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The Zhangbaling Tectonic Belt (ZTB) is located in eastern Anhui province, adjacent to
the Tan-Lu fault zone to the W and the Lower and Middle Yangtze River metallogenic
zone to the E. Two types of gold deposits: (1) altered-tectonite gold and (2) quartz-vein
gold are present in the ZTB. Three ranges of homogenization temperatures (7},) were
obtained by fluid inclusion investigations of the altered-tectonite gold deposits: 115—
165°C, 235-275°C, and 335-395°C; and of the quartz-vein gold deposits: 145-195°C,
205-255°C, and 255-335°C, respectively. 6D values of the ore-forming fluids range
from —52.2%o to —75.3%o, and their isotopic compositions calculated from quartz analytical
data show negative 5'%0 values (—6.3-0.1%o) for the quartz-vein gold deposits. The
calculated 580 values of water are evidently lower than magmatic water, and probably
were derived from mixtures of magmatic and meteoric water. Although the total rare
earth elements (REE) content of the quartz-vein gold ores are much lower than those of
the spatially associated granites, their chondrite-normalized patterns are similar, indi-
cating that ore-forming elements in the ZTB quartz-vein gold deposits probably were
derived from the plutons. Ores from the altered-tectonite gold deposits show ¢Eu values
and chondrite-normalized REE patterns similar to those of the granites, indicating that
ore-forming elements of the altered-tectonite gold deposits also were sourced in the
Yanshanian plutons. The gold deposits in the ZTB are remarkably similar to those in
the Jiaodong gold metallogenic province with regard to tectonic settings, mineralization-
controlling factors, mineralization ages, and the ore-forming temperatures and the
stable isotopic compositions.

Keywords: gold deposits; fluid inclusion; hydrogen and oxygen isotopes; REE; Zhangbal-
ing Tectonic Belt; east Anhui province; China

Introduction

The Zhangbaling Tectonic Belt (ZTB) is located in eastern Anhui province, which is adjacent
to the Tan-Lu fault zone to the W and the Lower and Middle Yangtze River metallogenic
zone to the E. This NNE-SSW-striking belt extends to Susong to the S, then westward to
Wudang and Suixian in Hubei province. To the N, it extends to Guanyun in Jiangsu province
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(Figure 1). A rift developed in ZTB during the late Proterozoic, with acceptation of
extensive marine volcanic rocks and sediments which were modified by the subsequent
Triassic blueshists-facies metamorphism (Jin et al. 1991).

Several gold deposits are distributed in the ZTB, which are probably associated with
Yanshanian granite (Huang et al. 2000a). Two major types, that is, mineralized tectonic
breccias and gold-bearing quartz veins, can be observed in the ZTB, which commonly
coexist in their occurrence. *°Ar/*°Ar dating of quartz from gold deposits gave ages
between 116.1 £ 0.6 Ma and 118.3 £ 0.5 Ma (Ying and Liu 2002), which shows that the
gold mineralization is coeval with or slightly postdate granitoid intrusions. This can be
compared with that of the Jiaodong gold province in Shandong in the N along the Tan-Lu
fault zone (Chen et al. 2004a) and the Shaxi copper—gold deposits in the adjacent Lower
Yangtze metallogenic zone (Yang et al. 2002). The occurrences of all major ore bodies are
controlled by the sub-fractures of Tan-Lu fault zone (Zhu ef al. 2007), indicating that the
granite intrusions and the gold mineralization are closely correlated with the tectonic
movement similar to the situation in Jiaodong.

The ZTB is key to connecting two famous metallogenic zones in China: the Lower and
Middle Yangtze River and the Jiaodong. The study of the tectonic evolution and mineraliza-
tion in the ZTB can provide valuable information for further probing into the relationship
between tectonic evolution and mineralization in these two famous metallogenic zones.
Meanwhile, ZTB is similar to Jiaodong in tectonic settings and mineralization-controlling
factors, which shows a potential of gold mineralization in ZTB. However, study on the
deposits in Zhangbaling area is still poor. This article presents data of element composi-
tions and fluid inclusions from fresh igneous rocks and altered rocks. Discussion is
focused on the origins of the ore-forming fluids and their implications for ore genesis of
gold mineralization in ZTB, on the basis of oxygen- and hydrogen-stable isotopes and rare
earth elements (REE). Detailed comparison is shown between gold mineralization in ZTB
and the Jiaodong peninsula, the largest gold production base in China, which is also con-
trolled by the Tan-Lu fault zone (Zhou et al. 2002).
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Figure 1. Tectonic map showing the situation of the Zhangbaling Tectonic Belt (modified from
Dong and Huang 1995).
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Geologic setting and geology of the deposits
Geologic setting

The ZTB is situated in Anhui province in China, which is adjacent to the Chu-He fault to
the E and the Tan-Lu fault zone to the W. The Tan-Lu fault zone comes through the entire
mineralization region and results in strong deformation in the Jurassic (Xu et al. 1987,
Yang et al. 1998, 2001a). The strata exposed in the ZTB include the Neoproterozoic
Zhangbaling group, the Sinian system, the lower Palaeozoic, and the Cretaceous—Palaecogene
system (see Figure 2 for distributions). The Zhangbaling group is composed of schists and
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Figure 2. Schematic map of the Zhangbaling Tectonic Belt (Modified from BGMR 1987).
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phyllites with banded blueschists, which were formed inside late Proterozoic aulaco-
gen (BGMR 1987). Studies show that the metamorphism of the Zhangbaling group
took place during the Triassic period (Niu et al. 1993). The lower Sinian system
consists of clastic sedimentary rocks and the upper system mainly consists of lime-
stone and siliceous limestone. The lower Palacozoic unit is a sequence of shallow
marine carbonates and clastic sedimentary rocks. The Cretaceous—Palacogene rocks
were dominated by fluvial and lacustrine sandstones and conglomerates with minor
volcanic rocks.

The granitoid intrusions are distributed in the western part of the belt, and are adjacent
and parallel to the Tan-Lu fault zone, stretched in a NNE-SSW direction (Figure 2).
Gold deposits in the ZTB are widely scattered. In the Zhangbaling area, it is conspicuous
that the gold mineralization, either from deposit or orebody scale, was controlled by
fractures, which are part of the Tan-Lu fault system. The second-order, deep Guandian—
Longwangjian fault, characterized by ductile deformation, controls the regional distribu-
tion of most gold deposits in this belt (Huang ef al. 2000Db).

Deposits geology
Quartz-vein gold deposits

The quartz-vein gold deposits in the ZTB are mainly composed of intensive quartz veins
with economic gold grade. The quartz vein lodes are confined to fractures in three directions:
NNW-SSE, NW-SE, and NNE-SSW. The NNE-SSW-trending lodes usually dip to the
NWW in steep angles with thicknesss of 0.2—1 m. The NW—SE-trending lodes have SW
dip with an average thicknesss of 0.5 m and the NNW-SSE-trending lodes dip to the
SWW with thicknesss of 1-2 m.

Wall-rock alteration associated with gold mineralization is characterized by K-feldspar
and silica alteration, sericitization, chloritization, carbonation, and pyritization. The ore is
dominated by sulphide-bearing quartz veins. The mineral assemblage of the ore includes
quartz, carbonate, albite, pyrite, arsenopyrite, sphalerite, galena, chalcopyrite, magnetite,
and traces of other minerals. Gold mainly occurs as microscopic inclusions in arsenopyrite,
pyrite, and chalcopyrite.

Paragenetically, the mineralization is divided into three stages: (1) an early Au-poor
stage with pyrite-arsenopyrite-quartz assemblage; (2) an Au-rich stage with pyrite-arsenopy-
rite-chalcopyrite-galena-sphalerite-quartz assemblage; and (3) late-stage quartz-carbonate
(Huang et al. 2000a). The fine-grained gold is mainly associated with pyrite or arsenopyrite,
which is similar to the Shaxi copper-gold deposits in the adjacent Lower Yangtze metallo-
genic belt (Yang ef al. 2002).

Altered-tectonite gold deposits

Mineralization in this type of gold deposit is disseminated in the altered-tectonite zone
inside which structural breccia is developed. The occurrence of the ore body is concordant
with and confined to the altered-tectonite zone, which is trending NNE and dipping SEE
with a thickness of 2—10 m. Sulphide-bearing quartz veinlets, which formed at late-stage
mineralization, can be found inside the altered-tectonite zone.

Wall-rock alteration in association with gold mineralization is intense and shows obvious
alteration zoning. According to the mineral assemblages, from the centre of the tectonite zone
into the wall rock, the alteration can be divided into three zones: a pyrite-quartz-sericite-chlorite
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zone, a sericite-quartz-chlorite zone, and a quartz-potassium feldspar zone. The ore types
include altered structural breccia and minor veins inside or adjacent to the structural brec-
cia zone. The sulphide minerals consist mainly of pyrite and arsenopyrite together with
scarce amounts of chalcopyrite, sphalerite, and galena.

Petrochemistry of intrusive rocks and ore deposits
Major elements of intrusive rocks

The chemical compositions of the intrusions associated with gold mineralization in the
ZTB are presented in Table 1. Some of the granitic rocks in this region are petrographi-
cally classified as quartz monzodiorite, and the others as granodiorite and granite based on
the quartz-alkali feldspar-plagioclase (QAP) diagram (Figure 3), which indicates that the
intrusions in this belt are mainly composed of granodiorite, quartz monzodiorite, and
granite. The chemical classification of the Na,O + K,O — SiO, (TAS) diagram (Figure 4)
shows that most samples from the area belong to subalkaline series, and are characterized
by high-K value (Figure 5).

Rare earth elements of intrusive rocks

The data of REE and trace elements of intrusive rocks associated with mineralization in
the ZTB are listed in Table 2. The total REE contents are between 103 and 233 ppm, with
enriched light REE (LREE) relative to heavy REE (HREE) without Eu anomaly (Figure 6).
The chondrite-normalized patterns of REE curves of the granitoid samples from different
intrusions are similar. The (La/Yb)y ratio varied from 13.79 to 47.18. The total REE con-
tents of granites are slightly higher than those of the granites from Jiaodong in Sangdong prov-
ince (Xu et al. 2002), which may be because of the differences of source rocks of the
granites and the degree of partial melting. The total REE contents and the chondrite-
normalized patterns are similar to those of the granitoids from the Lower Yangtze metallogenic
belt (Yang et al. 2009), which were probably derived from the lower crust (Yang et al. 2009).

Table 1. Analyses of major elements of granitoid intrusions from Zhangbaling Tectonic Belt.

Sample Rocks Si0, TiO, ALO; Fe,0O3 FeO FeOT Fe,OsT MnO MgO

D-10  Quartz monzodiorite 60.77 0.73 14.79 1.81 3.58 5.21 579 0.09 433
D-9 Quartz monzodiorite 61.34 0.71 1473 185 346 512 569 0.09 4.17

D12 Monzogranite 65.14 0.54 145 1.16 2.7 374 416 0.07 3.12
G-2 Quartz monzodiorite 60.84 0.81 1432 2.13 345 537 596 0.1 4.73
G-6 Monzogranite 656 0.63 1406 158 274 416 462 0.09 3.06
S-1 Quartz monzodiorite 62.5 0.64 1545 19 295 466 518 0.1 3.43
ZK51-6 Granite 6842 04 1414 123 11.86 1297 1441 005 1.96
ZK53-5 Granite 65.76 048 143 1.66 201 3.5 3.89 006 258
Sample Rocks CaO0 MgO CaO Na,O K,O0 P,05 H,Op CO, Total

D-10  Quartz monzodiorite 4.88 4.33 488 386 336 034 0.79 0.25 99.58
D-9 Quartz monzodiorite  4.63 4.17 4.63 381 34 033 0.79 025 99.49

D12 Monzogranite 356 3.12 356 356 3.7 022 1.08 0 99.57
G-2 Quartz monzodiorite 526 4.73 526 388 3.15 034 0.6 1.67 99.61
G-6 Monzogranite 3.63 3.06 3.63 3.5 4 0.25 075 0 99.89
S-1 Quartz monzodiorite  4.09 3.43 4.09 4.79 203 0.26 1.21  0.67 100.02
ZK51-6 Granite 26 19 26 377 41 0.02 073 023 995

ZK53-5 QGranite 323 258 323 402 385 019 083 0.74 99.71

Source: From Li ef al. 1985.
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Figure 3. The QAP diagram of granitoid intrusions in the Zhangbaling Tectonic Belt. 2, Alkali-
feldspar granite; 3, potassium-feldspar granite; 4, monzonitic granite; 5, granodiorite; 6, tonalite; 7,
alkali-feldspar quartz syenite; 8, quartz syenite; 9, quartz monzonite; 10, quartz monzodiorite; 11,
monzodiorite.
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Figure 4. Chemical classification of the TAS diagram (Wilson 1989). 1, olive gabbro; 2a, Sye-
nogabbro; 2b, gabbro; 3, gabbro-diorite; 4, diorite; 5, granodiorite; 6, granite; 8, alkali-gabbro; 9,
alkali-gabbroicdiorite; 10, syenodiorite; 11, alkali-grnnodirite; 12, syenite; 13, feldspathoid gabbro;
14, feldspathoid monzonite diorite; 15, feldspathoid menzonitic syenite; 16, feldspathoid syenite;
17, foidite pluton; 18, leucite rock.

Rare earth elements of golde deposits
REE of quartz-vein gold deposits

To trace the origin of the ore-forming elements of the quartz-vein gold deposits in the
ZTB, the ore samples in quartz-vein gold deposits were collected for REE analysis as well
(see Table 2). The total REE contents of the ores, both fresh and oxidized, are much lower
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Figure 5.  SiO,—K,O diagram for the granitoid rocks in the Zhangbaling area (after Le Maitre et al.
1989; Rickwood 1989).

than those of granites. This probably indicates that REEs tend to incorporate into granites
rather than the ore-forming fluids. However, the chondrite-normalized patterns of REE
curves of granites and fresh ores are similar (Figure 7). The (La/Yb)y is from 10.45 to
22.92, which shows that the samples are rich in LREEs as seen from the curves. The chon-
drite-normalized patterns of REE curves of oxidized ores display different patterns from
those of granites and fresh ores. The oxidized ores are relatively rich in HREEs, which
may be because of the release of LREEs during oxidation, whereas HREEs are relatively
stable and tended to remain inside oxidized ores. Therefore, the results of REEs, espe-
cially the similar chondrite-normalized patterns of granites and ores, indicate that the ore-
forming elements of quartz-vein gold deposits in the Zhangbaling are possibly derived
from Yanshanian granites.

REEs of altered-tectonite gold deposits

Wall-rock alteration in association with gold mineralization in mineralized altered tec-
tonites is more intense and shows more evident alteration zoning in the study region,
which implies that the ore-forming fluid flow is not limited to ore-bearing structural con-
duits, but instead involves interaction between auriferous fluids and surrounding host
rocks. Therefore, it cannot be excluded that the wall rocks supply partly ore-forming ele-
ments. To probe into the relationship between wall rock and mineralization, the REEs of
granites and ores, as well as altered tectonite and wall rock were analysed (see Table 2).
The total REE contents of granite just adjacent to ore, altered wall-rock, tectonite, and ore
range between 219.14 and 234.31 ppm. However, the differences of the chondrite-normal-
ized patterns of REE curves between these four types of samples are obvious, especially
on the LREE pattern curves and éEu (Figure 8).

The (Ce/Yb)y ratios of granites, ore, altered tectonite, and wall rock are 20.81, 8.90,
5.05, and 4.13, respectively, which display the relative increase in HREEs in the order
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deposits.

granites > ore > altered tectonite > wall rock. The 6Eu values of granites, ore, altered tec-
tonite, and wall rock are 0.93, 0.86, 0.64, and 0.45, respectively, which display the
increase in Eu depletion from granites to ore, altered tectonite, and wall rock. As a whole,
the chondrite-normalized patterns of REE curves of granites and ore are similar, which
indicates that ore-forming elements of altered-tectonite gold deposits in Zhangbaling are
from Yanshanian granites, the same as those of quartz-vein gold deposits. The pattern of
the REE curve of altered tectonite is similar to wall rock and tends to approach the curves
of ore and granite, which implies that the REEs in altered tectonite mainly inherit from
wall rock, and take in partly those from ore-forming fluids originating from granites.

The ore-forming fluids
Temperature and salinity of fluid inclusions

Microthermometric measurements of primary fluid inclusions in quartz samples from the
Guodawa, Songweizi, Tonggoucheng, and Xiaomiaoshan were conducted using the
Linkam THMSG-600 programmed heating—freezing stage and employing standard proce-
dures (Shepherd ef al. 1985) by Yichang Institute of Geology and Resources (Table 3). It
can be seen from Table 3 that most of the investigated primary fluid inclusions are com-
posed of two phases (liquid-H,O and vapour-H,0O). Three phases (liquid-H,O+vapour-
H,0+vapour-CO,) are observed only in two samples, which is different from those from
the Linglong gold deposit (Shandong province), where the fluid inclusions are rich in CO,
(Zhang et al. 2007). Generally, in gold deposits associated with intrusions, the early-stage
ore fluids are characterized by being CO,-rich and late-stage fluids by being CO,-poor and
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Table 3. The results of microthermometric measurements of fluid inclusions in quartz from the
deposits in Zhangbaling Tectonic Belt.

Types of gold Sample Vapour/liquid
deposits number Phases ratios T, °C)  Salinity (wt.%)
Quartz-vein gold D25 LH,0 + VH,0 10-15% 165-195°C 5.4-5.7
deposits 20-30% 255-335°C 5.8-6.7
D51-2 LH,0 + VH,0 10-15% 145-185°C 9.5-10
15-20% 215-235°C 9-9.2
D52-1 LH,0 + VH,0 10-15% 145-195°C 8.4-8.6
15-20% 205-255°C 8.9-9.2
G; LH,0 + VH,0 15-25% 205-275°C 8.6-9.2
LH,0 + LCO, £ VCO, CO,=40% 275-295°C 9.84-10.58
D, LH,0 + VH,0 10-15% 145-195°C 11-11.8
15-20% 205-245°C 11.97-11.29
25-30% 275-295°C
Altered-tectonite Dg LH,0 + VH,0 10-15% 115-165°C 10-11
gold deposits 20-25% 265-275°C 11.1-10.6

LH,0 + LCO, +VCO, CO,=35-40% 235-245°C 11.1-10.6
CO,=60-65% 335-395°C
CO,="75-80% 385-395°C

the lack of daughter minerals (Yang and Zhou 2000; Yang et al. 2001b; Qiu et al. 2002;
Chen et al. 2004b, 2007a). Therefore, the low content of CO, in the fluid inclusions in the
Zhangbaling area may be because most of the studied fluid inclusions are formed at the
late stage.

Three ranges of homogenization temperatures (7},) were obtained by fluid inclusion
investigations of the altered-tectonite gold deposits: 115-165°C, 235-275°C, and 335-—
395°C, and of the quartz-vein gold deposits: 145-195°C, 205-255°C, and 255-335°C,
respectively (Table 3 and Figure 9), which shows that the two types of gold deposits were
formed under similar temperatures except that the former show slightly higher tempera-
ture on high-temperature range, and the later are closer to those obtained from Jiaodong in
the Shandong province (Chen et al. 2004b, 2007a). The T, of the fluid inclusions in the
samples from quartz-vein gold deposits are similar to most hydrothermal deposits else-
where (e.g. Shelton and Lofstro 1988; So et al. 1997; Xie et al. 2009).

The salinity of the two-phase (liquid-H,O and vapour-H,0O) fluid inclusions from
quartz-vein gold deposits range between 5.4 and 9.2 wt.% NaCl equivalent and the corre-
sponding T}, from 165°C to 275°C (see Table 3), which can be compared with inclusions
trapped during the late stage in the Linglong gold deposits in Jiaodong (Zhang et al.
2007). The T, of three-phase fluid inclusions (liquid-H,O+vapour-H,O+vapour-CO,) in
the samples from quartz-vein gold deposits range from 275°C to 295°C with a salinity
ranging from 9.84 to 10.58 wt.% NaCl equivalent, whereas the salinity of three-phase
fluid inclusions (liquid-H,0+vapour-H,0+vapour-CO,) in the samples from altered-tec-
tonite gold deposits are from 10.6 to 11.1 wt.%, which are similar to the middle stage from
Jiaodong in Shandong province (Zhang et al. 2007).

H-0 Stable isotopes

Stable isotope analyses (6D and 6'%0) of minerals and fluids provide valuable insights into
fluid sources, hydrothermal processes, and fluid—rock interaction in a wide range of
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Figure 9. Homogenization temperature histograms of fluid inclusions in quartz from the deposits
in the Zhangbaling Tectonic Belt.

geological environments (Wilkinson et al. 1995; O’Reilly ef al. 1997; Naden et al. 2003).
To probe the origin of ore-forming fluids in the gold deposits in the ZTB, five quartz-vein
samples associated with gold mineralization are collected from quartz-vein gold deposits.
Quartz was crushed into grains with sizes of 0.2-0.4 mm, and then purified more than 99% by
hand-picking under a binocular microscope. Oxygen isotope compositions of separated
quartz were analysed. 180/1%0 ratios were measured with a MAT-261 mass spectrometer
in the Isotope Laboratory of Yichang Institute of Geology and Resources of China. Oxy-
gen was extracted from quartz by reaction with BrFs and converted to CO, by reaction
with heated carbon. The ratios are reported in standard é-notation in per mil (%o) relative
to the V-SMOW standard. The accuracy of analysis is better than +0.2%o for 5'30. Two
standard quartz samples, National Standard of China GBW-04409 (+11.2%o for 5'%0) and
International Standard NBS-28 (+9.6%o for §'30), were used for reference in oxygen iso-
tope analysis. All quartz grains used for analyses of 6D of fluid inclusions were heated
under vacuum at 150°C overnight to remove adsorbed atmospheric water. The resultant
H,0 was reduced to H, by reaction with zinc metal at 500°C for 15 minutes. The ¢D val-
ues of the hydrogen were then measured on a MAT-261 mass spectrometer with internal
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biotite (6D: —64 £ 5.0%0) and kaolinite (6D: —125 £ 5.0%o) standards calibrated against the
certified international biotite standard NBS-20 (6D: —65%o). The overall analytical preci-
sion for the hydrogen isotope measurements is around £5.0%o. All results are reported in
standard é-notation in per mil (%o) relative to the V-SMOW standard.

The analysed §'%0 of quartz (6180q), éD of fluid inclusions (8Dy,p), and the 5130 val-
ues of fluids (5'®Oyy o) calculated by the 6180q using the fractionation equation of Zhang
(1989) and average T;, of each sample are shown in Table 4. 6D values of ore-forming flu-
ids (6Dy,0) range from —52.2%o to —75.3%o, which is similar to the 6D values of fluids at
the early and late stages from Shanggong gold deposit (Henan province), where the ore-
forming fluid is relatively poor in D, which is due to the large-scale precipitation of sul-
phides (Chen ef al. 2004b). The 5'%0 values of quartz range from +6.4%o to +12.1%o. The
isotope compositions of the fluid calculated from the quartz data show negative §'30 val-
ues, ranging from —6.3%o to 0.1%o. The calculated §'30 values of water are evidently lower
than that of fluids originating from magma (+5%o to +7%o, Sheppard 1986).

On the diagram of 5130H o Versus 8Dy, 0, the plots of the samples are far away from
the magmatic water and meteoric water (Figure 10). Hydrothermal alteration of the rocks

Table 4. Oxygen and hydrogen isotope values for samples from the Zhangbaling and Jiaodong
gold deposits.

18 18
o OQ 6DH20 6 OHzO

Sample order Sample Locality (SMOW) (SMOW) (SMOW) References

1 D, Zhangbaling 10.8 —52.2 -1.3 This article

2 D5 Zhangbaling 6.4 -75.3 —6.3 This article

3 G; Zhangbaling 9.5 =70.4 0.1 This article

4 Dsy, Zhangbaling 12.1 —63.7 0 This article

5 25 Zhangbaling 6.6 —56.6 -1.1 This article

6 SS-435-1 Sansandao =52 7.55  Mao et al. (2005)
7 SS-70-13 Sansandao —48 8.55  Mao et al. (2005)
8 SS-375-4 Sansandao =52 8.85  Mao et al. (2005)
9 SS-375-7 Sansandao =53 6.55  Mao et al. (2005)
10 SSD1 Sansandao =50 7.75  Mao et al. (2005)
11 SSD3 Sansandao -67 7.85  Mao et al. (2005)
12 JJ-190-2 Jiaojia —62 7.25  Mao et al. (2005)
13 1J-190-13 Jiaojia -86 437  Mao et al. (2005)
14 JJ-190-14 Jiaojia -85 4.17  Mao et al. (2005)
15 Jjiaol Jiaojia -59 7.75  Mao et al. (2005)
16 Jjiao2 Jiaojia -59 525  Mao et al. (2005)
17 LN-20 Linnan -84 —4.6 Lu et al. (1999)
18 LN-18 Linnan -85 —4.8 Lu et al. (1999)
19 95LN-1 Linnan -86 -7.4 Lu et al. (1999)
20 LL-190-12  Linlong -59 2.6 Mao et al. (2002)
21 LL-190-122 Linlong -68 2.4 Mao et al. (2002)
22 LL-190-1 Linlong —61 2.6 Mao et al. (2002)
23 LL-190-111 Linlong =72 2.5 Mao et al. (2002)
24 LL-190-2 Linlong 76 3.6 Mao et al. (2002)
25 D22-3 Dazhuangzi -62 -2.2 Mao et al. (2002)
26 D22-4 Dazhuangzi =70 -3 Mao et al. (2002)
27 D22-5 Dazhuangzi =57 -6.5 Mao et al. (2002)
28 D22-6 Dazhuangzi =72 -7.4 Mao et al. (2002)

Note: 6180Q:é'80 values of quartz; 6DH20 :6D values of water; 6180H :6'%0 values of water, calculated
from the quartz analyses using the fractionation equation 1000 lnaquanz,wa%eﬁ 3.306 x 10° T2 = 2.71 of Zhang
(1989) and fluid inclusion homogenization temperatures for each quartz sample.
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Figure 10. The ¢ 180H20 versus 6DH,0 plot showing the isotopic composition of ore-forming flu-
ids of the gold deposits in the Zhangbaling area. (MWL, meteoric water line; MMW, Mesozoic mete-
oric water in Zhangbaling; MW, initial magmatic water; dashed line, the change of 6D and §'30
values of Mesozoic meteoric water by reaction with granite in different water/rock ratios; dotted
line, the change of 6D and §'0 values of initial magmatic water by reaction with granite in different
water/rock ratios; §'0 and 8D values of granite as +9%o and —70%o; §'80 and ¢D values of initial
magmatic water as +7%o and —70%o, respectively; §'80 and 6D values of Mesozoic meteoric water as
—11%o and -80%o, respectively (Zhang 1989); the fractionation equations of oxygen and hydrogen
between rock and water are following Zhang (1989): 1000In%;; e, = 2.68 X 10° T2 -3.53 and
1000In%g; arer = —21.3 X 10° T2 2.8).

is widely developed in the gold deposits in the Zhangbaling area, which suggests that the
ore-forming fluids of the gold deposits may be affected by water—rock interaction. There-
fore, we also modelled the isotope evolution lines of magmatic water and meteoric water
through equilibrium of isotopic exchange with the granite at 270°C (about middle T}, of
inclusions) and at 350°C (about the highest 7}) (Figure 10). However, the plots of the
samples are not nearby the evolution lines as well. Considering the close relationship
between the gold deposits and the granites in study area, the most reasonable source of
ore-forming fluids for samples 1 and 5 is mixture of Mesozoic meteoric water and the
evolved magmatic water, whereas the ore-forming fluids of samples 2, 3, and 4 may
involve Mesozoic meteoric water, the evolved magmatic water, and initial magmatic
water. Therefore, data of oxygen and hydrogen isotopes show that the ore-forming fluids
of gold deposits in the ZTB are from at least two sources: Mesozoic meteoric water and
magmatic water.

To compare gold deposits in Zhangbaling with those in Jiaodong, we listed some
6180H20 and § Diu,0 values from Jiaodong gold deposits in Table 4 as well. The oxygen
and hydrogen isotopes compositions of the ore-forming liquids of Sanshandao and Jiaojia gold
deposits are similar to magma-originated water. On the diagram of 5180H20 versus 6Dy, o
(Figure 11), the plots are inside or near the scope of magmatic water. However, the
6180H o and 6Dy o values of the samples from Linglong, Lingnan, and Dazhuangzi gold
deposit2s are deviated from that of magmatic water. The samples from Linglong and Lingnan
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Figure 11. The 5180H20 versus ¢ DHZO plot showing the isotopic composition of ore-forming
fluids of the gold deposits in Jiaodong (data are from Lu et al. 1999; Mao et al. 2002, 2005 ); the sym-
bols are the same as in Figure 10, except the §'80 and 6D values of Mesozoic meteoric water are —
12.5%0 and —90%o (Zhang 1989), respectively.

deposits are near the evolution lines of meteoric water through isotopic exchange with the
granite at 270°C or at 350°C (Figure 11), but the plots of the samples from the Dazhuangzi
gold deposit are neither inside magmatic water scope nor near the evolution lines of mete-
oric water. In general, the source and evolution of ore-forming fluids of Linglong, Ling-
nan, and Dazhuangzi gold deposits are similar to those in the Zhangbaling area to some
extent.

Tectonic environment of magmatism in ZTB
Age of intrusive rocks

In the Zhangbaling area, several stages of structural deformation can be identified after the
Neoproterozoic (Hou ef al. 2004; Mercier et al. 2007). Among these tectonic activities, the
Mesozoic fracturing movements, which are dominated by the Tan-Lu fault zone, are
directly associated with gold mineralization. It is suggested that the first sinistral displace-
ment of the Tan-Lu fault zone happened in the latest Middle Triassic, from 236.2 + 0.5 Ma
to 238.0 £ 0.4 Ma (Zhang et al. 2008). In the Early Cretaceous (120-130 Ma), the fault
zone underwent another sinistral displacement, followed by extensional activities (Zhu
et al. 2001a, 2001b). The recent results show that the granites in the ZTB also emplaced
during this period. Niu et al. (2008) obtained ages of 126.9 + 1.0 Ma, 114.8 £ 1.3 Ma,
108.1 £ 1.6 Ma, 103.0 £ 0.9 Ma, and 120.3 £ 0.7 Ma for different granitoids in the Zhang-
baling by zircon U-Pb LA-ICP-MS analyses, which is concordant with the results by Liu
etal. (2002) and Niu (2006). U-Th-Pb dating of zircons from the Guandian granite
obtained an age of 128 Ma (Li ef al. 1985). All the dating results indicate that these rocks
formed in the Yanshanian period, about 20—30 million years younger than the forming ages
of some important Cu-Au deposits such as Shaxi and the Tongling region in the western
side of the ZTB (e.g. Mao et al. 2006; Yang et al. 2007; Xie et al. 2009), but coeval with
the sinistral displacement of the Tan-Lu fault zone, which may record the subduction of
west Pacific plate from northeast to mainland China (Sun et al. 2007; Lan et al. 2009).
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Figure 12. Spider diagrams of trace elements of granitoids in the Zhangbaling.

Origin of intrusive rocks

The Ig, of the granitoids in the Zhangbaling ranges from 0.70623 to 0.70685, slightly
higher than mantle source (Niu et al. 2002). However, the extremely high negative eNd
(—15.5, Li et al. 1985; —16.8 to —18.1) and the low 2°°Pb/?*Pb (16.504) and 2°"Pb/>**Pb
(15.292) ratios (Li et al. 1985) strongly suggested that the granites are from melting of
lower crust. The result of trace elements (Figure 12) shows that among the incompatible
and middle-incompatible elements, Ba and Sr are enriched evidently but Rb and Nb are
relatively depleted. This may be because granitoids originated from the melting of lower-
crust source rocks, which is usually rich in Ba and Sr, and relatively poor in Rb and Nb.

Tectonic environment of intrusive rocks

On the Nb-Y trace element discrimination diagram (Figure 13a), the granitoids in the
Zhangbaling are located in syn-collision or volcanic arc fields, whereas on the Rb—Y + Nb
diagram (Figure 13b), all the samples fall inside volcanic arc scope, which resulted from
the low contents of Rb. We suggested that the granitoids in the Zhangbaling area are from
melting of lower crust during or post-orogenic process, which is concordant with the con-
clusion from the result of Nd and Pb data (Li ez al. 1985). Considering these rocks distrib-
uting in orogen regions associated with continent—continent collision, these high-K calc-
alkaline granitoids probably indicate the change of tectonic environment from compres-
sion to extension (Xiao et al. 2002), similar to the situation in the Jiaodong.

Discussion of ore genesis

Orogenic gold deposits occurring in metamorphic belts have attracted interest from both
researchers and industry globally (Chen et al. 2004b). Many researchers diagnose the
orogenic gold deposits according to the sources of metals and fluids based on stable isotope



Downloaded by [University of Edinburgh] at 20:16 08 June 2013

628 D. Huang et al.

10000 ¢
O Diorite
A Granite
<© Granodiorite
1000 f
g
2 100t
z VAG +syn-
COLG
10t
a
1 ’ L 1 J
1 10 100 1000 10000
Y(ppm)
10000 ¢
O Diorite
A Granite
1000 ¢ syn-COLG < Granodiorite
—_ WPG
€
S 100} /%8
o)
[\'4
10
VAG ORG b
1 : . . ,
1 10 100 1000 10000
Y+Nb(ppm)

Figure 13. Tectonic environmental discriminations by trace elements of (a) Y versus Nb and (b)
Y + Nb versus Rb of granitoid samples in the Zhangbaling Belt (after Pearce et al. 1984). VAG, vol-
canic arc granite; Syn-COLG, syn-collision granite; ORG, middle-ridge granite; WPG, within-plate
granite.

systems. However, understanding of the sources of the metals and fluids remains ambigu-
ous. Previous studies have suggested different sources of the fluids for the orogenic gold
deposits, such as, hydrous fluids liberated by metamorphic dehydration (McCuaig and
Kerrich 1998), magmatic-hydrothermal fluids (De Ronde ef al. 2000), deeply convecting
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meteoric water (Jenkin et al. 1994), CO,-rich fluids released from the mantle (Colvine
1989), or fluids from an external source (Breeding and Ague 2002). Meanwhile, the oro-
genic deposits usually display three mineralization stages (Chen et al. 2004c) and the iso-
topic compositions of the ore-forming fluids are generally variable for these stages (Chen
et al. 2004b). Therefore, it is suggested that isotope indicators are not necessarily diagnos-
tic in terms of metamorphic and magmatic sources of fluids and metals (Chen et al.
2004c). In addition to the sources of the metals and fluids, the orogen tectonic setting,
structure-control of the orebodies, and CO,-rich metamorphic fluid system are key mark-
ers of orogenic-type gold lodes (Chen et al. 2004c, 2005). Virtually all orogenic gold
deposits show a close spatial association with ‘first- and second-order’ structural breaks
(Bierlein et al. 2004). All these ‘necessarily diagnostic indicators’ and ‘virtual characters’
are evidently shown in the gold deposits in the ZTB.

Comparison with gold deposits in Jiaodong

Jiaodong gold metallogenic zone is a famous gold-centralized area in China, which is
adjacent to the Tan-Lu fault zone to the W, the same as the ZTB. The strata in the belt are
composed of the Archaean Jiaodong Group, Proterozoic Jinshan Group, Fenzishan Group,
and Penglai Group. The Mesozoic granitoids, such as Linglong granite, Guojiazhai grano-
diorite, Lanjiahe granite, and Kunlunshan granite, are widely developed in the region. Wang
et al. (1998) obtained the zircon SHRIMP dating result of 150—-160 Ma from Linglong
granite. The *°Ar/3°Ar step-heating ages of the biotite from Guojiazhai granodiorite are
124.0 £ 0.4 to 124.5 £ 0.4 Ma (Li et al. 2003). The dating results suggest that Mesozoic
granitoids in Jiaodong were emplaced during several thermal events. The identification of
inherited zircons coupled with Ig, ratios (>0.709) indicate that these granitoids were mainly
derived from the continental crust by re-melting or partial melting (Chen et al. 2007a).

The gold deposits in Jiaodong are controlled by fractures mainly in NNE striking,
which were considered as derivative structures of the Tan-Lu fault zone (Goldfarb et al.
2001; Zhou et al. 2002). Three types of gold deposits, altered-tectonite gold deposits, quartz-
vein gold deposits, and hydrothermal breccia gold deposits, can be identified in the region
(Mao et al. 2005). Based on the dating combined with the analysis of previous data, Chen
et al. (2004a, 2007b) suggested that in the Jiaodong gold province, mineralization
occurred in the Mesozoic, with peak activities between 110 and 130 Ma, coeval with or
postdating Mesozoic granitoid intrusions. The Ig, values obtained from ores and fluid
inclusions are generally higher than 0.709 and slightly higher than those from Mesozoic
granitoids, which indicates that both ore fluids and metals were mainly derived from the
crust (Chen et al. 2004b, 2007a). The granitoid emplacement and large-scale gold metall-
ogenesis were related to three evolution stages in a collisional orogen, and the most
important metallogenic phase occurred at the transition from collisional compression to
extension (Chen ef al. 2004a, 2007b). From the discussion above, it can be seen that the
gold deposits in the ZTB are very similar to those in the Jiaodong gold metallogenic prov-
ince in the tectonic settings, mineralization-controlling factors, and mineralization ages, as
well as in the ore-forming temperature and the oxygen and hydrogen isotopes composition
to some extent, which convince us of an orogenic origin for the gold deposit in ZTB.

Comparison with deposits in Xiongershan

Xiaoqinling-Xiong’ershan in East Qinling is another important base of gold and other
metals in China. Some of the gold deposits in this area are considered to be orogenic
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(Chen et al. 2004¢). The Shanggong gold deposit can be taken as the typical representa-
tion of orogenic gold deposits in this belt. The Shanggong gold deposit is located in
Xiong’ershan terrane, which is in the northern part of Qingling-Dabie orogen. The strata
distributing in this terrane mainly include Archaean Taihua Group and Middle Proterozoic
Xionger Group. The former mainly consists of gneiss and hornblendite and the later of
basalt, basaltic andesite, andesite, dacite, and rhyolite (Chen et al. 2004c). The Mesozoic
granitoids, such as Haopinggou granite, Wuzhangshan granodiorite, and Huashan granite,
are developed in this region.

The mineralization is controlled by fractures mainly in NE striking, which were con-
sidered to have evolved from compressional shear to tensional shear (Chen et al. 2004c).
The hydrothermal ore-forming process is divided into early, middle, and late stages, char-
acterized by pyrite-ankerite-quartz, polymetallic sulphides, and carbonate-quartz, respec-
tively. The early-stage veins and minerals are structurally deformed and broken,
suggesting that they are formed in a compression or compressional shear setting. The
middle stage (polymetallic sulphide stage) shows no clear deformation, which suggests a
tensional shear setting. The late stage, characterized by developed quartz-carbonate
veinlets and comb structure, is likely formed in an extensional tectonic environment (Chen
et al. 2004c). T}, are between 380-320°C for the early stage, 300-220°C for the middle
stage, and 120-200°C for the late stage (Chen et al. 2004c).

The 6'0 and ¢D values of the ore-forming fluids are: 4.2—13.4%o and —66—88%o for
the early stage, 1.9—4.5%0 and —1.2—0.5%o, for middle stage, and —2.0—0.6%o0 and —56%o
for late stage (Chen ez al. 2004b). The §'30 and éD values of the fluids from the deposits in
the Zhangbaling area can be compared with the middle- and late-stages ore-forming fluids
in the Shanggong gold deposit. The age, obtained by the **Ar/>°Ar dating, of the early
stage is 222.8 Ma * 24.9 Ma. Rb/Sr isochron dating for sericite, calcite, and quartz or
altered rocks formed in the early, middle, and late stages yield ages of 242 Ma + 10 Ma,
165 Ma £ 7 Ma, and 113 Ma + 6 Ma, respectively. This implies that the gold mineralization
occurred in the period of 250—100 Ma, and was coeval with the continent—continent collision
between the Yangtze and North China plates (Chen ef al. 2004d), which shows a similar
situation to that in the ZTB.

By comparing the famous gold deposits in Jiaodong and Xiong’ershan in China, we
proposed that the gold deposits in the ZTB are probably orogenic gold deposit and this
region is rather favourable for further exploration of gold resource.

Conclusions

Two types of gold deposits, altered-tectonite and quartz-vein, were developed in the ZTB
during the Yanshanian period. It is evident that the gold mineralization, either from
deposit or orebody scale, was controlled by fractures. The mineralization processes
include early, middle, and late stages for both types of deposits. The T, of three stages
were 115-165°C, 235-275°C, and 335-395°C for altered-tectonite gold deposits, and
145-195°C, 205-255°C, and 255-335°C for quartz-vein gold deposits, respectively. The
D-0 isotope analyses indicate that the ore-forming fluids of quartz-vein gold deposits had
two sources: Mesozoic meteoric water and magmatic water. The ore-forming elements of
gold deposits were derived mainly from the Yanshanian granites, which originated from
melting of the lower crust during or slightly post-orogeny. The gold deposits in the ZTB
are remarkably similar to those in the Jiaodong gold metallogenic province and in the
Xiong’ershan metallogenic zone with regard to tectonic settings, mineralization-controlling
factors, and mineralization ages, as well as the ore-forming temperatures and the O—-D
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isotopes compositions. We suggest that the gold deposits in the ZTB are probably oro-
genic gold deposits similar to those in the Jiaodong and the Xiong’ershan. This conclusion
suggests that the ZTB is a favourable target for further exploration of gold resources.
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