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Abstract 

Gold mineralization at Carlin is clearly younger than hydrocarbon maturation (pre-Cretaceous) and 
felsic dike intrusion (Cretaceous), and older than deep oxidation (late Tertiary). Within the episode of 
gold mineralization, the main gold ore (MGO) stage and late gold ore (LGO) stage are distinguished 
paragenetically, wilh a variety of vein and mineralization types in each. MGO stage fluids contained 5 
to 10 mole percent CO2, appreciable H2S, and 3 ___ 1 wt percent NaC1 equiv. At least portions of MGO 
stage mineralization were characterized by two-phase boiling (CO2 exsolution) at 215 ø ___ 30øC and 800 
___ 400 bars. In contrast, LGO stage fluids were gas poor with salinities <1.5 wt percent NaC1 equiv and 
record only nonboiling conditions. MGO stage fluids had blSOn•o values of 5 to 9 per rail, whereas LGO 
stage fluids resembled unevolved meteoric water with b•Son• o values < -3 per rail. 

From the MGO stage to the LGO stage, calcite blSo values shifted from near whole-rock values of 12 
___ 3 per rail to around 0 ___ 1 per mil as LGO stage fluids flooded the system. Jasperoids also record a 
large range (9-22%0) in b•SOn•o values. These data indicate the involvement of two very different fluids 
in ore deposition. Because MGO and LGO stage featnres are closely associated spatially with each other 
and with Au, As, Sb, Hg, and other ore elements, both fluids are believed to have both been present 
during most stages of ore deposition. 

At pressures of 80 to 85 percent lithostatic, depths of 3.8 _ 1.9 km are required to accommodate the 
800 ___ 400 bars of pressure recorded in MGO stage fluid inclusions. Carlin, therefore, is not an epi- 
thetreal or hot spring deposit. Carbon dioxide in gas-rich MGO stage fluids may have originated either 
directly from buried intrusions or their contact aureoles, or from low-grade regional metamorphism at 
depth. The water may have been originally meteoric, and Au may be magmatic or derived from leaching 
of deep metamorphic or sedimentary rocks. Ore deposition appears to have occurred in zones of throt- 
tling at a pressure seal between normally pressured and overpressured regimes, where fluids experi- 
enced a change from near-lithostatic to hydrostatic conditions. Such pressure seals are common in deep 
sedimentary basins and may be a key to highly localized gold deposition. Mixing of two fluids and 
interaction with host rocks along thin permeable bioclastic horizons are believed to have been the 
major factors in depositing ore. 

Introduction 

THE Carlin sedimentary-hosted gold deposit, located in 
north-central Nevada and discovered in 1962, has pro- 
duced about 150 tons of gold (Fig. 1). It is the type deposit 
of the most important group of gold mines developed in 
the United States since about 1940 and is one of the 

largest such deposits. 
Geologic and geochemical similarities between Carlin 

and many other carbonate-hosted disseminated gold de- 
posits in Nevada suggest that the same general set of pro- 
cesses has operated in various places to produce the many 
Carlin-type deposits (Bagby and Berger, 1985). Prior in- 
vestigations at Carlin led to the concept that gold miner- 
alization occurred in the shallow levels of a meteoric-wa- 

ter hydrothermal system driven by the heat of Miocene 
igneous activity in north-central Nevada (Radtke et al., 
1980; Radtke, 1985; Rye, 1985). Recent radiometric dat- 
ing indicates that gold mineralization in the Carlin trend 
occurred much earlier, possibly in the Early Cretaceous 
(about 117 Ma, Arehart et al., 1992, 1993c). However, 
the exact age of gold ore formation remains controversial, 
as indicated by Ilchick (1995, p. 208). Seedorff (1991) 

suggests that Carlin and similar deposits may actually be 
related to the onset of Basin and Range extension during 
the late Eocene to early Oligoeene (42-34 Ma). 

Several investigators have inferred a shallow epither- 
mal origin for Carlin from the following types of evidence: 
(1) the characteristic epithermal suite of trace elements 
(Au, As, Sb, Hg, T1) observed at many epithermal and hot 
spring deposits (Weissberg et al., 1979) and well devel- 
oped at Carlin; (2) a maximum depth of 300 m for the 
Getchell orebodies inferred from geologic information, 
the vuggy character and ore-apex geometry, and a young 
age, no older than Plioeene (Joralemon, 1951, 1975); and 
(3) a maximum depth of 300 to 520 m at Carlin, based on 
boiling inferred from fluid inclusions (Radtke et al., 
1980). 

In contrast, Hardie (1966), Roberts et al. (1971), and 
Roberts (1986) estimated that at least 520 to 910 m of 
cover were above the ore zones at Carlin during ore for- 
mation. The deep ore in the Post-Betze area 10 km north- 
west of Carlin (Betties, 1989) and near the Gold Quarry 
mine (Rota, 1987) as well as the deep ores at the Getehell 
mine discussed by Berger (1985) and the newly diseov- 
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ered deep ores at the Rabbit Creek deposit (Parratt and 
Bloomstein, 1989) indicate that a relatively shallow geo- 
logic setting is not required for Carlin-type gold mineral- 
ization. 

Based on a revised paragenetic framework (Kuehn and 
Rose, 1986, 1992) as well as prior and new fluid inclusion 
and stable isotope data at Carlin, this study focuses on re- 
evaluation of the P-T-X constraints attending gold ore for- 
mation at Carlin and, by inference, similar sediment- 
hosted gold deposits. The inferred geologic setting of ore 
formation is then discussed. Specifically, the necessary 
minimum depths and geochemical processes leading to 
gold deposition at Carlin in a deep geologic setting of 
probable throttling and fluid mixing are contrasted with 
earlier shallow epithermal hot spring models. 

Paragenetic Framework at the Carlin Deposit 
Several characteristics of the Carlin deposit inhibit the 

development of a paragenetic sequence. The sedimentary 
host rocks have undergone diagenesis and multiple alter- 
ation events including weathering, so that not all rock-al- 
tering events are attributable to the Au-mineralizing 
event(s). The lack of obvious through-going and crosscut- 
ting veinlets, the restriction of many veinlet types to ei- 
ther the hanging wall or footwall, and the inability to ob- 
serve gold visually inhibit conventional paragenetic inter- 
pretation. Probably because of these problems, little 
agreement exists on paragenesis at Carlin. 
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FIG. 1. Location of Carlin and similar gold deposits in Nevada. A 
= Alligator Ridge, B -- Bootstrap, Co = Cortez, G = Gold Quarry, GA 
= Gold Acres, Ge -- Getcheil, J -- Jerritt Canyon, N = Northunberland, 
P = Post-Betze, Pi = Pinson, Pr = Preble, R -- Rain, RC -- Rabbitt Creek- 
Chimney Creek, RE = Relief Canyon, S = Standard. 

Previous work 

Hausen (1967) discussed the paragenesis at Carlin as 
three separate general events: (1) Cretaceous barite and 
base metal mineralization, (2) Tertiary gold and associated 
As-Sb-Hg-T1 mineralization, and (3) Recent supergene 
effects. Dickson et al. (1979) discuss four separate dissem- 
inated and vein assemblages involving quartz, barite, Au, 
and rare T1-As-Sb-Hg sulfide and sulfosalt minerals; how- 
ever, only scant information is provided on the relative tim- 
ing of these features. Radtke et al. (1980) present sche- 
matic diagrams of the Carlin paragenesis which define four 
stages in which different types of veinlets developed as a 
result of the introduction or removal of components from 
the ore zone and altered rocks. A given vein type or min- 
eral assemblage was not necessarily restricted to a single 
paragenetic stage in this schematic approach nor is the rel- 
ative timing of different veinlet types distinguished on the 
basis of crosscutting relationships. Bakken and Einaudi 
(1986) discuss at least nine different ages of veinlets la- 
beled "types A through I" from oldest to youngest and de- 
scribe the spatial relationship of these veinlets to mineral- 
ization and alteration in the Main Pit at Carlin. A parage- 
netic scheme consisting of "stages 1 to 5" is presented by 
Madrid and Bagby (1986, 1988) and was developed from 
crosscutting relationships exposed south of the Carlin mine 
and at the Preble, Pinson, and Bootstrap deposits. 

Based on detailed field and laboratory studies (Kuehn, 
1989; Kuehn and Rose, 1986, 1992), three major epi- 
sodes can be distinguished, related to (1) hydrocarbon 
maturation, (2) gold ore deposition and associated alter- 
ation, and (3) oxidation (Table 1). These episodes are es- 
sentially unrelated temporally. 

In more detail, the numerous types of veins or veinlets 
labeled A through F, can be divided into a series of stages 
defined largely on crosscutting relations. These stages are 
also distinguished by significant changes in fluid charac- 
teristics preserved in inclusions and stable isotope signa- 
tures. The observations listed do not exhaust the entire 

range of veinlet types or alteration features at Carlin. 
However, prior and future observations should fit into this 
general framework. Within a given stage, crosscutting re- 
lationships between different veinlets can be numerous 
and complex. For additional details on veinlets and typical 
samples, see Kuehn (1989). 

Veinlets predating gold mineralization 

Vein group A: Hydrocarbon stage (HC): All veinlet 
types of the early hydrocarbon (HC) stage contain high 
bulk density CH4 fluid inclusions that coexist with a saline 
aqueous brine (Kuehn, 1989; Kuehn et al., unpub. data). 
Although production of CH4 by the thermal maturation of 
organic matter must have occurred over a relatively long 
period of geologic time, reservoir conditions of 0.6 to 1.4 
kbars at 155 ø _ 20øC are recorded in the countless cross- 

cutting planes of secondary CH4-rich fluid inclusions. 
Carbon-rich zones are cut by dikes at several locations 

in the mine and at no scale do HC stage veinlets cut the 
dikes. HC stage veinlets are cut by all other veinlet types 
and also contain secondary inclusions of fluids typical of 
later veinlets of the paragenesis. Veinlets described by 
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TABLE 1. Paragenetic Framework for Fluid Evolution at the Carlin Deposit 

Observation Vein group Stage Fluids Episode 

Travertine, hyaline opal F 
Stibiconite, sulfur 
Fe oxide on fractures 
Calcite with Fe oxide 
Peach-colored calcite 

Oxidation ofpyrite, tan color 
Carbon removal 

Calcite veinlets E 

Barite, calcite, quartz in vugs in jasperoid 
Massive white barite with minor stibnite 

Orpiment-calcite-barite-realgar-stibnite 
Calcite-realgar veins 
Calcite _ Fe dolomite veins 

Gas-poor quartz crystals Dgp 
Gas-rich quartz crystals Dgr 
Jasperoid breccias and stockwork veins 
Large-scale carbonate removal and progressive 

silicification, local jasperoid formation and 
extensive dike alteration 

Quartz veinlets with COa-rich fluid inclusions cut C 
jasperoids and argillically altered dikes 

Igneous dikes cut carbon zones 

Local pyrobitumen veinlets cut early barite (rare) 
Sheared grayish barite veins with minor galena 

and sphalerite 

White calcite +_ euhedral quartz 
Brecciated pyrobitumen-calcite 
Quartz-calcite-pyrobitumen veins 
Dark calcite-carbon stylolites 

Oxidation (OX) Temperature low (40ø-140øC?) Post-gold 
Oxidizing 
Deep weathering 

Late gold ore (LGO) Salinity < 1.5 wt % NaCI equiv Gold ore 
Temperature > 150ø-220øC 
Low dissolved gas 
Non-boiling 
Non-evolved meteoric 

Main gold ore (MGO) 

Barite-base metal 

(BBM) 

Hydrocarbon (HC) 

Salinity 3 - 1 wt % NaCI equiv 
Temperature 215 ø _+ 30øC 
Immiscible COa-HaO 
High-density COa with HaS 

Salinity 9.7 to 16.7 wt % NaC1 
equiv 

High-density CH4 with COa, 
HaS 

Salinity > 16 wt % NaCI equiv 
hmniscible CHa-HaO 

Pre-gold 

Bakken and Einaudi (1986) as types A and B as well as 
black quartz (Rota, 1987) at the Gold Quarry deposit are 
included in the HC stage. 

Vein group B: Early barite +_ base metal (BBM) stage: 
Massive, sheared grayish barite veins up to 3 m in width 
occupy several steeply dipping north-south- and north- 
northeast-striking structures in the Main and East Pits at 
Carlin (Radtke, 1985; Bakken and Einaudi, 1986). Several 
of these structures are also occupied by sheared and al- 
tered dikes. In contrast to later barite veins and vug-filling 
crystals, these early barite veins typically contain small 
elongate blebs of sphalerite and galena and give off a dis- 
tinct fetid odor when outcrops are struck by a hammer or 
samples crushed in the laboratory. 

Although Radtke et al. (1980) suggest that Cu-Pb-Zn 
mineralization occurred after the introduction of gold, 
and Bakken and Einaudi (1986) assign type I barite-sphal- 
erite-galena veins to a late stage in the paragenetic se- 
quence, the following observations suggest that barite 
+_ base metal veins predate Au-As-Sb mineralization and, 
as initially suggested by Hausen (1967), are an early fea- 
ture' 

1. Some barite veins are cut by hydrocarbon veinlets 
and have bituminous residues within fractures (Hausen, 
1967, p. 38,124; Hausen and Kerr, 1968, p. 930; Hausen 
and Park, 1986, p. 122). 

2. Barite ___ base metal veins are crosscut by jasperoidal 

silica veinlets associated with gold mineralization; clasts 
of early barite are included in mineralized jasperoid brec- 
cias. 

3. Saline aqueous fluid inclusions occur in barite as- 
sociated with base metal sulfides (sample C85-004; 
Radtke, 1985, p. 101, samples 3512-M and 5109-J); 
crushing tests in kerosene reveal CH4 with high internal 
pressure. 

4. Primary base metal sulfides are commonly rimmed 
and/or replaced by As + Sb-bearing base metal sulfo- 
salts (jordanite, boulangerite, gratonite, tennantite, 
and tetrahedrite; Hausen, 1967; Radtke, 1985), sug- 
gesting that As +_ Sb-bearing fluids postdate the base 
metal sulfides. 

A second type of early veinlet also contains minor bar- 
ite but lacks base metals and consists mainly of cream 
and white interlocking crystals of calcite, dolomite, and 
quartz. These veinlets are similar to the type E veins of 
Bakken and Einaudi (1986). Crushing studies in kero- 
sene revealed high bulk density CH4 fluid inclusions in 
these veins. 

These observations define the barite +_ base metal stage 
of mineralization at Carlin. 

Veinlets temporally related to gold mineralization and 
alteration 

Diagenetic and hydrothermal activity predating gold 
mineralization is delimited from gold mineralization and 
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accompanying carbonate removal and silicification by se- 
ries of dikes which cut the carbon-rich zones after the in- 

troduced mobile organic matter had already thermally 
matured to solid pyrobitumen (Kuehn, 1989; Kuehn et 
al., unpub. data). These dikes are in turn severely altered 
and locally mineralized by the gold-bearing hydrothermal 
fluids (Kuehn and Rose, 1992). Clasts of altered dike ma- 
terial are included in mineralized jasperoidal breccias at 
Carlin and at the Bootstrap mine. Consequently, all fea- 
tures which cut the dikes and subsequent jasperoids must 
at least be considered as potentially related in time to gold 
mineralization. 

Vein group C: Main gold ore (MGO) stage--quartz veins 
associated with dikes: Milky white quartz veins up to 6 
cm wide cut and occur along the contacts of the intensely 
altered portions of dikes. The quartz typically has a greasy 
luster and releases copious gas on crushing. Severely al- 
tered zones contain anastomosing networks of milky 
white and turbid gray quartz veinlets with pyrite. This 
quartz contains low-salinity aqueous fluid inclusions as 
well as high-density CO2-bearing inclusions (Kuehn, 
1989, appendix D). 

Vein group Dgr: Main gold ore (MGO) stage--gas-rich 
jasperoids and quartz vein stockworks: Stockworks of in- 
numerable crosscutting milky white and gray translucent 
quartz veinlets are developed in jasperoids at Carlin (Fig. 
2A). Each of these veinlets contains numerous planes of 
secondary high bulk density CO2 fluid inclusions lacking 
appreciable CH 4. These jasperoids with quartz vein stock- 
works are spatially associated with Au mineralization and 
exposed in the south walls of the East Pit (Kuehn and Rose, 
1992), the Main Pit (Bakken and Einaudi, 1986), and the 
West Pit (Radtke, 1985). Structurally controlled jas- 
peroids acted as feeders to stratiform jasperoids and these 
same intensely silicified areas were subsequently laced 
with milky white and gray translucent stockwork quartz 
veinlets (Fig. 2C). Unoxidized intensely silicified areas lo- 
cally contain pyrite and stibnite in these veinlets. 

Crushing of these quartz veinlet stockworks consis- 
tently releases gases under high internal pressures. Al- 
though the inclusions are too small for quantitative studies 
(typically <1-3/am), low-temperature petrography con- 
firms that many dark, one-phase fluid inclusions at 25øC 
are actually liquid CO•. Several samples also contain 
three-phase fluid inclusions at room temperature as pre- 
viously described (Nash, 1972; Radtke, 1985). 

High bulk density CH4-rich or saline aqueous inclusions 
typical of the early HC stage are lacking in quartz from 
stockworks, even though the quartz contains thousands 
of planes of secondary fluid inclusions. This observation 
demonstrates that these quartz veinlets formed under 
conditions significantly different from and distinctly later 
than HC stage fluids. Because these milky white and gray 
translucent quartz veinlets are intimately associated with 
jasperold development spatially related to gold mineral- 
ization, these veinlets are assigned to the MGO stage. 

Jasperoidal silica breccia veinlets (Fig. 2F) and veinlet 
stockworks of dark gray to black, sugary-textured jas- 
peroidal silica in footwall rocks also represent MGO stage 
silicification. Although this replacement-type silica rarely 
contains fluid inclusions, these jasperoid veinlets are inti- 

mately associated with the gray translucent and milky 
white quartz veinlets discussed above and have similar ox- 
ygen isotope signatures. When developed in zones pre- 
viously occupied by HC stage veinlets, these jasperoidal 
silica breccia veinlets crosscut and entrain clasts of earlier 

HC stage CH4-bearing quartz. 
Alteration of calcareous siltstones at Carlin consists of 

successive zones of calcite dissolution, dolomite dissolu- 
tion, and conversion of illitc to kaolinite-dickite, zoned 
around faults and permeable beds interpreted as feeders 
for the Au mineralization (Kuehn and Rose, 1992). This 
alteration is inferred to result from the acid conditions im- 

parted by high CO• in the hydrothermal fluid, and there- 
fore is correlated with the Dgr veins. 

Quartz-bearing veins described by Bakken and Einaudi 
(1986) as types G and H are similar to our MGO stage 
silicification features; their type F veinlets may represent 
MGO stage or earlier siliceous replacement of diagenetic 
and HC stage features. 

Vein group Dgp: Main gold ore (MGO) stage--gas-poor 
quartz veinlets and selvages: Several samples of quartz 
veinlets and selvages are similar in occurrence and habit 
to Dgr quartz but lack the high bulk density CO•- and 
CH4-rich inclusions typical of earlier vein types even 
though they contain numerous planes of secondary fluid 
inclusions (Fig. 2D and E). This gas-poor quartz is similar 
isotopically to jasperoid and Dgr quartz, and therefore is 
termed to the Dgp group. 

Vein group E: Late gold ore (LGO) stage: A series of 
different vein types characterize the later and more pe- 
ripheral phases of gold mineralization (Table 1). The 
strong correlation of Au with As and Sb at Carlin (Hausen, 
1967; Akright et al., 1969; Radtke et al., 1980; Evans and 
Peterson, 1986; Arehart et al., 1993a) indicates that these 
veins are indeed part of the gold ore episode. These group 
E veinlets cut both mineralized and altered rocks, and 
some of them constitute ore themselves. The open-space 
mineral deposition and vuggy character of several group 
E veinlet types also contrast with the group C and D vein- 
lets. 

Crushing of mineral separates from group E veinlets re- 
vealed mild bubble expansion in some cases but never the 
violent expansion typical of earlier gas-rich stages of the 
paragenesis. Inclusions in group E veinlets contain a low- 
salinity aqueous fluid. Clathrate-melting temperatures 
confirmed that some inclusions contained at least minor 

amounts of dissolved gases. 
The following vein types are recognized in group E: (1) 

orpiment _ calcite veins and breccia zones, (2) white 
calcite veins, (3) white calcite and realgar veins, (4) real- 
gar _ barite and white calcite veins and coatings, (5) white 
barite _ stibnite veins with minor quartz, (6) quartz, bar- 
ite, and calcite in vugs in jasperoid breccias, and (7) euhe- 
dral yellow barite, cinnabar, tetrahedrite, and pyrite in a 
matrix of dickitc and quartz. 

The white calcite veins (type 2 above) are the most 
abundant type. They define a broad halo of megascopic 
ore-related effects above and lateral to the ore, and occur 
less extensively below ore. The calcite is coarse grained, 
occurs in veins up to several centimeters thick, commonly 
shows growth inward toward the center of the vein, and 
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FIG. 2. Main gold ore stage silicification, quartz vein stockworks, and gas-free quartz crystals. A. Quartz vein 
stockworks in jasperoids from the 6640 level of the south wall of the Carlin West Pit (near sample 5630-J of Radtke, 
1985, p. 101). B. Quartz stockwork breccia sample from leached footwall rocks; also contains diekite and clear to 
yellow anhedral barite crystals (elev 5,734 ft, N23807, E20329 in mine coordinates). C. Gray translucent quartz 
vein stockworks developed in northeast-striking, south-dipping mineralized jasperoid feeder zone from the 6120 
level of the Main Pit at Carlin (N22729, E18831) described by Bakken and Einadi (1986, fig. 6D, p. 397). D. Milky 
white, gas-poor quartz (Q) with a greasy luster and lacking any evidence of high density COs or CH 4 inclusions; 
revealed in HC!-etched sample of anasamosing calcite (CC) veinlets from the 6280 level of the Carlin East Pit 
(N42025, E20472). E. White, subhedral gas-poor quartz developed in selvage parallel to bedding in an area of high- 
grade gold mineralization on the 6180 level of the Carlin East Pit (N23408, E20372). F. Oxidized jasperoid breccia 
vein from the 6180 level of the Carlin Main Pit (N22770, E18920) developed in footwall of mineralization. 
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constitutes up to several percent of the rock. These veins 
correlate with the type C veinlets of Bakken and Einaudi 
(1986), the stage III (acid leaching and oxidation) calcite 
veins ofRadtke et al. (1980), and the stage V calcite veins 
of Madrid and Bagby (1986, 1988). Although they appear 
visually similar to some quartz-poor HC stage veins, they 
lack CH 4 inclusions and contain only low-salinity aqueous 
inclusions. 

Millimeter-sized euhedral quartz lining vugs in postjas- 
peroidal breccia (type 6 above) is also common. This 
quartz is clear, rather than milky as in earlier stages, and 
lacks gas-rich inclusions. This type correlates with type H 
ore-stage silica of Bakken and Einaudi (1986). 

The As- and Sb-bearing types are much more restricted 
in extent but have furnished much more spectacular sam- 
ples and varieties of minerals. Age relations among veins 
within group E are conflicting or lacking because of the 
localized occurrence of these types. 

Veinlets which postdate gold mineralization 
Oxidation of the mineralized and altered rocks to a tan- 

nish-brown color occurred after the latest stage of wide- 
spread calcite veining, as shown by paragenetic relations, 
the presence of low-temperature Fe oxide (goethite), and 
other criteria (Kuehn and Rose, 1992). There is no direct 
correlation between the major stage of carbonate removal 
and the oxidation process (Kuehn and Rose, 1992). Other 
types of postgold veinlets are sparse clear calcite growing 
over Fe oxides, salmon to peach-colored calcite veinlets, 
a travertine vein in a mud and gouge-filled structure, alu- 
nite (Arehart et al., 1992), and local chalcedonic silica and 
hyaline opal. The latter may be related to present-day 
thermal waters such as those encountered near the Boot- 

strap and Goldstrike mines. Gold deposits near Carlin 
containing significant sinter are verifiably young and 
hosted in volcanic rocks (i.e., the Hollister deposit and 
USX orebody in the Ivanhoe district 8 km northwest of 
the Dee deposit). 

Fluid Inclusion Studies and Thermobarometric 
Constraints 

Carlin and other sediment-hosted deposits do not com- 
monly provide material in which fluid inclusions can be 
clearly interpreted as primary. Most veinlet material ap- 
pears cloudy and contains numerous planes of secondary 
inclusions. The general principle applied here is that later 
fluids are expected as secondary inclusions in earlier min- 
erals, but not the reverse. Fluid inclusion studies reported 
here involved crushing tests, low-temperature petro- 
graphy, and standard heating and freezing studies 
(Kuehn, 1989), as well as laser Raman microprobe analy- 
ses of selected inclusions using methods described by 
Pasteris et al. (1986). In addition, representative samples 
were analyzed for trace gases of individual inclusions us- 
ing a rapid-scanning quadrupole mass spectrometric tech- 
nique (Bendrick, 1989). 

Types of fluid inclusions at Carlin 

The wide variety of fluid inclusions in samples from the 
Carlin mine are grouped into 12 classes in Table 2. The 
classification is based on number and identity of phases at 

25øC, and on bulk composition inferred from microscopic 
observations during heating and cooling. Their parage- 
netic occurrence is also summarized in Table 2, and must 
be interpreted with the proviso that many inclusions are 
secondary. Interpretations of hydrothermal conditions 
during the various stages, based largely on fluid inclusion 
data, are summarized in Table 3. 

Many of the single-phase inclusions are filled with ei- 
ther high-density CH4 + CO2 which nucleates a bubble at 
< -82øC (type 1A, Table 2) or relatively CH4-free 
which nucleates a vapor bubble at T < 25øC and shows 
triple-point melting near -56.6øC (type lB, Fig. 3). A 
very small volume of H•Oct) wetting the inclusion walls 
may also be present. Neither type 1A or lB inclusions de- 
crepitareal upon heating to around 250øC, suggesting that 
total homogenization is to a CH 4- or CO•-rich supercriti- 
cal fluid at moderate temperatures. 

Type 1C one-phase inclusions contain liquid H•O 
which apparently was trapped at sufficiently low temper- 
atures to preclude the nucleation of a vapor phase. Nu- 
merous type 1C inclusions were confirmed to be liquid 
water by the generation of a vapor bubble after stretching 
during freezing runs (Roedder, 1984), by laser Raman mi- 
croprobe analysis, or by crushing tests without obvious 
bubble collapse. 

Four varieties of H•O-rich two-phase inclusions are 
present. Type 2A saline inclusions homogenize near 155 ø 
_+ 20øC and are typical of the HC and possibly BBM stages 
of the paragenesis. Type 2B moderate-salinity H20-CO• 
inclusions generate CO•cv) upon cooling, homogenize be- 
tween 130 ø and 280øC, and are present in MGO and ear- 
lier stages. Type 2C inclusions also contain H•O _+ CO• as 
shown by clathrate formation; however, they fail to 
nucleate a readily apparent third fluid phase upon cool- 
ing. Type 2C inclusions are present in minerals of the 
LGO and earlier stages. Type 2D low-salinity aqueous in- 
clusions homogenize over a wide range of temperature 
and are present in all samples but are dominant in LGO 
and younger stages of the paragenesis. All these types of 
two-phase H20-rich inclusions were apparently classified 
as "type I liquid rich" by Radtke et al. (1980). 

A second major group of two-phase inclusions contains 
dominantly high-density CO•t) at room temperature. 
Type 2E inclusions contain both liquid and vapor CO• in 
varying proportions and homogenize to CO•t• between 
25 ø and 31øC. Type 2F inclusions contain a small amount 
of H•O•t• surrounding a large volume percent 
which nucleates a third phase, CO•v•, upon cooling below 
room temperature (Fig. 3). Type 2F inclusions lack low- 
density water vapor; however, at 25øC these inclusions 
meet the criteria of being type II vapor-rich as defined by 
Radtke et al. (1980). 

Three varieties of fluid inclusions with three phases at 
25øC (liquid H.20, liquid CO•, CO• vapor) were observed. 
Similar inclusions have been reported by Nash (1972) and 
Radtke at al. (1980). The most common is type 3A in 
which the two CO• phases homogenize to CO2•t• below 
31øC. Type 3B is less common and contains two CO• 
phases that homogenize to CO•cv• below 31øC. Both type 
3A and 3B varieties show final homogenization to 
between 130 ø and 280øC, most commonly at 215 ø 
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TABLE 2. Major Types of Fluid Inclusions in Samples from the Carlin Gold Deposit, as Observed at 25øC 

Type Major contents Comments Stage I and veinlet group 

1A One-phase CH4 + CO• 
lB One-phase CO•, only trace CH 4 
1C One-phase H20 
2A Two-phase 
2B Two-phase H•O-rich with CO•(t) 
2C Two-phase H•O with low CO2 
2D Two-phase H•O(t+•), low salinity 
2E Two-phase CO• rich with 

CO•(/+v) 
2F Two-phase CO•(t) with minor 

H•O(•) 
3A Three-phase H•O-rich CO•(/+•) 
3B Three-phase H•O-rich CO•(•+•) 
3C Three-phase CO•-rich, with 

minor H20(/) 

Nucleates vapor bubble below -82øC 
Triple point melting near -56.6øC 
May nucleate vapor at low T 
High-salinity H•O(t), first-melting T very low 
Generates CO•(•) on cooling 
Forms clathrate at low Tc% 
No clathrate formed on cooling 
Homogenizes to CO2(t) at 25ø-3 IøC, melts 

near -56.6øC 

Generates CO•(•) on cooling, melts near 
-56.6øC 

CO• homogenizes to CO•(•+v) 
CO• homogenizes to CO•(•) 
CO• phase homogenizes below 31øC 

HC, BBM (A, B) 
MGO (C, Dgr, E) 
LGO (E, F) 
HC, BBM (A, B) 
MGO (C, Dgr, E) 
MGO (C, Dgr, E) 
Leo (E, F) 
MGO (C, Dgr) 

MGO (Dgr) 

MGO (C, Dgr, E) 
MGO (Dgr) 
MGO (C, Dgr, E) 

i Inferred main stages of formation; inclusions also commonly occur as secondary inclusions in earlier stages 

_ 30øC. Rare type 3C inclusions are CO2 rich with minor 
H20, occur in MGO stage quartz, and behave similarly to 
CO•-rich type 2E inclusions. 

Fluids at Carlin prior to gold mineralization 

For the HC stage, typical filling temperatures of brine 
inclusions and the P-V-T relations of the coexisting CH4 
___ CO• mixture indicate P-T conditions around 155 ø 
_ 20øC and 0.6 to 1.4 kbars during or after the formation 
of these early veins (Kuehn, 1989; Kuehn et al., unpub. 
data). Homogenization and ice-melting temperatures for 
inclusions in HC, MGO, and LGO stage veinlets (Fig. 4) 
clearly demonstrate the absence of the early brine (Tinice 
< -10øC) in MGO and later stages of the paragenesis as 
well as the presence of secondary aqueous fluid inclusions 
with MGO and LGO stage characteristics in the early HC 
stage veinlets. 

Both type 1A high-density CH4 and type 2A saline 

aqueous inclusions were observed in several BBM stage 
samples, and pyrobitumen veinlets locally cut BBM stage 
veins (Hausen, 1967). These observations indicate a close 
relationship in time and depth to the HC stage. Radtke et 
al. (1980) report salinities in liquid-rich inclusions from 
samples which also contained base metal sulfides (5109-J 
and 3512-M) ranging from 9.7 to 16.7 wt percent NaC1 
equiv. Homogenization temperatures in these Radtke 
samples generally were higher than 225øC and consistent 
with sulfur isotope fractionations of barite-sphalerite and 
barite-galena pairs yielding temperatures between 250 ø 
and 305øC (Radtke et al., 1980). 

Fluids during the main and late gold ore stages at Carlin 

The main inclusion assemblage in group C quartz is CO• 
rich and similar to that found in group D quartz veinlets 
cutting jasperoids. Minor to moderate CH4 in some inclu- 
sions may have resulted from cracking of relatively ma- 

TABLE 3. Synopsis of Fluid Characteristics of Major Stages of the Carlin Paragenetic Framework 

Fluid characteristics Hydrocarbon (HC) Late oxidation 
and constraints stage Main gold ore (MGO) stage Late gold ore (LGO) stage (OX) stage 

Age estimates Pre-Early Early Cretaceous (• 120 Ma) Tertiary to Recent 
Cretaceous 

(> 120 Ma) 
Temperature (øC) 155 _ 20 215 _+ 30 175-250 (?) Probably < 150 
Pressure 0.6-1.4 kbars 800 +__ 400 bars Undefined Probably low 
Salinity (wt percent Ca. 16 _ 4 Ca. 3 _+ 1 <1.57 Probably very low 

NaCI equiv) 
Immiscible conditions Yes: CH4-H•O Yes: CO•-H•O No No 
Evidence High-density CH4 High-density CO2 
Major and trace gases Major CH4; minor Major CO• with H•S; minor Minor CO•; trace H•S, SO2 Virtually absent 

present CO=, H•S CH4 (SO:27) 
filsO of fluid reservoir 8-13 5-9 <-4 to -3 Probably near 0.0 

(%0) 
fid of fluid reservoir •9; connate water? Inclusion fluids: -87 to -153; Inclusion fluids: -139 to -149 Undetermined 

(%0) kaolinitc: - 161 
Control on •3C Country-rock Country-rock carbonates Country-rock carbonates Partly organic 

carbonates matter 

Calcite range (%0) (-1.0 to +2.1) (-1.6 to 0.1) Possibly Corganic (--1.6 to +2.0) (--7.6 to --4.6) 
Probable origin Connate brine Evolved meteoric water plus Meteoric water Meteoric water? 

deep volatiles, Au 
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FIG. 3. High-density CO2-rich fluid inclusions typical of MGO stage (group Dgr) samples and containing either 
one, two, or three phases at 25øC. Samples C83-036 and C83-009. Inclusions shown in A and B are also described 
in Pasteris et al. (1986). A. CO2-rich inclusion at 23øC which is two-phase at 25øC and nucleates a third central 
COa•v• phase with less than 2øC of cooling. Total homogenization is to the CO• phase. B. Three-phase fluid inclusion 
at 25øC where the two central CO• phases homogenize to the CO• 0 phase prior to 31 øC; total homogenization is to 
the H20 phase around 240øC. C. Coexisting H•O-rich and CO•-rich inclusions in the same field of view representing 
opposite sides of the CO•-H•O solvus. Dark CO2-rich inclusion appears to contain only one phase at 25øC; upon 
cooling, a CO•v• bubble nucleates at around 11 øC. D-F. This large CO•-rich inclusion appears to contain only one 
phase at 24øC (D) although a small amount of water probably wets the inclusion walls. At 18øC (E) a CO• bubble is 
present which shrinks and disappears upon warming to 24øC (F). 

ture bitumen at high temperatures adjacent to the dikes, 
possibly accompanied by thermal decomposition of car- 
bonate wall rock to furnish the CO2. Because it is unlikely 
that all the abundant CO2-rich inclusions in group C 
quartz veins are secondary and much later than the sparse 
CH4-rich inclusions in this same quartz, the typical CO•- 
rich fluids like those in group D were probably present 
during the formation of group C veins. 

Jasperoidal silica breccia veinlets are usually devoid of 
inclusions; however, the commonly associated gray 
translucent and milky white MGO stage quartz contained 
various combinations of nearly CHa-free, H•O-CO• inclu- 
sions of types 1 B, 2B, 2E, 2F, and 3A-C (Fig. 3). The H•O 
_ CO2 inclusions preserved in MGO stage veinlets ho- 
mogenize over a wide temperature range, with a median 
homogenization temperature (Thin) of about 215øC and 
an ice-melting temperature (Tinice) of about -3øC (Fig. 4). 
Although these inclusions represent primary and second- 
ary MGO and LGO stage fluids, the majority have dis- 

tinctly lower Tinice than inclusions in LGO stage quartz 
(median T•ice about -IøC), and are taken to represent 
MGO stage fluids. 

Because some inclusions in HC stage veinlets have Th(0 
an T•i•e values similar to inclusions in MGO stage veinlets 
(Fig. 4), these inclusions in HC stage quartz may be sec- 
ondary inclusions containing MGO stage fluids. However, 
the inclusions with lower T•i,• values (<4øC, filled sym- 
bols in Fig. 4) might represent either fluids of the BBM 
stage, or saline HC stage inclusions opened and diluted 
with later, less saline MGO stage and/or LGO stage fluids 
(Sterner and Bodnar, 1989). Because of the small scatter 
and the overlap with MGO stage inclusions, the interme- 
diate-salinity inclusions are considered more likely to rep- 
resent either the main gold ore or BBM stages. 

The ubiquitous presence of LGO stage and later fluid 
inclusions in all MGO stage samples and the lack of ade- 
quate data for the system H•O-CO•-NaCI make constrain- 
ing P-T-X conditions during the MGO stage difficult. In 
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addition, although the cloudy MGO stage material con- 
tained a myriad of 1- to 3-/•m-diam inclusions, they were 
typically too small to work with and commonly only a few 
inclusions per sample yielded quantitative data. Figure 5 
shows a compilation of homogenization temperatures for 
aqueous inclusions from quartz of the main gold ore stage 
(groups C, Dgr, and Dgp). Evaluation of temperatures 
during MGO stage time must consider (1) leakage to cre- 
ate erratic higher values, (2) secondary trapping of low- 
salinity LGO stage and later fluids, and (3) trapping of 
MGO stage fluids in a one-phase condition requiring a 
pressure correction. With these caveats in mind, based on 
the average value and large population variance, the best 
estimate of the minimum temperature during MGO stage 
time at Carlin is 215 ø + 30øC. 

Although the CO2-rich inclusion types 2E and 2F, and 
the closely related types lB and 3C, exhibit a wide range 

of characteristics at 25 ø , all could result from trapping in 
a limited range of P-T-X conditions (Cormoily and Bodnar, 
1983). All four varieties of high-density CO2-rich inclu- 
sions are thought to represent the CO2-rich side of the 
H20-CO2(q- NaC1) solvus (Roedder and Bodnar, 1980; 
Pichavant et al., 1982; Ramboz et al., 198'2; Bodnar et al., 
1985). The temperatures and modes of homogenization 
of the two CO2 phases in these CO•-bearing fluid inclu- 
sions provide constraints on trapping pressures at Carlin 
during the MGO stage. These pressure estimates are only 
approximate minimum values because (1) the H20-CO2 
solvus for temperatures between 180 ø and 250øC is not 
very sensitive to pressure and the CO2 content of the bulk 
fluid cannot be determined accurately, (2) the solvus in 
the system CO2-H20 expands greatly in the presence of 
even small amounts of dissolved components such as NaC1 
(Gehrig, 1980), and (3) other gases (CH4, H•S, and SO2) 
could significantly affect the P-V-T-X properties of the 
fluid; however, in most samples, the trace amounts de- 
tected by mass spectrometry probably have little effect 
(Diamond, 1994). 

For CO2-rich MGO stage inclusions of types lB, 2E, 2F, 
and 3C in which CO2 phases are observed to homogenize 
to CO2(/; between 10 ø and 31øC and final Th values are 
180 ø to 250øC, the required trapping pressures range 
from 400 to 1,400 bars (Fig. 6A). The H20-rich type 2B 
and 3A inclusions which have an observed CO• homoge- 
nization to CO•(/; between 20 ø and 31øC require pres- 
sures from 750 to 1,700 bars. The H20-rich type 3B in- 
clusions that homogenize to CO2(•; between 25 ø and 31øC 
require pressures from 300 to 750 bars. Type 2B and 3A 
inclusions are much more common than type 3B and could 
give rise to this latter type with minor amounts of stretch- 
ing or leakage. In contrast, no post-trapping effects could 
generate type 2B or 3A inclusions from fluids of composi- 
tions and densities that would naturally give rise to type 
3B inclusions. 

Salting out of CO2 from the aqueous phase could sig- 
nificantly affect the calculated CO• homogenization tem- 
peratures shown in Figure 6A by increasing the effective 
bulk density of the free CO2 in the inclusion (Bodnar et 
al., 1985). Because of the small volume percent H20(0 in 
CO2-rich type lB, 2E, 2F, and 3C inclusions, these effects 
are much less severe. Consequently, the high-density 
CO2-rich inclusions representing the CO2-rich side of the 
H•O-CO2 (_ NaC1) solvus provide the best estimate of 
minimum trapping pressures, 800 q- 400 bars. 

Up to 2.43 mole percent CO2 can remain dissolved in 
the aqueous phase without generating a separate CO2 liq- 
uid phase at 25øC (Bodnar et al., 1985). At room temper- 
ature these inclusions would have an internal pressure of 
64 bars and appear as H20-rich types 2C or 2D. Higher 
CO2 contents are required for type 3B inclusions, and 
minimum CO2 contents of around 5 to 10 mole percent 
CO2 can be estimated using CO2/H•O volume ratios of 
H•O-rieh type 2B and/or 3A inclusions (Bodnar et al., 
1985). Depending on the effects of dissolved NaC1 and 
other components, the actual amount of CO2 may be 
somewhat lower. 

Coexisting H20-rieh (types 2B, 3A, 3B) and CO2-rieh 
(types lB, 2E, 2F, 3C) inclusions suggest that two-phase 
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FIC. 5. Histogram of homogenization temperatures of aqueous fluid inclusions in samples from veinlet groups C, 
Dgr, and Dgp. Average value and one standard deviation are highlighted. 

conditions are recorded during at least portions of MGO 
stage time. These immiscible conditions, and in particu- 
lar, the existence of CO2-rich inclusions, constrain both P 
andT during MGO stage time to 800 _ 400 bars and 215 ø 
+ 30øC (Fig. 6A). 

Only minimum estimates of temperature are provided 
by fluid inclusions in LGO and later stages because only 
type 2C, 2D, and 1C low-salinity H20-rieh inclusions are 
present. However, as shown in Figure 6B, the isoehores 
for type 2D inclusions homogenizing at 150 ø to 220øC 
(avg 180øC) project into the same 0.5- to 1.0-kbar region 
where fluids containing 5 to 10 mole percent CO• would 
be in a one- or two-phase condition and could generate 
type 2B inclusions. Figure 6B also shows that for a given 
T and CO• content, a drop in pressure would result in a 
two-phase condition whieh could give rise to coexisting 
H•O-rich type 2B, 3A, and 3B and CO•-rich type lB, 2E, 
2F, and 3C inclusions. 

Additional constraints on maximum temperatures at 
Carlin: Three separate observations constrain maximum 
temperatures during or after gold mineralization at the 
Carlin deposit. First, all samples of purified realgar from 
LGO stage veinlets throughout the ore zone and hanging 
wall show clean alpha-AsS X-ray diffraction patterns, pro- 
viding an upper temperature limit of around 265 ø ___ 5øC 
(Hall and Yund, 1964). Second, the melting points of el- 
lisite (TlaAsSa) at 325øC, lorandite (T1AsS2) at 292øC, and 
orpiment (As•Sa) at 311øC also provide upper limits on 
temperature (Dickson et al., 1979). 

Finally, both Ar4ø/Ar a9 measurements on K mica sepa- 
rates from propylitically altered dike material (Kuehn, 
1989) and conventional K/Ar measurements on mineral- 
ized sedimentary rocks from Carlin (W.C. Bagby and W. 
Pickthorne, pers. commun., 1984) show only minimal re- 
setting due to later thermal events. Burton et al. (1985) 
found similar results for mineralized samples from the Jer- 
ritt Canyon, Sterling, Getcheil, and Alligator Ridge de- 
posits. In contrast, Arehart et al. (1993c) and Osterberg 
(1989) found appreciably reset ages in certain samples 
from the Post-Betze and Chimney Creek gold deposits. In 
order for fine-grained K mica to recrystallize and/or to 
lose appreciable Ar, temperatures must exceed about 
250øC for a significant period of time, based on studies of 
metamorphic rocks (McDougall and Harrison, 1988). 

These three separate lines of evidence suggest that tem- 
peratures during MGO and LGO stage deposition at Car- 
lin probably did not exceed 250 ø to 265øC for extended 
periods of time, in agreement with the fluid inclusion data 
for MGO and LGO stage veinlets suggesting that temper- 
atures were dominantly 215 ø ___ 30øC. 
Trace gas studies of Carlin fluid inclusions 

Thirty representative samples were analyzed for water 
and trace gas components in thermally decrepitated indi- 
vidual inclusions using a mass spectrometric technique 
(Barker and Smith, 1986; Bendrick, 1989). Reported data 
assume that all components are equally sensitive, which is 
probably not exactly correct. Therefore, attention should 
be focused on differences between samples, rather than 
on absolute ratios or absolute quantities. 

Figures 7 and 8 summarize the changes in relative 
amounts ofCH4, CO•, H•S, and SO• through the paragen- 
esis. Because all inclusions in each sample are analyzed 
and reported in Figure 8, older stages of the paragenesis 
may contain gases from secondary inclusions, which can- 
not be distinguished from primary inclusions in this 
method. The apparently high CO2 content recorded in 
the BBM stage may be such an example. 

Hydrogen sulfide values are highest in the BBM stage, 
probably derived by thermal cracking of kerogen (Tissot 
and Welte, 1984) or by thermochemical SO4 reduction by 
organic matter during late catagenesis and metagenesis. 
Maximum H•S concentrations occur at depths between 3 
and 5 km (Tissot and Welte, 1984, p. 455), corresponding 
well with the 2.5- to 5.8-km constraints independently 
provided by HC stage fluid inclusion data (Kuehn, 1989). 

The significant amounts of H•S and SO• detected in 
both MGO and LGO stage samples are not readily dis- 
cernible with conventional fluid inclusion techniques. La- 
ser Raman microprobe studies have also detected H•S in 
individual CO2-rich MGO stage fluid inclusions at Carlin 
(Pasteris et al., 1986). The trace gas studies at Carlin 
clearly show high CO•/CH 4 ratios as well as the presence 
of H•S and oxidized sulfur gases (SO•) during the MGO 
and LGO stages. 
Salinities of Carlin fluid inclusions 

The Tinice values (Fig. 4) can be interpreted only as max- 
imum apparent salinities because of the possible effect of 
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FIG. 6. A. Calculated homogenization temperatures (Th) and phase re- 
lations (light solid and dashed lines) for the two COo phases in H•O-CO• 
fluid inclusions for a range of trapping conditions, plus interpretation of 
trapping conditions at Carlin. L/V = critical isotherms (31øC) for both 
types of inclusions. Vertical pattern = area between these critical iso- 
therms. IfPtrapping lies above the critical isotherm, then the two CO• phases 
homogenize to CO•(/), and conversely, below it to CO•(v). Bold dashed line 
= H20-rich type 3A and 2B inclusions with final Th values of 215 ø _+ 35øC 
and Thco to CO•(0 of 20 ø to 31øC. Bold dash-dot line = H•O-rich type 3B 
inclusio;;s with final Th values of 215 ø ___ 35øC and Thco to CO•(v) of 25 to 
31øC. Bold solid line = CO•-rich type lB, 2E, 2F, and •C inclusions with 
Thco, to CO•(t; of 10 ø to 31øC and final CO•-H•O homogenization values of 
215 ø +_ 35øC. Oval line -- approximate P-T conditions where drops in pres- 
sure would result in immiscible conditions and could develop the observed 
MGO stage and LGO stage assemblages of coexisting H20-rich and high 
bulk density CO•-rich inclusions. B. P-T diagram for pure water (similar to 
LGO stage fluids) and solvi for fluids containing 5 and 10 mole percent 
CO• (MGO stage fluids). Patterned area = P-T conditions that can account 
for the MGO and LGO stage fluid inclusion assemblage at Carlin. Figures 
calculated by the methods outlined by Connolly and Bodnar (1983) and 
Bodnar et al. (1985). Effects of dissolved NaCI and other components are 
not included. 

Apparent salinities during the HC stage ranged from a 
minimum of around 16.3 to >21.1 wt percent NaC1 equiv. 
Maximum apparent salinities were also high during the 
BBM stage (9.7-16.7 wt % NaC1 equiv, Radtke et al., 
1980). 

Salinity during the main gold ore stage is more difficult 
to constrain due to depression of T•, by high CO• 
contents and the effects of other gases. For example, 0.85 
m CO• causes a decrease to -1.48øC (Hedenquist and 
Henley, 1985). Melting of metastable ice in the presence 
of both CO•(L+v) and the absence of CO•. clathrate can ac- 
count for Tmon, values as low as -4.5øC in an NaCl-free 
system (Burruss, 1981; Hedenquist and Henley, 1985). 

Final ice-me]ting temperatures in group C, Dgr, and 
Dgp samples range from -0.2 ø to -6.4øC and average 
-2.8øC based on about 110 measurements. Final ice 

melting in aqueous inclusions with visible CO•.(L+v) oc- 
curred as high as -0.3 ø to -0.5øC. Considering the 
-6.4øC value previously mentioned, maximum apparent 
sa]inity estimates for MGO stage fluids average about 5 wt 
percent NaC1 equiv (range 1-9.5%), based on the data of 
Potter et al. (1978). Alternatively, clathrate-melting tem- 
peratures from group C and D quartz range from 7.3 ø to 
9.9øC and average around 9øC for about 30 measure- 
ments. Given gas analyses suggesting about 95 percent 
CO•, 5 percent CH4, and minor HaS (Bendrick, 1989), 
these c]athrate-me]ting temperatures indicate salinities 
less than 5 percent and probably about 3 + 1 wt percent 
NaC1 equiv (Hedenquist and Henley, 1985; Collins, 
1979; Diamond, 1994, fig. 18). 

A He-stage 
•I4 T06-191.5 

H20 _ 2 C02 
Major C• 2 

B MGOS Z 
-0 

H25 032 

H20 CO 2 
Major Components 

CH 4 and CO•. clathrates on ice-melting temperature (Col- 
lins, 1979; Hanor, 1980; Hedenquist and Henley, 1985). 
The effects of mixed gas clathrates can also lead to uncer- 
tainties in estimated salinity (Diamond, 1994). 

FIG. 7. Representative trace gas analyses of HC stage and MGO 
stage quartz samples, showing composition of bursts mainly represent- 
ing single inclusions (after Bendrick, 1989). Sample C85-008 is typical 
mineralized MGO stage quartz (Fig. 2C); sample TO6-191.5 is quartz 
separated from an HC stage quartz-calcite-pyrobitumen veinlet (elev 
6,089 ft, N23807, E20199). 
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FIG. 8. Changes in gas composition as a function ofparagenetic stage 
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Because LGO stage fluids have very low salinities and 
could be represented by secondary inclusions in MGO 
stage samples, the average MGO stage salinity estimate 
may be biased toward a low value. Alternatively, because 
clathrate formation may artificially depress the final melt- 
ing point of ice and could account for significant depres- 
sion of the freezing point, apparent salinity estimates of 
the MGO stage fluids may be biased to a higher value. 
Acknowledging these competing effects, and considering 
the limited CO2 clathrate data and its inherent caveats, 
the salinity of MGO stage fluids is estimated to be 3 ___ 1 
wt percent NaC1 equiv. 

Most freezing point depressions in LGO stage barite 
and calcite samples fall between 0 ø and -3.1øC and aver- 
age around -0.7øC based on more than 100 measure- 
ments. Some inclusions in LGO stage samples contain a 
colorless solid phase which persists above 0øC, generally 
melts above 9.2øC, and is interpreted to be a dominantly 
CO2 gas clathrate based on gas analyses of similar sample 
material by Bendrick (1989). These relatively high CO• 
clathrate-melting temperatures are consistent with low 

salinities, assuming that any other dissolved gases present 
have a negligible effect. Because many Tinice values were 
measured at temperatures between -0.5 ø and 0.0øC, the 
maximum apparent salinities of LGO stage and later fluids 
are very low, even if there are small amounts of dissolved 
CO• present (Hedenquist and Henley, 1985). Maximum 
salinity estimates of LGO stage fluids average around 1.5 
wt percent NaC1 equiv and are lower than the most con- 
servative estimates of MGO stage salinity. 

Discussion of fluid inclusion studies 

Several features in this study contrast with earlier fluid 
inclusion studies at Carlin (Nash, 1972; Radtke et al., 
1980). First, the high-salinity inclusions reported by pre- 
vious workers as resulting from the boiling off of salt-free 
vapor are probably HC stage brines trapped in early min- 
eral phases, some of which may be enclosed by later MGO 
or LGO stage minerals. 

Second, the reported presence of low-density H•O-va- 
por inclusions which homogenized to vapor could not be 
confirmed. As discussed by Roedder and Bodnar (1980), 
Ramboz et al. (1982), Pichavant et al. (1982), and Bodnar 
et al. (1985), the lack of such inclusions removes the evi- 
dence for the proposed conventional boiling at Carlin. 

Finally, gas-rich inclusions which represent the vapor 
sides of solvi in the H•O-CH4 (+ NaC1) and H20-CO• (+ 
NaC1) systems were observed in this study but are re- 
stricted to specific stages in the paragenesis. Based on 
H•O-CO• immiscibility at Carlin, the estimated pressure 
during MGO stage time is at least an order of magnitude 
greater than the 40 bars reported by Radtke et al. (1980). 

Stable Isotope Studies 

Prior stable isotope data on mineral separates and 
whole rocks (Radtke et al., 1980; Hausen and Park, 1986; 
Dean et al., 1987) were used to develop the shallow-level, 
meteoric water hydrothermal, or boiling hot spring model 
for the formation of carbonate sediment-hosted dissemi- 

nated gold deposits (Rye, 1985). These plus some new iso- 
topic data (Kuehn, 1989, appendix F) are here reevalu- 
ated in light of the new paragenetic and fluid inclusion 
data of this study, to argue for a relatively deep geologic 
setting and the presence of two isotopically different 
fluids. 

Carbon and oxygen isotopes in calcite veinlets 

The r5•3C and rS•SO values of new and published data on 
calcite samples distinguished by stage are summarized in 
Figure 9. 

A calcite vein of the BBM stage has a relatively high 
rS•SO value at 16.2 per mil. For a formation temperature 
of 225 ø to 250øC (Radtke et al., 1980), the calculated 
rS•SO•i•o values are 8 to 9 per mil (Friedman and O'Neil, 
1977) and are similar to 8 to 13 per mil for the HC stage 
(Kuehn, 1989). The near-zero r5•3C values for the HC and 
BBM stages appear to be largely controlled by country- 
rock carbonate rather than organic matter. 

The majority of the rS•aC values for MGO and LGO stage 
calcite veins cluster in the range 0.0 ___ 2.0 per mil (Fig. 9) 
and are also inferred to be determined mainly by carbon 
in country-rock carbonates, with little indication of lower 
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FIG. 9. Carbou and oxygen isotope values for calcite at the Carlin 
mine. Data from Radtke (1985) and Kuehn (1989). Path from I to 2 
indicates most likely shift to lower •]So values during LGO stage calcite 
vein formation; OX stage calcite is near 3, and minor MGO stage calcite 
near 3 may be present (indicated by ?). 

•3C values from oxidation of organic carbon. However, 
in many MGO and LGO stage samples, the •lSO values are 
strongly shifted from country-rock values of 14 to 18 per 
mil to lower values near 0.0 per mil (Fig. 9). 

Where demonstrated by crosscutting relations, later 
LGO stage calcite generally has lower •SO values than 
early LGO stage calcite. Also, some very late calcite has 
•3C values of-5 to -6.2 per mil, suggesting that carbon 
with low •3C values may have entered the system at this 
later time. 

Oxygen isotope data on chert, jasperoid, and quartz 
The •SO values of four samples of quartz selected to 

represent the HC, MGO, and LGO stages range from 9.6 
to 27.01 per mil and span the range of published analyses 
of SiO2-bearing samples from Carlin (Fig. 10). 

HC stage quartz from a quartz-calcite-pyrobitumen 
veinlet contained the heaviest •lSO value reported for 
Carlin samples (27%0). At 175øC the fluid in equilibrium 
with this quartz would have a •sOn2o value of 11.9 per 
mil using the calibration of Taylor (1979). These compo- 
sitions correspond well with the values of 8 to 13 per mil 
calculated for water in equilibrium with the coexisiting 
HC stage calcite (Fig. 11). Several other samples, includ- 
ing three cherts and a cherty jasperoid, have very high 
8•SO values (23.3-25.2%0) and may have formed under 
conditions similar to those of the HC stage. 
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FIG. 10. Histogram of oxygen isotope values from chert, jasperoid, 

and quartz at the Carlin mine. Data from Kuehn (1989) and Radtke 
(1985). Arrows indicate the four samples analyzed in this study. 
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FIG. 11. Calculated oxygen isotope composition of water from 
which veins aud jasperoids at Carlin were precipitated. 

MGO stage jasperoids and quartz veinlets: MGO stage 
jasperold •SO values generally lie between 13 and 17 per 
mil and MGO stage quartz veins have •sO values between 
18 and 22 per mil (Fig. 11). For the 215 ø ___ 30øC estimate 
from MGO stage quartz fluid inclusions, calculated 
•sOn2 o values during MGO stage quartz vein formation 
are 4.0 to 11.5 per mil (for 185ø-245øC and 18-22%0) and 
most probably 5 to 9 per mil for 215øC (Fig. 11). In com- 
parison, for a similar temperature range MGO stage jas- 
perolds indicate a fluid with •sO•o values between -1.2 
and +6.5 per mil and probably about 1 to 5 per mil. The 
•SO values of quartz and jasperold thus show a wide 
range similar to that of the calcite samples. 

CO2-rich fluid inclusions were identified in several MGO 
stage (group Dgr) quartz samples with •sO values of 19.8 
to 21.8 per mil. Because the gas-poor MGO stage (group 
Dgp) quartz sample C84-028 also has a •sO value of 21.8 
per mil, the group Dgr and Dgp quartz samples probably 
formed from isotopically similar fluids. These high •SO fluids 
apparently persisted locally after high CO2 fluids. 

LGO stage quartz and jasperoid: Sample C84-024B 
consisting of clear vug-filling microcrystals of quartz less 
than 1 mm long had a •SO value of 9.8 per mil. Only one 
East Pit jasperoid at Carlin reported by Radtke et al. 
(1980) had a similar low •sO value of 9.3 per mil. At tem- 
peratures of 175 ø to 250øC, these LGO stage samples in- 
dicate a fluid with •sO•o values of-5.8 to -0.7 per mil 
(Taylor, 1979). 

Isotopic data on inclusion fluids and dickite-kaolinite 
One sample of HC stage quartz and two samples of 

group C quartz were crushed in a vacuum system and the 
evolved H•O and CO• analyzed isotopically by Geochron 
Labs (Table 4A). Water in group C quartz has very low 
•D values of-87 and -118 per mil, suggesting meteoric 
origin, whereas the value from the HC stage sample is 
near that of seawater, as expected for diagenetic pro- 
cesses. The •3C values of CO• are slightly negative, per- 
haps suggesting an organic admixture to a CO• domi- 
nantly from carbonate. 

The •D values for kaolinite-dickite from ajasperoid and 
a dike are very negative, as previously reported by Radtke 
(1985), and indicate formation from water of about -155 
per mil (Table 4B). 

Discussion of carbon, oxygen, and hydrogen isotope data 
Barite + base metal stage: Fluids at 250 ø to 275øC hav- 

ing •sO•o values between 8.0 and 11.0 per mil (Fried- 
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TABLE 4. Isotopic data (see Kuehn, 1989, for additional information) 

Sample 
no. Comments 

A. Gas extractions of fluid inclusions 

Carbon dioxide Water 

{513CpD B (•0) {518OsMow (%0) bDs•ow (%0) b'SOs•ow (%0) 

C85-005 Quartz vein in dike -5.0 
C85-017 Quartz vein in dike -4.9 
C85-030 HC stage quartz -3.9 
Gas extractions and analyses by Geochron Labs 

29.6 

35.9 

25.5 

B. Dickite-kaolinite 

-118 

-87 
-9 

-14.0 

-9.0 

1.7 

Calculated •DHa O (%0) 
Sample 

no. Comments bDsMow (%o) b•SOsMow (%0) 200øC 225øC 250øC 

C85-023 Veins in jasperoid -161 +2.3 -161 -153 -147 
C85-025 Altered dike - 164 -0.2 - 164 - 156 - 150 

23-J Kaolinite-sericite (Radtke, 1985) - 160 -160 - 152 - 146 

Dickite-kaolinite is from jasperoid and an intensely altered dike in the East Pit; analyses by W. Pickthorn, U.S. Geological Survey; bD values of 
H20 calculated after Friedman and O'Neill (1977) 

man and O'Neil, 1977) would account for the oxygen iso- 
tope composition of barites (Radtke, 1985) as well as of 
the calcite sample with sphalerite (Kuehn, 1989, sample 
T24-66.6, table 3.6). These blsOn2o values, as well as the 
b•ac values, are generally similar to those of the HC stage 
and were also dominated by the surrounding carbonate 
rocks. 

Gold ore episode samples: The isotopic data clearly in- 
dieate at least two types of fluid during the gold ore epi- 
sode. Only the calcite veinlets having the highest 8•sO val- 
ues (near point 1 in Fig. 9) can have precipitated at 
<275øC from a fluid in equilibrium with MGO stage jas- 
perolds and quartz veinlets (Fig. 11). Similarly, no sam- 
ples of MGO stage quartz or jasperoid at Carlin can have 
precipitated in the 1.50 ø to 250øC range from a fluid with 
a 8•sOn2o value low enough to form the LGO stage calcite 
veins. These low 8•sO LGO stage calcite veins, some of 
which contain realgar, cinnabar, tetrahedrite, and barite, 
apparently precipitated from a different fluid, inferred to 
be unevolved meteoric water with 8•sOn•o values less 
than about -3.0 per mil. 

Although a fluid with this low b•sOn•o value could ac- 
count for the LGO stage quartz and jasperoid samples, a 
fluid with a much higher 8•sO value is required to account 
for the •sO values of MGO stage jasperold and quartz 
veinlets. At temperatures of 200 ø to 225øC, minimum cal- 
culated 8•sOn•o values of 0.0 to 1.5 per rail are required 
for even the jasperoids with the lowest 8•sO values. Con- 
siderably higher 8•sOn•o values (5-9%0) are required for 
the MGO stage quartz veinlets, many of which cut jas- 
peroid. These data indicate at least two separate fluids, 
one with relatively high b•sOn2o values reflecting signifi- 
cant isotopic exchange with sedimentary and/or metased- 
imentary rocks, and one isotopically unevolved, probably 
reflecting relatively unexchanged meteoric water. Mixing 
of these two fluids is a likely explanation for most jas- 
peroids and calcites with intermediate calculated 8•sOn2o 
values. 

The alternative hypothesis--that the jasperoids formed 
from the same fluid as the quartz--requires temperatures 
in excess of 250øC, which exceeds the upper limits out- 
lined previously. A third possibility for intermediate val- 
ues is interaction with the carbonate hosts (Radtke, 1985), 
but the extensive dissolution of carbonate and precipita- 
tion of silica suggests that large quantities of hydrother- 
mal water dominated the system. 

According to the boiling hot spring model developed by 
Rye (1985), this b•sO shift to lower values corresponds to 
oxidized zone samples and is due to influx of low-temper- 
ature ground waters. However, unoxidized MGO and 
LGO stage veinlet samples of this study, several contain- 
ing As sulfides and sulfosalts, also show the shift to low 
b•sO values. Thus, the strong shift to lower b•sO values 
occurred in unoxidized rocks. In other words, the shift to 
lower oxygen values is not related to the process(es) re- 
sponsible for oxidizing the rocks at Carlin. 

The b•aC values found in most of the MGO and LGO 

stages were apparently controlled by country-rock ear- 
bonates. This control is consistent with the large volumes 
of carbonate dissolved at this time. The hydrothermal flu- 
ids responsible for most calcite deposition are inferred to 
have changed with time from 1 to 2 in Figure 9. The lack 
of appreciable change in b•ac values in these calcites indi- 
cates that redox reactions involving organic matter, pos- 
tulated by some as an explanation for ore deposition, were 
minor during gold mineralization. 

Two calcite samples, and CO2 extracted from MGO 
stage inclusions (Table 4), have distinctly lower 8laC val- 
ues. These data suggest that minor amounts of carbon with 
lower 8laC values were present during some stages of gold 
mineralization. 

The 8D values for water extracted from two samples of 
MGO stage quartz veins in dikes (-87 and -118%0) are 
significantly higher than the -140 to -153 per mil re- 
ported by Radtke et al. (1980), but the bD value of-118 
per rail is similar to values from event II inclusion fluids 
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at Jerritt Canyon (Northrup et al., 1987; Hofstra et al., 
1988). 

The two dickite samples plot distinctly off the kaolinRe 
line for weathering conditions (Taylor, 1979), having 
•80 values 5 to 7 per mil lower than expected for the 
measured •iD values. This difference, as well as the identi- 
fication as dickite, confirms that these clays are not super- 
gene, but typical of hypogene clays that probably formed 
at temperatures above about 200 ø to 225øC (Field and 
Fifarek, 1985; Rye et al., 1992). 

For the dickire samples, calculated •iDn2o values for 
225øC are -152 to -156 per rail (Friedman and O'Neil, 
1977) and correspond well with the •iD value of -153 per 
mil for inclusion fluids extracted from Au- and CO2-bear- 
ing quartz samples (Q-1 and 5630-J) by Radtke et al. 
(1980). 

If the MGO stage fluids actually have •iD values less than 
-100 per mil, then they must be mainly meteoric. With 
this interpretation, the •80 values require significant ox- 
ygen isotope exchange at moderate temperatures with 
sedimentary or metasedimentary rocks. Alternatively, the 
extracted fluids might be partly from secondary inclusions 
containing meteoric water (Foley et al., 1982). However, 
the kaolinRe results tend to confirm that the low •D values 

in fluid inclusions represent the ore stage rather than late 
secondary inclusions. More work is required to resolve 
the •D characteristics of various fluids present at Carlin 
and other sediment-hosted gold deposits. 

Oxidation (OX) stage samples: Travertine, calcite vein- 
lets with tan-colored oxidized halos, and calcite associated 
with Fe oxides have •ilsO values between 12.3 and 14.9 
per mil, which are similar to values in both unaltered and 
mineralized country-rock carbonates (Fig. 9). This sim- 
ilarity argues for rock-dominated •SO during oxidation-re- 
lated processes. Assuming that late-stage meteoric waters 
with •i•sOn2 o values of 0 to -10 per mil account for this 
oxidation of the rocks at Carlin, then temperatures of 40 ø 
to 125øC are necessary to explain these relatively high 
•i•SO values. These low temperatures are consistent with a 
weathering scenario for oxidation features. Oxidation 
stage samples also show relatively low •i•3C values (-4.64 
to -7.55%0, Fig. 9) which is consistent with oxidation of 
some organic matter during this period of time. 

Models of Origin 
This section incorporates previous geologic, geochemi- 

cal, fluid inclusion, and stable isotope data with those of 
the present study into a model for the formation of the 
Carlin gold deposit in a deep geologic setting of fluid mix- 
ing between hydrostatic and normally pressured fluids. 

Depth of ore formation 

A trapping pressure of 800 ___ 400 bars is required by 
the high-density CO2-rich fluid inclusions present in 
MGO stage quartz samples, given the temperatures indi- 
cated by coexisting H20-rich inclusions. Typical lith- 
ostatic pressure gradients of 250 bars/km require depths 
of at least 3.2 _ 1.6 km to reach this pressure. At a more 
likely gradient of 80 to 85 percent of lithostatic, which 
is a typical gradient for formation of vertical fractures by 
overpressured fluids in laterally stressed rocks (Gretener, 

1981; Engelder and Lacazette, 1990), the depth would 
be about 3.8 ___ 1.9 km. At the other extreme, passive hy- 
drostatic load conditions involving open communication 
with the surface (typical of hot springs and meteoric water 
circulation) would require minimum formation depths of 
8 ___ 4 km. Depths of 6 km or more appear geologically 
unreasonable given the fact that HC stage veinlet orienta- 
tion and fluid inclusion data define maximum depths of 
only about 6.1 km under conditions of lithostatic load 
(Kuehn, 1989), and significant burial is not documented 
in north-central Nevada after HC stage time (Early Creta- 
ceous). Similarly, the 0.5- to 1.0-kbar pressures reported 
by Hofstra et al. (1987) at Jerritt Canyon, Nevada, for gas- 
rich (event IIA) fluids responsible for gold mineralization 
define depths of 5 to 10 km under hydrostatic conditions. 
Pressure gradients appreciably in excess of hydrostatic 
are required to account for the 1- to 5-km depths of min- 
eralization proposed for Jerritt Canyon (Hofstra et al., 
1988). 

Formation of the Carlin deposit by a circulating mete- 
oric water at 150 ø to 220øC under conditions approaching 
lithostatic seems unlikely, because a lithostatically pres- 
sured fluid could not circulate directly from the surface 
and because of the likely increase of the •i•80 value of the 
water during even a short residence at 3.9 + 1.9 km and 
150 ø to 220øC. Therefore, juxtaposition of a hydrostatic 
fluid with a near-lithostatic (overpressured) hydrothermal 
system is indicated. 

Flow of the deep fluid from the overpressured to nor- 
mally pressured regime would have involved throttling of 
the fluid, defined by abrupt pressure decrease and fluid 
expansion, as discussed by Barton and Toulmin (1961), 
Toulmin and Clark (1967), and Sims and Barton (1962). 
Flow is focused through the throttling zone, and active 
mixing of the two fluids is expected on the low-pressure 
side. 

Under this model, the deep hot overpressured CO2-rich 
fluid would ascend along fault structures to the site of the 
present orebody at paleodepths of 3.8 + 1.9 kin. On 
reaching the Roberts Mountain Formation, it would en- 
counter an extensive zone of stratiform permeability de- 
fined by the bioclastic horizons. This zone is postulated 
to have contained fluid at near-hydrostatic pressure with 
good hydrologic connection to the surface. A pressure 
drop of about 500 bars is sustainable by rock strength at 
this depth (T. Engelder, pers. commun.). Some of the 
brecciation and faulting may reflect the rapid pressure 
transition and the accompanying rapid flow. 

Fluid characteristics 

Fluid inclusion and isotopic results also indicate the 
presence of two fluids during the gold ore episode (Table 
4): (1) a gas-rich (primarily CO• and H•S), moderate-sa- 
linity fluid which was lSO enriched (6.5-10%0 at 225øC) 
as a result of considerable oxygen isotope exchange with 
surrounding country rocks, but is apparently dominantly 
of meteoric origin based on its/iD values of-87 to -165 
per mil, and (2) a very low salinity, relatively gas-poor 
fluid with both •iD and •ilsO values typical of unevolved 
meteoric water. These two fluids are required to account 
for the wide range of •ilSO values in MGO and LGO stage 
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FIG. 12. Schematic diagram showing inferred environment of deposition of the Carlin ore at a throttling zone 
separating overpressuring from hydrostatic pressures, with resulting mixing of fluids. The deep CO2-rich fluid may 
be derived from skarn formation, magmatic devolatilization, or deep metamorphism. Norm. = normal, Rbts. Mtns. 
= Roberts Mountains, Srm = Silurian Roberts Mountains Formation. 

jasperoid and quartz and calcite veins, as well as the vari- 
able fluid inclusion characteristics of these same features. 

Possible origins of the high CO2 content of MGO stage 
fluids (Fig. 12) are (1) tapping of low- to moderate-grade 
metamorphic fluids by deep-seated structures, (2) contact 
metamorphism of carbonates lower in the Paleozoic sec- 
tion to form calc-silicates adjacent to buried intrusions, or 
(3) direct magmatic contribution from as yet unidentified 
intrusions at depth (i.e., not the Jurassic intrusive rocks 
exposed within about 10 km of Carlin). 

An exotic source for the CO2 is proposed because the 
relatively high gas contents (5-10 mole %) far exceed any 
contemporary geothermal analogue and require very high 
confining pressures not available in a near-surface mete- 
oric water. The acquisition of CO2 at these concentrations 
by ordinary water-rock interactions would require con- 
sumption of similar molalities of acid or oxidizing compo- 
nents (i.e., CaCO3 -{- 2H + = Ca 2+ + CO2 + H20; Corgani c 
+ O2 = CO2). Such high molalities of acid or oxidizing spe- 
cies are far higher than those recorded in normal geother- 
mal systems. Therefore, thermal breakdown of carbon- 
ates, or an igneous source, seems necessary to furnish the 
CO2. The C isotope data for CO2-rich fluid inclusions are 
also inconsistent with a dominantly organic origin of the 
CO2 but are permissive of the other sources. Any of the 
above sources of CO2 might also furnish elevated levels of 
H2S by pyrite breakdown accompanying carbonate break- 
down or by magmatic volatilization. 

The second distinctive characteristic of MGO stage flu- 
ids is their high •18OH20 values, which require significant 
isotopic exchange with sedimentary rocks at high temper- 
atures if the initial water is meteoric. Because the CO2- 
rich fluids would be carbonate and silicate destructive, 
the original meteoric fluid was evidently heated and ex- 
changed lSO with sedimentary materials prior to acquir- 
ing the CO2. The retention of a carbonate-destructive 
character despite passage through underlying carbonates 

before reaching the Roberts Mountain Formation seems 
to require flow along restricted channels bordered by si- 
licified country rocks, as suggested by the large outcrops 
ofjasperoid seen in surface exposures of footwall rocks. 

Inclusions of LGO stage fluids in calcite and barite veins 
containing As __+ Sb _ Hg __+ T1 phases have filling temper- 
atures of 150 ø to 220øC, but require an unknown pressure 
correction. If ore deposition occurred in a throttle be- 
tween shallow hydrostatic and deeper overpressured en- 
vironments at 3.8 __+ 1.9 km, then for an approximate pres- 
sure correction of 10øC/km, the trapping temperature for 
low-temperature LGO stage inclusions might be as low as 
170øC. 

Possible geologic settings 

The possible deep mixing environment is illustrated in 
Figure 12. This diagram shows a magmatic or skarn source 
for the CO2 and H2S, or an alternative source of metamor- 
phic fluids from the middle or deep crust (Cameron, 
1988). Mixing with meteoric fluids is interpreted to occur 
at a pressure seal separating the overpressured and nor- 
mally pressured environments. 

Overpressuring ("geopressuring") to values exceeding 
hydrostatic is reported to occur in most deep sedimentary 
basins (Hunt, 1990; Powley, 1990). Typically the change 
from overpressured to normally pressured occurs at a 
depth of about 3,000 m, at a seal zone with a thickness 
of a few hundred meters or less. The seal zone may be a 
relatively impermeable stratigraphic unit such as a shale 
or evaporite, or it may be a zone of diagenetically ce- 
mented sandstone that cuts across stratigraphic units. In 
addition to subhorizontal or stratigraphic boundaries, the 
overpressured zone may be laterally limited by steeply 
dipping sealed fault zones. A wide variety of causes is sug- 
gested for overpressuring, including a sedimentation rate 
exceeding the rate at which fluid can escape to allow com- 
paction, tectonic compression, thermal expansion of pore 
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fluids, and volume increase on generation of gas or oil. 
Evidence from petroleum fields indicates that the seal 
commonly undergoes episodic leakage caused by pres- 
sures exceeding the fracture strength of the seal. During 
these leakage periods, oil and gas generated below the 
seal leak into reservoirs above the seal, presumably ac- 
companied by water in some cases. 

The formation of the Carlin deposit in a deep sedi- 
mentary basin by the involvement of two fluids with mark- 
edly different pressures, with the higher pressure fluid in- 
ferred to be overpressured relative to hydrostatic, is 
strongly suggestive that the deposit was formed at or just 
above a pressure seal. Beneath this seal lies at least 1 km 
of Ordovician through Lower Silurian carbonate and 
quartzite (Radtke, 1985), plus probably another 2 km of 
Cambrian rocks of similar lithology (Roberts et al., 1958). 
Thus, in the Carlin district, the lower Roberts Mountain 
Formation is the lowest unit containing significant argilla- 
ceous material in this section and may have had the low 
permeability necessary to form a seal. The extensive bitu- 
men in the unit, probably in part introduced, may have 
served to fill porosity and decrease permeability. It is also 
possible that the Roberts Mountain thrust fault provided 
part of the seal, though somehow the meteoric LGO stage 
fluids reached the zone below the thrust. 

Because the MGO stage fluids contain only minor CH4 
and were generated after organic material had matured 
past the gas window, the overpressuring during gold min- 
eralization does not seem to have originated by methane 
generation or other normal sedimentary processes. The 
seal probably existed earlier, during the HC stage, but ov- 
erpressure was regenerated in association with CO2-rich 
fluids to form the ore deposits. If the seal at Carlin was 
stratigraphically defined by the Roberts Mountain Forma- 
tion, the relative overpressuring would have been great- 
est along the axis of the anticline passing through the Car- 
lin deposit, and most likely would have led to fracturing 
and leakage along this anticlinal zone to form the Carlin 
trend. 

Any direct spatial, temporal, or geochemical link to in- 
trusions that might generate CO2-rich fluids from mag- 
matic emanations or skarn formation is at present obscure 
at Carlin. Although gold ore occurs in association with 
skarn around Jurassic granodiorite of the Goldstrike stock, 
age relations and radiometric dates indicate that Carlin- 
type mineralization is probably 40 m.y. younger than the 
granodiorite and skarn (Betties, 1989; Knutsen et al., 
1991; Arehart et al., 1993c). Arehart et al. (1993c) sug- 
gest that the Welches Canyon stock, which is exposed 
about 10 km to the south of the Carlin district, is part of a 
much larger buried pluton (Mabey et al., 1978) with an 
age similar to that of the Carlin mineralization and may 
have been the origin of at least the heat for the Carlin 
mineralization. The high 61sO of MGO stage fluids may 
have resulted from heating and exchange during either of 
the intrusive events. An alternative possibility is that the 
CO• is derived from deep crustal metamorphism and rose 
until sealed at approximately the Roberts Mountain For- 
mation. 

Note that the CO•, Au, and water may have separate 
sources: CO• from magma or metamorphism, water origi- 

nally meteoric, and Au from magma or leaching of sedi- 
mentary rock. 

Flow of the lower pressure fluid is inferred to have been 
along selected permeable sedimentary horizons in the 
Roberts Mountain Formation, and locally, in fracture and 
fault zones. This unevolved meteoric water may have de- 
scended along the Roberts Mountain Formation from ar- 
eas where this horizon cropped out, and along the rela- 
tively open faults expected at shallow depth. 

Our model is that meteoric water trapped in sedi- 
mentary rocks prior to development of the pressure seal 
was set into circulation by the deeper heat source. The 
CO•, H2S, and possibly Au were added by some combina- 
tion of magmatic fluids, metamorphism, and/or hydro- 
thermal leaching. Because of the high H•S content, Au 
was highly soluble in this fluid and may have been scav- 
enged from the enclosing sediments or contributed from 
igneous or metamorphic sources. The development of 
small faults along the anticline furnished a leak (throttle) 
from this overpressured zone and channeled flow into 
permeable units in the upper Roberts Mountain Forma- 
tion which were filled with cooler meteoric water. Within 

and beyond the throttle zone, the two fluids mixed and 
gold ore was precipitated. The mixed exhaust fluid then 
flowed upward toward the surface within the Roberts 
Mountain Formation and along fractures and faults. 

In detail, mixing may have been facilitated by fault 
movements. Sibson (1987) has illustrated mineralized di- 
lational jogs on a range of scales from millimeters to hun- 
dreds of meters in size, and has shown that these sites can 
be the focus of significant volumes of fluid flow. Fluid mix- 
ing will occur in dilational zones as a natural consequence 
of these events. In this model, gas-rich MGO stage fluids 
and unevolved meteoric water were drawn into lower 
pressure regions associated with dilational zones caused 
by fault movement on nonplanar structures. In addition, 
sudden drops in pressure could have resulted in local 
H•O-CO• immiscibility. 

Chemical effects in a fluid-mixing environment 
Several chemical effects can lead to mineral deposition 

in the fluid-mixing environment at a throttle, including 
(1) dilution, (2) cooling, (3) pH changes, (4) changes in 
fo2, and (5) rapid local drops in pressure with the possibil- 
ity of volatile exsolution. All these processes could occur 
nearly simultaneously, although the effects of the differ- 
ent factors on solubility might occur at different positions 
relative to the throttle. Episodic changes in flow rate and 
pressure conditions above the throttle would be expected 
to shift the precipitation locus of a given mineral with 
time, and to change the type of fluid present at a given 
site in a complex manner. The result would be a complex 
paragenesis and zoning, and a wide range of fluid inclu- 
sion types in individual samples, as observed at Carlin. 

Northrop et al. (1987) and Hofstra et al. (1988) present 
compelling stable isotope evidence that mixing occurred 
during gold deposition at Jerritt Canyon. Hofstra et al. 
(1991) argue that the major gold deposition mechanism 
there was sulfidation of Fe oxides in the sedimentary host, 
in conjunction with mixing. A similar mechanism is likely 
at Carlin, although throttling would almost certainly 
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cause deposition in some form near the throttle. Throt- 
tling is not suggested at Jerritt Canyon by Hofstra et al. 
(1991) but is likely in view of the •500-bar pressure in- 
ferred by them in the ore fluid. 

The asymmetric occurrence of gold ore, predominantly 
in the carbonate dissolution zone above a horizon of silic- 

ified and kaolinized permeable bioclastic feeders, but 
generally lacking in similarly decarbonated zones below 
these feeders (Kuehn and Rose, !992), suggests that pH 
(carbonate interaction) was not the major control on Au 
solubility and that mixing in and above the permeable 
feeder horizons was probably crucial for depositing Au. 
In support of this conclusion, note that to precipitate Au, 
an initially acid fluid must increase in pH by several pH 
units, a change larger than calculations show is likely 
(Hayashi and Ohmoto, 1991; Hofstra et al., 1991). Oxida- 
tion also seems unlikely as a dominant precipitation mech- 
anism, because a significantly oxidizing fluid at depth in a 
sequence of carbonaceous sediments is unlikely, in con- 
trast to the proposal ofHofstra et al. (1991). The observa- 
tions of Au in pyrite by Arehart et al. (1993a), the S iso- 
tope data of Arehart et al. (1993b), and the calculations 
of Hofstra et al. (1991) all suggest that fluid mixing and 
sulfidation of wall-rock Fe were the major causes of depo- 
sition. 

Because silica solubility decreases markedly with tem- 
perature but is insensitive to other parameters, silicifica- 
tion in the feeder horizons was most likely caused by the 
cooling effects of mixing a hot, high Si, deep fluid with a 
cooler meteoric fluid in these permeable horizons. 

The presence of barite in the Au ore and associated si- 
licified zones is best explained if the deep fluid contained 
significant dissolved Ba but low amounts of SO4, as is com- 
monly found in fluids from deep sedimentary basins con- 
taining appreciable organic matter capable of reducing 
SO4 to H2S. Barite would then form by mixing this deep 
fluid with an SO4-bearing meteoric fluid. A second al- 
ternative is that the deep fluid contained SO4 in the form 
of HSO•, since the SO4-HSO 4 boundary is at about pH 5 
at 215øC (Barnes, 1979). Neutralization of this fluid by 
reaction with carbonate would precipitate barite. 

Conclusions 

We propose that the Carlin deposit formed by the in- 
teraction of two fluids, as indicated by the major differ- 
ences between the MGO and LGO stage inclusion fluids. 
The MGO stage fluid was CO2 rich (5-10 mole %) with 
significant H•S, a temperature of 215 ø _ 30øC, and a mod- 
erate salinity (3 _ i wt % NaC1 equiv). It probably con- 
tained the dissolved Au, because a high H•S solution at 
this temperature can transport considerable Au. This fluid 
is interpreted to have separated into CO•-rich and CO•- 
poor phases during initial stages of pressure decrease. The 
second (LGO stage) fluid was volatile poor with a low sa- 
linity (•0.5 wt % NaC1 equiv), was cooler, and retained a 
meteoric •80 signature. 

The high-density CO2 inclusions representing the deep 
fluid require pressures of 800 ___ 400 bars, indicating 
depths of 3.8 _ 1.9 km for a near-lithostatic gradient. This 
depth, in combination with recent discoveries of deep 
Carlin~type ores in the district, clearly shows that Carlin is 

not an epithermal or hot spring deposit as has been widely 
accepted in the past. The deep fluid that formed the Car- 
lin deposit differs significantly from fluids observed in hot 
springs and shallow geothermal systems, because its high 
CO2 content will not allow it to exist near the surface. Its 
H•S-rich character is doubtless responsible for the high 
content of Au, As, Sb, Hg, and other elements that form 
soluble sulfide complexes. Abrupt deposition of these 
constituents at a zone of pressure decrease and mixing is 
considered to have formed the ore deposit at Carlin and 
probably the other Carlin-type deposits. 

The common occurrence of an abrupt transition from 
geopressured to hydrostatically pressured in most deep 
sedimentary basins furnishes a favorable site for mixing 
with cooler meteoric waters and formation of a Carlin- 

type deposit by the resulting chemical changes, especially 
if the country rock at this location contains Fe in a form 
that can be sulfidized to pyrite. 

The high CO• content in the Carlin ore fluid and the 
assemblage of associated elements are similar to those of 
the mesothermal or greenstone type of gold deposit such 
as the Mother Lode and Timmins districts. It is possible 
that the Carlin ore fluid originated in a deep metamorphic 
belt like these more deeply seated deposits but rose to a 
shallower depth before major ore deposition. However, 
indications of a meteoric •D signature make it more likely 
that some shallower process, such as skarn formation or 
magmatic activity within the depth range of meteoric wa- 
ters, generated the fluid. 

Most characteristics of the Carlin deposit are shared 
with other deposits of this type. High CO• inclusions have 
been observed at several such deposits (Hofstra et al., 
1987; Kuehn, 1989), and a similar lithologic and struc- 
tural setting in a shaly (or faulted?) zone that could be a 
pressure seal is widespread. 

The recognition that Carlin-type deposits may form at 
depths of many kilometers indicates that many additional 
blind deposits may exist well below the present surface, 
in contrast to the conclusion drawn from the past infer- 
ence of a shallow epithermal origin. Definition of deep 
structural controls, former geopressure-hydropressure 
transitions, and effects of spent exhaust from the volatile- 
rich fluid may provide guides to discovery of these 
deposits. 
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