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Abstract: In-situ LA-ICP-MS and S isotopes of pyrite from the Baoshan Cu polymetallic deposit were conducted to 
investigate the ore-forming process and the enrichment mechanism of elements. Three generations of pyrite (Py I, Py II, 
and Py III) in the skarn-type ores and pyrite in the carbonate-hosted sulfide ores from central, western, and northern 
(C_Py, W_Py, and N_Py) mining districts are selected for comparison. Compared with Py I and Py III, the contents of 
most elements in Py II are apparently higher. The As and Se contents are high within a wide range and are decoupled in 
the growth band of the C_Py. The highest As, Se, and Pb contents were found in W_Py and N_Py. These results indicate 
the drastic changes in the temperature and fluid mixing during the mineralization. The occurrence of fluctuation and 
change in temperature and f(O2) was triggered by intermittent pulses of magmatic-hydrothermal fluids, mixing with 
meteoric water, and water−rock interactions. The sulfur isotopes of all species of pyrite indicated the magmatic source. 
The change in the f(O2) conditions caused slight differences in the sulfur isotope compositions. Consequently, a 
metallogenic model was proposed to explain the ore-forming processes. 
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1 Introduction 
 

Intense and complex tectonic movement and 
the associated magmatism have resulted in the 
South China Block being enriched in abundant 
mineral resources [1−5]. The Qin-hang and Nanling 
ore belts are typical Cu−Pb−Zn and W−Sn 
polymetallic mineralization belts in the South China 
district, respectively [6−9]. These two metallogenic 
belts overlap in the southern part of Hunan 
Province, where the Cu−Pb−Zn and W-Sn deposits 
are spatially and temporally coupled [1]. Compared 
to the well-documented causative magmas of the 
Cu−Pb−Zn and W−Sn polymetallic mineralization, 

the details of the ore-forming process and the 
enrichment mechanism of metallogenic elements 
have not yet been thoroughly investigated, which 
severely limits our understanding of the coupling of 
Cu−Pb−Zn and W−Sn mineralization [10−13]. 

The Baoshan Cu−Pb−Zn polymetallic deposit, 
as a representative Cu polymetallic deposit in the 
overlap zone of these two mineralization belts, has 
attracted extensive attention and is considered to be 
an ideal area for studying Cu polymetallic 
mineralization [14−16]. Previous studies have 
accumulated a large amount of data and   
examined the ore-forming granodiorite porphyry in 
detail [10,11,17]. However, the ore-forming process 
and enrichment mechanism of the metallogenic 
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elements of the Cu polymetallic mineralization in 
this region lack solid constraints [16,18−20]. 
Therefore, it was necessary to conduct detailed 
geochemical and isotopic analyses of the Baoshan 
deposit in order to gain a better understanding of 
the element enrichment mechanism and ore- 
forming processes of the metallogenic Cu−Pb−Zn 
system in this region. 

In the Baoshan deposit, the Cu primarily 
occurs in the skarn-type ores, whereas Pb−Zn−Ag 
is related to the hydrothermal vein-type ores hosted 
by the carbonates [6,16,21]. The understanding of 
the whole mineralization process and conditions is 
limited due to the significant differences in 
mineralization types and lacking a common mineral. 
Thus, pyrite, which is widespread in both the 
skarn-type ores and hydrothermal vein-type ores, 
was selected for comparison. In this study, In-situ 
LA-ICP-MS trace element and S isotope analyses 
were performed on pyrite from the Baoshan 
Cu−Pb−Zn polymetallic deposit. Based on these 
previous fluid inclusion research and trace element 
geochemistry for pyrite, geochemical constraints on 
the ore-forming process and enrichment mechanism 

of the metallogenic elements in the Baoshan  
deposit are given, which can provide evidence of 
the coupling of the Cu−Pb−Zn and W−Sn 
mineralization in this region. 
 
2 Geological setting 
 
2.1 Regional geology 

The Baoshan Cu−Pb−Zn polymetallic deposit 
is located near the amalgamation of the Yangtze and 
Cathaysia blocks (Fig. 1) [22−25], where the 
abundant polymetallic mineralization was generated 
in four dominant episodes (the Silurian, Triassic, 
Jurassic and the Cretaceous) and is associated with 
multi-stage magmatism (Fig. 1) [26−29]. Some of 
the deposits are associated with the Nanling ore belt 
and are enriched in Sn(−W) (e.g., the Xianghualing, 
Huangshaping, Shizhuyuan, and Furong deposits), 
while the others are associated with the Qin-hang 
ore belt and are enriched in Cu (e.g., the Baoshan 
and Hehuaping deposits) [6]. 

In the South Hunan district, the regional 
metamorphosed basement comprised pre-Silurian 
strata that were intensely metamorphosed and  

 

 
Fig. 1 Simplified regional geological map showing distributions of Jurassic granites and W−Sn and Cu−Pb−Zn deposits 

in South China Block (Modified from Refs. [6,30]) 
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deformed during the Caledonian orogeny. 
Devonian–Triassic limestone and shale, in which 
NNE- and NE-trending faults and folds were widely 
developed during the Indosinian orogeny and the 
subduction of the Paleo-Pacific Plate during the 
Triassic−Cretaceous, unconformably overlie the 
basement rocks (Fig. 2) [13,23,25,27]. Jurassic 
granitoids are widely distributed and are 
accompanied by a series of Cu and Sn(−W) 
polymetallic deposits in this region (Fig. 2). 
 
2.2 Deposit geology 

The Baoshan deposit is a representative 
Cu−Pb−Zn polymetallic deposit, containing 
Cu−Mo skarn mineralization in the central   
mining district and Pb−Zn hydrothermal-vein 
mineralization in the eastern, western, and northern 
mining districts (Fig. 3). The sedimentary strata 
primarily include the Upper Devonian Xikuangshan 
Formation; the Lower Carboniferous Menggong’ao, 
Shidengzi, Ceshui, and Zimenqiao Formations; and 
the Middle-Upper Carboniferous Hutian Group. 
The Cu skarn is hosted in the limestone of the 
Shidengzi Formation and is controlled by the 
NE-trending Baoling inversion anticline; while the 
Pb−Zn hydrothermal vein-type mineralization 
primarily occurs in the dolomite of the Zimenqiao 
Formation along the faults (e.g., F21, Fig. 4). As a 

typical skarn deposit [32], breccia and fluid escape 
structures are widely developed in the Baoshan 
deposit (Figs. 5(a−c)), especially near the faults. In 
addition, Fe−Mn oxides are normally observed   
on the surface (Fig. 5(d)). The granodiorite 
porphyry is a possible causative pluton and was 
formed at 162−155 Ma [11,15,17,31,33,34]. It has a 
porphyritic or porphyritic-like texture. It is 
primarily composed of plagioclase, K-feldspar, 
biotite, and quartz with the mafic microgranular 
enclave [34]. Molybdenite Re-Os age of    
(160±2) Ma [15], pyrite Rb−Sr isochron of  
(174±7) Ma [20], and grossular-rich garnet U-Pb 
dating of (162.6±2.9) Ma [31] constrain the ore- 
forming age of the Baoshan deposit. 
 

3 Sampling and analytical methods 
 

A total of 5 representative samples were 
collected for trace element and in-situ sulfur  
isotope analyses. Two samples were collected from 
a skarn orebody in the central mining district  
(451-1 and 451-3). Three carbonate-hosted ores 
were collected from the central (801-10), western 
(724-6), and northern (729-2) mining districts. A 
detailed description of the sampling locations, 
textures, and mineral assemblages are presented in 
Table 1. 

 

 

Fig. 2 Sketch map of secondary regional geology showing tectonics and distribution of mineral resources [31] 
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Fig. 3 Simplified geologic map of Baoshan deposit (Modified from Ref. [21]) 

 

 

Fig. 4 Geological cross section of line 169 through Baoshan deposit (Modified from Ref. [6]) 
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Fig. 5 Breccia and fluid escape structures in Baoshan deposit: (a) Limestone breccia cemented by carbonate minerals; 

(b) Hydrothermal fluids escaped form skarn into marble accompanied by Fe−Mn oxide veins; (c) Ore-forming fluid 

escaped into distal marble; (d) Fe−Mn oxides widely formed when hydrothermal fluids reaching surface 

 

Table 1 Locations and mineral features of studied samples in Baoshan Cu−Pb−Zn deposit 

Sample No. Location Mining district Mineral assemblage 

Skarn- 
type 

451-1 Southwest 50 m; south of line 165 Central Mag+Ccp+Py+Qtz+Cb 

451-3 Southwest 50 m; south of line 165 Central 
Grt+Di+Ccp+Py+Ttr+ 
Mag+Hem +Qtz+Cb 

Hydrothermal 
Vein-type 

801-10 Southwest −190 m level; stope 159 Central Ccp+Py+Sp+Gn+Fl+Qtz

724-6 
Northwest −110 m level;  

between line 159 and 161; F21 
Western Py+Sp+Gn+Qtz±Cb 

729-2 
North −110 m level; 

 north of line 177; F25 
Northern Asp+Py+Sp+Gn+Qtz+Cb

Mag: Magnetite; Ccp: Chalcopyrite; Py: Pyrite; Qtz: Quartz; Cb: Carbonates; Grt: Garnet; Di: Diopside; Ttr: Tetrahedrite; Hem: Hematite; 

Sp: Sphalerite; Gn: Galena; Fl: Fluorite 

 
3.1 LA-ICP-MS analysis 

Standard polished thin sections (~30 µm) were 
prepared for ore microscopy and analysis of the 
trace elements via LA-ICP-MS. The trace element 
analyses of the 5 samples were performed using the 
LA-ICP-MS system at Guangzhou Tuoyan Testing 
Technology Co., Ltd. (China), consisting of a 
193 nm New Wave Research Excimer laser and an 
Agilent 7500i quadrupole ICP-MS. This laser 
ablation system included a wire signal smoothing 
device. The beam spot size, laser energy, and 
frequency were 40 μm, 5 J/cm2, and 6 Hz, 

respectively. Helium was used as the carrier gas of 
the ablated materials. Standards NIST 610, GSE-2G, 
and MASS-1 were used to calibrate the single 
mineral trace element contents. Each LA-ICP-MS 
analysis was composed of 50 s of background 
measurement and 40 s of sample measurement.  
The offline processing of the original data was 
completed using iolite. 
 
3.2 In-situ sulfur isotope analysis 

The δ34S compositions of the pyrite and 
associated sphalerite were measured in-situ using a 
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RESOlution SE laser-ablation system attached     
to a Thermo Fisher Scientific Neptune Plus 
MC-ICP-MS at the Beijing Createch Testing 
Technology Co., Ltd. (China). In order to eliminate 
surface contamination, each spot was pre-ablated 
before analysis. The spot size, frequency, and laser 
energy were 35 μm, 8 Hz, and 8 J/cm2, respectively. 
Helium (~150 mL/min) was used as the carrier gas. 
The S isotope data were acquired via static 
multi-collection in high-resolution mode with 27 s 
of each spot for integration. The Neptune 
multicollector inductively coupled plasma mass 
spectrometer (MC-ICP-MS) was tuned before the 
laser analyses using a standard (balmat FeS, MXG, 
and balmat ZnS) to obtain the maximum sensitivity. 
The sample-standard bracketing method was used 
to calibrate the instrumental mass discrimination. 
 
3.3 Principle component analysis 

Principle component analysis (PCA) is an 
unsupervised classification method that is widely 
used in the field of geochemical exploration. It can 
highlight the significant features among variables, 
reveal the underlying correlations between 
individuals, and reduce the dimensions of a dataset 
to project the data in two dimensions for 
visualization. The data preprocessing method used 
is consistent with that used by FRENZEL et al [35]. 
Therefore, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Sb, 
Te, Au, Tl, and Pb were selected for the PCA. The 
calculation part of the PCA was conducted using 
the scikit-learn package in Python language [36]. 
 
4 Results 
 
4.1 Paragenesis and microstructure of pyrite 

The skarn-hosted pyrite was classified into 
three generations (Py I, Py II, and Py III) based on 
the petrology, metasomatic relationship, and 
mineral assemblage. The Py II and Py III appeared 
as a vein cutting the skarn (Fig. 6(a)). Py I is 
predominantly present in the skarn ores, with a 
coarse-grained subhedral cubic to allotriomorphic 
texture and relatively smooth surfaces (Fig. 6(b)). It 
usually exhibits brittle deformation characteristics 
with networked cracks and is generally replaced by 
carbonate veins or later sulfides (e.g., magnetite; 
Fig. 6(c)). Py II has a typical colloform structure 
with concentric or rhythmic bands (Figs. 6(c−e)). It 
coexists with chalcopyrite, magnetite, and quartz 

and can also be observed coexisting with skarn 
minerals. The magnetite precipitated earlier than the 
Py II and was replaced by the latter resulting in an 
isolated granular texture (Fig. 6(d)). Py III is 
fine-grained with an anhedral texture. It occurs as 
veinlets and growths along the cracks or edges of 
the Py II and chalcopyrite (Fig. 6(e)). 

The hydrothermal vein-type pyrite is 
predominantly found in the carbonates in the 
western and northern mining districts, without any 
accompanied skarn minerals, and it is generally 
associated with sphalerite, galena, sulfosalt 
minerals (e.g., bournonite), fluorite, carbonate, and 
minor quartz. This type of pyrite can be easily 
distinguished from the skarn-hosted pyrite 
(Figs. 6(f−k)). The microstructures and trace 
element compositions of this type of pyrite are 
significantly different among different mining 
districts. This type of pyrite is coarse-grained with a 
euhedral to subhedral texture in the central mining 
district (C_Py, Fig. 6(f)). As oscillating band was 
observed in C_Py after NaClO-etching (Fig. 6(g)), 
indicating a relatively slow crystallization process 
and intermittent pulses of ore-forming fluids.   
The coexisting minerals are primarily In-rich 
sphalerite [21], galena, quartz, and fluorite. In the 
western mining district, the vein-type pyrite is 
coarse-grained with a subhedral to the anhedral 
texture (W_Py, Fig. 6(i)). No distinct compositional 
or structural zonation was observed after 
NaClO-etching. In the northern mining district, this 
type of pyrite exhibits a core-mantle-rim texture 
(Fig. 6(k)). 

 
4.2 In-situ LA-ICP-MS trace element data 

A total of 60 LA-ICP-MS spot analyses were 
completed on pyrite, including 10 spots on each 
type (Fig. 7 and Table 2). Significant differences 
were found in the trace element compositions of the 
different types of pyrite. The contents of most of the 
elements (e.g., Mn, Co, Ni, Cu, In, and Sn) exhibit 
a mutation relationship between Py I and Py II, 
whereas they exhibit a gradient or evolution 
relationship between Py II and Py III. Py II has the 
highest Ag (71 ppm) and Tl (139 ppm) contents. In 
the Baoshan deposit, Ni and Bi can be used to 
effectively distinguish the skarn-hosted pyrite (Py I, 
Py II, and Py III) from the carbonate-hosted pyrite 
(C_Py, W_Py, and N_Py) since they are enriched in 
the former. In the central mining district, all of the  
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Fig. 6 Skarn-hosted (a–e) and carbonate-hosted (f–k) pyrite in Baoshan deposit: (a) Massive garnet (Grt)-diopside (Di) 
skarn with subhedral pyrite (Py I) cut by pyrite (Py II and Py III) vein; (b) Py I with crushed texture, replaced by 
magnetite (Mag) in skarn; (c) Py I replaced by magnetite; (d) Magnetite replaced by colloform pyrite (Py II) with an 
island appearance; (e) Colloform pyrite (Py II) cut by later pyrite veinlet (Py III); (f) Vein-type pyrite coexisting with 
sphalerite (Sp), galena (Gn), quartz (Qtz), and fluorite (Fl) in central mining district (C_Py); (g) Growth bands in C_Py 
after NaClO-etching; (h) Vein-type pyrite coexisting with sphalerite (Sp), galena (Gn), and carbonates (Cb) in western 
mining district (W_Py); (i) W_Py without compositional zonation after NaClO-etching, replaced by sphalerite and 
galena; (j) Vein-type pyrite coexisting with sphalerite (Sp), galena (Gn), and carbonates (Cb) in northern mining district 
(N_Py); (k) N_Py exhibiting core-mantle-edge structure after NaClO-etching 
 

 
Fig. 7 Trace element contents of pyrite from Baoshan deposit, grouped into six main pyrite types (Py I, Py II, Py III, 
C_Py, W_Py, and N_Py) 
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Table 2 LA-ICP-MS results for different pyrite species (ppm) 

Sample Mn Co Ni Cu Zn As Se Mo 

Py I 
(N=10) 

Avg 1.982 100.2 50.63 1.226 2.297 134.6 71.08 bdl 

Max 3.556 176.4 128.5 1.487 3.428 265.8 141 bdl 

Min 0.409 58.2 18.36 0.783 1.541 71.09 34.8 bdl 

Py II 
(N=10) 

Avg 537.5 0.076 10.16 1116 4.788 903.7 33.2 1.861 

Max 1186 0.08 11.79 1268 7.483 1169 38.05 3.002 

Min 111.1 0.073 8.531 888.8 2.878 641 26.74 1.085 

Py III 
(N=10) 

Avg 210.8 0.187 11.77 186.5 2.263 99.71 44.39 0.937 

Max 612.4 0.239 18.06 790.2 5.793 413.8 87.09 1.869 

Min 1.582 0.099 6.511 40.57 1.192 22.04 27.94 0.341 

C_Py 
(N=10) 

Avg 1.695 0.427 2.56 2.164 2.361 2620 213.2 0.282 

Max 4.158 1.139 3.24 3.915 3.923 8953 407.1 0.362 

Min 0.213 0.096 1.412 1.129 1.429 48.33 72.46 0.207 

W_Py 
(N=10) 

Avg 48.29 1.174 bdl 66.61 51.43 32428 bdl 0.361 

Max 186.8 1.376 bdl 113.3 280.3 47978 bdl 0.816 

Min 0.353 0.972 bdl 11.91 1.65 15223 bdl 0.098 

N_Py 
(N=10) 

Avg 72.4 bdl bdl 500.1 13.57 51382 18.17 0.21 

Max 493.9 bdl bdl 2452 47.7 61704 40.02 0.366 

Min 0.16 bdl bdl 20.87 1.691 26017 9.571 0.098 

Sample Ag Cd Sb Te Au Tl Pb Bi 

Py I 
(N=10) 

Avg 0.598 bdl bdl 11.95 bdl bdl 4.761 0.359 

Max 0.926 bdl bdl 47.22 bdl bdl 13.96 0.583 

Min 0.189 bdl bdl 1.609 bdl bdl 0.042 0.062 

Py II 
(N=10) 

Avg 58.47 1.261 15.57 4.334 0.088 88.83 37.03 1.033 

Max 70.76 1.789 23 17.8 0.132 138.7 49.12 7.02 

Min 43.27 0.988 10.77 0.178 0.051 53.72 25.08 0.12 

Py III 
(N=10) 

Avg 5.958 bdl 2.591 0.386 0.043 10.11 24.48 0.213 

Max 21.43 bdl 10.01 0.6 0.134 52.86 57.78 0.54 

Min 0.921 bdl 0.507 0.257 0.014 0.841 5.219 0.107 

C_Py 
(N=10) 

Avg 0.857 bdl 0.591 22.97 0.117 0.043 2.309 0.004 

Max 2.289 bdl 0.781 112.3 0.243 0.046 13.07 0.006 

Min 0.097 bdl 0.402 0.721 0.011 0.039 0.022 0.003 

W_Py 
(N=10) 

Avg 3.102 bdl 11.42 8.329 8.763 0.565 256.4 bdl 

Max 17.98 bdl 43.8 19.33 31.8 2.032 2192 bdl 

Min 0.102 bdl 1.378 0.731 0.751 0.015 0.379 bdl 

N_Py 
(N=10) 

Avg 26.28 bdl 16.33 45.71 6.241 0.316 320.5 bdl 

Max 67.84 bdl 81.74 92.53 13.33 1.436 2664 bdl 

Min 0.125 bdl 0.973 11.13 0.568 0.034 8.63 bdl 

bdl: Below detective line 
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types of pyrite (Py I, Py II, Py III, or C_Py) are 
characterized by Se enrichment ((26−407) ppm). 
The W_Py and N_Py had the highest Au (up to 
31 ppm) and As (up to 61703 ppm) contents, 
respectively. 
 

4.3 In-situ sulfur isotope compositions of pyrites 
The in-situ S isotope compositions of the 

pyrite from the Baoshan Cu−Pb−Zn polymetallic 
deposit are shown in Fig. 8 and Table 3. A total of 
52 spots were measured, including 32 spots on the 
pyrite and 20 spots on the sphalerite that coexisted 
with the pyrite. The skarn-hosted pyrites (Py I, Py II, 
and Py III) have relatively low S isotope values and 
exhibit an increasing trend ((3.76−3.98)‰, 
(3.85−4.59)‰, and (4.03−4.62)‰, respectively). In 
comparison, the co-existing sphalerite has the 
highest S isotopic values (6.07−7.53)‰). The 
carbonate-hosted pyrites (C_Py, W_Py, and N_Py) 
have higher S isotopic values ((4.13−4.70)‰, 

(1.85−5.74)‰, and (4.93−5.86)‰, respectively). 
The co-existing sphalerites (C_Sp, W_Sp, and 
N_Sp) have lower S isotopic values of 
(3.41−4.60)‰, (4.79−5.21)‰, and (4.78−5.23)‰, 
respectively. 
 
4.4 Principal component analysis 

PCA was conducted on the LA-ICP-MS data 
for the above types of pyrite (Fig. 9). The first two 
principal components account for 74.79% of the 
element content variability, indicating that the 
significant differences in the trace element 
compositions of the different types of pyrite can  
be effectively distinguished on the PC2 vs PC1 
plane (Fig. 9(b)). First principal component (PC1) 
analysis accounts for 47.93% of the variance and is 
primarily a measure of the Cu, Ag, Sb, Tl, and Pb. 
PC2, which accounts for 26.86% of the variance, 
includes Mn, Se, Ni, Mo, and Tl, which have 
positive signs, and As, Te, and Au, which have  

 

 
Fig. 8 δ34S values of pyrite and sphalerite from Baoshan deposit (δ34S values of other sulfides from the Baoshan deposit 

and those of related geological units from published data [6,18−20,37,38]) 
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Table 3 S isotopic data of Baoshan Cu−Pb−Zn deposit 

Sample Mineral δ34S/‰ Type Sample Mineral δ34S/‰ Type 

BS451-3-1 Pyrite 3.76 Py I BS724-6-6 Pyrite 3.92 W_Py 

BS451-3-2 Pyrite 3.83 Py I BS729-2-1 Pyrite 5.33 N_Py 

BS451-3-3 Pyrite 3.98 Py I BS729-2-2 Pyrite 4.93 N_Py 

BS451-3-4 Pyrite 3.93 Py I BS729-2-3 Pyrite 5.86 N_Py 

BS451-3-5 Pyrite 3.92 Py I BS729-2-4 Pyrite 5.8 N_Py 

BS451-1-1 Pyrite 4.29 Py II BS729-2-5 Pyrite 5.37 N_Py 

BS451-1-2 Pyrite 4.43 Py II BS472-1 Sphalerite 7.53 SK_Sp 

BS451-1-3 Pyrite 4.53 Py II BS472-2 Sphalerite 7.12 SK_Sp 

BS451-1-4 Pyrite 4.07 Py II BS472-3 Sphalerite 6.77 SK_Sp 

BS451-1-5 Pyrite 4.59 Py II BS472-4 Sphalerite 6.07 SK_Sp 

BS451-1-6 Pyrite 3.85 Py II BS472-5 Sphalerite 6.11 SK_Sp 

BS451-1-7 Pyrite 4.03 Py III BS801-10-6 Sphalerite 4.6 C_Sp 

BS451-1-8 Pyrite 4.52 Py III BS801-10-7 Sphalerite 4.33 C_Sp 

BS451-1-9 Pyrite 4.44 Py III BS801-10-8 Sphalerite 3.64 C_Sp 

BS451-1-10 Pyrite 4.04 Py III BS801-10-9 Sphalerite 4.44 C_Sp 

BS451-3-11 Pyrite 4.62 Py III BS801-10-10 Sphalerite 3.41 C_Sp 

BS801-10-1 Pyrite 4.7 C_Py BS724-6-7 Sphalerite 4.79 W_Sp 

BS801-10-2 Pyrite 4.25 C_Py BS724-6-8 Sphalerite 5 W_Sp 

BS801-10-3 Pyrite 4.28 C_Py BS724-6-9 Sphalerite 4.99 W_Sp 

BS801-10-4 Pyrite 4.13 C_Py BS724-6-10 Sphalerite 5.21 W_Sp 

BS801-10-5 Pyrite 4.42 C_Py BS724-6-11 Sphalerite 5 W_Sp 

BS724-6-1 Pyrite 5.02 W_Py BS729-2-6 Sphalerite 4.97 N_Sp 

BS724-6-2 Pyrite 5.74 W_Py BS729-2-7 Sphalerite 4.87 N_Sp 

BS724-6-3 Pyrite 5.2 W_Py BS729-2-8 Sphalerite 4.87 N_Sp 

BS724-6-4 Pyrite 1.85 W_Py BS729-2-9 Sphalerite 5.23 N_Sp 

BS724-6-5 Pyrite 2.87 W_Py BS729-2-10 Sphalerite 4.78 N_Sp 

 

negative signs. The angles of the arrows highlight 
the four elements clusters (Fig. 9(a)), which provide 
a reference for revealing the correlations among the 
elements. The adjacent points indicate similarities 
in the trace element compositions. 

In addition, the disseminated pyrite with a 
euhedral texture can be considered to be formed 
primarily from magmatic materials [39]. Therefore, 
this type of pyrite from the granodiorite porphyry 
without sulfide veinlets was plotted on the PC2 vs 
PC1 plane for comparison. The evolution trends of 
the pyrite based on the element compositions and 
generations of pyrite are shown in Fig. 9. 
 
5 Discussion 
 
5.1 Trace element compositions of pyrite 

The time-resolved depth profiles (Fig. 10) and 

element clusters from the PCA (Fig. 9(a)) indicate 
that Co, Ni, As, and Se may occur as solid solutions, 
whereas Mn, Zn, Mo, Ag, Sb, Te, Au, Tl, Pb, and Bi 
occur as mineral inclusions and/or solid solutions. 
The strong correlation between Mn and Mo, 
especially the highest values in the colloform pyrite 
(Py II), implies the occurrence of Mn hydroxides, 
which were absorbed by pyrite (Fig. 10) [40,41]. 
The Cd and minor Cu are primarily related to the 
sphalerite inclusions [42]. The wide variation in the 
Pb concentrations and synchronous correlation with 
Ag and Sb indicate the occurrence of andorite 
and/or boulangerite inclusions (Fig. 10) [43,44]. 

The Co/Ni ratio is considered an important 
index for identifying the origin of pyrite [45,46]. 
The Co/Ni ratios of the Py I are 0.85−9.61 (average 
2.78), indicating that the Py I is related to 
hydrothermal fluids [47]. However, the contents of  
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Fig. 9 Principal component analysis (PCA) of ln-transformed LA-ICP-MS trace element compositions of pyrite from 

Baoshan deposit: (a) Loading plot of PCA showing elements and highlighted groups of elements with similar behaviors; 

(b) Score plot of all of points in PC1 and PC2 for trace element compositions of six pyrite species; (c) Loadings of 

principal components (PC1−PC4, explaining 87.39% of total variance); (d) Scree plot of eigenvalues of correlation 

matrix explaining variance 

 
either Co or Ni are below the detection limit for the 
other types of pyrite, which is an obstacle to 
determining their origins (Fig. 7 and Table 2). 
HANLEY et al [48] suggested that Co can 
precipitate with Cu due to decreasing temperature, 
and it is only enriched in the pyrite that forms 
earlier than chalcopyrite. In the Baoshan deposit, 
the sphalerite intergrown with the chalcopyrite  
has high Co contents (up to 0.26 wt.%), which  
may have depleted the Co in the hydrothermal 
system [21]. 

As a characteristic element of colloform pyrite 
(Py II), the Py III was also found to have high Mn 
contents, suggesting that the texture of the pyrite is 
not the dominant factor for the concentration of Mn. 
Mn has been reported to precipitate at low 
temperatures, and fluid mixing can be another 
factor determining its precipitation [49]. Moreover, 

the As concentration is a function of temperature 
and is enriched in pyrite at low temperatures [50]. 
The coupling of Mn and As in the skarn-hosted 
pyrite (Py I, Py II, and Py III) indicates a decreasing 
temperature trend, which may have been triggered 
by the fluid mixing process (Figs. 7 and 9(b)). 

However, the decoupling of Mn and As in the 
carbonate-hosted pyrite (C_Py, W_Py, and N_Py) 
indicates that the temperature was no longer the 
dominant factor, suggesting a transformation of the 
physicochemical conditions (Figs. 7 and 9(b)). The 
Se contents may have recorded this transformation, 
and they should have the opposite trend due to their 
different temperature responses [40]. The wide 
range of As and Se contents and the oscillatory 
zoning of the C_Py indicate a relatively slow 
crystallization process during temperature and f(O2) 
fluctuations due to the intermittent pulses of the 
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Fig. 10 Representative time-resolved depth profiles for selected elements in pyrite 
 
ore-forming fluids related to the magmatism 
(Figs. 6(g) and 7) [46]. The W_Py and N_Py have 
the highest As and the lowest Se contents, 
suggesting that they were formed under the lowest 
temperature conditions. However, the sphalerite 
geothermometers indicate that these vein-type ores 
had similar ore-forming temperatures [21,35]. Thus, 
it can be inferred that compared to the changes in 
temperature, the f(O2) decreased more significantly, 
which implies more extensive water–rock 
interactions [49]. 

The average Bi content of the strata of the 
Nanling region is approximately 1.9−2.9 times 
higher than that of continental crust [51]. The 
concentration of Bi (>1 ppm) in the pyrite reflects a 
sedimentary contribution to the hydrothermal 
system [41,52]. In the Baoshan deposit, the average 
of Bi content is 0.54 ppm, indicating that the 
sedimentary strata contributed little to the 
mineralization. In addition, the abundance of Te in 
the pyrite suggests that the ore-forming fluid was 
associated with the magmatic system. The Te/Au 

ratios of all of the types of pyrite in the Baoshan 
deposit (0.02−646) are similar to those of pyrite 
precipitated from magmatic hydrothermal systems 
(Te/Au>1) [53−55], also demonstrating their 
magmatic hydrothermal affinity. 
 
5.2 Colloform pyrite and fluid mixing 

Colloform pyrite, which can occur during 
synsedimentary processes or can precipitate in 
hydrothermal systems, contains a great deal of 
information and can record the physicochemical 
conditions and fluid evolution processes. Its 
disequilibrium texture is considered to be formed 
by rapid nucleation and crystallization, implying 
abrupt changes in physicochemical conditions due 
to supercooled or supersaturated processes [41,56]. 
In addition, microbial activity may be another 
factor that can result in the formation of colloform 
pyrite [57]. 

In the Baoshan deposit, the median Co/Ni 
(<0.01), Cu/Ni (>90), As/Ni (>70), and Ag/Au 
(>410) ratios of the Py II (colloform pyrite; Table 2 
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and Fig. 7) are outside of the ranges defined for 
diagenetic pyrite [58]. Furthermore, its δ34S values 
((3.85−4.59)‰) also indicate a hydrothermal origin 
related to magmatism without microbial activity.  
As mentioned previously, there are significant 
differences in most of the trace element 
concentrations of the Py I and Py II, which cannot 
be explained by temperature fluctuations or the 
evolution of a single fluid. Significantly, the 
concentrations of the temperature sensitive 
elements (e.g., As, Se, and Tl) in the Py II, which 
are distinctly different from those in the Py I but 
vary over a narrow range (Fig. 7), indicate a sharp 
decrease in the temperature of the hydrothermal 
system. In addition, Tl has a strong affinity for 
magmatic vapors due to its volatile nature [42,49], 
and it is considered to escape from the 
hydrothermal fluid when boiling. Fluid boiling will 
significantly affect the stability of the Au-bisulfide 
complex and result in its precipitation [59]. 
However, the extremely high Tl (up to 112 ppm) 
and low Au (<0.132 ppm) concentrations of the 
Py II indicate that significant fluid boiling may not 
have occurred during its crystallization. Therefore, 
it can be concluded that the Py II was rapidly 
precipitated due to a sudden drop in temperature 
caused by the fluid mixing [41]. Moreover, the 
decrease in temperature and dilution of the Cl− 
concentration were favorable for Zn and Pb, which 
migrated in the solution as chlorine complexes 
precipitated, and were incorporated into Py II [60]. 
The PCA results also indicate the occurrence of this 
fluid mixing process (Fig. 9(b)). There are two 
evolutionary paths for the trace elements in the 
types of pyrite in the Baoshan deposit, i.e., (1) from 
granodiorite porphyry to Py I to C_Py, and (2) from 
Py II to Py III (to Py I). This suggests that the 
precipitation conditions of the Py III were between 
those of the Py I and Py II, which is the same    
as a neutralization process of two endmember 
conditions during fluid mixing. 
 
5.3 Source of sulfur 

Sulfur isotope compositions have been widely 
used to constrain the genesis of deposits and can be 
used to efficiently distinguish different sources of 
sulfur (e.g., mantle sulfur, marine sulfate, and 
biogenic sulfur) [61−66]. In this study, in-situ sulfur 
isotope analysis was utilized to identify the sulfur 

source of different types of pyrite in the Baoshan 
deposit (Fig. 8 and Table 3). The absence of sulfate 
minerals indicates that the δ34S of the sulfides 
approximately represents the total S isotope 
composition of the hydrothermal system in the 
Baoshan deposit [67,68]. S isotope fractionation did 
not strictly obey the thermodynamic equilibrium 
fractionation processes: δ34Smolybdenite > δ34Spyrite > 
δ34Ssphalerite > δ34Sgelena [6]. Even for the δ34Spyrite > 
δ34Ssphalerite in the carbonate-hosted ores, the 
temperature calculated using the pyrite-sphalerite 
sulfur isotopic geothermometer is higher than   
the reasonable formation temperature of    
sulfides, indicating the occurrence of kinetic 
fractionation between the sulfides and the ore- 
forming fluids [67,69]. 

As mentioned previously, there was a fluid 
mixing process between the Py I and Py II (Figs. 7 
and 9), which was also recorded by the sulfur 
isotope data, i.e., the apparent differences in their 
δ34S values (Table 3 and Fig. 8). The δ34S values of 
the sphalerite in the skarn-hosted ore (SK_Sp), 
which is intergrown with the chalcopyrite (later 
than the Py I but earlier than the Py II), are higher 
than those of any of the types of pyrite, implying 
that the mixed fluid may have had higher δ34S 
values. The δ34S values of the Py I are within the 
narrow range of (3.76–3.98)‰ and are close to 
those of granodiorite porphyry ((1.5−3.5)‰) [16]. 
However, the δ34S values ((3.85−4.62)‰) of the 
Py II and Py III have a relatively wide range and are 
slightly higher than those of the disseminated  
pyrite within the granodiorite porphyry but are still 
within the range of the S isotope composition of the 
magma [70]. The δ34S values of the C_Py 
((3.4−4.7)‰) are similar to those of the Py II and 
Py III, indicating that they had the same sulfur 
sources. However, the higher δ34S values of the 
W_Py and N_Py (>5‰) may result from the 
involvement of heavier isotopes [71] or lower f(O2) 
conditions due to mineralization of Fe-oxides [56] 
or extensive water−rock reactions with the 
carbonate host rocks [49]. The δ13Cv-PDB and 
δ18Ov-SMOW values of the calcite samples have 
demonstrated that this interaction occurred [18]  
and the ore-hosting strata (Zimenqiao Formation)  
of the W_Py and N_Py may have the potential    
to provide evaporite sulfur with very high δ34S 
values [6,16]. 
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5.4 Implication for mineralization of Baoshan 
deposit 
The δD (from −64‰ to −86‰) and δ18O (from 

7.47‰ to 0.33‰) values of the ore-forming fluids 
in the Baoshan deposit indicate mixing of magmatic 
water with meteoric water, especially for the 
vein-type ores [72]. SHU et al [60] demonstrated 
that fluid mixing is a significant precipitation 
mechanism in Pb−Zn mineralization. Based on the 
above discussion, fluid mixing, which is 
demonstrated by the trace element compositions 
and sulfur isotopes of the pyrite, played an essential 
role in the mineralization in the Baoshan deposit. 

During 170−160 Ma, lithospheric extension 
and crustal thinning resulting from the mantle–crust 
interactions caused by the subduction of the 
Paleo-Pacific Plate extended inland into the South 
China Block [12,26]. Under this tectonic regime, 
the granodiorite porphyry magma, which has a 
high-K calc-alkaline signature with mafic magmatic 
enclaves, was derived from the anatexis of 
Paleoproterozoic crustal material induced by 
injection or underplating of mantle-derived  
magmas [34,73]. The Cu was predominantly 
derived from the modified mantle and re-melting of 
the Neoproterozoic relict island arc [34]. During the 
assimilation process, the magmas absorbed Pb and 
Zn from the metamorphosed basement [6,11,15], 
which was also recorded by the trace element 
compositions of the sphalerite [21]. 

Thus, Cu-, Pb-, Zn-rich magmas may have 
intruded into the Carboniferous Shidengzi 
Formation limestone and the Zimenqiao Formation 
dolomite, which were controlled by the Baoling 
inversion anticline and faults (e.g., F21, F25), 
respectively (Fig. 11(a)). Subsequently, the 
magmatic-hydrothermal fluids ascended along the 
faults and interlayer slip surface in the Middle-Late 
Jurassic (Fig. 11(b)) ((162.6±2.9) Ma, U-Pb age for 
the garnet) [31], which led to skarn alteration and 
precipitation of the Py I (Fig. 11(c)). The 
accumulation in pressure resulted in hydraulic 
fracturing accompanied by a transition from 
lithostatic pressure to hydrostatic pressure [72,74] 
and the formation of breccia (Fig. 5(a)), which 
provided beneficial pathways for meteoric water 
(Figs. 5(a) and 11(d)). In this case, the sudden 
release of the pressure and the sharp decrease in the 
temperature triggered by the hydraulic fracturing 
and mixing of meteoric water led to the rapid 

crystallization of the Py II with a colloform  
texture [75]. In addition, Cu prefers to be 
transported as chloride complexes, and near-neutral 
pH and oxidizing conditions can increase its 
solubility [76−78]. The changes in the f(O2) and pH 
conditions caused by the local boiling, water–rock 
interactions, and mineralization of Fe-oxides 
(magnetite) resulted in Cu supersaturation and 
precipitation from the hydrothermal system 
(Fig. 11(e)) [59,70,79]. With further mixing of the 
ore-forming fluids and meteoric water, the 
composition of the Py III gradually approached that 
of the Py I (Fig. 9(b)) and generated Pb−Zn 
ore-bodies locally (Fig. 11(e)). The fluctuations in 
the temperature and f(O2) conditions may have been 
triggered by intermittent pulses of ore-forming 
fluids, which formed the C_Py with growth   
bands [46]. Thus, the elements (e.g., As and Se) 
precipitated intermittently with the hydrothermal 
pulses and formed enriched or depleted bands in the 
C_Py. 

Coevally, when this ore-forming fluid was 
blocked by the sandshale of the Ceshui Formation 
and flowed into F21 through the fluid escape 
structures (Figs. 5(b, c) and 11(e)), extensive 
boiling occurred due to the fluid mixing with a 
larger amount of meteoric water and the pressure 
release as it entered the fault, which is supported by 
the fluid inclusion data [72]. A previous study 
suggested that the Baoshan vein-type Pb−Zn 
mineralization was formed under relatively high pH 
conditions [21], in which the Au predominantly 
migrated as Au(HS)2

− [80,81]. Thus, the fluid 
boiling was favorable for the precipitation of Au 
and As due to the volatilization of O2, H2 and   
H2S [59,82]. Moreover, the extensive water−rock 
reactions resulted in a decrease in the f(O2) of the 
ore-forming fluid due to the oxidation of Fe2+, 
which was conducive to the precipitation of     
Te [18,83,84]. During these processes, As, Au and 
Te precipitated from the hydrothermal fluids and 
were incorporated into the pyrite (W_Py and N_Py). 
The decrease in the Cl− concentration triggered by 
the fluid mixing resulted in the precipitation of Pb 
and Zn from the ore-forming fluid [60] and the 
hydrothermal vein-type Pb−Zn mineralization was 
formed along the faults. Finally, the ore-forming 
fluid reached the surface and generated the Fe−Mn 
oxides (Fig. 11(e)). 
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Fig. 11 Schematic diagram of mineralization model of Baoshan deposit 

 
 
6 Conclusions 
 

(1) Based on the generation relationship and 
trace element compositions, the PCA revealed the 
characteristics of the trace element compositions, 
highlighted the correlations among the elements, 
and revealed the evolution processes of the trace 
element composition of the minerals, which provide 
new insights into the application of PCA to the trace 
element geochemistry of minerals. 

(2) Two evolution trends for the trace element 
compositions of the pyrite in the Baoshan deposit 
were identified by PCA. Their intersection provides 

trace element geochemical based information about 
the fluid mixing process. 

(3) The sulfur of Cu mineralization system is 
predominantly derived from the magma, whereas 
that of Pb−Zn mineralization is derived from 
magma and host rocks. 

(4) Fluid mixing, boiling, and water–rock 
interactions played important role in the 
mineralization at the Baoshan deposit. The 
occurrence of Fe−Mo oxides on the surface can 
serve as an indicator of deep mineralization. 
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宝山 Cu−Pb−Zn 多金属矿床流体演化证据： 
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2. 中南大学 地球科学与信息物理学院，长沙 410083 
 

摘  要：对宝山铜多金属矿床中的黄铁矿进行原位 LA-ICP-MS 和硫同位素研究，以探讨矿床的成矿过程和元素

富集机制。选取矽卡岩型矿石中的 3 个世代黄铁矿(Py I、Py II 和 Py III)以及中部、西部和北部(C_Py、W_Py 和

N_Py)矿区赋存在碳酸盐岩中的硫化物矿石里的黄铁矿为研究对象进行比较。与 Py I 和 Py III 相比，Py II 中大多

数元素的含量明显较高。C_Py 中砷和硒的含量很高且变化范围大，这两种元素在 C_Py 的生长带中呈解耦趋势。

W_Py 和 N_Py 中具有最高的砷、硒和铅含量。这些结果表明，成矿过程中伴随着温度的剧烈变化以及流体混合

作用。岩浆热液间歇脉冲、流体混合作用以及水−岩相互作用导致温度和 f(O2)波动以及变化。黄铁矿的硫同位素

暗示硫主要为岩浆来源。f(O2)条件的变化是导致各类黄铁矿中硫同位素组成轻微差异的主要原因。最后，提出成

矿模式以阐明宝山成矿过程。 

关键词：黄铁矿；微量元素；原位硫同位素；水压致裂；流体混合 
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