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The Hujiayu Cu deposit, located in the Zhongtiao Mountains district of southern North China Craton, is hosted by
graphite schist and dolomitic marble with disseminated to veinlet (stage I) and thick vein (stage II) mineraliza-
tion. Stage I mineralization, characterized by stratabound, disseminated pyrite and chalcopyrite within the
graphite schist host rock, formed at the syn-metamorphic stage. Graphite geothermometry showed that the
host rock was subjected to an upper-greenschist to lower amphibolite metamorphism at a temperature range
0f 486 to 596 °C, averaging of 546 + 35 °C (1 0, n = 19). Stage Il mineralization, consisting of brecciated dolomitic
thick veins cemented by quartz-sulfide assemblages, was a product of metamorphic hydrothermal activity. This
thick vein was subdivided into an early hydrothermal dolomitic alteration composing of dolomitic breccia with
some cobaltiferous pyrite (stage Ila) and a late siliceous-copper mineralization consisting of quartz-sulfide as-
semblages (stage IIb). A clausthalite-siegenite-sphalerite—chalcopyrite mineral assemblage was observed in
stage IIb, constraining the sulfur fugacity and selenium fugacity within —18.7 to —11.7 and —21.7 to — 14.7, re-
spectively. It was inferred stage IIb was marked by a drop in sulfur fugacity and a substantial increase in selenium
fugacity after the major chalcopyrite precipitation. Calculations based on the compositions of cobaliterous pyrite
and sphalerite reveal that the mineral assemblage at stage Ila formed at an approximately temperature range of
400 to 300 °C, whereas the minerals in stage IIb occurred at temperature of 256 + 9 °C (1 0, n = 7). Sulfides from
stage I have 6>4S value ranging from 10.1 to 22.2% with an average value of 16.9 + 3.4% (1 0, n = 27),
supporting the model that sulfides precipitated through thermochemical reduction of sulfate at sedimentary
stage followed by metamorphic homogenization of §>4S isotopic signatures. Sulfides from the stage Il have §>4S
values in highly variable ranging from 3.4 to 19.2%., indicating a rather complex source. Four chalcopyrite sam-
ples yielded a weighted model age of 1952 + 39 Ma (1 o, MSWD = 1.5), suggesting that the copper mineraliza-
tion formed synchronously with regional metamorphism (1970-1850 Ma) and hence a Paleoproterozoic
metamorphogenic copper mineralization is implicated. Therefore, we envisaged disseminated-veinlet minerali-
zation formed during a metamorphic peak and the major hydrothermal copper mineralization occurred during
the retrograde cooling.
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1. Introduction

World-class vein-type deposits of precious and base metal ores are
not uncommon in metamorphic terranes (e.g. accretionary wedge, col-
lisional orogen, greenstone belt), and are usually interpreted to be ge-
netically linked to regional metamorphism (e.g. Pohl, 1992; Heinrich
et al., 1989; Wen et al., 1996; Pirajno, 2000; Cartwright and Oliver,
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2000; Goldfarb et al., 2005; Asadi et al,, 2013). They are commonly asso-
ciated with metamorphic fluids characterized by near-neutral, aqueous
carbonic fluids (e.g. Heinrich et al., 1989; Ridley and Diamond, 2000;
Groves et al., 2003; Goldfarb et al., 2005). Pathways for metamorphic
fluids may be some permeable rocks or tectonic structures in favoring
of fluid flow, and the physico-chemical conditions changes (e.g. temper-
ature/pressure dropping or fluid-rock reaction) along the pathways will
induce precipitation of metal-bearing phases and formation of
metamorphogenic mineral deposits (Pohl, 1992; Cartwright and
Oliver, 2000). While many ore deposits are hosted in the metamorphic
rocks, it is a difficult task to distinguish metamorphogenic mineral
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deposits and metamorphosed mineral deposits that were formed prior
to the metamorphism (Marshall et al., 2000; Cartwright and Oliver,
2000; Zhong et al., 2012). An additional complicating issue is that
some mineral deposits in metamorphic environments may reflect a
two-stage process with initial pre-metamorphic elemental enrichment
and further enrichment during metamorphism (Cartwright and Oliver,
2000). Accordingly, the age of metamorphogenic mineralization is near-
ly identical with the timing of metamorphism. However, precise dating
of syn-metamorphic mineral deposits is a big challenge due to the lack
of datable minerals that can be unequivocally linked to mineralization.
Recently, the development of Re—Os dating method for low-level high-
ly radiogenic sulfides makes it possible to delineate the direct age of
mineralization (e.g. Stein et al., 2000; Qi et al., 2010).

The Zhongtiao Mountains Cu mineralizing district of North China
Craton (NCC) contains several medium-size Cu deposits in the
greenschist to lower amphibolite facies sedimentary rocks, commonly
known as the “Hu-Bi type” Cu deposits in Chinese literatures (Hu and
Sun, 1987; Sun et al., 1990). Until recently, nearly no attention has
been paid to the genetic relation between metamorphism and ore for-
mation in the district, leading to huge dispute on their genesis. Several
mutually exclusive models have been forwarded, i.e., metamorphosed
sedimentary exhalative model (M-Sedex, Sun et al., 1989; Zhao and
Zhen, 2006), metamorphosed sediment-hosted stratiform Cu—Co de-
posit model (M-SSC, Zhang, 2012; Jiang et al., 2014) and remobilized
sedimentary ore model (RSO, Hu and Sun, 1987; Sun et al., 1990). The
M-Sedex model suggested that the deposits were formed as a result of
hydrothermal deposition in submarine basin through volcanic hydro-
thermal exhalation and hydrothermal metasomatism. The M-SSC
model stressed that the copper mineralization formed simultaneously
with its host rocks and then underwent a limited degree of syn-
metamorphic remobilization caused by later regional metamorphism
and deformation. The RSO model favored that the original copper de-
posited at the time of sedimentary stage and the current copper miner-
alization styles were completed during metamorphism. The causative
reason is lack of knowledge of metamorphic conditions and mineraliz-
ing age.

In this present contribution, we provide a comprehensive descrip-
tion of ore textures and chemical compositions of the host rocks and
vein mineral assemblages of the Hujiayu Cu deposit, documenting the
factors controlling precipitation of pyrite and the temperature evolution
of sulfide precipitation. We report, for the first time, a chalcopyrite
Re—Os isotopic age, which represents the timing of copper mineraliza-
tion. Based on the new reliable data, the relation between
Paleoproterozoic metamorphism and copper mineralization process
was constructed.

2. Geological setting

The North China Craton (NCC) preserved three major
Paleoproterozoic mobile belts, the Jiaoliao mobile belt in the eastern
NCC, the Fengzhen mobile belt in the northern NCC, and the Jiny{i mo-
bile belt in the central southern NCC (Fig. 1a, Zhai and Santosh, 2013).
The Zhongtiao Mountains copper district is situated in the southern
tail of the Jiny(i mobile belt, displaying broad similar correlations strat-
igraphic sequence with the adjacent lvliang Complex (Zhai and Peng,
2007).

The basement rocks in the Zhongtiao Mountains Cu district are com-
posed of Neoarchean tonalite-trondhjemite-granodiorite (TTG) suite
(2.7-2.5 Ga, Sun et al.,, 1992; Tian et al., 2006; Zhu et al., 2013; Zhang
et al, 2013b), a supracrustal rock enclave with a Sm—Nd isochron age
of ca. 2.5 Ga (Sun et al., 1992), and multiphase Paleoproterozoic granit-
oids (2.5-2.3 Ga, Sun et al,, 1990; Yu et al., 2006).The Paleoproterozoic
volcano-sedimentary rocks (2.2-2.0 Ga, Li et al., 2009; Liu et al., 2012,
2015) with a max thickness 2000 m unconformably cover the Archean
basement rocks. From the bottom to the top, it is divided into two
parts, the Jiangxian and Zhongtiao Groups. The Jiangxian Group,

distributed in the northern part of the Zhongtiao Mountains, consists
of a basal meta-conglomerate and quartzite sequence, a middle meta-
pelitic schist layer, and a top sequence of potassic bimodal volcanic
rocks, erupted between ~2273 and 2161 Ma (Sun et al., 1990, 1992;
Zhao, 2006; Zhang, 2012; Liu et al., 2016).

The Zhongtiao Group, distributed in the central section of the
Zhongtiao districts, is nearly northeast trending, ~80 km long and 15-
8 km wide. This group, unconformably covering the Archean basement
rock and the Jiangxian Group, comprises of a sequence of calc-silicates
and minor pelitic schist, marble, meta-conglomerate, quartzite, meta-
sandstones and minor meta-volcanic rocks and meta-tuffs. The sedi-
mentary sequences (clastic—pelitic-carbonate) deposited in transgres-
sion events along the continent marine (Hu and Sun, 1987). The “Hu-
Bi type” strata-bound copper deposits are hosted in the graphite schists
within this Zhongtiao Group. Sun et al. (1992) reported that the top
meta-tuffs erupted in the age of ~2059 Ma through the single zircon
evaporation technique. Liu et al. (2012) obtained three youngest detrital
zircons with a weighted mean age of 2168 + 5 Ma from the basal part of
the Zhongtiao Group, suggesting this group must have deposited after
2168 Ma. Liu et al. (2015) reported a SHRIMP zircon U—Pb age of
~2086 Ma for an intercalated amphibolite. Therefore, the Zhongtiao
Group was deposited in the period between ~2168 and ~2059 Ma.

The Danshanshi Group, distributed in the eastern foothills of
Zhongtiao Mountains with a length of ~ 40 km and width of ~2 km, is
mainly composed of meta-conglomerates and sandstones. Its maximum
depositional age were constrained at 1848 Ma by detrital zircons U—Pb
study (Liu et al.,, 2012). Above these Paleoproterozoic sedimentary se-
quences are unconformably overlain by Mesoproterozoic un-
metamorphosed basaltic andesite, the Xiyanghe Group or Xiong'er
Group. The age of these volcanic rocks was defined at 1750 to
1800 Ma, representing the initial formation age of the cover of the
North China craton (Zhao et al.,, 2004).

The Jianxian and Zhongtiao Groups, dominated by quartzite-pelite—
carbonate rocks, favor a tectonic setting involving relatively stable sed-
imentary basin (Sun et al., 1990). These groups underwent a prolonged
and complex deformation and metamorphic history. It is debatable
whether this mobile belt experienced one-phase or multi-phase meta-
morphic events, and the precise metamorphic age has not been resolved
(Sun et al.,, 1992; Mei, 1994; Zhao, 2006). Sun et al. (1992) constructed
the chronotectonic framework of the Zhongtiao Mountains district and
inferred two phase of Zhongtiao Movement at ~1.9 Ga and ~1.85 Ga.
The EPMA Th—U—Pb dating of monazite from granitic intrusions in
the Sushui complex revealed three age peaks of 1739 Ma, 1850 Ma
and 1970 Ma, corresponding to fluid-activation event and metamorphic
ages (Liu et al., 2007). These previous geochronogical researches sug-
gested that the study area was likely to undergo a long-lived metamor-
phism and deformation from 1970 Ma to 1850 Ma, called Zhongtiao
Movement (Sun et al., 1990, 1992). The metapelites within the
Jiangxian Group are characteristic with the metamorphic mineral as-
semblages of staurolite, garnet and biotite, recording the peak meta-
morphic temperature-pressure of 550-600 °C and 5-7 kbar (Mei,
1994). Based on the zoned garnet from the Zhongtiao Group, the peak
metamorphic conditions were approximately estimated at 560-580 °C
and 3.8-4.5 kbar (Mei, 1994).

3. Deposit geology

The “Hu-Bi type” deposits with a total copper reserve of 0.79 Mt Cu
at an average grade of 1.21%, consisting of the Bizigou, Qinjiagou,
Tongmugou, Laobaotan and Hujiayu Cu deposits, are located in an ap-
proximately 20 km long belt within Zhongtiao Group (Fig. 1b). The
Hujiayu Cu deposit, one of the representative “Hu-Bi type” deposits, is
mainly hosted in a graphite schist and dolomitic marble, which belong
to the upper-middle part of the Zhongtiao Group (Fig. 2a). The ore-
bodies are controlled by an NNE-trending fold and occur as lenticular
and stratoid forms in conformity with the host rocks in both limbs of
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Fig. 1. a. Tectonic location of the study area in North China Craton (modified from Zhai and Peng, 2007; Zhai and Santosh, 2013); b. the regional geological map of Zhongtiao mobile belt
showing locations of major “Hu-Bi type” stratabound copper deposits (modified from Sun et al., 1990); c. Simplified geological map of the Zhongtiao Mountains.
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Fig. 2. a. Simplified geological map of the Hujiayu Cu deposit; b. Geological section map showing the host rock and Cu ore-bodies; C. geological plan of No. 5 level underground mine
showing the geometry of major ore-bodies. (Modified from WGCGZM, 1978; Hu and Sun, 1987).
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the fold (Fig. 2b). At No. 5 level underground mine, the ore-bodies are
controlled by interlayer fault zones and become thicker at the core of
the fold (Fig. 2c). From field observations and previous study (Hu and
Sun, 1987; Jiang et al., 2014), two distinct mineralization stages have
been confirmed. The early veinlet-disseminated mineralization stage
(stage I) is hosted in graphite schists and parallel to the foliation of
the host rock (Fig. 3a). The schist contains quartz, albite, muscovite,

= —veinlet mineralizationt %

dolomite, chlorite, rutile, tourmaline and abundant of graphite. Quartz
and albite are concentrated in synmetamorphic veinlets or segregations
with minor dolomite and muscovite, while sulfides are also distributed
in these veinlets (Fig. 3b). Pyrite is the main sulfide mineral (termed as
Py I in Fig. 3b), occurring as scatted subhedral to anhedral grains in
quartz-albite-dolomite veinlets (Fig. 3b). Chalcopyrite, with less exten-
sive, coexists with pyrite in veinlets. Graphite probably derived from

EI_ Dol + Q+ Py + Cpy thick vei
T -

Fig. 3. Photographs of outcrops and mineral assemblages showing two distinct mineralization stages in the Hujiayu Cu deposit. a) The early stage of veinlet-dissenminated mineralization
in graphite schist; b) a syn-metamorphic veinlet in graphite schist under cross polarized light showing a pyrite-chalcopyrite-dolomite-quartz-albite assemblage; c) a dolomite-quartz—
pyrite-chalcopyrite thick vein in graphite schist; d) the detail of thick vein shows that the major sulfide is intimately associated with a siliceous alteration, which overprints the early
hydrothermal dolomitic alteration; e) the Pyrite I, in the hydrothermal dolomite, is characterized by a clear core and corroded mantle with skeletal or porous shapes. This corrosion of
Py Il was probably triggered by the late siliceous alteration; f) a quartz-pyrite-chalcopyrite mineral assemblage in the gap of hydrothermal dolomite; g) the copper mineralization in
thick veins consists of euhedral quartz, pyrite and chalcopyrite (the left side under the reflected light and the right side under cross polarized light); h) a chalcopyrite-clausthalite-
siegenite-sphalerite assemblage in the late siliceous stage. Abbreviations: Ab = albite; Q = quartz; Dol = dolomite; Py = pyrite; Cpy = chalcopyrite; Cla = clausthalite; Sie =

siegenite; Sph = sphalerite.
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organic matter during the prograde metamorphism, is concentrated in
narrow zones in parallel to metamorphic segregation veinlets
(Fig. 3b). The stage I being synchronous with the metamorphism of
the host rocks refers to the syn-metamorphic mineralization. The late
stage (stage II) consists of thick and composite dolomite-quartz-sulfide
veins, crosscutting the foliation of host rocks (Fig. 3c). Most of copper is
associated with siliceous alteration, which overprints the early hydro-
thermal dolomitic alteration (Fig. 3d). The thick-vein type hydrother-
mal mineralization stage is subdivided into an early hydrothermal
dolomitic alteration stage (stage Ila) and a late siliceous-copper miner-
alization (stage IIb). The early stage is dominated by dolomite and
minor amount of pyrite (termed as Py II in Fig. 3e). The main copper
mineralization in this deposit is intimately associated with the late sili-
ceous alteration. Ore minerals mainly comprise chalcopyrite, pyrite
(termed as Py III in Fig. 3f, g) with minor sphalerite, siegenite and
clausthalite (Fig. 3e, h). Gangue minerals are mainly quartz with less do-
lomite. Fluid inclusions study of the thick veins showed that the ore-
forming fluid belongs to a NaCl—H,0—C0,—CH, systematics, probably
being derived from metamorphic fluids (Qiu et al., 2015).

4. Analytical methods
4.1. Mineral analyses

Electron microprobe analyses (EMPA) of sulfide and selenide min-
erals were performed on a JEOL JXA-8100 electron microprobe
equipped with a BSD detector and an energy dispersive spectrometer
(EDS) (Inca Energy 300, Oxford Instruments, UK), at the Institute of Ge-
ology and Geophysics, Chinese Academy of Sciences (IGGCAS). For
back-scattered electron (BSE) imaging, the voltage was 10-20 keV,
and the beam current was adjusted to the voltage (from 0.1 to 10 nA).
For EMPA analyses, As, Se, S, Fe, Pb, Co, Bi, Ni, Ag, Cu and Zn were detect-
ed in sulfide and selenide minerals using a 20 keV accelerating voltage,
10-20 nA beam current and a 10 s-counting time. Standards used were
gallium arsenide for As, guanajuatite for Se, pyrite for S, galena for Pb,
guanajuatite for Bi, sphalerite for Zn and native iron, cobalt, nickel, silver
and copper for Fe, Co, Ni, Ag and Cu, respectively. The detection limits
for the target elements in this study are: As 0.06%, Se 0.03%, S 0.01%,
Fe 0.02%, Pb 0.03%, Co 0.02%, Bi 0.05%, Ni 0.02%, Ag 0.02%, Ag 0.04%, Cu
0.02% and Zn 0.03%.

4.2. Laser Raman analysis of graphite

The graphite generally formed in the metasedimentary rocks, deriv-
ing from organic matter during the prograde metamorphism. The
Raman spectrum of graphite has been widely used as an indication of
metamorphic grade (Beyssac et al., 2002; Aoya et al., 2010). The analyt-
ical procedures of graphite geothermometry were similar to those re-
ported by Beyssac et al. (2002) and Aoya et al. (2010). In this study,
the Raman spectra of graphite were obtained on conventional petro-
graphic thin sections, performed on a HORIBA Jobin Yvon LabRam HR
Raman microspectrometer at IGGCAS. The Torus 532 laser with a wave-
length of 532 nm and a source power of 44 mW was used in the analysis.
Calibration was done using the 520.7 cm™! line of monocrystalline sili-
con as reference. The graphite was scanned in three 30-second cycles
within the spectral range of 1100 to 3500 cm ™ !. The Raman spectrum
of graphite is composed of first-order (1100-1800 cm~!) and second
order regions (2500-3500 cm ™ !). In the first order regions, the spec-
trum can be decomposed into G band at around 1580 cm ™', D1 band
at around 1350 cm™ !, D2 band at around 1620 cm™ ! and D3 band at
around 1520 cm™ . These bands can be characterized by parameters
such as: peak position (center), peak intensity, peak area (integrated
area) and peak width (full width at half maximum). Peak position and
peak area were determined using the computer program Peak Fit 4.12
Ver. with a Voigt area function on the assumption that the measured
spectrum consists of up to four peaks on a linear baseline (Aoya et al.,

2010). The R2 (area ration, D1/(G + D1 + D2)) seems to be best suited
to provide quantitative information on temperature(Beyssac et al.,
2002). The correlation between R2 ration and the peak metamorphic
temperature is well described by the following quardratic equation: T
(°C) = 221.0(R2)? — 637.1(R2) + 672.3 (1). This equation works in
the temperature range of 330-650 °C with an estimated error of
+50 °C, the coefficient R? is 0.96 and R2 values are determined by
using a 532-nm laser.

4.3. Sulfur isotope analyses

Sulfur isotopes were determined by MAT-251 mass spectrometer at
the Beijing Research Institute of Uranium Geology. Sulfide minerals for
isotopic analyses were obtained using heavy liquid separation tech-
niques and were then carefully handpicked under a binocular micro-
scope. Sulfide grains (40-60 mesh) were mixed with cuprous oxide
and crushed into 200 mesh powder, SO, was produced through the re-
action of sulfide and cuprous at 980 °C under a vacuum pressure of
2 x 1072 Pa. The SO, was then measured by MAT-251 mass spectrom-
eter. Results were reported in delta per mil notation with respect to Vi-
enna Canyon Dioblo Troilite (V-CDT). All analytical precisions were
better than 4 0.2%.

4.4. Chalcopyrite Re—Os dating

Chalcopyrites for Re—Os dating were separated from chalcopyrite-
bearing thick veins (stage II), collected from underground tunnels
(Level 240 m) at Hujiayu. All chalcopyrites were carefully hand-picked
under binocular microscope to devoid weathering or oxidation.

Re—Os isotopes analyses were performed at the State Key Lab of Ore
Deposit Geochemistry, Institute of Geochemistry, and Chinese Academy
of Sciences. A detailed description of the Re—Os isotopes analytical pro-
cedure is available in Qi et al. (2010). Briefly, 3 g of chalcopyrite sepa-
rates were first digested with HNOs in a 120 ml Carius tube. The
released additional gas and a small portion of volatile Os (~6% of total
0s) were collected by 2 ml of 10 mol L™ ! HCl in a glass tube cooled
with an ice-water bath. After samples were completely reacted with
HNO3, the HCl solution containing all the released Os was transferred
back to the Carius tube, which was then cooled in an ice-water bath,
20 ml of cooled HNO5 and appropriate volumes of weighted '®Re and
19005 spikes were added. The Carius tube was sealed using an oxygen-
methane torch and then heated to 200 °C for about 10 h. Os was separat-
ed from the matrix by distillation and Re was separated from the re-
maining solution using anion exchange resin technique.

Re and Os isotopes were measured using an ELAN DRC-e ICP-MS at
same institute. Iridium was added to Re and Os bearing solution for
mass discrimination correction, following calibration method described
by Schoenberg et al. (2000). In order to give the highest intensity of Os,
the volume of the Os solution for ICP-MS measurement should be re-
duced as small as possible and Os should be oxidized to its highest va-
lence. Measured '870s and '°?0s were referred to the spike isotope
19005 and were used to determine radiogenic '8’0s and common Os
concentrations in each sample. The results were reported at 1 o level.
Total blanks of Re and Os were 6.4 pg and 2.0 pg, respectively. The
low blank level and detection limits ensured the accuracy of the deter-
mination of low Re and Os concentrations. The isochron was calculated
by the 87Re decay constant of 1.666 x 10~ ! /year (Smoliar et al., 1996)
using the ISOPLOT program of Ludwig (2003).

Although there is no chalcopyrite reference material for Re—Os dat-
ing, the molybdenite standard JDC (molybdenite from the Jinduicheng
ore deposit) was dated as an unknown sample and yielded a model
age of 138.7 + 2.1 Ma, which is in good agreement with the recom-
mended value of 139.6 + 3.8 Ma (Du et al., 2004). Chalcopyrite and mo-
lybdenite are both sulfide minerals, and hence can be used to evaluate
the accuracy of the analyses (Huang et al., 2015; Ding et al., 2016).
Ding et al. (2016) obtained a reliable pyrite Re—Os age using a
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molybdenite standard. Thus, chalcopyrite Re—Os age in this study is
also reliable.

5. Analytical results
5.1. Graphite geothermometry

The early stage of mineralization formed synchronously with peak
metamorphism and the sulfide minerals occurred in the metamorphic
segregation veinlets. These veinlets were surrounded by graphite. As
discussed above, the graphite is a good temperature proxy and records
the highest temperature that the host rocks had undergone. In this
study, the representative Raman spectrum of graphite in the first-
order region shown in Fig. 4 and the relevant parameters of the decom-
position spectra are summarized in Table 1. After calculations, the peak
area ratio R2 is at the average of 0.23 &+ 0.07 (1 0, n = 19). Based on the
graphite thermometer equation (1), we obtain the temperature of
546 + 35 °C (1 o, n = 19), representing the peak metamorphic
temperature.

5.2. Mineral compositions

5.2.1. Pyrite paragenesis

Pyrite occurred in all stages of the Hujiayu Cu deposit, showing a
wide range of habits and paragenetic arrangements. Three generations
of pyrite can be distinguished based on detailed petrographic observa-
tion and geochemical characters. EPMA analyses of the various genera-
tions of pyrite are summarized in Table 2.

Pyrite | commonly occurs as euhedral to subhedral disseminated
grains in the graphite schist (Figs. 3b; 5a). Based on the EPMA analysis,
trace element (e.g. Co, Ni, and As) contents in pyrite I are below the de-
tection limit. The limited valid data shows that the Co/Ni ratios are in
highly variable ranging from 6.87 to 0.26 with an average value of 1.91.

Pyrite Il is associated with the early hydrothermal dolomitic alter-
ation during the vein type mineralization. It occurs in dolomite-rich
veins and was commonly corroded into porous pyrite by the late stage
of copper-bearing fluids (Fig. 5b—c). Some pyrite II is characterized by
the special rim-core texture, consisting of a clear core and corroded
rim with skeletal or porous shapes (Fig. 5b). As revealed by the EPMA
results, the clear core has high cobalt content, with a range of 2.66 to
7.08 wt.%. The corroded rim is free of trace elements close to pure pyrite
composition. It may have been the product of the late stage fluid modi-
fication. Obviously, the EPMA results of the corroded part cannot repre-
sent the composition of pyrite II. Due to the high contents of cobalt, the

Co/Ni ratios of pyrite II are varying from 100 to 737 with an average of
279.1tis notable that the accuracy of the Co/Ni ration is highly depended
on the precision of nickel content.

Pyrite Il occurs in the quartz veins, associated with chalcopyrite,
siegenite. Pyrite IIl displays three main forms in the quartz veins:
(1) as mineral inclusion in quartz; (2) as cracked pyrite with infillings
of quartz and chalcopyrite in its micro-fissures; (3) rims around chalco-
pyrite or occurs inside chalcopyrite. Although the pyrite Il is distributed
in varied forms, no obvious difference from the EPMA results. The cobalt
and nickel contents are below the detection limit.

5.2.2. Clausthalite-siegenite-sphalerite—chalcopyrite assemblages

A clausthalite-siegenite-sphalerite-chalcopyrite mineral assem-
blage was observed in stage Ilb, distributed in the rim of dolomite crys-
tal in the dolomite-quartz-sulfide thick veins (Fig. 3e) and quartz-
sulfide veins (Fig. 3h). Clausthalite, a lead selenide, was observed exclu-
sively in dolomite (Fig. 3e) and was associated with siegenite as
subhedral crystal of up to 30 to 20 um in size (Fig. 3h). According to
EPMA analyses (Table 3), the clausthalite is PbSe—PbS solid-solution
series, covering the range Pbg 93(So.395€0.60)—Pbo.os(So.835€0.17). The
PbSe—PDbS series can be completely miscible in nature (Forster, 2005),
however, the clausthalite do not cover the entire series in this study
(Fig. 6a).

Siegenite, a rare thiospinel with the chemical formula (Co, Ni)3Sg4,
was confirmed by SEM-EDS analysis. In the dolomite-quartz-sulfide
veins, siegenite is a common phase occurring as acicular crystals up to
10 to 30 pm in length (Fig. 3h) in dolomite or quartz. In this study,
siegenite has a range in chemical composition (Table 4) that overlaps
with previously reported siegenite occurrences worldwide (Craig
et al., 1979; White et al., 2014). The Co—Ni scatter plot shows two dis-
tinct groups of siegenite (Fig. 6b). The siegenite in the rim of the dolo-
mite has almost identical content in Co and Ni, with the formulae
(Co1.06-1.59Ni1.19-1.27F€0,19-0.55CU0,00-0.25)S4, While the grains in quartz
veins contain more Co than Ni, with the formulae (Co4 74-207Nig g9
0.16F€0,07-0.11CU0.00-0.06)S4-

The sphalerite in this assemblage occurs with chalcopyrite blebs
(Fig. 3h), termed as “chalcopyrite disease” by Barton and Bethke
(1987) to describe the sphalerite-chalcopyrite relationship. The chalco-
pyrite disease is commonly interpreted as the result of Cu diffusion
through sphalerite, sphalerite replacement, or chalcopyrite co-
precipitation (Barton and Bethke, 1987; Bortnikov et al., 1991). Based
on EPMA results (Table 5), we find that most sphalerite is poor in Fe
and Cu and locates close to the region of Fe—Zn substitution tendency
(Fig. 6¢). One sphalerite with elevated Cu content is located in the
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Fig. 4. Representative of decomposition of the first-order region (1100-1800 cm ™) of the Raman spectrum of graphite (C04-01 analysis spot of 13HJ04 sample) using the computer

program Peak Fit software.
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Table 1
Parameters obtained from the decomposition of the Raman spectra of graphite from the graphite schist in the Hujiayu copper deposit and the estimated temperature of analyzed spots.
Analysis spot no. D1 G D2 R2 T(°C)
Center Area Center Area Center Area
13H]14@C01-1 1355.5 8915 1580.5 57,010 1620.7 4838 0.13 596
13HJ14@C01-2 1355.4 20,130 1580.8 53,080 1621.1 5294 0.26 523
13HJ14@C01-3 1355.8 20,600 1581.4 105,400 1621.5 4141 0.16 577
13H]14@C01-4 1345.0 35,120 1582.0 191,600 1496.1 14570 0.15 584
13H]14@C01-5 1358.1 8657 1582.8 51,570 16233 532 0.14 586
13HJ14@C01-6 1357.8 9300 1582.3 58,550 1622.8 640 0.14 590
13HJ14@C02-1 13535 25,220 1582.1 86,120 1623.9 974 0.22 540
13H]14@C02-2 13535 25,300 1582.1 86,280 1623.8 962 0.22 540
13HJ14@C02-3 1352.1 10,680 1582.1 30,440 1650.9 312 0.26 523
13HJ04@C01-1 1350.2 11,190 1582.1 22,710 1671.7 13 0.33 486
13HJ04@C01-2 13513 8810 1581.7 23,230 1622.1 651 0.27 517
13HJ04@C01-3 1349.8 4998 1581.2 22,290 1617.2 427 0.18 565
13HJ04@C01-4 1349.4 4448 1581.0 10,110 16213 477 0.30 503
13HJ04@C02-1 1350.4 10,480 1580.9 47,830 1620.0 1212 0.18 567
13Hj04@C03-1 1351.1 12,060 1580.8 29,630 1617.0 2602 0.27 515
13HJ04@C04-1 13493 26,350 1580.7 67,640 1623.5 2162 0.27 514
13HJ04@C05-1 1356.9 6288 1580.5 25910 1621.7 759 0.19 559
13Hj04@C05-2 1355.8 20,420 1581.4 103,000 1621.1 4408 0.16 576
13H]J04@C05-3 1349.4 4448 1581.0 101,10 16213 477 0.30 503
Average 1352.7 14,390 1581.4 56,974 1619.0 2392 0.22 546
Standard Deviation 3.6 8923 0.7 44,011 325 3406 0.06 35

Note: 13HJ04 and 13H]14 are the sample of graphite schist hosted copper orebodies. Peak position (center) and peak area were determined using the computer program Peak Fit 4.12 Ver.
The R2 value is the ratio of D1 peak area to the total G, D1 and D2 peak area, expressed as D1/(G + D1 + D2). The temperature (T) is calculated by the following quadratic equation: T (°C)

=1221.0* (R2)? — 637.1* (R2) + 672.3.

‘chalcopyrite disease’ region, suggesting this sphalerite was polluted
and cannot reflect the initial composition. Keith et al. (2014) proposed
that sphalerite from the sediment-starved vent sites is applicable to es-
timate minimum fluid temperatures of sphalerite precipitation at hy-
drothermal systems. The sphalerite in this study shares a similar
composition with the sphalerite from the sediment-starved vent sites
indicating they form at uniform conditions (Fig. 6d), so it can be used
to estimate the precipitation temperature of sphalerite. The average
temperature of 256 4+ 9 °C (10, n=7) is calculated basing on the equa-
tion — Fe/Zn (sphalerite) = 0.0013*T-0.2953 (Keith et al., 2014).

5.3. Sulfur isotopic composition

In this study, the sulfur isotope analyses were performed on the
early stage of disseminated-veinlet mineralization (stage I) and the
late stage of thick vein mineralization (stage II). The results are shown
in Table 6. Pyrite collected from the stage I has the 534S values from
10.1 to 19.7%.. Chalcopyrite and pyrite from the stage II have similar
534S values, ranging from 12.9 to 19.2%., and 17.5 to 19%., respectively.
Combining with the previous sulfur isotopic analyses of sulfide from the
Hujiayu Cu deposit (WGCGZM, 1978), we present the frequency histo-
gram showing 63S values distribution in Fig. 7.

5.4. Chalcopyrite Re—Os age

Results of chalcopyrite Re—Os dating are listed in Table 7. Chalcopy-
rite from the Hujiayu Cu deposit contains 5.26 to 14.43 ppb Re, 0.0033 to
0.0046 ppb common Os, 3.29 to 9.04 ppb '87Re, and 0.108 to 0.321 ppb
18705, respectively. '37Re/'®80s values vary between 6531 and 19204,
and '870s/'880s ratios range from 212 to 641. The total common Os
(0.0033-0.0046 ppb) is less than half of the calculated radiogenic
1870s, Stein et al. (2000) proposed the concept of Low-Level Highly Ra-
diogenic (LLHR) sulfides which describes sulfide with high concentra-
tions of Re and Os dominated by radiogenic '870Os, and the '8’Re/'#80s
ratio is over 5000. Using traditional '®’Re/!®80s versus '870s/1880s
plots for LLHR sulfide samples introduces large analytical uncertainties
and highly corrected errors as '®80s is poorly determined. Thus, the rel-
atively well determined '®"Re and '870s data should be best plotted in
the '87Re versus '870s diagram to obtain precise age. Since our data fit

the LLHR classification, precise ages are routinely calculated directly
from the '8"Re and '®70s data (Stein et al., 2000).

Regression of total six chalcopyrite samples in '®’Re—'870s diagram
yields an isochron age of 2118 + 310 Ma with a MSWD of 6.0 (Fig. 8a).
The large MSWD value (the mean square of weighted deviation) of the
isochron indicates this isochron age is of doubtful reliability. Two sam-
ples show scatter above (13HJ28) or below (13HJ32) the isochron, mak-
ing it difficult to obtain precise age (Fig. 8a). One plausible explanation
is that Re—Os isotopes in these two samples show open-system behav-
ior through the process of Re gain or Os diffusion due to hydrothermal
or supergene alteration (Lambert et al., 1998; Morelli et al., 2004;
Huang et al., 2015; Ding et al., 2016). Additionally, they have very
high Re/Os ratios, therefore, even a small amount of open systems be-
havior could have a large influence on the age (Gregory et al., 2008).
Thus, these two samples are removed from the data and the remaining
four samples define an '®’Re—'370s isochron age with an age of
1938 + 140 Ma (1 0) and a MSWD of 0.81 (Fig. 8b). High '8"Re/'#80s
ratios (>5000) in remaining four chalcopyrite samples allow us to calcu-
late single mineral model age, yielding a weighted age of 1952 4 39 Ma
(1 o) with a MSWD of 1.5 (Fig. 8c). This result is consistent with the iso-
chron age within error, demonstrating that the weighted mineral model
age of 1952 4 39 Ma reported here is also reliable and geologically
meaningful.

6. Discussion
6.1. Evolution of ore-forming processes

Based on field and petrographic observations, we delineated the
evolution of the ore-forming process and constrained the physico-
chemical conditions of the hydrothermal fluids in the Hujiayu Cu
deposit.

6.1.1. Syn-metamorphic stage

The syn-metamorphic stage is referred to the period close to peak
metamorphism of the host rocks. During the metamorphic process,
the sedimentary rocks were metamorphosed into graphite schist,
which consist of quartz-albite-carbonate metamorphic veinlets, dis-
seminated pyrite and chalcopyrite within veinlets and the surrounding
graphite (Fig. 3a-b). Graphite geothermometry indicated that the
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Table 2
Representative EPMA data of various generations of pyrite in the Hujiayu copper deposit.

No. Py S Fe Se Pb Co Ni Total Co/Ni
paragenesis

Mass percent (wt.%)

1 Pyrite I 53.14 4694 0.01 030 0.10 0.015 10051 6.87

2 Pyrite I 53.92 4726 0 027 0 0 101.45 NULL

3 Pyrite 53.42 47.10 0 026 0 0.01 100.79 0.00

4 Pyritel 52.96 46.76 0 036 0 0.02 100.10 0.00

5  Pyritel 5341 4689 0.02 027 0 0.03 100.61 0.00

6  Pyritel 50.60 44.36 0.04 030 005 0.03 9539 141

7  Pyritel 53.08 46.65 0 028 0 0.06 100.07 0.00

8  Pyritel 5137 4578 0 032 0.116 0.34 97.93 034

9  Pyritel 5350 47.82 0 033 0 0.00 101.65 0.00

10 Pyrite 53.72 4722 001 026 O 0 101.20 NULL

11 Pyrite 5294 4695 0.01 029 0.05 020 10045 026

12 Pyritel 52.68 4659 0 038 0.09 0.07 99.80 1.32

13 Pyrite| 50.67 4432 0 0262 0.28 0.06 95.58 5.00

14  Pyrite 53.53 46.67 0.08 036 0.16 0.16 10097 1.00

15 Pyritel 53.00 4698 0.03 031 0.04 011 10047 036

16  Pyrite | 52.63 46.90 0 028 0.06 0.1 99.97 0.64
average 52.78 4657 0.01 030 0.06 0.08 99.81 191

17  Pyrite I 53.06 4053 0.10 026 638 0.02 10035 319.05

18  Pyrite I 53.38 40.55 019 6.19 0.02 10033 306.49

19  Pyrite II 53.95 40.06 0.02 031 672 0.06 101.12 117.84

20 Pyrite I 52.80 3953 0 044 7.08 0.07 99.92 99.72

21  Pyrite I 53.22 40.12 032 655 0.03 10025 191.64

22 Pyritell 53.42 4043 026 622 0.03 10037 18294

23 Pyrite Il 53.57 4320 0 032 411 0 101.19 NULL

24 Pyrite Il 52.54 4381 0 025 317 0 99.77  NULL

25 Pyritell 53.51 4422 0 030 295 0.004 100.98 737.25

26 Pyritell 53.17 4457 0 029 266 O 100.68  NULL
average 53.26 41.70 0.02 029 520 0.02 10050 27927

27  PyriteIll 5344 46.18 0 032 0 0.09 10003 O

28  Pyrite Ill 53.64 4625 0 031 0 004 10024 O

29  Pyrite Il 52.95 46.15 0 040 0 0.03 99.53 0

30 Pyrite Il 53.72 46.04 0 033 0 0 100.08  NULL

31 Pyritelll 5431 45.14 0.05 037 O 0.03 99.89 0.0

32 Pyritelll 52.78 4496 0 032 0 0 98.06 NULL

33 Pyrite Il 54.15 4652 0.03 021 O 0.02 101.00 0.00

34 PyriteIll 53.61 4595 0 043 0 0 99.992 NULL

35  Pyrite Il 5327 4590 0 032 0 0 99.539 NULL

36  Pyrite Il 52.80 4532 0.04 027 O 0.02 98.472 0.00

37  PyriteIll 53.61 4581 0 025 0 0.01 99.721 0.00

38  Pyrite Il 54.01 4638 0.01 029 O 0 100.72  NULL

39  Pyrite Il 53.15 4568 0.01 024 0.04 0.01 99.16  6.00

40  Pyrite Il 53.72 4595 0 020 0.09 0.07 10005 1.27

average 53.51 45.87 0.01 030 001 0.02 99.75 3.64

Note: If the Ni content is zero, the Co/Ni ratio cannot be calculated. Therefore, the ratio is
NULL.

highest temperature the graphite schist host rocks had undergone was
ca. 546 °C. At such high temperature, the primary mineral assemblages
and original textural characters in the sedimentary rocks cannot retain
anymore and some sulfide minerals may remobilize and re-precipitate
(Wen et al,, 1996; Tomkins, 2010).

At this stage, pyrite I is the dominant sulfide mineral with less chal-
copyrite. It is interpreted to have developed during metamorphic pro-
cesses. The Co/Ni ratio in pyrite was considered as an empirical
indicator of pyrite genesis in previously studies (Roberts, 1982;
Bajwah et al., 1987; Craig et al., 1998; Clark et al., 2004). Comprehensive
reviews indicate that the hydrothermal pyrite generally has Co/Ni ratio
>1, while the sedimentary pyrite has Co/Ni ratio <1. However, the co-
balt and nickel contents of pyrite I are extremely low and the Co/Ni ra-
tios are variable (plotted above or below the line of Co/Ni = 1 in Fig. 5f).
This indicates that pyrite I was probably derived from the sedimentary
pyrite with Co/Ni ratio <1. The sulfur fugacity is calculated at —4.8, as-
suming the formation of pyrite at the temperature of 500 °C.

6.1.2. Hydrothermal copper mineralization stage
The hydrothermal mineralization stage (stage II) was characterized
by the dolomite-quartz-sulfide composite veins (Fig. 3c-d), subdivided

into the early hydrothermal dolomitic alteration stage (Ila) and the
late siliceous-copper mineralization stage (IIb).

During the stage Ila, the pyrite Il accompanied by hydrothermal
dolomite has Co/Ni ratios higher than 100, which are thought to
be of hydrothermal origin, and has the high cobalt contents rang-
ing from 2.66 to 7.08 wt.%, which can be termed as cobaltiferous
pyrite. The cobaltiferous pyrite is a kind of FeS,—CoS,; solid solu-
tions with the high cobalt content, approximately higher than
3 wt.% (Klemm, 1965; Brown and Bartholomé, 1972; Hem and
Makovicky, 2004). The cobaltiferous pyrite can also be found in
the various Cu—Co deposits, e.g. the Central African copper belt
where Proterozoic sedimentary rocks contain stratiform copper—
cobalt orebodies over a distance of more than 500 km (e.g.
Brown and Bartholomé, 1972; Cailteux et al., 2005), the Idaho co-
balt belt which consists of strata-bound copper-cobalt deposits
hosted in Proterozoic metasedimentary rocks (Nold, 1990; Slack,
2012), and the Prince Lyell copper deposit, western Tasmania,
Australia, where orebodies are hosted in the Cambrian volcanic
rocks overprinting the late Devonian deformation (Raymond,
1996). Previous studies have reported the cobaltiferous pyrite in
the “Hu-Bi type” strata-bound copper deposits with the cobalt
content ranging from 3.10 to 13.73 wt.% (e.g. Shi and Li, 2000).
They suggested the cobaltiferous pyrite was precipitated from
cobalt-rich hydrothermal fluids (e.g. Shi and Li, 2000). However,
factors controlling the precipitation of cobaltiferous pyrite in the
hydrothermal conditions are still obscure and the cobalt-iron ra-
tion in aqueous solutions in equilibrium with cobaltiferous pyrite
is not yet well known (Bartholomé et al.,, 1971; Hem and
Makovicky, 2004). The solvus reported by Klemm (1965) in the
system CoS,—NiS,—FeS, at temperature of 700 to 300 °C has
been used as a geothermometric indicator (e.g. Brown and
Bartholomé, 1972; Fanlo et al., 2004). According to the experimen-
tal results of Klemm (1965), the cobaltiferous pyrite presented
here was precipitated from the hydrothermal fluids approximately
at the temperature range of 400 to 300 °C.

Stage IIb resulted in the main chalcopyrite precipitation accompany-
ing the intense siliceous alteration. Pyrite IIl in this stage has cobalt con-
tents near the detection limit. Given that the cobaliferous pyrite was
observed in the stage Ila accompanying with hydrothermal dolomite,
it is inferred that cobalt prefers to form siegenite at low temperature,
whereas it is incorporated into pyrite structure at high temperature.
This stage of copper mineralization contains Co-Ni bearing sulfide and
Pb-bearing selenide, which are sensitive indicators of S;(gas) and
Se;(gas) fugacity. In this study, we mainly focused on this mineral as-
semblage to determine the chemical condition during vein formation
and copper mineralization process. Fugacity-Fugacity diagrams can be
used to predict the equilibrium assemblages for a given system, to esti-
mate the prevailing f(Se,) and f(S,) during mineral deposition or re-
equilibration and to evaluate the evolution of f(Se,) and f(S,) with
time in deposits (Simon et al.,, 1997). When constructing fugacity dia-
grams, the oxygen fugacity and temperature must be specified.
(1) From the mineral assemblages study, the lack of magnetite or hema-
tite indicates a low oxygen fugacity; (2) previous fluid inclusion study
suggested that copper mineralization occurred at the temperature of
203-230 °C (Qiu et al,, 2015); 3) sphalerite in this mineral assemblage
suggests that the fluid temperature is around 256 °C. Thus, the fugaci-
ty-fugacity diagram used here is constructed at 250 °C. The method
and thermodynamic data to construct the diagram were taken
from Simon and Essene (1996); Nekrasov (1996) and Xu et al. (2014).
A log f(S,)-log f(Se;) diagram is constructed to constrain the chemical
conditions of the ore-forming fluids at the copper mineralization
(Fig. 9).

The upper limit S, (gas) fugacity is constrained from the stability of
siegiente by the following reaction: CosS4 + S, = 3 CoS,. The lower
limit S, fugacity is inferred from the chalcopyrite stable field, calculated
from the (bonite + pyrrhotite)-chalcopyrite equilibrium. The S,
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Fig. 5. The cobalt and nickel content in various generations of pyrite in the Hujiayu Cu deposit based on EPMA data (e-f). a. Py I in the graphite schist; b. Py Il hosted in the dolomitized of
marble, numbered circles representing the cobalt content; c. Py Il in the dolomite-rich veins, being corroded by the late stage of copper bearing fluid; d. showing Py Il in the copper bearing
quartz veins; e. Co-variation of Co and Fe in various generations pyrite. Co/Ni ratios distribution diagram for various generations pyrite.

fugacity of this stage is ranging from — 18.7 to — 11.7. The occurrence of
clausthalite restrains the Se, fugacity on the line of log f(Se,) = log
f(Sz) — 3.

According the S, and Se, fugacity calculations above, it is inferred
that the sulfur fugacity is relatively high at stage I and stage Ila, while
stage IIb is marked by the a drop in sulfur fugacity and a strong increase
in selenium fugacity after the major chalcopyrite precipitation.

6.2. Timing of copper mineralization

The timing of copper mineralization of the “Hu-Bi type” copper de-
posit in the Zhongtiao Mountains district has long been controversial,
largely due to the lack of an acceptable mineralization age. Tao (1985)
dated uraninite and brannerite from the Bizigou Cu deposit, obtaining
a U—Pb upper intercept age of ~1830 Ma. They found these uranium-

Table 3

EPMA analysis of clausthalite from the Hujiayu copper deposit.
No. As Se S Fe Pb Co Bi Ni Cu Zn Total Formula
Mass percent (wt. %)
1 <0.04 13.38 7.12 0.44 78.49 <0.02 <0.05 <0.02 0.45 <0.02 99.87 Pby.96(S0.575€0.43)
2 <0.04 15.92 5.48 0.32 74.63 <0.02 <0.05 <0.02 <0.02 <0.02 96.35 Pbg os(S0.575€0.55)
3 <0.04 13.49 7.06 0.29 78.50 <0.02 <0.05 <0.02 <0.02 2.01 101.34 Pbo.94(So0.555€0.42)
4 <0.04 14.82 6.04 0.38 77.28 0.126 <0.05 0.107 <0.02 <0.02 98.76 Pbo 0s(S0.505€0.49)
5 <0.04 13.16 6.60 0.22 76.44 <0.02 <0.05 <0.02 <0.02 1.00 97.42 Pbg.97(S0.545€0.44)
6 <0.04 8.99 8.89 0.33 79.97 <0.02 <0.05 <0.02 <0.02 0.49 98.67 Pbg 0s(S0.705€0.29)
7 <0.04 13.34 7.44 0.81 78.05 <0.02 <0.05 <0.02 0.95 <0.02 100.59 Pbo.93(S0.575€0.42)
8 <0.04 14.04 6.35 0.03 77.41 <0.02 <0.05 <0.02 <0.02 <0.02 97.83 Pb1.00(So0.535€0.47)
9 <0.04 14.53 6.65 0.08 79.64 <0.02 <0.05 <0.02 <0.02 <0.02 100.89 Pbp.99(S0.535€0.47)
10 <0.04 5.33 10.79 0.21 82.55 <0.02 <0.05 <0.02 <0.02 0.26 99.14 Pbo os(S0.835€0.17)
11 <0.04 18.49 493 0.70 76.16 <0.02 <0.05 <0.02 1.18 <0.02 101.46 Pby.93(S0.395€0.60)

Formula recalculated based on two atoms.
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bearing minerals were associated with the copper-rich veins and sug-
gested this age represented the timing of copper mineralization. How-
ever, the high U content of dated minerals may lower the U—Pb age,
and the U—Pb system of uraninite also may be disturbed by the thermal
event during ~1800 to 1750 Ma volcanic eruptions. It is not widely ac-
cepted that copper mineralization occurred at ~1830 Ma. Recently,
Zhang et al. (2013a) reported a molybdenite Re—Os isotopic model
age of 1901 4 24 Ma. The analyzed molybdenite was collected from
sulfide quartz veins, which distributed in the cross fractures and the
interlayer fracture zones (Zhang et al., 2013a). Obviously, this age
constrained the time of molybdenum mineralization stage in the “Hu-

Bi” type copper deposits and was close to the timing of copper
mineralization.

In this study, chalcopyrite from the copper-rich quartz veins in the
Hujiayu Cu deposit was dated by Re—Os isotopic method for the first
time, yielding a mean model age of 1952 + 39 Ma. In order to confirm
the geological significance of this Re—Os age, the effect of metamor-
phism and later thermal event to the Re—Os system were evaluated.
The closure temperature of Re—Os isotopic system for chalcopyrite is
still ambiguous, due to the lack of experimental results support.
Morelli and Creaser (2007) reported the Re—Os chalcopyrite age,
which overlapped the metamorphic age along with a high initial

Table 4

EPMA analysis of siegenite from the Hujiayu copper deposit.
No. S Co Ni Fe Cu Pb Ag Zn As Se Total Formula
Mass percent (wt. %)
1 41.55 22.79 22.60 9.86 4.11 0.25 <0.04 <0.03 <0.06 <0.03 101.30 (Co1.19Ni.19Fe0 55CUg 20)S4
2 38.96 19.03 22.12 8.93 4.80 043 <0.04 0.15 <0.06 <0.03 94.54 (Co1.06Niy 24Fe( 53CU025)S4
3 39.12 28.63 22.46 3.26 0.05 0.28 <0.04 <0.03 <0.06 0.09 94.06 (Co1.59Niy 26Fen.19CUg.00)S4
4 41.72 25.29 23.15 7.51 2.73 0.27 <0.04 <0.03 <0.06 0.05 100.93 (Co1.32Niy21Feg.41Cug 13)Sa
5 41.19 27.11 23.90 4.82 0.35 0.27 <0.04 <0.03 <0.06 0.15 97.96 (Co1.43Nij 27Fep27Cu0.13)S4
6 41.64 26.91 24.26 5.18 0.71 0.26 <0.04 <0.03 <0.06 0.14 99.28 (Co1.41Niy 27Feq 27Cug.02)S4
7 42.15 38.01 18.56 1.57 0.83 0.20 <0.04 <0.03 <0.06 <0.03 101.44 (Co1.96Nip.96Fe0.09CU0 04)S4
8 41.90 37.02 18.13 1.96 123 0.21 <0.04 <0.03 <0.06 <0.03 100.66 (Co1.92Nig.95Fep.11Cug 06)Sa
9 42.59 40.51 15.23 1.97 0.90 0.27 <0.04 <0.03 <0.06 <0.03 101.65 (Co2.07Nig 78Fen 11Cup.04)S4
10 40.60 32.42 22.30 2.78 0 0.217 <0.04 <0.03 <0.06 <0.03 98.36 (Co1.74Niy 20Feq 16CUg.00)S4
11 40.40 32.57 22.08 2.75 0 0.243 <0.04 <0.03 <0.06 <0.03 98.19 (Co4.75Ni.19Fe0.16CUg.00)Sa
12 40.64 32.76 22.07 2.52 0 0.047 <0.04 <0.03 <0.06 <0.03 98.06 (Co4.75Niy 19Feq 16CUp.00)S4
13 40.35 32.98 21.79 2.67 0.09 0.293 <0.04 <0.03 <0.06 <0.03 98.18 (Coy.78Niy 18Feq 15Cug00)S4
14 40.88 32.63 22.05 2.57 0 0.228 <0.04 <0.03 <0.06 0.06 98.46 (Co1.74Niy.18Fep.14Cug 00)Sa
15 40.92 33.74 21.25 2.36 0.21 0314 <0.04 <0.03 <0.06 0.04 98.85 (Co1.79Niy 13Feq.13Cu0.01)S4

Analysis spots: 1-6 in the rim of the dolomite; 7-15 as mineral inclusions in quartz or chalcopyrite; formula recalculated based on four sulfur atoms.
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Table 5

EPMA analysis of sphalerite from the Hujiayu Cu deposit.
No. As S Fe Pb Co Bi Ni Cu Zn Total APX.T.

Mass percent (wt.) (°C)

1 <0.03 33.65 2.63 0.25 0.10 0.15 <0.04 1.07 61.05 98.91 260
2 <0.03 33.23 2.49 0.25 0.10 0.19 <0.04 0.58 61.85 98.68 258
3 <0.03 33.20 3.39 0.19 0.07 0.13 <0.04 2.16 59.06 98.25 271
4 <0.03 32.76 2.00 0.19 0.10 0.10 <0.04 0.11 60.25 95.54 253
5 0.119 31.05 1.80 0.22 0.09 0.12 <0.04 0.05 57.65 91.12 251
6 <0.03 33.46 122 0.20 0.06 0.17 <0.04 0.01 62.56 97.70 242
7 <0.03 32.98 2.04 0.18 0.14 0.06 0.313 0.03 61.02 96.76 253
8 <0.03 33.79 13.40 0.27 0.08 0.14 <0.04 11.72 42.70 102.10 N.S.

APX. T.: the approximate temperature of sphalerite precipitation is estimated with the empirical thermometer proposed by Keith et al. (2014), Fe/Zn = 0.0013 * (T)-0.2953; N. S.: not

suitable for determining the temperature; the average value is calculated from No. 1 to No. 7.

radiogenic Os, and inferred that the Re—Os age was reset during
greenschist facies metamorphism. On the contrary, Zhu and Sun
(2013) concluded that the chalcopyrite Re—Os system was almost un-
affected with temperature up to 500 °C in the research of the Lala cop-
per deposit. Considering the closure temperature for pyrrhotite and
pyrite (& chalcopyrite) was calculated based on experimental work at
around 300-400 °C and 500 °C (Brenan et al., 2000), the Re—Os systems

in chalcopyrite can resist the disturbance by relative high temperature
thermal events. From field observations (Fig. 3c-d), chalcopyrite-
bearing thick veins crosscutting the foliation of host rocks indicated
that stage I Cu mineralization occurred post the peak metamorphism.
Hence, the peak metamorphism (~540 °C) would not disturb the
Re—Os system of chalcopyrite in thick veins. The later volcanic eruption
(1800-1750 Ma) did not directly cover the Zhongtiao Group. Thus, the

Table 6
Sulfur isotope data of both veinlet disseminated-veinlet and thick vein type mineralization from the Hujiayu Cu deposit.

Sample no. Mineral 5>4S%o Descriptions Data sources
13HJ15 Pyrite 19.7 Stage I, disseminated-veinlet mineralization This study
13HJ16 Pyrite 194 Stage I, disseminated-veinlet mineralization This study
13H]J17 Pyrite 15 Stage I, disseminated-veinlet mineralization This study
13HJ43 Pyrite 10.1 Stage I, disseminated-veinlet mineralization This study
13HJ54 Pyrite 154 Stage I, disseminated-veinlet mineralization This study
13HJ02 Chalcopyrite 18.7 Stage II, dolomite-quartz-sulfide composit veins This study
13HJ02 Pyrite 19 Stage II, dolomite-quartz-sulfide composit veins This study
13HJ03 Chalcopyrite 19.2 Stage II, dolomite-quartz-sulfide composit veins This study
13HJ03 Pyrite 17.5 Stage II, dolomite-quartz-sulfide composit veins This study
13HJ05 Pyrite 18.1 Stage II, dolomite-quartz-sulfide composit veins This study
13HJ09 Chalcopyrite 184 Stage II, chalcopyrite-rich quartz veins This study
13HJ28 Chalcopyrite 15.8 Stage I, chalcopyrite-rich quartz veins This study
13HJ29 Chalcopyrite 12.9 Stage II, chalcopyrite-rich quartz veins This study
13HJ30 Chalcopyrite 14.0 Stage II, chalcopyrite-rich quartz veins This study
13HJ32 Chalcopyrite 13.7 Stage I, chalcopyrite-rich quartz veins This study

Hu2 Pyrite 15.8 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu4-1 Pyrite 224 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hull-1 Pyrite 20.7 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu18 Pyrite 113 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu22 Pyrite 16.4 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu32 Pyrite 16.11 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu34 Pyrite 16.3 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu37 Pyrite 19.2 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu42 Pyrite 215 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu48 Pyrite 17.6 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu50 Pyrite 139 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu60 Pyrite 13.6 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu67 Pyrite 121 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu22 Chalcopyrite 171 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu25 Chalcopyrite 13.7 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu32 Chalcopyrite 16.3 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
4157-Cp Chalcopyrite 20.9 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
4158-Cp Chalcopyrite 22.2 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
3233-Cp Chalcopyrite 12.8 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
3409-Cp Chalcopyrite 17.7 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
3857-Cp Chalcopyrite 18.7 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
3640-Cp Chalcopyrite 19.9 Stage I, disseminated-veinlet mineralization WGCGZM (1978)
Hu8 Pyrite 113 Stage II, vein type mineralization WGCGZM (1978)
Hu38 Pyrite 8.1 Stage I, vein type mineralization WGCGZM (1978)
Hu59-1 Pyrite 7.3 Stage II, vein type mineralization WGCGZM (1978)
Hu68 Pyrite 49 Stage II, vein type mineralization WGCGZM (1978)
Hu73 Pyrite 8.4 Stage II, vein type mineralization WGCGZM (1978)
3176-Py Pyrite 12 Stage I, vein type mineralization WGCGZM (1978)
3213-Py Pyrite 11.8 Stage II, vein type mineralization WGCGZM (1978)
3215-Py Pyrite 9.7 Stage II, vein type mineralization WGCGZM (1978)
3242-Py Pyrite 11.8 Stage I, vein type mineralization WGCGZM (1978)
3212-Py Pyrite 34 Stage II, vein type mineralization WGCGZM (1978)
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Fig. 7. Histogram of sulfur isotope compositions of sulfide minerals from two distinct
mineralizations in the Hujiayu Cu deposit.

far-field thermal event would have less effect on this isotopic system.
From the previous review of the geological settings, the Zhongtiao
Mountains district has undergone the long-lived metamorphism and
deformation from 1970 Ma to 1850 Ma (Sun et al., 1992; Liu et al.,
2007). The age of thick vein type copper mineralization is considered
coeval with regional metamorphism. If the primary mineralization oc-
curred during the syn-sedimentary stage as suggested by previous stud-
ies, the Re—Os chalcopyrite age would be reset during the peak
metamorphism (~540 °C). However, if the Re—Os age was reset, the
initial radiogenic Os would be high inferred from the chalcopyrite
Re—Os geochronology study of an example from metamorphosed
VMS ores in Trans Hudson orogen, Canada (Morelli and Creaser,
2007). Actually, the initial '3’Os of the Re—Os chalcopyrite age for
stage Il Cu mineralization is relatively low and constrained at 0.001 +
0.01 from the '8Re versus 870s plot (Fig. 8b). To sum up, this chalcopy-
rite Re—Os age can directly represent the timing of vein type copper
mineralization at Hujiayu.

6.3. Sources of sulfur and metals

Sulfur isotope systematics can be used to trace the source of sulfur. In
accordance with previous results in Table 6, sulfides from the stage I of
disseminated-veinlets mineralization have 6>*S value ranging from 10.1
to 22.2%.. The §34S value distribution is clustered around 10 to 22%.,
with an average of 16.9 + 3.4%. (10, n = 27). The high 8>S values sug-
gest that the 34S-enriched source was responsible for the sulfur invento-
ry. Sulfides of this stage cannot have the same sulfur source as
diagenetic pyrite in carbonaceous shale commonly having negative
§24S value (McGowan et al., 2003). Alternately, high 6>4S values of sul-
fides can be derived from the thermochemical reduction of a sulfate-
enriched fluid in a closed system (McGowan et al., 2003). Sulfate
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reduction by thermochemical processes invariably produces some
spread in 534S (Hoefs, 2008; Johnson et al., 2012). However, the 34S
values are uniform enough (with a standard deviation of 3.4%.) to sug-
gest a metamorphic homogenization hypothesis. Metamorphic
reequilibration of sulfides at high grade resulted in homogenization of
heavy 345, since the host rock was metamorphosed at relative high tem-
perature of ~540 °C (Dechow and Jensen, 1965; Johnson et al., 2012).
The isotopic data of the early stage sulfides support the models that sul-
fides precipitated through thermochemical reduction of sulfate at the
sedimentary stage followed by metamorphic homogenization of 534S
isotopic signatures.

Sulfides from the stage II of thick vein mineralization have &S
values in highly variable ranging from 3.4 to 19.2%.. The discordance
of the new sulfur isotopic data and previous results suggests that the
sulfur source of thick vein mineralization is complicated. Two plausible
explanations for the widely spread sulfur isotope data of stage Il are pro-
posed here. If the sulfur was from a multisource, lower 5>*S values could
be attributed to an influx of lighter sulfur from the metamorphic fluid or
deep seated sulfur source and the heavy 34S was derived from 34S-
enriched sedimentary source, e.g. the marine evaporites. If the sulfur
source remains the same with stage [, the relatively increasing of oxygen
fugacity in stage Il will also cause a drop down of 8>S values of sulfides
(Ohmoto, 1986; Hodkiewicz et al., 2009).

Lacking effective isotopic tracers for the metal, sources of the thick
vein mineralization in the Hujiayu Cu deposit are difficult to be solved.
The copper-bearing fluid is rich in Co, Ni and Se as the existence of
siegenite and clausthalite. In the study area, the copper bodies are most-
ly hosted in the graphite schist, sandwiched in the dolomitic marble.
The graphite schist, which originally was a carbonaceous shale deposit-
ed in a restricted, marine, anoxic basin, should be responsible for the
copper and other trace metal element source. The carbonaceous shale
commonly is enriched in Se, and hence, served as a preferable source
for the Se (Simon et al.,, 1997; Cabral et al,, 2012). Furthermore, carbona-
ceous shales capable of trapping Cu and Co have been well documented
in sedimentary stratiform Cu—Co (SSC) deposits in the Central African
Copper belt (e.g. Kirkham, 1989; Cailteux et al., 2005) or in the Permian
Zechstein basin of Europe (Kupferschiefer: Sawlowice, 2013), and in the
Black Butte shale-hosted copper deposit, Montana, USA (White et al.,
2014). Jiang et al. (2014) firstly proposed that the ore-forming process
similar to SSC deposits may occur in the early stage mineralization with-
in the “Hu-Bi type” Cu deposits, evidence from the deposit geology, fluid
inclusions study at the Hujiayu Cu deposits. Thus, it is speculated that
Cu—Co was originally enriched in carbonaceous shale, then completely
remobilized during subsequent metamorphism and deformation and
precipitated in the metamorphic hydrothermal veins.

6.4. Genetic models

Distinct genetic models have been proposed for the “Hu-Bi type”
strata-bound copper deposits in the Zhongtiao Mountains. The main
conflict between different models is the interpretation of the Cu deposit
varying from a metamorphosed origin (Sun et al., 1989; Zhao and Zhen,
2006; Jiang et al., 2014) to a metamorphogenic origin (Hu and Sun,
1987; Sun et al., 1990).

Table 7
Re—Os isotopic data of chalcopyrite from the dolomite-quartz-sulfide veins, the Hujiayu Cu deposit.
Sample Mineral Re + 10 Common Os + 10 187Re/'880s + 18705/1880s + 187Re + 10 18705 + 10 Single mineral model age
no. (ppb) (ppb) 1o 1o (ppb) (ppb) (Ma)
13HJ28 Chalcopyrite 1443 4+ 0.21 0.0046 + 0.0001 14624 + 471 498 + 16 9.04 + 0.13 0.321 + 0.004 2101 + 26
13HJ29 Chalcopyrite 825+ 0.11 0.0034 + 0.0002 11453 + 601 376 £ 19 5.17 £ 0.07 0.168 + 0.002 1928 + 18
13HJ30 Chalcopyrite 5.26 + 0.12 0.0038 4 0.0002 6531 + 451 212+ 11 3.29 + 0.07 0.108 + 0.001 1949 4 16
13HJ31 Chalcopyrite 13.44 + 0.09 0.0033 + 0.0003 19204 + 1970 641 £+ 55 8.42 + 0.06 0.277 + 0.006 1951 + 41
13H]32 Chalcopyrite 7.97 4+ 0.06 0.0042 + 0.0002 8949 4+ 421 273 £ 12 4.99 + 0.03 0.154 4 0.002 1835 £ 29
13HJ33 Chalcopyrite 7.45 £+ 0.10 0.0037 + 0.0002 9459 + 406 312+ 13 4.66 + 0.06 0.156 + 0.002 1985 + 20
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Regarding genesis of the thick vein type mineralization (stage II) of
Hujiayu Cu deposit, several lines of evidence support that is of
metamorphogenic origin: (1) it is structurally controlled, crosscutting
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Fig. 9. LogfS,(g)-logfSe,(g) diagram showing the relative stability of selenides and sulfides
at 250 °C. The shaded area represents the fugacity range of the stage Il mineralization in
the Hujiayu Cu deposit. All thermodynamic data to construct the diagram were taken
from Simon and Essene (1996), Nekrasov (1996) and Xu et al. (2014). Abbreviations: Bn
= bornite, Cp = chalcopyrite, Po = pyrrhotite.

the foliations of host rock; (2) the ore-forming fluid of the quartz-
sulfide veins (stage IIb) is characterized by the CO,(CH4)—H,0—NaCl
system, likely deriving from metamorphic fluids (Qiu et al., 2015);
(3) Re—Os dating of chalcopyrite selected from dolomite-quartz vein
reveals that copper mineralization occurred synchronously with the re-
gional metamorphism.

However, the genesis of the early stage mineralization with dissem-
inated to veinlet sulfides in graphite schist (stage I) is still debated. The
mineralogy in the early stage is simple and consists of major pyrite and
minor chalcopyrite, lacking the classic native copper—chalcocite-born-
ite-chalcopyrite mineral zoning that is commonly displayed in the SSC
deposits (e.g. Cailteux et al., 2005; Hitzman et al., 2010; White et al.,
2014). In fact, the early stage of sulfide minerals is distributed in
the quartz-albite-dolomite metamorphic veinlets, regarded as
synmetamorphic stage in this study. Graphite geothermometry shows
that the graphite schist had undergone ~540 °C thermal event. At such
high temperature, the original sulfide mineral in the graphite schist
(originally carbonaceous shale) would be breakdown and liberate sulfur
into metamorphic fluid (e.g. Tomkins, 2010). Therefore, the mineraliza-
tion style of the early stage in the “Hu-Bi type” copper deposits more
likely is the results of metamorphic processes and is difficult to preserve
the SSC mineralization.

The Zhongtiao Mountains within the Paleoproterozoic Jinyu mobile
belt have experienced the long-lived metamorphism from 1970 Ma to
1850 Ma (Sun et al,, 1992; Liu et al., 2007). However, the cause of meta-
morphism is under debating. The multi-phase collision model sug-
gested that the metamorphic age of ~1.95 Ga was interpreted to
represent the time for an older metamorphic event related to arc-arc
or arc-continent collision and the metamorphic age of ~1.85 Ga repre-
sented the final amalgamation event of the North China craton (Zhao
et al., 2005; Qian et al., 2013). Another model favored a long-lived
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orogenic process which lasts a period over 100 Ma. The metamorphic
age of ~1.95 Ga represent the main collision or crustal thickening and
the younger age of ~1.85 Ga could be an indicator of cooling of the
high-grade terranes (Zhai, 2011; Qian et al,, 2013). Despite the differ-
ences between two models, they reached a consensus that the
~1.95 Ga regional metamorphism in the study area is a type of orogenic
metamorphism related to the orogenic event or the closure of the rift.
Thus, ~1.95 Ga copper mineralization in the Hujiayu deposit occurred
during the orogenic metamorphism.

Based on the discussions above, we proposed that the Hujiayu Cu de-
posit is a metamorphogenic deposit and the ore-forming process is ac-
companying with the metamorphic evolution of the Paleoproterozoic
mobile belt (Fig. 10). The primary copper and cobalt was probably
pre-enrichment in carbonaceous rock at diagenetic stage or the SSC
mineralization occurred in the carbonaceous rock. Subsequently, the
copper and cobalt were remobilized during the orogenic prograde
metamorphism. At metamorphic peak, the carbonaceous in the host
rocks transformed into graphite and sulfides precipitated in metamor-
phic veinlets. The major hydrothermal copper mineralization occurred
at the fractures within host rock during the retrograde cooling.

7. Conclusion

The Hujiayu Cu deposit, consisting of disseminated-veinlets and
thick vein type mineralization within graphite schist and dolomitic mar-
ble, is a Paleoproterozoic metamorphogenic Cu deposit, in the
Zhongtiao Mountains, China. The disseminated mineralization occurred
closely to the peak metamorphism and the thick vein mineralization
formed at the age of 1952 4 39 Ma during the retrograde metamor-
phism. At least three generations of pyrite were identified, correspond-
ing to the synmetamorphic stage, hydrothermal dolomitic alteration
and siliceous-copper stage. At the hydrothermal conditions, cobalt pre-
fers to incorporate into the pyrite structure at high temperature, where-
as forming independent minerals, such as siegenite, at the relatively low
temperature. During the ore-forming process, the sulfur fugacity is high
at the syn-metamorphic stage, and then the selenium fugacity is strong
increasing with a marked drop of sulfur fugacity after the major copper
mineralization. The sulfides in the syn-metamorphic stage may experi-
ence metamorphic reequilibration at high grade metamorphism result-
ed in homogenization of heavy >4S, while the sulfur in the hydrothermal
stage is complicated and probably reflects multiple sources, presuming
a mixed metamorphic fluid, 34S-enriched sedimentary source and
deep seated sulfur source. The source of Cu and Co is still unresolved.
It is speculated that Cu—Co was originally enriched in carbonaceous
shale, then completely remobilized during subsequent prograde
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Fig. 10. Metamorphic history of carbonaceous shale host rock in the Hujiayu Cu deposit on
a temperature-time path. The evolution of ore-forming processes are accompanying the
metamorphic cycle of the host rocks. The pre-enrichment of Cu and Co in carbonaceous
shale is at the onset of regional metamorphism. During prograde metamorphism by
devolatilization reactions, sources rock involves liberation of essentially H,0, CO, and
potentially Cu and Co metallic elements. The major hydrothermal copper mineralization
occurs during the retrograde cooling.

metamorphism and precipitated in the metamorphic hydrothermal
veins at retrograde cooling.
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