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Introduction

Pre-Tertiary basement is exposed over only about 20
percenc of the area of Nevada, yec this 20 percene is host
to two-thirds of che base and precious meral deposits and
prospects in the state (Maureen Sherlock, oral commun.,
1988). Basement rocks buried beneach Cenozoic volca-
nic and sedimencary deposits presumably are similarly
endowed and could be targecs for mineral exploracion in
areas where the Cenozoic cover is chin. Quantitacive
interpretations of gravicy data can provide information
on che depth to basement beneach Cenozoic rocks and
thereby help idencify accessible rarger areas.

Magneric interpretacions complement gravity inter-
pretations by providing informacion on igneous rocks.
Magneric anomalies commonly occur over areas where
volcanic and pluconic rocks crop out, and the pattern of
magnecic anomalies is often diagnostic of rock cype.
Consequently, ic is possible to predicc from the paccern
of magnetic anomalies where volcanic and pluconic
rocks are located at shallow depch beneath less magneric
rocks, an imporcant constraine for regional mineral
appraisals insofar as igneous rocks are associated with
mineral commodicies.

Analysis of Gravity Data

"Analysis of regional gravity daca from Nevada was
undertaken with two main objectives: to define the
location and shape of the surface of pre-Tertiary base-
menc and to produce a gravity map thac refleccs vari-
ations of density within che pre-Terriary basement. Both
objectives concribute directly to the analysis of mineral
resources of Nevada, che first by specifying the three-
dimensional discribution of potencial host cocks, and the
second by placing constraincs on the density and, chere-
fore, the permissible lichology of concealed basement.

The mosc striking characteristic of the isostatic resid-
ual gravity map of Nevada (Fig. 1) is the pervasive
regional paccern of long, narrow gravity highs and lows.
This anomaly patcern is closely correlated wich boch che
local topography and near-surface geology and reflects
the strong difference in density berween che rocks thac
make up the basemenc and che marerials chat overlie

them. A longer wavelength pattern of gravity variacions
alsoisapparencon the residual gravity map, mos readily
seen as broad regions of high gravity in che norchern and
southern parts of che state compared to generally lower
values present throughout the center. This broader
pactern is an expression of density variations within che
pre-Tertiary basement.

We have developed a2 method which, for the most part,
succeeds inseparating the observed isostatic residual gravicy
field of Nevada into its component parts: che field caused
by densicy variations within the basemenc, and the field
caused by variations in thickness of young cover. The
processisan icerative one. The estimace of basement gravicy
starts by using only gravity stations located on exposed
basement. The estimate then is refined by successive
atcempts to remove the effects of Cenozoic cover using an
empirical density-depth function.

The primary products of chis separation procedure
are shown in Figures 2and 3. Figure 2 shows the gravity
field produced by pre-Tertiary basement. The pervasive
shorc-wavelength grain of the original residual anomaly
(Fig. 1) has been eliminated, yet the major long-wave-
lengch features persist. The dominant, first-order fea-
ture of che basement gravicy of Nevada (Fig. 2) is che
enormous area of low gravity that spans che entire stace
berween lac 37deg and 40.5deg N. The regional gravicy
low reflects sources wichin the pre-Tertiary basement,
bur ics scrongest geologic correlacion is with the discri-
bution of middle Tertiary silicic ash-flow cuffs. The
broad gravicy low may reflect silicic incrusions within
the middle and upper crust thac are che councerparts of
che volcanic rocks at the surface.

The map showing the thickness of Cenozoic cover
(Fig. 3) suggests chat a vast area of Nevada may have
basement ac relatively shallow depch. Although abourt
80 percenc of che state is covered by Cenozoic deposirs,
Figure 3 shows char these deposits are thicker than 1 km
only over about 20 percent of the state. Consequencly,
60 percent of the state is covered by Cenozoic deposics
sufficiently chin thac pre-Tertiary basement rocks are
within reach of current exploracion techniques.

The cover-thickness map also reflects late Tertiary
deformation in Nevada. Linear basins, volcanic depres-
sions, and large areas of chick volcanic deposits are all
evident on Figure 3. The distribution of these features
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Fig. 1. Isostatic residual gravicy map of Nevada. Conrour incerval 10 mGal. Data from Saleus (1988).
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indicaces chac late Tertiary deformation has not been
uniform over the stace; distince areas wich consistenc
deformation patcerns can be recognized. The west-
cencral parc of che state, for example, is characterized by
northwest-ctrending, generally shallow basins. This area
includes much of the Walker Lane bele of Stewart
(1988). In contrasc, the amagmatic zone in southern
Nevada has fewer and more scaccered basins than sut-
rounding areas.

Thick sequences of Terriary volcanic rock occur in
numerous places in Nevada. Calderas of che souchwest-
ern Nevada volcanic field chac contain 16-6.5 Ma vol-
canic deposits (Byers and ochers, 1989) many kilometers
thick (Sayder and Carr, 1984) show prominently on
Figure 3, while deposits of similar age located due east
appear to be much chinner. Two large areas of norchern
Nevada, one in che extreme northwestern corner and che
ocher along the northern border ac long 117deg W., are
blanketed by volcanic rocks having ages in che range 6-
17 Ma (Scewart, 1980). Alchough che two areas appear
quite similar on geologic maps, Figure 3 indicates that
the norcthwescern corner concains a chick volcanic se-
quence whereas che deposits in the north-central area are
eicher subscancially chinner or have densicies nearly
equal co underlying basement. The crust in the north-
western corner of Nevada musc be dramacically differenc
from anywhere else in che stace.

Analysis of Magnetic Daca

Two compilacions of aeromagnetic daca were used in
che interprecacions described herein. Aeromagneric daca
from Nevada (Fig. 4) compiled by Hildenbrand and
Kucks (1988) from 38 separate surveys were used for
insights inco che regional tectonic framework of che area.
A second regional survey, acquired under contract to che
U.S. Department of Energy as part of the Nartional
Uranium Resource Evaluation (NURE) program, was
used in our interprecations. The NURE survey includes
the entire concerminous Unirted Scates plus Alaska and
varies widely in flight specificacions. In Nevada, flight-
lines were spaced roughly 5 km apart, excepc in the
Deach Valley and par of the Kingman ldeg by 2deg
quadrangles where flightlines were spaced approximately
1.6 km apact. NURE profiles were measured approxi-
mately 120 m above cerrain, and chis low alticude
provides a significant advantage in che detection of
shallow magnetic sources.

NURE magnetic profiles were plotted along flight-
linesac 1:250,000 scale. Boundaries becween areas wich
and areas wichouc shallow (< 1 km) magnetic sources
were skerched on each map based on patterns of anoma-
lies along individual profiles. Specific anomalies were
selected in areas where source depth was ambiguous;
these anomalies were analyzed wich che method of Pecers
(1949} to provide estimates of depch to magnetic source
ac chese discrete locations. We also applied a computer-
based method to estimate depch to source, modified

from Blakely and Hassanzadeh (1981), wo all NURE
dara from Nevada in order to aid and modify che above
qualitative interprecation. Boundaries were subsequently
digitized and merged into the statewide compilation
discussed below.

Areas of Nevada with magnetic sources incerpréted
to be within 1 km of che surface are shown in Figure 5.
This analysis shows that 46 percent of the state of
Nevada is underlain by magnetic sources within 1 km of
the surface, a cestimony to che widespread magmatic
events chat accompanied the Mesozoic and Cenozoic
tectonic development of this region. Figure 5 shows che
locarion of shallow magnetic sources only. Some anoma-
lies in aeromagnetic compilacions are caused by deep
magnetic sources with no shallow councerparts and are
not expected to appear in Figure 5. The so-called
Charleston Peak anomaly (Fig. 4, lat 36deg00' N., long
115deg00' W.) in the amagmacic zone of souchern
Nevada, for example, is a significanc feature of most
aeromagnetic compilations. The source of this anomaly
is buried several kilometers below the topographic sur-
face (Blank, 1988)and, therefore, does not appear in our
map of shallow magnetic sources.

Aeromagneric compilacions (Fig. 4) show a narrow
anomaly wich norch-northwest crend extending 280 km
chrough norch-cencral Nevada. The association of chis
anomaly in some locations wich basalcic and andesitic
excrusive and incrusive rocks suggescs chat similar rocks
exist along the entire length of the anomaly, and the
feacure has been interprered as a rift zone active during
the middle Miocene (for example, Zoback and Th-
ompson, 1978). Two hot-spring gold deposits are
associated wich basaltic rocks of che northern Nevada
rift, and ocher hot-spring gold deposits and several hot-
spring mercury deposits are associated with similar
anomalies to che west (Cox and others, chis volume).
Contoured aeromagneric maps show that the norchern
Nevada rift concinues south to about lac 39deg N., but
interpretation of NURE profiles suggests thac it extends
considerably farther to the south-soucheast. A narrow
band of shallow magnetic sources (Fig. 5), approxi-
macely on strike wich che northern Nevada rift, extends
to at least lac 38deg N. and perhaps to che amagmatic
zone (lat 37deg N.). Magnetic sources in this southern
part of che rift are obscured by nonmagnetic cover less
than 1 km thick in most locations. By analogy with che
northern part of the rift, they may be rargets for hot-
spring gold and mercury deposics.

Magnecic anomalies in the Walker Lane belt of
southwestern Nevada (Stewart, 1988) have arcuare,
norchwesterly trends generally parallel co che Walker
Lane (Fig. 4). Blakely (1988) noted char che width of the
northwest-trending patrern of magnetic anomalies is
considerably wider than the belc described by Albers
(1967) and Stewart and ochers (1968), extending in
some places over 150 km norch-northeast of che Walker
Laneand into topography with norch co northeast crends
more cypical of the Basin and Range province. The
magneticanomalies may indicatean underlying tectonic
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Fig. 2. Basement gravicy map of Nevada. Conrour incerval 10 mGal.
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Fig. 3. Thickness of Cenozoic cover in Nevada. A constantdensity contrast of 0.25 g/cm3 becween pre-Tertiary basemenc rocks
and Cenozoic cover macerial was assumed for all regions below a depth of 1.2 km bur above the basement surface.
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Fig. 4. Aeromagnetic anomaly map of Nevada. Total field anomalies from Nevada analytically continued to 305 m above terrain,
Contour interval 100 nT. Modified from the compilacion by Hildenbrand and Kucks (1988).
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fabric older than modecn topography and exposed geol-
ogy. A surprising correlation between this regional
magneticanomaly patternand chedistribucion of mineral
deposits was noted by Cox and ochers (this volume). All
of the volcanic-hosted epithermal deposics in southwesc-
ecn Nevadaare located within che Walker Lane magnetic
zone. Cox and ochers (this volume) proposed chat lace-
Tertiacy faulcing influenced the present-day magnecic
anomaly pacterns and was parcially responsible for che
distribucion of volcanic-hosted deposits. Moreover,
plucon-related deposits and most of the sedimenc-hosted
gold deposits are absenc from this magnetic zone, sug-
gesting chac these classes of deposits require an environ-
mencof tectonic quiescence (Coxand ochers, chis volurne).
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A relation among geology, tectonics, and velocity structure,
western to central Nevada Basin and Range

R. D. CATCHINGS U.S. Geological Survey, 345 Middlefield Road, M.S. 977, Menlo Park, California 94387

ABSTRACT

In the northwestern to central Nevada Basin and Range, there
are correlations between velocity and specific geologic structures of
the crust. Mapped range-bounding faults at the surface can be traced
to appreciable (10 km) depths based on velocity variations and are
consistent with subsurface projections of the faults based on seismic
reflection images. The limiting depth of the faults, as indicated by the
velocity variations, corresponds to the maximum depth of earthquakes
along the seismic profile. Correlations between velocity and the sur-
face geology show that in the upper crust the pre-Cenozoic rocks are
underlain by high-velocity (6.0 km/s) rocks, whereas the Tertiary
ranges are underlain by lower-velocity (4.0-5.7 km/s) rocks to depths
as great as 10 km. Although the Tertiary rocks differ in composition
from the Mesozoic rocks, the lower-velocity Tertiary rocks may also
be attributed to rock masses which are broken (4.0-5.7 km/s), and the
higher-velocity Mesozoic rocks (6.0 km/s) may be attributed to
largely unbroken rock masses. The regional seismicity pattern is
consistent with this interpretation, as earthquakes are largely confined
within or near the base of the low-velocity rocks. These low-velocity,
highly fractured rocks are laterally distributed in discrete zones, sug-
gesting that extension is not uniformly distributed but occurs in dis-
crete, highly extended zones. Beneath these highly extended zones, the
lower-crustal layers show structural evidence of extension, and veloc-
ity measurements suggest that the lowermost crust has been magmatic-
ally underplated. The superpesition of Tertiary volcanic rocks, highly
fractured upper crust, and lower-crustal magmatic underplating sug-
gests that the Tertiary volcanic rocks originated from lower-crustal
magmas that migrated to the surface via the highly extended zones.
The velocity structure of one of the highly extended zones and the
Lahonton Basin resembles that of many continental rifts. The velocity
structure beneath central Nevada, however, is much more like normal
continental crust. On the basis of isotopic studies, it is concluded that
the transition between highly extended crust and more normal crust
occurs in the area inferred to be the edge of the North American
craton.

INTRODUCTION

Structural variations, in conjunction with velocity data and other
geophysical data, provide a basis for interpreting some of the processes
associated with Basin and Range tectonism. Structure is derived from
surface geologic mapping, near-vertical reflection data, and -wide-angle
reflection and refraction data. Velocity models are derived from refraction
data and are compared directly with each of the structural models. Next,

an estimate of composition and physical parameters based on structure,
velocity, and additional geologic and geophysical data is presented.

In order to investigate processes associated with Basin and Range
tectonism, the Program for Array Seismic Studies of the Continental Litho-
sphere (PASSCAL) acquired a variety of seismic data (Whitman and
Catchings, 1988; Catchings and others, 1988) in the northwestern Basin
and Range (Fig. 1). The PASSCAL seismic survey was largely coincident
with a series of seismic reflection profiles acquired by the Consortium for
Continental Reflection Profiling (COCORP) near the 40°N parallel
(Allmendinger and others, 1987). The availability of COCORP data and
other geophysical data within the study area affords a rare opportunity to
investigate characteristics of the extended crust.

Interpretations of the PASSCAL data have been made by several
investigators using different interpretative techniques. Jarchow (1991)
used near-vertical and wide-angle reflection data. Benz and others (1990)
used one-dimensional (1-D), forward, reflectivity modeling of wide-angle
reflection and refraction data, and Hawman and others (1590) used 1-D
inversions of near-vertical and wide-angle reflections and refractions; both
1-D methods provided a profile of average velocity as a function of depth
using a subset of the available seismic data. Holbrook (1990) and Catch-
ings and Mooaey (1991) used two-dimensional (2-D), forward raytracing
and Bouguer gravity modeling techniques on the entire data set. Models
developed by Catchings and Mooney (1991) were also checked against
near-vertical and wide-angle reflection data and existing seismic reflections
and refraction data. Although there are some differences in the models,
these investigations broadly suggest much the same general velocities and
gross structure of the crust.

4>

Figure 1. Location of PASSCAL seismic refraction profiles (solid
beld lines) and COCORP seismic reflection profiles (CC#, bold dashed
lines) are shown with respect to the basins and ranges traversed and
the simplified geology along northwest-southeast transect (after
Stewart and Carison, 1977, 1978). The predominant ages of ranges
where the seismic transect crosses them are shown at the bottom.
Note the alternation between Mesozoic and Tertiary ranges, especially
in the western haif of the transect, which corresponds to velocity
variations in the upper crust (see Fig. 2). BW refers to the Bluewing
Mountains. The black rectangles are epicenters for the better located
earthquakes from the 1970s and early 1980s near the seismic line
(Ryall and Vetter, 1982). The inset also shows major regional topo-
graphic variations and the approximate outline of the Basin and Range
province (dashed line).

Geological Society of America Bulletin, v. 104, p. 1178-1192, 13 figs., September 1992.
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GEOLOGICAL AND GEOPHYSICAL
CHARACTERIZATIONS OF THE
BASIN AND RANGE AT 40°N

The Basin and Range province (BRP) has undergone a complex
geologic history, and the resulting tectonic activity has greatly influenced
the present litbospheric structure. Any seismic image of the lithospheric
structure is but a snapshot in time and must be interpreted in the context of
the past. A number of authors have preseated elegant recountings and
supplied documentary evidence for the tectonic development of the Basin
and Range province (Burchfiel and Davis, 1972; Kistler, 1974; Zoback
and others, 1981; Speed, 1982; Farmer and DePaolo, 1983); tectonic
events of greatest importance to the development of the present crustal and
upper-mantle structure at 40°N can be summarized from their work as
follows. (1) A Proterozoic episode of rifting of the North American craton
resulted in the formation of a passive continental margin in the area that is
now central Nevada. (2) Multiple episodes of Paleozoic and Mesozoic
shortening resulted in accretion of various terranes to the rifted edge of
cratonic North America, the suture zones of which are inferred to lie
beneath the eastern half of the PASSCAL transect. (3) Initial stages of
back-arc rifting and calc-alkaline volcanism developed between 40 and 50
Ma, whereas basaltic volcanism began in the soutkern BRP ca. 20 Ma and
migrated into the northern BRP (including the 40°N area) by ca. 17 Ma.

SP4

Depth (km)

R. D. CATCHINGS

(4) Two separate episodes of Cenozoic extension involved west-
southwest-east-northeast extension from ca. 20 to 10 Ma and west-
northwest-east-southeast extension from 10 Ma to the present.

At 40°N latitude, the average latitude of PASSCAL seismic investiga-
tion, the latter extensional episodes have given rise to a topographically
lower-lying region between the Sierra Nevada Range and the Colorado
Plateau, commonly referred to as the “Great Basin.” The valleys within the
Great Basin at 40°N are >1 km in elevation, as is typical of areas of
continental extension worldwide (Thompson and Burke, 1974). The topog-
raphy is dominated by at least two different wavelengths (Eaton and
others, 1978; Fletcher and Hallet, 1983), the shorter wavelength (~30 km)
of individual basins and ranges and a longer wavelength (~500 km)
expressed by two topographic depressions (Fig. 1). The long-wavelength
topographic depressions, the Lakonton and Boaneville Basins (Russell,
1885), have a minimum elevation of ~1.2 km and are separated by a
topographic high with an average range elevation of ~2.5 km in central
Nevada (see inset, Fig. 1).

Other reported geophysical characteristics of the Great Basin include
thin (20-30 km) crust and low (7.3-7.9 km/s) upper-maatle velocity
(Eaton, 1963; Pakiser, 1963; Prodehl, 1979 Priestley and others, 1982),
active faulting and seismicity (Thompson and Burke, 1974; Ryall and
Vetter, 1982), high (as much as 90 mW/m?2) heat flow (Lachenbruch and
Sass, 1978), variable Bouguer gravity anomalies (Eaton and others, 1978),
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Figure 2. Seismic velocity models of Catchings and Mooney (1991) for the seismic refraction lines shown in Figure 1. Depth is relative to

sea level, and velocities are in km/s.
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GEOLOGY, TECTONICS, AND VELOCITY STRUCTURE, NEVADA

and Quaternary volcanism (Stewart and Carlson, 1978). Although these
anomalies may be considered characteristic of the Great Basin, they are
confined primarily to the area near the Lahonton and Bonneville Basins.
Central Nevada is characterized by geophysical observations more typical
of normal continental crust, including thicker (35-40 km) crust, lower
(<60 mW/m?) heat flow, a lack of Quaternary faulting, and normal
upper-mantle velocities (7.9+ km/s).

STRUCTURAL/VELOCITY RELATIONS

Velocity models discussed in this paper (Fig. 2) were determined
from a large volume of seismic refraction data by employing a two-
dimensional raytrace modeling technique; the velocity models then were
compared with a variety of geophysical data (see Catchings and Mooney,
1991). Each of the features discussed was traversed by multiple ray paths
(~1,200 for a 30-km-wide feature). Details on statistical resolving ability
are beyond the scope of this paper, but all features discussed here are large
enough in scale to be resolved by the refraction data; a limited discussion
of resolution is provided by Catchings and Mooney (1991). Velocity mod-
els are shown for each of the two profiles of the PASSCAL survey (Fig. 1),
but discussions in this paper focus on the northwest-southeast—oriented

Figure 3. Comparison of in-
dependent interpretations of the
upper 10 km of the crust along
~60 km of COCORP lines 1 and 2
(CC1 and CC2). Bases for inter-
pretations are (A) COCORP seis-
mic reflection images (Hauge and
others, 1987) and (B) PASSCAL
seismic refraction data (Catchings
and Mooney, 1991). The velocity
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model because that profile crosses many ranges and depicts the regional
variation in structure associated with many of the geophysical anomalies
of the Basin and Range.

Variations in velocity can be correlated with apparent structural vari-
ations at all levels of the crust. At the surface and within the near surface,
where comparison of mapped contacts (Stewart and Carlson, 1978) with
the velocity data shows that a large velocity contrast exists between the
basins (~2.5 km/s) and the ranges (~4.0-6.0 km/s), the correlation be-
tween velocity and structure is unambiguous.

There is, furthermore, a difference in velocity between individual
ranges according to their age. Within the first few kilometers of the crust,
the ranges which are composed of pre-Cenozoic rocks have upper-crustal
velocities of ~6.0 km/s, whereas the ranges which are composed of Ter-
tiary rocks have upper-crustal velocities of ~4.0-5.7 km/s (compare Figs.
1 and 2); thus, the older ranges are cored by higher velocity rocks. This
correlation between velocity and age is observed for all ranges on each
profile and is examined below in conjunction with other geophysical data.

The surface or near-surface correlation between structure and veloc-
ity can be made by comparing surface observations with the velocity data,
but for the deeper structure, velocity/structural correlations require geo-
physical methods.
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Upper Crust

Beneath the surface, structural variations can be characterized by
near-vertical reflection images of the crust. Because the PASSCAL transect
was near or coincident with several of the COCORP reflection profiles
(Allmendinger, 1987), the interpretations of the COCORP data provide a
good basis for comparing structural images with velocity variations. Direct
comparisons have been made between velocity and apparent structure
(Catchings and Mooney, 1991), which was determined from COCORP
reflection data (Hauge and others, 1987; Potter and others, 1987) for
coincident or nearly coincident reflection and refraction profiles (Figs.
3-6). These correlations in velocity and structure are likely representations
of true structures, because the COCORP reflection and the PASSCAL
refraction data were independently interpreted with different techniques.

One correlation between structure and velocity discontinuities in-
volves the major range-bounding faults. Large, lateral changes in velocity
data coincide with mapped range-bounding faults at the surface (Stewart
and Carlson, 1978). The subsurface continuation of the range-bounding
faults, as interpreted from COCORP reflection data (Hauge and others,
1987; Potter and others, 1987), coincides with the similarly dipping veloc-
ity discontinuities. The faults apparently occur along a velocity disconti-
nuity, and first arrival and second arrival traveltimes are highly sensitive to
the dips of velocity discontinuities; thus, both the reflection and refraction
data apparently map the major faults with depth (Figs. 3-6). Along
COCORP line 1 (Figs. 3A and 3B), such major range-bounding faults are
inferred to bound the Bluewing/Shawave/Seven Troughs Ranges and the

R. D. CATCHINGS

West Humboldt Range based on interpretations of COCORP reflection
data (Hauge and others, 1987) and PASSCAL refraction data (Catchings
and Mooney, 1991). The upper 3 km of the crust between the range-
bounding faults contain low-velocity (4.0 km/s) rocks, with a higher
velocity (5.7 km/s) between 3-km and 7-km depth (Fig. 3). Both of these
velocities are low relative to the velocity beneath the adjacent ranges (6.0
km/s).

In our model, along COCORP line 2, the variation in the depth of
the 5.7/6.0 km/s discontinuity closely follows the trend of the faults
interpreted by Hauge and others (1987) to bound the Stillwater Range
(Fig. 4A). The PASSCAL refraction model, however, implies that a sim-
ilar east-dipping fault bounds the West Humboldt Range, based on the
variation in the 5.7/6.0 km/s velocity discontinuity (Fig. 4B). Where this
velocity discontinuity projects to the surface, a major east-dipping fault is
mapped (Stewart and Carlson, 1978).

Along the segment of our model that coincides with COCORP line 3
(Fig. 5A), a complex array of faults was inferred from reflection data
(Hauge and others, 1987), and the PASSCAL refraction data show that
the velocity beneath the valleys is much lower (5.7 km/s) than that be-
neath the ranges (6.0 km/s) at similar depths (Fig. 5B). A major bounding
velocity discontinuity, coinciding with what Hauge and others (1987)
referred to as the “Golconda Thrust,” is approximately consistent in
geometry with the velocity discontinuities of our seismic model, and the
base of their interpreted Mesozoic section correlates with a velocity discon-
tinuity between the 4.0 km/s layer and the 5.7 km/s layer. Fewer velocity
discontinuities, however, are in the refraction model than major faults

West Humboldt Humboldt Range Buena Vista Stillwater Range
A Range Valley
s ” ]
E 0~ 0 E
b
E E
L
a8 o
Figure 4. Comparison of inde- 10 10
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upper-crustal structure along ~50 West Humboldt Humboldt gufra Vista Stillwater Range
km of COCORP line 2 (CC2). The Range Range alley
two profiles largely coincide (see FF F F FFF F
Fig. 1). Bases for the interpretations Tou I :
of the upper 10 km of the crust are B | Qa
(A) COCORP seismic reflection = O €
images (Hauge and others, 1987) 5 =
and (B) PASSCAL seismic refrac- ‘E E
tion data (Catchings and Mooney, o
1991) as described in Figure 3. Ve- E %
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inferred by Hauge and others (1987), perhaps owing to differences in
resolution of the two methods.

Another apparent difference between structures determined from re-
flection and refraction data along COCORP line 3 involves a high-velocity
body in the shallow crust. The refraction data reveal a high-velocity body
(the top of the 5.7 km/s layer) in the shallow subsurface beneath the Clan
Alpine Range. In the 2-D view, this feature is conical in shape and coin-
cides with a magnetic high (Blakely, 1988) and a gravity high (Saltus,
1988), suggesting that it may be a mafic intrusive body. This feature,
however, lacks a corresponding reflection image. The absence of a reflec-
tion image of the high-velocity body may indicate that the velocity discon-
tinuity associated with this body is gradational.

COCORP line 7 coincides with the PASSCAL transect west of the
Toiyabe Range, and close correlations are evident between structures in-
terpreted by Potter and others (1987) from the COCORP reflection data
(Fig. 6A) and those determined from PASSCAL refraction data (Fig. 6B).
A major east-dipping fauit, bounding the eastern Shoshone Mountains and
extending beneath the Reese River Valley (Potter and others, 1987), coin-
cides with the 5.7/6.0 km/s velocity boundary of the refraction model.
The feature that Potter and others (1987) tentatively identified as the
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Roberts Mountain Thrust coincides with the 4.0/5.7 km/s discontinuity of
the seismic refraction model. The fault bounding the Toiyabe Range is also
similarly determined by the two data sets, but east of the Toiyabe Range,
different structures are imaged because the two profiles are not coincident
(see Fig. 1).

Middle Crust

Less structural complexity exists in the middle crust than in the upper
crust (6.15 and 6.3 km/s layers). The middle crust is marked on reflection
sections by a sudden onset of highly reflective crust (Fig. 7A) at about 4
sec two-way traveltime (TWTT) (~11-12 km depth). This reflectivity
continues to the Moho but varies in strength with depth. The onset of
reflectivity corresponds to a small positive change in the average velocity
from ~6.0 to 6.15 km/s (compare Figs. 7A and 8B) and is reflective at
wide angles in the refraction profiles. A similar change in average velocity
and sudden increase in reflectivity has been observed in a deep borehole
elsewhere in the Basin and Range (Goodwin and Thompson, 1988). At
40°N, both the COCORP data and the PASSCAL model show lateral
variations in the depth to the highly reflective zone. As a result of uncor-
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Figure 5. Comparison of independent interpretations of the upper-crustal structure along ~40 km of COCORP line 3 (CC3). The two
profiles largely coincide (see Fig. 1). Bases for interpretations of the upper 10 km of the crust are (A) COCORP seismic reflection images (Hauge
and others, 1987) and (B) PASSCAL seismic refraction data (Catchings and Mooney, 1991) as described in Figure 3. Detail structures are not
consistent between the two models, but the overall variation in structure is similar with respect to (1) the dip of interpreted contacts between

major faulted units and (2) the lower velocity of highly faulted units.
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Figure 6. Comparison of independent interpretations of the upper-crustal structure along ~50 km of COCORP line 7 (CC7). The two
profiles largely coincide except east of the Toiyabe Range (see Fig. 1). Bases for interpretations of the upper 10 km of the crust are
(A) COCORP seismic reflection images (Potter and others, 1987) and (B) PASSCAL seismic refraction data (Catchings and Mooney, 1991) as
described in Figure 3. The COCORP model does not include the structure above sea level, whereas elevation above sea level is included in the
PASSCAL model. Mapped surface faults (Stewart and Carlson, 1977, 1978) coincide with subsurface velocity discontinuities and reflection

images described in the text.

rected velocity vaniations in the upper few kilometers beneath the Trinity
Range, however, the reflection images appear slightly shallower than the
refraction model indicates. Nevertheless, the long-wavelength pattern of
the highly reflective crust that is shallow (~12 km) near the center of the
PASSCAL transect and deeper (~20 km) near the ends of the transect
(Fig. 7C) is consistent in the two independently developed models.

By examining the thickness of individual layers (Figs. 7 and 8), a
pattern of crustal thinning is apparent. Near the center of the transect, the
maximum depth to the base of the middle crust (6.3 km/s layer) is about
20 km (~6 s), but to the east and west, the base of this layer increases in
depth to about 32 km (~10 s). Although the entire middle crust thickens
slightly to the east and west, the 6.3 km/s layer (base of the middle crust)
maintains approximately the same thickness over the entire transect. This
observation suggests that crustal thinning over the central part of the
transect appears to be largely accomplished by a reduction in the thickness
of the upper crust (layers with velocities less than 6.15 km/s), assuming
that the crust was at a constant thickness across the transect prior to
extension.

Lower Crust

Independent observations of the lower crust (6.6 and 7.4 km/s lay-
ers) can also be compared with the reflectivity pattern and the velocity
structure. Line drawings from the COCORP reflection data (Klemperer
and others, 1986) show considerable complexity in the lower crust (Fig.
8A), but the origin of these reflectors and their relation to differing rock
types are unclear. By superimposing the TWTT representation of the
refraction model on the reflectivity pattern (Fig. 8B), however, several
observations are apparent. (1) The highly reflective lower crust varies
laterally in thickness, and the changes in thickness correlate with thicken-
ing and thinning of the lower-crustal layers derived from the refraction
data. The velocity/reflectivity correlation is particularly noticeable be-
neath the Trinity Range, where a thick zone of reflective crust correlates
with the thickened 7.4 km/s layer. (2) The lateral variation in thickness of
the lower crust is mirrored in the uppermost crust, where velocity depres-
sions (5.7 km/s) overlie the thickened lower (7.4 km/s) crust (Fig. 2).
(3) Each lower—crustal layer has a different average velocity as well as a
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Figure 7. Comparison of the middle
crust based on velocity variations and reflec-
tivity. (A) Shot gather from a PASSCAL A
seismic reflection profile coincident with the
PASSCAL seismic refraction transect. Above
—4 sec (11-12 km), the crust is largely reflec-
tion free, with a sudden onset of reflectivity
beneath that depth. (B) Composite drawing
of COCORP lines CC1, CC2, CC3, CCb, and
CC7. A zone of increased reflectivity is sug-
gested for the middle and lower crust as
shown in part A. (C) Northwest-southeast
seismic model of Figure 2 determined from
PASSCAL refraction data modeling. The box
shows the approximate location of the coin-
cident PASSCAL reflection spread; part of
the data from that spread is shown in the shot
gather of part A. The top of the dominantly
reflective zone corresponds to the 4-s onset of
reflectivity. Lateral variation in this onset of
reflectivity correlates with the 6.15 km/s
layer (compare parts B and C with Fig. 8).
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different degree of reflectivity, suggesting that individual layers are both  Lateral Variation

physically and compositionally different. One of the most striking observa-

tions is that the 6.6 km/s layer is relatively nonreflective, whereas the In addition to vertical correlations between velocity and structure,
overlying 6.3 km/s mid-crustal layer and the underlying 7.4 km/s lower-  thereare lateral variations. In the lower crust, the lateral variations can be
crustal laver are highly reflective (Fig. 8B). The upper mantle (8.0km/s)is  seen by comparing structure observed from wide-angle reflection images
largely reflection free, and the cessation in reflectivity coincides with the  with independently derived velocity boundaries determined from in-line
refraction-determined Moho. refraction data (Fig. 9). The wide-angle reflections provide a direct reflec-
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Figure 9. Location map of the PASSCAL experiment showing the configuration of a fan shot. Shots at shotpoint 8 were recorded by the
northwest-southeast recording array. The heavy dotted line marks the approximate midpoint from which reflections are presumed to be
generated. (B) Contoured seismic profile for the northwest-southeast transect, with the lower crust and upper mantle emphasized (shaded) for
comparison with the reflection section of part C. (C) Wide-angle seismic reflection section generated along the midpoint line of part A. The
vertical axis is time and the horizontal axis is azimuth. A normal move out (NMO) correction of 6.2 km/s has been applied, but static corrections
have not been applied. The dashed lines between parts B and C show the approximate width of the midpoint reflecting line in comparison to the
seismic model. The large offset between the shot and receivers permits only deep-crustal and upper-mantle reflectors to be imaged. NMO
calculations show that the two reflections correspond to the 7.4 km/s lower crust and the Moho.

tion image of the lower-crustal layers that is similar to the reflectivity The change in crustal structure from western to central Nevada is not
shown by line drawings from COCORP data. Each seismic representation confined to the lower crust. Whereas the velocity and reflectivity data
of the lower crust and Moho suggests much the same structural variation, suggest that the crust thickens by only about 5 km from westem to central
where there is appreciable (~5 km) topography on the Moho beneath the  Nevada, the upper crust (<6.15 km/s) thickens by about twice that
central transect and marked thickening of the lower crust beneath central ~ amount. The combined changes in upper- and lower-crustal structure
Nevada as the high-velocity lower crust pinches out. effectively lower the average velocity of the crust of ceatral Nevada rela-
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Figure 10. Location of various geological and geophysical anom-
alies within the state of Nevada. The Battle Mountain heat-flow high
(BMH) and Eureka heat-flow low (EL) of Lachenbruch and Sass
(1978) are shown in relation to the PASSCAL seismic transects. Curie
temperature isotherm high and linear magnetic highs described by
Blakely (1988) are also shown. A linear zone of historic fault breaks,
recent earthquake epicenters, shallow Curie temperature isotherms,
and heat-flow highs trend approximately north-northeast-south-
southwest. The strontium 706 line (dotted line; Farmer and DePaolo,
1983) approximately follows the trend of the geophysical anomalies,
suggesting that the western extent of the rifted edge of the North
American continental margin may be related to present tectonism.

tive to that of western Nevada. The change in velocity structure occurs
approximately between 180 km and 240 km along the transect (Fig. 2).
The westernmost extent of the North American craton has been identified
in this region (Figs. 8 and 10) on the basis of strontium-isotope studies
(Farmer and DePaolo, 1983) and geologic studies (Speed, 1982). This
change in structure also correlates with a large (~90 mgals) eastward
decrease in the Bouguer gravity field in the same general area (Catchings
and Mooaey, 1991).

EXTENSIONAL FEATURES
Throughout the crustal column, strong correlations exist between

velocity and structure. Important questions to be answered are (1) what
exactly are these major structures, and (2) how have they formed? An

R. D. CATCHINGS

interpretation of some of the major structures may be made by correlating
these observations with other geological and geophysical observations.

Zones of Concentrated Extension

At the surface, an alternation between older (Mesozoic) and younger
(Tertiary volcanic) rocks exists from range to range along the western half
of the seismic profile (Fig. 1), and this age difference coincides with the
5.7/6.0 km/s interface with depth. For example, where the seismic tran-
sect crosses the Selenite Range, the Bluewing Mountains, the Seven
Troughs Range, and the West Humboldt Range, the ranges are composed
largely of Mesozoic rocks, and the depth to the top of the 6.0 km/s layer is
relatively shallow. The Trinity Range and a small area between the West
Humbeldt and Humboldt Ranges, however, are composed largely of Ter-
tiary rocks, and the depth to the top of the 6.0 km/s layer is relatively great
(Figs. 1 and 2B). This same pattern holds for the entire transect; where the
transect crosses pre-Cenozoic rocks, the top of the 6.0 km/s interface is
relatively shallow, and where the traosect crosses Tertiary or younger
rocks, the top of the 6.0 km/s layer is relatively deep (Figs. 1 and 2B).

The differeace in upper-crustal velocity (0.3 km/s) between ranges
cored by Mesozoic and Tertiary rocks may be caused by (1) a difference in
composition between the Mesozoic and Tertiary rocks, (2) a difference in
the intensity of faulting and fracturing of the silicic upper crust, or (3) a
combination of the two. I suggest that faulting and fracturing may be the
predominant cause, because these are the velocities that correspond to
fractured (5.7 km/s) and aonfractured (6.0 km/s) granitic rocks at those
depths (Nur and Simmons, 1969; Stierman, 1977). Such laterally varying
fracture zones (5.7 km/s) may define local zones where extension is con-
centrated, and the unbroken rock masses (6.0 km/s) may correspond to
zones of the crust where much less extension takes place.

Along the central and western part of the transect, a lateral variation
in the intensity of faulting and fracturing of the upper crust is also implied
by the present-day seismicity pattern, where most of the earthquakes are
confined to the basins rather than the ranges (Fig. 1). Such a geographic
distribution of seismicity suggests that deformation is more concentrated
beneath the basins to depths of 12 km. Correspondingly, these basins are
underlain by a thick 5.7 km/s layer (Fig. 11). Although the velocity-age
correlation may result entirely from compositional differences, it is equally
possible that the Tertiary volcanic rocks overlie a thick 5.7 km/s layer
only because such faulted and fractured zones have provided a more
accessible path for magma and volcanics to migrate through the crust.

Concentrated zones of extension may also be indicated by the
lowermost crustal layer. Although there are other possibilities, the velocity
of this layer is consistent with the velocity of magmatic rocks of basaltic
composition that have been underplated to the base of the crust (Furlong
and Fountain, 1986). In addition, the observation that this layer is thickest
directly beneath the thick 5.7 km/s (highly fractured?) zones suggests that
such concentrated extensioa affects the entire crustal column. Because the
surface Tertiary volcanic deposits are conceatrated above the 5.7 km/s
(highly fractured?) and 7.4 km/s (magmatically underplated?) zones, the
present crustal structure is consistent with a model where the volcanic
rocks originated from the lower-crustal magma and migrated to the surface
via the highly fractured zones of the crust.

The upper-crustal (5.7 km/s) velocity depressions are similar to those
in a model presented by Okaya (1985). He concluded that Buena Vista
Valley and Dixie Valley are underlain by highly broken rock masses to
appreciable (20-km) depths, and the Stillwater Range is largely a solid
rock mass (Fig. 12). Such a model, developed from geologic reasoning,
accounts aicely for the large difference in velocity between the upper crust

Geological Society of America Builetin, September 1992



GEOLOGY, TECTONICS, AND VELOCITY STRUCTURE, NEVADA

S > ) <
i - g
z 2 & 3 H
- = -1
2 g 8, B g O3 -
S & & S % S
0 ‘-—-O
- 10 - L 10 =
g'° €
£ ] =
3 E T
Ezo_ ~ 20 =
&- N
Q 30 4 :300

! V
140 160 180

DISTANCE (km})

Figure 11. Plot of the best located earthquakes (Ryall and Vetter,
1982) within 50 km of the center of the northwest-southeast seismic
transect projected onto the seismic model. The seismicity that projects
onto the seismic model beneath Buena Vista Valley actually occurs
within the southern part of Dixie Valley; however, because of the
northeast trend of Dixie Valley, northward projection places it be-
neath Buena Vista Valley (see Fig. 1). Nevertheless, the earthquakes
are largely confined to, or immediately beneath, the 5.7 km/s velocity
depression and are largely confined to the valleys.

beneath Stillwater Range (6.0 km/s) and that beneath the adjacent valleys
(5.7 km/s).

Okaya’s model and our velocity model, however, differ in the depth
of apparent brittle faulting. Whereas his model suggests that faulting may
exist to depths of ~20 km, the interpreted sections from reflection
(COCORP) data (Hauge and others, 1987) and the velocity variations
from the PASSCAL refraction data suggest that range-bounding faults do
not extend to depths below ~10-12 km near the center of the profiles

10
Buena Vista
Valley

Stillwater

Dixie Valley
Range

Clan Alpine
Range

Depth (km)

10 =

-20

-30

.40 -30 -20 -10 0 10 20 30 40
Distance (km)

Figure 12. Okaya’s (1985) model of deformation, which is ap-
proximately coincident with the segment of the northwest-southeast
profile shown in Figure 11. Okaya’s model is derived from independ-
ent seismic reflection and gravity and geological data; the model
shows the Stillwater Range to be composed of a fairly solid block,
whereas the adjacent valleys are highly fauited and fractured down to
depths of about 15-20 km. These structures are consistent with the
PASSCAL velocity model and seismicity data.
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(Figs. 3-6). According to the COCORP data, these faults flatten with
depth and the refraction data do not reveal lateral velocity variations
indicative of faulting below ~10-km depth. Furthermore, earthquakes in
areas near the seismic profile (Fig. 12) do not extead deeper than ~12 km
(Ryall and Vetter, 1982).

If the 5.7 km/s velocity depressions are zones of concentrated fault-
ing and fracturing and the 7.4 km/s lower crust has been magmatically
added to the crust, then the crustal velocity structure implies that the crust
as a whole is extending laterally in a boudinage fashion, with lateral
pinches and swells (Fig. 13).

A DISCRETE WESTERN NEVADA RIFT ZONE

Geophysical anomalies associated with active rift zones include high
heat flow; active seismicity; velocity anomalies within the lower crust;
historic fault breaks; and high-amplitude, short-wavelength Bouguer grav-
ity anomalies (such anomalies are conceatrated along a north-northeast—
trending, linear zone along the eastern edge of the Lahonton depression;
see Figs. 1 and 10). Individually, these geophysical anomalies are not
necessarily indicative of rifting, but combined with other geological and
geophysical observations, they suggest that northern Basin and Range
extension is presently concentrated along this narrow zoe.

Of particular importance to the rift interpretation presented here are
new aeromagnetic data that address the temperature characteristics of the
crust. Blakely (1988) determined that shallow, high-temperature anoma-
lies are concentrated in the upper crust along the north-nortkeast-trending
zone (Fig. 10), and recent seismic investigations (Catchings and Mooney,
1991; Jarchow, 1991; K. F. Priestley, 1988, personal commun.) show
strong seismic attenuation and reflection bright spots, indicative of lower-
crustal and upper-mantle partial melts along this north-northeast-trending
zone.

Strain rates and the direction of extension (Eddington and others,
1987), combined with the geophysical anomalies, suggest that the Basin
and Range is presently extending at a higher rate within the north-
northeast-trending zone than within any other area of the Basin and
Range. By contrast, central Nevada is characterized by more normal geo-
physical anomalies.

Recent geophysical investigations (Catchings, 1987; Blakely, 1988;
Thompson and others, 1989; Catchings and Mooney, 1991) show anoma-
lies that may extend as far south as the 39°N parallel, suggesting a
minimum length of about 300 km for the inferred rift zone. The 300-km
length compares favorably with active segments of some other rift zones,
including the Rhinegraben and the Rio Grande Rift.

GEOLOGIC MODEL
Composition of the Crust

Although rock type-velocity associations are not unique, gross com-
positions of crustal layers can be estimated on the basis of velocity, depth
(that is, pressure), temperature data, and laboratory measurements
(Christensen, 1979, 1982). Alternative interpretations bave been published
by Benz and others (1990), Hawman and others (1990), and Holbrook
(1990).

Rock types for the surface ranges are observable from geologic map-
ping (Fig. 1), where metasedimentary and volcanic rocks are abundant at
the surface and undoubtedly present within the first few kilometers of the
surface. The Tertiary volcanic rocks bave a velocity of ~4.0 km/s. Upper-
crustal crystalline rocks (5.7-6.15 km/s) are likely in the felsic range of
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Figure 13. Model of crustal extension for the Nevada region.
(A) Hypothetical model of uniform crustal thickness prior to
extension. (B) The hypothetical model of part A after extension, with
magmatic additions at the base of the crust and brittlely deformed
upper crust. The extended crust deforms in a boudinage fashion at a
minimum of two wavelengths, an overall long wavelength (solid line)
and a shorter wavelength (shaded pattern). The original continental
crust is in white. (C) A geological interpretation of the seismic model
of Catchings and Mooney (1991). The original crust deforms in a
boudinage fashion with brittle deformation zones in the upper crust,
underlain by thinned and underplated zones in the lower crust. The
original crust (in white) has the appearance of a series of pinches and
swells as in part B.

-

compositions, as inferred from petrologic and isotopic data from central
Nevada (Barton and Trim, 1990). The 5.7 km/s velocity is that expected
of granitic rocks which are highly fractured and faulted, and the 6.15 km/s
velocity is commoan for unbroken granitic rocks at depths (10 km) with
equivalent pressures of 3 kbar (Nur and Simmons, 1969; Christensen,
1979, 1982).

Given the high (90 mW/m3) heat flow (Lachenbruch and Sass,
1978) and velocities as high as 6.3 km/s in the middle crust, it is likely that
rocks of the middle crust are more basic in composition than those of the
upper crust, because at similar depths, basic rocks are typically higher in
velocity than are felsic rocks (Christensen, 1979, 1982). [ suggest that the
gross composition of the middle crust is in the diorite range and that the
metamorphic grade is in the amphibolite facies (500-700 °C and 6-8
kbar). Lower-crustal rocks (6.6 km/s to 7.4 km/s) are likely in the mafic
to ultramafic range of compositions because their velocities are relatively
high given the likely thermal (estimated to be ~700-1200 °C), and pres-
sure (granulite to pyroxene-hornfels facies at 8-10 kbar) conditions. Such
high-temperature conditions in the lower crust/upper mantle are consist-
ent with evidence of partial melts (Jarchow, 1991; Catchings and Mooney,
1991) beneath the central part of the seismic profile.

Upper-mantle rocks (8.0 km/s) are likely composed of peridotite and
other ultramafic rocks, and the measured velocity is that expected for
upper-mantle, high-temperature (1000-1200 °C) Basin and Range rocks
(Furlong and Fountain, 1986).

Nature of Crustal Boundaries

The velocity and structural data indicate that the crust is layered with
differing rock types. At the surface, the contacts between the differing rock
types are typically sharp and sometimes fault bounded; little is known
about the nature of contacts in the middle and lower crust. The seismic
data, however, do provide information about the nature of the contacts
based on boundary conditions necessary to yield reflections.

Seismic energy is reflected or transmitted depending on the impe-
dance contrast between layers and the wavelength of the seismic energy.
For example, seismic energy with sonic frequencies (short wavelengths)
would not detect a velocity boundary that is 100 m thick, because the
energy would pass through the thick boundary without detecting it; if the
boundary were 0.01 m thick, however, the sonic energy would be re-
flected. This same principle can be used to place limits on the thickness of
the velocity boundaries in the lower crust and at the Moho.
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Because the recorded signals from wide-angle and near-vertical re-
flections differ in frequency and both types of data are available for the
study area, the reflected signals can be compared. For example, the
boundary between the 6.3 and the 6.6 km/s layers and Mokho is highly
reflective in the low-frequency (~5 Hz), wide-angle reflection/refraction
data (Fig. 9C; see Catchings and Mooney, 1991) but is largely nonreflec-
tive in the higher-frequency (~20 Hz), near-vertical, PASSCAL and
COCORRP reflection data (Figs. 7A and 8B). The variation in the reflectivity
of these discontinuities suggests that they are gradational at the wave-
lengths (0.25 km) of the near-vertical reflection data but are rather abrupt
discontinuities at the wavelengths (~ 1 km) of wide-angle data. Assuming a
one-fourth wavelength criteria in order to produce a reflection, these dis-
continuities are probably between 60 m and 250 m thick. Individual
reflecting boundaries which give rise to the near-vertical reflectivity are
clearly much thinner, but the overall change from one dominant velocity
to another apparently occurs over many tens of meters. Jarchow (1991)
concluded that some of the lower-crustal reflections are prominent in data
with frequencies as high as 70 Hz, suggesting that some of the reflecting
boundaries within velocity layers are as thin as 20-25 m.

DISCUSSION AND CONCLUSIONS

The crustal structure of the Basin and Range has been shaped by a
number of tectonic events, including pre-Cenozoic extension, shortening,
and volcanism. Each event has influenced the present crustal composition
and structure.

Evidence of a Proterozoic rifting may include the apparent change in
the crustal thickness and velocity from western to central Nevada (Fig.
13). The thickness of the crust (37 km) along the rifted cratonal edge of
central Nevada is consistent with that of many continental areas and
continental margins (Prodehl, 1984), and the uppermost-mantle velocity
(8.0 km/s) is approximately that of the worldwide average (Prodehl,
1984). By contrast, the crustal thickness (32 km) of the accreted terrains in
western Nevada (within the Lahonton Basin) is less than that of typical
coatinental crust, and the velocity of the lowermost crust (7.4 km/s) is
higher than normal (6.8-7.0 km/s) continental crust (Prodehl, 1984).
Beneath the Lahonton Basin, ~4-7 km of the lower crust may have been
added by magmatic underplating, and the original crust may now be only
~25-28 km thick.

It is difficult to ascertain whether the difference in crustal structure
results from extension of the crust or a difference between accreted crust
and the cratonal edge. At the surface, however, extension has clearly been
the predominant feature shaping the crust, as indicated by mapped exten-
sional faulting. In the subsurface, a coincidence of seismicity, surface vol-
canic rocks, and velocity anomalies in laterally discrete zones is consistent
with extension as the predominant post-Tertiary tectonic force shaping the
crustal structure. .

The Lahonton Basin area continues to experience more extension
than does the rest of the Basin and Range, as shown by historic faulting,
high strain rates, and thin crust. The velocity structure of the Lahonton
Basin area is much like that observed beneath many other continental rift
zomes, suggesting that a north-northeast-trending zone along the Lahonton
Basin forms a discrete spreading zone. High heat flow, partial melting in
the lower crust, and mafic/uitramafic lower crust are consistent with
rifting along the north-northeast-trending zone.

Extension, accretion, and volcanism have produced a crust which is
largely felsic in composition in the upper 10-12 km, intermediate in
composition from 12-25 km, and mafic to ultramafic from 25-32 km in
western Nevada. In central Nevada, however, the crust appears largely
felsic in the upper 20 km, intermediate from 20-32 km, and mafic from
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32-37 km. Extension may have been accommodated in western Nevada
by a reduction in the thickness of the upper crust and magmatic underplat-
ing in the lower crust. The differences in crustal structure between western
Nevada and central Nevada occur in an area determined by isotopic
measuremeants to be the rifted edge of the North American craton.
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Overview of Geophysical Methods Applied
to Precious Metal Exploration in Nevada

Jack D. Corbert
Consulting Geopbysiciss

Many of the geophysical methods are applicable o
mineral exploration. Several are direct detectors of sul-
fide mineralizacion, but most are indirect, chac is they
respond to a geological environment, rather chan a
parcicular mineral suite. In precious metal exploration,
che application of geophysics is indirect and use should
be considered more as a mapping tool than just an
anomaly finder.

The following is a review of where and how the various
geophysical mechods might be applied. All geophysical
methods have some application to gold explorarion in the
Great Basin of Nevada, but not in a casual or coutine sense.
No geophysical method detects gold mineralizacion persse,
with che possible exception of nuclear activation which has
only limiced application and is noc specifically listed.
Several methods can detect and map gold-bearing lichol-
ogy or an associated alteration envelope; others can locate
scructures or lichologies chat may be permissible for min-
eralizacion. No one method will work satisfactorily all of
the cime, and all methods will provide useful information
under certain geologic conditions, and therefore will work
some of the time.

In Nevada, gold deposits may occur in a wide variety
of geologic units, including volcanic cuffs and flows,
sandy sediments and carbonates, and along incrusive
margins. Hydrochermal alteration is characteristic buc
complex; variations range from advanced argillic o
pervasive silicification. On a broader scale, key indica-
cors chat simply characrerize gold deposits are favorable
lithology and alceration, structure which permits cir-
culacion of hydrothermal fluids, and incrusive accivity
which provides a source of metals, hot waters, and heac
to drive the system.

The list of geophysical methods wich potencial ap-
plication to gold exploration, Figure 1, includes che five
main classifications, each responding to a differenc
physical property of the earth (suscepribility, densicy,
resistivity, velocity, and radioactivity). Two secondary
properties, magnetic remanence and chargeabilicy, have
been added. Applied to an exploration project, the
critical factor is the change or contrast in physical
properties - lateral for some, vertical for ochers - in che
shallow, neac-surface crust chat is detected and measured.

Many gold deposits are small cacgets, which ina bulk
sample concept, have low physical property concrasts.
Locally, however, the mineralizacion or alceration as-
semblages may vary widely in intrinsic properties, e.g.

from silicic (high resistivity, low chargeability) to ad-
vanced argillic (low resistivicy, high chargeabilicy).
Significanc sulfide mineralization is only sometimes a
significanc component of an anomaly.

Geophysical surveys are not just aimed ac producing
anomalies over mineralized zones, but also may be
designed todetermine pedimentdepths, basemenchighs,
location of buried faults, lichologic contacts under cover,
or areas of significanc alteracion.

Range of Physical Properties

The range of physical properties, and cheir respective
unics, is shown in Figure 2. The range or variation of
resistivicy and susceptibility is tremendous, as much as 7-
9 orders of magnicude for the former, and is usually plocted
on a logarithmic scale. Susceptibilicy can range from
>50,000 micro cgs for magnerite deposits to almost zero
for alceration assemblages where the destruction of mag-
netite is complete. Density, on the other hand, has prob-
ably the least variability and least range for many of che
common rock types. Certain minerals, gold (>19 g/cc) ot
metallic sulfides, for instance, have a high specific gravicy
but rarely do they occur in nature in che quantity or extent
necessary to effect or cause a significant and measurable
responseat thesurface. Massive sulfides, usually of relacively
limiced overall size, are probably the most dense of the
common geologic features.

Suscepribility (k) is a function of che volume percenc
magnetice in a rock, and coa certain extent the size of the
magnetite grains. While magnerice generally increases
coward che mafic end of the petrologic sequence, suscep-
tibility cannor be tied direccly to rock composition. For
instance granite may produce a relative high anomaly
due to accessory magnerite or a relative low (with no
accessory magnecice) if incruded into an intermediace or
mafic host environment. Remanence, if present, causes
unusual magnetic anomalies and, if recognized, limits
che incerprecation potential of the magnetic dara.

Resistivity p, or its reciprocal conductivity G, has the
greatest range of any physical property. Massive sulfides
and graphitic shales are on one end of che scale,
metamorphics on the ocher. Most rocks, volcanicsas well
as sediments, can have widely variable resistivicy, due
primarily to porosity and permeability, and water con-
tenc and salinity. No value is particularly diagnostic
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List of Methods

Magnetics
* Aeromagnetics

Gravity

Electrical
* Resistivity

* Induced Polarization - IP
* Electromagnetic - EM
* VLF - Very Low Frequency
» Frequency Domain (Horizontal Loop)

+« Time Domain

« MT - Magnetotelluric

e CSAMT - Controlled Source
Audio Magnetotelluric

e Airborne EM

o Self-Potential - SP

Seismic
* Reflection
* Refraction

Radiometric
* Natural
* Artificial

Weli-Logging (all methods)

Remote Sensing Imagery

Figure 1. List of Methods.

until cocrelated with a particular unic in a parccicular
environment. Significant changes wichin a project area
are not unusual.

Massive sulfides ace a low resistivity (high conduc-
tivity) rarger; porphyry systems wich disseminated sul-
fides ace high chargeability, generally low resistivity,

targets. Precious meral rargecs cannot be so classified or

defined and interpretation must consider boch che highs
and lows of anomalous response.

Density has the least variabilicy over che eypes of rock
composicion. Silica and feldspars are similar in densicy.
The mafic minerals are usually more dense, but che range
of rock density is usually noc more chan 2.6 t0 2.85 g/cc.
Porosity and permeability of boch carbonate and clastic
rocks usually will have more effecc on bulk densicy chan
mineral composition. Dry alluvium is usually che leasc
dense unit of concern; ultra mafics and/or metamorphics
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the greatest. Sulfide minerals are dense, but commonly
are disseminated and usually are so small a percentage
thac che effect on che bulk rock density is insignificane.

Seismic velocity is related to the “strength” (elastic
moduli and densicy) of the rock unit. Sediments and
large intrusives may be reasonably consistent wichin a
mining districe; volcanics flows, tuffs, and incrusives, on
the ocher hand, may be limited in areal extent, show
large changes in thickness over short distances, and vary
widely in hardness and densicy. Alteration and mineral-
ization show velocity anomalies both higher and lower
than che host rock environment. Dry alluvium is che low
end of the velocity scale, dense crystalline basement
rocks are che high end in Nevada geology.

The effect of alceration on physical properties, Figure 3,
is the modification of che normal or background value of
the incrinsic physical property, which eicher increases or



Range

(Orders of
Magnitude)

Susceptibility

e
)

4-5 wmespum—

k - micro cgs a0

Density

S, '
536 < o
0‘\66\' 'M
100 300

p—

1000

N1
o
QQ

3000 10K

2
0'3\ N\ 6‘°\\
¢(Z 2@_/‘\ 0\\@
*
5 o]

- <1
- g/ce .0 2. 3.
e 2> S 2
NS o o o &
Resistivity 7-9 W— y m—
p- ohm-m 1 10 100 1000 10K
\ 7 S 5‘“\.
00 < g“ .\'\G \.°
9P B S
Velocity 1=2 Y m— r— Y
v - ft/sec 5K 10K 15K 20K b
9066 905\\
-) (-)
&> 82 oz¥ )
‘\O ‘\$ ‘* 0‘3
Radloactivity - —4’ 2 2
cps >4 D A S —

Figure 2. Range of Physical Properties

decreases t, producinganomaloushighs or lows respectively.
Magnetice is generally destroyed in many alceration pro-
cesses, buc can be formed with certain cypes of skamns.
Resistivity can be increased by the addition of silica, or
decreased by che formarion of clays and related alceration
products. For these reasons, particularly in gold explora-
tion programs, an anomaly of interesc cannoc be assumed
to be either a high or a low — both are feasible, and both
may have exploration pocencial.

Applications

In chis section, one or two cypical applicacions of each
method are shown inasimple schematic fashion. The word
“schemacic” is used because rarely are the applications this
simple and scraighcforward. While simple, the examples
are noc crivial. The fiesc (Geology, Figure 4) is a section of
a “typical” basin-and-range environment at a “regional”
scale. Volcanics, faulted sedimencs, buried incrusive rocks
and a thick section of colluvium in the down-dropped
basin-and-range valleys are characteristic.

Magnetics

A regional aicborne magnetic survey will map the

10 100

1000 10K

extent of volcanics under cover and, within limits, the
location, depth and susceptibilicy contrast of intrusive
bodies. Figure 5 shows a computer calculated profile of a
2%-D model of the magnetic response of the geologic
section equivalent to thac of a low level draped survey. The
volcanics typically produceastrong anomaly; however, due
to either topographic effects or magnetic remanence (or a
combinacion of both), the resulting anomaly may be a
dominant low. Because the incrusive may be small and ac
depth, as in the example, its anomaly has a low amplitude,
broad profile. Therefore, such small indistinct anomalies
should not be omitted from consideracion.

The final product of an airborne survey is usually a
concour map. Figure 6 is an example of a low level, fixed
wing draped survey flown nominally 400 feec above che
ground surface ac one-quarter mile line spacing ina north-
south direction. The resulting anomalies are, in parr, small
and tighe, often intense, closures - some may say noisy -
indicating surface volcanics. Helicopter surveys, often in
conjunction with electromagnerics, ace often flown ac 0.1
mile spacing ac 200 feet flight elevarion.

Alternacively, magneric surveys may be flown at 2
constant barometric elevation several thousand feetabove
the surface, either ona grid (cypically 1.5 miles) orsingle
line direction (ac .5 to 1.0 mile spacing). Anomalies are
relacively broad and smooth which reflects che increased
distance berween sourceand sensor. Line spacing necessary
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Figure 3. Effect of Alteration on Physical Properties.

to define small feacures may be opened up providing
more areal coverage for the same dollar amount. Small,
strong amplicude, features, such as in the example
shown, would be smooched or smeared simply because of
the size-distance function implicic in potencial field
methods. Figure 7 shows che magnetic data of Figure 6
continued upward 1000 feec, which is approximarely
equivalenc to a high level, constant baromerric survey.

Similar broad paccerns, linears and ocher equivalent
features can be discerned in both concour maps. The
differences, however, are in what can be interpreted from
each contour mapand che relacive unit cost of the survey.
The tighc patcerns in the west half of Figure 6 are a
typical pattern indicacive of surface volcanics, probably
wich some cerrain effecc. Closures on che “high level”
(Figure 7) reflect the same sources, but are reduced in
amplitude and broader when measured ac cthe greater
height. Linear feacures indicare faults or lichologic con-
cacts. The sharp norch-south demarkacion in concour
pactern in the center is 2 mapped fault chrowing Paleo-
zoic sediments on the east against volcanics on the west.
North-norcheastand wese-norchwesc linears, in the west
and norch respectively, show well on both maps. Wich
study ocher equivalent features can be discerned. One
primary difference is thac the signature of any small
anomaly is accenuateed and smooched when measured ac
a greater heighc. Ocher differences mighc be in che widch
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and depch escimaces of small anomalies wich dimensions
less chan chac of the flight elevation. On the ocher hand
regional feacures are enhanced and near-surface effects
(volcanics, or “noise” in some incerpretations) are sup-
pressed wich high level surveys. Selection of type survey
and flighe specifications to be flown are based upon the
area of interest, concepts of carget size and depth, and
budger. Eicherapproach has advantages and limitations.

Filcers, derivarives, and/or reduction-to-the-pole can
be used to aid incerpretarion in eicher dara sec. Frequency
filcers, either low or high cur, to eliminace regional
fearures orsurface (or noise)effects respectively, or upward
concinuation can be useful to isolate cerrain cypes of
anomalies and to ocherwise enhance incerprecation.

On eicher regional or detail scales, in addition co the
concour map a number of ocher map products can be
generated toaid in magneric incerpretation. Color maps,
in particular, are very useful, and in effect when properly
done, become an opcical filter. Shaded relief or
shadowgraphs with different illumination angles and
azimuchs are used to emphasize linear feacures such as
struccures. Individual and stacked profiles show che data
withour the smoothing effect of the contour algorichm.

Airborne magnerics is a sound basic geophysical
mapping tool chat can be effectively applied to mosc
exploration prospects. Relatively inexpensive, ic can
provide daca on che extent of certain lichologies, on
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scructure, and on che location, depch and suscepeibilicy
concrast (or composition to che extent that suscepeibilicy
is diagnostic) of che intrusive.

Ground mag in eichera coral field or vertical gradient
configuration is a common follow-up technique. Use of
the gradient enhances or sharpens broad features but can
be a handicap if near-surface effects (volcanic noise) are
high. The use of a 8-foort staff and a single sensor reduces
the noisy effects of decriral magnerice on che surface or
cthe magnertic noise produced by many surface volcanics,
e.g. basalt flows.

Survey design - line separation and stacion spacing -
can be crucial to an effective survey and sacisfactory
interpretation. Twency-five foot stations on 200 foot
linesare a typical derail specification. Too often lines are

spaced on a budget basis and not on a realistic accempe
to define che ancicipared targert.

Graviry

A gravicy profile over the same geology section, with
typical densicies assigned to the rock units, shows che
gravicy low due to cthe "block” of low densirty alluvium,
Figure 8. The locations of the faules, downdropping
basement to the east, are indicated by a change in
gradienc of che profile. In chis case che subtle changes are
the significant characteristic of faulc locarion. Under
ideal circumstances depch to pediment surfaces can be
calculated, butr in most cases che variabilicy of the
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Figure 8. Gravity Profile.

alluvium densicy, due to compaction and grain size,
water saturation, and intercalated volcanic flows, are
such chat a depth may be estimated, but accuracy is
limiced unless ocher constraints are available. On a
regional basis, gravity can map the major offsec scruc-
cures wichin che basin-range valleys, outline many bur-
ied incrusive bodies, provide crude estimates of che
depch of valley fill, and in correlacion with magnetics
provide constraints to the regional mapping of sccucrure
and lichology. :

Electromagnetics

Using che same geologic model, possible applica-
tions of several of the inductive source electrical meth-
ods, Time Domain EM (TEM) and Concrolled Source
Audiomagnetotelluric (CSAMT), are shown, Figure 9.
Measuremenc of incrinsic electrical properties is feasible,
buc usually che laceral and/or vertical changes in resis-
tivicy (conductivicy), are the more importanc anomalous
effect in an exploration context. In-loop TEM can map
the geoelectric section co depchs of perhaps +1500 feet
but is dependent, as wich all electrical mechods, upon
che resistivicy of the overlying marterial and contrast
with bedrock units. An estimate of che resistivicy of che
bedrock unict is determinable, so chac incerpretation of
small changes in che bedrock are feasible. Large loop
mechods provide more signal and a greater depth of
investigacion.

The TEM soundings identified on che section are
calculated and shown in Figure 10. Simple two layer
cases are modelled. Wacer table, or interbedded volcanics
could make any a mulciple layer case. In chis example che
TEM curves appear quite similar, buc are in fact related
o differenc bedrock resistivities. In practice, careful
field wock by competent operacors and use of inverse
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compuracions, relacively small concrasts in bedrock
resistivities and/or changes in depths can be idencified.
Alchough therearea number of reasonable solucions chat
will fic the curve, such differences in depths and bedrock
resistivity can be demonscrated. For instance, chree
layers can be forced to fic che two layer case shown
withour significanc differences in che resulting curve
macch. Typically, however, a complex mulciple layer
section is replaced by a simplified chree or four layer
model - che principle of equivalence - with practically
indistinguishable response. Often, however, the more
significanc interfaces (or resistivity values) are within
reasonable limics. Incerpretation implies knowledge of
the principles, experience, and some understanding and
appreciacion of the local geology and geologic model.

CSAMT is aanocher alcernacive to map che electrical
character of che subsurface, and has che potencial to
outline boch conductive and resistive feacures (struccures
and/or lichologies) at greater depth with reasonable
resolucion. A grounded electric dipole is used for che
transmiceer. Located several miles away -the distance is
dependent upon the resistivicy of the area - the measure-
ment of both che electric and magnetic fields is made.
From che ratio of these two fields, an apparent resistivity
is calculared. The next two figures show the calculaced
model of a deep conductive feature, Figure 11, the
apparent resistivity,and Figure 12, the impedance phase
shift becween the electric and magnetic fields.

VLF

The nexr geological schematic, Figure 13, is thac of
a more detailed geological section wich shallow bedrock
and several buried alteration zones. The zones of the
more productive applicacion of several common geo-
physical mechods are shown, Figure 14.



TRAVERSE LOCATIONS

CSAMT

L 4

o

]

Figure 9. Geology Section with EM Applications.

Figure 15 shows a typical VLF (Very Low Frequency
EM) profile derived from a ground survey and plocted in
a tile-angle formar. Similar results would be obrained
from an airborne survey. The number of conductors,
which can arise from conductive faults, edges of water
channels or bedrock edges in the alluvium are often a
severe handicap to interpretation. In chis plot che con-
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ducror location is at che inflection poine between high
and low cilt angle readings (or change in slope on the
profile, sometimes called a “crossover”). Airborne and
some ground systems will ploc che percent intensicy of
the in-phase and quadracure racher than cilc angle.
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Air EM

This shallow covered environment also may be suit-
able for air EM methods as well as both airborne and
ground magnetics and VLF.

In che airborne mode, helicopter EM systems incor-
porating magnetometer, VLF and EM systems, are
currently in use in Nevada. The EM systems comprise
four frequencies (in che ranges of 500-900, 3500-5000
(2), and 30,000-55,000 Hz), usually in two co-axial and
two co-planar coil orientations, mounted in a rigid 7-8
meter bird. Application to gold exploration in Nevada
is relatively new, and lictle daca have been released and
made available for study and open discussion (see sug-
gested readings).
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Calculated resistivices are anocher product of interest
derived from airbome EM surveys, particularly in geologic
environments, such as the Great Basin, where massive
sulfidesare theexception. Interpretation focuses on changes
in resistivity indicating differenc lichologies, contacts,
alteracion and/or scruccure. EM profiles and color contour
maps of one or more of the calculated apparenc resistivities
are used in che interprezation process.

As with any EM system the penetration or effective
depth of investigation is limiced by the frequency used
and the resistivicy of che near-surface, which is usually
described by che skin-depth relationship. The depch of
investigaction is probably several hundred feet in a cypi-
cal situation. The usuai targets of EM surveys ace “good
conductors” which produce sharp discrete anomalies,
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Figure 14. Geology Section and Typical Geophysical Applications

typically massive sulfides or many fault scructures. incroduced into the earth chrough electrodes in direct contact
with che ground. A varety of electrode arrays, current wave-
Induced Polarization and Resistivicy forms, and frequencies are used for measuremenc - the dipole-

dipolearray using eithera time or frequency domain waveform
Resistivicy techniques differ from EM in chat current is probably being the most common.
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Resistivity is primarily a function of rock porosity
and water salinity. In an exploration context complex
patterns of resistive highs due to silica alteration and
lows due to clay alteration and conductive structure are
superimposed on alluvial or bedrock resistivicies. Incer-
pretation is complicated by che fact thac variations in
host rock icself due o water porosity and permeabilicy
may approach that of many anomalies of exploration
incerest. Induced polarization or chargeabilicy effects
result from che electrical polarizacion of sulfide miner-
als, clay minerals in alteration suites, and graphite or
graphitic shales.

The next several figures show, in larger scale, two
types of alteration, with significantly different physical
properties in different host rock environments. A 2-D
[P/resistivity model was calculaced for each. The firse,
Figure 16, is a silicified, resistive alteration in sedi-

7 VLF CONDUCTOR

mencs; Figure 17 is the IP/resiscivity pseudosection. The
second, Figures 18 and 19, show a conductive advanced
argillic alteration envelope in a host rock of volcanics or
tuff sequence, and che calculated IP model.

Seismic

Alchough not commonly applied, seismic mechods
have application in mineral exploration, particularly for
sedimentary and faule structures at depchs where most
other methods are severely limited. Refraction seismic
has obvious and historic use in depth determinactions of
placer deposits or alluvium. Shallow high resolucion
reflection techniques have been applied in certain geo-
logic environmencs in Nevada to map low angle chrusc
faults wich mixed results. An impedance contrast in

LIMESTONES WITH SILICIC ALTERATION
1P/ RESISTIVITY

ALLUVIUM
B SEDIMENTS
3 VOLCANICS
Bl SILICIC ALTERATION

Figure 16. Ip/resistivicy model of silicified limestone.
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Figure 17. IP/Resistivity Pseudosection A.

zones of hydrochermal alteration and/or mineralization
is expected in ore zones, but complex shape, relacively
small sizes, sceeply dipping contacts, gives reflections
and dispersions which are difficult to understand. In
areas where application is feasible, interprecation can
provide information on structure, bedding angles, and
displacement of beds but becomes increasingly difficule
wich steep dips, multiple faulting (often of small scale
relative to depch) and irregular incrusions cypical of
many mining districts.

Other Methods and Techniques

Otcher variants of electrical method techniques (e.g.
frequency domain EM, large loop TEM systems, resis-
tivity arrays, etc) are feasible and have useful application,

IP/RESISTIVITY

[7] voicanics
BASALTS
Y
SEDIMENTS
X ADV, ARGILLIC
ALTERATION

Ficure 18. Volcanics with Advanced Argillic Alreration.
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burt description and comparative advantages and limita-
tions are beyond the scope of this paper. Use of any, or
all, requires expertise and knowledge for proper applica-
tion and interpretacion.

Radioactivity has occasionally been used in precious
meral prospecting. Using a spectrometer, concentra-
tions of chree radionuclides can be inferred from mea-
surement of the radiation directly from potassium and
indirectly from the daughter products of thorium and
uranium. The geologic application maps che quantity
and changes in relacive ratios of the “background”
response of the three elements (K, Th and U) wich
lithology and alceracion. Potassic metasomatism is of
particular interest as it is associated wich the alteration
assemblages of many different types of gold deposics.
Airborne application, in parcicular, shows interesting
mapping potential.

Dipole-Dipole Array

PSEUDOSECTION B
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Borehole logging techniques utilize the same physi-
cal properties, some of which are measured in different
ways, e.g. density, porosity and sonic tools. Logging is
important for several reasons, including in-sicu physical
property measurements, exploration ac depch adjacent
to che hole, and/or engineering sctudies. Applied to
interpretacion of surface data or correlation of geologic
units where core is noc available, in-sitcu measurement
downbhole is che best determinartion of physical proper-
ties. Interpretation is a complex process. Costs are rela-
tively high because of the numerous short holes (2-400
feer) typical of mineral prospects and high relative call-
out charges.

Survey Design

Some geophysical methods, particularly chose of a
regional nature (magnetics and gravicy), are designed to
map the environment and locate those key “districc”
scale features related to many deposits, namely, favorable
lichology, structure and incrusive bodies.

The more detailed mechods, particulacly the electrical
methods, are designed for more specific targets on a
smaller “prospect” scale. Selection of methed is based in
part upon estimates of the size, depch, physical propercy
contrast expected from the alteration and host rock, and
the topographic and sucface conditions (dry and non-
conductive or wet and highly conductive alluvium).
Three criteria must be addressed before selection of an
optimum and cost effective electrical mechod; 1) laceral
resolution, 2) vertical resolucion, and 3) sensicivity of che
method to ancicipated geologic noise of the area. The
depth and size of the target determine che eleccrode
spacing of [P/resiscivity or loop size of EM mechods.
Forward modelling of the assumed parameters is a very
useful exercise in planning a survey, buc too often is
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ignored for the more tradicional “it's worked before, let’s
try ic again in the same way” approach. '

In addicion, other factors concerning cost, logistics,
timing, and interprecation potential must be considered
in survey design.

None of the geophysical methods produce unique
solutions, all have inherent limitations in boch field
application and interpretation.

Relative Costs

Costs and production rates have many variables. In
airborne work, survey size (areal extent and line mile
torals) isa dominant factor. A detail survey of four square
miles can generate up to 65 line miles per square mile (at
100 meter line spacing), so chat survey areas are selected
with particular care and may not be extensive. Although
brief, incomplete, and approximare, some examples of
relative costare listed below for interest and comparison.

Line Miles Line Spacing  Cost/mile
regional mag 1000's .5 - 2 miles $12-25
(fixed wing)
mag (helicopter) 100's .1 -.5 mile $ =60
air EM 100's 200-500 m $>100
w/ mag (mecer)

Ground surveys may consist of several lines to exten-
sive grids; surveys are typically in che range of 2 to 10
line miles. Because of limiced size, often uncerrain
ground condicions (steep terrain and ground cover), and
conract resistance (IP/resistivity), resulting in unknown
production rates, survey costs typically are based upon a
daily race racher chan a per mile basis. As targer anoma-
lies are shallow, relatively small, and often of low am-
plicude, close station spacing (25-50 feet) and line
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Preliminary Results of Aeromagnetic Studies
of the Getchell Disseminated Gold Deposit Trend,
Osgood Mountains, North-Central Nevada

V. ]J. S. Grauch and Viki Bankey
U. S. Geological Survey, Box 250406, Federal Center, MS 964, Denver, Colorads 80225

Introduction
Purpose of this Report

In 1988, che U. S. Geological Survey (USGS) inici-
ared an integrated airborne geophysical demonstration
programin theareaof the Getchell trend, a northeasterly
alignmenc of six sediment-hosted disseminaced gold
deposits along the eastern side of the Osgood Mountains
in Humboldc County, Nevada (Fig. 1). The purpose of
the program is to test the usefulness of various airborne
geophysical methods in mineral deposic studies. To chae
end, aeromagnetic, gamma-ray, electromagnetic, and

64-channel visible and near-infrared remote sensing
daca were acquired in the summer and fall of 1988 in
cooperation with several mining companies that have
land holdings in the area.

This paper repores the progress of studies of the aero-
magnetic daca. Progress reports on the other geophysical
methods and related geochemical and geological studies
are presented elsewhere in this volume. The aeromagnetic
fearures discussed in chis paper are most apparent in color
displays, but because both use of color and length are
testricted for this paper, the scope and derail of our
discussion is limited. More detailed descriptions of the
aeromagnetic darta, color maps at 1:100,000 scale, and

o

HUMBOLDT CO.

area locatlon

|0 10 20

[ n J
-‘Ll | kllometers

Fig. 1. Location map of the Osgood Mouncains and Gertchell trend area. Sediment-hosted, disseminaced gold deposics of che
Getchell crend are indicaced by the solid circles; scippling indicates mountain ranges. The aeromagnetic survey area flown by the
U. 8. Geological Survey (USGS sucvey) is outlined by the shorc-dashed line; che sucvey area contracted to DIGHEM, Inc. (contract

survey) by che dash-dot line.
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discussions of the observations and interprecations pre-
sented in chis paperarein preparationasa USGS publication.
Meanwhile, interested readers can view color maps of the
geophysical dara ar the Nevada Bureau of Mines and
Geology library in Reno, Nev., or at USGS Earth Science
Information Centers located in Menlo Park, Calif., Tucson,
Ariz., Spokane, Wash., Denver, Colo., Salt Lake Cicy,
Utah, and Reston, Va.

Suicability of Aeromagnetic Studies

Aeromagnetic daca are sensitive to variations in
magnetic properties of rocks, which are dependent on
the quanticy of magnetic minerals and che thermal and
alteracion history of che rock. Aeromagneric anomalies
generally express structural, topographic, and lithologic
variacions. Anomalies due to igneous and metamorphic
rocks commonly dominate aeromagnetic maps because
these rocks generally are more magnetic chan ocher rock

cypes (Dobrin, 1976). Thus, detailed aeromagnetic data .

over the Getchell trend area should be useful for map-
ping che characterand subsurface extents of pluconicand
volcanic rocks. This information is crucial to an under-
standing of che three-dimensional geologic secting of
gold deposits.

Geologic Background

The Gerchell trend lies along the eastern side of the
Osgood Mouncains (Fig. 1), a struccurally complicated
range composed of Paleozoic sedimentary rocks, Creta-
ceous granodiorite, and Tertiacy excrusive rocks (Fig. 2).
The following geologic history is summarized from
Hotz and Willden (1964), Berger and Taylor (1980),
and Erickson and Marsh (1974a, b). A more detailed
summary is presented in Hooverand others (chis volume).

Ac least two episodes of thrusting and folding during
Paleozoic time juxtaposed lower and middle Paleozoic
eugeosynclinal cherr, and clastic and volcanic rocks wich
lower, middle, and upper Paleozoic continental-shelf
chesr and clastic and carbonate rocks. This sedimencary
package was incruded in Cretaceous time by granodiorite
of the Osgood Mouncains pluton and related stocks.
Nocth- to norchease-striking normal faults, such as che
Getchell faule (Fig. 2), were first activaced ac this cime.
Ensuing widespread deposition of Tertiary andesiticand
thyolitic tuffs overlain by basalt and basalcic andesice
flows is preserved only in scactered areas. Lace Tertiary
extension, which produced che horst and graben features
of modern Basin and Range physiography, effected the
uplift of the Osgood Mountains along new and existing
faults. During lace Tertiary to Quaternary cime, alluvium
and gravels filled the intervening basins, and relatively
minor amounts of basalc were erupced.

The Osgood Mouncains host gold, silver, tungscen,
barice,and manganesedeposics (Fig. 2). The gold deposits,
presently of mining interest, are hosted in sedimentary
rocks and disseminaced, similac to che well-known
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Carlin deposit. Mineralization is concrolled by cthe
Getchell faulc system at cthe Gerchell, Pinson, and
possibly Preble deposits (Bagby and Berger, 1986). The
ore-forming processes may be similar to those active in
hot-spring environments (Berger, 1985).

The age of gold mineralizacion and its relation to che
Osgood Mountains pluton has not been resolved.
Silberman and ochers (1974) asserted that gold mineral-
izacion coincided with emplacement of the plucon,
which probably heated 2nd drove the ore-bearing fluids.
Joralemon (1975) argued for a post-Miocene to Pleis-
tocene ageand shallow depch of formation. Recent fluid-
inclusion data chac suggest mineralization occurred ac
deep levels restricts che age to pre-uplifc (A. R. Wallace,
USGS, written commun., 1989).

Dara Acquisition

This report concentrates on data merged from two
aeromagnetic surveys flown in 1988 for che Gerchell
trend airborne demonscrarion program: one flown by che
USGS using fixed-wing aircraft (USGS survey) and one
flown by DIGHEM, Inc., using a helicoprer (concract
survey). Daca digitized from contour maps of two ocher
surveys are also available: a regional survey flown by che
USGS in 1967 and an exploration survey on che western
side of the Osgood Mountains flown by the Minerals
Department of Conrtinencal Oil in 1973. The regional
survey was flown ac constant 2,743 m (9,000 ft) above
sea level with a 1.6-km (1 mi) flight-line spacing. The
contour maps are presenced in USGS (1968), and the
digical dacaare incorporated inastatewide aeromagnetic
compilation by Hildenbrand and Kucks (1988). The
Continental Oil survey was flown at 805-m (0.5 mi)
spacing ac 152 m (500 fc) constanc heighc above ground.
Magnetic capes of the gridded dara from the USGS,
contrace, and Continental Oil surveys are available from
the cape librarian, Mountain Adminiscrative Support
Center, U. S. Department of Commerce, Boulder, Colo.

The USGS survey data were acquired in Ocrober
1988 by the USGS Branch of Geophysics over the
eastern and western sides of the Osgood Mountains (Fig.
1). The survey was designed in two pieces. The western
half was designed for magnetic incerpretation and flown
parallel wich copography to reconcile good resolurion
with the limications of fixed-wing aircraft. The flight
lines were directed northeast-southwest and spaced about
200 m (0.125 mi) apart. The eastern half, flown per-
pendicular to topography, primarily tested an experi-
mental electrical system; acquisicion of aeromagnetic
dara was secondary. The lines for cthe eastern half were
directed norchwest-southeast and spaced 400 m (0.25
mi) apart. Both parts of the survey were flown ac a
roughly constanc height of 137 m (450 ft) above che
ground bur along considerably smoocher lines than is
usual for draped surveys. The smoothing minimizes che
height disparities betweenadjacenc linesand thus reduces
later gridding problems.



The contract aeromagnetic data were acquired over
the eastern side of che Osgood Mouncains (Fig. 1) by
DIGHEM, Inc., in October 1988 as an add-on to an
electromagnetic survey (Pierce and Hoover, this volume).
The flighe lines were spaced 400 m (0.25 mi) apart
excepe over the vicinicy of the Rabbit Creek, Gerchell,
Preble, and Pinson deposits, where they were spaced 200
m (0.125 mi)apart. The magnetometer was generally 40
m (130 fc) above the ground. Three extended fAighes
across the area (the acmlike extensions shown on Fig. 1)
are for future magnetic modeling purposes.

In order to simplify discussion and incerpretation,
data from the USGS and contract surveys were digitally
merged together. First, the contract survey dara were
analytically continued to cthe alticude of the USGS
survey by cthe method of Cordell (1985). Then cthe daca
sets were splined cogether using the principal of mini-
mum curvacure (computer program GMERGE from
USGS (1989)). In areas of overlap, che USGS dara set
took priority because it is unfilcered.

Eeromagnetic Signatures of Geologic Features

The map of merged aeromagnetic daca is displayed in
shades of gray on Figure 3. The small dots overlain on

this map align over boundaries between rocks of con-

trasting magnetic properties (magnetization boundaries),
which commonly occur ac faults and other geologic
contacts. Maps of magnetization boundaries help de-
lineace buried faults and lichologic contacts. The dots
were derived from the aeromagnetic dara using a method
described by Cordell and Grauch (1985)and Blakelyand
Simpson (1986). The method urilizes properties of the
horizontal gradienc of the pseudogravity transformation
of thedata. The pseudogravity transformarion eliminates
the magneric polaricy effects that produce offsets berween
anomalies and magnetic sources (Baranov, 1957).

Thediscussion of the aecromagnetic data will proceed
by lichology, chen to faults and alceration. The locacions
of aeromagnetic fearures discussed are sketched and
labeled on Figure 4.

Sedimentary Rocks

Neither the Paleozoic geologic units nor Quarernary
sedimentary deposits produce anomalies in che aero-
magnetic dara. Rather, where these units are isolaced
from outcrops of igneous rocks, they are generally
characterized by low-amplicude, relacively constant
magnetic values, a signacure typical of effectively
nonmagnetic rocks. This signature, which is expected
for clastic and carbonate rocks (Nectleton, 1971), en-
compasses exposures of Paleozoic volcanic and
metavolcanic rocks and greenstones as well. The low
susceptibilicies of these rocks are confirmed by field
measurements.

On the other hand, secondary pyrrhotite, including the
magnetic variety, is common in certin parcs of the Osgood

Mountains area in sedimentary rocks and dikes (B. R. Berger,
USGS, oral commun., 1988). Whetheror noc pyrchotiteoccurs
insufficient quantity in the Osgood Mountains area to produce
2eromagnetic anomalies is not known.

Intrusive Rocks

The most prominent anomaly near the center of the
study area (I1, Fig. 4) is a magnetic high attribuced to
Cretaceous granodiorite (unit Kg of Fig. 2). Magnetiza-
tion boundaries follow the mapped contact well, and
field susceptibility measurements corroborate the high
magnetization indicated for the granodiorite. Narrow
magnetic highs on the western side of the mapped
granodiorite (I12) idencify shallow, dikelike apophyses of
the pluton and are substantiated by extensive contact
metamorphism mapped in this area (Hotz and Willden,
1964). Magnetization boundaries both along che west
sides of che I2 anomalies and paralleling the intrusive
contact 1-1.5 km east of che pluton (F1) may locate
places where the pluton wall is steeply dipping or faule
bounded in the subsurface. The southernmost boundary
marked F1 is near the Mag deposit; 2 new discovery near
the Gerchell pies(noc shown)occurs in the space between
the two northernmost lines marked F1.

Magnetic highs north of the mapped granodiorite
body (I3) and exposed dikelike apophyses of the grano-
diorice in this area (Hotz and Willden, 1964) suggest
that the granodiorite, or incrusive rocks related to it, are
present just below the surface. However, the much lower
magnitudes of these anomalies, as compared co the
anomaly over the exposed pluton, imply lower magne-
tization values or very lictle depch extent.

Broad and somewhat circular magnetic highs are
typical signatures of incrusions. Anomalies of chis type
are I4 and IS in che north, I6, 17, and I8 south of center,
19 in the south, and IV east of center (Fig. 4). Cretaceous
dacite dikes are exposed in the Chimney Creek pit near
I4(Osterberg, 1988)and skarns were encountered during
drilling ac IS (B. R. Berger, USGS, oral commun.,
1989). Anomalies 16, 17, and I8 are near a granodiorite
exposure ac Lone Butte (E. Kretschmer, Pinson Mining
Co., oral commun., 1988) and granodiorite crops out at
I9 (Fig. 2). On the other hand, the granodiorite exposure
at Lone Butte does not correspond to a magnertic high
(Fig. 3), as would be expected if 16, 17, and I8 were
produced by granodiorite.

The broad, somewhat low-amplicude magnetic highs
in the east-cencral part of the survey acea (IV) probably
indicate either incrusions or basalt at depch. Depth
estimates using the profile dara indicate thac che tops of
the bodies are about 350-850 m (1,150-2,800 ft) below
the surface. The east-norcheascalignment of the anoma-
lies and oriencation of some of the magnetization
boundaries are mimicked east of the study area by the
orientation of an alluvial scarp and by discontinuous
linear features in LANDSAT and thermal-infrared
inages. These east-norcheast trends may reflect an east-
northeast crending structural pactern related to che
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Fig. 2. Generalized geologic map for the Osgood Mountains and vicinicy. Rock units primarily follow Willden (1964). Addicional
geologic names from Hotz and Willden (1964); ages from Erickson and Marsh (1974b) and Silberman and others (1974).
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DESCRIPTION OF MAP UNITS
(Listed in approximate stratigraphic order)

Qal - Quaternary alluvium

Qoa - Older Quaternary alluvium

Qg - Quaternary gravel

Tb - Pliocene basalt

Tr - Miocene rhyolite flows and tuffs

Ts - Miocene clastic rocks and tuffs

Tba - Miocene basalt and basaltic andesite

Kg - Cretaceous granodiorite (about 90 Ma)

JRu - Jurassic and Triassic metaclastic rocks, undivided

PPu - Permian and Pennsylvanian clastic and carbonate rocks, undivided. Includes Edna
Mountain Formation (Permian), Antler Peak Limestone (Pennsylvanian and
Permian), Highway Limestone (Pennsylvanian), and Battle Formation
(Pennsylvanian). In the Osgood Mountains, includes the Etchart Limestone
(Pennsylvanian and Permian) and the Adam Peak Formation (Pennsylvanian and

Permian).

PPp - Pumpernickel Formation (Pennsylvanian and Permian)--siliceous sedimentary and
volcanic rocks

PPh - Pennsylvanian and Permian siliceous sedimentary and volcanic rocks, undivided,
Includes the Havallah Formation (Pennsylvanian and Permian), rocks similar to the
Havallah and Pumpernickel Formations in the Hot Springs range, and the Farrel
Canyon Formation (Pennsylvanian and Permian) in the Osgood Mountains.

- Msv - Mississippian siliceous sedimentary and volcanic rocks. In the Osgood Mountains

includes the Goughs Canyon Formation,
Ov - Valmy Formation (Ordovician)--Chert and greenstone
Oc - Comus Formation (Ordovician)--Carbonate rocks and sandstone

<h - Harmony Formation (Cambrian)--Sandstone and shale, Includes small exposures
of Paradise Valley Chert (Cambrian) on the west side of the Hot Springs Range.

<p - Preble Formation (Cambrian)--Shale and limestone
<€om - Osgood Mountain Quartzite (Cambrian)
—— Contact
Fault, dashed where approximately located, dotted where concealed
-+~ Thrust fault, sawteeth on upper plate
° Gold deposit; names indicate operational or developing mines
o Tungsten deposit
Silver deposit
Barite deposit

®  Manganese deposit
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Midas scruccural trough to che easc (M. D. Krohn,
USGS, written commun., 1989).

Volcanic Rocks

Narrow, high-amplicude anomalies thac correlate
well wich topography indicate shallow, highly magnetic
rocks and are typically produced by volcanic rocks. In
addicion, positive and negacive correlacions becween che
magnetic and topographic highs indicate magnetiza-
tions chac are dominaced by a normal-polaricy or reverse-
polacicy component, respectively. Differences in polar-
ity can indicace differences in age (a reversed polaricy
suggests the rock formed at a cime when che Earch’s
magnetic field was reversed). Areas exhibicing chis
anomaly pattern wich positive correlations berween
anomaliesand topography are N1,N2,and N3 along che
western edge of the study area, and N'S in the soucheast-
ern part (Fig. 4). Anomaly pacterns that show negative
correlationsare R1 in che norchern part of che scudy area,
and R2 and R3 on the west-cencral edge. All these
paccerns correspond in large pare co areas of exposed
basalc and basaltic andesite (unicts Tha and Tb, Fig. 2),
buc also extend over mapped alluvium (unics Qal and
Qoa, Fig. 2). The extensions idencify where the volcanic
rocks continue under shallow cover. The scrong north-
easterly and norchwesterly trends of anomalies in area
N3 correlate with topographic feacures and suggest a
structural concrol.

Anomaly patcerns at N4 and NG in che souchwestern
and soucheastern corners of che area, respectively, occur
in areas mapped as alluvium; chey consist of subdued,
narrow-anomaly patcerns similar to chose of neighbor-
ing areas where volcanic rocks are exposed, but are
separated from che neighboring areas by magnetization
boundaries F2and F3, respectively. The similar anomaly
patterns imply similar magnetic sources; che subdued
amplicudes imply the soucces are ac greacer depch. Thus,
basalts exposed in areas N3 and NS probably excend
under cover in areas N4 and NG, respectively, and the
abrupc change in elevation ac the magnetization
boundaries suggests normal faulcing. The anomalies
caused by unknown igneous rocks at¢ IV, discussed
previously, may express further excensions of the Plio-
cene basalc under cover northeast of N6.

Faulcs

As mentioned above, normal faults are probably
represenced by magnertizacion boundaries F2 and F3 in
che southern part of che scudy acea (Fig. 4). Evidence for
faulcing along F3 is convincing: all or parts of F3
correlate wich a copographic cliff, a sceep gradient in che
electrical daca (Pierce and Hoover, cthis volume), and a
normal faule down to the easc (Erickson and Marsh,
1974b). Northeasterly and norchwesterly “dog legs”
mimic structural trends elsewhere. A magnecization
boundary (F4) parallel with F3 and 1-3 km to the east
can be craced from the souchern edge of che survey area

northward for about 15 km. The parallelism of the
magnetization boundaries suggest that F4also represents
a normal fault. The lower amplicude of anomalies in area
N6 and possibly even lower amplitudes east of F4
suggest thac basalt-capped blocks may have been dropped
down two times successively to the east. Exposures of
Pliocene basalc along the southern part of F4 (unic Tb,
Fig. 2) supporr eicher scissoring of the normal faules,
having a greater dip component to the north, or an
opposing basalt-floored graben hypothesis.

A magnetization boundary near the center of the study
area (F3, Fig. 4), is associaced with the southern partof a
fault mapped by Hotz and Willden (1964; Fig. 2) but is
consistently offset aboutr 200 m westward, The fault is
evidencin theeleccromagneric dataalong most ofits length
withour offsec (Pierce and Hoover, chis volume). The offset
of che magnetization boundary can be explained by sub-
surface, faulted basalc flows having large, reversely polar-
ized remanent magnetizacions. If the magnetization di-
rections differ considerably from the Earth's present-day
field direction, which is the direction assumed when
deriving che plotted magnetization boundaries, erroneous
boundary locations would resule.

A fairly straighe, continuous magnetization bound-
ary (F6, Fig. 4) follows che western bank of the Rabbic
Creek drainage in cthe northeastern pare of the survey
area. The boundary separates a magnetically low, fea-
tureless area on the west from an area of slightly higher
values on che east. The abrupc change in magnetic values
continues further south and swings to the west in the
magnetic data (Fig. 3), buc is not mapped by a magne-
tization boundary. Linear features analogous to the
magnetization boundary are evideat in the chermal-
infrared (M. D. Krohn, USGS, written commun., 1989)
and 900-Hz electromagnetic daca (Pierce and Hoover,
this volume), and a map of porassium radioelement
values mimics the magnecic expression (Pitkin and
Hoover, this volume). The sharpaess of the magneric
concrast, which indicates a shallow source, and the
correlation with the shallow-looking potassium data
imply thac che change in magnetic values is produced by
a lichologic difference in the alluvium. Moreover, the
linearity of the magnetization boundary and electrical
and remore-sensing features suggests that the lichologic
change is faulc controlled. This deduction is corroborated
by field checking, which indicaces considerable offsec
down co the east (A. R. Wallace, USGS, oral commua.,
1989) and an increase in suscepribilicy of the soil easc of
the drainage. Perhaps detricus shed from chyolicic and
dacitic rocks to the northeast preferentially accumulated
on che downdropped block.

Alcered Rocks

Hydrothermally alcered granodiorice in which mag-
necite has been destroyed (Neuerberg, 1966) corte-
sponds to magnetically low areas A1, A2, and A3 (Fig.
4). Magnetic values are the lowest in che vicinities of A1
and A2 and indicate thar altered rocks are extensive ac
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Fig. 6. Two and one-half-dimensional magnetic model of the Osgood Mountains pluron (hachured area) along line A-A’ (Figs.
4, 7). The model was inverted from che daca along one flighe line of the conerace survey using the computer program of Webring
(1985). It extends o a depch of 20 km, an estimate of che depth to the Moho in che Basin and Range province. Magnetization
is assumed to be completely induced. Misfits becween the observed and calculaced values for the magnetic field are mainly due
to the crue three dimensionalicy of che pluton. The model requires a slight increase in susceptibilicy of the cotally buried western
half(2.626 X 10 SI), as compared to the partly exposed eastern half (2.224 X 10-2 SI). The change in susceptibility, which would
be more gradual in real-life, is represented by che almost vertical line ac 2.4 km. On the ocher hand, a broad, regional magneric
field, produced by deep crustal features unrelaced to che pluton, could also produce che higher magnetic values on the west. Future
modelling should tighten the results. The suscepribilicy values ace reasonable as compared to measurements made on outcrops
thac average 1.759 X 107 (SI) and allowing for some concribution from remanent magnertizacion. The Earth’s field is assumed

to be 53,600 nT, wich declination of 16° E. and inclination 66°.

depth. Hydrothermal fluids did not affect as much
volume of rock in area A3.

Contact metasomatism is widespread around che
edges of the exposed Osgood Mouncains pluton (Hotz
and Willden, 1964), as evidenced by the number of
tungsten deposits around ic (Fig. 2). Field suscepribilicy
measurements indicace very lictle magnetization wichin
the granodiorite and the exoskarns near che pluron
concacts. Geochemical sampling of the granodiorite also
showsasignificanc decrease in magnetite content wichin
300 m or less of the contacts (Neuerberg, 1966). Thus,
unlike the more common situation where secondary
magnetite in skarns produces significant magneric
anomalies, concact metasomatism in this area probably
is not associated aeromagnetic anomalies.
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Synthesis

The resules of transforming the 2eromagnetic daca
to pseudogravicy and chen applying che terracing op-
eracor of Cordell and McCaffercy (1989), called a ter-
race map, is shown on Figure 5. Terrace maps more
closely resemble 2 map of magnetic sources and their
relacive magnetizacions cthan do the original aecromag-
netic maps. They are useful for those who are more
familiar wich geologic maps cthan aeromagnetic maps.

The primary purpose of a terrace map is to delineace
blocks of differing magnetizations, buc terrace maps
can also be used to estimate relative depths of bodies
with uniform magnetization. Therefore, if we assume
that che magnerizacion of the Osgood Mountains pluton
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is fairly uniform (i.e., having a range of suscepribilicy
wichin an order of magnitude), then the areas of lower
value on the terrace map surrounding the higher values
over the exposed pluton indicace areas where the pluton
is deeper rather than areas where its magnerization is
less. The assumption of uniform magnetization for che
pluton is fairly reasonable, considering che relacively
uniform distribution of magnerite (excepe near itsedges)
reported by Neuerberg (1966). The shapes of the terraced
areas (Fig. 5) indicarte irregularicies in che subsurface
outline of the pluton. Protuberances are distinct souch of
the exposed plucon.

A magneric model of the pluton along a flight line of
che contract survey is shown in Figure 6. Using che
simplifying assumptions thac the pluton is fairly ho-
mogeneously magnetized and cwo and one-half dimen-
sional (varying only in the profile direction) allows a
rough fic of the calculaced and observed magneric daca.
The misfits are mainly due co che crue chree dimension-
alicy of che pluron shape. The model suggests thac the
western, buried half of che pluton is slightly more
magnetic chan che eastern half. On the other hand, a
broad, regional magnetic field, produced by deep crustal
feacures unrelated to che pluron, could also produce the
higher magnetic values on che west. Fucure modelling
should cighten the resulcs.

The considerable irregularity in che top of the buried
pare of the pluton is expected from the pactern of
magnetizacion boundaries on Figures 3 and 5. Perhaps
ocher irregularicies in the exposed northwescern plucon
contactexplain why, ac the same mine, Hotzand Willden
(1964) found asceep eastward dip butr Stagerand Tingley
(1988) found a steep wescward dip.

Informacion from che terrace and aeromagnetic maps
has been synthesized intoa preliminary interpretacion of
plutonic and volcanic rocks and possible faults (Fig. 7).
Only major feacures are represenced ac chis scale. The
Osgood Mountains pluton is schemarically represenced
in three dimensions by depch concours having only
relative significance. These contours were interprered
from che terrace map (Fig. 5) and guided by the mag-
netizacion boundaries (Fig. 3), which may coincide with
normal faults, as discussed earlier. Considering che
assumprions made, only gross features of the concouring
- should be considered credible: In addirion, che protu-
berance on Figure 5 on the souchwestern side of the
pluton (where che contour is dashed on Fig. 7) may be
artificial. In chis area, the terracing operator has con-
nected magnetically moderate values from che wescern
side of che plucon and similar values produced by
volcanic rocks further wese. This connection, only vaguely
obvious on Figure 3, may be inaccurace because it spans
the merge boundary berween the two surveys.

A few general observations are evident from Figure 7;
the individual fearures have already been examined. Vol-
. canic rocks wrap around a large “hole” filled with
nonmagnetic Paleozoic rocks in the southern part of the
area, where che Preble deposit is located. On the magneric
map, chis feature is almost circular (Fig. 3). The difference
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in polarity of volcanic rocks mapped as Tertiary basalt and
basalticandesicealong the western side of Osgood Mountains
(Tba on Fig. 2) suggests ac least two separate eruptive
episodes. Possibly structurally concrolled easc-northeast
trends just soucheast of the center of che study area are
contrary to the norcheasterly and northwesterly trends of
faule strikes and anomaly pacterns.

The aeromagnetic data have no consistenc signature
over thedisseminated gold deposics; however, the Pinson
and Mag deposits and the northernmost Gerchell pic
occur near the edge of pluton protuberances, which
might by normal faules, as interpreted from che mag-
netic data (Fig. 7). The Rabbit Creek; Chimaney, and
Preble deposits are in aeromagnetically nondescript
areas; eicher they are surrounded laterally and vertically
by Paleozoic rock units or igneous rocks in their vicinicy
have negligible magnerization. If the lacter is crue, the
igneous rocks have either undergone excensive hydro-
thermal alteration that has destroyed magnerization, or
they are not related to che highly magneric igneous rocks
characteristic of che rest of the area.
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Getchell Trend Airborne Geophysics
An Integrated Airborne Geophysical Study
Along the Getchell Trend of Gold Deposits,

North Central Nevada

D.B. Hoover, V.].S. Grauch, J.A. Pitkin, D. Krohn, and H.A. Pierce
U.S. Geological Survey Box 25046, Federal Center, MS 964, Denver, Colorads 80225

Abstract

The U.S. Geological Survey has recencly completed acquisition of detailed, high quality, multi-sensor, aitborne geophysical
daca in the vicinicy of the Osgood Mountains, Humbold¢ County, Nevada. These daca were acquired to demonstrate che ucilicy
of such data for assessment of and exploracion for mineral deposits in covered cerrains. Remote sensing, gamma-ray, magneric,
and electromagnetic inscrumencs were flown, providing measucements of a variety of basic physical properties of earth macerials,

The Osgood Mouncains region was chosen because of the variery of known mineral deposits in the area and the presence of
active gold exploration and mining of gold at six deposits in the study block. One of these, the Rabbic Creek deposit, had been
ideacified below cover, but mining had not begun at the time of flying. This provided a unique opportunity to test the combined

methods.

Integracion of the dara from the four principal geophysical methods used contributes to an understanding of the lichologic
units, identificacion of alteracion, structural interpretation, and chacacterization of deposit models. Imporrant new lichological
information resulting from chis preliminary work is the three-dimensional definition of the Osgood Mountains pluton, which
was responsible for significanc tungsten mineralization and which may have played a role in the extensive gold mineralizacion
in che districe. Several cypes of alteracion assemblages, probably of more than one age, can be seen in the data, and some of chese

are in areas not previously known to be altered.

The geophysical daca are effective for identificacion of structures in alluvial cover that are believed related to high angle faules
importanc in the concrol of mineralizing hydrothermal systems. A preliminacy map of chese incerpreced structures can be used

as a guide for exploracion.

Incroduction

The quest for minerals, particularly in the developed
nations, is increasingly focusing on exploracion in cov-
ered cerrains as the probabilicy of new discoveries in
exposed areas diminishes. The problems posed by cover
require more sophistication in the application of exist-
ing cechnology and che development of new techniques.
Improvements may involve berter ways of looking
through cover rocks or better methods for idencifying
subcle differences within the cover arising from buried
scructures or mineralized rocks ac depth. Geophysical
methods will play an increasingly imporcant role in
integrated exploration programs in che future because of
their abilicy to directly address the problems presenced
by covered deposits.

The U.S. Geological Survey (USGS), in its minerals
assessment programs is facing the same problems as
industry in che evaluation of the potential of covered
areas for mineral commodicies. The work presenced in
this paper describes some of the geophysical investiga-
tions of the USGS thac are part of an integrated geologi-

cal, geochemical, and geophysical study which addresses
the problems of covered areas. In 1988 funding was
made available for several airborne geophysical demon-
stration programs thac were intended to show che ap-
plication of multi-sensor surveys. The authors proposed
an inctegrated airborne program along the Gerchell
trend, Humboldt Councy, Nevada, as part of ongoing
research on assessment methods that was already un-
derway in the area. Funding became available in April;
flying began in August and was completed in early
November 1988.

The Gerchell trend Airborne Demonstration Program
was designed to illustrace che potential of an integraced
and comprehensive airborne geophysical surveying
program forexploration orassessmenc in covered terrains.
Additionally, it would provide data on the geophysical
signatures, and their variabilicy for a variety of different
types of deposits that were known in the area. Four
distince geophysical methods were employed: infrared
and visible multispectral imaging (remote sensing),
gamma-ray spectrometry, magnecics, and
electromagnerics. Each technique measures distinctly
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different physical properties of che earth that are useful
for constraining interpretations based on only one
mechod. The remote sensing and gamma-ray methods
map properties of very-near-surface materials, thac re-
flect surficial lichologies and subcle mineralogical or
chemical variacions wichin and beeween unics. Electro-
magneric methods provide information on electrical
resistivity to depths of about 100 m wich commercially
available inscrumentation, whereas magnetics respond.
to magnertic sources at any depch. This paper will review
preliminary results of the airborne surveys, concentrat-
ing on che areas where mulciple mechods complemenc
each ocher to improve the interpretation of che geologic
seccing. Companion papers in chis volume discuss che
individual airborne techniques that were used (Pickin,
1990, gamma-ray data; Grauch and Bankey, 1990,
magnetics; and Pierce and Hoover, 1990,
electromagnerics).

The Gerchell trend was chosen for this study because of

the presence of a variery of known types of mineral deposics,
including bedded barite, skarn tungsten, cungsten-bearing
manganese, silver, and disseminated gold. Active gold
mines include chose at the Preble, Pinson, Mag, Getchell,
RabbicCreek,and Chimney deposits. These knowndeposits
provide a means for testing methods and models. The
Rabbit Creek deposit was of particular incerest. Ac che time
of theflying, it wasa blind deposit with over 100 m alluvial
of cover; it was being drilled, buc stripping of the cover had
not yet begun.

This provided a unique opportunity to test a combi-
nation of mechods. The cooperation of most of che
mining companies in providing access to their proper-
ties for ground studies also was an important factor in
selecting chis study area.

Thearea surveyed lies principally on che eastern flank of
the Osgood Mountains (Fig. 1), and covers an area of about
450km?. In general, the norchern margin isac the Chimney
deposir, and the southern boundary lies along Interstate
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different physical properties of the earth chat are useful
for constraining interpretations based on only one
method. The remote sensing and gamma-ray mechods
map properties of very-near-surface macerials, chac re-
flect surficial lichologies and subcle mineralogical or
chemical variations within and berween unics. Eleccro-
magnetic methods provide information on eleccrical
resistivity to depchs of about 100 m wich commercially
available inscrumentation, whereas magnetics respond
to magnetic sources at any depch. This paper will review
preliminary resules of che airborne surveys, concentrat-
ing on the areas where mulciple methods complement
each other to improve the interpretation of che geologic
secting. Companion papers in this volume discuss che
individual airborne techniques chac were used (Pickin,
1990, gamma-ray data; Grauch and Bankey, 1990,
magnetics; and Piecce and Hoover, 1990,
electromagnetics).

The Gertchell crend was chosen for this study because of

the presence of a variety of known cypes of mineral deposits,
including bedded barite, skarmn tungsten, tungscen-bearing
manganese, silver, and disseminaced gold. Active gold
mines include those at che Preble, Pinson, Mag, Getchell,
RabbitCreek,and Chimneydeposics. These known deposits
provide a means for testing methods and models. The
Rabbic Creek deposic was of particular incerest. Ac the time
of the flying, it was a blind deposit with over 100 m alluvial
of cover; it was being drilled, but stripping of che cover had
not yec begun.

This provided 2 unique opportunity to test a combi-
nacion of methods. The cooperation of most of the
mining companies in providing access to their proper-
cies for ground scudies also was an important factor in
selecting chis study area.

Theareasurveyed lies principally on the eastern flank of
the Osgood Mouncains (Fig. 1), and covers an area of abouc
450 km? Ingeneral, che northern marginisac the Chimney
deposit, and the southern boundary lies along Incerscace
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Highway 80. The western boundary is the crest of che
Osgood Mountains. From the crest of the range che survey
area extends east about 12 km to where che cover rocks are
believed too chick for present exploication. For practical
reasons, the coverage of individual airborne surveys
varied. Derails are given in the companion papers.

Two scrips of 63-channel airborne imaging spec-
crometer dara in che near infrared and visible region were
acquired specifically for chis project, by

Geophysical Environmental Research Corporacion
(GER). Previously acquired remore sensing daca from
che Landsac Thematic Mapper (TM) satellite and che
Thermal Infrared Mulcispectral Scanner (TIMS) syscem
of che Scennis Space Cencer at NASA were also available.
The TIMS syscem was reflown for chis project, buc
extensive cloud cover made the data unusable. Gamma-
ray daca were acquired by Terrasense, Inc. using a
complete calibrated system for quanticacive measurement
of che radicelements, uranium, chorium, and pocassium,
using a helicopcer placform. Combined magnetic and
eleccromagnetic data wete concracted for from DIGHEM,
Inc. again using a helicoprer. To supplement the mag-
netic dara acquired by DIGHEM, che USGS flew ad-
ditional areas using ics in-house system and a fixed-wing
placform. The magnecic, gamma-ray, and electromag-
netic daca were acquired with a maximum flighcline
spacing of 400 m (1/4 mile).

These airborne and sartellice daca secs are useful for
distinguishing lithologies, identifying areas and cypes
of aleeration, mapping scructures, and characcerizing
geophysical signatures of deposics. In the following
discussion the contribution of each of the geophysical
mechods to understanding of chese geological feacures
will be explained by integration of the geophysical daca,
racher chan discussing each mechod separacely. To il-
lustrace che ucilicy of chese daca to exploracion in che
Getchell area che discussion will focus on aspects chat
show the application of multi-disciplinary daca. Analy-
sis of chese dara is still preliminary and will require
additional time for a complete synchesis.

The black and white, page-sized illustcacions of che
geophysical data shown in this paper are adequate only to
show major, high-concrast features in the data. Many
importanc feacures evident in larger scale color maps
become obscure or impossible to illuscrate ac page size. In
the case of the TIMS data only topographic and some linear
featuces are evident. Because the lichologic discrimination
based on spectral properties cannoc effectively be shown in
black and white chese daca are noc shown. Because of the
incerest by the mining communicy in chese aitborne data
sets, the digital daca have been released chrough che
Narional Oceanic and Atmospheric Administration's
Geophysical Daca Cencer, Boulder, Colorado. Colorshaded-
relief maps of chese daca at 1:100,000 scale also can be seen
at the Nevada Bureau of Mines in Reno, and at USGS
officesin Menlo Park, California, Tucson, Arizona, Spokane,
Washington, Denver, Colorado, Salt Lake City, Urah, and
Reston, Virginia. The reader incerested in more detail is
referred to one of che above sources.

Geologic Setting

The Osgood and Edna Mountains region has under-
gone repeated episodes of structural deformacion par-
ticularly during the Paleozoic. Mesozoic and Cenozoic
excrusive and intrusive rocks further complicated or
masked relationships. The following geological summary
is based on mapping by Hoctz and Willden (1964),
Willden(1964),and Ericksonand Marsh (1974a, 1974b),
and unpublished mapping by A. R. Wallace and D. M.
McGuire, both of the USGS.

Extensive new mapping is currencly being conducted
by mining companies in che region. As additional
information becomes available, changes in the inter-
preration of the geological, geochemical, and geophysical
data can be expected.

Lichology

The oldest units shown on the geologic map (Fig. 2)
are Paleozoic quarrzite, shale, limestone, and sandstone
deposited in shallow shelf to eugeosynclinal environ-
ments. The Osgood Mountain Quartzite (€ om), of Early
Cambrian(?) age, is the oldest of these units and is
overlain by Middle and Upper Cambrian shales and
limestones of che Preble Formation (& p). Middle and
Upper Ordovician Comus Formation (Oc) carbonaces
and shales were deposited directly on the Preble Forma-
tion. Overlying this are Ordovician cherts, greenstones,
and argillices of the Valmy Formation (Ov). Only minor
exposures of the latter unit occur in che area studied.
Silurian to Early Mississippian units are missing in this
areaas a result of disturbances of the Early Mississippian
Antlerorogeny, buta recurn co shelf-cype sedimentacion
resulted in che depdsition of the Ancler-age sequence,
which in the study area includes limescone, shale, and
sandstone of Penasylvanian to Permian age.The only
known Mesozoic units in the area are intrusive rocks of
granodiorite composition, which were responsible for
cungsten mineralizarion, and possibly for gold mineral-
ization (Silberman et al., 1974). The most prominent
exposure is the Osgood Mouncains plucon in che north-
ern parc of the Osgood Mouncains. In ouccrop the pluron
appears as two ovoid bodies joined by a narrow seprum
to form an hour glass-shaped body. This body appears
prominencly in all che geophysical data. A smaller
granodiorite pluton is present in che Edna Mountains
east of Golconda, with most exposures north of che
interstate highway. Skarns and hornfels developed in
carbonate rocks on the margins of the plutons host all
buc one of the tungsten deposics.

Cenozoic rocks of the region consist principally of
basalt and basaltic andesite flows and Neogene to Qua-
ternary fanglomerates. Rhyolites and cuffs are present to
the east and souchwest of the survey area and they are
source rocks for some of the alluvial macerial in the acea.
Only minor amouncs of thyolites and tuffs are known in
che study area.
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Fig. 2. Geological map of the Osgood Mountain area, Humboldt County, Nevada adopted from Willden (1964), Hotz and
Willden (1964), and Erickson and Macsh (1974a, 1974b).
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DESCRIPTION OF MAP UNITS
(Listed in approximate stratigraphic order)

Qal - Quaternary alluvium

Qoa - Older Quaternary alluvium

Qg - Quaternary gravel

Tb - Pliocene basalt

Tr - Miocene rhyolite flows and tuffs

Ts - Miocene clastic rocks and tuffs

Tba - Miocene basalt and basaltic andesite

Kg - Cretaceous granodiorite (about 90 Ma)

JB u - Jurassic and Triassic metaclastic rocks, undivided

PPu - Permian and Pennsylvanian clastic and carbonate rocks, undivided. Includes Edna
Mountain Formation (Permian), Antler Peak Limestone (Pennsylvanian and
Permian), Highway Limestone (Pennsylvanian), and Battle Formation
(Pennsylvanian). In the Osgood Mountains, includes the Etchart Limestone
(Pennsylvanian and Permian) and the Adam Peak Formation (Pennsylvanian and

Permian),

PPp - Pumpernickel Formation (Pennsylvanian and Permian)--siliceous sedimentary and
volcanic rocks &

PPh - Pennsylvanian and Permian siliceous sedimentary and volcanic rocks, undivided.
Includes the Havallah Formation (Pennsylvanian and Permian), rocks similar to the
Havallah and Pumpernickel Formations in the Hot Springs range, and the Farrel
Canyon Formation (Pennsylvanian and Permian) in the Osgood Mountains.

Msv - Mississippian siliceous sedimentary and volcanic rocks. In the Osgood Mountains
includes the Goughs Canyon Formation.

Ov - Yalmy Formation (Ordovician)--Chert and greenstone
Oc - Comus Formation (Ordovician)--Carbonate rocks and sandstone

<h - Harmony Formation (Cambrian)--Sandstone and shale. Includes small exposures
of Paradise Valley Chert (Cambrian) on the west side of the Hot Springs Range.

€p - Preble Formation (Cambrian)--Shale and limestone
€om - Osgood Mountain Quartzite (Cambrian)

—— Contact

-
g

Fault, dashed where approximately located, dotted where concealed

_+= ¥ Thrust fault, sawteeth on upper plate

o"AG Gold deposit; names indicate operational or developing mines
o Tungsten deposit
4 Silver deposit

A Barite deposit

%  Manganese deposit
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Scructures

The Paleozoic rocks in this area were extensively
deformed during three pre-Terciary tectonic cvests,
Thrusting during the Ancler and Sonoma oroge:ies
brought western facies deep-water unics over or inzer-
leaved chem with, eastern facies, shallow-wacer unics in
a complex assemblage. This can be seen in the O od
and Edna Mountains (Fig. 2) where exposures arc v axl.

These chruscsare generally norch or norcheast serih:ng.
The Paleozoic unitsare tifted and folded, often isochina.ly,
and steeply dipping. Bedding strikes generally nore: or
northeast and dips generally east to soucheast.

Mesozoic faults have been idencified only adjacer: ro
the Osgood Mountains plucon. These ace normal. n-. rth
to norcheast scriking faules, and include cthe Anderson
Canyon, Geccheil, and Village faules (Fig. 2).

Cenozoic Basin-and-Range extension reactivized
norch-seriking normal fauleing and produced the Os: vod
and Edna Mouncains horst blocks. During the Busin-
and-Range extension, mafic and felsic dikes were in-
cruded along many of chese reactivaced zones. The ~:gh
angle faules here,and as Percival and ochers (1988) puoinc
ouc for most sediment hosted gold deposits, were :m-
porcant ore controls, acontrol importanc on both regronal
and deposit scales.

Mineral Deposits

A variecy of types of mineral deposits are presest in
chearea flown (Fig. 2). Gold is of primary incerest tccay,
and it is being actively mined ac che Preble, Pirson,
Mag, Getchell, Rabbic Creek, and Chimney dep:sits
(Fig. 2). During the period 1939-1941, che Geccaell
mine was the leading gold producer in Nevada. E:cplo-
ration in the area now is entirely focused on gold. =ith
private indusery having excensive exploration prog=zms
on all available land.

Bedded barite has been mined from four deposits i the
Preble and Comus Formacions in che southern half cc the
study area. None of chese are presently active.Scheelics was
mined from numerous skarn deposics surroundinz the
Osgood Mountains pluton from 1942-1962. Humiewolde
County ranks second in the stace for production of c2ng-
sten, wich the bulk of that production coming Zom
deposits in this area (Stager and Tingley, 1988). No
commercial tungsten mineralization has been found adiacent
to che incrusive in cthe Edna Mouncains.

Silver has been produced from the Silver Lode cizims
just wese of che Preble mine and from the Silver Coix. and
adjacent mines in the soucheast part of the survey rezion.

A unique tungsten-bearing manganese deposic 2 the
Golconda mine on che west flank of the Edna Mourzains
was mined from 1941-1945 (Scager and Tingley, 1-38).
This is a Quaternary, hot-spring manganese deosit
formed on steeply dipping Preble Formation and -over-
lain by tufa (Kerr, 1940). Mineralizacion extends caly a
shore distance into the underlying rocks. The spring is
weakly active today.
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Geophysical Characteristics
Lichologic Characterization

Collectively, che airborne geophysical data sets are
able todifferentiace berween some of the major lichologic
units, and, at least for che Preble Formarion, distinguish
calcareous members from the surrounding phyllitic
members. The geophysical characteristics of these major
units will be described wich reference to the geologic
map (Fig. 2). Because chis region is well mapped, there
are no major discrepancies becween mapped lichologies
and those suggested by the airborne geophysical data.
The airborne data provide an excellent example of what
an integrated airborne program can do to facilicate
mapping in poorly known or covered regions, permit-
ting more efficient use of geologic seaff. Of more incerest
to the presenct exploration communicy is the mapping of
some units where chey are hidden by cover, and identi-
ficacion of areas with anomalous physical properties.

The Osgood Mountain Quarczite (Eom, Fig. 2) is
defined by a high SiO, response in the TIMS dara, very

- low radioelemenc content (Figs. 3, 4, and 5), and high

resistivicy (>1000 ohm-m, Fig. 6). It is transparent
magnetically like all che sedimentary units in the area,
so magnetic dara does not help in the mapping of these
unics. Differenciation berween the sedimencary rocks
chus relies on che use of the remote sensing, gamma-ray,
and electromagnetic mechods. The largest exposure of
the Osgood Mountain Quartzite is in a southwest-
trending band about 15 km long beginning at the
soucthwest end of che Osgood Mountains pluton. The
radioelement maps (Figs., 3, 4, and 5), and che 900 Hz
resistivicy map (Fig. 6) show this quartzite as a band of
black to dark grey rones. It can be distinguished from
relacively massive limestone unirts, thac are also low in
radioelements and have high resistivities, by the high
SiO, response shown in the TIMS dara.

The Preble Formation (€ p, Fig. 2) phyllites which
constitute the greater thickness of the formation (Hotz
and Willden, 1964) have a TIMS signarure indicative of
intermediate SiO, content, radioelements K and par-
ticularly Th (12-16 ppm) elevaced above average for the
area, and resistivicy averaging several hundred ohm-m.
The intermediace limestone member of the Preble For-
mation, for example near the Preble mine, has distinctly
lower radicelement and SiO, concent and higher resis-
tivicy chan che phyllite. The limestone member has not
been mapped separacely on Figure 2.

A notable exception to che high resistivity of the
middle limestone member can be seen adjacent to the
Osgood Mountains pluton southwest of the Pinson
mine, where it crops out over a distance of 7 km. The
eastern boundary is several hundred meters west of the
high angle fault chat separaces the Preble and Comus
Formations in chis area (Fig. 2). The resistivity map at
900 Hz (Fig. 6) shows a band of very low resistivities in
chis region, in places less than 5 ohm-m. Resistivities in
chis zone tend to decrease as che pluton is approached.
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Radioelement and TIMS daca show nothing anomalous.

Resistivicies computed ar 56,000 Hz, the very shallow
looking dara, do not identify a scrong conductor in chis
area, buc che 7200 Hz daca begins to reveal a conductive
unic. The cause of the low resiscivicy is not exposed at che
surface. Drilling across this anomalous zone to 160 m
(500 fc) shows chat che middle member of che Preble is
present (E. Kretchmer, 1985, personal comm.), and chac
it dips steeply to the east.

Because the 900 Hz EM response comes predomi-
nancly from che upper 100 m, the anomalous response
must be related to che Preble Formation. We speculace
thac this low resistivicy may be relaced to che presence of
sulfides and carbon, perhaps remobilized and deposited
as thin films along fractures resulting from thermal or
hydrochermal processes adjacent to cthe plucon.

Too litele Comus Formation (Oc, fig. 2) is exposed
and distanc from mineralized areas to assigna geophysical
signature. Most exposures are along the easc side of the
cange near the Getchell, Mag, and Pinson deposits.

The Pennsylvanian and Permian unics are predomi-
nantly calcareous and have a signacure similar co chat of
the middle member of che Preble Formation. The low
radioelemenc values and high resistivicies of chese units
may be seen in Figures 3,4, 5,and 6 extending norcheast
from che Getchell mine area to just wesc of che Chimney
deposit. The Adam Peak Formarion consticuces che bulk
of the mapped Pennsylvanian and Permian unit 2 km
west of the southern lobe of the Osgood Mouncains
pluton. In chis area, over 50% of the formation is
composed of sandstone or dolomicic sandstone; che
remainder is shale, silcscone, limescone, and chere (Hocz
and Willden, 1964). The beds dip steeply and scrike
norch. Alchough not expected, che electrical dara(Fig. 6)
show that chis formation also is very conductive similar
to cheanomalous middle memberof che Preble Formation
near che Pinson mine. The conductive Adam Peak
Formation terminaces on the souchwesc against a
norchwesc-seriking faule (Fig. 2). Adam Peak Formation
occurs souch of chis fault, buc icand ocher Pennsylvanian
and Permian unitsare not conductive. The low resistivicy
associated wich che main parc of the Adam Peak Formartion
is most prominent ac 900 Hz but is evidenc also ac 7200
and 56,000 Hz, suggesting chac che anomalous values
are near the surface and probably not due to underlying
units. As wich che middle parc of che Preble Formation
adjacent to che granodiorice, we believe chis is probably
related to thermal and/or hydrothermal effeces and not
representative of Adam Peak Formation as such.

The Harmony Formaion (€ -h, fig. 2), composed princi-
pally of feldspathic sandstone, is in chrust contact with che
Adam Peak Formation on its west side. The northeen chird of
this unic also appears very conductive, again suggesting chac
aleeration has caken place. An abrupt transition o high resis-
tiviy (from 2.5-600 ohm-m) occurs along a northwest crend
suggesting fault or fracture control.

The Cretaceous granodiorite in che Osgood Moun-
tains is prominently mapped in all four daca sets. In che
magnetic daca (Fig. 7) it is the dominanc feacure. The

boundary determined by aucomared horizoncal gradienc
analysis (Cordell and Grauch, 1985) computer processing
conforms very well with the mapped contacts, excepe in
the region becween the two main lobes where the
magnetic data shows chat the body is present beneach
thin cover. Hotzand Willden (1964) postulated chac che
granodiorice extended under shallow cover to the north,
based on wide spread mecamorphism in che area. The
magneric data confirm this inference. Horzand Willden
(1964) also suggest that cthe western boundary of the
granodiorite dips steeply east. The magnecic daca imply
otherwise. Grauch and Bankey (1990) map che plucon as
excending under cover several kilometers west of ics
surface expression. Inferred alteration in the Preble,
Harmony, and Adam Peak, Formacions and high
resistivities in the Preble Formation adjacent to the west
side of che plucon are consistent with a wescward sub-
surface excension of the body.

The granodiorite has a unique signature in che TIMS
data, shown asa combined response from SiO, and mafic
minerals, and in the radioelement daca. The granodiorite
does not stand oucdirectly in che individual radioelemenc
maps of Figures 3, 4, and 5, buc it becomes cleacly
defined in a color composite presentation where it has a
dominant potassium signacure.

This is due to a relative deficiency of chorium and
especially uranium in che incrusive. Electrically the
granodiorite is an area of high tesistivicy, grearer chan
1000 ohm-m. The resistivicy map (Fig. 6) does not
provide sharp definicion ac che contact due to the skarn
zone developed along che border of che granodiorite.
Resistivicy of the metamorphosed sedimentary rocks
approaches chac of the granodiorice.

A buried outlier, inferred to be granodiorite, is
evident from che geophysical data on the east side of the
souchern lobe of the pluton. It appears in the magnetic
dara as a slighe high, wich norchwest trending bound-
aries on che north and south procruding soucheast from
the main magnetic high. This area is not evident in che
resiscivity maps, buc a derivative map (rario of che 7200
Hz t0 900 Hz dara) defines che area as anomalous. This
outlier is pocentially importanc because of the ground
preparation that may have taken place. The Mag gold
deposit is within this region.

The small exposures of granodiorite in the southern
pace of the scudy region are well expressed only in che
magnetic data (Fig. 7). The lack of expression in the
TIMS and radicelement daca may be due to the few
exposures. The lack of expression in the resistivity data
is more surprising. This may be due to too litcle of the
granodiorite wichin the exploration depth of the survey,
alteration of che intrusive, or a combinarion of these,

The radicelement characteristics of gold-bearing
granitoids thac are probable source rocks for gold min-
eralization have been discussed by several auchors
(Kochetkoveral., 1987; Vasil'everal., 1985; Zlobinand
Kurulenko, 1981). These authors indicate that low
concent of radioelemencs and low Th/U racios ( 1.5-2.5)
are characteristic. Radioelement daca for the Osgood
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Fig. 7. Toral field airborne magnetic map of part of the Osgood Mountains, Humboldt Councy, Nevada.

Mounrains plucon shows thac U is about 0.5 ppm, Th
abouc 8 ppm, K about 2.7%, and Th/U=16. Anaverage
granodiorice would contain U=2.3 ppm, Th=9.0 ppm,
K=2.55% and Th/U=4 (Clark ec al., 1966). Horz and
Willden (1964) give values of 2.8% for K,O from two
samples from the northern part of che pluton. The
radicelement concenc of che pluron is average excepr for
the greacly reduced U content. It is not clear to what
extent che low U may be reflecting differential weather-
ing, giving an anomalously high Th/U ratio. The aver-
age K, and Th contents, however, suggesc that chis
granodiorite would not meet che criceria of che Russian
auchors, alchough Neuerburg (1966) does reporr higher
than average gold values for the plucon.

In che norchern part of che survey area, two small
magnetic highs are seen: one near the Chimney mine,
and anocher 8 km norch of che Getchell mine. These are
inferred co be expressions of buried incrusives. They are
not expressed in che ocher darta sets because of their depch
of burial. In che vicinicy of Lone Bucte, 6 km northeast
of the Preble mine, interprecation of the magneric data
suggests the presence of anocher incrusive (Grauch and
Bankey, 1990).

The Terciary basales are best expressed in the mag-
netic data. The exposed units show a short wavelengrh,
high amplitude patcern typical of such volcanic rocks.
The basalcs, however, do not have a consistent radioele-
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ment signature. The basales capping a ridge in the
southeast part of the area show the lowest values of
potassium, about 1.5%, buc not nearly as low as reported
by Hortz and Willden (1964) for a sample of this flow
(0.6%). Itis not clear co what extent the higher potassium
identified in che airborne data may be due to windblown
decricus. Resistivities of the basalts are variable, generally
berween 1000 and 100 ohm-m. Magnetic features in the
area of Quaternary cover south and east of the Pinson
mine are believed to be related to buried igneous rocks,
some of which could be basalts wichin che fill.Quacernary
alluvium is generally below 100 ohm-m, and in places,
such as east of Lone Butte, it may reach 2 ohm-m (Fig. 6).
The very low values in that area are believed to be due to
clay sediments saturaced wich warm saline wacer that
issues from a warm spring. Radiocelemenct data provides
the best evidence for disparate sources of che cransported
macerial. This is particularly evident in the thorium dara
(Fig. 5) bur is also seen in the porassium data. In che
northeastern part of the map, a sharp boundary is seen
approximately along the trace of the Rabbir Creek
drainage. High chorium east of the drainage derives from
Miocene volcanic rocks exposed to the east. The low
thorium marerial west of che drainage derives from the
Pennsylvanian and Permian carbonates furcher west. A
similar patcern can be seen in the southwestern part of the
study along a drainage east of Golconda.



Alteration Patcerns

The effects of alceration on the rock cypes in che
Getchell crend are evidenced in all che geophysical data
sets. The TIMS dara ceveal areas of silicificacion related
to jasperoids as single pixels near che Preble mine. GER
multi-speccral daca, which we are juse beginning to
process, has revealed illite along the Gerchell faulc in che
Gerchell minearea(M.D. Krohn, 1989, personal comm.).
Ilice isa characteristicalteration mineral in gold deposits
along che Carlin trend (Percival et al., 1988). The
speccral response of che illice particularly in che longer
wavelengths near 2.4 micrometers, appears related to
mica polytypes (Hauffecal., in press), which in curn may
be related to differences in formation of che clays.
Radioelement redistribution from hydrochermal sys-
tems, parcicularly potassium metasomacism, is clear in
che gamma-ray daca. Destruction of magnetite is promi-
nencly seen in the magneric daca. Low resistivities in
some areas are believed to be related to alteration,
probably wich incroducrion and redistribution of sulfides
and carbon. Examples of chese will be discussed below.
In ocher areas of northern Nevada resistivity highs
related co silicification have been reporced (P. Hallof,
1989, personal commun., and C. Windells, 1989, per-
sonal commun.). Evidence for high resistiviry silicified
areas, eicher from theairborne or limited ground surveys,
has not yet been seen in the Getchell region. This appears
to be a peculiarity of chis region, lack of sufficient decail
near che deposics, or insufficienc concrase in resistivity.

Alteration wichin che Preble Formationand Pennsyl-
vanian and Permian sedimentary rocks adjacent to che
Osgood Mountains pluton, evidenced by anomalously
low resistivities, has already been discussed. Because of
the spatial relacionship to che Osgood Mountains plu-
ton, the hydrochermal system responsible for che inferred
aleeracion is speculated to have been derived from the
cooling plucon. If chese low resistivity rocks are related
to alteration processes, then much addicional research is
needed to determine their relationship, if any, to che
granodiorite, and to the presence of mineralized rocks
adjacent to the plucon.

The most obvious area of alteracion revealed in che
airborne data is in che center of the northern lobe of the
Osgood Mountains pluton. This is indicated by a large
local potassium increase, and prominent local magaetic
low coincident wich sec. 5, T38N, R42E. Extensive
alceration in che plucon within section 5 is discussed by
Horz and Willden (1964) and Neuerburg (1966). Al-
teration occurred during late-stage crystallizacion and
from a post-solidus hydrothermal syscem. Granodiorice
in che altered area was first prospected for silver, and it
later produced scheelite from quartz bodies and veins.
Neuerburg's (1966) accessory mineral data shows a
strong norchwest trend in mineral discriburion suggest-
ing chat this was a preferred direccion along which the
hydrochermal systems developed. Magnetic data shows
an elliptical low, crending northwese (Fig. 7), thac
corresponds with the mapped alteration in sec. 5. Whole

rock magnetite quancities within the granodiorite
(Neuerburg, 1966) show chat magnetite was destroyed
in a norchwesc-crending zone chrough sec. 5, indicating
the cause of che magnetic low. Although Neuerburg
(1966) show 5 other low magnetite zones within the
grancdiorite, the magnetic data show that no other areas
have been as extensively altered as in sec. 5.

Coincident with the magneric low over the altered
area of sec. 5 in the Osgood Mountains plucon, che
radioelement daca show a local, nearly circular pateern of
alteration, with increases inall chree elemencs. Uranium
values are 1.5-2 ppm, thorium values are 12-14 ppm,
and potassium values are 4-4.5%. Thorium and potas-
sium are almost doubled, and uranium is tripled or
quadrupled. The increased content of all three radicel-
ements is consistenc with alteration associated with late-
stage cooling processes.

Resistivity data show slightly reduced values in che
altered area, with a northwest alignmene. This is not
easily seen in Figure 6 because of the scale. The alrer-
ation is not as evident in che TIMS data, buc appears as
a pacch of increased silica content.

The potassium map (Fig. 4) shows two ocher areas
adjacent to the granodiorite that have discincely
anomalous potassium (>49%). Boch areas are within the
Preble Formacion about 1 km from che granodiorite
concact. One is 3 km northwest of the alcered zone in che
granodiorite, and the other 2.5 km west of che Pinson
mine at che contact with che Granice Creek chruse (Fig.
2). Magnetic daca (Fig. 7) suggest thac small apophyses
of granodiorite may be present below chese high-po-
cassium regions. Thorium is high in both of chese areas,
but uranium is increased only in the area west of the
Pinson mine. Resistivity dara are not available in che
nocthern area. The area west of Pinson shows a large
tesistivity gradienc that, at least in part, reflects the
contrast berween cthe Osgood Mountain Quartzite and
Preble Formation where they are juxcaposed across the
Granice Creek chrust. The high-potassium area west of
the Pinson mine is the northeast terminus of a distinct
southwest-trending radioelemenc linear feacure thac
coincides with the Granice Creek thrust for 8 km and
that continues less distinctly to the Humboldt River.
The full extenc of this linear feature is best expressed in
the uranium daca, although it appears as a prominent
high in all chree radioelements along the Granite Creek
chrust within the Preble Formation. The quantities of
radioelemencs tend to decrease away from the grano-
diorite.

Southwest of the terminus of che Granite Creek
thruse electrical daca identify a narrow, linear conduc-
tive zone inferred co be related to a steeply dipping faule
generally coincident wich the radicelement linear. This
conductive zone is not evident to che northeast along the
thrust because of the large concrast in resiscivities be-
tween the quartzice and phyllite across che thrust. The
magnetic data are very quiet along the Granite Creek
thrust, buc shore disconnected magnecization bound-
aries further souch (Grauch and Bankey, 1990) may
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represent faulcing related to this linear crend.

Figures 8, 9, and 10 show the radioelement concen-
crations for che souchern quarter of che survey area in
more decail. Two areas of high pocassium and chorium
are evidenc in this region within phyllices of the Preble
Formartion. One is cencered 1 km east of the manganese
deposit at the Golconda mine, and che ocher is 3 km
norch of the manganese deposit. This area is particularly
quiet magnerically wich no distinct indication of mag-
netic minerals associated with che increase in radioele-
mencs. These two radioelemenc highs are adjacent to
northeasc-crending elecerical lows that suggest high-
angle faules. The electrical low easc of che Golconda
mine correlates wich a short northeast striking faule
mapped by Erickson and Marsh (1974a) and more
excensive alteracion to the norcheast. This elecerically
conductive zone can be traced to che Preble mine. We
postulate char the Golconda ore body, anomalous ra-
dicelement values, and che Preble ore body are relaced to
alceracion of the Preble Formation by solucions whose
pachs were concrolled by a high-angle faulc syscem chac
is reflected in the electrical and radioelement daca.The
maps (Figs. 8, 9, and 10) show very high uranium and
elevated potassium and chorium values associated wich
the Golconda hor spring just northeast of the point 40°
57' 30N, and 117° 30"W. Ocher known areas of cher-
mal waterin theareado noc haveasimilar expression. The
maps also suggest that che basaltic andesite in che
northwest part of the figures is anomalous in K and Th,
possibly indicacive of alteration. The basaltic andesite
flows (andesice in Erickson and Marsh, 1974a) have a
wotal chickness of abouc 62 m (200 ft) and have been
dated ar 22.0 0.7 m.y. (Erickson and Marsh, 1974a).
Underlying chese flows is andesite tuff chac is as much as
94 m (300 fr) chick and that was erupted onto Osgood
Mountain Quartzite. The high porassium (3-3.5%)and
thortum (14-20 ppm) and low uranium (1-2 ppm) in
some areas is anomalous for andesite (Clark, ecal., 1966).
The anomalous regions are in copographically high parcs
of the range where wind-blown detritus is not expected
toaccumulate. Theareas of high Kand Th correlace with
resistivity and magnetic lows (Figs. 6 and 7). These
magnetic and resistivity lows could be responding to
underlying cuffs in areas where the andesice flows are
thin. However, the tuffs would not be expected to have
such high K and Th contents, and, where they are
exposed, they do not exhibit che high values seen over
che flows. This suggests alceration but needs ground
confirmation.

Discussion of Data
Scruccural Interpretation
Patterns in the various geophysical data sets chat
provide evidence of the scructural secting in che area will

be discussed in this section. Because the airborae daca
sets provide relatively little information on decails of the
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variation of cthe mapped properties with depth, low-
angle structures are often difficulc to define. These daca
are most effeccive ac idenrifying laceral changes in
properties that, wich some knowledge of geologic rela-
tionships, may be incerpreted in terms of high-angle
structures or abrupt lichologic changes. This section will
focus on the idencification and locacion of near vertical
structures. As Percival and ochers (1988) have pointed
out, che high-angle structures had a primary role in
localizing the flow of hydrochermal systems responsible
for the deposition of gold. This is true at boch regional
and deposit scales.

Scructural analysis using che individual aitborne data
sets has been based primarily on lineament identifica-
tion and cheir relacionships co known geology. A lin-
eament map derived from che TIMS daca for the east side
of che Osgood Mountains (Fig. 11) shows prominent
norcheast and norchwest crends wich a less-prominent
norch-south sec. Many of these correspond with featuces
seen in che other airborne daca sets. A good example on
Quacernary cover is a 4-km-long, north-trending, bro-
ken, linear feature identified by the lecter A in Figure 1 1.
The northern trending TIMS linear feature cocrelates
direccly wich a norch-trending, resistivity boundary
high on the west, inferred co be due to faulting.

Visual examinacion of the airborne data shows thac
north-south and norcheast-souchwese trends are the
most prominent. Figure 12 isa preliminary interpretation
of the major structural breaks derived from che new
airborne data. Ocher conscraints on che interpretacion
are from che geologic dara presented in Figure 2, and
from limited ground geophysical daca. Previously known
faults, including the Getchell faule zone, the Hotz and
Willden fault, and the Granite Creek thrust, are well
defined and extended by the airborne data. Major new
features are informally called the Rabbit Creek, che
Gerchell east, Silver King, Iron Point, Golconda, Preble
east, and Red House Flat geophysical structures (Fig.
12). These are inferred to be faults or fault zones.

The Getchell faule is best identified in the 900 Hz
resistivity daca as a zone of low resistivicy along che east
side of the Osgood Mountains pluton.

The low resistivities closely follow the faultas mapped
by Hotz and Willden (1964) to just north of che Mag
deposit. They suggest chac che Ogee and Pinson faulc at
the Pinson mine may be a southwest excension of che
Getchell faulr. The geophysical data, however, suggest
that che Gecchell fault extends due souch through che
Mag deposit to che Hotrz and Willden faule. Operations
at che Mag deposic have clearly shown a major steeply
dipping fault wichin che pit (E. Krecchmer, 1989,
personal comm.); the elecerical daca indicate chac chis is
the Gecchell faulc zone. The Ogee and Pinson fault to the
west of this may be a splay fault from the main structure.

The informally named Hotz and Willden faulr is
defined geologically by a scarp in the Quaternary allu-
vium soucheast of the Pinson mine. The soucthwestern
half is defined by a magnetic lineation chat is offsec from
the mapped faulc slighcly co the wese. There is no
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Fig. 8. Detail of the southern s - of the uramsm concentration map of Figure 3.
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Fig. 11. Lineament map for che eastetn margin of the Osgood Mouncains, Humboldt Councy, Nevada, derived from a TIMS image.
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magnertic expression on the norcheascern half. Electrical
data, however, provide definition over most of ics lengch.
The resistivicy maps by chemselves do not clearly idencify
the faulc. However, a derivacive map, made by taking
the ratio of che 7200 Hz to 900 Hz maps (Pierce and
Hoover, 1990), does define che faulc due ro differences in
the thickness of fill on eicher side.

The Rabbir Creek structure was first recognized in
the magnetic data. It is a distince, linear, 6-km-long
feacure along the wescern bank of the Rabbic Creek
drainage, east of che Rabbir Creek deposit. The mag-

netization boundary map of Grauch and Bankey (1990)
shows this as the most prominent magnetic fearure in
the areaand suggests it is derived from a shallow source.
The magnetic boundary correlaces exactly with a small,
linear resistivicy low best seen in the 900 Hz daca. The
southern end of both the magneric and electrical linears
terminates abruptly ac the same poin, as if cuc off by
anocher structure. At this point the 56,000 Hz resistivicy
map, the shallowest-looking of the electrical dara sets,
shows a pronounced, very local drop in resistivity to 2
ohm-m. This local low resistivity zone is on che western
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margin of Rabbit Creek and noc within the flac drainage
area. The low resistivity zone may be related to thermal
and/or saline wacer slowing near the surface along the
incersection of cthe Rabbit Creek structure wich a cross
structure.

The radioelement data shows no local anomaly related
to the low resistivity zone at che souch end of che Rabbic
Creek structuce. A lithologic boundary defined by the
radioelements along the Rabbit Creek drainage was
mentcioned in the section on lithologic mapping. A
strong gradient in potassium and chorium values cor-
relaces wich the Rabbic Creek structure to its souchern
end and then bends souch to follow the drainage. These
daca imply that che Rabbit Creek geophysical scructure
is a faulc chat controls che locacion of the drainage and is
responsible for contrasts in lichologies revealed by che
geophysical daca across che feature. Reconnaissance
mapping(A. Wallace, 1989, personal commun.)suggests
the presence of a normal faule wich significant offset
down to the east. Unfortunacely, no TIMS or GER
cemote sensing data are available in this part of the
survey area.

The Getchell east scructure is subparallel to the
Gecchell faulc approximately 1.5 km to the east. It is
defined by an arcuate trend of low resistivity zones,
discrete magnetizacion boundaries, and multiple linear
features observed on TIMS data. It was fisst identified by
ground electrical surveys (Hoover ecal., 1984), but not
well defined until acquisition of the airborne daca.

The Silver King structure passes adjacent to the
Silver King and Silver Coin mines where it is defined by
a large topographic escarpmenc. The structure is clearly
defined by eleccrical and magnetic dara, parcicularly on
che east side of che Edna Mountains where a basalc cap
provides a large concrast in physical properties. This
scructure ceends irregularly norch, beneach alluvium to
where it meecs an easc-northeast striking feature, the
Red House Flac structure, at which point it turns
northeast and appears co intersect the Horzand Willden
fault. The geophysical and geologic dara suggest that
the basalc chac caps che plateau on the west has been
downdropped on the eastand is now covered by alluvium.

About 2 km eastof the Silver King structure, asubparallel
scructure, che Iron Poine scructure, isalsoclearly seen in the
magaetic and electrical daca, suggestingan addirional step
faule, down to che east, that closely parallels the Silver King
scructure. Both scructures bend to the northeast where they
are crossed by the Red House Flar feature. Relacionships
wichin this area of crosscutcing features are complex and
not entirely clear at chis cime.

The Red House Flat scructure is best defined by an
extremely low resiscivity zone, 2 ohm-m, with an
abrupc gradient on the norch (Fig. 6). A warm spring
occurs where chis linear gradient crosses the southern
end of a small outcrop of Preble Formation (not shown
on Fig. 2). This linear feature also is defined in che
elecerical and magnetic daca by changes in che trend of
linear feacures from approximarely norch-south on the
souch to norcheast on the northern side.
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In che vicinicy of che Preble mine, two long trends of
low resistivity can be seen. This is an area chat is
generally very quiet magnerically so chat chere are no
corresponding magnetic feacures. The Golconda struc-
cure is an intecrupeed zone of conductive rock, as low as
15 ohm-m in places, thac trends northeasc from the
Golconda mine to the Preble mine. The low resistivity
zone correlates well wicha small faultand alteration just
east of the manganese deposit. The Preble mine, ac che
northeast end of chis trend, is also expressed as a distinct
low in resistivity. Ground electrical data obtained at che
Preble deposic prior to mining also shows a conductive
zone which correlates directly with che ore and which
matches well, in position, with che aicborne dara. We
infer char che Golconda geophysical structure identifies
a zone along which hydrothermal systems chac fed che
Preble and Golconda deposics were constrained.

The Preble east scruccure crends to che north for 14
km, passing 1 km east of the Preble mine. It is one of the
more prominent electrical features in the southern part
of the study area. We are not aware of any mineralization
or alceracion related to chis feacure.

Near the southern end of the Osgood Mountain
plucon, an incerrupted norchwest trend in the resistivicy
daca aligns wich mineralogical trends wichin che pluton
presented by Neuerburg (1966). Trends along this
direction are difficult to define in che airborne dara
because they are subparallel co che flight-line directions.
Several cungsten deposits exposed on the souchern bor-
der of the pluton are aligned on chis trend. Resistivity
dataalsosuggest alteration along chis crend excending as -
far northwest as che sharp resistivity gradienc in che
Harmony Formartion described earlier.

Deposit Models

An importane goal of the airborne study was to be
able to help characterize the geophysical signature of che
various types of mineral deposits in the area. It was also
hoped that, from the disseminated gold deposits in the
area, recognition of a characteristic signature mighe
make it possible to idencify the Rabbit Creek deposit
below its thick cover.

Examination of these airborne data shows that chere
are no definitive signatures associated with eicher the
tungsten skarn or the disseminated gold deposits. As a
resulc, chis preliminary analysis of the data fails to
identify the Rabbit Creek deposit. We do not, however,
preclude che possibility that further processing of the
data sets will define or narrow the exploration region for
deeply buried deposits such as Rabbit Creek. There also
are too few manganese, silver, and barite deposits, and no
clear signatures to permit more than speculation on
chose deposit types.

The gamma-ray data provide airborne geochemical
information on the deposits. The Russians have been
using chis cechnique extensively in their gold explora-
tion program, and they typically find elevated potas-
sium values and lower chorium in many deposits



(Krendelevand others, 1976). We hoped chat the Getchell
trend deposics would reveal a typical signacure; Hoover
and ochers (1987) reported high radioelements in the
Mag deposicand in the south pitat Getchell, and Berger
(1985) reported elevated chorium ac Getchell. The air-
borne dara show no consistent radicelement signature.
The south pic ar Geechell is the only one showing
elevated uranium. Alchough the uranium ac 3.5-4 ppm
is elevaced above local background ac che Gecchell south
pit, this is ac or below values common in shales and
below chac of acid igneous rocks (Clark and ochers,

-1966). The Pinson mine is on the edge of a pocassium

high, bur all other deposits show no radicelement fea-
tures chac alone permit them to be differenciated from
che background.

Magneric, remote sensing, and electrical dara indi-
vidually give no prominent clues as to the exact location
of any of the deposits. However, all che deposics are
located on steeply dipping fault zones, and the geophysical
dara provide imporeanc clues as to che location of these
feacures. The larger and longer faults played an impor-
cant role in localizing the hydrothermal systems cespon-
sible for ore deposition, and it is these large feacures thac
are more easily defined by che airborne daca. Identifica-
tion of these features while noc directly indicative of
mineralizacion, considerably cescricts thearea for decailed
exploration. Because chey look below the surface, mag-
necicand electrical mechods are the more definitive cools
in covered areas. Wichin cthis scudy area, the resistivicy
map appears co be the single mosc useful cool for
identifying structures along which deposits are located.
All the known deposits are centered on or immediacely
adjacent co a linear conductive zone, except for Rabbit
Creek. Rabbic Creek was not clearly idencified by the
airborne data because che alluvial cover was coo chick.

Ground electrical data obtained prior to mining
confirm chat cover is too thick and conductive for direct
detection of basement features from che air.

The ground data do show thac deeper looking elec-
trical mechods would identify a conductive zone asso-
ciated wich ore. This is noc meant to imply thatelecrrical
methods can or should be used alone.

We do noc yer know enough about leakage haloes
that may develop in cover rocks above ore deposits to
make any reasonable predictions from che TIMS or
gamma-ray daca of such features in this area. However,
at che Hoc Springs Ranch south of the scudy area, a
potassium anomaly has been defined by ground surveys
in thick cover over an inferred basemenc faule (D.
Hoover, unpublished data). Also to be noted isan area of
high porassium values where the Hotz and Willden and
Gerchell faules and a northwest-tcending feature chrough
the Pinson mine incersece. This potassium high may
only be due to windblown decritus, buc addicional
ground studies are needed to be verify this.

Summary

Theairborne remore sensing, gamma-ray, magnetic,
and resistivity data sets obtained along the Getchell
crend of gold deposits used togecher provide a synopcic
view of physical property variacions thac may be used to
map lithologies, identify areas of alteracion, map
structures and contribure coknowledge of the geophysical
characterization of mineral deposic models. The analysis
of these large multiple data sets thac has been presented
here is very preliminary and summarizes the work to
dace. Since receiving the data, chere has been limited
opportunity for ground investigations chat would assisc
in understanding many of the subcleries in che data.
Addicional ground data should help significantly in
refining che interpretation and predicting possible
mineralized areas. Integration of all the data is effective
for mapping many individual lithologies in the region
flown. Because the region is well mapped, the geophysical
darasuggested only minor changes in some concacts. An
integrated program such as chis, however, could be very
effective inareas where che surficial geology is noc as well
known. Of more importance in this area is the mapping
of unics below cover. The subsurface extent of che
Cretaceous granodiorite in the Osgood Mountains has
been defined for the firsc time and has been shown to be
more extensive than previously believed. This provides
chree-dimensional information on cerrains favorable for
tungscen skarn mineralization. Several of che gold de-
posits in the area are adjacent to the granodiorite.
Alchough cthe existence of a genetic relacionship be-
cween the deposits and che granodiorite is scill concesced,
the new knowledge of its chree-dimensional configuration
does putadditional constraints on locations for potential
mineralization. This is also crue for the ocher blind
incrusive bodies inferred in chis study.

Mapping of lichologies, such as the alluvial covered,
down-faulced block of basale becween the Silver Coin
and Iron Point scructures in the southeast part of the
study area, helps decipher the structural relationships
chat might be important in localizing mineralizacion in
this area.

Idencification of alteration zones provides direct in-
dicacion of hydrothermal activity thac may have produced
economic mineral deposits. Our understanding of che
nature of alteracion effects suggested by che daca is very
rudimencary at chis time due to a lack of field checking.
This work has revealed several areas with different
signatures chat appear to be the result of alceration and
which have not previously been identified as such.
Addicional geological, geochemical, and geophysical
studies will be required to understand the relationship
becween these alteration features and mineral deposics.
Forexploration in covered regions we need to underscand
how haloes wichin cover, such as that suggested south-
east of the Pinson mine, are formed.

Scructures play an important part in localizing
mineralizacion. The use of high-qualicy multisensor
surveys, as done in this study, and incegracion of chose
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data can significantly improve our understanding of the
scructural secting. These integrated methods become
particularly effective in covered areas. The preliminary
structure map resulting from chis work idencifies several
feacures hidden by alluvial cover chac had not previously
been idencified. Rapid and derailed daraacquisition over
a large region can provide a framework for structural
incerprecation in covered areas. This can enhance ground
exploration and drilling programs and speed the process
towards discovery. As addicional ground information
becomes available, the airborne data can be reevaluaced
and incerpretations improved.

There are no clearly evidenc geophysical signatures
for either tungsten skacn or sediment-hosted gold deposits
thac permic us to idencify che individual deposits on the
basis of an airborne geophysical survey. We believe,
however that with a more decailed analysis we will be
able to considerably restrict and map the favorable
ground in which to explore for these commodities. An
importanc aspect of chis work is thac the known gold
deposits are all on or very close to major lineamencs in
che airborne geophysical data. Through more detailed
analysis of chese data means to identify those segments
of che lineaments that are most favorable may be de-
veloped.
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Airborne Electromagnetic Applications —
Mapping Structure and Electrical Boundaries Beneath
Cover Along the Getchell Trend, Nevada

Herbert A. Pierce and Donald B. Hoover
U.S. Geological Survey, Denver Colorads

Introduction

The use of geophysical techniques to explore for
covered mineral deposits will become more common as
the remaining exposed depositsare located and developed.
Airborne methods will play an increasingly important
role for regional to districr scale scudies. Airborne geo-
physical techniques allow geoscientists to investigate
differenc physical characteristics of che earth not only at
the surface, buc to varying depchs. For example, satellite
and airborne spectral remote sensing techniques sense
only variations of properties at the earch’s surface. Air-
borne radiometrics sense from the earch’s surface to a
depch of about 50 cencimeters. Magnetic techniques are
able to sense from the earth's surface o deeply (>10 km)
buried structures, however, as che depch increases reso-
lucion decreases. Mulri-frequency airborne
electromagnerics, in contrast to the ocher airborne
techniques, can sense to different depchs depending on
the frequency used and che resiscivity of the rocks. Using
different frequencies to sense to differenc depchs gives
better definicion of che structural secting by allowing
investigations to different depchs. Becter definition of
structures increases the probability of success in explo-
ration, especially true where mineral-bearing rocks are
covered by alluvium.

In 1988, che U.S. Geological Survey funded a mulci-
sensor airborne-geophysical program to demonstrace
the use of geophysics in exploration for covered mineral
deposits. A progress report of the airborne electromag-
netic survey portion of the study is reported here.
Companion papers in this volume discuss the other
geophysical techniques that are part of the Getchell
trend airborne demonstration program.

Geologic Setting

The Gerchell crend lies norch of the Humbolde River,
in Humboldc County, on the east side of che Osgood
Mountains in che Basin and Range Province, Nevada.
The trend is generally NNE and six active low-grade-
high-tonnage gold mines roughly define the trend (Figure
1). The area covered by the airborne eleccromagnetic
(AEM) survey is composed of Paleozoic sedimentary
rocks, Cretaceous granodiorite, and Tertiary extrusive
rocks. Discribution of these rocks unics are shown on
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Fig. 1. The Getchell trend airborne demonstration project
location map. The dark solid line is approximately che boundary
for che airborne electromagneric survey. The dark square is the
town of Golconda on the southwest, to che northeast, che dark
square is the cown of Midas. The dots indicate several dissemi-
nated bulk-mineable gold deposits within the survey area.

Figure 2, the geologic map. Figure 2, a simplified
compilation of geologic information, compiled from
Hotz and Willden (1964), and Erickson and Marsh
(1974a,b). A derailed summary of the thruscing, faule-
ing, intrusive, and extrusive events is given in Hoover ec
al., (chis volume).

Darta Acquisition

1150 line-miles of digital mulrti-frequency airborne
eleccromagnetic (AEM) survey were flown using a
DIGHEM IV system in November, 1988, along the east
side of the Osgood Mountain Range, Nevada (Figure 1).
Use of brand names and model numbsers in chis report is
for the sake of description only, and does not constituce
endorsement by the U.S. Geological Survey. The Osgood
Mountains are part of the gold-bearing Getchell trend,
northeast of the town of Golconda, Nevada. The aic-
borne data were acquired ac a flight-line spacing of 1/4
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Fig. 2. The geologic map of cthe Osgood Mountains and vicinity. This map is 2 compilation of the geologic data from Horz and

Willden (1964), and Erickson and Marsh (1974a,b).

mile (402 m) using a helicopter with the inscrumenc
sensors flown ac a nominal 100 feer (30.5 m) alcicude
above ground surface. Selected areas about 2 by 3 miles
on a side (3.2 x 4.8 km) over the Preble, Mag, Pinson,
Gerchell, Rabbic Creek, and Chimney deposits were
flown ac 1/8 mile (201 m) flight-line spacing. Flight-
line azimuth was approximately 121 degrees. AEM
frequencies used for this survey were 56,000, 7,200, and
900 Hertz. Figure 3 shows the DIGHEM IV electro-
magnecic 4-coil pair system configuration (3 coplanar, 1
coaxial). The chree horizontal coil pairs are used for
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resistivicy mapping because of large signal and low noise
levels (Fraser, 1986). The sensor is flown 30.5 m above
ground and the DIGHEM IV ctransmitcer-receiver coil
separation is 8 m. VHF transponders in the Osgood
Mouncain Range and in the valley becween che Osgood
Mountainsand Sheep Creek Ranges (Figure 1) were used
for precise location and navigation of the helicoprer
carrying cthe instruments. Where VHF cransponder
coverage was not available, a continuously operating
VHS video recorder camera were used to record and
recover the flight path.
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DESCRIPTION OF MAP UNITS
(Listed in approximate stratigraphic order)

Qal - Quarernary alluvium

Qoa - Older Quaternary alluvium

Qg - Quaternary gravel

Tb - Pliocene basalt

Tr = Miocene rhyolite Mows and tuffs

Ts - Miocene clastic rocks and tuffs

Tha - Miocene basalt and basaltic andesite

Kg - Cretaceous granodiorite (about 90 Ma)

IRy - Jurassic and Triassic metaclastic rocks, undivided

PPu - Permian and Pennsylvanian clastic and carbonate rocks, undivided. Includes Edna
Mounnain Formation (Permian), Antler Peak Limestone (Pennsylvanian and
Permian), Highway Limestone (Pzansylvanian), and Battle Formation
(Pennsylvanian). In the Osgood Mounrains, includes the Etchart Limestone
(Pennsylvanian and Permian) and the Adam Peak Formation (Peansylvanian and

Permian).

PPp - Pumpernickel Formation (Pennsylvanian and Permian)--siliceous sedimentary and
volcanic rocks

PPh - Peansylvanian and Permian siliceous sedimentary and volcanic rocks. undivided.
Includes the Havallah Formation (Pennsylvanian and Permian), rocks similar o the
Havallah and Pumpernickel Formations in the Hot Springs range, and the Facrel
Canyon Formation (Pennsylvanian and Permian) in the Osgood Mountains.

Msv - Mississippian siliceous sedimentary and voleanic rocks. In the Osgood Mountains
includes the Goughs Canyon Formatian.

Ov - Vaimy Formation (Ordovician)==Chert and greenstone
Oc - Comus Formation (Ordovician)--Carbonate rocks ard sandstone

©h - Harmony Formation (Cambrian)--Sandstone and shale. Includes small exposures
of Paradise Valley Chert (Cambrian) on the west side of the Hot Springs Range,

€p - Preble Formation (Cambrian)--Shale and limestone
€om - Osgood Mountain Quartzite (Cambrian)
—— Contact
=== Fault, dashed where approximately located, dotted where concealed
-+~ Thrust fault, sawteeth on upper plate
° Gold deposit; names indicate operational or developing mines
a Tungiten deposit
4 Silver deposit
& Barite depotit

*  Manganese deposit
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Fig. 3. The helicopter-borne DIGHEM IV system. The chree
horizonral (coplanar) and one vertical (coaxial) cransmitter-
receiver coils are carried in a bird below the helicopeer..

Airborne Resistivity Mapping

AEM mechods for mineral exploration were developed
in Canada in the 1950’s and for many years, the mechods
were used primarily to find and identify conductive cargers
within the earth. During the 1970's the use of AEM
techniques was further extended to produce resiscivity
maps that gave a quancitative measure of the earth's
resistivicy (Fraser, 1978). An excellent summary of in-
strumentation, cheory, and applications of AEM resistiviry
mapping is provided in the proceedings of a workshop held
in Otrawa, Canada, October 1989, entitled “Airborne
Resistivicy Mapping (Palacky, ed., 1986).

The transmircer coils carried by the helicoprer are
used to induce electric currents in earth's surface. These
electric currencs produce varying magneric fields which
are then recorded by a series of receiver coils in che
DIGHEM IV bird. The receiver-coil signals are chen
used to compure the apparent resistivicies of the rocks.
The DIGHEM IV system uses the inphase/quadrature
algorichm of the “pseudo-layer half space model” de-
scribed in Fraser (1978) to computerapparent cesistivicies.
This algorichm corrects apparent resistivicy variations
caused by alticude errors. Multiple frequencies are used
because depch-of-explorarion is a function of frequency
as well as resistivity, wich lower frequencies giving
greater depch of penetration (see Palacky, ed., 1986). As
a rule-of-thumb, for the average resistivities seen in chis
survey, the depch-of-exploration is on the order of 10 m
(32 feet) ac 56,000 Hz, 30 m (96 feet) ac 7,200 Hz, and
90 m (288 feet) ar 900 Hz.

The resistivicy of earth materials is primarily decer-
mined by the porosity, and the amount and qualicy of
water contained in the rocks, except where chere are
significant quantiries of electrically conductive miner-
als, such as pyrite. Igneous and merasedimentary rocks
tend to have high resistivities, porous sandstone has
intermediate cesistivity, and shale has low resistivicy,
especially when water-saturated. Because electrical
conduction takes place primarily through ions in che free
water of earth materials, water quality can also play an
important role indetermining resistivicy. Saline connace
waters generally resule in lower resistivity values. Clays
have quite low resistivity values because of their porosicy
and cheir surface conduction properties. The range of
resistivities encouncered by in-situ measuremenc of earth
marerials varies by about five orders of magnitude. For
example, graphiric schists may have resistivicy values
less than 0.5 ohm-meters and dry volcanic rocks may
have resistivity values more than 50,000 ohm-meters.
This wide range of values permits discriminacion berween
various rock units and identification of structures such
as faules and lichologic concacts.

Data Description

Three apparenc resistivicy shaded relief maps (figs. 4
to 6), one for each frequency sampled, were plotced using
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apparent resistivities from a DIGHEM IV system, calcu-
lated using algorichms described by Fraser (1986). These
general features appear on che maps (1) the encire
southeast side shows conductive alluvial cover; (2) che
northwestern quarter exhibits high frequency and rela-
tively resistive Paleozoic sedimencs of the Dry Hills; (3)
the hour glass resistive block is the Cretaceous grano-
diorite of the Osgood Mountains; (4) souch, aad still on
the west side of che map are the resistive quartzites of the
Osgood Mouncains and, (5) in the southern quarter, the
Paleozoic sedimentary rocks and basales are resistive.
These five feacures carry chrough for all chree frequen-
cies, however, as the frequency is lowered and the depth
of penetration increases, effects of structural blocks
defined by faults and lithologic boundaries may be
incerpreted. For example, on the 900 Hertz map, the low
on the east side of cthe Cretaceous granodiorite is most
certainly caused by the Gertchell fault. The apparenc flac
copped look of the granodiorite is caused by the limiced
range of resiscivities that can be recorded. For cthe 900
Hertz AEM map, the highest resiscivicy chat can be
recorded is 1000 ohm-meters, however, from ground
resistivicy techniques and from the ocher cwo resistivity
maps with a larger dynamic range che actual apparenc
resistivicy value is on the order of 4000 ohm-meters.

Discussion of the AEM Maps

The real power of the high resolution AEM maps is chac
the geosciencist can interprer lichologies, alteration zones,
and faults. The chree AEM resistivity maps are best viewed
in color aca larger scale. Black and white page-sized copies
do not adequarely represent important subcle fearures.
Colored shaded relief maps at 1:100,000 are availableat the
Nevada Bureau of Mines in Reno, and at USGS offices in
Menlo Park, CA; Tucson, AZ; Spokane, WA; Denver, CO;
Sale Lake Cicy, UT; and Reston, VA.

To help focus on several large areas and major electri-
cal lineaments we have sketched an area/lineament map
(Figure 7). This map was compiled from che 900 Hz
apparent resistivity map, bur represents features seen in
all chree resistivity maps. Figure 7 shows areas with a
similar signature (i.e., resistivities and anomaly wave-
lengths). Lecters (A, B, C) are used to designate areas,
and numbers are used to designate electrical lineaments.

A good example of how electrical lineaments on these
maps relace to mapped geologic features can be seen by
comparing che lineament, line 8, Figure 7, to the Getchell
faulc zone. The Gerchell fault zone, on che east side of the
granodiorice (Figure 2) is represented by a narrow conduc-
tive trough-line seen on any of the chree resistivicy maps.
This faule juxcaposes Cretaceous granodiorite against the
Paleozoic sedimentary rocks of the Preble Formacion. The
resistivity concrast becween formations is about 40 co 1.
The low resistivicy values along the trough are accributed
toanincrease in fracture porosity and clay minerals developed
along the faulc zone.

Anotcher example of electrical lineamencs from che

AEM maps relating to faults in cover rocks is the
northeasc-trending Hotz and Willden faule east of cthe
Pinson mine, shown on Figure 2. This fault is down-
dropped on the soucheast with less than 90 m of alluvium
on the up-chrown side. This fault is coincident with an
electrical lineament, Figure 7, line 6.

A good example of how areas from the AEM maps
complement the mapped geology is displayed by the
Cretaceous granodiorite of the Osgood Mountains. The
dumbbell-shaped area of high resistivity rocks in che
northern half of all chree resistivicy maps is sketched in
Figure 7 as area A. The 56,000 Hz resiscivicy map,
Figure 4, shows variations in apparent resistivity in che
near-surface material. The 7,200 Hz resistivity map
looks deeper, buc surficial feacures are still apparent. For
instance, an area of alceration centered in the northern
lobe of che granodiorite body, an old silver prospect
called che Getchell section 5 pit, shows upasa low on the
AEM maps. The 900 Hz resistivity map, because of the
inscrument limications previously mentcioned, is satu-
rated at 1000 ohm-meters for most of the resiscive
granodiorite body. Other major areas of resistive rock
adjacent to and south of the granodiorite (area B, Figure
7) correlate with exposures of quartzites and calcareous
Paleozoic sedimentacy rocks (Hotz and Willden, 1964).
Areas J and K (Figure 7), adjacent co the granodiorite are
mapped as shales (Preble Formation) have much lower
resistivities than similar rocks in areas I and L. The
reason for the very low resistivicy values in areas J and K
is not understood, but may be relaced to hydrothermal
alceration of cthese sedimentary rocks during che intru-
sion of theadjacent granodiorite stock. Resistive rocks in
the souchern part of che survey area (area G) correlate
with excrusive volcanic rocks and wich resistive Paleo-
zoic sedimentary rocks. Area M coincides with mapped
outcrops of Miocene basalts and basalcic andesite.

Areas C, D, E, and Fare mapped asalluviumand from
the AEM maps generally have resiscivities less than 100
ohm-meters. Approximacely one half of the scudy area is
mapped as alluvial rocks. Variacions in resistivities of
alluvial areas may reflect changes in resistivity encirely
within the alluvium, or may reflect a change in chickness
of the alluvium where the cover is chin enough thac
bedrock resistivicy is being measured. Areas D and E
represent very conductive alluvial areas where values
approach 0.5 ohm merters. A warm spring is present on
the northeast side of the area D indicating thac chermal
zones may be recognized as anomalous conductive val-
ues. The trend of area D is parallel wich the NE-crending
Midas Trough (Wallace, 1989). Areas D and E are
bounded by north-crending electrical lineaments, as
shown on Figure 7, and may be down-dropped relative
toarea G, This is consistenc with che interpretacion from
the magaecic daca (V.].S. Grauch, oral commun., 1989).

Major lineaments seen in the 900 Hz resistivicy map
are idencified by number in Figure 7. These idencify
breaks or changes in resistivities. Two trend directions
are clear from the resistivicy data, the first is a north-
trending set of electrical lineamencs. Examples of chis
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trend direction are shown by lines 2, 3, 4, 8, and 9. The
second is a northeast-trending sec shown by lines 1, 5, 6,
and 11. The disseminaced gold deposits ac Preble, Mag,
and Gerchell areall locaced near one or more of theelectrical
lineamentes. The Rabbit Creek and Chimney deposits are 1
mile from one of these major AEM electrical lineaments. In
the case of Rabbit Creek, the AEM daca do not “see” deep
enough to pick upany electrical lineamencsassociaced wich
chis deposic. More likely, however, is thac che lineamencs
are subtle features thac are masked by the compilacion of
the data. For example, gridding the original data has a
filcering effect that tends to smooth out the subcle features.
Also, near chese deposits a powerline affects che dara by
adding noise to the recorded signal. Individual flighc-line
profiles must be carefully reviewed and caution exercised
when interpreting darta near powerlines.

A second lineamenc line (line 9) abouc 1.5 km east and
parallel to che Getchell faule was originally suggested by a
single point low on a ground electrical craverse. Here,
again, special care must be taken because of the proximircy
toa powerline. Further ground investigationsduring 1989
may improve our understanding of the electrical signature
of this lineament.

Anotheraid to the incerpretation of these data is a ratio-
shaded relief map (Figure 8). For chis map, the 7,200 Hz
map was divided by the 900 Hz map ona grid~cell by grid-
cell basis and che resultanc grid displayed. Where che rocks
become more conductive with increasing depth, che map
values are greater than 1; where che rocks are more resiscive
with increasing depth, the map values are less chan unicy.
This is true for most of the map with exceptions where che
900 Herez resistivicy map exceeds 1000 ochm-meters. To
reduce the chance of misinterpretation of the ratio map,
defaule values were inserted into the Hertz grid where
tesistivicies were greater chan 900 ohm-meters. The re-
sulting ratio map has no data where che 900 Herrz resis-
tivity values are greater than 900 ohm-meters.

An observation that seems to hold for all buct che
cencral and south pits of the Gerchell mine is the
deposits appear to be located where the resistivities ac
depthare lower chan at the surface. The central and souch
Gerchell pits do not follow chis observation possibly
because chese deposits are closer to the surface. That is,
there is liccle resistivicy contrase because there is liccle or
no tesistive cover above the deposi.

An area of ratios greater than one starts at the extreme
southeast corner of the survey area and proceeds north to
just north of the Mag deposit. Just souch of the mag deposit
this area seems to be bounded on the west by the Horz and
Willden fault. Souch of the mapped extent of the Hotz and
Willden faule electrical lineamenc 3, Figure 7, bounds the
area on cthe west. Though chis area is covered by alluvial
rocks, it may be an area for further exploration. Anocher
zone of interest is a N'W-trending zone of ratios >1 in the
souchern quarter of the survey area. This zone cuts across
alluvial coverand Tertiary basales. The zonealso cuts across
areas E, C,and M (Figure 7). The Preble mine is roughly on
thesouthwestern boundary of this zone. Whar relacionships
this cross-cucting zone of conductive rocks with increasing
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depth has to the Preble mine is noc understood.

The last area of interest is just souch of the Rabbit Creek
deposit. This area of ratios greater than 1 has a fairly chick
(abouc 125 m) alluvial overburden. The overburden is
greater than the maximum depch-of-exploracion for che
AEM survey. Therefore, the difference berween che two
frequencies is caused by the lower rocks. It may be chat we
are seeing effects in the overburden caused by hydrocher-
mal leakage along a faulr or a deposit at depth.

Summary

These digiral resistivity maps show several electrical
lineamencs thacare lichologic, strucrural, or topographicin
nature. Several of chese boundaries have been mapped on
the surface by convencional geologic mapping techniques
(Figure 2). The AEM resistivity maps help geoscienists
excrapolatesurficial feacures intoareas covered by alluvium.
Using the AEM 900-Hertz frequency, which is the deepest
penetrating of the chree AEM frequencies, helps locate
inferred structures associated with disseminated-gold de-
posits covered by alluvium. Conductive lineaments iden-
tified by che AEM survey coincide with mapped faules
associated with known disseminated-gold deposics traced
from the ranges where they are exposed into the basins
where chey are covered, thus delineating areas for furcher
exploration. Buried conductive lineamences related toknown
faules can improve incerpretation of the structural setting.
Combining electrical scructures idencified by che AEM
surveys with existing geologic maps of permissive host
rocks may prove to bea powerful tool in disseminated-gold
exploracion.
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Structurally Controlled Gold Trends Imply
Large Gold Resources in Nevada

Daniel R. Shawe
U.S. Geological Survey, MS 905, Box 25046 Federal Center, Denver, Colorads 80225

Abstract

Numerous gold deposits aligned along che regional Baccle Mouncain-Eureka, Carlin, and other trends in Nevada coincide wich
zones of faults, intrusive igneous rocks, and (or) geophysical discontinuities, indicating thac mineralizacion was localized along
major crustal secuctures. These strucrures, which penetrate deep into or chrough the crust, concrolled emplacement of magmas
inro che upper crust, and guided dispersal of hydrothermal solucions derived from che incrusions or formed from heated ground
waters. Deformation along the regional scructures shactered upper crustal rocks, providing local permeable zones favorable for
solucion flow and precipitation of gold ores.

The 200 km-long Bactle Mountain-Eureka scrucrural crend is marked by gold deposics associaced with hypabyssal-stocks,
alchough ocher types also are presenc. These deposits were formed ac depths perhaps as greac as 5 km. K-Ar studies ac some stock-
associated deposits indicace chac chey formed at about 40-38 Ma; others are as old as abour 100 Ma. Deep erosion has removed
much of the Tertiary volcanic cover that blankeced che Bactle Mountain-Eureka trend at che time of incrusion and mineralizacion.

In concras, che Carlin structural crend, about 80 km long, is characterized mostly by sedimencary rock-hosted disseminaced-
cype gold deposits. These formed ac depchs probably no greater chan abouc 3 km, and above the level of hypabyssal stock
emplacement. K-Ar studies at the Gold Quarry deposic in the Carlin crend indicate thac some mineralizacion may have occurred
arabout 29 Ma(?), later than che dated deposits in che Bactle Mountain-Eureka teend. The Carlin trend has been less deeply eroded
chan has che Bactle Mountain-Eureka trend, and volcanic rocks are still abundant. The recenc discovery of a deep-level gold deposit
beneach the Post disseminated deposit in che Carlin trend suggests chac deeper gold deposics similar to chose exposed in che Bactle
Mouncain-Eureka trend may be presenc beneach ocher disseminated ores.

The greac linear extenc of che Bacele Mountain-Eureka and Carlin gold crends, the large number of deposits in each trend, and
the evidence for a large vertical range of gold deposition indicate chat excremely large hydrothermal systems may have been
concentrated along chese trends. Numerous ocher gold deposits of many types occur throughout Nevada, commonly in geologic
sectings similar co chose just described, and regional scructures likely controlled major gold deposition in chose areas as well.
Probably many deposics remain to be discovered, and the potential for additional resources of gold in che Scate appears to be large.

-~

Incroduction

Regional alignments of ore deposits such as che

Battle Mouncain-Eureka, Carlin, and ocher trends in
Nevada have long been postulared (especially for example

Roberts, 1966). The beles, or crends of ore deposits,’

many mined for gold, coincide with zones of faults,
incrusive igneous rocks, and (or) geophysical
discontinuities, indicating that mineralization was lo-
calized along major crustal scructures. Regional con-
siderations suggest chart chese structures penetrate deep
into or through the crust, concrolled emplacement of
magmas into the upper crust, and guided dispersal of
hydrochermal solutions derived from che intrusions or
formed from heated ground waters. Deformation along
che regional scruccures shattered upper cruscal rocks,
providing local permeable zones favorable for solution
flow and precipitacion of gold ores.

A greac variety of gold deposits in varied geologic
environments occur in the different scuctural crends, and
chese vary in age and level of exposure. Deposits of

similar cype and age tend to occur in a particular gold
trend, alchough deposics may make up groups of different
ages in a single crend. These relacions reflect differences
in level of exposure of the different gold trends or parts
of gold trends. A trend thus represents a limited part of
a large mineralized sysctem that originally contained in
total most or all of the various types of deposirs, or it may
exhibic differenc parts of more than one mineralized
system.

This analysis of geologic and geophysical
disconcinuicies, and of the character of varied gold
deposit cypes, provides insighc into the interrelacionships
among major scructural zones, igneous rocks, and the
gold deposic ctrends, and the mechanisms of deposit
genesis.

Geophysical and Geological Disconcinuities

Significanc gold deposits (those thac have produced
or have reserves of 10,000 oz of gold or more) are closely
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associated wich zones of high magneric intensity
throughouc che state (fig. 1). Of about 145 such deposics
87 percent lie wichin or no more than about 5 km from
areas of 10,900 gammas or higher magneric intensicy
(celative to an assumed datum, Zietz and ochers, 1978).
The 10,900-gamma contour was selected as it encloses
most of the areas of gold deposits in Nevada, and it
divides che state inco roughly 50 percent “high” mag-
netic incensicy and 50 percent “low” magnetic intensiry.
All of che nearly two dozen major deposits (production
and reserves greater than 1 million oz of gold) are in areas
of high magnetic intensicy. The areas of high magneric
intensity in general outline areas of intrusive igneous
rocks, and the gold deposits are closely associated spa-
cially with chose igneous rocks. Recently published
magnectic maps for Nevada (Hildenbrand and Kucks,
1988a, 1988b) show some of the gold deposic-high
magneric intesity relations more clearly than does the
map of Zietz and others (1978), buc general relations
appear the same on the recent maps.

The zones of high magneric intensicy commonly
form well definedalignments chac represenc lineararrays
of igneous intrusive bodies. The linearicy of such arrays
suggests thac che igneous bodies were emplaced along
major scructural breaks in che crust. Axesof theelongated
zones of high magneric intensicy cherefore may ap-
proximate che posicions of such structural breaks, or
faule zones (fig. 2). In figure 2 the alignments of igneous
rocks are characterized as of either Precambrian, Meso-
2oic, or Tertiary age on che basis of the dominant age of
the igneous rocks in che alignments. From figure 2 ic is
apparent that northwesterly and northeasterly alignmentes
are common, bur several northerly and easterly trends
also are evident. All of the variously oriented trends are
represented in both the Mesozoic and Tertiary igneous
rock alignments, indicating char che crends had been
established as early as Mesozoic time.

Broad gravity feacures of Nevada are bounded by an
orchogonal system of mostly norcheast- and norchwesc-
trending lines, as shown in figure 3. The patcern suggests
thac major cruscal blocks of differing densicy may be
bounded by northeasterly and northwesterly scructural
zones (see also, Wallace, 1984) that parallel or coincide
with some of che structural zones indicated by che
magnetic daca. Superimposed on the gravity patterns of
figure 3 isa greacly generalized ouline of major geologic
terranes (fig. 4), che boundaries of which again show a
tendency roward northeasterly and norcthwesterly ori-
encacions. Recently published gravicy maps of Nevada
(Saltus, 1988a, 1988b) show some gravicy discontinuities
more clearly chan does the map of Eaton and ochers
(1978) from which figures 3 and 4 were drawn, alchough
general relacions appear unchanged.

The characteristic northerly oriencation of mountain
ranges in Nevada is disrupted significantly by numerous
transverse geologic breaks. These breaks, either promi-
nent mapped faules or pronounced topographic
disconcinuicies that reflect geologic breaks, tend to fall
into two groups, one of norcheasterly trend and one of

nocthwesterly crend. Major cransverse scructures so de-
fined are shown on figure 5. The near coincidence and
(or) parallelism of several of chese major structural
breaks with significant magnetic and gravity trends
again suggest thar large structures have controlled dis-
ruption of che crust and emplacement of igneous rocks
in the upper part of the crusc.

I believe thac the transverse strucrures depicted on
figure 5, alchough they may in general reflect directions of
Neogene and younger extension, are concrolled more
fundamentally bya preexisting orchogonal structural grain.

In summary, a long established scructural framework
of northeasterly, northwesterly, norcherly, and easterly
faulc zones has concrolled emplacement of magmas into
the upper part of the crust during Mesozoic and Tertiary
time. Deposition of gold ores was related spatially and
probably genetically to emplacement of the magmas.

Battle Mounrain-Eureka Gold Trend

The Barcle Mountain-Eureka gold trend, about 200
km long in north-cencral Nevada (fig. 6), is macked by
skarn gold deposits associated wich hypabyssal scocks,
vein and stockwork deposits, and disseminated types.
The Fortitude deposit in Copper Canyon near Bactle
Mounrain (Wotruba and ochers, 1988) formed at the
contact between upper Paleozoic carbonate and clastic
rocks and a 38.5 Ma granodiorite stock. Norch-trending
faules consticuce the dominanc structural element in the
vicinity of che deposit. Pyrchotite, pyrite, chalcopyrite,
marcasite, arsenopyrice, sphalerite, galena, and gold are
associated wich calc-silicace minerals such as actinolite,
garnet,diopside, and epidoce as replacements of carbonate
rocks. Gold grade is about 0.2 0z Au/ton. Early stages of
mineralization were at temperacures of abouc 500 C,
cooling to about 250 C in late stages. The Fortitude
deposit is part of a zoned mineralized system centered on
cthe Copper Canyon stock (Theodore and others, in
press).

The Hilleop deposic is in the Shoshone Mouncains
abouc 25 km southeast of Bartle Mouncain (fig. 6). Min-
eralized breccias and veins are hosted in lower Paleozoic
silicic rocks which are altered to a quartz-sericite-pyrite
assemblage in the vicinity of granodiorite porphyry plugs,
dikes, and sills dated at about 38 Ma (Lisle and Desrochers,
1988). A north-striking, shallowly west-dipping fault was
the major concrol on mineralization. Pyrite, molybdenice,
chalcopyrite, sphalerite, galena, tetrahedrice, stibnite,
marcasice, and gold are associated with quartz and chal-
cedonic quartz in the deposits. Gold grade is abour 0.08 0z
Aw'ton. Deposition took place in stages beginning at a
temnperature of about 250 C and ending ata temperacure of
about 120 C,

Although not in che Bactle Mountain-Eureka trend,
the nearby McCoy and Cove deposits, abouc 45 km
soucthwest of Bactle Mountain (fig. 6), are in part similar
to the Fortitude deposit. The McCoy deposit (Kuyper,
1988) is a skarn deposit hosted in Triassic cacbonate and
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bounding areas of contrasting gravity.
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silici-clastic rocks in the contact zone adjacent to a 40
Ma quartz monzonite-granodiorite porphyry stock.
Northeast-trending faults concrolled emplacement of
the igneous rocks; this sec is cuc by a younger set of
norchwesc-crending faults. Pyrite, chalcopyrite, and
pyrrhotite occur with orchoclase, epidoce, actinolite,
garnet, and diopside in gold-bearing rock. Gold grade is
about 0.09 0z Au/ton. Adularia from gold-bearing quartz-
pyrite rock has been dated at about 39 Ma (Kuyper,
1988). The: Cove deposit, abour 1 km northeast of
McCoy, consists of two elements, a deep sulfide-rich
mineralized zone mostly in Triassic conglomerate and a
shallower zone in carbonate rock characterized by
jasperoid and abundanc manganese oxide. A locally
mineralized porphyry dike ac the Cove deposics has been
daced ac abouc 39 Ma.

At Eureka, at the southeast end of the gold crend,
sulfide-rich replacement deposits, locally associated with
jasperoid, formed in lower Paleozoic carbonate rocks
near a Cretaceous quartz diorite porphyry dated ac abour
100 Ma (Marvin and Cole, 1978; Silberman and McKee,
1971). A major north-striking faule was che principal
concrol of mineralization in the districe. Near che stock
contact mineralized zones are characrerized by pyrite,
pyrrhotite, and magnetite in association wich biotice,
garnet, diopside, chlorite, and epidote. The adjacent
stock is laced wich quarez veinlecs chat carry molyb-
denite and ocher sulfides. Manto deposits in carbonace
rocks farther from che stock carry abundant sphalerice
and galena as well as silver minerals and gold. Gold
grade ranges from 0.15-0.20 oz Au/ton in large tonnages
to as high as 1.33 oz Aufton in parts of che mantos
(Shawe and Nolan, 1989). Most of the ore mined at
Eureka was at che surface and strongly oxidized. Gold
grades averaged abour | 0z Au/ton.

Several low-grade disseminated gold deposits in the
souch part of the Eureka district occur in lower Paleozoic
carbonate rocks. They are characterized by abundant
jasperoid and the presence of realgar. One of the deposits
is associated wich an Oligocene rhyodacite dike (Oli-
gocene incrusives in che area have been dated ac about
39-34 Ma; Blake and ochers, 1975; Nolan and ochers,
1974; Jaffe and others, 1959).

The Correz and Gold Acres low-grade disseminaced
gold deposits in che central part of the gold trend about
50 km soucheast of Bactle Mountain, are similar in many
ways to low-grade disseminated gold deposits in the
Carlin trend. The Cortez deposic (Wells and others,
1969) is in jasperized lower Paleozoic carbonate rocks
and icenvelopsa biotite-quartz-sanidine porphyry dated
at 34 Ma. A major norch- to norch-norchwest-trending
faulc may have been the principal control on localizacion
of the Cortez deposit. Gold occurs as micron-size particles
in hematice-goethite psuedomorphs after pyrite in che
silicified carbonate rocks. Anomalous amounts of mer-
cury, arsenic, antimony, tungten, copper, and nickel
accompany the gold.

The Gold Acres deposit (Wrucke and Armbrusc-
macher, 1975) was mined in the 1940s and 1950s as one

of the earliest of the so-called Carlin cype of disseminated
gold deposit. It formed in lower Paleozoic carbonate,
chert, and silici-clastic rocks near a Cretaceous granite
porphyry incrusive dated ac abouc 99 Ma. Low-angle
faults dominate che secting at Gold Acres. Perhaps a
major northwesterly scructure, not evident ac the sur-
face, controlled mineralization, inasmuch as the deposit
lies in a narrow well defined northwesterly zone of
deposits that crosses che northern Shoshone Mouncains.
Three main stages of mineralization rook place at the
mine. Garnet-bearing tactice characterized by molyb-
denite formed acabouc 380 C, followed by a sulfide stage
at about 265-150 C. A final stage saw deposition of gold
with associated metals arsenic, mercury, aatimony,
tungsten, and silver, at about 150 C.

The Gold Bar deposit (Broili and others, 1988) lies
along a major range-bounding northwest-trending fault
abour 50 km norchwest of Eureka. The deposi is hosted
by upper Paleozoic carbonate rocks that have been
locally brecciated, jasperized, sanded, and argillized.
The deposit liesalong a major norch-northwest-striking
faulc. Early deposition of calcite was followed by pyrite
and quartz in veins, widespread silicification (formation
of jasperoid), and disseminated deposition of realgar,
orpiment, and gold. In addirion to arsenic and gold,
ancimony and mercuryarealsoanomalous in the deposi.
High-grade gold zones formed along faulc intersections.
Carbonaceous ores in the deposit contain about 0.2 oz
Au/ton, about twice the grade of the jasperoid and
oxidized ores in the deposit. Nearby volcanic rocks dated
at about 24 Ma have been hydrothermally alcered,
implying that the Gold Bar deposit may be younger than
24 Ma, an inference supported by the occurrence of the
deposic along a range-front fault of probable Miocene or
younger age.

The Buckhorn gold deposic (Monrce and others,
1988) is in Miocene basalt (about 16 Ma) just easc of che
Battle Mountain-Eureka trend about 65 km soucheast of
Baccle Mountain. Itis localized along north-northwesterly
faules within and parallel o cthe large positive magnetic
anomaly chat marks a regional zone of Miocene basalc
incrusion and extrusion. Development of argillic alter-
ation and associated opaline quartz (including some
nearby hot springs sinter), quartz, adularia, calcite, and
gypsum indicates a near-surface, hot springs origin for
the deposit. Very fine grained pyrite occurs in cryp-
tocrystalline quarrz. Anomalous merals present in the
low-grade gold ore (average about 0.04 oz Au/ton) are
silver, arsenic, antimony, mercury, thallium, copper,
zing, lead, molybdenum, and rungsten. Temperatures of
deposicion ranged from about 290 C down to 150 C.
Adularia in the deposit has been dated at about 15 Ma
(Wells and Silberman, 1973).

The gold deposit at Fire Creek 30 km soucheast of
Bactle Mounrain also is in Miocene basalc and lies along
the north-norchwesterly regional magneric anomaly.

In summary, the Baccle Mountain-Eureka gold trend
consists of several components. The earliest is represented

by the high-temperature skarn and mante deposits at
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Eureka and che cactite deposit at Gold Acres, each
related to 100 Ma porphyry intrusives. The main ele-
menc of the trend, and by far the most importanc in
terms of amount of gold deposiced, was related to
hypabyssal igneous rocks chat were emplaced about 40-
34 Ma. The deposits include the Forticude skaen deposir,
Hillcop breccias and veins, the Cortez disseminated
deposit, and probably low-grade disseminated deposits
ac Eurekd” The Forticude and Hillcop deposics may have
formed at depchs as greac as about 4-5 km, based on
estimaces of cthe general level of stock emplacement (for
example, Bodnar and Beane, 1977; Corawall, 1982),
and the Cortezand Eureka disseminaced deposits formed
ac probably shallower depch. Just souchwest of che gold
trend the McCoy skarn and Cove sulfide and jasperoid
oresalso formed during chis period of magmaticacrivicy.
The gold mineralizacion at Gold Acres also may have
occurred during chis Oligocene episode. The alignment
of Oligocene intrusives and associated positive magnetic
anomalies in the Bactle Mouncain-Eureka crend and che
closely parallel acray of Oligocene gold deposits is ap-
parent on figure 5. Younger gold mineralization chac
occurred during che Miocene (probably about 15 Ma)
such as at Buckhorn, Fire Creek, and perhaps ac the Gold
Bar deposit, may have been controlled by the north-
northwesterly zone of basalt incrusion, and was unrelaced
to the earlier mineralization along che Batcle Mountain-

Eureka gold trend. On the ocher hand, concinued min-’

eralizing accivicy along che older gold crend may have
taken advantage of che younger structural trend chat
controlled basalt emplacement, o form the Buckhorn
and other younger gold deposits.

Carlin Gold Trend

The Carlin gold trend, about 80 km long and
subparallel with and 75 km northeast of the Bactle
Mountain-Euteka crend (fig. 7), is characterized by low-
temperacure disseminaced gold ores mostly in Paleozoic
carbonaceous carbonare rocks. Incrusive rocks are sparse
in che trend; daced incrusives are about 130-106 Ma and
abouc 37 Ma (Silberman and McKee, 1971; McKee and
others, 1971; Evans, 1974). Volcanic rocks along the
trend have been dated ac abouc 39-36 Ma (McKee and
others, 1971) and about 14 Ma (McKee and others,
1971). Volcanic rocks of chese age groups are particulacly
abundanc along the northwest part of the Carlin crend
(Stewarrand Caclson, 1976Xfig. 7). A parallel alignment
of positive magnetic anomalies lying a few kilomerters
southwest of the Carlin trend (fig. 7) probably reflects
buried incrusive rocks relaced to the exposed Creraceous
and Oligocene-Miocene igneous rocks along che trend.

The Carlin gold deposic (Haedie, 1966; Hausen and
Kerr, 1968; Noble and Radtke, 1978; Radcke and
ochers, 1980; Radtke, 1985; Bakken and Einaudi, 1986),
famous as che first large deposic of disseminaced (or
“invisible") gold mined in Nevada, is hosted by Silurian
and Devonian silcy, organic-rich carbonate rocks. Host

rocks in the mine area were incruded moscly along
norchwest- to north-norchwest-trending faults by sev-
eral granodiorite dikes, one of which was daced as 128
Ma (Radtke and others, 1980). In places the host rocks
were intensely silicified (jasperized) and acgillized, and
mineralized with a variety of metallic minerals. Princi-
pal concrols on mineralization were northeast- and north-
northwest-striking faults (Bakken and Einaudi, 1986).
In addirion to abundanc pyrice, also presenc ace realgar,
stibnite, sphalerite, galena, molybdenite, chalcopyrite,
cinnabar, gold, and several ocher sulfide and sulfosalt
minerals chat contain mercury, antimony, and thallium.
Otcher minerals are barite, quartz, potassium clays,
sericite,anhydrire, kaolinice, calcite, and dolomite. Metals
thac are anomalously eariched in the deposit include
gold, iron, arsenic, antimony, mercury, thallium, lead,
zinc, and copper. (Radtke and others, 1980). Gold
grades in the Carlin deposit average abouc 0.32 0z Aw/
ton. Main gold-stage mineralization took place at about
175-200 C, and some lacer-stage hydrochermal activity
was ac higher temperatures. Mineralization probably
took place at a depch of about 3 km (Rose and Kuehn,
1987). The deposit has not been radiometrically daced;
Radtke and others (1980) suggested a late Tertiary age
whereas Bakken and Einaudi (1986) suggested a pre-late
Tertiacy age.

The Gold Quarry deposit, largest of the Nevada
disseminated gold deposits, is hosted in cransitional
facies siltstone, shale, silcy limestone, and chert of
Ordovicianage(Rota, 1988). Silicification, alunitizacion,
and argillization affected the host rocks in the vicinity of
mineralized rock. Mineralizacion was controlled princi-
pally by north-northwest-trending faules. Unoxidized
mineralized rock is characterized by sulfides; anomalous
amounts of gold, silver, arsenic, ancimony, copper, lead,
nickel, zinc, and mercury occur in ore. Average gold
gradein the deposit is 0.049 0z Auw/ton. Alunite from the
Gold Quarry deposic has been daced ac about 29 Ma
(Rora, 1989; Rotaand Hausen, in press), a minimumage
that may also represenc a possible resetting event.

Most other deposits in che Carlin crend consist of
disseminaced ores in Paleozoic sedimencary rocks and are
similar in many ways to either che Carlin or the Gold
Quarry deposits. The Deep Post high-grade gold deposic,
however, recently discovered underlying the Post deposic
near the norch end of the Carlin crend, appears to be
different from che other deposits. Itis asulfide-tich deposic
hosted in Devonian calcareousandsiliciclastic sedimencary
rocks chac have been hydrochermally argillized, silicified,
and brecciaced (Zimmerman and ochers, 1989); gold val-
ues reported for one drill incecval of about 155 m average
0.93 0z Au/ton (Newmont Gold Company Aanual Report,
1987). Some gold occurs in 2 nearby Jurassic or Cretaceous
stockand associated skarns. According toZimmermanand
others (1989) the Deep Post deposit is cuc by a late-mineral
or post-mineral dike that is dated by cthe K-Ar method as
about 40 Ma. Thedeposic may be similar co chesulfide-rich
deep deposit at Cove south of Battle Mouncain, or to parts
of the sulfide-rich mancos ac Eureka.
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In summary, the Carlin crend is made up mostly of
disseminated gold deposits in Paleozoic sedimentary
rocks; che deposits form a remarkably linear north-
norchwest-trending array. The trend is cencered on an
area of igneous rocks that range in age from abouc 37-14
Ma. The presence of abundant volcanic rocks ac the
surface, in contrast to spacse volcanics associated wich
che Oligocene intrusives of the Battle Mounrain-Eureka
trend, suggests chac che Carlin crend is less deeply
eroded and hence younger chan che Bactle Mouacain-
Eureka crend. The age of mineralization in the Carlin
trend is poorly established; as in the Bartle Mounrain-
Eureka crend, mineralizacion may have occurred in
multiple episodes. One deposit (Gold Quarry) is evi-
dently no younger chan about 29 Ma. The Deep Post
deposit in che northern part of the Carlin crend appar-
encly is ac least 40 Ma and is a sulfide-rich deposic which
may be similar co che deep deposit at Cove, or to parts of
the Eureka sulfide-rich ore bodies, which were formed at
depch ourward from skarn zones that are adjacent to
porphyry stocks. Its presence suggests a deeper-level
pare to che Carlin trend hydrochermal system chat is
analogous to the deeper-level deposits of the Bactle
Mountain-Eureka gold crend.

Discussion and Conclusions

The linearicy of the gold trends and concencration of
igneous rocks along them suggest that deep-penecrating
regional structures controlled the emplacement of mag-
mas generated in the lower part of the crust or upper
mantle. The magmas served as heat source and eicher
provided hydrothermal fluids or caused heating of ground
waters chat were responsible for transport and deposition
of che gold ores. Deformarion of che structures resulted
inextensive fracturing of shallow cruscal rocks, providing
permeable zones for solution flow and ore deposition in
a variety of rock types. Varied rock compositions likely
afforded local chemically favorable sites for deposition,
and formation of deposits that exhibic a variery of
morcphologies and styles of mineralization.

The greac linear extent of the Batcle Mountain-Eureka
and Carlin gold trends, che large number of deposits in each
trend, and che evidence for a large vertical range of gold
deposition indicate chat extremely large hydrothermal
systems were concentraced along these trends. Alchough
several episodes of mineralization may have taken place
along the trends, a major episode occurred in the Battle
Mounrain-Eureka crend ac abouc 40-35 Ma during which
cime deposits formed at different scructural levels and in
differenc geologic environments. Apparently a similar
major episode took place in che Carlin crend, but possibly
of a somewhat younger age. A wide range of deposits is
evident in the Baccle Mountain-Eureka trend, but only che
upper levels of large hydrochermal systems are exposed in
the Carlin trend. Figure 8 is an idealized diagram drawn to
represenc che principal elemencs of the envisaged large
hydrochermal systems.

The numerous other gold deposits throughouc Nevada
are of many types, including che types thac have been
described here in che Bartle Mountain-Eureka and Caclin
trends, and chey occur commonly in geologic settings
similar to chose of the cwo described trends. As was che
localizacion of che deposits of those ewo trends, the local-
ization of many of the other gold deposits chroughout
Nevada likely was controlled by regional scructures.

Probably many gold deposits remain to be discovered
throughour che state, and the potential for addicional
resources of gold appears to be large. Possible examples
of localities where new gold deposits will be found are
the following. In northwestern Nevada the Hog Ranch
deposic lies close o the axis of a prominent norcheasterly
positive magnecic anomaly thac likely refleces a linear
trend of buried Tertiary intrusive rocks. Exploracion
along thar crend could reveal addicional deposits. An
alignment of Tertiary intrusives northeasterly from the
Comstock Lode district may indicate che sice of yet
undiscovered gold deposits. A crend of Tertiary incrusives
extending northward from the Sleeper deposic likewise
suggests a zone where gold exploration might be suc-
cessful. Goldfield lies near the west end of an east-
trending alignmenct of Tertiary intrusives chac may
warranc exploration. Of course exploration in any of
chese areas would require application of sound geologic
knowledge as well as detailed geochemical and geo-
physical information. I hope exploration geologists fa-
miliar with che state of Nevada will find che suggestions
in chis paper useful.
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Multivariate statistical analysis of geophysical

data in Nevada

Uzi Vulkan* and Joseph S. Duval#

ABSTRACT

Regional magnetic, gravity, and gamma-ray data in
Nevada were analyzed using a multivariate statistical
method. The algorithms used are part of the public-
domain Geographical Resource Analysis Support Sys-
tem (GRASS). Twenty-seven statistical groups (clus-
ters) were found to be the optimum number that best
represents the geophysical data. The resulting map of
the distribution of these groups shows linear features
which define a geophysical trend not previously rec-
ognized. This trend is clearly related to the northern
Nevada rift and extends from near the northern border
of Nevada to the southern part of the State with a
northwest-southeast trend to about 37°N latitude,

where a change of direction occurs to a northeast-
southwest trend. Although not spatially coincident,
the Roberts Mountains Thrust, the Golconda Thrust,
and the 0.706 contour of the 8Sr/*Sr ratio exhibit
similar trends over part of their lengths. The signifi-
cance of this geophysical trend is uncertain. One

~ possible interpretation is that it corresponds to the
central graben of a rift system larger than previously
postulated. The classified data were also compared to
a digital geologic map, and the results show that, for
some areas of the state, mapped geology and specific
groups do have a clear relationship. In general, how-
ever, mapped geologic units and the groups have no
unique relationships.

INTRODUCTION

The regional data sets used in this study are residual
magnetic data (Hildenbrand and Kucks, 1988), isostatic
gravity (Saltus, 1988), and gamma-ray spectrometric data
(Duval, 1988). The magnetic, gravity, and gamma-ray data
have been examined and interpreted separately (e.g.,
Blakely, 1988; Blakely and Jachens, 1991; Duval and Pitkin,
1988), but all three data sets have not been analyzed to-
gether.

Statistical techniques have been applied to gamma-ray
data (Grant et al., 1978; Newton and Slaney, 1978; Duval,
1976, 1977, 1983; Pirkle et al., 1984; Pires and Harthill,
1989). The results of these studies indicate that statistical
grouping of the data aids in the identification of features
related to geological processes. These previous studies have
used only gamma-ray data and have not included other
geophysical information. In this work, we include the gravity
and magnetic anomalies in addition to the gamma-ray data in
order to test the relationships among them. The Geographi-
cal Resource Analysis Support System (GRASS) described

by Lozar (1989), Lozar and Goran (1987), and Hastings
(1988) was used.

DATA ANALYSIS

The geophysical data set includes both surface and sub-
surface information. The aeroradiometric data reflect near-
surface concentrations of potassium (K), equivalent uranium
(eU), and equivalent thorium (¢Th) (Duval, 1988). Isostatic
gravity (Saltus, 1988) and the residual magnetic field (Hilden-
brand and Kucks, 1988) reflect mass and magnetization
variations throughout the crustal section. All of these data
are in the form of regional maps produced by gridding the
data to a grid cell size of 1.0 kilometer.

The magnetic data were filtered with a pseudogravity
operator (Baranov, 1957) in order to permit more direct
comparison with gravity data. The pseudogravity anomaly
magnitudes were not rescaled to milligals. The isostatic and
pseudogravity data were processed with a terracing operator
(Cordell and McCafferty, 1989). The terracing operator
produces a field composed of uniform domains separated by
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abrupt domain boundaries. The resulting map is crudely
proportional to a physical-property map although no attempt
was made to represent the data as densities. The terracing
operation provides an effective means to compare data sets
directly.

All the geophysical data were converted to raster cell
maps with a cell size of 1.0 sq km. All of the data sets were
converted to values of 1-240 using a linear scaling transfor-
mation. The minimum data values were set equal to 1 and the
maximum values to 240. The effect of these transformations
is to standardize the variables to the same range so that
Euclidian measures can be used.

Our data analysis method is a multivariate statistical
technique which uses a clustering algorithm to define signa-
tures for statistically distinct data classes (groups). This
method uses the mean vector and the covariance matrix of
groups of data points which are statistically similar to define
data signatures (Richards, 1986). The data signatures ob-
tained from the clustering algorithm were used in a classifi-
cation algorithm to classify the individual pixels within the
data set. The clustering algorithm used to define the groups
in GRASS is known as an unsupervised clustering method
because it does not use predetermined groups and bases all
decisions upon statistical criteria.

Nevertheless, we achieved supervised classification by
identifying groups of pixels which were consistently grouped
together when the clustering parameters (number of initial
groups, minimum group separation, percent convergence,
and sample size) were changed. A sample size of 2 data cells
was used, and the percent convergence was required to be 95
percent. The choice of a sample size of 2 was mandated by
the size of the data set and the limitations of the data
processing algorithm. Other values (80-98 percent) for the
convergence parameter were tried, but the algorithm was not
found to be particularly sensitive to this parameter except
for the total calculation time. We found that 95-percent
convergence produced good results in a reasonable time (less
than 30 minutes elapsed time for these data using a 2 MIP
workstation). The minimum separation was varied from 0.4
to 0.7 nondimensional units and the number of initial groups
from 10 to 30.

After the group signatures were calculated for each of the
combinations of parameters, the maximum-likelihood algo-
rithm was used to classify the data. All of the resuiting maps
were compared to one another to identify pixels which were
consistently grouped together. The masking capabilities of
GRASS were then used to isolate one particular set of such
pixels and the clustering algorithm was used to calculate the
signature for that group. Twenty-seven distinct groups were
identified. The signatures of these groups were used to
calculate the classification map shown in Figure 1. Table |
lists the 27 groups used. and although the range of numbers
used in the analysis was 1-240, the values in the table are
given as the corresponding values of the data prior to
conversion to GRASS cell maps.

RESULTS
The aeromagnetic map (Hildenbrand and Kucks, 1988)

shows a narrow anomaly with a north-northwest trend
extending 280 km through north-central Nevada. This fea-

ture, which has been interpreted as a rift zone called the
northern Nevada rift (Zoback and Thompson, 1978; Blakely,
1988), is shown schematically in Figure 2 (marked as
**Mag™'). On the basis of the gravity data, Blakely (1988)
drew a line that extended the northern Nevada rift zone
considerably farther to the south-southeast, to about 36°N.
The trace of the proposed rift zone and the possible exten-
sion of it are seen in Figure 1 as the straight line portion of
Line 1 which is a linear feature defined by boundaries
between different groups. The classification map (Figure 1)
also suggests another parallel linear feature about 90 km
west of the eastern linear feature (refer to Figures 2 and 3).
In the northern part of the state, two approximately linear
magnetic anomalies (not indicated in Figure 2) occur near
and along the western feature. Blakely (1988) noted that
these anomalies are associated with isostatic gravity anom-
alies, and he identified these as reflecting subparallel rifts.

To emphasize the linear features identified in this study,
the classification map was converted into a binary map
(Figure 3) showing pixel groups ‘‘within the lines and
**outside the lines.’* The “‘inside groups’* are marked with
an asterisk in Table 1. The last column in Table 1 shows the
percentage of pixels ‘‘inside the lines’" for each group. The
choice of which groups are *‘inside groups’* was based upon
a subjective determination of the groups defining the linear
features. The selected groups have 30 percent or more pixels
inside the lines, except for group 18, which has only 26.2
percent of its pixels inside the lines. Group 18 was chosen
because it is associated with group 20 in the northern part of
Nevada (see Figure [).

On the basis of the gamma-ray data the ‘‘inside groups™
can be separated into two supergroups: one supergroup
(groups §, 11, and 16) has high concentrations of the radio-
active elements and the other has moderate concentrations
(groups 12, 18, and 20). All areas of low radioactivity (less
than 1.7 percent K, less than 8.5 ppm eTh, and less than
2.3 ppm eU) are associated with groups that are outside of
the linear features shown in Figure 2. The magnetic values
inside the lines are not high (only low- to medium-range
magnetic values are included in the “‘inside groups’"), while
areas of high magnetic values are always outside of the lines.
The same is true for the gravity data, excepting one group
(20) with high gravity values located in the northern part of
the State.

Two west-east profiles of the data (A-A’ and B-B’, in
Figure 2) are shown in Figures 4 and 5, respectively. These
profiles show the data used for analysis and not the results of
the analysis. On profile A-A’, the *‘inside’’ is characterized
by relatively high concentrations of K, eU, and eTh, low
gravity values, and medium magnetic values. On profile
B-B’, indications of the linear features are not as evident as
for A-A’, but still the radiometric data are high and the
gravity and residual magnetic data are low to medium. The
linear feature can be seen clearly in profile A-A’, but only by
the combination of all the data sets can it be detected in the
data along profile B-B’. This underscores the fact that the
identification of these linear features is dependent upon the
combination of all of the geophysical data sets and upon
using something other than visual interpretation.

We did perform an analysis of other combinations of the
data, for example magnetic and gravity, magnetic and radio-
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metric, gravity and radiometric, and radiometric. In all cases
the resulting classification maps showed parts of the linear
features seen in Figure | but in no instance was the complete
feature evident (as shown in Figures | and 3).

INTERPRETATION

The Consortium for Continental Reflection Profiling
(COCORP) obtained deep seismic reflection data across the
central part of Nevada, around latitude 40°N (Hauge et al.,
1987: Potter et al., 1987). The eastern linear feature (Figure
2) crosses COCORP line 6 at about vibration point VP-320 as
numbered on the stacked profile of the COCORP Seismic
Atlas. Potter et al. (1987) showed that near this point there is
a change in the density of reflectors (Potter et al., 1987,
Figure 2) and that there are some reflectors that dip gently
westward at about 13 degrees at a depth of about 13 km. The
change in the density of reflectors is a strong feature of the
seismic data, and it cannot be explained as a loss of reflected
energy caused by attenuation because strong reflectors iden-
tified by Potter et al. (1987) as the Moho are present. The
western feature crosses COCORP line 3 at about VP-320.
Hauge et al. (1987) showed some dipping reflectors around
this point, which they assume may be connected to the
Golconda Thrust or the Roberts Mountain Thrust. The
character of these dipping reflectors suggests the presence of
faulting, but the seismic data in the vicinity of VP-320 on line
3 do not suggest any major differences between the subsur-
face materials to the east and west of this location. Catchings
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FiG. 2. Some features in Nevada: residual magnetic anomaly
(Mag), 0.706 ¥ Sr/3°Sr ratio line, the parallel features (lines |
and 2), COCORP seismic lines, Golconda Thrust (GT).
Roberts Mountains Thrust (RT), and cross sections A-A’
and B-B’, which are shown in Figures 4 and 3.

and Mooney (1991) present an interpretation of combined
seismic refiection and refraction data which includes a model
that shows a deepening of the midcrustal layers (10 to 15 km
in depth) in the area of the 0.706 *Sr/%¢S¢ contour.

Babaie (1987) used the ¥ St/*Sr ratio in his research on
the Golconda Thrust. The interpretation of the line following
the ratio value of 0.706 is that it represents the edge of the
North American continent (Armstrong et al., 1977). This line
is shown plotted in Figure 2, and it is partially coincident
with the western linear feature identified in this study.

We obtained digitized geology (Turner and Bawiec, 1991)
based upon the 1:500000 scale Geologic Map of Nevada
(Stewart and Carlson, 1978). The digitized geology was
converted to a GRASS cell map with the same cell size as the
geophysical data. This conversion process resulted in the
omission of geologic units that had a surface area less than
about 0.5 sq km. The geologic grid was compared to the
classification map (Figure 1) by use of a cell crosscorrelation
method. The results of the comparison showed no unique
relationship between any one geologic unit and an individual
group. Nonetheless. specific areas in the State show a clear
relationship between the mapped geology and specific
groups.
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FiG. 3. Binary map showing groups identified as “‘inside
groups’’ (light gray, refer to Table 1) and “*outside groups’
(dark gray).
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One example of such a relationship is in the southern part
of the state. The most southern part of Nevada is classified
into 2 groups (26 and 27) both of which have some of the
highest magnetic and gravity values present in the data.
However, these groups have very different radioelement
concentrations. The most southern group (26) has relatively
high radioelement concentration, whereas the other (27) has
relatively low radioelement concentrations. The areas of
higher radioactivity correspond to areas of exposed Precam-
brian granitoids. The areas of low radioactivity correspond
to exposed carbonate rocks and sediments derived from
them. The high magnetic and gravity values are associated
with the Precambrian rocks, and group 27 shows the extent
of these rocks beneath the carbonate rocks. Blank (1988)
interpreted the magnetic anomaly associated with group 27
as reflecting the presence of a domal form upwarp of the
Precambrian basement.

Groups 26 and 27 are also present in northern Nevada.
Group 26 occurs in a large area of northeastern Nevada. In
this area the 1:500000-scale geology (Stewart and Carlson,
1978) is predominantly Tertiary silicic ash-flow tuffs, rhy-
olitic flows, and shallow intrusive rocks. Group 27 occurs in
two large areas, one in the northwestern part of the State in
the vicinity of the border with Oregon and the other in the
north-central part along the border with Oregon and Idaho.
In the northwestern area, group 27 is associated with Ter-
tiary basalt flows, and in the north-central area, it is associ-
ated with basalt and other volcanic rocks.

Another distinctive pattern seen in Figure 1 is a crescent-
shaped pattern along the eastern border of the state near
38°N latitude. This crescent-shaped area is defined primarily
by group 16 with an apparent association of groups 3, 9, and
11. In the crescent area of group 16, the primary geologic
units are silicic ash-flow tuffs and tuffaceous sedimentary
rocks (48 percent), rhyolite flows and shallow intrusive rocks
(17 percent), andesite and related rocks of intermediate
composition (8 percent), and alluvium (27 percent). Group 16
is characterized by moderate magnetic values (—62.1 nT),
low gravity (—17.8 mGal), and relatively high radiometric
values (2.8 percent K, 3.7 ppm eU, and 18.7 ppm eTh).
Stewart et al. (1977) considered this crescent pattern to be
part of a larger east-west pattern of aeromagnetic anomalies
related to calc-alkalic volcanic rocks. They interpreted this
larger pattern as defining a zone corresponding in part to the
Wah Wah-Tushar mineral belt of Hilpert and Roberts (1964).
This study does not provide any information relevant to this
interpretation, but the crescent pattern shown here is more
coherent than the pattern of magnetic highs shown by
Stewart et al. (1977).

CONCLUSIONS

Multivariate analysis of magnetic, gravity, and gamma-ray
data for Nevada has resulted in the recognition of a linear
geophysical trend which has not been recognized by other
techniques. Because the major trends of this feature are

Table 1. Data groups, total number of grid cells (pixels) in each group and the statistical means given by the clustering algorithm
for the magnetic (pseudogravity filtered data) (nanoteslas, nT), gravity (milligals, mGal), potassium (percent, pct) thorium (parts

per million, ppm), and uranium (ppm) data. The last column lists the percentage of the pixels which lie ““inside’’ the linear features

drawn in Figure 2. The groups marked by an asterisk are those groups identified as “‘inside groups.”

Group No. Magnetic Gravity
no. pixels (nT) (mGal)
1 5374 -198.1 -6.9
2 3375 -196.6 -35.0
3 6389 -191.5 -14.8
4 11954 -173.6 -0.35
3* 3917 -163.0 -94
6 3759 —144.1 0.4
7 4538 -143.0 -0.5
8 4498 -141.0 2.4
9* 5965 -139.8 -14.8
10 4176 -113.2 -5.6
11* 4427 -104.8 -16.2
12* 3366 -87.0 -8.1
13 5797 -73.5 0.3
14 4259 -70.5 2.2
15 5834 -66.5 -0.9
16* 11685 -62.1 -17.8
17 7158 -55.5 8.3
18* 4292 -51.3 -4.1
19 12121 —42.5 -9.9
20* 9831 -12.2 6.5
21 8392 22.1 -6.3
2 3409 50.7 -2.6
23 4884 65.9 4.5
24 5769 66.3 -8.3
25 7620 80.9 7.8
26 8316 123.7 0.9
27 10647 138.1 2.2

K Th U Percent
(pct) (ppm) (ppm) “inside”’
1.5 9.6 2.4 4.3
2.4 17.7 3.8 20.6
1.5 9.0 2.5 7.2
0.9 4.9 1.6 0.5
2.6 18.0 3.6 53.9
1.6 8.5 2.6 2.7
1.9 10.8 3.0 14.5
14 7.1 2.1 1.3
2.6 17.2 3.7 53.9
1.3 6.3 2.0 6.3
2.5 14.8 3.5 45.0
1.9 10.1 2.6 30.0
2.2 12.1 3.0 16.4
1.1 5.5 1.7 18.0
2.6 15.6 3.5 23.5
2.8 18.7 3.7 54.7
1.2 6.3 1.9 12.1
1.8 8.9 2.4 26.2
2.8 15.8 3.4 18.6
1.8 9.0 2.4 36.3
1.0 4.5 1.6 1.9
1.9 9.5 2.3 0.3
1.7 9.4 2.3 0.8
1.8 8.3 2.3 0.3
1.2 6.6 2.1 0.0
2.4 15.9 33 0.6
1.0 52 1.9 - 0.0
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similar to the #St/%Sr 0.706 contour, the Golconda Thrust,
and the Roberts Mountains Thrust, we believe that they are
all related. One possible interpretation is that the western
edge of the sialic craton has affected the shape of the thrusts
by creating a zone of weakness along which the Golconda
and Roberts Mountains allochthons broke. However, this
relationship seems to break down to the north where the
geophysical zone crosses the other features. Part of the
eastern edge of the geophysical zone is coincident with the
northern Nevada rift and supports the suggestion of Blakely
(1988) and Blakely and Jachens (1991) that the rift extends to
southern Nevada. Indeed, the geophysical characteristics of
the zone identified in this study are somewhat similar to the
geophysical characteristics of the Rio Grande rift in New
Mexico (Cordell, 1978). In both cases the data show exten-
sive linear features which are several tens of kilometers wide
and which are characterized by relatively low gravity and
residual magnetic values. The low gravity values suggest the
presence of low density materials filling a rift related graben.
This geophysical zone, identified using multivariate statisti-
cal analysis, suggests that the Nevada rift zone extends to
the southern part of the state and suggests a westward
expansion of the rift zone to a width of about 90 km. These
results also suggest that the southern part of the rift trends to
the southwest and may extend into California.
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The magnetic and gravity measurements are bulk property
measurements, whereas the gamma-ray data reflect the
radioelement concentrations in the top few inches of rock or
soil. Because the results of this study indicate that the
geophysical feature identified could not be identified using
gravity and magnetic data alone, the gamma-ray data are
correlated with the potential field data. In order to explain
this correlation, we postulate that the subsurface processes
affecting the potential field data have also affected the near-
surface processes which determine the gamma-ray signatures.
The mechanisms by which this might occur are not known.

The use of the GRASS GIS programs on geophysical data
has proven beneficial. The GRASS system enables the user
to work with raster and vector data layers. GRASS is user
friendly and versatile. The approach used in this study, to
define “‘training sets,’* enables the user to identify groups of
data which result in well-defined classification signatures
even though a priori definitions of the training sets were not
possible.
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3STRACT

As defined by the most recent aeromagnetic
rveys, the north-northwest-trending north-
a Nevada rift zone extends for at least 500
a from southern Nevada to the Oregon-
:vada border. At several places along the
1, the magnetic anomaly is clearly related
north-northwest-trending dikes and flows
it, based on new radiometric dating,
1pted between 17 and 14 Ma and probably
ring an even shorter time interval. The tec-
lic significance of the rift is dramatized by its
:gth, its coincidence in time and space (at its
rthern terminus) with the oldest silicic
dera complex along the Yellowstone hot-
it trend, and its parallelism with the sub-
ction zone along the North American coast
or to the establishment of the San Andreas
dt.
The northern Nevada rift is also equivalent
age, trend, and composition to feeder dikes
it fed the main eruptive pulse (~95% volu-
trically) of the Columbia River flood basalts
aorthern Oregon ~15.5-16.5 Ma. Because
these similarities, both regions are consid-
d to be part of an enormous lithospheric rift
‘t propagated rapidly south-southeast and
-th-northwest, respectively, from a central
ntle plume. The site of the initial breaching
the North America plate by this plume is
ibably the McDermitt volcanic center at the
th end of the rift near the Oregon-Nevada
'der. The present north-northwest trend of
rift and its internal elements, such as dikes
1 lava-filled grabens, record the orientation
the arc-normal extensional stress in this
*k-arc region at the time of emplacement.
eomagnetic evidence presented by others
| interpreted to indicate block rotations at
ee sample localities is not consistent with ei-
r a rotation of dikes within the rift or with
egional rotation of the entire rift. The

present north-northwest trend of the rift re-
flects the state of stress in the Basin and Range
during middle Miocene time and is consistent
with stress indicators of similar age throughout
the Basin and Range and Rio Grande rift
provinces.

INTRODUCTION

The northern Nevada rift, prominently ex-
pressed in aeromagnetic maps, is a middle
Miocene alignment of basaltic (and some rhy-
olitic) dikes and associated graben-filling lava
flows that we believe is a significant key to
tectono-magmatic processes throughout a
broad region (Zoback and Thompson, 1978)
(Fig. 1). The rift originated at the same time
the Yellowstone mantle plume broke through
the North American lithosphere and fed the
Columbia River flood basalts. As shown in
Figure 1, feeder dikes of the Columbia River
basalts have the same north-northwest trend
as the rift, and both are interpreted as superb
mid-Miocene stress indicators related to ex-
tension in a direction perpendicular to the
then-active subduction zone along the west-
ern margin. This subduction zone was grad-
ually replaced by the San Andreas fault as the
Mendocino triple junction progressed north-
ward (Atwater, 1970, 1989). As the San An-
dreas transform lengthened, a new Basin and
Range opening direction ensued in the Great
Basin, rotated about 50° clockwise from the
previous opening direction (Zoback and
Thompson, 1978; Zoback and others, 1981).
This change probably occurred between 10
and 6 Ma based on crosscutting fault relation-
ships and timing of inception of modem ba-
sins (Anderson and Ekren, 1977; Stewart,
1978, Zoback and others, 1981). The modern
direction of least principal stress is between
N60°-70°W (Zoback and Zoback, 1980; Zo-
back, 1989). As the timing of this change

slogical Society of America Bulletin, v. 106, p. 371-382, 7 figs., 2 tables, March 1994.

3n

coincides generally with growth of the San
Andreas transform system, the clockwise
change in stress tensor orientation has been
attributed to the superposition of broad-scale
right-lateral lithospheric shear along the
western plate boundary. Beyond the influ-
ence of the San Andreas system, north of the
Snake River plain in northeastern Nevada
and Idaho, the earlier direction of extension
(which is generally perpendicular to the mod-
ern regional topographic bulge) is still domi-
nant (for example, Stickney and Barthol-
omew, 1987).

Our present objective is to marshal and in-
terpret recent data from the northern Nevada
rift, including (1) aeromagnetic data showing
the full extent of the rift, (2) detailed geologic
maps of the dikes in two ranges where they
are extensively exposed, (3) improved radio-
metric dating, and (4) data on the deforma-
tional history of the rift after its formation.
These data provide a foundation for reassess-
ing tectonic events in light of recent research
on mantle plumes. We also want to reaffirm
our earlier interpretation of the northern Ne-
vada rift as an indication of mid-Miocene
stress direction (Zoback and Thompson,
1978), an interpretation that has recently been
called into question. Li and others (1990) sug-
gested, on the basis of paleomagnetic data,
that blocks “‘comparable to or smaller than
the width of the rift” have been tectonically
rotated about 19° counterclockwise and that
this rotation should be applied as a correction
to the pre-rotation stress direction. Although
small blocks within or adjacent to the
normal-oblique fault zones may have been
rotated, this interpretation is not viable on
a larger scale because the dike swarms
within the rift are precisely parallel to the
500-km-long rift trend as defined by aero-
magnetic anomalies. Thus the individual
dikes, the dike swarms, and the entire rift
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Figure 1. Middle Miocene igneous and tectonic features in the western United States. Main part
of north-northwest-trending northern Nevada rift is shown by heavy dark lines; southern ex-
tension is interpreted from aeromagnetic data indicated by dashed line. The left-stepping offset
of the central part of the rift is diagrammatic and representative of cumulative offset on several
cross faults (Table 2). The left step and gap separating the southern segment from the main part
of the rift is real and inferred directly from the aeromagnetic data shown in Figure 2B. The large
star at north end of rift indicates McDermitt caldera, the middle Miocege location of the Yel-
lowstone hot spot; current positicn of hot spot is indicated by small star. The Columbia River
Basalt Group is shown by checked pattern; feeder dikes in eastern Oregon and Washington are
indicated by heavy lines. Western graben of the Snake River Plain is shown by hachured lines.
East-west lines along coast give approximate location of the Mendocino triple junction at the
different ages indicated (Atwater, 1989); heavy arrows indicate convergence direction of Juan de
Fuca plate relative to North America corresponding to the adjacent times (Stock and Molnar,

1988). CP = Colorado Plateau.

all yield the same mid-Miocene stress
direction.

NORTHERN NEVADA RIFT

The northern Nevada rift (Fig. 1) can be
traced magnetically for at least 500 km south-

n

ward from the Oregon border to southern Ne-
vada (McKee and Noble, 1986; Blakely and
Jachens, 1991). Basaltic rocks that define the
rift are middle Miocene, about the same age
as the silicic McDermitt volcanic center (Ry-
tuba and McKee, 1984), which is located at
the north end of the rift in the emergence area

of the Yellowstone hot spot (for example,
Pierce and Morgan, 1992). From this focal
area the hot spot tracked northeastward to its
present position at Yellowstone, forming the
eastern Snake River Plain in its wake (Mor-
gan, 1972).

As originally described on the basis of aer-
omagnetic anomalies, the northern Nevada
rift extends north-northwest from about Eu-
reka, Nevada (point A, Fig. 2A), to approx-
imately the Oregon-Nevada border (point B,
Fig. 2A). Philbin and others (1963) first de-
scribed this north-northwest-trending aero-
magnetic anomaly, and Roberts (1966) noted
its trend in the context of northwest align-
ments of mineral deposits, which he consid-
ered to be mineral belts. Mabey (1966) and
Robinson (1970) described the anomaly and
expanded on the interpretation that the aer-
omagnetic pattern is caused by basaltic rocks
concentrated in a deep, narrow zone. Stewart
and others (1975) considered the anomaly to
be the southern segment of a lineament
across Oregon and Nevada; they noted that
many of the volcanic rocks that lie on or near
the lineament are middle Miocene in age.
They considered the Oregon segment of the
lineament to be the Brothers fault zone, a se-
ries of linear features seen on air photos
trending northwest across Oregon, whereas
they considered the Nevada segment to have
formed within a deep-seated extensional sys-
tem. Zoback and Thompson (1978) named
the then-known 250-km-long Nevada seg-
ment the northern Nevada rift and used it to
determine the middle Miocene least principal
stress direction. Rather than tying the rift into
the Brothers fault zone, Zoback and Thomp-
son linked its formation to a much more ex-
tensive zone of rifting of the lithosphere that
included similarly oriented feeder dikes of the
Columbia Plateau flood basalts and the mid-
dle Miocene location of the Yellowstone hot
spot. The north-northwest trend of the rift
and the feeder dikes for the contemporane-
ous major pulse of Columbia River flocd-ba-
salt volcanism is consistent with geologic ev-
idence throughout the Basin and Range and
Rio Grande rift that supports a Miocene least
principal stress direction perpendicular to
this north-northwest trend (Zoback and oth-
ers, 1981; Rehrig and Heidrick, 1976; Lip-
man, 1981; Henry and Price, 1986).

From analysis of low-altitude (National
Uranium Resource Evaluation {NURE])
acromagnetic profiles, Blakely and Jachens
(1991) suggested that the magnetic anomaly
agsociated with the rift extends much farther
to the south-southeast than previously recog-
nized, to at least latitude 38°N and perhaps to

Geological Society of America Bulletin, March 1994
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Figure 3. Generalized geologic map of north-central Nevada showing the distribution of middle
Miocene igneous rocks associated with the aeromagnetic anomaly and the northern Nevada rift.
Location of samples of basalt for isotopic age determinations noted by number. Section line A-A"
gives location of gravity and magnetic profile shown in Figure 7.

latitude 37°N (Fig. 2B), resulting in a total
length in Nevada of at least 500 km. Parallel
magnetic anomalies west of the northern Ne-
vada rift may have a similar source but lack
the associated basaltic dikes in outcrop (Mc-
Kee and Blakely, 1990).

Geologically, the northern Nevada rift may
be divided into northern, central, and south-
em segments. Each segment displays char-
acteristic features.

Northern Segment

The northern part of the rift, from the Or-
egon-Nevada border to Midas, Nevada
(Fig. 3), crosses a broad tableland capped by
rhyolites and basalt, tuffaceous sedimentary
rocks, and gravel of late Miocene age. Along
the southern part of the northern segment of
the rift in more mountainous terrain, middle
Miocene rhyolitic dikes, domes, and flows
with some interfingering basaltic andesite and
basalt flows seem to coincide with the aero-
magnetic anomaly. Several large north-
northwest-trending feeder dikes for the rhy-
olite exposed in the Midas region (Zoback
and Thompson, 1978) lie along the acromag-
netic anomaly; basaltic flows underlie the
rhyolite. The northern part of the northemn
segment, north of latitude 41°30'N, is defined
solely on the basis of the aeromagnetic high.

Central Segment

The central part of the rift from Midas to
the southern edge of the Roberts Mountains
(Fig. 3) is characterized by middle Miocene
trachybasalt flows, which generally lie on Pa-
leozoic bedrock. Minor rhyolite flows and
domes are locally associated with the trachy-
basalt. Locally the aggregate thickness of
these mafic flows exceeds 1 km (Beowawe
region, Fig. 3), but most exposures are gen-
erally <300 m thick. North-northwest-trend-
ing basalt and trachybasalt dike swarms are
well exposed in two ranges in the southern
part of the central segment of the rit, the Cor-
tez Mountains (Figs. 3 and 4) and the Roberts
Mountains (Figs. 3 and 5), where they struc-
turally underlie remnants of the basalt flows.
Individual dikes in the Cortez Mountains are
as much as 5 km long and range in width from
3 m to as much as 250 m where they join,
although the average is <10 m (Fig. 4) (Gil-
luly and Masursky, 1965; Gilluly and Gates,
1965). The overall width of the swarm ex-
posed in the Cortez Range is about 6 km;
however, the main zone of intrusion, as in-
dicated by the region of the largest and most
continuous dikes, is only about 3 km wide.
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A spectacular north-northwest-trending
basaltic dike swarm is exposed in the Roberts
Mountains (McKee, 1986; Fig. 5; cover of
this volume). Here the dikes intrude lower
Paleozoic limestone and dolomite. Many of
the dikes are fine grained and commonly ex-
hibit an ophitic texture. As shown in Figure 3,
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of nearly 10 km with a consistent N22°W
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ity in the range. This complexity is partly as-
sociated with west-to-east thrusting during
the Devonian to Mississippian Antler oroge-
ny along the Roberts Mountains thrust and
later high-angle and low-angle faulting in Mes-
ozoic time (Winterer, 1968). The overall
width of the zone of dike exposures in the
Roberts Mountains is about 6 km; however,
the main zone of intrusion is only about 2 km
wide. Average dike width is on the order of
10-25 m, although some individual dikes are
>150 m wide.

Southern Segment

The southern segment of the rift, south of
latitude 39°30'N, has little surface volcanic or
intrusive expression and is defined almost en-
tirely on the basis of low-altitude aeromag-
netic profiles (Blakely and Jachens, 1991),
confirmed in a few places by ground magnetic
traverses. Although basaltic dikes do not
crop out along this segment of the rift, mag-
netic anomalies indicate that magnetic (pre-
sumably mafic intrusive) rocks extend from
depth to very near the topographic surface. A
few exposures of basaltic flows, presumably
of middle Miocene age, are located beneath
the linear magnetic anomaly south of latitude
39°30°N, notably in the White River Valley
south of the town of Lund; these exposures
may be related to the southern segment of the
northern Nevada rift. In the southern seg-
ment, the anomaly decays in amplitude, loses
continuity, and appears to be offset left-lat-
erally at about latitude 39°30'N (Fig. 2B).

Composition of Basaltic Rocks along the Rift

The rocks that cause the strong aeromag-
netic anomaly defining the northern Nevada
rift are basaltic in character. Most are trachy-
basalts to trachyandesites (Le Maitre, 1984)
with SiO, content around 50 wt% but some as
high as 59 wt% (Gilluly and Gates, 1965;
Stewart and McKee, 1977). Others are oliv-
ine-bearing basalt with SiO, content of about
48 wt% and total alkalies of <5 wt% (McKee
and Mark, 1971). In the Roberts Mountains,
dikes and flows of both basaltic types occur
together and yield overlapping K-Ar ages
(see, for example, numbers 8 and 9, Table 1).

North of the northern Nevada rift in east-
ern Oregon, middle Miocene (~15 Ma) ba-
saltic rocks from the eastern Oregon volcanic
plateaus province show a wide variation in
silica, aluminum, and potassium content
(Carlson and Hart, 1987). The eastern Ore-
gon basalts are generally less alkalic than ba-
saltic rocks from the northern Nevada rift re-
gion, and the relative amounts of high-silica
versus lower silica types are opposite in these
two regions, but the overall range in variation
is comparable.

The Columbia River Basalt Group exhibits
subtle differences in composition as com-
pared to most basaltic rocks to the south both
in the eastern Oregon volcanic plateaus and
the northern Nevada rift. Trachyandesite and
trachybasalt are rare in the Columbia River
Basalt Group (Swanson and others, 1979);
most of the Columbia River basalts are less
alkalic, more iron rich, and average several
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Figure 3. Geologic map

of the northwest part of the .

Roberts Mountains, Ne-

vada. Note the well-exposed

N22°W-trending middle
Miocene basaltic dikes.
These dikes are the surface
manifestation of a pro-
nounced regional aeromag-
netic anomaly, referred to
as the northern Nevada rift.
Map modified from Mur-
phy and others (1978) and
McKee (1986).
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TABLE 1. K-Ar AGES OF BASALTIC ROCKS (DIKES AND FLOWS) FROM NORTH TO SOUTH ALONG THE CENTRAL
NEVADA MAGNETIC ANOMALY

No. of General Occurrence K:0 Dppe %9 Agein Reference
figures focation (material dated, w.r. = whole rock) (w1%) (molg) m.y.
=c
1 N.side Midas  lava flow (w.r.) 0884 19369 x10°" 17 152 = 1.6 Wallace and
others, 1990
2 Southemn Sheep  lava flow (w.r.) 0733 16120x 107" 36 152205 McKoe and
Creek Range S;lmbetman.
1
3 N.E. Shoshone  lava flow (w.r.) 1575 38087 x 107" 43 - 167=05 McKeeand
Range Sg?oermn.
1
4 E.side Cortez  lava flow (plagiociase) 0295 0713x10°" 19 167 =09 Wells and
Mountains others, 1971
5 S.E. Cortez lava flow (w.r.) 15 3365 x10°" 19 148 = 15 Armstong,
Mountzins 1970
6 N. Simpson lava flow (w.r.) 148 31502x 107" 16 15.0 = 1.0 Amstrong,
Park Range 1970
7 N. Roberts dike (w.r.) 1385 28281 x107" 28 14.1 =04
Mounwins
8 N. Roberts dike (w.r.) 2360 54569 x 107 62 162=1S5
Mountains .
9 N. Roberts dike (w.r.) 0358 9.1091x 107" U 176 =11
Mountzins
10 N. Roberts dike (w.r.) 1161 26192x 161 51 156=03
Mountains
1 Central Roberts  lava flow (w.r.) 1661 3275 x 1071 2 13.6 =04
Mountains
12 Central Roberts  fava flow (w.r.) 1.948 3.6043 x 107" 30 163 = 0.4
Mountzins
13 S. Roberts lava flow (w.r.) L7600 3924 x 107" 4 154 = 0.5
Mountains
14 S. Robents lava flow (w.r.) LT2S 46506 x 107" 3 18.6 = 0.7
Mountains
Constants used: A, + Ay = 0.581 X 107 yr~"; Ay = 4.962 x 1070 yr~!; PK/K,, = 1.167 x 107* mo¥mol.
percent more SiO, (Hooper, 1988) than does  Age of Basaltic Rocks along the Rift

basalt from eastern Oregon and northern Ne-
vada rift regions. The northern Nevada rift
basaltic rocks are somewhat alkalic and of
relatively small volume, the Oregon volcanic
plateaus are characterized by more volumi-
nous and less alkalic basalts, and the Colum-
bia River basalts, by extremely voluminous
high-alumina olivine tholeiitic basalt. These
tholeiites exhibit trace-element characteris-
tics, in particular high concentration of Ba
and low Cs, Rb, and K, that suggest a mid-
ocean-ridge basalt type of mantle source. The
other basalts, with their wide variation in ma-
jor- and trace-element composition, including
the sensitive source indicator elements, sug-
gest that varying amounts of crustal contam-
ination and/or differentiation have taken
place as the mantle-derived basalts ascended
to the surface. It is clear that in middle Mio-
cene time a very large volume of mafic
magma was emplaced beneath the western
United States from the Columbia Plateau re-
gion in the north to the northern Great Basin
in the south. We believe that these magmas
were produced from a single mantle plume
and experienced differentiation and varying
crustal contamination during ascent (see also
Pierce and Morgan, 1992). Thompson and
Gibbs (1991) have also associated Columbia
River basaltic volcanism with emergence of
a mantle plume near the Oregon-Nevada-
Idaho border.
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Fourteen samples of basaltic rocks from
the central part of the rift between Midas and
the Roberts Mountains, a distance of about
150 km, have been dated by K-Ar methods

(Table 1; Figs. 3 and 6). Ten samples are from
lava flows and four are from dikes. Dates
range from 18.6 = 0.7 to 13.6 + 0.4 Ma with
most values falling between about 14 to 17
Ma (Fig. 6). The uncertainties in these dates
preclude determination of the time span of
emplacement; it could be nearly instanta-
neous, or it could be as great as 5-6 m.y.
Geologic relationships such as crosscutting
contacts do not improve this resolution. The
14 dates clearly indicate that most of the ba-
saltic volcanism along the rift took place in
the middle Miocene in the interval from 17 to
14 Ma and perhaps as short as 16 to 15 Ma.
This age interval is one of widespread igne-
ous activity throughout the northern Great
Basin, eastern Oregon volcanic plateaus, and
the Columbia Plateau as shown in Figure 6,
which emphasizes the synchroneity of the
main pulse of basaltic activity on the Colum-
bia Plateau (~95% of the voluminous flood
basalts erupted in this time interval; Hooper,
1988; Baksi, 1988) and mafic activity to the
south, including the basaltic rocks that define
the northern Nevada rift.

Aeromagnetic Anomaly along the Rift

The amplitude and areal extent of the cen-
tral segment of the aeromagnetic anomaly re-
quires deep-seated magnetic sources in addi-
tion to surface volcanic rocks (Robinson,
1970). Although flows at the surface yield
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Figure 6. Plot of the K-Ar
ages of the basaltic rocks
along the northern Nevada
rift. Note the age range is mid- 4
dle Miocene, between 17 and
14 Ma, indicated by the
shaded zome. This age range
overlaps the 17.2 to 15.5 Ma
time interval of the eruption
of 90%0-95% of the Columbia
River Basalt Group, indi-
cated by volume versus time
curve at the bottom of the fig-
ure after McKee and others
(1977) and Baksi (1988).
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Figure 7. Ground gravity and magnetic data collected along a profile perpendicular to the rift
in Horse Creek Valley (profile A-A’, Fig. 3). The calculated two-dimensicnal magnetic model
based on near-surface flows and an underlying dike zone (see text for details of model) fits the
observed magnetic data quite well. Predicted gravity based on the same model (using measured
densities and assuming the dike zone is composed of 33% dike rock, see text) generally matches
the overall shape and amplitude of the observed gravity values but is shifted to the east, suggesting
that at least part of the observed gravity anomaly is due to lateral variations in basement lithol-

ogies and densities.

normal, reversed, as well as transitional field
directions (Zoback, 1978; Li and others,
1990), the marked throughgoing positive aer-
omagnetic anomaly indicates that the bulk of
the magnetization must be induced. Model-
ing of both airborne and ground magnetic
profiles across the well-defined central seg-
ment of the rift magnetic anomaly suggests
that the primary source of the anomaly is a
3.0- to 5.5-km-wide zone of magnetic mate-
rial that extends from the surface to depths of
around 10-15 km (Zoback, 1978). The in-
ferred “base” of the magnetic material gen-
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erally coincides with the inferred depth to the
Curie-temperature isotherm in this region
(Blakely, 1988). On the basis of the exposed
geologic relations, this deep magnetic zone is
interpreted to be a zone of dike intrusion ex-
tending nearly vertically through the crust
and feeding the basaltic andesite flows (Zo-
back, 1978).

Magnetic models of the southern part of
the anomaly, south of latitude 39°30'N, also
indicate narrow, deeply projecting, vertical
magnetic sources suggestive of dike intru-
sion. Based on models of low-altitude mag-

netic profiles, the magnetic part of the rift in
the southern section has a cross-sectional
structure similar to, but somewhat smaller
than, the northern parts of the anomaly. In
particular, magnetic sources associated with
the rift are located very near the present-day
topographic surface, project to at least 6-km
depth, and are generally <4 km wide (Blakely
and others, 1989).

Other Geophysical Expression

Assingle, well-sampled ground gravity pro-
file across the rift in Horse Creek Valley
(A-A’ on Fig. 3) indicates a gravity high spa-
tially associated with the magnetic high
(Fig. 7). In this region, the main dike zone is
overlain by a thin series of basaltic andesite
flows. Calculated gravity and magnetic
anomalies are also shown in Figure 7 based
on a model that fits both the ground magnetic
and aeromagnetic data (measured remanent
direction and magnetic intensity were used
for the flows, and a susceptibility of k =
0.0027 emu [0.034 SI units] was used for the
dike zone, which extends to about 15-km
depth). Predicted gravity values derived from
this magnetic model are based on the as-
sumption that one-third of the main zone of
intrusion is occupied by dikes, and hence the
estimated density contrast is correspondingly
divided by three. The densities used in the
model were based on measurements of field
samples: 2.65 g/cm® for the Paleozoic sedi-
mentary rocks, which are dominantly silici-
clastic (from Mabey, 1965); 2.75 g/cm? for the
basaltic andesite (from the Cortez Range);
and 2.85 gfem?® for the dike rock (both values
from Zoback, 1978). These densities resulted
in a +0.1 g/cm? density contrast between the
flows and the Paleozoic rocks and a +0.067
g/em? (0.20/3) density contrast for the under-

- lying dike zone. Between 6- and 12-km depth,

this density contrast was decreased to +0.05
g/em’®, and below 12-km depth, because of
the general increase in density with depth of .
crustal rocks (for example, Catchings, 1992),
the density contrast was assumed to be zero.
The calculated gravity anomaly is centered
over the magnetic body, as expected; how-
ever, the observed gravity anomaly is shifted
to the west. This westward shift suggests that
at least part of the observed gravity anomaly
may be due to lateral variations in basement
rocks and densities (possibly related to the
previously mentioned Roberts Mountains
thrust). Alternately, a body centered beneath
the observed gravity high could be consistent
with the magnetic anomaly if the overall mag-
netization vector was oriented about due
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west. This magnetization direction predicts a
slightly differently shaped magnetic anomaly,
however, and was not observed in any of the
paleomagnetic investigations of the dikes or
flows along the rift (Zoback, 1978). Further-
more, a 4-km westward shift of the ~4-km-
wide magnetic body would result in the
source of the magnetic anomaly beirig signif-
icantly offset from the exposed dike swarms,
rather than lying directly beneath them. For
these reasons, we believe that the observed
gravity anomaly is not entirety due to the dike
zone. The observed gravity data do limit the
maximum gravity signature associated with
the magnetically inferred dike zone to be <5
mGal. Clearly, a dike zone consisting of
100% dike rock would create very large grav-
ity anomalies, between 15 and 20 mGal,
which are not observed here or anywhere
else along the trend. Thus, probably no more
than 25%-30% of the zone of intrusion is oc-
cupied by dikes.

Seismic reflection profiles across the rift at
about latitude 40°N (Allmendinger and oth-
ers, 1987; Potter and others, 1987) indicate a
well-developed zone of subhorizontal layer-
ing in the middle and lower crust (between
depths of about 18 to 35 km). Lower crustal
layering was pervasive on the entire Basin
and Range COCORP seismic reflection
transect (Allmendinger and others, 1987);
however, this layering apparently was best
developed and thickest directly beneath the
northemn Nevada rift and in a zone extending
25 km to the west-southwest (Potter and
others, 1987). Potter and others (1987) sug-
gested that this strongly layered fabric
might be produced by intrusions related to
the rift. Holbrook and others (1991) attributed
the subhorizontal reflections in this area to
both sill-like mafic intrusions and ductile
shearing.

We note that this zone of subhorizontal
layering closely coincides with a regional gra-
dient in residual gravity anomalies. This cor-
relation is best seen in maps showing *base-
ment gravity”” (Jachens and Moring, 1990).
Such maps are constructed by first eliminat-
ing the gravitational effects of long-wave-
length topography (Simpson and others,
1986) and then eliminating the gravitational
effects of low-density materials in the basins.
When applied to the entire state of Nevada,
this analysis shows a north-northwest-trend-
ing gravity gradient lying parallel to and cen-
tered about 10 ki west of the northern Ne-
vada rift between latitudes 41°N and 39°30'N
(Blakely and Jachens, 1991), generally coin-
ciding with the zone of well-developed sub-
horizontal layering in the middle and lower
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crust interpreted by Potter and others (1987).
We suggest that both the gravity gradient and
the seismic layering may represent a broad
zone of intrusion and extension in the middle
and lower crust related to middle Miocene
rifting, significantly broader than the mag-
netic and geologic expression of the rift.
Therefore, the rift, as represented by mag-
netic anomalies and geologic mapping, may
be simply the upper crustal part of a deeper
and broader zone of crustal extension and
magmatic intrusion.

Offsets and Extension

The consistent N20°~25°W trend of the
magnetic anomaly, of the exposed basaltic
feeder dike swarms, and of the structural
troughs that were filled by basaltic flows in-
dicate an extensional origin for the northern
Nevada rift. The consistent trend of all these
features suggests that the rift did not exploit
a pre-existing feature but instead responded
to the prevailing least principal stress at the
time of formation, horizontal and oriented
N65°-70°E (Zoback and Thompson, 1978;
Christiansen and McKee, 1978). As de-
scribed in the introduction, some time after
formation of the rift (between ~10 and 6 Ma)
there was a clockwise change in the least
principal stress orientation throughout the
northern Basin and Range, which has been
attributed to the superposition of broad-scale
right-lateral lithospheric shear along the
western plate boundary (Zoback and Thomp-
son, 1978). The modern direction of least
principal stress is between N60°~70°W (Zo-
back and Zoback, 1980; Zoback, 1989).

In the vicinity of the northern Nevada rift
the typical north-northeast-trending range
and basin blocks of the northern Basin and
Range province are largely replaced by com-
plementary north-northwest and east-north-
east trends. The modern direction of least
principal stress is oriented approximately
perpendicular to the typical north-northeast
ranges and the bounding normal faults have
nearly pure dip-slip displacements (Zoback
and Zoback, 1980; Zoback, 1989). Of the typ-
ical north-northeast-trending basins judged
on the basis of gravity to be deeper than 1 km,
only two cut across the rift, whereas at least
five others change trend near the rift (Blakely
and Jachens, 1991). Zoback and Zoback
(1980) suggested that the complementary
north-northwest (parallel to the rift) and east-
northeast trends in the modern topography
represent reactivation of pre-existing faults
that locally were able to accommodate strain
by oblique-normal slip, whereas regionally,

favorably oriented (north-northeast) faults
were breaking through the upper crust.

In detail, the aeromagnetic high associated
with the central part of the northern Nevada
rift is segmented, offset both laterally (in a
left-stepping sense, see Fig. 24, sites X and
Y, and diagrammatically in Fig. 1) and verti-
cally, by the Basin and Range normal faults
that strike approximately orthogonal to it.
These normal faults strike between about
N40°-80°E, and striae measurements demon-
strate that they have oblique left-lateral nor-
mal slip (Zoback, 1978, 1989). Detailed grav-
ity and geologic investigations were used to
constrain the minimum amount of vertical
displacement across these major east-north-
east-striking normal faults (it is impossible to
estimate the amount of material eroded from
the range tops, as most ranges are capped by
the middle Miocene volcanic rocks). Detailed
modeling of magnetic profiles straddling
these fault zones limits the total lateral off-
sets. This modeling is described in detail in
Zoback (1978), and the results are summa-
rized in Table 2. Note that for the four main
fault zones crossing the central part of the rift
(fault zones bound the northwestern sides of
the associated ranges; see Fig. 3), the esti-
mates of lateral offsets are significant and in
some cases exceed the vertical offsets on the
faults. Note too that the mean best estimate
of extension direction (representing total
post-middle Miocene deformation) across
the four fault zones is N72°W = 9, close to
the modemn extension direction, indicating
that the rift has not rotated on a regional
scale.

POST-RIFT TECTONIC ROTATION?

Recent paleomagnetic results have been
interpreted as casting doubt on the suitability
of the northern Nevada rift and its present
orientation as an indicator of middle Miocene
stress orientation. Li and others (1990) sam-
pled three localities along the northern Ne-
vada rift: 18 sites at the Midas trough, 22 sites
at Argenta rim, and 19 sites at the Cortez
Mountains. After eliminating several sites
judged to reflect transitional field behavior,
they found locality mean paleomagnetic di-
rections to be statistically indistinguishable
but rotated approximately 19° counterclock-
wise with respect to the expected middle Mio-
cene direction. Moreover, when data from all
three localities were combined, the overall
mean showed the same discordant direction.
Li and others (1990) concluded that all three
localities have rotated ~19° counterclock-
wise about vertical axes since the formation
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TABLE 2. ESTIMATES OF FAULT OFFSETS ALONG MAJOR EAST-NORTHEAST-TRENDING CROSS FAULTS ALONG

THE NORTHERN NEVADA RIFT*
Fault zone Fault trend Vertical Horizontal Lateral Extension .
{south to north) offset (m)' separation (m)¥ offset (m)"" direction™
Roberts Mountains N6S'E 3,260 2,283 1,585 N6&O*W
(2.900-3,350) (1,670-3,350} (830-1,740) (N3IPW-NTI"W)
Simpson Park Range N6rE 1,680 1.176 1720 NTW
(northeast end of range) (1,250-2,120) (720-2,120) (1,130-2,290) (N 49° W-N 93° W)
Cortez Range NS+ E 3510 2,458 1,680 N°W
(3.170-3,660) (1.830-3,660) (1.520-1,830) (N 66° W-N 83* W)
Argenta Rim N75E 2,350 1,645 3,445 N7W
(northeast end Shoshone {2.290-2,440) (1,320-2,430) (3.140-3,750) (N 67 W-N8"'W)
Range)

*Faults bound northwest side of range. Uncertainty ranges in offsets given in parentheses.
"Minimum estimate determined from gravity modeling of basin fill, and combin;d topography of range and projection of dip slope.

$Computed from vertical offset estimate ing a 55° di

ing fault:

y range from uncertainties in vertical offset estimate

PPYS

and allowing for  possible fault dip b 45608,

ined from

**Determined from offset of main magnetic source zone as d
offsets.

deling of rwo-dimensional profiles that straddle these

T"Net horizontal direction of opening along fault, ¢ (in northwest quadrant) = (%0° ~ fault trend) + tan™" (lateral offsevhorizontal
separation); uncertainty range broadest possible using end members uncerminty vatues for separation and offset.

of the northern Nevada rift about 15 Ma. Ac-
cordingly, the northern Nevada rift would
have been oriented nearly north-south during
its formation in the middle Miocene, and pa-
leostress orientations inferred from the
present-day orientation of the northern Ne-
vada rift would thus be in error.

The aeromagnetic anomaly manifested by
the northern Nevada rift has several charac-
teristics that should be considered in this re-
gard. First, the gradients that define the
boundaries of the exposed rift are extraordi-
narily linear and continuous over distances of
more than 200 km. This suggests that the rift
is similarly continuous without significant lat-
eral offsets except those related to the
younger east-northeast-trending, rift-cross-
ing, basin-bounding faults (Table 2). Only
two models could accommodate 19° of verti-
cal-axis rotation and leave the rift so homo-
geneous: (1) either the rotating block was suf-
ficiently large to include the entire rift in situ
or (2) the rotation was accommodated by nu-
merous crustal blocks with lateral dimen-
sions comparable to or smaller than the width
of the rift. The first model is highly unlikely,
as noted also by Li and others (1990), because
the rift can now be seen to span nearly the
entire state of Nevada (Fig. 1), and there is no
evidence of such a large-scale rotation in sur-
rounding Basin and Range deformation. In
fact, paleomagnetic data for an Oligocene
ash-flow tuff crossing the southern segment
of the rift rules out any large-scale systematic
rotation. Declinations in the Windous Butte
Formation at two sites along the southern-
most part of the aeromagnetic anomaly
(Stone Cabin and Wells Station) are identical
to the declination at the type locality and
everywhere else sampled (except one anom-
alous site) (Gromme and others, 1972). More-
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over, MacDonald and others (1992) meas-
ured a magnetic direction in Eocene rocks in
the Roberts Mountains that is consistent with
no post-Eocene rotation.

Li and others (1990) favored the second
model, systematic counterclockwise rotation
of numerous small crustal blocks within the
rift. Such rotations would produce right-step-
ping offsets of geological elements such as
dikes or, on a larger scale, of the entire rift.
Actual offsets of the rift step left, however, as
shown by the aeromagnetic data and by meas-
urements of left-lateral oblique-normal slip
vectors on the cross faults (Table 2). One dike
(the Sawtooth dike) internal to the rift also
shows a left step, which, on the basis of field
evidence indicating the absence of fault off-
set, has been interpreted as originating at the
time of intrusion (Zoback and Thompson,
1978).

The observation that the overall orienta-
tion of the rift (~N20°W) is equivalent to the
orientation of mapped dike swarms now con-
tained in fault blocks within the rift is also
difficult to reconcile with a block-rotation
model. For example, Figures 3 and 4 show
numerous dikes longer than 2 km in outcrop
with orientations of approximately N20°W.
This parallelism of dikes and overall trend of
the rift is inconsistent with a model of sys-
tematic block rotation throughout the rift but
does not rule out rotation of small blocks
within fault zones having a left-lateral com-
ponent of slip. As shown on their map, all
three of the paleomagnetic locations of Li and
others (Cortez Range, Argenta Rim, Midas
trough) are within or adjacent to the major
cross-fault zones that offset the rift in a left-
lateral sense. Therefore, counterclockwise
rotations might be related to localized defor-
mation directly adjacent to the fault zone and

unrelated to the overall orientation of the rift
or to the dike swarms within it.

REGIONAL RELATIONS: FLOOD
BASALTS AND EMERGENCE
OF THE YELLOWSTONE HOT SPOT

The interval between 17 and 14 Ma was a
dynamic period in parts of Nevada, Oregon,
Idaho, and Washington. During this geologi-
cally short interval the intrusive and extru-
sive rocks of the northern Nevada rift were
emplaced, the bulk of the flood basalts of the
Columbia River Basalt Group was erupted
through its feeder dikes, and the McDermitt
caldera was formed at the northern terminus
of the northern Nevada rift (Fig. 1). The Mc-
Dermitt caldera was the first of a succession
of calderas tracking northeastward at a rate of
35 to 45 mm/yr along the eastern arm of the
Snake River Plain toward the youngest
caldera at Yellowstone (Armstrong and oth-
ers, 1975; Christiansen and McKee, 1978;
Rodgers and others, 1990). This rate is the
sum of southwestward movement of the
North American plate across the mantle
plume and concomitant extension of the Ba-
sin and Range crust.

Hot-spot plumes are thought to ascend
through the mantle as mushroom-shaped
heads that are fed from below by narrow cy-
lindrical conduits (Duncan and Richards,
1991; Sleep, 1992). The voluminous plume
head is the source of flood basalts associated
worldwide with the initial eruption of plumes
through the lithosphere. The plume head and
the thermal lithospheric uplift that accompa-
nies it are ~2,000 km in diameter (Sleep,
1992). Thus it should not be surprising that
the combined extent of the feeder dikes of the
Columbia Plateau flood basalts, the graben of
the western Snake River Plain, and the north-
ern Nevada rift is about 1,000 km (Fig. 1).
The topographic swell of about 1 km at the
hot spot would have facilitated outward flow
to the dikes. Thermal subsidence followed as
the hot spot swell progressed toward its
present position at Yellowstone, and waning,
mainly basaltic volcanism continued in its
track along the eastern Snake River Plain.

There is direct evidence from other areas
that dikes can propagate great distances from
hot-spot sources. Maps of Precambrian dia-
base dikes of the Canadian shield (Fahrig and
West, 1986) show dikes extending hundreds
of kilometers. Dikes radiating from the
Mackenzie hot spot (1220 Ma) in northwest-
ern Canada curve into the regional stress field
and extend southeastward for 1,500 km. Ru-
bin and Pollard (1987) analyzed active blade-
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like propagation of dikes extending for tens of
kilometers in Iceland and Hawaii.

Thompson and Gibson (1991) have also in-
terpreted the Columbia River basalts and the
emergence of the Yellowstone hot spot as
linked parts of a fundamental process asso-
ciated with a hot mantle plume penetrating
the continental lithosphere. They attribute
the larger eruptive volume to the north as lo-
calized by previously rifted and thinned lith-
osphere evidenced by the underlying Eocene
Pasco basin.

CONCLUSIONS

The northern Nevada rift, as defined by an
alignment of basaltic dikes and associated
middle Miocene lava flows prominently ex-
pressed in aeromagnetic maps, can be traced
magnetically for at least 500 km southward
from the Oregon border to southern Nevada
{(Zoback and Thompson, 1978; McKee and
Noble, 1986; Blakely and Jachens, 1991). The
consistent N20°-25°W trend of the magnetic
anomaly, of the exposed basaltic feeder dike
swarms, and of the structural troughs that
were filled by basaltic flows indicates an ex-
tensional origin for the northern Nevada rift.
The consistent trend of all these features in-
dicates that the rift did not exploit a pre-ex-
isting feature but instead responded to the
prevailing least principal stress at the time of
formation, horizontal and oriented N 65°~70°
E (Zoback and Thompson, 1978; Chris-
tiansen and McKee, 1978). New isotopic age
determinations indicate that this rifting event
occurred between ~17 and 14 Ma, and pos-
sibly over an even shorter interval. Both the
rift and dikes within it have the same north-
northwest trend as feeder dikes of the Co-
lumbia Plateau flood basalts, the bulk of
which erupted ~16-15 Ma, the same general
time interval as basalt eruptions of the north-
emn Nevada rift. On the basis of similar age,
trend, and chemistry, the voluminous Co-
lumbia Plateau flood basalts and the northern
Nevada rift basalts are considered to be re-
lated and to represent two end members
(both spatially and stylistically) of an enor-
mous lithospheric “‘rift” that propagated
north-northwest and south-southeast of the
initial point of breaching of the North Amer-
ican lithosphere by the Yellowstone hot spot,
at the 16 Ma silicic McDermitt volcanic cen-
ter located at the north end of the northern
Nevada rift. Differences in silica and alkali
content as well as 87Sr/3Sr of basaltic rocks
in the northern and southern parts of the rift
may reflect different compositions of the
lower crust through which the magma rose.
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The higher ®7St/%Sr andesitic to trachy-
andesitic basalts from northern Nevada may
have been derived partly from an Early Prot-
erozoic continental lithosphere; the lower-sil-
ica tholeiitic basalts from Washington and
Oregon with lower 87St/%Sr may have come
through a Late Proterozoic oceanic litho-
sphere. Both the overall trend of this rift as
well as the parallelism of the individual dike
zones within it indicate a regional middle Mio-
cene least principal stress direction of east-
northeast-west-southwest, which is consist-
ent with the stress direction for that time
inferred in other parts of the Basin and Range
province and Rio Grande rift (for example,
Zoback and others, 1981).

ACKNOWLEDGMENTS

We are indebted to John Bartley, Myron
Best, John Geissman, Sherman Grommé,
Bob Jachens, and Tony Lowry for careful re-
views that greatly improved the paper.

NOTE ADDED IN PROOF:

Ongoing paleomagnetic investigations
along the northern Nevada rift (Geissman
and others, 1993), yield preliminary data that
indicate that the Roberts Mountains have not
sustained a significant post-Miocene counter-
clockwise vertical-axis rotation.
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