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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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range of values.
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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
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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.

29



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

A I

CA | NV Getchell — ut
Sr 0.706 Line \\ Carlin Trend
Archean
LTS
\\ \ Proterozoic
\ °
\ BMtn-Eur
\\ Central
208Pb / 204Pb
B |
CA | NV . Getchell uT
Sr 0.706 Line

East Range-
Battle Mtn.

206Pb "0.706" Line

Western .
Proterozoic

"Craton" Edge

Figure 8. Summary maps of the boundaries and regions defined by (A) initial 208Pb/204Pb and (B) initial 206Pb/
204Pp for Nevada and adjoining parts of California and Utah and a comparison to the ISr = 0.706 line and to
Carlin, Battle Mountain-Eureka, and Getchell mineral trends. Note the difference in north-central Nevada between
the ISr = 0.706 line and the lines defined by the Pb isotopic data. The break between Archean and Proterozoic
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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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