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A B S T R A C T

The Middle-Late Jurassic porphyry deposits with different element associations in the interior of South China
Block are over 1000 km away from subduction zone, which conflicts with the traditional belief that the porphyry
Cu-Au-Mo deposits were formed in the convergent margin. However, their genesis and geodynamics are still
under debate. To address the above issues, this paper reports new geochronological, mineralogical, elemental
and isotopic data for the Yuanzhuding porphyry deposit from Qin-Hang belt, and compared with the published
data of porphyry deposits in this belt. The Yuanzhuding porphyry deposit has zircon U-Pb and molybdenite Re-
Os ages of 154.6–155.2 Ma and 156.3 Ma respectively, which suggest that it is contemporaneous with the
Middle-Late Jurassic Dexing, Baoshan and Dabaoshan porphyry deposits in the belt. The Yuanzhuding and
Dexing porphyries have adakitic signatures and Nd-Hf isotopes similar to the contemporaneous EMI-type-
mantle-derived mafic rocks featuring high Nb, P2O5 and LILEs/HFSEs values, suggestive of their roots in EMI-
type lithospheric mantle hybridized by basaltic-slab-derived melts and pelagic-sediments-derived fluids.
Combined with the slightly lower Nd isotopes of Yuanzhuding porphyry than Dexing porphyry, the fractionation
modeling suggests that they were formed via AFC and FC processes of basaltic magma respectively and that their
adakitic signatures can be attributed to hornblende fractionation. In contrast, the Baoshan and Dabaoshan
porphyries have high Yb contents, low (La/Yb)N ratios and Nd-Hf isotopes similar to the Proterozoic crust in the
region. Mineral and whole-rock elemental plots reveal that they were stemmed from FC processes of partial
melts of the Proterozoic crust, with involvement of voluminous and a little EMI-type-mantle-derived basaltic
magma respectively. Integrated with the spatio-temporal evolution of Triassic-Jurassic magmatic, metamorphic,
sedimentary, tectonic and structural records in the region, the petrogenesis of ore-forming porphyries indicates
that the porphyry deposits were controlled by the northwestward flat-slab subduction and related slab break-off.
The basaltic magma sourced from the EMI-type mantle had high Cu, H2O and S contents and oxidized signature,
which are favorable for the formation of Dexing porphyry Cu-Au-Mo mineralization via differentiation and
volatile exsolution in a closed magma chamber. Also, it can incorporate crustal materials via AFC processes, thus
forming Yuanzhuding porphyry Cu-Mo mineralization. In addition, the thick crust caused by flat-slab subduction
facilitated the input of voluminous and a little basaltic magma into crustal Baoshan and Dabaoshan porphyries,
thus generating Pb-Zn-Cu-Mo and Mo-W-Pb-Zn mineralization, respectively. We, therefore, propose that the
“intraplate” porphyry deposits with different element associations result from complicated crust-mantle inter-
action in the thick “intraplate” crust, and that their metallogenic elements will change from Cu-Au-Mo- to Mo-W-
Pb-Zn-dominated mineralization with the transformation of magma sources from enriched-mantle- to con-
tinental-crust-dominated materials.
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1. Introduction

As the porphyry deposits host the most important resources of Cu,
Mo and Au in the world, they have long been a research hotspot in the
field of economic geology (Silitoe, 2010; Liang et al., 2018). They are
commonly related to the oxidized magma and were mainly formed in
the convergent margins including continental margin arc and colli-
sional orogen (Camus and Dilles, 2001; Liang et al., 2006, 2009;
Richards, 2009; Sun et al., 2013; Hou et al., 2009, 2015; Zou et al.,
2017; Huang et al., 2019, 2020). Porphyry deposits above the slab
subduction setting are closely related to calc-alkaline felsic magma,
which can be traced back to basaltic partial melts of mantle wedge
incorporating fluids released by slab dehydration or direct slab-melts,
whilst those in collisional orogen feature high-K calc-alkaline and
shoshonitic magma generated via the partial melting of thickened ju-
venile lower crust (Richards, 2003; Liang et al., 2006, 2009; Hou et al.,
2009; Richards, 2009; Sun et al., 2015; Chen et al., 2016). The South
China Block, hosting the most abundant Mesozoic poly-metallic mineral
resources in China, contains a series of Middle–Late Jurassic porphyry
Cu-Au-Mo-W-Pb-Zn deposits in its interior, which are over 1000 km
away from the subduction zone and were commonly thought to be
formed in the intraplate setting (Zhong et al., 2016; Huang et al., 2017).
This is in contradiction to the traditional belief that the porphyry Cu-
Au-Mo deposits were formed in the convergent margin (Zhang et al.,
2013). Although numerous investigations have been carried out, the
genesis and geodynamic models of these “intraplate” porphyry deposits
are still under debate, with the proposed models including the partial
melting of a thickened juvenile lower crust in an intraplate setting,
partial melting of delaminated lower crust, slab melting related to ridge
subduction and oblique subduction (Wang et al., 2006; Sun et al., 2010;
Hou et al., 2013; Mao et al., 2013; Zhang et al., 2013).

The paleomagnetic, sedimentary, metamorphic magmatic records in
the region have confirmed that the South China Block has been a single
and coherent terrane since the Neoproterozoic continental collision
between Yangtze and Cathaysia Blocks along a lithospheric suture zone
that is close to the Qin-Hang (or Shi-Hang) zone (Goodell et al., 1991; Li
et al., 2002; Zhou et al., 2002). The Middle–Late Jurassic “intrplate”
porphyry Cu-Au-Mo-W-Pb-Zn deposits in the South China Block are
distributed along the Qin-Hang belt, which mainly contain Yuanz-
huding, Dabaoshan, Baoshan and Dexing deposits from south to north,
thus forming a giant porphyry metallogenic belt (Fig. 1; Xie et al., 2013;
Zhong et al., 2013; Wang et al., 2015; Li et al., 2018a; Mi et al., 2018).
Despite similar formation ages (170–156 Ma; Mao et al., 2013), they
display different ore-forming element associations: 1) the Yuanzhuding
porphyry deposit characterized by Cu-Mo-dominated mineralization
(Zhong et al., 2013); 2) the Dexing deposit featuring Cu-dominated Cu-
Au-Mo mineralization (Hou et al., 2013; Wang et al., 2015); 3) the
Baoshan deposit featuring Pb-Zn-dominated Pb-Zn-Cu-Mo mineraliza-
tion (Li et al., 2019a); 4) the Dabaoshan deposit featured by Mo-W-
dominated Mo-W-Pb-Zn mineralization (Wang et al., 2011). However,
there is no consensus on what factors yielded these porphyry deposits
with different element associations. For example, given that the low Cl
fugacity can limit the efficiency of Cu extraction and transportation,
Mao et al. (2018) attributed the fact that the Yuanzhuding deposit hosts
similar Mo reserves but much less Cu reserves compared to the Dexing
deposit to the much lower Cl fugacity in ore-forming fluid in Yuanz-
huding than Dexing deposits. The low Cu concentrations of fresh sam-
ples of the Yuanzhuding porphyry are inconsistent with this inference.

In this contribution, we present new zircon U-Pb ages, trace ele-
ments and in-situ Hf isotopes, molybdenite Re-Os ages, whole-rock
major and trace elements and whole-rock Sr and Nd isotopic compo-
sitions for the Yuanzhuding porphyry deposit from Qin-Hang belt in the
interior of South China Block, and compared with the published data of
porphyry deposits in this belt, with the aim of: (1) illuminating the
genesis and geodynamic model of “intraplate” porphyry deposits; (2)
shedding light on the critical factors controlling the formation of

porphyry deposits with different element associations.

2. Geological setting

2.1. Regional geology

The South China Block was formed by the Neoproterozoic con-
tinental collision (ca. 870–860 Ma) between the Yangtze Block in
northwest and the Cathaysia Block in southeast along a tectonic suture
zone, namely Jiangshan–Shaoxing fault zone (Fig. 1; Chen and Jahn,
1998). From then on, the Yangtze and Cathaysia Blocks have been
consolidated into a single and coherent terrane and entered an in-
traplate evolution stage (Wang et al., 2006). The Yangtze Block has an
Archean crystalline basement mainly composed of TTG gneisses and
amphibolites, which was overlain by the Late Mesoproterozoic to Early
Neoproterozoic metavolcanic-sedimentary successions (Zhang et al.,
2002; Zhao and Cawood, 2012). The Cathaysia Block has a Proterozoic
crystalline basement (Zhao et al., 2014). The Neoproterozoic con-
vergence of Yangtze and Cathaysia Blocks produced the Shuangxiwu
Group (ca. 970–890 Ma), which mainly contains metamorphosed arc
volcanic rocks and metasediments (Li et al., 2009). Then, the South
China Block experienced the Neoproterozoic to Triassic sedimentation
and Early Paleozoic intra-continental orogeny until it collided with the
Indochina Block and North China Craton in the Triassic (Carter et al.,
2001; Ernst et al., 2007; Charvet, 2013).

The South China Block hosts the most abundant poly-metallic mi-
neral resources in China, especially W, Sn, Bi, Cu, Ag, Sb, Hg, rare
metals and heavy rare earth elements mainly formed in the Mesozoic
(Mao et al., 2004). Three Mesozoic magmatic and metallogenic events
with distinct metal and rock association and spatial-temporal distribu-
tion were recognized in the South China Block (Mao et al., 2013), which
include the Late Triassic (230–210 Ma), Middle–Late Jurassic
(170–150 Ma) and Early–Middle Cretaceous (120–80 Ma) flare-ups.
The Middle–Late Jurassic magmatic and metallogenic event mainly
concerns the porphyry–skarn Cu-Au-Mo-W-Pb-Zn deposits with ages of
ca. 156–170 Ma and granite-related polymetallic W–Sn deposits with
ages of ca. 150–160 Ma (Fig. 1; Mao et al., 2013). Intriguingly, the
Middle–Late Jurassic porphyry Cu-Au-Mo-W-Pb-Zn deposits, including
Dexing, Baoshan, Dabaoshan and Yuanzhuding deposits, are distributed
along the Qin-Hang zone from north to south (Fig. 1).

2.2. Deposit geology and intrusion petrology

Located at the southwest of the Qin-Hang porphyry metallogenic
belt, the Yuanzhuding porphyry Cu-Mo deposit has reserve of 0.98 Mt
Cu at grades of 0.17%, 0.26 Mt Mo at grades of 0.045% and 478 t Ag at
grades of 0.43 g/t (Chu, 2013; Mao et al., 2018). The Yuanzhuding
granite porphyry with an outcrop area of 0.20 km2 intrudes the Cam-
brian clastic sedimentary rocks along the anticline axis (Fig. 2; Chu
et al., 2013; Zhong et al., 2013) and exhibits a typical porphyritic
structure (Fig. 3A, B). Phenocrysts are mainly quartz, K-feldspar, pla-
gioclase, and minor biotite. The matrix has a microcrystalline texture
and comprises mainly plagioclase, K-feldspar, quartz and biotite mi-
crolites. The accessory minerals include zircon, apatite and pyrite. The
strong alternation that the granite porphyry underwent can be divided
into (Fig. 3C and D): potassic alternation in the early stage (Fig. 3C);
silicon alternation in the second stage (Fig. 3C); muscovite-sulfide
veinlet in the third stage (Fig. 3D); and low-temperature alternation
featured by carbonatization, chloritization and epidotization in the
fourth stage. The ore minerals include molybdenite, pyrite, chalcopyrite
and minor bornite, while the gangue minerals include quartz, feldspar,
biotite and sericite.

L. Ren, et al. Ore Geology Reviews 123 (2020) 103574

2



Fig. 1. (A) Inset shows location of the South China Block in China. (B) Tectonic framework of South China Block shows distribution of main tectonic blocks, faults
and the Middle–Late Jurassic porphyry and granite-related W-Sn deposits (modified from Mao et al., 2013). Ages of porphyry deposits are from this study, Wang et al.
(2011, 2015) and Lu et al. (2006).

Fig. 2. Simplified geological map of Yuanzhuding deposit showing the distribution of Cu–Mo mineralization and granite porphyry (revised from Zhong et al., 2013).
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3. Analytical methods

3.1. Zircon U-Pb dating and elemental and Hf isotopic analyses

Zircon crystals from the Yuanzhuding porphyry were handpicked
via a binocular microscope. The large zircons were preferentially
mounted in epoxy and polished. Their cathodoluminescence (CL) ima-
ging, U-Pb dating and elemental analyses were carried out via
LA–ICPMS at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIGCAS). The external calibration standards in-
cluding NIST standard reference material 610 (NIST610) and standard
zircon 91,500 were used for the calculation of U-Pb ages and elemental
concentrations. The cumulative probability plots and software ISOPLOT
were used to reject inherited zircon and zircon experiencing Pb-loss and
yield concordia diagrams respectively (Ludwig, 2003; Liang et al.,
2007; Ren et al., 2019). The 206Pb/238U age of zircons representing
major group was regarded as crystallization age of porphyry.

The coupled MC–ICP-MS and laser ablation system were used for the
in-situ zircon Lu-Hf isotopic analyses at the GIGCAS. In the course of Lu-
Hf isotopic experiment, helium was selected as the carrier gas and laser
parameters were featured by beam diameter of 45 μm, repetition rate of
6 Hz and energy density of ~4 J cm−2. The detailed instrument op-
eration and data treatment were reported by Zhang et al. (2014, 2015).
This experiment selected zircon Penglai as reference standard and
yielded a weighted mean of 176Hf/177Hf ratio of 0.282903 ± 0.000015
(2SD; n = 22), which is in accord with the recommended value of Li
et al. (2010) within experimental errors.

3.2. Molybdenite Re-Os dating

The molybdenite samples from the Yuanzhuding deposit were
smashed to 200 meshes and handpicked via a binocular microscope.
The obtained molybdenum grains have a purity of 99% and weight
of > 30 mg. Re and Os concentrations and isotopic compositions of
molybdenite were tested via a Thermo Electron TJA X–series ICP–MS at
the Institute of Geochemistry, Chinese Academy of Sciences. The

detailed procedures have been reported by Du et al. (2009).The stan-
dard reference material GBW04436 (JDC) was used to test analytical
reliability. The total analytical blanks were 1.3 pg for Re and 0.024 pg
for common Os. The equation calculating Re–Os model ages is ex-
pressed as:

t = [ln (1+187Os/187Re)]/λ
where λ is the decay constant of 187Re at 1.666 × 10-11 year−1

(Smoliar et al., 1996). The Re–Os isochron age was obtained via soft-
ware ISOPLOT (Ludwig, 2003).

3.3. Whole-rock major and trace element analyses

The rock samples crushed to ~ 200-mesh were used for the analyses
of major and trace elements. Major and trace elements were analyzed
via Rigaku RIX 2000 XRF and Bruker M90 ICP–MS at the GIGCAS re-
spectively. The detailed test procedures have been reported by Li et al.,
2004a, 2006. Uncertainties for analyzing major elements are approxi-
mately± 1–2%, whilst accuracies for analyzing trace elements were
generally better than±5–10%.

3.4. Whole-rock Sr and Nd isotope analyses

The powders of representative rock samples (~80 mg) were firstly
used for the chemical treatment at the GIGCAS. The analyses of whole-
rock Sr and Nd isotopes were finished via a MC–ICPMS instrument at
the GIGCAS. The detailed procedures of chemical treatment and ana-
lytical test have been presented by Li et al. (2006). The conventional
ion exchange columns and HDEHP-coated Kef columns were used for
the separation Sr and Nd respectively. The 146Nd/144Nd ratios of 0.7219
and 86Sr/88Sr ratios of 0.1194 were used for the correction of mass
fractionation of the obtained 143Nd/144Nd and 86Sr/88Sr ratios respec-
tively. Repeated tests of BHVO-2 and JG-2 standards yielded
87Sr/86Sr = 0.703472 ± 0.000023 (2σ, n = 13) and
143Nd/144Nd = 0.512217 ± 0.000011 (2σ, n = 13) respectively.

Fig. 3. Representative field occurrence and
thin section petrography of the
Yuanzhuding porphyry: (A) specimen of the
Yuanzhuding porphyry; (B) porphyry de-
veloped typical porphyritic texture and
quartz-sulfide veins; (C) the early potassic
alternation is intersected by later silicon al-
teration; (D) the plagioclase in porphyry is
intersected by muscovite-sulfide veinlet.
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4. Results

4.1. Zircon U-Pb and molybdenite Re-Os ages

Zircon crystals from the Yuanzhuding porphyry are euhedral and
prismatic, with 100–200 μm long and 50–100 μm wide. They have
typical oscillatory zoning (Fig. 4A and B) and high Th/U ratios
(0.40–1.94; Supplementary Table 1), suggestive of a magmatic origin.
24 zircon crystals from sample G8-1-01 were analyzed, of which four
discordant results, one older grain (437 Ma) representing inherited/
xenocrystic zircon, and one younger grain (132 Ma) suffering Pb-loss
were rejected, the remaining 18 LA-ICP-MS tests gave a weighted mean
206Pb/238U age of 155.2 ± 2.1 Ma (MSWD = 0.35; Fig. 4A). 25
analyses for zircon from sample G8-05 were determined, of which two
discordant results were rejected. Besides, three older (264–711 Ma) and
one younger tests (137 Ma), representing inherited/xenocrystic zircon
and zircon underwent Pb-loss respectively, were also excluded. The
remaining 19 tests yielded a weighted mean 206Pb/238U age of
154.6 ± 1.9 Ma (MSWD = 0.49; Fig. 4B). It is concluded that the
Yuanzhuding porphyry was formed at ca. 155 Ma.

Molybdenites from the Yuanzhuding porphyry deposit have variable
total Re concentrations ranging from 2.69 ppm to 449 ppm and rela-
tively homogeneous model ages ranging from 149.8 Ma to 162.9 Ma
(Supplementary Table 2; Zhong et al., 2010; Chen et al., 2012). On the
plot of 187Os versus 187Re, they gave an optimum isochron age of
156.3 ± 0.8 Ma (MSWD = 0.75; Fig. 5).

4.2. Zircon trace elements

Given that the zircon LA-ICP-MS trace element analyses might be
influenced by small mineral inclusions, we excluded analyses with
La > 1 ppm and Ti > 50 ppm that likely reflect the contamination of
apatites and Ti-(Fe) oxides. Besides, the following three categories were
also eliminated: 1) inherited/xenocrystic zircons; 2) zircons with <
90% concordance; 3) zircon crystals undergoing Pb-loss. The new

(Supplementary Table 3) and published zircon trace element composi-
tions of the Yuanzhuding, Dexing, Baoshan and Dabaoshan porphyries
(Li et al., 2012; Zhong et al., 2013; Zhang et al., 2017; Mi et al., 2018)
were shown in the chondrite-normalized REE patterns and plots of
Ce4+/Ce3+ versus EuN/EuN* (Fig. 6). Zircon crystals from four por-
phyries display similar REE patterns, with ‘magmatic-like’ plots, posi-
tive Ce anomaly and steep increase from La to Lu (Fig. 6A–C). However,
their Eu/Eu* and Ce4+/Ce3+ ratios reflecting oxygen fugacity have
substantial discrepancy. Zircons from the Yuanzhuding, Dexing and

Baoshan porphyries have high Eu/Eu* and Ce4+/Ce3+ ratios and sig-
nificantly positive Ce anomaly, and plot in the field of ore-forming in-
trusions from northern Chile, while those from the Dabaoshan porphyry
exhibit bimodal distribution of Eu/Eu* and Ce4+/Ce3+ ratios and
moderately positive Ce anomaly, and straddle both the ore-forming and
barren intrusions (Fig. 6A–D).

4.3. Whole-rock major and trace elements

4.3.1. Element mobility
Petrographic study indicates that the Yuanzhuding porphyry ex-

perienced strong hydrothermal alteration, with varying degrees of si-
licification, sericitization, chloritization, carbonatization and potassic
alteration, and has high contents of loss on ignition (LOI = 2.75 to
7.59 wt%; Supplementary Table 4). Studies have shown that there will
be a linear trend between the elements and LOI values if the chemical
components of samples were changed by hydrothermal alteration
(Wang et al., 2006, 2012). As shown in the plots of elements vs. LOI
values (Fig. 7), the major elements including Fe2O3, MgO, CaO and

Fig. 4. Zircon U-Pb concordia diagrams and cathodoluminescence images for zircons from the Yuanzhuding porphyry. Insets show cumulative probability diagrams.
The red solid and yellow dotted circles represent spots for in-situ U–Pb age and Lu–Hf isotope analyses, with beam diameter of 30 μm and 45 μm, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Molybdenite Re-Os isochrone diagram for the Yuanzhuding porphyry
Cu-Mo deposit. Decay constant: λ(187Re) = 1.666 × 10-11 year−1 (Smoliar
et al., 1996), uncertainties are absolute at 2σ. Purple circles represent our new
Re-Os isotopic data and red circles represent published data (Zhong et al., 2010;
Chen et al., 2012). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Na2O and large ion lithophile elements such as Sr and Ba exhibit linear
trend, which demonstrate that they are mobile during hydrothermal
alteration. In contrast, the TiO2, Al2O3, P2O5, transition elements (Co,
V, Cr, Ni and Sc), high field-strength elements (Zr, Hf, Nb and Ta), rare-
earth elements (REEs), Th and U remain constant, suggestive of their
immobility. Therefore, the immobile major element contents (TiO2,
Al2O3, P2O5) normalized to total 100% anhydrous values, transition
elements, high field-strength elements, rare-earth elements, Th and U
were used in the following discussion (Supplementary Table 4).

4.3.2. Major and trace elements
Our new (Supplementary Table 4) and published (Liu et al., 2012;

Hou et al., 2013; Xie et al., 2013; Zhong et al., 2013; Wang et al., 2015;
Huang et al., 2017) whole-rock major and trace elements of the
Yuanzhuding, Dexing, Baoshan and Dabaoshan porphyries were used in
the following discussion.

The Yuanzhuding granite porphyry has high SiO2 (71.34–78.16 wt
%) and low TiO2 (0.24–0.36 wt%) and P2O5 (0.11–0.15 wt%) contents,
plotting in the field of rhyodacite-dacite to rytolite (Fig. 8A). It is
characterized by high La (27.4–38.4 ppm) and low Y (6.45–9.22 ppm)
and Yb (0.63–0.91 ppm) abundances, generating high (La/Yb)N ratios
of 25.1–37.0 and plotting in the adakite field (Fig. 8B). In the multi-
element plots (Fig. 8C and E), it features enrichment in light rare earth
elements (LREEs) and large-ion lithophile elements (LILEs; e.g., Cs, Rb,
Ba), depletion in heavy rare earth elements (HREEs) and high-field-
strength elements (HFSEs; e.g., Nb, Ta, and Ti), fractionated REE pat-
terns, and negligible Eu anomaly (Eu/Eu* = 0.74–0.92).

The Dexing, Baoshan and Dabaoshan porphyries plot in the field of
rhyodacite-dacite to rhyolite (Fig. 8A). However, they also show many
elemental differences. The Dexing porphyry is featured by low Yb

(0.62–1.56 ppm) contents, fractionated REE patterns ((La/
Yb)N = 12.5–35.4) and negligible Eu anomaly (Eu/Eu* = 0.81–1.42;
most < 1.10), and plots in the adakite field, which are similar to the
Yuanzhuding porphyry. On the contrary, the Baoshan and Dabaoshan
porphyries are featured by high Yb (0.89–2.94 ppm) contents, less-
fractionated REE patterns ((La/Yb)N = 6.61–30.6) and mildly negative
Eu anomaly (Eu/Eu* = 0.57–1.05; most < 0.8), and plot in the field of
calc-alkaline arcs (Fig. 8B–F).

4.4. Radiogenic isotopes

Our new (Supplementary Tables 5 and 6) and published (Liu et al.,
2012; Hou et al., 2013; Xie et al., 2013; Zhong et al., 2013; Wang et al.,
2015; Huang et al., 2017) whole-rock Sr–Nd and zircon in-situ Hf
radiogenic isotopes of the Yuanzhuding, Dexing, Baoshan and Da-
baoshan porphyries were presented in this section.

Sr isotopes have likely been changed during the hydrothermal al-
teration, thus being excluded. The Yuanzhuding porphyry has slightly
lower Nd and Hf isotopes (εNd(t) = −3.58 to −2.02, and εHf
(t) = 0.86–6.32) than the Dexing porphyry (εNd(t) = −1.90–0.60, and
εHf(t) = 1.14–7.08). However, the radiogenic isotopes of the Baoshan
and Dabaoshan porphyries are distinct from those of the Yuanzhuding
and Dexing porphyries. The Baoshan and Dabaoshan porphyries present
greatly enriched Nd and Hf isotopes, with εNd(t) and εHf(t) values ran-
ging from −8.20 to −5.00 and from −14.0 to −7.50 respectively, and
have two-stage Nd model ages of 1.69–2.09 Ga.

Fig. 6. Zircon trace element plots for the Yuanzhuding, Dexing, Baoshan and Dabaoshan poyphyries: (A-C) chondrite-normalized REE patterns (Sun and McDonough,
1989); (D) EuN/EuN* vs. Ce4+/Ce3+ plot (the ranges of ore-bearing and barren intrusions from northern Chile are from Ballard et al., 2002; Chen et al., 2019). Data
are from this study, Li et al. (2012), Zhong et al. (2013), Zhang et al. (2017) and Mi et al. (2018).
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5. Discussion

5.1. Age of magmatism and related mineralization

The Cu-Mo ore bodies in the Yuanzhuding porphyry deposit are
mainly distributed in the meta-sandstones around porphyry, indicative
of a close spatial relationship between the porphyry and mineralization.
Zircons from two porphyry samples yielded a weighted mean
206Pb/238U ages of 154.6–155.2 Ma, which are consistent with the
molybdenite Re-Os age of 156.3 Ma within a reasonable error range.
The close spatio-temporal relationship between the Yuanzhuding por-
phyry and Cu-Mo mineralization clearly demonstrates their causality.
Besides, the zircon U-Pb ages and molybdenite Re-Os age also demon-
strate that the Yuanzhuding porphyry Cu-Mo deposit was formed in the
Late Jurassic (ca. 155–156 Ma), which is coeval with the Middle-Late
Jurassic Dexing, Baoshan and Dabaoshan porphyry deposits in the Qin-
Hang belt (Fig. 1; Lu et al., 2006; Wang et al., 2011, 2015).

5.2. Petrogenesis of high La/Yb Yuanzhuding and Dexing porphyries

5.2.1. Adakitic feature
Adakites were originally proposed to define a group of intermediate-

felsic volcanic and intrusive rocks featuring high Na2O (> 3.5 wt%)
and Sr (> 400 ppm) contents, low Y (< 18 ppm), Yb (< 1.9 ppm) and
(87Sr/86Sr)i values (< 0.704), and a lack of Eu anomaly, which were
interpreted as the products of partial melting of basaltic slab subducted
beneath the mantle wedge (Defant and Drummond, 1990; Drummond
and Defant, 1990). Later, other scholars also recognized many inter-
mediate-felsic igneous rocks with the above characteristics (Chung
et al., 2003; Tulloch and Kimbrough, 2003), namely adakitic rock,
which were considered to be formed via high-pressure partial melting
of continental crust. The Yuanzhuding and Dexing porphyries have high
La contents (16.3–55.3 ppm) and (La/Yb)N ratios (12.5–37.0), low Y
(6.19–17.5 ppm) and Yb (0.62–1.56 ppm) contents, and negligible Eu
anomalies (Eu/Eu* = 0.74–1.42; most< 1.10), suggestive of an affi-
nity with adakite or adakitic rock (Fig. 8B).

Fig. 7. Plots of elements vs. LOI (wt%) for the Yuanzhuding porphyry.
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5.2.2. Magma source
Studies have suggested that the Yuanzhuding and Dexing porphyries

stemmed from the partial melting of subducted oceanic slab (e.g.,
Zhang et al., 2013). The adakites formed in this way feature depleted
Sr-Nd-Hf isotopes, high Na2O, Mg#, Cr and Ni contents, and low Th and
Th/Ce values (Kelemen et al., 2003; Plank, 2005). However, the two
porphyries have enriched Nd and Hf isotopic compositions of −3.58 to
0.60 and 0.86 to 7.08 respectively and high Th and Th/Ce values of
11.0–20.0 and 0.18–0.65 respectively (Fig. 10A and B), which de-
monstrate that they were not sourced from a subducted oceanic slab.
Some authors also proposed that the high-pressure partial melting
(> 45 km) of thickened or foundered lower crust with a residue of
garnet in the source produced these adakitic rocks (Wang et al., 2006;
Hou et al., 2013). Experimental petrology has shown that the garnet has

significantly higher partition coefficients of HREEs (Er, Tm, Yb and Lu)
than middle REEs (MREEs) and LREEs (Rollinson, 1993), and therefore,
the (Gd/Yb)N ratios and REE patterns of porphyries can be used to
check whether the garnet is left in magmatic source. The melts gener-
ated via the above mechanism commonly have extremely HREE-de-
pleted, “J-shaped” REE patterns and high (Gd/Yb)N ratios up to 5.8
(Huang and He, 2010; Moyen and Martin, 2012; Ren et al., 2018).
However, the Yuanzhuding and Dexing porphyries are devoid of “J-
shaped” REE patterns (Fig. 8C) and have low (Gd/Yb)N ratios
(1.84–2.90), which indicates that they were not formed by the partial
melting of thickened or foundered lower crust.

Three end members of Mesozoic mantle with distinct elemental and
isotopic characteristics have been recognized in this area (Figs. 9A, 10C
and D; Wang et al., 2003, 2008a; Li et al., 2004b): (1) asthenospheric

Fig. 8. Geochemistry of the Yuanzhuding, Dabaoshan, Baoshan and Dexing porphyries in the south China. (A) Plot of SiO2 vs. Zr/TiO2*0.0001 showing rock
classification (Winchester and Floyd, 1977); (B) (La/Yb)N vs. YbN discrimination diagram (Defant and Drummond, 1990; Drummond and Defant, 1990); (C-D)
Chondrite-normalized rare earth element (REE) patterns; and (E-F) primitive mantle (PM)–normalized trace-element diagrams (Sun and McDonough, 1989). Data are
from this study, Liu et al. (2012), Hou et al. (2013), Xie et al. (2013), Zhong et al. (2013), Wang et al. (2015) and Huang et al. (2017).
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mantle with depleted Sr and Nd isotopes (initial Sr isotopic ratios of
0.703128–0.704879 and Nd isotopes of 3.99–8.00); (2) EMI-type li-
thospheric mantle beneath the Yangtz Block featuring enrichment of
LREEs and LILEs, depletion of HREEs and HFSEs (especially Nb and Ta)
and enriched isotopes (initial Sr isotopic ratios of 0.704341–0.706951
and Nd isotopes of −0.75 to −3.75); (3) EMII-type lithospheric mantle
beneath the Cathaysia Block featured by enrichment of LREEs,

depletion of HREEs, absence of the negative Nb and Ta anomalies, and
enriched isotopes (initial Sr isotopic ratios of 0.706007–0.708665 and
Nd isotopes of −2.04 to 1.05). The mafic rocks from EMI- and EMII-
type mantle have ages of 125–170 Ma and Nd isotopes of −3.75 to
1.05, which are similar to those of the Yuanzhuding and Dexing por-
phyries (Fig. 9A). This likely indicates their close genetic link. In fact,
some scholars have suggested that the fractional crystallization of en-
riched-mantle-derived hydrous magmas is a major mechanism forming
adakitic rocks (Ma et al., 2016; Dai et al., 2017). The H2O-rich mafic to
intermediate magma can suppress plagioclase fractionation and facil-
itate hornblende fractionation, thus yielding plagioclase-free residual
cumulate and adakitic melt with listric-shaped REE patterns
(Carmichael, 2002; Richards and Kerrich, 2007). Different from those
from EMII-type mantle, the the REE and muti-element plots of the
Yuanzhuding and Dexing porphyries are parallel to those of mafic rocks
from EMI-type mantle (Fig. 10C and D), which indicates that the por-
phyries evolved from EMI-type-mantle-derived mafic rocks. This in-
ference can also be supported by: 1) the porphyries and EMI-type-
mantle-derived mafic rocks show significantly negative Nb and Ta
anomalies, whereas the EMII-type-mantle-derived mafic rocks do not
(Fig. 10D); 2) the major and trace elements of the porphyries and EMI-
type-mantle-derived mafic rocks present continuous variations in the
Harker diagrams, whereas the EMII-type-mantle-derived mafic rocks do
not (Fig. 11A–I).

5.2.3. Fractionation and crustal assimilation
The detailed magmatic evolution, involving fractional crystal-

lization and crustal contamination from EMI-type-mantle-derived mafic
rocks to Yuanzhuding and Dexing porphyries, is discussed as follows:

(1) The decreased TiO2 and Cr with increasing SiO2 (Fig. 11A and D)
suggest fractionation of mafic minerals such as pyroxene, horn-
blende, biotite and Fe-Ti oxides. Moreover, the bivariate diagram
between V and Cr indicates that the evolution from mafic rocks to
Dexing porphyry was mainly driven by fractionation of clinopyr-
oxenite, hornblende and biotite, while the evolution from Dexing to
Yuanzhuding porphyries by hornblende, biotite and Fe-Ti oxides
(Fig. 11J). The fractionation of hornblende and biotite is also con-
sistent with: 1) the decreased trends of Ba, Y and Yb with increasing
SiO2 (Fig. 11E, G and I); (2) the enhanced listric-shaped REE pat-
terns from Dexing to Yuanzhuding porphyries (Richards and
Kerrich, 2007; Fig. 8C).

(2) The increased Al2O3 with increasing SiO2 from mafic rocks to
Dexing porphyry is consistent with fractionation of mafic minerals,
and the decreased trend from Dexing to Yuanzhuding porphyries
suggests feldspar fractionation (Fig. 11B). The absence of Eu
anomaly in mafic rocks and porphyries can be ascribed to: 1) Eu
exists mainly as trivalent rather than bivalent in the oxidized and
H2O-rich magma, as evidenced by the ubiquitous hornblendes,
Fe–Ti oxides and titanites (Wang et al., 2003, 2008a) and high
zircon Ce4+/Ce3+ and EuN/EuN* ratios in the mafic rocks and
adakitic porphyries (Fig. 6D), which suppresses the incorporation of
Eu into plagioclase (Jiang et al., 2013); 2) hornblende fractionation
can lead to positive Eu anomaly (Fowler et al., 2008).

(3) The decreased P2O5 with an increase in SiO2 indicates apatite
fractionation (Fig. 11C), while the positive correlation between Nb
and TiO2 illustrates titanite fractionation (Fig. 11K).

(4) The horizontal trend of Zr with an increase in SiO2 demonstrates
that there is no zircon fractionation (Fig. 11F).

(5) The Dexing porphyry has Nd isotopes similar to EMI-type-mantle-
derived mafic rocks, suggestive of negligible crustal contamination.
However, the slightly lower Nd isotopes of Yuanzhuding porphyry
than Dexing porphyry and EMI-type-mantle-derived mafic rocks
demonstrate that they involved a large number of crustal materials,
which is consistent with the fact that they contain many xenocrystic
zircons (264–711 Ma; Supplementary Table 1).

Fig. 9. Comparison of Sr, Nd, and Hf isotopic features for the Yuanzhuding,
Dexing, Baoshan and Dabaoshan porphyries, contemporaneous mafic rocks and
main crust reservoirs in the South China Block, depleted mantle (MORB)
(modified from Zhang et al., 2002, Wang et al., 2006). Two important Meso-
Neoproterozoic crustal growth events are represented by the Shuangqiaoshan
and Shangxi Groups (1400 Ma) and Shuangxiwu Group (1000–875 Ma) in the
South China Block. MORB with ages of 400–179 Ma are from Mahoney et al.
(1998), Xu et al. (2003), Tribuzio et al. (2004) and Xu and Castillo (2004). Hf
isotopic evolution for the basement of Cathaysia Blockt is from Xu et al. (2007).
Data are from this study, Wang et al. (2008a, 2015), Liu et al. (2012), Hou et al.
(2013), Xie et al. (2013), Zhong et al. (2013) and Huang et al. (2017).
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As noted above, the hornblende fractionation lowered Y and Yb
contents of the Yuanzhuding and Dexing porphyries (Fig. 11E and I),
thus yielding adakitic signatures. In this section, the quantitative
modeling involving La and Yb is used to simulate the Rayleigh frac-
tional crystallization. The average composition of EMI-type-mantle-
derived mafic rocks (La = 33.8 ppm, Yb = 1.86 ppm) is adopted as the
primitive magma. Partition coefficients in the basaltic-andesitic and
dacitic-rhyolitic melts (Supplementary Table 7; Rollinson, 1993) were
used to simulate evolution from mafic rocks to Dexing porphyry, and
from Dexing to Yuanzhuding porphyries, respectively. The fractiona-
tion equation is expressed as:

= −
−C C FC(1 ) D

0
( 1)

where C and C0 are element abundances in the resultant and parental
magma respectively, D is partition coefficient (Supplementary Table 7),
and FC is degree of differentiation (0–1). The results are shown in
Fig. 11L, where the trace element trajectory traverses the field of
Yuanzhuding and Dexing porphyries. We, therefore, suggest that the
adakitic signatures of Yuanzhuding and Dexing porphyries can be
formed by 55% and 50% hornblende fractionation of mafic magma
respectively.

5.2.4. Mantle metasomatism
The high-Nb (Nb ≥ 20 ppm) and Nb-enriched

(7 ppm < Nb < 20 ppm) basalts were mainly proposed to define a
group of mafic and alkaline rocks characterized by high HFSEs, TiO2

and P2O5 contents and low LILE/HFSE and HREE /HFSE ratios (Sajona
et al., 1996). Given that the hydrous fluids have no ability to transport
Nb and Ta, whereas the slab-melts can transport the elements to mantle

wedge in the subduction zone (Tatsumi and Nakamura, 1986), the high-
Nb and Nb-enriched basalts were commonly thought to be derived from
the mantle peridotites hybridized by slab-melts (Benoit et al., 2002;
Maury et al., 2009). The Middle-Late Jurassic mafic rocks sourced from
EMI-type mantle have high HFSEs and P2O5 (0.54–0.59 wt%) contents,
especially Nb contents (12.1–36.0 ppm) significantly higher than ty-
pical arc basalts (~4 ppm; Liu et al., 2018), low HREEs contents and
HREE/HFSE ratios, which resemble those of high-Nb and Nb-enriched
basalts (Fig. 12A and B). This indicates that the Middle-Late Jurassic
EMI-type lithospheric mantle in the South China Block was enriched by
slab-melts.

Besides, the mafic rocks derived from EMI-type mantle also display
some chemical characteristics of arc magmatic rocks with their roots in
mantle peridotites metasomatized by slab-related hydrous fluids, such
as high K2O (3.62–4.38 wt%), LILEs, K2O/N2O (1.53–4.17) and LILE/
HFSE values, significantly negative Nb and Ta anomalies (McCulloch
and Gamble, 1991). Given that the pelagic sediments commonly con-
tain thousands of ppm of Sr and Ba (Plank and Langmuir 1998), the
high Sr and Ba concentrations (459–727 ppm and 1095–2240 ppm
respectively) of mafic rocks likely demonstrate that the pelagic-sedi-
ments-derived fluids also hybridized EMI-type lithospheric mantle. We,
therefore, suggest that the Middle-Late Jurassic EMI-type mantle was
likely enriched by basaltic-slab-derived melts and pelagic-sediments-
derived fluids, which is also consistent with the positively correlated
trends in the plots of Rb/Zr vs. Nb/Zr and Rb/Y vs. Nb/Y (Fig. 12C and
D).

In summary, we consider that the Middle-Late Jurassic
Yuanzhuding and Dexing porphyries had their origins in an EMI-type
lithospheric mantle hybridized by basaltic-slab-derived melts and

Fig.10. (A and B) Discrimination diagrams of adakite and adakitic rocks with different genetic mechanisms. The fields of thickened and delaminated lower crust-
derived adakitic rocks and subducted oceanic crust-derived adakites are from Wang et al. (2006). (C and D) Chondrite-normalized REE and PM–normalized trace-
element plots for adakitic pohphyries and contemporaneous mafic rocks from EMI- and EMII-type lithospheric mantle (Sun and McDonough, 1989). Data are from
this study, Wang et al. (2003, 2015), Liu et al. (2012), Hou et al. (2013) and Zhong et al. (2013).
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pelagic-sediments-derived fluids. The Yuanzhuding porphyry was gen-
erated via crystal fractionation accompanied by crustal assimilation
(AFC processes) of basaltic magma, while the Dexing porphyry was
product of fractional crystallization (FC processes). Their adakitic sig-
natures were produced by the 55% and 50% hornblende fractionation
of basaltic magma respectively.

5.3. Petrogenesis of low La/Yb Baoshan and Dabaoshan porphyries

The Baoshan and Dabaoshan porphyries display non-adakitic sig-
natures, such as high Y (9.20–27.1 ppm) and Yb (0.89–2.94 ppm)
contents, low (La/Yb)N ratios (6.61–30.6) and Nd-Hf isotopes (εNd
(t) = −8.20 to −5.00; εHf(t) = −14.0 to −7.50) and mildly negative
Eu anomaly (Eu/Eu* = 0.57–1.05; most< 0.8), which suggest that
they have genetic mechanism and magma source distinct from the
contemporaneous adakitic rocks. In general, the granitoids can be
formed by crystal fractionation of basaltic magma or partial melting of
crustal materials (Nandedkar et al., 2014; Moyen et al., 2017). The Nd

isotopes of Baoshan and Dabaoshan porphyries are distinct from the
contemporaneous mafic rocks (Fig. 9A), which demonstrates that they
were not sourced from mantle. The Archean crystalline basement of
Yangtze Block has significantly lower Nd isotopes (εNd(t) < −10) than
the Baoshan and Dabaoshan porphyries (Fig. 9B; εNd(t) = −8.20 to
−5.00), thus it can not be the magma source of low La/Yb porphyries.
The Nd and Hf isotopes of porphyries fall in the field of Proterozoic
crustal materials of Yangtze and Cathaysia Blocks (Fig. 9B and C),
suggestive of their origins in the Proterozoic crust of South China Block.

The mafic microgranular enclaves (MMEs) widely distributed in the
Baoshan porphyry have Nd isotopes (εNd(t) = −1.9 to −2.1; Xie et al.,
2013) similar to mafic rocks from EMI-type mantle. The oxygen fuga-
city of Baoshan porphyry is slightly lower than adaktic porphyries, but
higher than ore-barren intrusions from northern Chile (Fig. 6D). As
mentioned above, the Middle-Late Jurassic EMI-type-mantle-derived
mafic rocks and adakitic porphyries are oxidized and H2O-rich. Besides,
the zircon trace element analyses have demonstrated that the Proter-
ozoic crust in this area has low oxygen fugacity (Zhang et al., 2017;

Fig. 11. Harker-type (A–I) and bivariate trace element (J–K) diagrams for the Yuanzhuding and Dexing porphyries and mafic rocks sourced from EMI- and EMII-type
lithospheric mantle, with the cyan dotted arrows and mineral names representing magmatic evolution and crystal fractionation respectively. (L) (La/Yb)N vs. YbN
plot showing the calculated trend for fractional crystallization from mafic rocks sourced from EMI-type lithospheric mantle to adakitic porphyries. Arrow represents
Rayleigh fractional crystallization involving hornblende in a closed system, with tick marks indicating the degree of crystallization. The fractionation trends under
the basaltic-andesitic and dacitic-rhyolitic magma are marked with red and cyan solid lines, respectively. Black solid circle represents the average composition of
mafic rocks derived from EMI-type mantle. Abbreviations: Cpx = clinopyroxenite; Hbl = hornblende; Bt = biotite. Data are from this study, Wang et al. (2003,
2015), Liu et al. (2012), Hou et al. (2013) and Zhong et al. (2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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ΔFMQ = −2.4 to +0.7). Therefore, the voluminous MMEs and oxi-
dized signature of the Baoshan porphyry indicate that it stemmed from
magma mixing between crustal melts and EMI-type-mantle-derived
mafic magma. The decreased TiO2 with an increase in SiO2 for the
Baoshan porphyry (Fig. 13A) indicates fractionation of hornblende and
biotite, which are consistent with the concomitantly decreased Cr and
Ni contents (Fig. 13D). The decreased trends of Al2O3 and P2O5 with
increasing SiO2 (Fig. 13B and C) demonstrate feldspar and apatite
fractionation. Besides, the bivariate trace element plots (Fig. 13E–G)
indicate the fractionation of zircon and apatite.

The Dabaoshan porphyry displays bimodally distributed zircon
Ce4+/Ce3+ and EuN/EuN* ratios, with high ratios close to adakitic
porphyries but low values plotting in ore-barren intrusions (Fig. 6D).
Besides, the U vs. Ce4+/Ce3+ plot for zircon also has bimodal dis-
tribution (Fig. 13H). The above bimodal distribution likely indicates
that the continental-crust-derived Dabaoshan porphyry also involved
EMI-type-mantle-derived mafic magma, which is consistent with the
fact that its Nd-Hf isotopes are similar to Baoshan porphyry. A lack of
MMEs in the Dabaoshan porphyry can be attributed to the weak in-
volvement of mafic magma. The decreased TiO2 with increasing SiO2

for the Dabaoshan porphyry (Fig. 13A) indicates fractionation of
hornblende and biotite, which are consistent with the concomitantly
decreased Cr and Ni contents (Fig. 13D). The decreased trends of Al2O3

and P2O5 with increasing SiO2 (Fig. 13B and C) demonstrate feldspar
and apatite fractionation. The concomitantly decreased Nb and TiO2

(Fig. 13E) suggests titanite fractionation. In addition, the plots of Ce vs.
Zr and Ce vs. Nb (Fig. 13F and G) further indicate the fractionation of
titanite, zircon and apatite.

In conclusion, we suggest that the Baoshan porphyry was produced
by magma mixing between crustal melt and EMI-type-mantle-derived

mafic magma and subsequent fractional crystallization. The Dabaoshan
porphyry evolved from crustal melts via magmatic differentiation with
input of minor mafic magma.

5.4. Geodynamic and metallogenic implications: an integrated model

Porphyry copper deposits were commonly found in subduction en-
vironment (Chiaradia, 2014) and interpreted to be formed by: 1) partial
melting of subducted basaltic slab with high Cu contents (Wilkinson,
2013); (2) the normal arc magma extracting Cu from the mantle under a
variety of coupled geological conditions, such as tectonic mechanism,
host rocks, fractional crystallization and volatile exsolution (Richards,
2013). In contrast, the porphyry deposits in a post-subduction setting
are commonly associated with the ancient subduction events that
formed Cu-rich mantle and had ceased before the ore-related magma-
tism (Richards, 2009; Pettke et al., 2010). The Middle-Late Jurassic
giant porphyry deposits along the Qin-Hang belt were formed in the
interior of South China Block, thus, their genetic studies may provide a
new perspective for exploring the geodynamic models and factors
controlling the formation of porphyry deposits with different element
associations.

5.4.1. Geodynamic model
Some scholars argued that the Middle-Late Jurassic porphyry de-

posits along the Qin-Hang belt were mainly controlled by the partial
melting of thickened or foundered lower crust (Wang et al., 2006; Hou
et al., 2013). However, as mentioned above, our new genetic models do
not support this inference. Our models reveal that the Jurassic litho-
spheric mantle in this area was metasomatized by basaltic-slab-derived
melts and pelagic-sediments-derived fluids. Studies have demonstrated

Fig. 12. (A and B) Discrimination diagrams of Nb-enriched basalts (NEBs) (Kepezhinskas et al., 1996; Aguillón-Robles et al., 2001). (C and D) Plots of Rb/Zr vs. Nb/
Zr and Rb/Y vs. Nb/Y. Dashed line in (A) discriminate NEBs from arc magmatic rocks (Polat and Kerrich, 2001). Data are from Wang et al. (2003).
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that the Neoproterozoic arc-related rocks and ophiolites existed in the
Qin-Hang belt and Jiangnan orogen respectively, which indicate that
the Yangtze and Cathaysia Blocks experienced Neoproterozoic con-
tinental collision (Zhao et al., 2018). From then on, the Yangtze and

Cathaysia Blocks have been consolidated into a single terrane until the
Triassic-Jurassic subduction of the Paleo-Pacific plate beneath the
South China Block (Wang et al., 2006; Li et al., 2019b). The Middle-Late
Jurassic formation ages of the adakitic Yuanzhuding and Dexing

Fig. 13. Harker-type (A–C), whole-rock bivariate trace element (D–G) and zircon trace element plots (H) for the Baoshan and Dabaoshan porphyries. Trends shown in
(D, F, G) are from Fowler et al. (2008). Data are from Xie et al. (2013) and Huang et al. (2017).
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porphyries (ca. 155–170 Ma; Wang et al., 2015) further suggest that the
Middle-Late Jurassic EMI-type lithospheric mantle likely experienced
Neoproterozoic and Triassic-Jurassic mantle metasomatism. The Neo-
proterozoic arc magmatic rocks (the Shuangxiwu Group) are featured
by low Nb (1.98–9.21 ppm; most ≤ 7 ppm) and Ta (0.12–0.68 ppm;
most≤ 0.4 ppm) contents, enrichment in LILEs and LREEs, depletion in
HFSEs and HREEs, which indicate that their mantle source was en-
riched by slab-derived fluids (Li et al., 2009). We, therefore, propose
that the Middle-Late Jurassic lithospheric mantle beneath the Qin-Hang
belt underwent two-stage mantle metasomatism. The one related to
slab-derived fluids might happen in Neoproterozoic and Triassic-Jur-
assic, while the other associated with basaltic-slab-melts could only
occur in Triassic-Jurassic. Adakites were initially considered to be de-
rived from the partial melting of juvenile basaltic slab with high tem-
peratures in the plate convergent margin (Defant and Drummond,
1990; Drummond and Defant, 1990), which is in contradiction to the
fact that the Middle-Late Jurassic porphyry deposits are over 1000 km
away from the subduction zones. However, the occurrence of slab
melting indeed requires a significant geodynamic change, possibly re-
lated to the opening of slab window, during the subduction of Paleo-
Pacifc plate. Early geologists have put forward an alternative model:
ridge subduction (Zhang et al., 2013). As shown in Fig. 1, the facts that
the Qin-Hang porphyry metallogenic belt extends NNE and that the
Dexing porphyry in the northeast end of this belt has older ages than
that in the southwest part require a southwestward ridge subduction.
However, the southwestward subduction of Paleo-Pacific plate only
occurred in the Early Triassic and Early Cretaceous (Ling et al., 2009; Li
et al., 2013).

The Yuanzhuding and Dexing porphyries and EMI-type-mantle-de-
rived mafic rocks have ages of 145–170 Ma (Wang et al., 2003, 2008a),
which indicates that the Paleo-Pacific slab has subducted beneath the
interior of South China Block (Qin-Hang belt) before Middle Jurassic
(ca. 170 Ma). Besides, the progressively northwestward subduction of
Paleo-Pacific slab from Triassic to Middle-Late Jurassic can also be
supported by the following: (1) strike-slip faults with ages of
200–135 Ma and 160–135 Ma become progressively younger from east
to west part of North China Craton and South China Block respectively
(Li et al., 2018b); (2) metamorphism and magmatism with ages of ca.
265–190 Ma become progressively younger from east to west part of
South China Block (Li and Li, 2007); (3) foreland basin and fold-and-
thrust belt migrated towards the interior of South China Block for
~600 km from ca. 265 Ma to ca. 190 Ma (Li, 1998; Li and Li, 2007).
Studies have shown that the flat-slab subduction can extend over
1200 km into the continental interior and trigger strong compressional
deformation (Livaccari et al., 1981; Jordan et al., 1983). Given that the
Middle-Late Jurassic porphyry deposits are over 1000 km away from
the subduction zone, we suggest that the northwestward flat-slab sub-
duction of Paleo-Pacific crust beneath the interior of South China Block
would be required (Fig. 14A; Wang et al., 2008b). The partial melting of
basaltic slab with ages of ca.145–170 Ma also indicates a significant
extensional setting, possibly related to slab break-off or slab roll-back.
However, the slab-roll back can lead to a coastward-younging trend,
which is not the case for the Middle-Late Jurassic rocks. We, therefore,
suggest that the slab break-off beneath Qin-Hang belt is the most likely
mechanism (Fig. 14B and C), which is also supported by the magmatic
and sedimentary records: 1) the Middle-Late Jurassic mafic rock with
depleted and enriched isotopes emplaced along the Qin-Hang belt
(Wang et al., 2003, 2008a); (2) the shallow terrestrial basin and marine
sediments with ages of ca.210–190 Ma occurred along the Qin-Hang
belt (Li and Li, 2007).

5.4.2. Metallogenic model
The fertile adakites formed via slab melting are commonly thought

to be the most likely magma favoring porphyry Cu mineralization (Sun
et al., 2013), which was mainly ascribed to the following factors: (1)
slab-melts are significantly oxidized and sulfur-rich, which can not only

yield oxidized sulfides containing chalcophile elements, thus extracting
metals from mantle wedge, but also suppress the precipitation of sulfide
during magmatic differentiation, thus resulting in the enrichment of
metallogenic elements in the late-stage of magmatic evolution
(Mungall, 2002; Sun et al., 2007; Liang et al., 2018); (2) they are
unusually water-rich, facilitating volatile exsolution during the late-
stage of magmatic evolution (Sajona and Maury, 1998); (3) they con-
tain much higher Cu abundance (~100 ppm) than the mantle
(~30 ppm) and continental crust (~27 ppm) (Sun et al., 2010).

The Middle-Late Jurassic northwestward flat-slab subduction and
related slab break-off triggered asthenosphere upwelling and sub-
sequent partial melting, thus forming adakitic slab-melts with high Cu,
H2O and S contents and oxidized characteristic. These melts would
ascend and hybridize the overlying lithospheric mantle previously in-
corporating slab-related hydrous fluids. Besides, the asthenosphere
upwelling could elevate thermal gradient of lithospheric mantle, thus
forming basaltic magma with high Cu, H2O and S contents and oxidized
feature. Moreover, the flat-slab subduction can yield compressional
environment, which is favorable for the formation of a non-erupting
and closed magma chamber in the upper plate, and therefore, sulfur
could be precipitated as sulfides and sulfates, rather than being dis-
charged as gas SO2 (Oyarzun et al., 2002). In this case, the basaltic
magma derived from a fertile mantle could experience AFC and FC
processes in a closed magma chamber, thus forming Yuanzhuding and
Dexing porphyries. Given the high volatile/melt partition coefficients of
Cu and Au, especially the volatile containing more sulfurs (Simon et al.,
2006; Zajacz et al., 2012), the further volatile exsolution of Dexing
porphyry would generate Cu-Au-dominated Cu-Au-Mo mineralization,
whilst the Yuanzhuding porphyry incorporating some Mo-rich crustal
materials are favorable for Cu-Mo-dominated mineralization (Fig. 14D;
Supplementary Table 8).

Different from these models, the Baoshan and Dabaoshan porphy-
ries show a crustal origin, with involvement of voluminous and minor
enriched-mantle-derived mafic magma respectively. In the flat-slab
subduction setting, slab break-off and melting will occur in the interior
of South China Block. The thick “intraplate” crust and a thicker one due
to flat-slab subduction are different from the thin crust of continental
margin hosting a large number of porphyry Cu-Au deposits. The thick
crust and compressional environment are favorable for the formation of
crustal melts with input of voluminous and minor mafic magma in a
closed magma chamber, thus forming Baoshan and Dabaoshan por-
phyries. Besides, the input of EMI-type-mantle-derived mafic magma
can provide Cu, H2O, S and oxidized magma for continental-crust-de-
rived porphyries, which are essential for the formation of porphyry
deposits (Sun et al., 2015). We, therefore, suggest that the fractional
crystallization and volatile exsolution of the Baoshan porphyry in-
corporating voluminous EMI-type-mantle-derived mafic magma pro-
duced Pb-Zn-dominated Pb-Zn-Cu-Mo mineralization, while the Da-
baoshan porphyry containing minor mafic magma generated Mo-W-
dominated Mo-W-Pb-Zn mineralization (Fig. 14D; Supplementary
Table 8).

In conclusion, we suggest that the “intraplate” porphyry deposits
are closely related to an enriched mantle hybridized by fluids and slab-
melts and controlled by flat-slab subduction and related slab break-off
(Fig. 14A–C). The above geodynamic mechanism induced complex
crust-mantle interaction, thus forming the “intraplate” porphyry de-
posits with different element associations (Fig. 14D). As the magma
sources of ore-forming porphyries transform from enriched-mantle- to
continental-crust-dominated materials, the metallogenic elements of
“intraplate” porphyry deposits will change from Cu-Au-Mo- to Mo-W-
Pb-Zn-dominated mineralization (Supplementary Table 8).

6. Conclusion

The comprehensive geochronological, mineralogical, elemental and
isotopic investigation into the Middle-Late Jurassic porphyry deposits
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along the Qin-Hang belt in the interior of South China Block reveals a
new magmatic and metallogenic model. The high La/Yb Yuanzhuding
and Dexing porphyries were formed via AFC and FC processes of ba-
saltic magma derived from an EMI-type lithospheric mantle in-
corporating fluids and slab-melts respectively. Their adakitic signatures
can be attributed to hornblende fractionation. In contrast, the low La/
Yb Baoshan and Dabaoshan porphyries stemmed from FC processes of
partial melts of the Proterozoic crustal rocks, with involvement of vo-
luminous and a little EMI-type-mantle-derived basaltic magma respec-
tively. Integrated with the Triassic-Jurassic geological records in the
region, the petrogenesis of ore-forming porphyries indicates that the
“intraplate” porphyry deposits were controlled by the northwestward
flat-slab subduction and related slab break-off. We, therefore, propose
that the “intraplate” porphyry deposits with different element associa-
tions result from complicated crust-mantle interaction in the thick
“intraplate” crust, and that their metallogenic elements will change
from Cu-Au-Mo- to Mo-W-Pb-Zn-dominated mineralization with the
transformation of magma sources from enriched-mantle- to continental-
crust-dominated materials.
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