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Abstract: The Kargah Cu-Pb polymetallic deposit is a newly discovered ore deposit from the Gilgit-
Baltistan region, located in the Kohistan Island Arc, northern Pakistan. However, this area is poorly
researched on the ore genesis, and its origin and the evolution of its magmatic-hydrothermal system
remain unclear. Three stages of mineralization were identified, including quartz-pyrite, quartz-
sulfide, and carbonate representing early, middle, and late stages, respectively. The major ore
minerals are pyrite, chalcopyrite, galena, and zincian tetrahedrite with minor native silver, and native
gold mainly distributed in pyrite. Here, we present a systematic study on ore geology, hydrothermal
alterations, trace element composition of pyrite, fluid inclusions, and isotopes (S and Pb) charac-
teristics to gain insights into the nature of the ore-forming fluids, types of unknown deposits, and
hydrothermal fluid evolution. The high Co/Ni ratio (1.3–16.4) and Co content (average 1201 ppm),
the low Mo/Ni ratio (0.43–0.94) and Mo contents (average 108 ppm) of both Py-I and Py-II suggest a
mafic source for the mineralization. The Au-Ni plots, Co-As-Ni correlation, and the δ34S values range
from −2.8 to 6.4‰ (average of 3.4‰) indicating the affiliation of the mineralization with a mantle-
derived magmatic-hydrothermal provenance. The Pb isotope data showing the narrow variations in
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb values suggest a single lead source from crustal-derived
materials. The microthermometry data suggest that the dominant mechanisms are fluid boiling and
mixing for mineral precipitation at temperatures ranging between 155 and 555 ◦C, and represent an
intrusion-related magmatic-hydrothermal environment for the Kargah Cu-Pb polymetallic deposit.

Keywords: fluid inclusions; sulfur and lead isotopes; hydrothermal fluid evolution; Kargah valley;
north Pakistan

1. Introduction

Northern Pakistan is characterized by diverse geological settings and complex history
of crustal evolution [1–3] (Figure 1a), and it is a prosperous area for economically valuable
minerals. Comprehensive geological work has been reported in the region [4–7]. Various
types of mineralization have been reported, such as placer deposits for precious and
base metals along the Indus River and its different tributaries [8–11], mineralization in
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hydrothermal sulfide-bearing quartz vein, and shear zones within the Kohistan Island
Arc [10,12–14] and rare earth mineralization in alkaline rock [15].
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Figure 1. (a) Tectonic zones of northern Pakistan modified after [16] and [17]; (b) regional geological map showing the main
lithological units and tectonic zones of northern Pakistan modified from Searle et al. [9,18].

Previous studies on this valley (Figure 2b) within the previously known belt of the
Kohistan Batholith have been mainly focused on geotectonic characteristics, host rock
features, and the occurrence of precious and base metals in the stream sediments [11,19–21].
Later, the local mined for the quartz crystals as well as sulfide-bearing quartz veins and
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opened exploratory pits, trenches, and tunnels. Since the Kargah Cu-Pb polymetallic
deposit has been newly discovered, it has not yet been studied in detail. A systematic study
on the paragenetic sequences of ore-forming minerals, alteration-mineralization types, the
origin, composition, and evolution of the ore-forming fluids, as well as the mechanism of
mineral precipitation of this deposit has not been documented.
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(b) The local geological map of the Kargah valley was modified from Khan et al. [20] and Khan et al. [22].

In this paper, we present a systematic field and petrographic investigation, major and
trace element characteristics, hydrothermal wall-rock alterations, fluid inclusion petrogra-
phy and microthermometry of different ore-forming stages, Raman spectroscopy, as well as
sulfur and lead isotopic compositions of sulfide from the orebody to gain insights into the
source of ore-forming fluids and materials, physicochemical conditions and mechanism of
ore precipitation. Our results provide implications for the origin and evolution mechanism
of the ore-forming fluids, as well as the ore potential in Kargah area.

2. Geological Setting
2.1. Regional Geology

Northern Pakistan is characterized by remarkable continental collision and complex
geological history. Generally, the region can be divided into three major blocks (from north
to south the Karakoram Block, the Kohistan Island Arc (KIA), and the Indo-Pakistan Plate)
by two suture zones, namely the Main Karakoram Thrust (MKT)/Shyok Suture Zone and
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the Main Mantle Thrust (MMT)/Indus Suture Zone, within the tectonic domains of the
Himalayas (Figure 1b) [23–26].

The Karakoram Block formed on the southern margin of the Asian Plate (Figure 1a)
during the late Permian-Triassic time and Karakorum Fault splits southern Tibet from the
Karakorum Block (Figure 1a) [24]. The Main Karakoram Thrust (MKT) or Shyok Suture
Zone (SSZ) is an important Cretaceous to Tertiary suture zone that separates the north
of Karakoram Block (Asian Plate) from the Cretaceous Kohistan Island Arc (Figure 1a,b).
This mélange zone resulted from the collision between the Kohistan Island Arc and the
Asian Plate [27]. The Kohistan-Ladakh Island Arc is a part of the western Himalayas
in northern Pakistan (Figure 1a), formed by northward intra-oceanic subduction of Neo-
Tethys ophiolite crust of the Indian Plate beneath the Asian Plate [28–30]. The Main Mantel
Thrust, also known as the Indus Suture Zone (ISZ), marks the boundary between the
Kohistan Island Arc and Indian Plate rocks (Figure 1b). It is formed by subduction of
the oceanic lithosphere beneath Kohistan during the closure of the Tethyan Ocean [31,32].
The Kohistan-Ladakh Island Arc, the western part of the Indus-Tsangpo Suture Zone
(Figure 1b), was obducted onto the Indian Plate around 50 Ma ago along the Main Mantel
Thrust (MMT) [1]. The Nanga Parbat-Haramosh Massif is formed due to the consumption
of the Proterozoic Indian plate crust towards the south of the Kohistan Ladakh arc [33].

2.2. Geology of the Kargah Valley

The Kargah valley is a U-shaped valley that lies in the Gilgit district (Figure 2a). Geo-
logically, the Kargah valley and its immediate surroundings lie in the Kohistan Batholith
within the Kohistan Island Arc (Figure 1b). The Main Karakoram Thrust (MKT) passes
along the vicinities of the valley from NE to SW, separating the Karakoram Block from
the Kohistan Island Arc. The Kohistan batholith intruded mainly into the Thelichi and
partially Gilgit Formation in the valley [20]. The study area shows a variety of plutonic,
metavolcanic, and metasedimentary rocks (Figure 2b) [20,22]. The dominant rocks are
plutonic, known as the Kohistan Batholith, which contains predominantly multiphase plu-
tons [34,35]. The second major exposed formation is the Thelichi Formation and Greenstone
complex, and the Gilgit Formation is also present as a minor exposure (Figure 2b).

3. Sampling and Analytical Methods

Sulfide-bearing ore samples were taken from the tunnels and trenches, at major
exposed veins and alteration zones (Figure 2b). First, grab samples were selected based
on hand specimen classification and cut down into a slab size (2 × 4 cm). Subsequently,
we separately prepared 75 double-polished thin sections for ore petrography and 80 thin
sections for alteration studies. All these sections were observed using an optical microscope
Opton Universal Pol-U (Olympus Axia), a Scanning Electron Microscope-Energy Dispersive
X-ray analyzer (SEM-EDS), and an Electron Probe Micro Analyzer (EPMA) at the Key
Laboratory of Submarine Geosciences, Second Institute of Oceanography (SIO), Hangzhou,
China. The chemical composition analysis of ore minerals was carried out on carbon-coated
polished sections by EPMA using an accelerating voltage of 20 kV with a beam current
of 20 nA. The time of counting for a peak was 15 and 5 s on each background-position of
individual elements. Standard specimens were used for calibration, such as CuFeS2 (for
Cu), FeS2 (for S and F), ZnS (for Zn), GaAs (for As), PbS (for Pb), CdS (for Cd), and native
manganese, cobalt, nickel, silver, gold, and chromium (for Mn, Co, Ni, Ag, Sb, Au, and
Cr, respectively).

Ninety double-polished wafers from different stages of mineralization were prepared
for fluid inclusions study. Petrographic, microthermometric, and laser Raman spectroscopy
studies were performed on fluid inclusions in the hydrothermal sulfide-bearing quartz
grains from the pre-ore and main sulfide ore stages (I and II), and barren quartz and calcite
from the post-ore stage. Finally, 50 double-polished sections were selected to conduct
the microthermometry and laser Raman analysis considering the detailed petrography,
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primary fluid inclusions, size, and population. All studies for fluid inclusion were carried
out at the Key Laboratory of Submarine Geosciences, SIO, Hangzhou, China.

Microthermometry data of fluid inclusions were measured using a Linkam THMSG
600 (manufactured by UK) heating-freezing stage with measurable temperatures between
−196 ◦C and 600 ◦C. The precision of the temperature measurement was ensured by
calibration with the freezing point of pure water (0.0 ◦C) and the triple point of CO2
(−56.6 ◦C). The accuracy of the temperature measurements was about ±0.1 and ±0.2 ◦C
during freezing and heating, respectively. The rate ranges for freezing and heating were
adjusted between 10 and 20 ◦C/min but gradually reduced to less than 0.2 ◦C/min when
phase transitions were approached.

Laser Raman analysis was carried out using a Renishaw Invia Raman micro spec-
trometry, also at the Key Laboratory of Submarine Geosciences, SIO, Hangzhou, China.
Representative inclusions were chosen for analyzing the composition of the fluid inclusions.
The spectral range fell between 200 and 5000 cm−1 and an argon laser light was used as
a laser source with a wavelength of 514.4 nm at a laser power of 20 nw. The laser beam
size was about 1 um in diameter with a wavenumber precision of +1 cm−1 and spectral
resolution of +2 cm−1. The settings of the instrument were kept constant throughout the
analysis procedure.

Aqueous fluid inclusion salinities were calculated based on the ice-melting tempera-
tures of the two-phase inclusion [36], whereas the salinities of aqueous-carbonic inclusion
were estimated according to clathrate ice melting temperatures [37]. The solid crystal
(halite) dissolving temperatures were used to determine the salinities of solid-bearing
inclusion [38,39]. The total salinity of the fluid inclusions was expressed as wt.% NaCl
equivalent. Moreover, the densities of fluid inclusions for different stages were calcu-
lated using a conventional diagram comprised of the contoured plot of homogenization
temperature and salinity with constant fluid density lines [40,41].

Twenty samples of sulfide minerals from different mineralization stages were ana-
lyzed for sulfur and lead isotopic compositions. Mineral separation was carried out by
handpicking from crushed and sieved (40–60 mesh) samples under a binocular microscope
and 99% pure grains of pyrite, chalcopyrite, and galena were collected. The sulfur isotopes
were performed at the State Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, using a Thermo Finnigan Mat 253 isotope
ratio mass spectrometer (Thermo Scientific, Gremen, Germany), following the method
suggested by [42]. The results are reported relative to the standard of Veinna Canon Diablo
Troilite (V-CDT) using the standard reference materials IAEA-S1, IAEA-S-2, and IAEA-S-3
(international measurement standards). The analytical precision yielded a relative error
(2σ) of <0.15‰. A Neptune II Multi Collector-Inductively Coupled Plasma Mass Spec-
trometer (MC-ICP-MS) was used to measure the Pb isotopic composition at the Beijing
Research Institute of Uranium Geology (BRIUG), following the criteria described in Yuan
et al. [43,44].

4. Ore Geology

The Kargah Cu-Pb polymetallic mineralization is a lithostructurally controlled vein-
type deposit, which is mainly associated with sulfide-bearing quartz veins and alteration
zones. Ore bodies are exposed at more than 50 different locations in the form of sulfide-
bearing quartz veins and massive sulfide-bearing sheared zones (Figure 2b). Generally, ore
bodies are oriented to NW and SE and commonly parallel to faults (Figure 2b). The ores
occur either as discontinuous subhorizontal to sub-vertical quartz veins (Figure 3a,b), or
less frequently as sulfide-bearing sheared zones. These quartz veins occupy the fractures,
joints, and cracks mainly within the granitoids (Figures 3a and 4a) and partly in the volcanic
and meta-volcanic rocks (Figure 3b,d). The thickness of sulfide-bearing quartz veins varies
from <1 to 5 m with an intermittent linear distance up to 1000 m on the outcrops, while the
thickness of sheared zone differs from 1 to 150 m. The most common styles of sulfide ore
bodies are symmetrical banded crustified quartz vein (Figures 3a and 4a), comb texture
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with euhedral quartz (Figure 3f), corrugation texture (Figure 3g), massive sulfide ore
with cavities and vugs, disseminated and nest-like texture, rarely stockworks, and highly
oxidized sulfide-bearing rock with vuggy quartz.
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Figure 3. Photographs of representative mineralization types and textures: (a) Crustified-banding of zincian tetrahedrite-
rich sulfide quartz vein cutting host rock (granitoids) along the fracture; (b) galena-rich quartz vein hosted by volcanic
rock; (c) intensively altered sulfide-bearing granitoids at contact with sulfide vein; (d) massive chalcopyrite penetrating in
metavolcanic rock (greenschist), covellite rim is visible around chalcopyrite; (e) copper-rich sample with the association
of vuggy quartz and supergene alteration; (f) comb texture of euhedral early quartz in sulfide vein at wall rock contact;
(g) corrugation structure of galena at the boundary of silicification/iron carbonatization; (h) gradational contact of quartz-
carbonate and sulfide ore; (i) relict grains of chalcopyrite within massive galena. Py, pyrite; Ccp, chalcopyrite; Cv, covellite;
Gal, galena; Fe, native iron; Qz, quartz.
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Figure 4. Outcrop photos and microphotographs (transmitted plane and cross-polarized light) of alteration types: (a) Silici-
fication/iron carbonatization around the sulfide vein; (b) vuggy quartz is surrounded by sulfide (mainly pyrite) + iron
hydroxide; (c) sericitization + supergene alteration at wall rock contact + within sulfide quartz vein; (d) brecciation of quartz
and carbonate filled by sericite; (e) first stage of silicification enclosed the coarse-grained quartz + Py-I; (e/a) showing the
high magnification microphotograph of (Figure 3e); (f) second stage of silicification cutting primary alteration mineral;
(g) sericites aggregates with plagioclase pseudomorph phenocryst; (h) fine grain aggregates of sericite and quartz cutting
early formed euhedral quartz and sulfide; (i) chlorite replacing prismatic hornblende, and euhedral Py-I is enclosed within
alteration zone; (j) chlorite is overprinted on sulfide mineral (massive chalcopyrite) in transmitted crossed-polarized light,
(j/a) showing reflected plane-polarized light of same sample; (k) epidote replacing hornblende at sulfide bearing sheared
zone, and Py-I is encrusted by these alteration mineral; (l) overlapping of actinolite on the sericite aggregates. Py, pyrite;
Ccp, chalcopyrite; Fe, iron; Qz, quartz; ML, malachite; Ser, sericite; Bt, biotite; Sf, sulfide ore; Plag, plagioclase; Chl, chlorite;
Hbl, hornblende; Epi, epidote; Act, actinolite; Car, carbonate; VQz, vuggy quartz.
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Hydrothermal alterations are primarily present at the contact of host rock and quartz-
bearing sulfide vein as well as around the sheared zones. The wall-rock alteration comprises
four major styles: silicification, sericitization, propylitization, and carbonatization. Sili-
cification is closely related to mineralization (Figure 4a), and can be observed from the
main sulfide mineralization stages towards the post-ore stage. Typically, silicification is
comprised of fine to medium grain subhedral to anhedral quartz, vuggy microcrystalline
bodies (Figure 4b), massive quartz, and cryptocrystalline quartz. Sericitization is the most
abundant and pervasive alteration in this deposit, mainly comprising sericite and quartz
with a minor content of muscovite and biotite, and has a close relationship with the main
sulfide minerals (Figure 4c). Alteration is so intense, and almost all plagioclase has been
replaced into sericite, and fine-grained pseudomorphs of plagioclase are rarely noticed
within the altered mineral (Figure 4g). Chlorite, epidote, and actinolite assemblages are
the dominant mineralogical phases of propylitic alteration. These alteration minerals fre-
quently replace hornblende biotite, pyroxene, and plagioclase feldspar (Figure 4i,k,l). This
alteration is exposed as the exterior part of the alteration rims and is commonly noticed
at the contact of sulfide veins and the metavolcanic rock. Moreover, it is also occasionally
overprinted on the sulfide and pre-ore alteration mineral (Figure 4j). Carbonatization is
intermittently observed at the final stage, indicating the weakening and termination of the
hydrothermal ore-forming fluid activity. This type of alteration is noticed with oxidation
products mostly around sulfide veins as a discrete layer (Figure 4a) and also overlapped
with the barren quartz in the last stage (Figure 4d).

The mineralization process has been classified into three major stages (Figure 6). The
pre-ore stage is characterized by the formation of euhedral to subhedral medium to coarse-
grained pyrite and quartz with rare other sulfide minerals (Figure 5a,m). The main ore
stage has been further divided into two substages (Figure 6). Ore stage I is characterized by
an assemblage of chalcopyrite-magnetite-pyrite ± bornite (Figure 5b,d) and fine to medium-
grained anhedral quartz with assemblages of silicified and sericitization alteration minerals.
Ore stage II is represented by major massive galena, zincian tetrahedrite (Figure 5f,g), and
native silver as well as some sericite alteration minerals and fine to medium-grained quartz
as gangue minerals. The post-ore stage is dominated by barren quartz and carbonate with
minor amounts of silicification and supergene minerals (Figures 3h and 5o).
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veinlets; (c/a) high magnification of red box area is marked in Figure 3c; (d) oriented bornite exsolution lamellae within
massive chalcopyrite; (e) galena filling the microfractures of chalcopyrite as open space texture; (f) galena coexisting with
zincian-tetrahedrite, and Fe-arsenide infill microfractures among quartz and carbonate; (g) bleb of zincian-tetrahedrite
within massive galena as contemporaneous and both replacing by anglesite along the cleavage gaps and micro cracks; (h)
massive zincian tetrahedrite replacing relict-grained galena and itself replaced by covellite-bearing limonite; (i) Chalcopyrite
and Py-II and are replacing by massive zincian tetrahedrite as open space texture in quartz; (j) native-silver filling the
fractures and microcracks within massive zincian tetrahedrite, chalcopyrite also observed as inclusion; (k) same sample
of Figure 3j in back-scattered electron image; (l) rutile coexisting as inclusion in Py-II and quartz; (m) doubly terminated
euhedral quartz floating in sulfide ore, while fine grain sericite and quartz aggregates filling interstices (PPL); (n) chalcopyrite
is replaced by magnetite, fine grain pseudomorph of chalcopyrite is observable within magnetite; (o) contact boundary
between sulfide and carbonate mineral (transmitted PPL); (p) malachite replacing chalcopyrite (supergene alteration) and
itself replaced by covellite-bearing limonite (reflected PPL); (p/a) same sample of Figure 3 in transmitted PPL, showing
green internal reflection of malachite. Py, pyrite; Ccp, chalcopyrite; Gal, galena; Zn, tetd (zincian-tetrahedrite); Bn, bornite;
Mgt, magnetite; Cv, covellite; ML, malachite; Rut, rutile; Car, carbonate; Qz, quartz; Ser, sericite; Fe, ars (Fe-arsenide);
Ang, anglesite.
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5. Results
5.1. Mineralogy and Mineral Chemistry
5.1.1. Ore Minerals
Pyrite

Pyrite is the most common and the only sulfide that occurs in two mineralization
stages. Py-I usually occurs as euhedral to anhedral irregular dissemination in the form
of free grains within the pre-ore stage (Figures 4i and 5a). It is mainly associated with
euhedral to subhedral quartz and rarely with other sulfides. Usually, Py-I is replaced
by goethite veinlets (Figure 5a) and rarely observed as an inclusion within the sulfide
ore stage II. Py-II occurs as a medium to coarse-grained anhedral crystal and commonly
replaces chalcopyrite and magnetite (Figure 5b) from the sulfide ore stage I. Typically, Py-II
encloses chalcopyrite and magnetite grains as an inclusion, indicating later formation in
the paragenesis sequence compared to Py-I (Figure 5b).

The mineral chemistry of ore minerals is summarized in Tables 1 and 2. Most of the
Py-I and Py-II grains show low contents of Fe and S as compared with their standard
values (Fe = 46.55 wt.% and S = 53.45 wt.%) [45]. Only one grain showed higher S content
in Py-I, while two grains showed higher Fe content in Py-II (Table 2). S/Fe molar ratios
higher than 2 exhibit iron loss, and ratios less than 2 are attributed to sulfur loss [46]. The
calculated S/Fe molar ratios for Py-I and Py-II grains are <2 (Table 3); therefore, showing
that the pyrite grains lost sulfur.
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Table 1. Representative compositions of ore-forming minerals based on electron microprobe analyzer (EPMA). bdl, below detection limit.

Minerals Wt.% S Fe As Cu Mn Zn Co Ni Ag Sb Pb Au Cd Cr Total Representative Formulae

Pyrite-I
(n = 8)

Average 53.04 45.41 0.01 0.02 0.00 0.01 0.12 0.02 0.00 bdl bdl 0.00 0.02 0.00 98.66
(Fe0.99 Co0.002)1.00S2.02

St.dev. 0.35 0.45 0.01 0.01 0.01 0.00 0.06 0.01 0.00 bdl bdl 0.00 0.00 0.01

Pyrite-II
(n = 6)

Average 51.65 46.39 0.40 0.62 bdl 0.03 0.04 0.01 0.01 0.00 0.00 0.01 0.00 0.000 99.20 Fe0.98 S1.93
(Fe0.98As0.01Cu0.01)1.0S1.93St.dev. 0.44 0.51 0.59 0.76 bdl 0.01 0.03 0.01 0.01 0.00 0.00 0.00 0.00 0.00

Chalcopyrite
(n = 13)

Average 34.29 29.89 0.00 34.63 0.00 0.02 0.00 0.00 0.19 0.01 0.02 0.01 0.01 0.01 99.08 Cu1.00 Fe1.00S2.00
(Cu1.01Ag0.003)1.01Fe 1.00S1.98St.dev. 0.22 0.58 0.01 0.22 0.00 0.03 0.00 0.00 0.32 0.02 0.02 0.01 0.01 0.01

Zincian Tetrahedrite
(n = 11)

Average 26.06 2.06 8.56 39.28 0.00 5.97 0.01 0.00 2.62 16.19 0.012 0.01 0.22 0.01 101.00
Cu10Zn2Sb4S13

(Cu9.48Ag0.37)9.85
(Zn1.40 Fe0.57Cd0.03)2.00
(Sb2.04 As1.75)3.79S12.56St.dev. 0.25 0.95 0.32 0.71 0.00 1.47 0.01 0.00 0.55 0.49 0.03 0.01 0.05 0.01

Galena
(n = 5)

Average 12.85 bdl bdl bdl bdl bdl bdl bdl 0.43 0.55 85.95 bdl 0.04 0.00 99.83 PbS
(Pb1.04Ag0.01Sb0.01Cd0.001)1.06S1.00St.dev. 0.20 bdl bdl bdl bdl bdl bdl bdl 0.17 0.20 0.51 bdl 0.02 0.00

Native Silver
(n = 4)

Average 0.06 0.09 0.00 1.02 0.00 0.11 0.01 0.00 98.66 bdl 0.01 0.01 0.70 0.01 100.68
(Ag0.92Cu0.02Cd0.01)0.9

St.dev. 0.03 0.05 0.00 0.27 0.00 0.01 0.01 0.00 0.52 bdl 0.00 0.01 0.04 0.02

Bornite
(n = 3)

Average 25.42 11.02 0.01 62.83 bdl bdl bdl bdl bdl bdl bdl bdl 0.01 0.03 99.31
Cu5.0Fe1.0S4.0

St.dev. 0.42 0.41 0.01 0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01

Iron-arsenide (Lollingite)
(n = 2)

Average 2.58 29.86 65.70 0.01 0.06 0.01 bdl 0.00 0.00 bdl 0.12 0.00 0.01 0.01 98.37 FeAs2
(Fe1.08As1.75)2.83S0.16St.dev. 0.28 0.19 0.22 0.00 0.01 0.01 bdl 0.00 0.00 bdl 0.02 0.00 0.00 0.01

Covellite
(n = 2)

Average 33.32 1.31 bdl 66.13 bdl bdl bdl 0.00 0.10 bdl bdl bdl 0.02 0.00 100.88 CuS
(Cu1.00A0.01Fe0.02)1.03S1.00St.dev. 0.01 0.50 bdl 0.49 bdl bdl bdl 0.00 0.14 bdl bdl bdl 0.01 0.00
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Table 2. EPMA analysis of pyrite from the Kargah Cu-Pb polymetallic deposit. Major elements (S and Fe) are in wt.%, while the rest of the elements are presented in ppm. bdl, below the
detection limit.

Pyrite Type Py-I Py-I Py-I Py-I Py-I Py-I Py-I Py-I Py-II Py-II Py-II Py-II Py-II Py-II

Spot Core Core Core Core Core Rim Rim Rim Core Core Core Rim Rim Rim

S 52.69 53.23 53.82 52.83 53.04 52.85 52.91 52.93 51.50 51.80 52.45 51.32 51.79 51.06

Fe 45.185 45.39 46.43 45.45 45.15 45.53 45.17 45.01 46.58 46.38 47.14 46.41 45.43 46.40

As 60 214 45 151 200 64 143 40 16,940 2880 170 900 2650 240

Cu 100 290 80 210 280 110 200 62 2920 17640 290 90 15840 180

Mn 120 bdl bdl 60 0.0 50 120 0.0 bdl bdl bdl bdl bdl bdl

Zn 160 170 140 150 75 130 40 74 410 423 270 330 210 340

Co 1720 1900 500 810 1800 520 1640 720 310 320 130 380 210 230

Ni 110 310 100 120 320 130 100 140 240 200 100 120 110 120

Ag 40 80 55 37 23 76 20 0.0 410 160 200 170 310 210

Sb bdl bdl bdl bdl bdl bdl bdl bdl 91 97 44 80 53 60

Pb bdl bdl bdl bdl bdl bdl bdl bdl 100 140 51 83 42 94

Au 24 17 14 51 52 43 bdl bdl 150 110 100 140 80 150

Cd 250 160 170 140 170 150 230 180 120 110 80 0.0 100 60

Cr 180 bdl bdl bdl bdl bdl 190 bdl 110 bdl bdl bdl bdl bdl

Mo 98 240 94 104 243 121 85 91 113 94 61 54 63 51

Se 187 253 163 124 217 106 98 124 73 102 67 93 64 86
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Table 3. S/Fe, Fe/(S + As), Co/Ni, and Mo/Ni pyrite ratios in the Kargah Cu-Pb polymetallic deposit.

Pyrite Type Spot S
(wt. %)

Fe
(wt. %)

As
(ppm)

Co
(ppm)

Ni
(ppm)

Mo
(ppm) S/Fe Fe/(S + As) Co/Ni Mo/Ni

Py-I Cores 52.69 45.18 60 1720 110 98 1.17 0.857 15.64 0.89

Py-I Cores 53.23 45.39 214 1900 310 240 1.17 0.853 6.13 0.77

Py-I Cores 53.82 46.43 45 500 100 94 1.16 0.863 5.00 0.94

Py-I Cores 52.83 45.45 151 810 120 104 1.16 0.860 6.75 0.87

Py-I Cores 53.04 45.15 200 1800 320 243 1.17 0.851 5.63 0.76

Py-I Rim 52.85 45.53 64 520 130 121 1.16 0.861 4.00 0.93

Py-I Rim 52.91 45.17 143 1640 100 85 1.17 0.853 16.40 0.85

Py-I Rim 52.93 45.01 40 720 140 91 1.18 0.850 5.14 0.65

Py-II Cores 51.50 46.58 16,940 310 240 113 1.11 0.876 1.29 0.47

Py-II Cores 51.79 46.38 2880 320 200 94 1.12 0.890 1.60 0.47

Py-II Cores 52.45 47.14 170 130 100 61 1.11 0.899 1.30 0.61

Py-II Rim 51.32 46.41 900 380 120 54 1.11 0.903 3.17 0.45

Py-II Rim 51.79 45.43 2650 210 110 63 1.14 0.873 1.91 0.57

Py-II Rim 51.06 46.40 240 230 120 51 1.10 0.908 1.92 0.43
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In Py-I, the ranges of trace element contents (i.e., As, Co, Ni, and Cd (ppm)) are 40–214
(average 115), 500–1900 (average 1201), 100–320 (average 166), and 140–250 (average 181),
respectively. Py-II shows As, Co, Ni, and Cd content (ppm) ranges of 117–16,940 (average
3963), 130–380 (average 263), 100–240 (average 148), and 60–120 (average 78), respectively.
Other trace elements, such as Cu, Au, Ag, and Zn are above the detection limit, whereas
Pb and Sb are below the detection limit in all analyzed grains of Py-I (Table 2). In contrast,
these trace elements (i.e., Cu, Au, Ag, Zn, Pb, and Sb) are above the detection limit in all
analyzed grains of Py-II. Generally, Py-II shows higher contents of these trace elements
compared with Py-I (Table 2).

Chalcopyrite

Chalcopyrite is the most abundant mineral of the sulfide ore stage I. It is commonly
oxidized along the fractures and microcracks by covellite-bearing limonite (Figure 5a,c).
Typically, massive chalcopyrite is observed with exsolution lamellae of bornite (Figure 5d),
and irregular chalcopyrite grains commonly occur as an inclusion in the main sulfide
stage II (Figure 5i,j). Generally, chalcopyrite is replaced by magnetite (Figure 5n). At some
locations, both minerals are found as skeletal intergrown. Moreover, a relict inclusion of
chalcopyrite is also observed, enclosed by massive magnetite. Further, medium to coarse-
grained chalcopyrite crystals are noticed as relict grains in a larger phase of massive galena
(Figure 3i), while at some places, galena is also observed to fill the fractures of chalcopyrite
at contact (Figure 5e), showing different paragenetic sequence.

All various textural varieties of chalcopyrite have a similar and nearly stoichiometric
chemistry (Cu1.01Ag0.003)1.01Fe1.00S1.98) (Table 1). The concentration of Ag has an aver-
age of 0.2 wt.%, while cobalt, chromium, cadmium, and nickel are less than 0.2 wt.%
in chalcopyrite.

Magnetite

Magnetite is observed as medium to coarse-grained anhedral crystals and a massive
form within the sulfide ore stage I (Figure 5b). Typically, magnetite replaces chalcopyrite,
while magnetite itself is replaced by hematite and Py-II (Figure 5n,b). Mostly, magnetite
and chalcopyrite are overgrown by Py-II (Figure 5b).

Bornite

Bornite (Cu5FeS4) is observed intermittently and as oriented exsolution lamellae
within massive chalcopyrite, especially in association with Cu-rich quartz vein (Figure 5d).
Bornite has near-stoichiometric chemistry (Cu5.0Fe1.0S4.0). As, Cd, and Cr are less than
0.01 wt.%.

Galena

Galena is the most abundant sulfide mineral and precipitated from the sulfide ore
stage II. Massive galena contains deformation lamellae (Figures 3h and 5f), whereas, at
some places, it coexists with zincian tetrahedrite. Locally, blebs of zincian-tetrahedrite are
observed from inclusions in the massive galena (Figure 5g). Galena is rarely encrusted
and replaced by zincian tetrahedrite (Figure 5h), but mostly the opposite is observed.
These relationships indicate the earlier formation of galena or suggest contemporaneous
precipitation of galena and zincian tetrahedrite. Furthermore, medium- to coarse-grained
chalcopyrite and Py-I are also noticed as relicts enclosed by galena (Figure 3i), showing
later deposition of galena than chalcopyrite.

The EMPA analysis detected minor contents of Ag (0.44) and Sb (0.55) wt.% in massive
galena (Table 1). The detection of Sb is probably due to the coexistence of galena and
zincian-tetrahedrite (Figure 5f,g). The concentrations of Pb and S were calculated for galena
at an average of 85.95 and 12.85 wt.%, respectively, and yielded stoichiometric chemistry
((Pb1.04Ag0.01Sb0.01Cd0.001)1.06S1.00).
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Zincian Tetrahedrite

Zincian tetrahedrite is the second most abundant mineral in the sulfide ore stage II. It
is observed generally in a massive form and encloses chalcopyrite and galena, and rarely
Py-I (Figure 5i,l). In some samples, it has an opposite relationship with galena, where blebs
of zincian tetrahedrite are included as inclusions within the massive galena (Figure 5g).
These two different textural styles reveal the coexisting formation of these two minerals.

The major components of the zincian tetrahedrite are copper (39.22 wt.%), zinc
(5.97 wt.%), antimony (16.19 wt.%), and sulfur (26.06 wt.%). Arsenic, iron, and silver
are also present, with an average content of 8.56, 2.06, and 2.62 wt.%, respectively. The
high contents of As, Fe, and Ag are probably due to iron-arsenide (lollingite) and native
silver within the zincian-tetrahedrite (Figure 5j,f). Further, the minor amounts of Au, Co,
Cr, Ni, and Cd were also detected with an average concentration of 0.01 wt.%. Hence, the
overall chemistry for zincian tetrahedrite is (Cu9.48Ag0.37)9.85 (Zn1.40 Fe0.57Cd0.03)2.00 (Sb2.04
As1.75)3.79S12.56.

Native Silver

Native silver commonly fills the fractures, microcracks, and fissure gaps within zincian-
tetrahedrite from the sulfide ore stage II (Figure 5j,k). Therefore, these features are good
indicators for the presence of native silver at the deposit. The grains of the native silver are
bright white, and their morphology depends on the shape of the cavity, crack, and fracture
they infill.

The EPMA results show an average of 98.66 wt.% of Ag with detectable amounts of
Cu, Zn, and Cd in 1.02, 0.10, and 0.07 wt.%, respectively. The contents of Au, Cr, and Co
are 0.01 wt.% on average, indicating empirical formula (Ag0.92Cu0.02Cd0.01)0.9 (Table 1).

Iron-Arsenide (Lollingite)

Iron-arsenide (lollingite) is commonly noticed along the fractures and microcracks of
carbonate mineral from the post-ore stage but hardly occurs in association with zincian-
tetrahedrite as prismatic aggregates in sulfide-ore stage II (Figure 5f). It has a bright silver-
white color with metallic reflection under ore petrography. It contains high concentrations
of As (average 65.70 wt.%) and Fe (average 29.86 wt.%) with minor amounts of S and
Pb (average 2.58 and 0.12 wt.%, respectively). The contents of Cu, Zn, Cr, and Cd are
<0.01 wt.%.

5.2. Fluid Inclusion Study
5.2.1. Petrography and Classification

Primary, secondary, and pseudo-secondary inclusions were identified based on Roed-
der criteria [28], and primary inclusions are further classified according to their nature,
number, phase proportion at room temperature, and phase transitions during cooling
and heating, plus by laser Raman spectroscopy. Five types of inclusions were recognized:
type I (monophase aqueous), type II (two phases liquid and vapor aqueous), type III
(aqueous-carbonic), type IV (liquid-rich aqueous), and type V (solid-bearing inclusions).

Type I Inclusions

Type I inclusions are rarely distributed and typically observed in pre-ore and occasion-
ally in the sulfide ore stage I (Figure 7a). These inclusions are monophase H2O, which are
identified by laser Raman spectroscopy. The inclusions are ellipsoidal in shape, irregular,
negative crystals, dark colors, with sizes varying from 3 to 16 µm, but most of the inclusions
have sizes from about 4 to 6 µm (Figure 7b). Usually, these inclusions are observed as
isolated forms and are rarely associated with type II and type IV.
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stage I; (h) the coexistence of type V (solid inclusion) with type IV and type II inclusions in sulfide 
ore stage II; (i) sulfide stage II shows coexistence of type II, type IV, and type V inclusions in zincian-
tetrahedrite rich quartz vein; (j) type II inclusions associated with type V (solid inclusion) in the 
sulfide stage II of quartz vein; (k) type IV and type V inclusions in sulfide stage II quartz bearing 
vein; (l) post-ore stage shows the type IV inclusions in calcite vein. L, liquid; V, vapor; LH2O, liquid 
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Type II Inclusions 
Type II inclusions have two phases: aqueous liquid and vapor, but their volumetric 

ratios are approximately equal in most inclusions (Figure 7f,i,j), and rarely vary between 
20 (liquid) and 80% (vapor) (Figure 7a–c). This type is abundant in the pre-ore and the 
main sulfide ore stages. The sizes of inclusions are from 1 to 22 µm but commonly are 
between 3 and 10 µm. These inclusions have oblate, native crystal, irregular shapes, and 
coexist with type I (Figure 7b) and type IV inclusions (Figure 7c,f).  
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Figure 7. Photographs of fluid inclusion from the Cu-Pb polymetallic mineralization, Kargah: (a) Type
I and type II inclusions in the pre-ore stage quartz grains; (b) sulfide stage I shows the type I and type
II inclusions in chalcopyrite bearing quartz vein; (c) the coexistence of type II and type IV inclusions
in quartz grains of the pre-ore stage; (d) type IIIb (aqueous-carbonic) inclusion in the pre-ore stage
quartz grain; (e) assemblages of type II and type IV inclusions in the sulfide stage I quartz grain;
(f) sulfide stage I shows type IV inclusions with type II inclusions in quartz grains; (g) two-phase
type IIIa (aqueous-carbonic) inclusions at room temperature in quartz grain of sulfide ore stage I; (h)
the coexistence of type V (solid inclusion) with type IV and type II inclusions in sulfide ore stage II;
(i) sulfide stage II shows coexistence of type II, type IV, and type V inclusions in zincian-tetrahedrite
rich quartz vein; (j) type II inclusions associated with type V (solid inclusion) in the sulfide stage II of
quartz vein; (k) type IV and type V inclusions in sulfide stage II quartz bearing vein; (l) post-ore stage
shows the type IV inclusions in calcite vein. L, liquid; V, vapor; LH2O, liquid H2O; LCO2, liquid CO2;
VCO2, vapor CO2; S, halite crystal.

Type II Inclusions

Type II inclusions have two phases: aqueous liquid and vapor, but their volumetric
ratios are approximately equal in most inclusions (Figure 7f,i,j), and rarely vary between 20
(liquid) and 80% (vapor) (Figure 7a–c). This type is abundant in the pre-ore and the main
sulfide ore stages. The sizes of inclusions are from 1 to 22 µm but commonly are between 3
and 10 µm. These inclusions have oblate, native crystal, irregular shapes, and coexist with
type I (Figure 7b) and type IV inclusions (Figure 7c,f).
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Type III Inclusions

Type -III inclusions comprise three phases (i.e., VCO2 + LCO2 + LH2O) (Figure 7d), but
most of the inclusions are observed as two phases (i.e., LCO2 + LH2O) at room temperature
(Figure 7g). These inclusions occur as isolated patches in the pre-ore and sulfide ore stage I,
which represents the primary origin and is occasionally observed with type II inclusions.
Overall, their proportion is less than all other inclusion types. The type III inclusions can be
further classified into two subtypes: IIIa and IIIb. Type IIIa inclusions have more H2O than
CO2 (Figure 7g), while type IIIb inclusions contain more CO2 than H2O (Figure 7d). The
sizes of inclusions vary from 3 to 60 µm; however, most of them range from 10 to 20 µm.
The shapes are typically oblate, elongated, negative crystals, and irregular. The volumetric
proportions of CO2 vary between 20 to 80%.

Type IV Inclusions

These types of inclusions consist of liquid and vapor phases and are observed to
occupy the highest inclusion population as compared with all other types, which is ap-
proximately up to 40%. These fluid inclusions are observed in all stages, however most
consistently present in sulfide-ore stage II and late stage, as isolated or trial form, along the
growth zones, indicating a primary genesis (Figure 7h,i,l). The range of size is observed
from less than 2 µm to a maximum of 40 µm, and they are oblate, ellipsoidal, and irregular
in shape. These inclusions contain an abundant ratio of vapor (approximately from 30 to
40%) in the pre-ore and sulfide ore stage I, while the volumetric proportions of vapor are
observed between 15–30 and 5–10% in the sulfide ore stage II and late stage, respectively.

Type V Inclusions

Type V fluid inclusions are only hosted in quartz of sulfide ore stage II, having three
phases including aqueous-liquid, vapor bubble, and solid-bearing inclusion (Figure 7h,j).
The daughter mineral (solid phase) is identified primarily as halite (NaCl), with a cubic,
irregular, oval, and globular form and sizes ranging from 5 to 12 µm in diameter. Halite is
mostly noticed as having light color and cubic form (Figure 7i). During microthermometry,
halite dissolved before the vapor phase disappeared, and only a few daughter minerals
disappeared after the vapor phase. These inclusions account for approximately 15–20%
of the total inclusion population, whereas the vapor bubbles account for 10–45%. These
halite-bearing inclusions (type V) usually coexist with type II and type IV in the sulfide ore
stage II as fluid inclusion assemblages (Figure 7h,j), indicating the primary origin of these
inclusions [47–49].

5.2.2. Microthermometry

Microthermometric analyses were conducted on all types of inclusions, excluding
type I. The microthermometry data are summarized in Table 4 and Figure 8.
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Table 4. Microthermometry data of the Kargah Cu-Pb polymetallic mineralization.

Stage Host
Mineral Type N Size

(um) Tm,CO2 (oC) Tm,cla (◦C) Th,CO2 (◦C) Tm.ice (◦C) Td (◦C) Th (◦C) W
(wt.% NaCl) ρ (g/cm3)

Pre-ore Quartz

II 35 1–15 From −8.3 to −1.8
(−5.42)

434 –555
(470.49)

3.06–12.05
(8.26)

0.20–0.65
(0.43)

III 16 3–60 From −57.0 to −54.0
(−55.71)

From 4.3 to −7.9
(5.25)

From 30 to 33
(32.0)

399–425
(414.94)

4.07–10.04
(8.53)

0.55–0.70
(0.63)

IV 41 1–27 From −8.3 to −2.0
(−5.62)

442–495
(450.07)

3.39–12.05
(9.10)

0.40–0.70
(0.55)

Sulfide ore I Quartz

II 29 1–19 From −8.7 to −3.0
(−6.55)

380–438
(410)

4.96–12.51
(9.87)

0.55–0.75
(0.65)

III 15 2–45 From −57.0 to −53.6
(−55.47)

From 4.8 to −8.2
(6.62)

From 30 to 36
(32.13)

300–359
(327.47)

3.52–9.28
(6.28)

0.70–0.80
(0.39)

IV 30 1–37 From −31.0 to
−5.0 (−13.59)

332–423
(380.8)

7.86–29.26
(16.07)

0.65–0.95
(0.80)

Sulfide ore II Quartz

II 20 1–22 From −3.1 to −0.9
(−1.90)

300–356
(331.95)

1.57–6.45
(3.20)

0.60–0.80
(0.70)

IV 43 1–39 From −9.2 to −3.0
(−6.97)

280–352
(308.67)

4.96–13.07
(10.34)

0.75–0.90
(0.83)

V 15 5–31 From 283 to
368 (325)

313–390
(354.8)

33.44–49.26
(40.94)

1.0–1.30
(1.15)

Post-ore Quartz,
calcite IV 44 1–40 From −5.3 to 4.5

(−3.13)
155–256
(211.20)

0.88–8.28
(5.37)

0.85–1.0
(0.90)

Notation: N, number of analyzed inclusions; Tm,CO2 (◦C), first ice melting temperature of carbon dioxide; Tm,cla (◦C), melting temperature of clathrate (carbonic hydrite); Th,CO2 (◦C),homogenization
temperature of carbon dioxide; Tm.ice (◦C),final ice melting temperature; Td (◦C),daughter mineral dissolved temperature; Th (◦C), final homogenization temperature; W, salinity; ρ, density; numbers in “( )” are
the averages. Temperatures over 550 ◦C were not calculated due to exceeding the limit of the instrument.
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Figure 8. Histograms of homogenization temperatures (Th) and salinities of fluid inclusions of the
different mineralization stages.

Pre-Ore Stage

The ice melting temperatures and corresponding salinities range of type II and type
IV inclusions are almost close to each other in the pre-ore stage, which extends from −8.3
to −1.8 ◦C and from 3.06 to 12.05 wt.% NaCl, respectively. These types of inclusions (type
II and type IV) stand for approximately 40–50% and 35–45%, respectively, of the total
inclusion population with conspicuous vapor bubbles accounting for 70–90% and 30–40%
of the volume (Figure 7f), respectively. These inclusions are both mostly homogenized to
the liquid phase and show critical behaviors at temperatures ranging from 434 to 555 ◦C
and from 442 to 495 ◦C (Figure 8), respectively. Moreover, type II and type IV inclusions
have calculated densities that range from 0.20 to 0.65 g/cm3 and from 0.40 to 0.70 g/cm3,
respectively.

The first ice melting temperatures of type III inclusions range from −57.0 to −54.0 ◦C,
whereas the minimum first melting temperature is not much less than the triple point
of pure CO2 (−56.6 ◦C). Hence, these temperature ranges can be characterized by the
absence of any volatile substances with the CO2 fluid, which are confirmed by laser Raman
spectroscopy (Figure 9b,d). The salinity of these inclusions is calculated to range between
4.07 and 10.04 wt.% NaCl. The consistent clathrate final ice melting temperatures of
these inclusions range from 4.3 to 7.9 ◦C, and the homogenization temperatures of CO2
range from 30 to 31.5 ◦C. The final homogenization temperatures of these inclusions in
the liquid phase range between 399 and 425 ◦C (average 415 ◦C). Moreover, the type III
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inclusions show intended densities of the total fluids that range from approximately 0.55
to 0.70 g/cm3.
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mineralization, Kargah: (a) H2O and CO2 spectrums in type II inclusions of the pre-ore stage; (b) type III inclusions of
vapor in the pre-ore stage; (c,d) H2O spectrums of vapor in type IV and type II inclusions of the pre-ore and sulfide ore
stage II, respectively; (e) CO2 spectrum in type III inclusion of vapor in sulfide ore stage I; (f) type IV inclusion in the calcite
vein of the post-ore stage.

Sulfide Ore Stage I

All types of inclusions, excluding type V (solid-bearing inclusion), were identified in
this stage. The volumetric proportion ratios of liquid and vapor of type II and type IV are
slightly different. Type II inclusions account for 40–50% of the total inclusion population,
whereas type IV inclusions comprise 30–40%. The vapor bubbles account for 50–70% and
20–30% of the volume (Figure 7e,f), respectively. Type II inclusions have homogenization
temperatures ranging from 380 to 438 ◦C (average 410 ◦C). The final ice melting temperature
of these inclusions is calculated to be between −8.7 and −3.0 ◦C, with the corresponding
salinities from 4.96 to 12.51 wt.% NaCl. Type IV inclusions are homogenized to the liquid
phase with temperatures ranging from 332 to 423 ◦C (average 380.8 ◦C). These inclusions
have final ice melting temperatures between −29.0 and −5.0 ◦C, and the corresponding
salinities range from 7.86 to 29.26 wt.% NaCl. Type II and type IV inclusions have densities
of 0.65 and 0.80 g/cm3, respectively.

In this stage, the total inclusion population of type III is comparatively higher than
the pre-ore stage, which comprises from 15 to 20% of the total inclusion population with a
volume of LH2O accounting for 70% and LCO2 accounting for 10% at room temperature
(Figure 7g). The homogenization temperatures of these inclusions range from 300 to 359 ◦C
(average 327.47 ◦C) by the disappearance of the vapor bubble. These inclusions have,
first, ice-melting temperatures (from −57.0 to −53.6 ◦C), and clathrate final ice-melting
temperatures between 4.8 and 8.2 ◦C with the corresponding salinities from 3.52 to 9.28 wt.%
NaCl. The homogenization temperatures of CO2 into the vapor phase are calculated from
30 to 36 ◦C. In addition, these inclusions reveal that the range of the densities the total
fluids approximately range from 0.70 to 0.80 g/cm3.
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Sulfide Ore Stage II

In this stage, three types of inclusions were identified (type II, type IV, and type V).
The total inclusion population of type II is from approximately 30 to 40%, whereas type
IV inclusions account for 40–50% of the total inclusion population. The homogenization
temperatures of type II inclusions are measured from 300 to 356 ◦C (average 331.95 ◦C).
These inclusions have ice-melting temperatures that range from −3.1 to −0.9 ◦C, with
corresponding salinities ranging from 1.57 to 6.45 wt.% NaCl. The calculated densities
range from 0.65 to 0.80 g/cm3. Type IV inclusions occupy the highest volume of inclusion
population as compared with other types. These inclusions are homogenized from 280
to 352 ◦C (average 308.67 ◦C) by the disappearance of the vapor bubble. The calculated
ice-melting temperature range is from −9.2 to −3.0 ◦C, whereas equivalent salinities
are estimated between 4.96 and 13.04 wt.% NaCl. The densities of these inclusions are
measured from 0.75 to 0.90 g/cm3.

The solid-bearing inclusions (type V) were only observed at this stage, which occupied
a lower abundant volume than all other types, accounting for approximately 10% of the
total inclusion population. The homogenization temperature range of type V inclusion is
between 313 and 390 ◦C. The dissolving temperature range of the daughter minerals is
from 283 to 368 ◦C, with an average of 325 ◦C. The corresponding salinity range is between
33.44 and 49.26 wt.% NaCl. Minerals are not considered to be true daughter minerals,
which are undissolved by heating to more than 500 ◦C, indicating that they are entrapped
accidentally instead of being precipitated.

Post-Ore Stage

At this stage, only type IV fluid inclusions were identified. The vapor bubbles account
for approximately less than 10% of the volume (Figure 7l), and all are homogenized to
the liquid state by the disappearance of the vapor. The homogenization temperature
range is between 155 and 256 ◦C, on average, 211.20 ◦C. The range of the final ice-melting
temperatures is calculated from −5.3 to 4.5 ◦C, with the corresponding salinities from 0.88
to 8.28 wt.% NaCl. Moreover, the total fluid density is significantly higher than the former
stages, ranging between 0.85 and 1.0 g/cm3.

5.2.3. Laser Raman Spectroscopy

The laser Raman spectroscopy results reveal that type I inclusions have apparent
peaks of H2O with the absence of any other component peak, suggesting that they contain
only H2O. In the pre-ore stage, the vapor-rich (type II) inclusions reveal that water is the
dominant fluid component of the liquid phase, whereas the vapor bubbles are mainly
comprised of CO2 and H2O spectrum (Figure 9a). In contrast, type II inclusions have
a large amount of water in the sulfide ore stages I and II with the absence of CO2 peak
(Figure 9d). The carbonic inclusions (type III) show that the vapor bubbles and intermediate
liquid phase contain a large amount of CO2 (Figure 9b,e), while the end member of type III
inclusions has a significant amount of water. Moreover, the Raman analyses of liquid-rich
(type IV) inclusions, in all stages, reveal that H2O is the only dominant constituent of the
fluid system (Figure 9c,f). These inclusions lack any other compressive volatile substances,
which probably result from phase separation or boiling.

5.3. Sulfur Isotopes

The sulfur isotopic measurements from 20 sulfide minerals (e.g., pyrite, chalcopyrite,
and galena) from different mineralization stages obtained during this study show a variable
range of composition from −2.80 to 6.41‰ (average 3.38‰) (Table 5 and Figure 10). The
pyrite, chalcopyrite, and galena δ34S values range between −2.80 and 5.82‰ (average
2.46‰), 5.91 and 6.41‰ (average 6.19‰), and 3.59 and 3.69‰ (average 3.50‰), respectively.
These values show a trend of δ34S chalcopyrite > δ34S pyrite > δ34S galena (Figure 10),
which suggests an overall equilibrium of the S isotopes among sulfide minerals during the
evolution of the hydrothermal fluids [50].
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Table 5. Sulfur and lead isotope compositions of sulfide minerals from the Kargah Cu-Pb polymetallic deposit.

Sample No Minerals δ34S (%) 206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ

KCZ-01 Pyrite 5.4 18.5 0.0 15.7 0.0 39.4 0.0

KCZ-02 Pyrite −2.8 19.3 0.0 15.8 0.0 39.8 0.0

KCZ-02-1 Pyrite −2.5 19.5 0.0 15.9 0.0 39.1 0.0

KGH-04 Pyrite 4.9 20.2 0.0 15.9 0.0 40.7 0.0

KSL-M-1 Pyrite 4.4 20.2 0.0 15.9 0.0 40.4 0.0

KS-ad-01 Pyrite −0.1 20.1 0.0 15.9 0.0 40.1 0.0

KCH-03 Pyrite 3.0 20.3 0.0 15.9 0.0 40.5 0.0

KS-ad-01-1 Pyrite 5.8 20.2 0.0 16.0 0.0 40.9 0.0

KS-ad-01-2 Pyrite 3.6 19.8 0.0 15.8 0.0 40.2 0.0

KS-sv-30 Pyrite 2.9 20.4 0.0 16.0 0.0 40.2 0.0

KJZ-07 Galena 0.7 20.3 0.0 15.9 0.0 40.3 0.0

KS-sv-24 Galena 3.7 20.3 0.0 15.9 0.0 40.2 0.0

KS-sv-T-1 Galena 3.4 20.2 0.0 16.0 0.0 40.8 0.0

KSL-sv-01 Galena 3.4 20.2 0.0 15.9 0.0 40.2 0.0

KGN-sv-02 Galena 3.4 20.3 0.0 15.9 0.0 40.6 0.0

KCH-sv-01 Galena 3.6 20.3 0.0 15.9 0.0 40.3 0.0

KS-sv-T-2 Galena 3.4 20.2 0.0 15.9 0.0 40.2 0.0

KS-ad-01 Chalcopyrite 5.9 20.2 0.0 15.9 0.0 40.6 0.0

KS-ad-01-2 Chalcopyrite 6.4 20.2 0.0 15.9 0.0 40.6 0.0

KS-sv-30 Chalcopyrite 6.2 20.2 0.0 16.0 0.0 40.7 0.0
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5.4. Pb Isotopes

The results of the Pb analyses of the sulfide minerals from the Kargah Cu-Pb poly-
metallic deposit are presented in Table 5. The ratios of 206Pb/204Pb range from 18.54 to
20.37 (average 20.04), 207Pb/204Pb range from 15.67 to 16.01 (15.90), and 208Pb/204Pb range
from 39.07 to 40.86 (40.28). These values are plotted in the Pb isotope evolution diagram of
Zartman and Doe [51].
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6. Discussion
6.1. Trace Elements Incorporation within Pyrite

Previous studies have indicated that pyrite can host different trace elements within
its structure. Therefore, the trace element content of pyrite may be used to interpret the
different geological environments and hydrothermal fluid evolution [45,52–56]. Trace
elements in pyrite can occur mainly in the form of mineral inclusions such as visible micro-
sized sulfide minerals, visible micro-sized oxide silicate inclusions, and invisible sulfide
nanoparticles [57,58], and invisible solid solution within the crystal structure [59]. Several
elements, i.e., As, Ag, Au, Co, Ni, Co, Pb, Te, Se, and As may occur in a pyrite lattice by the
replacement of Fe and S, respectively [60–62].

The moderate to weak negative correlations of As with Fe and S in Py-I and Py-II.
(Figure 11a,b), suggest that the former element is weakly substituted into the pyrite lattice,
for example, [61,63]. Arsenic exhibits positive correlations with Ni, Co, Au, and Ag in
Py-I and Py-II indicating the former element facilitates later element incorporation into
the pyrite structure (Figure 11c–e) [60]. A strong to moderate negative correlation between
Fe and Cu + Co + Ni + Au suggests their ionic replacement with Fe2+ and likely entry
into the structures of pyrites (Figure 11f). Elements such as Zn, Pb, Sb, As, and Ag are the
major and trace element components of sulfosalts, for example, [64]. The strong positive
correlations between Pb-Zn, Pb-Sb, As-Ag, Sb-Zn, and Ag-Au (Figure 11g–j) indicate
the presence of Zn-As-Ag-Sb-Au-Pb bearing sulfosalt as mineral inclusions in Py-II. This
is analogous to the sulfosalt inclusions in pyrite from the Agua Rica porphyry deposit,
Catamarca, Argentina [65], TAG massive sulfide deposits [66], and Py2 at Mirkhani ore
deposit [45]. Positive and negative correlations of Cu with arsenic (Figure 11k) in Py-I and
Py-II, respectively, suggest dissimilar fluid chemistry of Py-I and Py-II [45]. In addition, Cu
also exhibits a weak to very weak geochemical association with Zn, Pb, and Sb in pyrites,
inferring the dissimilar paragenesis sequences with the later elements (Figure 11l) [67].
These correlation diagrams differentiate the chemistry of Py-I from Py-II, which is also
consistent with the textural study of different pyrites at the Kargah Cu-Pb polymetallic
deposit. The LA-ICP-MS time-resolved depth profiles are required to provide further
evidence about the existence of both mineral inclusions and structural bound elements
within pyrite structures.

The depth of mineralization can be predicted by the ratio of Fe to (S + As). Usually,
this ratio increases from a depth towards the surface and shows 0.846, 0.863, and 0.926
at greater, moderate, and shallow depths, respectively [68]. These ratios are calculated
from 0.850 to 0.863 (average 0.856), and from 0.873 to 0.908 (average 0.890) in Py-I and
Py-II, respectively suggesting a moderate to shallow depth for Kargah Cu-Pb polymetallic
mineralization (Table 3).
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6.2. Evolution of Ore-Forming Fluids

The microthermometry results from the Kargah Cu-Pb polymetallic deposit reveal
continuous cooling of the ore-forming fluids (Figure 8) and homogenization temperature
linearly decreases with the salinities (Figure 12), probably indicating mixing of fluid in the
formation of ore deposits (Figure 12). At the pre-ore stage, fluid inclusions are characterized
by a high temperature (399–555 ◦C) with a low to moderate salinity (3.06–12.05 wt.% NaCl),
which indicates the critical condition of inclusions (Figures 10 and 12). According to Cline
et al. [69] and Liao et al. [70], critical condition fluid inclusions typically show low to
moderate salinity (4–11 wt.% NaCl) with high temperature, which is consistent with the
pre-ore stage inclusions. The coexisting liquid-rich (type IV), vapor-rich (type II), and
solid-bearing inclusions (type V) are present as a group assemblage in the main sulfide ore
stages (Figure 7f,h,i), suggesting that liquid and vapor are separated from a single-phase
fluid due to similar homogeneous temperatures and contrasting salinities, and that fluid
boiling occurs [37,71,72]. As ore-forming fluids evolve into sulfide ore stage I from the
pre-ore stage, they go through the boiling process because the separated coexisting phases
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of type II and IV inclusions are closely associated with each other (Figure 7e,f), showing a
large variation in salinities but similar homogenization temperatures [73–75] (Figure 8).
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Generally, fluid inclusions lack evidence of trapping from a boiling fluid. Therefore,
the trapping pressure of inclusions should be greater than the minimum pressure [72,76,77].
Hence, we used the isobars from Dresner and Heinrich [77] to estimate the trapping pres-
sure of the pre-ore and sulfide ore stages I and II. Estimated trapping pressures of the
sulfide ore stage II range from 100 to 250 bars (Figure 13), and the average entrapment
pressure is mostly less than 200 bars, suggesting a depth of less than 2 km and correspond-
ing to a hydrostatic condition [72]. The trapping pressures of the pre-ore and sulfide ore
stage I range from 200 to 800 bars, with an average pressure of 450 bars (Figure 13). This
average pressure reveals to a depth approximately greater than 2 km, assuming a lithostatic
pressure [72]. Therefore, structural evidence of an evolution from a closed to an open
vein system and a simultaneous transition from lithostatic to hydrostatic conditions also
indicate that boiling may have occurred. Moreover, the salinity of liquid-rich inclusions
(type IV) of sulfide ore stages is slightly greater than in the pre-ore stage. This also implies
fluid boiling because the concentration effect of losing volatile substance throughout the
fluid boiling may slightly increase the salinity, for example, [70,78–80].

A low to moderate salinity fluid cannot be developed by only a simple boiling of
magmatic fluid [72,81]; therefore, a reliable source is meteoric water heated by external fluid.
Subsequently, upon cooling, the magmatic fluid is mixed with a low to moderate salinity
and low-temperature surface derived fluid. The results reflect a sequence of events with
variable amounts of mixing, boiling, and cooling in the mineralization system. Therefore,
the ore-forming fluids reveal two stages of fluid evolution with partial overlap (Figure 12).
The early stage of ore-forming fluid is derived from magmatic fluids and subsequently
diluted by meteoric water during the sulfide ore stage II. In the sulfide ore stage I, the low
salinity (Figure 8 and Table 4) probably reflects the condensed steam with saline fluids,
while the large variation of the early fluids is involved in the sulfide ore stage II (Figure 8
and Table 4). In the post-ore stage, the formation of barren quartz and calcite veins both
have lower salinity (from 0.88 to 8.28 wt.%) and lower temperature (from 155 to 256 ◦C),
which indicates termination of the mineralization in the circular hydrothermal system.

The pre-ore and sulfide ore stage I have an abundant amount of type III (aqueous-
carbonic) inclusions, whereas these inclusions disappeare in the sulfide ore stage II. Further,
type II inclusions contain large amounts of water with less CO2 (Figure 9a) in the pre-ore
and sulfide ore stage I. We did not find any CO2 spectrum in the vapor bubbles of type
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II inclusions of the sulfide ore stage II and observed only aqueous inclusions (Figure 9d).
Suddenly, the disappearance of type III inclusion and absence of the CO2 in the vapor
bubbles of type II inclusion in the sulfide ore stage II could be caused by losing a volatile
substance (CO2) through the fluid mixing. Thus, it can be concluded that ore-forming
fluid of pre-ore and sulfide ore stage I have an abundant amount of CO2, whereas, in the
sulfide ore stage II, the disappearance of CO2 reflects the mixing of meteoric water. In the
post-ore stage, the ore-forming fluid significantly decreases in salinity and temperature
and increases in density, suggesting that it mainly evovles into meteoric water.
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6.3. Composition and Implication for Ore-Forming Fluids

Previous studies have exhibited that ultramafic and mafic rocks are enriched in Ni [82].
In contrast, Mo is enriched in felsic rocks (i.e., granite) [83]. As a result, the values of the
Mo/Ni ratio are used as an empirical tracer to constrain the relative proportion of mafic to
ultramafic over a felsic rock in the source area [84]. The Mo/Ni ratio values in the pyrite
from the Kargah Cu-Pb polymetallic deposit are characterized by low values, ranging from
0.43 to 0.94. This range of values is closed to the Yongxin Au deposit (0.41–2.33), which is
derived from the mafic-source hydrothermal fluids [44]. In contrast, a mixed provenance of
mafic to intermediate and felsic ore-forming fluids such as Bagrote gold deposit show high
ratio values (1.35–59) as compared with our data [9]. Further, the Co/Ni ratio also provides
a reasonable clue to discriminate the hydrothermal fluid source characteristics [85,86]. The
low (0.43–0.94) and high (1.3–16.4) ratio values of Mo/Ni and Co/Ni, respectively, from
the Kargah Cu-Pb polymetallic deposit suggest a mafic source for the hydrothermal fluids.

The eutectic temperature range of type IV inclusions is between −17.6 and 21.5 ◦C,
which is higher than the H2O-NaCl-KCl (−22.5) and H2O-MgCl2 systems (−33.6), sug-
gesting that the ore-forming fluids probably belong to the H2O-NaCl system [75,87]. Fur-
ther, the combined results of both laser Raman analyses and microthermometry reveal
that the ore-forming fluids of the pre-ore and sulfide ore stage I primarily belong to an
H2O-NaCl ± CO2 system, whereas sulfide ore stage II and post-ore stage corresponds to
an H2O-NaCl system.

An abundant content of arsenic in pyrite is typically used to represent a low-temperature
condition, which can enter into the pyrite structure by replacement of both S and/or
Fe [55,88]. The low and high As contents (ppm) in Py-I (average 115) and Py-II (average
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2963), from the Kargah deposit, indicate a moderate to high temperature for ore-forming flu-
ids. The variation of Co contents in pyrite (ppm) such as high (>1000), moderate (100–1000),
and low (<100) suggests high-, medium-, and low-temperature origin, respectively [89].
Most studies have demonstrated that coarse-grained pyrite forms at a higher temperature
(>350 ◦C) and is enriched in Se, Co, Bi, and Ni [66,90]. The contents of As, Co, and Ni
(ppm) 40–16,940, 210–1900, and 100–320, respectively, in pyrites from the Kargah Cu-Pb
polymetallic deposit are supported with the formation in moderate- to high-temperature en-
vironments [45,55,90–92]. In addition, the average high (Co = 1201, Se = 159, and Ni = 166)
and low (As = 155, Zn = 117, and Ag = 41) concentrations (ppm) in Py-I and inverse
contents in Py-II (Co = 430, Se = 80, and Ni = 148) and (As = 3963, Zn = 330, and Ag = 243),
as well as low (0.7) and high (3.7) ratio of Zn/Cd in Py-I and Py, respectively, suggest
a high-temperature environment for the former pyrite as compared with the latter. The
decrease in temperature from early to late probably shows the mixing of meteoric water,
which is consistent with the fluid inclusion study.

The different ratios of Co-Ni-As in pyrite (Figure 14d) are used as a good indicator
to determine the hydrothermal sources and evolution of ore-forming fluid [44,93]. The
ratio of magmatic and meteoric water in the hydrothermal fluid is revealed via different
contents of Co and As. For example, the higher As content or the values of the plot are
concentrated at the As end in the Co-Ni-As diagram indicates excessive meteoric water
volume in the hydrothermal fluid. In contrast, the plots are closer at the Co endmember,
and therefore suggest that the ore-forming fluid is dominant magmatic water [44,85,94].
The plots of this study are scattered from Co towards As ends with far from Ni within the
Co-Ni-As diagram, but most values are closer to Co end (Figure 14d), suggesting that the
ore-forming fluids are relatively dominant magmatic water.
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6.4. Source of the Ore-Forming Materials

The δ34S range of this study (from -2.80 to 6.41‰, average 3.38‰) is higher than that of
most magmatic-hydrothermal deposits (typically δ34S = from −3 to +1 ‰) [72,97]. A mag-
matic source in hydrothermal deposits implies that the δ34S values are near (0 ± 3‰) [98,99].
Previous studies have revealed that the sulfur isotopic composition of sulfide minerals
depend on the δ34S of source materials, and also on the physicochemical condition (pH
value, temperature, ion activity, and oxygen fugacity), as well as the evolution of the
hydrothermal fluids [100,101]. The δ34S variation in the magmatic-hydrothermal deposit is
also caused by magma contamination via interactions with country rocks, and typically
assigned to the assimilation of sulfur from the wall rocks [97]. The slightly different δ34S
values can also be caused by the boiling process during mineralization [102]. The wall-rock
hydrothermal alterations are prominently present in this deposit at the contact of host
rock and quartz-bearing sulfide vein, as well as around the sheared zones. The dominant
country rock in the study area is granitoids (Kohistan Batholith, Figure 2). The δ34S values
in this type of rock are reported in the range from −11 to 14.5‰ (average 1.0 ± 6.1‰) [103].
Therefore, it can be concluded that sulfur was probably supplied via fluid input from
deep-seated magma and contaminated or assimilated by host rock sulfur, most likely from
granitoid rock due to the presence of Kohistan Batholith as the dominant constitute in
the area.

The δ34S values of sulfide minerals, in this study, are mainly concentrated between
3.04 and 6.41‰, indicating a deep source (mantle and magmatic) for the mineralization
fluid, see (Figure 15 [44]). In addition, the δ34S values (from −2.80 to 6.41‰) of the sulfide
minerals are nearly similar to those of the Erdaokan Ag-Pb-Zn deposit [43], Bianjiadayuan
Au-Zn-Pb deposit [104], Sandaowanzi Au deposit [105], and Yonxin Au deposit [64], where
the mineralization fluids were likely derived from deep sources (Figure 15).

Lead (Pb) isotopes of sulfides are considered to be an additional geochemical indicator
to constrain the source of metals in ore deposits, for example, [106,107]. The Pb isotopes of
sulfide minerals from the study area have a homogeneous composition (Table 5). In the lead
isotope evolution diagram of Zartman and Doe [51] (Figure 16, all of the analyzed samples
are plotted intensively in the field above the average upper crustal Pb evolution line.
These data indicate that Cu-Pb polymetallic mineralization in the Kargah deposit contains
crustal-derived materials. Existing Pb isotope data for Kohistan Batholith (granitoid) [108]
(Figure 2b), partially overlap with those of sulfide minerals derived from the Kargah Cu-Pb
polymetallic deposits, with similar trend lines (Figure 16), suggesting that the Kohistan
Batholith may have provided metals for mineralization.
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Figure 16. Diagram of lead isotopic composition of the Kargah Cu-Pb polymetallic deposit. The
evolution lines for upper crust, orogene, mantle, and lower crust are modified after Zartman and
Doe [51]. Lead isotope data of host rock are from Jagoutz et al. [108].

6.5. Precipitation Mechanism for Ore Minerals

Sulfide precipitation in hydrothermal deposits depends on many factors such as
temperature and pressure, phase separation (fluid immiscibility), acidity (pH), mixing
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of meteoric water, salinity, fugacity of oxygen and sulfur, and fluid-rock interactions [75,
110,111]. The boiling process is considered to be one of the most important mechanisms
of ore precipitation [49,112,113]. The physicochemical system balance of the ore-forming
fluids is mainly disrupted by rapid pressure changes, causing fluid boiling and volatile
escape substances from the fluid system. As a result, the salinity, pH, and other features
of the solution are significantly transformed [70,80,114,115], leading to precipitation and
enrichment of ore-forming materials such as native silver and sulfide minerals [116,117].
Consequently, ore minerals are precipitated and distributed mostly along the fractures and
fissures of the rock to form vein-type mineralization. The evidence of a direct link between
boiling and Cu-Pb polymetallic mineralization exists in most veins, showing the highest
copper and lead grades, caused by fluid boiling [70].

In this study, the temperature range of ore stage I mineral (i.e., chalcopyrite) precipita-
tion was probably between 300 and 438 ◦C, while in ore stage II (galena, zincian tetrahedrite,
and native silver) were from 280 to 390 ◦C, respectively (Figure 8). Fluid cooling has an im-
portant role in the precipitation of many hydrothermal deposits. However, the temperature
range from the pre-ore to the post-ore stage is very broad (from 155 to 555 ◦C), indicating
that the cooling is possibly not a major factor in the precipitation of ore-forming minerals.
In many magmatic-hydrothermal deposits, fluid mixing is an important influencing factor
for mineralization [70,118,119]. As aforementioned in Section 6.2, a potential fluid mixing
process was inferred at the sulfide ore stage II. Thus, the important causes for ore mineral
precipitation and deposition for the Kargah Cu-Pb polymetallic deposit are fluid boiling,
cooling phase separation, and mixing with meteoric waters.

6.6. Deposit Genesis

The temperature of early-stage fluid inclusions is used to evaluate the genesis and na-
ture of the ore-forming fluids [120,121]. The early-stage is mainly comprised of type II and
type IV inclusions that show high homogenization temperatures (from 434 to 555 ◦C and
from 442 to 495 ◦C, respectively) and low to moderate salinities (wt.% NaCl) (3.06–12.05
and 3.39–12.05, respectively), which support early-stage magmatic fluids [98,103,122]. In
addition, on the homogenization temperature and salinity diagram [79], our data mainly
plot in the field of magmatic-hydrothermal mineralization (Figure 13). Typically, the forma-
tion of porphyry deposits occurs at high temperature (from 300 to 700 ◦C), while epithermal
deposits exhibit temperatures below 300 ◦C. In contrast, vein-type magmatic-hydrothermal
deposits show a wide range of temperatures [123–125]. Our microthermometry data
show a wide range of temperatures from 115 to 555 ◦C (Table 4 and Figure 8), indicating
magmatic-hydrothermal vein-type mineralization.

Our study shows the presence of less abundant CO2-bearing and solid-bearing in-
clusions, high to an intermediate temperature, with moderate to low salinity (Figure 8
and Table 4), and evidence of fluid boiling and mixing of meteoric water. These charac-
teristics are commonly used as a genetic marker of intrusion-related hydrothermal de-
posits [67,75,121,126]. The wall-rock alteration is comprised of silicification, sericitization,
chloritization, and minor carbonatization. These alteration types also show magmatic-
hydrothermal features [75].

A magmatic-hydrothermal source for ore-forming fluids indicates high Co/Ni ratios in
pyrites, for example, [55,57,90,92]. Typically, Co/Ni ratios > 1 represent the hydrothermal
origin (see Figure 14c, [95,127]). The pyrites, in this study, are characterized by high Co/Ni
ratios between 1.60 and 16.4 (average 5.41), suggesting that magmatic-hydrothermal fluids
were probably involved in the formation of ore-forming fluids. In addition, the relative
contents of Co, Ni, As, and Au were used to characterize the ore-forming fluids, for exam-
ple, [45,63,93,118]. In the Kargah Cu-Pb polymetallic deposit, the relative concentrations
of Co, Ni, As, and Au in pyrites exhibit their precipitation from magmatic-hydrothermal
fluids (Figure 14a,b,d).

Furthermore, the δ34S values (from -2.80 to 6.41‰, average 3.38‰), in this study, are
markedly similar to the majority of magmatic-hydrothermal deposits such as the Jinchang
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Gold-Copper deposit (from 1.1 to 8.8‰, average 3.5‰) [100], the Yongxin gold deposit
(from 3.5 to 5.4‰, average 4.48‰) [44], and Baoshan, Shuikoushan, and Kangjiawan Pb-Zn
deposits (from −2.7 to 6.46‰) [109,128], probably showing the magmatic-hydrothermal
origin for ore-forming fluid [44,100,109,128].

7. Conclusions

1. Three main stages of mineralization were identified, including the pre-ore (quartz-
pyrite), main sulfide ore, and post-ore (quartz-carbonate) stages. Pyrite, chalcopyrite,
galena, and zincian tetrahedrite are major sulfides, with accessory mineral native
silver and gold mainly distributed in pyrite.

2. High Co/Ni ratios, low Mo/Ni ratios, and low Ni and Mo contents in pyrites suggest
a mafic source for mineralization.

3. Five types of fluid inclusions were identified. At the pre-ore stage, the fluid was
observed to show critical behaviors at temperatures between 434 and 555 ◦C. Chal-
copyrite/magnetite ± bornite were primarily precipitated at temperatures ranging
from 300 to 438 ◦C (>45 Mpa and depth > 2 km); galena/zincian tetrahedrite + native
silver were deposited at temperatures ranging from 280 to 390 ◦C (<20 Mpa and
depth < 2 km).

4. The sulfur and lead isotope data of sulfide minerals (pyrite, chalcopyrite, and galena)
suggest that the ore-forming fluid of the Kargah Cu-Pb polymetallic deposit was
mainly derived from a deep magma source, accompanied by crustal-derived materials,
and the Kohistan Batholith provided metals for mineralization.

5. The ore-forming fluids contained both magmatic and meteoric waters. High to mod-
erate temperatures with contrasting salinities, solid-bearing inclusions, less abundant
CO2 components, and a range of δ34S values, in this study, (from −2.80 to 6.41‰, av-
erage 3.38‰) probably suggest an intrusion-related magmatic-hydrothermal deposit
for the studied area.
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