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Abstract: Although highly dispersed, critical Re metal has attracted lots of attention from geoscien-
tists, the controlling factors of Re-content variation are not completely understood, especially with
regards to the genetic relationship between Re-bearing Mo polymetallic deposits and plate subduction
evolution. It is well documented that the South China Mo Province, in Zhejiang Province, is charac-
terized by multi-stage Mo polymetallic mineralization associated with Paleo-Pacific plate subduction.
The Xianlin Mo(Cu)–Fe deposit occurs in Western Zhejiang as porphyry mineralization or skarn
mineralization between the granodiorite and limestone. Zircon U–Pb analysis of the ore-forming
granodiorite yields a Concordia age of 150.8 ± 1.1 Ma. Six molybdenite samples have relatively high
Re contents (128.9~155.7 ppm) and deliver a weighted mean model age of 149.6 ± 1.3 Ma. These
geochronological data suggest the Xianlin polymetallic mineralization was genetically related to the
granodiorite in the Late Jurassic. Moreover, a new compilation of reliable Re contents and Re–Os
isotope age data in Zhejiang Province indicates a decreasing trend in Re contents of molybdenite
from the Jurassic Fe-/Cu-dominated Mo mineralization stage to the Cretaceous PbZn-enriched Mo
mineralization stage in the South China Mo Province. Based on previously proposed models relating
tectonic, magmatic, and hydrothermal processes, it is suggested that the Jurassic Re-enriched Mo min-
eralization, associated with I-type granitoids, formed in a compressive setting during the low-angle
subduction of the Paleo-Pacific slab, whilst the Cretaceous Re-poorer Mo/Mo–Pb–Zn mineralization,
related to both I- and A-type granitoids, formed in an extensional back-arc setting triggered by the
rollback of the Paleo-Pacific slab.

Keywords: Zircon U–Pb; Re–Os isochron age; Xianlin; South China Mo Province

1. Introduction

Because of the extraordinary physicochemical properties of rhenium (Re), Re is broadly
used in the high-temperature resistant superalloy, petroleum refining, and electronics
industries. Hence, it has been listed as a critical metal by many countries, including the
USA and China [1]. However, Re is one of the most particularly dispersed elements in
the Earth’s crust (<1 ppb, [2]) and, therefore, data on Re-bearing minerals are notably
scarce [3,4]. Re is commonly generated commercially as a by-product of molybdenum of
Mo polymetallic deposits, because the Re contents of molybdenite can be as excessive as
thousands ppm [5]. However, Re contents of specific Mo polymetallic deposits are rather
variable, consisting of Mo, Mo–Cu, Mo–Fe, Mo–W, Mo–PbZn, and Mo–Au [6,7], which
may be allotted to precise geodynamic settings caused by means of plate subduction [8].
Therefore, the question concerning what type of porphyry deposit and tectonic setting is
associated with the evolution of plate subduction and that has extra Re contents, calls for
further studies.
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Southeast China is characterized by the widespread occurrence of Mesozoic granitoids
and mineralization, e.g., W, Sn, Cu, Pb, Zn, U, Nb, Ta, and Au [9]. In particular, recently
discovered Mo deposits in this district have attracted more and more research, resulted
in the defining of the South China Mo Province (SCMP [10]). Zhejiang Province, situated
in the northeastern part of the SCMP (Figure 1a), is well endowed with granites and
associated Mo polymetallic deposits, either inland or coastal [11–13]. Most research focused
on Cretaceous Mo deposits, with limited studies on the Jurassic Mo mineralization. As
a result, the Re contents of Cretaceous Mo or Mo–PbZn deposits are low, so whether or
not high Re contents of the Jurassic Mo polymetallic deposits exist is still in its infancy. A
series of Late Jurassic Mo polymetallic mineralization exists in the SCMP, i.e., the Dexing
porphyry Cu–Mo deposit [14] and the Tongcun porphyry Cu–Mo deposit [11]. Therefore,
comparing Jurassic and Cretaceous Mo deposits will help us to understand the regional
Re-enriched mineralization regularity.

The Xianlin porphyry-skarn Mo(Cu)–Fe deposit, located in Zhejiang Province, could
be an excellent case to improve our understanding of the Jurassic Re-enriched Mo miner-
alization and regularity in the SCMP. In the present study, we present zircon U–Pb ages
for the ore-related granodiorite, and molybdenite Re–Os age for the Mo mineralization, to
discuss the genetic relationships between mineralization and magmatism. The contents
of Re have then been investigated in the molybdenites from the Xianlin porphyry-skarn
Mo(Cu)-Fe deposit. Additionally, the spatial-temporal distribution of Re-bearing Mo min-
eralization will be documented. Furthermore, based on the regional tectonic-magmatic
and hydrothermal activities in the Late Mesozoic, this study aims to highlight the priority
tectonic setting for Re-enriched Mo mineralization in the SCMP.

2. Regional Geology

The South China Mo Province (SCMP), situated in the southeastern part of the South
China Block, was amalgamated during the Late Neoproterozoic alongside the Jiangshan–
Shaoxing Fault (JSF) between the Yangtze Craton and the Cathaysia block (Figure 1b, [15]).
The complicated tectonic activities occurred in the SCMP from the Neoproterozoic to
Mesozoic [16]. In particular, the northwestward subduction and rollback of the Paleo-
Pacific plate under the South China Block took place in the Late Mesozoic [17,18], which
resulted in widespread granite magmatism and intensive W–Sn–Cu–Au–Mo–Pb–Zn–Ag
mineralization [9,12,19,20].

Zhejiang is located in the northeastern part of the SCMP (Figure 1b). The major tec-
tonic units in Zhejiang are the Yangtze Craton in the northwest and the Cathaysia Block
in the southeast (Figure 1b). The Yangtze Craton outcrops through the folded Proterozoic
greenschist-facies basement and Paleozoic marine-facies sedimentary cover the area [21,22].
The Cathaysia Block can be subdivided into the Chencai–Suichang Uplift Belt and the
Wenzhou–Linhai Depression Belt. The lithologies are composed of Proterozoic amphibolite-
to granulite-facies metamorphic basement and overlying Mesozoic intermediate-acid vol-
canic rocks [23].

Late Mesozoic mineralization is significant in the Yangtze Craton in Northwestern
Zhejiang and the Cathaysia Block in the Southeastern Zhejiang. Three episodes of Mo
polymetallic mineralization in SCMP have been identified. Furthermore, they exhibit
progressively younger ages towards the coast [9,18,24]. Stage 1, basically positioned in the
Yangtze Block, consists of porphyry-skarn Cu–Mo and Fe–Mo mineralization related to
I-type monzogranite and granodiorite at 170–145 Ma [11]. Stage 2, distributed alongside
the JSF, is characterized by porphyry Mo and vein-type Pb–Zn–Ag mineralization related
to I- and A-type granitoids at 145–125 Ma [25]. Stage 3, mainly in the Cathaysia Block,
consists of granite-related porphyry Mo mineralization and epithermal Pb–Zn/Au–Ag
mineralization at 125–90 Ma [12,19].
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Figure 1. (a) distribution map of Mo metallogenic province in China [10]; (b) regional tectonic map of
Zhejiang Province [26]; (c) simplified geological map of Zhejiang Province, showing the distribution
of Mo polymetallic deposits [19,24].

3. Deposit Geology

The Xianlin Mo(Cu)–Fe deposit occurs in the northwestern part of Zhejiang Province,
SCMP. The sedimentary lithologies cropping out in the mining area are Cambrian limestone
and Quaternary. A set of NNE striking faults exist in the mining area (Figure 2). The faults
have a total strike length of 1–2 km and dip to the southeast at the angles of 44–70◦. The
intrusive rocks, consisting of granodiorite and granite porphyry, are present in the deposit
(Figure 3). The granodiorite in the ore field outcrops in an area of approximately 0.3 km2,
1.1 km in length and 0.3 km in width, while the granite porphyry occurs as stock with 60 m
in length and 0.7–3 m in width. Based on the crosscutting relationship, they are inferred to
be the pre-mineralization and post-mineralization intrusions, respectively.
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The orebodies are characterized by porphyry- and skarn-type mineralization. The
porphyry-type mineralization occurs as dissemination and stockwork in the granodiorite
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(Figure 4a,b). The skarn-type mineralization is located at the contact between the gran-
odiorite and limestone. The latter is more economically interesting than the former in the
metal resources [26].
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Figure 4. Macro- and micro-photographs of Mo mineralization within the granodiorite from Xianlin
Mo(Cu)-Fe deposit: (a) open pit; (b) the quartz + pyrite + minor molybdenite vein; (c) mineral-
ized granodiorite; (d) photomicrograph of mineralized granodiorite in the cross-polarized light;
(e) granodiorite with disseminated pyrite; (f) microphotograph of ore, showing early pyrite partially
replaced by late-stage galena, sphalerite, and chalcopyrite; (g) fragment of quartz-molybdenite vein;
(h) pyrite and molydenite. δγ–Granodiorite; Pl–Plagioclase; Bt–Biotite; Hbl–Hornblende; Qtz–Quartz;
Mo–Molybdenite; Py–Pyrite; Gn–Galena; Sp–Sphalerite; Ccp–Chalcopyrite.
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The orebodies have been identified in two areas, consisting of the East Mining Area
and the West Mining Area. One main orebody and some blind orebodies have been
recognized in the East Mining Area. The largest orebody is approximately 144 m in length
and extends to 177 m beneath the surface, with a maximum thickness of 70 m. The average
grade of this lenticular orebody is 39.68% TFe. Moreover, the Cu-bearing and Mo-bearing
orebodies are spread in the Fe orebodies. The Cu-bearing orebodies are approximately
97 m and 11 m in maximum thickness and 121 m in most vertical depth, with an average
grade of 0.35%. The Mo-bearing orebodies are tiny and dispersed. They are approximately
22–50 m and 2–3 m in thickness, with 0.037–0.224% Mo. One main orebody and three blind
orebodies were identified in the West Mining Area. The largest orebody is approximately
273 m in length, 250 m in depth, and has a maximum thickness of 75 m. The average grade
of this orebody is 35.96% TFe and 0.0–0.229% Mo. Moreover, there are eight Cu-bearing and
Mo-bearing orebodies, respectively. The grade of the most important Cu-bearing orebody
is 0.25–0.46%. The grade of the main Mo orebody is 0.066–0.229%.

Hydrothermal alteration took place essentially with the granodiorite emplacement.
Skarnization, silicification, sericitization, and carbonatization, are the dominant alteration
types. The ore minerals are magnetite, pyrite, molybdenite, chalcopyrite, sphalerite, and
galena (Figure 4e–h). The gangue minerals encompass quartz, diopside, garnet, and calcite.

4. Sample Description and Analytical Methods
4.1. Sample Description

The granodiorite (Xianlin–1) was sampled for the SIMS zircon U–Pb dating. The
granodiorite shows an inequigranular texture (Figure 4c,d). It is composed of plagioclase
(35–40 vol.%), quartz (20–30 vol.%), K-feldspar (20–30 vol.%), and biotite (<5 vol.%). The
accessory minerals encompass magnetite, zircon, and apatite.

Six molybdenite samples have been obtained from quartz-molybdenite veinlets (XL–2,
XL–3, XL–4, XL–6, XL–8, XL–11). Fresh samples have been handpicked to >99% in purity
using the binocular microscope, then the molybdenite separates were crushed for analysis.

4.2. SIMS U–Pb Analysis

The zircon grains for the U–Pb isotope analysis, together with the zircon standards,
including Plesovice and Qinghu, were mounted and polished for secondary ion mass
spectrometry (SIMS) analysis. Th, U, and Pb isotopic ratios had been performed by the
Cameca IMS-1280 SIMS at the Institute of Geology and Geophysics, Chinese Academy of
Sciences, China. Analytical procedures are similar to those described by Li et al. (2009b) [27].
The measured compositions were corrected for common Pb using non-radiogenic 204Pb.
Data reduction was carried out using the software of the Isoplot 3.0.

4.3. ICP–MS Re–Os Analysis

Re–Os isotope analysis was carried out at the National Research Center of Geoanalysis,
Chinese Academy of Geological Sciences, Beijing. The analytical procedures follow Du
et al. (1994, 2004) [28,29]. The analyzed blanks were Re < 0.041 ng and 187Os < 0.0002 ng.
The Re–Os isochron was calculated and plotted by Isoplot 3.0. Re–Os model ages were
calculated following the equation t = [ln(1 + 187Os/187Re)]/λ, where λ is 1.666 × 10−11 a−1,
which denotes the decay constant of 187Re.

5. Results
5.1. Zircon U–Pb Dating

The zircons of the granodiorite (XL–1) from the Xianlin Mo(Cu)–Fe deposit are pris-
matic and euhedral, ranging from 120 to 300 µm and length-to-width ratios of 3:1 to 1:1.
The zircon crystals exhibit well-developed oscillatory zoning (Figure 5a). All grains have
higher Th/U ratios than metamorphic zircon (<0.1). The zircons are viewed as being of
magmatic origin [30].
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Eighteen analyses of the zircons from the sample XL–1 have been obtained. The
results of U–Pb age are listed in Table 1. Th and U concentrations are relatively constant:
Th = 39–140 µg/g, U = 109–318 µg/g with Th/U = 0.23–0.64. These analyses are concordant
in 207Pb/235Pb and 206Pb/238U within analytical errors (Figure 5). They yield the Concordia
age of 150.8 ± 1.1 Ma, consistent with the weighted mean 206Pb/238U age of 150.8 ± 1.6 Ma
(MSWD = 0.3), which indicates the crystallization age of the pluton.

Table 1. SIMS U–Pb Zircon data of the granodiorite from the Xianlin Mo(Cu)-Fe deposit.

Sample Th/ppm U/ppm Th/U f 206Pb (%)
Isotopic Ratios Age (Ma)

207Pb/206Pb ±σ (%) 207Pb/235U ±σ (%) 206Pb/238U ±σ (%) t207/206 ±σ t207/235 ±σ t206/238 ±σ

XL-1-1 119 238 0.5 0.00 0.04745 2.78 0.15450 3.17 0.0236 1.54 72.1 64.7 145.9 4.3 150.5 2.3
XL-1-2 99 235 0.4 0.20 0.04866 3.10 0.15798 3.48 0.0235 1.60 131.5 71.2 148.9 4.8 150.0 2.4
XL-1-3 91 237 0.4 0.00 0.04669 2.56 0.15166 3.00 0.0236 1.56 33.1 60.2 143.4 4.0 150.1 2.3
XL-1-4 102 233 0.4 0.15 0.04982 3.06 0.15956 3.45 0.0232 1.59 186.4 69.8 150.3 4.8 148.0 2.3
XL-1-5 126 318 0.4 0.19 0.04864 2.91 0.15700 3.28 0.0234 1.51 130.5 67.1 148.1 4.5 149.2 2.2
XL-1-6 111 253 0.4 0.00 0.04978 2.41 0.16165 2.87 0.0235 1.56 184.9 55.2 152.1 4.1 150.1 2.3
XL-1-7 80 208 0.4 0.17 0.04797 2.70 0.15837 3.11 0.0239 1.55 97.8 62.7 149.3 4.3 152.5 2.3
XL-1-8 139 254 0.5 0.35 0.04720 2.48 0.15443 2.90 0.0237 1.51 59.5 58.1 145.8 4.0 151.2 2.3
XL-1-9 140 256 0.5 0.05 0.04899 2.58 0.15652 3.00 0.0232 1.52 147.2 59.5 147.7 4.1 147.7 2.2

XL-1-10 90 224 0.4 0.32 0.04912 2.55 0.16017 2.97 0.0237 1.52 153.3 58.7 150.9 4.2 150.7 2.3
XL-1-11 46 109 0.4 0.34 0.04795 5.04 0.15452 5.27 0.0234 1.52 96.9 115.3145.9 7.2 148.9 2.2
XL-1-12 133 209 0.6 0.17 0.04861 4.02 0.15964 4.30 0.0238 1.52 128.9 92.0 150.4 6.0 151.8 2.3
XL-1-13 39 170 0.2 0.00 0.04923 3.55 0.15989 3.87 0.0236 1.53 158.7 81.1 150.6 5.4 150.1 2.3
XL-1-14 66 146 0.4 0.00 0.04788 4.12 0.16061 4.40 0.0243 1.53 93.5 94.8 151.2 6.2 154.9 2.3
XL-1-15 131 282 0.5 0.08 0.04858 2.79 0.15811 3.17 0.0236 1.51 127.4 64.3 149.0 4.4 150.4 2.2
XL-1-16 130 251 0.5 0.20 0.04760 3.03 0.15644 3.39 0.0238 1.52 79.6 70.4 147.6 4.7 151.8 2.3
XL-1-17 65 183 0.4 0.00 0.04897 2.88 0.16493 3.26 0.0244 1.52 146.3 66.2 155.0 4.7 155.6 2.3
XL-1-18 116 240 0.5 0.00 0.05171 2.42 0.17000 2.85 0.0238 1.52 272.6 54.4 159.4 4.2 151.9 2.3

5.2. Molybdenite Re–Os Dating

The Re–Os data for the molybdenite from the Xianlin Mo(Cu)–Fe deposits are listed
in Table 2. It must be noted that the elemental Re contents vary from 128.9 to 155.7 µg/g,
which are relatively high values in the context of the deposits of the SCMP. The samples
define an isochron age of 146 ± 12 Ma (MSWD = 0.4). The Re–Os model ages of the six
molybdenite samples show a narrow range between 149.1 and 150.3 Ma with a weighted
mean age of 149.6 ± 1.3 Ma (Figure 6b). The weighted mean age is consistent with the
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isochron age within the error, which can be explained as the age of Mo mineralization in
the Xianlin Mo(Cu)–Fe deposit.

Table 2. Re–Os isotope data for molybdenite samples from the porphyry Mo orebodies from the
Xianlin deposit.

Sample Brief Sample Description Weight (g)
Re (µg/g) 187Re (µg/g) 187Os (ng/g) Model Age (Ma)

Measured 2σ Measured 2σ Measured 2σ Measured 2σ

XL-2 Molybdenite-quartz vein 0.01018 128.90 1.00 81.00 0.60 202.99 1.75 150.2 2.1
XL-3 Molybdenite-quartz vein 0.01048 147.00 1.40 92.40 0.88 230.91 1.90 149.8 2.2
XL-4 Molybdenite-quartz vein 0.01016 141.90 1.10 89.18 0.68 221.98 1.75 149.2 2.0
XL-6 Molybdenite-quartz vein 0.01046 155.70 1.20 97.85 0.77 243.80 2.40 149.4 2.2
XL-8 Molybdenite-quartz vein 0.01038 142.50 1.20 89.56 0.73 222.71 1.77 149.1 2.1

XL-11 Molybdenite-quartz vein 0.01046 144.80 1.30 90.99 0.84 228.13 1.87 150.3 2.2

Notes: All the data are calculated using the decay constant λ (187Re) = 1.666 × 10−11/a [31]. 
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+ Na2O = 7.07–7.56 wt.%; A/CNK = 0.85–0.96), moderate Al (Al2O3 = 14.62–17.43 wt.%),
Ca and Fe contents, and low Mg, Ti and P contents [32]. Combed with the presence of
the hornblende in the intrusion (Figure 4d), this indicates that the granodiorite belongs to
I-type granite. In this study, the U–Pb isotopic age shows that the crystallization age of the
granodiorite is 150.8 ± 1.1 Ma. Moreover, the Re–Os isochronal dating of the six samples
yielded a weighted mean age of 149.6 ± 1.3 Ma, representing the ore-forming age in the
Xianlin Mo(Cu)-Fe deposit. The agreement in the ages between granodiorite intrusion
and Mo mineralization suggests that Xianlin polymetallic mineralization was genetically
related to the formation of granodiorite in the Late Jurassic.

Meanwhile, the total Re contents of the molybdenites from the Xianlin Mo(Cu)–Fe de-
posit range from 128.9 to 155.7 µg/g. Moreover, Zeng et al. (2012) [11] reported that the Re
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contents of the Late Jurassic Tongcun Mo–Cu deposit in the Western Zhejiang Province vary
from 36.6 to 121.7 µg/g. Wang et al. (2013) [33] reported that the Re-Os isochron age of the
molybdenite from the LiZhu Fe-Mo deposit in the Western Zhejiang Province is 149.3 Ma.
Hu et al. (2016) [34] showed that the Re–Os isochron age of the molybdenite from Da-
tongkeng W-Mo deposit in the Western Zhejiang Province is 146.5 ± 0.8 Ma with the Re con-
tents of 9.7~116.7 µg/g. Tang et al. (2017) [35] obtained a Re–Os age of 162.2 ± 1.4 Ma for
the Linghou Mo–PbZn–Cu deposit in the Western Zhejiang Province with the Re contents
of 195.4~226.3 µg/g. In addition, a series of Re-enriched porphyry-skarn deposits in the
Jurassic have been discovered in the northwestern part of the SCMP, including Tongchang
orefield (Re: 416.9~1571 µg/g, 171.1 Ma), Fujiawu orefield (Re: 180.1~652.5 µg/g, 171.1 Ma),
and Zhushahong orefield (Re: 100.1~933.7 µg/g, 170 Ma) in the Dexing porphyry Cu–Mo
deposit [14]. Compared to W–Mo deposits, the Re-enriched Mo deposits in this stage are
characteristic by Cu-dominated or Fe-dominated polymetallic systems related to granite
porphyry and granodiorite in the Middle-Late Jurassic (170–145Ma). These data indicate
an extensive magmatic-hydrothermal Re-enriched Mo mineralization event in the SCMP.

6.2. The Spatial-Temporal Distribution of Re-Bearing Mo Mineralization

Based on the Re contents of the single Mo polymetallic deposit, these factors could
be related to the petrogenesis of the host rock and ore-genesis of the molybdenite [6,36].
However, the lack of observable correlation between molybdenite Re concentration and
geologic features of regional Mo polymetallic deposits hamper understanding of the Re-
bearing mineralization regularity. Zhejiang Province in Southeast China is an essential
region of Late Mesozoic Mo polymetallic mineralization in the SCMP. Based on the new
accumulated reliable data (Table 3), three stages of the Mo polymetallic deposits have been
recognized (Figure 7): Stage I (170–145 Ma), Stage II (145–125 Ma), and Stage III (125–90 Ma).

Table 3. The characteristics of Mo polymetallic deposits in the Zhejiang province, South China
Mo Province.

Deposit Metal
Association Deposit Type Ore

Minerals
Gangue
Minerals

Ore-Forming
Intrusion

Mineralization
Age Re (µg/g) References

Tongcun Mo-Cu Porphyry-skarn Mo, Ccp, Py Qtz, Ser, Cal,
Grt, Ep, Chl

Granite porphyry
(169.7Ma) 163.9Ma 36.6–121.7 [10]

Linghou Mo-PbZn-Cu Porphyry-skarn Py, Ccp, Mo,
Sp, Gn, Po

Qtz, Chl, Fl,
Kao

Granodiorite
porphyry (160.6Ma) 162.2Ma 195.4–226.3 [35]

Xianlin Mo(Cu)-Fe Porphyry-skarn Mag, Py, Mo Grt, Qtz, Ser,
Cal

Granodiorite
(147.2Ma) 149.6Ma 128.9–155.7 This study

Lizhe Mo-Fe Porphyry-skarn Mag, Py, Mo Grt, Qtz, Ser,
Cal Granite (150.1Ma) 149.3Ma [33]

Datongkeng W-Mo Porphyry-skarn
Py, Mo, Sch,
Ccp, Mag,

Sp, Gn

Qtz, Ser, Ch,
Cal, Di, Granite (148.3Ma) 146.5Ma 9.7–116.7 [34]

Anjigangkou W-Mo-PbZn Porphyry-skarn Py, Mo, Sch,
Sp, Gn

Grt, Qtz, Ser,
Cal

Granodiorite
(141.0Ma) 138.5Ma [37]

Maoduan Mo-PbZn Porphyry Py, Mo, Sp,
Gn, Po

Qtz, Chl, Fl,
Kao

Monzogranite
(140Ma) 137.7Ma 3.1–7.9 [25]

Zhilingtou Mo-PbZn-
AuAg Porphyry Py, Mo, Sp,

Gn
Qtz, Ser, Fl,

Cal, Chl
Granite porphyry

(113.6Ma) 113Ma 14.5–58.6 [20]

Sanzhishu Mo Porphyry Mo, Py Qtz, Ser, Fl,
Cal, Chl

Monzogranite
(112.3Ma) 112Ma 15.7–25.7 [12]

Lufeng Mo Porphyry Mo, Py Kf, Qtz, Ser,
Cal

Granite porphyry
(108.4Ma) 108Ma 4–10.7 [19]

Shipingchuan Mo-PbZn Porphyry Mo, Py Qtz, Ser, Fl Syenogranite
(107.5Ma) 104.7Ma 1.3–45.6 [38]

Notes: All ore-forming intrusion ages were determinate by U–Pb dating. All mineralization ages were obtained
by Re-Os dating.Mineral observations: Kf–K-feldspar; Ser–Sericite; Chl–Chlorite; Fl–Fluorite; Kao–Kaolinite;
Toz–Topaz; Di–Diopside; Grt–Garnet; Cal–Calcite; Mo–Molybdenite; Py–Pyrite; Sp–Sphlerite; Gn–Galena;
Ccp–chalcopyrite; Po–Pyrrhotite; Wf–wolframite.
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the three-stage Mo polymetallic deposits.

Stage I (170–145 Ma): The Mo polymetallic systems include porphyry Mo–Cu and
Mo–Fe deposits, such as Linghou Mo–PbZn–Cu deposit (Re: 195.4–226.3 µg/g), Tongcun
Mo–Cu deposit (Re: 36.6–121.7 µg/g), Xianlin Mo–Fe deposit (Re: 128.9–155.7 µg/g), and
Datongkeng W–Cu–Mo deposit (Re: 9.7–116.7 µg/g), in the Yangtze Mo metallogenic belt.

Stage II (145–125 Ma): Li et al. (2012) [25] confirmed that the molybdenite Re–Os
isochron age is 137.7 ± 2.7 Ma from the Moduan Mo–PbZn deposit with the Re contents of
3.1–7.9 µg/g. Moreover, Tang et al. (2013) [37] stated that the Re–Os isochron age of the
molybdenite is 141.2 ± 1.1 Ma from the Anjigangkou W–Mo–PbZn deposit. Previous Re–Os
dating of molybdenite has revealed some Mo mineralization events during 136–134 Ma in
the SCMP. The Maoduan monzogranite samples are high in silica, potassium, and plot, in
the high-K calc-alkaline series. The granites are metaluminous to weakly peraluminous.

Stage III (125–90 Ma): The presence of this stage of Mo polymetallic deposits was iden-
tified in Zhejiang Province, including the Zhilingtou Mo–PbZn–AuAg (113 ± 2.4 Ma; Re:
14.5–58.6 µg/g. [11,20]), Sanzhishu Mo deposit (111.2 ± 6.4 Ma; Re: 15.7–25.7 µg/g. [12]),
the Lufeng Mo deposit (108 ± 1.8 Ma; Re: 4–10.7 µg/g. [19]), and Shipingchuan PbZn–Mo
(104.7 ± 1 Ma; Re: 1.3–45.6 µg/g. [38]). A compilation of reliable data suggests that the Re
contents of this stage of Mo mineralization are low (1.3–58.5 µg/g) in the SCMP.
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6.3. Geodynamic Setting of the Re-Bearing Mo Mineralization

Although a series of factors have been proposed, which includes the nature of the
ore-forming fluids and petrogenesis of the ore-forming rocks, the controlling factors of
Re-content variant are not neatly explained [6,36]. Mineral deposits are heterogeneous,
however, the physical process for their genesis is commonly related to the specific mag-
matism and the tectonic setting [39]. In particular, Chen et al. (2017) [8] emphasized that
the spatial-temporal distribution pattern of Mo polymetallic systems can be a diagnostic
signature of specific tectonic settings in conjunction with petrogenetic-tectonic evidence.
Further assessment of these hypotheses would be required to address the Re concentration
of different Mo polymetallic systems in different tectonic settings. Based on integrating
previous tectonic-magmatic and hydrothermal activities in the Late Mesozoic, this study
attempts to discuss the coupling relationship between the tectonic setting triggered by the
subduction evolution of the Paleo-Pacific Ocean plate and the Re-related Mo polymetallic
deposits in Zhejiang Province, SCMP.

Stage I (170–145 Ma): Stage I high-Re Mo polymetallic deposits in the Yangtze Craton
of Western Zhejiang encompass Linghou Mo–PbZn-Cu deposit, Tongcun Mo–Cu deposit,
Xianlin Mo(Cu)–Fe deposit, Lizhe Mo–Fe deposit, and Datongkeng W–Cu–Mo deposit,
which are genetically related to granodiorite and granite alongside a NE-striking in the
Yangtze Craton. These intrusions are associated I-type granitoids with high SiO2, Al2O3,
and total alkali (K2O + Na2O) concentrations [34,35,40,41]. These granitoids are enriched
in LREEs and Sr contents, depleted in HREEs and Yb contents, and exhibit slender nega-
tive Eu anomalies, indicating that the presence of residual garnet existed during magma
genesis [24]. The Sr/Y–Y analyses show that the Jurassic magmatism was mostly adakitic
(Figure 8), together with previous experimental studies of adakitic rocks [42], suggesting
a thickened lower crust (>50 km) in the Middle-Late Jurassic [7,43]. Sr–Nd–Hf isotopic
compositions point out that the granitoids may have crystallized from hybrid magmas of
Mesoproterozoic crust-derived and depleted mantle-derived magmas [24]. The petrogene-
sis of these granitoids indicated that the Paleo-Pacific plate penetrated beneath the South
China hinterland at a shallowly dipping angle, and generated an active continental margin
setting in the Early Jurassic [44]. As subduction continued, the fluids liberated from the
descending slab produced partial melting in the overlying mantle wedge. These metal-
enriched melts migrated upwards, producing a range of granitic rocks and Mo polymetallic
deposits (Figure 9a).
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Figure 9. The tectono-magmatic-mineralization evolution model of the Paleo-Pacific plate subduction
in Zhejiang Province in the SCMP during the Late Mesozoic. (a) the low-dipping-angle subduction
of the Paleo-Pacific plate in the Stage I (170–145 Ma); (b) the rollback beginning of the Paleo-Pacific
plate in the Stage II (145–125 Ma); (c) the progressive rollback and retreat of the Paleo-Pacific plate in
the Stage III (125–90 Ma). Modified from Wang et al., 2018 [24].

Stage II (145–125 Ma): Stage II low-Re Mo polymetallic deposits, positioned basi-
cally inland, are genetically associated with highly fractionated I-type or high-K I-type
monzogranites or granites, alongside the Jiang–Shao Fault Zone in Zhejiang Province [25].
The contemporary granitoids are characterized by high TFe3O4/MgO ratios, LILE enrich-
ment, HFSE depletion, negative Eu anomalies, and depletions in Ba, Sr, P, Eu, and Ti [24].
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These granitoids are characterized by low Sr/Y and La/Yb ratios and plot primarily in
the field of island arcs, as seen in Figure 8. Combing the previous Sr–Nd–Hf isotopic
compositions [24], we infer that these rocks were derived from the partial melting of the
lower crust contaminated by enriched mantle at depths of <50 km [42]. Meanwhile, A-
type granitoids in the northwestern part of Zhejiang Province in the Early Cretaceous (ca.
145–120 Ma) indicate that back-arc extension initiated as early as ~145 Ma [46,47]. Previous
studies indicated that the beginning of the rollback of the Paleo-Pacific slab caused strong
asthenosphere–lithosphere interaction for the formation of the I- and A-type granites. It
could be most probably attributed to the elevated gravitational pull on the subduction slab
from a low-angle to a medium-angle [24]. The rollback is supported by the youngling trend
of magmatic and mineralization belts migrating from inland towards coastal (Figure 9b).

Stage III (125–90 Ma): Stage III Mo polymetallic deposits are distributed alongside the
Lishui–Yuyao Fault Zone [48]. They belong to the High-F but low-Re Mo mineralization
related to A-type or notably fractionated I-type granite [12,19,36]. The granites in this stage
are comparable to those of the early stage but with more evidently negative Eu anomalies
and higher LREEs contents, as well as more involvement of juvenile material as indicated
by higher εHf(t) values of −11.6 to +4.5 and εNd(t) values of −10.82 to −0.7 [49,50]. These
features indicate greater mantle involvement for this stage of magmatic-hydrothermal
event in a stronger lithospheric extensional setting. These granitoids also belong to island
arc rocks in the Sr/Y–Y diagrams but have lower Sr/Y and La/Yb ratios than the Stage II
granitoids (Figure 8), indicating crustal thickness is much less than 50 km [51]. The regional
extension migrated from the inland to the coastal area. This is probably attributed to
progressive rollback and retreat of the Paleo-Pacific slab [52]. In this stage, the upwelling of
the asthenosphere induced partial melting of mantle and crustal rocks, producing granitic
magmas and extensive Mo mineralization (Figure 9c).

7. Conclusions

(1) Our zircon U–Pb (150.8 ± 1.1 Ma) and molybdenite Re–Os (149.6 ± 1.3 Ma) ages of
the Xianlin porphyry-skarn Mo(Cu)–Fe deposit indicate that a significant magmatic
event was associated with the Re-enriched Mo mineralization in the SCMP.

(2) This study indicates that a decreasing trend in Re content from the Jurassic Mo–
Cu/Mo–Fe mineralization stage (170–145 Ma) to the Cretaceous Mo/Mo–PbZn min-
eralization stage (145–90 Ma) in the SCMP.

(3) The Paleo-Pacific plate played a crucial role in the Late Mesozoic tectonic-magmatic
development of Zhejiang Province, SCMP, especially, influencing the spatial and
temporal distribution of Re contents from different Mo polymetallic deposits. Jurassic
Re-enriched Mo–Cu/Mo–Fe mineralization associated with I-type granitoids was
formed in an active continental margin triggered by the low-angle subduction of the
Paleo-Pacific slab. Cretaceous Re-low Mo/Mo–PbZn mineralization related to I- and
A-type granitoids was formed in an extensional back-arc environment triggered by
the rollback of the Paleo-Pacific slab.
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