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Abstract: The Shihu deposit, which is a well known quartz vein type gold deposit in the northern part of the
Taihang orogen of the North China craton (NCC), is hosted by ductile-brittle faults within Archean
metamorphic core complex of the Fuping Group. Lead, sulfur, carbon, oxygen, hydrogen and strontium
isotope geochemistry is used to help understand the sources of the ore fluid and materials. Pb isotopic
compositions from sulfides range from 16.002-16.958 for **Pb/***Pb, 15.134-15.345 for **’Pb/***Pb, and
36.825-37.8194 for *®*Pb/*™Pb. The data straddle the lower crust and upper mantle growth curve. These
values are similar to those of country rocks, and indicate that there are mixed sources for the Pb, with end
members equating to mantle and crustal reservoirs. Most 5°*S values of the sulfides range from +1.5 to +2.5
%o and display a pronounced tower effect, and suggest that magmatic sulfur dominates in sulfides, mixed
with minor, isotopically light sulfur. Sulfur isotope temperatures calculated by mineral pairs are between
16001 and 315[]. Gangue calcite in three samples from the veins have similar isotope compositions, with
3"C values in the range of -5.93 to -6.92 %o with respect to PDB and 'O values in the range of 8.81 to
12.36 %0 with respect to SMOW. 8D values of fluid inclusions in the seven samples of auriferous quartz
have a narrow range of -101 to -91 %o and the 3'*Oypp0 values calculated from 8'*0O values of quartz range
from 2.21 to 7.05 %o. These data suggest that the ore fluid is likely a mixture of meteoric water and
magmatic water. The initial *’Sr/*Sr values range from 0.714057 to 0.825903 for quartz, from 0.71345 to
0.723227 for pyrite, which are lower than that of the host rock ranging from 0.77569 to 1.06413. Those
results suggest that the ore-forming elements were leached from the Precambrian basement that reacted with
deep-source fluids.

Key words: isotope geochemistry, sources of ore fluid and materials, Shihu gold deposit, North China
craton.

1. INTRODUCTION

Previous studies of gold deposits have been
focused on the major gold-bearing areas along the
margin of the North China craton (NCC), such as
Jiaodong peninsula (eastern margin), Xiaoqinling
(southern  margin), and Chifeng-Chaoyang
(northern margin) (Yang et al., 2003); however,
gold deposits within the NCC are still poorly
studied (Zhu et al.,, 2001). As a polymetallic
metallogenic province, the Taihang Mountain,

associated with the NE-SW trending giant gravity
lineament (NSGL), is an ideal probe of studying
destruction of the NCC (Chen et al., 2003, 2005,
2008). Recent exploration has targeted gold
deposits in the Taihang Mountains that are
associated with granitoids and more than 88 gold
deposits and occurrences have been found (Yang
et al.,, 1991). Their economic importance, total
contained gold (production and reserves)
exceeding 100 tons of gold, has made them the
targets of many investigations. The largest old
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gold deposit in this area is the Shihu mine, which
was first discovered in 1980s, and still has
reserves of more than 10 tons of gold with a grade
of 6-14 grams per ton (Xi et al., 2008; Cao et al.,
2010, 2011).

Geochemistry of ore fluid and metals of
gold deposit from the Taihang Mountains have
been systematically presented in one English
language journals (Zhu et al., 2001), but those
data not involved the Shihu deposit and lacked
detailed new isotopic data. Many aspects of the
ore genesis, such as the sources of metal, nature of
the transporting fluids, and precipitating
mechanisms are still matters of debate, either they
were formed in the host rocks by hydrothermal
processes preceding granitoid emplacement or
there is no genetic relation with the younger
plutonic rocks. Isotope geochemistry is a powerful
tool in deciphering the genesis of ore deposits
(Constantina et al., 2009; Andras et al., 2010).
Hydrogen, oxygen and carbon isotope systems
(Hoefs, 1997) can trace the sources of the ore-
forming fluids and lead, sulfur, lead and strontium
(Robert et al., 2001) and isotope analyses can
constrain the source rocks for the ore-forming
metals. We present new and detailed sulfur,
hydrogen, oxygen, carbon, lead, and strontium
isotope data in an attempt to constrain the sources
of the ore fluid and metals of the Shihu gold field,
and provide a valuable tool in the exploration for
similar deposits in the region.

2. REGIONAL GEOLOGCAL SETTING

The North China craton (NNC, also known as
the Sino-Korean craton), with basement rocks as old
as 3.8 Ga is located in the eastern part of the Euro-
Asian continent (Fig. 1a), bounded to the north by
the southern margin of Inner Monglia-Daxing’anling
orogen and to the south by the Qingling-Dabie-Sulu
orogen that formed during the Triassic collision
between the Yangtze Block and the NCC (Li et al.,
1993). The Taihang Mountains, part of the NE-SW
trending giant gravity lineament (NSGL) (Fig. 1b)
was identified based on geophysical data (Ma, 1984)
and is about 700km in SN length and 50-150km in
EW breadth. According to some newly documented
references, the Taihang Mountain is a special
geomorphological-Tectonic unit within the North
China craton which separates the Ordos cratonic
block in the west and the North China quasi-circular
rift basin in the east (Menzies et al. 2007). The
region to the west of the NSGL shows large negative
Bouguer gravity anomalies and is underlain by a
thick (150-220 km) lithospheric mantle; the region
to the east of the NSGL, however, shows weakly
negative to positive Bouguer gravity anomalies and
high heat flow and is underlain by a relatively thin
lithosphere (60-120 km) (Tang et al., 2006).
Extensive Mesozoic magmatism, together with the
development of large-scale sedimentary basins,
occurs mainly in the region east of the NSGL,
contrasting to minor magmatism in the region west
of the gravity lineament.
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Figure 1. Skeleton geological map of the North China craton (left) and the Shihu region (right),
western Hebei (Modified by Niu et al, 1994 and Tang et al, 2006).
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The Taihang Mountain lies between the Ordos-
Shanxi plateau to the west and the North China
Basin to the east (Fig. 1b). The base of Taihang belt
consist mainly of Archean TTG gneiss, which are
uncomfortably overlain by thick sequences of Meso-
to Neoproterozoic clastic and chemical sedimentary
rocks, suggesting that craton was stabilized during
Paleoproterozoic. The craton was stable until late
Triassic when widespread volcanism (predominantly
basaltic, andesitic and dacitic rocks, with minor
rhyolites) and intrusion of dominantly intermediate
to felsic plutons occurred, accompanied by large-
scale basin formation. The Mesozoic magmatism
continued intermittently until late Cretaceous, and
resulted in the NE-trending magmatic belts in East
China (Zhai et al., 2002). Voluminous Mesozoic
intrusions occur in the orogen, with rock types
dominated by monzonites-monzogranites and related
mafic rocks. Chen et al. (2008) reported SHRIMP
zircon U-Pb ages of 12743 Ma and 12943 Ma for a
quartz monzonite pluton and a monzonite pluton in
the orogen, respectively. An older age of 13842 Ma
was also reported by Chen et al. (2005) for a mafic
pluton from the orogen.

3. DEPOSIT GEOLOGY

The Shihu gold district, about 200km southwest
of Beijing, is situated with maximum reserves in the
Long Mengou village, north-western Lingshou
County, Shijiazhuang, the capital of Hebei province
(Fig. 1c). The geographic coordinates of the deposit
is 114°03'15"E—114°04"21"E and 38°38'04"N—
38°40'19"N, with a total mine area of about 4.1km>.

The deposit is a typical quartz vein type gold
system with quartz-sulfide veinlets. Wall rocks
consist of metamorphosed Precambrian sequences,
which consist of 2.5~2.4Ga tonalite-trondhjemite-
granodiorite (TTG) gneisses tectonically flattened
and display well-developed foliations, ~2.5Ga Wanzi
paragneisses that are mainly derived from aluminous
schist and gneisses with minor amounts of calc-
silicate rocks, marbles and amphibolites, and ~2.0Ga
Nanying granitic gneisses, commonly containing the
TTG as xenoliths, which are mainly derived form
monzogranitic and syenogranitic varieties (Liu, 1997;
Liu et al., 2004). All of them are metamorphosed to
amphibolite to granulite facies.

The Mapeng granite batholith, with a total
exposed area of about 64.5km?, is one of the most
important intrusions in the Shihu area. This stock
intruded the Archean Fuping complex and is
composed mainly of medium- to coarse grained
massive granites. Small mafic enclaves (5-15 cm
long) that have sharp contacts with the hosting

granite are locally present. In addition, an NE-
striking swarm of diorite and quartz diorite
porphyry dikes intrude into the Archean Fuping
complex, broadly parallel to the gold vines.

More than 50 quartz veins have been identified
in the deposit, which trend SN and dip west or east
(Fig. 2). These veins are generally 2m-5m in width
and hundred of meters in length. The main lode is
approximately up to 3200 m long and 2-5 m wide
(locally up to 10 m), and has an average gold grade
of 5.88g/t with a maximum grade of 100g/t (Fig. 3,
Wang et al.,, 1990) In terms of paragenetic
sequences, these gold-bearing veins can be divided
into three types: (1) pyrite sericite-quartz veins; (2)
disseminated pyrite veins; and (3) polymetallic
sulfide veins. Type 1 veins were generally
deformed, fractured and altered, and the
homogenization temperatures of fluid inclusions in
quartz of this type range from 3500 to 4000]. Type
2 veins contain much less sericite and more pyrite
than type 1. Type 2 veins locally crosscut type 1
veins, indicating that they are younger than type 1
veins, but both types crosscut the foliation of the
host Archean gneiss. The homogenization
temperatures of the type 2 veins vary between
30000 and 37000. Type 3 veins contain much more
sulfide minerals than type 1 and type 2. The
homogenization temperatures of this type change
from 2300 to 31000. The type 2 and type 3 veins
are economically significant, with ore grade
generally ranging from 4.50 to 8.35 g/t (up to 100
g/t), whereas type 1 veins normally contain less
than 1 g/t Au.

The alterations are mainly K-feldspathization,
pyrite sericite-qyartz alteration, silicification as
well as less carbonatization, sericitization,
kaolinization, and chloritization. The intensive
polymetallic sulfide and silicification are closely
associated with gold mineralization. Ore structures
commonly include automorphic granular structure
(cubic pyrite in galena, Fig. 4c), inclusion structure
(dendritic gold in quartz, Fig. 4a) and
decomposition of solid solution structure (droplet
chalcopyrite in sphalerite, Fig. 4d). According to
ore textures, structures and mineral assemblages,
ore-forming processes are divided into five stages:
a pyrite phyllic stage (I), a coarse grain pyrite-
milky white quartz stage (II), a smoky gray Au-
bearing quartz-fine grain pyrite stage (III), an Au-
bearing polymetallic sulfide-quartz stage (IV), and
a quartz-carbonate stage (V). III and IV are the
main ore-forming stages and the superposition of
these two stages forms bonanza zones.

237



47

reservior=£:

A vivivivivtvivis Vi T e

s

" ‘;hlhu ) /%////%)9

////////// LSS

////”
%

Quarternary

R Biotite-bearing

leeres plagioclase gneiss

Amphlholllc-bcarlng
plagioclase gneiss

o
i 1.1 Granodiorite

e .
Granite

+ 4+ |

’ Quartz diorite
porphyrite dyke

’ Gold-bearing quartz vein

..... Overthrust fault

| & | Overturned anticline

X7 | Anticline axis

_N\“"| Syncline axis

Figure 2. Mining geological map of Shihu gold mining
area in western Hebei (Modified by Niu et al, 1994).
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Figure 4. Reflected light photomlcrographs showmg ore mineral assemblage and fextures of the Shihu gold
deposit in western Hebei. Au=gold; Q=quartz; Gn=galena; Cpy=chalcopyrite; Py=pyrite; Mgt=magnetite; Sp=sphalerite.
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The mineralogy of both type 1 and 2 gold-
bearing veins is relatively simple, and sulfide
minerals commonly comprise less than 5 percent of
the vein materials. Pyrite, chalcopyrite, galena and
sphalerite are the dominant sulfide and are
accompanied by amounts of magnetite (Fig. 4c),
with minor pyrrhotite, bornite and native ruthenium
(Peng & Xu, 1994). Quartz and K-feldspar are the
dominant gangue minerals, with subordinate sericite,
carbonate, biotite and chlorite. Gold minerals,
including native gold, electrum and kustelite, are
mainly hosted within fractures and cracks developed
in quartz (Fig. 4a) and polymetallic sulfide (Fig. 4b).
The shape of gold minerals are typically spherulitic,
flakes and dendritic.

4. SAMPLING AND METHOD

Only fresh samples of No. 101 orebody
selected from underground working were prepared
as polished thin-sections and polished blocks for ore
microscopy and petrology. Individual minerals were
extracted from the various ore veins and were lightly
crushed to grain size of approximately 40 to 60 mesh
using a carefully pre-cleaned agate mortar and pestle,
washed and then handpicked to a purity of more than
99% under a binocular microscope.

Sulfur isotope analyses were carried out using
200-mesh pyrite, galena, sphalerite, and chalcopyrite.
The samples were prepared for sulfur isotope
analyses following the procedure as outlined by
Glesemann et al (1994) and measurements were
performed in a MAT-251EM mass spectrometer in
the Stable Isotope Laboratories of China Academy
of Geological Sciences (CAGS). Data are reported
to an accuracy of 0.2 %o (two standard deviations),
relative to Vienna Canon Diablo Troilite (V-CDT)
and a variety of secondary standards.

Together with the host rock and granitoid,
lead isotope analyses were performed on single
crystal of sulfide prepared for sulfur isotopic
analysis. Lead-isotopic compositions were analyzed
in static mode (simultaneous measurement of all
isotopic ion currents) using a Finnigan MAT-262
thermal ionization multi-collector mass spectrometer
at the Institute of Geology in CAGS. Carr et al.
(1995) described the preparation of samples for lead
isotope analyses at the CSIRO Exploration and
Mining lead isotope laboratory at North Ryde,
Sydney. Ratios were normalized to accept values of
international standard NBS SRM 981, which are
2.1672+0.0003 for ***Pb/**°Pb, 0.91476+0.00023 for
*Pb/"Pb,  16.9445+0.0096  for  *"’Pb/**'Pb,
15.4980-+0.0077 for **’Pb/***Pb, 36.72110.0217 for
208pp2%ph, all have been demonstrated at the 2o

confidence level. Precision estimates representing
two standard deviations are 0.05% for the **’Pb/**°Pb
ratio and 0.1% for all other ratios (Gulson et al.
1984).

Carbon and oxygen isotope compositions
were determined on calcite. Carbonate gas
extractions were carried out following the standard
procedure of McCrea (1950). The reaction time for
calcite is 4h using a thermostated water bath at 25[]
(McCrea, 1950). The CO, was analyzed on a MAT
251 EM mass spectrometer at Chinese University of
Geosciences. The reproducibility is better than 0.1
%0 and 0.2 %o for carbon and oxygen, respectively.
Carbon and oxygen isotope results are expressed as
%o deviation from the PDB and SMOW, respectively.

Pure quartz separates were prepared for
hydrogen and oxygen isotope analysis. The O-
isotopic compositions of quartz were analyzed
following the BrF5 method (Clayton & Mayeda,
1963). The 80 values were determined on a
Finnigan MAT 252 ratio mass spectrometer at the
Institute of Geology in CAGS. The 6D values of
water were analyzed using the Zn reduction method
(Coleman et al., 1982). The H, and CH4 from fluid
inclusions were firstly converted to HO by passing
through a CuO furnace at a temperature of 6000.
Then, all H,O were combined together and converted
to H, by reacting with Zn in a vacuum line. The 3D
values were measured on the same mass spectrometer.
The D/H ratios are expressed in the 8D value in %o
relative to V-SMOW. Reproducibilities of both §'*0
and 6D are £1 %o. Oxygen isotopic compositions of
hydrothermal waters in equilibrium with quartz were
calculated using an extrapolation of the fractionation
formula from Taylor (1974). The calculations of the
fractionation factors were made using the mean value
of the homogenization temperatures of fluid
inclusions plus pressure-corrected temperatures.

Rb and Sr isotopic compositions of pyrite and
quartz were analyzed at Institute of Geology and
Geophysics, Chinese Academy of Sciences.
Weighing ~500 mg pure pyrite and quartz grains
were separately transferred to Teflon vessels, after
being washed ultrasonically in millipore water, and
dissolved using a mixture of HCl and HNO; in a
ratio of 1:3. Subsample solutions were dried and
redissolved in HCI for Rb, Sr, and loaded on quartz
columns. Separation of the required elements for
isotopic analysis was by cation exchange. Isotopic
ratio measurements were made on a multicollector
VG-354 thermal ionization mass spectrometer as
described by Qiao (1988). Sr isotopic data were
normalized to *°Sr/**Sr=0.1194; the *¥'Sr/**Sr of the
Sr standard NBS-607 during this study was
1.200393+12 (26, n=6). Errors are quoted
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throughout as two standard deviations from
measured or calculated wvalues. Analytical
uncertainties are estimated to be <0.5% for *’Rb/**Sr
ratio. A fractionation correction of 0.1%/amu
(atomic mass unit) was applied on the basis of
analysis of standard NBS981. Blanks during the
course of this study averaged 0.4 ng for Rb and 0.2
ng for Sr (Yang & Zhou, 2001).

5. RESULTS AND DISCUSSION
5.1 Lead isotopes

The Pb isotope compositions of single
minerals of sulfide from mineralized zone, alteration
zones and unmineralized country rock are listed in
table 1. The lead isotopic compositions overlap the
average lower crustal Pb evolution curves for
uranogenic lead and thorogenic lead. The ratios of
*°Pb/**Pb, *"Pb/***Pb, and **Pb/*Pb for sulfide
have a narrow range from 16.002-16.958, 15.134-
15.345, and 36.825-37.8194, with mean values of
16.342, 15.249, and 37.236, respectively. This
general isotopic consistency between ore and rocks
is a feature that we interpret as evidence for a very
local source control of lead in the sulfides (Ault et
al., 2004, Andras et al., 2010).

As shown on plot of **’Pb/***Pb vs. *°Pb/***Pb
diagram (Fig. 5b), the Pb isotope ratios of sulfides
straddle the lower crust and upper mantle growth
curves of Zartman &  Haines (1988),
demonstrating that the Pb reservoirs for both
included a mixture of mantle and crustal sources.
We attribute the least radiogenic values to a
primitive, mantle-like continental margin mafic
volcanic rock and the more radiogenic values were
obtained from leaching of the evolved supracrustal
rocks and  trondhjemite-tonalite-granodiorite
(TTG). On the other hand, in the ***Pb/***Pb vs.
29pp/29*ph diagram (Fig. 5a), the majority data of
the sulfide shows a linear trend along the lower
crust growth curve. The wide variations in
2%8pb/2%Pb ratios, at a fairly narrow range of
values of 2°Pb/**Pb, suggest lead mixing from
various sources. The most likely interpretation is
that the ore leads reflect mixtures of relatively
unradiogenic (low U/Pb) and more radiogenic
(high U/Pb) sources such as are typically found in
geologically complex Paleoproterozoic collisional
orogens (Zhao et al, 2000; Giilcan, 2009).
Significantly, the primary igneous geochemistry of
the Mesozoic plutonic rocks in the northern part of
Taihang Mountain indicates mixing of mantle and
crustal magmas (Chen et al, 2003, 2008).

Based on the single-stage evolution model of

normal lead (Doe & Stancey, 1974), the calculated
model ages for the sulfides exhibit a wide range from
~902 to ~1440Ma (isochron line age at about 2778Ma),
p and o values are 8.9~9.32 and 38.5~46.1, with the
mean values of 9.11 and 41.0, respectively, similar to
those of the plutonic rocks and metamorphic rocks,
which are 1110 and 842 Ma for @, 9.0 and 8.8 for p, as
well as 38.3 and 41.6 for ®. All of them suggest a
source with a greater pu and ® values (Zhu, 1995) are
mixed reservoirs for the Pb with end members equating
to lower crust and upper mantle.
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Figure 5 (a) Plot of “’Pb/2"*Pb vs. **Pb/***Pb and **Pb/***Pb
vs. **Pb/**'Pb, and (c) isochron line diagrams showing lead
compositions of sulfides, altered rocks, granitoid, and
metamorphic rocks from Shihu gold deposit. UC=upper
crust; OR=orogenic belt; UM=upper mantle; LC=lower crust.

In the AB-Ay classification diagram (Zhu, 1998)
(Fig. 6) without time factors, the data for sulfides,
granitoid and altered rocks plot within the area of middle
to deep metamorphism (area 6) and orogenic belt (areca
8), and these data are close to the boundary of area 6 and
area 8, whereas the data for metamorphic rocks plot only
within the area of middle to deep metamorphism (area
6). It suggests that lead sources for the deposit were
derived from a mixture composed of Precambrian
metamorphic complex and magmas related to the pluton.
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Table 1. Lead isotopes compositions of sulfides, altered rocks, plutonic rocks, and metamorphic rocks from the Shihu gold deposit (an external reproducibility for lead
isotopic ratios are 0.1% for 2°Pb/***Pb, 0.15% for **’Pb/***Pb, and 0.2% ***Pb/***Pb at the 26 confident level).

Sample no. Sample Location *%pp/%pp | 2" Po/™Pb 2% pp/"ph o(Ma) U [2) la p Ly Reference
560-13 pyrite pyrite-quartz 16.16 15.193 37.026 1332 | 9.03 | 40.68 38.25 0.83 48.17 This study
220-9 pyrite vein 16.157 15.189 37.121 1330 | 9.02 | 41.17 37.85 0.52 50.76
180-9 chalcopyrite polymetallic 16.002 15.165 37.819 1419 | 9.02 46.1 36.72 0.24 75.04
300-25 chalcopyrite sulfide quartz 16.187 15.199 37.019 1318 9.04 40.49 38.65 1.03 47.31
260-21 sphalerite vein 16.242 15.215 37.008 1295 9.06 | 40.16 39.86 1.77 45.85
400-23 pyrite pym‘f‘;iq;‘am 16.227 15.203 37.121 1294 9.04 | 40.76 38.83 1.02 49.01
07SH-
galena . 16.958 15.33 37.492 902 9.13 | 3853 47.85 5.07 40.5
KSD-1 massive poor
1278%}12 galena ore 16.133 15.141 36.861 1299 | 892 | 39.42 3323 3.05 41.89
K17 whole ore ore 16.738 15.341 37.531 1071 9.2 40.42 49.71 743 49.64 Xi et al., 2008
K42 whole ore ore 16.658 15315 37.492 1101 9.17 | 40.54 47.49 6.04 49.99
K100 whole ore ore 16.669 15.345 37.484 1124 | 923 | 40.75 50.4 8.27 50.9
AS whole ore ore 16.34 15.344 3747 1354 | 932 | 43.35 52.03 11.1 61.86 Niu et al., 2002
galena Slhfocfﬁlon 16.37 15.294 37.251 1284 9.2 41.33 46.92 6.85 52.16 Niu et al., 1994
galena quartz vein 16.121 15.274 37.01 1440 | 923 | 41.89 46.63 7.74 53.1
YDI-P galena ore 16.337 15332 37.438 1345 9.3 43.06 50.87 10.17 60.46 Yang etal., 1991
YDI-2 sphalerite ore 16.178 15.139 36.843 1263 8.9 38.94 32.69 3.63 39.65
SZK25-1 pyrite ore 16.162 15.134 36.825 1271 8.9 38.92 32.35 3.84 39.5
SZK2Q-4 pyrite ore 16.525 15.329 37.44 1210 | 923 | 4147 4951 8.22 53.84
SZK19-8 Chl"?(flczkatlon alteration zone | 16.42 15.298 37.435 1252 | 9.19 | 41.93 47.03 6.71 55.78
SZK4-9 phyllic rock | alteration zone | 16.293 15.137 38.878 1177 | 8.87 | 48.53 31.74 4.79 92.66
granodiorite plutonic rock 17.48 15.431 37.73 639 9.25 37.25 56.67 9.61 34.86 Yuetal, 1996
quartz diorite | onic rock | 16.469 15.115 37.202 1023 | 878 | 3829 28.47 -7.89 38.18 Niu et al., 2002
porphyrite
p"g;ﬁ:w plutonic rock 16.365 15.223 37.033 1215 9.04 | 3941 39.91 1.31 42.66 Wang et al., 1995
plagioclase host rock 16.278 15.007 36.738 1024 8.54 36 16.61 -16.29 25.26 Yu et al., 1996
amphibolite
amphibole
plagioclase host rock 17.376 15.179 37.683 411 8.75 352 31.76 -8.26 23.36
geneiss
biotite
plagioclase host rock 17.357 15.178 39.986 425 875 | 4541 31.7 -8.25 87.76
geneiss
granitio host rock 15.821 15.122 38.234 1507 | 899 | 49.68 33.98 -1.24 91.41
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Figure 6. AB-Ay genetic schematic diagram of the lead
isotopes (after Zhu et al., 1998).

1-mantle-derived; 2-upper crust; 3-mantle and upper
crust mixed subduction zone (3a-magmatism, 3b-
sedimetation); 4-chemistry sediments; 5-hydrothermal
sediments on the seafloor; 6-middle to deep
metamorphism; 7-deep metamorphism lower crust; 8-
orogenic belt; 9-upper crust of old shale; 10-retrogressive
metamorphism.

5.2. Sulfur isotopes

The results of this and previous published
studies of the sulfur isotopic compositions are
presented in table 2. The §**S values of pyrite range
from -0.4 to 5.0 %0. Two samples of chalcopyrite
yielded 8*'S values of 0.9 and 2.2 %o. Sphalerite and
galena yielded 'S values from 0.9 to 4.0 %o and
from -2.2 to 1.6 %o, respectively. Although there are
some small differences between the §**Sy.cpr values
of these minerals, those values are overlapping each
other. The values of §°'S are clustered in a small
range of the +1.5~+2.5 %o and display a unimodal
distribution, suggesting a sulfur reservoir dominated
by magmatic or chondritic sulfur (Downes &
Seccombe, 2008; Giilcan, 2009). This observation is
consistent with the reduced nature of the assemblage
(i.e., py-cpy-sp), which indicates the fluid was
buffered to low values of SO4: H,S and that **Sgyqe
= Sis = **Sque (Ohmoto & Rye, 1979). Obvious
tower effect showed by Fig. 7 illustrates that the
homogenous sulfur isotope compositions have a
single source for the different kinds of sulfide from
the ores.

A sphalerite-chalcopyrite pair yielded &°*S
values of 3.0 and 2.2 %o, respectively, for a Ag,.cpy
value of 0.8 %o, and pyrite-chalcopyrite pair yielded
8’*S values of 2.2 and 0.9 %o, respectively, for a Apy.
cpy Value of 1.3 %o. Therefore, the 5**S value of the
sphalerite-chalcopyrite and pyrite-chalcopyrite pairs

from the same samples are in accordance with the
expected fractionation trends of these mineral pairs.
The sulfur-isotope geothermometric temperature
values, calculated from the &S values of these
mineral pairs, are in a reasonable range, which is
16000 for sphalerite-chalcopyrite pair and 3150 for
pyrite-chalcopyrite pair, respectively. These results
indicate that these minerals did form in equilibrium.
Therefore, the 5**Sy.cpr values of H,S in equilibrium
with sulfides were estimated to be in the 0.9 to 3.0
%0 with the average of 2.0 %o by evaluating the
minimum and maximum &*S values of various
sulfides. On the basis of geological and geochemical
constraints, mineralization at the Shihu mine
probably formed from moderate temperature (200-
300 1), slightly acidic fluids at moderate fO,
conditions. Under these conditions, gold is typically
transported as a bisulfide complex [Au(HS),]
(Hannington et al, 1999). Accordingly, gold
deposition probably resulted from the mixing of
reduced deep ore-forming fluids and with
oxygenated infiltrated meteoric water because of the
oxidation of Au(HS)".
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Figure 7. Distribution of sulfur isotope values of sulfides
from the Shihu gold deposit
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In addition, Iyer (1992) interpreted these
lighter values of S isotope to reflect oxidation of
reduced sulfur or influence of meteoric water
resulting in increasing oxygen fugacity. For example,
the upward pyrites decrease in 8°*S values, which
are 2.35, 2.23, 2.19 and 1.99 %o corresponding to
180, 260, 400 and 560 meters level, respectively.
The observations suggested that the altered rock
type-gold deposit with heavier S values may be a
next important prospecting direction in the deep area
of Shihu mine.

242



5.3 Carbon and oxygen isotopes

The carbon and oxygen isotope compositions
of veined calcite (3 samples) were analyzed. The
results and previous studies are summarized in table
3. Vein calcite and auriferous vein quartz have §'°0
values ranging from 1.76 to 12.36 and 11.6 to 13.5
%0 relative to SMOW, respectively. Calcite and
quartz were deposited in near isotopic equilibrium
with respect to 8'°0, indicating fluid-dominated
conditions during ore formation, from fluids of
magmatic origin. However, the relatively large range
in 80 values of calcite reflects, in part, low
temperature exchange of carbonate with fluids
(Shimazaki et al., 1986).

The 8"C values for the carbonates indicate
few depleted values, with the data falling between -
4.29 and -6.92 %o relative to PDB, and intra deposit
variability is small. These values are interpreted as
the primary 8'"°C signal of a mantle origin (Oberyhiir
et al.,, 1996). Given the dominance of CO, in the
vein-forming fluids, based on the fluid inclusion
studies, it can be assumed that 8B Ca = 8°Cipncos =
8" Ciuig. The 8"C value of the fluid is not due to in
situ fractionation and the signal indicates a deep
source of the carbon, which similarly coincides with
the typically heavier values noted for other orogenic
gold deposits (McCuaig & Kerrich, 1994). Thus, the
3"C values indicate that the carbon was derived
from the mantle, as was the sulfur.

Table 2. Sulfur isotopes compositions of pyrite, chalcopyrite, sphalerite and galena separated from different occurrences

from the Shihu gold deposit

Sample no. Sample Occurrence P 4SV_CDT%0 Reference
560-13 pyrite pyrite-quartz vein -0.4 This study
400-23 pyrite pyrite-quartz vein 1.7

220-9 pyrite pyrite-quartz vein 2.2
180-9 chalcopyrite | polymetallic sulfide quartz vein 0.9
300-25 chalcopyrite | polymetallic sulfide quartz vein 2.2
260-21 sphalerite polymetallic sulfide quartz vein 3
07SH-KSD-1 galena massive poor ore 1.1
07SH-KSD-2 galena massive poor ore 1.3
R1 pyrite 480m level 2.2 Xi et al., 2008
R2 pyrite 300m level 2.2
R3 pyrite 360m level 24
R4 pyrite 220m level 24
RS galena 220m level 2.2
SYD-1 pyrite polymetallic sulfide quartz vein 24 Cui et al., 1993
SZK13-3 pyrite pyrite phyllic rock 1.7
SYD2-3 pyrite pyrite chloritization rock 2
Td1-4 pyrite pyrite-quartz vein 2.1
Gdl-11 pyrite pyrite-quartz vein 1.9
SZK-49 pyrite pyrite-quartz vein 5 Yang et al., 1991
SYD2Q-4 pyrite pyrite chloritization rock 2.1
SYD3Q-3-P pyrite disseminated poor ore 2.2
TYD22-1 pyrite disseminated poor ore 24
B116-1-F pyrite disseminated poor ore 2.5
SZK50-7 pyrite polymetallic sulfide quartz vein 1.7

SZK33-3-1 pyrite polymetallic sulfide quartz vein 25
YDI-F pyrite polymetallic sulfide quartz vein 2.8
YDI-P sphalerite polymetallic sulfide quartz vein 0.9

SYD3Q-3-Z sphalerite disseminated poor ore 4

SYD2Q-3 sphalerite carbonatization quartz vein 2.8
SZK33-3 galena polymetallic sulfide quartz vein 1.6
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Table 3. Carbon and oxygen isotopes compositions of calcite and dolomite from the Shihu gold deposit

Sample no. | Sample oc ppB %0 o' 80pDB %o | O SOSMOW %o Reference
SH-01 calcite -6.92 -17.95 12.36
SH-02 calcite -5.95 -20.57 9.66 This study
SH-03 calcite -5.93 -21.39 8.81
STC550-1 calcite -5.903 -28.227 1.76
C102-2 calcite -4.656 -24.628 547
SZK20-4 calcite -4.32 -25.18 4.90
- Yang, et al., 1991
SZK18-6 calcite -4.53 -25.15 4.93
SZK15-7 calcite -4.29 -24.46 5.65
SYO,Q dolomite -5.764 -18.087 12.21

5.4. Hydrogen and oxygen isotopes

The dD values were analyzed directly from
fluid inclusions in auriferous vein quartz. The
8800 values were calculated from 830 of quartz
using the formula: 1000IN0quarty-waier=3.38 X 10%/T*—
3.4 (Taylor, 1974). The fluid inclusions in seven
samples of quartz have similar 3D and §"“Oyo
values with respect to SMOW. The results are listed
in table 4.

The 6D values obtained from fluid inclusions
in quartz can accurately reflect the 6D values of the
hydrothermal fluid (Faure, 2003). The 8D values of
vein quartz are in distinguishable and have a narrow
range of —101 to —91 per mil. Using the formula
reported by Taylor (1974), the 8Oy values
calculated from 80 values of quartz range from
221 to 7.05 per mil at mean temperature of
homogenization temperatures of fluid inclusions
(Table 4). In the plot of 3D vs. 8'%0 (Fig. 8), seven
quartz samples locate between the magmatic water
field and the meteoric line. Similar to the coeval and
co-genetic Taihangshan deposit from the same
craton (Zhu et al., 2001), the ore-forming fluid in the
Shihu Au deposit may be a mixture of meteoric
water and magmatic water. Magmatic components
and evolved meteoric waters for the fluid source for
these types of deposits have also been proposed for
the amphibolites or high amphibolites facies
deposits (Yao et al., 1999; Fan et al., 2003).

The late Mesozoic age of mineralization at
Shihu is about 2.0 Ga later than the age of
metamorphism in the basement rocks. Instead, the
close temporal and spatial association between
mineralization zones and the Yanshanian granitoids
suggests that deep-crustal granitic devolatilization
would have generated the mineralizing fluids. Such
genetic  association between ~magmas and
hydrothermal ore deposits has been documented in
scores of geological studies of mineralization close
to magmatic intrusions (Batchelder, 1977; Miao et al.,

2002, 2003; Zhang et al., 2005). Deeply-circulating
meteoric waters seem to be another likely fluid source
for the Shihu deposit, as downward-percolating
meteoric water is commonly reported to be a saline,
aqueous fluid (Garba & Akande, 1992), which is
similar to the late aqueous fluid in the Shihu deposit.

5.5. Strontium isotopes

Rb (0.38-113.50 pg/g) and Sr (2.00-41.41png/g)
for quartz and Rb (0.02-0.06 pg/g) and Sr (0.11-
0.38ug/g) for pyrite are variable (Table 5). To
determine whether the original *’Sr/*Sr values
changed significantly and not due to *’Rb decay since
the ores were formed, the initial strontium isotope
compositions of quartz and pyrite are calculated using
the formula: (*'Sr/**Sr)o=¥"Sr/**Sr — ¥Rb/**Sr (" - 1),
A=1.42x10""-a™ and t = 130 Ma (unpublished zircon
U-Pb data). The (*’Sr/*Sr), values of quartz range
from 0.714057 to 0.825903 with mean value of
0.729604 and the values of pyrite range from 0.71345
to 0.723227 with mean value of 0.719663. The initial
¥’Sr/*Sr values of plutonic rocks are ranging from
0.7059 to 0.7068 (Yu et al., 1996). The initial *'Sr/**Sr
values of Precambrian metamorphic basement are
ranging from 0.7757 to 1.0641 with mean value of
0.8721 (Liu et al., 2000).

Rb and Sr in quartz and pyrite are concentrated
in their fluid inclusion, so the characteristics of Rb
and Sr in quartz and pyrite should represent the
characteristics of hydrothermal fluid. The initial
¥7Sr/*Sr values of the host rocks in contact with the
orebody are lighter than that of fresh host rocks.
When the ore fluid passed through the host rocks, it
might be altered by ore fluid, suggesting that the ore
fluid included in quartz and pyrite must have lower
Sr/%Sr values, which were from deep mantle-
derived fluid (Mao et al., 2003; Zhai et al., 2001,
2003) reacted with the wall rocks.

244



Table 4. Hydrogen and oxygen isotopes compositions of quartz from the Shihu gold deposit

Sample no. tfnf;iite:zggz% D20 %o | 6" Osviow %o | 500 %o
300-17 376.39 -94 11.6 6.98
180-15 355.93 -99 12.2 7.05

180-7 339.89 -101 11.6 6.00
180-5 326.00 -97 12.1 6.08
300-25 271.50 -92 12.5 4.50
220-9 242.71 -99 12.1 2.79
180-9 206.65 91 13.5 2.21

Table 5. Sr isotope data of the quartz and pyrite from the Shihu gold deposit

Sample no. mineral Rb (ug/g) | Sr(ug/g) | ¥RbA%Sr | ¥St/*'sr | 26 | (*St/*%Sr),
SH1 quartz 113.50 41.41 7.9493 | 0.728745 | 7 | 0.714057
SH2 2.26 2.60 2.5121 0.723277 | 9 | 0.718635
SH3 5.86 2.96 5.7500 | 0.7282783 | 8 | 0.717654
SH4 1.31 2.58 1.4786 | 0.7177054 | 7 | 0.714973
SHS 47.79 4.60 30.3212 | 0.7913097 | 7 | 0.735285
SH6 0.99 2.19 1.3139 | 0.7185895 | 6 | 0.716162
SH7 15.45 3.91 11.4808 | 0.7510663 | 8 | 0.729853
SHS 13.84 7.59 52914 | 0.7372598 | 7 | 0.727483
SH9 0.38 2.00 0.5455 | 0.7183771 | 9 | 0.717369

SH10 19.91 18.19 3.1734 | 0.7251153 | 5 | 0.719252

SHI11 7.68 5.25 4.2428 | 0.7264572 | 6 | 0.718618

SH12 7.74 10.73 2.1125 | 0.8298059 | 7 | 0.825903
SH220-1 pyrite 0.05 0.33 0.4463 | 0.724051 | 29 | 0.723227
SH220-2 0.03 0.37 0.2186 | 0.720595 | 36 | 0.720191
SH220-3 0.02 0.21 0.2739 | 0.721837 | 58 | 0.721331
SH220-4 0.04 0.21 0.5888 | 0.722492 | 72 | 0.721404
SH220-5 0.04 0.11 1.2078 | 0.722916 | 36 | 0.720684
SH220-6 0.05 0.23 0.5705 | 0.719923 | 50 | 0.718869
SH220-7 0.06 0.38 0.4879 | 0.719052 | 22 | 0.71815
SH220-8 0.03 0.14 0.6611 0.714671 | 32 | 0.71345
97165-1 fine-grain adamellite 155.354 33.655 | 13.8266 | 1.08968 | 38 | 1.06413
97156-3 magnetite adamellite 102.783 40.65 7.4558 0.924589 | 20 | 0.91081
91758-2 coarse-grain adamellite 186.601 75.978 | 7.23588 | 0.915776 | 28 | 0.90241
97129-1 | gneissic fine-grain adamellite | 163.327 | 140.541 | 3.38668 | 0.802414 | 16 | 0.79616
97156-1 fine-grain biotite adamellite | 143.798 | 152.954 | 2.73606 | 0.788452 | 21 | 0.78340
97145-2 two mica adamellite 159.112 | 193.005 | 2.39726 | 0.780115 | 23 | 0.77569

Note: *'Sry/*Sr, was calculated using t=130 Ma. Errors: nx10°. The data of adamellites are quoted from Liu et al.
(2000).
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6. CONCLUSIONS

Mixture of upper mantle and lower crustal
sources are the lead reservoirs for the Shihu deposit.
Sulfides and host rocks have similar Pb isotope
compositions. Lead isotope systematics show that
the ore-forming materials derived from Precambrian
wall rocks in underplating of the basaltic magmas in
the lower crust.

The lighter values of 8**S display a unimodal
distribution, indicating that isotopic equilibrium
among sulfides was attained and suggesting a sulfur
reservoir dominated by magmatic or chondritic
sulfur with the involvement of some sulfur of lighter
isotopic composition. The S-isotope
geothermometric value calculated from the mineral
pairs are ranging 16001 to 31507.

Carbon and oxygen isotope studies suggest
the ore fluid was magmatic origin without in situ
fractionation, and a deep source of the carbon passed
through the strata and reacted with wall rocks when
it moved up to the site of ore deposition.

Hydrogen and oxygen isotope data of the fluid
inclusions suggest that the ore fluid would be a
mixture of meteoric water and magmatic water.

Strontium isotope study indicates that ore
fluid is deep-seated mantle brine, with low 7Sr/%Sr
value. On its pathway to site of ore deposition, it
obtained its high Sr-isotope values from the
Precambrian wall rocks.

These data comprehensively suggest that the

2

r (1977).

ore-forming materials were leached out from the
Precambrian basement, which was reacted with a
mixing fluid are composed of deep-crustal granitic
devolatilization, deep mantle-derived fluid and
deeply-circulating meteoric waters.
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