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Abstract The Huangshan orogenic-type gold deposit in
Zhejiang of SE China occurred in quartz—pyrite veins. It
is hosted by phyllonite that underwent greenschist-facies
metamorphism along a large Jiangshan—Shaoxing tectonic
belt with a NE-SW direction. Trace elemental character-
istics, ore-forming process and invisible gold on different
forms of pyrite and quartz are studied. The Au associated
pyrite can be classified into two categories; recrystallized
pyrite and euhedral pyrite. The precipitation of invis-
ible Au on pyrite is mainly derived by Co and Ni with
AuHS,” complex in the mineralizing fluids in different
events. The XPS results revealed that valence states of
Au*t replaced 2Fe®* in the pyrite and Au® replaced Si**
in the quartz structure. The electron paramagnetic reso-
nance and trace elemental results suggested that the ele-
ment pairs of Ge-Li—Al in quartz and Mn—Co-Ni in pyrite
have distinct impurities as identified. A fluid inclusion
study showed that the auriferous quartz is characterized
by low-saline and CO,-rich fluids. Coexistence of the type
I-type III inclusions and same range of homogenization
temperature with different mode are evidences of immis-
cible fluid process. The temperature—pressure values of ca.
250 °C/1250 bar and ca. 220 °C/780 bar for gold precipita-
tion have been calculated by intersection of coexisting flu-
ids during the entrapment. The Huangshan orogenic-type
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gold deposit may be associated with the Wuyi—Yunkai
orogeny during the early Paleozoic, including an upper—
mid greenschist-facies metamorphism (450-420 Ma). All
the features suggest that the Huangshan gold deposit is
probably a product linking with the early Paleozoic orog-
eny in South China.

Keywords Early Paleozoic orogeny - Ductile shear zone -
Huangshan - Greenschist-facies - Fluid inclusion - Quartz—
pyrite vein

Introduction

Quartz and pyrite occurred in varied gold-mineralized
environments in high- to low-grade metamorphic terrenes
(Gotze 2009; Thomas et al. 2011; Deditius et al. 2014, and
references therein). In different zones, quartz and pyrite are
characterized by different forms, as a consequence of crys-
tallization and origin (Large et al. 2009; Cook et al. 2009;
Sung et al. 2009). In recent decades, studies on quartz and
pyrite in different gold deposits by electron probe micro-
analyzer (EPMA) and LA-ICP-MS methods revealed high
concentration of invisible gold distribution and trace ele-
ment abundances (Ciobanu et al. 2012; Palenik et al. 2004;
Reich et al. 2005, 2006; Cook et al. 2009; Su et al. 2012).
The size and chemical state of Au may incorporate on the
quartz and pyrite lattice through the substitution in Si** and
2Fe”t structures, respectively (Nuttall and Weil 1981a, b, c;
Weil 1984, 1993; Wilson et al. 1986; Fowler et al. 1987,
Ikeya 1993; Mikhlin and Romanchenko (2007)).

The type and origin of gold deposits are well docu-
mented in the aspects of fluid inclusion, trace elemen-
tal and isotopic geochemistry (Groves et al. 1998, 2003;
Goldfarb et al. 2001, 2005; Kerrich et al. 2000; Zhang
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et al. 2004; Chen et al. 2012; Helmy and Zoheir 2015).
The orogenic-type gold deposit is usually associated with
upper—mid greenschist-facies metamorphism at convergent
margins (Goldfarb et al. 2001; Groves et al. 2003). (1) The
occurrences of the ore bodies are mainly controlled by its
lithology and shearing events; (2) the ore mineralization is
coeval, particularly occured at convergent margins; (3) the
mineralization depth ranges are from <20 kms; and (4) the
composition of ore fluid is H,O with variable amount of
carbonic-rich phases, generated from metamorphic dehy-
dration process (Chen 2006, 2010; Goldfarb et al. 1998,
2001; Groves et al. 2003).

Numerous gold deposits, occurred along the Jiangshan—
Shaoxing tectonic belt of SE China, have been identified
during the period from the Proterozoic to Mesozoic (Chen
and Xu 1996; Chen and Jahn 1997; Pirajno et al. 1997,
Pirajno and Bagas 2002).

The Huangshan gold deposit is a typical one in Zheji-
ang Province, SE China. Its mineralization may be princi-
pally controlled by its structures, host rock geochemistry,
metamorphic and hydrothermal processes (Chen and Xu
1996; Pirajno et al. 1997; Ni et al. 2015). The gold deposit
occurs in a ductile shear zone with a NE-SW direction and
was spatially associated with phyllonite and quartz—sulfide
veins, respectively.

Ore deposits in the Zhejiang Province of SE China
along the Jiang-Shao tectonic belt are poorly constrained,
particularly for the Huangshan deposit, for which the ore-
forming process, genesis and tectonic settings are poorly
constrained. In this paper, the following studies are carried
out: (1) trace element abundances in different forms of
pyrite characterized by EPMA, (2) types and concentration
of impurities in pyrite and quartz by EPR (electron para-
magnetic resonance) spectroscopy, (3) types, composition
and P-T conditions of ore fluids in auriferous quartz by
fluid inclusion study and (4) whether high concentrations
of invisible gold, size and chemical state of Au in quartz
and pyrite are another significant contribution by X-ray
photoelectron spectroscopic (XPS) study. They can pro-
vide better evidences to constrain the precipitation mecha-
nism of gold, associated impurities in gold-mineralized
zone, and nature and evolution of the ore-forming fluids,
and finally, genesis of the Huangshan gold deposit will be
discussed.

Geological setting of the Huangshan gold deposit

The South China Block (SCB) is composed of two major
Precambrian continental blocks called the Yangtze Block
and the Cathaysia Block divided by the Jiangshan—Shaox-
ing tectonic belt (as a Neoproterozoic suture zone between
Yangtze and Cathaysia blocks) (Ren 1990; Li et al. 2007,
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2009, 2010a). The Chencai—Suichang Uplift (CSU) in
Zhejiang is an uplifted crustal block, in which the Pro-
terozoic basement is exposed as tectonic windows in the
overlying Mesozoic volcanic strata. Several Paleozoic and
Mesozoic gold and polymetallic deposits are hosted by
the high-grade metamorphosed basements in South China.
Ore deposits of the CSU are parts of large and complex
mineralizing systems, and each deposit is linked to the
respective tectonic-magmatic event. Basement rocks are
exposed in a series of tectonic windows, produced by tec-
tonic uplift, and consist of upper amphibolite- to green-
schist-facies rocks formed during the Paleozoic (Zhong
et al. 1996).

The Huangshan orogenic gold deposit is located in the
NE Shaoxing—Longquan Precambrian uplift in the central
part of Zhejiang between the Jiangnan tectonic belt and
Cathaysia block (Fig. la, b). The ore bodies occur on the
NE-SW direction along the southern edge of the Jiangnan
tectonic belt (Chen and Xu 1996; Chen and Jahn 1997,
Pirajno et al. 1997; Ni et al. 2015) (Fig. 1c¢) with host rocks
of the Chencai Group as the Proterozoic basement, which
suffered upper greenschist- to amphibolite-facies metamor-
phism during the early Paleozoic. The Chencai—Suichang
complex may be regarded as a part of a zone containing
slices of oceanic crust, which cropped out sporadically
between Shaoxing and Zhuji areas; and it represented as a
suture resulting from collision and accretion defined by the
NE-SW trending of the Jiangshan—Shaoxing tectonic belt
(Chen and Xu 1996; Pirajno et al. 2009).

The deposit is primarily controlled by its lithology,
alteration and deformation process that occurred in phyl-
lonite and amphibolitic gneiss. The length of the ore body
is about 500 m on the surface, and extends to the depth of
about 200 m. The width of the ore zone ranges from 0.2
to 9 m with an average of 3 m. The average ore grade is
10.56 g/ton gold. The lenses of 0.5-1 m length are located
along the NE strike of the ore zone dipping in the same
direction. It occurs in cleavage planes parallel to the main
fabric of the shear zone. Some of quartz—pyrite veins are
strongly sheared, and in other cases, the vein is weakly
sheared and massive, suggesting that at least three stages
of vein emplacement occurred during the periods of pre-
shearing, shearing and post-shearing events. The sample of
quartz and pyrite was collected from shear stage for various
experiments.

Sample description and analytical methods

Sample description

The samples of auriferous quartz and pyrite were col-
lected in different parts of the phyllonite belt (Fig. 2). The
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Fig.1 A Location map of Huangshan in China (modified after Zhao
et al. 2013); B location of Huangshan gold deposit along the Jiang-
Shao tectonic belt (modified after Zhu et al. 2009; Ni et al. 2015); C

mineralization in the phyllonite belt occurs as irregular
veins or cataclastic and mylonitic breccia. The alteration
products in quartz—sulfide veins consist of quartz, chlorite,
sericite and pyrite. The paragenetic sequences of silicate
and ore minerals are classified and listed in Fig. 3.

Thirty ore samples were collected from different sites of
underground horizons and studied for detailed ore petrog-
raphy. The main ore minerals of pyrite, chalcopyrite, sphal-
erite and galena have been classified in decreasing order

geological map of Huangshan gold deposit in Zhejiang Province, SE
China (modified after Zhu et al. 2009)

of abundance. The representative ore samples (13HS18,
13HS07, 13HS04) of auriferous quartz—pyrite have been
selected for EPMA and XPS analyses.

EPMA
Trace elements are studied in pyrite grains using the EPMA

in the Key Laboratory of the Secondary Institute of Ocean-
ography, State Oceanic Administration in Hangzhou, P. R.
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Phyllonite

Fig. 2 Photographs of representative samples from the Huangshan
orogenic-type gold deposit. A, B Quartz and pyrite (Au) veins in dif-
ferent sites of the phyllonite belt; C, D auriferous quartz lenticles and
pyrite (Au) in ductile shear zone; E, F crenulation cleavage in quartz

China. The analytical conditions for instrument were 20 kV
accelerating voltage and 100 nA beam current. The count
times for Fe and S were 20 s and for other elements were
80 s. The standards of the Fe-S (FeS,), As; (As), Au (Au°),
Co (Co%, Ni (Ni), Bi (Bi,S;), Te (Te’) and Cu (CuFeS,)
were used for analyses.
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XPS

The elements of Au (4f;,), Co (2p;,), Bi (4f) and Ge
(3ds;,) were standardized before analyses. The analyti-
cal penetration depth is 0.5-10 nm, and width is between
10 pm and 1 mm. The samples were analyzed using the
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ESCALAB 250Xi X-ray photoelectron spectrometer
‘Thermo’ with monochromated Al-Ka X-ray source (hm:
1486.6 eV, work voltage: 15 kV, power: 150 W and the
beam spot size: 500 Im) and were carried out at Zhejiang
University, P. R. China.

EPR spectroscopy

The separated quartz and pyrite samples were crushed
using steel mortar and agate mortar to decrease the grain
size to 200 wm. The samples have been washed in water
for removing the surface impurity and kept in furnace for
complete dry. The other mineral inclusions are removed by
handpicking under the stereoscopic microscope.

The EPR spectra of pure quartz powder samples were
recorded in JEOL TES 100 EPR spectrometer operating at
X-band frequency at the Department of Chemistry, Zheji-
ang University, P. R. China. The EPR spectra are obtained
at the following parameters: temperatures of low tem-
perature, room temperature and annealing (500, 800 K),
frequency of ~9.4-9.6 GHz, power of ~1.0 mW, scan
range of 335 & 10 mT for low and room temperature and
250 % 250 mT for annealing.

Laser Raman spectrometer and cooling—heating stage

Six quartz wafer sections were prepared through various
stages of cutting, grinding and polishing in both sides of
the sample to obtain wafer (200-300 pum) thickness. Dou-
bly polished thin wafers of quartz samples were carefully

studied under a polarized light microscope for detailed fluid
inclusion petrography. Each wafer was broken into 4-6 mm
in sizes. Inclusions from each field of view isolated and
grouped were selected for microthermometry (Roedder
1984; Shepherd et al. 1985; Bodnar 1992; Bakker 2003).
For microthermometric experiments, Linkam THMSG-600
stage fitted on Olympus BX-51P microscope was used.
The unit operates in the temperature range of —186 to
+600 °C. The unit is periodically calibrated by synthetic
fluid inclusions of CO, (triple point —56.6 °C) and pure
H,O (triple point 0.001 °C). The accuracy of the measure-
ment is £0.2 °C during cooling and +1 °C during heating.
The selected inclusions were analyzed using (‘Thermo’)
XR-dispersive Raman spectrometer with 532 nm, ‘Ar’ laser
and the magnification of 100x in the School of Earth Sci-
ences, Zhejiang University, P. R. China. Data generated
on only those inclusions, which have not been decrypted
and reproducible during experiment, were used for data
interpretation.

Results

Classification of pyrite

Two varieties of pyrite have been recognized: recrystal-
lized pyrite (pyl) and euhedral pyrite (py2). Texturally
recrystallized pyrite is further classified into three types:

sheared pyrite (pyla) through intermediate stage of recrys-
tallized fracture filled (py1b) and recrystallized no fracture

@ Springer
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Fig. 4 Reflected light photomicrographs and backscattered images
for typical morphology and ore texture in the Huangshan gold
deposit. A-D Different forms of recrystallized pyrite (pyla—pylb—
pylc), euhedral pyrite (py2) and pyrite appear as fracturing and

fills (pylc) (Fig. 4). The genetic and textural relationships
among pyla, pylb and pylc occurrences have different lev-
els of replaced minerals (gangue and sulfide phases). The
py2 occurred as a euhedral crystal and is embedded within
chalcopyrite. Pyrite crystals of different forms were possi-
bly formed due to recrystallization from the host metamor-
phic rock during subsequent metamorphic processes. Well-
developed pyrite crystals are controlled by temperature of
crystallization, differential stress activity and sulfur fugac-
ity during the subsequent events (Deditius et al. 2014). It
is interesting to consider that py2 may be the end product
of gold deposition, and there is no gold found in other
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intense shearing (ductile zone); and E, F backscattered electron
images and measured concentrations of Au, Co, Ni, Bi. Abbrevia-
tions: Py, pyrite; Qtz, quartz; Cpy, chalcopyrite; and Sph, sphalerite

sulfides. The trace element abundance of recrystallized
pyrite and euhedral pyrite is listed in Table 1.

Recrystallized pyrite (pyl)

The amount of Co, Ni and Au concentration of recrystal-
lized pyrite varies in pyla, pylb and pylc. The pyla has
Co, Ni and Au contents and Co/Ni ratios ranging 9220-
7850 ppm, 360-140 ppm, 200-360 ppm and 25-56,
respectively, whereas the pylb has Co, Ni, Au and Co/Ni
ratios of 5590-5020 ppm, 540-320 ppm, 70-180 ppm and
10-15, respectively. However, the pylc shows Co and Au
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Table 1 EPMA results for average trace element abundances in pyrite (pyl and py2) and chalcopyrite in the Huangshan orogenic-type gold

deposit
Pyrite Fe (%) S (%) Cu (%) As (ppm) Au (ppm) Co (ppm) Ni (ppm) Co/Ni Bi (ppm) Tl (ppm)
Pyla 46.30 53.1 0 360 9220 360 25.6 2270 2170
46.30 53.5 0 260 9210 180 51.1 2390 2080
46.33 53.8 0 210 7850 140 56.0 2270 2170
46.29 53.0 0 190 7800 150 52.0 1450 1250
46.31 53.1 0 100 7600 170 45.0 1450 1370
Pylb 46.13 53.3 0 220 5590 540 10.3 2350 1840
46.7 53.0 0 150 5210 580 8.9 2170 1600
46.1 53.1 0 70 5020 320 15.6 2290 1840
Pylc 47.0 52.9 0 80 1260 770 1.6 2260 1910
46.8 53.0 0 20 1510 860 1.8 2290 1980
Py2 47.3 53.5 0.001 60 1430 1600 0.89 2260 2070
47.3 53.5 0.006 20 1260 1800 0.7 2250 2040
47.6 53.2 0.008 80 1320 1650 0.8 2210 2010
Cu-Py 30.9 36.5 34.1 0 0 420 0 1320 1120
30.7 36.2 34.0 0 0 310 0 2400 1760

contents decrease from 1510 to 1260 ppm and from 80 to
20 ppm, respectively, with increase of Ni abundant from
770 to 860 ppm.

Euhedral pyrite (py2)

The py2 is texturally similar to pylc (different level of trace
element enrichment). It shows very low abundances of Co
and Au with high Ni abundances. It has Co, Ni, Au and
Co/Ni ratios ranging 1430-1260 ppm, 1600-1800 ppm,
20-80 ppm and <1, respectively. The abundance of Au
has a decreasing order within a zonal pyrite. The Co and
Au concentration decreases with increasing concentration
of Ni, reflecting a feature of the trace element variation of
Ni > Co in the py2.

XPS results

The X-ray photoelectron spectroscopy was used to character-
ize the size and chemical state of trace elements, particularly
for Au. The concentration of Au in pyrite varies from 360 to
20 ppm. The gold precipitation on pyrite surface is induced
by changes in P, T, Eh and pH of ore fluid complexes (Cook
and Chryssoulis 1990; Bowers 1991). The interpretation of
Au is mainly based on the electrochemistry of 4f;,, spectra.
The binding energies of Au 4f;,, as determined by XPS
from 84.1 to 90.0 eV correspond to chemically bonded
gold (Au®) in quartz and 90-93 eV for Au*" in pyrite.
The value of binding energy of Au 4f,, depends on the
size and chemical state (Scaini et al. 1997). The binding
energy decreases with decreasing size of gold grains, sug-
gesting that valence states of Au>* replaced 2Fe*" in the

pyrite structure and Au® replaced Si in the quartz structure
(Fig. 5a—d). Other trace elements in pyrite such as Bi and
Co are also detected on pyrite (Fig. Se, f), implying signifi-
cant amount of impurities sitting in the pyrite lattice.

EPR results
EPR results of auriferous quartz

The quartz contains numerous atoms of various substitu-
tional and interstitial impurities and paramagnetic centers
in the crystal structure. The room temperature EPR spec-
tra of quartz are inactive. The low temperature (107 K) and
annealing (500 and 800 K) samples yielded strong reso-
nance lines as identified with the help of ‘g’ (gyro-magnetic
ratio) values. The ‘g’ value is calculated by E = hv = gBB,,
While ‘g’ is the spectroscopic splitting factor, g is the Bohr
magneton and B, is the external magnetic field (Ikeya 1993).
For paramagnetic species in mineral samples, their orbital
momentum is quenched due to the crystal field parameters,
which reflects symmetry of the environment corresponding
to ‘g’ value. However, the ‘g’ value in mineralized samples
is quite different from non-mineralized samples (Matyash
et al. 1982; Van Moort and Russell 1987; Van Moort and
Brathwaite 1988; Ikeya 1993; Russell and Van Moort 1999).

Al center (g = 2.027) and E; center (g = 2.0026) are
detected at a low temperature (107 K) (Fig. 6a) in the study
samples. Annealing of quartz samples yielded interstitial
impurities of Fe** and [GeO,/Li*]® or Mn>* (g = 2.001).
The typical centers are related to a gold-mineralized envi-
ronment (Russell 1995; Pwa and Van Moort 1999). In non-
mineralized samples, these centers are typically absent

@ Springer
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Fig. 5 X-ray photoelectron chemical spectra for the Huangshan orogenic-type gold deposit. A, B Gold-rich pyrite (Au**), C, D auriferous

quartz (Au®) and E, F Bi and Co rich in pyrite

or relatively very low (McQueen et al. 2001). This study
highlights the significant understanding of trace element
contents, impurities and paramagnetic centers being incor-
porated into the auriferous quartz lattice. Trace element
geochemistry of auriferous quartz and associated impuri-
ties compared with other Paleozoic gold deposit are listed
in Tables 2 and 3.

EPR results of gold-rich pyrite

EPR results of pyrite samples show Fe’* and Mn?* with a
characteristic peak shift observed from room temperature

@ Springer

to low temperature and annealing temperature. The EPR
spectra clearly indicate the presence of Mn?*, and its ‘g’
value ranges from 1.999 to 2.001. The Mn*" is a d> ion,
and it is very sensitive to distortions from octahedral to tet-
rahedral symmetry, and the total spins of Mn*" are £5/2,
43/2 and £1/2 (sextets). The six hyperfine splits are called
as Kramer’s doublets, and the hyperfine coupling constant
is obtained from the EPR spectra of Mn%t, which corre-
spond to characteristic peak shift and ionicity (Ikeya 1993;
Seshamaheswaramma et al. 2011) (Fig. 6b). The peak shift
and ionicity are distinct features observed in gold-mineral-
ized environment.
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rich pyrite samples from the Huangshan deposit; low temperature
(107 K), room temperature (298 K) and annealing (500 K); and scan
range: 335 + 10 mT in a, b; 250 4+ 250 mT (500 K) in ¢, d

Table 2 Trace element

. . Samples Ge Li Co Ni Rb Sr Ba v Cr Cs

abundances (ppm) in auriferous
quartz and pyrite samples in 13HSO4 (quartz) 52 53 254 371 24 542 11.8 46 106 <l
I;e‘;a:s%f han orogenic-type 13HSO5 (quartz) 46 72 257 105 66 455 983 269 121 <l
13HSO7 (quartz) 5.9 47 142 83 81 1120 1400 413 61 <l
13HS18 (quartz) 47 95 163 27 37 349 409 149 L1 <l
13HSO4 (pyrite) <1 <l 954 189 <l 9.8 <1 1.8 50 <1
13HSO0S (pyrite) <1 <l 928 210 <l 7.9 <1 1.7 48 <l
13HSO7 (pyrite) <1 <l 982 170 <l 12.9 15 1.9 58 <l
13HS18 (pyrite) <1 <l 114 919 <l 10.1 13 1.6 80 <l

Table 3 Typical paramagnetic impurities and centers in auriferous quartz (Huangshan) compared with other Paleozoic gold deposits

Gold deposit Time Facies/Lithology

Paramagnetism References

Cowarra deposit  Early Paleozoic ~ Lower greenschist—facies

Beaconsfield Early Paleozoic ~ Sedimentary facies

Huangshan Early Paleozoic ~ Upper—mid greenschist—facies

McQueen et al. (2001)
Russell and Van Moort (1999)
This study

Al, Mn, E, center, oxygen hole center
Al, Ge, Li, Mn, Fe
Al, Ge, Li, Mn, Fe, Co, Ni, E,-center

Fluid inclusion study
Fluid inclusion petrography

Fluid inclusions are samples of ore fluid, which yield valu-
able information about P-T-X during mineralization. The
genetic classifications of fluid inclusion are done according
to the following rules. Isolated fluid inclusions and clusters

are interpreted to be primary phases in origin. The inclu-
sions aligned as trails or planar arrays are considered to be
secondary phases in origin (Roedder 1984; Bodnar 1985;
Wilkinson 2001).

In the auriferous quartz samples, three types of primary
fluid inclusions are identified. Type I, type II and type
IIl are aqueous biphase liquid rich (Ly,0 > VH,0), car-
bonic monophase (Lco, or Vco,), and aqueous-carbonic

@ Springer
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Fig. 7 Types of fluid inclusion in auriferous quartz. A-F For the type I (Lu,0 + VH,0), type II (Lco,) and type III (Ly,0 + Lco,), and G inclu-
sions observed near crystal growth zone

Table 4 Petrography and microthermometry results of auriferous quartz from Huangshan gold deposit

Type phase Size Shape Tmco, Tmg, Thco, Tmeut Tmice Salinity ~ Th,,
(um) §©) O O O §©) (wt%. O
NaCl eq)
I Li,o + Vino 2t010 Oval —187t0  —45to 72t00.5 160 to?295
Round —12 —-0.3 L)
n Veo, 41012 E:ianglulaf
I Lo +Leo, + Vino 8t016 2% 50410 651085 15t028 7103 17510328
—57.9 %) V)

Tinco,, melting temperature of CO,; Tm,,,,, temperature of clathrate melting; Tj,co,, homogenization temperature for CO,; Tmeut, eutectic melt-
ing temperature; Tmice, temperature of ice melting; Thtot, total homogenization temperature

inclusion (Ly,0 + Lco,) respectively. The size of the inclu-  Microthermometry
sion varies from 2 to 16 pwm in diameter (Fig. 7). The iso-
lated and group of primary inclusions are chosen for micro-  In the type I inclusions, first melting temperatures

thermometry and Raman microscopy (Table 4); and coeval ~ between —18.7 and —12 °C (NaCl eutectic at —21.2 °C)
and co-existing inclusions of type I and type III are used  are observed. The final ice-melting temperature of these
for P-T estimation. inclusions varies from —4.5 to —0.3 °C (cluster between
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Fig. 8 Histogram plots for auriferous quartz of the Huangshan oro-
genic-type gold deposit. A Temperature of ice melting versus fre-
quency plot for type I inclusions, B homogenization temperature ver-

—0.3 and —1.5 °C) corresponding to salinity values of
7.2-0.5 wt% NaCl equivalent, according to Goldstein and
Reynolds (1994) classification. The type I inclusions are
homogenized into liquid (Ly,0 + VH,0 — Ln,0) between
160 and 295 °C. For type III inclusions, Tmco, was
recorded to lie between —59.4 and —57.9 °C (presence
of low amount of volatile phases). Final clathrate-melting
temperature was observed at 6.5-8.5 °C (7-3 wt% NaCl
equivalent) (cluster between 8.1 and 8.5 °C). The partial
homogenization temperature of type III inclusions varies
from 15 to 28 °C (Ln,0 + Lco, + Vco, = Lu,o0 + Vco,)-
The total homogenization temperature of type III inclusion
ranges from 175 to 328 °C (Lu,0 + Vco, — Vco,). The
histograms of type I and type III inclusions are plotted in
Fig. 8.

Raman microscopy results
Few primary inclusions are selected to determine the

composition of molecular species using Raman micros-
copy. The identification of different phases is obtained

Total homogenization(°C)

sus frequency plot for type I inclusions, C salinity versus frequency
plot for type III inclusions, and D total homogenization temperature
versus frequency plot for type III inclusions

based on the position of Raman shift in the spectra
(Burke 2001; Burruss 2003). The type I to type III
inclusions show the presence of H,0O and CO, phases
with typical Raman shift values, such as 1284 and
1387 cm™! for CO, doublets in the type IT and IIT inclu-
sions and 3300-3400 cm™~! for H,O in type I inclusions
(Fig. 9).

P-T estimation (isochoric intersection)

The pressure-temperature conditions of gold precipita-
tion have been calculated by intersection of coexisting flu-
ids (type I and type III inclusions) in auriferous quartz.
The P-T values for isochore were obtained by FLINCOR
program (Brown 1989). The homogenization, ice-melting
and clathrate-melting temperatures were used for calcula-
tion. The equations (Bowers and Helgeson 1983; Zhang and
Franz 1987) were used for P-T estimation. The P-T values
of I, =253 °C/1250 bar and I, = 218 °C/780 bar at the point
of intersection during entrapment of these fluids are obtained
(Fig. 10).
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Fig.9 Laser Raman spectra of fluid inclusions in the aurifer-
ous quartz in the Huangshan deposit, A CO, doublets (1284
and 1387 cm™!) in type II inclusion, B CO, doublets (1277 and
1378 cm™!) and H,O liquid rich (3413 ecm™!) in type III inclu-
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Fig. 10 Isochore plot for auriferous quartz vein in ductile shear zone.
The P-T values of /; =253 °C/1250 bars and I, = 218 °C/780 bars at
the point of intersection during entrapment of these fluids in Huang-
shan orogenic-type gold deposit
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sion, C CO, doublets (1288 and 1389 cm™!) and H,0 liquid poor
(3332 cm™!) in type IIT inclusion and D H,O vapor (3320 cm™}) in
type III inclusion

Discussion
Gold precipitation mechanism

In the Huangshan orogenic-type gold deposit, quartz and
pyrite are the main host minerals for invisible Au distribu-
tion and other impurities. The Au content in pyla and py1b
is relatively higher than those in pylc and py2. Different
stages of pyrite show more or less different trace element
concentrations. Even a single pyrite crystal contains differ-
ent levels of trace element incorporation.

Co and Ni are a significant element pair for gold-asso-
ciated pyrite and important elements for understanding
the origin and precipitation of Au in pyrite. However, the
EPMA study reveals that Co and Ni are incorporated into
pyrite lattice and provide the information about Au-precipi-
tating fluid mechanism, and the processes are controlled by
their primary composition via fluid—rock interaction. The
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concentrations of Co, Ni and Co/Ni ratios are common in
many gold-mineralized environments (Large et al. 2009;
Zhao et al. 2011; Deditius et al. 2014). The content of Au
increases with increasing concentration of Co and depletion
of Ni content. The Huangshan orogenic-type gold deposit
is spatially associated with upper—-mid greenschist—facies
and contains relatively moderate concentration of Ni (140-
1800 ppm) and high concentration of Co (360-9220 ppm)
in pyrite. Significant differences in the Co and Ni concen-
trations in pyrite reflect local fluctuations in the bulk fluid
chemistry, which may well have been caused by interac-
tion with wall rocks. The ratio of Co/Ni is highly variable
in different environments (Bralia et al. 1979; Cook 1996;
Cook and Chryssoulis (1990); Large et al. 2009; Cook
et al. 2009). The high concentrations of Co (>500 ppm) and
Co/Ni > 1 imply pyrite precipitated from high to moderate
temperature and hydrothermal origin as pointed by Bralia
et al. (1979). The py2 typically contains higher Ni than Co,
py2 usually coexists with chalcopyrite, and Co is incorpo-
rated in the chalcopyrite lattice in very low amounts, which
might indicate that P-T changes of crystallization lead to
increased Ni from the host rock and the concentration of Ni
is relatively absent in chalcopyrite.

The concentration of Au in py1l decreases through py2,
and no gold was found in other sulfides. The concentra-
tion of gold was incorporated into the pyrite, and inter-
stices with other elements such as Co—Ni interact with
AuHS, -rich fluids in different stages of pyrite. There-
fore, this process, mainly controlled by temperature of
crystallization, fg, (sulfur fugacity), and the sulfidation
reaction between Au-bearing fluids and the wall rock
(Cook and Chryssoulis 1990; Cook et al. 2009), is argued
in this study.

Implication for gold-associated impurities

Ge and Li in quartz, and Co and Ni in pyrite are the two
important element pairs, and their relative concentration is
presumably related to gold mineralization. However, Ge
developed the same bonding behavior in quartz, and it can
be easily substituted for Si** in quartz lattice because of its
similar ionic size. Li is also a powerful element to deter-
mine gold-mineralized environment. However, Pwa and
Van Moort (1999) reported no gold if there are no Li and
Ge in auriferous quartz. The optimum correlation between
gold and the total amount of Ge + Li is >10 ppm. Simi-
larly, Co and Ni developed in pyrite structure. The level of
trace elements incorporation and impurities in quartz and
pyrite is primarily controlled by ionic potential and types
of bonding (Gotze et al. 2001; Larsen et al. 2004; Gotze
2009).

In the Huangshan orogenic-type gold deposit, the pre-
cipitation of quartz and pyrite in hydrothermal stage is

highly variable. Interstitial elements are accommodated
in the vacant spaces produced by lattice defects dur-
ing shearing events, where there may be charge balance
anomalies in the structure of these minerals and the ele-
ments are easily remobilized during alteration in quartz
(silicification) and pyrite (pyritization) because of relative
weakness of the bonding. The amount of trace elements
in quartz and pyrite depends on lattice elasticity and rate
of crystal growth, which is primarily controlled by meta-
morphism, shearing events and temperature of crystalliza-
tion. The concentration of Ge and Li in auriferous quartz
is an important compensator ion [GeO,/Li*]°. An alterna-
tive interpretation of the strong enrichment of Li in quartz
may be related to the increasing content of Al in quartz
(Ikeya 1993). In summary, the trace element incorporation
in quartz and pyrite is mostly controlled by metamorphic-
rich fluids during shearing events; the element pairs of
Ge-Li—Al in quartz and Mn—Co-Ni in pyrite are the char-
acteristic impurity centers identified in gold-mineralized
zone, in which these features are relatively absent in non-
mineralized zone.

The behavior of Au in quartz—pyrite vein is mainly con-
trolled by temperature of crystallization, rate of crystal
growth, incorporation of Ge-Al-Li and Co-Ni-Mn ele-
ments that are interacting with AuHS,” complex in the
mineralizing fluids under high sulfur fugacity conditions
(Becker et al. 2001; Mikhlin et al. 2011; Large et al. 2009;
Sung et al. 2009; Thomas et al. 2011; Zhao et al. 2011;
Deditius et al. 2014). The precipitation mechanism of Au
in pyrite is chemically related to Co—Ni-rich fluids in dif-
ferent generation of pyrite in Huangshan orogenic-type Au
deposit.

Ore-forming fluid process

The type I and III inclusions in quartz have the simi-
lar range of homogenization temperature of 160-295 °C
(L+V— L)and 175-328 °C (L, + L, + V — V), respec-
tively, with different salinities for type I inclusions (7.2—
0.5 wt% NaCl equivalent) (cluster between the ice melt-
ing at 0.3-1.5 °C (<3 wt% NaCl equivalent) and type III
inclusions (7-3 wt% NaCl equivalent) (cluster between the
clathrate-melting temperature at 8.1-8.5 °C (<4 wt% NaCl
equivalent). The ore mechanism for Huangshan orogenic-
type gold deposit accounts for dissolution, transportation
and precipitation of ore changes the fluid salinity from
higher to lower thermal gradient.

Petrographic evidence reveals that coexisting type I and
type III inclusions and different modes of homogenization
to liquid and vapor are the effective evidences of immis-
cible fluid process (Fig. 11). The immiscible fluid pro-
cess might have been generated by a process of mixing of
two independently derived fluids (as aqueous biphase and
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Fig. 11 Salinity versus total homogenization temperature illustrating
the distribution pattern of the data points from the Huangshan oro-
genic-type gold deposit

carbonic fluids); and phase separation and fluid entrapment
occurred during Au precipitation. Globally, the boiling
fluid process and fluid mixing process have been proposed
for many orogenic-type gold deposits (Goldfarb et al. 2001,
2005; Zhou et al. 2015). These fluid processes most likely
occur only in shallow environments. Moreover, exsolution
of CO,-rich fluids, occurred mostly in deep-seated envi-
ronments (ductile zone), is an evidence of immiscible fluid
process in the Huangshan deposit unlike fluid mixing or
boiling process.

Isochore intersection plot for coexisting fluids (aque-
ous carbonic and aqueous biphase) reveals P-T regimes
of fluid entrapment in the zone of ductile event (gold pre-
cipitation and hydrothermal alteration). Furthermore, the
P-T domains of the aqueous biphase (type I) and aqueous-
carbonic inclusions (type III) are obtained, and an entailing
phase separation from H,0-CO,—NaCl fluid responds to
pressure decrease, possibly from a middle to upper crustal
fluids during advection of the initial metamorphic aqueous-
carbonic fluids by expanding the H,0-NaCl-CO, solvus.
Although the P-T values, obtained by isochore intersection
(1250-780 bar and 253-218 °C), are well within the P-T
window, this observation is common for many orogenic-
type gold-mineralizing systems (Goldfarb et al. 2001,
2005; Groves et al. 2003), particularly for upper—-medium
grade greenschist-hosted deposits being indications of rea-
sonable pressure fluctuation (470 bar), especially for shear
zone-related systems. Pressure fluctuation process could
have been facilitated by phase separation of an initial H,O—
NaCl-CO,-Au(HS), fluid leading to gold precipitation as
previously reported by Wilkinson and Johnston (1996) and
Mikucki (1998). Furthermore, the circulating metamor-
phic fluids are preferentially channeled through pathways
determined by ductile shear zones and are perhaps the most

@ Springer

important channel ways, in terms of zone of gold precipita-
tion in the Huangshan orogenic-type Au deposit.

Genesis of the Huangshan gold deposit

The Huangshan orogenic-type gold mineralization pri-
marily occurred along Jiangshan—Shaoxing tectonic belt
during the early Paleozoic (Chen and Xu 1996; Li et al.
2010b; Zhao et al. 2013; Yao et al. 2014; Ni et al. 2015).
The Jiangshan—Shaoxing tectonic belt is an important belt
formed during the Neoproterozoic between the Yangtze and
Cathaysia blocks. Several Neoproterozoic groups of fel-
sic and mafic intrusive rocks are reported on the Chencai
Group along this belt (Ye et al. 1994; Li et al. 2009; Yao
et al. 2014). Recent isotopic studies suggested that there
was no evidence of the Neoproterozoic metamorphic rocks
along this belt (Li et al. 2009; Zhang et al. 2014; Ni et al.
2015). Moreover, the early Paleozoic gold mineralization
in the NE Jiang-Shao tectonic belt is consistent with met-
amorphism of the rocks. These metamorphic rocks devel-
oped in Cathaysia inliers during a compressional to exten-
sional environment of continental margin and developed a
series of ductile shear zones along this tectonic belt during
the early Paleozoic. These ductile shear zones are associ-
ated with numerous gold deposits in the NE Jiangshan—
Shaoxing belt, such as the Huangshan, Pingshui, Mali,
Shiqi, Tongshulin and Zhongao deposits (Zhu et al. 2009;
Ni et al. 2015).

The gold mineralization in the Huangshan deposit can
be a product of an early Paleozoic orogenic-type gold belt
based on the following evidences. (1) The Huangshan gold
deposit is spatially associated with a ductile shear zone
along the NE Jiangshan—Shaoxing tectonic belt; (2) car-
bonic fluids are the dominant phases, and the fluid salin-
ity is <7.5 wt% NaCl equivalent. The fluid process suggests
evidence of immiscibility, which implies the deposit occurs
in deep-seated environments; (3) the common alteration
features of sericitization, silicification and pyritization are
readily observed (alterations are common phenomena for
many orogenic gold deposits); and (4) the Au occurs as an
invisible form in different stages of As-free pyrite, which
is essentially controlled by Co-Ni and AuHS,"-rich hydro-
thermal fluids.

The ore bodies in the Huangshan gold deposit formed
in a upper to mid greenschist-facies metamorphism. The
deposit is located along the ductile-brittle and ductile shear
zone structures, fluids flow through these shear systems
(Mattioli et al. 2014; Kisters et al. 1999), with minerali-
zation styles dominated by auriferous quartz—pyrite veins.
Orogenic ore-forming hydrothermal systems are dominated
by low-saline and CO,-rich fluids. All of these features sug-
gest that the Huangshan deposit is an orogenic-type gold
deposit in South China.



Int J Earth Sci (Geol Rundsch) (2017) 106:1057-1073

1071

Conclusion

Through the above study of ore mineralogy, trace elements,
impurities and fluid inclusion in the Huangshan gold
deposit, some important conclusions are made as follows.

1. The Huangshan gold deposit was restricted to the duc-
tile shear zone with a high-medium grade metamor-
phism that occurred along the Jiangshan—Shaoxing
tectonic belt in the Cathaysia inliers during the early
Paleozoic.

2. The concentration of gold is mainly controlled by Co—
Ni and AuHS, -rich hydrothermal fluids in different
stages of pyrite.

3. The element pairs of (Ge-Li—Al) in quartz and (Mn—
Co-Ni) in pyrite are the characteristic impurity centers
identified in gold-mineralized zone.

4. Fluid inclusion study showed relatively low entrap-
ment temperature and carbon dioxide-rich fluids. The
coexisting type I and type III inclusions and the same
range of homogenization temperature with different
mode of homogenization are evidences of immiscible
fluid process.

5. The Huangshan orogenic-type gold deposit may be
associated with the Wuyi-Yunkai orogeny during the
early Paleozoic, including an upper—mid greenschist-
facies metamorphism (450-420 Ma).

6. The Huangshan deposit can be explained by a oro-
genic-type gold deposit, consistent with the age of the
early Paleozoic orogeny in South China.
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