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Abstract: The Pusangguo deposit (1.42 Mt @ 1.42% Cu, 0.14 Mt @ 1.82% Zn, 0.08 Mt @ 1.01% Pb,
and 285.8 t Co @ 140 g/t Co) is the first Co-rich Cu-Zn-Pb skarn deposit discovered in the Gangdese
metallogenic belt. However, the trace and minor element geochemistry of the sulfides in this deposit
has not been studied, limiting further understanding of elements’ occurrence and mineralization.
Here, we identified four ore stages, and two types of sphalerites (SpI and SpII) and pyrites (PyI and
PyII), in this deposit. In this study, LA-ICP-MS in-situ trace element analyses were conducted on
sphalerite and pyrite, to obtain their chemical compositions, elemental substitution mechanisms, and
mineralization physicochemical conditions. The results indicate that two types of sphalerites are
generally more enriched with Co than pyrite. SpI has higher concentrations of Co, Cr, Cu, Ag, and As
compared to SpII. Both types of sphalerite have very low contents of Sn, Ge, and Ga. PyII has higher
contents of most trace elements, such as Co, Ni, Mn, Zn, Cu, As, Sn, Se, Pb, Ag, and Bi, compared to
PyI. Both types of pyrite are poor in Mn, Ga, Ge, and Cd, but enriched in As, Co, and Ni. The Mn, Fe,
Co, and Cd in sphalerite, and Co, Ni, and Mn in pyrite are generally lattice-bound, while Cu, As, Ag,
and Sb are usually present in both micro-inclusions and coupled substitution. Significant elemen-
tal correlations in sphalerite indicate the possible substitution mechanisms 2Fe2+ + Ga2+ ↔ 3Zn2+,
2Fe2+ + Ge4+ ↔ 4Zn2+, and (Sb3+, Sn3+) + (Cu+, Ag+)↔ 2Zn2+. The correlation trends between trace
elements in pyrite suggest the coupled substitution mechanisms of (Tl+ + Cu+ + Ag+) + (As3+ + Sb3+)
↔ 2Zn2+ and As3+ + Cu+ ↔ 2Zn2+. The mineralization temperature at Pusangguo, as determined by
the GGIMFis sphalerite geothermometer, is 237–345 ◦C (avg. 307 ◦C), consistent with the high Zn/Cd
ratio (avg. 203), low Ga/In (avg. 0.06), and high In/Ge (avg. 15.9) in sphalerite, and high Co/Ni ratio
(avg. 24) in pyrite. These results indicate that the ore-forming fluid was high-temperature, with a
low sulfur fugacity (f S2) (10−13.4 to 10−8.3) and low oxygen fugacity (f O2). The high temperature,
and low sulfur fugacity and oxygen fugacity of the ore-forming fluid, and the fluid-mixing process,
jointly controlled the sulfide precipitation, which caused the formation of the Pusangguo deposit.

Keywords: LA-ICP-MS; sulfides; geochemistry; trace element occurrence; substitution; Pusangguo;
Tibet

1. Introduction

Located in the central Tibetan Plateau (Figure 1a), the Gangdese metallogenic belt
(GMB) is one of the most important non-ferrous metal resource bases in China [1]. Through
decades of research and exploration, numerous large porphyry and skarn polymetallic
deposits have been successively discovered and evaluated in the GMB [2,3]. However,
cobalt-bearing deposits are rarely reported, except for the Pusangguo deposit in the GMB.
The Pusangguo deposit is the first cobalt-rich Cu-Pb-Zn skarn deposit discovered in the
GMB, and has metal resources of 1.42 Mt Cu at 1.42%, 0.08 Mt Pb at 1.01%, 0.14 Mt
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Zn at 1.82%, and 285.8 t Co at 140 g/t Co [4]. Previous studies have mainly focused
on the geological characteristics [5,6], diagenetic and metallogenic geochronology [7–9],
isotopic geochemistry [10], mineralogy and cobalt occurrence [11,12], and ore-forming
fluids [13,14]. However, the trace and minor element geochemistry of sphalerite and
pyrite in the Pusangguo has not been studied, which may give better insights into the
physicochemical conditions of ore mineralization, and improve our understanding of
ore formation.
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Figure 1. (a) Simplified map showing the location of the Himalayan–Tibetan orogeny; (b) simplified
regional geological map of the Himalayan–Tibetan orogeny, showing the location of GMB, modified
from [14]; (c) geological map of GMB, modified from [14].

In recent years, laser-ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) has been widely applied to obtain the trace element distributions in sulfides and
oxides [15–19], which can provide new insights into ore geochemistry at the micro-scale.
The trace element concentrations in sphalerite and pyrite can be used to determine the
physicochemical conditions of the ore formation [20–24], the source of the ore-forming
materials [25–27], the type of ore deposit [28–30], and the precipitation processes [24,31–33].
At Pusangguo, two types of sphalerite and pyrite are recognized, which provides an
excellent opportunity to study the geochemical evolution of the sulfides. The primary
purpose of this paper is to present an in-situ LA-ICP-MS analysis of sphalerite and pyrite,
to reveal the trace element distribution and substitution mechanisms, and to provide new
insights into the physicochemical environment of the Pusangguo deposit.

2. Regional Geology

The Tibetan Plateau, from north to south, can be divided into the Qiangtang terrane,
Lhasa terrane, and Himalayas, which are separated by the Jinsha (JSSZ), Longmu Tso-
Shuanghu (LSSZ), Bangong–Nujiang (BNSZ), and Yarlung Zangbo (YZSZ) suture zones,
respectively (Figure 1b) [34]. The Lhasa terrane can be further subdivided by the Shiquan
River–Nam Tso Mélange Zone (SNMZ) and the Luobadui–Milashan Fault (LMF) into the
northern, central, and southern subterranes, according to the differences in the basement
rocks and sedimentary cover (Figure 1b) [35]. The central Lhasa subterrane is mainly
covered by Mesozoic and Cenozoic sedimentary units, as well as a large amount of dis-
persed Mesozoic–Cenozoic volcanic sedimentary rocks [35–37]. The Mesozoic–Cenozoic
sedimentary units mainly contain Paleocene–Eocene collision-related granitoids, with
minor Late Triassic to Cretaceous subduction-related arc granitoids [38,39]. The Meso-
zoic and Cenozoic volcanic–sedimentary rocks are predominantly composed of the lower
Cretaceous Zenong and Duoni Formations [40,41], and the Paleocene–Eocene Linzizong
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volcanic successions [42,43]. Granitoids are widespread in the GMB [44] and, in particular,
in the huge plutonic belt, i.e., the Gangdese batholith. Previous studies revealed that the
Gangdese batholith was active from the Late Triassic to the Miocene, with three magmatic
peaks, i.e., Late Jurassic (ca. 170–150 Ma) [45], Early Cretaceous (ca. 125–100 Ma) [46],
and Paleocene–Eocene [36,47]. Several pulses of magmatic activities occurred during the
Oligocene–Miocene, Paleocene–Eocene, and Cretaceous periods [48]. There are mainly three
identified mineralization phases: (1) The Neo-Tethys subduction-related mineralization
event between 180–160 Ma, the Xiongcun porphyry Cu-Au deposit [49,50], (2) the India–
Asia collision-related Mo-Cu-Pb-Zn mineralization event between 65–40 Ma, the Tangbula
and Sharang porphyry Mo deposits [51], and the Mengya’a skarn Pb-Zn deposits [52], and
(3) the India–Asia post-collision-related porphyry–skarn mineralization event between
20–10 Ma, including the Jiama, Qulong, Bangpu, Chongjiang, Tinggong, Zhunuo, and
Jiru Cu-Mo deposits [53–55]. The mineralization was formed in different environments,
from the Jurassic setting to the Cenozoic continent–continent collision environment [56].
Moreover, the Miocene Cu mineralization was mainly formed at 18–12 Ma, in a post-
collision environment associated with the uplift and exhumation of the Gangdese batholith
(21–18 Ma), E–W crustal extension (18 Ma), and N–S-striking normal faults (23–14 Ma) [57].

The regional strata exposed in the Pusangguo deposit mainly include the Upper
Cretaceous Shexing Formation dominated by siltstone and sandstone, the Lower Cretaceous
Takena Formation dominated by limestone and sandstone, the Paleocene Dianzhong
Formation dominated by volcanism, the Oligocene Rigongla Formation dominated by
sandstone, the Eocene Nianbo Formation dominated by andesite and dacite, the Pliocene
Nianbo Formation dominated by volcanism, the Oligocene Rigongla Formation dominated
by sandstone, the Eocene Nianbo Formation dominated by andesite and dacite, the Pliocene
Gazhacun Formation dominated by volcanic breccia, the Pliocene Zongdangcun Formation
by conglomerate, and Quaternary. The Takena Formation is the most widespread formation.
Early Cretaceous granite, Paleocene quartz monzonite and Miocene granodiorite are the
most prominent regional igneous rocks. The regional structures are mostly faults (i.e., F1,
F2, F3) and strike-slip faults (Figure 2a).
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3. Deposit Geology

The Pusangguo Co-rich Cu-Zn-Pb skarn deposit (latitude 29◦35′ N, longitude 89◦26′ E)
is located in the southern Lhasa subterrane. The Lower Cretaceous Takena Formation and
the Paleocene Dianzhong Formation are the main lithostratigraphic units of the Pusang-
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guo ore field (Figure 2b). The Takena Formation dominates the deposit area, comprising
limestone and sandstone, and trending east–northeast, with a thickness of over 300 m.
The Paleocene Dianzhong Formation, outcropping in the northern part of the Pusangguo
deposit, consists of volcanic rocks. The Pusangguo deposit mainly consists of EW and
NS striking faults, and the EW striking fault (F1), controlling the distribution of the ore-
body. The NNW–NW trending faults are probably the main post-mineralization structures
(Figure 2b). Three types of magmatic intrusions are identified in the Pusangguo orefield,
including granodiorite, diorite porphyry, and gabbro. The granodiorite and diorite por-
phyry stocks in the middle position mainly intrude into the Takena Formation, and the
gabbro intrudes into the Dianzhong Formation. There is no evident intrusion relationship
among the granodiorite, diorite porphyry, and gabbro. The zircon U-Pb geochronology
indicates that the granodiorite and diorite porphyry were formed in the Miocene [8], which
is consistent with the timing of the mineralization (13.2 ± 0.7 Ma, [7]).

The mineralization primarily occurs at the contact zone between the granodiorite,
diorite porphyry, and marble of the Lower Cretaceous Takena Formation, which formed
the predominant Cu-Zn-Pb mineral resources. Five major Cu-Zn-Pb orebodies (I, II, III, IV,
and V) from north to south have been identified. The largest orebody (No. I) (Figure 3)
is located along the EW trending F1 Fault, and is 350 m long and 10 to 109 m thick,
and accounts for 50% of the total Cu + Zn + Pb reserves of the Pusangguo deposit. The
second largest No. II orebody is also controlled by the EW trend fault (F1), and is at least
80 m long, with an average thickness of 12 m. The No. III and other smaller orebodies
generally strike at 40–50 degrees. The mineralization is dominated by Cu, Zn, Pb, and Co,
accompanied by various useful metals, such as Cd, Bi, and Ni. Disseminated, massive, and
banded ores of chalcopyrite, sphalerite, and pyrite are the main ore types. The mineral
assemblages vary from prograde garnet–clinopyroxene to retrograde epidote–actinolite
(Figure 4). Retrograde epidote, quartz, or quartz sulfide veins generally cut the prograde
garnet aggregates (Figure 4a–e). The main sulfides are chalcopyrite, sphalerite, pyrite, and
galena, with minor amounts of bornite and aikinite (2PbS·Cu2S·Bi2S3). The Co-bearing
minerals are mostly composed of three independent cobalt minerals, including cobaltite
(CoAsS), carrollite (Cu(Co,Ni)2S4), and linnaeite (Co3S4) [12]. The gangue minerals are
mainly garnet, diopside, epidote, actinolite, and quartz, with minor amounts of hornblende,
chlorite, and calcite (Figure 5).
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Figure 4. Representative hand specimen photographs and different mutual crosscutting veins in
the Pusangguo deposit. (a) Chalcopyrite–sphalerite-bearing garnet skarn in the pre-ore stage cut
by the EQV from the oxide-ore stage; (b) garnet skarn in the pre-ore stage cut by the epidote vein
in the oxide-ore stage; (c) garnet skarn ore in the pre-ore stage cut by the quartz–sulfide vein from
the quartz–sulfide-ore stage; (d) garnet–diopside skarn ore cut by the quartz–sulfide vein in the
quartz–sulfide-ore stage; (e) chalcopyrite-bearing garnet skarn in the pre-ore stage cut by the epidote
vein from the oxide-ore stage, quartz–sulfide vein in the quartz–sulfide-ore stage, and late quartz vein
from the post-ore stage; (f) early quartz vein in the oxide-ore stage cut by the late quartz vein from the
post-ore stage; (g) epidote skarn and chlorite vein from the oxide-ore stage cut by the quartz–sulfide
vein in the quartz–sulfide-ore stage; (h) pyrite-bearing skarn ore from the quartz–sulfide-ore stage
cut by the calcite vein in the post-ore stage; (i) quartz–sulfide vein from the quartz–sulfide-ore stage
cut by calcite vein in the post-ore stage. Abbreviations: Grt, garnet; Ep, epidote; Act, actinolite; Di,
diopside; Ccp, chalcopyrite; Sp, sphalerite; Gn, galena; Py, pyrite; EQV, early quartz vein; CHV,
chlorite vein; EV, epidote vein; QSV, quartz–sulfide vein; LQV, late quartz vein; CV, calcite vein.

Four mineralization stages have been recognized, based on the hand specimen, the
mineral assemblage, and the crosscutting relations (Figure 4). These four stages mainly
include the pre-ore stage, oxide-ore stage, quartz–sulfide-ore stage, and post-ore stage
(Figure 6). Moreover, the quartz–sulfide-ore stage can be further subdivided into the Fe-
Cu-Zn sulfide and Pb-Zn sulfide substages. The pre-ore stage features island and chain
anhydrous silicates, such as garnet and diopside. Garnet, essentially of the andradite–
grossularite series (And47.39–98.17Gro0.59–50.22) [11], is the dominant prograde mineral in
the pre-ore stage, and usually occurs as independent massive aggregates (Figures 4a
and 5a). Clinopyroxene, with the composition of hedenbergite–johannsenite–diopside
(Hd37.91–74.16Jo0.91–61.66Di0.43–46.07) [11], occurs mainly as discrete massive aggregates, with
euhedral to subhedral crystals (Figure 5b). Subsequent hydrothermal fluids have altered
clinopyroxene into actinolite (Figure 5c). The oxide-ore stage is dominated by hematite
(Figure 5d), with other retrograde minerals including epidote (Figure 5e), actinolite, chlorite,
hornblende, quartz, and pyrite (PyI). The PyI grains mainly occur in euhedral aggregates
coexisting with chalcopyrite (Figure 5f). The sulfide-ore stage has abundant sulfides,
including chalcopyrite, pyrite, carrollite, sphalerite, galena, cobaltite, and linnaeite with
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quartz. The Fe-Cu-Zn sulfide substage is dominated by chalcopyrite, sphalerite (SpI), pyrite
(PyII), and quartz, with minor amounts of carrollite. The carrollite occurs before, or is
coeval with, the chalcopyrite [12]. The PyII grains are usually subhedral aggregates, and
are replaced by chalcopyrite (Figure 5g). The SpI grains are mainly dark brown, with the
internal reflection color of red–brown, forming the exsolution structure with chalcopyrite
(Figure 5h,i). The Pb-Zn sulfide substage is characterized by sphalerite (SpII) and galena,
with minor amounts of cobaltite and linnaeite. The cobaltite and linnaeite mostly occur
with sphalerite, or surrounded by sulfide [12]. The SpII grains are yellow–brown, with the
internal reflection color of yellow, which is primarily associated with galena (Figure 5j–l).
Low-temperature calcite and quartz veins intersect the prograde and retrograde minerals
at the post-ore stage (Figure 4i).

Minerals 2023, 13, x FOR PEER REVIEW 6 of 22 
 

 

Figure 4. Representative hand specimen photographs and different mutual crosscutting veins in the 

Pusangguo deposit. (a) Chalcopyrite–sphalerite-bearing garnet skarn in the pre-ore stage cut by the 

EQV from the oxide-ore stage; (b) garnet skarn in the pre-ore stage cut by the epidote vein in the 

oxide-ore stage; (c) garnet skarn ore in the pre-ore stage cut by the quartz–sulfide vein from the 

quartz–sulfide-ore stage; (d) garnet–diopside skarn ore cut by the quartz–sulfide vein in the quartz–

sulfide-ore stage; (e) chalcopyrite-bearing garnet skarn in the pre-ore stage cut by the epidote vein 

from the oxide-ore stage, quartz–sulfide vein in the quartz–sulfide-ore stage, and late quartz vein 

from the post-ore stage; (f) early quartz vein in the oxide-ore stage cut by the late quartz vein from 

the post-ore stage; (g) epidote skarn and chlorite vein from the oxide-ore stage cut by the quartz–

sulfide vein in the quartz–sulfide-ore stage; (h) pyrite-bearing skarn ore from the quartz–sulfide-ore 

stage cut by the calcite vein in the post-ore stage; (i) quartz–sulfide vein from the quartz–sulfide-ore 

stage cut by calcite vein in the post-ore stage. Abbreviations: Grt, garnet; Ep, epidote; Act, actinolite; 

Di, diopside; Ccp, chalcopyrite; Sp, sphalerite; Gn, galena; Py, pyrite; EQV, early quartz vein; CHV, 

chlorite vein; EV, epidote vein; QSV, quartz–sulfide vein; LQV, late quartz vein; CV, calcite vein. 

 

Figure 5. Microphotographic ore mineral assemblages from the Pusangguo deposit. (a) Hedral gar-
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ference colors (+); (c) actinolite and hornblende with pyrite mineralization (+); (d) radiated hematite 
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hedral PyII replaced by the anhedral chalcopyrite (−); (h) SpI coexisting with the chalcopyrite (−); (i) 

Figure 5. Microphotographic ore mineral assemblages from the Pusangguo deposit. (a) Hedral
garnets cut by the chalcopyrite and quartz sulfide vein (+); (b) subhedral diopside with multiple
interference colors (+); (c) actinolite and hornblende with pyrite mineralization (+); (d) radiated
hematite (−); (e) subhedral epidote grains (+); (f) hedral PyI within the chalcopyrite (−); (g) subhedral-
to-anhedral PyII replaced by the anhedral chalcopyrite (−); (h) SpI coexisting with the chalcopyrite
(−); (i) the SpI with red internal reflections (+); (j) SpII coexisting with SpI (−); (k) SpII with yellow
internal reflections (+); (l) SpI and SpII coexisting with galena (−). Abbreviations: QSV, quartz–sulfide
vein; Grt, garnet; Di, diopside; Cpx, clinopyroxene; Ep, epidote; Chl, chlorite; Act, actinolite; Ccp,
chalcopyrite; Hem, hematite; Gn, galena; SpI, type I sphalerite; SpII, type II sphalerite; PyI, type I
pyrite; PyII, type II pyrite; (+), orthogonal polarization light; (−), single polarization light.
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4. Sampling and Analytical Methods
4.1. Sampling

A total of 13 representative mineralized samples were collected from the Pusangguo
deposit in this study. The samples were collected from underground No. I orebody, in seven
boreholes at different drilling depths (ZK004-23.4, ZK004-79.9, ZK004-90.5, ZK002-24.5,
ZK002-66.2, ZK002-86.2, ZK002-109.5, ZK504-108.6, ZK504-132.7, ZK505-374.5, ZK001-
131.7, ZK005-202.3, and ZK501-258.2) (Figure 3). For each sample, standard polished thin
sections (30 µm) were prepared before the analysis. They were examined via reflected and
transmitted light microscopy for mineralogical and paragenetic associations, particularly
sphalerite and pyrite types. The detailed sampling locations and descriptions of the samples
are given in Table S1.

4.2. EPMA Major Element Analysis

The major elemental contents of sphalerite and pyrite were measured using a JEOL-
JXA 8230 electron microprobe equipped with 4-channel spectrometers at the Electron Probe
Microanalysis Laboratory (Zijin School of Geology and Mining, Fuzhou University). The
samples were coated with a uniform carbon layer before the analysis. The analytical
conditions comprised a 20 nA beam current, 20 kV accelerating voltage, and 5 µm spot size,
with count times of 20 s [58]. The correction of the matrix was carried out using the ZAF
correction program, resulting in an accuracy of better than 1 wt%. The elements measured
include Zn, Fe, S, Pb, Cu, Ni, Co, Bi, As, Se, and Ag. The detection limits for As, Se, S,
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Pb, Bi, Ag, Fe, Co, Ni, Cu, and Zn are 469 ppm, 256 ppm, 135 ppm, 520 ppm, 734 ppm,
372 ppm, 180 ppm, 193 ppm, 191 ppm, 262 ppm, and 273 ppm. The following synthetic
sulfides and natural minerals were used for calibration: sphalerite (for Zn), chalcopyrite
(for Fe, Cu and S), cobaltous oxide (for Co), nickel (for Ni), arsenic (for As), lead (for Pb),
selenium (for Se), hessite (for Ag), and bismuth (for Bi).

4.3. LA-ICP-MS Trace Element Analysis

The trace element compositions of the sphalerite and pyrite were determined via LA-
ICP-MS on polished thick sections at the State Key Laboratory of Continental Dynamics,
Northwest University, using an Agilent 7700x Quadrupole ICPMS instrument to acquire
the ion signal, coupled with a high-performance Resolution Coherent GeoLas-Pro 193 nm
ArF excimer laser ablation system equipped with Geostar software (version 4.0). Helium
(0.35 L/min) was used as the carrier gas, and argon was applied as the make-up gas.
The analytical conditions included a 40 µm laser spot diameter, 10 Hz laser frequency,
and 2 J/cm2 energy density. The masses of the following elements were measured: 66Zn,
57Fe, 55Mn, 65Cu, 60Ni, 59Co, 69Ga, 73Ge, 75As, 78Se, 107Ag, 114Cd, 53Cr, 115In, 118Sn, 49Ti,
51V, 121Sb, 197Au, 208Pb, 205Tl, and 209Bi. Each spot analysis took 80 s, with ca. 20 s
of background acquisition (laser off), and ca. 60 s of sample data collection (laser on).
The NIST610, BCR-2G, and GSE-1G standard reference materials were used as external
standards to calibrate the element concentrations [59]. The detection limits for Ti, V, Cr,
Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Ag, Cd, In, Sn, Sb, Au, Tl, Pb, and Bi were 28.8 ppm,
0.016 ppm, 1.078 ppm, 0.10 ppm, 0.139 ppm, 0.166 ppm, 0.223 ppm, 0.573 ppm, 0.043 ppm,
0.70 ppm, 0.161 ppm, 4.52 ppm, 0.039 ppm, 0.148 ppm, 0.007 ppm, 0.153 ppm, 0.042 ppm,
0.008 ppm, 0.005 ppm, 0.014 ppm, and 0.005 ppm. Data reduction was performed using
the software Iolite (version 3.73), an add-in in Igor Pro (version 6.37, WaveMetrics, Lake
Oswego, OR, USA). Sphalerite and pyrite were processed using 60.2% Zn and 45.9% Fe,
measured using EPMA as the internal standards for data reduction, respectively (Tables S2
and S3). The analytical uncertainties were calculated for each element in each spot analysis
through running the above three standard reference materials after every 8 unknowns. The
accuracy for most elements was expected to be better than 20% [59]. The contents of Cr, Ti,
V, Te, Au, Se, and Tl were very low, and are not discussed below.

5. Results

The complete major element data from EPMA, and trace element data from LA-ICP-
MS analysis, for sphalerite and pyrite are presented in Tables S2–S5, respectively. The
representative time-resolved profiles of laser ablation signals for sphalerite and pyrite
are shown in Figure 7. The LA-ICP-MS dataset includes 83 sphalerite and 48 pyrite spot
analyses. The absolute concentration ranges of the selected elements are shown as box-and-
whisker plots in Figures 8 and 9.

5.1. Major and Trace Elements in Sphalerite

In total, 45 EPMA spot analyses were carried out on 13 ores (28 spots on SpI, and
17 spots on SpII), with the results presented in Table S2. The two sphalerite types have
similar average S and Zn contents (SpI: 33.13 wt% and 60.22 wt%; SpII: 33.25 wt% and
60.16 wt%, respectively). However, SpI has a higher average Co content (avg. 0.27 wt%)
than SpII (avg. 0.12 wt%), and has a slightly lower average Fe content (avg. 5.68 wt%) than
SpII (avg. 6.09 wt%).

The LA-ICP-MS spot analysis was performed on 44 spots for SpI, and 39 spots for
SpII, and the results are shown in Table S4, and are illustrated in Figure 8. Generally, the
two sphalerite types differ slightly in the content of most trace elements. Fe is the most
abundant trace element (31,656–88,891 ppm, median 53,191 ppm) (Figure 8). The Mn
contents in sphalerite are generally high (1317–6443 ppm, median 2531 ppm) (Figure 8).
The Mn contents of SpI and SpII ranged from 1436 to 5315 ppm (median 2648 ppm), and
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1317 to 6443 ppm (median 2351 ppm), respectively. The Cu content in sphalerite is relatively
high, ranging from 7.35 to 33,121 ppm, with a median of 1296 ppm.
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The two types of sphalerite have high Co contents (80.1–3038 ppm, median 1102 ppm),
with a decreasing trend from SpI to SpII. The Co contents of SpI and SpII range from 928 to
3038 ppm (median 1567 ppm), and from 80.1 to 949 ppm (median 721 ppm), respectively.
The Cd in sphalerite is high (2334–5020 ppm, median 2776 ppm) and the Cd contents in
SpI and SpII range from 2349 to 4651 ppm (median 2742 ppm), and from 2334 to 5020 ppm
(median 2812 ppm), respectively.

The Ga and Ge concentrations in sphalerite are low (Ga: 0.126–15.6 ppm, median
0.44 ppm; Ge: 0.3–71.2 ppm, median 0.44), with some analytical results below detection
limits (b.d.l). The In content of sphalerite is low (0.08–47.8 ppm, median 8.64 ppm). The Sn
and Pb contents range from 2.22 to 103 ppm (median 4.3 ppm), and from 0.14 to 379 ppm
(median 5.2 ppm), respectively. The other trace elements found in sphalerite, such as Au,
Sb, and Tl, are present at extremely low levels. In summary, SpI is enriched with Co, Cr,
Cu, Ag, and As, compared to SpII.

5.2. Major and Trace Elements in Pyrite

A total of 26 EPMA spot analyses were carried out on eight ore samples (14 spots
for PyI, and 12 spots for PyII), and the results are presented in Table S3. The two types of
pyrite have similar average concentrations of Fe and S (PyI: 45.99 wt% and 53.58 wt%; PyII:
45.89 wt% and 53.79 wt%, respectively). However, PyII has a higher average Co content
(avg. 0.23 wt%) than PyI (avg. 0.05 wt%), and a higher average As content (avg. 0.11 wt%)
than PyI (avg. 0.04 wt%).

LA-ICP-MS analysis was performed on 24 spots for PyI, and 24 spots for PyII, and
the analytical results are presented in Table S5 and Figure 9. The pyrite has lower contents
of trace elements relative to the sphalerite. The contents of some of the elements, such
as Ti, As, Co, and Mn, can be tens to thousands of ppm, but some are below 10 ppm or
the detection limits (Table S5). In general, the Co contents in PyII (403–3397 ppm, median
811 ppm) are higher than those in PyI (0.4–278 ppm, median 0.65 ppm). The distributions of
Ni in PyII (7.08–1874 ppm, median 23.68 ppm) are higher than those in PyI (0.53–1.38 ppm,
median 0.83 ppm).

The As content in the pyrite (75.7–21,386 ppm, median 883 ppm) is significantly higher
than that in the sphalerite, and the As contents of PyI and PyII are 75.7–4565 ppm (median
280 ppm) and 206–21,386 ppm (median 6406 ppm), respectively, with an increasing trend
from PyI to PyII (Figure 9).



Minerals 2023, 13, 1165 11 of 21

The concentrations of Mn have the largest range (1.46–32,797 ppm), with a median
of 188 ppm. The Mn contents in PyI (1.72–188 ppm, median 9.03 ppm) are lower than
those in PyII (6608–32,797 ppm, median 19,185 ppm). The Cu content in the pyrite is low
(0.56–828 ppm, median 8.30 ppm), while the Cu contents in PyI and PyII range from 0.56 to
12.8 ppm (median 0.88 ppm), and from 3.78 to 828 ppm (median 25.2 ppm), respectively,
with an increasing trend from PyI to PyII.

The Zn content in the pyrite has a wide range of variation (3.85–3509 ppm), with a
median of 86.8 ppm. The Zn concentrations of PyI and PyII are 3.85–86.8 ppm (median
11.9 ppm), and 176–3509 ppm (median 806 ppm), respectively, with an increasing trend
from PyI to PyII (Figure 9).

The Ti content in the pyrite (21.3–8874 ppm, median 107 ppm) is higher than that in the
sphalerite. The Ti contents in PyI and PyII range from 97.4 to 8874 ppm (median 1843 ppm),
and from 21.3 to 4.3 ppm (median 16.0 ppm), respectively, with a decreasing trend from
PyI to PyII. The Cd content in the pyrite (0.37–332 ppm, median 1.48 ppm) is much lower
than that in the sphalerite, and the Cd contents of PyI and PyII are 0.37–332 ppm (median
0.59 ppm) and 1.48–20.8 ppm (median 3.71 ppm), respectively. The Pb content in the pyrite
ranges from 2.89 to 3945 ppm, with a median of 26.2 ppm. The Pb concentrations of PyI
and PyII are 0.92–268 ppm (median 2.10 ppm), and 2.89–3945 ppm (median 96.9 ppm),
respectively. The other elements (e.g., Cr, Tl, Bi, Ag, Au, In) are much lower, or are below
the detection limits.

6. Discussion
6.1. Trace Element Distributions and Substitutions in Sphalerite

Extensive studies have been carried out on the trace element distributions and substi-
tution mechanisms in sphalerite [25,60–64]. The substitution of Zn2+ with trace elements
in the sphalerite crystal lattice mainly occurs via simple/direct and coupled substitution
mechanisms [65–67]. In a simple substitution mechanism, the divalent cations with an ionic
radius and charge similar to Zn2+ directly replace Zn2+ in sphalerite, such as Fe2+ ↔ Zn2+,
Cd2+ ↔ Zn2+, Mn2+ ↔ Zn2+, Co2+ ↔ Zn2+, and Ge2+ ↔ Zn2+ (e.g., [16,60]). In a coupled
substitution mechanism, the monovalent (Cu+, Ag+), trivalent (As3+, Ga3+, Sb3+, In3+), and
tetravalent (Sn4+, Ge4+) cations with a larger ionic radius and charge replace Zn2+ in the
sphalerite lattice, such as 2(Ag, Cu)+ + Sn4+ ↔ 3Zn2+ and 2Cu+ + Ge4+ ↔ 3Zn2+ [68,69].
Furthermore, some trace elements may be present as micro-inclusions or nanoparticles [70].

The occurrence and distribution of trace elements in minerals can be inferred from
the shape of elemental signals in the time-resolved depth profiles [71–73]. Disregarding
the possibility of a uniform distribution of mineral micro-inclusions at the level of ablation,
smooth signal profiles tend to indicate that the element is present as a lattice-bound solution,
while more jagged or fluctuant signal profiles suggest that the element is present as micro-
inclusions or nanoparticles in the sphalerite crystal.

Previous studies have documented that Zn2+ in a sphalerite lattice was generally re-
placed by Fe2+, Mn2+, Co2+, and Cd2+ through simple substitution mechanisms [19,74–77].
The smooth Fe, Mn, Cd, and Co signal curves in the LA-ICP-MS profiles of the spha-
lerite (Figure 7a,b) indicate that these elements directly substitute Zn2+ (Fe2+, Mn2+, Cd2+,
Co2+ ↔ Zn2+). In binary plots (Figure 10a), Fe and Mn in sphalerite from the Pusangguo
deposit show a significant positive correlation (R2 = 0.40), indicating that the incorporation
of Mn into sphalerite inhibits the replacement of Fe, and the coupled substitution mecha-
nism (2Zn2+ ↔Mn2+ + Fe2+, [64]). Elements such as Ga and Ge are usually incorporated
into the sphalerite lattice through coupled mechanisms, and have different valences (Ga4+,
Ga3+, Ge2+, Ge4+) [20]. The positive correlations between Fe, Ga, and Ge possibly indicate
coupled substitutions: 3Zn2+ ↔ 2Fe2+ + Ga2+ and 4Zn2+ ↔ 2Fe2+ + Ge4+ (Figure 10b,c).
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Figure 10. Binary plots of Mn and Fe (a), Ga and Fe (b), Ge and Fe (c), Sb and Cu (d), Ag and Sb
(e), Sn and Cu + Ag (f), In and Cu + Ag (g), As and Pb (h), Ag and As (i) in sphalerite from the
Pusangguo deposit, derived from the total dataset.

Trivalent (As3+, Sb3+, Sn3+, In3+, Ga3+) or tetravalent cations (Sn4+, Ge4+) gener-
ally combine with monovalent cations (Cu+, Ag+) to replace Zn2+ in a sphalerite lattice,
via coupled substitutions [78,79]. The positive Cu vs. Sb (Figure 10d) and Ag vs. Sb
(Figure 10e) correlations suggest the substitution mechanism of Sb3+ + Cu+ ↔ 2Zn2+ and
Ag+ + Sb3+ ↔ 2Zn2+, respectively. Almost all the data points are on the side of the molar
ratio (Sb/Cu)mol < 1 and (Sb/Ag)mol < 1, indicating that the equation is not adequate for
the intake of Cu and Ag, respectively. The positive correlations between Sn, In, Cu, and Ag
strongly support the coupled substitution mechanisms Sn3+ + (Cu+, Ag+)↔ 2Zn2+ and
In3+ + (Cu+, Ag+)↔ 2Zn2+, but the Sn and In contribute less to Cu and Ag substitution,
because all the points are mainly above the line with a slope of 1 (Figure 10f,g).

Although Pb generally occurs as micro-inclusions in sphalerite, its substitution mecha-
nism remains unclear [16,20]. In the sulfide crystal lattice, As may occur as As3+ [79]. The
possibility of a coupled substitution mechanism, 4Zn2+ ↔ Pb2+ + 2As3+ + � (vacancy), is
suggested by the positive correlation between Pb and As in sphalerite (Figure 10h) [25,69].
In addition, there is a good correlation between As and Ag in sphalerite (Figure 10i),
suggesting the possibility of the coupled substitution mechanism As3+ + Ag+ ↔ 2Zn2+.
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6.2. Trace Element Distributions and Substitutions in Pyrite

As is the case with sphalerite, the trace elements in pyrite are usually present as
substitutes for the Fe and S in the crystal lattice, or as micro-inclusions in the mineral [80,81].
The mineral inclusions generally show some peaks in time-resolved depth profiles, whereas
pure pyrite would show flat time-resolved depth profiles. Mineral inclusions would, in
most cases, significantly alter the content of some elements, resulting in a small number
of anomalies.

Mn can directly substitute Fe in the pyrite lattice (Mn2+ ↔ Fe2+), consistent with
the flat signal of Mn in the LA-ICP-MS profiles of pyrite, due to the similar properties of
Fe2+ and Mn2+ (Figure 7c,d). In the binary plots (Figure 11a), Co and Ni in pyrite from
Pusangguo have a subtle correlation, suggesting that Co2+ and Ni2+ directly substitute Fe2+,
which is consistent with previous studies (Co2+ ↔ Fe2+, Ni2+ ↔ Fe2+) [82,83]. However,
the replacements of Co and Ni in the pyrite lattice are sensitive to the temperature and f S2
(sulfur fugacity), and a decrease in temperature or increase in f S2 firstly favors Co2+ ↔ Fe2+,
followed by Ni2+ ↔ Fe2+ [84].
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Previous studies have shown that monovalent, divalent, and trivalent cations can
replace Fe2+ through coupled substitutions in the pyrite lattice [64]. The smooth and
ragged time-resolved depth profile (Figure 7) indicates that As and Cu may enter into
the pyrite both lattice-bound, and as micro-inclusions. Moreover, As and Cu display
a positive correlation (Figure 11b), indicating the possible coupled substitution mech-
anism As3+ + Cu+ ↔ 2Fe2+. Based on the flat signal profile of As (Figure 7c,d), and
previous studies, it is also possible that As directly replaces S during pyritization [85].
However, some As and Sb may enter the pyrite by a coupled substitution mechanism:
(Tl+ + Cu+ + Ag+) + (As3+, Sb3+) ↔ 2Fe2+ [64], as indicated by the good correlation be-
tween As, Sb, and Tl + Cu + Ag (Figure 11c,d). Furthermore, the Sb and Tl in the pyrite
show a positive correlation in the binary plots (Figure 11e). This suggests that, in some
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cases, the incorporation of Sb into pyrite may promote the substitution of Tl in pyrite,
through the coupled substitution mechanism Sb3+ + Tl+ ↔ 2Fe2+.

The time-resolved LA-ICP-MS depth profiles (Figure 7c,d) show the presence of Ag-
and Sb-bearing micro-inclusions in the pyrite. Simultaneously, there is a positive correlation
between Ag and Sb (Figure 11f), indicating that some Ag and Sb entered the pyrite lattice via
the coupled substitution Sb3+ + Ag+ ↔ 2Fe2+. Pb generally struggles to replace Fe, because
it has a much larger ionic radius than Fe [71]. The ragged Pb signal curves (Figure 7c)
indicate that Pb may be incorporated into the pyrite lattices as micro-inclusions, which, in
turn, may indicate that Pb is present as galena micro-inclusions within the pyrite.

6.3. Physicochemical Condition of Mineralization

Sphalerite and pyrite formations are influenced by physicochemical conditions, in-
cluding the temperature, sulfur fugacity (f S2), and oxygen fugacity (f O2), which can cause
trace element variations [61,84,86,87]. Therefore, some physicochemical characteristics of
the mineralization may be reflected through the variations in trace elements in sphalerite
and pyrite.

6.3.1. Temperature

Previous studies have shown that the contents of some trace elements in sphalerite,
such as Fe, Mn, Co, In, Cd, Ga, Ge, Sn, and Te, can be an effective indicator of the tempera-
ture of mineralization [16,28,88,89]. High-temperature (200–355 ◦C) sphalerite is generally
enriched with Fe (3.58–11.42 wt%), Mn (0.2–0.4 wt%), Co, In, Sn, and Te, and has high
In/Ge and low Ga/In ratios, forming the dark iron sphalerite (e.g., the Dulong, Laochang,
and Hetaoping deposits, [90]); whereas low-temperature-associated sphalerite (110–180 ◦C)
is commonly enriched in Ga, Cd, and Ge (>50 ppm), and poor in Fe (0.23–2.0 wt%) and Mn
(30–50 ppm), and has low In/Ge and high Ga/In ratios [91,92]. Sphalerite in the Pusangguo
deposit is characterized by a high median level of Fe (53,191 ppm), Mn (2531 ppm), Co
(1102 ppm), In (8.64 ppm), Sn (4.3 ppm) and In/Ge (15.9), but low Ga (0.44 ppm), Ge
(0.44 ppm), and Ga/In (0.06), implying a high crystallization temperature. Moreover, SpI is
relatively more enriched in Co than SpII (Figure 8), suggesting a decreasing trend in tem-
perature from SpI to SpII. The Cd content in the Pusangguo sphalerite (median 2776 ppm)
is similar to that in high-temperature sphalerite; this is also supported by its high Zn/Cd
ratio (average 203) (100 < Zn/Cd < 500, [93]).

The Pusangguo deposit contains a large number of iron-bearing minerals, such as
chalcopyrite and pyrite (Figure 5), indicating that Fe is the primary component of the
ore-forming fluid. Previous studies have shown that the temperature obtained from the
garnet fluid inclusions in the prograde stage varies from 413 to 532 ◦C [14], implying
high-temperature conditions. The temperatures (267–340 °C, average 298 ◦C) obtained
according to empiric thermometry (Fe/Znsphalerite = 0.0013 × t − 0.2953, [94]) are similar
to those obtained from the quartz fluid inclusions (256–378 ◦C) [14], suggesting that the
sphalerite formed at high temperatures. Furthermore, Frenzel et al. [28] proposed that
the Fe, Mn, Ga, In, and Ge in sphalerite are mainly associated with the mineralization
temperature, and suggested the sphalerite geothermometer (GGIMFis). The GGIMFis was
used to attain the mineralization temperatures at the Pusangguo deposit, and yielded the
sphalerite crystallization temperatures (237–345 ◦C, average 307 ◦C), all of which indicated
high-temperature conditions. Therefore, the mineralization in the Pusangguo deposit was
formed in a relatively high-temperature environment.

Temperature changes during mineralization may also be reflected in some trace el-
ements in pyrite. Pyrite formed in high-temperature conditions is usually poor in some
thermally sensitive elements (e.g., As, Sb, Zn, Pb) [84]. The pyrite in the Pusangguo deposit
has low levels of Zn (median 86.8 ppm), As (median 883 ppm), Sb (median 1.24 ppm)
and Pb (median 26.2 ppm) (Table S5), indicating that the pyrite was formed under high-
temperature conditions. In addition, the Co/Ni ratio of the pyrite can also be used as a
temperature indicator: when Co/Ni > 1, the pyrite was formed at a high temperature,
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and if Co/Ni < 1, the pyrite was formed at a low temperature [84,95,96]. The Co/Ni
ratios (0.6–201.2, average 24.0) of the pyrite from the Pusangguo deposit are much higher
than 1, further implying that the pyrite in the Pusangguo deposit was formed under
high-temperature conditions.

6.3.2. Sulfur Fugacity (f S2)

The incorporation of iron into the sphalerite lattice is influenced by both the tempera-
ture and the sulfur fugacity (f S2) [69,97]. The f S2 can be estimated based on the temperature
at which the sphalerite was formed (determined via GGIMFis), and the FeS mol% contained
in the sphalerite [98,99]. The FeS mol% of the sphalerite in the Pusangguo deposit ranges
from 4.99 to 14 (Table S4), and the f S2 is estimated to range from 10−13.4 to 10−8.3 (Figure 12),
suggesting a low f S2 condition.
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6.3.3. Oxygen Fugacity (fO2)

The Mn content of sphalerite is strongly influenced by the ore-forming redox condi-
tions, and Mn is mainly incorporated into the sphalerite lattice as MnS [69,100]. The high
Mn contents in sphalerite generally reflect the mineralization having been formed under a
reduced environment [25,88,100]. The Mn concentrations in sphalerite from the Pusangguo
deposit are high (1317–6443 ppm, average 2868 ppm), indicating that the quartz–sulfide-ore
stage of mineralization occurred under relatively reduced conditions. The increasing Mn
contents from SpI (avg. 2830 ppm) to SpII (avg. 2910 ppm) suggest that the ore-forming
fluids from the Fe-Cu-Zn sulfide substage to the Pb-Zn sulfide substage evolved to a more
reduced environment.

6.4. Pyrite Chemistry as an Indicator of Fluid Evolution

Pyrites in hydrothermal ore deposits usually contain trace amounts of Zn, Cu, As, Pb,
Au, Ag, Ni, Co, Se, Sb, Bi, and Tl, which directly record the information of the ore-forming
fluid [82,101]. Consequently, the chemistry of pyrites is widely studied, and is considered to
be an indicator of the composition of mineralized fluids in hydrothermal systems [83,102].

Pyrite is widely distributed in the Pusangguo deposit, mainly including PyI in the
oxide-ore stage, and PyII in the quartz–sulfide-ore stage, with different geochemical com-
positions. It is generally believed that the mixing of the ore-forming fluid is responsible for
the geochemical variation in pyrite at different stages [103–105]. Previous fluid inclusion
studies showed that the fluid-mixing process took place in the Pusangguo deposit [14].
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In comparison with PyII, Ti, V, Cr, Ga, Ge, and In are slightly enriched in PyI, in the
same order of magnitude as in PyII (Figure 9). However, most of the elements (such as
Cu, Pb, Zn, Co, Ni, As, Sn, Sb, Ag, and Bi) show a higher concentration in PyII than in
PyI, indicating that the contents of these elements in the ore-forming fluid increased from
the oxide-ore stage to the quartz–sulfide-ore stage. The ore-forming-fluid-mixing process
is crucial to the subsequent mineralization of Pb, Zn, Cu, and Co sulfides. The absence
of oxides (hematite) in the quartz–sulfide-ore stage indicates that the oxygen fugacity of
the ore-forming fluid was lower than that of the oxide-ore stage, probably favoring the
occurrence of Zn, Pb, and Cu in the fluids. Additionally, Mn was enriched in PyII, as
opposed to in PyI (Figure 9), implying that the Mn content increased from the oxide-ore
stage to the Fe-Cu-Zn-sulfide substage (Figure 6). It is generally assumed that Mn is
remobilized from carbonate wall rocks via fluid–rock reactions in the skarn system [106].
This reaction raised the pH value of the ore-forming fluid, and consumed large quantities
of ore-forming fluid, reducing the concentration of most elements (e.g., Cu, Pb, Zn, and Co)
and promoting the precipitation of chalcopyrite, sphalerite, galena, carrollite, cobaltite, and
linnaeite.

7. Conclusions

(1) Two types of sphalerites (SpI and SpII) and pyrites (PyI and PyII) have developed
in the Pusangguo deposit. The sphalerite is generally more enriched with Co than the
pyrite. SpI has a higher Co content than SpII, and PyII has higher contents of most trace
elements (e.g., Mn, Co, and Ni) than PyI.

(2) Trace elements such as Co and Mn mainly directly replaced Zn in sphalerite,
and Fe in pyrite, through simple substitution mechanisms (Co2+ ↔ Zn2+, Mn2+ ↔ Fe2+),
while trace elements (e.g., Sb, Sn, Cu, Ag, As) mainly replaced Zn in sphalerite, and Fe in
pyrite through coupled substitution mechanisms (e.g., (Sb3+, Sn3+) + (Cu+, Ag+)↔ 2Zn2+,
Sb3+ + Ag+ ↔ 2Fe2+).

(3) The trace element compositions of the sphalerite and pyrite indicate that the
mineralization in the Pusangguo deposit is mainly formed under the conditions of high
temperature, low sulfur fugacity, and low oxygen fugacity.

(4) The fluid-mixing process is mainly responsible for the Pb, Zn, Cu, and Co mineral-
ization in the Pusangguo deposit.
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