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Southern Hunan Province lies at the intersection of the Shi-Hang zone and Nanling belt, and is characterized by
extensive Mesozoic igneous rocks and coeval polymetallic deposits, including early granodiorite porphyry-
related Cu-Pb-Zn polymetallic mineralization (ca. 160 Ma) and late granite-related W-Sn polymetallic miner-

Gramto_lds_ . alization (ca. 155 Ma). Amongst these deposits, the Huangshaping deposit is unique for the coexistence of
Granodioritic enclaves . N - s . . o . .
Sulfide economic W-Mo and Pb-Zn mineralization, which is associated with reduced granitoids, including quartz por-

phyry, felsite, and granite porphyry. Unlike the W-Mo mineralization, which has a close temporal-spatial
relationship with granite porphyry, the sources of Pb-Zn mineralization have not yet been clarified, mainly
because of its distal orebodies of unknown age. Abundant granodioritic enclaves have recently been found in
quartz porphyry of the Huangshaping deposit, with zircon U-Pb ages consistent with the quartz porphyry and
containing abundant sulfides including chalcopyrite, sphalerite, and pyrrhotite. This study involved in situ
LA-ICP-MS determinations of trace element compositions of these sulfides, for comparison with those of sulfides
in distal ores and carbonate strata to elucidate the sources of Pb-Zn mineralization in this deposit. Sulfides from
granodioritic enclaves have higher Co/Ni ratios, but similar Zn/Cd, Cu/In, and Pb/Sb ratios, compared with
those of distal Pb—Zn ores, indicating that sulfides in both enclaves and ores were precipitated from hydrothermal
fluids derived from the same single source, although with higher precipitation temperatures for the former. As
sulfides in the ores have Pb isotopic compositions distinct from those of other granitoids, we suggest that
intrusion of the granodiorites (~5 Myrs before the granitoids) resulted in the accumulation of ore-forming metals
in the metamorphic or crystalline basement. These metals were then scavenged by hydrothermal circulation
triggered by later intrusions of felsite and granite porphyry, especially fluorine-rich granite porphyry, forming
the distal Pb-Zn mineralization near the surface of the deposit. The accumulation of sulfides triggered by earlier
granodioritic activity was likely crucial for the formation of distal sulfide mineralization, and perhaps also for
that in other W-Mo deposits related to reduced granites in southern Hunan Province.

1. Introduction

Skarn Pb-Zn sulfide mineralization can develop in a variety of
magmatic systems, regardless of geological environment and the type
and redox state of related igneous rocks (Ishihara, 1977, 1981; Large,
1992; Meinert et al., 2005). Unlike other skarn ores, which are generally
located in proximal skarn zones (e.g., W, Sn, Mo, Fe, and Cu ores), the
origins of skarn Pb-Zn mineralization are still under discussion,

primarily because these sulfide ores are located within distal sedimen-
tary carbonate-hosted stratiform orebodies with generally poor age
constraints (Megaw et al., 1988; Meinert et al., 2005). Numerous studies
have shown that the formation of skarn Pb-Zn mineralization is pre-
dominantly controlled by igneous rocks, as the ore-forming fluids have
highly variable temperatures (100 °C-500 °C), but similar chemical
characteristics as magmatic- rather than basinal-dominated fluids
(Megaw et al., 1988; Samson et al., 2008; Kalender, 2011). Sulfide ores
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also typically have consistent S and Pb isotopic compositions, similar to
those of igneous rocks associated with this mineralization (Ault and
Williams-Jones, 2004; Kalender, 2011; Li et al., 2012; Akiska et al.,
2013; Shu et al., 2013; Wang et al., 2014; Xie et al., 2015; Ding et al.,
2016a). However, other studies have shown that the isotopic composi-
tions of sulfide ores (e.g., S and Pb) and fluid inclusions (e.g., O and H)
can be variable in some cases, and proposed that metamorphosed
basement, evaporitic sediments, and meteoric water have probably
contributed significantly to Pb-Zn mineralization in skarn systems
(Townley and Godwin, 2001; Oliver et al., 2006; Palinkas et al., 2013;
Hammerli et al., 2015a, 2015b; Ding et al., 2016b, 2016c).

Southern Hunan Province lies at the intersection of the Shi-Hang
zone and Nanling belt, and is characterized by extensive Mesozoic
igneous rocks and coeval polymetallic deposits, which include early
granodiorite porphyry-related Cu-Pb-Zn polymetallic mineralization
(ca. 160 Ma) and late granite-related W-Sn polymetallic mineralization
(ca. 155 Ma) (Mao et al., 2013; Ding et al., 2015; Huang et al., 2017). In
most of these W-Sn deposits, Pb-Zn mineralization of limited tonnage
commonly occurs as distal orebodies, such as in the Xintianling (Zhang,
2014) and Xitian (Yao et al., 2013) skarn W deposits, and Hehuaping
(Yao et al., 2014) and Xianghualing (Yuan et al., 2007) skarn Sn de-
posits. Although it is still difficult to figure out the key factors control-
ling the different W-Sn and Cu-Pb-Zn mineralization types, the redox
states of ore-bearing igneous rocks are considered one of the most crit-
ical factors in the formation of economic Cu-Pb-Zn deposits in this area,
mainly as chalcophile elements (e.g., S, Cu, Pb, and Zn) can be accu-
mulated and transported more effectively in systems associated with
relatively oxidized granodioritic magmas than in reduced W-Sn-bearing
granitic magmas (Jiang et al., 2009; Zhang, 2014; Ding et al., 2015;
Huang et al., 2017).

The polymetallic Huangshaping W-Mo-Pb-Zn deposit hosts signifi-
cant W-Mo and Pb-Zn mineralization—a combination that is unique in
southern Hunan Province—containing 152.9 kt WOs at a grade of 0.2%,
43.2 kt Mo at 0.2%, 761.3 kt Pb at 3.55%, and 1.5 Mt Zn at 7.13%
(Huang et al., 2013). W-Mo mineralization in the deposit has close
temporal-spatial relationships with granite porphyry, suggesting a ge-
netic relationship between the two (Ding et al., 2017, 2018a, 2018b).
However, the origins of the Pb-Zn mineralization within the deposit
remain ambiguous, primarily as these sulfide ores are located within
distal carbonate-hosted stratiform orebodies of unknown age, as in other
Pb-Zn deposits (Ding et al., 2016b, 2016c¢). In addition, all granitoids
(including quartz porphyry, felsite, and granite porphyry) in this deposit
are reduced, as indicated by Ce(IV)/Ce(Ill) ratios in zircon (Li et al.,
2014b) and the Fe(IlI)-Fe(II)-Mg discrimination diagram for biotite
(Ding et al., 2017), distinct from the generally oxidized Cu-Pb-Zn-
bearing granodiorite porphyry (Ding et al., 2015). Due to the apparent
conflict between its large tonnage and the reduced states of associated
granitoids, the formation mechanism of distal Pb-Zn mineralization in
the Huangshaping deposit is still unclear (Tong, 1986; Xi et al., 2009;
Zhu et al., 2012; Huang et al., 2013; Ding et al., 2016b, 2016c; Jiang
et al., 2020; Li et al., 2020).

Abundant granodioritic enclaves were recently discovered within
quartz porphyry of the Huangshaping deposit. They are geochemically
similar to Cu-Pb-Zn-bearing granodiorite porphyries in southern Hunan
Province rather than host-rock quartz porphyry of the deposit, indi-
cating likely pre-existing (earlier than felsite and granite porphyry for-
mation) granodioritic activity within the basement of the Huangshaping
deposit (Ding et al., 2016c¢). Furthermore, these granodioritic enclaves
contain numerous sulfides, including chalcopyrite, pyrrhotite, and
sphalerite—assemblages that are absent in quartz porphyry, felsite, and
granite porphyry in the deposit. Here we compare the trace element
compositions of sulfides in the granodioritic enclaves and distal Pb-Zn
ores hosted in sedimentary carbonate with the aims of (1) elucidating
whether and how granodioritic activity may have contributed to Pb-Zn
mineralization in the Huangshaping deposit and (2) improving under-
standing of distal Pb-Zn mineralization in other W-Sn deposits in
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southern Hunan Province.
2. Geological background

The Cathaysia Block amalgamated with the Yangtze Block along the
Jiangshan-Shaoxin suture at ca. 970 Ma during the Jinning orogenic
event (Li and McCulloch, 1996). The basement of the Cathaysia Block is
dominated by Paleo- to Mesoproterozoic metamorphic rocks overlain by
Neoproterozoic to Paleozoic continental and neritic marine sediments
(Yuan et al., 1991; Wang et al., 2007; Jiang et al., 2009). The Cathaysia
Block records intensive Jurassic-Cretaceous magmatism that formed a
belt of igneous rocks that become younger towards the coast (Fig. 1a;
Zhou et al., 2006). Intrusive and volcanic rocks of this period include a
belt of granites with high Sm (>8 ppm) and Nd (>45 ppm) contents,
eng(t) values greater than — 8, and young Nd model ages (Tpy < 1.5 Ga;
Gilder et al., 1996). This belt almost parallels two NE-SW-trending
Mesozoic grabens between Hangzhou (Zhejiang Province) and Shi-
wandashan (Guangxi Province), and has thus been termed the Shi-Hang
zone (Fig. 1a). Various models have been proposed for the formation of
the Shi-Hang zone, including the commonly accepted models of shallow
subduction and roll-back of the Paleo-Pacific Plate or the foundering of a
flat-subducted slab with subsequent roll-back during the Jurassic (Li
et al., 2007; Jiang et al., 2009; Ding et al., 2015).

The Shi-Hang zone is closely associated with Cu—Pb-Zn polymetallic
deposits (Fig. 1a; Ding et al., 2015 and references therein). The area
within Guangxi, Hunan, Jiangxi, and Guangdong provinces that con-
tains W-Sn—-Cu-Pb-Zn deposits associated with granitoids has been
termed the Nanling belt (Fig. 1a; Mao et al., 2013). Southern Hunan
Province lies within the Cathaysia Block, and igneous rocks within it and
adjacent areas can be divided into granites formed by melting of crustal
material and granodiorite porphyries formed from a mixture of crust-
and mantle-derived materials. The former are associated with W-Sn
polymetallic mineralization and the latter with skarn Cu-Pb-Zn poly-
metallic deposits such as the Baoshan (Xie et al., 2013, 2015; Ding et al.,
2016b), Tongshanling (Huang et al., 2017, 2018), and Shuikoushan
(Zuo et al., 2014) deposits (Fig. 1b). All these deposits are hosted by
Devonian and Carboniferous carbonates, and the significant mineral
endowment of southern Hunan Province means that this region has been
the focus of considerable geological and mineral exploration and
research (e.g., Hua et al., 2007; Li et al., 2013; Mao et al., 2013).

3. Geology of the Huangshaping deposit
3.1. Stratigraphy and structure

The Huangshaping deposit lies on the northwestern side of the
Qitianling batholith (Fig. 1b). Sedimentary rocks of the deposit are
predominantly neritic marine sediments, including limestones of the
Upper Devonian Xikuangshan, Lower Carboniferous Douling’ao, and
Shidengzi formations, Ceshui Formation sandstone, and Zimengiao
Formation dolomite and limestone (Fig. 2a, b). Shidengzi Formation
limestone is the main host of W-Mo-Pb-Zn mineralization (Fig. 2c; Tong
1986). The dominant structure is the N-S-trending Guanyinda-
zuo-Baoling inverted anticline, with a core of Shidengzi Formation
rocks and limbs comprising the Ceshui and Zimengiao formations
(Fig. 2b, c). Three N-S-trending thrust faults (F1, F2, and F3) occur
within the anticlinal axis and limbs (Fig. 2a). These faults, particularly
F3, control the location of most of the Pb-Zn reserves (Fig. 2b, c).
Several E-W- and WNW-ENE-trending normal faults (FO, F6, F7, and F9)
occur within the deposit (Fig. 2a, b). The intersection of these faults and
the anticline forms a crosshatch-shaped structure that controls both the
outcrops of granitoids and locations of W-Mo-Pb-Zn mineralization.
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Fig. 1. (a) Distribution of Mesozoic intrusive and volcanic rocks in southeast China (modified from Zhou et al., 2006). Locations of the Shi-Hang zone and Nanling
belt are from Jiang et al. (2009), Li et al. (2013), and Mao et al. (2013). (b) Distribution of Jurassic igneous rocks and associated polymetallic mineral deposits in

southern Hunan Province, including the Huangshaping deposit.
3.2. Granitoids

3.2.1. Quartz porphyry, felsite, and granite porphyry

The Huangshaping deposit is associated with hypabyssal granitoids,
which are divided into quartz porphyry, felsite, and granite porphyry,
based on mineralogy, geochemistry, and texture. The mineral assem-
blage of the quartz porphyry is limited to quartz and minor K-feldspar
phenocrysts. Felsite has an aphyric texture generally devoid of pheno-
crysts, and comprises monzogranite and syenogranite (Ding et al.,
2016c¢). Granite porphyry contains K-feldspar, plagioclase, quartz, and
minor biotite phenocrysts. Igneous rocks exposed in the deposit include
quartz porphyry and weathered felsite, while granite porphyry occurs
below the southeastern part of the deposit (Fig. 2b, c¢). The contacts
between quartz porphyry and felsite are faults, but it is uncertain
whether faulting caused intercalations of granite porphyry and other
granitoids (Fig. 2b, c). All three types of granitoid contain similar
accessory minerals, including primary zircon and apatite, and secondary
sulfides and fluorite. Wolframite, columbite, and molybdenite also occur
in the granite porphyry, suggesting a close relationship between granite
porphyry and W-Mo mineralization in this deposit (Ding et al., 2017).

Previous studies have determined that the intrusions are silicic, with
Si0O; contents of >70 wt%. Their aluminum saturation index values of
0.7-1.6 indicate that the granitoids are metaluminous or peraluminous,
and their KO contents of 3.7-7.0 wt% correspond to high-K calc-alka-
line to shoshonitic igneous rocks (Yao et al., 2005; Li et al., 2014a; Ding
et al., 2016c). Geochronological data indicate two periods of igneous
activity, with quartz porphyry forming at 160.5 + 1.3 Ma, and felsite
and granite porphyry at 156.6 + 1.4 and 155.3 + 1.6 Ma, respectively
(Ding et al., 2016c¢ and references therein). Further support for distinct
episodes of igneous activity is provided by Sr-Nd-Hf-Pb isotopic com-
positions, which indicate that the felsite and granite porphyry are co-
magmatic and formed as a result of partial melting of metamorphic
basement within the upper crust. In contrast, quartz porphyry associated
with the Huangshaping deposit was formed by melting of metamorphic
basement rocks within the lower crust, with coeval basaltic magma
input (Li et al., 2014a; Ding et al., 2016c¢).

3.2.2. Granodioritic enclaves in quartz porphyry

Granodioritic enclaves occur in the quartz porphyry in the Huang-
shaping deposit, forming ellipsoidal or lens-shaped bodies with di-
ameters of 5-40 cm (Fig. 3a, b). Some enclaves are strongly altered and
have porphyritic textures with feldspar and quartz phenocrysts, and
primary euhedral zircon and apatite are common accessory minerals
(Ding et al., 2016c¢). Some enclaves are relatively fresh, with aphyric

textures (Fig. 4a). Zircons from the granodioritic enclaves yield U-Pb
ages of 160.2 £ 1.6 Ma, which is within error of the age of the host
quartz porphyry (160.5 + 1.3 Ma), indicating that the enclaves crys-
tallized at the same time as the host quartz porphyry (Ding et al., 2016c).
The two-stage Hf model ages, TSM(HD), of zircons from the enclaves are
in the range 1.91-1.59 Ga, much older than those of quartz porphyry
(1.61-1.32 Ga) and granite porphyry (1.72-1.42 Ga) (Ding et al.,
2016¢), but consistent with those of Pb-Zn-bearing granodiorite por-
phyries in the area, such as in the Tongshanling (1.83-1.65 Ga) (Jiang
et al., 2009) and Baoshan (2.08-1.77 Ga) (Xie et al., 2013) deposits.
Calculated rare earth element patterns of the granodioritic enclaves,
based on their apatite contents, are similar to those of granodiorite
porphyries in the area (e.g., the Tongshanling and Baoshan deposits),
but distinct from those of granitoids in the Huangshaping deposit (Ding
et al., 2016c¢). The granodioritic enclaves thus represent an end-member
magma that was added to the quartz porphyry magma chamber, with
this end-member magma being derived from melting of lower crust
compositionally similar to that forming the Pb-Zn-bearing granodiorite
porphyries in southern Hunan Province. It is particularly relevant that
these granodioritic enclaves host abundant sulfides, including chalco-
pyrite, pyrrhotite, and sphalerite, which coexist in the enclaves forming
discrete grains (Fig. 4a—e). These sulfides are distinct from secondary
sulfides, which include mainly pyrite and generally occur as veinlets
crosscutting granitoids (Fig. 4f-i; Ding et al., 2016b).

3.3. Alteration and mineralization

3.3.1. Skarn alteration

Skarn and sulfide-carbonate alteration characterize the Huang-
shaping deposit. Skarn occurs in a contact zone between granitoids and
Shidengzi Formation limestones, with the most complete skarn devel-
opment being around granite porphyry (Fig. 2b, c). Skarn alteration of
limestone is zoned outward from potassic-altered granite porphyry to
proximal garnet-diopside and tremolite. Sericitization with abundant
arsenopyrite and minor scheelite also occurs in this potassic-altered
granite porphyry (Fig. 5a, b). Disseminations of abundant scheelite
and minor molybdenite are common in the proximal garnet-diopside
skarn (Fig. 3¢, d), which hosts significant W resources, including the No.
W216 orebody that occurs close to the granite porphyry and contains
88% of known scheelite reserves in the deposit (Fig. 2b). The remaining
12% of reserves are in the No. W1 orebody, close to the quartz porphyry
intrusion, but are considered closely associated with the felsite beneath
(Fig. 2b; Ding et al., 2016b). The tremolite zone contains actinolite,
abundant disseminated molybdenite, and minor scheelite (Fig. 3e).
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Fig. 2. (a) Geological map of the Huangshaping deposit; (b) simplified geological maps of the Huangshaping deposit at the 20 m level; (c) geological cross-section
through the Huangshaping deposit. Stars in (b) and (c) represent the sampling locations of the sulfides analyzed in this study. Abbreviations H-1 to H-7 are short for

11HSP-26, —52, —55, —82, —99, —135, and 1212HSP14, respectively.

Calcite and fluorite are the main gangue minerals, crosscutting scheelite
and molybdenite ores, and these can also host abundant scheelite and
molybdenite (Fig. 3c-e and 5c-d). Fluid inclusions in garnet and
disseminated scheelite and fluorite yield homogenization temperatures
(Ty) of 528 °C-600 °C, 400 °C-460 °C, and 250 °C-303 °C, respectively
(Huang et al., 2013; Li et al., 2016).

Sulfide—-quartz mineralization in the Huangshaping deposit is weakly
developed and commonly occurs as veinlets cutting skarn, while sulfide
veinlets containing chalcopyrite, pyrite, and molybdenite cut early

garnet and scheelite (Fig. Se, f; Ding et al., 2016b). Fluid inclusions in
quartz have Ty, values of 300°-340 °C, lower than those of garnet and
scheelite in proximal skarn (Huang et al., 2013; Li et al., 2016). Distal
skarn is represented by a marble zone adjacent to unaltered limestone.
The timing of skarn formation and mineralization is indicated by Re-Os
isochron ages of 159.4 + 3.3 to 153.8 &+ 4.8 Ma for molybdenite in
W-Mo skarn (Ma et al., 2007; Yao et al., 2007; Lei et al., 2010; Qi et al.,
2012) and *°Ar/%Ar ages of 154.3 + 0.6 to 152.9 + 0.5 Ma for hydro-
thermal K-feldspar (Li et al., 2017). These ages are within analytical
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Fig. 3. (a) Ellipsoidal granodioritic enclaves with various diameters in the quartz porphyry; (b) hand specimens showing the clean reaction rims between grano-
dioritic enclaves and quartz porphyry; (c) outcrop showing the scheelite-molybdenite orebody in the skarn zone; (d, e) hand specimens showing scheelite and
molybdenite ores, respectively; (f) vein-type sulfide orebody hosted in distal sedimentary carbonate; (g) hand specimen showing sulfide ore comprising sphalerite and
pyrrhotite, with fluorite gangue mineral; (h) hand specimen showing sulfide ore comprising galena and pyrite, with calcite gangue mineral; (i) carbonate strata cut by
pyrite vein with quartz. Sch, scheelite; Mo, molybdenite; Cal, calcite; Tr, tremolite; Fl, fluorite; Po, pyrrhotite; Sp, sphalerite; Py, pyrite; Gn, galena; Qtz, quartz.

error of the 155.2 + 0.4 Ma age of the granite porphyry (Yuan et al.,
2014; Ding et al., 2016c¢), supporting a genetic relationship between the
granite porphyry and W-Mo mineralization.

3.3.2. Pb-Zn mineralization

Pb-Zn mineralization formed during a sulfide-carbonate stage of
mineralization, with this stage hosting almost all of the pyrrhotite, py-
rite, sphalerite, and galena in the Huangshaping deposit. These sulfides
are hosted by distal sedimentary carbonate, and occur as vein-type,
stratiform, and lens-shaped zones of mineralization in Shidengzi For-
mation limestones, Ceshui Formation sandstones, and Zimengiao For-
mation dolomitic limestones (Fig. 2¢ and 3f). The sulfide orebodies are
located beneath hanging-wall rocks of Ceshui Formation sandstone and
the quartz porphyry intrusion within the upper section of the Huang-
shaping deposit (Fig. 2b, c). The Pb-Zn orebodies within the same level
of the deposit are not in contact (Fig. 2b), but are located along faults
that acted as conduits for ore-forming fluids (Fig. 2c). Sulfide ores within
the deposit are dominated by galena and sphalerite, with pyrrhotite and
pyrite in a calcite and fluorite gangue (Fig. 3g, h). The Huangshaping
deposit is zoned vertically, with the pyrrhotite abundance decreasing
and pyrite abundance increasing upward within the deposit (Ding et al.,
2016b).

Pyrrhotite is generally massive with minor coexisting chalcopyrite
and sphalerite, indicating that these sulfides precipitated first in the ores
(Fig. 5g). Pyrrhotite was then replaced by pyrite, sphalerite, and galena
(Fig. 5g—i). Indeed, this sulfide can be completely replaced by pyrite,
retaining pseudomorphic textures of pyrrhotite (Fig. 5i). Pyrite is more
commonly colloform, surrounded by recrystallized pyrite (Fig. 5j). The
abundance of colloform pyrite generally increased outwards in the sul-
fide ores from the granitoids to the strata, it can be easily distinguished

from the recrystallized pyrite as its turbid appearance and concentric
zonation. In addition to that coexisting with pyrrhotite, sphalerite can
also replace pyrite in the sulfide ores (Fig. 5k), indicating that most
sphalerite precipitated after pyrite, which in turn formed before galena
(which generally replaced all the other sulfides) (Fig. 5h-k). Calcite and
fluorite gangue minerals host fluid inclusions that homogenize at 160
°C-240 °C, with no obvious evidence of boiling (Huang et al., 2013).
Pyrite grains and veins are disseminated or crosscut Shidengzi Forma-
tion limestones, indicative of sedimentary and hydrothermal pyrite,
respectively (Fig. 51-0). These samples were obtained from the unmin-
eralized strata which are far away from the deposit. The paragenesis of
most sulfides of the Huangshaping deposit is summarized in Fig. 6.

4. Methods
4.1. Magnetic susceptibility analysis

The low-frequency volumetric magnetic susceptibility of whole-rock
sample powders (~5 cm®) of granitoids from the Huangshaping deposit
was measured using a Bartington Instruments (UK) MS2 magnetometer
at the Ministry of Education Key Laboratory of Surficial Geochemistry,
Nanjing University, Nanjing, China. The density magnetic susceptibility
(SD in 1078 m® kg™! was calculated by dividing the measured volu-
metric susceptibility by the sample weight, and SI/4n = mass magnetic
susceptibility and 10 emu g~ (CGS).

4.2. In situ LA-ICP-MS analysis

Different types of sulfide were selected on the basis of their para-
genetic sequence and morphology for in situ laser ablation inductively
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Fig. 4. Photomicrographs showing the occurrence of sulfides in granodioritic enclaves and granitoids of the Huangshaping deposit. (a) Contact zone between
granodioritic enclaves and reaction rim (cross-polarized light (CPL)); (b-e) chalcopyrite, pyrrhotite, and sphalerite coexisting in granodioritic enclaves as discrete
grains (b, c, e, reflected light (RL); d, CPL); (f, g) secondary pyrite in felsite (f, CPL; g, RL); (h, i) pyrite vein crosscutting granite porphyry (h, CPL; I, RL). Ccp,

chalcopyrite; P, plagioclase; Bt, biotite; other abbreviations as in Fig. 3.

coupled plasma mass spectrometry (LA-ICP-MS) analysis of trace
element compositions, using a New Wave UP-213 Nd:YAG LA system
coupled to a Bruker Aurora M90 ICP-MS instrument at Focus Technol-
ogy Co. Ltd, Nanjing, China. Instrument operating conditions and the
data reduction method have been described by Hou et al. (2009) and
Gao et al. (2013). Helium was used as a carrier gas and argon as a
makeup gas. Analyses involved a laser spot diameter of 40 ym, 10 Hz
ablation frequency, 20 s background data acquisition, and 40 s sample
data acquisition. Elemental contents were calibrated against multiple
reference materials (GSE-1G, BCR-2G, and BIR-1G), with °’Fe used as
the internal standard (Gao et al., 2013). The standards were analyzed
after every 10 samples to correct for time-dependent instrumental drift

and mass discrimination. Offline data reduction was performed using
ICPMS DataCal software (Liu et al., 2008) and included selection of
background and analytical signals, time drift corrections, and quanti-
tative calibrations. Precision and accuracy were better than +10%.
Further details of the data reduction techniques are provided by Xie
et al. (2008).

5. Results
5.1. Magnetic susceptibility of granitoids in the Huangshaping deposit

Thirteen granite porphyry, 7 felsite, and 9 quartz porphyry samples
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Fig. 5. Photomicrographs showing the occurrence of main sulfides in proximal skarn, the distal Pb-Zn orebody, and sedimentary carbonate in the Huangshaping
deposit. (a, b) Euhedral arsenopyrite in a sericite-quartz alteration vein crosscutting granite porphyry (a, CPL; b, RL); (c, d) scheelite and molybdenite coexisting in a
fluorite vein (c, CPL; d, RL); (e, f) chalcopyrite replacing pyrite, with both replacing skarn minerals or filling the space between them (e, CPL; f, RL); (g) massive
pyrrhotite containing anhedral grains of chalcopyrite and sphalerite (RL); (h) pyrrhotite replaced by pyrite, sphalerite, and galena; sphalerite replaced by galena (RL);
(i) pyrite replacing pyrrhotite, retaining the pseudomorphic textures of pyrrhotite; galena fills the space between these pyrite grains (RL); (j) colloform pyrite
surrounded by recrystallized pyrite (RL); (k) pyrite replaced by sphalerite and galena; sphalerite replaced by galena, with pyrrhotite relicts contained in galena (RL);
(1, m) euhedral pyrite disseminated in sedimentary carbonate containing abundant macrofossils (I, CPL; m, RL); (n, o) pyrite vein with quartz crosscutting sedi-
mentary carbonate (n, CPL; o, RL). Ser, sericite; Ars, arsenopyrite; Car, carbonate; other abbreviations as in Fig. 4.
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Pyrrhotite
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(colloform)
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(recrystallization)

Sphalerite

Galena

Fig. 6. Paragenetic sequence of the major sulfides in the Huangshaping deposit.

from the Huangshaping deposit, and 13 granodiorite porphyry samples
from the adjacent Baoshan Cu-Pb-Zn deposit were analyzed for mag-
netic susceptibility. The granite porphyry, felsite, and quartz porphyry
have low and wide-ranging magnetic susceptibility (CGS) values of
(0.33-57.86), (0.54-71.28), and (0.99-54.25) x 107® emu g*,
respectively (Supplementary Table 1). The granodiorite porphyry has
high MS values of (226.13-1540.70) x 107 emu g~! (Supplementary
Table 1). In the magnetite-ilmenite classification diagram (Fig. 7), all
samples from the Huangshaping and Baoshan deposits plot in the

[
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Fig. 7. Magnetic susceptibility vs. SiO, content for quartz porphyry, felsite, and
granite porphyry of Huangshaping deposit, and granodiorite porphyry of the
Baoshan deposit. Sampling locations and SiO» contents for the Huangshaping
and Baoshan deposits are from Ding et al. (2016c) and Xie et al. (2013),
respectively.
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ilmenite- and magnetite-series fields, respectively.

5.2. Trace element compositions

5.2.1. Pyrite

Results of trace element analyses are summarized in Supplementary
Table 2 and illustrated in Fig. 8. On the basis of textures and paragenesis,
three types of pyrite from the Huangshaping deposit were analyzed for
their major and trace element compositions: pyrite disseminated in
lower Carboniferous Shidengzi Formation limestone (Py(Cysh)), pyrite
with colloform texture (Py(c)), and pyrite that had undergone recrys-
tallization (Py(r)). The pyrites have compositions of: S,
455,073-574,043 ppm; Fe, 416,918-535,497 ppm; Cu, below detection
(b.d.)-937 ppm); Pb, 0.49-22,511 ppm; Zn b.d.-792 ppm; Se, b.d.-6.84
ppm; Te, b.d.~10.3 ppm; Co, b.d.-18.4 ppm; Ni, b.d.-624 ppm; Mn, b.
d.-3984 ppm; Cd, b.d.-1.77 ppm; In, b.d.-4.06 ppm; Sn, b.d.—-940 ppm;
Bi, b.d.-4.44 ppm; As, b.d.-678 ppm; Sb, b.d.-3739 ppm; Mo, b.d.-75.6
ppm; Ag, b.d.~1863 ppm; Au, b.d.—0.97 ppm. Py(c) generally has higher
contents of most elements than Py(r) and Py(C;sh), except Se, Te, Co,
and Ni. Te contents are comparable in the three types of pyrite. Py(Cysh)
has higher Se (1.48-6.04 ppm), Co (0.01-18.4 ppm), and Ni (0.99-624
ppm) contents than the other types, and the lowest Zn (b.d.~11.1 ppm),
In (b.d.), Sn (b.d.-0.37), Sb (b.d.-0.38 ppm), and Ag (b.d.-0.01 ppm)
contents.

5.2.2. Sphalerite

Sphalerites from the granodioritic enclaves (Sp(e)) and sulfide ores
(Sp(0)) of the Huangshaping deposit have the following trace element
compositions: S, 256,683-311,750 ppm; Zn, 571,613-628,023 ppm; Fe,
94,015-118,750 ppm; Cu, 729-10,104 ppm; Pb, 1.41-4194 ppm; Se,
0.85-12.3 ppm; Te, b.d.-0.69 ppm; Co, 0.17-270 ppm; Ni, b.d.-2.58
ppm; Mn, 896-2320 ppm; Cd, 1200-2117 ppm; In, 12.4-268 ppm; Sn,
1.69-123 ppm; Bi, b.d.-158 ppm; As, b.d.-5.62 ppm; Sb, 0.02-10.0 ppm;
Mo, b.d.-0.15 ppm; Ag, 5.22-182 ppm; Au, b.d.-0.62 ppm. Sp(e)
generally has higher Se, Te, Co, Ni, Mn, In, and Bi contents; Sp(e) and Sp
(o) have comparable Fe, Cu, Sn, and Au contents; Sp(o) has higher Pb,
Cd, As, Sb, Mo, and Ag contents.

5.2.3. Pyrrhotite

Pyrrhotites from the granodioritic enclaves (Po(e)) and sulfide ores
(Po(0)) of the Huangshaping deposit have the following trace element
compositions: S, 382,820-495,484 ppm; Fe, 499,260-616,733 ppm; Cu,
b.d.-12,172 ppm; Pb, 0.13-220 ppm; Zn, b.d-24,114 ppm; Se,
0.73-19.5 ppm; Te, b.d.-7.84 ppm; Co, 0.93-635 ppm; Ni, 28.4-218
ppm; Mn, b.d.-21.4 ppm; Cd, b.d.-59.2 ppm; In, b.d.-133 ppm; Sn, b.
d.-828 ppm; Bi, 0.05-56.2 ppm; As, b.d.-29.6 ppm; Sb, b.d.—4.59 ppm;
Mo, b.d.-1.80 ppm; Ag, 0.21-39.1 ppm; Au, b.d.-0.06 ppm. Po(e)
generally has higher contents of most of these elements, except Fe, As,
and Mo; Po(e) and Po(o) Fe and As contents are comparable, and Po(e)
Mo contents lower.

5.2.4. Chalcopyrite

Three types of chalcopyrite in enclaves (Ccp(e)), skarn (Ccp(s)), and
sulfide ores (Ccp(0)) from the Huangshaping deposit have the following
trace element compositions: S, 305,439-452,974 ppm; Cu,
148,917-370,352 ppm; Fe, 256,312-411,133; Pb, 1.24-62.3 ppm; Zn,
1408-35,437 ppm; Se, 1.86-17.1 ppm; Te, b.d.—22.7 ppm; Co, b.d.-275
ppm; Ni, 0.18-83.1 ppm; Mn, b.d.-108 ppm; Cd, 2.80-76.6 ppm; In,
1.81-218 ppm; Sn, 31.6-3634 ppm; Bi, 0.73-142 ppm; As, 6.22-32.1
ppm; Sb, b.d.-5.08 ppm; Mo, b.d.-1.59 ppm; Ag, 1.39-308 ppm; Au, b.
d.-0.44 ppm. The three chalcopyrites have comparable Fe, Cu, Zn, Ni,
Mn, Bi, and As contents; Ccp(e) has higher Te, Co, Ag, and Au contents;
Ccp(s) has the lowest Pb, Sb, and Mo, but highest Cd, In, and Sn contents;
Ccp(o) has the lowest Se, Co, In, and Au contents.
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Fig. 8. Elemental compositions vs. S contents for sulfides of the Huangshaping deposit. (a) Fe; (b) Cu; (c) Pb; (d) Zn; (e) Se; (f) Te; (g) Co; (h) Ni; (i) Mn; (§) Cd; (k) In;
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6. Discussion

6.1. Evolution of the Pb-Zn-bearing fluids: Insights from pyrite
compositions

Pyrite (FeSy) is the most abundant and widespread sulfide mineral in
Earth’s crust, occurring in settings as diverse as sediments, igneous
rocks, hydrothermal deposits, and metamorphic terranes (e.g., Craig
et al., 1998; Large et al., 2009, 2011, 2014). Trace elements are likely
incorporated into pyrite as stoichiometric substitutions (e.g., Co, Ni, Se,
and Te), non-stoichiometric substitutions (e.g., As, Mo, Au, and T1), and
as mineral inclusions (e.g., Cu, Pb, and Zn) (Huston et al., 1995; Large
et al., 2007; Gregory et al., 2015). Elements with similar characteristics
may enter sulfides in similar ways, but their elemental ratios may vary
because their incorporation can be substantially affected by the physi-
cochemical conditions of ore-forming fluids, such as temperature, pH,
redox state, and ligands involved (e.g., Von Damm, 1990; Seyfried and
Ding, 1993, 1995; Pokrovski et al., 2008; Keith et al., 2016; Hannah
et al., 2018). Elemental ratios in pyrite, particularly S/Se, Se/Te, and
Co/Ni, can therefore be used as indicators that reflect the temperatures
and sources of hydrothermal fluids where the pyrite precipitated. Pre-
vious studies have shown that volcanogenic pyrite, or pyrite precipitated
from magmatic-hydrothermal fluids, has elevated Co contents (Cafagna
and Jugo, 2016; Shao et al., 2018), whereas sedimentary pyrite, such as
that in black shale, has high Ni contents (Large et al., 2009; Gregory
et al., 2015). Furthermore, Co usually prefers to enter pyrite at high
temperatures during recrystallization and metamorphism (Conn, 2019).
Consequently, Co/Ni ratios of <1 (with low standard deviations) are
commonly accepted as indicating pyrite of sedimentary origin, while
pyrite associated with hydrothermal fluids has Co/Ni ratios of >1 (e.g.,
Bralia et al., 1979; Raymond, 1996; Koglin et al., 2010; Thomas et al.,
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2011; Deol et al., 2012; Zhang et al., 2014; Meng et al., 2019; Mukherjee
et al., 2019).

Pyrite in sulfide ores of the Huangshaping deposit, including early Py
(c), late Py(r), and Py(C;sh) is disseminated within strata. Py(c) gener-
ally has much higher contents of most trace elements than Py(r), but
with comparable contents of Se, Te, Co, Ni, and Bi (Fig. 8), due mainly to
the expulsion of trace elements during recrystallization. Previous studies
have shown that recrystallization of pyrite results in the expulsion of
most trace elements bound loosely in the pyrite structure as non-
stoichiometric substitutions and mineral inclusions (e.g., Cu, Pb, Zn,
Bi, Mo, Ag, and Au); stoichiometric substitutions (e.g., Co, Ni, Se, and
Te) are incorporated tightly into the structure, allowing the primary
contents of these elements to be retained (Huston et al., 1993, 1995;
Large et al., 2007; Genna and Gaboury, 2015). Bismuth can substitute
into pyrite together with Ag, Pb, and Sb (Huston et al., 1995), meaning
that the comparable concentrations of Bi in Py(r) and Py(c) are due
mainly to substitution of Ag by Bi during recrystallization. Despite the
expulsion of elements during pyrite recrystallization, Py(r) and Py(c)
have similar Co/Ni ratios, distinct from those of Py(Cish) (Fig. 9a). This
means that the physicochemical conditions of ore-forming fluids may
not have significantly changed from precipitation of Py(c) to Py(r). The
relatively high Co/Ni ratios in Py(c) and Py(r), compared to Py(Cish),
indicate that pyrite in the ores precipitated from relatively high-
temperature fluids significantly influenced by magmatic-hydrothermal
fluids.

In addition to similar Co/Ni ratios, Py(r) and Py(c) also have similar
Zn/Cd, Cu/In, and Pb/Sb ratios (Fig. 9b-d). Cadmium can substitute for
Zn in sphalerite, suggesting that submicroscopic sphalerite inclusions
likely account for most Zn and Cd in other sulfides, such as pyrite,
chalcopyrite, and galena (Cook et al., 2009; Belissont et al., 2014; Zhu
et al., 2016, 2018). Similarly, high Sn and In contents in pyrite may be
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Fig. 9. Bivariate graphs showing the relationships between trace element contents. (a) Co-Ni; (b) Zn-Cd; (c) Cu-In; (d) Pb-Sb.
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due to inclusions of chalcopyrite, as these elements can substitute into
the Fe site of chalcopyrite, forming crystals that are isostructural with
chalcopyrite, such as roquesite (CulnSy) and stannite (CupFeSnS4)
(Huston et al., 1995). Moreover, Sb, Pb, and Ag can occur in pyrite as
inclusions enriched in Sb, Pb, and Ag, such as in argentiferous tetrahe-
drite ((Cu, Fe)12Sb4S13) (Huston et al., 1995), resulting in Ag and Sb
commonly entering sulfides by substitution for other elements.
Regarding pyrite paragenesis, Py(c) precipitated first, before being
significantly refined by late sphalerite- and galena-bearing fluids,
forming Py(r). Despite the general evolution of ore-bearing fluids, the
similar ratios of Co/Ni, Zn/Cd, Cu/In, and Pb/Sb in Py(r) and Py(c)
indicate that the hydrothermal fluids from which they precipitated were
not significantly different.

6.2. Possible contributions of basement: Insights from sulfides in
granodioritic enclaves

Granodioritic enclaves in the quartz porphyry contain abundant
sulfides, including chalcopyrite, sphalerite, and pyrrhotite (Fig. 4), with
sulfide assemblages of relatively high temperature and low sulfur
fugacity. Although questions remain concerning the behavior of trace
elements in pyrrhotite, the major elements in this sulfide are S and Fe,
similar to pyrite, indicating that trace elements may have similar be-
haviors when substituted into pyrrhotite and pyrite. The Po(e) generally
has higher concentrations of most trace elements than Po(o) (Fig. 8),
which indicates that the Po(e) precipitated in high-temperature hydro-
thermal fluids significantly influenced by magmatic fluids, leading to
high solubility for most of these trace elements (Keith et al., 2016;
Hannah et al., 2018). This is further confirmed by Po(e) having much
higher Co/Ni ratios than those of Po(o) (Fig. 9a). Although it is still
unclear how Co and Ni substitute in sphalerite and chalcopyrite, they are
likely incorporated by substituting for Fe, as these elements have similar
behaviors in sulfides. This may explain why Sp(e) and Ccp(e) also have
higher Co/Ni ratios than those in Sp(o) and Ccp(o) (Fig. 9a). Conse-
quently, sulfides in granitic enclaves (Po(e), Sp(e), and Ccp(e)) have
much higher Co/Ni ratios than those in distal sulfide ores (Po(0), Sp(0),
and Ccp(0)), indicating that the sulfides in the granodioritic enclaves
likely precipitated in high-temperature hydrothermal fluids significantly
influenced by magmatic-hydrothermal fluids. Ccp(s) has Co/Ni ratios
between those of Ccp(e) and Ccp(o), mainly because this mineral
precipitated in skarn formed between granitoids and distal sulfide ores.
This further suggests that, in addition to pyrite, the Co/Ni ratios of other
sulfides can also effectively reflect the fluid environments from which
they precipitated.

Submicroscopic sphalerite and chalcopyrite inclusions likely account
for most Zn, Cd, Sn, and In in other sulfides. Unlike the Co/Ni ratio,
which is predominantly controlled by temperature and magmatic fluids,
sulfides in granodioritic enclaves (Po(e), Sp(e), and Ccp(e)) have similar
Zn/Cd, Cu/In, and Pb/Sb ratios to those in the ores (Po(0), Sp(0), Ccp(0),
Py(c), and Py(r)) (Fig. 9b-d). This means that the metal sources for
sulfides in the granodioritic enclaves and ores are likely the same. For
ore-forming metals Cu and Zn, sulfides in the enclaves generally have
high contents, mainly because of the high temperatures of the hydro-
thermal fluids from which they precipitated. However, sulfides in en-
claves and most sulfides in ores have relatively low Pb contents,
significantly lower than those of Py(c) (Fig. 9d), likely because Pb is
rejected by these sulfides at higher temperatures and expelled from the
sulfide structures, forming galena at low temperatures. This may also
explain the lack of galena in the enclaves (Fig. 4). However, the high Pb
and Sb contents of Py(c) suggest that the ore-forming fluids were
initially enriched in ore-forming Pb. Therefore, based on the Co/Ni, Zn/
Cd, Cu/In, and Pb/Sb ratios of sulfides, we propose that the sulfides in
both enclaves and ores were precipitated from hydrothermal fluids
derived from the same single source, although the temperature was
higher for sulfides precipitated in the enclaves. This conclusion is
consistent with published Pb isotopic compositions of sulfides in the
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Huangshaping deposit, which exhibit positive correlations between
206pp, 297ph, and 2°8Pb, and plot in the field for metamorphic rocks
beneath the deposit, suggesting that leaching of metals from the base-
ment dominated the formation of Pb-Zn mineralization (Ding et al.,
2016b).

The abundant sulfides in the granodioritic enclaves indicate the
input of sulfide-bearing magmas to the quartz porphyry in the Huang-
shaping deposit. On the basis of the geochemical compositions of zircon
and apatite in the enclaves, a previous study proposed that these en-
claves are compositionally similar to the Pb-Zn-bearing granodiorite
porphyries in southern Hunan Province, but distinct from that of the
host-rock quartz porphyry, felsite, and granite porphyry in this deposit
(Ding et al., 2016c). The Pb-Zn-bearing granodiorite porphyries in
southern Hunan Province, such as in the Baoshan (Xie et al., 2013),
Shuikoushan (Zuo et al., 2014), and Tongshanling (Huang et al., 2017)
deposits, were generally considered to have resulted from the melting of
mafic meta-igneous rocks within the lower crust, including mafic gran-
ulitic and/or amphibolitic basement (Huang et al., 2017). This suggests
that granodioritic activity must have occurred due to the melting of
lower crust before, or coeval with, the intrusion of quartz porphyry in
the Huangshaping deposit. Economic Pb-Zn mineralization in southern
Hunan Province is closely associated with the granodiorite porphyries,
and their relatively high Cl contents and oxygen fugacity are considered
crucial for sulfide mineralization (Ding et al., 2015), which can effec-
tively accumulate and transport chalcophile elements (e.g., Cu, Pb, and
Zn) in magmatic and hydrothermal systems (Sun et al., 2004, 2013;
Nadeau et al., 2010). The granodioritic activity beneath the Huang-
shaping deposit is therefore most likely to have caused significant
accumulation of Pb and Zn in the metamorphic or crystalline basement
beneath the deposit, with the Pb-Zn-bearing basement being the source
of late Pb-Zn mineralization in the Huangshaping deposit.

6.3. Possible model for distal Pb—Zn mineralization in the Huangshaping
deposit

Sulfide mineralization associated with granodioritic activity beneath
the Huangshaping deposit may have contributed to Pb-Zn mineraliza-
tion in the deposit in several ways, including: (1) the addition of sulfide-
bearing basement material to the magma by re-melting or contamina-
tion, with this mingling causing the formation of sulfide-bearing magma
(quartz porphyry) and later the orebodies; (2) the provision of heat by
granitoids in the Huangshaping deposit (but no sulfur, fluids, or metals)
with the heat driving hydrothermal circulation that leached metals from
the Pb-Zn-bearing basement (Vikre et al., 2011; Gigon et al., 2020). A
previous study has shown that the quartz porphyry, felsite, and granite
porphyry are more depleted in radiogenic Pb than sulfides in ores,
meaning that these granitoids were not the primary metal source for
sulfide ores in this deposit (Ding et al., 2016b). Granitoid magnetic
susceptibility is sensitive to their redox state and an effective means of
distinguishing oxidized magnetite-series from reduced ilmenite-series
granitoids (Ishihara, 1977, 1981). Granitoids in the Huangshaping de-
posit have low CGS values indicating they are reduced ilmenite-series
rocks, while Pb-Zn-bearing granodiorite porphyry of the Baoshan de-
posit is of the oxidized magnetite-series (Fig. 7). This conclusion is in
consistent with the fact that the magnetite is rare in the granitoids from
the Huangshaping deposit (Fig. 4), but it is abundant in the granodiorite
porphyry from the Baoshan deposit (Xie et al., 2013). The reduced state
of the Huangshaping granitoids suggests they were not available for the
accumulation and migration of sulfide, significantly limiting their direct
contribution of metals. This is distinct to the Baoshan deposit, which is
one of the typical skarn Pb-Zn deposits in this southern Hunan Province
with pyrite, sphalerite, and galena as the major distal sulfides as well as
the Huangshaping deposit. The metals in the Baoshan deposit most
likely directly dominated by the oxidized granodiorite porphyry as the
metals can be accumulated and transported more effectively in oxidized
systems (Ding et al., 2015), this conclusion is further evidenced by that
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the granodiorite porphyry and the sulfides from this deposit have similar
Pb isotopic compositions (Xie et al., 2015; Ding et al., 2016a).

The formation of the Huangshaping deposit may therefore have
involved processes similar to (2) above. The leaching of metals, such as
Pb and Zn, by fluid flow during regional metamorphism or from crys-
talline basement material is considered one of the most important pro-
cesses involved in the formation of giant Pb-Zn deposits associated with
hydrothermal activity (Haack et al., 1984; Townley and Godwin, 2001;
Oliver et al., 2006; Cunha et al., 2007). Pb and Zn losses associated with
such leaching in high-grade metamorphic zones have been calculated to
reach values of 2.7 and 27 Mt, respectively (Hammerli et al., 2015a,
2015b). Granite porphyry, which ascended and crystallized more slowly
than the other two granitoids (as indicated by its porphyritic texture), is
not enriched in Cl, similar to the other W-Sn-bearing granites in
southern Hunan Province. However, this rock has much higher F con-
tents (3.15-4.53 wt% F in the biotite) than those of the other W-Sn-
bearing granites (0.04-3.97 wt%) (Ding et al., 2015, 2017). Fluorine can
dramatically reduce the solidus temperature of granitic melts (Minning,
1981; Webster et al., 1987), meaning that the exsolution of magmatic
fluids can be sustained for long periods (Chang and Meinert, 2008).
Magmatic sulfides can be concentrated within the batholith and finally
transported by hydrothermal fluids exsolved from the magma, forming
giant porphyry-epithermal sulfide deposits (Halter et al., 2002, 2005;
Nadeau et al., 2010; Wilkinson, 2013; Mungall et al., 2015; Bai et al.,
2020). Granitoids in the Huangshaping deposit, especially granite por-
phyry, could therefore have provided large amounts of heat and fluids,
both of which are fundamental to hydrothermal activity and the
extraction of metals from basement material. This is consistent with the
5*S values of sulfides increasing outward from the granite porphyry
(Zhu et al., 2012).

In southern Hunan Province, Pb-Zn-bearing granodiorite porphyries
(ca. 160 Ma) intruded ~ 5 Myr before the W-Sn-bearing granites (ca.
155 Ma). This time gap is considered to represent the melting sequence
of lower (mainly meta-mafic) and upper (mainly meta-sedimentary)
crust triggered by the underplating of basaltic magmas (e.g., Ding et al.,
2015; Huang et al., 2017). Similarly, in the Huangshaping deposit,
quartz porphyry and granitic enclaves (ca. 160 Ma) also intruded ~ 5
Myr earlier than felsite and granite porphyry (ca. 155 Ma) (Ding et al.,
2016¢). Therefore, the coexistence of economic W-Mo and Pb-Zn
mineralization in this deposit was likely controlled by the overlap of
early granodioritic and late granitic magmatism. The W-Mo minerali-
zation was closely associated with the granite porphyry, which displays
features of the melting of meta-sedimentary basement in the upper crust
(Yao et al., 2005; Li et al., 2014a; Ding et al., 2016c¢). Although grano-
diorite porphyry has not been observed in the Huangshaping deposit,
the granodioritic enclaves indicate such rocks exist beneath it, which
may have been associated with the accumulation of the ore-forming
metals Pb and Zn in the upper crustal basement. The subsequent intru-
sion of granitoids leached these metals from the upper crust and trans-
ported them towards the surface, precipitating as distal Pb-Zn
mineralization, as summarized in Fig. 10.

7. Conclusions

(1) The Huangshaping deposit is unique for the coexistence of eco-
nomic W-Mo and Pb-Zn mineralization associated with reduced gran-
itoids, including quartz porphyry, felsite, and granite porphyry.
Granodioritic enclaves occur in the quartz porphyry and contain abun-
dant sulfides including chalcopyrite, sphalerite, and pyrrhotite.

(2) The sulfides from the granodioritic enclaves have higher Co/Ni
ratios than those of the distal Pb-Zn ores, but similar Zn/Cd, Cu/In, and
Pb/Sb ratios, indicating that sulfides in both enclaves and ores were
precipitated from hydrothermal fluids derived from the same single
source, although the temperature was higher when they precipitated in
the enclaves.

(3) Granodioritic intrusive activity that occurred ~5 Myr before the
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Fig. 10. Model showing the relationship between intrusion of igneous rocks
and the formation of Pb-Zn mineralization in the Huangshaping deposit. The
possible basement types are modified after Huang et al. (2017). For more de-
tails see Section 6.3.

granitoids in the Huangshaping deposit resulted in significant accumu-
lation of metals in metamorphic or crystalline basement. The metals in
the basement were scavenged by hydrothermal circulation triggered by
late intrusions of felsite and granite porphyry, especially by fluorine-rich
granite porphyry, forming the distal Pb-Zn mineralization near the
surface of the deposit. The accumulation of sulfides triggered by earlier
granodioritic activity was crucial for the formation of the distal sulfide
mineralization in the Huangshaping deposit, and probably also impor-
tant for that in the other W-Mo deposits related to reduced granites in
southern Hunan Province.
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