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ABSTRACT: The giant Jiama deposit is a post-collisional porphyry Cu-polymetallic system located 
in the Gangdese metallogenic belt of Tibet. It consists of three deposits: The Main deposit, the 
Zegulangbei deposit, and the South Pit deposit according to exploration and research. The South 
Pit deposit is a high-grade Cu-Pb-Zn deposit, but its genesis is unclear. To investigate its genesis, a 
detailed study was conducted on the deposit geology, geochronology and amphibole geochemistry. 
The results indicate that the weighted average 206Pb/238U age of the zircons from the granite porphy-
ry in the South Pit is 15.38 ± 0.45 Ma, and the molybdenite from the mineralized skarn yield a Re-
Os isochron age of 15.23 ± 0.22 Ma, in line with the age of the Main deposit (15.7–14.3 Ma). The 
amphiboles in the granite porphyry of the South Pit, magnesiohornblende and actinolite, are high in 
Mg and Ca and low in K. They crystallized at temperatures of 705–749 ºC, pressures of 0.44–0.67 
kbar, oxygen fugacity of -14.31– -13.69 (NNO), and depths of 1.7–2.5 km. Mapping of structure and 
alteration indicates that the South Pit skarn developed due to the metasomatism of marble of horn-
fels or carbonate in fold hinge dilation and an interlayer detachment zone by magmatic hydrother-
mal fluids. According to the age of magmatism and geological features, the South Pit deposit and 
the Main deposit have originated from the same Miocene magmatism, but the South Pit deposit 
was affected by the gliding nappe tectonic system. The amphibole geochemistry indicates that the 
ore-related magma of the South Pit has a high oxygen fugacity and is rich in water.
KEY WORDS: geochronology, amphibole geochemistry, porphyry Cu-polymetallic system, Gang-
dese metallogenic belt, Tibet.

0 INTRODUCTION 
Porphyry deposits, which are a major source of cop-

per and molybdenum and significant contributors of gold 
to the global market, are typically associated with dioritic 
to monzonitic intrusive rocks both spatially and temporally
(Richards, 2015, 2003; Sillitoe, 2010). Most porphyry de-
posits form in subduction-related calc-alkaline felsic arc 

magmas found worldwide (Sillitoe, 2010, 1972; Richards, 
2003). However, recent research has revealed that por-
phyry deposits in continental collision zones are also 
linked to collision-related high-K felsic magmas (Hou et 
al., 2009, 2003; Richards, 2009). For example, numerous 
Miocene large collision-related porphyry-skarn deposits, 
such as Qulong, Jiama, and Bangpu, are found in the 
Gangdese porphyry Cu belt in Tibet (Tang P et al., 2021, 
2019; Yang and Cooke, 2019; Tang J X et al., 2012). 
Skarn deposits, a key component of the porphyry metallo-
genic system, often surround porphyry deposits and are 
high-grade with great economic value, providing valuable 
information on the magmatic hydrothermal fluids of the 
porphyry metallogenic system.
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The Jiama deposit, located in the eastern part of the 
Gangdese porphyry Cu belt in Tibet, is the largest por-
phyry Cu-polymetallic system in the region. It consists of 
Cu-polymetallic skarn, Cu-Mo hornfels, and Mo ± Cu por-
phyry mineralization and has estimated reserves of 11.08 
Mt Cu, 1.07 Mt Mo, 1.75 Mt Pb + Zn, 305 t Au, and 
15 840 t Ag. The deposit comprises three ore sectors: 
the Main deposit, the Zegulangbei deposit, and the re-
cently found South Pit deposit (Lin et al., 2024; Tang et 
al., 2023). The South Pit deposit has estimated reserves 
of 0.7 Mt Cu with an average grade of 0.99%, 1.20 Mt Pb 
+ Zn with an average grade of 2.88%, 0.02 Mt Mo with 
an average grade of 0.038%, 20 t Au with an average 
grade of 0.33 g/t, and approximately 2 000 t Ag with an 
average grade of 28.18 g/t. However, the mineralization 
and alteration of the South Pit deposit differ from the Main 
deposit, and its chronology of petrogenesis and metallog-
eny, as well as the relationship between structure and 
mineralization are unclear, making the genesis of the de-
posit is controversial. In this study, we present a compre-
hensive geologic investigation of the South Pit deposit, in-
cluding structure and alteration, U-Pb dating of LA-ICP-
MS zircon, Re-Os dating of molybdenite, and amphibole 
geochemistry, to clarify the genesis of the deposit.

1 REGIONAL GEOLOGICAL SETTING 
The Gangdese metallogenic belt, a world-class por-

phyry-skarn-epithermal copper polymetallic belt in China, 

is nearly E-W trending and situated at the southwest mar-
gin of the Lhasa Terrane, southern Tibet (Figure 1) 
(Zheng et al., 2021; Gao et al., 2019; Lin et al., 2017a, b; 
Tang et al., 2017; Hou et al., 2009). The Lhasa Terrane, 
bounded by the Yarlung-Zangbo suture zone (YZSZ) and 
the Bangong-Nujiang suture zone (BNSZ), is composed 
mainly of Mid-Proterozoic and Early Cambrian orthog-
neiss basement and Paleozoic – Mesozoic cover strata 
consisting of a sequence of Ordovician–Triassic shallow 
marine clastic sedimentary rocks (Zhang et al. 2014). 
The Late Triassic separation of the Lhasa Terrane from 
Gondwanaland (Yin and Harrison, 2000) was followed by 
Jurassic island-arc orogeny, Cretaceous continental mar-
gin arc superposition, Paleogene collisional orogeny and 
Miocene crustal deformation, all of which led to the for-
mation of the 1 500 km E-W-oriented Gangdese tectono-
magmatic belt (Zhao et al., 2015).

The Gangdese tectonic-magmatic belt formed be-
cause of the northward subduction of the Neo-Tethyan 
oceanic lithosphere below Asia, followed by the Indo-
Asian collision (Yin and Harrison, 2000). This belt primari-
ly comprises Late Paleocene to Early Eocene (60 – 40 
Ma) Linzizong Formation volcanic rocks (Mo et al., 2008) 
and Cretaceous to Tertiary (120 –24 Ma) granite batho-
liths (Allégre et al., 1984). The Indo-Asian collision can 
be divided into three stages: the main collisional conver-
gent stage (65 – 41 Ma), the late collisional transform 
stage (40–26 Ma), and the post-collisional crustal exten-

Figure 1. (a) Tectonic framework of the Tibetan Plateau showing its structures and tectonic belts (after Zhu et al., 2011 and Yin and Harrison, 

2000); (b) geological sketch of the Gangdese Porphyry copper belt (modified from Tang et al., 2017 and Yang et al., 2009).
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sion stage (25 – 0 Ma). During these stages, multiple 
metallogenic events occurred (Hou et al., 2006; Chung et 
al., 2005), increasing mineral deposits related to the 
northward subduction of the Neo-Tethyan slab. These de-
posits are classified into three types: (1) porphyry Cu-Au 
deposits formed during subduction (180–160 Ma), such 
as the Xiongcun Cu-Au deposit (Lang et al., 2020, 2019, 
2014; Xie et al., 2018); (2) porphyry Mo ± W and associ-
ated skarn Pb-Zn deposits formed during syn-collision 
(70–50 Ma), such as the Sharang Mo deposit, Xin ’gaguo 
Pb-Zn deposit, and Yaguila Pb-Zn deposit (Huang et al., 
2025; Tang et al., 2020; Wang et al., 2018); (3) porphyry 
Cu-Mo and associated skarn Cu-polymetallic deposits 
formed during post-collisional stage (20–12 Ma), such as 
the Bangpu Mo-Cu deposit, Qulong Cu-Mo deposit, 
Lakang ’e Mo(Cu) deposit and Jiama Cu-polymetallic de-
posit (Tang et al., 2021, 2019; Leng et al., 2016; Zheng 
et al., 2016; Yang et al., 2009).

2 DEPOSIT GEOLOGY 
2.1 Stratigraphy　

Outcrops in the Jiama District mainly consist of epi-
continental passive clastic-carbonate rocks, including the 
Upper Jurassic Duodigou Formation (J3d) made up of 
limestone, the Lower Cretaceous Linbuzong Formation 
(K1l) composed of sandstone, siltstone, slate and horn-
fels, and, in some areas, Quaternary colluvium and alluvi-

um (Figure 2). The South Pit deposit is located at the 
southwest region of the Jiama mining district, where the 
Duodigou and Linbuzong formations outcropped (Fig-
ure 2).

2.2 Structural Geology　
The ore-controlling structures play a crucial role in 

the formation of the Jiama porphyry Cu-polymetallic sys-
tem and consist of a thrust nappe structure and a gliding 
nappe structure. The thrust nappe structure at Jiama ex-
hibits progressive southward facing deformation, charac-
terized by overturned strata composed of Upper Jurassic 
and Lower Cretaceous clastic-carbonate rocks, and 
dates back to ~50 Ma (Zhong et al., 2012), close to the 
time of the India-Asia continental collision (Mo et al., 
2007; Yin and Harrison, 2000). The Niumatang over-
turned anticline in the nappe structure was the primary 
factor in porphyry intrusion, hornfels, and porphyry 
orebody formation (Zheng et al., 2016). The interlayer de-
tachment in the nappe structure also controlled the for-
mation of the 1# skarn orebody in the Main deposit. The 
gliding nappe structure is only present in the South Pit of 
the ore district, covering an area of 4 km2 (Figure 2), and 
resulted from the northward slippage of the unstable high 
anticline block formed by thrust deformation. The second-
ary folds and cracks developed in the gliding nappe struc-
ture (Zhong et al., 2012) provide ample space for the 

Figure 2. Geological map of the Jiama District (modified after Zheng et al., 2016).
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transport and deposition of ore-forming fluids and control 
the formation of the 2# skarn orebody in the South Pit de-
posit.

2.3 Igneous Rocks　
Few intrusions in the Jiama District are outcrops. 

They primarily consist of granodiorite porphyry, monzo-
granite porphyry, quartz diorite porphyry, granite porphy-
ry, and minor diorite, lamprophyre and aplite. Most of the 
intermediate-acidic igneous rocks are closely related to 
hornfels in the Copper Mountain-Zegulang area.

In South Pit, the intrusions are primarily granite por-
phyry, with minor granodiorite porphyry and quartz diorite 
porphyry (Figure 3a–3c). The granite porphyry is large-
scale and outcrops at the southwest with a thickness of 
over 1 000 m. It has undergone moderate silicification 
and weak chlorite alteration, with locally unidirectional so-
lidification textures. The post-mineralization granodiorite 
porphyry and quartz diorite porphyrite occur as dikes or 
stocks with thicknesses of 2 to 50 m and have experi-
enced moderate to strong chlorite, epidote, and phyllic al-
teration, with no veins present.

2.4 Mineralization and Alteration　
The main alteration types in the Main deposit are po-

tassic, phyllic, argillic, propylitic, and skarn alterations. 
Potassic alteration, characterized by biotite, quartz, and 
anhydrite, is mainly biotite alteration. Phyllic alteration, 
which occurs mainly above the potassic alteration zone 
and results from feldspar or hornblende replacement, is 
represented by fine-grained sericite and pyrite. Argillic al-
teration, represented by kaolin and sericite, occurs in the 
upper part of the hornfels and in some fractures. Propylit-
ic alteration is characterized by abundant chlorite, epi-
dote, and calcite and occurs on the periphery. Skarn has 
a distinct zonation pattern from proximal to distal. The 
Main deposit mainly consists of the 1# skarn Cu-polyme-
tallic orebody, the 3# hornfels Cu-Mo orebody, and the 
4# porphyry Mo ± Cu orebody. The South Pit deposit 
mainly consists of the 2# skarn Cu-polymetallic orebody 
and manto-type orebodies.

The prograde skarn of the South Pit is primarily com-
posed of garnet, diopside, and wollastonite, with minor 
vesuvianite and anhydrite (Figures 3d – 3i). The retro-
grade skarn of the South Pit is characterized by chlorite, 
epidote, calcite, and quartz, with minor tremolite (Figures 
3d–3i). In the South Pit, hornfels, skarn, and marble inter-
bedding occurs due to the refolded folds and five-fold in-
terbedding can be seen in some drillholes. However, the 
zonation of skarn in both vertical and plane is unclear. Lo-
cally, the zonation of skarn can be recognized from the 
hornfels contact zone outwards to the marble. The skarn 
ranges from garnet skarn to garnet pyroxene skarn to 
wollastonite skarn, the garnet color changes from red-
brown to brown-yellow to green, and the ore minerals 
range from molybdenite ± chalcopyrite to chalcopyrite ± 
molybdenite to bornite ± galena ± sphalerite ± chalcopy-
rite (Figures 3j–3o). The South Pit deposit mainly com-

prises Cu-Pb-Zn skarn mineralization with minor Cu-Mo 
hornfels mineralization. The 2# skarn orebody is thick and 
lens-shaped, with a maximum thickness of 381.2 m in a 
single drillhole and elevations of 4 600 – 5 100 m. The 
orebody strikes east-west, dips south at 50°–80° and is 
generally over 100 m thick.

The hornfels alteration in the South Pit is mainly 
chlorite and epidote alteration, and the hornfels mineral-
ization is weak, consisting of molybdenite and chalcopy-
rite. Locally, vein gold orebodies can be found in the 
hornfels, and high-grade manto-type orebodies, often oc-
curring in marble and consisting of over 85% sulfides 
(mainly galena, sphalerite, chalcopyrite, tetrahedrite, pyr-
rhotite), can have thicknesses of 0.01 to 2 m (Figure 3o). 
In addition, a large amount of pyrrhotite can be found in 
the hornfels, skarn, or manto-type orebody in the east of 
South Pit (far from the intrusions in the southwest) and is 
closely related to gold mineralization (Yang et al., 2020).

3 SAMPLES AND ANALYTICAL METHODS 
The samples for U-Pb dating of LA-ICP-MS zircon, 

Re-Os dating of molybdenite, and amphibole geochemis-
try analyses were collected from different depths of drill-
hole. The samples of zircon U-Pb dating were collected 
from granite porphyry in ZK4280 (Figure 2). The samples 
of molybdenite Re-Os dating were collected from skarn 
Mo orebody. The samples of amphibole geochemistry 
were collected from granite porphyry and monzonite 
granite porphyry with weak alteration. Granite porphyry 
are mainly composed of quartz, K-feldspar, plagioclase, 
and minor biotite and amphibole with weak silicification 
and chloritization (Figure 4).

The U-Pb dating of zircon were performed by LA-
ICP-MS at Xi ’an Center, China Geological Survey. Zir-
con standard 91500 was used as external standard dur-
ing U-Pb dating analytical runs, and was analyzed after 
every 5 unknown analyses. Time-dependent drifts of U-
Th-Pb isotopic ratios were corrected using a linear inter-
polation (with time) for every five analyses according to 
the variations of 91500 following the methodology of Liu 
et al. (2010). In-situ zircon trace element analyses were 
performed on the same zircon grains that had been anal-
ysed for U-Pb isotopes, and the analysis procedures and 
conditions are the same as those for the U-Pb isotopic 
analysis. The time-resolved spectra were processed off-
line using ICP-MS DataCal software (Liu et al., 2010).

Re-Os isotope analysis of molybdenite grains was 
completed at the Re-Os isotope laboratory at the Nation-
al Research Center for Geoanalysis, Chinese Academy 
of Geological Sciences using a TJA Xseries ICP-MS. The 
standard used for Re-Os analysis was GBW04435 (HLP; 
221.4 ± 5.6 Ma). Data acquisition and processing fol-
lowed the methodology described by Du et al. (2004, 
2001).

Major elements of amphibole were determined using 
a JCXA8230 electron microprobe at the MNR Key Labo-
ratory of Metallogeny and Mineral Assessment, Institute 
of Mineral Resources, Chinese Academy of Geological 
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Figure 3. Magmatic rock, mineralization and alteration in South Pit. (a) Hand specimen of granite porphyry; (b) hand specimen of granodiorite 

porphyry; (c) hand specimen of quartz diorite porphyry; (d) skarn altered granite porphyry; (e) skarn altered hornfels; (f) skarn formed by horn-

fels, comprising red-brown garnet, minor diopside and hornfels patches; (g) brown garnet skarn; (h) vesuvianite skarn; (i) pale green garnet wol-

lastonite skarn; (j) vein and disseminated molybdenite in brown garnet skarn; (k) massive chalcopyrite in garnet skarn; (l) disseminated bornite in 

garnet wollastonite skarn; (m) massive pyrrhotite in skarn; (n) massive galena and sphalerite in wollastonite skarn; (o) manto chalcopyrite, gale-

na and sphalerite in marble. Q. Quartz; Bt. biotite; Kfs. K-feldspar; Pl. plagioclase; Gp. granite porphyry; Mb. Marble; Hs. Hornfels; Sk. Skarn; 

Grt. Garnet; Ves. Vesuvianite; Wo. Wollastonite; Mol. Molybdenite; Cp. Chalcopyrite; Bn. Bornite; Po. Pyrrhotite; Sph. Sphalerite; Gn. galena.
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Sciences. Standard operating conditions include an ac-
celerating potential of 15 kV, a beam current of 20 nA, a 
beam diameter of 3 μm, and counting times between 10 
and 30 s. The analytical reproducibility was within 2%.

4 RESULTS 
4.1 Zircon U-Pb Ages　

The results of the LA-ICP-MS zircon U-Pb analysis 
for samples from the granite porphyry are listed in Table 
S1. Representative CL images of the zircon and their cor-
responding U-Pb concordia plots can be seen in Figures 
5a–5b. The zircons from the granite porphyry sample are 
colorless and have euhedral shapes, with lengths rang-
ing from 80 to 250 μm and aspect ratios of 1 : 1 to 3 : 1 
(Figure 5a). The zircons display clear oscillatory and sec-
tor zoning in the CL images (Figure 5a), and have Th/U 
ratios of 0.38 to 1.71, indicating a magmatic origin (Be-
lousova et al., 2002). The zircons have variable amounts 
of U (346 ppm–1 407 ppm, with a mean of 754 ppm) and 
high Th/U ratios (0.38–1.71). A total of 24 zircon grains 
analyses resulted in a weighted mean age of 15.38 ± 
0.45 Ma, with a 206Pb/238U age range of 13.9–16.96 Ma 
(1σ, MSWD = 6.1; Figure 5b, Table S1).

4.2 Molybdenite Re-Os Ages　
Five molybdenite samples analyzed in this study 

contained Re in the range of 382 508 ppb to 1 800 563 
ppb, common Os in the range of 0.338 4 ppb to 3.053 
ppb, and 187Os in the range of 61.59 ppb to 288.0 ppb (Ta-
ble S2). The Re-Os molybdenite model ages, determined 
through analysis, range from 15.26 ± 0.23 to 15.38 ± 

0.22 Ma and exhibit excellent reproducibility. The results 
yield a 187Re-187Os isochron age of 15.23 ± 0.22 Ma 
(MSWD = 0.27; Figure 5c) and a weighted mean Re-Os 
age of 15.30 ± 0.1 Ma (MSWD = 0.17; Figure 5d, Table 
S2). This isochron age of 15.23 ± 0.22 Ma is considered 
as the mineralization age of the molybdenite.

4.3 Amphibole Geochemistry　
The results of the electron microprobe analysis of 

amphiboles from the granite porphyry and monzogranite 
porphyry are presented in Table S3. The amphiboles in 
the granite porphyry are magnesiohornblende and actino-
lite (Figure 6a) and have similar contents of MgO, CaO, 
K2O, Na2O, TiO2, and Al2O3, which range from 12.80 wt.% 
to 14.64 wt.% , 11.29 wt.% to 11.77 wt.% , 0.53 wt.% to 
0.63 wt.% , 1.19 wt.% to 1.81 wt.% , 0.29 wt.% to 0.47 
wt.%, and 3.33 wt.% to 4.83 wt.%, respectively. The am-
phiboles in the monzogranite porphyry are magnesio-
hornblende (Figure 6a) and have similar contents of 
MgO, CaO, K2O, Na2O, TiO2, and Al2O3, which range from 
13.22 wt.% to 14.82 wt.%, 11.04 wt.% to 11.31 wt.%, 0.5 
wt.% to 0.87 wt.%, 1.32 wt.% to 1.63 wt.%, 0.79 wt.% to 
1.65 wt.%, and 5.22 wt.% to 7.23 wt.%, respectively.

The amphiboles from these two rock types have 
high Mg# (> 0.65) and Ca contents but low K contents. 
Compared to the amphiboles in the monzogranite porphy-
ry, the amphiboles in the granite porphyry have lower 
contents of MgO, TiO2, and Al2O3. The plot of TiO2 and 
Al2O3 in the amphiboles suggests that the granite porphy-
ry and monzogranite porphyry are from a mixed crust-
mantle source (Figure 6b). Here, pressure, temperature, 

Figure 4. The hand specimen photo (a) and micrograph (b)–(d) of the granite porphyry in the South Pit. Q. Quartz; Bt. biotite; Am. Amphibole; Pl. 

plagioclase; Kfs. K-feldspar.
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melt H2O concentration, and oxygen fugacity of the mag-
mas are determined using the empirical amphibole formu-
lation (Ridolfi et al., 2010). The amphiboles in the granite 
porphyry and monzogranite porphyry crystallized at tem-
peratures of 705 to 749 ºC and 745 to 801 ºC, pressures 
of 0.44 to 0.67 kbar and 0.68 to 1.14 kbar, oxygen fugaci-

ty of -14.31 to -13.69 and -13.36 to -12.78, and depths of 
1.7 to 2.5 km and 2.58 to 4.30 km, respectively.

5 RESULTS 
5.1 Timing of Magmatism and Mineralization　

The South Pit large Pb-Zn-Cu deposit, an important 

Figure 6. Classification of amphiboles (a) (after Leake, 1978) and TiO2-Al2O3 for amphiboles (b) (after Jiang and An, 1984).

Figure 5. Part of CL images and testing points of zircons from the granite porphyry (a), zircon U-Pb age of the granite porphyry (b), and Re-Os 

isochron (c) and weighted average (d) ages of molybdenite from the South Pit.

1485



Pan Tang, Juxing Tang, Bin Lin, Aorigele Zhou, Faqiao Li, Xiang Fang, Jing Qi, Mengdie Wang, et al.

part of the Jiama porphyry metallogenic system, is locat-
ed southeast of the Jiama District and 1 km from the 
Main deposit. The key to understanding the genesis of 
the South Pit deposit is the age of its magmatism and 
mineralization. The granite porphyry of the South Pit was 
emplaced at 15.38 ± 0.45 Ma, which along with the age 
(14.8 Ma) of granodiorite porphyry of South Pit (Zou et 
al., 2019) and the calculated molybdenite Re-Os age of 
15.23 ± 0.22 Ma from skarn orebody samples, indicate 
mineralization at the South Pit deposit occurred approxi-
mately 15.3 Ma and is linked to magmatism. Further-
more, the timing of the South Pit deposit ’s magmatism 
and mineralization aligns with that of the Main deposit 
and Zegulangbei deposit (Figure 7), indicating they both 
resulted from the same Miocene magmatism.

5.2 Relationship between Structure, Alteration and 
Mineralization　

Its skarn and hornfels mineralization of the South Pit 
is spatially associated with the granite porphyry (Figure 
8), suggesting a connection to magmatism. The struc-
tures in the South Pit deposit broadly consist of a thrust 
nappe structure and a gliding nappe structure. Drillhole 
logging reveals that hornfels, skarn, and marble are inter-
bedded in South Pit (Figure 8). Mapping of the structure 
and alteration reveals that refolded folds and at least two 
deformations occur in the South Pit (Figures 9a–9d). The 
skarn in South Pit can be divided into two types (Figures 
8, 9b). One type is formed by the contact metamorphism 
of the hornfels and consists of garnet and pyroxene. 
These skarns are chalcopyrite and molybdenite mineral-

ization and occur some distance from the marble/horn-
fels contact at South Pit (Figures 8, 9b). These skarns de-
velop within the fold hinge dilation and secondary frac-
tures formed by folds. The other type is formed by the 
contact metamorphism of marble and consists of wollas-
tonite and garnet. These skarns, which contain chalcopy-
rite, bornite, galena, and sphalerite mineralization, devel-
op in the marble at or near the hornfels/marble contact 
(Figures 8, 9b).

The genesis of the refolded folds in the South Pit is 
controversial. The gliding nappe structure developed due 
to the northward slippage of the unstable high anticline 
block formed by thrust deformation (Zhong et al., 2012). 
This gliding nappe is only discernible at the peak of the 
South Pit (Copper Mountain), where there are many Z-
folds and cleavage structures, which provide sufficient 
space for the transport and deposition of ore-forming flu-
ids and control the formation of the South Pit deposit 
(Zheng et al., 2016; Zhong et al., 2012). According to drill-
hole logging, continuous fractures or fracture zones can 
be seen in multiple drillholes, which may be the trace of 
the gliding nappe structure. The Qianshan and South Pit, 
which have similar elevation and are 900 m apart (Figure 
2), have a surface contact zone of the Linbuzong Forma-
tion and the Duodigou Formation. Although there is no re-
folded fold in Qianshan, numerous refolded folds occur in 
the South Pit. Therefore, the South Pit may have had a 
gliding nappe structure that was later than the thrust 
nappe structure. Furthermore, the thick skarn orebody 
develops within the hanging wall of the gliding nappe 
structure, but no skarn develops in the footwall (Figure 

Figure 7. Geochronology of magmatism and mineralization in the Jiama District (other data after Qi et al., 2021; Zou et al., 2019; Zheng et al., 

2016; Qin et al., 2011; Ying et al., 2011, 2010, 2009; Chung et al., 2003).
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8a). This evidence indicates that the South Pit deposit 
was clearly controlled by a gliding nappe structure sys-
tem. The gliding nappe structure, interlayer structure, 
and secondary faults are ore-guiding structures, and the 
fold hinge dilation provides space for ore precipitation.

5.3 Formation Mechanism of the South Pit Deposit　
The skarn orebody, the main mineralization in the 

South Pit, mainly consists of chalcopyrite, molybdenite, 
bornite, sphalerite, galena, and tetrahedrite, and can be 
either disseminated or massive structure. Cu-Mo mineral-
ization mainly develops in skarn altered hornfels and gar-
net skarn near hornfels, while Pb-Zn-Cu mineralization 
mainly occurs in the wollastonite skarn and skarn altered 
marble near the marble. The metallogenic elements rang-
es from Cu-Mo to Pb-Zn-Cu from the intermediate fluid 
channel to the distal fluid channel. Additionally, there are 
locally occurring high-grade Pb-Zn (Cu) orebodies (man-
to orebodies) in marble (Meinert et al., 2005). This makes 
the South Pit deposit an example of a porphyry-skarn 
style mineralization.

The δ34S value of sphalerite (-2.9‰– 0.31‰, unpub-
lished data) and pyrrhotite (-1.3‰– -0.5‰, Yang et al., 
2020) from the South Pit is similar to that of magmatic-hy-
drothermal deposits (Ohmoto, 1986; Rye and Ohmoto, 
1974), indicating that the ore-forming fluid is from mag-
matic source. The weighted average 206Pb/238U age of the 
zircons from the granite porphyry in the South Pit is 
15.38 ± 0.45 Ma, and the molybdenite from the mineral-
ized skarn yield a Re-Os isochron age of 15.23 ± 0.22 
Ma, in line with the age of the Main deposit (15.7–14.3 

Ma, Zheng et al., 2016). The granodiorite porphyry be-
longs to the calc-alkaline series, with adakitic affinities 
and weak negative Eu anomalies, and are enriched in 
LREEs and LILEs (Rb, U, and K), depleted in HFSEs 
(Ta, Nb, P, and Ti) (Chen G L et al., 2021), which are simi-
lar to those found in the Main deposit (Zheng et al., 
2016). Zircon grains from the granodiorite porphyry in the 
South Pit have a positive εHf(t) value (1.4–4.9), consistent 
with εHf(t) value (1.8–9.4, Sun et al., 2022) of intrusions in 
the Main deposit, indicating that they formed through par-
tial melting of the juvenile mafic lower crust. The geo-
chemistry, Hf isotopic composition and the timing of mag-
matism and mineralization of the South Pit deposit and 
Main deposit are consistent. These findings suggest that 
the South Pit deposit and Main deposit have originated 
from the same magma source and belong to the same 
mineralizing event in the Jiama District.

Drillhole logging of ZK4280 in the southwest of the 
South Pit shows that there is an inner skarn, and molyb-
denite mineralization in the contact between the granite 
porphyry and the skarn. From the granite porphyry up-
ward, the skarn ranges from Mo mineralization to Cu-Mo 
mineralization to Pb-Zn-Cu mineralization, indicating that 
the granite porphyry was formed slightly earlier or at the 
same time as the skarn. The granite porphyry in the 
South Pit could be formed by the high silica residual melt 
evolved from the magma of adakitic monzonitic granite 
porphyry due to the mineral crystallization differentiation 
of magma in the chamber (Chen S R et al., 2021). Amphi-
bole geochemistry indicates that the granite porphyry has 
a lower temperature, pressure, and crystallization depth 

Figure 8. (a) No. 54 cross-section through the center of South Pit and (b) geological information of drilling ZK5483.
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than the monzogranite granite porphyry (Figures 10a –
10b), and is from a saturated melt (Figure 10c). Although 
the highly-fractionated I-type granite cannot form porphy-
ry Cu deposits, it can indicate the information of a deep 
magmatic chamber. Additionally, the amphibole of the 
granite porphyry in the South Pit shows that the melt was 
saturated, had a high oxygen fugacity, and was rich in 
water (3.23 wt.%–4.67 wt.%), which favors the migration 
and enrichment of ore-forming elements.

The element zoning and porphyry fracture system re-
veals that the magmatic-hydrothermal center of the Main 
deposit in the Jiama District is mainly concentrated be-
tween ZK1616 and ZK3216 (Lin et al., 2012; Zheng et 
al., 2010). From the concealed porphyry of ZK4280 to 
the east northeast, the thickness of the skarn orebody 
gradually decreases, and the mineralization elements 
range from Cu-Mo to Pb-Zn-Cu. This indicates that the 
hydrothermal center of the South Pit is mainly concentrat-
ed in the concealed porphyry between ZK4280 and 
ZK5486, and the fluid migration direction is from south-

west to east northeast, which is distinct from the Main de-
posit. Hence, the ore-forming fluid in the South Pit may 
have come from deep magma and precipitated in the 
South Pit gliding nappe along the emplacement channel 
of the concealed granite porphyry.

6 CONCLUSIONS 
(1) The granite porphyry at the South Pit was em-

placed at 15.38 ± 0.45 Ma. A Re-Os isochron age of 
15.23 ± 0.22 Ma, obtained from molybdenite, is consis-
tent with the emplacement of the granite porphyry. The 
timing of magmatism and mineralization of the South Pit 
deposit aligns with that of the Main deposit, suggesting 
that they occurred at separate spatially but were sourced 
from the same Miocene magmatism.

(2) The amphibole found in the granite porphyry at 
the South Pit, consisting of magnesiohornblende and ac-
tinolite, has high levels of Mg and Ca and low levels of K. 
The amphibole crystallized at temperatures of 705–749 
ºC, pressures of 0.44 – 0.67 kbar, oxygen fugacities of 

Figure 9. Interpretation of structure and alteration in the South Pit of Jiama (modified after Mason, 2016). (a) Interpretation of possible dilation 

zones developed during D2 deformation (fold hinge dilation); (b) lithology map of South Pit with interpretation of porphyry dykes; (c) refolded fold, 

early fold F1 is refolded by second contractional deformation fold F2; (d) line drawing and depiction of fold axial traces. Incipient S2 foliation 

marked in red.
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-14.31– -13.69 (NNO), and depths of 1.7–2.5 km.
(3) The skarn orebody in the South Pit, which was 

formed through the metasomatism of hornfels or marble, 
was influenced by a gliding nappe structure system and 
developed at fold hinge dilation and the interlayer detach-
ment zone between the hornfels and marbles. The ore-re-
lated magma in the South Pit had a high oxygen fugacity 
and was rich in water.
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