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Abstract Geochemical studies of the Paiting and Miaolong Carlin-type gold deposits in the Sandu-Danzhai metal-
logenic zone, Guizhou Province, have shown that the mineralized-altered rocks show LREE-enrichment patterns,
generally displaying negative Eu anomalies (8Eu=0.51—-0.97) and unobvious negative Ce anomalies
(6Ce=0.86—0.99). Calcite and fluorite in relation with metallogenesis show MREE-enrichment patterns, generally
displaying rather weak negative Eu anomalies (6Eu=0.74—0.93) and weak negative Ce (6Ce=0.70—0.98) anomalies.
The 8"3Cppg values of carbon in calcite are -1.61%o— -5.82%o, the 8'¥Ospow values of oxygen are 13.97%0—19.24%o,
and the 8**Scpr values of sulfur in stibnite are 17.72%0—21.68%o. In regard to 8D and §'%0, ore-forming fluids pos-
sess the characteristics of metamorphic water. The process of metallogenesis of the Carlin-type gold deposits is con-
trolled by the Yanshanian tectonic activities. The Yanshanian movement promoted the migration and mobilization of
metamorphic fluids in the extensively developed medium- to high-grade metamorphic rocks in this region, carrying
primarily enriched gold and associated elements such as Hg, As, and Sb in the Sinian metamorphosed black shales
and Lower Cambrian black shales. The ore-forming fluids found their way into a suitable metallogenic environment

along the fault zone, followed by gold precipitation to form gold deposits.
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1 Introduction

In Guizhou Province the gold deposits hosted in
sedimentary rocks mainly occur in the Late Paleozoic
to Early Mesozoic (southwestern Guizhou) and Early
Paleozoic (southeastern Guizhou) sedimentary rocks
and distributed along the southwestern margin of the
Cambrian Yangtze Craton. The characteristics are
similar to the Carlin-type gold deposits in Nevada, the
United States, obviously enriched in As, Sb, Hg and Tl
(Hu Ruizhong et al., 2002; Peters et al., 2007). The
ore deposits are mainly controlled by strata and faults
(Zhang Xingchun et al., 2003; Mao Shuihe, 1991).
The typical characteristic includes impure carbonate
or calcareous and carbonaceous rocks hosted rocks
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that contain disseminated pyrite and arsenopyrite.
Gold occurs either as submicrometer-sized particles or
invisibly as solid solution in As-rich rims of pyrite and
arsenopyrite (Mao Shuihe, 1991; Zhang Xingchun et
al., 2005; Su Wenchao et al., 2008). Hydrothermal
alteration caused decarbonation, silicification, argilli-
zation, and sulfication (Hu Ruizhong et al., 2002;
Zhang Xingchun et al., 2003; Su Wenchao et al.,
2008), similar to the characteristics of the Carlin-type
gold deposits in Nevada, the United States (Mao
Shuihe, 1991; Zhang Xingchun et al., 2005; Su Wen-
chao et al., 2008). During the late stage of metal-
logenesis, it commonly developed stibnite, realgar and
orpiment (Hu Ruizhong et al., 2002; Hofstra and
Cline, 2000; Su Wenchao et al., 2009; Zhang Yu et al.,
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2010a).

Previous researchers investigated the Carlin-type
gold deposits in the Sandu-Danzhai metallogenic zone
from the angle of organic geochemistry and they con-
sidered that those deposits were closely related to the
formation and evolution of fossil oil reservoirs (Chen
Qingnian et al., 1998; Shi Jixi et al., 1995; Shao
Shuxun et al., 1999). This study focuses on the trace
elements and isotopes of altered-mineralized rocks
and gangue minerals such as quartz and calcite, so as
to explore the geochemical characteristics of the ore
deposits and also primarily discusses the process of
metallogenesis of the Carlin-type gold deposits.

2 Regionally geological characteristics

The Carlin-type gold deposits in the Sandu-
Danzhai metallogenic zone are located in the
Sandu-Danzhai region of Southeast Guizhou on the
southern margin of the Jiangnan platform uprise of the
Yangtze Block (on the northern margin of the Youji-
ang River rift), i.e., within the area where China’s
well-known “Sandu-Danzhai mercury ore zone” is
located. The Hongfachang, Sixiangchang, Miaolong,
Paihe, Paiting, Yangyong, Gaotong and other Carlin-
type gold (Hg-Sb) deposits and occurrences constitute
the Sandu-Danzhai Hg-Au-Sb mineralization belt
(Fig. 1). Up to now, the Danzhai gold deposit is still a
deep-seated small-sized gold deposit or an gold ore-
body in the medium-small-sized gold deposits, associ-
ated large-sized Hg deposits in the large-scale Hg ore-
field. Arsenopyrite is the most important Au-bearing
mineral, followed by As-rich pyrite. Realgar and or-
piment are rarely seen (Gao Zhenmin et al., 2002).
The strata exposed in the mineralization belt include
the Proterozoic Xiajiang Group and Upper Permian
(Paleozoic) strata. The Upper Sinian-Lower Cambrian
black rock series and Middle Cambrian-Early Ordovi-
cian carbonate rocks are most developed, with the
Middle Cambrian carbonate strata constituting the
major ore-hosted strata. The Sandan-Danzhai metal-
logenic zone has the advantages of good geological
conditions for gold mineralization and excellent
ore-searched prospect. It is another important metal-
logenic prospective zone following the discovery of
the gold zone in southwestern Guizhou (Peng Yangqi,
1997).

The Sm-Nd dates of hydrothermal calcites from
the Shuiyindong in Guizhou are 13443 to 1363 Ma
(Su Wenchao et al., 2009), the Rb-Sr isochron age of
the Hongfachang and Sixiangchang high-grade ores is
114+6 Ma (Chen Qingnian et al., 1998), and the fis-
sion track ages of quartz from the Paiting and Yan-
gyong gold deposits are 66.7 and 65.4 Ma, respec-
tively (Li Chaoyang et al., 2002), with the metal-
logenic ages being concentrated within the range of
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140—75 Ma, indicative of metallogenesis during the
Yanshanian movement (Hu Ruizhong et al., 2002).

According to the fact that the Hg-Au deposits in
Guizhou are controlled by Yanshanian tectonic activi-
ties, it is commonly accepted that their metallogenesis
is synchronous with the most recent and most intense
regional tectonic activity (Yan Junping et al., 1989;
Hua Yongfeng and Liu Youping, 1996), and this is
also an important evidence suggesting that the Hg-Au
deposits in Guizhou are the products of Yanshanian
tectonic activities (Hu Ruizhong et al., 2007).

3 Geological characteristics of the ore depos-
its

The Paiting gold deposit is located in the south-
eastern part of Danzhai County (10 km in diameter)
and it was discovered by the Bureau of Non-ferrous
Geological Exploration of Guizhou Province (Peng
Yangqi, 1997). It is an independent micro-
disseminated gold deposit discovered for the first time
in the Middle-Lower Cambrian stratum, following the
discovery of the Miaolong Sb-Au deposit and the
Sixiangchang-Hongfachang Hg-Au deposit. The main
orebodies have an average grade of 4.05x10° g/t. It is
a medium-sized gold deposit (Dong Guanggui, 2007;
Wu Shourong, 2008). At present, the Paiting gold de-
posit is the largest-scale gold deposit in the metal-
logenic zone.

The strata exposed in the mining district (Fig. 2)
include the Precambrian Xiajiang Group Longli For-
mation (Ptxjl) medium- to thick-layered, fine- to me-
diun-grained biastopsammite, the Upper Sinian Dou-
shantuo Formation (Zbds) thin- to medium-thick lime-
stones, the Liuchapo Formation (Zblc) thin to medium
thick siliceous rocks with phosperite nodules. The
Lower Cambrian Jiumenchong Formation (€ j), the
Bianmachong Formation (& b) and the Wuxun For-
mation (€ ;w) are dominated by mudstone and silty
mudstone.

In addition, there are the Middle Cambrian
Duliyjiang Formation (€,d) medium- thick mud-
stone, muddy limestone and dolomite and the Upper
Cambrian Yangjiawan Formation (€3y) limestone,
dolomite and other strata. The Bianmachong Forma-
tion (€:b), the Wuxun Formation (&;w) and the
Duliyjiang Formation (&,d) are the principal
ore-hosted strata.

In the region, there are three groups of faults, i.e.,
NNE, NE and NEE. According to the sizes of the
faults, three classes can be distinguished: the Wuwan
fault belongs to the first class, the Xiongqi fault be-
longs to the second class, jointly constituting the basic
tectonic framework within the mining district. The
faults of class III include NEE-, NE-, SN- and
NW-trending faults, most of which are ore-hosted
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faults (Fig. 2).

The Miaolong gold deposit is located (about 7
km in diameter) in the north part of Sandu County and
it was discovered in 1979, with an average gold grade
of 5.32x10° g/t, it is a medium-scale gold deposit
(Peng Yangqi, 1997, Wang Shangyan et al., 2006).
The mining district is located within the Miaolong
synclinorium, where there are developed the SN-,
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EW-, NW- and NE-trending faults, of which the F2
fault (Fig. 3) controls gold mineralization in this re-
gion (Wang Shangyan et al., 2006). The orebodies are
hosted mainly in the Cambrian Sandu Formation
(€3S) and the Yingshangpo member of the Ordovi-
cian Guotang Formation (Ogt"). Thin-layered banded
limestone, laminated marlite and thick-layered cal-
cirudite are the major lithological types.
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Fig. 1. Sketch map showing the geological structure of the Sandu-Danzhai Hg-Au-Sb mineralization zone in Guizhou Province (Gao Zhenmin et

al., 2002).
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Fig. 2. Geological sketch map of the Paiting gold orefield (after Fan Erchuan, 2010).

In the Miaolong and Paiting gold deposits, Ore
minerals are mainly arsenopyrite, pyrite and stibnite
with minor amounts of associated minerals such as
sphalerite and pyrrhotite. Arsenopyrite and pyrite are
the major Au-bearing minerals, micro-disseminated in
mineralized rock. The gangue minerals are mainly
quartz, dolomite and calcite, and subordinately are
barite and fluorite. Fluorite is relatively developed in
the Miaolong gold deposit, and white and light green
fluorites formed at the late stage of mineralization. No
fluorite has been found in the Paiting gold deposit.
Hydrothermal alterations include silicification, cal-
citiation, dolomitization, baritization, pyritization,
arsenopyritization, etc. From the Miaolong deposit to
the Paiting deposit organic carbonation tends to de-
velop progressively. Silicification and organic car-
bonation represent the important alteration assemblage
of the Paiting gold deposit.

4 Samples and testing methods

The samples were collected from drill hole, adit
and tunnel, those of the Paiting gold deposit were

taken from core and adit (sample codes ZK and PD),
and those of the Miaolong gold deposit were collected
from tunnel (sample code ML). On the basis of sys-
tematic field investigation and rock/mineral identifi-
cation, the samples were treated and analyzed.

(1) REE analysis method: Calcite and fluorite
samples were crushed as fine as 20—40 mesh and im-
purities were picked out under binocular to make the
purity of calcite reach more than 99%. Then, the puri-
fied calcite was ground as fine as 200 mu by means of
an agate mortar. REE analysis was conducted on an
element-type high-resolution ICP-MS made by Finni-
gan MAT Co. at the ICP-MS Room under the State
Key Lab. of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. The
relative standard deviation for the repeatability test of
trace elements is less than 10%. Altered-mineralized
rock samples were crushed as fine as 200 mp and
tested and analyzed in the company of ALS by using
the ME-MS81 analysis method.

(2) Stable isotope analysis method: Carbon and
oxygen isotopic measurement of calcite and sulfur
isotopic measurement of stibnite were accomplished
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Fig. 3. Sketch map showing the geological structure of the Miaolong Au-Sb deposit (after Wang Shangyan et al., 2006).

at the State Key Lab. of Environmental Geochemistry,
Institute of Geochemistry, Chinese Academy of Sci-
ences. The 100% phosphoric acid method was adopted
for C and O isotopic analysis of calcite and the in-
strument used for the purpose was a MAT0252 mass
spectrometer. PDB was used as the standard for §*C
and PDB and SMOW were adopted as the standards
for 8180, with the relative errors involved in the
analysis being less than +0.2%.. Sulfur isotopic meas-
urement was conducted on the MAT252-Model mass
spectrometer and the method of determination was the
SO, method. The standard sample was CDT and the
relative analysis error was less than +0.2%o.

4.1 REE characteristics

REE standardization was done by using the data
of Sun and McDonough (1989).

(1) As can be seen from Table 1 and Fig. 4, the
alteration-mineralization rocks of the Paiting and
Miaolong gold deposits display LREE-enrichment
patterns and generally show negative Eu anomalies
(0Eu=0.51-0.97) and unobvious negative Ce anoma-

lies (6Ce=0.86—0.99).

(2) As can be seen from Table 2 and Fig. 5, the
calcite and fluorite in relation to the metallogenesis of
the Paiting and Miaolong gold deposits display
MREE-enrichment patterns and generally show rather
weak negative Eu anomalies (6Eu=0.74—0.93), but
nearly unobvious negative Ce anomalies (6Ce=
0.70-0.98).

These MREE patterns are consistent with those
of calcite in relation to the mineralization of the
Carlin-type gold deposits in southwestern Guizhou
(Su Wenchao et al., 2009; Zhang Yu et al., 2010a, b).
That would be related to ore-forming hydrothermal
solutions, but the forming mechanism is still unclear.
Fluorite and calcite in relation to mineralization of Sb
deposits were also reported to show MREE-
enrichment patterns (Peng Jiantang et al., 2002, 2004).
It is considered that the REE distribution patterns are
mainly controlled by crystallochemical factors. In the
process of metallogenesis of hydrothermal fluids, the
calcite formed in a relatively reducing environment
would show weak negative Eu anomalies (Liang Ting
et al., 2007) and unobvious weak negative Ce anoma-
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lies (Wang Jiasheng et al., 2010), indicating that the
processes of transport and metallogenesis of hydro-
thermal fluids under relatively reducing conditions. It
is in consistency with the regionally geological back-
ground of metallogenesis. The strata in this region
commonly present reducing organic matter, the total
contents of organic carbon in the high-grade ore zone
are within the range of 0.11%—4.43% (Chen Qingnian
et al., 1998), thus providing a reducing environment
for the evolution of ore-forming fluids.

1000

wy (Sample)/my, (Chondrite)

-©— Miaclong
-8 Paiting

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
Fig. 4. The REE distribution patterns of altered-mineralized rocks at
Paiting and Miaolong.

—@— Paiting calcite
—B— Miaolong calcite
—B—  Miaolong fluorite

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Fig. 5. REE distribution patterns of calcite in relation to mineraliza-

tion at Paiting and Miaolong.

4.2 Stable isotopic characteristics
4.2.1 Sulfur isotope

Sulfur isotopic composition is the most direct
and most effective approach to trace the source of
sulfur in ore-forming fluids. Studies by Zhang Xing-
chun et al. indicated that the Au-bearing mineral-
pyrite in the Carlin-type gold deposits exhibits rims-
texture. The sulfur isotopic composition of hand-
picked pyrite could not represent that of ore-forming
fluids. Some scholars made use of the sulfur isotopic
compositions of minerals formed at the late stage of
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metallogenesis, such as realgar and stibnite, to inves-
tigate the sulfur isotopic composition of ore-forming
fluids (Su Wenchao et al., 2009; Stephen et al., 2005;
Zhang Yu et al., 2010b). The sulfur isotopic values of
five stibnite samples taken from Sandu-Danzhai gold
deposits vary within the range of 17.72%0—21.68%o, in
consistency with the results obtained by our prede-
cessors (Li Chaoyang et al., 2002; Chen Qingnian et
al., 1998). The fact that the sulfur isotopic values are
within the range of those of marine sulfates (Fig. 6,
Table 3) reflects that the sulfur in ore-forming fluids
was derived from the Cambrian strata. The case is
different from the sulfur isotopic analysis data of py-
rite, realgar and orpiment from the Carlin-type gold
deposits both in the United States and in southwestern
Guizhou. Those sulfur isotopic values are characteris-
tic of magma-sourced sulfur (Fig. 6, Table 3), demon-
strating that the sulfur in ore-forming fluids was de-
rived from magmas (Stephen et al., 2005; Zhang Yu et
al., 2010b).

- Sandu-Danzhai metallogenic beli—stibnite

6
(] Soutnhwest Guizhou metallogenic belt—realgar
American Deep Post deposit—realgar
H]m American Deep Post deposit—orpiment

0 T T T T T T T T
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Fig. 6. Sulfur isotope histograms of stibnite, realgar and orpiment in
the Carlin-type gold deposits both in Guizhou Province of China and
the United States.

4.2.2 Carbon and oxygen isotopes

The carbon and oxygen isotopic characteristics of
the Carlin-type gold deposits in the Sandu-Danzhai
metallogenic zone (Table 4, Fig. 7). Liu Jianming et
al. (1997) summarized the ranges of carbon and oxy-
gen isotopic values for the three major sources in
crust-source fluids (organic source, marine carbonate
rock source, magma-mantle source) and the varia-
tional trends of carbon and oxygen isotopic composi-
tions came from five major processes. As can be seen
from Fig. 7, carbon (5 Cppg=-1.61%0—5.82%0) and
oxygen (8" Osmow=13.97%0—19.24%0) in the calcite
related to the mineralization of gold deposits in the
study region were both derived from the dissolution of
marine carbonate rocks. At the same time, the possi-
bility could not be ruled out that carbon and oxygen
derived from dehydroxylation of sedimentary organic
matter.



215

209-220

Chin.J.Geochem.(2012)31

860 980 190 L9l L6FE 98¢ §6S 6F0  S6€ 690 6£S 81T TOI TLI SE0I 6T 686 tET SSE Sl 8€E AB[E) 9-8C- TN
1 €60 HIT € 9rl THr 90T SI0 ¥TL TTO 6L LLO L6 €80  P9S 6Ll T6S 8§l TLT  E€Fl ILE anofe) S-8T TN
P80 ¥80 81 801 9%  80°¢ 9Ll 100 FI0 €00 S0 LTO SET LTO 1T €F0 TU'L  €0T €T0 960 1£0  SuojoRnpy  awionpg T-€-8T- TN
€80 80 €91 €01 ¥Ts 'S ¥ET TOO FI0 FO0 90 €0 €61 6T0 TET LFO TI TIT 9TO0 FOT  TEO apony [-€-82-TN
L60 980  ¥50 sl E6T  8PY 88  v0  FIE 950 €9t (81 98 L¥l €98 8ET 118 81  €9T €11  8ET L) 1-82-TN
160 801  ST0 6L°0 €86  £8L FEL TI0 €60 LI0 LT1 TS0 9LT +S0 TSE  FOT  #PT  vPT €0 8TI1  €£€0 1-€-z-ad
80 6E1 980 191 'l 8L'L 61T 100 10 TO0 910 LOO 6T0 SO0 v0O SO LTO L0 L0 €0 TIO TLLNZ
o1 1€ 90 i 65TI 191 FIT 910 LT €T0 8%1  SLO0  9€  S90 SOt P¥L  LLT  €ES 880 ISt U] Sunied adIE) AT VA
1L0 +L0 1600 Lo SIS LHT 89 1L0  61'S 880 699 8T ¥l IST 9681 9FE ¥Ol TTL L0 ITT 990 T-L-SNZ
L0 9.0 L0O 8t°0 L61S  TST VZL L0 ¥ES TG0 €89 18T SHI 9T €TS8l ISE L0l 8€L SLO  €TT 850 1-L-S3Z
ape  nge  NIA - HRMHqouy g A M aQx wL 1 o4 AQ AL PO hg w§ PN M oD el goool G o a(dures
) /N1 JEEL s - - ) ' . ) Bujdureg odureg
Ae.c_ %) BuojorIy] puk Sunied J8 UOIEZI[BIUIW 0) UOHJE[ Ul 3J1[BI JO S)ud)uod gAY T 2qeL
: : . . . . . . . . . . . . . . . . . . . . Quojsal|
€60 LSO OFO01  €€8  €€€  ¥LLT  LOTE 00F 900 OFO 900 WO SI'0 €80 S0 971 LTO  S§T 089 TS 0811 08¢ SNODNIS POZINS 982 TN
Quojsaw
PF0 990 I8ST €L 061 SSEL SKSI 0LT W00 SI0 €00 STO 600 80 010 9L0 LI 80 09T 090 00t  OFS snoaoms Eu?.ﬁ $-8T-TN
Auoysaul
€80 190 §9T  TLT  TES 9191 S0TT 0901 TIO 680 FI'O TOT PEO 191 8T0 TS1 8TO 6CTL  0EF 680 019 OFE snoeams BN_F__m BUOlORIN 18T TN
001 80 6911 €L6 L6V LE8Y PEes 0L9 600 SS90 010 IL0 STO0 TEL €0 T9IL 8¥0 881 010l LT 09TC 0901 auojsawll| paziugqng T-8TIN
. . . . . . . . . . y . . . . . . . . . i . AU0ISI[IS .
160 SL0 €6C 16 T¥SL  OLLL  8SE6  OTET 9TO 10T IE0 6IT 080 6T b0 TUS STL  pIS OT8l PEP  O0E€EE 0SSl gnoopnimienosnieg Z-¢-ad
860 SLO TT9 TS €10T SISOl 1€STl 0I'6T  €E0  TFT  8ED 08T 001 8CS 860 P89 0L1 €89 OFFT  S8S  OFSP Q01T OUOISHS Snodoe|iEly 1-€-ad
Quolspnur
S§0 980 8101 10L  8FS  TH8E  06EF  0T6 600 690 LI 080 TEO0 9T LZ0  v91  0S0  T®L  06L 00T  OF9l 086 oo “ %N_E_a 9-z-ad
) : . . . . . . : . . . . . . . , . . . : . auojsauun| -
60 S840 699 SIS el't €91 T96L 05T 00 0£0 SO0 BEO  SI0 180 9I0 O£l 0F0 0T OLF €60 019 08T gioonism pernugng s-z-ad
960 6I'l 109 8P 9€€  90Cl  TFBL  0Z9 SO0 €0 900 LFO LI'0 060 LI0 €1 9F0 Il 00F 680 009 09T  QUOISHIS SNOAJTUOQIED) v-z-ad
1001 S0 LOS  L6€  BEST  8LO0L  9I9TI  OFFE  LEO  L9T wFO OTE IT1 ¥89 1€l PE6  8ST  TI® 0TFT 8PS 0STF 0681 auoispnuw pazniifg 1-€-7-ad
001 IS0 09L €89  LPLL  PEGIL  I89El  0EST  E€E0  €ET  9€0 TST T6O  SLP 980 LES PEO  TLS OULT 8L 06'ES OLBT  SUOISHIS SNOdBUOQIED Tad
160 8I'1 1L 65°C 186 88°< 6919 sl 610 €1 0T0 8F1 TE0 TULT 90 €T <I 96T 0011 L8T 06'€T 00€l auolspnul PazniiAg Sunied 1-2-dd
QuoIspnu
P60 TLO 819 8SH  0€9T  190Z1  169FL  OL8E  IFO  ELE 6F0  €8€  8E1  E€L Pl 6E8  8LT 999 OFST LS9 O0TES  00LT mzuoﬁﬁ__h paznuig S EENZ
uoispnul
€60 880 8501 664  OUEl  SLFOL  S8LIL O8L1  LZO  #O1  LTO 881 90 FFE 090 SE€Y  €F1  8TS  OFIT 8§ 099F  0TFC mzoo?op_aw poznIAd $-zedz
uoispnul
960 FLO FSOI €56 €581 9L9Ll  6TS6l  0SST  IFO €8T TKFO €8T S60 SLP T80 TES  0ST  0S9  08SE 996 0L 09I %888&% poznuAd ST 1EMZ
auoispnwt
001 960 9€'S  9€F  9U'Il  898F  ¥86S OLSI  SI0 Il 610 ST 850 II'E 980 TEE ITI  89C 06Tl 6LT 0861 0€8 m_agﬁe_ﬁ_ N LT
660 90T 16S  8TS  T6Y  8C9E  0SEr  OCIl 110 080 €10 001 S€0 081 SE0 8€T €80 ET  OF6 11T OEST 099 AUOISPNW SNODEBUOGIED 1-L-LZ
auojspnw
P60 060  68L 06 L69l  9TO0L  ETLIL OU'ET  6T0 80T TED LET 180 ST €80 9L TYL  FIS 090T OFS  09FF 06T mzeamgfh pezy L-$NZ
auoispnua
S60 090 L0l L66 809l LVO09L §S9LL  06TT  9E0  8FT  9ED 9VT €80 ITP  €L0  S9F 90T LS O€TE LU OEWL  O0ESE maggoe_nw poznusg sz
NOA  dH¥H ~ UONEO| "ON
D¢ MR gy J9¥H HE¥T g3 A M1 9A WL °H fg 9L PO Mg WS PN M D Ll adfy ardureg Sujdweg  ojduieg
Ae.c— x v m:c_ca_—z pue m_.__ﬂ_u.m 3B 3204 pIzZijeJaulwi-paidl|e Jo SjuUOd JHY [ 21qeL



216

Table 3 The sulfur isotopic compositions of stibnite, real-
gar and orpiment in the Carlin-type gold deposits both in
Guizhou Province of China and the United States

: 37
Sample No. Location Dete‘rmmed 5 SC_3DT Data
mineral /10 source
PD-2-6 Paiting 20.46
ML-28-1 Miaolong 21.65
ML-28-2 Miaolong Stibnite 2168  [hisstudy
ML-28-3 Miaolong 17.72
ML-28-4-2 Miaolong 18.47
PHZ-2-2 Paihe 16.58 Li
Hongyang
YY-2 Yangyong Stibnite 18.16 etal.,
2002
DZ-2 Hongfachang 16.07
ZK27403-3 Bojitian 1.04
ZK27403-4 Bojitian 3.02
ZK27403-5 Bojitian 0.79 Zhang
. Yuetal.,
ZK27403-6 Bojitian Realgar 2.87 2010b
ZK27403-7 Bojitian 0.73
ZK27408-1 Bojitian 5.86
SYD Shuiyindong 2.14
DP-03-02-RL Deep post 6.00
DP-03-03-RL Deep post 6.00
DP-03-04-RL Deep post Realgar 6.30
DP-03-05-RL Deep post 6.70
SJ-552-1093-RL Screamer 9.90 Kelsler et
al., 2005
DP-03-03-OR Deep post 5.70
DP-03-04-OR Deep post 5.30
P-175-1327-OR Deep post Orpiment 5.50
P-175-1330-OR Deep post 5.80
P-208-1584-OR Deep post 5.50

Table 4 Carbon and oxygen isotopic compositions of cal-
cite in relation to mineralization at Paiting and Miaolong

2k5-7-2 -4.03 -11.64 1891
2771 -3.08 -13.97 16.51
k7-7-2 Paiting -1.66 -16.43 13.97
pd-2-3-1 5.8 41250 18.02
pd-2-3-2 572 -12.29 18.24
ml-28-1 174 1132 19.24
ml-28-3 Misolong -1.98 -11.40 19.16
ml-28-5 -1.61 -11.44 19.12
ml-28-6 -1.79 -1155 19.00
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Fig. 7. Projection diagram of carbon and oxygen isotopic composi-
tions of calcite in relation to mineralization at Paiting and Miaolong

(after Liu Jianming and Liu Jiajun, 1997).

4.2.3 Hydrogen and oxygen isotopes

The Hg deposits in the Sandu-Danzhai metal-
logenic zone are an important part of the Hg deposits
in Guizhou Province. Yan Junping et al. (1989)
pointed out from the hydrogen and oxygen isotope
data of ore-forming fluids for the Hg deposits and of
spring water and fissure water basically representing
meteoric waters (Table 5, Fig. 8) that ore-forming flu-
ids for the Hg deposits in Guizhou were derived from
meteoric water or mixed water dominated by meteoric
water. A comparison between the H and O isotope
data of ore-forming fluids from the Carlin-type gold
deposits (Table 5) and the research data of Hg deposits
(Fig. 8) reveals that the H and O isotope data of
ore-forming fluids for the Carlin-type gold deposits
(Table 5) are concentrated in two fields, i.e., in the
field of magmatic and metamorphic waters and below
the first field. As compared with the first field, the
second field occurs to strong 6D excursion.

In this region there have not been found mag-
matic rocks associated with metallogenesis, so it is
considered that the ore-forming fluids were derived
mainly from metamorphic water came from meta-
morphism. This conclusion is in consistency with the
geological fact that there are large quantities of me-
dium- to low-grade metamorphic rocks in this region
(Wang Shangyan et al., 2006). The phenomenon of
strong H isotope excursion is mainly due to H isotope
exchange between ore-forming fluids and sedimentary
rocks (the 8D values of crude oil-related organic mat-
ter are -85%o0— -181%0 Hsueh-Wen Yeh and Samuel
Epstein, 1981), which promoted H isotope excursion.
The fluids are different from those of Hg deposits de-
rived mainly from meteoric water or mixed water
dominated by meteoric water.
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Table S The hydrogen and oxygen isotopic compositions of ore-forming fluids for Au and Hg ore deposits in the
Sandu-Danzhai metallogenic zone

. . . Metallogenic 5"%0 3"%0mo 8Dino
Sample No. Sample location Determined mineral temperature ('C) 1107 /107 1107 Data source
DZ-2 Hongfachang Stibnized carbon- 200 +198 4825 47
G lda cay el. d Li Hongyang
W005-2 Paiting ¢ Minera 1z 242 +19.9  +10.49 -62 et al. 2002
quartz vein
YY-2 Yangyong Stibnite-calcite 224 +19.4 +9.14 102
quartz vein
H(Hong)653 Hongfachang Q“am(ferggnsﬁu(Hg) 220 +19.59 +8.38 97.7
S(Si)504 Sixiangchang Q“amf"m /?“(Hg) 220 42310 +11.89 -61.50  Chen Qingnian
Quartzpf(;zlm Au ctal, 1998
H(Hong) Hongfachang deposit 217 +20.0 +8.62 -66
S(Si) Sixiangchang Quartz from Au 217 $23.10  +I1L72 -110
deposit
Kl Xinfachang Dolomite from Hg 140 +1434  -10 519
deposit
Kli6a Hongfachang Calcite from Hg 130 +1981 4611 -59.5
deposit
TBC-11 Dadongla, Tongren ~ Quartz from Hg 135 11884 415 -55.03
deposit
WBW-48 Muyouchang, Calcite from Hg 136 +17.37 +4.15 677
‘Wuchuan deposit
1I-1 Yanhe hot spring Hot spring water -9.44 -54.21
11-2 Tianling, Yinji- Hot spring water -10.56 -56.7 Yan Junping et
ang al.,1989
11-5 Shiqian hot spring Hot spring water -9.63 -57.58
w2 Muyouchang, Fissure water from 9.06 46
Wuchuan tunnel
W3 Ganxigou, Underground river 499 46.6
Wuchuan water
W4 Sanjiatian, Dolomite fissure 74 486
Wuchuan water
Sanjiatian, _ _
W5 Wuchuan Slope water 6.59 443
w6 Longjingpo, lees.tone intersti- - 6.69 447
Wuchuan tial water
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Fig. 8. Projection diagram of hydrogen and oxygen isotopic compo-

sitions of ore-forming fluids for Au and Hg deposits in the

Sandu-Danzhai metallogenic zone.

5 Ore-forming materials and ore-forming

fluids

Studies by Lu Huanzhang, Yan Junping, Cheng
Dunmom, et al. on inclusions in carbonate minerals
and quartz indicated that the ore-forming fluids for the

Danzhai deposits are characteristic of brines with the
salinities being 16 or 18— >26 NaCl wt%. No ho-
mogenization salinity was obtained in the study by
Chen Qingnian et al. (1998). In the inclusions the
contents of cations increased in the order of K’
>>Na">>Ca’", Mg2+ and the anions were rich in CI’
and F and their contents tended to increase in the or-
der of CI' >F". The ore-forming solutions were weakly
alkaline (pH=6.5), with Eh= +412.6— +432.6 mV, in-
dicative of the KCI-NaCl system. Moreover, the in-
clusions have the characteristics of brines. All this
indicates that the ore-forming fluids for the Danzhai
gold deposit are characterized as being high in salin-
ity. Hydrogen and oxygen isotopic studies indicated
that gold ore-forming fluids were derived from meta-
morphic fluids. The metamorphic fluids with a high
salinity (30 wt%—40 wt% NaCl) can promote the mo-
bilization and migration of gold in the ore bed (Fan
Hongrui, 1991; Xie Yihan and Fan Hongrui, 2000).
The coexistence of gold and organic matter in the
Carlin-type gold deposits in the Sandu-Danzhai met-
allogenic zone is one of the characteristic features of
gold deposits. Some authors once pointed out that or-
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ganic matter and ore-forming elements in the Danzhai
region may have been derived from the Sinian black
light-grade metamorphic shales and Lower Cambrian
black rock strata (Chen Qingnian et al., 1998; He
Lixian, 1993). The contents of ore-forming elements
in the black rock strata are shown in Fig. 9. It can be
seen from Fig. 9 that the contents of gold are usually
10x107, partly up to 250x10”%; those of As are usuall
within the range of 2010, partly up to 10*x10;
those of Sb are usually 10x10°, in some cases up to
200x10°. The contents of Au in the black rock strata
come up to more than 5x10”, an amount in source
rocks, which is required for the formation of a gold
deposit (Hofstra and Cline, 2000; Ross et al., 2011). It
is suggested that the Sinian black light-grade meta-
morphic shales and Lower Cambrian black rock strata
may be the source beds.

Ba
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Fig. 9. The element contents of Early Cambrian black shales on the

Yangtze platform (after Lehmann et al., 2007).

6 Discussion on the metallogenesis of gold
deposits

In discussion on the genesis of gold deposits at
Danzhai Prof. Tu Guangchi (1990) proposed such an
understanding that “Metallogenesis has a long history,
it at least involves two events. The first event is syn-
genetic sedimentation, producing ore bed” and “Met-
allogenesis occurs during the second event and this
event involves the last phase of most Yanshanian
movement in China”. This understanding is of great
guiding significance. The Sinian black light-grade
metamorphic shales and Lower Cambrian black rocks
constitute the ore beds. The Rb-Sr isochron age of the
Hongfachang and Sixiang high-grade ores is 114+6
Ma (Chen Qingnian et al., 1998), and the fission track
ages of quartz from the Paiting and Yangyong ore de-
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posits are 66.7 and 65.4 Ma, respectively (Li Chaoy-
ang et al., 2002), indicating that metallogenesis oc-
curred at the late stage of Yanshanian movement (Hu
Ruizhong et al., 2002).

The metallogenesis of the Carlin-type gold de-
posits in this region is controlled by Yanshanian tec-
tonic activities, and the Yanshanian movement pro-
moted the migration and mobilization of metamorphic
fluids in the extensively developed medium- to
low-grade metamorphic rocks (Fig. 1) and the fluids
carried preliminarily enriched Au and associated ele-
ments such as Hg, As and Sb in the Sinian black
light-grade metamorphic shales and Lower Cambrian
black rocks. The ore-forming fluids found their way
into the suitable metallogenic environment along the
fault zone, followed by the precipitation of gold to
form gold deposits. The ores are obviously controlled
by regional fault structures and the fault structural
space provided an environment favorable for the pre-
cipitation of ore-forming fluids, promoting the pre-
cipitation of gold minerals, finally resulting in the
formation of the Carlin-type gold deposits in the
Sandu-Danzhai metallogenic zone.

7 Conclusions

(1) The mineralized-altered rocks in the Carlin-
type gold deposits of the Sandu-Danzhai metallogenic
zone display LREE-enrichment patterns. Calcite and
fluorite in relation to metallogenesis show MREE-
enrichment patterns, in consistency with those of cal-
cite in relation to mineralization in the Carlin-type
gold deposits in southwestern Guizhou.

(2) Hydrothermal calcite in relation to metal-
logenesis shows weak negative Eu and Ce anomalies,
indicating that there occurred metallogenesis of
hydrothermal fluids under a relatively reducing envi-
ronment.

(3) As viewed from the carbon and oxygen iso-
tope geochemical characteristics of calcite and the
sulfur isotope geochemical characteristics of stibnite,
it is considered that carbon, oxygen and sulfur were
derived from ore-hosted wall-rocks. 3D and 5'°0 of
ore-forming fluids are characteristic of metamorphic
water.

(4) The process of metallogenesis of the
Carlin-type gold deposits in this region is controlled
by Yanshanian tectonic activities. The Yanshanian
movement promoted the migration and mobilization
of metamorphic fluids and the fluids carried prelimi-
narily enriched Au and associated elements such as
Hg, As and Sb in the ore beds into a suitable metal-
logenetic environment along the fault zone, followed
by the precipitation of gold minerals, finally resulting
in the formation of gold deposits.
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