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ABSTRACT

δD and δ18O data from quartz, clays, and inclusion fluids
were used to characterize the isotopic composition of water
in ore fluids. The hydrothermal fluids that formed most Carlin-
type gold deposits had low δDH2O values (-116 to -164‰)
and a wide range of δ18OH2O values (-20 to 15‰) suggesting
that ore fluids consisted of variably exchanged meteoric water.
In contrast, fluids from Carlin-type deposits in the Getchell
Trend had a much wider range of δDH2O values (-153 to -44
‰) but a similar range of δ18OH2Ovalues suggesting that ore
fluids were magmatic or metamorphic in origin, although
variably exchanged meteoric water was also present.

The δDH2O variation of meteoric water in this region over
the past 170 Ma provides a means to discriminate between
the various ages proposed for the deposits.  The unusually
low δDH2O values of the hydrothermal fluids agree with the
δDH2O values of meteoric water in the mid-Tertiary (42 to 30
Ma) when the climate was cool, but are lower than those of
meteoric water in the Late Jurassic and Cretaceous when the
climate was warm.

The data suggest that Carlin-type deposits formed in the
mid-Tertiary soon after the onset of extension and magmatism
in northern Nevada and northwest Utah. The increased
permeability and high heat flow in this setting may have
provided the drive for deep circulation of meteoric water and
development of Carlin-type deposits in fracture systems that
focused fluid flow. In the Getchell Trend, these structures may
have tapped metamorphic fluids generated in the middle crust
or magmatic fluids released from deep intrusions or batholiths.

INTRODUCTION

This report is adapted from information in Hofstra and
others (in review).  The goal of this report is to use δD and
δ18O data from Carlin-type gold deposits to identify the
source(s) of water in the ore fluids. This information is
important because it can improve genetic models and constrain
the age of the deposits. The age information results from
temporal variations in the isotopic composition of meteoric
water in response to changes in climate.  Included in this report
are new and previously published isotopic data from the Jerritt
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Canyon, Post/Betze, Carlin, Cortez, Gold Pick, Getchell, Twin
Creeks, Alligator Ridge, and Mercur mines (Appendix A).  The
isotopic data are from quartz, clays, and inclusion fluids
extracted from a variety of ore stage minerals.

Three different models have been proposed for the deposits
with ore fluids derived from different sources: (1) the magmatic
or distal-disseminated model where the deposits form from
magmatic fluids in the distal parts of porphyry systems; (2)
the meteoric water circulation model where the deposits form
from rain water that evolved to become an ore fluid by deep
circulation through sedimentary rocks; and (3) the
metamorphic or shallow mesothermal vein model where the
deposits form from metamorphic fluids expelled from shear
zones at depth. Combinations of these end member models
are also possible.  It is important to point out that in each of
these models a fluid from deeper levels displaces the local
meteoric ground water at the sites of mineral precipitation.
Therefore some of the isotopic data from each deposit is likely
to reflect the isotopic composition of meteoric water at the
time of mineralization.

ISOTOPIC CONSTRAINTS ON
FLUID SOURCES

Figure 1 shows the δD and δ18O values of water in Carlin-
type ore fluids relative to some traditional references (see fig.
1 and Appendix A for sources of data).  Fluids from most
Carlin-type deposits have low hydrogen isotope values (< -
116 ‰) and a wide range of oxygen isotope values that extend
well away from the meteoric water line (fig.1). Variations in
the  temperature of deposition can only account for part of
this range.  The water-rock exchange curve shows how the
isotopic composition of meteoric water would vary by
progressive exchange with shaley marine limestones at a
temperature of 300°C.  The jasperoids with high δ18O values
can be explained if they precipitated from exchanged meteoric
water that evolved by deep circulation through sedimentary
rocks at elevated temperatures and low water-rock ratios.
Jasperoids with low δ18O values are representative of the
relatively unexchanged meteoric ground water in the host
rocks. At Jerritt Canyon, the jasperoids with the highest oxygen
isotope values contain the most gold (fig. 1) suggesting that
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Figure 1. δD and δ18O data from Carlin-type gold deposits. The black squares are samples for which there is both oxygen and hydrogen
isotopic data.  δ18O data from jasperoids are shown on the x-axis (data from Hofstra, 1994; Ilchik, 1990; Holland and others, 1988;
Radtke and others, 1980; Groff, 1996)  and δD data from water in fluid inclusions and kaolinite are shown on the y-axis (see Appendix
A for sources of data). The triangular field shows the calculated range of fluid compositions required by this data.  Isotopic data from
Lone Tree (diagonal rule pattern), a distal disseminated gold deposit, is shown for comparison (Howe and others, 1995; this study).  See
text for further description.

gold was transported by the isotopically exchanged fluid
(Northrop and others, 1987; Hofstra and others, 1988).  This
observation is supported by evidence that jasperoids from
barren systems (fig. 1) have low δ18O compositions (Holland
and others, 1988). Therefore, the large range of δ18O values
most likely reflects mixing between highly exchanged ore
fluids and unexchanged meteoric ground water. Although it is
possible that contributions from deep sources are present in
these deposits and that the signal is masked by an
overwhelming amount of meteoric water, there is a significant
amount of data from Jerritt Canyon, Carlin, and Alligator Ridge
that suggests the ore fluids consisted of exchanged meteoric
water.

In contrast, samples from the Carlin-type deposits in the
Getchell Trend  have a much wider range of δD values  (fig. 1)
that extend from -153 to -44 ‰ but a similar range of δ18O
values (Cline and others, 1996, 1997; Groff, 1996).  Samples
representative of the main stage of gold mineralization have
the highest δD values suggesting that gold was introduced by
a magmatic or metamorphic fluid.  The triangular range of
values suggests that the deep sourced ore fluid mixed with
both unexchanged meteoric water and exchanged meteoric
water.  Despite the evidence for a deep fluid source, the
mineralogy, alteration, and geochemical signature of the
deposits in the Getchell Trend are remarkably similar to Carlin-
type deposits in the other districts.  The most notable difference
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is the presence of small amounts of fluorite and adularia.
The Lone Tree deposit has a number of features that

distinguish it from classic Carlin-type gold deposits and it is
considered to be a distal disseminated deposit (Doebrich and
Theodore, 1996). For example, it is located about 10 -15 km
northwest of a group of mid-Tertiary porphyry systems in the
Battle Mountain district and is younger than a 36.4 to 39.4 Ma
rhyolite porphyry dike (Doebrich and others, 1995).  It differs
from most Carlin-type deposits in that most of the pyrite fills
fractures rather than occurring as fine disseminations.  It also
contains traces of base metal sulfides and its Au /Ag ratios are
lower than those in most Carlin type deposits.  Mass transfer
studies show that Fe was introduced rather than being immobile
as in Carlin-types (this study).  The introduction of iron
suggests the presence of acidic, saline fluids and is consistent
with the argillic alteration in the deposit and presence of halite
daughter minerals in fluid inclusions (Kamali, 1996). The δ34S
systematics are also quite different from those typically found
in Carlin-type deposits with bulk sulfur near 0 ‰ (Howe and
others, 1995; Hofstra, 1997).  The δD and δ18O values of fluid
inclusions in barite (Howe and others, 1995; this study)
approach that of magmatic water (fig. 1).  Collectively, this
information suggests that gold was introduced by magmatic
fluids.

In summary, the stable isotopic data from most Carlin-
type deposits are consistent with the meteoric water circulation
model, whereas, the data from the Getchell Trend are more
consistent with the magmatic or metamorphic fluid models.
The evidence from Lone Tree suggests that it formed from
magmatic fluids, although it has a number of characteristics
that distinguish it from most Carlin-type deposits. An important
question then is whether deep sourced magmatic or
metamorphic fluids are required to form Carlin-type deposits
or whether the deposits in the Getchell Trend are unusual.  Our
current research is aimed at evaluating this possibility in  other
districts.

AGE CONTROVERSY

The age of Carlin-type deposits has been the subject of
major debate and a variety of ages have been reported that
range from the Late Jurassic to the Middle Tertiary (Emsbo
and others, 1996; Hofstra, 1994, 1995; Hofstra and others, in
review; Phinisey and others, 1996; Maher, and others, 1993;
Silberman and others, 1974; Berger and others, 1975; Arehart
and others, 1993; Wilson and Parry, 1995, 1991; Presnell and
Parry 1992; Parry and others, 1997; and Drewes/Armitage and
others, 1996). Figure 2 shows that the published ages for the
deposits correspond to each of the major periods of magmatism
in the region. The Late Jurassic and Cretaceous ages are based
mainly on dates from white mica, or sericite, separated from
mineralized sedimentary and igneous rocks and the mid-
Tertiary ages are based mainly on cross-cutting relationships
between gold ore and dated igneous rocks and a few dates on

hydrothermal adularia and apatite.  The age controversy
revolves around whether one accepts the cross-cutting
relationships or the sericite dates. While interpretation of the
mid-Tertiary dates is straight forward, the sericitic alteration
that is present in the deposits has generally not been shown to
be related to the gold systems and in many cases is clearly
related to pre-ore events.  This is not too surprising given that
the gold deposits are located along structural zones that contain
intrusive rocks with a variety of ages.  Furthermore, Folger
and others (1996; this volume) have shown that older fine
grained sericite in the host rocks is unlikely to be reset by
Carlin-type hydrothermal systems.

δD CONSTRAINTS ON THE AGE OF
CARLIN-TYPE DEPOSITS

Several recent studies have shown that the isotopic
composition of the oceans and meteoric water on the continents
have varied dramatically through time in response to global
changes in climate (e.g. Emiliani, 1954,1966; Savin, 1977;
Frakes and others, 1992; Francis and Frakes, 1993; Prothero,
1994; and references therein).  The δDH2O variation of
meteoric water on the continent provides a means to
discriminate between the Mesozoic and mid-Tertiary ages
proposed for the deposits.  Since the ore fluids in many Carlin-
type deposits consist largely of meteoric water, comparisons
of the δDH2O values of the fluids with the δD-age record for

Figure 2.  Major episodes of deformation and magmatism in the
region and favored ages for Carlin-type gold deposits (Hofstra and
others in review).
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the region can be used to constrain the age of mineralization.
To date ore deposits from the δDH2O values of their ore

fluids, it is necessary to construct a δDH2O versus age curve
for meteoric water in the region (fig 3).  Supergene alunites
from the Great Basin provide a fairly continuous record of
variations in the δD of meteoric water over the past 30 Ma
(Arehart and O’Neil, 1993).  Many of these supergene alunites
are from Carlin-type gold deposits (Arehart and others, 1992).
By combining the supergene alunite δDH2O-age curve with
age and δDH2O data from older meteoric hydrothermal
systems in the region (Appendix A), it is possible to construct
a δDH2O-age curve for the past 170 million years as shown in
figure 3. Prior to 170 Ma, this area was largely covered by sea
water. The δDH2O-age curve constructed in this manner clearly
shows that the δD of meteoric water in the region varied
substantially over the past 170 Ma and that δDH2O values
were lowest at about 30 Ma.

The δDH2O-age curve is consistent with the
environmental factors that existed in the western U.S. over
this time period and with global temperature curves.  Isotopic
patterns observed in continental precipitation today vary as a

function of latitude, elevation, surface air temperature, amount
of precipitation, and distance from the coast (Dansgaard, 1964).
Each of these parameters affects the average degree of rainout
of moisture from a given air mass as it moves from the source
regions (mainly subtropical oceans) to the site of precipitation.
Although paleolatitudes were as much as 7 degrees further
south 150-m.y.-ago, for the past 100 m.y., they have been within
1 or 2 degrees of the present latitude (Lawrence and Meaux,
1993).  Atmospheric circulation patterns would therefore have
been dominated, as today, by west to east flow.  Elevations
varied in space and time in response to episodes of orogenic
activity (Elko, Sevier, Laramide orogenies) but have probably
been highest since the Laramide orogeny.  Fossil flora and
fauna from the continent suggest that the climate was distinctly
warmer in mid-Jurassic to mid-Eocene time (Hallam, 1994;
Francis and Frakes, 1993) and that cooler climates have
prevailed ever since (Prothero, 1994).  Although the western
Cordillera (in eastern California and westernmost Nevada) has
been an important highland (rainout area) since the mid-
Jurassic, the δD of meteoric water (δD > -110 ‰) in mid-
Jurassic to mid Eocene time (fig. 3) is consistent with the

Figure 3.  δD-Age curve showing variation in the isotopic composition of meteoric water over the past 170 Ma (constructed from information
in Appendix A). The δDH2O values have been corrected to 41° North Latitude using a correction factor of 5 ‰ per degree latitude to be
consistent with the alunite curve of Arehart and O’Neil (1993).   In most respects the δD-Age curve agrees with knowledge of paleoclimates
(see text). The δD-Age curve also corresponds well with paleotemperature curves for surface water and bottom water in the Pacific ocean
(dashed lines) estimated from oxygen isotope analyses of calcareous microfossils (Douglas and Woodruff, 1981).   The distinct minimum at
about 30 Ma correlates with maximum glacial buildups in Antarctica and the maximum drop in sea level world wide.  The unusually low
δDH2O values from Carlin-type deposits (black bars) suggest that they formed near the low in curve when the climate was unusually cool.  The
δDH2O values agree well with the mid-Tertiary (42 to 30 Ma) age constraints on the deposits (bold rectangle) but are clearly at odds with the
Jurassic and Cretaceous ages favored by some workers when the climate was much warmer. See text for further description.  From Hofstra and
others, in review.
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relatively low elevation, warm climate, and close proximity to
western (Pacific Ocean) and eastern (Carmel Sea-Cretaceous
seaway) coastlines that characterized much of this period.  The
δD of meteoric water (δD < -110 ‰) since the mid Eocene is
consistent with the higher elevations and cooler climatic
conditions.

The δDH2O-age curve also mimics the global fossil
foraminifera δ18O pattern in the oceans (fig. 3), with relatively
large δDH20 values greater than -110 ‰ in Jurassic,
Cretaceous, and early Tertiary time, when the world was in a
“green house” state, and low δDH2O values of less than -110
and often as low as -140 to -160 in late Eocene and Oligocene
time, when the world was in an “ice house” state.  Most
importantly, the δDH2O minimum at ~30 Ma correlates with
maximum glacial buildups in Antarctica and the maximum
drop in sea level world wide (Prothero, 1994).   Although there
are many uncertainties in the data used to construct the δDH2O-
age curve, in most respects the curve is consistent with our
knowledge of global temperature variations and environmental
factors in the western United States over this time period.  It is
therefore reasonable to use the curve to estimate the age of
Carlin-type deposits.

The δDH2O values of ore fluids from nine Carlin-type

deposits range from -116 to -164‰.  These values are unusually
low for the latitude of the deposits and are generally less than
present day meteoric water (fig. 3).  For such widely separated
deposits to have such similar isotopically light fluids, suggests
that they formed at about the same time, near the low in the
δDH2O-age curve (fig. 3), when the climate was unusually
cool.  Most important, the age estimates obtained from
comparison of the ore fluid δDH2O values with the δDH2O-
age curve agree with the mid-Tertiary (42 to 30 Ma) age
constraints on the deposits (Maher and others, 1993; Hofstra,
1994, 1995; Phinsey and others, 1996; Emsbo and others, 1996;
Groff et al, 1996; Hall and others, 1997).  The low δDH2O
values are clearly at odds with the Cretaceous and Jurassic
ages (based on mica dates) favored by many workers
(Silberman and others, 1974; Berger and others, 1975; Arehart
and others, 1993; Wilson and Parry,1995, 1991; Presnell and
Parry 1992; Drewes-Armitage, 1996; Groff et al, 1996; Parry
and others, 1997) when the climate was much warmer.

The paleoclimate results provide compelling evidence that
Carlin-type deposits in northern Nevada and northwestern Utah
formed during a single metallogenic event in the mid-Tertiary.
It is therefore important to consider the geologic setting at
this time and the relation of mineralization to tectonics.
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GEOLOGIC SETTING
IN TH E MID-TE RTIA RY

Figure 4 shows the geologic setting in the western United
States in the mid-Tertiary. The spatial correlation between
Carlin-type deposits and areas undergoing magmatism and
extension suggests that the deposits formed soon after the onset
of this activity in northern Nevada and northwest Utah. The
increased permeability and high heat flow in this setting may
have provided the drive for deep circulation of meteoric water
and development of Carlin-type deposits in fracture systems
that focused fluid flow.  In the Getchell Trend, these structures
apparently tapped metamorphic fluids generated in the middle
crust or magmatic fluids released from deep intrusions or
batholiths. The results from Lone Tree indicate that distal
disseminated deposits were forming at about the same time as
classic Carlin-type deposits.  Although gravity and
magnetotelluric surveys (Grauch, and others, 1995; Rodriguez,
1997) suggest that deep penetrating structures and igneous
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