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Abstract: The Zhangquanzhuang gold deposit is a special deposit in the Zhangjiakou district, on the
northern margin of the North China Craton. It is characterized by the enrichment of sulfides,
the scarcity of tellurides and zero to positive sulfur isotope compositions compared with the famous
Dongping and Xiaoyingpan Te-Au-Ag deposit types of the same district. In this paper, we use the
in-situ LA-(MC)-ICP-MS and bulk trace element concentrations of pyrite, and in-situ sulfur isotope
compositions of sulfides, to study physicochemical conditions and mechanisms of mineral deposition
in the Zhangquanzhuang deposit. Pyrite from stage I (PyI) contains high Te contents, pyrite from
stage II (PyII) has the highest Co and Ni contents, and pyrite from stage III (PylIlII) contains high Cr,
Zn, Pb, Ag, Cu, Sb, Bi and Au contents. The calculated in-situ 5%4Sppg values range from 0.9%eo to
6.1%o, and the values for stages I and II are higher than those for stage III. The mineral assemblages
and trace element contents in pyrite show that large amounts of metals precipitated during stage
111, in which the pH and logfO, were constrained within the range of 4.1 to 5.2 and —36.9 to —32.1,
respectively. Sulfidation and boiling derived from decreasing pressure may be the main mechanisms
leading to mineral deposition in stage III. The Zhangquanzhuang gold deposit was formed in a
mineral system that was different from the one that formed the Dongping and Xiaoyingpan Te-Au-Ag
deposits, and should thus be called the “Zhangquanzhuang—type” deposit and considered a third
gold deposit type in the Zhangjiakou ore field.

Keywords: trace elements; sulfur isotope; LA-(MC)-ICP-MS; pyrite; Zhangquanzhuang gold deposit

1. Introduction

The Zhangjiakou ore field in Hebei Province is located on the northern margin of the North China
Craton. It is one of the most important gold producing areas in China. More than 25 gold deposits have
been discovered in this ore field [1,2]. With respect to the host rocks, the deposits in the Zhangjiakou ore
field can be divided into the “Dongping-type” and the “Xiaoyingpan-type” gold deposits, where the
former is commonly hosted in the altered Shuiquangou syenitic complex [3-5], while the latter is
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hosted in metamorphic rocks of the Archean Sanggan Group [6]. Most of these deposits exhibit several
common features, such as enrichment in tellurides, low sulfide contents, intense K-feldspathization
and relatively high gold fineness [1,5,7,8].

The Zhangquanzhuang gold deposit is a medium-sized gold deposit located south of the
Shangyi—Chongli—Chicheng fault. It has rare tellurides and high sulfide volumes, which make
it different from the other two main Te-Au-Ag deposits of the district. Some studies have been
performed on the Zhangquanzhuang gold deposit; however, most of them were published in
Chinese in the 1990s [9-13]. Yin and Shi (1994a,b) [9,13] focused on the chemical and typomorphic
characteristics of quartz and pyrite, and concluded that the Zhangquanzhuang gold deposit is a
metamorphic mesothermal-hypothermal type of deposit. Liand Shi (1999) [12] established an elemental
geochemical model of the deposit and predicted the existence of deeper orebodies. Shui (2000) [11]
studied the geological-tectonic features and mineralization regularities of the Zhangquanzhuang
deposit, and evaluated its ore-prospecting potential. Recently, Zhen et al. (2020) [14] published
mineral paragenesis and multiple isotope (S, Pb, H, O, He and Ar) data of the Zhangquanzhuang
deposit, and concluded that it formed as a result of the reactivation of mantle lithosphere previously
metasomatized by fertile subduction-related fluids. Issues related to elemental compositions and
precipitation mechanisms of sulfides remain poorly constrained, which precludes the discussion of
relationships between Zhangquanzhuang and other Te-Au-Ag deposits and gold mineralization events
in the Zhangjiakou district.

In this paper, we evaluate the in-situ and bulk trace element concentrations of pyrite and
in-situ sulfur isotope compositions of sulfides to determine the origin of metals and composition of
ore—forming fluids, and discuss the mechanisms of ore deposition in the Zhangquanzhuang gold
deposit. We also discuss the differences between the gold mineralization types in the Zhangjiakou
ore field.

2. Geological Setting

The Zhangquanzhuang gold deposit is located on the northern margin of the North China
Craton (Figure 1a). The Shangyi—Chongli—Chicheng fault is a mantle-penetrating fault [15], and it
controlled the emplacement of igneous rocks and the distribution of gold mineralization in the region.
Multiple stages of tectonic-magmatic events have developed in this region, including (1) Neoarchean
crustal growth and stabilization, (2) Paleoproterozoic rifting—subduction—accretion—collision, (3) late
Paleoproterozoic-Neoproterozoic multistage stage rifting, (4) Paleozoic subduction of the Paleo—Asian
Ocean, and (5) Mesozoic lithospheric thinning and decratonization [16]. The stratigraphic units
exposed in the region are the Archean Sanggan Group, the Proterozoic Hongqiyingzi Groups, and the
Changcheng and Jixian systems, the Cretaceous Zhangjiakou Formation and Quaternary sediments
(Figure 1b). The Archean Sanggan metamorphic complex is exposed mostly to the south of the
Shangyi—Chongli—Chicheng fault, and is dominated by amphibolites, granulites and leptites generated
from a series of mafic to felsic volcaniclastic rocks and clastic sediments. The Paleoproterozoic
Hongqiyingzi Group is exposed to the north of the fault with the dominant lithologies of marble,
quartzite, amphibolite, and gneiss. The Mesoproterozoic Changcheng and Jixian Systems, consisting
of sandstone and dolomite, occur in the southeastern corner of this area. The Cretaceous Zhangjiakou
Formation of volcanic-sedimentary rocks consists of rhyolite, rhyodacite, trachyte and pyroclastic
flows, which are widely distributed in this region (Figure 1b).

The igneous rocks in the region include Neoarchean to Paleoproterozoic granodiorite [17],
the Mesoproterozoic Wenquan rapakivi granite [18], the Devonian Shuiquangou syenite complex
(~400 Ma) [19], the Triassic Xiangshuigou, Guzuizi and Honghualiang granites (~230 Ma) [20,21],
the Cretaceous Shangshuiquan alkali granite and Zhuanzhilian diorite (~140 Ma) [20,22], and the
Cretaceous Zhangjiakou Formation volcanic rocks (~130 Ma) [17]. The Devonian syenite complex
was derived from the collision between the North China Craton and the Paleo-Asian Ocean plate [19].
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The Triassic granites were formed by partial melting of ancient lower crust [21] and the Cretaceous
igneous rocks were related to the subduction of the Pacific plate under the Eurasian continent [20].
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Figure 1. Sketch maps of (a) the North China Craton and (b) the geology of Northern Hebei Province
(modified after Wang et al. (2019) [5]) showing the locations of the gold deposits.

3. Ore Deposit Geology

The Zhangquanzhuang gold deposit is located south of the Shangyi—Chongli—Chicheng fault
(Figure 1b), approximately 20 km south of the Dongping gold deposit and 7 km southeast of the
Xiaoyingpan gold deposit. It is hosted in metamorphic rocks of the Archean Sanggan Group (Figure 2).
Igneous rocks in the ore field are mainly diabase and diorite dykes (Figure 2). Most of these dykes
trend northwest—southeast with widths of 0.5-2 m.

NW-SE and N-S striking faults are the main ore-hosting structures in the Zhangquanzhuang
gold deposit (Figure 2). More than 50 auriferous quartz veins have been identified and the longest
quartz vein is more than 2500 m long (Figure 2). Individual orebodies occur as lenses or veins
with an average thickness of 1.2 m, attitudes of 50-100£60-80 and Au grades of 1.17 to 3.63 g/t
(Figure 3). Most of the mineralized veins are hosted in the Archean Sanggan plagioclase-amphibole
gneiss, granulite and migmatite [9]. The ore styles in the deposit are mainly auriferous quartz
veins and disseminated ores. Minerals include pyrite, galena, sphalerite, chalcopyrite, tetrahedrite,
native gold, electrum, quartz, K-feldspar, fluorite, calcite and sericite [14]. Silicification, sericitization
and chloritization are widely developed. Zhen et al. (2020) [14] subdivided mineralization into four
stages, namely, the K-feldspar—quartz stage (stage I), the pyrite—quartz stage (stage II), the polymetallic
sulfide—quartz stage (stage III), and the calcite-quartz stage (stage IV).
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Figure 2. Geological map of the Zhangquanzhuang gold deposit (modified after Shengde Mining in
Xuanhua, 2015, unpublished mining report).
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Figure 3. Geological cross sections of (a) exploration line 16 and (b) exploration line 51 (modified after
Shengde Mining in Xuanhua, 2015, unpublished mining report).
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4. Sample Description and Analytical Methods

Pyrite from different mineralization stages was selected for in-situ trace element and sulfur isotope
analysis. Pyrite from stage I (PyI) is euhedral, disseminated and fine grained (Figure 4a—c, Table 1).
Pyrite from stage II (Pyll) is euhedral and coarse-grained with scarce mineral inclusions (Figure 4d-h,
Table 1). Pyrite from stage III (Pylll) occurs as veins, which coexists with other sulfides such as galena,
chalcopyrite and/or sphalerite (Figure 4i-1, Table 1), and many micro- to nano-scale mineral inclusions
(including galena, chalcopyrite, native gold and other species) developed in PylIL

Figure 4. Sample and reflected light microscope photographs of pyrite from different stages. (a) Sample
and (b,c) reflected light microscope photographs of pyrite from stage I (PyI), showing euhedral,
disseminated and fine-grained occurrences; (d,e) sample and (fh) reflected light microscope
photographs of pyrite from stage II (PyIl), showing euhedral and coarse-grained habits with scarce rare
mineral inclusions; (i) sample and (j,1) reflected light microscope photographs of pyrite from stage III
(PyIII), coexisting with galena, chalcopyrite and/or sphalerite, and hosting many micro- to nano-scale
mineral inclusions; (j) shows galena formed in stage III, and Pyl is altered and crushed. Abbreviations:
Cpy = chalcopyrite, Gn = galena, Pyl = pyrite in stage I, Pyll = pyrite in stage II and PyIII = pyrite in
stage IIL.
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Table 1. Characteristics of pyrite from stages I, IT and III

Samples Characteristics Metal Minerals

euhedral, disseminated, fine grained,

pyrite from stage I none

unaltered
euhedral, coarse, altered by sulfides scarce. include little
pyrite from stage II formed in stage III, sometimes ! .
fragmented, chalcopyrite
pyrite from stage III veins, coarse galena, chalcopyrite,

sphalerite, native gold

4.1. In-Situ Trace Elements Analysis

In-situ trace elements of pyrite were analyzed by LA-ICP-MS at the National Research Center
for Geoanalysis, Chinese Academy of Geological Sciences. Laser sampling was performed using a
COMPexPro 102 ArF excimer laser. An Agilent 7700e ICP-MS instrument was used to acquire ion
signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed
with the carrier gas via a T-connector before entering the ICP. The spot size and frequency of the laser
were set to 40 um and 5 Hz, respectively. The standard sample NIST SRM 610 was used to correct the
time-dependent drift of sensitivity and mass discrimination [23]. Time-drift correction was conducted
by the software ICPMS-DataCal, using *”Fe as the internal standard. [23].

4.2. In-Situ Sulfur Isotope Analysis

In-situ sulfur isotope analyses were carried out using LA-MC-ICP-MS at the State Key Laboratory
of Continental Dynamics, Northwest University, China, following the methods of Chen et al. (2017) [24].
The instruments included an NWR UP Femto femtosecond laser coupled with the Nu Plasma 1700
MC-ICP-MS. The energy fluence of the laser was approximately 3 J/cm?. For single spot analysis,
the diameter was 15 um with a laser repletion rate of 10 Hz. An in-house pyrite standard named
PSPT-3 was used to calibrate the mass bias for S isotopes. The results of S isotope data are expressed
against the CDT standard.

4.3. Bulk Trace Elements of Pyrite

Five samples of stages II and III pyrite were analyzed for bulk chemical compositions. Pyrite was
crushed into grains with sizes of 0.1-0.5 mm and handpicked under a binocular microscope with
a purity of >99%. Trace element concentrations were measured on an HR-ICP-MS apparatus in
the analytical laboratory center of the Beijing Research Institute of Uranium Geology, following the
methods of Li et al. (1995) [25].

5. Results

5.1. In-Situ Chemical Composition of Pyrite

A total of 34 elements were analyzed to investigate the pyrite chemical compositions (Table S1),
of which Ga, Rb, Y, Nb, In, W, Re, Hg, Ta, Cs and Tl were below the detection limits in most spots.
Manganese, Co, Ni, Cu, Zn, Ge, As, Mo, Ag and Pb were detected in most analyses, with concentrations
spanning three to four orders of magnitude (Figure 5). Cr, Se and Sn were detected in a half of the
analyses, Sb and Bi were detected mostly in PylII analyses, and Au was only detected in three spots
from PylIl.

Pyl (pyrite in stage I) contains relatively higher Te (up to 1.39 ppm), and lower Zn and As (Figure 5).
PylI (pyrite in stage II) has the highest Co and Ni contents, with maximum values of 1108.17 and 666.88
ppm, respectively. Other trace element contents of Pyll have no obvious difference from those form
that of Pyl. Pylll (pyrite in stage III) contains high concentrations of Cr, Zn, Pb, Ag and Cu, with values
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reaching 106.01, 2282.27, 510.92, 145.41 and 329.73 ppm, respectively. Antimony, Bi and Au in PylIII
have concentrations of 0.14-11.43, 0.14-22.27 and 0.69-1.42 ppm, respectively.
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Figure 5. Concentration plot for trace elements in pyrite from the Zhangquanzhuang gold deposit.
5.2. In-Situ Sulfur Isotope Compositions

A total of 49 spots were analyzed in-situ for sulfur isotope compositions including seven spots of
Pyl, 16 spots of Pyll, 14 spots of Pylll, six spots of GnllI (galena from stage III) and six spots of CpyIIl
(chalcopyrite from stage III), and the results are listed in Table S2. The range of 6**S values varies from
4.9 10 6.3%o, 4.7 t0 7.3%o0 and 2.6 to 4.9%o for Pyl, Pyll and PyllI, respectively. Gnlll yielded §*S values
between 0.7 and 3.9%o, and Cpylll yielded values between 1.2 and 3.7%o. Based on the homogenization
temperatures of fluid inclusions (300 °C for stages I to III) [8] and the sulfides-H;S equations of Ohmoto
(1972) [26], the 63*Syyp5 values are calculated range from 0.9 to 6.1%o. The ore-forming fluids of stages
I and II have the same 63#Syyps values, and are slightly but obviously higher than those of stage III
(Figure 6).
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Figure 6. Histograms of in-situ sulfur isotope composition of the Zhangquanzhuang gold deposit.
5.3. Bulk Chemical Composition of Pyrite

The chemical compositions of five samples of pyrite were analyzed (Table S3). Some elements
in some samples are below the detection limits. Cobalt contents range from 52.6 to 163.8 ppm and
Ni contents range from 42.6 to 86.1 ppm (Figure 5). Copper, Zn, Pb and As contents are variable,
with values reaching to 211.1, 240.7, 1758.9 and 133.7 ppm, respectively. Gallium, Se, Rb, Sn, Sb and Zr
contents are below 1 ppm in most samples. Strontium, Mo, Cd, Ba and W contents are approximately
at or below 10 ppm.
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6. Discussion

6.1. Factor Analysis of Trace Element Compositions

Principal component analysis identified 6 factors from the in-situ trace element data of pyrite
(Table 2). Factor 1 is dominated by Cr, Ag, Sb, Ba, Au, Pb, Bi; Factor 2 is mainly represented by Mn, Co,
Ni, Zn, Sr; Zn and Cd contribute mainly to Factor 3; Cu, Zn, As, Se, Cr have positive loadings on Factor
4; Factor 5 contains positive Co, Ni, Se, Te, Pb, Bi and Sr; Factor 6 is mainly contributed by Cr and Mo.

Different elements have different mechanisms to enter pyrite. Cobalt, Se and Ni mainly enter the
lattice of pyrite [27,28]. Lead, Zn, Cd, Ge, Sr, Bi and Sn more likely exist in pyrite as micro mineral
inclusions (such as galena, sphalerite and Bi-bearing minerals) [29,30]. Molybdenum, As and Sb could
associate with pyrite both as lattice substitutions and inclusions; Mn, V and U are probably adsorbed
onto the mineral’s surfaces [31]. Based on these mechanisms of element association and rotation matrix
of principal component analysis, Factor 1 represents the elements in micro-inclusions of sulfosalts or
galena, Factor 2 can be regarded as a lattice—bound group of elements, Factor 3 refers to the elements
in micro-inclusions of sphalerite, Factor 4 refers to the elements in chalcopyrite, Factor 5 may relate to
the elements adsorbed onto Fe-sulfide surfaces or lattice-bound elements [31], and Factor 6 may reflect
the existence of molybdenite micro-inclusions.

6.2. Controls on Trace Element Distribution in Pyrite

Trace elements in pyrite can exist in the lattice or as mineral inclusions and nanoparticles.
Their concentrations are affected by the existence of mineral inclusions, and the compositions and
physicochemical conditions of mineralizing fluids [32].

Generally, Co, Se and Ni mainly enter into the lattice of pyrite, showing smooth and similar
spectra (Figure 7a) [33]. Copper, Zn, As, Te, Ag and Au can enter pyrite both as lattice substitutions and
inclusions, showing smooth or heterogeneous spectra (Figure 7b—d) [27,28,33]. Lead does not prefer to
enter the pyrite crystal lattice because of its large ionic size; in contrast, it more likely exists in pyrite
as galena inclusions (Figure 7d). Lead, Ag and Sb have similar behaviors [30] and show covariation
patterns (Figure 8a,b), and they are more concentrated in PyIll, indicating higher proportions of galena
inclusions in stage III of mineralization [34]. Bismuth prefers to incorporate into galena or chalcopyrite
inclusions [27,35], which could be the reason that Bi is rare in Pyl and Pyll but could be detected in
PyllI analyses. Cd and Ge prefer to incorporate into sphalerite, while their contents in pyrite are low
and show scattered distributions with Zn (Figure 8c,d), indicating that sphalerite inclusions are not the
only source of Zn in pyrite, and that a certain percentage of Zn may exist in the lattice of pyrite [29].

Cobalt and Ni contents of the in-situ data vary and display a positive correlation (Figure 8e) with
Co/Ni ratios ranging from 0.04 to 22.9. This characteristic may be related to the existence of Co- or
Ni-bearing inclusions. However, Co and Ni contents of the bulk pyrite analyses are uniform and yield
median values compared with the in-situ data (Figures 5 and 8e), which preclude the influence of Co-
or Ni-bearing inclusions. This conclusion is also shown in the smooth ablation profiles for Co and Ni
(Figure 7). One possible explanation is that Co and Ni are unevenly distributed in the pyrite crystal
lattice, implying that the in-situ analysis data must be treated carefully. Cobalt and Ni contents in pyrite
are significantly influenced by fluid temperature, where Co prefers to enter the pyrite crystal lattice
at high temperatures, while Ni prefers to enter the pyrite crystal lattice at low temperatures [36,37].
As a result, Co:Ni ratios have been widely used to determine the origin of pyrite [38,39]. Most of the
in-situ and bulk analyses have Co:Ni ratios of approximately 1 or higher (Figure 8e), indicating a
hydrothermal/magmatic origin [39,40].
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Table 2. Results of factor analysis of the pyrite LA-ICP-MS data.

Principal Component Analysis

Element Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
Eigenvalue 4.846 2.942 1.957 1.877 1.501 1.402
Variance % 24.231 14.709 9.784 9.383 7.504 7.009
Cum;jat“’e 24.231 38.941 48.725 58.108 65.612 72.621

Cr 0.670 0.062 0.014 —0.050 -0.162 0.544
Mn —-0.088 0.476 -0.274 -0.541 -0.300 -0.012
Co -0.219 0.848 -0.029 0.122 0.289 0.081
Ni -0.221 0.601 0.233 -0.226 0.424 0.213
Cu 0.121 0.502 -0.296 0.638 -0.311 -0.017
Zn 0.103 -0.023 0.818 0.351 -0.171 -0.193
Ge 0.151 -0.394 0.063 -0.394 -0.430 0.029
As —-0.069 0.253 -0.334 0.690 -0.230 0.185
Se -0.034 -0.387 —-0.100 0.237 0.677 0.237
Mo 0.238 —-0.065 0.287 -0.054 -0.170 0.836
Ag 0.791 0.016 -0.015 -0.095 -0.132 -0.172
Cd -0.211 0.153 0.805 0.165 -0.103 -0.182
Sn -0.256 0.764 0.127 -0.172 -0.159 —-0.052
Sb 0.927 0.114 0.061 0.037 0.046 0.133
Te -0.268 -0.448 -0.175 0.013 0.119 -0.089
Ba 0.488 0.067 -0.367 0.151 —0.060 -0.228
Au 0.864 0.043 -0.014 -0.097 -0.057 -0.175
Pb 0.850 0.097 0.105 0.073 0.285 -0.160
Bi 0.871 0.104 0.101 0.061 0.263 -0.117
Sr 0.218 0.399 -0.076 -0.430 0.210 -0.111
Rotation of the Principal Component Analysis Matrix
Element Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6
Cr 0.512 —-0.058 -0.122 0.082 0.058 0.699
Mn -0.064 0.222 -0.355 -0.093 0.710 0.007
Co —-0.080 0.869 -0.012 0.292 0.145 -0.066
Ni -0.125 0.817 0.046 -0.196 0.060 0.115
Cu 0.148 0.137 0.016 0.886 0.177 —-0.045
7Zn 0.125 -0.077 0.919 0.028 -0.036 0.040
Ge 0.030 -0.541 -0.030 -0.325 0.286 0.204
As —-0.100 0.033 -0.058 0.849 -0.063 0.070
Se —-0.047 0.080 -0.187 -0.097 -0.823 0.031
Mo 0.019 -0.023 0.074 -0.039 -0.052 0.929
Ag 0.780 -0.200 -0.018 -0.026 0.169 0.061
Cd -0.149 0.158 0.851 —-0.088 0.090 -0.030
Sn -0.155 0.576 0.131 0.105 0.580 -0.043
Sb 0.882 0.002 -0.004 0.055 -0.030 0.341
Te -0.282 -0.285 -0.158 -0.121 —0.288 -0.204
Ba 0.517 -0.139 -0.237 0.283 0.050 -0.176
Au 0.864 -0.149 -0.032 —0.043 0.130 0.059
Pb 0.900 0.092 0.075 —0.040 -0.170 0.010
Bi 0.909 0.089 0.061 -0.035 -0.154 0.059
Sr 0.308 0.399 -0.220 -0.267 0.270 —0.084

Bold font: the main contributing elements to different Factors.

Arsenic shows positive and scattered trends when plotted against Cu and Co (Figure 8f,g),
which may result from the substitution of As for S, where Co?*, Ni%*, Cu?* and Zn?* are the charge
compensating ions of As?* that enter the interstitial lattice position [28]. Arsenic could also enter the
pyrite lattice through coupled substitution with Au (Au* + As** « 2Fe?*) [28]; however, the contents
of Au are relatively low, and it is difficult to prove its existing state with As. Arsenic and Sb contents in
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pyrite decrease with increasing degree of crystallization (i.e., that are higher in anhedral pyrite but
lower in euhedral pyrite) [41], which may result from the preference of As and Sb to substitute for S in
low-temperature fluids where pyrite crystallizes rapidly [36,42]. Arsenic and Sb contents in PylIl are
higher than those in Pyl and PylII (Figures 5 and 8h). This could be related to the rapid crystallization
of PylIl that resulted from sharp physicochemical condition changes in the ore-forming fluid during
stage II and stage III mineralization.
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Figure 7. Examples of time-resolved LA-ICP-MS depth profiles for pyrite in the Zhangquanzhuang
deposit. (a) Ablation profile for PyllI of spot ZQZ-3-1-2, showing smooth traces for Fe, Co and Ni;
(b) ablation profile for PyllI of spot ZQZ-3-1-1, showing a micro-sized inclusion of silver minerals;
(c) ablation profile for PylIIl of spot ZQZ-16-3-1, showing smooth traces for Co, Ni and As, and a
large inclusion of chalcopyrite with elevated Zn; (d) ablation profile for Pyll of spot ZQZ-8-1-4,
showing smooth traces for Fe, Co and Ni, and an inclusion of sphalerite with elevated Pb.

Selenium could substitute for S in pyrite, and its concentration is controlled by temperature,
pH and £Se/S ratio of hydrothermal fluids [31]. Selenium dissolution in fluids decreases with increasing
temperature, and is nearly completely removed from the fluid phase as HySe at temperatures above
300 °C [35,43]. Therefore, Se content in pyrite increases as the fluid temperature decreases and could;
thus, be used as a Se-in-pyrite thermometer [44,45]. Selenium contents in Py, PyIl and PylII are
uniform, indicating the consistent temperature of ore-forming fluids from stages I to IIL

Tellurium could occur as S substitution or as telluride nanoparticles in pyrite [35,44]. Its contents
in pyrite seem to be temperature independent and increase with decreasing fO, of the fluid [44],
and fluid boiling would lead to partitioning of Te into the vapor phase [46], resulting in low contents
in pyrite [47]. Tellurium contents in Pyl are higher than those in PyIl and PyIIl, which may be related
to the boiling of hydrothermal fluid (cf. Section 6.4.2).

6.3. Sulfur Isotope Fractionation

The in-situ 6>*Syy5 values of the ore-forming fluid range from 0.9 to 6.07%o, which are consistent
with the bulk sulfide §3*S reported by Zhen et al. (2020) [14]. The in-situ 534Sy values of stages I
and II are slightly higher than those of stage III (Figure 6). Mechanisms that could lead to variations
in sulfur isotopes include (1) mixing with light sulfur enriched fluids; (2) an increase in fOy; (3) a
decrease in temperature or pH; and (4) fractionation of isotopes between coprecipitated sulfides or
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sulfide-sulfate [5,34,48]. In our study case, firstly, the decrease in temperature could not lead to
precipitation of sphalerite (Section 6.4.2) and fluid inclusions in stages II and III have coincident
homogeneous temperatures [8], which expels significant cooling from stage II to stage III; secondly,
pyrite would be relatively more enriched in 3*S compared with galena and chalcopyrite, which preferred
higher 32S during precipitation [26], and led to higher §**S values of pyrite; however, 5**S values of
PyIlI are lower than those of Pyl and PyIl, indicating that the lower 6>*Syypg values are not the result of
fractionation of isotopes between coprecipitated sulfides; thirdly, mineral composition and isotope
evidence [8,14] do not support the existence of fluid mixing in stage III. We argue that the lower 5%*Sig
values are more likely derived from the increase in fluid fO, and/or the precipitation of minor sulfate.
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Figure 8. Binary plots of selected trace element concentrations (in ppm) for pyrite from the

Zhangquanzhuang gold deposit. (a) Pb/Ag; (b) Pb/Sb; (c) Zn/Cd; (d) Zn/Ge; (e) Co/Ni; (f) As/Cu;
(g) As/Co; (h) As/Sb.

6.4. Physicochemical Conditions of Ore-Forming Fluid and Mechanisms of Ore Deposition

6.4.1. Physicochemical Conditions of Ore-Forming Fluid

Trace element concentrations in pyrite are strongly influenced by environmental conditions,
and they are commonly used to evaluate elemental concentrations and physicochemical conditions
(redox, pH, temperature and oxygen fugacity) of ore-forming fluids [30,32]. Combined with trace
element and sulfur isotope compositions of pyrite, in parallel with paragenetic sequences of mineral
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deposition, physicochemical conditions of ore-forming fluid and mechanisms of ore precipitation of
the Zhangquanzhuang gold deposit can be discussed.

Different elements are transported as different aqueous complexes in the fluids, which is dependent
on temperature, redox conditions and the availability of ligands. For example, Cu, Pb, Zn, Ag and
Au are transported as chloride, bisulfide and hydroxide complexes under different temperature and
redox conditions [49-54]; Sb is mainly transported as hydroxide-chloride complexes and thioarsenite
or thioantimonite species in hydrothermal fluids [49,55]; and Bi is mainly transported as hydroxide
complexes at high temperatures [56]. However, recent studies show that ligand concentrations
strongly affect metal species in fluids [50,57,58], and bisulfide complexes are more important for metal
transport in magmatic hydrothermal fluids [50]. Fluid inclusion studies show that ore fluids in the
Zhangquanzhuang gold deposit were moderate to high temperature and had low to moderate salinity,
and sulfate was the dominant anion, followed by CI™ and F~ [59]. Therefore, we argue that bisulfide
complexes were the predominant metal species in the Zhangquanzhuang ore fluids.

The sulfide mineral assemblages and trace element concentrations in pyrite show that large
amounts of Cu, Pb, Zn, Ag and Au precipitated during the evolution from stage II to stage
III. To constrain the various physicochemical parameters and interpret the mineral depositions,
phase stability relationships were established using SUPCRT92 [60] with the database of Zimmer et
al. (2016) [61]. The thermodynamic properties of the Pb complexes were taken from Sverjensky et al.
(1997) [62] and Zn complexes were compiled from Mei et al. (2015, 2016) [58,63]. Based on the fact
that the thermodynamic equilibrium constants of Pb and Zn are limited at high temperatures and low
pressure, and the contribution of the pressure change to the reactions can be neglected [58,63], we chose
200 bars for the Fe—Cu—0O-5 system to fit the Pb and Zn data. All solid phases are considered to have
ideal solution behavior. The following reactions were considered possible ore deposition processes
(Equations (1)—(5)):

Zn(HS)) ) = ZnS(s) + HS (o) + H' og) M)

Pb(HS)3(q) = PbS(s) +HS (aq) +H' (ag) @

Cu(HS)y(,q) + Fe®" (o) = CuFeSy(s) + H (o) +0.5Hyq) @)
Au(HS),(,q) + 0.5H20(5q) = Atq) +2HS () + HT () + 0.2505 (4)
Ag(HS) () +05H20(oq) = Ag() + HS ™ (ag) + H' (ag) +0.250, )

Mineral assemblages in stages [ and II are not sufficient to constrain the physicochemical conditions
of ore-forming fluids. In stage III, native gold, electrum, pyrite, chalcopyrite, galena, sphalerite and
tetrahedrite precipitated at the same time [14]. The pH and logfO, can be constrained at ayg = 0.1
and az, = 10 ppm, and the calculated values range from 4.1 to 5.2 and —36.9 to —32.1, respectively
(Figure 9a).

6.4.2. Mechanisms of Mineral Deposition

Cooling, sulfidation, decompression, boiling and mixing with other fluids are the mechanisms
that trigger the deposition of metal elements [33,46,64,65].

The decreasing temperature of the fluid resulted in metal precipitation. Figure 9a,c shows that
decreasing temperature could not significantly enlarge the stable areas of sphalerite, especially for
fluids with low Zn concentrations. Therefore, cooling was not the dominant mechanism that led to the
precipitation of sulfides in stage III.
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Figure 9. LogfO, vs. pH diagram showing stability relationships in the Fe—~Cu—Pb—Zn—O-S system.
(a) Conditions of 300 °C, 200 bars and ayg = 0.1; (b) conditions of 300 °C, 200 bars and ayg = 0.01;
(¢) conditions of 200 °C, 200 bars and ayg = 0.1; (d) conditions of 200 °C, 200 bars and ayg = 0.01.
The blue dashed lines represent the predominance boundaries of the aqueous sulfur species. The red
solid lines represent boundaries of Fe—O—S minerals and the blue solid lines are the stability boundaries
for chalcopyrite and bornite. The thicker green and purple lines are the stability boundaries for galena
and sphalerite, respectively. The sericite, kaolinite and K—feldspar equilibria boundaries are shown
as grey solid lines. The grey areas represent stability fields for sphalerite at different Zn content
conditions, and the yellow areas are the fields of coexisting of pyrite, chalcopyrite, galena and sphalerite.
All phase diagrams were constructed assuming ac] = 0.1 and ax, = 0.01. Abbreviations: Bn = bornite,
Cpy = chalcopyrite, Kln = kaolinite, Kf = K—feldspar, Po = pyrrhotite, Py = pyrite, Ser = sericite.

Precipitation of pyrite would consume large amounts of sulfur and decrease the activity of } S in
the ore fluid [66]. Figure 9 shows that a decrease in ) S in the fluid would significantly enlarge the
stable areas of sphalerite and promote sulfide precipitation. We propose, therefore, that sulfidation in
stage II should have played an important role during sulfide deposition in stage III.

Decreasing pressure triggers local boiling of the hydrothermal fluid and leads to saturation of
dissolved metals in the fluid, an increase in pH and a decrease in temperature [33,65]. This process
resulted in precipitation of Ag, Cu, Zn, Pb and Au together with pyrite, as well as crushing of previously
formed pyrite [33,65], which is similar to the textures of stage III samples (Figure 4j-1). Boiling would
decrease the activity of HS™ and promote H,, O, and H,S fractionation into the vapor, driving reactions
(1) to (5) to the right and promoting precipitation of sulfides, silver and gold [45]. Releasing H, and
H,S into the vapor phase causes the increments in pH and the sulfate/sulfide ratio in the fluid, and the
dominant sulfur species transform from H,S to HS™ and then to SO,% (Figure 9a) [46]. This process
leads to the fractionation of 534S between coprecipitated sulfide-sulfate, resulting in lower 534S values
in stage III sulfides. Simultaneously, boiling could release Te from the hydrothermal fluid into the
vapor phase as HyTe, and result in the depletion of Te contents in PylIll, although this phenomenon is
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not obvious compared with that in Te-enriched gold deposits [3,47]. Roman et al. (2019) [30] stated
that boiling would lead to high concentrations of As, Cu, Pb, Ag and Au in pyrite, on the contrary;
in contrast, Co enrichment is not associated with boiling. Ag/Co ratios in pyrite could be a criterion to
distinguish boiling and non-boiling/gentle boiling of ore-forming fluids. In the Zhangquanzhuang
deposit, As, Cu, Pb, Ag, Au contents and Ag/Co ratios in PyllI are significantly higher than those in
Pyl and Pyll, implying the existence of fluid boiling during mineral deposition. Therefore, boiling
derived from decompression may be the potential mechanism that led to mineral precipitation and
sulfur isotope and trace element partitions in stage IIL

The addition of metals in ore-forming fluid triggered the deposition of sulfides (Figure 9). However,
the S—Pb—He—Ar isotope compositions were stable during the evolution from stage II to stage III [14],
indicating that no external fluid was added into the ore-forming fluid, which annuls the possibility of
adding metals.

In summary, we propose that sulfidation and boiling derived from decompression were likely the
dominant mechanisms that led to the precipitation of sulfides and Au—Ag minerals during evolution
from stage II to stage III, which also controlled the fractionation of isotopes and trace elements
in sulfides.

6.5. Comparison with Other Gold Deposits in the Zhangjiakou District

There are many gold deposits in the Zhangjiakou district, including the Dongping, Huantualiang,
Zhongshangou, Hougou, Hanjiagou and Xiaoyinpan deposits. The deposits hosted in the
hydrothermally altered Shuiquangou syenitic complex are called the “Dongping-type” deposits,
while the deposits hosted in the Archean Sanggan Group metamorphic rocks are called the
“Xiaoyinggpan-type” deposits. These deposits have common features, including low-sulfide volumes,
enrichment in tellurides and negative sulfur isotopes (Table 3) [5,67], and they are regarded to have
formed within the same mineral system. These Te-Au-Ag deposits are genetically related to the
Devonian Shuiquangou syenite, and their Te came from a magmatic source [5,68]. Compared with
these Te-Au-Ag deposits, the Zhangquanzhuang gold deposit is enriched in sulfides, with rare
tellurides and zero to positive sulfur isotope compositions (Table 3) [14]. These differences indicate
that the Zhangquanzhuang gold deposit was formed in a mineral system that is different from the
one that formed the Te-Au-Ag deposits, and thus should belong to the “Zhangquanzhuang-type”
deposit [69]. Te-poor but metal-rich hydrothermal fluids and Sanggan metamorphic rocks contributed
to the formation of the Zhangquanzhuang gold deposit, which may be related to a mantle-derived
fluid and the addition of crustal K into the ore-forming system [14].

Table 3. Comparation of geological characteristics of different gold deposits.

Deposit Type Zhangquanzhuang-Type  Dongping-Type Xiaoyingpan-Type Jiaodong Deposits
Size scale medium large large super-large
Wall rock metamorphic rocks syenitic complex metamorphic rocks metamorphic rocks
Ore tvpe sulfide-enriched quartz low-sulfide quartz low-sulfide quartz sulfide-enriched

YP veins veins veins feldspar-quartz veins
S-isotopes values . . . i
range zero to positive negative to zero negative zero to positive
. quartz, k-feldspar, quartz, k-fgldspar, quartz, k-feldspar, pyrite, chalcopyrite,
Mineral . X sulfides, native gold, . X .
sulfides, native gold, . sulfides, native gold, galena, sphalerite,
assemblages > Te-Au-Ag minerals, . .
electrum, fluorite . . Te-Au-Ag minerals electrum, native gold
Te-Bi-Pb minerals
Gold grade 12to 3.6 g/t average of 6 g/t average of 9.7 g/t 2to 6 g/t

7. Conclusions

(1) Pyrite in stage I contains high Te, and low Zn and As contents; pyrite in stage II has the highest
Co and Ni contents; pyrite in stage III contains high concentrations of Cr, Zn, Pb, Ag, Cu, Sb,
Bi and Au. The calculated in-situ 6**Sgpg values range from 0.9%o to 6.1%o, and the values in
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stages I and II are higher than those in stage III, which is due to the increase in fluid fO, and/or
the precipitation of minor sulfate.

(2) Bisulfide complexes were the predominant metal species during gold mineralization stages in the
Zhangquanzhuang ore fluids, and the pH and logfO; of stage III were constrained to range from
4.1to 5.2 and —36.9 to —32.1, respectively.

(3) Sulfidation and boiling derived from decompression were the dominant mechanisms that led to
the precipitation of sulfides and Au—Ag minerals during the evolution from stage II to stage III,
which also controlled the distribution of isotopes and trace elements in sulfides.

(4) The Zhangquanzhuang gold deposit was formed in a mineral system that was different from
the system that formed the Dongping and Xiaoyingpan Te-Au-Ag deposits and should; thus,
be called the “Zhangquanzhuang-type” deposit, representing a third gold deposit type in the
Zhangjiakou ore field.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/12/1089/s1,
Table S1: LA-ICP-MS in-situ trace element compositions (ppm) of pyrite in the Zhangquanzhuang gold deposit,
Table S2: LA-MC-ICP-Ms in-situ sulfur isotope compositions of sulfides in the Zhangquanzhuang gold deposit,
Table S3: Bulk trace element compositions (ppm) of pyrite in the Zhangquanzhuang gold deposit.
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