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1. Introduction
The sulfur isotope studies of hydrothermal ore deposits 
define information regarding the origin of the sulfur 
present in the orebody in the form of sulfides and sulfates 
(Ohmoto, 1972). Hence, the source of sulfur can be traced 
on the basis of the total sulfur isotope compositions in an 
ore deposit (Hoefs, 1997, 2004). Comprehensive studies of 
sulfur isotope characteristics in ancient VHMS deposits 
have been produced by Ohmoto (1986), Huston (1999), 
and Huston et al. (2010) and in modern VHMS deposits 
by Shanks (2001) and Rouxel et al. (2004). 

Sangster (1968) was the first researcher to recognize 
that the trend of δ34S variation in Proterozoic and 
Phanerozoic VHMS deposits closely parallels the ancient 
seawater curve, but is offset to lighter δ34S values by 
about 18‰ or ~16‰ (Huston, 1999; Huston et al., 2010). 
Subsequent studies have confirmed the general trend that 
seawater sulfate provides a source of reduced sulfur for 
many VHMS deposits (e.g., Large, 1992; Downes and 
Seccombe, 2004; Scotney et al., 2005; Inverno et al., 2008). 
More recent works on modern seafloor hydrothermal 
sulfide systems also indicate a consistent role of reduced 
sulfur in addition to seawater δ34S source (e.g., Shanks, 
2001; Rouxel et al., 2004). Ohmoto and Skinner (1983) and 
Solomon et al. (1988) suggested that the reduced sulfur 

in VHMS ores was derived from the partial inorganic 
reduction of marine sulfate as seawater convected through 
the volcanic pile underlying VHMS deposits and rock 
sulfur dissolved from the volcanic pile.

The Tasik Chini district is located within the Central 
Belt of Peninsular Malaysia, the important metallogenic 
belt in Peninsular Malaysia (Figure 1). Deposits of barite, 
iron–manganese, base metals, and precious metals in the 
Tasik Chini district have a long mining history. The larger 
mineral deposits of the district are cited as examples of 
the Kuroko-type massive sulfide deposit (Hutchinson, 
1986) but have received little attention in this context in 
the literature. The Bukit Botol and Bukit Ketaya deposits 
are two representative polymetallic deposits in the Tasik 
Chini district. However, prior to this study, no isotopic 
data for sulfur from sulfides and sulfates from these 
deposits have been reported. Herein, we provide the 
first comprehensive study of sulfur isotope data for the 
VHMS deposits in the Tasik Chini district. The research 
was carried out to (1) determine the sulfur isotope 
characteristics for the massive sulfide mineralization; (2) 
characterize the sources of mineralizing fluids at Tasik 
Chini; and (3) determine whether a similar distribution 
of the sulfur isotopes is shown by the VHMS deposits in 
Tasik Chini.
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2. Geological settings 
Massive sulfide, barite, and Fe–Mn–Si layers, and zones of 
intense hydrothermal alteration are exposed at numerous 
localities throughout the Tasik Chini district. As a result, 
many prospecting, mining, and exploration activities 
have been undertaken at different localities/prospects in 

the area, from geochemical grab sampling to diamond 
drilling, extensive mapping, and even several small local 
operations (Mohd Basril Iswadi, 2014). 

The VHMS deposits of the present study are the two 
most extensively explored deposits in the Tasik Chini 
district: the Bukit Botol and Bukit Ketaya deposits. Both 

Figure 1. Geological map of Peninsular Malaysia showing the metallogenic belts and location of the VHMS deposits in the 
Central Belt of Peninsular Malaysia (modified from Mohd Basril Iswadi, 2014).
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of the deposits occur in a similar package of Permian age 
coherent felsic volcanic and volcaniclastic rocks within the 
Permo-Triassic volcano-sedimentary succession (Figure 
2). Lithogeochemical data indicate that the footwalls 
of both deposits contain rhyodacite rocks, but the ore 
horizon units at both deposits are significantly different. 
The ore horizon unit at Bukit Botol contains felsic volcanic 
and rhyodacitic volcaniclastic rocks, but the ore horizon 
succession to Bukit Ketaya consists of volcanic breccia of 
rhyolitic composition (Figure 3). The hanging-wall unit 
consists of similar sedimentary rocks of Permo-Triassic 
age that unconformable underlie Jurassic-Cretaceous 
sedimentary formations. The presence and deposition of 
this sedimentary succession and volcaniclastic rocks are 
interpreted to cause the termination of the mineralizing 
process due to rapid sedimentation of the volcano-
sedimentary sequence within the Tasik Chini area (Mohd 
Basril Iswadi, 2014). 

At each deposit, the mineralization shows distinct 
ore zonation forming stringer to massive sulfides at the 
footwall followed by barite and Fe+Mn±Si layers at the 
stratigraphic top, and exhibits conformable bedding or 
banding within felsic volcanic host rocks (Figure 3). These 
forms are consistent with a VHMS deposit formed on 
the seafloor because the presence of Fe+Mn±Si layers, 
“exhalites”, is the diagnostic criterion of seafloor VHMS 
formation (e.g., Doyle and Allen, 2003), although this 
definition is intended to include subseafloor replacement 
immediately below the seafloor (e.g., Kalogeropoulus and 
Scott, 1983).

The sulfide mineral assemblages are largely pyrite 
as the major mineral, with subordinate chalcopyrite, 
sphalerite, and rare galena. Additionally, traces of Sn- 
and Ag-bearing minerals, with gold, are also present in 
the massive sulfide and barite layers. Chalcopyrite, Ag-
bearing minerals and gold are locally abundant at the 
Bukit Botol deposit, but were not observed at the Bukit 
Ketaya deposit (Mohd Basril Iswadi, 2014). In general, 
the sulfide assemblages of both Bukit Botol and Bukit 
Ketaya are comparable in terms of lithologic association 
with descriptions of the bimodal-felsic VHMS type as 
summarized by many workers including Barrie and 
Hannington (1999), Franklin et al. (2005), and Galley 
et al. (2007). The association of Sn-bearing minerals 
with sphalerite indicates cogenetic formation similar to 
other VHMS deposits (e.g., Kidd Creek, Neves-Corvo; 
Hannington et al., 1999a, 1999b). With the exception of 
later stage barite and iron oxide precipitation during barite 
and Fe+Mn±Si layer formations, the local distribution of 
barite in the stockwork and massive sulfides in both the 
Bukit Botol and Bukit Ketaya deposits suggests that this 
barite developed as a result of hydrothermal and seawater 
fluid mixing similar to the formation of barite recognized 

from the JADE active hydrothermal field in the Central 
Okinawa Trough by Luders et al. (2001).

In the framework of the tectonic model for the Central 
Belt of Peninsular Malaysia, both deposits display a range 
of lead isotopic compositions originated from mixing of 
bulk crust/juvenile arc and minor mantle sources, which 
are typical for VHMS deposits in island–arc—back–arc 
setting (Mohd Basril Iswadi, 2014). The detailed studies 
on geochemical and geochronological data of VHMS 
deposits in the Tasik Chini area also support this current 
view (Mohd Basril Iswadi, 2014; Mohd Basril Iswadi et al., 
2016). 

3. Methodology
Samples for sulfur isotope analyses were determined in 
sulfide minerals within the different styles of mineralization 
(massive, disseminated, and stringer sulfide ore zones) and 
in barite samples from exposures at both the Bukit Botol 
and Bukit Ketaya deposits. The sulfur isotope analyses 
were carried out via two methods at CODES and the CSL, 
UTAS: (1) conventional and (2) laser ablation technique. 

The conventional technique involves sulfides and 
sulfates extracted by hand drilling of hand samples. 
Measurements of sulfur isotopes were performed using 
conventional procedures of Robinson and Kusakabe (1975) 
for sulfides, and methods of Yanagisawa and Sakai (1983) 
for sulfates on a VG Sira Series II mass spectrometer. By 
contrast, the laser ablation analyses of sulfur isotopes 
were determined on fine-grained intergrowth and coarse-
grained crystals sulfides on ~200-µm-thick polished 
sections using the laser ablation methods of Huston et al. 
(1995). Determinations were made on an 18W Quantronix 
117 Nd:YAG model laser in an oxidizing atmosphere (at 
25 torr oxygen pressure) and a ~35 mA current for 2 s on 
single or multiple sites (up to 5) to yield sufficient SO2 for 
analysis. All results are reported as permil (‰) variations 
from the Canon Diablo Troilite (CDT). The analytical 
precision (1δ) of sulfur based on repeated analyses of an 
internal standard for both sulfides and sulfates is 0.2‰ 
from both techniques. 

4. Sulfur isotope results
The δ34S values for sulfide minerals of the VHMS deposits 
of the Tasik Chini district are uniform, ranging from –2.9 
to 4.1 permil. Data for Bukit Botol (n = 22) and Bukit 
Ketaya (n = 11) show very similar ranges (Table). With 
the exception of one sample having an 8.3 permil sulfur 
value, the sulfide δ34S values from the Bukit Botol deposit 
range from –0.8 to 4.1 permil. These values are also 
indistinguishable based on types of mineral and the style 
of mineralization, suggesting a homogeneous source. The 
sulfur isotope values for pyrites from the massive sulfide 
ore range from 0.5‰ to 8.3‰, and analyses of mixed 
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Figure 2. Map showing regional geology of the Tasik Chini district and the location of the Bukit Botol and 
Bukit Ketaya VHMS deposits (modified from Mineral and Geoscience Department of Malaysia, 2004).



95

BASORI et al. / Turkish J Earth Sci

pyrite-chalcopyrite yielded δ34S content range between 1.4 
and 4.1 permil. Mixed pyrite–chalcopyrite from a stringer 
zone mineralization has low δ34S values of –0.8‰ to 1.4‰. 
A single analysis of chalcopyrite yielded a δ34S content of 
0.5 permil. Three analyses of disseminated pyrite in altered 
host felsic volcanic host rocks gave a value of 2.1‰ to 4.1‰ 
(Figure 4). 

The Bukit Ketaya sulfides have a narrow range of δ34S 
values, from –2.9 to 3.6 permil, relative to those of the Bukit 
Botol deposit, also indicating a homogeneous source. Based 
on the classified mineral and ore types, the sulfur isotope 
values for pyrite from the thin sheet massive sulfides have 
higher sulfur isotope values, ranging from 2.2‰ to 3.6‰. 

The disseminated and feeder zone mineralizations have a 
lower range of δ34S values, with a pyrite value of between 
–2.9‰ and 0.2‰ (Figure 5). Based on the δ34S data obtained, 
the values for the thin sheet massive sulfide and feeder 
zone mineralization at the Bukit Ketaya deposit are almost 
identical, suggesting that they have a common sulfur source.

Isotope sulfur ratios for twelve barites from the Bukit 
Botol deposit yielded a range varying from 11‰ to 18‰ 
(Figure 4; Table). This is similar to that for barite from the 
barite-bearing layer and lens of the Bukit Ketaya deposit 
(n = 11), which display δ34S values of 15 to 19 permil with 
two exceptional heavier (+22‰) and lighter (+11‰) values 
(Figure 5; Table). 

Figure 3. (a) Schematic cross-section of the Bukit Botol deposit showing the stratigraphic sequence and mineralization 
styles (modified from Mohd Basril Iswadi et al., 2016). (b) Schematic cross-section of the Bukit Ketaya deposit showing the 
stratigraphic sequence and mineralization styles (modified from Mohd Basril Iswadi et al., 2016).
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Table. Sulfur isotope data for sulfides and sulfates from the studied Tasik Chini VHMS deposits. Annotation: py = pyrite, 
cpy = chalcopyrite, ba = barite, C = conventional analysis, and LA = laser ablation.

Location Sample Minerals Type of mineralization δ34S (‰) Method

Within Bukit
Botol deposit area 
(102.9410 mE, 3.3664 mN)

1 BB1 py-cpy massive ore  1.88 C
2 BB1a py-cpy massive ore  4.12 C
3 BB1b py-cpy massive ore  1.54 C
4 BB2 py massive ore  8.30 C
5 BB2a py-cpy massive ore  1.57 C
6 BB2b py-cpy massive ore  1.38 C
7 BB2c py-cpy massive ore  2.25 C
8 BB2d py massive ore  1.37 C
9 BB2f cpy stringer zone  0.48 C
10 T5-1 py massive ore  2.58 LA
11 T5-2 py massive ore  1.57 LA
12 T6-1 py massive ore  3.15 LA
13 T6-2 py massive ore  1.57 LA
14 T7-1 py disseminated  2.08 LA
15 T7-2 py disseminated  2.47 LA
16 T8-1 py massive ore  3.99 LA
17 T8-2 py massive ore  2.30 LA
18 T10-1 py massive ore  2.57 LA
19 T10-2 py massive ore  0.58 LA
20 BB10 py disseminated  4.13 C
21 BB10c-1 py-cpy stringer zone  1.36 C
22 BB10c-2 py-cpy stringer zone –0.80 C
23 Tasik 1 ba barite ore 16.15 C
24 Tasik 2 ba barite ore 11.60 C
25 Tasik 3 ba barite ore 17.66 C
26 Barite ba barite ore 17.42 C
27 MBTC-S3 ba barite ore 18.15 C
28 BB1 (barite) ba barite ore 15.95 C
29 BB2 (barite) ba barite ore 16.24 C
30 B1 ba barite ore 13.65 C
31 B2 ba barite ore 14.85 C
32 BB2-X ba barite ore 11.82 C

Within Bukit
Ketaya deposit area
(102.9215 mE, 3.4091 mN)

1 BK12a py stringer zone –2.87 C
2 BK12a-lower py stringer zone –2.56 C
3 BK12a-upper py stringer zone –2.35 C
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4 KZMA-1 py stringer zone –0.77 C

5 KZMA-2 py stringer zone –0.36 C

6 KZMA-3 py stringer zone –0.66 C

7 BKCL-1 py disseminated 0.15 C

8 BKCL-2 py disseminated –1.66 C

9 BMSE1 py massive ore 2.19 C

10 BMSE1-1 py massive ore 3.28 C

11 BMSE1-2 py massive ore 3.51 C

12 BK06 ba barite ore 22.61 C

13 BK08 ba barite ore 18.54 C

14 BK08a ba barite ore 16.86 C

15 BK09 ba barite ore 18.46 C

16 14AR ba barite ore 11.58 C

17 S 6/7a12 ba barite ore 20.66 C

18 S 6/7a13 ba barite ore 20.39 C

19 BK01 (ba) ba barite ore 16.02 C

20 BK02 (ba) ba barite ore 15.68 C

21 BKX ba barite ore 17.00 C

22 S 5/6a4 ba barite ore 18.87 C

Table. (Continued).

Figure 4. Histogram of δ34S values for sulfides and sulfates from the Bukit Botol deposit, Central Belt of Peninsular Malaysia.
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5. Discussion
5.1. Significance of sulfur isotopes
The sulfur isotope data of sulfides from the Bukit Botol 
deposit exhibit a uniform range of δ34S values between 
–0.8‰ and + 4.1‰, and one sample displays a higher δ34S 
value of +8.3‰. Meanwhile, the δ34S values for sulfides 
from the Bukit Ketaya deposit are characterized by a 
narrow and restricted range of δ34S between –2.9‰ and 
+3.6‰. The δ34S values of barite minerals of both deposits 
are very uniform, which indicates they were derived from 
the same sulfur source. In general, the range of sulfur 
values obtained from the VHMS deposits of the Tasik 
Chini district are comparable and within the typical δ34S 
values range from –20‰ to 27‰ in sulfides and 10‰ 
to 40‰ in sulfates variability of global VHMS deposits 
(Ohmoto and Rye, 1979; Huston, 1999). 

In comparison, the significantly narrow ranges of 
sulfides with a cluster toward positive δ34S values in both 
deposits are similar to those of several ancient VHMS 
deposits, including the Osborne Lake deposit in the Snow 
Lake area, Canada (–1.1‰ to +6.0‰; Sangameshwar, 
1972), the El Cobre deposit, Cuba (–1.4‰ to +7.3‰; 
Cazañas et al., 2003), the Mount Morgan deposit, Australia 
(–1.6‰ to +5.3‰; Ulrich et al., 2002), the Lewis Ponds, 
Mount Bulga, Belara and Accost deposits in the Lachlan 
Fold Belt, New South Wales (range of –1.7‰ to +5.9‰; 
Downes and Seccombe, 2004). However, the abundance of 

significant low δ34S values in sulfides at the Bukit Ketaya 
deposit is also probably comparable with a δ34S signature 
exhibited by the Mount Lyell deposits, Tasmania (–10‰ 
to +10‰; Huston et al., 2011). Moreover, most sulfates 
(barites) from both deposits have δ34S values (11‰ to 
18‰, Bukit Botol; 11‰ to 22‰; Bukit Ketaya). As the 
host volcanic rocks of both deposits are of Early Permian 
ages (Mohd Basril Iswadi, 2014), this sulfur isotope’s 
value ranges are similar to or slightly higher than those of 
Permian seawater sulfate (+10‰ to +12‰; Claypool et al., 
1980; Kampschulte and Strauss, 2004), indicating a large 
component of marine sulfate in this mineral.
5.2. Source of sulfur
Sulfur in VHMS deposits usually comes from: (1) a 
magmatic source (Ohmoto, 1996) through a direct 
contribution from a vapor-rich magmatic fluid (Ohmoto, 
1986; Stanton, 1990; Gemmell and Large, 1992; Sillitoe et 
al., 1996; Herzig et al., 1998, Galley et al., 2000; Solomon 
et al., 2004) or leaching from subsurface magmatic 
rocks (Ohmoto and Goldhaber, 1997); (2) an inorganic 
reduction of seawater sulfate during a deep circulation 
process (Ohmoto et al., 1983; Solomon et al., 1988); and 
(3) a bacterial reduction of seawater sulfate (Sangster, 
1976; Cagatay and Eastoe, 1995). 

The ranges of sulfur isotope values of the Bukit Botol 
and Bukit Ketaya deposits in the Tasik Chini district are 
plotted with a sulfur value range from various rocks and 

Figure 5. Frequency distribution of δ34S values of sulfides and sulfates for Bukit Botol deposit, Central Belt of Peninsular 
Malaysia.
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shown in Figure 6. The uniform and almost identical 
δ34S values of sulfides from both deposits suggest a 
homogeneous hydrothermal system, and the closeness to 

0‰ is consistent with a magmatic source (e.g., 0 ± 2‰; 
Ohmoto and Rye, 1979). Thus, the data suggest a probable 
source of sulfur in the sulfides was leached from the 

Figure 6. Comparison of δ34S values for Bukit Botol and Bukit Ketaya deposits with selected Permian VHMS deposits, modern 
seafloor VHMS deposits from various tectonic settings and natural geological settings. Source of data: Permian VHMS deposits; 
Afterthought and Bully Hill, California–Gustin (1990), and Eastoe and Gustin (1996); Yanahara, Japan–Yamamoto et al. (1968), 
and Kajiwara and Date (1971); Red Ledge, Idaho–Fifarek et al. (1984), and Fifarek (1985); Mount Chalmers, Queensland–
Huston (1999), and Hunns (2001); Permian seawater–Claypool et al. (1980), and Kampschulte and Strauss (2004). Modern 
VHMS deposits; back-arc/arc-hosted deposits; Okinawa Trough, Japan–Halbach et al. (1989); Manus Basin–Lein et al. (1993); 
Mariana Trough–Kusakabe et al. (1990); Brothers Volcano, Kermadec Tonga–de Ronde et al. (2005); MORB-hosted deposits 
(unsedimented ridges); Southern Juan de Fuca Ridge (SJFR)–Shanks and Seyfried (1987); Galapagos Rift–Skirrow and Coleman 
(1982), and Knott et al. (1995); Axial Seamount–Hannington and Scott (1988); Broken Spur–Duckworth et al. (1995); Snakepit–
Kase et al. (1990); TAG–Herzig et al. (1998), Chiba et al. (1998), and Gemmell and Sharpe (1998); East Pacific Rise (EPR)–
McConachy (1988), Bluth and Ohmoto (1988), Stuart et al. (1994), Hekinian et al. (1980), Arnold and Sheppard (1981), Styrt et 
al. (1981), Kerridge et al. (1983), Zierenberg et al. (1984), Woodruff and Shanks (1988), and Marchig et al. (1990); MORB-hosted 
deposits (sedimented ridges); Escanaba Trough–Koski et al. (1988), Zierenberg et al. (1993), and Böhlke and Shanks (1994); 
Guayamas Basin–Peter and Shanks (1992), and Shanks et al. (1995); Middle Valley–Goodfellow and Blaise (1988), Duckworth 
et al. (1994), Zierenberg (1994), and Stuart et al. (1994); modern seawater–Rees et al. (1978). Natural geological settings: 
metamorphic rocks, sedimentary rocks, volcanic H2S, volcanic SO2 and granites–Hoefs (2004).
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igneous rocks most likely the volcanic host rocks at both 
deposits. Nevertheless, a direct magmatic source seems 
unlikely because a direct magmatic contribution would 
be more effective in supplying metals, in particular the 
Cu, Au, Bi, and Te, to VHMS deposits (Large, 1992), and 
is significant in the formation of giant VHMS deposits 
(Ulrich et al., 2002). 

Furthermore, the relatively narrow range and nearly 
positive δ34S values of sulfides from both deposits also 
rule out a bacterial sulfate source for the sulfur, such as in 
many VHMS deposits of the Iberian Pyrite Belt, Portugal 
(e.g., Velasco et al., 1998). However, these characteristics 
are an indicator of an inorganic reduction process of 
seawater sulfate in many other VHMS deposits of high 
temperature formation (Sasaki and Kajiwara, 1971) with 
the presence of ferrous iron as a reduction agent (Ripley 
and Ohmoto, 1977; Mottl et al., 1979; Shanks et al., 1981; 
Kerridge et al., 1983; Shanks and Seyfried, 1987). This 
similar interpretation is suggested for the δ34S of sulfide 
characteristics at both the Bukit Botol and Bukit Ketaya 
deposits because there are occurrences of the Fe–Mn±Si 
layers at the top of the mineralized systems. In addition, 
inorganic reduction processes usually reach metastability 
and less or no isotopic fractionation occurs between sulfur 
species (Cross and Bottrell, 2000). 

As discussed above, the similarity of δ34S values of 
sulfates also indicates a contribution from seawater 
sulfate during Permian time. The close association of 
δ34S for sulfate with Permian seawater is clearly shown 
in Figure 6 by several VHMS deposits from the Permian 
time interval, including the Tasik Chini deposit systems 
(both Bukit Botol and Bukit Ketaya). Thus, it is inferred 
that Permian seawater is the primary source of sulfate for 
sulfate minerals precipitation. However, the higher δ34S 
values of sulfates present in the Tasik Chini deposit and 
other VHMS deposits could be due to the contribution 
of hydrothermal sulfate (Ohmoto, 1996; Solomon et 
al., 2004a; Scotney et al., 2005). This interpretation is 
consistent with the experimental evidence, which indicates 
that sulfate is reduced in high temperature hydrothermal 
systems interacting with volcanic rocks by oxidation of 
Fe2+ (Ohmoto and Rye, 1979). This results in fractionation 
between 0 and 25 permil lower than the starting sulfate 
(Rye and Ohmoto, 1974), depending on the relative 

fraction of sulfur of hydrothermal origin (H2S oxidation) 
in the mixture sources (Hannington and Scott, 1988). 

Additionally, the highly variable δ34S and low to 
negative values for sulfide within the Permian deposits 
in Figure 6, including the Tasik Chini deposits, are 
consistent with the relationship between the deposits 
and seawater (Sangster, 1968). The values on average are 
~16 permil more depleted than that of the co-existing 
seawater (Huston, 1999; Huston et al., 2010), and the 
δ34S of precipitated sulfide minerals closely reflects the 
δ34S of the hydrothermal solutions (Ohmoto and Rye, 
1979).

6. Conclusions
1. The sulfur isotope ratios of the sulfides at both the 
Bukit Botol and Bukit Ketaya deposits are distributed in 
a narrow range, close to the average ratio in magmatic 
sulfur, whereas the δ34S composition of sulfates is similar 
to or slightly higher than that of Permian seawater sulfate. 

2. These features demonstrate that the derivation of 
hydrothermal sulfide sulfur from the seawater involved 
inorganic or chemical reduction of seawater sulfate. 

3. A magmatic source contribution is also significant 
when considering the presence of a narrow range of δ34S 
values and near to 0‰ for sulfides. This sulfur was most 
likely derived from the volcanic rocks that hosted the 
mineralization at both deposits.

Acknowledgments
This research forms part of the first author’s PhD thesis 
at CODES, University of Tasmania, Australia, under the 
supervision of Prof Khin Zaw and Prof Ross Raymond 
Large. The first author thanks the Ministry of Higher 
Education of Malaysia (MOHE) and National University 
of Malaysia (UKM) for fully funded scholarships along 
with funding from GGPM-2015-028. Additional field 
studies and lapidary services were funded by the “Ore 
Deposit of SE Asia” project led by Prof Khin Zaw. The 
authors also thank Christine Cook at the Central Science 
Laboratory (CSL), University of Tasmania, for her help 
with the analyses. Mazlinfalina Mohd Zin served as field 
and research assistant. Reviews by an anonymous subject 
editor and one anonymous reviewer helped improve 
earlier versions of the manuscript.

References

Arnold M, Sheppard SMF (1981). East Pacific Rise at latitude 21°N: 
isotopic composition and origin of the hydrothermal sulfur. 
Earth Planet Sc Lett 56: 148-156.

Bluth GJ, Ohmoto H (1988). Sulfide-sulfate chimneys on the East 
Pacific Rise, 11’ and 13’ N latitudes, Part II: sulfur isotopes. Can 
Mineral 26: 505-516.

Böhlke JK, Shanks WC III (1994) Stable isotope study of hydrothermal 
vents at Escanaba Trough: observed and calculated effects of 
sediment-seawater interaction. In: Morton JL, Zierenberg 
RA, Reiss CA, editors. Geologic, hydrothermal and biologic 
studies at Escanaba Trough, Gorda Ridge, Offshore northern 
California. US Geol Surv Bull 2022, pp. 223-239.

http://dx.doi.org/10.1016/0012-821X(81)90122-9
http://dx.doi.org/10.1016/0012-821X(81)90122-9
http://dx.doi.org/10.1016/0012-821X(81)90122-9


101

BASORI et al. / Turkish J Earth Sci

Cagatay MN, Eastoe CJ (1995). A sulfur isotope study of volcanogenic 
massive sulfide deposits of the Eastern Black Sea province, 
Turkey. Miner Deposita 30: 55-66.

Cazañas X, Alfonso P, Melgarejo JC, Proenza JA, Fallick AE, (2003). 
Source of ore-forming fluids in El Cobre VHMS deposit 
(Cuba): evidence from fluid inclusions and sulfur isotopes. J 
Geochem Explor 78-79: 85-90.

Chiba H, Uchiyama N, Teagle DAH (1998). Stable isotope study 
of anhydrite and sulfide minerals at the TAG hydrothermal 
mound, Mid-Atlantic Ridge 26°N. In: Herzig PM, Humphris 
SE, Miller J, editors. Proc ODP 158, Sci Results. College Station, 
TX, USA, pp. 85-90.

Claypool GE, Holser WT, Kaplan IR, Sakai H, Zak I (1980). The age 
curves of sulfur and oxygen isotopes in marine sulfate and 
their mutual interpretation. Chem Geol 28: 199-260.

Cross MM, Bottrell SH (2000). Reconciling experimentally observed 
sulfur isotope fractionation during thermochemical sulfate 
reduction (TSR) with field data: A ‘steady-state’ model of 
isotopic behaviour. Goldschmidt, J Conf Abstr 5: 325.

de Ronde CEJ, Hannington MD, Stoffers P, Wright IC, Ditchburn 
RG, Reyes AG, Baker ET, Massoth GJ, Lupton JE, Walker SL et 
al. (2005). Evolution of a submarine magmatic-hydrothermal 
system: Brothers Volcano, Southern Kermadec Arc, New 
Zealand. Econ Geol 100: 1097-1133. 

Downes PM, Seccombe PK (2004). Sulfur isotope distribution in 
Late Silurian volcanic-hosted massive sulfide deposits of the 
Hill End Trough, eastern Lachlan Fold Belt, New South Wales. 
Aust J Earth Sci 51: 123-139.

Doyle MG, Allen RL (2003). Sub-sea floor replacement in volcanic-
hosted massive sulfide deposits. Ore Geol Rev 23: 183-222.

Duckworth RC, Fallick AE, Rickard D (1994). Mineralogy and sulfur 
isotopic composition of the Middle Valley massive sulfide 
deposit, northern Juan de Fuca Ridge. In: Mottl MJ, Davis 
EE, Fisher AT, Slacks JF, editors. Proc ODP 139: Sci Results. 
College Station, TX, USA, pp. 373-385.

Duckworth RC, Knott R, Fallick AE, Rickard D, Murton BJ, van 
Dover C (1995). Mineralogy and sulfur isotope geochemistry 
of the Broken Spur sulfides, 29°N, Mid-Atlantic Ridge. In: 
Parson LM, Walker CL, Dixon DR, editors. Hydrothermal 
vents and processes. Geol Soc Spec Pub 87, pp. 175-189.

Duhig NC, Stolz J, Davidson GJ, Large RR (1992). Cambrian microbial 
and silica gel textures preserved in silica iron exhalites from 
the Mount Windsor volcanic belt, Australia: their petrography, 
chemistry, and origin. Econ Geol 87: 764-784.

Eastoe CJ, Gustin MM (19960. Volcanogenic massive sulfide deposits 
and anoxia in the Phanerozoic oceans. Ore Geol Rev 10: 179-
197.

Franklin JM, Gibson HL, Jonasson IR, Galley AG (2005). 
Volcanogenic massive sulfide deposit. Econ Geol 100: 523-560.

Fifarek RH (1985). Alteration geochemistry, fluid Inclusion, and 
stable isotope study of the Red Ledge volcanogenic massive 
sulfide deposit, Idaho. PhD, Oregon State University, Texas, 
USA. 

Galley AR, van Breeman O, Franklin JM (2000). The relationship between 
intrusion-hosted Cu-Mo mineralization and the VMS deposits of 
the Archean Sturgeon Lake mining camp, northwestern Ontario. 
Econ Geol 95: 1543-1550.

Galley AG, Hannington M, Jonasson I (2007). Volcanogenic massive 
sulfide deposits. In: Goodfellow WD, editor. Mineral deposits of 
Canada: A synthesis of major deposit-types, district metallogeny, 
the evolution of geological provinces, and exploration methods. 
Geol Assoc Can, Miner Deposits Division 5, pp. 141-161.

Gemmell JB, Large RR (1992). Stringer system and alteration zones 
underlying the Hellyer volcanogenic massive sulfide deposit, 
Tasmania, Australia. Econ Geol 87: 620-649.

Gemmell JB, Sharpe R (1998). Detailed sulfur-isotope investigation of the 
TAG hydrothermal mound and stockwork zone, 26 degrees north, 
Mid-Atlantic Ridge. In: Herzig PM, Humphris SE, Miller J, editors. 
Proc ODP 158: Sci Result. College Station, TX, USA, pp. 71-84.

Goodfellow WD, Blaise B (1988). Sulfide formation and hydrothermal 
alteration of hemipelagic sediment in Middle Valley, northern Juan 
de Fuca Ridge. Can Mineral 26: 675-696.

Halbach P, Nakamura K, Wahsner M, Lange J, Sakai H, Käselitz L, Hansen 
RD, Yamano M, Post J, Prause B et al. (1989). Probable modern 
analogue of Kuroko-type massive sulfide deposits in the Okinawa 
Trough back-arc basin. Nature 338: 496-499.

Hannington MD, Bleeker W, Kjarsgaard I (1999a). Sulfide mineralogy, 
geochemistry, and genesis of the Kidd Creek deposit: Part I. North, 
Central, and South orebodies. Econ Geol Monogr 10: 163-224.

Hannington MD, Bleeker W, Kjarsgaard I (1999b). Sulfide mineralogy, 
geochemistry, and genesis of the Kidd Creek deposit: Part II. The 
Bornite Zone. Econ Geol Monogr 10: 225-266.

Hannington MD, Scott SD (1988). Mineralogy and geochemistry of a 
hydrothermal silica-sulfide-sulphate spire in the caldera of Axial 
Seamount, Juan de Fuca Ridge. Can Mineral 26: 603-626.

Hekinian R, Fevrier M, Bischoff JL, Picot P, Shanks WC III (1980). Sulfide 
deposits from the East Pacific Rise near 21°N. Science 207: 1433-
1444.

Herzig PM, Petersen S, Hannington MD (1998). Geochemistry and 
sulfur-isotopic composition of the TAG hydrothermal mound, 
mid-Atlantic Ridge, 26’N. In: Herzig PM, Humphris SE, Miller J, 
editors. Proc ODP 158: Sci Result. College Station, TX, USA, pp. 
47-70.

Hoefs J (1997). Stable Isotope Geochemistry. 4th edition. Berlin, 
Germany: Springer Verlag.

Hoefs J (2004). Stable Isotope Geochemistry. 5th edition. Berlin, 
Germany: Springer-Verlag.

Hunns SR (2001). Style and setting of volcanic-hosted massive sulfide 
mineralization in the Early Permian Berserker beds, Mount 
Chalmers, Queensland. PhD, University of Tasmania, Australia. 

Huston DL (1999). Stable isotopes and their significance for understanding 
the genesis of volcanic-hosted massive sulfide deposits - A review. 
In: Barrie CT, Hannington MD, editors. Volcanic-associated 
massive sulfide deposits-Processes and examples in modern and 
ancient settings. Rev Econ Geol 8, pp. 157-179.

http://dx.doi.org/10.1016/S0375-6742(03)00029-3
http://dx.doi.org/10.1016/S0375-6742(03)00029-3
http://dx.doi.org/10.1016/S0375-6742(03)00029-3
http://dx.doi.org/10.1016/S0375-6742(03)00029-3
http://dx.doi.org/10.2973/odp.proc.sr.158.207.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.207.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.207.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.207.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.207.1998
http://dx.doi.org/10.1016/0009-2541(80)90047-9
http://dx.doi.org/10.1016/0009-2541(80)90047-9
http://dx.doi.org/10.1016/0009-2541(80)90047-9
http://dx.doi.org/10.1046/j.1400-0952.2003.01048.x
http://dx.doi.org/10.1046/j.1400-0952.2003.01048.x
http://dx.doi.org/10.1046/j.1400-0952.2003.01048.x
http://dx.doi.org/10.1046/j.1400-0952.2003.01048.x
http://dx.doi.org/10.1016/S0169-1368(03)00035-0
http://dx.doi.org/10.1016/S0169-1368(03)00035-0
http://dx.doi.org/10.2973/odp.proc.sr.139.228.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.228.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.228.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.228.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.228.1994
http://dx.doi.org/10.2113/gsecongeo.87.3.764
http://dx.doi.org/10.2113/gsecongeo.87.3.764
http://dx.doi.org/10.2113/gsecongeo.87.3.764
http://dx.doi.org/10.2113/gsecongeo.87.3.764
http://dx.doi.org/10.1016/0169-1368(95)00022-4
http://dx.doi.org/10.1016/0169-1368(95)00022-4
http://dx.doi.org/10.1016/0169-1368(95)00022-4
http://dx.doi.org/10.2113/gsecongeo.95.7.1543
http://dx.doi.org/10.2113/gsecongeo.95.7.1543
http://dx.doi.org/10.2113/gsecongeo.95.7.1543
http://dx.doi.org/10.2113/gsecongeo.95.7.1543
http://dx.doi.org/10.2113/gsecongeo.87.3.620
http://dx.doi.org/10.2113/gsecongeo.87.3.620
http://dx.doi.org/10.2113/gsecongeo.87.3.620
http://dx.doi.org/10.1038/338496a0
http://dx.doi.org/10.1038/338496a0
http://dx.doi.org/10.1038/338496a0
http://dx.doi.org/10.1038/338496a0
http://dx.doi.org/10.1126/science.207.4438.1433
http://dx.doi.org/10.1126/science.207.4438.1433
http://dx.doi.org/10.1126/science.207.4438.1433
http://dx.doi.org/10.2973/odp.proc.sr.158.202.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.202.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.202.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.202.1998
http://dx.doi.org/10.2973/odp.proc.sr.158.202.1998
http://dx.doi.org/10.1007/978-3-662-03377-7
http://dx.doi.org/10.1007/978-3-662-03377-7
http://dx.doi.org/10.1007/978-3-662-05406-2
http://dx.doi.org/10.1007/978-3-662-05406-2


102

BASORI et al. / Turkish J Earth Sci

Huston DL, Pehrson S, Eglington BM, Khin Zaw (2010). The geology 
and metallogeny of volcanic-hosted massive sulfide deposits: 
variations through geologic time and with tectonic setting. 
Econ Geol 105: 571-591.

Huston DL, Power M, Gemmell JB, Large RR (1995). Design, 
calibration and geological application of the first operational 
Australian laser ablation sulfur isotope microprobe. Aust J 
Earth Sci 42: 549-555.

Huston DL, Relvas JMRS, Gemmell JB, Drieberg S (2011). The role of 
granites in volcanic-hosted massive sulfide ore-forming systems: 
an assessment of magmatic-hydrothermal contributions. Miner 
Deposita 46: 473-507.

Hutchinson RW (1986). Massive sulfide deposits and their possible 
significant to other ores in Southeast Asia. Geol Soc Malaysia 
Bull 19: 1-22.

Inverno CMC, Solomon M, Barton MD, Foden J (2008). The Cu 
stockwork and massive sulfide ore of the Feitais Volcanic-
Hosted Massive Sulfide deposit, Aljustrel, Iberian Pyrite 
Belt, Portugal: a mineralogical, fluid inclusion, and isotopic 
investigation. Econ Geol 103: 241-267.

Janecky DR, Shanks WC III (1988). Computational modelling of 
chemical and sulfur isotopic reaction processes in seafloor 
hydrothermal systems: chimneys, massive sulfides and 
subjacent alteration zones. Can Mineral 26: 805-825.

Kalogeropoulus SI, Scott SD (1983). Mineralogy and geochemistry 
of tuffaceous exhalites (tetsusekiei) of the Fukazawa mine, 
Hokuroko district, Japan. Econ Geol Monogr 5: 412-432.

Kajiwara Y, Date J (1971). Sulfur isotope study of Kuroko type and 
Kieslager-type strata-bound massive sulfide deposits in Japan. 
Geochem J 5: 133-150.

Kampschulte A, Strauss H (2004). The sulfur isotopic evolution of 
Phanerozoic seawater based on the analysis of structurally 
substituted sulfate in carbonates. Chem Geol 204: 255-286.

Kase K, Yamamoto M, Shibata T (1990). Copper-rich sulfide deposits 
near 23°N, Mid-Atlantic Ridge: chemical composition, mineral 
chemistry, and sulfur isotopes. In: Detrick R, Honnorez J, Bryan 
WB, Juteau T, editors. Proc ODP 106/109: Sci Results. College 
Station, TX, USA, pp. 163-172.

Kerridge JF, Haymon RM, Kastner M (1983). Sulfur isotope 
systematics at the 21°N site, East Pacific Rise. Earth Planet Sci 
Lett 66: 91-100.

Knott R, Fallick AE, Rickard D, Bäcker H (1995). Mineralogy and 
sulfur isotope characteristics of a massive sulfide boulder, 
Galapagos Rift, 85°55’W. In Parson LM, Walker CL, Dixon DR, 
editors. Hydrothermal vents and processes: Geol Soc Spec Pub 
87, pp. 207-222.

Koski RA, Shanks WC III, Bohrson WA, Oscarson RL (1988). The 
composition of massive sulfide deposits from the sediment-
covered floor of Escanaba Trough, Gorda Ridge: implications 
for depositional processes. Can Mineral 26: 655-673.

Kusakabe M, Mayeda S, Nakamura E (1990). S, O and Sr isotope 
systematics of active vent materials from the Mariana backarc 
basin spreading axis at 18°N. Earth Planet Sci Lett 100: 275-282.

Large RR (1992). Australian volcanic-hosted massive sulfide deposits: 
features, styles, and genetic models. Econ Geol 87: 471-510.

Lein AY, Ulyanova NV, Grinenko VA, Yev B, Lisitsyn AP (1993). 
Mineralogical and geochemical features of the Manus Basin 
hydrothermal sulfide ores, Bismarck Sea. Geochem Int 30: 57-71.

Lüders V, Pracejus B, Halbach P (2001). Fluid inclusion and sulfur 
isotope studies in probable modern analogue Kuroko-type ores 
from the JADE hydrothermal field (Central Okinawa Trough, 
Japan). Chem Geol 173: 45-58.

Marchig V, Puchelt H, Rösch H, Blum N (1990). Massive sulfides 
from ultra-fast spreading ridge, East Pacific Rise at 18-21°S: a 
geochemical stock report. Mar Mining 9: 459-493.

McConachy TF (1988). Hydrothermal plumes and related deposits 
over spreading ridges in the northeast Pacific Ocean: the East 
Pacific Rise near 11°N and 21°N, Explorer Ridge, and the J.Tuzo 
Wilson Seamounts. PhD, University of Toronto, Canada.

Minerals and Geoscience Department of Malaysia (2004). Geological 
map of Peninsular Malaysia 8th Ed. (1:750000). Published by 
Directorate of Mineral and Geoscience Department of Malaysia: 
Kuala Lumpur.

Mohd Basril Iswadi B (2014). Geology and genesis of volcanic-hosted 
massive sulfide deposits in the Tasik Chini District, Central 
Peninsular Malaysia. PhD, University of Tasmania, Australia.

Mohd Basril Iswadi B, Zaw K, Meffre S, Large RR (2016). Geochemistry, 
geochronology, and tectonic setting of early Permian (~290 Ma) 
volcanic-hosted massive sulphide deposits of the Tasik Chini 
district, Peninsular Malaysia. Int Geol Rev 58: 929-948. 

Mottl MJ, Holland HD, Corr RF (1979). Chemical exchange during 
hydrothermal alteration of basalt by seawater-II. Experimental 
results for Fe, Mn and sulfur species. Geochim Cosmochim Ac 
43: 869-884.

Ohmoto H (1972). Systematics of sulfur and carbon isotopes in 
hydrothermal ore deposits. Econ Geol 67: 551-578.

Ohmoto H (1986). Stable isotope geochemistry of ore deposits. Rev 
Mineral 16: 491-559.

Ohmoto H (1996). Formation of volcanogenic massive sulfide deposits: 
the Kuroko perspective. Ore Geol Rev 10: 135-177.

Ohmoto H, Goldhaber MB (1997). Sulfur and Carbon Isotopes. New 
York, NY, USA: John Wiley and Sons.

Ohmoto H, Rye O (1979). Isotopes of sulfur and carbon. In: Barnes 
HL, editor. Geochemistry of Hydrothermal Ore Deposits. 2nd 
ed. New York, NY, USA: Wiley.

Ohmoto H, Skinner BJ (1983). The Kuroko and related volcanogenic 
massive sulfide deposits: Introduction and summary of new 
findings. In: Ohmoto H, Skinner BJ, editors. The Kuroko and 
related volcanogenic massive sulfide deposits. Econ Geol 
Monogr 5, pp. 1-8.

Peter JM, Shanks WC III (1992). Sulfur, carbon, and oxygen isotope 
variations in submarine hydrothermal deposits of Guaymas 
Basin, Gulf of California, USA. Geochim Cosmochim Ac 56: 
2025-2040.

Rees CE, Jenkins WJ, Monster J (1978). The sulphur isotope 
geochemistry of ocean water sulphate. Geochim Cosmochim Ac 
42: 377-382.

http://dx.doi.org/10.2113/gsecongeo.105.3.571
http://dx.doi.org/10.2113/gsecongeo.105.3.571
http://dx.doi.org/10.2113/gsecongeo.105.3.571
http://dx.doi.org/10.2113/gsecongeo.105.3.571
http://dx.doi.org/10.1080/08120099508728224
http://dx.doi.org/10.1080/08120099508728224
http://dx.doi.org/10.1080/08120099508728224
http://dx.doi.org/10.1080/08120099508728224
http://dx.doi.org/10.1007/s00126-010-0322-7
http://dx.doi.org/10.1007/s00126-010-0322-7
http://dx.doi.org/10.1007/s00126-010-0322-7
http://dx.doi.org/10.1007/s00126-010-0322-7
http://dx.doi.org/10.2113/gsecongeo.103.1.241
http://dx.doi.org/10.2113/gsecongeo.103.1.241
http://dx.doi.org/10.2113/gsecongeo.103.1.241
http://dx.doi.org/10.2113/gsecongeo.103.1.241
http://dx.doi.org/10.2113/gsecongeo.103.1.241
http://dx.doi.org/10.2343/geochemj.5.133
http://dx.doi.org/10.2343/geochemj.5.133
http://dx.doi.org/10.2343/geochemj.5.133
http://dx.doi.org/10.1016/j.chemgeo.2003.11.013
http://dx.doi.org/10.1016/j.chemgeo.2003.11.013
http://dx.doi.org/10.1016/j.chemgeo.2003.11.013
http://dx.doi.org/10.2973/odp.proc.sr.106109.139.1990
http://dx.doi.org/10.2973/odp.proc.sr.106109.139.1990
http://dx.doi.org/10.2973/odp.proc.sr.106109.139.1990
http://dx.doi.org/10.2973/odp.proc.sr.106109.139.1990
http://dx.doi.org/10.2973/odp.proc.sr.106109.139.1990
http://dx.doi.org/10.1016/0012-821X(83)90128-0
http://dx.doi.org/10.1016/0012-821X(83)90128-0
http://dx.doi.org/10.1016/0012-821X(83)90128-0
http://dx.doi.org/10.1016/0012-821X(90)90190-9
http://dx.doi.org/10.1016/0012-821X(90)90190-9
http://dx.doi.org/10.1016/0012-821X(90)90190-9
http://dx.doi.org/10.2113/gsecongeo.87.3.471
http://dx.doi.org/10.2113/gsecongeo.87.3.471
http://dx.doi.org/10.1016/S0009-2541(00)00267-9
http://dx.doi.org/10.1016/S0009-2541(00)00267-9
http://dx.doi.org/10.1016/S0009-2541(00)00267-9
http://dx.doi.org/10.1016/S0009-2541(00)00267-9
http://dx.doi.org/10.1016/0016-7037(79)90225-4
http://dx.doi.org/10.1016/0016-7037(79)90225-4
http://dx.doi.org/10.1016/0016-7037(79)90225-4
http://dx.doi.org/10.1016/0016-7037(79)90225-4
http://dx.doi.org/10.2113/gsecongeo.67.5.551
http://dx.doi.org/10.2113/gsecongeo.67.5.551
http://dx.doi.org/10.1016/0169-1368(95)00021-6
http://dx.doi.org/10.1016/0169-1368(95)00021-6
http://dx.doi.org/10.1016/0016-7037(92)90327-F
http://dx.doi.org/10.1016/0016-7037(92)90327-F
http://dx.doi.org/10.1016/0016-7037(92)90327-F
http://dx.doi.org/10.1016/0016-7037(92)90327-F
http://dx.doi.org/10.1016/0016-7037(78)90268-5
http://dx.doi.org/10.1016/0016-7037(78)90268-5
http://dx.doi.org/10.1016/0016-7037(78)90268-5


103

BASORI et al. / Turkish J Earth Sci

Ripley EM, Ohmoto H (1977) Mineralogic, sulfur isotope and fluid 
inclusion studies of the stratabound copper deposits of the Raul 
mine, Peru. Econ Geol 72: 1017-1041.

Robinson BW, Kusakabe M (1975). Quantitative preparation of sulfur 
dioxide, for 34S/32S analyses, from sulfides by combustion with 
cuprous oxide. Anal Chem 47: 1179-1181.

Rouxel O, Fouquet Y, Ludden JN (2004). Subsurface processes at the 
Lucky Strike hydrothermal field, Mid-Atlantic Ridge—evidence 
from sulfur, selenium, and iron isotope. Geochim Cosmochim 
Ac 68: 2295-2311.

Sangmeshwar SRR (1972). Trace element and sulfur isotope 
geochemistry of sulfide deposits from the Flin Flon and Snow 
Lake areas of Saskatchewan and Manitoba. PhD, University of 
Saskatchewan, Canada.

Sangster DF (1968). Relative sulfur isotope abundances of ancient seas 
and strata-bound sulfide deposits. Proc Geol Ass Can 19: 79-91.

Sangster DF (1976). Sulfur and lead isotopes in strata-bound deposits. 
In: Wolf KH, editor. Handbook of strata-bound and stratiform 
ore deposits 2. Amsterdam: Elsevier.

Sasaki A, Kajiwara Y (1971). Evidence of isotopic exchange between 
seawater sulfate and some syngenetic sulfide ores. Soc Mining 
Geol Japan 3: 289-294.

Scotney PM, Roberts S, Herrington RJ, Boyce AJ, Burgess R (2005). The 
development of volcanic hosted massive sulfide and barite-gold 
orebodies on Wetar Island, Indonesia. Miner Deposita 40: 76-99.

Shanks WC III (2001). Stable isotopes in seafloor hydrothermal 
systems-Vent fluids, hydrothermal deposits, hydrothermal 
alteration, and microbial processes. In: Valley JW, Cole DR, 
editors. Stable isotope geochemistry. Rev Mineral Geochem 43, 
pp. 469-525.

Shanks WC III, Bischoff JL, Rosenbaun RJ (1981). Seawater sulfate 
reduction and sulfur isotope fractionation in basaltic systems: 
interaction of seawater with fayalite and magnetite at 200–350°C. 
Geochim Cosmochim Ac 45: 1977-1996.

Shanks WC III, Böhlke JK, Seal RRII (1995). Stable isotopes in 
midocean ridge hydrothermal systems: interactions between 
fluids, minerals, and organisms. In: Humphris SE, Zierenberg 
RA, Mullineaux LS, Thomson RE, editors. Seafloor Hydrothermal 
Systems: Physical, Chemical, Biological and Geological 
Interactions. Geophys Monogr 91, pp. 194-221.

Shanks WC III, Seyfried WE Jr (1987). Stable isotope studies of vent 
fluids and chimney minerals, southern Juan de Fuca Ridge: 
sodium metasomatism and sea-water sulfate reduction. Geophys 
Res 92: 11387-11399.

Sillitoe RH, Hannigton MD, Thompson JFH (1996). High sulfidation 
deposits in the volcanogenic massive sulfide environment. Econ 
Geol 91: 204-212.

Skirrow R, Coleman ML (1982). Origin of sulfur and geothermometry 
of hydrothermal sulfides from the Galapagos Rift, 86°N. Nature 
299: 142-144.

Solomon M, Eastoe CJ, Walshe JL, Green GR (1988). Mineral deposits 
and sulfur isotope abundances in the Mount Read volcanics 
between Que River and Mount Darwin, Tasmania. Econ Geol 
83: 1307-1328.

Solomon M, Gemmell JB, Khin Zaw (2004). Nature and origin of the 
fluids responsible for forming the Hellyer Zn-Pb-Cu volcanic-
hosted massive sulfide deposit, Tasmania, using fluid inclusions, 
and stable and radiogenic isotopes. Ore Geol Rev 25: 89-124.

Stanton RL (1990). Magmatic evolution and the ore type-lava type 
affiliations of volcanic exhalative ores. Aust IMM M 14: 101-
107.

Stuart FM, Duckworth R, Turner G, Schofield PF (1994). Helium and 
sulfur isotopes of sulfide minerals from Middle Valley, northern 
Juan de Fuca Ridge. In: Mottl MJ, Davis EE, Fisher AT, editors. 
Proc ODP 139, Sci Results. College Station, TX, USA, pp. 387-
392.

Stuart FM, Harrop PJ, Knott R, Fallick, AE, Turner G, Fouquet 
Y, Rickard D (1995). Noble gas isotopes in 25,000 years of 
hydrothermal fluids from 13°N on the East Pacific Rise. In: 
Parson LM, Walker CL, Dixon DR, editors. Hydrothermal vents 
and processes: Geol Soc Spec Pub 87, pp. 133-143.

Styrt MM, Brackmann AJ, Holland HD, Clark BC, Pisutha-Arnond 
V, Eldridge CS, Ohmoto H (1981). The mineralogy and the 
isotopic composition of sulfur in hydrothermal sulfide/sulfate 
deposits on the East Pacific Rise, 21°N latitude: Earth Planet Sci 
Lett 53: 382-390.

Ulrich T, Golding SD, Kamber BS, Khin Zaw, Taube A (2002). 
Different mineralization styles in a volcanic-hosted ore deposit: 
the fluid and isotopic signatures of the Mt. Morgan Au-Cu 
deposit, Australia. Ore Geol Rev 22: 61-90.

Velasco F, Sanchez-Espana J, Boyce AJ, Fallick AE, Saez R, Almodovar 
GR (1998). A new sulfur isotopic study of some Iberian pyrite 
belt deposits: evidence of a textural control on sulfur isotope 
composition. Miner Deposita 34: 4-18.

Woodruff LG, Shanks WC III (1988). Sulfur-isotope study of chimney 
minerals and hydrothermal fluids from 21°N East Pacific 
Rise: Hydrothermal sulfur sources and sisequilibrium sulfate 
reduction. Geophys Res 93: 4562-4572.

Yamamoto M, Ogushi N, Sakai H (1968). Distribution of sulfur 
isotopes, selenium and cobalt in the Yanahara ore deposits, 
Okayama-Ken, Japan. Geochem J 2: 137-156.

Yanagisawa F, Sakai H (1983). Thermal decomposition of barium 
sulfate-vanadium pentoxide-silica glass mixtures for 
the preparation of sulfur dioxide in sulfur isotope ratio 
measurements. Anal Chem 55: 985-987.

Zierenberg RA (1994). Data report: sulfur content of sediments and 
sulfur isotope concentrations of sulfide and sulfate minerals 
from Middle Valley. In: Mottl MJ, Davis EE, Fisher AT, Slacks 
JF, editors. Proc ODP 139, Sci Results. College Station, TX, 
USA, pp. 739-748.

Zierenberg RA, Koski RA, Morton JL, Bouse RM, Shanks WC III 
(1993). Genesis of massive sulfide deposits on a sediment-
covered spreading center, Escanaba Trough, southern Gorda 
Ridge. Econ Geol 88: 2069-2098.

Zierenberg RA, Shanks WC III, Bischoff JL (1984). Massive sulfide 
deposits at 21°N, East Pacific Rise: chemical composition, stable 
isotopes, and phase equilibria. Geol Soc America Bull 95: 922-
929.

http://dx.doi.org/10.2113/gsecongeo.72.6.1017
http://dx.doi.org/10.2113/gsecongeo.72.6.1017
http://dx.doi.org/10.2113/gsecongeo.72.6.1017
http://dx.doi.org/10.1021/ac60357a026
http://dx.doi.org/10.1021/ac60357a026
http://dx.doi.org/10.1021/ac60357a026
http://dx.doi.org/10.1016/j.gca.2003.11.029
http://dx.doi.org/10.1016/j.gca.2003.11.029
http://dx.doi.org/10.1016/j.gca.2003.11.029
http://dx.doi.org/10.1016/j.gca.2003.11.029
http://dx.doi.org/10.1007/s00126-005-0468-x
http://dx.doi.org/10.1007/s00126-005-0468-x
http://dx.doi.org/10.1007/s00126-005-0468-x
http://dx.doi.org/10.2138/gsrmg.43.1.469
http://dx.doi.org/10.2138/gsrmg.43.1.469
http://dx.doi.org/10.2138/gsrmg.43.1.469
http://dx.doi.org/10.2138/gsrmg.43.1.469
http://dx.doi.org/10.2138/gsrmg.43.1.469
http://dx.doi.org/10.1016/0016-7037(81)90054-5
http://dx.doi.org/10.1016/0016-7037(81)90054-5
http://dx.doi.org/10.1016/0016-7037(81)90054-5
http://dx.doi.org/10.1016/0016-7037(81)90054-5
http://dx.doi.org/10.1029/JB092iB11p11387
http://dx.doi.org/10.1029/JB092iB11p11387
http://dx.doi.org/10.1029/JB092iB11p11387
http://dx.doi.org/10.1029/JB092iB11p11387
http://dx.doi.org/10.2113/gsecongeo.91.1.204
http://dx.doi.org/10.2113/gsecongeo.91.1.204
http://dx.doi.org/10.2113/gsecongeo.91.1.204
http://dx.doi.org/10.1038/299142a0
http://dx.doi.org/10.1038/299142a0
http://dx.doi.org/10.1038/299142a0
http://dx.doi.org/10.2113/gsecongeo.83.7.1307
http://dx.doi.org/10.2113/gsecongeo.83.7.1307
http://dx.doi.org/10.2113/gsecongeo.83.7.1307
http://dx.doi.org/10.2113/gsecongeo.83.7.1307
http://dx.doi.org/10.1016/j.oregeorev.2003.11.001
http://dx.doi.org/10.1016/j.oregeorev.2003.11.001
http://dx.doi.org/10.1016/j.oregeorev.2003.11.001
http://dx.doi.org/10.1016/j.oregeorev.2003.11.001
http://dx.doi.org/10.2973/odp.proc.sr.139.227.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.227.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.227.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.227.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.227.1994
http://dx.doi.org/10.1016/0012-821X(81)90042-X
http://dx.doi.org/10.1016/0012-821X(81)90042-X
http://dx.doi.org/10.1016/0012-821X(81)90042-X
http://dx.doi.org/10.1016/0012-821X(81)90042-X
http://dx.doi.org/10.1016/0012-821X(81)90042-X
http://dx.doi.org/10.1016/S0169-1368(02)00109-9
http://dx.doi.org/10.1016/S0169-1368(02)00109-9
http://dx.doi.org/10.1016/S0169-1368(02)00109-9
http://dx.doi.org/10.1016/S0169-1368(02)00109-9
http://dx.doi.org/10.1007/s001260050182
http://dx.doi.org/10.1007/s001260050182
http://dx.doi.org/10.1007/s001260050182
http://dx.doi.org/10.1007/s001260050182
http://dx.doi.org/10.1029/JB093iB05p04562
http://dx.doi.org/10.1029/JB093iB05p04562
http://dx.doi.org/10.1029/JB093iB05p04562
http://dx.doi.org/10.1029/JB093iB05p04562
http://dx.doi.org/10.2343/geochemj.2.137
http://dx.doi.org/10.2343/geochemj.2.137
http://dx.doi.org/10.2343/geochemj.2.137
http://dx.doi.org/10.1021/ac00257a046
http://dx.doi.org/10.1021/ac00257a046
http://dx.doi.org/10.1021/ac00257a046
http://dx.doi.org/10.1021/ac00257a046
http://dx.doi.org/10.2973/odp.proc.sr.139.226.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.226.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.226.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.226.1994
http://dx.doi.org/10.2973/odp.proc.sr.139.226.1994
http://dx.doi.org/10.2113/gsecongeo.88.8.2069
http://dx.doi.org/10.2113/gsecongeo.88.8.2069
http://dx.doi.org/10.2113/gsecongeo.88.8.2069
http://dx.doi.org/10.2113/gsecongeo.88.8.2069
http://dx.doi.org/10.1130/0016-7606(1984)95&lt;922:MSDANE&gt;2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(1984)95&lt;922:MSDANE&gt;2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(1984)95&lt;922:MSDANE&gt;2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(1984)95&lt;922:MSDANE&gt;2.0.CO;2

