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continental crust and west of relatively intact and unmodified
crust in northeastern Nevada, an observation also made by
Cunningham (1988) using other data.

Integrating the geophysical constraints with the
radiogenic isotopic data permit Grauch (this volume) to
present a schematic cross section across northern Nevada.
Deeply penetrating fault zones are interpreted to coincide with
the Battle Mountain-Eureka and Carlin trends. These faults
separate broad west to east changes in crustal composition,
and mark fundamental changes from oceanic crust to thinned
transitional continental crust to relatively intact and
unmodified continental crust.

CARLIN-TYPE GOLD DEPOSITS

Sedimentary-rock-hosted or Carlin-type deposits
represent the major gold deposit-type in northern Nevada.
The largest concentration of these deposits lies in the Carlin
trend (fig. 1), a 60-km-long array of deposits and prospects,
which has produced approximately 21 million ounces of gold
since 1965 (Christensen, 1996). The many studies of these
deposits have recognized the importance of reactive
calcareous sedimentary rocks to their formation (summarized
by Christensen, 1993, 1995, 1996; and Arehart, 1996). A
facies analysis of Silurian and Devonian rocks, the principal
host rocks in the northern Carlin trend (fig. 1), by Armstrong
and others (this volume) suggest that essential attributes
derived from their depositional environments contributed
significantly to subsequent gold deposition. They point out
that the vast bulk of Carlin-type deposits are hosted in the
Roberts Mountains and Popovich Formations because these
rocks had porosity at the time of gold deposition due to early
diagenetic crystallization of dolomite in a lime mud.
Abundant intercrystalline sulfur-rich carbon also contributed
to their being favorable host rocks.

Structure, particularly an allochthonous thrust sheet of
deep-water eugeoclinal rocks emplaced over reactive
calcareous rocks along the Devonian and early Mississippian
Roberts Mountains thrust system, is another important aspect
of Carlin-type deposits (Roberts, 1966; Christensen, 1995,
1996). Younger contractile late Paleozoic and Mesozoic
deformations further complicate the structural architecture
of the deposits (Ketner, 1977, 1998), but their impact on the
structural fabric of the Carlin trend is not widely appreciated.
Theodore and others (this volume), building upon geologic
mapping at the northern end of the Carlin trend, (fig. 1) outline
the regional importance of southward shortening in the Late
Paleozoic Humboldt orogeny. Deformation at this time was
marked by west-northwest to northwest trending folds, thrust
faults, and moderate-dipping reverse faults. These faults cut
at high angles across the northerly striking Devonian and early
Mississippian Roberts Mountains thrust system. The Rain
fault in the northern Pifion Range, along which the Rain

Carlin-type deposit is localized (Longo and Williams in Teal
and Jackson, 1997), is one of these late Paleozoic contractile
structures (Theodore and others, this volume).

Peters (this volume) describes a north-northeast trending
lineament, the Crescent Valley-Independence lineament,
which extends from the Independence Mountains on the
northeast to near Cortez, Nevada, on the southwest (fig. 1).
This lineament is formed by the alignment of modern
physiographic and geologic features. The central part of the
Crescent Valley-Independence lineament is marked by
tectonized rocks characterized by melange fabrics. Peters
(this volume) argues that the lineament is a long-lived
structural feature that has been reactivated multiple times
since formation in the Paleozoic. It is also suggested to have
focused hydrothermal fluid flow leading to the formation of
Carlin-type deposits.

To the west near the Battle Mountains-Eureka mineral
belt, Moore and Murchey (this volume) outline the Paleozoic
stratigraphic, biostratigraphic, and structural framework of
a part of the Shoshone Range (fig. 1). Here, eugeoclinal
rocks of the Roberts Mountain allochthon are unconformably
overlain by the upper Paleozoic Antler overlap sequence,
consisting of a shoaling upward sequence of clastic rocks
and minor limestone. These rocks regionally are structurally
buried beneath deep-water upper Paleozoic rocks of the
Golconda allochthon in the late Paleozoic (Stewart, 1980).
However in the northern Shoshone Range, new fossil data
suggest that the transition from the overlap sequence to the
deeper water sedimentary rocks is not obviously a major
thrust fault, as would be expected based upon regional
relations. Evidently, there are structural complexities of
regional importance that need to be resolved.

In the Alligator Ridge-Bald Mountain area at the
southeastern terminus of the Carlin trend (fig. 1), Nutt and
Good (this volume) document Eocene transpressive
deformation. Hydrothermal circulation and silicification of
similar style to Carlin-type deposits accompanied
deformation. Strike-slip faulting, block rotation, and folding
in this area record Eocene sinistral slip across a deeper fault
in the subsurface. This fault reactivates an old crustal
boundary (see Wooden and others, this volume) and separates
Eocene and subsequently Oligocene and Miocene
deformation into discrete domains of differential extensional
strain and kinematics (Gans and Miller, 1983). How far along
strike to the northwest into the northern Carlin trend Eocene
transpressional strain extends is an important unresolved
question, although Eocene folding and normal faulting is
known in this area (Henry and Boden, 1997; Henry and
others, this volume; Ketner and Alpha, 1988). As flow of
auriferous hydrothermal fluids in the northern Carlin trend
was controlled by the fault architecture (Teal and Jackson,
1997), and in view of the opinion Carlin-type deposits are of
Eocene age (Henry and Boden, 1997; Ilchik and Barton, 1997,
but see Arehart, 1996, for a dissenting opinion), understanding



regional Eocene strain patterns will constrain genetic model
of Carlin-type deposits, as well as provide exploration
criteria. _

Large-scale crustal extension in the Oligocene and
Miocene formed metamorphic core complexes in the Ruby
and Snake Mountains (fig. 1) (Gans and Miller, 1983;
MacCready and others, 1997). Implicit in these models is
the possibility that the mid-crustal plutonic-metamorphic
environment now outcropping in the Ruby Mountains core
complex to the east of the Carlin trend may be the deep crustal
roots to the upper crustal Carlin-type deposits. Analysis of
the varied ore deposits formed at different crustal levels
within the Ruby Mountains by Berger and Oscarson (this
volume) indicates that this was not the case. In fact the
deposits represent a zoned magmatic-hydrothermal system
peripheral to plutons. The deposits are also generally
impoverished in gold.

Unconformably overlying gold deposits in the Carlin
trend is the middle Miocene Carlin Formation. Precise 40Ar/
39Ar laser-fusion ages of alkali-feldspar-bearing air-fall tuff
interbedded in the middle of the Carlin Formation at the
northern end of the Carlin trend (fig. 1) demonstrate
emplacement of the tuff occurred over a short period of time
between 14.4 and 15.1 Ma (Fleck and others, this volume).
Evidently, deposition took place after local silicic volcanic
centers, such as those in the Midas and Ivanhoe Mining
Districts, were active (Wallace and John, this volume). The
mid-Miocene age and major-element chemistry of glass
shards composing the tuffs suggest their derivation not from
local sources but from distal silicic volcanic centers
associated with the Yellowstone hotspot or with the northern
Nevada rift.

Stable isotopic compositions of minerals and fluid
inclusions indicate that the hydrothermal fluids which formed
most Carlin-type gold deposits were variably exchanged
meteoric water, except along the Getchell Trend (fig. 1) where
ore fluids contained an additional component of magmatic
or metamorphic fluids (Hofstra and others, this volume). The
unusually low 3DH,0 values of these fluids also suggests
ore deposition during a cool climate, which characterized
the mid-Tertiary (42 to 30 Ma), and not during a warm
climate, which typified the Late Jurassic and Cretaceous.

Several of the problems which have inhibited
development of a genetic model for Carlin-type deposits are
the uncertainties regarding the age, or ages, of mineralization,
the fluid evolution, and the source of gold (Christensen,
1993). Much of the debate regarding the age, or ages, of
Carlin-type deposits stems from the interpretation of K-Ar
and 40Ar/39 Ar ages of illite (Arehart, 1996; Hofstra, 1995;
Iichik, 1995). Illite in the deposits is of detrital, diagenetic,
and hydrothermal origin (Folger and others, this volume).
Folger and others (this volume) address the ambiguity of K-
Ar and 40Ar/39Ar ages of illite by comparing 40Ar/39Ar ages
for different grain sizes recovered from unaltered and altered

calcareous rocks that host <40.8-Ma Carlin-type deposits in
the Jerritt Canyon Mining District (fig. 1). In all size fractions
of illite, including the smallest (<0.1-micron) which is
dominated by neoformed hydrothermal illite, the 40Ar/39Ar
ages are too old. This age discrepancy is due to the influence
of older detrital or diagenetic illite.

The evolution of ore fluids and mechanism of ore
deposition are critical to formation of ore deposits.
Woitsekhowskaya and Peters (this volume) modeled fluid
evolution during formation of the giant Betze deposit in the
northern Carlin trend (fig. 1). They conclude that the natural
evolution of a CO2, H2S, and NaCl bearing fluid as it moves
from below the site of ore deposition through reactive
calcareous sedimentary rocks at the site of ore deposition
can explain the distribution of alteration mineral phases in
the deposit. Gold precipitation in association with arsenic
in pyrite resulted from sulfidation of reactive iron in host
rocks. Sulfidation resulted in higher hydrogen and lower
aqueous sulfur activity and destabilization of arsenic- and
gold-bearing aqueous complexes.

Establishing the source, or sources, of gold in Carlin-
type deposits is also critical to genetic models for their
formation (Christensen, 1993). Tosdal and others (this
volume) address this question using Pb isotopic compositions
of sulfide minerals in three Carlin-type deposits (fig. 1) along
with Pb isotopic data for miogeoclinal and eugeoclinal
sedimentary rocks and for Mesozoic and Eocene igneous
rocks (Wooden and others, this volume). They demonstrate
that mixing of two distinct Pb isotopic sources occurred
during ore formation, a conclusion consistent with much
geochemical information (summarized by Arehart, 1996).

On a regional scale, Kotlyar and others (this volume)
modeled NURE geochemical surveys, gravity surveys, and
magnetic surveys (fig. 1). They demonstrate that regional-
scale distribution patterns of stream-sediment arsenic
anomalies in northeast Nevada bear striking similarities to
some important mineralized trends. The arsenic anomalies
also correspond to some isostatic residual gravity anomalies
and their gradients, which result from density distributions
in the pre-Cenozoic rocks of the middle and upper crust.
This coincidence of geochemical and geophysical data
suggests that arsenic, as well as precious metals, may have
been derived from the middle and upper crust, and then
concentrated along linear structural zones during regional
fluid flow.

Lastly, McCarthy and McGuire (this volume) conducted
soil-gas surveys measuring inorganic and organic gases along
widely spaced traverses that crossed the Carlin trend. Gas
anomalies were found 7-11 km west and east of the center
of the Carlin trend where the gold deposits are localized.
The flanking gas anomalies extend northwest of the last
known gold deposit along the Carlin trend. If the gas
anomalies are in some way a reflection of the Carlin trend,
then the northwestward extension of flanking gas anomalies



suggests some exploration potential for this region.

PLUTON-RELATED GOLD DEPOSITS IN
THE BATTLE MOUNTAIN AREA

The Battle Mountain Mining District, near the northwest
terminus of the Battle Mountain-Eureka mineral belt in north
central Nevada, contains a copious and varied metal
endowment. Included in the mining district are four Tertiary
porphyry Cu-Au and three Cretaceous stockwork Mo systems
(fig. 1) (Theodore, 1998, this volume). A large number of
distal-disseminated Ag-Au deposits and Cu-Au skarns are
spatially and genetically related to Tertiary porphyry Cu
systems (Theodore, 1998, this volume). Deposits in the
northern part of the mining district represent shallow levels
of zoned hydrothermal and plutonic systems. The southern
part of the mining district represents deeper crustal levels of
magmatic-hydrothermal systems where porphyry cores and
flanking auriferous skarn deposits are concentrated along
with more peripheral sedimentary-rock-hosted Ag-Au
deposits. In the Copper Canyon area (fig. 1) Kotlyar and
others (this volume), using three—dimensional modeling of
geochemical data provided by Battle Mountain Gold Co.,
demonstrate district-scale geochemical zoning patterns that
emanate outward from a Cu-Au core through the peripheral
Fortitude Au skarn to a distal Pb-Zn halo.

HOT-SPRING GOLD DEPOSITS

Hot-spring Au-Ag deposit, the third major deposit type
in northern Nevada, are near-surface deposits representing
the shallowest setting of ore genesis. They provide a critical
link between magmatic and hydrologic environments
(Hedenquist and Lowenstern, 1994). Of importance in
defining their genesis and role in the metallogeny of the
region is understanding their environments, their age, and
relationship to tectonomagmatic events in the Tertiary.
Wallace and John (this volume) describe the geologic
framework of Miocene volcanic complexes along the
Northern Nevada Rift in the Shoshone and Sheep Creek
Ranges and Snowstorm Mountains (fig. 1). Here, the
interplay between east-northeast—directed extension and
compositionally expanded magmatism localized precious
metal mineralization in hot-spring deposits. The Mule
Canyon deposit (~1 million oz Au) is the largest of the hot-
spring type deposit (fig. 1).

In the Tuscarora Mountains (fig. 1), Henry and Boden
(this volume) describe the complex volcanic history of the
Eocene Tuscarora volcanic field. They demonstrate that a

large quantity of igneous rocks were erupted or emplaced in
different volcanic-plutonic environments over less than 1 m.y.
In the Tuscarora Mining District, low-sulfidation hot-spring
deposits formed during the waning stages of volcanism. Here,
two spatially related but separate hydrothermal systems, one
Au-rich and the other Ag-rich, were partially superposed.
The superposition of hydrothermal systems of differing metal
associations suggests that complex fluid circulation systems
were established during the waning stages of volcanism.
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provide useful constraints for understanding the other
geophysical data. Additional observations across the gravity
gradient north of the initial experiment were acquired in 1997
(profile C, fig. 2). Discussion of these latter observations will
be reported elsewhere.

A 2-D model of MT observations corresponding to profile
A-A’ was created using the inversion algorithm of Smith and
Booker (1991). This algorithm results in models showing slow
changes, representing average resistivity, as opposed to abrupt
resistivity contrasts. Results of the 2-dimensional inversion
for profile A-A’ are summarized in figure 3C, a schematic view
of the important aspects of the model.

Although the model may share features in common with
the Earth, several criteria of dimensionality in the data and
misfit statistics of the model indicate that a two-dimensional
representation may not be adequate. The effects of three-
dimensional bodies at shallow depths (upper 1-3 km) could
account for some two-dimensional representation of contrasts
extending into the lower crust, as shown by Chau and Park
(1990) elsewhere. Moreover, studies of shallow, rectangular
conductive bodies similar in dimensions to the basins of the
present study area (Wannamaker and others, 1984) have
demonstrated that the basin configurations are an important
influence on MT data in Basin and Range Province.

Thus, with caveats that the 2-dimensional model (fig. 3C)
is a rough representation of the resistivity structure along
profile A-A’ the main features and suggested origins are as
follows:

1. A conductive zone is located near the gravity
gradient and penetrates from near surface to mid-
crustal depths. The zone could be associated with
intrusion and alteration associated with a crustal
suture or fault zone.

2. A high-resistivity (about 3000 ohm-m) upper crust
borders the conductive zone on the east. It may
represent resistive carbonate shelf rocks or unaltered
intrusions.

3. A moderate-resistivity (several hundred ohm-m)

upper crust borders the conductive zone on the west.

It may signify a larger portion of volcanic and clastic

sedimentary rocks in the upper crust compared to

crust on the east.

A moderately-conductive (30-100 ohm-m) lower

crust seems to extend across the profile. It is similar

to a conductive zone inferred further east near the

Ruby Range that may represent small percentages

(<5%) of high-temperature, metamorphic-derived

brines (Wannamaker and others, 1997).

CONCLUSIONS

Magnetic, gravity, seismic-reflection, and MT information
along profile A-A’ have been combined onto one cross-section
on figure 3. Integrating this information helps constrain
different aspects of the subsurface in the vicinity of the Battle
Mountain-Eureka trend. Preliminary conclusions about the
relations between these data sets follow.

A major change in gravity values originating in upper
crustal rocks corresponds to the Battle Mountain-Eureka
mineral belt, as discussed by Grauch and others (1995). Along
profile A-A’ the change in gravity values corresponds to a change
from high-resistivity rocks on the east to less resistive rocks on
the west, with an intervening electrically conductive zone that
penetrates from near surface to mid-crustal depths (fig. 3). In
addition, the magnetic data indicate igneous rocks at depth
coinciding with the northern Nevada rift (Zoback and others,
1994). These observations are consistent with an interpretation
that the upper crust on the east is dominated by carbonate rocks,

_intruded by igneous rocks in the vicinity of the northern Nevada
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rift, whereas the upper crust on the west consists primarily of
volcanic and clastic sedimentary rocks. The intervening
conductive zone and the steepness and linearity of the gravity
gradient in map view (fig. 2; Grauch and others, 1995) are
evidence for a deeply penetrating crustal fault, which offsets
crust of different composition either vertically, laterally, or both.
The fault may be a multiply reactivated rift-basin margin, related
to Late Proterozoic rifting of North America, as suggested for
this and other areas in northern Nevada from isotopic evidence
(Wooden and others, 1997). This scenario is also consistent
with paleo-carbonate basin escarpments interpreted in the
subsurface along the Carlin trend (Teal and Jackson, 1997).
The conductive fault zone encompasses a larger area than known
geothermal activity at the surface, which leads us to suggest it
may represent a long-lived crustal conduit for mineralizing
fluids.

The MT model and seismic-reflection depth-section show
several commonalties in the picture of the mid- to lower crust
(below about 10 km) along profile A-A’ (fig. 3C), but their
significance is unclear. COCORP reflectors Y and Z (fig. 3B;
Potter and others, 1987) generally coincide with large vertical
contrasts in resistivity at about 12 km depth in the MT model.
The zone of prominent reflectors and the conductive zone (less
than 100 ohm-m) in the middle of profile A-A’ coincides for
the most part. The reflection Moho apparently corresponds to
the top of extensive conductive zone at about 33-35 km depth.
However, the resistivity distribution at these depths has not been
sufficiently evaluated to warrant further discussion.

The current state of our study has produced some



encouraging leads that point to an explanation of the
alignment of mineral deposits along the Battle Mountain-
Eureka trend. A crustal fault or fault zone generally
coincident with the trend may have developed as a system of
deep faults and fractures that enhanced permeability and
allowed magmatic, metamorphic, or deeply penetrating
surface fluids to circulate upward, resulting in a locus of
mineralization along the boundary. Many questions remain
about the tectonic origin of the fault zone, its activity
throughout geologic history, the relation to other tectonic
features such as the northern Nevadarift, the source of fluids,
and the source of gold.

Our focus for the near future is to test and expand our
geophysical models. The current MT model has to be
evaluated for its sensitivity to data noise and against the
possible influence of the 3-D basin configuration. Additional
MT profiles will help establish a consistent resistivity
signature at several points along the basement gravity
gradient. We have recently acquired the additional profile
C-C’ in the Battle Mountain area (fig. 2), and our current
priority is to develop a model for this new data. Gravity
models must be revised in light of constraints provided by
the new MT data, by exposed and inferred geology, and by
isotopic information. Eventually, we must look to other
disciplines, such as geology and geochemistry, to constrain
these tectonic questions and to make a connection between
mineralizing fluids and the crustal fault.
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Pb ISOTOPIC MAPPING OF CRUSTAL STRUCTURE
IN THE NORTHERN GREAT BASIN
AND RELATIONSHIPS TO Au DEPOSIT TRENDS

By J.L. Wooden, R.W. Kistler, and R.M. Tosdal

ABSTRACT

A regional common Pb isotopic study of Mesozoic and
Tertiary granitoids and some Tertiary volcanic rocks in the
northern Great Basin provides a better understanding of the
regional crustal structure and composition, and their
relationship to the apparent linear alignment of gold deposits
along the Carlin and Battle Mountain - Eureka trends. The Pb
isotopic data allow for the subdivision of the northern Great
Basin into western, central, and eastern provinces. The
boundary between the western and central provinces closely
follows the previously documented initial Sr (ISr) = 0.706
line and represents a narrow zone in which initial Pb and Sr
isotopic ratios increase rapidly. Initial Pb vs. Pb and Pb vs. Sr
isotopic ratios show strong positive correlation, and initial Pb
and Sr isotopic ratios increase from west to east across these
two provinces. The eastern province is characterized by
plutons in which the Pb and Sr isotopic ratios are not strongly
correlated and exhibit much greater variability than those in
plutons from the two provinces to the west. The boundary
between the central and eastern provinces is sharp and is
approximately coincident with the Carlin trend in north-central
Nevada. It is suggested that this isotopic boundary and the
Carlin trend mark the locus of a cryptic major crustal
discontinuity. The Battle Mountain - Eureka trend lies within
the central province and is generally parallel to both the Carlin
trend and the north-south oriented portion of the boundary
between the western and central provinces as marked by the
ISr=0.706 line. Itis proposed that the Pb province boundaries,
the ISr = 0.706 line, and the gold deposit trends are related to
crustal-scale discontinuities formed during continent-scale
rifting along western North America in the latest Precambrian
and that these discontinuities, which probably were originally
fault systems, were reactivated or utilized by subsequent
tectonic and magmatic events in the Phanerozoic.

INTRODUCTION

Two subparallel north-northwest to northwest-trending mineral
belts in Nevada, the Battle Mountain-Eureka trend on the SW
and the Carlin trend on the NE (fig. 1), are thought to reflect
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deep-seated, pre-Cenozoic crustal structures. These structures
may be pre-Cenozoic faults, Mesozoic and/or Paleozoic fold
axes, or uncertain features of the Precambrian basement. Both
geophysical and geochemical-isotopic studies can
compliment field based geologic studies of these features,
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Figure 1. Location of major belts of precious metal deposits in
north-central Nevada.

and both have been successfully applied in studies of crustal
structure in the northern Great Basin and the western U.S (for
example Blakely and Jachens, 1991; Grauch and others, 1995;
Zoback and others, 1994; Kistler and Peterman, 1973, 1978;
and Kistler, 1983, 1991). Geophysical studies measure time-
integrated physical parameters and attempt to distinguish



shallow from deep and younger from older features but are
limited in temporal distinctions because the basic data are
tied to present conditions and may be dominated by recent
crust-mantle events. Isotopic studies have the advantage of
investigating time-related features by comparing the isotopic
compositions of rocks formed at different times during the
geologic history of a region for systematic or significant
changes. However, the sampling interval for isotopic studies
is controlled by the present-day outcrop distribution of the
rocks to be studied, and the result can be a very uneven
geographic distribution. In comparison, the sampling interval
for geophysical studies is not tied to the outcrop patterns and
can be designed to provide an even geographic coverage at a
chosen scale. The isotopic signatures of igneous rocks largely
reflect the average characteristics of their source regions plus
any later interaction with the crustal column through which
they moved or into which they were emplaced and any later
modification by metamorphism or hydrothermal alteration.
In general isotopic signatures of granitoid rocks reflect the
geochemical properties of the lower and middle crust and
the mantle from which they were melted and are unlikely to
reflect the upper crust, the structure of which is more readily
revealed by geophysical methods. Since one goal of this
study is to provide a basis for the comparison of the
geophysical and isotopic data sets with respect to the crustal
structure of Nevada, it is important to remember that the two
methods have some fundamental differences in what features
of the crust and mantle system are providing the basic data.

Kistler and Peterman (1973, 1978) and Kistler (1983,
1991) demonstrated that the distribution of Sr isotopic
compositions of granitoid rocks in the northern Great Basin
delineated crustal structure, particularly the location of the
boundary between continental and oceanic crust as marked
by the initial 87Sr/86Sr (ISr) = 0.706 line (fig. 2). Elison and
others (1990) showed that the ISr =0.706 line correlates well
with the shelf-slope break defined by Early Paleozoic and
Triassic strata. Farmer and DePaolo (1983, 1984) used
combined Nd and Sr isotopic compositions of Great Basin
granitoids to study the petrogenesis of these rocks and
regional crustal structure; however, their pioneering studies
were limited by the small sample suite for which Nd isotopic
data were available. Bennett and DePaolo (1987) and
DePaolo and others (1991) present examples of the
application of Nd isotopic studies to understanding the
distribution of Precambrian crustal provinces in, and the more
general crustal structure of, the southwestern U.S. Farmer
and Ball (1997) provide an excellent example of using Nd
isotopic characteristics of Precambrian crustal provinces to
determine provenance of Late Precambrian to early Paleozoic
sedimentary rocks in the Great Basin. Since these rocks are
potential sources for Pb in the ore minerals associated with
the gold deposits in Nevada (Tosdal and others, this volume),
the conclusions reached in Farmer and Ball (1997) are of
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general interest to the present study.

Pb and Sr isotopic data are suitable for regional scale
studies because the data are relatively easy to acquire for
regional-scale sample suites. Rocks and magmas derived from
the mantle have low Pb concentrations (1-2 ppm or less)
relative to feldspar-rich crustal rocks that typically have 10-
30 ppm Pb. Because of this strong contrast in Pb
concentration, the Pb isotopic composition of most granitoid
rocks reflects that of the crust with which it is associated even
if the magma had a significant mantle contribution to its
formation. Doe and Delevaux (1973) report an early example
of the application of Pb isotopic studies to Mesozoic granitoids
in the western U.S. Chen and Tilton (1991) have demonstrated
the usefulness of combined Pb and Sr isotopic studies in the
southern Sierra Nevada. Building on the work of Zartman
(1974), Wooden and others (1988), Wooden and Miller (1990)
and Wooden and DeWitt (1991) used the Pb isotopic
compositions of Proterozoic and Phanerozoic rocks to better
define the extent and nature of the crustal provinces in the
southwestern U.S. Wooden and Mueller (1988) provide a Pb
isotopic characterization for the Archean Wyoming province.
These studies provide the background necessary to interpret
the Pb isotopic signatures of the Great Basin granitoids. It
should be pointed out that the Precambrian crustal provinces
of the southwestern U.S. as defined by the Pb and Nd isotopic
studies mentioned above are similar in their geographic extent,
but not the same (compare figures in Wooden and DeWitt,
1991, to those in Farmer and Ball, 1997). One of the areas of
disagreement is the extent of the Mojave crustal province in
the Nevada, Utah, and Arizona, but this difference mostly
effects the details, not the main thesis, of the data interpretation
provided below. Given that there are fundamental differences
in the geochemical basis of the Pb and Nd isotopic systems,
these differences in the extent of the crustal provinces may be
real and/or rooted in sample distribution, sample types, and
interpretation. A large database of Sr isotopic data and
crystallization ages is already available for granitoids from
the northern Great Basin. We report here on the results derived
from the determination of initial Pb isotopic compositions for
many of the same samples used in the studies by Kistler and
co-workers (see references above and below) and for other
new samples.

DATA SOURCES AND
ANALYTICAL PROCEDURES

The data used herein have been determined over about a ten
year period in the Pb isotopic laboratory at the U.S. Geological
Survey in Menlo Park for a number of topical studies (e.g.
Wright and Wooden, 1991) mostly focused on magmatic and
tectonic histories and processes. Most of the data represent
feldspar separates made from whole-rock crushes by
conventional magnetic and heavy-liquid separation techniques.
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each of the Pb isotopic ratios (Wooden and Stacey, 1987,
Wright and Wooden, 1991). These positive correlations,
however, were not observed for many samples from eastern
Nevada (fig. 4, Wooden and others, 1991, 1993). These
observations were consistent with those made by Chen and
Tilton (1991) for a transect in the southern Sierra Nevada.
That transect in some aspects represents a telescoped version
of the Nevada data set including the fact that the strong
correlation between isotopic ratios is no longer observed at
its eastern end. Since previous Sr isotopic studies (Kistler
and Peterman, 1973, 1978; Kistler, 1983, 1991) had already
established a correlation between geographic position and
Sr isotopic ratio (i.e. the ISr = 0.706 line), the positive
correlation between Sr and Pb isotopic ratios indicates that
the Pb isotopic ratios must also be related in a regular way to
geographic position. Simple plots of sample longitude vs.
Pb (and Sr) isotopic values confirm this situation and
demonstrate that the Pb isotopic data indicated a general
increase in Pb isotopic ratios from west to east (fig. 5).
However, the changes in orientation of the ISr = 0.706 line
from northerly in western Nevada to east-northeast in northern
Nevada and the loop defined in west-central Nevada and
California (Kistler, 1983, 1991; Elison and others, 1990)
indicate that no simple west to east geographic distribution
of the Sr isotopic data exists across the full N-S extent of
Nevada (fig. 2), and consequently none should be expected
for the Pb isotopic data either. Another complication for the
interpretation of the Pb and Sr isotopic data is that local
geographic variations occur in the distribution of the ratios.
In other words somewhat anomalous values, either higher or
lower, with respect to the average of surrounding values are
fairly common, and the occurrence of these values prevents
a simple, monotonic contouring of the data. Some of the
analytical reasons for these anomalies were discussed above,
but the anomalies may also be geologic in origin and related
to variations in the age and geochemical properties of the
sources and/or magmatic interaction with upper crustal rocks.
Regardless of the reason for the anomalies, it becomes simpler
to examine the geographic distribution of the data sets in terms
of ranges of values rather than simple monotonic contours.
Figures 6 and 7 show the geographic distribution of selected
ranges of 206Pb/204Pb (<18.7, 18.7-19.1, 19.1-19.3, 19.3-19.6,
>19.6) and 208Pb/204Pb (<38.8, 38.8-39.0, 39.0-39.7, >39.7);
geographic plots for 207Pb/204Pb are not shown because the
much more limited range of these data result in poorer
geographic resolution. Only two to three ranges of data are
shown on each figure in order to minimize the problem of
overlapping data points during plotting which obscure the
geographic distribution of the data. The breaks at 206Pb/204Pb
= 19.1 and 208Pb/204Pb = 38.8 were chosen from the Pb
isotopic ratio vs. ISr plots to correspond generally to ISr =
0.706 (fig. 4B).

The geographic distribution of these Pb isotopic data

intervals in the northern Great Basin indicates a subdivision
of the region into three major provinces which for descriptive
purposes will be referred to as western, central and eastern
(fig. 8). The boundary between the western and central
provinces corresponds closely, but not exactly, to the ISr =
0.706 line reflecting the selection criteria of the Pb isotopic
dataintervals. The observation that this boundary represents
a narrow geographic zone across which Pb (and Sr) isotopic
ratios change rapidly (figs. 5A, 6B and 7B) is confirmation
that this boundary represents more than just a numerical
division of the data set. This zone separates a broad region
in central-western, northwestern, and central-northern
Nevada (western province) where 206Pb/204Pb = 18.75-19.1,
208Pb/204Pb = 38.45-38.8, and ISr = 0.704-0.706, from a
region in central Nevada (central province) where the
corresponding ratios are 19.3-19.6, 39.0-39.7, and 0.707-
0.710.

The boundary between the central and eastern provinces
is best defined by the occurrence of samples with 208Pb/
204Pb greater than 39.7. The western edge of this field of
values defines a fairly sharp boundary that trends north-
northwest and is approximately coincident with the Carlin
trend (figs. 7B-8A). The distribution of samples with 206Pb/
204Pb either greater than 19.6 or less than 18.7 suggests a
similar but more poorly defined boundary (fig. 6B). Pb
isotopic variations in the eastern province are more irregular
than in the western and central provinces. Notable features
are the reappearance of samples with 208Pb/204Pb less than
39.0 and 206Pb/204Pb less than 19.3. The eastern province
may be divisible into northern and southern areas based on
the occurrence of samples with 206Pb/204Pb either greater
than 19.6 or less than 19.1 and 208Pb/204Pb less than 39.7
(figs. 6B-7B) The data do not define a sharp boundary
between these two areas, but only a broad zone. Possible
reasons for the irregular isotopic variations of the eastern
province will be discussed below. The paucity of samples
for Utah and southernmost Nevada prevent the clear
extension of these three Pb isotopic provinces or the definition
of province boundaries. However, a sufficient body of Pb
isotopic data exists both for Precambrian and Phanerozoic
rocks in southeastern California and for Precambrian rocks
in western Arizona to conclude that the Proterozoic Mojave
crustal province exists in this region (Wooden and Miller,
1990; Wooden and DeWitt, 1991). The Pb isotopic signature
of Mesozoic and Tertiary igneous rocks in the Mojave crustal

- province is very similar to that observed for the eastern

province in Nevada. It is an inescapable conclusion that the
southward extension of the boundary between the central
and eastern Pb provinces of Nevada must turn back to the
west. Furthermore the boundary must remain north of the
Proterozoic outcrops in the Mojave Desert and in the Death
Valley region (unpublished Pb isotopic data show these to
belong to the Mojave crustal province, Wooden and Calzia,
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Figure 4. (A) Initial 206Pb/204Pb vs. initial 208Pb/204Pb for all samples. Pb isotopic compositions for
samples west of the Carlin trend (open squares, within rectangular box) show a strong, tight positive
correlation. Pb isotopic compositions for samples east of the Carlin trend (solid triangles) are not well
correlated, and many have much higher 208Pb/204Pb relative to 206Pb/204Pb than samples west of the
Carlin trend. (B) Initial Srisotopic ratio vs. 208Pb/204Pb for all samples. Srand Pb isotopic compositions
for samples west of the Carlin trend show a strong positive correlation (solid circles, within rectangular
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Figure 5. Variation of (4) initial 206Pb/204Pb Pb and (B) initial Sr with west longitude in degrees for all
samples. Initial isotopic compositions for samples located west of the Carlin trend (solid circles) show
regular variations from west to east while those east of the Carlin trend (solid triangles) range to much
lower (206Pb/204Pb) and higher (initial Sr) values. These composite west to east transects indicate more
apparent variation for western samples than actually exists because isotopic isopleths do not have simple
north to south orientations. For example the ISr = 0.706 line and corresponding Pb isotopic values cross
from 117° and 118° in central Nevada (see fig. 6-8) and then loops back to the east producing the two
increasing trends in initial 206Pb/204Pb at 118 and 117 degrees longitude.
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Figure 6. The geographic distribution of samples with selected ranges of initial 206Pb/204Pb in Nevada and adjoining
areas of California and Utah. (A) Distribution of samples for only two non-overlapping ranges of 206Pb/204Pb, 18.7
to 19.1 and 19.3 to 19.6. (B) Distribution for three ranges - less than 18.7, 19.1 to 19.3, and greater than 19.6. The
ranges were plotted separately in this figure and in figure 7 to avoid visual clutter. The break at 19.1 was chosen to
correspond approximately to ISt = 0.706 based on the correlation between ISr and initial 206Pb/204Pb and marks the
boundary between the proposed western and central Pb isotopic provinces. The occurrence of samples with initial
206Pb/204Pb Pb less than 19.1 in eastern Nevada and Utah indicates more heterogeneous crust and may imply an age
difference across the marked east to west and northeast trending lines. See text for further discussion.
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1995; see Ramo and Calzia, 1996, for Nd data), and connect
to the eastern portion of the transect of Chen and Tilton (1991).
The southern edge of the basement gravity low of Blakely
and Jachens (1991) may be related to the edge of the preserved
Precambrian craton in southern Nevada. In general, the
boundary between the central and eastern Pb provinces
probably roughly parallels the ISr = 0.706 line and western -
central Pb province boundary in Nevada until it reaches the
east side of the Sierra Nevada batholith where the boundary
appears to run southerly toward the Garlock fault. This
boundary can be traced south of the Garlock fault through
the western Mojave Desert as the western edge of the Mojave
crustal province (Martin and Walker, 1992). It is possible to
define provinces roughly similar to the western and central
Pb provinces in Nevada there also; however, the need to restore
the Tertiary tectonic disruption of this region and other
geologic differences (Kistler, 1990; Miller and Glazner, 1995)
make that discussion beyond the scope of this paper.

DISCUSSION AND CONCLUSIONS

Pb vs. Pb and Pb vs. Srisotopic ratios within the western
and central provinces of Nevada as defined above show strong
positive correlations, increase generally west to east, have
the same trends regardless of pluton age, and mimic two
component mixing systems. These features are at least
partially attributed to the process of averaging tens of cubic
kilometers of the source region during the melting that
accompanies magma production. The isotopic signature of
granitoids in the western province is not entirely oceanic as
compared to that of granitoids in the Klamath region of
northern California (Barnes and others, 1992) and must
contain a significant component derived from the continental
lithosphere. The granitoid source region for the central
province must have a dominant crustal component and
probably represents thinned Precambrian crust and
subcontinental mantle and an (underplated?) oceanic
component. The Battle Mountain-Eureka mineral belt lies
within the central province and roughly parallels the north-
northwest-trending section of the ISr = 0.706 line (fig. 8A4).
This mineral belt lies along the east side of an area from the
East Range to Battle Mountain that contains unusually
radiogenic Pb and Sr isotopic compositions with respect to
their geographic position (Figs. 5 and 8). The ISr = 0.706
line makes a noticeable bend around the west and north sides
of this area as it turns to the east-northeast (fig. 8). These
more radiogenic isotopic values are more similar to those at
the eastern edge of the central province (near Carlin), and it
is possible that this area has been displaced tectonically toward
the west at some unknown time. The limited data set presently
available indicates that less radiogenic Pb isotopic values are
found immediately east of this more radiogenic area which
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allows for a southerly embayment in the Pb isotopic isopleths
into the northern part of the Battle Mountain-Eureka mineral
belt (figs. 6-8). This area of less radiogenic isotopic values is
roughly coincident with the geophysical basement feature
defined by Grauch and others (1995) and the northern Nevada
rift of Zoback and others (1994). At the present time, however,
it is not possible to correlate an isotopic feature with the south-
southeastward extension of the Battle Mountain - Eureka
mineral belt. This trend may simply represent the reactivation
an old major crustal fault largely within the region of a thinned
continental crust.

These well-organized isotopic trends end abruptly along
the north-northwest-trending boundary that marks the western
edge of the eastern province and approximates the position of
the Carlin trend. East of this boundary, the sharpness of which
suggests a major crustal fault or suture, most samples exhibit
high to very high 208Pb/204Pb (and many have high 207Pb/
204Pb) relative to 206Pb/204Pb, the range of Pb and Sr isotopic
ratios expands greatly, and isotopic ratios show no simple
correlation trends (figs. 4, 5, and 9). Farmer and DePaolo
(1983) defined a Nd isotopic boundary based on the occurrence
of granitoids with very low epsilon Nd values in this general
location. The eastern province represents Precambrian crust
(and subcontinental mantle?) that has experienced the least
amount of modification by Late Precambrian and Phanerozoic
events. As noted above, and by Wright and Wooden (1991),
this province can be divided on the basis of 206Pb/204Pb, 207Pb/
204Pb, and 208Pb/204Pb ratios into northern and southern
regions along a broad east-northeasterly trending belt. The
distinction between northern and southern regions is
particularly sharp in the isotopic data for Tertiary igneous
rocks, which can show significant differences from the isotopic
data of Jurassic rocks in the same area. The characteristics of
the isotopic data (fig. 9) suggest that the northern region
represents the Archean Wyoming province and the southern
region an Early Proterozoic province most similar to the
Mojave crustal province of Wooden and Miller (1990). Wright
and Snoke (1993) suggest that in the Ruby Mountains and
East Humboldt Range this east-northeast-trending boundary
is a relatively sharp feature that represents the continuation of
the Cheyenne belt into northeast Nevada. The Nd isotopic study
of the Cheyenne belt in southern Wyoming by Ball and Farmer
(1991) also suggested a relatively sharp boundary that may
have resulted in large part from erosion of overthrust crust.
The regional isotopic data in eastern Nevada can also be
modeled, however, as a broad zone of crustal mixing probably
established by a combination of tectonic, magmatic, and
sedimentary processes during the juxtaposition of these
terranes in the Early Proterozoic and, as such, would be similar
to the boundary zone between the Mojave and Arizona crustal
provinces (Wooden and DeWitt, 1991). This model is
preferred.

The west to east sequence of isotopic provinces across
Nevada is a unique feature in the western U.S., and possibly



CRUSTAL STRUCTURE

]
[ ]
™
7
viur
1 [}
114 113
B42
CA |NV '- . = A
- . AL
41 - = CIEDN
_'m (""=a-‘/ A!fﬁ >39.7
- [ | .. A AAA
40 - e \ N
\1 N m
] A A
- [ ] [ |
- I] -|/
39 . ml _m 1 ]
- -5’.
- o - -/-'" - UT
[ Wy ™ l
N -
38 - \ =
* -
~  |208Pb/204Pb \
37 + | 1 1 ] 1 1 1 1 | | | 1
121 120 119 118 117 116 115 114 113

Figure 7. The geographic distribution of samples with selected ranges of initial 208Pb/204Pb in Nevada and adjoining
areas of California and Utah. (4) Distribution of samples for two, non-overlapping ranges of initial 208Pb/204Pb, less
than 38.8 and 39.0 to 39.7. (B) Distribution for the ranges 38.8 to 39.0 and greater than 39.7. The break at 38.8 was
chosen to correspond to an ISr of 0.706 and represents the boundary between the proposed western and central Pb
isotopic provinces. Note the concentration of samples with 208Pb/204Pb between 38.8 and 39.0 along the western-
central province boundary. The western edge of the distribution of samples with 208Pb/204Pb greater than 39.7 is
proposed to mark the boundary between the central and eastern provinces. The southern extent of this range may
also denote a crustal age difference in the eastern province. See text for further discussion.
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in western North America. Although isotopic patterns similar
to parts of what is present in Nevada can be observed
elsewhere (e.g. the northern Peninsular Range is similar to
the western and part of the central province), there appears to
be nowhere else that the complete transition is preserved.
Given the tectonic history of western North America in the
Phanerozoic, particularly the north-south movement by strike-
slip faults along the continental edge, it is not surprising that
the character of a continental margin created in the Late
Precambrian would be greatly disrupted. It is also unclear if
the Late Precambrian continental margin would have
experienced the exact same processes along the entire rifted
margin. The general preservation of the isotopic zoning in
Nevada since the Late Precambrian does, however, place
constraints on the relative displacements of crust and mantle
in the Phanerozoic. Although the continental margin in
Nevada has experienced several shorting events, none of them

CRUSTAL STRUCTURE

could have been so severe as to greatly displace the regular
pattern of isotopic zoning. Therefore a model calling for over
a hundred kilometers of eastward thrusting as suggested by
Wright and Wooden (1991) seems unlikely, and the contrast
in the isotopic signatures between Jurassic and Tertiary
intrusions in the eastern Pb province, that stimulated this model,
is probably more related to differences in the depth of melting
in the same crust-mantle system than to lateral movements of
the upper crust. Similar arguments also hold for the Tertiary
extensional events that produced the modern geomorphic
pattern of the northern Great Basin. In spite of the variable
geographic distribution of this extension, the zoning patterns
have been preserved perhaps in part because the extension is
mostly normal or parallel to the strike of the isotopic provinces
and breaks the crust into discrete extensional domains of
smaller scale than that proposed for thrusting events.

The most significant Pb isotopic boundary identified in
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Figure 9. 206Pb/204Pb vs. initial 207Pb/204Pb on a Pb isochron diagram for all samples in this study. Samples located west of the Carlin
trend (open squares) define a relatively small field compared to those east of the Carlin trend (solid triangles). References isochrons are
shown for the Early Proterozoic Mojave crustal province (two parallel lines) and the Late Archean rocks of the Wyoming Province (steeper
single line) and encompass most of the eastern samples. See text for additional discussion.
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this study lies between the eastern and central provinces; this
boundary corresponds in location and orientation to the Carlin
trend. The Battle Mountain-Eureka or Cortez mineral belt
shares the orientation of this boundary but is not distinguished
by isotopic data. The north-trending part of the boundary
between the western and central provinces that matches in
location this part of the ISr = 0.706 line shares the same general
north-northwest trend as the two mineral belts. The Pb
province boundaries and the ISr = 0.706 line indicate the
presence of major crustal-scale features. The common
orientation of the Battle Mountain - Eureka mineral belt
suggests that its location may have resulted from the same
process that formed the other two crustal-scale features. Our
interpretation of these crustal-scale features is that most
resemble a regional fault system and/or sutures. Interestingly
published gravity data (Grauch and others, 1995) are most
supportive of this conclusion for the Battle Mountain-Eureka
mineral belt, which the isotopic data do not distinguish as a
major crustal boundary. These gravity data, however, are at
least suggestive that the Carlin trend may also represent a
geophysical discontinuity. The combination of north-
northwest-trending crustal boundaries and their high angle of
intersection with the east-northeast trend of the ISr = 0.706
line and stratigraphic trends in north-central and northeastern
Nevada suggests a model in which major northwest-striking
normal fault systems developed to accommodate an extending
and thinning continental margin during Late Proterozoic rifting
of the western margin of North America. Phanerozoic
reactivation of these fault systems has focused younger
tectonic, magmatic, hydrothermal and mineralization events,
and possibly influenced even the orientations of the modern
basins and ranges.
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ABSTRACT

Sedimentary platform rocks in northern Nevada serve as
hosts for the bulk of the gold in Carlin-type gold deposits.
These deposits largely account for this region comprising the
most significant gold province in North America. The most
prolific part of the Carlin trend is the northern half, which
extends from the Gold Quarry Mine on the south to the Dee
Mine on the north. Although sedimentary rocks constitute a
fundamental element of genetic models for Carlin-type
deposits, the implications and impacts of Paleozoic
sedimentary fabrics and diagenetic processes on deposit
genesis have not been investigated as thoroughly as have the
associated alteration, chemistry of the mineralizing fluids,
and structural setting(s) of the deposits. Five Silurian-
Devonian rock units below the Roberts Mountains thrust are
the principal gold-hosting units in the Carlin trend; these are
the Hanson Creek Formation, Roberts Mountains Formation,
Bootstrap limestone, Popovich Formation, and the Rodeo
Creek unit. Of these units, only the Roberts Mountains and
Popovich Formations have the mineralogy and porosity which
favors gold mineralization. In both the Roberts Mountains
and the Popovich Formations, the sedimentary rocks are
typically calcitic dolostones with primary intercrystalline vug
porosity resulting essentially from diagenetic crystallization
of dolomite. The Roberts Mountains and Popovich
Formations thus had an inherent porosity due to primary early
crystallization of dolomite in lime mud (micrite) and an
abundance of intercrystalline sulfur-rich carbon has
subsequently enhanced its reactivity to gold-bearing fluids
that circulated there during the Cretaceous and (or) Tertiary.

The sequence of rocks discussed in this report lies below
the regionally extensive Roberts Mountains thrust. They
include a number of structurally autochthonous units: (1)
The Ordovician to Silurian Hanson Creek Formation, which
is composed of arenaceous dolostones, is the lowest unit
studied. These sedimentary rocks were deposited as
arenaceous, pellet, peloid, ooid, packstone, and grainstone in
a shallow water, shoaling environment as the final phase in a
thick, upward shoaling sequence. (2) The Silurian and
Devonian Roberts Mountains Formation, lying
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disconformably above the Hanson Creek Formation, is a
quartz silt, dolomitic, lime mudstone to packstone, and
generally black in color due to carbon. Fossil fragments are
common and usually include echinoderms and brachiopods.
Siliciclastic sediments are angular silt-size quartz, and have
abundant white mica, feldspar fragments, and rare zircons.
(3) The Silurian and Devonian informally named Bootstrap
limestone unit is typically a shallow marine carbonate shelf
limestone that is dominated by multiple shoaling upward
sequences. The Bootstrap limestone in core from the area of
the Ren Mine has dolostones with intercrystalline pores and
large vugs. Although the dolostones are vuggy, very low to
no permeability is present. The dolomite rhombs, 0.1 to 3
mm in size, are subhedral to anhedral. Essentially all the
dolomite rhombs, whether matrix or void filling, are cloudy.
(4) The Devonian Popovich Formation is conformably above
the Bootstrap limestone unit. It is composed of detrital silt
size, angular to subrounded quartz, with minor amounts of
feldspar, and some clay minerals. Carbonate minerals make
up various percentages (approximately 15 to 40 volume
percent) of the Popovich Formation, and are 30 to 100 pm-
size thombs of calcite and euhedral dolomite. The rock is
typically a calcitic dolostone with some intercrystalline vug
porosity. The Popovich Formation has four units that have
been delineated in the area of the Meikle and Betze-Post gold
deposits. From bottom to top, they are a sedimentary breccia/
wispy unit, a fossil hash/planar unit, a soft-sediment-
deformation (SSD) unit, and an upper limey mud to mud lime
unit. The formation was deposited in a progressively drowned
and deeper water environment. Sedimentation went from the
foreslope to basin euxinic environments. (5) An additional
ore host, the informally named late Middle to Late Devonian
age Rodeo Creek unit, represents a largely siliceous sequence
of sediments that lie conformably above the Popovich
Formation in the West Carlin pit and at the Gold Quarry Mine.
The Rodeo Creek unit is the highest stratigraphic unit present
below the Roberts Mountains thrust in the area of the Carlin
trend. Quartz silt, dolostone and quartz silt-dolomite, and
argillaceous chert form the Rodeo Creek unit. The
environment of its deposition was deep-water euxinic to toe-
of-slope.



INTRODUCTION

Middle Paleozoic sedimentary platform rocks in northern
Nevada serve as hosts for the bulk of the gold introduced into
Carlin-type gold deposits (Roberts, 1966; Arehart and others,
1993a; Christensen, 1996). These deposits largely account
for this region comprising the most significant gold province
in North America. In 1998, approximately 7 million oz Au
will be produced from the province, which amounts to
approximately 64 percent of United States and 9 percent of
world production (Dobra, 1997). Production since 1965 from
the Carlin trend of deposits totals about 21 million oz Au
(Christensen, 1996). The most prolific part of the 40 mile-
long Carlin trend is its northern half which extends from the
Gold Quarry Mine on the south to the Dee Mine on the north
(fig. 1). Although sedimentary rocks constitute a fundamental
element of the genetic model for Carlin-type deposits (Cox
and Singer, 1986), the implications and impacts of Paleozoic
sedimentary fabrics and diagenetic processes on the genesis
of these deposits have not been investigated as thoroughly as
have the types of associated alteration, chemistry of the
mineralizing fluids, and structural setting(s) of the deposits.
Cook (1993) in his discussion of submarine carbonate
sedimentary breccias in Paleozoic carbonate of the eastern
Great Basin suggests that diagenetically altered carbonate
turbidites and megabreccias could form reservoirs for
disseminated gold in the Roberts Mountains, Denay, Devils
Gate, Pilot and other formations.

The purpose of this report is two fold: (1) to present a
facies and diagenesis analysis of autochthonous Silurian and
Devonian rocks that are the principal hosts for gold in the
northern part of the Carlin trend (fig. 2); and (2) to suggest
that some depositional and diagenetic parameters of these rocks
contributed significantly to their becoming premier gold hosts.

The sequence of rocks discussed herein lies below the
regionally extensive Roberts Mountains thrust (Roberts and
others, 1967. It includes three distinct packages of
autochthonous units, listed from base to top (fig. 2): (1) The
Ordovician and Silurian Hanson Creek Formation, Silurian
and Devonian Roberts Mountains Formation, Devonian
Bootstrap limestone unit, an informally named unit in the
uppermost part of the Silurian and Devonian Roberts
Mountains Formation (see also, Merriam, 1940; Merriam and
Anderson, 1942; Evans and Mullens, 1976; Mullens, 1980;
Armstrong and others, 1987). (2) The Devonian Popovich
Formation (Hardie, 1966; Evans, 1974; Ettner, 1989) which is
dolomitic and calcareous rocks deposited conformably above
the Bootstrap limestone unit. And (3) the informally named
late Middle to Late Devonian Rodeo Creek unit (Ettner, 1989;
Ettner and others, 1989). The Rodeo Creek is a mostly siliceous
package of rocks which lies conformably above the Popovich
Formation in the West Carlin pit and at the Gold Quarry Mine
(F.G. Poole, oral commun., 1997). It also is present at the
Meikle Mine and elsewhere in the northern part of the Carlin
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trend (fig. 1). Locally, there is some evidence that the contact
between the Rodeo Creek unit and the Popovich Formation is
depositional, although there may be a possible hiatus, with
karsting. There is also evidence of faulting and the localization
of intrusive sills along the contact between the two units in the
Meikle and Betze-Post area (Volk and others, 1996). The
Rodeo Creek unit probably is age equivalent to parts of the
Devonian Woodruff Formation. The Woodruff Formation
originally was described in the Carlin-Pifion Range area (Smith
and Ketner, 1968, 1975), and it is equivalent in age to the
Devonian Scott Canyon Formation (Roberts, 1964; Jones and
others, 1978) and the Devonian Slaven Chert (Gilluly and
Gates, 1965). The latter two units presumably make up part
of the allochthonous siliceous assemblage overlying the
Roberts Mountains thrust approximately 50 miles west of the
Carlin trend. However, some parts of the Scott Canyon
Formation in the Battle Mountain Range and the Slaven Chert
in the Shoshone Range may, in fact, represent autochthonous
rock packages that lie below the Roberts Mountains thrust
rather than above the thrust as has been traditionally proposed
(Roberts and others, 1958; Roberts, 1964; Gilluly and Gates,
1965). These two formations, if the herein amended regional
tectonostratigraphic interpretations prove to be valid, then
could be considered deep water, rifted margin equivalents of
the Rodeo Creek unit, because of the presence in them of
significant volumes of submarine basaltic rock (see also,
Madrid, 1987). However, the presence of lower Paleozoic
carbonate sequences of rock in the East Range approximately
40 miles west of the Battle Mountain Range, (Whitebread,
1994) appears to argue against such a hypothesis. The Rodeo
Creek unit is the highest stratigraphic unit present below the
Roberts Mountains thrust in the area of the Carlin trend (see
also, Ettner, 1989).

This preliminary study is based on a large number of
samples systematically collected and made into thin sections
and polished sections from 12 deep exploration drill holes in
the general area of gold deposits along the Carlin trend. Barrick
Gold Corporation, Minorca Resources Inc., and Uranerz U. S.
A., Inc. provided access to these drill holes. All samples were
examined using standard petrographic techniques, and many
polished sections were studied by scanning electron
microscope (SEM). In addition, hand-specimen-scale
structures and textural relations in all cores were studied; these
examinations supplemented those previously completed by
company geologists who initially logged the cores during their
drilling. Our study also included material from a number of
underground horizontal drill holes into the orebody at Barrick’s
Meikle Mine (fig. 1). Most deep holes penetrated a relatively
intact sequence of autochothonous rocks below the Robert
Mountains thrust near the northwest end of the Carlin trend.
They provide an extraordinary opportunity to construct
depositional environments during the Paleozoic for many rocks
that host the bulk of the gold in the most significant gold
province in North America. We emphasize that this report is a
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work in progress, and it represents a contribution towards
establishment of a consistent regional stratigraphic
nomenclature and understanding.

The carbonate classification used in this study is
Dunham’s (1962).

STRATIGRAPHY
Hanson Creek Formation

The name Hanson Creek Formation was first applied to
upper Ordovician limestone beds in the Roberts Mountains
(Merriam, 1940), approximately 70 miles south of the northern
Carlin trend, where the type section is situated on Pete Hanson
Creek (Merriam, 1963).

Within the general area of the northern terminus of the
Carlin trend, exploration drilling has encountered only the
upper part of the Hanson Creek Formation. The rocks are
arenaceous dolostone. The sediments were deposited as
arenaceous, pellet, peloid, ooid, packstone and grainstone in
a shallow water environment as the final phase in a thick
shoaling upwards sequence. The quartz sand is subrounded
to rounded 0.3 to 1-mm sand grains and is supported by a
dolomite matrix.

Diagenesis

Dunham and Olson (1980) published a study of the
Hanson Creek Formation of Eureka County, Nevada. Their
research included petrographic studies combined with the
examination of trace element and isotope data. Their
interpretation is that major dolomitization events which
affected the Hanson Creek strata took place in the shallow
subsurface as a result of the mixing of meteoric derived ground
water and marine pore water in the Early Silurian. Incursion
of freshwater into subtidally deposited sediments took place
as aresult of vertical and lateral extensions of freshwater lenses
that developed beneath subaerially exposed tracts of an inner
carbonate platform. Dolomite to limestone transition marked
the maximum extent of freshwater lenses in the subsurface.
Their study indicates that although the dolomite is diagenetic,
itis not related to the depositional environment of the original
carbonate sediment. The dolomite is early diagenetic, formed
through surface-related processes before deposition of the
overlying Roberts Mountains Formation. Regional
stratigraphic evidence shows subaerial erosion at the top of
the Hanson Creek Formation. Conodont data indicate the top
of the Hanson Creek is early Silurian (middle Llandovery),
and the base of the Roberts Mountain Formation is late
Llandovery (late Early Silurian). Thus a depositional hiatus
equivalent to the length of the middle Llandovery separates
the Hanson Creek from the Roberts Mountains Formation.
Hanson Creek dolomitization occurred during this hiatus (3
to 5 m.y.), probably early on, when the Hanson Creek marine
carbonate sequences were exposed to fresh water recharge,
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and as a result of the mixing of meteoric derived ground water
and marine pore water.

Roberts Mountains Formation

Many geologists (Merriam and Anderson, 1942; Nolan
and others, 1956; Merriam, 1963, Roberts and others, 1958;
Roberts, 1964, Gilluly and Gates, 1965; Smith and Ketner,
1968, 1975; Stewart and McKee, 1977, and Stewart and Poole,
1974) have studied the Roberts Mountain Formation.

Mullens (1980) presents an excellent discussion of the
regional distribution of the Roberts Mountains Formation for
north-central Nevada. In the Roberts Mountains, the Roberts
Mountain Formation interfingers with the shoal water
equivalent of the Lone Mountain Dolomite. Within the Carlin
trend, the Roberts Mountains Formation is quartz silt and
dolomitic limestone (lime mudstone to packstone). Fossil
fragments are common and are usually characterized by
abundant echinoderms and brachiopods. Detrital sediments
are angular silt-size quartz, abundant white mica, feldspar
fragments, and rare zircons. Calcite was deposited as lime
mud or micrite, pellets, well-worn rounded fossil bioclasts and
occasionally large fragments of brachiopods and echinoderms.
The Roberts Mountain Formation contains abundant carbonate
turbidites comprised of allodapic components. Dolomite
rhombs are abundant, are found in various amounts, and
generally are floating in a matrix of calcite and quartz silt.
The dolomite rhombs are typically subhedral to euhedral and
are from 5 to 80 pm in size (fig. 4). Pyrite is abundant and is
1 to 30 pm in size, commonly framboidal, and believed to be
primarily early diagenetic and related to sea floor organic
(bacterial) activity. Pyrite is concentrated between the
carbonate grains or crystals, and is most abundant in the dark
carbon rich, millimeter laminations. Sphalerite (ZnS) crystals
in the 1 to 30 pm size are not uncommon in the carbonate
matrix.

Millimeter laminations are the most distinguishing
characteristic of the Roberts Mountains Formation (Mullens,
1980). SEM studies show the intercrystalline spaces contain
sulfur-rich carbon, which is interpreted as derived from
“thermally altered” hydrocarbons.

Environment of Deposition.

The presence of pyrite, in particular framboidal pyrite,
and the preservation of the laminations indicates a reducing
environment existed during deposition and was toxic to an
infauna or boring organisms (Mullens, 1980). The core
samples indicate the Roberts Mountains Formation was
deposited in an anoxic, “deep” water shelf or slope to basin,
environment. The core samples studied have a consistency in
mineralogy and petrology that indicates a relatively stable
environment of deposition through time. Thin bands of
bioclastic material, composed of large brachiopod and
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GEOLOGY OF THE NORTHERN TERMINUS OF
THE CARLIN TREND, NEVADA: LINKS
BETWEEN CRUSTAL SHORTENING DURING THE
LATE PALEOZOIC HUMBOLDT OROGENY AND
NORTHEAST-STRIKING FAULTS

By Ted G. Theodore, Augustus K. Armstrong, Anita G. Harris,
Calvin H. Stevens, and Richard M. Tosdal

ABSTRACT

Dating of depositional and structural events of Late
Pennsylvanian to Miocene age in the Santa Renia Fields and
Beaver Peak 7-1/2 minute quadrangles has allowed
development of a more complete geologic history of
northeastern Nevada. Upper Pennsylvanian and Lower
Permian foreland clastic rocks of the Strathearn Formation
extend into the area, and these rocks have been involved in
what appears to be regionally extensive north-south shortening
associated with the late Paleozoic Humboldt orogeny. A major
thrust in the area, the Coyote thrust, places Ordovician rocks
of the Vinini Formation on top of lower strata of the Strathearn
Formation probably sometime in the late Paleozoic, because
the Vinini Formation also is overlain depositionally by upper
strata of the Strathearn Formation. The upper plate of the
Coyote thrust includes a number of generally north-dipping,
imbricate thrust surfaces—its lower plate includes structurally
related south-verging tightly overturned folds. Similar styles
of deformation with similar folds and thrust-surface
orientations are present elsewhere in many northeastern Nevada
mountain ranges, where they may have continued to form as
late as the Jurassic Elko orogeny. North-south late Paleozoic
shortening also may have been directly associated with
development of transcurrent sinistral shear along a northeast-
trending deformation zone, in places as much as 20-km-wide.
This feature, which has three major fault segments along its
outcrop in the quadrangles, has been termed the Crescent
Valley-Independence Lineament. A major strand of the
Crescent Valley-Independence Lineament in the Beaver Peak
quadrangle coincides with the northeast-striking Boulder Creek
fault, which shows approximately 0.8 km sinistral offset of
the Strathearn Formation, but only about 0.2 km sinistral
separation of the Coyote thrust. This suggests some
movements of the high-angle sinistral faults may predate final
emplacement of the upper plate of the Coyote thrust.

Early deformation in lower Paleozoic strata along the site
of the future Carlin trend of gold deposits is inferred to include
a dilational jog between two of the major fault strands that
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constitute the Crescent Valley-Independence Lineament. If a
companion northwest-striking shear that is conjugate to the
Crescent Valley-Independence Lineament is present
somewhere in northern Nevada, a likely site for it is the present
trace of the Miocene northern Nevada rift. We suggest that a
“proto” northern Nevada rift during the late Paleozoic may
have concentrated right lateral shear along its trace, largely in
deeply buried lower Paleozoic rocks. Thus, a favorable
environment for a “new” Carlin trend might be east-northeast-
trending dilational jogs now reflected as horsts in Miocene
rocks near the northern Nevada rift. Subsequent to late
Paleozoic events, Paleozoic rocks in the northern Carlin trend
were subjected to Mesozoic generally east-west shortening and
emplacement of Jurassic and later plutons and dikes into the
dilational jog, as well as Tertiary east-west extension. Tertiary
extension is manifested by large numbers of faults of various
orientations, and by largely unconsolidated deposits of the
Miocene Carlin Formation, including widespread air-fall tuff,
which has partly filled narrow pull-apart basins as much as
800 m deep.

INTRODUCTION

The purpose of this preliminary report is (1) to summarize
recent geologic investigations in the Santa Renia Fields and
Beaver Peak 7-1/2 minute quadrangles, (2) to integrate these
investigations with others currently being completed along the
trend (Peters, this volume; Fleck and others, this volume;
Wallace and John, this volume; Rodriguez, this volume), and
(3) to suggest, thereby, that a northwesterly zone of crustal
weakness along the northern part of the Carlin trend, near
which gold deposits eventually concentrated during Mesozoic
and (or) Tertiary time, may be much older than previously.
envisaged. The northwest-trending zone of weakness along
the Carlin trend may be a northwesterly-trending dilational
jog across a northeast-trending, regional sinistral shear couple
that initially formed during largely north-south shortening
associated with the late Paleozoic Humboldt orogeny of Ketner
1977). .
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The northern part of the Carlin trend of gold deposits in
northern Nevada—extending northwesterly from the Gold
Quarry Mine to the Dee Mine (figs. 1 and 2)—is one of the
richest and economically most important gold mining districts
in the world since large-scale gold mining began in 1965
(Christensen, 1996; Teal and Jackson, 1997). These deposits
collectively are referred to as Carlin-type systems, or
sedimentary rock-hosted disseminated gold (Arehart’s (1996)
SHGD), which generally consist of submicron-sized gold,
commonly within the crystal structure of pyrite that is
disseminated in silicified, argillized, and decalcified
sedimentary rocks and, to a lesser extent, in volcanic and
other rocks (Tooker, 1985; Berger, 1986). Many of these
deposits also are associated spatially either with syngenetic
bedded barite occurrences or epigenetic vein occurrences,
and recent investigations suggest that some of the Carlin-
type deposits may have originated from CO2-rich, Cl-poor,
gold-bearing fluids separated from relatively deep-seated
plutons (Ressel, 1998). Currently (1998), production from
the State of Nevada is at the rate of approximately 7 million
oz Au per year, roughly 9 percent of world gold production
(Dobra, 1997), and most of the gold is being extracted from
the northern part of the Carlin trend where 56 individual gold
deposits are known (fig. 3). As noted by Christensen (1997),
one of the crucial enigmatic questions still concerning Carlin-
type deposits regards the geologic reasons that the deposits
commonly are clustered in linear arrays as along the Carlin
trend and elsewhere in Nevada. In order to address this
question in the southern Tuscarora Mountains near the
northern terminus of the Carlin trend, systematic 1:24,000
collaborative geologic mapping of the Santa Renia Fields and
Beaver Peak quadrangles currently is underway by the U.S.
Geological Survey and private industry (figs. 2, 4 and 5).
The Santa Renia Fields quadrangle includes at least seven
areas where epigenetic gold-mineralized rocks are prevalent
and two areas where syngenetic bedded barite deposits have
been exploited (fig. 4). The inactive (1997) Coyote bedded
barite mine also is located in the southern part of the Beaver
Peak quadrangle (Lapointe and others, 1991).

PREVIOUS WORK

Previous geologic investigations in the two quadrangles
studied have spanned a period of approximately 130 years.
The first systematic geologic observations recorded in the
southern Tuscarora Mountains, then referred to as the
Northern Cortez Range, were outlined by Emmons (1877, p.
608) who described “quartzites, and siliceous shales.....[as
well as] peculiar greenish quartzitic conglomerates” cropping
out at Dalton Peaks. These peaks are now known as Beaver
Peak and the ridgeline immediately to its west. These
carbonate-rich and conglomeratic rocks today are recognized
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as belonging to the Pennsylvanian and Permian Strathearn
Formation, one of the formations that make up the largely
clastic foreland of the late Paleozoic Humboldt orogeny (fig.
5; see below). Emmons (1877) also reported an approximately
200~ to 250-m-thick sequence of thin-bedded limestone at
Bootstrap Hill, from which a megafaunal assemblage then was
assigned to an Early Devonian age (fig. 4). Middle Paleozoic
juxtaposition of lower Paleozoic eastern carbonate (platform)
rocks and western siliceous (basin) rocks along the regionally
extensive Roberts Mountains thrust was not recognized until
Merriam and Anderson’s (1942) study in the Roberts
Mountains (fig. 1). The thrust, as well as unconformably
overlying Mississippian through Permian clastic rocks,
subsequently were amalgamated conceptually into the Antler
orogeny (Roberts and others, 1958; Roberts, 1964; and many
others). In the part of the southern Tuscarora Mountains
currently under study, the Roberts Mountains thrust crops out
only in the general area of the Dee Mine and Bootstrap Hill
(fig. 4).

A number of previous investigations bear directly on
varjous aspects of the geology of the Santa Renia Fields and
Beaver Peak quadrangles. The reconnaissance geologic map
of Elko County (Coats, 1987) shows an undivided Ordovician,
Silurian, and Devonian siliceous western assemblage unit, the
Silurian and Devonian eastern assemblage limestones at
Bootstrap Hill (fig. 4), and the much more areally restricted
carbonate-rich rocks at Beaver Peak (fig. 5), which were
assigned to the Permian Edna Mountain Formation. However,
Evans and Mullens (1976) and Mullens (1980) mapped and
described the eastern assemblage carbonate rocks at Bootstrap
Hill as Silurian and Devonian Roberts Mountains Formation
and an unnamed Devonian unit informally referred to as the
Bootstrap limestone (see also, Armstrong and others, 1997).
Coats and Riva (1983) assigned rocks at Beaver Peak to the
Pennsylvanian and Permian Antler Peak Limestone of Roberts
(1964) and attempted to explain a variability of dips in these
rocks to an inferred Mesozoic thrust which they believed had
since been removed by erosion. As will be described below,
we find no evidence for such a thrust.

Various other aspects of the geology of the quadrangles
also have been examined in a number of theses and published
reports. The theses primarily have focused on mineralized
areas, including both gold and barite (Greybeck, 1985; Ettner,
1989; Snyder, 1989). Snyder (1989) correctly assigned the
chert-pebble conglomerate north of the Rossi barite mine (fig.
3) to the late Paleozoic overlap assemblage. A number of
reports focused on the geology and mineralized rocks of the
gold deposits in the Santa Renia Fields quadrangle (Wallace
and Bergwall, 1984; Baker, 1991; Albino, 1994). Recently,
an elegant evaluation of the stratigraphy and structure of rocks
in the upper plate of the Roberts Mountains thrust in the Ren
Mine area (fig. 4) was completed by Cluer and others (1997).
In addition to all of the above investigations, the geology of











































































worm burrows to indicate subaqueous deposition, probably
lacustrine. Roadcuts through the formation reveal that many
well-layered sequences of air-fall tuff are broken by high-angle
normal faults that have separations of as much as 1 to 1.5 m.
Where the air-fall-tuff-rich unit laps unconformably onto lower
Paleozoic rocks, an underlying, thin, yellow-brown, sandy silt
or massive olive-brown mudstone is present. In places, the
underlying units form mud lumps in beds of gray-white, air-
fall tuff. Thin beds of granitic debris, possibly derived from
the Jurassic Goldstrike stock (fig. 3), also are present locally in
the air-fall-rich sequence. The tuff-bearing unit is overlain, in
turn, by poorly exposed mostly unconsolidated silts and sands
that are conspicuously free of air-fall tuff. All of these units are
overlain with a slight angular discordance by unconsolidated
fanglomerate deposits, typically as much as 130 m thick and
locally as much as 600 m thick. They appear to have been
derived principally from Paleozoic rocks in the area of Beaver
Peak. Twelve 40Ar/39Ar laser-fusion ages, obtained from alkali-
feldspar-bearing air-fall tuffs in the formation, range from 14.4
to 15.1 Ma (Fleck and others, this volume).

Near the Ren Mine, two elongate areas of outcrop of an
extremely thick fanglomeratic facies of the Carlin Formation,
the uppermost unit of the four units recognized in the area, show
apparent partial closure around the Ren antiform (fig. 4). The
fanglomerate roughly follows bedding in the unconformably
underlying Vinini Formation giving the appearance that the
fanglomerate deposits were folded along with the underlying
rocks. However, actually the fanglomerate deposits apparently
were deposited in narrow channels that partly followed zones
of weakness and faulting in the previously folded underlying
rocks, which channels then acted as foci for debris being shed
from the east during uplift of the entire Ren-Beaver Peak tectonic
block. These channels were the conduits for a wide area of
thick fanglomerate deposits that extend southwest into the
northern parts of the Sheep Creek Range (Wallace and John,
this volume). Some faults probably were active during
deposition of the fanglomerate deposits, as well as possibly
during uplift of the Ren antiform, indicated by locally extreme
thickness of fanglomerate relative to its narrow width of outcrop;
in places the fanglomerate is reported to be as much as 600 m
thick. Indeed, many normal faults in the area now bounding
unconsolidated deposits of the Carlin Formation and Paleozoic
bedrock must have had senses of early displacement different
from the last major movements recorded along them. Lastly,
as described in Fleck and others (this volume) quartz adularia
veins locally cut some sequences of the Carlin Formation,
mostly along joints and fractures, suggesting that circulation of
potentially gold-bearing fluids continued during the Miocene.

HUMBOLDT OROGENY AND NORTHEAST-
STRIKING FAULTS IN THE CARLIN TREND

Geometric relations suggest a direct genetic link among

95

CARLIN-TYPE GOLD DEPOSITS

three major structural phenomena in the quadrangles: (1) north-
south shortening associated with south-directed thrust faults of
the late Paleozoic Humboldt orogeny, (2) northeast-striking
sinistral shear faults along the Crescent Valley-Independence
Lineament zone, and (3) aroughly N 40° W-trending dilational
zone of crustal weakness along the Carlin trend of gold deposits.
These three phenomena are consistent with a regional shortening
or compressive tectonic regime the maximum principal
paleostress direction of which was oriented roughly north-south
and near horizontal during the late Paleozoic Humboldt orogeny
(fig. 2). Although a sense of displacement has not been
determined for the southern part of the Crescent Valley-
Independence Lineament zone south of the Carlin Mine (Peters,
this volume), if we assume that this segment of the zone also
was due to sinistral shear, then the most logical interpretation
for the Carlin trend is that it represents a dilational jog between
two major strands of the zone (fig. 2). We do not suggest that
the Carlin trend entirely represents only a dilational jog caused
by northeast-southwest extension without any accompanying
shear. Rather, the northwest orientation is envisioned as
representing an ancestral zone of weakness that subsequently
focused shear strains at various times as orientation of prevailing
regional stress directions shifted periodically during subsequent
Mesozoic and Tertiary events. These events converged along
the northern Carlin trend primarily because it had earlier become
a zone of crustal weakness.

Yet, why did the jog occur where it did? The answer to
this perplexing question may lie in deep crustal structures that
reside in crystalline basement. Rodriguez (1997) has shown
from magnetotelluric soundings that a deep structure may
underlie the lower Paleozoic miogeocline along the Carlin trend.
The presence of such a structure also is suggested by the lead-
isotope data of Wooden and others (this volume). Thus, regional
sinistral shear along the northernmost strand of the Crescent
Valley-Independence Lineament may have stepped to the
southeast when it encountered a prexisting structural break in
crystalline basement near the present trace of the Carlin trend.
Indeed, part of the northwest orientation of outcrop-scale fold
axes along the Carlin trend (Peters, 1996) may have resuited
from a counterclockwise sense of rotation along the Carlin trend
during development of the regional sinistral shear couple that
involved reactivated parts of the northeast-trending Crescent
Valley-Independence Lineament (fig. 2). Left-lateral sense of
shear along northwest-striking axial planes of mesoscopic folds
that plunge shallowly to the northwest and southeast along the
Carlin trend (Peters, 1996) also is compatible with such a
regional interpretation. Further, presence of Jurassic plutons
and dikes parallel to the Carlin trend suggests that it existed as
a dilational zone at the time of their emplacement. Previously,
Gillett and Karlin (1996) speculated that many structures along
the Carlin trend may be late Paleozoic, and Dean (1991)
proposed, on the basis of fracture-pattern distribution in the
southern part of the Carlin trend, that divergent dextral wrench
faulting might account for the linearity of distribution of gold
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deposits along the entire trend.

Geologic relations are prevalent throughout many
mountain ranges in northeastern Nevada that north-south
shortening may have begun during the late Paleozoic Humboldt
orogeny and may have continued into the Jurassic. As we
described above, late Paleozoic rocks of the clastic foreland
in the Santa Renia Fields and Beaver Peak quadrangles are
overlain structurally by siliceous western assemblage
Ordovician rocks of the Vinini Formation, which make up the
lowermost structural package in the Coyote thrust, as well as
additional structurally higher imbricate packages of rock such
as above the Squaw Creek thrust (see above). Generally south-
directed thrusting associated with the Humboldt orogeny was
completed in this area during Late Pennsylvanian and Early
Permian time. In addition, south-verging tightly overturned
folds well away from the trace of the Coyote thrust attest to
the district-scale pervasive character of deformation associated
with north-south shortening (see above).

Evidence is widespread in northeastern Nevada for
generally north-south shortening from the Independence
Mountains in the north to the Pifion Range in the south (fig.
1). In the Independence Mountains, as well as in the Adobe
Range east of the northern Carlin trend (fig. 1), rocks as young
as Early Triassic were involved in north-south shortening
(Ketner, 1987; Ketner and Smith, 1982; Ketner and Alpha,
1992; Ketner and others, 1993; Ketner, 1998), possibly at the
time of the Jurassic Elko orogeny of Thorman and others
(1990). In the Mount Blitzen area, approximately 35 km to
the north in the Tuscarora Mountains, a major thrust fault
between Ordovician quartzarenite and lower plate Silurian
and Devonian chert and siltstone sequence mapped by Henry
and Boden (1997; see also, this volume) may be a correlative
with the Coyote thrust (fig. 13). These relations were
interpreted as showing “outcrop-scale thrust faults, all in the
southern package, [which] dip gently to the northwest, and
slickenlines on striated surfaces on the quartzite pods trend
mostly northwest or southeast. All these data are consistent
with major shortening with transport toward the southeast”
(C.D. Henry, written commun., 1997). Near the Gold Quarry
Mine (fig. 2), Cole (1995) determined that the principal
compressive stress had a near-horizontal, north-northeast
orientation during generation of the northeast-striking Gold
Quarry fault, which apparently is a fault segment coplanar with
one of the major strands of the Crescent Valley-Independence
Lineament (fig. 14). In addition, the Gold Quarry fault has a
sinistral sense of displacement (Cole, 1995), which is
compatible with the sinistral sense of displacements that we
infer dominated the early tectonic history of the Crescent
Valley-Independence Lineament. In the area of Carlin Canyon,
Jansma and Speed (1990) describe the presence of an isoclinal
recumbent fold in Pennsylvanian limestone and conglomerate
below the Strathearn Formation that they believe is related to
shear faulting toward the southeast. At the Rain gold deposit,
approximately 30 km south of Carlin, Nev. (fig. 1), north-
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dipping low-angle thrust faults are present in the Devonian
Woodruff Formation, and they apparently show vergence to
the south (J. Schilling, L. Shallow, and T. Thompson, written
commun., 1998). However, the Rain fault—a N 60° W-striking
structure that dips 50-70° southwest (Longo and Williams,
1997)—also may have formed during the Humboldt orogeny
on the basis of two lines of evidence. First, its fault geometry
is identical to other high-angle reverse faults of late Paleozoic
age in the Pifion Range, being the youngest shortening structure
in the area that cuts rocks of the Mississippian Newark Valley
sequence. The only difference is that the dip of the Rain fault
is to the southwest rather than to the northeast, or it is more
like a back thrust. Second, bedding attitudes are reoriented
near the fault from their generally regional northward strikes.
This characterizes bedding as it approaches all other late
Paleozoic faults and folds in the Ferdelford Creek area of the
Pifion Range, Nev., approximately 60 km southeast of the Santa
Renia Fields and Beaver Peak quadrangles (fig. 15). In this
area, the Mississippian Newark Valley sequence also is cut by
east-northwest, north-dipping thrust faults that must have a
component of north-south shortening. These faults also cut
rocks correlative with the Strathearn Formation. Silberling
and others (1997) described roughly north-south shortening
that is reflected in a broad open syncline that involves undivided
Pennsylvanian and Permian rocks belonging to the foreland
sequence in the Papoose Canyon area of the Pifion Range (fig.
16). Also in the northern Pifion Range, Smith and Ketner
(1977) described a number of late Middle to early Late
Pennsylvanian anticlines, synclines, and thrust faults, some of
the folds showing a significant north-south component of
shortening.

Direct linkage during tectonism between regional-scale
low-angle thrust faults and high-angle strike-slip faults has
been reported elsewhere in the Great Basin. Morris (1983)
showed that the northeast-striking Leamington transcurrent
fault in the central Sevier orogenic belt of west-central Utah is
directly related to a number of thrust lobes. As pointed out by
Morris (1983), wrench faults or strike-slip fauits (see also,
Wilcox and others, 1973) that result primarily from horizontal
compression or shortening should develop as conjugate pairs.
We do not know of a readily identifiable companion to the
Crescent Valley-Independence Lineament. However, a
throughgoing northwest-trending linear feature, the northern
Nevada rift (NNR) (Zoback and others, 1994; Wallace and
John, this volume), passes along the west edge of the Sheep
Creck Range approximately 40 km west of the Crescent Valley-
Independence Lineament at a latitude of 40°45' (fig. 16).
Although it is widely known that the NNR is related primarily
to Miocene extension (Zoback and others, 1994), deformation
along a “proto” NNR may be much older. On the basis of
admittedly somewhat tenuous evidence, including its geometric
relation with the Crescent Valley-Independence Lineament and
the presence of ductile-style northwest shear zones in lower
Paleozoic rocks parallel to its trace in the Shoshone Range,
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ore deposition has been proposed for some sedimentary rock-
hosted gold deposits by Peters and others (1997) in Nevada
and by Lou Xiaohuan (1993; 1996) for some Carlin-type gold
deposits in China. The host structural zones in the syn-
deformational gold deposits are interpreted in the Carlin trend
area by Peters (1996, 1997d) to act like F3 shear folds that
may have folded F; folds in a right lateral sense (fig. 10).
These D3 shear zones are deformed, broad, 200-m-thick zones
with multiple, sheared strands, breccia bodies, and phacoidal-
shaped blocks and slabs (Peters, 1997c).

Although relative ages of mineralization have not been
resolved or are enigmatic in north-central Nevada, the
formation of sedimentary rock-hosted gold deposits,
deformation in the CVIL and the crosscutting northwest-
striking deformation zones, may have been synchronous during
the time of gold transport and deposition.

Hot saline ore fluids capable of traveling distances of over
100 km with metals have been described by Sverjensky (1984)
in sedimentary basin settings similar to those in north-central
Nevada. Much of the rock traversed by such fluids would be
through the porous, calcareous lower-plate rocks below the
Roberts Mountains allochthon. If the ore fluid had a
composition similar to that described by Woitsekhowskaya
and Peters (this volume) capable of producing sedimentary
rock-hosted gold deposits, it could retain metals in solution
and be able to transport metals over regional-scale distances
within these rocks, due to the large buffering capacity of the
carbonate in the rocks (see Crerar and others, 1985). Such
fluid flow could have been channeled into high permeability
conduits (see also Rodriguez, 1997), such as the CVIL, and
may have been accompanied by deformation, coeval
dissolution, magmatism, and crustal heat flow.

Fabrics related to emplacement of the Roberts Mountains
allochthon (D,) were overprinted by subsequent penetrative
deformation events that most likely also penetrated the lower-
plate rocks. One or more of these deformation events may
have been synchronous with gold mineralization. Because
there are similarities between deformation styles in each of
the three generalized deformation events, it is possible that a
number of unrecognized D3 deformation zones may be present
in the CVIL as northeast-trending masses that served as
regional-scale conduits for fluids that formed sedimentary
rock-hosted gold deposits.
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INITIAL RESULTS OF STRATIGRAPHIC AND
STRUCTURAL FRAMEWORK STUDIES IN THE CEDARS
QUADRANGLE, SOUTHERN SHOSHONE RANGE

By Thomas E. Moore and Benita L. Murchey

ABSTRACT

Stratigraphic, structural, and paleontological studies in
The Cedars quadrangle in the southern Shoshone Range show
that its geology is analogous to that of the Battle Mountain
area. The structurally lowest units consist of deformed chert
and quartzite of the Roberts Mountains allochthon. These rocks
are unconformably overlain by a shoaling upward sequence,
part of the overlap assemblage of Roberts (1964), composed
of conglomeratic turbidites and overlying shelfal siltstone,
shale, and sandstone that are correlative with the Pennsylvanian
and Permian Antler sequence of the Battle Mountain area. A
thin limestone at the base of the shelf deposits has yielded
Late Pennsylvanian conodonts that are coeval in part with the
Pennsylvanian and Permian Antler Peak Limestone, middle
formation of the overlap sequence. Sedimentary features
suggest that the overlap sequence in The Cedars quadrangle
may comprise fan-delta deposits that were deposited in a more
basinward position relative to the rocks of the Antler sequence
in the Battle Mountain area.

The overlap sequence in The Cedars quadrangle is overlain
on a structural contact by the Mississippian, Pennsylvanian,
and Permian Havallah sequence of the Golconda allochthon.
New radiolarian and conodont collections show that the
Havallah consists of distinct lithological packages of Late
Pennsylvanian and Permian siltstone and argillite and Middle
and Late Pennsylvanian and Permian argillite and chert that
probably once were deposited along the eastern, proximal
margin of the Havallah basin. The structural contact between
the overlap sequence and the Golconda allochthon suggest that
it is correlative with the Golconda thrust. Our new
paleontologic and structural data, however, do not support a
thrust relation across the fault and instead suggest only stratal
disruption in a homoclinal succession of strata. Several
explanations are possible, including (1) the base of the Havallah
sequence in The Cedars quadrangle is an extensional fault,
possibly developed by submarine landsliding in the Permian,
(2) the Golconda thrust is located higher in Havallah strata,
requiring that Havallah strata compose part of the footwall as
well as the hangingwall of the thrust, and (3) the uppermost,
undated part of the overlap sequence in the footwall includes
rocks that are younger (Permian?) than the dated Late
Pennsylvanian limestone in the middle of the overlap sequence.
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The Paleozoic rocks are overlain by a succession of
Tertiary volcanic rocks including ash flow tuff and are cut by
systems of generally north- and east-trending high-angle faults
of Tertiary age. An episode of alteration marked by extensive
silicification and liesegang banding is developed in the coarse-
grained, lower part of the overlap sequence and is associated
with north-striking faults.

The Cedars quadrangle is located along the western margin
of the Battle Mountain-Eureka mineral trend and south of the
southward projection of the pluton-related Ag-Au mineral
deposits in the Battle Mountain area. The geology of The
Cedars quadrangle displays many characteristics that mark
mineral deposits in the Battle Mountain district, including (1)
intersection of structural trends; (2) presence of north-striking
normal faults, (3) presence or suspected presence of magmatic-
hydrothermal systems, (4) presence of rocks of the Antler
sequence as a receptive host; and (5) the presence of a fault
similar to the Golconda thrust for sealing ascending
hydrothermal fluids. These features suggest that The Cedars
quadrangle provides an opportunity to test predictive models
for distal disseminated gold-silver deposits in a region that is
highly prospective for these types of deposits.

INTRODUCTION

The Cedars 7.5' quadrangle, located in the southern
Shoshone Range about 60 km south of Battle Mountain in
north-central Nevada (fig. 1), lies along the southwestern
margin of the Battle Mountain-Eureka mineral trend (Roberts,
1966; Shawe, 1991). The quadrangle is located south of the
south-striking porphyry-related and distal disseminated Ag-
Au deposits in the Battle Mountain area (Doebrich and
Theodore, 1996) and the Cove and McCoy deposits (Brooks
and others, 1991), and it is west of the sediment-hosted Carlin-
type Pipeline and Cortez deposits (Foo and others, 1996).
Structurally-controlled zones of hydrothermal alteration are
present in the The Cedars quadrangle and indicate a potential
for presence of widespread mineralized rocks. The quadrangle
has been actively explored by mining companies since the
1970’s as evidenced by numerous exploration roads, pits,
drillpads, and other excavations, although no mines are located
within its boundaries. Nonetheless, published geologic map




































from the quadrangle from either the argillite and siltstone unit
(sample 4) or the structurally underlying overlap sequence
(map locality 3 in the siltstone, shale, and sandstone unit).

Based on preliminary examinations of the Permian faunas,
the relative abundance patterns of sponge spicule and
radiolarian faunal groups are similar to those found in faunas
from siliceous argillite and mudstone in the structurally lowest
thrust-bounded package of the Havallah sequence in the Battle
Mountain area (Lithotectonic Unit 1 of Murchey (1990)).
Stauraxon radiolarians are more abundant than Albaillellaria
in all samples and delicate sponge spicules are more abundant
than radiolarians in some sieve residues. A high ratio of
stauraxon radiolarians to Albaillellaria is characteristic of
relatively deep marginal marine basins in the arc and back arc
regions of the Permian Cordillera, but not of the open ocean
region to the west (Murchey and Jones, 1993). For similar
sponge spicule faunas in the Battle Mountain area, based on
spicule morphotypes, relative abundance, and hemipelagic
character of host strata, Murchey (1989, 1990) inferred a basin
depth between 150 m and 1,000 m.

Samples from the chert and argillite unit were collected
from the southern part of The Cedars quadrangle. Localities
10 to 14, collected on a north-south traverse south of Wood
Canyon, yielded radiolarian and sponge spicule faunas ranging
in age from Middle Pennsylvanian (Desmoinesian) to probable
early Late Permian (early Guadalupian?). Localities 10 (green
siliceous argillite) and 11 (black chert float ) contain faunal
elements of the late Middle Pennsylvanian Pseudoalbaillella
sp. G - Paronaella? triporosa fauna of Murchey (1990).
Significantly, these faunas are older than the Late
Pennsylvanian conodonts in sample 3 of the overlap sequence.
Locality 12 (green and maroon siliceous mudstone interbedded
with maroon argillite) contains Pseudoalbaillella bulbosa and
has a possible range from Missourian to Wolfcampian. Sample
14 (bedded green-gray chert with 1- to 2—cm thick beds)
contains faunal elements characteristic of the Leonardian P,
scalprata - P. kamigoriensis assemblage of Murchey (1990).
Delicate but fairly diverse sponge spicule assemblages are
present with the radiolarian faunas. Based on the
paleobathymetric model of Murchey (1989, 1990), the
radiolarian-bearing samples were deposited at depths between
150 m and 1,000 m, in a setting possibly deeper and (or) more
distal than the depositional site of the argillite and siltstone
unit.

Map locality 13 (2 cm bed of black chert ) is a sponge
spiculite with no radiolarians. The fauna is distinctive for its
large monaxons, bean-like rhaxes, strongyles, and round
sterrasters. Rhax-bearing spicule faunas appear to be confined
to an early Guadalupian depositional belt extending from the
Permian Phosphoria basin in Idaho southward down the trend
of the Antler Highlands and eastern Golconda allochthon. The
faunas are found in autochthonous shallow marine siltstones
of the Permian Edna Mountain Formation near Battle
Mountain (Murchey and others, 1995) and black bedded chert
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of the coeval Phosphoria Formation of southern Idaho
(Murchey, 1989). These types of spicule faunas are present
in black chert and cherty limestone turbidites of the eastern
part of the Havallah sequence elsewhere from northern Nevada
(Murchey, 1989,1990) to at least as far south as the Reese
River area in the southern Shoshone Range (Tomlinson, 1990).
In the autochthonous rocks of the Phosphoria basin and Antler
Highlands and the allochthonous rocks of the Golconda
allochthon, the rhax-bearing faunas are spatially associated
with phosphatic sandstone or siltstone and the large monaxon
spicules are commonly infilled with phosphatic material. We
interpret the spicule faunas of locality 13 as a redeposited
assemblage probably derived from the lower Guadalupian Edna
Mountain Formation or equivalent unit somewhere along the
trend of the Antler Highlands. In the north-central part of The
Cedars quadrangle, however, we have not recognized overlap
sequence rocks that are as young as Guadalupian or that contain
rhax spicule faunas.

Tertiary rocks

Tertiary rocks in The Cedars quadrangle consist entirely
of intermediate and felsic volcanic rocks. In the northern part
of the quadrangle, the volcanic rocks consist of a thick sequence
of light gray ash—flow tuff that has been mapped as the
Oligocene Caetano Tuff (McKee and Stewart, 1969; Stewart
and Carlson, 1976; Stewart and McKee, 1977). These rocks
are at least 250 m thick and, at their base, consist of crystal-
poor wff with well developed eutaxitic texture. To the south,
these tuffs thin dramatically, possibly due to faulting or
irregular topography beneath the tuff. In the southern part of
the quadrangle, volcanic rocks consist of red-brown-
weathering, porphyritic plagioclase-biotite andesitic or dacitic
flows that display a characteristic flaggy planar fabric. The
porphyritic volcanic rocks are at least 400 m thick and are
exposed over a broad area but are undated. The relation"
between the Caetano ash-flow tuff and the porphyritic volcanic
rocks in the southern part of The Cedars quadrangle is presently
unknown. Outcrops of black vitrophyre, crystal-rich tuff and
pink weathering densely welded tuff are present in the
intervening area. Some of these rocks have been correlated
with the Miocene Bates Mountain tuff; others with the Caetano
Tuff (Stewart and McKee, 1977). Stratigraphic studies,
geochemical analysis, and Ar—Ar age dating of these volcanic
units currently are in progress.

STRUCTURAL RELATIONS

The structural geology of The Cedars quadrangle is
complex in detail and the observations reported here represent
only initial results. Nonetheless, our studies to date allow
classification of structures into several categories and
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determination of a few preliminary conclusions. We discuss
separately below structures in The Cedars quadrangle
associated with (1), the Roberts Mountains allochthon; (2) the
Golconda “thrust” and allochthon; and (3) high-angle faults.

Roberts Mountains allochthon

Rocks of the Roberts Mountains allochthon display
contractional structures at both outcrop and map scale.
Outcrop-scale structures are well developed in the bedded chert
unit, which exhibits abundant disharmonic folds (fig. 4B).
Folds are open to tight and vary in style from chevron to
strongly asymmetric. Small-displacement thrust faults and
zones of brecciation disrupt the folds. Asymmetric folds at
one locality indicate northward structural transport, with axial
planes that strike N65°E and dip to the south. In contrast to
the bedded chert unit, the black chert unit displays few outcrop-
scale folds. This unit lacks argillite interbeds which allow
disharmonic folding in the bedded chert unit and instead
appears to have deformed as a rigid beam by faulting.

Atmap scale, the lithologic units that comprise the Roberts
Mountains allochthon in the north-central part of The Cedars
quadrangle dip moderately to the west. Contacts between these
units are thought to be thrust faults, although critical evidence
that demonstrate these relations have not yet been established.
Radiolarian fauna in the chert are currently being processed
to test this hypothesis.

Golconda thrust and allochthon

Rocks of the Golconda allochthon in the north-central part
of The Cedars quadrangle are separated from overlap sequence
rocks by a poorly exposed, yet prominent fault that dips about
30° to the east (figs. 2 and 11). This fault, which has been
correlated with the Golconda thrust (Stewart and Carlson,
1976; Stewart and McKee, 1977), is located at a stratigraphic
position that is near the base or within the upper, siltstone,
shale and sandstone unit of the overlap sequence. The fault is
commonly marked by a 10~m-thick zone of dark scaly argillite
and, where the conglomerate and siltstone unit is in the
footwall, by sheared and brecciated rocks in the footwall. Thin
sections of the scaly argillite indicates that grain-scale
deformation is absent or poorly developed at this contact,
suggesting that deformation may have occurred at relatively
high hydrostatic pressures. Tectonic slivers of the siltstone,
shale, and sandstone unit of the overlap sequence are locally
incorporated in the fault. These slivers, coupled with varying
stratigraphic sections adjacent to the contact in the footwall
and hanging wall units, show that the contact is a fault.
Nonetheless, bedding in rocks above and below the fault
generally are concordant with the fault. Inthe few significant
outcrops of hanging wall rocks (Golconda allochthon)
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examined, strata dip consistently eastward and do not display
folds or other evidence of contractional deformation.

Available age data indicate that strata in the footwall are
at least as young as Late Pennsylvanian (late Missourian),
whereas strata in the hanging wall are no older than Late
Pennsylvanian (late Missourian or early Virgilian) (table 1).
These relations allow two possibilities. The first possibility is
that the fault is a thrust fault that duplicates Upper
Pennsylvanian strata, placing basinal strata onto shelfal strata.
This interpretation would require that the fault is essentially a
footwall flat that outside our study area has ramped upward
from a position below Upper Pennsylvanian strata. This
hypothesis implies that shortening was significant because the
fault places basinal facies onto shelfal facies. A thrust model
could be confirmed if Permian strata are eventually found to
be present in the undated uppermost part of the siltstone, shale
and sandstone unit in the footwall of the fault. The second
possibility is that the fault is fundamentally a depositional
contact modified by small displacement faults that may be of
extensional character. In this case, small displacement faults
form a zone of stratal disruption in Upper Pennsylvanian strata,
perhaps in an interval of incompetent shale. This hypothesis
requires the rocks of the overlap sequence and the Golconda
allochthon at one time formed a continuous depositional
succession that recorded basin subsidence in the late Paleozoic.
This hypothesis satisfies our present observations and data,
but it is not supported by regional relations of the Golconda
allochthon, which exhibits older-on-younger relations
indicative of contractional deformation (for example, Miller
and others, 1982). Our studies to date cannot distinguish
between these two possibilities. Continuing paleontological
analysis of footwall and hangingwall rocks coupled with
structural studies may help resolve this question.

High-angle faults

Ubiquitous high-angle normal faults in the north-central
part of The Cedars quadrangle greatly complicate its geology.
Most high-angle faults are small displacement, north-trending
structures. The most significant of these are portrayed in figure
2 and include range-bounding west-dipping structures along
the western Shoshone Range as well the north-striking fault
that marks the eastern extent of the Golconda allochthon in
the interior of Cedars quadrangle. Using the basal contact of
the overlap sequence as a datum, the latter fault drops rocks
down to the west aminimum of 300 m, whereas the distribution
of Tertiary volcanic rocks suggest a minimum displacement
of about 500 m, assuming they were once present east of the
fault as well as to the west. These faults truncate the Tertiary
volcanic rocks, indicating that they were active in post-
Oligocene time.

Not shown in figure 2 are numerous very small
displacement brittle faults that appear to be related to the more



















































faults were reactivated at this time, probably because of
differential Tertiary extension manifested by strike-slip offset
in cover rocks.

REGIONAL IMPLICATIONS

Evidence for widespread Eocene deformation in the
central and eastern Great Basin is increasing. Localities where
Eocene deformation, primarily extensional, has been
documented are shown on figure 7A. Eocene uplift in the
Ruby Mountain- East Humboldt Range is documented
McGrew and Snee (1994). In the northern Deep Creek Range,
northwest Utah, Potter and others (1995) mapped tilted early
Eocene White Sage Formation overlain by flat-lying 39.6 Ma
volcanic rocks. Miller and others (1987) inferred Eocene
movement on a major detachment fault cut by 40 Ma dikes
and sills in the Pilot Range, Utah and Nevada. Wells and others
(in press) showed rapid cooling in the Raft River Mountains
at 47-45 Ma. In the northern Snake Range, Nevada, Lee (1995)
documented by 40Ar/39Ar methods that the earliest movement
on the northern Snake Range detachment fault was middle
Eocene (48-41 Ma). A probable middle Eocene age for
displacement was interpreted along the Wood Hills detachment
(Thorman and Snee, 1988; Hodges and others, 1992). In the
Elko area and west and north of the Ruby Mountains, Ketner
and Alpha (1988) documented Eocene-age folds in the Eocene
Elko Formation. Extensional uplift was centered in the areas
of core complexes in east-central Nevada; documented
compressive structures are primarily located along the western
edge of the area of core complexes (fig. 7A).

The age of uplift and related folding, based on the above
geologic and isotopic data, was about 50 to 41 Ma. The
presence of volcanic rocks in the folded Eocene rocks at
Alligator Ridge suggest that at least in some areas the folding
is 45-41 Ma. Stock and Molar’s (1988) plate reconstructions
indicate plate relations and movements in the time period of
the Eocene deformation at about 50 Ma-42 Ma. Stock and
Molar (1988) document that between 68 to 42 Ma, the Farallon
plate approached the North American plate from the southwest
and the boundary between the plates was a subduction zone.
Between 56 and 42 Ma, the Vancouver plate broke from the
Farallon plate and plate convergence of the Farallon/Vancouver
and North America plates decreased. This decrease in
convergence is about the same time as the Eocene deformation
(Potter and others, 1995), and may coincide with initiation of
extension in the area of core complexes in eastern Nevada.

The age of formation of Carlin deposits is controversial,
but hypotheses include deposition related to fluid flow
associated with Eocene volcanism (Hofstra, 1995) or
extensional development of Tertiary core complexes (Iichik
and Barton, 1997). Gold deposition at Twin Creeks dated at
about 42 Ma shows that at least some mineralization was
during the Eocene (Hall and others, 1997). The Eocene
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deformation in the Alligator Ridge area apparently occurred
just prior to volcanism and possible mineralization. Because
Eocene rocks are poorly documented in the Carlin trend, the
extent and(or) type of Eocene deformation along the trend is
unknown. If present, Eocene structures are likely be
misinterpreted as Paleozoic or Mesozoic.
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TUNGSTEN-POLYMETALLIC-AND
BARITE-MINERALIZED ROCKS
IN THE RUBY MOUNTAINS, NEVADA

By Vladimir 1. Berger and Robert L. Oscarson

ABSTRACT

Mineralized occurrences in the Ruby Mountains were
examined for any inferred traces of gold-ore-forming fluids
that might be connected to metamorphism and to formation of
Carlin-type gold deposits at a higher structural level. Traverses
across the metamorphic core complex of the Ruby Mountains
and study of known tungsten-polymetallic and barite deposits
revealed skarn as predominant type of mineralized rock. At
least two phases of skarn formation are present: (1) an early
phase connected with a Late Jurassic granitic intrusion, and
(2) a later phase related to Oligocene granite-monzonite of
the Harrison Pass pluton. Skarn deposits of both phases are
present at generally the same stratigraphic level in Cambrian
marble and recrystallized limestone and contain similar Pb,
Zn, Cu, Ag, Ba £ W mineralization. The main differences
consist of variable compositions of the skarn assemblages: first,
pyroxene-idocrase with minor garnet and a retrograde
association of amphibole (actinolite-tremolite)-epidote-calcite
accompanied by quartz-sulfide minerals; second, an
amphibole-epidote-garnet skarn assemblage with a calcite-
quartz retrograde association. This difference and varied ore
textures, almost “epithermal” in the second case, have been
probably caused by different depths of emplacement of the
accompanying intrusions: deep Jurassic pegmatitic granite and
shallow Tertiary pluton. Celsian, a barium plagioclase feldspar,
was newly discovered in skarn deposits of both ages. Ore-
host Cambrian carbonate rocks might have contained pre-
metamorphic barite-bearing SEDEX(?) mineralization or the
celsian might be a granite-generated component of the skarn-
polymetallic-barite assemblage.

Combined vertical zoning of early first phase skarn can
be traced for deposits of the Battle Creek Mine (2,220 m
elevation), American Beauty Mine (2,460 m) and Knob Hill
Mine (2,610 m), which are present in a roof pendant in a
Jurassic pegmatitic granite. Tungsten and quartz-polymetallic
mineralized rocks at the Battle Creek Mine are hosted by well-
developed skarn. At the American Beauty Mine, at 240 m
higher elevation, mineralized rock is characterized by a
polymetallic sulfide assemblage without tungsten and is
accompanied by quartz containing only fragments of skarn
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that are almost entirely destroyed by retrograde processes.
Approximately 150 m higher at the Knob Hill Mine, upper
levels of the mineral zonation contain only quartz-polymetallic
veins surrounded by a halo of hydrothermal silicified rocks
and carbonate-altered rocks. Gold is not a significant
component of skarn mineralization. Rcognition of this vertical
zonation of the skarn deposits seemingly does not allow space
for any “skarn roots” for Carlin-type gold mineralization in
the deeper crust represented by this migmatitic core.

Two types of barite mineralization are present in the Ruby
Mountains: bedded barite at the Judy Mine which is present
in Devonian dolomite in the southern part of the range, and
vein and replacement barite mineralization which partially
resulted from remobilization of earlier bedded barite during
Tertiary extensional-related hydrothermal activity. The bedded
barite might be roughly comparable to recently discovered
minor barite-bearing SEDEX-type base and precious-metal
mineralization in Devonian strata of the northern Carlin trend.
However, an absence of base and precious metals in the bedded
barite places limitations upon such comparisons. Barite is an
insignificant but common component of many Carlin-type
deposits. The same reasoning applies to comparison of vein-
type barite occurrences in the Ruby Mountains with proximal
minor barite-bearing Carlin-type deposits in the area of the
Alligator Ridge and Yankee gold mines, south of the Ruby
Mountains. These latter occurrences are commonly located
in Mississippian strata.

Thus, this study did not demonstrate in Ruby Mountains
any “roots”, connections, or deeper analogs for Carlin-type
gold deposits. However, the investigation did provide a clear
understanding of the largely pluton-related mineral deposits
of this prominent metamorphic terrane.

INTRODUCTION

Scattered ore deposits in the metamorphic core complex
in the Ruby Mountains provide an opportunity to examine the
potential association between gold-ore-forming fluids and
metamorphism as well as any association with Carlin-type gold
deposits, which would have formed at higher structural levels



CONTRIBUTIONS TO THE GOLD METALLOGENY OF NORTHERN NEVADA OPEN-FILE REPORT 98-338

in the crust. The work was initiated with the intention of either
confirming or clarifying underlying assumption to the
hypotheses of metamorphogenic (Seedorff, 1991) or
amagmatic (Ilchik and Barton, 1997) origins of Carlin-type
gold-forming fluids.

The Ruby Mountains are located in Basin and Range
province of northeastern Nevada. The range formed as a late
Cenozoic north-northeast-trending horst extending 115
kilometers at an angle of about 35° to the Carlin trend, whose
southeastern extension crosses the southern end of the range
(fig. 1). The metamorphic core complex exposed within the
Ruby Mountains was the main object of field observations.
Previous studies of the geologic, tectonic and magmatic history
of this terrane by many others (Howard, 1966, 1971, 1980;
Howard and others, 1979; Kistler and others, 1981; Snoke,
1980, 1997; Snoke and Miller, 1988) provided the framework
for this mineral-resource investigation.

Fieldwork undertaken as part of this study examined the
areal metasomatic events in metamorphic rocks that could be
interpreted as evidence of widespread fluid activity, and
documented the different types of mineralized rocks in the
Ruby Mountains. The studies had two tasks: (1) to identify
possible analogs to Carlin-type gold deposits, and (2) to
determine spatial and temporal relationships of mineralized
rocks to metamorphism. The first task was carried out by
traverses across the Ruby Mountains. The second task required
afirst-hand acquaintance with deposits of the Ruby Mountains
and Carlin-type gold deposits. The following accessible
mineral deposits in the Ruby Mountains were examined: skarn-
polymetallictW deposits of the American Beauty Mine, Knob
Hill Mine, Battle Creek Mine, Valley View Mine, and Summit
View Mine; and barite deposits of the Judy Mine, B & P claims,
and Dorsey Canyon prospect (fig. 2). Follow-up study included
rock and ore microscopy, scanning electron microscope (SEM)
and microprobe analysis, and preparation of samples for U-
Pb age and Pb isotope determinations, and for sulfur-isotope
analyses of barite. Preliminary results of the study are
presented herein.

GEOLOGIC FRAMEWORK
Stratigraphic Units

The prominent deeply eroded Cenozoic horst of the Ruby
Mountains is composed of different and contrasting rock
complexes. According to Howard (1966, 1980); Howard and
others (1979); Snoke (1980, 1997); Snoke and Miller, (1988);
MacCready and others (1997), rocks in the range can be
subdivided into two main units. A migmatitic core complex
makes up the core of the Ruby Mountains. It consists of
metaquartzite, pelitic schist, gneiss, and marble
metamorphosed to upper amphibolite facies, with an indicator
mineral association of sillimanite-muscovite-K~-feldspar.
Howard (1980) consided the protoliths of this complex as Early
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Cambrian and Precambrian(?). Kistler and others (1981)
argued that the metamorphic complex is chiefly Precambrian
>1,450 Ma, and has been metamorphosed and intruded by
granite-granodiorite gneisses at about 550 Ma. Lush and
others (1988) reported a Late Archean age (2.5+0.11 Ga) from
a sample of orthogneiss in the adjoining East Humboldt
Range. It seems noteworthy that the Precambrian part of this
unit was not outlined on geologic maps of the Ruby
Mountains. Old stratigraphic boundaries are obliterated by
superposed polyphase magmatic and metamorphic events, and
the possibility of delineating the Precambrian rocks within
the core complex remains questionable. Thus, we focused
our field observations generally on the entire migmatitic
metamorphic sequence keeping in mind that it includes
Paleozoic metasedimentary rocks, correlative with the
miogeoclinal sequence of the eastern Great Basin (Howard,
1966, 1971).

Unmetamorphosed to low-metamorphic grade Cambrian
to Triassic carbonate and clastic rocks compose the second
main unit. These rocks are typical miogeoclinal sequences
that continue southward into the southern part of the Ruby
Mountains, south of granite exposures. Separate low-angle
fault-bounded packages in the central and northern part of
the range are made up of similar sedimentary rocks.
Fossiliferous dolomite and limestone compose a substantial
part of the unit. Tertiary clastic sedimentary rocks and
rhyolitic volcanic rocks dated at approximately 15 Ma were
involved in a low-angle fault complex and cut by detachment
faults in the northern Ruby Mountain (Snoke, 1980;
MacCready and others, 1997).

Magmatic Events

The horst in the Ruby Mountains appears to be a
distinctive plutonic terrane (Howard, 1966, 1980; Kistler and
others, 1981). Wide areal exposures of Mesozoic and
Cenozoic granitic rocks in the central part of the range are
surrounded northward by a migmatitic core complex. The
latter appear like a roof pendant in a giant polyphase granitic
intrusion that has been eroded and partially exhumed.
Metasedimentary rocks are intercalated with numerous sills
and cut by dikes of pegmatitic granite, the proportion of which
increases downward. Phanerozoic magmatic successions of
the Ruby Mountains include four main events.

(1) Pegmatitic granite predominates the Late Jurassic intrusive
complex. It is accompanied by sparse gabbro and quartz
diorite to trondjemite and biotite granodiorite. The presence
of garnet in the metamorphic mineral assemblage and the
gneissic texture are typical of these rocks. A Rb—Sr age for
the pegmatitic granite is 159.7+2.7 Ma (Kistler and others,
1981) whereas a U-Pb monazite age of 153+1 Ma (Hudec
and Wright, 1990) is slightly younger.
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Figure 1 Location of the Ruby Mountains (hatched) in relation to
the Carlin trend, Nevada.

(2) Cretaceous two-mica leucocratic granite has intruded the
pegmatitic granite and is present as a subsidiary igneous phase
mainly inside the Jurassic pluton in the central Ruby
Mountains. A Rb-Sr age determined by Kistler and others
(1981) is 83.9+1.25 Ma.

(3) The Oligocene granite-monzonite of the Harrison Pass
Pluton intrudes the older rocks. A Rb—Sr age of 31.9+1.2 Ma
has been determined by Kistler and others (1981) for these
rocks. Cataclastic textures are characteristic for these rocks,
and they are locally overlain by a klippe of unmetamorphosed
Paleozoic sedimentary rocks. Wright and Snoke (1993)
indicate that Tertiary intrusive rocks are widespread and make
up a significant component of the metamorphic core complex
in the northern Ruby Mountains. They report U-Pb ages
between 40 to 29 Ma for 48 zircon and monazite fractions
from granitic rocks, varying from quartz diorite to leucogranite
in composition.

(4) Various other igneous rocks are assigned Late Tertiary ages
(Snoke, 1980, MacCready and others, 1997). This group of
rocks includes scattered basalt dikes with chilled margins that
intruded mylonitic metamorphosed rocks at about 17-15 Ma,
and felsic volcanic rocks in the northern Ruby Mountains,
which were erupted about 15 Ma. The felsic volcanic rocks
are similar in age to rhyolite flows near the northern terminus
of the Carlin trend (Fleck and others, this volume).
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In a road cut along Lamoille Canyon, dikes of granite
porphyry that probably belong to the last magmatic event are
well-exposed (fig. 3). The exposure is situated inside a
transition mylonite zone, in the western edge of the Lamoille
Canyon nappe outlined by Howard (1966, 1980) as a pre-
metamorphic thrust structure. Flaggy micaceous quartzite
interbedded with biotite schist contains a tectonic lens of
contorted marble, partially replaced by diopside.
Metasedimentary rocks dip gently 15° to N10°E, and are
intruded by boudinaged sills of pegmatitic granite. Overprinted
blastomylonite fabric in pegmatitic granite is emphasized by
foliated biotite (fig. 4A).

Wedge-like dikes of granite porphyry as much as 1.7
meters thick intersect the metasedimentary rocks and
pegmatitic granite sills dipping 40° to E30°S. The fine-grained
quartz-K~feldspar matrix of the granite porphyry contains
phenocrysts of zoned plagioclase and quartz (fig. 4B). The
ductile flow fabric of the matrix is parallel to sharp margins of
the dikes. The shape and fabric of the dikes indicate that they
intruded brittle fissures formed during extension. They might
be a subvolcanic analog of the Miocene rhyolite mapped farther
northward (Snoke, 1980). The dikes have not been affected
by metamorphism or mylonitization and are considered as post-
metamorphic and post-deformational. They, thus provide
constraints on the minimum age of important geologic events
in the Ruby Mountains.

Metamorphic and Structural Features

Regional metamorphism of the sedimentary and igneous
protoliths, their relation to the structural evolution of the Ruby
Mountains, and the development and timing of a remarkable
mylonitic transition zone are described by Coats (1987);
Dallmeyer and others (1986); Dokka and others (1986);
Howard (1966, 1980); Hudec (1992); Hudec and Wright
(1990); Lush and others (1988); MacCready and others (1997);
Snoke (1980, 1997); Snoke and Miller (1988); and Wright
and Snoke (1993). The geologic sequence defined in these
studies is summarized below. Chronologic data favor a Tertiary
age of metamorphic and deformational events (MacCready
and others, 1997).

Formation of structural and metamorphic patterns in the
migmatitic core complex includes (1) large-scale recumbent
folding and thrusting, (2) polyphase amphibolite-facies
metamorphism and deformation, and (3) intrusion of
pegmatitic granite and related migmatization in the late Jurassic
around 160 Ma. The latter was a period of major crustal
shortening and thickening in northeast Nevada. Details of the
earlier events were strongly masked or even destroyed by a
substantial Tertiary thermal and tectonic overprint.

The migmatitic core complex is overlain by a kilometer-
scale mylonitic shear zone (the so-called “transition” zone of
Howard, 1980) traced for >100 km along the west border of
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5. Summit View Mine (Pb, W); 6. Judy Mine (Ba);

7. B & P claims (Ba); 8. Dorsey Canyon prospect (Ba)

Figure 2 Distribution of mineral deposits studied in Ruby Mountains, Nevada. Geology simplified
from Howard (1980); Howard and others (1979).

the Ruby Mountains. Intense ductile deformation, normal
sliding and west-northwest trending streaky lineation of
blastomylonitic fabric are characteristic of this zone. Variable
mylonitic shear zones cutting metamorphic and granitic rocks
beneath the main zone diminish with structural depth eastward.
According to the geochronologic data, mylonitization
developed mainly between 29 and 23 Ma and was superposed
on 36-Ma Oligocene granitoids (Snoke, 1997; Wright and
Snoke, 1993). In addition, 17- to 15-Ma Miocene basalt dikes
cut the mylonite zone and were not affected by mylonitization.
They constrain the minimum age of the ductile deformation.

Sheets of unmetamorphosed or low-grade Paleozoic and
locally Tertiary rocks bounded by low-angle faults record late,
post-mylonitic brittle detachment faulting. These structures
are truncated by high-angle normal faults bordering the horst
of the Ruby Mountains in some places.
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In Search of Regional Metasomatic Events

During our traverses across the various structures that
comprise the Ruby Mountains, we tried to find some traces of
regional alteration that could be interpreted as a deep root for
a Carlin-type fluid system. Decalcification, silicification,
argillization, and at least sericitization are considered the main
rock alteration around Carlin-type deposits (Bagby and Berger,
1985; Christensen, 1996; Cox and Singer, 1986; Theodore,
1997). Though these alteration types are typical of the
structural level of Carlin-type gold ore deposition, we searched
for any manifestations of the above-types of alteration as well
as any other types of rock alteration.

Traverses across the metamorphic core complex
demonstrate that two types of metamorphic rocks are regionally
pervasive: (1) ubiquitous migmatic granitic material composes
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(>1450 Ma) penetrated by granite-granodiorite
gneisses (>550 Ma) (Kistler and others, 1981)

Tertiary granite-monzonite, 40-29 Ma

Cretaceous two-mica granite,
83.942.7 Ma (Kistler and others, 1981)

/ Jurassic pegmatitic granite, 159.742.7
Ma (Kistler and others, 1981);
15311 Ma (Hudec and Wright, 1990)

Figure 17. Mineral deposits in the Ruby Mountains, Nevada, shown in a schematic geologic setting simplified from Howard, 1966,1980;
Kistler and others, 1981; Snoke, 1980, 1997; MacCready and others, 1997. Mineral deposits: (1) Valley View Mine, W, Pb, Zn skarn; (2)
Battle Creek Mine, W, Pb, Zn skam; (3) American Beauty Mine, Pb, Zn, Ag skam; (4) Knob Hill Mine, Pb, Zn quartz vein; (5) Summit View

Mine, Pb, W, Cu skam; (6) Judy Mine, Ba, bedded barite; (7) B & P claims, Ba, vein .

Table 2. General geologic and metallogenic succession in the Ruby Mountains, Nevada

Peniod Geologic events Minerahization
Cenozoic Faulting Bante vein, replacement
mylonitic transition zone
granite-monzonite intrusion Amphibole-garnet-e pidote skarn
W+Pb, Zn, Cu, Ba (as late celsian)
Mesozoic Granific intrusion Pyroxene-idocrase skarn W+Pb, Zn,

folding Cu, Ag, Ba (as earlier celsian and
metamorphism late barite) _

Middle and Late Paleozoic Bedded barite (SEDEX)
Epicratonic carbonate

Early Paleozoic

and clastic sedimentation

Speculative barite-base metal
SEDEX
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AGE AND POSSIBLE SOURCE OF AIR-FALL TUFFS
OF THE MIOCENE CARLIN FORMATION,
NORTHERN NEVADA

By Robert J. Fleck, Ted G. Theodore, Andrei Sarna-Wojcicki, and Charles E. Meyer

ABSTRACT

40Ar/39Ar laser-fusion ages have been obtained from
alkali-feldspar-bearing air-fall tuffs of the Carlin Formation,
aMiocene clastic and volcaniclastic sedimentary unit of north-
central Nevada. Ages of these tuffs are grouped tightly, ranging
from 14.4 to 15.1 Ma, but even this limited range may be
exaggerated by contamination during deposition with feldspar
from underlying rhyolitic volcanic rocks. These tuffs and much
of the Carlin Formation post-date at least some of the gold
mineralization in the Midas and Ivanhoe mining districts,
where ages of 15.3 and 15.1 Ma, respectively, are reported for
vein adularia. Younger quartz-adularia veins in the Santa Renia
Fields quadrangle cut detrital units of the Carlin Formation
that overlie the air-fall tuff horizons northwest of the dated
locations, suggesting that circulation of hydrothermal fluids
probably continued during deposition of the formation.

The age, location, and major-element chemistry of the
glass shards in the tuffs of the Carlin Formation are consistent
with derivation from silicic volcanic centers associated with
the Yellowstone hotspot and/or the northern Nevada rift. These
parameters are most consistent with a subalkaline source in
the Owyhee Plateau of Idaho, such as the Juniper Mountain
volcanic center, but tuffs also could have been derived from
local sources in the Snowstorm or Sheep Creek Mountains or
from more distant calderas of the McDermitt or Lake Owyhee
volcanic fields 50-60 km to the west or northwest. Additional
studies of minor- and trace-element compositions of the tuffs
and better age and chemical characterization of middle
Miocene volcanic centers of the region are necessary for more
precise tephrochronology of 14- to 16-Ma volcanism in
northern Nevada and adjacent areas of Oregon and Idaho.

GEOLOGIC SETTING

The Carlin Formation was defined by Regnier (1960)
for a sequence of largely unconsolidated silts, sands,
fanglomerate, and pyroclastic rocks that overlie Ordovician
to Miocene(?) strata in the vicinity of Carlin, Nev.,
approximately 50 km south-southeast of the Santa Renia Fields
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quadrangle (fig. 1). In that area the Carlin Formation is
approximately 130-200 m thick (Regnier, 1960). Originally
thought to be entirely Pliocene in age (Regnier, 1960), based
on the presence of vertebrate fossils approximately 5 km
northeast of Carlin, the strata were assigned a Miocene and
Pliocene age by Evans and Cress (1972) and Evans (1972,
1974). As mapped in the western part of the Santa Renia Fields
quadrangle by T.G. Theodore, J. Kelly Cluer, and Stanley C.
Finney (unpub. data, 1997), four units are identified, but these
were not found to be mappable throughout the area (fig. 2). In
the quadrangle, the 30 m-to-50 m-thick basal tuff unit includes
thin beds of partly welded tuff and lesser amounts of siltstone,
mudstone, and gravel. This unit rests on Miocene rhyolite
porphyry informally named the Craig Rhyolite of Bartlett and
others (1991). W.E. Brooks (written communication, 1997)
reports an 40Ar/39Ar incremental-heating plateau age of
15.030.05 Ma for similar rhyolite porphyry approximately 5
km southwest of location 4 (fig. 2) in the adjacent Willow
Creek Reservoir SE quadrangle. The basal tuff unit is overlain
by a unit, as much as 400 m thick, including mostly
unconsolidated silts, sands, and sedimentary breccia, as well
as abundant volcanic ash and air-fall tuff. Because the volcanic
debris is present variously as unconsolidated and consolidated
deposits, the terms, ash, tuff, and tephra are all correct and are
used here depending upon the context. Bedded air-fall tuff
crops out prominently throughout the quadrangle as nearly
white bands across slopes (fig. 3). Beds in the various units of
the Carlin Formation are either horizontal or gently dipping;
most exposed sequences are horizontal and ample evidence is
present in the form of pisolites and abundant worm burrows to
indicate subaqueous deposition, probably lacustrine. The
organisms commonly used brown mud or silt to fill their
burrows through the air-fall tuff. Roadcuts through the
formation reveal that many well-layered sequences of air-fall
tuff are broken by high-angle normal faults that have
separations of as much as 1 to 1.5 m. Where the air-fall-tuff-
rich unit laps unconformably onto lower Paleozoic rocks, an
underlying, thin, yellow-brown, sandy silt or massive olive-
brown mudstone is present. In places the underlying units
form mud lumps in beds of gray-white, air-fall tuff. Thin beds
of granitic debris, possibly derived from the Jurassic Goldstrike
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Figure 1. Index map showing location of the Santa Renia Fields quadrangle, Nev., the Snake River volcanic province (modified
from Perkins and others, 1995), the McDermitt volcanic field (modified from Rytuba and McKee, 1984), and the northern
Nevada rift (Zoback and Thompson, 1978; Zoback and others, 1994). Dashed lines within Snake River volcanic province
approximate the major volcanic fields proposed by Perkins and others (1995): O-H, Owyhee-Humboldt volcanic field; B-J,
Bruneau-Jarbidge volcanic field; TW, Twin Falls volcanic field; P, Picabo volcanic field; H, Heise volcanic field; YP, Yellowstone
Plateau volcanic field. Age range of major explosive volcanic activity in Snake River volcanic province modified from Pierce
and Morgan (1992) and Perkins and others (1995). Dashed lines within McDermitt volcanic field are locations of major
calderas with age range modified from Rytuba and McKee (1984).

pluton approximately 10 km to the southeast, also are present
locally in the air-fall-rich sequence. The tuff-bearing unit is
overlain, in turn, by poorly exposed silts and sands, mostly
unconsolidated, that are conspicuously free of air-fall tuff.
All of these units are overlain by unconsolidated fanglomerate
deposits — typically as much as 130 m thick and locally as
much as 600 m thick — that appear to have been derived
principally from Paleozoic rocks in the area of Beaver Peak,
approximately 10 km to the east.

The spatial and temporal relationship of epithermal and
hot-springs-generated ore deposits in the northern Great Basin
to magmatic and hydrothermal activity has been documented
by field and geochronologic studies of these deposits (McKee
and others, 1974; Silberman and others, 1976; Noble and
others, 1988; Wallace and others, 1990). Noble and others
(1988) summarize evidence for mineralization throughout the
17- to 14-Ma period in this region. West of the Santa Renia
Fields quadrangle, sedimentary strata correlated with the
Carlin Formation overlie volcanic rocks thought to post-date
mineralization in the Hollister mine in the Ivanhoe mining

district (McKee and others, 1974; Alan R. Wallace, written
commun., 1997). Locally within the quadrangle, however,
some sequences of the Carlin Formation are cut by low-
temperature quartz-adularia veins. Roughly 4.8 km west of
the Dee gold mine, near the west edge of the quadrangle, these
veins are present as fracture and fragment coatings within
fanglomerate of the formation (fig. 4). Rhyolite flows and
hypabyssal domes that appear to postdate some of the Carlin
sedimentary rocks show evidence of weak alteration (Alan R.
Wallace, written commun., 1997}, and support the continuation
of mineralization during Carlin sedimentation.

SAMPLING AND ANALYTICAL
TECHNIQUES

Sample Collection of Air-Fall Tuffs

Samples of bedded air-fall tuff were obtained from the
Carlin Formation in the central part of the Santa Renia Fields
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Table 1. 40ar/3%Ar Laser-Fusion Analyses of Alkali Feldspars from the Miocene Carlin Formation, Nevada

Sample #/Irrad # Run # J 40Ar* (mol) K/Ca 405 (%) Age (Ma)
96TT129 252A 0.0037795 1.153E-15 9.88 934 1487 £ 0.19
CXLII-1 252B " 9.202E-15 13.27 94.7 1432 + 0.12
Map location 1 252C " 7.094E-15 6.37 92.7 1428 + 0.13

252E " 6.270E-15 2.56 90.5 1443 * 0.15
252F " 1.335E-14 7.29 95.3 1449 + 0.10
Means 7.414E-15 7.88 93.35
Witd. Mean 1443 + 0.08
MSWD 1.92
96TT130 253A 0.0037761 5.317E-15 3.78 92.7 1422 + 0.16
CXLII-2 253B " 5.855E-15 6.78 93.8 1471 = 0.16
Map location 1 253C " 7.036E-15 8.30 98.0 1513 + 014
253D " 4.207E-15 10.73 63.7 1396 + 0.20
253E " 4511E-15 719 91.1 1492 + 0.19
253F " 5.217E-15 7.08 88.9 1407 %+ 0.16
Means 5.365E-15 8.02 87.10
Wtd. Mean 1455 + 020
MSWD 8.62
96TT131 254A 0.0037728 1.220E-14 1035 91.5 1447 £ 0.10
CXLIII-3 254B " 1.569E-14 10.66 96.3 1436 + 0.09
Map location 1 254C " 1.428E-14 1341 96.3 1439 = 0.09
254D " 1.145E-14 7.93 60.7 1443 + 011
254E " 1.044E-14 8.33 95.6 1442 + 0.10
Means 1.281E-14 10.14 88.08
Wtd. Mean 1441 + 004
MSWD 0.19
96TT132 255A 0.0037695 8.288E-15 6.63 96.9 1451 £ 011
CXLII4 255B " 8.815E-15 6.08 95.1 1443 * 0.11
Map location 2 255C " 4.188E-15 492 894 1430 + 017
255D " 1.088E-14 7.86 96.6 1454 + 0.10
255E " 5.036E-15 5.00 90.0 1453 % 0.15
255F " 9.042E-15 6.39 97.2 1445 * 0.11
Means 7.592E-15 6.05 93.67
Wtd. Mean 1448 = 0.05
MSWD 0.37
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Table 1. 4Oar/39Ar Laser-Fusion Analyses of Alkali Feldspars from the Miocene Carlin Formation, Nevada—
Continued

Sample #/Irrad # Run # J 40Ar* (mol) K/Ca 40Ar* (%) Age
(Ma)
96TT133 97Z0256A 0.0037624 8.010E-15 5.59 9738 1468 * 0.12
CXLII-5 97202568 " 1.025E-14 6.15 98.0 1468 + 0.10
Map location 3 9770256C " 1.038E-14 6.37 99.6 1480 * 0.11
97Z0256E " 7.492E-15 475 98.4 1471 £ 012
97Z0256F " 1.200E-14 8.25 98.6 1470 + 0.10
Means 9.627E-15 6.22 98.49
Wtd. Mean 1472 + 005
MSWD 024
96TT134 97Z0257A 0.0037587 1.283E-14 9.23 9.4 1486 + 0.10
CXLII-6 97Z0257B " 1.095E-14 773 97.2 1488 * 0.10
Map location 3 9720257C " 1.312E-14 9.65 98.6 1462 + 0.10
97Z0257D " 6.944E-15 8.74 95.1 1447 £ 0.12
9720257E " 7.628E-15 12.88 96.2 1429 + 0.12
97Z0257F " 6.766E-15 691 95.1 1430 + 0.12
Means 9.080E-15 9.18 96.46
Wtd. Mean 1461 £ 0.10
MSWD 558
96TT136 97Z0258A 0.0037550 7.386E-15 1.43 96.8 1487  0.12
CXLII-7 97Z0258B " 5.837E-15 1.16 9.5 1478 + 0.14
Map location 4 9770258C " . 5.563E-15 1.63 952 1458 + 0.14
97Z0258D " 6.084E-15 1.92 99.8 1531 + 0.14
97Z0258E " 7.100E-15 1.67 99.1 1519 + 013
97Z0258F " 7.793E-15 252 976 1483 + 0.12
Means 6.476E-15 1.78 97.65
Wtd. Mean 1493 * 0.10
MSWD 3.88
96TT137 97Z0263A 0.0037513 8.321E-15 1.62 95.0 1476 + 0.12
CXLII-8 97Z0263B " 1.086E-14 2.28 983 1500 + 0.10
Map location 4 9720263C " 4.796E-15 2.46 86.0 1465 + 0.16
9720263D " 1.092E-14 175 98.6 1520 + 0.11
97Z0263E " 7.260E-15 2.02 978 1507 £ 0.13
97Z0263F " 8.084E-15 1.20 86.7 1497 + 0.12
Means 8.384E-15 1.94 93.46
Witd. Mean 1497 + 008
MSWD 2,59
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Table 1. 40Ar/39Ar Laser-Fusion Analyses of Alkali Feldspars from the Miocene Carlin Formation, Nevada—
Continued

Sample #/Irrad # Run # J 40Ar* {mol) K/Ca 40Ar* (%) Age
(Ma)
96TT138 97Z0267A 0.0037310 4.428E-14 4.40 97.7 1473 + 0.09
CXLII-12 97Z0267B " 2.873E-14 9.73 97.8 1477 = 0.09
Map location 4 97Z0267D " 4.232E-14 1.58 979 1495 + 0.09
97Z0267E " 6.322E-14 7.81 98.4 14.87 £ 0.09
97Z0267F " 3.905E-14 420 96.8 1491 * 0.09
Means 4.333E-14 5.83 97.75
Wtd. Mean 1484 + 0.04
MSWD 1.12
96TT139 97Z0264A 0.0037434 1.856E-14 3.10 95.7 1520 £ 0.09
CXLII-9 97Z0264B " 2.052E-14 10.45 98.1 1507 + 0.09
Map location 5 97Z0264C " 2942E-14 3.86 97.8 1508 + 0.09
97Z0264D " 2.687E-14 480 98.1 14.81 + 0.09
97Z0264E " 1.473E-14 5.08 98.5 1492 + 0.10
97Z0264F " 2.262E-14 533 97.3 1548 + 0.09
Means 2.283E-14 5.90 97.96
Wtd. Mean 1509 £ 0.09
MSWD 6.26
96TT151 97Z0265A 0.0037393 1.441E-14 1.63 90.3 1515 + 0.10
CXLIOI-10 9770265B " 7.263E-15 0.89 86.2 1547 + 0.13
Map location 6 9720265C " 1.117E-14 1.21 90.5 1495 + 0.11
97Z0265E " 8.729E-15 1.41 91.1 1499 + 0.12
97Z0265F " 1.355E-14 1.23 97.0 1507 + 010
Means 1.018E-14 1.19 91.19
Wtd. Mean 1510 + 0.08
MSWD 2.80
96TT153 97Z0266A 0.0037352 1.288E-14 1.22 98.4 1537 £ 0.10
CXLII-11 97Z0266B " 1.628E-14 0.90 98.6 1533 £+ 010
Map location 7 97Z0266C " 1.802E-14 1.46 95.1 15.17 £ 0.10
9720266D " 2.007E-14 1.44 96.7 1519 + 0.09
97Z0266E " 1.214E-14 3.29 95.2 1464 = 0.10
97Z0266F " 3.294E-14 11.34 974 1487 + 0.09
Means 1.989E-14 3.68 96.61
Wtd. Mean 1509 £ 011
MSWD 832
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Table2. Compilation of 40Ar/39Ar laser-fusion analyses of air-fall tuff units within the Carlin Formation, northern

Nevada.
Location # Number of Averages for Analyses Wtd Mean
(figure 1) N Latitude W Longitude Sample# Analyses J 40ar«  K/Ca 40Ar+ (%) Age(Ma) MSWD
(mol)
1 41°05.182' 116° 27.545 96TT129 5 0.0037795 7.414E-15 7.88 93.35 14.43 £ 0.08 1.925
" " 96TT130 6 0.0037761 5.365E-15 8.02 87.10 14.55 £ 0.20 8.625
" " 96TT131 5 0.0037728 1.281E-14 10.1 88.08 14.41 £ 0.04 0.185
4
2 41°0524' 116°27.462 96TT132 6 0.0037695 7.592E-15 6.05 93.67 1448 £ 0.05 0.374
3 41°05.28' 116° 27.652 96TT133 5 0.0037624 9.627E-15 622 98.49 1472 £ 0.05 0.241
" " 96TT134 6 0.0037587 9.080E-15 9.18 96.46 14.61 £ 0.10 5.582
4 41°04.589' 116° 27.724 96TT136 6 0.0037550 6.476E-15 1.78 97.65 1493 £ 0.10 3.876
" " 96TT137 6 0.0037513 8.384E-15 194 9346 14.97 £ 0.08 2.588
" " 96TT138 5 0.0037310 4.333E-14 583 97.75 14.84 £ 0.04 1.123
5 41°04.957" 116° 27426 96TT139 5 0.0037434 2.283E-14 590 97.96 15.01 £ 0.07 2.656
6 41°03.84' 116°25.285 96TT151 5 0.0037393 1.018E-14 1.18 91.19 15.10 £ 0.08 2.804
7 41°03.923' 116° 25.385 96TT153 6 0.0037352 1.989E-14 3.68 96.61 15.09 £ 0.11 8.321

error. The most probable form of geologic error in age
determinations of air-fall tuff is contamination of the ash by
accidental material incorporated during eruption or by detrital
grains mixed into the ash during post-depositional reworking.
The ages of these samples fall into 3 general groupings. Those
from locations 1 and 2 (fig. 2) indicate an age of about 14.45
Ma. Samples from locations 4-7 with an age of about 15.0
Ma are statistically different from the first group, but in
moderate agreement with each other. Samples from location
3 yield ages between the other two groupings, but sample
96TT134 has a high MSWD and 3 of the 6 analyses agree
well with the 14.45 Ma group (tables 1 and 2). Consideration
of the depositional environment of these types of deposits
may explain some of the age variation.

As discussed briefly above, air-fall tuffs and ash may
incorporate xenocrysts or xenoliths from older units as
accidental materials from the volcanic edifice during eruption
or as detrital material incorporated during reworking of the
ash by wind or water. Contamination is common in
pyroclastic materials (see also: Dalrymple and others, 1965;
LoBellp and others, 1987; Fleck and Carr, 1990) and
represents the most probable cause of geologic error in their
40Ar/39Ar ages. Where the contaminating grains are from
much older rocks, the contamination is easily recognized in
laser-fusion 40Ar/39Ar ages because large age variations will
be found between replicate measurements. Where
contaminants are only slightly older than the ash, however,
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contamination may be difficult to identify unless single mineral
grains can be analyzed. Because the Carlin Formation in the
area of study is immediately underlain by the Craig Rhyolite
containing alkali feldspar that has yielded an age of 15.0320.05
Ma (W.E. Brooks, written commun., 1997), the potential for
contamination of the water-laid ashes is considerable and the
small age difference further complicates interpretation. This
may be especially true in distal ashes, where small grain-size
requires fusion of many grains to produce reliably measurable
signals. Grain sizes of the alkali feldspar utilized in this study
required between 8 and 12 grains for high-precision analyses.

As mentioned earlier, statistical parameters such as
MSWD, must be utilized to measure the dispersion of age data
compared to estimates of analytical error, as a means to identify
contamination. Sample 96TT153 (loc. 7, table 1; fig. 2) is an
example of potential contamination because the age range of
14.6 to 15.4 Ma is well outside analytical error, as reflected
by the MSWD of 8.32 (table 1). Age results for samples
96TT130 and 134 (table 1) also exhibit scatter outside
analytical error, but the external agreement between the mean
ages lends some confidence to those results. Although these
ages may be accurate, their lower than expected precision
leaves them suspect.

To provide additional information on the possible
presence of contamination, independent chemical parameters
were evaluated using tephrochronologic techniques. Average
major element compositions were obtained for 15 to 20



CONTRIBUTIONS TO THE GOLD METALLOGENY OF NORTHERN NEVADA OPEN-FILE REPORT 98-338

individual glass shards from each tuff sample using the electron
microprobe (table 3). Results indicate a high degree of
similarity between all samples except 96TT154, for which no
age results are available. Samples from locations 1-3 are nearly
identical, whereas the remaining ashes have somewhat greater
dispersion. Comparison of Al,03 and SiO; contents in the
glass shards (approximately 12 and 76 weight percent,
respectively) suggests that the eruptive center from which these
tuffs were derived has a distinctly peralkaline character (table
3). Returning to table 2, K/Ca ratios for the alkali feldspars
are calculated from amounts of Ca-derived 37Ar and K-derived
39Ar produced during irradiation and measured during 40Ar/
39Ar analyses. The most important information from the K/
Ca values is that the alkali feldspars are not high-K sanidines,
which yield K/Ca ratios of 30 to 60, but are either Na-rich
sanidine or anorthoclase with K/Ca of 1 to 10, typical of
alkaline magmas. The K/Ca values also indicate strong
similarity between samples from locations 1-3, which may be
chemically distinct from locations 4-7. Because the ages of
location 3 samples and their MSWD are elevated at the 95-
percent level of confidence relative to chemically
indistinguishable tuffs from locations 1 and 2, location 3
samples are probably contaminated by xenocrystic alkali
feldspar, possibly from the Craig Rhyolite. The minimal
scatter and low MSWD of measurements on 96TT133 question
this interpretation, but results for 96TT134 and the chemical
similarity to younger samples support it (table 2).
Differences in glass chemistry between locations 1-3 and
4-7 support an interpretation of a true difference in age.
Location 4 is immediately above the base of the Carlin
Formation where it rests directly on the Craig Rhyolite (fig.
2). Locations 2 and 3, however, are located north of the east-
west-trending fault bounding a graben containing as much as
400 m of Carlin sedimentary fill. This large variation in
thickness of the Carlin Formation is documented by drilling
northwest of location 3, demonstrating that the older apparent
ages at location 4 are consistent with the observed stratigraphy.
If the age of the Craig Rhyolite is 15.03+0.05 Ma as reported
(W.E. Brooks, written commun., 1997), the ages measured at
locations 4-7 may be slightly contaminated, but this cannot
be proven with available data. With the available age control,
the best age estimates for the ash layers are about 14.4 and 15
Ma. Additional studies are underway to refine this chronology.

SOURCE OF AIR-FALL TUFFS OF THE
CARLIN FORMATION

Age estimates of about 14.4 Ma to 15.1 Ma for air-fall

tuffs of the Carlin Formation reported here permit a wide
variety of potential source areas of silicic tuffs in northern
Nevada, southeasternmost Oregon, and southwesternmost
Idaho (Luedke and Smith, 1981; 1982; 1983; 1984). Volcanic
rocks of the approximate age are abundant in the immediate
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area of study, such as the Snowstorm or Sheep Creek
Mountains (fig. 2; Luedke and Smith, 1984), but major calderas
have yet to be identified there. Volcanic centers that represent
known sources of pyroclastic materials and for that reason are
targets for additional, more detailed study include the
McDermitt, Lake Owyhee, and the Owyhee Plateau volcanic
fields. Ages of 16.1 to 15.0 Ma are reported by Rytuba and
McKee (1984) for the major ash-flow tuffs of the McDermitt
center. The tuff of Whitehorse Creek, from the Whitehorse
caldera, the youngest of the McDermitt calderas, yielded an
age of 15.040.3 Ma (Rytuba and McKee, 1984), similar to
ages of the older group of Carlin tuffs. Rytuba and
VanderMeulen (1991), however, report similar ages of 15.5 to
15.0 Ma for ash-flow tuffs of the Lake Owyhee volcanic field
and ages from about 16 to 13.8 Ma are reported by Ekren and
others (1984) for the older volcanic rocks of the Juniper
Mountain volcanic center on the Owyhee Plateau, but younger
ages are dominant to the east (fig. 1; Perkins and others, 1995).
Despite the limited chemical variation in volcanic glass
of the tuffs of the Carlin Formation, correlation with other
ashes and identification of their source requires study of the
chemistry and age of more proximal ashes whose sources can
be ascertained. Minor- and trace-element studies of the Carlin
Formation air-fall tuffs are planned to extend coverage beyond
the major element suite currently available. Current results
permit some observations and interpretations, however. The
low Mg and Ca contents of the glass and a paucity of mafic
minerals in the tuffs are compatible with either peralkaline or
subalkaline magmas. The low-K content of the alkali feldspars
from the Carlin Formation tuffs is consistent with more alkalic
sources rather than metaluminous sources. Total alkalies
(Na0 plus K20) and aluminum of glass shards of Carlin
Formation tuffs indicate a generally subalkaline magmatic
character (table 3), although the alkali contents in bedded ash
layers may be subject to substantial diagenetic modification.
The molecular (Na20+K20)/A1203 of the tuffs is quite
constant at about .90, however, suggesting that alteration has
not produced significant effects. Figure 5 shows the
distribution of alkalies versus alumina for the glass of the Carlin
tuffs compared to rhyolites of the McDermitt (Rytuba and
McKee, 1984) and Juniper Mountain (Owyhee Plateau, Ekren _
and others, 1984) volcanic fields. Compositions of glass from
both groups of Carlin Formation tuffs (locations 1-3 and 4-7)
plot entirely within the subalkaline field, although not far inside
the alkaline/subalkaline boundary (fig. 5). The peralkaline
character of the McDermitt and Lake Owyhee volcanic fields,
however, makes those areas less attractive as possible sources
of the Carlin Formation tuffs, although a substantial number
of the analyses from the McDermitt field are subalkaline (fig.
5). The Lake Owyhee field contains both peralkaline and
metaluminous tuffs, according to Rytuba and VanderMeulen
(1991). Analyses of rhyolites of the Juniper Mountain volcanic
center (Ekren and others, 1984) group tightly with those of
the Carlin tuffs (fig. 5), providing the best fit with available
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Table 3. Electron-microprobe analyses of volcanic glass shards from tuffs of the Miocene Carlin Formation,

northern Nevada.

Sample# Si0  AlOs FeO3  MgO  MnO ca0 TiOp Na0  Ky0 Total(O) Total(R)
96TT129 76.14 12.1 .88  0.03 0.03 0.56 0.17 2.32 678  93.46 100.01
1s; n=20 0.51 0.13 0.09 001 0.03 0.03 0.04 0.14 0.17 0.52

96TT130 76.17 1206 .91 004 0.03 0.58 0.14 2.29 678  93.69 100.00
+s: n=19 0.53 0.17 0.06 0.0l 0.02 0.02 0.05 0.17 0.26 0.52

96TT131 76.26 12.1 .79  0.03 0.03 0.54 0.14 2.33 676 9364 99.98
+s; n=18 0.4 0.17 0.08  0.01 0.03 0.03 0.04 0.12 0.17 0.49

96TT132 76.06 1208 1.88 0.4 0.03 0.57 0.17 2.27 691 9353 100.01
+s; n=20 0.49 0.14 013 0.0 0.03 0.1 0.05 0.1 0.21 0.59

96TT133 76 1209 .93 0.04 0.04 0.57 0.17 2.25 691 9327 100.00
is; n=19 0.34 0.12 0.09 001 0.03 0.03 0.04 0.12 0.19 0.46

96TT134 76.36 1208 181  0.03 0.03 0.55 0.16 2.26 672 9342  100.00
s; =15 0.45 0.13 0.1  o0.01 0.02 0.03 0.06 0.18 0.19 0.57

96TT136 7525 1251 215 0.09 004 067 0.27 2.39 6.63 93.1  100.00
is; n=19 0.54 0.2 0.12  0.02 0.02 0.05 0.05 0.21 0.25 0.55

96TT137 75.5 1240 203 008 0.04 0.62 0.24 2.30 678  93.04 99.99
+s; n=19 0.59 0.27 013 0.0 0.03 0.05 0.06 0.16 0.15 0.50

96TT138 76.13 1240 1.84  0.06 0.03 0.55 0.21 2.42 637  94.09 100.01
+s: n=20 0.61 0.20 014 0.0 0.02 0.05 0.04 0.21 0.16 0.47

96TT139 7630 1220 178 0.06 0.03 0.53 0.2 2.28 661  94.19 100.01
s; n=20 0.35 0.18 015 o001 0.02 0.03 0.04 0.15 0.19 0.43

96TT151 7596 1227 1.94  0.07 0.04 0.58 0.21 2.57 635 9350 99.99
s; n=18 0.83 0.24 017 0.2 0.04 0.07 0.04 0.21 0.36 0.63

96TT153 7565 1262 204 0.08 0.03 0.6 0.26 2.60 611 9353 100.00
+s; n=20 0.62 0.27 0.2 0.0 0.01 0.09 0.05 0.15 0.31 0.39

96TT154 7413 1241 26  0.08 0.05 07 0.23 2.39 6.79 934 9998
1s; n=15 0.55 0.15 0.18  0.01 0.03 0.05 0.05 0.17 0.24 0.4

Shards were analyzed using the JEOL8900* instrument.

Standard deviation calculated from individual analyses of shards. Oxide values given are recalculated to a 100%

fluid-free basis.

Total(O) - original total on analysis; Total (R) - total recalculated to a 100% fluid-free basis.

analyses. Silicic volcanic rocks of both the McDermitt and
Juniper Mountain volcanic centers have low abundances of
mafic minerals, but high Fe20; contents (McKee, 1976;
Rytuba and McKee, 1984; Ekren and others, 1984). The mean
Fe;03 content of the glass shards of the Carlin tuffs of 1.99
percent is very high for rhyolite glasses at 76 percent SiOs,
such as those of the Owyhee Plateau region (Ekren and others,
1984), but slightly lower than the less silicic volcanic rocks
of the McDermitt and Lake Owyhee fields. Based on the
subalkaline character and range of ages extending to less than
14 Ma (Ekren and others, 1984), the Juniper Mountain tuffs
of the Owyhee Plateau are a more favorable candidate as the
source for the Carlin tuffs than the peralkaline centers of
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McDermitt and Lake Owyhee. The oldest ages reported in
tables 1 and 2 for Carlin tuffs are compatible with a 15-Ma
source such as the McDermitt or Lake Owyhee fields, but
rhyolitic volcanism younger than 15 Ma is more common in
the Juniper Mountain tuffs (Ekren and others, 1984).
Attributing the tuffs studied here to any of these identified
calderas, however, is tentative without better chemical and
age studies of the tuffs. In addition to more detailed study of
glass chemistry of the larger volcanic fields of McDermitt,
Lake Owyhee, and Juniper Mountain, the chemistry of
sources more local to the Carlin area, such as in the
Snowstorm and Sheep Creek Mountains, also needs
evaluation.
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Figure 5. Al,O;3 versus total alkalies diagram for glass shards from
air-fall tuffs of the Miocene Carlin Formation, demonstrating the
subalkaline character of these glasses. The younger group of tuffs
of the Carlin Formation (locations 1-2 with an age of about 14.4
Ma) have slightly lower Al»O3 than the older group (locations 4-7
with ages between 14.8 and 15.1 Ma), but identical alkalies. Note
the extremely-low compositional variation of the glass. Fields are
shown for analyses reported by Rytuba and McKee (1984) for the
McDermitt volcanic field and by Ekren and others (1984) for the
Juniper Mountain volcanic field of the Owyhee Plateau. Both
volcanic centers contain rocks of similar composition, but the Juniper
Mountain field has a very restricted range of compositions, all within
the field of subalkaline magmas.

DISCUSSION

North and east of Battle Mountain, Nev., the Carlin
Formation post-dates 15- to 16-Ma volcanic rocks associated
with the northern Nevada rift (NNR), an over 500-km long
zone of north-northwest-trending dikes and lava flows that
extends from near the Nevada-Oregon border to southeastern
Nevada (Zoback and Thompson, 1978; McKee and Noble,
1986; Blakely and Jachens, 1991; Zoback and others, 1994).
The NNR is well defined by both gravity and aeromagnetic
anomalies and modeled as a swarm of near vertical mafic
dikes (Philbin and others, 1963; Mabey, 1966; Zoback and
Thompson, 1978; Blakely and Jachens, 1991). Basaltic flows
and dikes, marking the surface expression of the rift between

the Roberts Mountains in the south to Midas, Nev. in the north,
yield ages between 18.6 and 13.6 Ma with the majority between
17 and 14 Ma (Zoback and others, 1994). North of Midas,
rhyolite dikes, flows, and domes belonging to two sequences
of silicic volcanic rocks are present along the NNR (Wallace,
1993). The older group is interbedded and approximately
coeval with basalts and basaltic andesite flows associated with
the rift (Zoback and Thompson, 1978; Wallace, 1993; Zoback
and others, 1994). Synchronous with magmatism along the
NNR, eruption of the bulk of the voluminous flood basalts of
the Columbia Plateau occurred between 16 and 15 Ma from
north-northwest-trending feeder dikes aligned generally along
the trend of the NNR (Bottomley and York, 1976; Pierce and
Morgan, 1992; Zoback and others, 1994). Midway between
the Columbia Plateau and the southern end of the NNR, the
McDermitt and Owyhee volcanic centers are identified with
the initial position of the Yellowstone hotspot (Pierce and
Morgan, 1992; Zoback and others 1994). The Lake Owyhee
volcanic field is 100-150 km north of the McDermitt volcanic
field and the track of the Yellowstone hotspot. The spatial and
temporal trace of the hotspot along the eastern Snake River
Plain has been studied by numerous authors, who document
the progress of volcanism, faulting, and crescent-shaped uplift
from the McDermitt-Owyhee area at about 16 Ma to its present
position at the Yellowstone Plateau (Armstrong and others,
1975; Pierce and Morgan, 1992; Anders and Sleep, 1992;
Zoback and others, 1994; Perkins and others, 1995). These
authors provide persuasive evidence of a common origin for
the northern Nevada rift, the flood basalts of the Columbia
Plateau, and the silicic and basaltic volcanism at the McDermitt
and Owyhee volcanic centers as resulting from the interaction
of the head of a mantle plume with the base of the lithosphere
at about 16 Ma. Pierce and Morgan (1992) and Zoback and
others (1994) present a model of rift formation north-northwest
and south-southeast of the McDermitt volcanic center as the
rift propagated rapidly away from the plume head normal to
the direction of plate motion. That west-southwest motion of
the North American plate corresponds precisely with the N70-
75°E orientation of the hotspot track between 16 and 10 Ma
(Pierce and Morgan, 1992). Based on the 14.4- to 15.1-Ma
ages obtained from the tuffs of the Carlin Formation in the
Santa Renia Fields quadrangle, an Owyhee Plateau source
would be most consistent with the timing and location
determined for the hotspot during that period. Although the
hotspot model presents an internally consistent argument for
the location of a currently-unknown source region for the tuffs,
we recognize that the actual source might be either more distant,
as in the volcanic centers of the western Snake River plain
(e.g. McKee and Noble, 1986; Rytuba and VanderMeulen,
1991) or more local, related to volcanism responsible for the
many silicic volcanic units of the northern Nevada area (e.g.,
McKee and others, 1974; Wallace and others, 1990).
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IMPORTANCE OF CLAY CHARACTERIZATION
TO INTERPRETATION OF 40Ar/39Ar DATES ON ILLITE
FROM CARLIN-TYPE GOLD DEPOSITS:
INSIGHTS FROM JERRITT CANYON, NEVADA.

By H.W. Folger, A.H. Hofstra, D.D. Eberl, and L.W. Snee

ABSTRACT

Illite has been dated extensively in attempts to determine
the age of Carlin-type gold deposits. Theoretical considerations
and empirical results from the Jerritt Canyon Mining District
show that a number of problems must be addressed to properly
interpret 40Ar/39Ar or K-Ar dates on illite from Carlin-type
gold deposits. By characterizing, dating, and evaluating the
illitic clays by various methods we were able to identify the
ore stage illite and determine the degree and mechanism(s) of
illite recrystallization. We question whether the temperature
and duration of hydrothermal activity at the Carlin-type
deposits was sufficient for complete loss of argon from illite
by diffusion such that the isotopic clock of illite is completely
reset. Most geochronologic studies of illite in Carlin-type
deposits have not adequately addressed these concerns and
therefore the age interpretations are suspect. Although using
illite to date Carlin-type deposits is problematic, meaningful
age constraints can be obtained if each of these concemns is
carefully evaluated.

INTRODUCTION

The age of Carlin-type gold deposits is controversial
because of the difficulty in finding datable minerals that are
clearly cogenetic with ore formation. Of the possible minerals
present in these deposits, clay minerals have been dated
extensively in attempts to determine the age of these large
gold deposits. Reported ages based on isotopic dates on white
mica or sericite range from Middle Jurassic to Middle Tertiary
(Wilson and Parry, 1995; Arehart and others, 1993; Groff and
others, 1997; Drewes-Armitage and others, 1996; Hall and
others, 1997). In contrast, crosscutting relationships between
gold-bearing rocks and dated igneous rocks constrain the age
of several deposits to the mid-Tertiary (Hofstra, 1994, Maher
and others, 1993, Emsbo and others, 1996). The
geochronology of clay minerals from the Carlin-type deposits
is therefore an area of importance for understanding their
genesis as well as of considerable interest for geochronologists.

Critical questions include: (1) Did the clay minerals form
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during gold mineralization?; and (2) Were the radiometric
clocks of older clay minerals reset by the hydrothermal system?
The Jerritt Canyon Mining District is an ideal place to evaluate
the meaning of isotopic dates on clay minerals because gold
mineralization is clearly younger than basalt dikes dated at
40.8 Ma (Hofstra, 1994). As part of our study to date gold
mineralization at the Jerritt Canyon Mining District (fig. 1),
we discovered that clay-size micas from high-grade-Au zones
do not necessarily yield the age of mineralization. In fact, in
the Jerritt Canyon Mining District the opposite is true. In the
following sections, we discuss some of the reasons why careful
characterization of clays for geochronology is essential for
meaningful interpretations.

Using clays as geochronometers

The behavior of clay minerals and their use as
geochronometers and geothermometers are topics of
considerable research. Of particular importance to ore genesis
studies are the evolutionary changes clay minerals undergo
prior to, during, and subsequent to ore deposition. For
sediment-hosted deposits, the clay cycle generally begins with
weathering and transport of potassium-bearing minerals into
a sedimentary basin. Upon burial in sedimentary basins, clay
minerals undergo diagenesis and possibly isotopic resetting
as temperature and depth increases. The chemical composition
of pore fluids and amount of water-rock interaction between
clay particles and fluids control changes in clay mineralogy.
Complicating the evolutionary story, these sedimentary rocks
may be altered by externally derived fluids such as 1) fluids
migrating along faults and fracture zones, 2) fluids associated
with igneous dikes and intrusions and 3) metamorphic fluids.
In any given setting, there are likely to be multiple generations
of clays depending on the history of the rocks.

Dating hydrothermal ore deposits by K/Ar or 40Ar/39Ar
methods requires that a potassium (K)-bearing mineral be
identified that records the hydrothermal event of interest. In
many cases, K-bearing clay minerals can be isolated from
detrital micas and other K-bearing minerals by preparing
samples of different grain sizes. However, separating different
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generations of the same clay mineral may be impossible.
Therein lies the problem. K-bearing minerals from different
origins will contribute their own isotopic histories to the total
isotopic picture resulting in composite isotopic ages when
multiple generations of clay minerals are analyzed as one
sample.

Clay characterization is needed to determine what
minerals are present, how they fit into the history of the rock,
and what generation of clay should be dated. Therefore, careful
sample handling is critical to insure that the clays do not suffer
“investigator effects” (described by Clauer and others, 1992).
Identification and separation (methods described by Moore
and Reynolds, 1989) of the clays must be done using methods
of disaggregartion that do not impose artificial grain sizes on
minerals or alter the isotopic ratios of the minerals being
analyzed.

Identification of minerals and polytypes as well as
measurements of illite crystallinity are made by x-ray
diffraction and SEM analyses. Illite crystallinity can be used
as a qualitative indicator of temperature and degree of
diagenetic evolution. For instance, Kisch (1990) defined low
temperature metamorphic zones in terms of changes in
crystallinity and temperature. Fundamental particle thicknesses
are modeled by Mudmaster software, which, allows for
evaluation and comparison of changes in the illite crystallinity.
Changes in crystallinity inferred by changes in mean particle

thicknesses also afford insight into possible illitization |

mechanisms and the inherited crystallinity of older mica in
unaltered fractions. Thus, the crystallinity of illite provides a
framework on which changes caused by the hydrothermal
system can be measured.

Fine-grained clay samples are prone to argon loss during
irradiation by the 40Ar/39 Ar method. In order to capture 39Ary
released during irradiation the prepared clay samples are
encapsulated into glass vials or “breakseals”, which are sealed
under high vacuum prior to irradiation (Foland and others,
1992). The loss of 39Ark can significantly affect the calculated
apparent and total-gas ages. The K/Ar method of dating is
based on the natural decay of 40Ar to stable 40Ar by electron
capture and positron emission (McDougall and Harrison,
1988). The 40Ar/3%Ar method is based on the formation of
39Ar by irradiation of 39K with thermal and fast neutrons.
Several critical assumptions are made about the samples
including that the mineral systems have been closed to loss or
gain of potassium, and that no radiogenic 40Ar escaped from
the mineral during its life. If these assumptions are violated
then the radiometric ages are meaningless.

Early works by Hamilton and others (1989) and Burley
and Flisch (1989) showed a trend of decreasing ages with
decreasing grain size in samples collected from petroleum
reservoirs. The mechanism responsible for the age difference
was thought to be due to the diminishing presence of
contaminants such as old, detrital mica in the finest size
fractions. The finest fractions contained the purest fraction of
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diagenetic mica. Hunziker and others (1986) researching low
grade metamorphic environments in the Glarus Alps, proposed
that the K-Ar system of the less than 2 micron mica would be
completely reset by diffusive loss of radiogenic argon at
temperatures of about 260° C and duration of 10 million years.
This model further predicts that even finer-grained micas could
be reset at even lower temperatures. Yet, current studies of
fine-grained mica suggest that argon loss by diffusion may
not be significant in low-temperature metamorphic
environments. Recently, Hassanipak and Wampler (1996)
conducted experiments that showed that there was no
preferential loss of radiogenic argon during step-heating in
the finer grain sizes compared to the coarser grain sizes. Clauer
and others (1997) found there was no notable diffusion from
the cores of fine grained clays and that the decrease in isotopic
ages associated with decreasing grain size of fine-grained illite
particles is more commonly related to a decrease in the content
of detrital contaminants than to diffusion. Because of the
uncertainty associated with the degree to which clay minerals
have undergone argon diffusion (ranging from none to
complete diffusion), it is impossible to predict whether clay
minerals from a particular deposit will record a mineralizing
event or a composite date.

Clay minerals in Carlin-type deposits

Prior to gold mineralization, the sedimentary rocks that
host the Carlin-type deposits contained a variety of K-silicate
minerals such as detrital muscovite, K-feldspar, diagenetic
illite, illite-smectite (I-S), or adularia (Mullens, 1980). Portions
of many deposits (for example, Getchell and Gold Acres) are
also hosted in Jurassic, Cretaceous, or Tertiary intrusive rocks
or in their adjacent contact metamorphic rocks; each contains
a variety of K-silicate minerals. The igneous intrusions and
dikes are usually altered to some degree and commonly contain
sericite and chlorite. Similarly, the contact metamorphic
minerals are often altered to mica, chlorite, and a variety of
clay minerals. K-metasomatism associated with many of these
intrusions produced extensive areas of potassic or phyllic
alteration unrelated to the Carlin-type hydrothermal system;
examples included Getchell, Mike, and Bluestar/Genesis
deposits. Some of the older K-silicate minerals provide
opportunities for dating subsequent Carlin-type mineralization.
For example, older K-feldspar and biotite are relatively unstable
in Carlin-type fluids and are likely to be altered to clay minerals
(Phinisey and others 1996). In contrast, older muscovite or
illite are relatively stable and are less likely to be destroyed
(Phinisey and others, 1996). The challenge then is to
distinguish K-micas produced by the Carlin-type hydrothermal
systems from older K-micas in the rocks. Alternatively, it is
necessary to determine whether preexisting micas could have
been completely reset via diffusive argon loss at the
temperatures and duration of the hydrothermal system or by



recrystallization. An additional problem in some districts is
that the hydrothermal event associated with a Carlin-type
system may be overprinted by a younger hydrothermal event.
For example, mercury mineralization is present in the Miocene
Carlin Formation that unconformably overlies the Meikle
deposit (P. Emsbo, 1998 oral commun.).

The clay minerals associated with gold ores in the Carlin-
type deposits have been described in only a few deposits, and
seldom have clays been described from barren host rocks.
Drews-Armitage and others (1996) describe the clay
mineralogy in rocks of the Devonian calcareous Popovich
Formation, the siliciclastic Rodeo Creek unit, and siliciclastic
Vinini Formation, which host the Bluestar/Genesis deposits.
In the distal portions of the deposit, kaolinite and
cyrptocrystalline quartz replace the detrital quartz and feldspar
in the Popovich Formation. In the most altered portions of
the Popovich Formation proximal to the deposit, detrital
minerals are replaced by kaolinite, quartz, and locally illite
(mostly 1M). Altered siliciclastic rocks distal to the deposit
contain quartz, kaolinite, and detrital illite (2M1). Altered
siliciclastic rocks proximal to the deposit contain quartz,
kaolinite, and detrital illite (2M1), with locally occurring
quartz-illite (1M) veins. Bakken and others (1989) note that
detrital feldspar at the Carlin deposit is present in minor
amounts (up to a few percent) in unaltered Roberts Mountains
Formation and is absent in altered rock. They also report an
“abundance of smectite, illite, and kaolinite, and a trace of
chlorite” in unaltered Roberts Mountains Formation. In altered
Roberts Mountains Formation, the predominant clays are 1M
and 2M illite with varying amounts of kaolinite. Smectite,
chlorite, and feldspar were notably absent and detrital
muscovite was present. Also at the Carlin deposit, Kuehn and
Rose (1992) reported that barren Roberts Mountains Formation
contains quartz, calcite, dolomite, K-feldspar, illite and pyrite
which progressively changes to zones of quartz, kaolinite-
dickite, and pyrite, but no feldspar, in the ore zone. They also
determined that illite was destroyed at the expense of kaolinite-
dickite formation in the ore zones. Ferdock and others (1997)
suggest that illite formed during the early stages and was
followed by kaolinite in the late stages of the gold mineralizing
system at the Post-Betze deposit. In most of the deposits
discussed above, there appears to be transitional zones of
alteration mineralogy from the distal, barren host rocks to the
fluid conduits and high-grade zones. However, not enough is
known as to the effects a hydrothermal system may have played
in resetting and (or) recrystallizing older illites, and thus
changing their isotopic systems. More studies that characterize
both the mineralogy and isotopic ages of barren and
mineralized rocks are needed in order to determine what clays
or generation of clays were formed by the gold system.

In summary, these studies suggest that: (1) The clay
minerals formed by the hydrothermal fluids are dependent on
the mineralogy of the host rock. (2) Illite, I-S (illite-smectite),
and kaolinite are the main clay minerals produced by Carlin-
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type hydrothermal systems. (3) Older illite of multiple origins
may be present in high-Au-grade ores. Even though illite and
I-S can be dated by K/Ar and 40Ar/39Ar isotopic methods,
their behavior under hydrothermal conditions of low
temperature and short duration have not been well studied.
Although any new illite that formed during gold deposition
would record the age of mineralization, the effect on the
isotopic systems of older illite is not well known. It is important
to learn whether argon loss by diffusion from the crystal lattices
occurs and whether these losses significantly affect the isotopic
dates recorded by the illite.

CLAY MINERALS IN THE JERRITT
CANYON MINING DISTRICT

Introduction

The results of clay studies on the Carlin-type gold deposits
in the Jerritt Canyon Mining District illustrate many of the
concerns mentioned above. The approach used herein was to
consider the isotopic dates within the context of the geology
of the district and environment of ore deposition. The
geochemistry of unaltered barren rocks are compared to those
of altered mineralized rocks to evaluate mass transfer,
particularly with respect to K. The mineralogy and crystallinity
of the clay minerals were also compared and modeled to
improve interpretation of the isotopic dates.

Geology

The Jerritt Canyon Mining District is located in the
Independence Mountains approximately 62 kilometers north-
northwest of Elko, Nevada and approximately 50 kilometers
north-northeast of the Carlin Trend (fig. 1). The district has
produced approximately 4 million ounces of gold and has an
estimated 4 million ounces of gold resources (Nevada Bureau
of Mines and Geology, 1996). The mines are owned and
operated by Independence Mining Company. The district
includes several sediment-hosted disseminated gold deposits
hosted by Lower Silurian to Lower Devonian Roberts
Mountains and Upper Ordovician to Lower Silurian Hanson
Creek Formations. These rocks are exposed through windows
in the Roberts Mountains Allochthon. The deposits are highly
irregular but generally tabular in morphology. Their
distribution is controlled by intersections of favorable
lithologies with a complex array of faults. Most gold is
produced from relatively unweathered black, carbonaceous,
pyritic, refractory ores, with lesser production from weathered,
tan and buff, oxidized ore, and from jasperoid ores. The
refractory ores are often decalcified and locally contain realgar
in open spaces. Silicification to produce jasperoid, and
decalcification and sulfidation to produce refractory ore are
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Jerritt Canyon
District

Figure 1. Location of the Jerritt Canyon Mining District in Elko
County, Nevada. BM, Battle Mountain.

the major manifestations of the hydrothermal system that
produced the gold deposits.

Environment of ore formation

Fluid inclusion data and mineral assemblages indicate that
the hydrothermal fluids were not in excess of 260°C and
generally much cooler. For example the presence of marcasite
constrains the temperature to less than about 240°C
(Murowchick, 1992). Fluid inclusion homogenization
temperatures from quartz and calcite indicate trapping
temperatures between about 120°C and 260°C (Hofstra, 1994).
The duration of the hydrothermal system is unknown, but
probably is in the range of 10,000 to 1 million years. Itis also
important to note that there are no Mesozoic intrusions exposed
at the surface or in the mines in the mining district.

Mass Transfer

Geochemical analyses (Hofstra, 1994) of samples
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collected from high-Au-grade zones and distal unaltered rocks
indicate a relative enrichment in the ores of Au, As, Sb, Hg,
and Tl, and strong depletion of calcium and strontium, whereas
aluminum, potassium, iron, and titanium were relatively
immobile. An important consideration for growth and
crystallization of new mica is the source of potassium and when
it became mobile in the system. In the Jerritt Canyon Mining
District, the potassium content of ores remained nearly
constant, indicating K-metasomatism was not an important
factor in generating the mica that is present in the deposits.

Clay characterization

Rock samples were collected from an altered and
mineralized zone and from an unaltered zone approximately
20 meters apart within the same stratigraphic interval of the
Roberts Mountains Formation. These rocks were separated into
seven different grain-sizes fractions and analyzed by x-ray
diffraction to evaluate the effects of the gold-bearing
hydrothermal system on the mica (Hofstra, 1994, Folger and
others, 1996). The size-fractions are 40-20, 20-5, 5-2, 2-1, 1-
0.5, 0.5-0.1, and <0.1 pm, and the dominant clay mineral is
2M1 illite with lesser amounts of kaolinite present in both the
altered and unaltered samples. Minor amounts of illite-smectite
(I-S), having less than 30% expandability, were present in the
altered 0.5-0.1 um and the <0.1 pum size fractions, the two
smallest fractions analyzed.

Crystallinity studies

Several new software programs developed specifically for
clay minerals were utilized to evaluate changes in illite
morphology. Eberl and others (1997) developed a method
that eliminates the effect of swelling clays on peak
measurements in x-ray diffraction data. By eliminating peak
broadening effects of interlayered smectite as well as shifts in
d-spacing, more accurate measurement of the particle thickness
and mineral strain are permitted. Samples were sodium
saturated and suspended in a solution of PVP-10
(polyvinylpyrrolidone having a molecular weight of 10,000),
then mounted on polished silicon wafers. The software
programs Mudmaster (Eberl and others, 1997), Overgrowth!
(Eberl and others, 1997) and Galoper (Eberl and others, 1997)
utilize this special x-ray diffraction data to measure and
calculate the mean particle thicknesses.

Subtle changes in mica crystallinity were detected in
similar grain-size fractions in unaltered and altered fractions.
Mica crystallinity, measured by Kiibler indices, decreases with
decreasing grain size for both the altered and unaltered size
fractions indicating that the altered samples have greater
crystallinity when compared to their unaltered counterparts.
The exception is the smallest grain-size fractions. Figure 2
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Figure 4. Comparison of total-gas ages for K/Ar and 40Ar/39Ar analysis of mica from the Roberts Mountains Formation.
Isotopic ages for the altered and unaltered fractions are listed in table 1

thermal event or a mixing of different populations of mica
with different argon retention characteristics. A convincing
argument can be made that the changes in isotopic dates result
from the addition of new illitic material as overgrowth formed
by a ripening process or as very fine-grained illite-smectite
formed by a later event such as the gold stage. These
deductions are supported by the recent findings by Claner and
other researchers (discussed above) that show fine-grained illite
is argon-retentive at temperatures similar to those at Jerritt
Canyon and to the observed changes in illite crystallinity and
morphology at Jerritt Canyon identified in XRD and SEM
analysis and modeled by Mudmaster, Galoper, and
Overgrowth!. '

Discussion of Jerritt Canyon

The isotopic dates obtained from unaltered and altered
size fractions represent composite ages because they are
derived from samples having multiple populations of mica.
The altered samples generally have lower ages and higher
crystailinity than their unaltered counterparts. The smaller
size fractions are less crystalline than the coarser sizes
reflecting a population of less thermally mature mica in the
smaller fractions. Yet the inverse relation of increased
crystallinity and decreased apparent ages suggest that the
hydrothermal system did have an effect on the crystallinity of
the mica and also the total-gas ages. An illitization mechanism

Table 1. Total-gas ages, Kiibler indices, integrated-mean thickness (IMT), and percentage
of recoiled 3%Ark for each size fraction of the altered and unaitered samples.

Sample  Size Ages Kiibler IMT 39 Recoil
Unaltered 40-20 3844 24.1 0
(3J9054) 20-5 04 215
5-2 307.5 0.5 20.8 15.9
2-1 2824 0.6 114
1-.5 258.6 0.6 12.9
S5-1 248.2 0.6 10.7 19.7
<0.1 2574 0.7 11 223
Altered 40-20 3245 0
(J9051) 20-5 283.7 0.3 24
52 0.3 24.7 8.3
2-1 245.8 0.4 174
1-.5 04 16.3 20.3
S5-.1 195.3 0.65 12.8
<0.1 149.1 0.6 8.1 28.2
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of random ripening best describes the changes seen in particle
size distributions as well as the isotopic dates. This process
incorporates new material as overgrowths on the older cores,
thereby lowering the composite ages. Even though the greatest
concentration of newly formed hydrothermal illite is found in
the smallest size fraction, the effects of the older mica present
in the sample is still reflected in the surprisingly old dates.
The neoformation and random ripening of illite appear to
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Figure 6. Integrated mean thicknesses calculated by Mudmaster
reflect a trend similar to the Kiibler Index where the less crystalline
mica is more prone to argon recoil

explain changes observed in the isotopic ages and illite
morphology.

CONCLUSIONS

The concerns described above and the empirical results
from the Jerritt Canyon Mining District demonstrate that a
number of problems must be addressed to properly interpret
isotopic dates on illite from Carlin-type gold deposits. Most
important to address are: 1. Identification of the mineralogical
changes in the host rocks due solely to the mineralizing event.
To do this requires comparative studies of both barren and
mineralized rock. 2. Demonstrate that the mica being dated is
ore stage and not contaminated by earlier generations of mica.
This can be quite difficult if the mica has undergone ripening
or partial dissolution. 3. Alternatively, prove that the
temperature and duration of mineralization was sufficient for
argon loss by diffusion to completely reset the isotopic clock
of the micas. 4. The samples analyzed must be prepared and
dated in a manner so as not to deleteriously influence the
isotopic results.

Previous geochronologic studies of illite in Carlin-type
deposits have not adequately addressed these concerns and
therefore the age interpretations are suspect. Although using
micas to date Carlin-type deposits can be problematic,
meaningful results can be obtained if these concerns are
addressed. With appropriate care, samples can be selected to
increase the likelihood of finding ore stage micas that will yield
the age of mineralization. This is the direction of our current
research.
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oD and 6'*0 DATA FROM CARLIN-TYPE GOLD DEPOSITS-
IMPLICATIONS FOR GENETIC MODELS

By Albert H. Hofstra and Robert O. Rye

ABSTRACT

8D and 8180 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 8DH,0 values (-116 to -164%o)
and a wide range of 6180y, values (-20 to 15%o) 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 6Dy, values (-153 to -44
%o) but a similar range of 6180y, Qvalues suggesting that ore
fluids were magmatic or metamorphic in origin, although
variably exchanged meteoric water was also present.

The 6Dy, 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 8DH,0 values of the hydrothermal fluids agree with the
ODH,0 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 8D and
6180 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 8D and §!180 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 %o) 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 3180 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 8180 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. 8D and 8180 data from Carlin-type gold deposits. The black squares are samples for which there is both oxygen and hydrogen
isotopic data. 8180 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 8D 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 8180 compositions (Holland
and others, 1988). Therefore, the large range of 8180 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.
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In contrast, samples from the Carlin-type deposits in the
Getchell Trend have a much wider range of 8D values (fig. 1)
that extend from -153 to -44 %o but a similar range of 6180
values (Cline and others, 1996, 1997; Groff, 1996). Samples
representative of the main stage of gold mineralization have
the highest 8D 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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GEOCHEMICAL MODELING OF ALTERATION AND
GOLD DEPOSITION AT THE BETZE DEPOSIT,

EUREKA COUNTY, NEVADA

By M. B. Woitsekhowskaya and S. G. Peters

ABSTRACT

This study addresses ore-forming hydrothermal processes
via geochemical modeling of the alteration and gold deposition
in the Betze gold deposit. This deposit, located along the Carlin
trend, is the largest of many Carlin-type deposits in Nevada.

The modeled ore-forming system is considered to be
analogous to the natural depositional environment in the Betze
gold deposit. This model was constrained by the results of
geological, mineralogical, isotope and fluid inclusion studies
of the deposit. Computer simulations include interaction of a
CO,-H3S-NaCl ore fluid with the calcareous host rock, as the
ore-forming system cools. The ore fluid transported gold,
arsenic, antimony and other components from below the
accessible Carlin system.

The major features of the alteration pattern observed in
the deposit are produced from the model ore fluid by reaction
with limestone of the Popovich Formation. Results indicated
that the mineral stability relations in the CaO-MgO-CO»-
AL 03-Si02-H,0 system are important and are reflected in
the distribution of mineral phases in the alteration pattern.
Mass transfer was accompanied by sulfidation of reactive iron
in the system resulting in the higher hydrogen, lower aqueous
sulfide activity, subsequent destabilization of H3AsO3 and
Au(HS)- complexes, and gold precipitation in association
with As-rich pyrite.

The results of modeling provide data on the associated
alteration patterns, geochemical controls and gold depositional
mechanism in the Betze deposit. This study results in a better
understanding of an evolving ore-forming system in the Betze
deposit, and also broadens our knowledge of hydrothermal
processes in other gold-producing terranes.

INTRODUCTION

Understanding the chemical evolution of metal-bearing
hydrothermal fluids and metal-concentrating mechanisms is
instrumental to our knowledge of ore formation. Much of the
debate over the origin and character of sediment-hosted
disseminated gold deposits centers on problems associated
with the source(s) of the gold and other ore components, the
chemistry of metal-bearing fluid(s) and the depositional
mechanism(s), all of which are complicated by multiple
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periods of tectonic, hydrothermal and metasomatic activities
(Sillitoe and Bonham, 1990; Alvarez and Noble, 1988; Hofstra
and others, 1988, 1991; Berry, 1992; Christensen, 1993; Volk
and Lauha, 1993; Iichick and Barton, 1996; Volk and others,
1996; Christensen, 1996). Descriptions can fuel speculation
as to the genesis of ore deposits; however, descriptive models
by themselves do not provide numerical insight into the
geochemical processes that lead to the formation of ore
deposits. Descriptive models are further limited because they
cannot be tested, nor can they generate alternative models or
utilize the nuances of alternative geological environments. The
process models and mechanisms responsible for precipitation
of gold and the chemical evolution of Carlin-type systems have
been discussed by Hofstra and others (1991) and Iichik and
Barton (1996).

The purpose of our study was twofold: (1) to test, via
numerical modeling, the generalized ore depositional processes
outlined by previous researchers, and (2) to provide illustration
of the computational methodology and its applications to
understanding gold deposition in the Betze deposit. This study
focuses on reconstruction of the chemical reactions associated
with alteration and ore deposition. At present, our treatment
is intended as an introduction to and an overview of the
manifold ore depositional problems present in this large and
complex deposit.

The modeling procedure presented in this paper represents
an extension of the computational methodology developed in
studies by Hemley and Woitsekhowskaya (1993), and
Woitsekhowskaya and Hemley (1995). Preliminary
geochemical modeling of the deposit is based on descriptive
studies of the Betze deposit conducted by several workers
(Bettles, 1991; Bettles and Lauha, 1991; Berry, 1992; Arehart
and others, 1993a; Peters, 1996; Ferdock and others, 1997;
Peters and others, 1997).

DESCRIPTION OF THE BETZE
GOLD DEPOSIT

The Betze gold deposit is located along the Carlin trend
in northeastern Nevada and exhibits mineralogical and
alteration features typical for most Carlin-type gold deposits.
The deposit is hosted in the upper units of the Devonian and
Silurian Roberts Mountains Formation, the Devonian Popovich
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Formation, and the lower parts of the Devonian Rodeo Creek
unit, all of which are para-autochthonous, and are in contact
with the northeast margin of the Jurassic Goldstrike diorite
stock (Lauha and Bettles, 1993). The Betze deposit contains
over 30 million oz Au representing the largest concentration
of gold currently known in the Western Hemisphere
(Leonardson and Rahn, 1996).

Previous workers documented the pre-ore and syn-ore
stages of hydrothermal activity and the final post-ore and
weathering stages that formed the Betze deposit (Arehart and
others, 1993; Ferdock and others, 1997). The mineral
paragenesis in Betze can be summarized as follows: (1) the
main hydrothermal stage of gold mineralization is
characterized by the formation of clay minerals (illite, kaolinite,
and minor smectite), quartz, pyrite, gold, calcite, dolomite,
As-rich pyrite, arsenopyrite and rare native arsenic, and (2)
the late paragenetic sequence is characterized by formation of
quartz, calcite, realgar, orpiment, stibnite, and barite.

Gold resides predominantly within As-rich overgrowths
on pyrite (Arehart and others, 1993a). The intimate association
of sub-micron size “invisible” gold with As-rich pyrite is a
characteristic feature of Carlin-type deposits, and has been
the subject of many studies (Bakken and Einaudi, 1986; Bakken
and others, 1991; Arehart and others, 1993a; Sha, 1993; Fleet
and Mumin, 1997). Several workers reported that gold in
Carlin-type deposits might also be associated with other sulfide
minerals including chalcopyrite, sphalerite and cinnabar (Wells
and Mullens, 1973; Bakken and Einaudi, 1986), as well as
with quartz, carbonate minerals, and clay minerals (Hausen
and Kerr, 1968; Drews-Armitage and others, 1996).
Understanding the mineral association of hypogene gold in
ores in the Betze deposit is crucial, because it helps to constrain
fluid chemistry and depositional mechanisms. The most
common and economically important minerals in Betze are
considered in modeling calculations, although there are many
other minor minerals that are found only locally.

A complex interplay between: (1) proximity to the
Jurassic Goldstrike stock; (2) degree of fracturing and
brecciation that are related to Mesozoic and Tertiary high to
low-angle faults; and (3) favorable permeable calcareous
stratigraphic units in the Paleozoic host rocks results in
variation in the type of gold occurrences, paragenetic
interpretations, and alteration patterns in the Betze deposit
(Bettles, 1989; Bettles and Lauha, 1991; Lauha and Bettles,
1993; Madeisky, 1993; Peters, 1996; Ferdock and others,
1997). Alteration is similar to that of other sediment-hosted
disseminated gold deposits (Radtke, 1985; Bakken and
Einaudi, 1986; Kuehn, 1989). It varies from negligible to
intense in and between orebodies, and has resulted in
decarbonatization, silicification and argillization of individual
carbonate beds of the Popovich Formation and the upper
Roberts Mountains Formation (Leonardson and Rahn, 1996;
Arehart, 1996; Teal and Jackson, 1997).
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Temporal and spatial relations between alteration types
are poorly understood, although it is well documented that the
majority of the ore is present in decarbonatized and weakly to
moderately silicified rocks. Most of the gold ore is associated
with the decarbonatized host rocks that constitute the most
pervasive and intense alteration zones in the Betze deposit.
The documented alteration assemblages that sequentially
developed during decarbonatization are summarized in the
following order (Leonardson and Rahn, 1996; Arehart, 1996;
Teal and Jackson, 1997):

fresh carbonate rocks:
calcite+dolomite+kaolinite+pyritetillitetquartztcarbon;
weak to moderate decalcification:
dolomite+quartz+kaolinitet+As-rich
pyritetillitetcalcitetgoldtcarbon;
intensive decalcification:
kaolinite+pyritetquartztdolomitetcarbon;
decarbonatization:
kaolinite+pyritetquartztcarbon.

GEOCHEMICAL CONSTRAINTS ON
FLUID CHEMISTRY

The geochemical constraints used herein were based on
stable isotope, fluid inclusion, and field studies for Betze and
other Carlin-type deposits as documented by previous
researchers (Kuehn, 1989; Hofstra and others, 1991; Arehart
and others (1993), Kuehn and Rose, 1995; Lamb, 1995, Arehart,
1996; Ilchik and Barton, 1997; Lamb and Cline, 1997).
Available fluid inclusion data for the Betze deposit are
summarized in table 1. These data suggest that the ore fluid
associated with the main stage of gold mineralization contained
high density CO2 (0.86 to 0.78 gm/cm3) and was of moderate
to low salinity (10 wt. percent NaCl equivalent). The trapping
pressures of the fluid inclusions were 1,000 to 1,425 bars. This
mineralization stage took place at minimum temperatures from
210° to 200° C. In contrast, the late stage mineralization
resulted in silicification of host rocks and took place at lower
temperatures (from 180° to 150° C) and lower salinity. Stable
isotope studies by Hofstra and others (1991), and Arehart and
others (1993) document a wide range of the stable isotope
values [834S = -30 to +20 per mil (sulfides); 8180 values
ranging from O to +5 per mil (altered rocks) and values of +18
to +24 per mil (unaltered rocks); 8D values near -150 per mil;
and 813C values -2 to +1 per mil], suggesting that two different
fluids were involved in the gold ore-forming episode. The
sulfur isotope data for sulfide minerals and barite are evidence
for disequilibrium between reduced and oxidized sulfur species
in solution. The wide range in sulfur isotopic composition
also may reflect compositional variations of sources and
variations due to isotopic exchange in the hydrothermal system.



MODELING APPROACH

The alteration mineral assemblages, their paragenetic
sequence, and fluid inclusion data (table 1) indicate two major
gold mineralization stages, and also indicate that each stage
of mineralization took place under different geological
conditions. Two sets of modeling calculations were, therefore,
required. The first set of calculations involved reaction of ore
fluid (table 2) with fresh rock (FR11 on table 3) at the higher
temperature and pressure conditions representative of the
decarbonatization process and the main stage of mineralization
(table 1). The second run of calculations involved reaction of
the ore fluid with altered rocks at lower temperature and
pressure conditions representative of the silicification process
and the later event of hydrothermal activity (table 1). To model
the later mineralization stage, the alteration mineral
assemblages from the first run were used to simulate reaction
with the ore fluid, which was similar to that indicated in table
2.

Field studies indicate that advective transport of chemical
components by hydrothermal fluid(s) influenced the chemical
processes of gold emplacement in the depositional
environment, For example, higher gold grades are often
associated with mult-increment deformation such as described
by Bettles (1989), exhibiting the intense fluid-rock interactions
that enhanced gold removal from the hydrothermal fluid. This
study focused on modeling of these fluid-rock interactions as
the system cooled, that resulted in mineral precipitation and
development of alteration patterns in the Betze deposit. Boiling
and fluid mixing were not modeled, because fluid inclusion
and mineralogical studies do not provide significant evidence
of the boiling process, and because fluid mixing alone cannot
account for the observed mineral assemblages and alteration
patterns. -

The preliminary model of the fluid-rock interaction during
cooling is discussed below and emphasizes three important
controls on the mineral assemblages produced: (1)
temperature, (2) pH, and (3) changes in aqueous silica activity.
Although other controls also are important, such as the role of
thermochemical sulfate reduction reactions, carbonate
dissolution reactions, metal transport concentrations, salinity,
and pressure or pH buffered conditions, the selected example

CARLIN-TYPE GOLD DEPOSITS

provides adequate illustration of the methodology and its
application to understanding of gold deposition during
alteration in the Betze deposit.

COMPUTATIONAL PROCEDURE

To model fluid-rock interaction in a geological and
geochemical context, a polythermal-polybaric reaction path
and thermodynamically open system was required. The
modeled system was constructed utilizing a series of chemical
“reactors” that simulate chemical mass transfer driven by
successive interactions between “flowing” fluid and discrete
increments of host rock under temperature gradients. Chemical
reactors are the individual parts of the modeled system, which
are linked by carrying the dissolved constituent materials from
one reactor to each successive reactor with the deposited
minerals left behind. Phase relations among hydrothermal
minerals in the system are calculated on the basis of the change
in the chemical potential of a component and its activity during
a geochemical process where & is the progress variable for the
process (De Donder, 1920; Helgeson, 1968). This
methodology implies an examination of geochemical processes
in a dynamic open hydrothermal system over a range of
environmental constraints. It has been used to model different
ore-forming processes (Woitsekhowskaya, 1992;
Woitsekhowskaya and others, 1992; Woitsekhowskaya and
others, unpublished data, 1997). Some aspects of the “flowing
through reactors” computational methodology were developed
by Krajnov and others (1988).

The computer software used was the HCh program of
Shvarov (1976), which includes the GIBBS code and the
UNITHERM database of thermodynamic properties of
minerals, aqueous species and gases (see also Krajnov and
others, 1988). The GIBBS code is based on the minimization
of Gibbs free energy and has been developed for simulation
of equilibrium states among gaseous-solid-aqueous phases in
homogeneous or heterogeneous systems in the temperature
range 0° to 1,000° C and pressure range 1 to 5,000 bars. The
GIBBS program treats the overall water-rock-gas interaction
as the summary of many simpler processes (dissolution of a
single mineral, formation of a single aqueous complex, etc.).

Table 1. Summary of fluid characteristics of two successive stages of gold mineralization in the Betze deposit*

Fluid characteristics Main gold event Late gold event
Pressure total (bars) 1,425 - 1,000 1,235 - 750
Salinity (wt.% NaCl equivalent) <10.0 3.0-0.1
Temperature (°C) 210- 200 180 - 150
Density of bulk CO?2 (gm/cm3) 0.86-0.78 0.86 - 0.78

*Value adapted from Lamb, 1995; Kuehn and Rose, 1995; Lamb and Cline, 1997.
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The database UNITHERM (Shvarov and others, unpublished
data, 1997) is substantially similar to SUPCRT92 (Johnson
and others, 1992), but is not cited extensively outside the
Russian literature. '

Composition of the ore fluid used in simulation

The chemical composition of the ore fluid in the Betze
deposit was simulated assuming mutual solubility of
pyrite+realgar+stibnite+gold at T = 250° C and Pyot = 1,200
bars. The starting temperature used in the calculations was
250° C. This temperature is higher than indicated in table 1
because the fluid inclusion data refer only to a given point of
observations and not to the hypothetical initial state of the fluid.
Because of a lack of definitive initial state information, multiple
calculations were conducted with variable salinity, total Cl was
varied from 0.1 to 1.5 molar (maximum value was 7.5 wt.
percent NaCl equivalent) and CO; at 0.78 g/cm3. The activities
of Oz and H,S, as well as the pH values, were calculated as
the functions of a mutual solubility reaction. These parameters
are dependent variables in the hypothetical fluid that changed
as the equilibrium between the mineral assemblage and fluid
chemistry changed. For purposes of sensitivity analysis,
several ore fluid compositions were used to react with
limestone and altered rock to simulate decarbonatization and
silicification processes in Betze. The calculated initial metal
concentrations in the ore fluid that was considered to be
responsible for formation of the Betze deposit are listed in
table 2.

The speciation-solubility calculations demonstrate that

Table 2. Initial fluid characteristics used in modeling.

gold was transported mainly as a bisulfide complex Au(HS)>-
antimony as a H3SbO3 complex, arsenic as a H; AsO3 complex,
and iron as a dichloride complex. The calculated aqueous
iron concentration was low, suggesting that the host rocks or
underlying rocks, or both, buffered iron in the system.
Similarly, sulfide sulfur was relatively low (aH3S at 10-3). A
possible second source for sulfur from reduction of sulfate
sulfur is suggested by isotope evidence.

Host rocks used in simulation

Ore in the Betze deposit is hosted, for the most part, by
limestone of the Popovich Formation and, therefore, chemical
analyses of these rocks were used in the mass transfer
calculations. For purposes of sensitivity analysis, different
rock types composing the Popovich Formation were utilized
and the calculated mineral assemblages were compared. The
results of these calculations revealed no significant differences
in the calculated depositional patterns, although some
deviations in mass abundance of the deposited minerals were
considered to be significant. Chemical analyses of
representative rocks used in the chemical reaction path
calculations are listed in table 3.

RESULTS AND DISCUSSION

The calculations presented below refer to two successive
evolutionary phases during alteration and ore deposition. The
major compositional characteristics of a natural heterogeneous

Constituent/parameter Concentration (in moles) Source

As* 8.02E-03 calculated from realgar solubility
Au * 3.94E-07 calculated from gold solubility
Clx* 1.01 fluid inclusion (table 1)

Fe * 4.55E-07 calculated from pyrite solubility
K ** 0.01 fluid inclusion (table 1)

Na** 1.0 fluid inclusion (table 1)

S * 8.06E-03 calculated from total sulfides solubility
Sb* 2.20E-05 calculated from stibnite solubility
T(° C) 250%** fluid inclusion (table 1)

pH 4.31* calculated

log a0 -40* calculated

log aH, -5% calculated

CO2 (gm/cm’) 0.78** fluid inclusion (table 1)

P total (bar) 1,200** fluid inclusion (table 1)

Note: E is scientific notation = 10X

*Concentrations determined by modeling mutual solubilities of gold, realgar, stibnite and pyrite in the solution
that includes NaCl = 1.0 mole and KCl = 0.0 mole, and that was constrained to be in equilibrium with CO2

(bulk density of 0.78 gm/cm3).
** Values are adapted from the study by Lamb and Cline (1997).
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Table 3. Host rock lithologies used in modeling.

CARLIN-TYPE GOLD DEPOSITS

Sample ID SiO, ALO; Fe,O; FeO MgO CaO Na,0O K,0 CO, S
FR8! (wt. %) 13.79  2.89 2.89 0.54 152 4255 0.01 049 3479 002
FR1 lz(wt.%) 3866 54 54 1.42 873 1773 0.06 1.53 2295 0.1

'Dp, Ls, upper unit, limestone of the Popovich Formation ;

2Dp

lower unit, limestone of the Popovich Formation (G. Ferdock,

unpublished data). Data indicated in this table are those were used in the sets of calculations and, therefore, they do not represent all data

in chemical analysis for these samples.

aqueous-solid-gaseous hydrothermal system in Betze is
described in terms of 15 components (Al, As, Au, C, Ca, Cl,
Fe, H, K, Mg, Na, O, S, Sb, and Si) comprising the modeling
set. To mimic fluid-rock reactions during cooling, the solution
was constrained to be in equilibrium with specified amounts
of the host limestone at a specified temperature, total pressure
and partial pressure CO;. Therefore, each computational step
was defined by the following parameters: (1) rock-fluid ratio,
(2) temperature, and (3) total pressure. Selection of initial
values of these specified parameters required a series of
alternative calculations. Results were evaluated on the basis
of geological and chemical criteria that included temperature
and pressure ranges consistent with the geological context,
the mineral phase rule, and the degree of consistency of the
calculated mineral assemblage with field observations. Results
of other alternative calculations indicated the values of
temperature and rock-fluid ratio at each computational step.
These values were carefully chosen to ensure the most
adequate simulation of the mineral assemblages documented
in the field.

Reaction of the ore fluid and liinestone

Gold deposition and decarbonatization of the host rock
were simulated by a series of fluid-rock reactions between an
ore fluid (table 2) and appropriate amounts of relatively fresh
limestone (FR-11 from table 3). Small incremental changes
of temperature and rock-fluid ratio were utilized while total
pressure was maintained approximately at 1,200 bars
throughout the entire reaction path. Calculated mineral
assemblages, associated chemical reactions, mass transfer,
gold deposition interval, pH, temperature, and pressure,
corresponding to progressive fluid-rock interaction during
decarbonatization, are shown in table 4, figures 1 through 3,
and are discussed below.

Modeling results indicated that important chemical
reactions occurred during interaction of the ore fluid with
limestone and are as follows: (1) dissolution of the clay
minerals, silica-leaching and silica-fixation reactions, and (2)
carbonate dissolution. Fluid-rock interaction led first to the
formation of a kaolinite+pyrite+graphite mineral assemblage,
which was accompanied by a relatively low pH value, while
the ratio between precipitated solids and dissolved constituents
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was small (table 4, reaction step [a]). Overall, the clay minerals
in the Betze deposit can be described in the system K»>O- Al;,O3-
Si07-H,0 by the general formula Kx(Al2)(AlxSis-x)O10(0OH)2
where x is the number of Al3+ and interlayer K+ ions. It is
assumed that when x = 1 the simplified expression between
reaction of clay minerals and ore fluid may be written such as
follows: -

KAl35i3010(OH); + 0.75H20 + H+ =
illite

1.5A1,51205(OH)4 + K+ (H

kaolinite

The calculations show that over the first few reaction steps,
dissolution reactions produced an aqueous phase in which the
Si/Al ratios are higher than those in dissolved limestone (table
4, reaction steps from [a] through [f]). Aqueous silica
concentration increased over the entire reaction path and was
attributable to alteration of clay minerals in the host rock. Clay
minerals (predominantly illite) dissolution (table 4, reaction
steps from [a] through [c]) and concurrent precipitation of
H4Si04 as quartz (table 4, reactions steps from [d] through
[f]), required a reaction such as follows:

KAI3Si30)0(OH); + 10H+ =
illite
3AI3+ + 3H4Si04 + K+ (2)

Reaction 2 played an important role in the replacement
process along the decarbonatization reaction path. In the
intermediate zone of alteration, precipitation of quartz from
H4Si04 released by hydrolysis proceeded concurrently with
clay mineral dissolution (table 4, reaction steps from [c]
through [f]).

The pH value is important, but also of significance when
the fact that H+ was continually consumed as the solution
migrated and reacted with host rock as the system cooled.
Dissolution of calcite occurred during the first computational
steps (table 4, reaction steps from [a] through [c]) expressed
by equation (3). Dolomite was stable at slightly higher pH
(table 4, reaction step [b], equation (4)). These carbonate
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Figure 1. Diagram showing the modeled distribution between solid and aqueous phases for aluminum, magnesium, calcium and silica
during main stage reaction steps and decarbonatization processes in the Betze deposit. Gold started to precipitate at 230°C, (1,200 bars, pH
= 5.1, and log rock/fluid = -2.5 (reaction step [d], table 4). Note the difference in silica behavior that indicates a more complex control by the
system.The letter annotations and dashed lines in the figure refer to sequential events of reaction progress steps (table 4).

dissolution reactions may have contributed to the high CO»
contents measured in fluid inclusions from Carlin-type
deposits.

CaCO3 + 2H+ = Ca2+ + HyO + CO; 3)
CaMg(CO3)s + 2H+ =
CaCO3 + HCO3 + Mg2+ (4)

A significant increase in the pH of the solution was
accompanied by the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>