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The links between the adakitic rocks and Cu-Au mineralization have long been argued. This study
investigates petrogenesis and its link to mineralization potential by a series of in-situ geochronological and
geochemical signatures of apatite and zircon in three ore-related intrusions and one-barren intrusion in the
Middle-Lower Yangtze River Metallogenic Belt (MLYRB). Zircon U-Pb dating yield ages of 139-143 Ma
and 121 Ma for the ore-related and ore-barren intrusions, respectively. The ore-related rocks have higher
apatite Sr/Y (1.57-9.69), (La/Yb)y (16.7-159.5), and JEu (0.45-0.74) than the ore-barren rocks
0f 0.57-1.02, 19.3-24.1 and 0.40-0.45, respectively, indicating the former has an adakitic affinity, while
the latter has a non-adakitic affinity. The ore-related rocks have enriched zircon Hf isotopes with ey(?)
values of —15.9 to —5.5 and Tpyc ages of 2408-1655 Ma and apatite Sr-Nd isotopes, indicating that the
ore-related magmas were mainly originated from partial melting of subducted oceanic crust. The ore-
barren rocks have higher ey(f) values of —6.6 to —4.6 and lower Tpy;c ages of 1598—1469 Ma and apatite
Sr-Nd isotopes, indicating a lithospheric mantle source. The ore-related rocks have higher oxygen fugacity
of mean AFMQ+2.00 and X;/Xyy of 8.36-175 than the ore-barren rocks of mean AFMQ-+1.43 and
3.72-4.96. It was inferred that magma source, water content, and oxygen fugacity emerge as critical
factors governing the regional Cu-Au mineralization potential.

©2026 China Geology Editorial Office.

1. Introduction

R, 2007; Richards JP, 2011). In contrast, adakitic rocks,
which share geochemical similarities with adakites, can form

Adakitic rocks share similar geochemical signatures with
these adakites and are characterized by SiO, contents > 56%,
AlLO; contents > 15%, elevated Sr abundances (> 400 x107°),
and depleted Y (< 18 x107°) and Yb (< 1.9 x10°°) contents
(Defant MJ and Drummond MS, 1990; Defant MJ and
Kepezhinskas P, 2001). Adakites, characterized by their
distinctive geochemistry, are widely attributed to the partial
melting of subducted oceanic crust (Richards JR and Kerrich
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through diverse mechanisms, including the partial melting of
thickened or delaminated lower continental crust, as observed
in settings such as the Dabie Mountains, the Qinghai-Xizang
Plateau, and the North China Craton (Chung SL et al., 2003;
Gao S et al., 2004; Wang Q et al., 2007a; Liu SA et al., 2010).
Additionally, fractional crystallization of garnet, hornblende,
titanite, and zircon from typical arc magmas, as well as
mixing between crustal and mantle-derived melts, can also
yield adakitic compositions (Castillo PR et al., 1999; Richards
JP and Kerrich R, 2007; Li JW et al., 2009; Richards JP,
2011). Despite the multifaceted nature of their petrogenesis, a
compelling link exists between adakitic magmatism and
porphyry-skarn mineralization which is widely recognized
within the scientific community (Sajona FG and Maury RC,

Copyright © 2026 Editorial Office of China Geology. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1998; Sun WD et al., 2010; Richards JP, 2011; Sun et al.,
2015; Deng JH et al., 2016, 2017; Xie F et al., 2018; Wang Y
et al, 2022a). The Tongling ore-cluster region, a
representative segment of the Middle-Lower Yangtze River
Metallogenic Belt (MLYRB), hosts a series of Yanshanian
intrusive complexes. These complexes include adakitic
intrusions spatially and temporally associated with porphyry-
skarn deposits, as well as ore-barren non-adakitic intrusions
(Wang Y et al, 2022b). Despite this association, the
petrogenesis of these rocks and the critical factors governing
mineralization remain subjects of ongoing debate.

Apatite [Cas(PO,4);(F, OH, Cl)], a ubiquitous accessory
mineral in igneous rocks, serves as a repository for a diverse
array of elements, including volatiles (F and Cl), multivalent
elements (e.g., Fe, Mn, Ga, Ce, Eu, and S), and trace elements
(e.g., Sr, Mg, and REEs) (Sha LK and Chappell BW, 1999;
Pan YM and Fleet ME, 2002). The stability of apatite during
subsequent geological processes makes it an ideal
geochemical tracer, whose robust nature allows researchers to
estimate the oxygen fugacity and volatile content of the
parental magma, identify the rock’s petrogenetic affinity, and
trace the magmatic source and evolutionary trajectory (Miles
Al et al., 2014; Pan LC et al., 2016; Bruand E et al., 2017;
Laurent O et al., 2017; Cao JY et al., 2022, 2023; Ma Y et al.,
2023). Zircon is another common accessory mineral in
magmatic rocks and usually unaffected by hydrothermal
alteration in mineralization system. Previous studies have
proposed various methods to calculated oxygen fugacity (f5,)
by using trace elements Ce and Eu in zircon (Ballard JR et al.,

2002; Trail D et al., 2012). Although the oxidation state when
zircon crystillized are also affected by temperature, pressure,
and parental melt composition, Loucks RR et al. (2020)
presented a new method to estimate the magmatic
oxybarometer, which can directly calculate the absolute value
of f,, from values of AFMQ based on zircon trace element
analysis.

The Shatanjiao Orefield, situated within the MLYRB,
hosts a suite of porphyry-skarn Cu-Au mineralized and barren
intrusions. Despite their significance, comparative studies
about the petrogenesis and magmatic physical-chemical
conditions between the two intrusion types are scarce. This
study investigates the petrogenesis and magmatic evolution of
four intrusions within the Shatanjiao Orefield of the Tongling
ore cluster: three ore-related intrusions (Jinziwei, Yaojialing,
and Guihuachong) and an ore-barren granite porphyry. The
authors present a comprehensive geochemical dataset,
including major and trace element compositions, Sr-Nd
isotopic ratios of apatite, zircon U-Pb ages, trace element and
Lu-Hf isotopic compositions. This multi-faceted approach
aims to: (1) Evaluate the efficacy of apatite as a tracer for the
identification of adakitic rocks and magma sources; (2)
constrain the magmatic oxygen fugacity during emplacement;
and (3) elucidate the implications for porphyry-skarn Cu-Au
mineralization.

2. Geological setting

The Middle-Lower Yangtze River Metallogenic Belt

(a)

North China
Craton

G

Drawing approval No. : GS(2022)4301

0 1000 km 7 /

—31°N

Yangtze Craton

Late Mesozoic intrusions

Porphyry-skarn-stratabound

(156-137 Ma) Cu-Au-Mo deposits (>135 Ma)
Cretaceous volcanic and Skarn Fe-Cu deposits
subvolcanic rocks (<135 Ma) (>135 Ma)

Magnetite-apatite deposits

A-type granitoids belt

(<135 Ma) — 30°N
IZ Region fault IZ The Yangtze River
Magmatic region and ore districts:

1-E’dong; 2—-Jiurui; 3—Anqing-Chizhou; 4-Luzong;
5-Tongling; 6-Ningwu; 7-Ningzhen I

120°E

Fig. 1. Regional geological sketch map showing the distribution of major mining districts along the Yangtze River in East China and the loca-

tion of the Shatanjiao Orefield (modified from Pan Y and Dong P, 1999).
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(MLYRB), located in eastern China along the northern margin
of the Yangtze Craton, is renowned for its Cu-Fe-Au
polymetallic mineralization (Fig. la). Bounded by the
Xiangfan-Guangji Fault to the southwest, the Tancheng-
Lujiang Fault to the northwest, and the Yangxin-Changzhou
Fault to the southeast, the MLYRB hosts seven prominent ore
clusters: E’dong, Jiurui, Anqing-Guichi, Luzong, Tongling,
Ningwu, and Ningzhen (Fig. 1b). Cu polymetallic
mineralization within the MLYRB is predominantly
associated with Late Jurassic—Early Cretaceous intermediate-
felsic magmatism. These intrusions are emplaced within a
complex basement assemblage comprising Neoproterozoic
low-grade metamorphic rocks and Paleozoic to Triassic
sedimentary sequences (Jiang XY et al., 2020; Yan J et al.,
2021). The sedimentary succession, consisting primarily of
clastic rocks, carbonates, mudstones, and argillaceous
limestones, provides favorable lithological and structural
controls for porphyry-skarn-type Cu-Fe-Au mineralization
(Chang YF et al., 1991; Xie JC et al., 2008). The oldest
exposed basement rocks within the MLYRB are the
Proterozoic—Archean (> 3.5 Ga) Douling Complex, which is
composed of amphibolite-facies gneisses, schists, and

amphibolites (Zhang SB et al., 2006; Zhang SB and Zheng
YF, 2013).

The Shatanjiao Orefield, located within the eastern
Tongling ore cluster region (Fig. 1b), hosts a series of
porphyry-skarn-type Zn-Cu-Au polymetallic deposits. These
deposits are spatially and temporally associated with three
distinct granodiorite intrusions (including porphyritic facies):
The Shatanjiao, Yaojialing, and Guihuachong intrusions,
which are distributed from west to east, respectively (Fig. 2).
A granite porphyry dike is also observed between the
Shatanjiao and Yaojialing intrusions. Exposed sedimentary
strata within the Shatanjiao Orefield encompass a range of
Paleozoic, Mesozoic, and Quaternary units. These include
Silurian and Devonian quartz sandstones, Carboniferous
carbonates, Permian shales, Triassic carbonates, Jurassic-
Cretaceous sandstones and siltstones, and Quaternary
glutenites (Fig. 2). The region has been significantly affected
by Mesozoic tectonic events, specifically the Indosinian and
Yanshanian orogenies, resulting in the formation of numerous
folds and faults (Huang WM et al., 2019). Fault systems
within the orefield exhibit predominantly NE- and NW-
trending orientations (Fig. 2). Several skarn Cu-Au deposits
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Fig. 2. Geological sketch map of the Shatanjiao Orefield, showing the locations of the Shatanjiao, Yaojialing and Guihuachong intrusions

(modified from Huang WM et al., 2019).
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are hosted within the Shatanjiao intrusion, primarily occurring
at the contact zone between the intrusion and surrounding
carbonate formations. These deposits, characterized by
surface exposure of skarn mineralization, include
Xiaogongshan, Daiyaoshan, Shatanjiao, Zhujiachong,
Shuiling, Potoushan, and Fengxingshan (Fig. 2). West of the
Shatanjiao intrusion, separated by the aforementioned granite
porphyry dike, lies the Yaojialing granodiorite porphyry
intrusion. This intrusion hosts the significant Yaojialing Zn-
Cu-Au deposit, a large-scale porphyry-skarn system. Further
east, the Guihuachong granodiorite intrusion hosts a typical
porphyry-type Cu-Au deposit (Fig. 2).

3. Sample descriptions and analytical methods
3.1. Sample description

Four samples were collected from the Shatanjiao Orefield,
including two granodiorite samples from the Guihuachong
and Jinziwel intrusions, a granodiorite porphyry and a granite
porphyry samples from the Yaojialing intrusion. The
granodioritic rocks are ore-related rocks and the granite
porphyry is ore-barren rocks. The detailed sampling location
is shown in Fig. 2.

The granodiorite sample (2IGHC-1) from the
Guihuachong intrusion is light gray, subhedral to euhedral
with medium- to fine-grained texture and massive structure
(Figs. 3a, b). They are mainly composed of plagioclase
(4045 vol%), quartz (about 20 vol%), hornblende (5-10
vol%), biotite (about 10 vol%), and accessory minerals such
as zircon, apatite, and titanite. While the granodiorite sample
(21JZW-1) from Jinziwei shows a medium- to coarse-grained
structure, other characteristics are similar to those from
Guihuachong (Figs. 3c—d). The granodiorite-porphyry sample
(21YJL-1) from the Yaojialing intrusion is light gray and
displays a massive structure and porphyritic texture (Fig. 3e).
It is composed of phenocrysts and matrix (Fig. 3f).
Phenocrysts mainly consist of plagioclase (about 45 vol%),
K-feldspar (about 25 vol%), quartz (about 20 vo0l%),
hornblende (about 5 vol%) and biotite (about 5 vol%) (Fig. 3f).
The mineral assemblages of the matrix are similar to the
phenocrysts, but the size is much lower than the phenocrysts.
The accessory minerals are mainly zircon, apatite, and
magnetite.

The granite porphyry (21YJL-2) from Yaojialing is also
porphyritic and contains phenocrysts of plagioclase (4045
vol%), quartz (about 30 vol%), K-feldspar (about 20 vol%)
and biotite (about 5 vol%) (Fig. 3g). The accessory minerals
are mainly zircon and apatite, which mainly occur as
inclusions in biotite (Fig. 3h).

3.2. Zircon U-Pb dating, trace element and Lu-Hf isotope
analyses

Zircon U-Pb dating and trace element compositions were
performed using laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) at the in situ Mineral

Geochemistry Lab, Ore Deposit and Exploration Centre
(ODEC) of Hefei University of Technology, China. Analyses
were conducted using an Agilent 7900 quadrupole ICP-MS
coupled with a Photon Machines Analyte HE 193 nm ArF
excimer laser ablation system. Ablation was performed in a
high-purity helium (UHP He) atmosphere at a flow rate of
0.90 L/min. The ablated aerosol was mixed with argon (Ar) at
a flow rate of 0.85 L/min immediately after exiting the
ablation cell. The ICP-MS system was optimized daily for
sensitivity in the desired mass range while minimizing the
production of molecular oxide species (typically < 0.3%)
(Wang FY et al., 2017).

Following U-Pb dating and trace element content, in-situ
Lu-Hf isotopic analyses were conducted on the same zircon
domains using a New Wave 193 nm ArF-excimer laser
ablation system coupled to a Neptune multi-collector
inductively coupled plasma mass spectrometer (LA-MC-ICP-
MS) at the Tianjin Institute of Geology and Mineral Resource,
Chinese Academy of Geological Sciences. Detailed
methodologies can be referenced in Deng JH et al. (2017).

3.3. EPMA and in-situ LA-ICP-MS trace element analysis of
apatite

Major element compositions of apatite were determined
using a JEOL JXA—-8230 electron microprobe at the School of
Resources and Environmental Engineering, Hefei University
of Technology, China. Analyses were conducted with an
accelerating voltage of 15 kV, a beam current of 8 nA, and a
beam diameter of 5 pm. The following elements were
measured: F, Na, Mg, Al, P, Cl, K, Ca, Ti, Mn, Fe, and Ce.

Trace element concentrations in apatite were measured via
laser ablation inductively coupled plasma-mass spectrometry
(LA-ICP-MS). Analyses were performed at the School of
Resources and Environmental Engineering, Hefei University
of Technology, China, utilizing a Resonetics 193 nm ArF-
Excimer laser coupled with an Agilent 7500a ICP-MS
instrument. A laser beam diameter of 30 um and a frequency
of 5 Hz were employed, with an energy level of 4 J/cm®. Each
analysis consisted of a 20-second gas blank measurement
followed by a 40-second sample ablation period. Standard
reference materials SRM 610 and BCR-2G were used for
calibration and quality control. Offline data processing was
conducted using ICPMSDataCal (Liu YS et al., 2008). The
mole fractions of F, Cl, and OH in apatite (Xz, X}, and Xpp)
were calculated based on the model proposed by Li WR and
Costa F (2020).

3.4. In-situ  LA-MC-ICP-MS strontium
isotopic analysis of apatite

and neodymium

Strontium (Sr) and neodymium (Nd) isotopic
compositions of apatite were measured using a Thermo Fisher
Scientific Neptune Plus multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) coupled with a
Coherent GeoLas HD excimer ArF laser ablation system at
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Fig. 3. Hand specimens (a, ¢, e, g) and photomicrographs (b, d, f, h) of the Shatanjiao Orefield. Bt—biotite; Hbl-hornblende; Kfs—K-feldspar;

Pl-plagioclase; Qtz—quartz; Mag-magnetite; Ap-apatite.

Wuhan Sample Solution Analytical Technology Co. Ltd.
(Wuhan, China). The Neptune Plus MC-ICP-MS was
configured with nine Faraday cups (10'" Q resistors) arranged
to monitor Kr, Rb, Er, Yb, and Sr isotopes (L4 to H3). A
high-sensitivity X-skimmer cone and Jet-sample cone were

used. Helium was used as the carrier gas in the laser ablation
system. Single-spot laser ablation was performed with a spot
diameter of 60 um, a pulse frequency of 8-15 Hz, and a laser
fluence is about 10 J/cm? Data reduction for the LA-MC-ICP-
MS analysis was performed utilizing ICPMSDataCal (Liu YS
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et al.,, 2010). The Sr-Nd isotopic analysis methodology of
apatite is detailedly described by Cao JY et al. (2023).

4. Results
4.1. Zircon U-Pb ages and trace elements

LA-ICP-MS zircon U-Pb age and trace elements data of
the four samples in the Shatanjiao Orefield are listed in
Supplementary Table S1. These euhedral zircon grains have
lengths of 100-200 um and aspect ratios of 2 2 1to 3 . 1. In
addition, these zircon grains are generally colorless, prismatic,
and transparent and show microscale oscillatory zoning,
suggesting a magmatic origin (Fig. 4; Hoskin PWO and
Schaltegger U, 2003). Analyses of more than 20 spots yielded
concordant U-Pb ages with weighted mean 2°°Pb/?3%U ages of
139.3 £ 0.6 Ma (MSWD = 1.3), 142.5 £ 1.5 Ma (MSWD =
1.6), and 140.8 + 1.1 Ma (MSWD = 1.03) for samples
21GHC-1, 21JZW-1, and 21YJL-1, respectively (Figs. 4a—c),
indicating Early Cretaceous formation ages, which are
consistent with Yanshanian magmatic activity. The granite
porphyry sample (21YJL-2) from Yaojialing was formed at
121.0 = 2.8 Ma (MSWD = 1.3, n = 19), nearly 20 Ma years
later than the granodiorite (porphyry) in the Shatanjiao
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Orefield (Fig. 4d).

Trace element contents of zircons (Table S1) in the
Shatanjiao Orefield display that the Ti content of the zircons
from the ore-related rocks and ore-barren rock range from
0.57x107° to 9.56x10°® (average 3.24x10°°) and 18.77x10°°
to 20.97x10°% (19.79x10°°), corresponding to temperature of
631°C to 876°C (average 760°C) and 956°C to 970°C
(average 962°C) respectively (Ferry JM and Watson EB,
2007). The calculated oxygen fugacity parameter are from
AFMQ+0.59 to AFMQ+3.41 and Eu/Eu* values from 0.50 to
0.88 for ore-related rocks, which is distinct different from that
of ore-barren rock (AFMQ+1.22 to AFMQ+1.75; Eu/Eu*:
0.24 to 0.55).

4.2. Zircon Lu-Hf isotopes

LA-MC-ICP-MS zircon Lu-Hf isotope analyses for the
four samples were carried out on zircon grains that had been
analyzed for U-Pb ages, and the results are presented in
Supplementary Table S2. Zircons from the Guihuachong
granodiorite  (21GHC-1) have 'Hf/'”’Hf ratios of
0.282169-0.282435. Based on the zircon age of 139 Ma for
this sample, the calculated initial '"Hf/!""Hf ratios range from
0.282148 to 0.282433, yielding corresponding eyf) values of
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CL images of representative zircon grains from Guihuachong (a), Jinziwei (b) and Yaojialing (c, d) intrusions in the Shatanjiao

Orefield. The green circles and red circles represent analysis locations of zircon U-Pb ages and Hf isotope, respectively.
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—12.9 to —7.8 and Tpyc ages of 2070—1758 Ma. Zircons from
the Jinziwei granodiorite (21JZW-1) have '"®Hf/!'""Hf ratios
of 0.282274-0.282444. Based on the zircon age of 142 Ma for
this sample, the calculated initial '"®Hf/'”’Hf ratios range from
0.282272 to 0.282443, yielding corresponding ey(¢) values of
—14.6 to —8.6 and Ty ages of 2119-1736 Ma. Based on the
zircon age (141 Ma) of the granodiorite porphyry sample
(21YJL-1) from Yaojialing, they have '"Hf/'"’Hf ratios of
0.282330-0.282437, vyielding initial "Hf/'”’Hf ratios of
0.282289 to 0.282479, corresponding ey(f) values of —14.0 to
—7.3 and Tpyc ages of 2078—1655 Ma. The zircon Hf isotopic
compositions of the three samples are consistent within the
error range, indicating a similar magmatic source. While
zircons from the Yaojialing granite porphyry (21YJL-2) show
significantly different Hf isotopic compositions, the calculated
initial '7SHf/'""Hf ratios range from 0.282510 to 0.282568,
yielding corresponding ey(¢) values of —6.6 to —4.6 and Ty
ages of 1527-1598 Ma (Fig. 5). In addition, the authors have
found three captured zircons in two granodiorite samples from
the Guihuachong and Jinziwei intrusions. The ages of these
zircons are 646 Ma, 988 Ma, and 2007 Ma with ey{f) values
of —7.8, —2.7, and —6.1, respectively, indicating the
assimilation of ancient crustal materials.

4.3. Apatite major and trace elements

The apatite grains are prismatic with smooth surfaces and
have no oscillatory-zoned structure (Fig. 6). Those selected
from the granodiorite (porphyry) samples are subhedral, have
lengths of 50-200 um and aspect ratios of 1.5 : 1 to 2 I 1,
while those from the granite porphyry are euhedral and have
relatively long lengths (100-200 um) and aspect ratios of
2.1 to4: 1. The major and trace element compositions of

20

apatite from the Shatanjiao Orefield are listed in
Supplementary Table S3. Apatite in the four samples have
CaO contents of 57.28%—61.50%, P,O5 contents of 36.09%—
38.55%, variable F contents of 1.75%-3.90% and CI contents
of 0.02%-0.92% (Fig. 7). Most of the K,O, TiO,, and Al,05
contents are below the detection limit.

Apatite samples in the granodiorite (porphyry) contain
relatively higher Sr contents of (413-1250)x10"° than that in
granite porphyry of (701-963)x10°%, whereas the former
contains lower Y contents (77.8-374)x107° than the latter of
(856-1486)x107°. The total rare earth element (ZREE)
contents of apatite in the granodiorite (porphyry) samples
range from 2824x107° to 12432x10°°, which are lower than
granite porphyry samples of 18389x107° to 29033x107%. All
samples are enriched in LREE relative to HREE (Fig. 8),
however, the granodiorite (porphyry) samples have higher
(La/Yb)y ratios of 16.7-159.5 and JEu values of 0.45-0.74
than the granite porphyry samples of 19.3-24.1 and 0.40—
0.45, respectively.

4.4. Apatite Sr-Nd isotopes

In-situ Sr and Nd isotopic compositions of apatite in the
four samples are given in Supplementary Table S4. Generally,
the 8’Rb/*®Sr ratio of apatite is very low. Thus, the analyzed
87Sr/*®Sr ratios can represent the initial ®’Sr/*®Sr ratios, and
eng(®) values of apatite are calculated based on the zircon
U-Pb ages (140 Ma for 21GHC-1, 21JZW-1, and 21YJL-1;
120 Ma for 21YJL-2). The ¥Sr/*Sr ratios and eyy(¢) values of
apatite from the three granodiorites (porphyries) range from
0.707501 to 0.708457 and —14.3 to —7.6, respectively, while
those of granite porphyry range from 0.705718 to 0.706657
and —8.2 to —6.7, respectively (Fig. 9).
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Fig. 6. BSE images of apatite in the Guihuachong (a), Jinziwei (b) and Yaojialing (c,d) intrusions in the Shatanjiao Orefield.
5. Discussion melting of young, subducted oceanic crust at relatively deep

n , levels within the subduction zone (> 33 km). Amphibole
5.1. Adakitic or non-adakitic affinity for the ore-related

granodioritic rocks and ore-barren granite porphyry: An
apatite geochemistry perspective

(+ garnet) is stable within this depth range, while plagioclase
is suppressed (Miintener O et al., 2001). This selective
melting process generates residual melts enriched in Sr and
Adakites characteristically originate from the partial depleted in Y and YD, reflecting the compatibility of these
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elements in amphibole and garnet, respectively. The
suppression of plagioclase in the source region further
contributes to the adakitic signature, resulting in melts that
lack pronounced negative Eu anomalies, as both Sr and Eu are
readily incorporated into plagioclase. While sharing
characteristic geochemical signatures with adakites, adakitic
rocks exhibit distinct formation conditions. Despite these
differences, both adakites and adakitic rocks are widely
recognized for their close association with porphyry Cu
deposits (Sajona FG and Maury RC, 1998; Wang Q et al.,
2006; Sun WD et al., 2010; Richards JP, 2011; Sun WD et al.,
2012, 2015; Deng JH et al., 2016; Deng JH et al., 2017). The

identification of adakites and adakitic rocks holds significant

implications for understanding porphyry-skarn systems.
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Fig. 7. Plots of F vs. Cl of apatite in the Shatanjiao Orefield.
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However, the pervasive alteration frequently affecting ore-
related rocks often hinders the reliable identification of
adakitic affinities based solely on whole-rock geochemistry.
Apatite, a ubiquitous accessory mineral in igneous rocks,
exhibits compatibility with both Sr and rare earth elements
(REEs). Consequently, the geochemical signatures of apatite
provide valuable insights into the nature of their parental
magmas and can be utilized to identify adakitic affinities (Pan
LC et al., 2016; Sun WD et al., 2019; Bruand E et al., 2020;
Nathwani CL et al., 2020). Specifically, apatite crystallized
from adakitic magmas is expected to inherit characteristically
high Sr/Y and (La/Yb)y ratios, as well as elevated JEu values,
reflecting the distinctive geochemical features of their
parental melts. Previous studies have established the adakitic
nature of ore-related dioritic rocks within the Tongling ore-
cluster region (Wang Q et al., 2003; Xie JC et al., 2012a;
Wang SW et al., 2015; Xie JC et al., 2018a). Given the similar
sampling location and methodology employed by Wang Y et
al. (2022b) and the present study, this study classify the
granodiorites (porphyries) from the Shatanjiao Orefield as
adakitic rocks. This classification is based on their apatite
compositions, which exhibit elevated Sr/Y and (La/Yb)y
values, coupled with low Y and Yb contents (Fig. 10).
Conversely, the granite porphyry displays distinct apatite
characteristics, including lower Sr/Y and (La/Yb)y values and
notably higher Y and Yb contents, consistent with a non-
adakitic classification. The JEu values of apatite further
support this distinction. The granite porphyry (21YJL-2)
exhibits lower JEu values compared to co-eval adakitic rocks,
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Fig. 8. Chondrite-normalized REE patterns of apatite in the Guihuachong (a), Jinziwei (b) and Yaojialing (c,d) intrusions in the Shatanjiao
Orefield. Chondrite REE abundances refer to Sun SS and McDonough WF (1989).
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Fig. 10. a-Y vs. Sr/Y and b—Yby vs. (La/Yb)y discrimination diagrams of apatite in the Shatanjiao Orefield.

spanning the non-adakitic field defined by Pan LC et al.
(2016) and highlighting the variability of apatite compositions in
non-adakitic rocks across different geological settings (Fig. 11).

5.2. Magma source of ore-related granodioritic rocks and
ore-barren granite porphyry

Apatites from three ore-related granodiorites (porphyries)
exhibit similar initial ¥’Sr/*®Sr ratios (0.707501-0.708457)
and eyy(?) values (—14.3 to —7.6; Fig. 9). Together with the
similar zircon Lu-Hf isotopic compositions (—14.6 to —7.3;
Fig. 5) and zircon U-Pb ages (139.3 Ma to 142.5 Ma) of these
ore-related granodiorites, it is suggested a common magmatic
source for these intrusions. Although the ore-barren granite
porphyry is spatially proximal to the three aforementioned
intrusions (Fig. 2), its apatite Sr-Nd isotopic composition
(®7Sr/%Sr: 0.705718 to 0.706657; exy(f): —8.2 to —6.7) and
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Fig. 11. Sr/Y vs. 0Eu diagram of apatite in the Shatanjiao Orefield.

Data from the Sanjiang region, and Tongling region refer to Pan LC
etal. (2016) and Wang Y et al. (2019), respectively.
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zircon Hf isotopic composition (—6.6 to —4.6) differ
significantly, indicating a distinct magmatic source in the
three ore-related intrusions.

The genesis of ore-related adakitic rocks within the
MLYRB has been a subject of ongoing debate, with several
competing models proposed to explain their origin. These
models include: (1) Derivation from the interaction of
thickened or delaminated lower crust with mantle peridotites
(Zhang Q et al., 2001; Xu JF et al., 2002; Wang Q et al.,
2004, 2006, 2007b); (2) fractional crystallization of mantle-
derived basaltic magma (Li et al., 2009); (3) mixing of
mantle-derived and crust-derived magmas (Xu JF et al., 2004;
Xu YM et al., 2014); and (4) partial melting of subducted
oceanic crust, potentially accompanied by assimilation of
enriched components from the lithospheric mantle and/or
crustal materials (Liu SA et al., 2010; Xie JC et al., 2018b;
Wang Y et al., 2022a, b). However, several lines of evidence
argue against a purely crustal origin for the adakitic rocks in
the Shatanjiao Orefield. Their Sr-Nd isotopic compositions
are distinct from those of adakitic rocks in the Dabie orogenic
belt and those associated with the Tancheng-Lujiang Fault
(STLF), which are widely attributed to lower crustal melting
(Liu SA et al., 2010). They also differ from the Kongling
gneiss, representative of the Upper Yangtze crust (Chen JF et
al., 2001). Furthermore, zircon Lu-Hf isotopic compositions
from this study plot between the evolutionary trends of
Archean crustal endmembers (Kongling Group and Douling
Complex) and Proterozoic crust, inconsistent with an origin
solely from ancient crustal sources (Fig. 5). While typical
adakites generated by slab melting exhibit depleted Sr-Nd
isotopic signatures (*’Sr/%°Sr < 0.7040, exy(7) > 0) (Defant and
Drummond, 1990), the ore-related adakitic rocks in this study
display significantly enriched Sr-Nd isotopic compositions.
This enrichment, coupled with the presence of ancient zircon
grains, points toward the involvement of crustal components
in their petrogenesis (Yang XY et al., 2011; Tang M et al.,
2012; Yang W and Zhang HF, 2012; Yang YZ et al., 2014;
Yan J et al, 2015). Moreover, the analyzed apatite
compositions are comparable to those of quartz diorites and
granodiorites from the Tongling region and occupy an
intermediate isotopic space between MORB and marine
sediments (Fig. 9). Collectively, these geochemical and
isotopic data suggest that the ore-related adakitic rocks of the
Shatanjiao Orefield originated primarily from the partial
melting of subducted oceanic crust, which is similar to these
typical adakitic rocks (Richards JP and Kerrich R, 2007;
Richards JP, 2011). However, significant assimilation of
Yangtze crustal material during magma ascent played a
crucial role in modifying their geochemical and isotopic
signatures. The Sr-Nd isotopic compositions of apatite from
the ore-barren granite porphyry exhibit similarities to those of
pyroxene diorites in the region, which are interpreted to be
originated from the partial melting of a lithospheric mantle
source that underwent metasomatism by slab-derived melts
(Xie JC et al., 2012b; Xie JC et al., 2018b; Wang Y et al.,
2022b). This interpretation is further supported by the more

depleted Hf isotopic signatures than ore-related rocks
observed in zircon of the granite porphyry. It was proposed
that copper and gold concentrations in the oceanic crust are
about two times higher than those in the continental crust,
resulting in oceanic crust-derived melts containing more
copper and gold than those in continental crust-derived melts
(Sun WD et al., 2012). Therefore, ore-related granodioritic
rocks are more favorable for Cu-Au mineralization than ore-
barren granite porphyry.

5.3. Oxygen fugacity: A controlling factor for the Cu-Au
mineralization

The multi-valent elements in apatite, such as Ce, Eu, Ga,
and Mn, can be used to estimate the oxygen fugacity of
magma (Sha LK and Chappell BW, 1999; Cao MIJ et al.,
2012; Pan LC et al., 2016; Xie JC et al., 2018a; Xing K et al.,
2020; Bromiley, GD 2021; Zhang SY et al., 2021). Apatite
preferentially incorporates Ce®”, Eu®*, Ga?*, and Mn*" due to
their ability to substitute for Ca*" within the apatite crystal
structure, while sulfur, in its +6 valence state, substitutes for P
within the apatite structure (Sha and Chappell, 1999;
Belousova et al., 2002; Pan and Fleet, 2002). In addition,
elevated oxygen fugacity conditions promote the increase of
Ce*, Eu’", Ga*", and Mn*" concentrations, while
concomitantly decreasing the concentrations of Ce**, Eu*',
Ga®", and Mn*". However, it is essential to consider that
factors beyond redox changes, such as mineral fractionation,
can significantly influence the trace element compositions of
evolving magmas (Belousova EA et al., 2002; Chu MF et al.,
2009). Therefore, relying solely on the variation of a single
trace element in apatite to reflect changes in magma oxidation
state may lead to ambiguous or erroneous interpretations.
Semi-quantitative estimation of oxygen fugacity is more
effectively achieved using binary diagrams of two multivalent
elements. Analysis reveals a negative correlation between 0Ce
and JEu in apatite, while Ga, Mn, and JEu exhibit a positive
correlation. These findings suggest that oxygen fugacity plays
a crucial role in regulating the concentrations of these
elements within the magma system. As depicted in Figs. 12a—
c, three granodiorite (porphyry) samples formed under
comparable conditions characterized by higher oxygen
fugacities than the ore-barren granite porphyry.

Zircon is one of the common minerals in magmatic rocks
and is regarded as a reliable redox indicator (e.g., Burnham
AD and Berry AJ, 2012; Smythe DJ and Brenan JM, 2016;
Zhang CC et al., 2017). The oxygen fugacity values estimated
from zircon trace element of ore-related rocks are from
AFMQ+0.59 to AFMQ+3.41 with the average value of
AFMQ+2.00 at 760°C, which is distinctly higher than that of
ore-barren rock (AFMQ-+1.22 to AFMQ-+1.75, with the
average value of AFMQ+1.43 at 962°C). Besides, the Eu/Eu*
values of two types of rocks are from 0.50 to 0.88 with an
average value of 0.64 and 0.64 to 0.55 with an average value
of 0.39, respectively (Fig. 12d). Thus, the evidence of zircon
trace element further prove the ore-related rocks were formed
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Fig. 12. a—0Eu vs. 6Ce, b—Ga, and c-MnO diagram of apatite and d—Eu/Eu* vs. AFMQ of zircon in the Shatanjiao Orefield.

on a more oxidized environment.

The genesis of high oxygen fugacity (f,) igneous rocks
associated with Cu-Au mineralization is widely attributed to
the partial melting of subducted oceanic crust, since high f,,
will promote the release of copper and gold during melting
(Sun WD et al., 2010; Sun WD et al., 2012; Deng JH et al.,
2019; Xu JF and Chen SS, 2023). This process is believed to
produce magmas enriched in water, volatiles, and metals.
Elevated f,, conditions further enhance metal extraction,
resulting in Cu-Au-enriched magmas conducive to
mineralization (Zhang H et al., 2013; Zhang CC et al., 2017;
Alex A and Zajacz Z, 2022). Modeling studies indicated that
the Cu content of slab melts reaches a maximum of >500x
107 at about 15% partial melting and AFMQ > +2, which is
beneficial to the Cu-Au mineralization (Sun WD et al., 2017).
Conversely, partial melting of the lower crust typically yields
magmas characterized by low f;,, and depleted concentrations
of water and metals, which will prejudice the remobilization
of Cu-Au and mineralization (Sun WD et al., 2010). In
addition, the Cu-Au mineralization-related magmatic rocks in
the MLYRB were mainly emplaced within the range of
152-124 Ma and were related to the subduction of the Paleo-
Pacific plate (Deng JH et al., 2016; Jiang XY et al., 2020;
Wang Y et al., 2022b). The ore-related magmatic rocks in the
MLYRB are characterized by high oxygen fugacity, which is
regarded as one of the key factors in controlling the regional
Cu-Au mineralization (Li C et al., 2017; Xie JC et al., 2018b;
Jiang XY et al., 2020; Wang Y et al., 2022b; Cao JY et al.,
2022). In the present study, ore-related granodiorite

(porphyry) and ore-barren granite porphyry show distinct
oxidation states with average AFMQ + 2.0 and AFMQ + 1.43,
respectively, further confirming that oxygen fugacity is one of
the key factors in the Cu-Au mineralization.

5.4. Volatiles: implications to regional Cu-Au mineralization

Volatiles, such as F and Cl in apatite, have important
significance for porphyry-skarn Cu polymetallic ore-related
systems (Belousova EA et al., 2002; Imai A, 2004; Jiang XY
et al., 2020; Zhang SY et al., 2021). The CI contents of apatite
can be used to estimate the Cl contents in the initial magma,
as they do not decrease during fractional crystallization and
are not susceptible to subsolidus halogen exchange (Sha LK
and Chappell BW, 1999). Generally, fluids/melts derived
from subducted slabs have relatively high CI contents
(Kendrick MA et al., 2011; Reynard B, 2013), whereas
continental crust is rich in F since sediment loses more Cl
than F during weathering. Chalcophile elements, such as Cu,
Au, and Zn, are more sensitive to Cl than F because they are
transported in hydrothermal fluids in the form of complexes
with HS™ or CI" ions (Mavrogenes JA et al., 2002; Hack AC
and Mavrogenes JA, 2006). Some authors have demonstrated
that apatite of ore-related rocks commonly contains high CI
and S contents in many porphyry-type Cu polymetallic
deposits (Xie JC et al., 2018b; Zhang SY et al., 2021). In this
study, apatite in the ore-related intrusions has relatively lower
ClI and higher F contents (Cl: 0.02%—0.53%, average 0.22%;
F: 2.22%-3.90%, average 3.10%) than the ore-barren granite
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Fig. 13. Xp/X( vs. Xo/Xon diagram of apatite in the Shatanjiao
Orefield.

porphyry (Cl: 0.77%-0.92%, average 0.92%; F:
2.15%, average 1.95%).

Magmatic water concentration exerts a critical control on
Cu-Au mineralization systems, as elevated water contents
promote high-pressure aqueous phase saturation in magmas,
enhancing the efficient extraction and transport of ore metals
(Kelser SE and Wilkinson BH, 2009; Sillitoe RH, 2010).
Xp/Xcy and X/ Xoy ratios of the ore-related rocks show a
negative correlation which was consistent with water-
saturated evolution, indicating a water-enriched melt (Fig. 13;
Stock M1J et al., 2016, 2018). Since Cl partitions preferentially
(to F) into fluids, the water fluid exsolution process in a
water-saturated melt will result in higher Xp/X and lower
Xco/Xon (Lormand C et al., 2024). In terms of the ore-barren
rocks, no correlation was identified between Xp/X and
Xc/Xon, indicating a water-unsaturated melt (Fig. 13).
Considering the high CI contents in these ore-barren rocks, it
might be indicated that these apatite might be crystallized
from a Cl-rich magma chamber (Lormand C et al., 2024).
Thus, the lower CI contents of apatite in ore-related rocks,
crystallized from a water-saturated melt, do not indicate a low
ClI budget for these ore-related melts (Huang WT et al., 2024).
Therefore, the high water content might also emerge as one of
the critical factors governing the regional Cu-Au
mineralization potential of magmatic rocks within the
Shatanjiao ore field.

1.75%—

6. Conclusions

(i) The ore-related granodiorites with ages of 139.3 Ma to
142.5 Ma exhibit adakitic affinities and are characterized by
lower zircon ey(f) values of —14.6 to —7.3 and apatite exy(?)
values of —14.3 to —7.6, consistent with derivation from
partial melting of subducted oceanic crust with assimilation of
Yangtze crustal materials and favoring the Cu-Au
mineralization. In contrast, the ore-barren granite porphyry
with an age of 121.0 + 2.8 Ma originates from lithospheric
mantle sources with relatively higher zircon ey(f) values of
—8.6 to —4.6 and apatite eyy(¢) values of —8.2 to —6.7.

(i) The ore-related granodiorites record elevated oxygen
fugacity conditions (AFMQ > +2), favoring the mobilization
of Cu and Au during partial melting. By comparison, the ore-
barren granite porphyry shows lower f, values (AFMQ =
+1.43), which suppressed Cu-Au mineralization potential.

(i) Distinct apatite Xp/Xey and Xo/Xopm correlations
distinguish the two magma types: the ore-related granodiorites
reflect water-saturated magmas, while the ore-barren
porphyries correspond to water-unsaturated systems.
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