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Abstract We report here new sulfur isotope analyses
from the Betze-Post-Screamer deposit, the largest Car-
lin-type gold deposit in the world. Carlin-type deposits
contain high concentrations of arsenic, antimony, mer-
cury, tellurium and other elements of environmental
interest, and are surrounded by large volumes of crust in
which these elements are also enriched. Uncertainty
about the source of sulfur and metals in and around
Carlin-type deposits has hampered formulation of
models for their origin, which are needed for improved
mineral exploration and environmental assessment.
Previous studies have concluded that most Carlin-type
deposits formed from sulfide sulfur that is largely of
sedimentary origin. Most of these studies are based on
analyses of mineral separates consisting of pre-ore dia-
genetic pyrite with thin overgrowths of ore-related ar-
senian pyrite rather than pure, ore-related pyrite. Our
SIMS spot analyses of ore-related pyrite overgrowths in
the Screamer zone of the Betze-Post-Screamer deposit
yield 5°*S values of about —1 to 49, with one value of
about 79,. Conventional analyses of realgar and orPi-
ment separates from throughout the deposit yield 8°*S
values of about 5-79%, with one value of 10%, in the
Screamer zone. These results, along with results from an
earlier SIMS study in the Post zone of the deposit and
phase equilibrium constraints, indicate that early arse-
nian pyrite were formed from fluids of magmatic origin
with variable contamination from sulfur in Paleozoic
sedimentary rocks. Later arsenic sulfides were formed
from solutions to which sulfur of sedimentary origin had
been added. The presence of Paleozoic sedimentary
sulfur in Carlin-type deposits does not require direct
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involvement of hydrothermal solutions of sedimentary
origin. Instead, it could have been added by magmatic
assimilation of Paleozoic sedimentary rocks or by
hydrothermal leaching of sulfur from wall rocks to the
deposit. Thus, the dominant process delivering sulfur,
arsenic, gold and mineralizing fluids to Carlin-type sys-
tems and their surrounding country rocks was probably
separation of fluids from a magmatic source.
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Introduction

Carlin-type deposits, which are among the largest
hydrothermal gold deposits in the world, are also en-
riched with arsenic, antimony and mercury (Arehart
1996; Hofstra and Cline 2000). In northern Nevada and
southern China, these elements form large anomalous
zones that extend outward for miles from the deposits,
forming locally important environmental contamination
(Fig. 1). The source of these elements is controversial, as
is the nature of the hydrothermal systems that concen-
trated them. Models involving meteoric, magmatic,
metamorphic and basinal hydrothermal systems have
been proposed for Carlin-type deposits (Radtke et al.
1980; Bakken and Einaudi 1986; Sillitoe and Bonham
1990; Seedorff 1991; Kuehn and Rose 1995; Ilchik and
Barton 1997; Hofstra et al. 1999; Ressell et al. 2000;
Hofstra and Cline 2000; Emsbo et al. 2003), but appli-
cation of these models has been limited by a lack of
evidence for the source of elements that are enriched in
the deposits.

Sulfur is the most abundant introduced element in
Carlin-type deposits, and knowledge of its isotopic
composition should help discriminate among these ge-
netic models and improve our understanding of pro-
cesses that form such large-scale geochemical anomalies
in the upper crust. Previous sulfur isotope analyses of
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pyrite, marcasite and arsenopyrite from these deposits
have yielded 8**S values between about 0%, and 17%,,
which have been interpreted to indicate a largely sedi-
mentary origin for the sulfur in Carlin-type deposits
(Hofstra and Cline 2000; Emsbo et al. 2003). Most of
these analyses were carried out on physical separates
of variable purity consisting of pre-ore pyrite grains of
diagenetic or other origin with thin overgrowths of ore-
related arsenian pyrite. Lack of information on the
proportions of pre-ore and ore-related pyrite in these
separates limits their usefulness as indicators of the
isotopic composition of sulfide introduced during min-
eralization.

In an effort to resolve these complications, Kesler
et al. (2003a) determined the sulfur isotope composition
of sulfide sulfur that was leached chemically from ore
and barren samples that had been analyzed for gold and
arsenic. This study, which was carried out on samples
from the Screamer section of the Betze-Post deposit
(Fig. 1), the largest Carlin-type deposit in the world,
showed that samples containing less than 200 ppb Au
(i.e. barren samples) had §**S values ranging from —13
to 16%, with no significant mode, whereas samples
containing more than 200 ppb Au (mineralized samples)
had approximately the same range of 8**S values, but a
strong mode between —19%, and 29, Because Fe-S
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Fig. 1 Relation between Carlin-type deposits and areas enriched in
arsenic (shown here as above-average arsenic values from 4,300
stream sediment samples) in northern Nevada (modified from
Kotlyar et al. 1998)

relations showed that sulfur had been added to the de-
posit, this result was interpreted to indicate that ore-
related sulfur had an isotopic composition of about 0%,
which was interpreted to be of magmatic origin (Kesler
et al. 2003a).

This study reports additional sulfur isotope analyses
made to evaluate this conclusion. The isotopic composi-
tion of main-stage ore fluids was determined by spot
analysis of arsenian pyrite using ion probe (SIMS)
methods and the isotopic composition of late-stage, ar-
senic-bearing fluids was determined by analysis of arsenic
sulfide mineral separates. The Screamer section of the
Betze-Post-Screamer deposit, which was the focus of this
study, is a continuous, tabular ore zone that extends about
2 km from Post in the east where it has a greater vertical
extent, through Betze in the center to Screamer in the west
(Fig. 2). Mineralization is concentrated in the wispy
member of the Popovich Formation, near its contact with
the underlying Silurian-Devonian Roberts Mountains
Formation (Bettles 1989; Ye et al. 2002; Kesler et al.
2003a). Small but locally significant amounts of ore are
also found in the Jurassic-age Goldstrike stock, which
crops out on the southeast edge of the deposit (Emsbo
et al. 2000). Most gold mineralization at Betze-Post and
elsewhere along the Carlin trend is thought to have
formed between 42 Ma and 30 Ma, although at least four
earlier hydrothermal events have affected the area since
early Paleozoic time (Arehart et al. 1993b, 2003; Hofstra
et al. 1999; Emsbo et al. 2003).

Analytical methods

SIMS sulfur isotope analyses were carried out on pyrite
from two gold-rich drill core samples (BZ-995-1194 and
SJ-323C-1326) that represent the range of geologic set-
tings and As:Au ratios at Screamer (Table 1, Fig. 3).
Pyrite in BZ-995-1194 is hosted largely by fine-grained,
carbonate sediment, and forms disseminated small
grains with a lath-shaped habit typical of marcasite from
which it might have inverted (Fig. 4a). The disseminated
pyrite has been partly to totally replaced by arsenian
pyrite, which mantles the grains. Pyrite in SJ-323-1326 is
hosted by a calcite—quartz vein containing coarse-
grained, arsenic-poor pyrite with overgrowths of arse-
nian pyrite that has not replaced much of the early pyrite
(Fig. 4b). Bulk chemically leached sulfide sulfur in both
samples has slightly positive 53°*S values (Table 1).
SIMS measurement of **S/*’S ratios of these arsenian
pyrites were made with the Cameca 4f at Oak Ridge
National Laboratory, using a Cs* primary beam,
monitoring S~ secondary ions with extreme energy fil-
tering of 300 eV, and using a normal incidence electron
gun to compensate for sample charging as described by
Riciputi (1996), Paterson et al. (1997), McSween et al.
(1997) and Riciputi et al. (1998). Pyrite, pyrrhotite, and
chalcopyrite standards were used to correct for instru-
mental mass fractionation. Precision and accuracy of the
data reflect errors arising from the counting statistics of
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Fig. 2 a Schematic geologic
map of the Betze-Post-Screamer A
deposit showing location of | 40.98°
samples from the Screamer area
analyzed in this study (SJ-323,
BZ-995) and samples from the
Post area analyzed by Arehart
et al. (1993a, 1993c). Samples
1343, 1749 and 1751 at Post are
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each analysis, dead-time corrections, uncertainty in
composition of standard minerals, and calibration to the
standard mineral. Internal precision of these analyses
based on counting statistics of the analysis itself was
around +0.5%, (1SD). SIMS analyses of a laboratory
arsenopyrite with a reported 8**S value of +1.6%, yiel-
ded a value of +2.59,. This standard was also used to
determine As/S ratios of sample spots to confirm that
sulfur isotope analyses were carried out on arsenian
pyrite.

Bulk sulfur isotope analyses were carried out on
hand-picked separates of realgar and orpiment from
throughout the Betze-Post-Screamer system. Large grain
size of these minerals resulted in pure separates with
almost no contamination from pyrite or wall rock.
Analyses were carried out at Queen’s University under
the supervision of T.K. Kyser using methods reviewed in
Kesler et al. (2003a).

Analytical results

SIMS analyses of pyrite in the two gold-rich samples
yield 8**S values between about —0.9 and 3.6%,, with
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one value of 7.19, (Table 1, Fig. 5a). The unusually high
3**S value of 7.19, was obtained from a small zone of
porous pyrite rather than the more typical overgrowths
of arsenian pyrite on diagenetic pyrite, and could have
been contaminated by sulfur from another source, pos-
sibly organic matter or sulfates related to weathering.
Arsenian pyrite overgrowths were distinguished from
the diagenetic pyrite that they covered on the basis of
both appearance (Fig. 4) and As/S ratio as determined
during the SIMS analysis. **S values of cores and rims
identified in this way show a wide spread, with §*S
values of the cores being slightly lower, on average, than
the rims (Fig. 5b). Excluding the high value of 7.1%,,
there is a weak correlation between increasing As/S ra-
tios and 8**S values. These results suggest that most ore-
related arsenian pyrite in these samples has 8°*S values
of about 1-39,, which is in very good agreement with
the 8°*S values of —1 and 29, reported by Kesler et al.
(2003a) for sulfide leached from gold-rich samples.

33*S values for arsenic sulfides in the deep part of the
Post deposit range from 5.39,, to 5.89%, for orpiment and
6.0%, to 6.79, for realgar (Table 1, Fig. 5a). Realgar
from one vein in the Screamer section has a higher
3%S value of 9.9%, (Table 1).
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Table 1 Sulfur isotope compositions measured by SIMS for core
and overgrowth pyrite from the Screamer zone of the Betze-Post
deposit (Fig. 1). Also shown are gold and arsenic contents of hand
samples containing these pyrites, as well as sulfur isotopic com-
positions of chemically leached sulfide sulfur in the hand sample
from Kesler et al. (2003a)

Sample/Spot 3%S(%,) As/S
SJ-323C-1326 (154 ppm Au, 3900 ppm As)

Hand sample 33 5.2E-3
1-1-X-rim 2.5 49E-4
1-1-1-core + rim 0.3 1.9E-3
1-1-2-core 0.6 4.1E-5
1-3-01-core? 1.4 4.8E-3
1-3-02-core? 0.7 4.1E-3
1-4-1-core 1.0 5.1E-6
1-4-2-rim 1.3 4.8E-3
1-4-X-core 0.2 5.1E-6
1-4-X-core? —0.1 3.9E-5
1-4-X-core/rim? 1.2 4.6E-3
1-6-01-core 0.2 1.3E-5
1-7-01-porous —-0.6 4.7E-5

BZ-995C-1194 (42 ppm Au, 6200 ppm As)

Hand sample 4.7 2.8E-3
2-2-1-rim 1.6 1.3E-2
2-2-2-core + rim -0.3 2.8E-2
2-2-4-core -0.9 2.9E-4
2-2-X-core? 3.6 44E-4
2-3-X-core? 2.6 3.5E-3
2.3-X-rim? 3.0 1.2E-2
2-3-X-rim? 0.6 1.1E-2
2-4-X-core 2.5 4.0E-3
2-4-X-rim 2.9 1.4E-2
2-5-X-porous 7.1 1.1E-3
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Fig. 3 Gold and arsenic contents of Screamer samples showing

composition of the two samples (SJ-323-1326, BZ-995-1194)
analyzed by SIMS methods in this study

Isotopic composition of sulfur in the Betze-Post-Screamer
ore fluid

The 3**S values of about —1 to 3%, estimated from our
combined SIMS and leachate analyses for ore-related
pyrite in the Screamer zone are at the low end of the

range of 0 to 179, obtained for ore-related pyrite from
Carlin-type deposits (Hofstra and Cline 2000). As noted
above, most of these analyses are from pyrite separates
that are contaminated by variable amounts of diagenetic
pyrite. Our SIMS analyses from Screamer also differ
from SIMS analyses of ore-related arsenian pyrite and
marcasite in the Post part of the Betze-Post-Screamer
deposit, which are more variable and extend to higher
values (Arehart et al. 1993a) (Fig. 6). Four of the Post
samples analyzed by SIMS are from igneous rocks and
might contain pyrite of Jurassic age (Arehart et al.
1993a; Emsbo et al. 2000). Pyrite separates from veins
and disseminations thought to be of Jurassic age in the
Goldstrike stock have &°*S values as high as 15.6%,,
which could account for some or all the high SIMS
534S values in the igneous samples (Arehart et al. 1993a;
Emsbo et al. 2003). Two of the SIMS samples from Post
are from pyrite in sedimentary rocks, however, and they
also yielded high 3*S values ranging from 2%, to 20%,.
If these pyrites are indeed part of the Carlin-type min-
eralization, as seems likely, an additional explanation is
required for their high &°*S values. The most likely
explanation involves remobilization of sulfur from the
Jurassic Goldstrike stock or from diagenetic and sedex
sulfur in the sedimentary rocks during Carlin minerali-
zation. SIMS, mineral separate and leachate analyses
show that diagenetic and sedex sulfides in Silurian and
Devonian sedimentary rocks in the Carlin area have 5°*S
values as high as 19%,, and sedex barite has 8**S values
of 21.7-519%, (Radtke et al. 1980; Arehart et al. 1993a;
Emsbo et al. 2003; Kesler et al. 2003). That some of this
sulfide was almost certainly remobilized during Carlin-
type mineralization is shown by the large range of §**S
values, —21.29% to 11.79,,, obtained for pyrite in veins at
Screamer (Kesler et al. 2003a, Table 3).

The lack of a wide range of &°*S values in our
leachate and SIMS analyses from the Screamer section
of the Post-Betze-Screamer deposit suggests that similar
contamination was not as extensive in this area. This
difference in degree of contamination in the Post and
Screamer sections of the deposit is probably related to
the fact that hydrothermal alteration, including kaoli-
nization, decarbonatization and silicification, is more
intense and pervasive in the Post area (Arehart et al.
1993b; Ferdock 1997; Ye et al. 2002). Ore in Post area
also has a greater vertical extent, reaches farther down in
the stratigraphic section, and is partly within the Gold-
strike stock (Fig. 2). It is important, in this regard, to
recognize that the main direction of flow of ore fluids at
Betze-Post-Screamer was probably upward rather than
westward from the Post fault. Detailed cross sections of
the Screamer ore body show that it is richest around
steep faults in all areas, rather than gradually dimin-
ishing in grade toward to the west and that these faults
are not rooted in the Goldstrike stock (Kesler et al.
2003a, Fig. 2). Thus, fluids entering the Screamer zone
probably did not pass through the Post zone and would
not be expected to reflect the greater wall rock con-
tamination that took place in this area.



Fig. 4 a, b SEM-BSE images of
arsenian pyrite from SJ-323-
1326 (a, b) and BZ-995-1194
(c, d) showing distribution of
arsenic-rich areas (lighter shade)
and location of analyzed spots
listed in Table 1

Table 2 Sulfur isotope composition of arsenic sulfide separates
from the Betze-Post-Screamer deposit

Sample Location 33S(%,)
DP-03-03-OR Deep Post 5.7
DP-03-02-RL Deep Post 6.0
DP-03-03-RL Deep Post 6.0
DP-03-04-OR Deep Post 53
DP-03-04-RL Deep Post 6.3
DP-03-05-RL Deep Post 6.7
P-175-1327-OR Deep Post 5.5
P-175-1330-OR Deep Post 5.8
P-208-1584-OR Deep Post 5.5
SJ-552-1093-RL Screamer 9.9

Analyses carried out at Queen’s University under the supervision of
T.K.Kyser

Our sulfur isotope analyses for arsenic sulfides can
also be compared to analyses from the eastern (Post)
part of the Betze-Post-Screamer. For realgar and orpi-
ment, our analyses, which range from 5.3%, to 6.79%,, are
very similar to those from Post, which range from 3.8%,
to 6.6%, (Emsbo et al. 2003). Emsbo et al. (2003) re-
ported 5°*S values of 7.9%, from Rodeo and 9.29, from
Golden April, which are similar to our value of 9.9%,
from Screamer. Because the arsenic sulfides are coarse-
grained and not intergrown with other sulfides, these
isotopic compositions do not require SIMS analyses or
efforts to distinguish between analyses representing ore
fluids and those related to earlier sulfides.

These relations indicate that our combined SIMS and
leachate analyses of —1 to 3%, for &**S values of ore-
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related pyrite from the Screamer zone provide the best
estimate of the isotopic composition of the Betze-Post-
Screamer mineralizing fluid. For 200°C, Carlin-type
hydrothermal solutions in which sulfur is dominated by
H.S, average 5>*S values of sulfur in the ore fluid would
need to be about 0%, to deposit pyrite with 8*S values
of —1 to 39, (Ohmoto and Rye 1979). Estimation of the
isotopic composition of parent fluids is more difficult for
arsenic sulfides because experimental fractionation data
are not available. Fractionation data for cinnabar are
commonly used to interpret isotopic data for arsenic
sulfides, even though its crystal structure is significantly
different (Hofstra et al. 1999). On that basis, arsenic
sulfides with 8*S values of about 5-10%, that are ob-
served at Betze-Post-Screamer require ore fluids con-
taining H,S with 8**S values of about 9 to 14%,
(Ohmoto and Rye 1979).

Sources of sulfur in the Betze-Post-Screamer ore fluid

Our new estimates for the average 8°*S value of sulfur in
fluids that formed pyrite and arsenian sulfides differ in
two ways from earlier surveys based largely on mineral
separates (Hofstra et al. 1997; Hofstra and Cline 2000;
Emsbo et al. 2003). First, we estimate that the fluid that
de?osited gold-bearing arsenian pyrite had an average
3%*S value of about 0%, rather than the 10%, needed to
account for 3**S values of 0 to 179, seen in the pyrite
separates (Hofstra and Cline 2000; Emsbo et al. 2003).
Second, although our estimate that sulfur in fluids that
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Fig. 5 a Histograms showing &S values for arsenian pyrite
(determined by SIMS methods) and realgar and orpiment
(determined by analysis of hand-picked separates), both from
the Screamer section of the Betze-Post-Screamer deposit, and
b Relation between As/S (wt) and §°*S values in SIMS analyses of
arsenian pyrite

deposited arsenic sulfides had 5**S values of 9 to 149, is
similar to that estimated in earlier studies, this range of
values differs greatly from the 09, that we estimate
above for sulfur in the pyrite-forming solutions. Thus,
whereas the earlier estimates of the isotopic composition
of sulfur in fluids that formed arsenian pyrite and ar-
senic sulfides converged on a single isotopic composition
for sulfur throughout deposition of the entire paragen-
esis, our new estimates require a major change in
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Fig. 6 Variation in 8**S values of arsenian pyrite from Screamer
(this study) and Post (Arehart et al. 1993a) parts of the Betze-Post-
Screamer deposit. Also shown, along left margin are §**S values for
pyrite leachates from samples containing less than 200 ppb Au
(Kesler et al. 2003a) and hand-picked separates of realgar and
orpiment (this study) at Screamer, as well as exhalative sulfides in
the Carlin area (Emsbo et al. 2003)

isotopic composition from about 0%, during deposition
of arsenian pyrite to about 109, or more during depo-
sition of arsenic sulfides.

Although a mineralizing process involving no change
in the isotopic composition of sulfur throughout the
paragenesis is attractive in its simplicity, it appears to
contradict phase equilibrium limitations in the Fe—As—S
system. The location of arsenian pyrite, the key mineral
in Carlin-type deposits, in the Fe—As—S system has not
been determined experimentally (Clark 1960). However,
it should coincide in part or completely with the field
occupied by native arsenic plus pyrite, which are the
phases that would form if arsenian pyrite decomposed.
The fact that native arsenic is very rare in Carlin-type
deposits suggests that arsenian pyrite occupies most of
the native arsenic + pyrite field. Whether arsenian pyrite
1s stable or metastable within this field is not known, but
the disappearance of the arsenic field above about 300°C
suggests that arsenian pyrite will be rare above this
temperature, a relation that agrees with its geologic
distribution.

As can be seen in Fig. 7, paragenetic sequences that
start with arsenian pyrite and end with orpiment require
constant or increasing fS,. Formation of arsenian pyrite
at the uppermost limit of temperatures estimated for
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Fig. 7 Log fS,—T diagram showing stability relations for minerals
in the Fe—As-S system. Field for arsenian pyrite is shown here in
the stability field commonly shown for native the assemblage
As+pyrite because these would be the phases present if arsenian
pyrite were not present. Exactly what part of this field is occupied
by arsenian pyrite and whether this is a field of stability or
metastability is unclear. Numbered arrows show paths through 7-X
space discussed in the text

arsenian pyrite, about 300°C, would require constant /S,
and result in formation of orpiment at about 200°C
(Path A, Fig. 7), slightly higher than depositional tem-
peratures estimated from fluid inclusion data (J. Groff
unpublished data; Simon et al. 1999; Hofstra et al.
2000). If depositional temperatures for arsenian pyrite
are decreased to levels of 200°C, increasing fS, with
decreasing temperature is required to permit formation
of orpiment before unrealistically low temperatures of
about 100°C (Path B, Fig. 7).

Because arsenian pyrite is widespread in Carlin-type
deposits, any fluid buffered by the rock would follow the
realgar-arsenian pyrite boundary with decreasing tem-
perature, making it impossible to reach the orpiment
field without increasing fS, of the fluid. For fluids
dominated by reduced sulfur in the form of H,S, an
increased fS,requires higher total sulfur contents for the
mineralizing fluid. Thus, the paragenetic sequence re-
quires either that significant sulfur was added to the
original fluid in order for it to deposit orpiment, or that
arsenian pyrite and realgar—orpiment were formed by
two different fluids, the second of which contained more
sulfur than the first. Furthermore, comparison of sulfur
isotope systematics and phase equilibria in the Fe—As—
S—-O-H system shows that no changes in temperature
and fO, can produce the observed paragenetic sequence
from arsenian pyrite to realgar to orpiment from a fluid
with a single, unchanging sulfur isotopic composition
(Ohmoto 1972; Ohmoto and Rye 1979; Heinrich and
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Eadington 1986). Thus, the second contribution of sul-
fur had a different isotopic composition from the first.
Our estimates reported here indicate that the first con-
tribution of sulfur had a 8**S value of about 0%, com-
pared to about 10%, for the second.

Sulfur isotope composition and sources of Carlin-type
ore fluids

Although additional data are needed, it appears likely
that the paragenetic change in sulfur isotope composi-
tions observed in this study is a general feature of Car-
lin-type deposits. In the only other detailed SIMS study
of sulfur isotope geochemistry in a large Carlin-type
deposit, Cline et al. (2002, 2003) reported that “gold-
bearing pyrite” from the Getchell mine has §°*S values
of —1 to 3%, and that later arsenic sulfides have higher
3%S values that require sulfur from a second source,
exactly the same pattern observed at Betze-Post-Screa-
mer.

This change is sulfur isotope composition of the
mineralizing fluid with time probably reflects a change
from an early magmatic to a later sedimentary source
for the sulfur in Carlin-type deposits. Porphyry copper
mineralization at Bingham, Utah, and Battle Mountain,
Nevada, which is coeval with at least some of the Carlin-
type depostis, has 8**S values near 0%, (Bowman et al.
1987; Tosdal 1998; Hofstra and Cline 2000) and similar
intrusions might have been the source for early ore fluids
in Carlin-type deposits. Later fluids with higher §°*S
values might have come from intrusions contaminated
by sulfur from diagenetic sulfides in the Paleozoic sedi-
mentary rocks that host ore and through which the
magmas ascended. Ohmoto and Goldhaber (1997) have
shown that §°*S values of felsic intrusions are more
variable than originally assumed and that this reflects
incorporation of wall rock sulfur. Vikre (2000) has
shown that this type of contamination was widespread
in Nevada and has estimated that up to 50% of the
sulfur in Cenozoic-age ore deposits in this area was de-
rived from Late Precambrian—Lower Cambrian terrige-
nous detrital sedimentary rocks. Although this sulfur is
thought to have been assimilated by magmas that gen-
erated the deposits, it might also have been incorporated
into circulating hydrothermal solutions during forma-
tion of the deposits.

It is unlikely that the second contribution of sulfur in
Carlin-type systems was derived entirely from sedimen-
tary or other non-igneous sources. Strong support for
this is seen in the high arsenic, mercury and antimony
contents of Carlin-type deposits and, in particular, in the
later stages of mineralization. Whereas this suite of ele-
ments is a well-known product of magmatic systems, it is
not a common product of fluids found in sedimentary
basins. Although arsenic, and to a lesser extent anti-
mony, are associated with fluids derived from prograde
metamorphism, they are commonly not associated with
mercury. In one of the few studies of the release of ore
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Fig. 8 Arsenic, antimony and mercury contents of samples of
Otago Schist plotted against their peak metamorphic temperature
(from Pitcairn et al. 2003) showing that mercury is released at much
lower temperatures than arsenic and antimony

elements from prograde metamorphism, Pitcairn et al.
(2003) have shown that mercury is released during the
earliest stages of prograde metamorphism, whereas ar-
senic and antimony are released at higher temperatures
(Fig. 8). This decoupling of mercury from arsenic and
antimony is not in agreement with their strong correla-
tion in Carlin-type deposits, where arsenian pyrite con-
tains almost 1% Hg (Stenger et al. 1998; Reich et al.
2005).

The probability of a magmatic source for Carlin-type
ore fluids is further strengthened by comparisons of bulk
ore compositions involving elements enriched in Carlin-
type deposits. Reliable data for a wide range of elements
are available for sulfide facies ore at Screamer, Twin
Creeks and Getchell (Stenger et al. 1998; Cail and Cline
2001; Kesler et al. 2003a). These data are plotted in
Fig. 9 as ratios of the average concentration for each
element in the deposit versus its average concentration in
the crust. The plot shows that the most enriched ele-
ments in Carlin-type deposits are tellurium, gold and

Fig. 9 Comparison of the bulk
composition of Carlin-type and
high sulfidation precious metal

deposits (compiled from data o
of Kesler et al. (2003b), Cail
and Cline (2001) and Stenger 1000

et al. (1998)
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arsenic, followed by selenium, silver and mercury. The
greater variation in the degree of concentration for
mercury probably reflects the effects of boiling during
ore deposition.

Further insights into the possibility of magmatic
contributions to Carlin-type deposits can be gained by
comparing these bulk compositions to those for high-
sulfidation epithermal deposits, which are widely con-
sidered to form from fluids with a strong magmatic
contribution (Cooke and Simmons 2000). The best bulk
compositional data for high-sulfidation deposits comes
from the Pueblo Viejo district, for which geologic and
stable isotope relations indicate an almost pure mag-
matic source for mineralizing fluids (Vennemann et al.
1993). As can be seen in Fig. 9, average compositions of
the two main ore bodies at Pueblo Viejo are very similar
to compositions of the Carlin-type deposits. The only
significant difference is a higher content of base metals at
Pueblo Viejo, which probably reflects periodic incursion
of more saline magmatic fluids into high sulfidation
systems (Vennemann et al. 1993; Cooke and Simmons
2000). Carlin-type deposits, which are probably farther
from their magmatic source (Heinrich et al. 2004), would
be less subject to this effect.

Conclusions

Our results indicate that sulfur in Carlin-type deposits is
largely of magmatic origin with variable amounts of
contamination from sulfur in Paleozoic sedimentary
rocks. The sedimentary sulfur could have been delivered
in formation fluids, but is more likely to have come from
magmas that assimilated wallrock sulfur during ascent
or from locally active hydrothermal solutions that lea-
ched sulfur from surrounding wall rocks. Variations in
the degree of these contaminating processes probably
account for the range of sulfur isotope compositions
observed in Carlin-type deposits.

Pueblo Viejo
- Monte Negro

Getchell

Pueblo Viejo
- Moore

#
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