozoic–Neoproterozoic
(1850–990 Ma) volcano-sedimentary succession (Pan and Dong, 1999).
That succession is unconformably overlain by voluminous

Neoproterozoic bimodal volcanic rocks (825–740 Ma), represented in
south Anhui by the Shangxi Group and Jingtan Formation (Wang et al.,
2013a, 2013b; Zhang and Zheng, 2013). Above these lie Cambrian
mudstones and argillaceous limestones containing chert nodules, Or-
dovician limestones and dolomitic limestones, Silurian clastic rocks,
Devonian sandstones, Carboniferous sandstones, siltstones and lime-
stones, Permian shales and limestones, and Triassic argillaceous clastic
rocks (Chang et al., 1991; Zhai et al., 1992). Extensive Late Mesozoic
magmatic rocks were intruded into the Neoproterozoic low-grade me-
tamorphic rocks and the Paleozoic to Triassic sedimentary strata.

Tongling is located in the Yangtze craton in central eastern China
(Fig. 1). Marine deposits in Tongling include Carboniferous carbonate,
Permian limestone and black shale, and Triassic carbonate and argil-
laceous rocks, with the exception of the Middle–Late Devonian. Meso-
zoic volcano–sedimentary basins, are widely distributed above these
marine deposits (Fig. 2; Chang et al., 1991; Wang et al., 2000; Wang
et al., 2013a, 2013b). A series of NE-trending folds and faults impact
the shapes of the Late Mesozoic magmatic rocks (comprising>70 in-
trusions). These intrusions are widely distributed along the EW-
trending Tongling–Nanling Fault and intruded into the Silurian–Triassic
sedimentary sequences. Intermediate–felsic intrusions and associated
hydrothermal activity produced numerous polymetallic Cu–Au de-
posits, which form a ~ 40 × 20 km tectonic–magmatic–mineralization
zone (Fig. 1; Zhai et al., 1992). Plutons with ore deposits include the
TGS, Shizishan, Dongguashan, Xinqiao, and Fenghuangshan plutons,
which are composed mainly of pyroxene monzodiorite, quartz mon-
zodiorite, and granodiorite (closely related to Cu polymetallic deposits)
(Chen et al., 2016; Xie et al., 2017).

The TGS copper field is typical of the skarn-type orefields in the
LYRB (Tian et al., 2005). It is located in the west of EW-trending
Tongling–Daijiahui basement fault and the northwest of the TGS ‘S’
shaped anticline (Cui et al., 2002). A series of NE-, NNE-, NW- and
NNW- trending faults had multiple stages of movement, and are closely
associated with the intrusions and ore formation (Xu et al., 2019). The
exposed strata are mainly Silurian–Triassic marine clastic sediments
and carbonates, which have a thickness of 3–4 km (Tian et al., 2005).
The TGS ore deposit is composed of eight blocks, including the Song-
shushan and Xiaotongguanshan blocks (Fig. 2). The ore minerals are
mainly chalcopyrite, magnetite, pyrrhotite and pyrite, with minor
bornite, chalcocite, tetrahedrite, sphalerite, and molybdenite. The
gangue minerals include quartz, calcite, garnet, diopside, and talc (Xu
et al., 2019).

The TGS pluton is a NE–SW-trending intermediate-to-shallow rock,
which has an elliptical shape and crops out over an area of ~ 2 km2

(Figs. 1 and 2). The pluton intruded into Carboniferous and Permian
strata, and was emplaced near the axis of an anticline. Sixteen fresh
representative samples of TGS granodiorite and quartz monzodiorite
were collected (Fig. 2). The samples are light to dark grey, coarse- to
medium-grained, massive (Fig. 3a and b), and composed of plagioclase
(60%–65%), quartz (13%–20%), amphibole (10%–15%), K-feldspar
(~5%), biotite (1%–5%), and minor zircon, apatite, titanite and Fe–Ti
oxides (Fig. 3c and d). Microgranular enclaves are distributed in the
east of the pluton, of which four samples were collected. Most of the
enclaves are round or globular and several to tens of centimeters in
diameter (Fig. 3a and b). They are quartz monzodiorite, dark in color,
fine-grained, and some have back- veins (Fig. 3b). They are composed
of plagioclase, K-feldspar, amphibole and quartz (Fig. 3e), and have
more mafic minerals and plagioclase and less quartz than the host
rocks. The apatites in the enclaves are all acicular.

3. Analytical methods

3.1. SIMS zircon U–Pb dating

Zircon was separated from sample TGS15 (quartz monzodiorite)
using standard density and magnetic separation techniques.
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Approximately 200 zircon grains from the sample, were mounted with
zircon standards in epoxy mount. The mount was then polished to ex-
pose the inside of the zircon grains. Transmitted and reflected light
microphotographs and cathodoluminescence (CL) images were taken to
reveal their internal structure. Prior to SIMS analysis, the mount was
vacuum-coated with high-purity gold.

Zircon U–Pb isotopic compositions were analyzed on a CAMECA

IMS 1280HR at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS), using standard operating conditions (7-
scan cycle, ~8nA primary O2− beam, 20 × 30 μm spot size, and a mass
resolving power of ~ 5400). U–Pb ratios were determined relative to
the Plešovice standard zircon (206Pb/238U = 0.05369; 337.1 Ma; Sláma
et al., 2008), and the absolute abundances were determined relative to
the M257 standard zircon (U = 840 ppm, Th/U = 0.27; Nasdala et al.,

Fig. 1. Geological sketch map of the distribution of adakites and ore deposits along Yangtze River, modified after Pan and Dong (1999) and Deng et al. (2016).
Tectonic sketch map of eastern China in the inner part. XGF – Xiangfan–Guangji Fault; TLF – Tancheng–Lujiang Fault; YCF – Yangxin–Changzhou Fault.

Fig. 2. Geological map of the Tongguanshan Cu-Au deposit (after Cui et al., 2002; Xu et al., 2004).
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2008). The Plešovice zircon was analyzed periodically between each
group of five analyses. Operating and data processing procedures fol-
lowed those of Li et al. (2009). Common Pb was corrected using 204Pb.
Uncertainties on individual analyses are reported at the 1σ level, and
mean ages for pooled U–Pb analyses are quoted with 95% confidence
intervals. Data reduction was carried out using Isoplot/Exv. 3.70
(Ludwig, 2008). To monitor the accuracy of SIMS U–Pb measurements,
the in-house Qinghu zircon standard was periodically analyzed, eight
analyses of which yield a concordant age of 158.1 ± 1.7 Ma
(MSWD = 0.34), within error of the reported age (159.5 ± 0.2 Ma; Li
et al., 2013). SIMS zircon U–Pb age data are listed in Supplementary
material Table S1.

3.2. Whole-rock major and trace elements

Twenty fresh samples were crushed and ground to 200 mesh par-
ticle size. A representative aliquot of the powder for each sample was
dried at 105 °C for 4 h prior to analyze on an X-ray fluorescence
spectrometer at the ALS Laboratory Group. Analytical chemistry and
testing services (Guangzhou) in the form of fused glass beads. Precision
for the analytical results is typically 1–5%. An Agilent 7700e ICP-MS
(inductively coupled plasma mass spectrometry) was used for con-
ducting whole-rock trace element analyses at the Wuhan
SampleSolution Analytical Technology Co., Ltd., Wuhan, China. The

detailed sample-digesting procedure for ICP-MS analyses and analytical
precision and accuracy are identical to those of Liu et al. (2008). The
signal drift of the spectrometer was monitored by an internal standard
Rh solution, whereas element concentrations of unknown were cali-
brated using concurrently treated standards. Standards chosen include
AGV-2, BHVO-2, BCR-2 and RGM-2. The precision during trace element
analysis for most elements was generally better than 5%. Major and
trace elements are listed in Supplementary material Table S2.

3.3. In situ SIMS zircon oxygen isotopes

Zircons of TGS15 (host rock) and TGS10 (enclave) were measured
oxygen isotopes using the same CAMECA IMS 1280HR at laboratory in
GIGCAS. Before SIMS oxygen isotope analysis, the sample mount was
reground to ensure that any oxygen implanted in the zircon surface
from the O2

− beam used for U-Pb analysis was removed. The Cs+ ion
beam was accelerated to 10 kV, with an intensity of ~ 2nA, focused to
a ~ 20 μm spot. Oxygen isotopes were measured in multi-collector
mode with two off-axis Faraday cups. The normal incidence electron
flood gun was used to compensate for sample charging. The NMR
(nuclear magnetic resonance) was used for stabilizing magnetic field.
Detailed analytical procedures are in the same way as described by Li
et al. (2010a). The instrumental mass fractionation factor (IMF) was
corrected using Penglai zircon standard, which has a δ18O value of

Fig. 3. Field and photomicrographs illus-
trating fabric and minerals of the rocks in
the Tongguanshan pluton. (a) Field photo-
graph of granodiorite (sample TGS01), (b)
Field photograph of quartz monzodiorite
(sample TGS10); (c) thin section photograph
of granodiorite (sample TGS01, cross-polar-
ized light); (d) photomicrograph of quartz
monzodiorite (sample TGS05, cross-polar-
ized light), (e) thin section photograph of
quartz monzodiorite (sample TGS10, cross-
polarized light); (f) photomicrograph of
quartz monzodiorite (sample TGS 15, cross-
polarized light). Abbreviations in the
images: Pl, plagioclase; Kfs, potassic feld-
spar; Hbl, hornblende; Bi, biotite; Qtz,
quartz.
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5.31‰ (Li et al., 2010b). The internal precision of a single analysis was
generally better than 0.2‰ (1σ standard error) for 18O/16O ratio. The
external precision, measured by the reproducibility of repeated ana-
lyses of Penglai standard during this study, is 0.42‰ (2SD, n = 13).
During the course of this study, an in-house zircon standard Qinghu was
also measured between unknowns. Twenty-seven measurements of
Qinghu zircon yield a weighted mean of δ18O = 5.35 ± 0.50‰ (2SD),
consistent within errors with the reported value of 5.4 ± 0.2‰ (Li
et al., 2013). In situ O isotopic results are listed in Supplementary
material Table S3.

3.4. LA-MC-ICPMS zircon Lu-Hf analyses

In situ zircon Lu-Hf isotopic measurements (same samples as oxygen
analysis) were performed on a Neptune Plus MC-ICP-MS, coupled with
a 193 nm laser ablation system at the State Key Laboratory of
Continental Dynamics, Northwest University, Xi’an, China. The detail
information of these instruments can be found in Bao et al. (2017), and
the analysis strategy and calibration method are similar to those de-
scribed by Yuan et al. (2008). LA-MC-ICPMS zircon Hf-isotope was
analyzed following the SIMS U-Pb and O isotopic isotope measurement.
This sequence of measurements enables U-Pb age and Hf-O isotopic
compositions to be done on the sites shown in Fig. 4. The laser beam
diameter is 44 μm with the repetition rate of 10 Hz. The standard zir-
cons 91,500 and MudTank during the course of this study yielded a
weighted mean of 176Hf/177Hf = 0.282304 ± 0.000036 (N = 11, 2σ)
and 0.282496 ± 0.000029 (N = 6, 2σ), which are in good agreement
within errors with the reported value (0.282311 ± 0.000007, 2σ;
0.282520 ± 0.000016, 2σ) (Yuan et al., 2008). Zircon Lu-Hf isotope
ratios and εHf(t) values are presented in Supplementary material Table
S3.

3.5. Whole-rock Sr-Nd isotopic analyses

Three samples, including TGS05 and TGS15 (host rock) and TGS10
(enclave), were chosen for whole-rock Sr-Nd isotope analysis.
Strontium and Nd isotopic compositions were performed on a

Micromass Isoprobe multi-collector–ICP–MS (MC–ICP–MS) at the State
Key Laboratory of Isotope Geochemistry, GIGCAS. ~ 100 mg samples
were dissolved in HF + HNO3 acid in Teflon bombs at ~ 195 °C for two
days. Strontium and rare earth elements (REE) were separated using
cation-exchange resin; Nd fractions were further separated by HDEHP-
coated Kef columns. Detailed chemical procedures are similar to those
described by Li et al. (2004). The MC–ICP–MS was operated in static
mode and analyses of the NBS SRM 987 and Shin Etsu JNdi-1 standards
yielded 87Sr/86Sr and 143Nd/144Nd values of 0.710242 ± 10 (2σ,
n = 9) and 0.512115 ± 10 (2σ, n = 8), respectively. Measured Sr and
Nd isotope ratios were normalized to 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219 using the exponential law. Analyses of the NBS
SRM 987 and Shin Etsu JNdi-1 standards yielded 87Sr/86Sr and
143Nd/144Nd ratios that were within error of the recommended values
of 87Sr/86Sr = 0.71025 and 143Nd/144Nd = 0.512115, respectively
(Tanaka et al., 2000). The whole-rock Sr and Nd isotopic data are given
in Supplementary material Table S4.

3.6. Apatite major and trace elements analyses

Apatite crystals from the host rock (TGS01) and an enclave (TGS10)
were separated and mounted in epoxy then polished to expose a cross
section for analysis. CL images were taken before electron microprobe
and LA–ICP–MS analyses.

Major elements compositions of the apatite were analyzed using of
wavelength-dispersive spectrometers (WDS) on a JEOL JXA-8230
electron microprobe at the Testing Center of the Shandong office of the
China Metallurgical Geology Bureau, Jinan, China. The analyses used
an accelerating voltage of 15 kV, a beam current of 10nA, and a de-
focused beam 10 μm in diameter. Norbergite was used as a standard for
F, Ba5(PO4)3Cl for Cl, and apatite for Ca and P contents. To avoid vo-
latile loss, F and Cl were analyzed for 10 s, whereas count times for
other elements were 20 s. Fluorine and Cl were measured using the Kα
line on an LDE1 and PET crystal, respectively. Analytical precision for
most of the major elements was<1%, and for F and Cl precision
was ~ 5%.

Trace element contents were determined using an Agilent 7700X

Fig. 4. SIMS zircon U–Pb Concordia diagrams for
the TGS pluton. The inset shows representative
zircon CL images. Circles denote the analytical
spots, yellow circle represents spot of O isotope,
blue circle represents spot of Hf isotope and red
circle is for U–Pb dating analyses. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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ICP–MS coupled to a Resonetics 193 nm ArF excimer laser ablation
system at the State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences (IGCAS),
Guiyang, China. In situ LA–ICP–MS analyses were performed on the
positions where major element compositions were measured. Ablation
used a spot diameter of 44 μm and a repetition rate of 4 Hz, and lasted
for 40 s (equating to 160 pulses). Analytical procedures and instrument
settings are described by Pan et al. (2016). The Ca concentration ob-
tained by electron microprobe analysis was used as the internal stan-
dard, and the US National Institute of Standards and Technology (NIST)
standard reference material (SRM) 610 was analyzed as an external
standard. Analytical precision was determined by repeat analyses of
NIST SRM 612 and the Madagascar and Durango apatites. Data re-
duction was performed using the ICPMSDataCal software (Liu et al.,
2008). The precision for Mn, Sr, Nb, La, Ce, Pr, and Nd is < 10%, and
for Y, Zr, Ba, Pb, Th, U, and the rest of the REEs is 10–20%.

Apatite major and trace element concentrations are shown in
Supplementary material Table S5.

4. Results

4.1. Zircon U–Pb age

Zircon grains are euhedral, transparent, have prism and pyramid
forms, and are 30–200 µm in length with aspect ratios of 1:1–4:1.
Concentric oscillatory zoning is common in CL images (Fig. 4), and
grains yield variable U (98–293 ppm) and Th (37–262 ppm) contents,
with high Th/U ratios (0.32–0.99), indicating a magmatic origin. The
proportion of common 206Pb in the total measured 206Pb (f206) is
0.13%−0.50%. The U–Pb ages are all concordant within analytical
error, and 14 analyses yield a concordant age of 136.7 ± 1.4 Ma
(MSWD = 2.1) (Fig. 4), which represents the crystallization age of the
TGS pluton.

4.2. Whole-rock geochemistry

On a QAP diagram (Fig. 5), the TGS host rocks and enclaves plot in

the granodiorite and quartz monzodiorite fields. The host rocks have
higher SiO2 contents (61.2–65.3 wt%) than the enclaves (54.9–58.0 wt
%). The enclaves have high MgO (4.61–6.57 wt%), Fe2O3

T

(5.65–7.26 wt%), and CaO (6.46–7.06 wt%) contents, with high Mg#
(65.5–67.8), whereas, the host rocks have low MgO (1.22–1.75 wt%)
(except for one sample with MgO = 0.48 wt%), Fe2O3

T (2.82–4.75 wt
%) and CaO (3.91–6.04 wt%) contents, and Mg# (41.1–52.5, apart
from one sample with Mg# = 28.4). Both the host rocks and enclaves
have low K2O (1.76–1.96 wt% and 1.97–2.80 wt%, respectively) and
high Na2O (4.08–4.68 wt% and 4.63–5.11 wt%, respectively) contents.
The samples plot mainly along the boundary between the high-K and
medium-K calc-alkaline series on an SiO2 versus K2O diagram (Fig. 6a).
The Na2O, MgO, CaO and Al2O3 contents decrease with increasing SiO2

contents (Fig. 6).
On a Chondrite-normalized REE diagram (Fig. 7a), the samples are

enriched in light rare earth elements (LREEs) relative to heavy rare
earth elements (HREEs) ((La/Yb)N = 14.5–23.0, where the subscript N
denotes the Chondrite-normalized values), and exhibit no negative Eu
anomaly (δEu = 0.92–1.00). The HREEs are not internally fractionated,
with (Dy/Yb)N ratios of 1.42–1.57. On the primitive mantle-normalized
trace-element diagram (Fig. 7b), the samples are characterized by en-
richment in large ion lithophile elements (LILEs; e.g., Rb, Th and U) and
depleted in heavy field strength elements (HFSEs), with pronounced
negative Rb, Nb, Ta and Ti anomalies. In addition, the samples have low
Y and high Sr contents, with high Sr/Y ratios (56–123). There is no
obvious relationship between SiO2 and Sr contents (Fig. 6g). The en-
claves have higher Cr (148–239 ppm) and Ni (115–185 ppm) contents
than the host rocks (Cr = 7.49–9.32 ppm, Ni = 4.14–11.5 ppm)
(Fig. 6h).

4.3. Zircon Hf–O isotopic compositions

In situ Hf–O isotopic analyses were conducted on the same zircon
grains that were U–Pb dated (see Section 4.1). Zircon from the host rock
has initial 176Hf/177Hf ratios (0.282070–0.282362), corresponding to
εHf(t) values of −21.9 to −11.6 (Fig. 8) and TDMC ages of 2.56–1.92 Ga.
The zircon has relatively homogeneous O isotopic ratios

Fig. 5. QAP classification diagram for TGS granodiorite (after Le Bas and Streckeisen, 1991). The data of previous studies are in Supplementary material Table S6.
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(δ18Ozircon = 6.8‰–7.6‰ relative to the standard V-SMOW; Fig. 8).
Zircon grains from the enclave have variable initial 176Hf/177Hf ratios
(0.282022–0.282309), corresponding to εHf(t) values of −23.6 to
−13.4 (Fig. 8) and TDMC ages of 2.57–2.06 Ga. In situ O isotopic

analyses yield relatively heterogeneous O isotopic compositions
(δ18Ozircon = 6.9‰–7.3‰; Fig. 8).

Fig. 6. SiO2 variation diagrams of representative elements and element ratios for samples from the TGS pluton. Plot of MgO wt.% versus SiO2 wt.% showing some of
the chemical differences between low silica adakite (dotted field) and high silica adakite (solid field) varieties (modified after Castillo, 2012). Fields of adakite-
formed by melting of subducted oceanic slab, delaminated lower crust-derived adakitic rocks and thickened lower crust-derived adakite are from Wang et al. (2006).
The data of previous studies are in Supplementary material Table S6.

Fig. 7. Chondrite-normalized REE patterns and primitive mantle normalized incompatible element spider diagrams for the igneous rocks from the Tongguanshan.
Data for normalization are from Sun and McDonough (1989). Average element concentrations of adakites in subduction zone settings are from Shimoda (2009). The
literature data are summarized in Supplementary material Table S6.
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4.4. Whole-rock Sr–Nd isotopic compositions

The whole-rock Sr–Nd isotopic compositions of three representative
samples were analyzed. The Sr and Nd isotopic compositions both have
narrow ranges, and plot between the compositions of mid-ocean ridge
basalt (MORB), marine sediments and Yangtze lower crust (Fig. 9). The
host rocks have 87Rb/86Sr ratios of 0.15–0.16 and 87Sr/86Sr ratios of
0.70762–0.70763, corresponding to an initial 87Sr/86Sr ratio
(ISr) = 0.7073. The 147Sm/144Nd ratios are 0.1038–0.1045 and the
143Nd/144Nd ratios are 0.51197–0.51198, corresponding to εNd(t) value
of −11.4 to −11.2. The enclave sample has a 87Rb/86Sr ratio of 0.19
and a 87Sr/86Sr ratio of 0.70720, corresponding to ISr of 0.7068. The
enclave also has a 147Sm/144Nd ratio of 0.1077 and a 143Nd/144Nd ratio
of 0.51206, with an εNd(t) value of −9.7.

4.5. Apatite geochemistry

Most apatite grains from the TGS rocks are euhedral and are in-
terpreted to be a magmatic origin (F > 1 wt%). Apatite grains from the
host rock yield higher F (2.10–2.89 wt%) and lower Cl (0.23–0.79 wt%)
contents than the those from the enclave (F = 1.10–2.79 wt%,
Cl = 0.12–2.06 wt%), and there is a linear relationship between F and
Cl contents (Fig. 10a). Other than the volatile elements, there are no
significant compositional differences between apatites from the two
samples. Chondrite-normalized apatite trace element patterns are
shown in Fig. 10b. Apatite from the host rock and the enclave yield
similar REE patterns enriched in LREE and depleted in HREE, with
negative Eu anomalies (Fig. 10b). On an REE discrimination diagram,
the apatites plot in the mantle source field (Fig. 10c). The apatite

crystals have a narrow range of moderately negative Eu anomalies
(δEu = 0.39–0.85; Fig. 10d). Apatite grains from the enclave have
higher total REE concentrations (11,050–30,121 ppm) and lower (La/
Yb)N ratios (46.3–97.0) than those from the host rock (total
REE = 10325–19943 ppm, (La/Yb)N = 59.2–140). The apatite have
high, variable Sr contents, and those from the host rock have lower Sr
(497–665 ppm) and Y (84–259 ppm) contents than those from the
enclave (Sr = 422–1805 ppm, Y = 173–397 ppm). The apatite REE
contents vary by up to 100 times more than those of the bulk rock, but
typically show similar patterns.

Apatite Mn contents were used to determine the redox state of
granitic magmas (e.g., Chu et al., 2009; Miles et al., 2014; Sha and
Chappell, 1999). A strong negative linear correlation exists between
apatite Mn concentrations and oxygen fugacity (fO2), represented by the
equation logfO2 = −0.0022 (± 0.0003) Mn (ppm)–9.75 (± 0.46)
(Miles et al., 2014). Apatites from the host rock have MnO contents of
0.08–0.22 wt%, which yield logfO2 values from −9.8 to −12.9,
whereas apatites from the enclave have lower MnO contents
(0.00–0.15 wt%), which yield a narrower range of log(fO2) values
(−10.4 to −12.3).

5. Discussion

5.1. Classification of the high-silica and low-silica adakites

The host rocks and enclaves are characterized by high Sr
(1040–1672 ppm), low Y (12.4–18.6 ppm) and Yb (0.99–1.58 ppm)
contents, high Sr/Y (56–123) and (La/Yb)N (14.5–23) ratios (Fig. 11a
and b), which are typical characteristics of adakites (Drummond and

Fig. 8. In situ zircon Hf–O isotopic compositions of Mesozoic adakitic rocks in TGS. The vertical orange bars represent the normal-mantle δ18Ozrc range. Data are
reported in Supplementary material Tables S3 and S7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 9. Initial Sr–Nd isotopic compositions of ada-
kites from Tongguanshan intrusions, LYRB. Data
sources: Cenozoic slab-derived adakites (Defant and
Kepezhinskas, 2001), thickened Yangtze lower
crust-derived low-Mg adakitic rocks (Wang et al.,
2004, 2007; Guo et al., 2004; He et al., 2011), early
Cretaceous mafic igneous rocks in the LYRB (Yan
et al., 2008), MORB and marine sediments
(Hofmann, 2003), Yangtze lower crust (Jahn et al.,
1999). Literature data are in Supplementary mate-
rial Table S8.

Fig. 10. Apatite (a) F versus Cl variation diagram; (b) Chondrite normalized REE diagram; (c) REE triangular diagram (Zhu et al., 2004); (d) δCe vs. δEu values
variation diagram.
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Fig. 11. (a) Sr/Y versus Y classification diagram for identifying adakitic rocks (Defant and Drummond, 1990); (b) Sr/Y versus (La/Yb)N discriminant diagram to
distinguish lower crust-derived adakitic rocks from slab-derived adakites (Defant and Drummond, 1990; Liu et al., 2010). (La/Yb) N ratios are Chondrite-normalized
values (Sun and McDonough, 1989). The data of previous studies are in Supplementary material Table S6.

Fig. 12. Plots of (a) La versus La/Yb, (b) V versus Rb, (c) Th/Yb vs. Ba/La diagram ; (d) Ba versus Nb/Y diagram (Kepezhinskas et al. 1997). Data source: Depleted
Mantle (DM) (Workman and Hart, 2005). Note: PM-partial melting, FC-fractional crystallization. Previous data in Supplementary material Table S6.
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Defant, 1990). Adakites can be further classified into two groups: high-
silica (HSA, SiO2 > 60 wt%) and low-silica (LSA, SiO2 < 60 wt%)
adakites (Martin et al., 2005). HSA is thought to be the products of
partial melting of a hydrous subducted slab, whereas LSA is thought to
be generated by partial melting of peridotitic mantle wedge metaso-
matized by HSA or subduction dehydration fluids (Martin et al., 2005;
Moyen and Martin, 2012; Hernández-Uribe et al., 2020). The TGS host
rocks have high SiO2 (> 62 wt%), and low MgO (<1.75 wt%) and
CaO + Na2O (<11 wt%) contents. In contrast, the enclaves have low
SiO2 (54.9–58.0 wt%), and high in MgO (4.61–6.57 wt%) and
CaO + Na2O (11.0–11.1 wt%) contents. The host rocks and enclaves
plot in the HSA and LSA fields, respectively (Fig. 6c).

5.2. Magmatic process: Fractional crystallization, partial melting, or
magma mixing?

Geochemical variations in magmatic rocks can be used to identify
magmatic processes such as fractional crystallization (FC), partial
melting (PM), and magma mixing. If the host rocks are formed through
the FC of the magma found in the enclaves, then there should be a
continuous compositional trend from the enclaves to host rocks.
However, the major and trace element compositions of the enclaves and
host rocks cannot be explained by this process (Figs. 6, 7 and 11). The
field, petrological, and chemical data favor magma mixing in TGS
adakites. The distribution, shape, and color of the microgranular en-
claves and their contacts with the host rocks (back veins and no chilled
margins) indicate that the two magmas coexist (Xu et al., 2004; Chen
et al., 2016; Du et al., 2018). Abundant disequilibrium textures, such as
embedded crystal structure of plagioclases and hornblendes, and aci-
cular apatites, as well as plagioclase and hornblende compositions,
suggest at least one episode of magma mixing (Zhao et al., 2012; Chen
et al., 2016). The presence of abundant microgranular mafic enclaves
and amphibole megacrysts in the host rocks indicate that magma
mixing may have taken place in the shallow chamber (Wu et al., 2000;
Qin et al., 2003; Chen et al., 2016). In addition, previous studies found
inherited late Archean zircons in TGS adakites, indicating the assim-
ilation of ancient crustal materials (Xie et al., 2018), possibly from the
basement rocks of the Archaean Kongling group (Zhang et al., 2006;
Guo et al., 2014) and the Douling complex (Hu et al., 2013).

Correlation diagrams between compatible, moderately in-
compatible, and highly incompatible trace elements are effective in
distinguishing FC from PM in the evolution of magmatic system. The
correlations between La contents and La/Yb ratios and between Rb and
V contents (Fig. 12a and b) suggest that the compositions of both the
host rocks and enclaves are controlled more by the degree of PM rather
than FC. Yttrium is moderately incompatible to slightly compatible in
amphibole in a basaltic system, and moderately incompatible in the
other major minerals such as olivine, pyroxene, biotite, and plagioclase
in basaltic to dacitic systems, but becomes highly compatible in am-
phibole in melts with high silica contents (Ewart and Griffin, 1994;
Sisson, 1994; Prowatke and Klemme, 2005; Richards and Kerrich,
2007). The trend in the Y vs Sr/Y diagram (Fig. 11a) also suggests that
FC was not the dominant process causing the chemical variation in the
host rocks and the enclaves.

5.3. Petrogenesis of the host rocks and enclaves in TGS

5.3.1. Petrogenesis of the host rock: Partial melting of subducted oceanic
crust

Adakites with different origins show different geochemical char-
acteristics, such as MgO contents, and K2O/Na2O, Sr/Y, and (La/Yb)N
ratios. Adakites derived from partial melting of the subducted oceanic
crust are usually characterized by high Na2O and low K2O contents
(Defant and Drummond, 1990; Moyen, 2009), similar to our samples
(Na2O > 4 wt%, K2O < 2.8 wt%, K2O/Na2O = 0.38–0.57). However,
adakites derived from partial melting of thickened lower continental

crust can also have Na2O-rich compositions (Petford and Atherton,
1996; Xiong et al., 2011). Other geochemical tests are needed to dis-
tinguish between adakites produced by partial melting of oceanic and
continental crust (Liu et al., 2010; Ling et al., 2011; Sun et al., 2012;
Deng et al., 2016, 2019).

A positive correlation between (La/Yb)N and Sr/Y ratios can be
observed in the adakites produced by different degrees of partial
melting of thickened or delaminated LCC with a garnet amphibolite or
eclogite residue (Fig. 11b), as observed in adakites from the Dabie
Mountain and areas adjacent to the South Tan–Lu fault, eastern China
(Liu et al., 2010; Ling et al., 2011; Sun et al., 2012; Luo et al., 2018).
However, in modern subduction zones, adakites originating from the
melting of oceanic crust have high and variable Sr/Y ratios but con-
siderably lower (La/Yb)N ratios than those of the LCC (Sun et al., 2008,
2012; Liu et al., 2010; Rudnick and Gao, 2014). The adakites in TGS are
characterized by low (La/Yb)N, and high and variable Sr/Y ratios, and
overlapped with the compositions of Circum-Pacific adakites, which
formed via the melting of subducted oceanic crust (Fig. 11). The most
recent study by Hernández-Uribe et al. (2020) also proposed that par-
tial melting of the subducted hydrothermally altered basalt can produce
magma with geochemical signatures of HSA. Besides, the TGS adakites
show isotopic compositions strikingly different from those of the LCC
basement rocks of the Yangtze Craton, as represented by the Archean
Kongling Group (εNd(t) < −25, εHf(t) < −60; t = 140 Ma; Guo et al.,
2014). Thus, the derivation from the continental crust model is ex-
cluded.

Adakite REE patterns and trace element ratios reflect the mineral
assemblage in their source areas (Goss and Kay, 2009; König and
Schuth, 2011; Ma et al., 2015). Previous experimental studies suggest
that differentiated and HREE-depleted REE patterns are products of
either low-degree (< 10%) partial melting of amphibolite, garnet-am-
phibolite, eclogite in which hornblende or garnet are essential residual
phases, or hornblende-controlled fractionation of hydrous basaltic
magma (Rapp et al., 1991; Rapp and Watson, 1995). The TGS adakites
have REE patterns that are transitional between garnet-dominant and
hornblende-dominant patterns (Fig. 7), which suggest that both garnet
and hornblende are in the residual phases, consistent with the partial
melting of garnet amphibolite or amphibole eclogite (Deng et al.,
2019).

The enrichment in Sr and absence of negative Eu anomalies, to-
gether with the depletion in Y and HREE (Fig. 7) and highly variable
(La/Yb)N ratios (Fig. 11), indicate the existence of residual garnet ra-
ther than residual plagioclase (Defant and Kepezhinskas, 2001). Garnet
preferentially incorporates HREE, whereas amphibole preferentially
incorporates middle rare earth element (MREE) over HREE. Therefore,
melts with residual garnet have higher Dy/Yb ratios than melts with
residual amphibole. The relatively constant Dy/Yb ratios with in-
creasing SiO2 contents (Fig. 6i) indicate that both amphibole and garnet
are residual phases. If the residual material is dominated by amphibole,
the melt would have a flat HREE pattern (Y/Yb ≈ 10 and (Ho/
Yb)N ≈ 1). Otherwise, the depletion in HREE (Y/Yb > 10 and (Ho/
Yb)N > 1.2) would indicate garnet is the major residual phase (Hu
et al., 2017). The Y/Yb (11.3–12.6) and (Ho/Yb)N (1.16–1.27) ratios of
the TGS adakites suggest that garnet is the dominant residual phase.

Niobium and Ti are hosted in rutile under hydrous mantle condi-
tions (Tatsumi, 1986). Both of these elements are strongly depleted in
the TGS adakites (Fig. 7), which suggests the presence of residual rutile
in the source area (Xiong et al., 2006). The high Nb/Ta (17–22, except
for one sample with Nb/Ta = 14) ratios of the adakites, suggest they
originated from rutile-bearing eclogite, as rutile has low DNb/Ta values
(~0.75; Xiong et al., 2005) that lead to high Nb/Ta ratios (> 17.6) in
coexisting melts. Fe–Ti oxides such as ilmenite or Ti-magnetite have
limited effects on Nb–Ta fractionation, as DNb and DTa in these minerals
are similar (Green and Pearson, 1987). Besides, the Zr/Sm ratios of TGS
adakites (average 36.4) are similar to other adakites (average Zr/
Sm = 36.0; Shimoda, 2009) supporting the amphibole-melting model
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(Foley et al., 2002). Therefore, garnet, amphibole, and rutile or Fe-Ti
oxides may all exist in the source area. The source is most probably
hydrous amphibole eclogite (Mahoney et al., 1998; Hou et al., 2004;
Deng et al., 2019).

Incompatible trace element data for the TGS adakites indicate the
involvement of an enriched components in their source melt. They
show enrichment in Ba and LREE, high Zr and Hf contents relative to
Sm and Y contents (Fig. 7). Contributions of terrigenous sediments
could lead to more crust-like elements and radiogenic isotope ratios
(e.g., Shimoda and Tatsumi, 1999; Shimoda et al., 1998, 2003). In situ
zircon Hf and O isotope data provide strong evidence for the involve-
ment of enriched material in the formation of the adakites (Figs. 8 and
13), which are consistent with the involvement of subducted sediments
in the source and/or the incorporation of lower crustal material (e.g.,
Archean basement rocks). The δ18O values of zircon from the TGS
adakites overlap those of slab-derived adakites, altered oceanic crust,
and metasediments, but are higher than those of the mantle (Fig. 13a).
Thus, the relatively high oxygen isotopic compositions may be related
to mixing between an igneous member with mantle-like δ18O values
and sediments characterized by heavy δ18O values (Fig. 13b; Hoefs,
2009). Moreover, it has been proposed that the partial melts of sedi-
ments during subduction could mixed with partial melts of basaltic
oceanic crust to generate hydrous adakitic magmas (e.g., Borisova
et al., 2006).

Adakites derived from oceanic crust usually have depleted Sr iso-
topic compositions (87Sr/86Sr < 0.7040; Defant and Drummond,
1990). The slightly enriched Sr isotope compositions of the TGS ada-
kites could be attributed to the involvement of ancient crustal material
or sediments in their generation, as the subducted marine sediments
usually have high Sr and Nd contents and highly enriched radiogenic
isotopic compositions which are similar to those of the continental crust
(Deng et al., 2016; Elliott et al., 1997; Plank and Langmuir, 1998; Wang
et al., 2013a, 2013b). On a Sr–Nd diagram (Fig. 9), the TGS adakites
and enclaves plot between MORB, marine sediment, and Yangtze lower
crust compositions. Different ISr ratios of the cores and rims of plagio-
clase in TGS adakites have also been reported (Chen et al., 2016).
Therefore, the Sr–Nd isotopic compositions also suggest mixing be-
tween more than two endmembers: slab-derived (adakitic) magmas,
with contributions from both pelagic and terrigenous subducted sedi-
ments and ancient continental crust (Fig. 9). In addition, previous
studies found inherited late Archean zircons in TGS adakites, indicating
the assimilation of ancient crustal materials (Xie et al., 2018), possibly

from the basement rocks of the Archaean Kongling group (Zhang et al.,
2006; Guo et al., 2014) and the Douling complex (Hu et al., 2013). This
shows that magma mixing and crustal contamination play major roles
in producing the chemical variation in the TGS adakites.

Above all, the trace element and isotopic characteristics of the
adakites can be explained by melting of amphibole eclogite in the
oceanic crust source. Therefore, we suggest that the host rocks of TGS
were primarily derived mainly from partial melting of subducted
oceanic crust mixing with marine sediments, followed by interaction
with enriched mantle during ascent, and the assimilation of ancient
crustal material during emplacement.

5.3.2. Petrogenesis of the enclaves: Partial melting of mantle peridotite
metasomatized by slab-derived melts

The enclaves in TGS pluton are basaltic-andesitic in composition
and enriched in Cr and Ni concentrations, and the low Cr/Ni ratios
(1.3–1.4) are close to the value of mantle peridotites (~1.5; Taylor and
McLennan, 1995), indicating mantle melting genesis. They are highly
enriched in LILEs such as Sr and Rb, and depleted in HFSEs such as Nb
and Ti (Fig. 7b), which are the results of basaltic magmas derived from
a lithospheric mantle metasomatized by fuilds/melts issuing from a
subducted slab. The presence of euhedral hornblende crystals in the
enclaves also suggest the parental magma was hydrous. Considering the
apatite and magnetite and pyroxene compositions reported by previous
study (Chen et al., 2016), both of the petrological and geochemical data
support the enriched lithospheric mantle source metasomatized by slab-
released fluid/melt for the mafic magma.

Ratios of highly incompatible trace element ratios often reflect
source compositions because they do not change significantly during
melting (McCulloch and Gamble, 1991; Hofmann, 2003; Kelley et al.,
2005; Sun et al., 2008; Shellnutt and Dostal, 2019). Ta/U and Nb/U
ratios are sensitive to crustal contamination and can be used to dis-
criminate between metasomatism by slab derived-fluid and melt
(Hofmann et al., 1986). The enclaves have Ta/U ratios of 0.1–0.2 and
Nb/U ratios of 1.7–2.3 (crust = 1.1 and 12.1, respectively; Taylor and
McLennan, 1995), which imply that the source area was metasomatized
by subducted slab derived fluids or melts enriched in water-soluble
elements, such as U (Kelley et al., 2005; Sun et al., 2008), rather than by
continental crust melts. If the main metasomatic agent was fluid de-
rived from slab dehydration, the resulting magma have low Nb/U ratios
(~0.22), be enriched in LILE and depleted in Nb and Ta, and have high
HREE contents (Martin et al., 2005), as the fluids would transfer more

Fig. 13. (a) Integrated oxygen isotopes reservoir of the Earth. Whole-rock oxygen isotope from Tongguanshan and LYRB are calculated from δ18Ozrc-WR = δ18Ozrc
−δ18OWR ≈ −0.0612 (wt% SiO2) + 2.5 (Valley et al., 2005). Oxygen isotopes of lower continental granulite xenoliths are from Kempton and Harmon (1992),
MORB is from Chauvel et al. (2008), altered oceanic crust are from Muehlenbachs (1998), slab derived adakite are from Bindeman et al. (2005) and sediments are
from Hoefs (2009). (b) δ18O versus εHf(t) isotopes plot of the Tongguanshan adakitic rocks (modified after Wang et al., 2013a). The data sources are Chauvel et al.
(2008) and Hoefs (2009) for MORB and sediments. The endmembers are: (1) MORB: 176Hf/177Hf = 0.283141, δ18O = 5.8‰; (2) marine sediments:
176Hf/177Hf = 0.282, δ18O = 20‰. The mixing curves were constructed using different Hf element ratios from MORB/Sediments = 1:30 to 1:1. Previous data
sources in Supplementary material Table S7.
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LILE than HFSE (Ayers, 1998). However, this is not consistent with the
geochemical features of the enclaves. Moreover, the correlation be-
tween Ba/La and Th/Yb ratios, between Ba and Nb/Y suggest mod-
ification of the source by slab-derived melts (Fig. 12c and d; Yan et al.,
2020). Therefore, the enclaves are probably originated from a mantle
peridotite source metasomatized mainly by slab-derived melt (Martin
et al., 2005; Moyen, 2009), which can also reasonably explain the
isotopic characteristics.

5.4. Implications for Cu mineralization: High oxygen fugacity and fluid
compositions

Knowing the precise age of the adakites is key to understanding
their relationship with the related metallogenic events. Our SIMS zircon
U–Pb age of the granodiorite is 136.7 ± 1.4 Ma (Fig. 4), which re-
presents the crystallization age of the TGS adakites. Previous studies
have presented several LA–ICP–MS zircon U–Pb ages in the range of
134–143 Ma (Xu et al., 2004; Chen et al., 2016; Xie et al., 2017),
overlaps to the molybdenite Re-Os mineralization ages (137–143 Ma)
obtained in the Tongling region (Sun et al., 2003; Mao et al., 2006; Li
et al., 2014), implying a genetic relationship between the Early Cre-
taceous adakites and the large-scale Cu–Au mineralization (Xu et al.,
2004; Xie et al., 2009, 2017; Yang et al., 2011). Therefore, the TGS
adakites can provide important information about the Cu–Au miner-
alization process, and aid magmatic–hydrothermal ore exploration in
the Tongling region.

The magma mineralization process is influenced by the enrichment
of ore-forming elements in the magma source, magma migration,
magma differentiation and hydrothermal process (Zhang et al., 2018,
2019a, 2019b). Previous studies proved that the enrichment of Cu in
ore deposit is mainly controlled by the copper content, oxygen fugacity
and halogen content in the magma source (Nadeau et al., 2010; Sun
et al., 2015; Zhang et al., 2017). Given the high Cu contents of oceanic
crust melt (> 100 ppm) which is three times higher than those of the
primitive mantle or the continental crust (McDonough and Sun, 1995;
Rudnick and Gao, 2003; Sun et al., 2003), slab melts produced by
subducted oceanic crust melting under high oxygen fugacity
(> ΔFMQ+ 1.5) are usually with high initial Cu contents (> 500 ppm)
(Sun et al., 2013, 2016, 2017; Zhang et al., 2017). Therefore, adakites
produced by partial melting of subducted oceanic crust are especially
favorable for Cu mineralization.

5.4.1. High oxygen fugacity of the magma
Copper is a highly chalcophile element, and is highly compatible in

sulfides. In a high oxygen fugacity environment, Cu can be liberated
when sulfur is extracted as sulphate during partial melting, and then
enriched in the melt during differentiation before partitioning into an
exsolved fluids phase (Sun et al., 2003, 2015, 2017; Nadeau et al.,
2010). Magma oxygen fugacity controls on the abundance and oxida-
tion state of sulfur in magmas, which directly controls the partitioning
and transport of Cu in magmas before mineralization (Ballard et al.,
2002; Sun et al., 2003; Zhang et al., 2017). This is supported by the
empirical association between Cu–Au deposits and adakitic intrusions
in subduction zones around the world (e.g., Thiéblemont et al., 1997;
Oyarzún et al., 2001).

The enrichment in LREE relative to HREE and negative Eu anoma-
lies (Fig. 10b) of the apatite may be the result of either Eu depletion in
the host melt or an oxidized magma (Pan et al., 2016). The adakitic
affinity of the melt precludes the inheritance of the negative Eu
anomalies from the host melts, suggesting that the negative Eu
anomalies are related to the oxidation state of the magma. The weakly
negative correlation between δEu and δCe in the apatite samples in-
dicates the TGS Cu–Au polymetallic-bearing magmas were originated in
a high oxygen fugacity environment (Fig. 10d; Chu et al., 2009; Ding
et al., 2015; Xie et al., 2018; Qian et al., 2019), also by the logfO2 values
estimated from apatite compositions (granodiorite = −9.8 to −12.9,

enclave = −10.4 to −12.3) obtained using the equation from Miles
(2014). Previously reported high Ce4+/Ce3+ and high Eu/Eu* ratios of
zircon from the adakites also suggest a high fO2 (Wang et al., 2013a,
2013b; Hu et al., 2017; Xie et al., 2017). The subducted altered oceanic
crust may be hydrous and oxidized (Liu et al., 2010), which potentially
favor Cu–Au mineralization.

5.4.2. Halogen compositions of the metasomatic fluid
Fluorine and Cl play an important role during magmatic evolution

by depolymerizing the melt structure and enabling hydrothermal metal
transport and ore deposition during degassing and fluid exsolution
(Dingwell et al., 1998; Filiberto and Treiman, 2009; Harlov, 2015).
Apatite is the main buffer of F and Cl contents in the melt. The parti-
tioning of F and Cl in igneous apatite depends mostly on the initial melt
composition, and is not strongly influenced by fractional crystallization
or susceptible to subsolidus halogen exchange (Sha and Chappell, 1999;
Mathez and Webster, 2005). Therefore, F and Cl contents and ratios of
apatite reflect the halogens in the system from which it crystallized
(Jiang et al., 2018a).

The mantle usually has low Cl contents (< 0.1 wt%), and is not
significantly influenced by Cl recycling (Lassiter et al., 2002). Apatite
that crystallized from supracrustal material would also have low Cl
contents because sediment lose more Cl than F during weathering
(Blevin and Chappell, 1992). The apatite from the host rocks has higher
F (2.10–2.89 wt%) and lower Cl (0.23–0.79 wt%) than that of the en-
claves (F = 1.10–2.79 wt%, Cl = 0.12–2.06 wt%; Fig. 10a). The apatite
from the enclaves generally has higher Cl/F ratios (0.05–1.76, with
most > 0.30) than that of the host rocks (0.09–0.35, with only
one>0.30). However, apatite from both of them have higher Cl/F
ratios than those in magmas derived from anatexis of continental crust
which have extremely low Cl/F ratio (Qian et al., 2019). This suggests
that the relatively high apatite Cl contents are neither the result of the
addition of mantle-derived materials, nor the product of partial melting
of supracrustal material. During slab dehydration, Cl is highly in-
compatible and preferentially enters the liquid phase (Stroncik and
Haase, 2004). Fluids or melts derived from a subducted slab are prob-
ably the source of Cl (Kendrick et al., 2011; Kawamotoa et al., 2013;
Reynard, 2013; Jiang et al., 2018a) in the TGS adakites, which is
consistent with the other geochemical characteristics. Combining our
results with those of recent studies on apatite from ore-bearing intrusive
rocks (Qian et al., 2019), we suggest that slab-derived fluids or melts,
which have high Cl/F ratios, are involved in the generation of the
parental magmas of the TGS pluton.

Copper is more sensitive to Cl than to F, and is thought to partition
into Cl-rich oxidized aqueous fluids in the form of chloride complexes
or as HS-bearing ligands in moderate salinity fluids (Candela and
Holland, 1986; Gammons and Williams-Jones, 1997; Gibert et al., 1998;
Hedenquist and Lowenstern, 1994; Noll et al., 1996; Sun et al., 2004).
The increase in the Cl content will markedly increase their solubility
(Bai and Koster Van Groos, 1999; Hezarkhani et al., 1999; Archibald
et al., 2001). Therefore, Cl-rich fluids are critical for the transportation
of these metals (Bai and Koster Van Groos, 1999) and necessary for the
formation of Cu–Au deposits. Furthermore, high fO2 fluids and melts
enriched in volatile elements (e.g., S) and ore-forming elements (Cu and
Au) might be released during the partial melting of the subducted slab
(Mungall, 2002).

The slab-derived fluids or melts metasomatized oceanic crust and
mantle peridotite, and underwent the addition of marine sediments,
magma mixing and crustal contamination, generating high fO2 and Cl-
rich adakitic magmas in TGS. This magma enhanced the extraction and
transportation of the Cu and Au that ultimately formed the Cu–Au
polymetallic deposits in TGS. The integration of our data with geo-
chemical data from previous studies suggest that other large-scale
Cu–Au polymetallic mineralization in the LYRB might also be produced
by the same mechanism as the TGS deposit.
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6. Conclusions

Based on zircon U–Pb geochronology, and the whole-rock major and
trace element and Hf–O–Sr–Nd isotopic compositions of the intrusive
rocks of the Tongguanshan Cu–Au deposit in the Tongling region, along
with data from the other Early Cretaceous adakites in the Lower
Yangtze River Belt, we draw the following conclusions:

(1) The Tongguanshan host rocks and enclaves are granodiorite and
quartz monzodiorite. Their compositions show adakitic affinities,
with high Sr and low Y and Yb contents, and high Sr/Y and (La/
Yb)N ratios. The host rocks and enclaves can be further classified as
high-silica (SiO2 = 61.2–65.3 wt%) and low-silica
(SiO2 = 54.9–58.0 wt%) adakites, respectively.

(2) High precision zircon U–Pb age suggests that the host rock crys-
tallized at 136.7 ± 1.4 Ma, coeval with the enclave, and the mi-
neralization in the Tongling region. This implies a close temporal
and genetic relationship between the intrusive rocks and the re-
gional Cu–Au mineralization.

(3) Field observations, and isotopic and mineral compositions suggest
the magma mixing and crustal assimilation. Integrating our data
with other geochemical data, we propose that the adakites are
formed by the partial melting of a subducted oceanic slab mixed
with marine sediments, followed by the assimilation of lower
crustal material during magma ascent. The enclaves are the pro-
ducts of partial melting of mantle peridotite metasomatized by slab-
derived materials, also influenced by crustal assimilation.

(4) The high fO2, systematically varying high Cl contents, and high Cl/F
ratios of the apatite in the TGS adakites indicate an oxidized and
slab-derived volatile enriched environment, which are conductive
to large-scale Cu–Au mineralization.
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