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Jiama, with more than 11 Mt of copper metal, is the largest porphyry-skarn copper system in the Gangdese
metallogenic belt, Tibet, China, creating ideal conditions for deciphering the origin of porphyry ores in a
collision setting. Despite massive studies of the geology, chronology, petrogenesis, and ore-related fluids
and their sources in Jiama, there is a lack of systematic summaries and reviews of this system. In contrast
to traditional porphyry copper systems in a subduction setting, recent studies and exploration suggest that
the Jiama deposit includes porphyry-type Mo-Cu, skarn-type Cu polymetallic, vein-type Au and manto
orebodies. This paper reviews the latest studies on the geology, chronology, petrogenesis, fluid inclusions,
and isotopic geochemistry (hydrogen, oxygen, sulfur, and lead) of the Jiama deposit. Accordingly, a multi-
center complex mineralization model was constructed, indicating that multi-phase intrusions from the
same magma reservoir can form multiple hydrothermal centers. These centers are mutually independent
and form various orebodies or are superimposed on each other and form thick, high-grade orebodies.
Finally, a new comprehensive exploration model was established for the Jiama porphyry copper system.
Both models established in this study help to refine the theories on continental-collision metallogeny and
porphyry copper systems.

©2023 China Geology Editorial Office.

1. Introduction

The Jiama giant porphyry Cu polymetallic system is

residents mined lead ore in this area using indigenous
methods, leaving behind two old tunnels in the region. In the
1950s, the Tibetan Geological Working Team (TGWT)

located in the southern Qinghai-Tibet Plateau, in the northern
part of the Yarlung Zangbo suture zone, and at the southern
margin of the Lhasa terrane (Tang JX et al., 2010, 2012;
Zheng WB et al., 2016; Lin B et al., 2019). Geographically,
the Jiama project, consisting of the Jiama mining project and
the Jiama peripheral exploration project, lies in Mozhugongka
County in the eastern part of Lhasa City. Before 1949, local
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determined that the Jiama project was a pyrometasomatic
deposit dominated by Cu, Pb and Zn based on a 1 : 25000
geological survey and revealed that the orebodies in this
project primarily occurred in contact with limestones and
slates (a technical report prepared by the No. 6 Geological
Team of Tibet, unpublished). From 1956 to 2006, several
geological survey teams from the Tibet Autonomous Region
Geological and Mineral Exploration and Development Bureau
successively carried out further explorations of the Jiama
project, including field geological surveys, trenching, drilling,
geophysical surveys, and soil/rock geochemical surveys (Du
GS et al., 1998; Tang JX et al., 2010; Zheng WB et al., 2016).
As a result, they revealed the mineralization and alteration of
the project, determining that this project was a skarn-type
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deposit and might have the prospecting potential of a
porphyry metallogenic system (Li GM et al., 2005; She HQ et
al., 2005, 2006). During this period, some researchers
believed that the Jiama project was a submarine sedimentary
exhalative (SEDEX) deposit according to its orebodies and
ore structures (Yao P et al., 2006). However, due to the
limitations of the exploration level and theoretical research,
no breakthrough has been achieved in the prospecting of the
Jiama project. As of July 2007, only 1x10° t of inferred Cu
and 2.262x10° t of Pb had been discovered in the main zone
of the Jiama project (a technical report from the No. 6
Geological Team of Tibet, unpublished).

From 2007 to 2008, the China National Gold Group Co.,
Ltd. completed its purchase of the whole Jiama project and
established Tibet Huatailong Mining Development Co., Ltd.
(HTLM) for the economic exploration of the project (Zheng
WB et al.,, 2016), Then, the HTLM invited a joint technical
team from the Institute of Mineral Resources of the Chinese
Academy of Geological Sciences and the Chengdu University
of Technology to carry out systematic geological mapping,
structural interpretation, and geophysical and geochemical
surveys of the whole Jiama project under the supervision of
professors Tang Ju-xing and Wang Deng-hong. Based on the
obtained results, the technical team deployed an important
borehole, ZK1616, in the middle part of the project after
detailed geological surveys and interpretations of geochemical
and geophysical anomalies (Tang JX et al., 2010; Zheng WB
et al., 2016). Consequently, the discovery of high-grade, thick
(about 252 m), skarn-type Cu polymetallic orebodies in the
deep part started the large-scale economic exploration of the
Jiama deposit (Zheng WB et al., 2016). Subsequently, more
than 380 boreholes were drilled in the Jiama area. A total of
approximately 200 km of core samples obtained from these
boreholes revealed skarn-type Cu polymetallic orebodies,
hornfels-type Cu-Mo orebodies, porphyry-type Mo-Cu
orebodies and independent gold orebodies in the Jiama project
(Lin B et al., 2019). The “four-in-one” orebody structure
clearly indicates that the Jiama project is a porphyry system
(Tang JX et al., 2010).

Since 2014, based on the continuous instructions and
efforts from the exploration technical team, a new round of
exploration of the deep and peripheral areas has been further
carried out in the Jiama project. As a result, high-grade, thick,
and large Cu (Au) orebodies have been discovered in various
deep regions, further enhancing the economic value of the
Jiama deposit. A huge porphyry Cu-Mo orebody with a
thickness of more than 700 m has been encountered in the
northeastern North-Zegulang zone during the drilling of new
borehole ZK836 in the zone (Lin B et al., 2019). Its
mineralization and alteration characteristics suggest the
presence of an independent metallogenic hydrothermal center.
Based on a systematic summary of the exploration and
geological characteristics of the Jiama project, Lin B et al.
(2019) defined a multi-center complex mineralization model
for the Jiama porphyry system, thus further enriching and
enhancing the metallogeny and exploration of porphyry

copper deposits in the Qinghai-Tibet Plateau. By the end of
2022, the Jiama project had witnessed the discovery of over
11x10° tons of Cu, over 1.07x10° t of Mo, 1.75 x10° t of Pb
and Zn, 305 t of associated Au, and 15840 t of associated Ag,
making it a world-class giant deposit (a technical report from
the Tibet Huatailong Mining Development Co., Ltd.,
unpublished).

Since the discovery of the Jiama deposit, many geologists
have carried out detailed studies on the geology, structure,
magmatism, chronology, mineralogy, ore-forming fluids,
stable isotopes, and exploration of the deposit (Tang JX et al.,
2010; Zheng WB et al., 2016; Tang P et al., 2017; Wang YY
et al.,, 2017; Lin B et al., 2012, 2019; Zheng SJ et al., 2021;
Sun F et al., 2022). These studies have further promoted the
economic exploration of the Jiama project. However, given
the continuous exploration of the Jiama deposit, there is an
urgent need to conduct a systematic summary and review of
these studies. As a representative deposit formed in a
continental collision environment, the Jiama deposit not only
exhibits the general characteristics of a collision-related
porphyry Cu system (Hou ZQ et al., 2015; Yang ZM et al.,
2016) but also displays many unique features, such as high-
grade orebodies and extensive gold mineralization.
Consequently, based on the results obtained from a decade of
exploration and research on the Jiama project, this paper
provides a comprehensive overview of the geology,
mineralization, and alteration of the Jiama porphyry ore
system and further refines its mineralization and exploration
models. This review will help improve porphyry metallogeny
and continental collision metallogeny (Hou ZQ et al., 2010)
and provide a scientific reference for the exploration of the
porphyry systems in the Qinghai-Tibet Plateau.

2. Regional geology

Multi-stage subduction-collision processes not only
enriched the geological structure of the complex orogenic
belts on the Qinghai-Tibet Plateau but also created a favorable
geological background for regional multi-style mineralization
in the plateau (Lin B et al, 2017; Tang JX, 2019). The
Qinghai-Tibet Plateau can be divided into the Himalayas, the
Lhasa terrane, and the Qiangtang terrane from south to north
with the Yarlung Zangbo and Bangongco-Nujiang suture
zones as their boundaries (Lin B et al., 2019, 2021, 2022; Pan
GT et al., 2006; Yin A, 2000). The Lhasa terrane is located in
the central part of the Qinghai-Tibet Plateau, and its strata
consist of the basements of the Paleoproterozoic-
Mesoproterozoic Gangdese and Nyaingentanglha groups, as
well as the overlying Paleozoic marine clastics, carbonate
rocks, and local bimodal volcanic rocks and Mesozoic-
Cenozoic extremely thick arc volcanic rocks, carbonate rocks,
and clastics. The typical arc volcanic rocks in the Lhasa
terrane were first formed in the Carboniferous strata,
representing the transformation of its tectonic system from a
passive continental margin to an active continental margin,
which evolved into a multi-island arc-basin system during the
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Mesozoic (Pan GT et al., 2006). As an important part of the
Gangdese metallogenic belt, the Mesozoic sedimentary
clastics, carbonate rocks, and volcanic rocks in the southern
Lhasa terrane serve as the most important surrounding rocks
for mineral deposits. Due to the continuous northward
subduction of the Yarlung Zangbo Oceanic plate and the
subsequent continental collision during the Mesozoic, a series
of compressional thrust faults and folds formed in the
southern Lhasa terrane, with multiple N-S-trending extension
faults developing locally (Zhong KH et al., 2012).

In addition, large-scale volcanic and intrusive activities
widely occurred in the southern Lhasa terrane. Volcanic
activity primarily occurred during the Jurassic and Paleocene.
As a result, mafic, intermediate, and felsic tuffaceous rocks
(e.g., the Yeba and Xiongcun formations) were mainly formed
during the Jurassic, while mafic, intermediate, and felsic
rhyolite and tuffaceous rocks (the Linzizong Group) primarily
occurred during the Paleocene. Intrusive activity mostly
occurred during the Jurassic, Cretaceous, Paleogene, and
Miocene. Accordingly, the Gangdese batholith was formed,
including intermediate-felsic intrusions such as diorite, quartz
diorite porphyry, monzogranite, and granite porphyry. As an
important part of the Tethys-Himalayan metallogenic domain,
the Gangdese metallogenic belt in Tibet is mainly distributed
along the southern margin of the Lhasa terrane (Fig. 1a), with
a length of about 600 km from east to west and a width of
about 100 km (Tang JX et al., 2014a). This metallogenic belt
hosts porphyry deposits, skarn deposits, and epithermal
deposits (Fig. 1b) and consists mainly of (1) subduction-
related porphyry-epithermal Cu-Au metallogenic systems
related to the Yanshanian magmatism, such as Xiongcun and
Dongga (Lang XH et al., 2014; Tang JX et al., 2015) and (2)
post-collisional porphyry-skarn Cu-Mo polymetallic systems
related to the Himalayan magmatism, such as Jiama, Qulong,
Bangpu, Tinggong, and Zhunuo (Yang ZM et al., 2009; Tang
JX etal., 2014b; Wang R et al., 2018; Tang P et al., 2021).

3. Deposit geology

The Jiama deposit is located in the eastern Gangdese
metallogenic belt, the southern Lhasa terrane and the northern
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Yarlung Zangbo suture (Fig. 1b). The Jiama project features
relatively simple exposed strata, namely the Upper Jurassic
Duodigou Formation (J3d), the Lower Cretaceous Linbuzong
Formation (K,/), and Quaternary strata in chronological order
from oldest to youngest. Among them, J;d consists of gray
massive crystalline limestones and marbles, as well as thinly
laminated slates, siltstones, and sandstones, which were all
deposited in the platform-margin reef facies. Its thickness
varies widely in the range of about 196-1741 m. K,/ is
composed primarily of grayish-black carbonaceous slates and
siltstones, quartz sandstones, and a minor quantity of pyrites
and pyrrhotites, with a thickness of 112—-1495 m. As residual
deposits, the Quaternary strata are distributed along valleys
and river valleys locally (Fig. 2; Lin B et al., 2019). Based on
the present mining project and the latest exploration, the
Jiama mining project of the Jiama project can be further
divided into three ore zones, namely the main zone, the
Copper Mountain (also named the South Pit) zone, and the
North-Zegulang zone (Lin B et al., 2019).

The Jiama deposit is mainly controlled by the Jiama-
Kajunguo thrust system (Zhong KH et al., 2012), which
primarily refers to the "contracting" folds extending from
north to south within the Jiama project and plays a crucial role
in the formation of the No. 1 skarn orebody in Jiama. The
Copper Mountain slip fault is an important part of the entire
Jiama-Kajunguo thrust system and primarily refers to the
Copper Mountain area in southeastern Jiama (Fig. 3). This
major reverse slip fault is associated with several secondary
folds and faults and controls the formation of the No. 2 skarn
orebody in the Jiama project (Tang JX et al., 2017). In
addition, detailed structural and alteration mapping reveals
that the spatial locations of skarn alterations in the project are
related to the secondary folding (D2) in the area (Duan JL et
al., 2014). The secondary folding formed fractures and folds
and led to the collapse between different rocks, thus providing
abundant spaces for fluid migration and deposition.
Accordingly, high-grade and thick skarn-type Cu polymetallic
orebodies were formed. The mineralization of porphyry and
hornfels is closely related to the fissure system formed by
porphyry emplacement. The intermediate-felsic intrusions
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Fig. 2. Geology of the Jiama deposit showing the distribution of metal mineralization (modified from Lin B et al., 2019). 1-Quaternary sedi-
ment; 2—Sandstone, slate, and hornfels of the Lower Cretaceous Linbuzong Formation; 3—-Limestone and marble of the Upper Jurassic
Duodigou Formation; 4-Skarnized marble; 5—Skarn; 6—Skarn orebody; 7—Granite porphyry dike; 8—Granodiorite porphyry dike; 9—Quartz—di-
orite porphyry dike; 10—-Aplite dike; 11-Slip fault; 12—-Range of different ore zone; 13—Borehole and section

would supply heat to the overlying surrounding rocks, thus
forming hornfels and marble alterations. This process was
affected by the pressure shift during the fluid evolution. When
the fluid pressure exceeded the lithostatic pressure exerted by
the surrounding rocks, a wide range of fractures and fissures
developed at the top of the porphyries and surrounding rocks
and were subsequently filled with hydrothermal fluids,
leading to the formation of ore-bearing veins.

The surface magmatic rocks in the Jiama project are
relatively small and dominated by concealed, intermediate-
felsic Miocene intrusions, with a small number of mafic dikes
distributed locally. The intermediate-felsic intrusions include
(quartz)  diorite  porphyry, granodiorite  porphyry,
monzogranite porphyry, granite porphyry, and a small number
of aplite dikes in the main zone (Zheng et al., 2016). Among
them, the monzogranite and granite porphyries are closely
related to Mo mineralization, while the granodiorite porphyry

and partial diorite porphyry are closely related to Cu
mineralization. The mafic dikes mainly include the dark
lamprophyre and diabase at the periphery of the Jiama project,
most of which are the products of post-mineralization
magmatism (Qin ZP, 2013).

The paragenesis of these intermediate-felsic intrusions in
the main zone has been clearly revealed by hundreds of
drillings. One barren aplite dike intruded into the Lead
Mountain before the D2 deformation, forming a pre-
mineralization intrusion (Duan JL et al., 2014). Then, the
granite porphyry or monzogranite porphyry was emplaced.
They consist of quartz, K-feldspar, plagioclase, and biotite
phenocrysts, with almost no hornblende present, and their
matrix is felsic. The monzogranite and granite porphyries are
generally subjected to strong sericite and kaolinite alterations
and weak Dbiotite alteration. Many quartz-sulfide
(molybdenite, chalcopyrite, and pyrite) veins occur in the
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Fig. 3. Jiama-Kajunguo thrust fault system and the Jiama porphyry copper system (modified from Lin B et al., 2019). 1-Linbuzong Formation;
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midiate skarn; 14—distal skarn; 15-reaction skarn; 16-boundary of Cu-Mo orebody in hornfels; 17—veins and fissures; 18—slip fault.

monzogranite and granite porphyries, leading to typical
porphyry Mo-Cu mineralization. The granodiorite porphyry
intruded later, forming cross-cutting relationships with the
monzogranite and granite porphyries. Compared to the
monzogranite and granite porphyries, the granodiorite
porphyry hosts larger quantities of quartz, hornblende, and
plagioclase phenocrysts and a smaller amount of biotite
phenocrysts. The hornblende, plagioclase, and biotite
phenocrysts in the granodiorite porphyry are usually subjected
to chlorite alteration. Skarn alteration occurs in the
granodiorite porphyry and its contact with marble, forming
endoskarn and proximal skarn, respectively. The granodiorite
porphyry generally hosts disseminated chalcopyrite and
pyrite, as well as quartz-chalcopyrite-pyrite-molybdenite
veins. Subsequently, quartz diorite porphyry or diorite
porphyry intruded and cuts the monzogranite and granodiorite
porphyries. The quartz diorite porphyry consists of many fine-
grained plagioclase and hornblende phenocrysts and a small
quantity of quartz phenocrysts. Chlorite and sericite
alterations also occur in the plagioclase and hornblende
phenocrysts within the quartz diorite porphyry, which
contains a small amount of disseminated pyrite and
chalcopyrite, as well as local quartz-pyrite-chalcopyrite veins.
The latest intrusions include the newly identified quartz
monzonite porphyry and some fine-grained granite aplite

dikes, which are only emplaced locally. The quartz monzonite
porphyry contains a small quantity of quartz, plagioclase, K-
feldspar, and biotite phenocrysts and exhibits extensive
sericite alteration. The granite aplite dikes are composed of
abundant fine-grained quartz and a small amount of biotite
and plagioclase. These dikes host almost no sulfide and a
small number of quartz veinlets locally, representing the post-
mineralization magmatism.

4. Mineralization and alterations

The geological alteration and mineralization features of
the main orebodies in various ore zones are stated as follows.

4.1. Main zone

The main zone, located in the central part of the Jiama
project, mainly hosts the No. 1 skarn orebody in the interlayer
detachment zone, the top hornfels-type orebody, and the deep
porphyry-type orebody. The No. 1 skarn orebody has a nearly
NW-SE strike and a NE trend, along which it extends for
about 2 km and about 3 km, respectively (Fig. 4). Its NE
extension has not yet controlled its boundary. This orebody is
generally laminated and thick-plate-like and occurs in the
detachment zone between the Duodigou and Linbuzong
formations. The shallow part of this orebody is primarily
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subjected to Pb-Zn mineralization, while its deep part mainly
exhibits Cu-Mo mineralization and gold (Au) and silver (Ag)
mineralization (Figs. 2, 3). The ores are mostly disseminated,
massive, and small veined (Fig. 5a, b). The major metal
minerals in the No. 1 skarn orebody include chalcopyrite,
bornite, molybdenite, pyrite, galena, sphalerite, magnetite,
pyrrhotite, digenite, tetrahedrite, chalcocite, covellite,
specularite, Au-Ag minerals, and a small amount of scheelite,
cobaltite, and bismuth-bearing minerals (e.g., cooperite,
bismuthite, bismuth antimonate, and bismuth-bearing
tetrahedrite and bornite; Fig. 6; Lin B et al., 2019; Ying LJ et
al., 2010). Gangue minerals in the orebody mainly include
garnet, diopside, wollastonite, tremolite, hornblende, chlorite,
epidote, quartz, calcite, anhydrite, and a small amount of
fluorite. In the horizontal direction, the skarns in the orebody
present significant mineral zoning, including garnet skarn,
diopside garnet skarn, garnet diopside skarn, and garnet
wollastonite skarn from the inner intrusions outward, with the
ratio of garnet to pyroxene ranging from 20 : 1 to 10 : 1 and
then to 51 and the garnet color varying from reddish-brown to
brownish-green and then to pale-yellow (Zheng WB et al.,
2016; Leng QF et al., 2015, 2022). The ratio of andradite to
grossular garnet in the garnet composition decreases gradually
as well. The corresponding metal mineralization and
mineralizing elements also exhibit distinct zoning. From the
inner outward, molybdenite (chalcopyrite-bornite) transitions
to chalcopyrite-bornite-molybdenite and then to galena-
sphalerite-chalcopyrite-bornite (molybdenite), and the major
mineralizing elements change from Mo (Cu, Au, Ag) to Cu-
Mo-Au-Ag and then to Pb-Zn-Cu-Au-Ag (Zheng WB et al.,

2016). In the wvertical direction, the skarns also show
significant mineral zoning and mineralization zoning.
Specifically, the skarns at the top and nearby the hornfels are
dominated by garnet skarn, and the mineralization is
dominated by rich chalcopyrite and molybdenite
mineralization; the middle part hosts diopside garnet skarn
and shows the mineralization of chalcopyrite, molybdenite,
bornite, and a small amount of galena and sphalerite; and the
bottom near the marble mainly develop garnet wollastonite
skarn and develops bornite and chalcopyrite mineralization.
Porphyry mineralization occurs in two types of orebodies
hosted in porphyries and hornfels. The hornfels-hosted
orebodies occur in the surrounding rocks at the top of multiple
intrusions and are mainly controlled by magmatic-
hydrothermal alteration. These orebodies each have a width of
more than 2 km and a thickness of 0.9 km (Lin B et al., 2019),
mainly exhibiting disseminated and stockwork Cu-Mo
mineralization (Figs. 5c, d). Their metal minerals include
pyrite, chalcopyrite, molybdenite, magnetite, pyrrhotite, and a
small amount of bornite (Fig. 6), while their gangue minerals
primarily consist of quartz, plagioclase, biotite, chlorite,
epidote, sericite, calcite, tourmaline, anhydrite, garnet, and
diopside. Regarding the alterations of the hornfels-hosted
orebodies, they primarily involve strong silicification, biotite
and sericite alterations and local chlorite, epidote, garnet, and
tourmaline alterations as follows: (1) The strong silicification
mainly refers to the formation of silicate hornfels by heating
and metamorphism, as well as the formation of numerous
quartz-sulfide veins; (2) The biotite alteration includes the
change from feldspar components in rocks to fine-grained,
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Fig. 5. Mineralization in different host rocks in the Jiama deposit, Tibet. a—Veins and disseminated Mol and Cpy in skarn; b-Massive Sph-
Cpy-Gn-Po in the skarn; c—Qtz-Mol and Qtz-Py veinlets in hornfels; d—Qtz-Mol-Cpy veins with Ser halos in hornfels; e-Qtz-Mol veins in the
porphyry; f-Qtz-Mol-Chl-Cal veins cut by Qtz-Cpy-Py veins with Ser halos in the porphyry. Bio-biotite; Cpy—chalcopyrite; Chl—chlorite;
Grt—garnet; Gn—galena; Mol-molybdenite; Pl-Plagioclase; Po—pyrrhotite; Py—pyrite; Qtz—quartz; Ser—sericite.

banded or spotted biotite (including hydrothermal biotite
veins); (3) The extensive sericite alteration can superimpose
the silicate and biotite alterations caused by hydrothermal
fluids, forming pervasive sericite alteration or halos of quartz-
sulfide veins; (4) The chlorite and epidote alterations mainly
consist of veined and pervasive alterations at the bottom of
hornfels, forming chlorite-bearing quartz-sulfide veins or
chlorite veins; (5) The garnet and diopside alterations mainly
occur at the bottom of hornfels as veined, patchy, or irregular
alterations and are typical skarn alterations; (6) The
tourmaline appears as hydrothermal veins locally. The
hornfels-hosted orebodies exhibit the mineralization of
disseminated and veined chalcopyrite, pyrite, molybdenite,
and a small amount of pyrrhotite. The veins in the hornfels-
hosted orebodies are of the B and D types. The B-type veins
primarily include quartz-pyrite-chalcopyrite and quartz-

molybdenite veins. They mostly have a width of more than 5
mm and straight edges, extending for over 5 m. Sericite
alteration halos occur on both sides of the B-type veins, and
chlorite, biotite, tourmaline, and calcite develop in parts of
these veins. The D-type veins are predominantly pyrite-
chalcopyrite veinlets, with a width of above 3 mm. They can
extend for more than 1 m, with sericite and chlorite halos
visible locally.

The porphyry-hosted orebodies mainly occur at the top of
multiple intrusions in the middle part of the main zone
(boreholes Nos. 1216-3216; Lin B et al., 2012). Currently,
these orebodies have not been completely controlled. The ores
in these orebodies primarily include quartz-sulfide veins,
some of which are disseminated (Figs. Se, f). Dominating
metal minerals in the ores are molybdenite, chalcopyrite,
pyrite, and a small amount of bornite (Fig. 6). The gangue
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Fig. 6. Photomicrographs of different types of mineralization in the Jiama deposit, Tibet. a—Cpy, Sph, Cc and Bn mineralization in skarn;
b—Bn and Cpy mineralization in skarn; c—d—Cpy, Gn, and Sph mineralization; e-Mol and Cpy mineralization in porphyry; f~Au in the Po with
Cpy in skarn. Au—electrum; Bn—bornite; Cc—chalcocite; Cpy—chalcopyrite; Gn—galena; Mol-molybdenite; Po—pyrrhotite; Sph—Sphalerite.

minerals in the ores mainly include quartz, plagioclase,
hornblende, biotite, calcite, and a small amount of anhydrite.
The ore-hosting porphyries exhibit pervasive alterations,
including weak potassium-sodium-silicate alteration, sericite
alteration, and weak chlorite alteration. From the inside
outward, the cores show relatively fresh porphyry (unaltered
barren cores), weak alterations of potassium-sodium silicate

(e.g., biotite, K-feldspar, and albite) and chlorite, and
extensively superimposed sericite in sequence. These
porphyries host several types of veins, namely A-, EB-, B-,
and D-type veins. The A-type veins primarily consist of
barren quartz veinlets and minor quartz-molybdenite veinlets,
which typically have a narrow width of less than 5 mm and
curved edges and extend continuously for less than 20 cm. K-
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feldspar and albite alterations occur as the halos of these
veinlets locally. The EB-type veins mainly refer to minor
biotite veinlets, which primarily include hydrothermal biotite.
These veins mostly have a width of less than 5 mm and
curved edges and extend continuously for up to 50 cm. These
veins may have albite and sericite alteration halos at their
edges and almost bear no sulfides. The B-type veins are
dominated by quartz-molybdenite veins, with some of them
containing a small amount of hydrothermal biotite,
chalcopyrite, pyrite, and anhydrite. These veins mostly have a
width of over 5 mm and relatively straight edges and extend
for more than 1 m. Sericite alteration halos are visible on both
sides of some of these veins. The D-type veins are quartz-
calcite-pyrite-chalcopyrite veins, with straight edges and high
continuity, mostly extending for more than 1 m. Distinct
sericite or chlorite alteration halos are visible on both sides of
the D-type veins.

Several veined gold orebodies occur in the quartz diorite
porphyry dike in the northwest Niumatang area, as revealed
by boreholes such as No. 4504. They have a length of about
100 m and a width of 10-13 m and are mainly present as
quartz-sulfide veins. These sulfides mainly include pyrite,
arsenopyrite, calcite, and limonite (Fig. 2; Zheng WB et al.,
2012).

4.2. Copper Mountain zone

The Copper Mountain zone is located in the south of the
Jiama project and hosts the No. 2 skarn orebody (Fig. 7a; Zou
B et al., 2019), which is controlled by the Copper Mountain
slip fault and is present as a thick plate (Zhong KH et al.,
2012). The No. 2 skarn orebody has a nearly-NW-SE strike
and a NE trend, along which it extends for about 1000 m and
more than 700 m, respectively. This orebody shows high-
grade Cu-Pb-Zn mineralization and contains massive skarns.
The metal minerals of this orebody include pyrite,
chalcopyrite, galena, sphalerite, and a small amount of
molybdenite, pyrrhotite, magnetite, specularite, Au-Ag
minerals, and bismuthine. Its gangue minerals primarily
include garnet, diopside, wollastonite, idocrase, tremolite,
hornblende, chlorite, epidote, quartz, calcite, and gypsum.
Compared with the No. 1 skarn orebody in the main ore
segment, the No. 2 skarn orebody in the South Pit ore
segment primarily exhibits Cu-Pb-Zn mineralization and
relatively weak Mo mineralization. The No. 2 skarn orebody
exhibits similar skarn mineral assemblages to the No. 1 skarn
orebody, except for the weak mineral zoning. In addition,
veined gold orebodies have been found in the skarns during
the drilling of borehole No. ZK8806, showing strong silicate
alteration and being enriched in sulfides, such as pyrrhotite
and pyrite (Fig. 5). The gold mineralization is closely related
to bismuth minerals. Sulfides, including chalcopyrite,
sphalerite, galena, bornite and pyrrhotite, occur as veins and
assemblages in fractures or deformation zones. They are
accompanied by weak silicate alteration and quartz-calcite
veins as the product of fluid escape, forming high-grade

manto-type orebodies (Tang JX et al., 2011; Tang P et al.,
2017).

4.3. North Zegulang zone

The North-Zegulang zone is located in the northeast of the
Jiama project. Several boreholes have been drilled in this zone
to date, revealing thick porphyry-type Cu-Mo orebodies,
hornfels-type Cu-Mo orebodies, and skarn-type Cu
polymetallic orebodies. For instance, a thick porphyry-type
Mo-Cu orebody with a thickness of about 750 m, an average
copper grade of 0.2%, and an average molybdenum grade of
0.03% was encountered during the drilling of borehole ZK836
(Fig. 7B; Lin B et al., 2019). Recent explorations show that
the orebodies in this zone have roughly the same mineral
assemblages, mineralization, and alterations as those in the
main ore segment. However, they are related to different
intrusions and belong to different hydrothermal centers.
Therefore, the north Zegulang ore segment has great
prospecting potential and is the key area of the present
exploration.

In addition, other areas outside the Jiama project, such as
the Mogulang and Xiangbei mountains, might also be future
exploration targets based on the geological, geochemical, and
geophysical surveys (Lin B et al., 2019).

In combination with the characteristics of the mineral
assemblages in different orebodies and the cross-cutting
relationships of veins, it can be determined that the
mineralization in the Jiama deposit-as a whole porphyry
system-involves three important events, namely magmatism,
the hydrothermal event, and the supergene event (Fig. 8; Leng
QF, 2016). The magmatism in the deposit refers to the
emplacement and crystallization of ore-related intermediate-
felsic intrusions. The hydrothermal event includes the
prograde and retrograde metamorphic stages during the
formation of skarn, as well as different quartz-sulfide stages,
the quartz-gold mineralization stages, and the quartz
carbonate stage. The supergene event refers to the oxidation
and secondary enrichment following the mineralization
induced by surface secondary hydrothermal fluids or
supergene fluids (atmospheric water).

5. Discussion

5.1. Geochronology of magmatism and the hydrothermal
event

Great efforts have been made in the chronological study of
the Jiama deposit since its discovery, determining that the
magmatic-hydrothermal activity occurred at about 15 Ma. Du
GS (1998) first conducted the chronological analysis of
magmatism in the Jiama deposit, obtaining the ages of the
granodiorite and granite porphyries in the project as 14.9 Ma
and 13.4 Ma, respectively. Subsequently, Chung SL et al.
(2003) determined the ages of two granite porphyries as 17.0 +
0.5 Ma and 15.0 £ 0.4 Ma using SHRIMP U-Pb dating of
zircons (Fig. 9). Based on the Ar-Ar chronology of many
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Fig. 7. Geology and mineralization of No. 52 (a) and No. 8 (b) geological sections in the Jiama deposit (modified from Lin B et al., 2019).

samples, it can be determined that the Jiama project has
plateau ages of 15.2 +£ 0.2 Ma and 13.2 = 0.2 Ma (Fig. 9;
Chung SL et al., 2003). Then, the geological mapping shows
that the granite and monzogranite porphyries from the
Xiangbei Mountain and the Talongwei, Dongfengya, and
Dulifeng areas have LA-ICP-MS U-Pb ages of 16.1 + 0.2 Ma,
16.0 £ 0.4 Ma, 14.8 £ 0.1 Ma, and 15.2 + 0.3 Ma, respectively
(Qin ZP et al., 2011). Ying LJ et al. (2011) completed detailed
logging of the previously prospected No. 52 tunnel,
discovering ore-bearing granite and granodiorite porphyries in
the Lead Mountain, which have ages of 14.2 = 0.2 Ma and
14.1 + 0.1 Ma, respectively, according to the SHRIMP U-Pb
dating of zircons.

Multiple phases of intermediate-felsic porphyries with
different petrographic characteristics have been encountered
in hundreds of boreholes in the Jiama project. The LA-ICP-
MS zircon U-Pb dating shows that the granodiorite porphyry

(DHHS813-171.7 m) and the quartz diorite porphyry (DHH813—
339.1 m) in the project have ages of 15.7 + 0.1 Ma and 16.0 +
0.1 Ma, respectively. Four monzogranite porphyry samples
yielded similar U-Pb ages of 16.0 + 0.1Ma (DHH2010-663.7
m), 15.6 £ 0.1 Ma (DHH813-605.2 m), and 15.5 + 0.1 Ma
(DHH2414-621.3 m) (Ying LJ, 2012; Zheng WB et al.,
2016). In the Lead Mountain area, the early emplaced aplite
was folded and deformed under the influence of later
structures, with a U-Pb age of 16.9 + 0.4 Ma (Duan JL et al.,
2014). The diorite porphyry in the Niumatang area has an
emplacement age of 14.0 + 0.1 Ma (4504.0-188.5 m) (Fig. 9;
Ying LJ, 2012). LA-ICP-MS zircon U-Pb dating shows that
the ore-bearing granodiorite and granite porphyries in the
Copper Mountain zone have zircon U-Pb ages of 14.8 + 0.2
Ma (DHH5486-126.3 m) and 15.4 £ 0.5 Ma (DHH4280-345
m), respectively (Tang P et al., 2019; Zou B et al., 2019). In
addition, LA-ICP-MS zircon U-Pb dating shows that the
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surface altered granite porphyry in the North-Zegulang zone
has a zircon U-Pb age of 15.7 + 0.3 Ma (Qi J et al., 2023).
Sun et al. (2022) also conducted the SIMS U-Pb dating of
zircons for the granite, diorite, and granodiorite porphyries in
the Jiama project, obtaining ages of (16.19 £ 0.20-14.90 +
0.16) Ma, 1524 + 0.17 Ma, and 1544 + 0.16 Ma,
respectively.

Regarding the mineralization timing, Li GM et al. (2005)
conducted Re-Os isotopic dating of molybdenite from the
skarns in the Jiama project, obtaining an isochron age of
15.18 = 0.98 Ma (Fig. 9). She HQ et al. (2005) also carried
out Re-Os isotopic dating of seven molybdenite samples from
the skarn, obtaining an isochron age of 15.70 = 0.36 Ma. The
two dating results are consistent within the error range. Ying

LJ et al. (2009, 2010) conducted Re-Os isotopic dating of
molybdenite from the disseminated molybdenite or quartz-
molybdenite veins in the skarn, hornfels, and porphyry,
obtaining isochrones ages of 15.34 = 0.10 Ma (n = 10,
MSWD = 0.85), 14.67 + 0.19 Ma (n = 5, MSWD = 1.19), and
14.78 £ 0.33 Ma (n = 19, MSWD = 4.9), respectively. Tang P
et al. (2019) carried out Re-Os isotopic dating of molybdenite
from the No. 2 skarn orebody in the South Pit ore segment
and obtained an isochron age of 15.2 = 0.4 Ma (Fig. 9).

As shown by the above chronological studies, the
magmatism in the Jiama project occurred during 17.0-14.1
Ma, with a span of about 2.9 Ma. It seems that the
molybdenite in different ore-hosting rocks has different Re-Os
ages. The molybdenite in skarn has been repeatedly
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Fig. 9. Geochronology of the Jiama deposit, Tibet.

determined to have Re-Os isotopic ages of 15.70-15.18 Ma,
while the veined molybdenite in hornfels and porphyries has
slightly younger Re-Os ages of 14.67-14.78Ma (Fig. 9). The
metallogenic ages of molybdenite in different types of ores
are consistent with the magmatism time of the Jiama project
within the error range. However, there are still several
controversial questions, and the examples are as follows: (1) As
mentioned above, multi-phase magmatic activities in the
Jiama project spanned about 2.9 Ma. However, high-precision
chronological studies of several large or giant porphyry
metallogenic systems within the project reveal that, although
magmatism might exhibit multi-phase characteristics, the ore-
related magmatism has a duration of less than 1 Ma (Li Y et
al., 2017; Large S et al., 2020). Therefore, it is necessary to
conduct more detailed petrographic and chronological studies
to obtain high-precision geochronological data of the ore-
related magmatism in the Jiama project; (2) The current Re-
Os ages of molybdenite in the Jiama project reveal that the
molybdenite in skarn has slightly older isochron ages than that
in hornfels and porphyries. The hydrothermal fluids in the
skarn, hornfels, and porphyries in a unified porphyry copper
system should have consistent precipitation times if the
mineralization of the three types of host rocks was caused by
the same type of magmatic-hydrothermal fluid at the same
time. Presently, the Re-Os isotopic ages of molybdenite from
different rock types differ by more than 0.7 Ma, which may be
caused by different hydrothermal events or the decoupling in
the Re-Os isotopic dating (Li C et al., 2009). Therefore, more
efforts should be made to determine the exact mineralization
time of the Jiama project and to carry out the Re-Os isotopic
dating of molybdenite. Lin B et al. (2023) defined the pre-
mineralization monzogranite (granite) porphyry, syn-
mineralization granodiorite and quartz diorite porphyries, and
post-mineralization quartz monzonite porphyry according to
detailed logging and cross-cutting relationships. High-
precision  chemical  abrasion-isotope  dilution-thermal
ionization mass spectrometry (CA-ID-TIMS) zircon U-Pb
dating indicates that these porphyries have emplacement ages
of 15.534 Ma, 15.368 Ma, 15.076 Ma, and 14.925 Ma,
respectively, which constrain the duration of the ore-related

magmatism to about 600 Kyr.

As shown by previous geochemical studies, the ore-
bearing porphyries in the Jiama deposit are characterized by
high SiO,, Al,O5 and K,O contents, high Sr/Y ratios, and a
high affinity for adakites (Qin ZP et al., 2011, 2013; Zhang
ZB et al., 2019; Sun F et al., 2022). These igneous rocks were
remelted in the juvenile lower crust in a post-collisional
setting, and their magmatic zircons have depleted Hf isotopic
values eHf(t) of -0.9-4.6 and moderate 0’°0 values varying
from +5.21 to + 7.18%o (Zhang ZB et al., 2019; Sun F et al.,
2022). However, the evolutionary history of these ore-bearing
porphyries is still controversial. Zhang ZB et al. (2019)
argued that magma mixing and mingling occurred in the
Jiama deposit, as evidenced by field observations,
petrography, and geochemistry of the dioritic mafic
microgranular enclaves (MMEs) in these porphyries. They
emphasized insisted that the mixing of high-Mg dioritic
MMEs plays a significant role in supplying water and metal
materials to the felsic magmatic system, ultimately controlling
the Cu polymetallic mineralization in the Jiama deposit.
However, based on the geochemistry of whole rocks and the
plagioclase and zircons from these ore-bearing porphyries,
Sun F et al. (2022) proposed that there was no significant
injection or mixing of mafic melts from different sources
during the evolution of ore-related magmas. Therefore, it is
necessary to carry out more detailed petrographic, in-situ
geochemical, and isotopic studies to refine the petrogenesis of
ore-related porphyries in the Jiama porphyry copper system.

In summary, the Jiama porphyry mineralization system is
related to the Miocene (about 15 Ma) intermediate-felsic
magmatic-hydrothermal event. Based on regional metallogeny
and geochronology, it can be determined that the porphyry
deposits in the Gangdese metallogenic belt, such as Qulong,
Bangpu, Lakang'er, Junuo, Tinggong, Gangjiang, and Dabu,
were all formed during the Miocene (17-13 Ma) and are
related to intermediate-felsic high-K calc-alkaline magmas.
They represent large-scale, regional Cu polymetallic
mineralization events in a post-collisional setting (Yang ZM
et al., 2009, 2019). Previous studies show that the porphyry
Cu mineralization events in China occurred during the
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Precambrian, Paleozoic, Mesozoic, and Cenozoic (Fig. 10).
For instance, the Tongkuangyu porphyry copper deposit in the
Paleoproterozoic Zhongtiaoshan orogenic belt represents the
earliest porphyry Cu mineralization event in China (Meng XY
et al., 2020); the Heersai, Mengxi, Duobaoshan, Bainaimiao,
Tuwu-Yandong, and Baogutu deposits represent Paleozoic
mineralization and are mostly distributed in the Central Asian
Orogenic Belt; the Duolong, Xiongcun, Dexing, and Zijinshan
deposits reflect the Mesozoic porphyry Cu mineralization and
are widely distributed in different belts (Lin B et al., 2017,
2018, 2019, 2021; Yang ZM et al., 2019); the Yulong copper
belt is the typical product of the Cenozoic Eocene porphyry
mineralization and is related to the collisional orogeny of the
Indian and Eurasian plates (Lin B et al., 2018); and the
Gangdese metallogenic belt and the Qulong and Jiama
deposits represent the latest porphyry Cu mineralization event
(Fig. 10), which 1is, however, the largest regional
mineralization event in the Gangdese metallogenic belt from
the perspective of the deposit number and copper tonnage
(Yang ZM et al., 2019).

5.2. Ore-forming fluids and sources

Yao P et al. (2006) investigated the characteristics of the
rare earth elements and silicon isotopes of laminated skarns in
the Jiama project and proposed that the ore-forming fluids of
the project originated from hydrothermal fluids in ancient
oceans. However, She HQ et al. (2006) measured the
temperatures of fluid inclusions in various minerals, such as
garnet, quartz, wollastonite, and calcite, in the Jiama deposit
and discovered that the fluid inclusions in garnet were not
uniform at 570°C. This result indicates that the ore-forming
fluids of the project originated from high-temperature
magmatic-hydrothermal fluids. The liquid-rich, vapor-rich,
and daughter mineral-bearing inclusions in the quartz-

molybdenite veins have homogenization temperatures of
201-443 °C, 384-467 °C, and 185-366 °C, respectively,
suggesting that the ore-forming fluids are medium-high-
temperature hydrothermal fluids. However, the salinity of
these inclusions varies widely. The gas-liquid two-phase
inclusions have salinities of 1.4%-11.7% NaCl,g,, while the
inclusions bearing daughter crystals have salinities of
31.2%-41.5% NaCl,g,. This result reflects the characteristics
of boiling fluid inclusions. In addition, the hydrogen and
oxygen isotopic compositions (0D,.spmow = —75 %0 —78 %o,
0040 = 3.55 %0—3.85 %0) show that the ore-bearing quartz
veins in the skarns are closely related to magmatic-
hydrothermal fluids (Fig. 11). The sulfur isotopic
compositions (6°*S = —2.2 %o —0.1 %o) of metal sulfides,
including galena, chalcopyrite, tetrahedrite, and molybdenite,
further confirm the source of magmatic sulfur. Therefore, it
can be concluded that the skarns in the Jiama deposit
originated from the metasomatism of magmatic-hydrothermal
fluids. In the years following, Zhou Y et al. (2011) conducted
an in-depth analysis of melt inclusions and fluid inclusions
found in quartz, revealing that these inclusions have
homogenization temperatures of 170-540°C, salinities of
mostly 15%-50%, and densities of 0.9233—1.0805 g/cm’. As
revealed by Wang YY et al. (2017), the ore-forming fluids in
the Jiama project is the NaCl-H,O system. In combination
with the inclusion compositions and the hydrogen and oxygen
isotopic analysis, it can be determined that the ore-forming
fluids are dominated by magmatic-hydrothermal fluids and
could be mixed with meteoric water later. The decompression
boiling and mixing of fluids might be important factors
leading to the precipitation of the ore-forming fluids.
However, the sulfur and lead isotopic analyses indicate that
the sulfides (e.g., pyrite, galena, chalcopyrite, and
molybdenite) in the skarns have °*S values of mostly
—4.78 %0—0.83 %o, which are comparable to those of the ore-
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Fig. 10. Distribution of mineralization ages and tonnages of porphyry copper deposits in China (modified from Yang ZM et al., 2019).


http://dx.doi.org/10.31035/cg2023031

Lin et al. / China Geology 6 (2023) 338—357 351

SMOW [0 Na-silicate
0F High sulfidation K-silicate
o _/:? X Skarn
20 :Vapor + Sericite
- I\I/Iagma @ Epidote
—40 F

|
L}-si]icatc
[4
Sericite 4 /I |
1}

1
‘a1
1
|

/
Mixing + ¢ 5 ,‘I- =
—80 fit /Porphyry
____________ - 2
SO 2
~100 F N . 75 Ore -related
* O-shift 6% fluids evolution
Low sulfidation(barren) - ’
)

5180(%o0)

Fig. 11. Plot showing the hydrogen and oxygen isotopic composi-
tions of different minerals in the Jiama deposit, Tibet (modified from
Leng QF, 2016).

22
Il Tetrahedrite
20 A I Anhydrate
18 - [J Chalcocite
Il Molybdenite
16 I Chalcopyrite
I Pyrite
14 4 [ Galena
5 12 A Il Pyrrhotite
'g [ Bornite
2 10 1 [ Anhydrite
] [ Granodiorite porphyry
6
4
2 -
0
-16—-14-12-10-8 -6 -4 -2 0 2 4 6 8 10 12
0°*S/%o
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rocks in the Jiama deposit, Tibet.

bearing granodiorite porphyry (—0.7 %o —0.2 %o0; Fig. 12).

However, these sulfides have 2°°Pb/%Pb, 2°’Pb/***Pb, and
2%Pb/2MPb ratios of 18.484-18.752, 15.547-15.638, and
38.058-39.740, respectively, which are consistent with the
characteristics of the magmatic sulfur and mixed lead in
orogenic belts (Zhou Y et al., 2012). In addition, Zheng WB
(2012) and Guo WB et al. (2014) carried out a supplementary
analysis of the H-O, S, and Pb isotopes in the Jiama project
and systematically summarized the isotopic compositions
mentioned above (Figs. 11-13; supplemetary Tables 1-3).
The hydrogen and oxygen isotopic compositions of different
stages of ore-bearing veins reflect the evolution of ore-
forming fluids from magmatic-hydrothermal fluids to
precipitation. Moreover, these isotopic compositions reveal
that the fluids migrated from the intrusions on the No. 16
geological section, with the oxygen isotope values of the
quartz veins tending to increase gradually. Based on the
characteristics of the mineral assemblages (sulfides primarily,
followed by sulfate minerals, and a small amount of anhydrite

and gypsum locally) in the Jiama deposit, the sulfides have
8%S values of mostly zero distributed in the form of a tower,
reflecting the characteristics of magmatic sulfur. The pyrite,
pyrrhotite, and chalcocite have some low o°*S values
(—16.8%0—13.6%0), which may be related to the decrease in
the number of the surrounding carbonaceous slates (Fig. 12).
Furthermore, the lead isotopic compositions of metal sulfides
and different ore-hosting rocks also imply that the lead in ore-
forming fluids has a mixed source of orogeny and the lower
crust (Fig. 13; Zheng WB, 2012).

Overall, the ore-forming fluids of the Jiama porphyry
system were derived from magmatic-hydrothermal fluids
rather than hydrothermal fluids in ancient oceans, as
demonstrated by the characteristics of different types of fluid
inclusions and H-O isotopic compositions in the Jiama
project, as well as the sulfur and lead isotopic compositions of
different metal minerals and rocks. The sulfur in the ore
minerals were derived primarily from magmatic sulfur, which
might be partially affected by the reduced sulfur from the
surrounding carbonaceous rocks. Furthermore, the Pb reflects
the mixed source of the orogeny and the lower crust and is
controlled by the evolution of deep magmas.

5.3. Metallogeny and exploration models

Sillitoe RH (2010) has made a detailed summary of
porphyry copper systems and constructed a general model,
which effectively presents the spatial relationship of different
types of orebodies in the same metallogenic system, as well as
associated mineralization and alteration zones. This model has
significant effects on the study and exploration of porphyry
copper systems in a subduction setting (the circum-Pacific
domain; Gatzoubaros M et al., 2014; Lin B et al., 2017).
However, this model is based on the summary of subduction-
related porphyry copper deposits and is not totally suitable for
the porphyry copper systems in a collision setting (e.g., the
Gangdese metallogenic belt; Wang R et al., 2018). Yang ZM
et al. (2016, 2019) proposed that a collisional porphyry
copper system differs significantly from a subduction-related
porphyry mineralization system in terms of deep sources,
magma evolution, and shallow alteration structure. Based on a
case study of the Jiama deposit, Lin B et al. (2019) established
a multi-center complex mineralization model for collision-
related porphyry copper systems, summarized the basic
geological elements and primary orebody types of collision-
related porphyry copper systems, and identified differences
between the model they established and the traditional
porphyry model (Fig. 3).

The key differences between the porphyry copper systems
in the Gangdese metallogenic belt and the traditional model
are as follows: (1) Different tectonic backgrounds: the
traditional model is suitable for a subduction environment
(Cooke DR et al., 2005), while the Gangdese metallogenic
belt was formed in a post-collisional extension environment
(Hou ZQ et al., 2015; Wang R et al., 2018); (2) Different ore-
hosting surrounding rocks: the traditional model has
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surrounding rocks dominated by Cenozoic -calc-alkaline
volcanic rocks, including andesite, dacite, and rhyolite
(Harrison RL et al., 2018; Seedorff E et al., 2005), while the
surrounding rocks of the porphyry copper systems in the
Gangdese metallogenic belt primarily include Mesozoic
marine sedimentary rocks (or clastics) and volcanic rocks (Lin
B et al., 2012; Wang DH et al., 2011); (3) Different types of
orebodies: compared with the traditional model, the porphyry
copper systems found within the Gangdese belt host well-
preserved porphyry-type orebodies and skarn orebodies, while
almost entirely lacking epithermal orebodies; (4) Different
hydrothermal centers: different types of mineralization are
primarily concentrated in a single hydrothermal center in the
traditional model, which fails to reveal the relationship
between different hydrothermal centers. However, there are
multiple hydrothermal centers in the Jiama giant porphyry
deposit, and different hydrothermal centers can form multiple
orebody structures (Lin B et al., 2019).

Based on the latest exploration and comprehensive studies
of the Jiama project, the authors of this study have again
represented a multi-center complex mineralization model for

the Jiama porphyry copper system. Furthermore, by
combining evidence from geology, mineralization and
alteration structures, geochemical and spectral analyses, and
indicator minerals, they built a comprehensive exploration
model, aiming to provide a reference for future exploration
and theoretical studies of porphyry copper deposit (Figs. 3,
14).

The multi-center complex mineralization model of the
porphyry system can be described as follows: multi-stage
intrusions, originating from the same shallow magma
chamber and formed by magmatic evolution under a specific
dynamical background (collision), intruded at different
locations. After the emplacement of the intrusions, multi-stage
fluids exsolved from a hydrothermal center and then formed
porphyry, skarn, hornfels, independent gold, and/or
epithermal orebodies and Manto-type orebodies during the
evolution and precipitation of ore-forming fluids. In the
process of mineralization and alteration, the hydrothermal
centers at different locations related to different intrusions can
be independent of each other, forming separate mineralization
systems. Alternatively, they can be superimposed on each
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other and form a complex mineralization system. During the
formation of a superimposed metallogenic system, thick,
large, and high-grade orebodies can be formed. In contrast,
during the formation of a multi-center complex mineralization
system, multi-stage magmatic-hydrothermal exsolution and
evolution will form complex mineralization and alteration
structures, as well as complex spatial zoning of ore-forming
elements. Therefore, it is necessary to identify different
hydrothermal centers and different mineralization stages in
research on mineralization mechanisms and the exploration of
multi-center complex mineralization systems. In the case of
known giant porphyry copper systems, it is also possible to
find more hydrothermal centers and other types of orebodies
at their peripheries.

The comprehensive exploration model for the Jiama giant
porphyry copper system mainly includes the basic geology,
the structure of the metallogenic system, traditional
exploration methods, and new exploration and evaluation
technologies (Fig. 14; Lin B et al., 2019). The ore-forming
geology and the structure of the metallogenic system are
primarily interpreted planarly and vertically, aiming to obtain
information such as the geology, structures, and igneous rocks
of the Jiama porphyry copper system. This model also
summarizes the mineral assemblages and their alteration
features, along with the geochemistry of ore-related magmas.
Traditional exploration methods in the model include
geochemical and geophysical surveys and remote sensing
surveys. The geochemical survey is mainly based on
1 210000 soil and rock surveys on the surface of the project,
as well as geochemical analysis of boreholes and the summary
of the distributions of the Cu, Mo, W, Te, Se, Bi, Zn, Pb, As,
Sb, Tl, and Ti anomalies (Halley S, 2015; Lin B et al., 2019;
Zheng WB et al., 2021). The geophysical survey summarizes
the magnetic and induced polarization characteristics of
different types of orebodies, as well as the geophysical
features used for identifying shallow magma reservoirs.
Remote sensing surveys include regional analysis, as well as
the analyses of short-wave infrared spectroscopy and thermal
infrared spectroscopy of the Jiama project (Guo Na et al.,
2019). The new exploration technologies and methods
primarily include mineral zoning and the zoning of ore-
forming elements for large skarn orebodies (Leng QF et al.,
2022) and the investigation of various indicator minerals
(Huang YR et al., 2021). The indicator minerals currently
summarized include pyrrhotite, pyrite, garnet, bornite, and
chlorite, and the details are as follows: (1) The pyrrhotite is
primarily enriched in Co, Ni, Cu, Zn, Ge, and Se, followed by
Pb, Bi, Sb, Ag, and As, and contains low contents of Mo, Cd,
In, Sn, Ba, W, Au, T1, Th, and U (Yang Y et al., 2020; Yang
ZK et al., 2022). The origin of the gold-rich pyrrhotite in the
skarns is closely related to Bi-bearing minerals (Yang ZK et
al., 2022); (2) Determining the variations in the
microstructure and Bi content of the pyrite help reveal the
locations of the hydrothermal centers; (3) The change in the
color of the garnet and the characteristics of the thermal
infrared spectra show that a shorter distance from the
hydrothermal center is associated with a darker color of the
garnet and a longer thermal infrared wavelength (Hung YR et

al., 2021); (4) The bornite can be further divided into multiple
generations, has different trace element signatures, and is
closely related to the gold-rich mineralization in the skarns;
(5) The geochemistry of the chlorite can be used to indirectly
calculate the temperature and oxygen fugacity of ore-forming
fluids and then locate the hydrothermal center. Based on all
the geological and exploration evaluation information
mentioned above, a 3D model can be established using the
Micromine or Leapfrog software. This aims to clearly display
the spatial structure of the Jiama porphyry copper system and
guide the exploration and mining of this system (Lin B et al.,
2019; Tang P et al, 2017; Zheng WB et al., 2022). In
addition, the National Key Research and Development
Program conducted the first deep scientific drilling at a depth
of 3 km in the Jiama project. This effort clearly revealed the
metallogenic system’s structure and provided key geological
samples for understanding shallow magma reservoirs and
mineralization mechanisms. Consequently, this contributed to
the further improvement of the continental collision
metallogeny and porphyry mineralization theories (Lin B et
al., 2022).

6. Conclusions

(i) Jiama is the largest porphyry-skarn copper system in
the Gangdese metallogenic belt and ranks first in China in
order of the scale of skarn mineralization and copper
resources. By the end of 2022, the Jiama project had
discovered over 11 x 10° t of Cu, over 1.07 x 10° t of Mo,
1.75 x 10° t of Pb and Zn, 305 tons of associated Au, and
15840 t of associated Ag, making it a world-class giant
deposit.

(i1) The Jiama porphyry copper system develops porphyry,
skarn, hornfels, and independent gold orebodies, exhibiting
complex alterations and mineralization structures. Its
mineralization is closely related to Miocene intermediate-
acidic magmatism. As confirmed by the fluid inclusions and
the H-O, S and Pb isotopic analyses, the ore-forming fluids of
the Jiama porphyry copper system originated primarily from
magmatic-hydrothermal fluids and were later mixed with
some meteoric water. The S and Pb in this system were
derived mainly from deep magmas and a mixed source of
orogeny and the lower crust, respectively.

(ii1) The multi-center complex mineralization model of the
Jiama porphyry system differs significantly from the
traditional porphyry mineralization system in a subduction
setting. A comprehensive exploration model has been jointly
constructed for the system based on the geology, the structure
of the metallogenic system, geochemistry, geophysics, remote
sensing, spectral analysis, and the investigation of indicator
minerals.
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