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FOREWORD

Methodology and Characterization studies during fiscal vyears
1977 and 1978 included gravity surveys in ten valleys in Arizona
(five), Nevada (two), New Mexico (two), and California (one).
The gravity data were obtained for the purpose of estimating the
gross structure and shape of the basins and the thickness of the
valley fill. There was also the possibility of detecting
shallow rock in areas between boring locations. Generalized
interpretations from these surveys were included in Fugro
National's Characterization Reports (FN-TR-26a through e).

During the FY 77 surveys, measurements were made to form an
approximate one-mile grid over the study areas and contour maps
showing interpreted depth to bedrock were made. In FY 79, the
decision was made to concentrate on verifying and refining
suitable area boundaries. This decision resulted in a reduction
in the gravity program. Instead of obtaining gravity data on a
grid, the reduced program consisted of obtaining gravity
measurements along profiles across the valleys where Verifica-
tion Studies were also performed.

The Defense Mapping Agency (DMA), St. Louis was requested
to provide gravity data from their library to supplement the
gravity profiles. For Big Smoky, Reveille and Railroad valleys,
a sufficient density of library data is available to permit
construction of interpreted contour maps instead of just -two-
dimensional cross sections.

In late summer of FY 79, supplementary funds became available to
begin data reduction. At that time inner zone terrain correc-
tions were begun on the library data and the profiles from Big
Smoky Valley, Nevada, and Butler and La Posa valleys, Arizona.
The profile data from Whirlwind, Hamlin, Snake East, White
River, Garden and Coal valleys, Nevada became available from the
field in early October, 1979.

A continuation of gravity interpretations has been incorporated
into the FY 80 program and the results are being summarized in
a series of valley reports. In reports covering Nevada-Utah
gravity studies will be numbered, "FN-TR-33-", followed by the
abbreviation for the subject valley. 1In addition, more detailed
reports of the results of FY 77 surveys in Dry Lake and Ralston
valleys, Nevada are being prepared. Verification studies are
continuing in FY 80 and gravity studies are included in the
program. DMA will continue to obtain the field measurements and
it is planned to return to the grid pattern. The interpretation
of the grid data will allow the production of contour maps which
will be valuable in the deep basin structural analysis needed
for computer modeling in the water resources program. The

i
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gravity interpretations will also be useful in Nuclear Hardness
and Survivability (NH&S) evaluations.

The basic decisions governing the gravity program are made by
BMO following consultation with TRW Inc., Fugro National and the
DMA. Conduct of the gravity studies is a joint effort between
DMA and Fugro National. The field work, including planning,
logistics, surveying, and meter operation is done by the Defense
Mapping Agency Hydrographic/Topographic Center (DMAHTC), head-
quartered in Cheyenne, Wyoming. DMAHTC reduces the data to
Simple Bouguer Anomaly (see Section Al.4, Appendix Al.0). The
Defense Mapping Agency Aerospace Center (DMAAC), St. Louis,
calculates outer zone terrain corrections.

Fugro National provides DMA with schedules showing the valleys
with the highest priorities. Fugro National also recommended
locations for the profiles in the FY 79 studies within the
constraints that they should follow existing roads or trails.
Any required inner zone terrain corrections are calculated by
Fugro National prior to making geologic interpretations.

ii
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1.0 INTRODUCTION

1.1 OBJECTIVE

Gravity measurements were made in Hot Creek Valley for the
purpose of estimating the overall shape of the structural basin,
the thickness of alluvial £ill, and the location of concealed
faults. The estimates will be useful in modeling the dynamic
response of ground motion in the basin and in evaluating ground-

water resources.

1.2 LOCATION

Hot Creek Valley is located in central Nevada (Figure 1) 1in Nye
County. U.S. Route 6 crosses the valley (Figure 2) about 60
miles (97 km) east of Tonopah and 100 miles (161 km) southwest

of Ely.

Hot Creek Valley is bounded (Figure 2) on the west by Hot Creek
Range, on the north by Park Range, on the east by Squaw Hills,
Slanted Buttes, Halligan Mesa, Palisade Mesa, Citadel Mountain,
and the south end of the Pancake Range. Hot Creek Valley opens
eastward into Big Sand Springs Valley between Slanted Buttes and
Halligan Mesa. On the southeast, State Route 25 exits Hot Creek
Valley to enter Railroad Valley through Twin Springs Slough. On
the south, Hot Creek Valley narrows and joins with Reveille

Valley.

1.3 ©SCOPE OF WORK

Gravity data were supplied from the Defense Mapping Agency Aero-

space Center (DMAAC)library and from new measurements made by
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the Defense Mapping Agency Hydrographic - Topographic Center

Geodetic Survey Squadron (DMAHTC/GSS).

Big Sand Springs Valley and Hot Creek Valley were studied
together, but the results are presented in separate reports.
The rectangular region containing both valleys is the area
between latitudes 38°00' and 39°05', and between longitudes
115°945' and 116°30°. There are 3114 gravity stations in the
region. Of these, the stations on bedrock were used to estab-
lish a common regional gravity trend for the two valleys. Hot
Creek Valley lies within the rectangular area bounded by lati-
tudes 38°00' and 38°51' and by longitudes 116°03' and 116°25'.
It is about 50 miles (80 km) 1long and 10 miles (16 km) wide.

There are 1619 gravity stations in this area.
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2.0 GRAVITY DATA REDUCTION

DMAHTC/GSS obtained the basic observations for the new stations
and reduced them to Simple Bouguer Anomalies (SBA) as described
in Appendix Al.O. Up to three levels of terrain corrections
were applied to the new stations to convert the SBA to the
Complete Bouguer Anomaly (CBA). Only the first two levels of
terrain corrections described below were applied to the library

stations.

First, the Defense Mapping Agency Aerospace Center (DMAAC), St.
Louis, used its library of digitized terrain data and a computer
program to calculate corrections out to 104 miles (167 km) from
each station. When the program could not calculate the terrain
effects near a station, a ring template was used to estimate the
effect of terrain within approximately 3000 feet (914 m) of the
station. The third level of terrain corrections was applied to
those stations where 10 feet (3 m) or more of relief was ob-
served within 130 feet (40 m). In these cases, the elevation
differences were measured in the field at a distance of 130 feet
along six directions from the stations. These data were used to

calculate the effect of the very near relief.
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3.0 GEOLOGIC SUMMARY

Hot Creek Valley lies within the Basin and Range physiographic
province in central Nevada (Figure 1). The valley trends north-
ward and 1is bounded on the west by the Hot Creek Range and on
the east by the Sguaw Hills and the Pancake and Reveille ranges
(Figure 2). The latter ranges are predominantly composed of
Tertiary and Quaternary volcanic rocks. The Hot Creek Range is
predominantly composed of Tertiary volcanic rock except the low-
er eastern flank of the range adjacent to the area of this study
which 1is primarily Paleozoic limestone and dolomite with some
interbedded shale, sandstone, and metamorphic rocks (Howard
1978). There is a Tertiary-age 1intrusive body in the northern

part of the Hot Creek Range.

The topogréphic relief of the Hot Creek Valley region 1is a
result of volcanic activity and movement along north-trending
faults (Rush and Everett, 1966). Several faults occur in the
alluvium or between the alluvium and bedrock on the eastern
slopes of the Hot Creek Range as eastward dipping normal faults
(Howard, 1978). The largest vertical displacement (in the
west-central portion of the valley) cuts across an alluvial fan
forming a scarp about 400 feet high (Rush and Everett, 1966).
The uppermost layers of alluvium have been displaced by recent
vertical movement along this fault (Ekren, 1967). Other poorly
defined faults in alluvium either have very low scarps visible
only in a few localities on the ground or are defined by a

lineament (Ekren, 1967).
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Bedrock faults present in the Paleozoic rocks occur as thrust or
high angle normal faults trending all directions and cutting

anticlinal structures (Howard, 1978).

Surficial basin-fill deposits are predominantly alluvial fan and
lacustrine deposits. The lacustrine deposits are Pleistocene in
age and cover an area of 88 square miles (Synder and others,
1964). These are located in the central part of the valley and
are composed mainly of silts and clays (Rush and Everett, 1966).
Pediments and alluvial fans make up the rest of the valley sur-
face. A large pediment adjacent to Moore's Station in the
northern part of the valley extends northwestward about 5 miles
{Rush and Everett, 1966). The older alluvial deposits of Late
Tertiary and Quaternary age occur as fans over much of the
valley floor. Gravels and sands, characteristically poorly
consolidated or unconsolidated, and poorly sorted, wash down
from the adjacent mountains and form large fans. The largest
alluvial fans are along the eastern flank of the Hot Creek Range
(Rush and Everett, 1966). Younger alluvial deposits consist of
reworked sand, silt, and clay from principal streams on the
valley floor and Pleistocene lake deposits. These sediments are
generally unconsolidated, undissected, better sorted and gener-
ally more permeable than the older alluvial deposits (Rush and

Everett, 1966).

A 6500-foot exploration drill hole, southeast of Morey Peak,
penetrated 4000 feet (1219 m) of alluvium. Under the alluvium

was 100 feet (30 m) of consolidated volcanic ash, then 200 feet
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(61 m) of lake beds - indicative of a basin and lakes in pre-
Pleistocene time. Under the lake beds are Tertiary-age tuf-
faceous sediments and welded tuffs to a depth of at least
6500 feet (1981 m). Carbonate bedrock was not reached (Barnes

and Hoover, 1968).
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4.0 INTERPRETATION

The basis of interpretation is the Complete Bouguer Anomaly

(CBA). The CBA is defined in Appendix Al.4.

The CBA data is reduced to a set of values at the points of a
uniformly-spaced geographic array, or grid. This facilitates
the mathematical treatment of irreqularly-spaced data. Gravity
stations are numerous along roads and areas where access is
easy - they are fewer elsewhere. The gridding process is done
using an algorithm which computes a value at each grid point
from the gravity station data within a circular area around the
grid point. A bell-shaped weighting function assigns greater
weight to the nearer data points. The grid-point spacing is
chosen to match the average data spacing. A 2-kilometer grid
spacing was used for this analysis. Fiqure 3 shows the CBA

contoured from gridded values.

4,1 REGIONAL-RESIDUAL SEPARATION

A fundamental step in gravity interpretation is isolation of
the part of the CBA which represents the geologic feature of
interest, in this case the valley fill. The valley fill has a
lower density than the bedrock and therefore creates a negative
gravity anomaly. The portion of the CBA which corresponds to

this alluvial material is called the "residual anomaly”.

The CBA contains long-wave-length components from deep and broad
geologic structures extending far beyond the valley. These

long-wave-length components, called the regional gravity, have
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been approximated by a second-degree trend surface. The trend
surface is a least-squares fit to the CBA values at the bedrock
stations of the entire two-valley region. The regional trend is
subtracted from the CBA to obtain the residual anomaly. The
residual anomaly is used to calculate a simple geologic model
which fits the gravity data and is consistent with geologic

knowledge from other sources.

In this case, when the residual anomaly was compared with the
geologic map, it was found to be positive at some grid points
over alluvium near the basin margins. This effect was due to
the use of the stations on volcanic rock (in addition to those
on carbonate rock) to derive the regional trend. The regional
trend was biased downward by the lower density of the volcanic
rocks in comparison to the carbonate rocks. 1In areas of young
volcanic flows, it may have been biased further by low density
alluvium beneath the flows. Consequently, when the regional
trend is subtracted from the CBA, the resultant residual anomaly
is biased upward. This bias in the residual was eliminated by
subtracting an amount which lowered the residual to 2zero near

the basin boundary. That amount was 5 milligals.

4.2 DENSITY SELECTION

The construction of a geologic model from the residual anomaly
requires selection of a value for the mean density contrast be-
tween basin fill and underlying rock. Fugro's previous reports
on gravity surveys have drawn upon density information from

shallow borings made in the Verification Studies. No such
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borings have been made in Big Sand Springs Valley. However,
there is more definitive density information for gravity pur-
poses - a borehole gravimeter log to a depth of 6488 feet

(1978 m) in northern Hot Creek Valley (Healey, 1967).

The bulk density of the alluvium, calculated from the borehole
gravimetry, increases from less than 2 gm/cm3 near the surface
to 2.34 gm/cm3 at its base, 4200 feet (1280 m) deep. The
weighted mean density of alluvium is 2.26 gm/cm3. Below the
alluvium is a relatively thin layer of lake beds, then 2000 +
feet (610 + m) of weakly indurated volcanic rocks whose mean

density is about the same as the deeper alluvium.

The borehole gravimetry supports our previously used choice of a
density of 2.3 gm/cm3 for basin-and-range basin fill - a choice
based on shallow borehole information and extrapolation to

depth.

The dense Paleozoic carbonate bedrock was assigned a density of
2.8 gm/cm3, which is within the range of densities reported
for carbonate rocks in the Basin and Range Province. The den-

sity contrast for modeling was therefore -0.5 gm/cm3.

4.3 MODELING

Modeling was done with the aid of a computer program which
calculates an iterative three-dimensional solution of gravity
anomaly data (Cordell, 1970). The gravity anomaly is represent-

ed by discrete values on a two-dimensional grid. The source of
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the anomaly (the volume of low-density valley fill) is repre-
sented by a set of vertical prism elements. The tops of the
prisms lie in a common horizontal plane. The bottoms of the
prisms collectively represent the bottom of the valley fill.
Each prism has a cross-sectional area equal to one grid square,
and a uniform density. A grid square of 2 km by 2 km was
selected as representative of the gravity station distribution.
Computation was continued for five iterations of mutual inter-
active prism adjustment. The root-mean-square error for the

entire grid was less than 0.5 milligal.

The calculated thickness of the valley fill depends upon the
density contrast (i.e., fill density minus rock density). Since
neither density is perfectly known, nor even uniform, the calcu-
lated thickness should be expected to contain a corresponding
degree of uncertainty. The calculated thickness of fill, or

interpreted depth-to-rock, is contoured in Figure 4.

4,4 DISCUSSION OF RESULTS

The computed model of Hot Creek Valley, obtained from gravity
data, is a long narrow trough with an irregular bottom (Figure
4). The northern part of the trough lies eastward of the south-
ern portion and appears to represent a separate basin. The
greatest depth exceeds 7000 feet (2134 m). This trough is
.asymmetrical in cross-section with the steeper margin being the
western one. The gravity contours along the western margin are
closely spaced and appear to represent a major, steeply dipping,

range-bounding fault system. The eastern margin appears to
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comprise a series of steps, or fault blocks, which rise more
gradually to the outcrops of the Pancake and Reveille ranges on
the east. However, only the major fault of the western margin
is obvious in the gravity data. The other faults are inferred
to underlie the young Quaternary basalts which presumably were
extruded along these zones of crustal weakness and which now
partially mask the existence of these faults (Figure 5). The
irregular bottom of the trough 1is interpreted as a result of
differential vertical displacements of discrete fault blocks.
There is no evidence in the adjacent mountain blocks that these
subsurface transverse faults represent presently-~active zones
of lateral displacement. These interpretations were aided by
regional geologic information from published reports, aerial

photographs, and surface mapping.
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5.0 CONCLUSIONS

The gravity data for Hot Creek Valley indicates that a major,
Steeply dipping, range-bounding normal fault system extends the
full length of the valley on its western side. The deep-rock
configuration on the eastern side of the valley is partially
obscured by volcanic flows, but faults are presumed there also.
The offset northern part of the trough may represent a separate

basin.

An integrated interpretation is sketched for two profiles across

Hot Creek Valley and its vicinity in Figure 5.
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GRAVITY EXPLORATION METHOD



FN-TR-33-HC

Al.O GENERAL PRINCIPLES OF THE GRAVITY
EXPLORATION METHOD

Al.1 GENERAL

A gravity survey involves measurement of differences in the
gravitational field between various points on the earth's
surface. The gravitational field values being measured are the
same as those influencing all objects on the surface of the
earth. They are generally associated with the force which
causes a 1 gm mass to be accelerated at 980 cm/sec?, This

force is normally referred to as a 1 g force.

Even though in many applications the gravitational field at the
earth's surface is assumed to be constant, small but distin-
guishable differences in gravity occur from point to point.
In a gravity survey, the variations are measured in terms
of milligals. A milligal is equal to 0.00l1 cm/second?2 or
0.00000102 g. The differences 1in gravity are caused by geo-
metrical effects, such as differences in elevation and latitude,
and by lateral variations in density within the earth. The
lateral density variations are a result of changes in geologic
conditions. For measurements at the surface of the earth, the
largest factor influencing the pull of gravity is the density of
all materials between the center of the earth and the point of

measurement.

To detect changes produced by differing geological conditions,
it is necessary to detect differences in the gravitational field

as small as a few milligals. To recognize changes due to
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geological conditions, the measurements are "corrected"” to ac-

count for changes due to differences in elevation and latitude.

Given this background, the basic concept of the gravitational
exploration method, the anomaly, can be introduced. 1If, instead
of being an oblate spheroid characterized by complex density
variations, the earth were made up of concentric, homogeneous
shells, the gravitational field would be the same at all points
on the surface of the earth. The complexities in the earth's
shape and material distribution are the reason that the pull of
gravity is not the same from place to place. A difference in
gravity between two points which is not caused by the effects of
known geometrical differences, such as in elevation, latitude,

and surrounding terrain, is referred to as an "anomaly."

An anomaly reflects lateral differences in material densiﬁies.
The gravitational attraction is smaller at a place underlain by
relatively low density material than it is at a place underlain
by a relatively high density material. The term "negative
gravity anomaly" describes a situation in which the pull of
gravity within a prescribed area is small compared to the area
surrounding it. Low-density alluvial deposits in basins such as
those in the Nevada-Utah region produce negative gravity anoma-
lies in relation to the gravity values in the surrounding

mountains which are formed by more dense rocks.

The objective of gravity exploration is to deduce the variations
in geologic conditions that produce the gravity anomalies

identified during a gravity survey.
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Al.2 INSTRUMENTS

The sensing element of a LaCoste and Romberg gravimeter is a
mass suspended by a zero-length spring. Deflections of the
mass from a null position are proportional to changes in gravi-
tational attraction. These instruments are sealed and compen-
sated for atmospheric pressure changes. They are maintained at
a constant temperature by an internal heater element and thermo-
stat. The absolute value of gravity is not measured directly by
a gravimeter. It measures relative values of gravity between
one point and the next. Gravitational differences as small as

0.01 milligal can be measured.

Al.3 FIELD PROCEDURES

The gravimeter readings were calibrated in terms of absolute
gravity by taking readings twice daily at nearby USGS gravity
base stations. Gravimeter readings fluctuate because of small
time-related deviations due to the effect of earth tides and
instrument drift. Field readings were corrected to account for
these deviations. The magnitude of the tidal correction was
calculated using an equation suggested by Goguel (1954):

C =P + Ncos g (cos g + sin 6 ) + Scos g (cos g - sin g)
where C is the tidal correction factor, P, N, and S are time-
related variables, and g is the latitude of the observation
point. Tables giving the values of P, N, and S are published

annually by the European Association of Exploration Geophysi-

cists.
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The meter drift correction was based on readings taken at a
designated base station at the start and end of each day. Any
difference between these two readings after they were corrected
for tidal effects was considered to have been the result of
instrumental drift. It was assumed that this drift occurred at
a uniform rate between the two readings. Corrections for drift
were typically only a few hundredths of a milligal. Readings
corrected for tidal effects and instrumental drift represented
the observed gravity at‘each station. The observed gravity
values represent the total gravitational pull of the entire

earth at the measurement stations.

Al.4 DATA REDUCTION

Several corrections or reductions are made to the observed
gravity to isolate the portion of the gravitational pull which
is due to the crustal and near-surface materials. The gravity
remaining after these reductions is called the YBouguer
Anomaly." Bouguer Anomaly values are the basis for geologic
" interpretation. To obtain the Bouguer Anomaly, the observed
gravity 1s adjusted to the value it would have had if it had
been measured at the geoid, a theoretically defined surface
which approximates the surface of mean sea level. The dif-
ference between the "adjusted" observed gravity and the gravity
at the geoid calculated for a theoretically homogeneous earth is

the Bouguer Anomaly.
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Four separate reductions, to account for four geometrical
effects, are made to the observed gravity at each station to

arrive at its Bouguer Anomaly value.

a. Free-Air Effect: Gravitational attraction varies inversely

as the square of the distance from the center of the earth.
Thus corrections must be applied for elevation. Observed
gravity levels are corrected for elevation using the normal
vertical gradient of:
FA = -0.09406 mg/ft (-0.3086 milligals/meter)

where FA is the free-air effect (the rate of change of gravity
with distance from the center of the earth). The free-air
correction is positive in sign since the correction is opposite

the effect.

b. Bouguer Effect: Like the free-air effect, the Bouéuer

effect is a function of the elevation of the station, but it
considers the 1influence of a slab of earth materials between
the observation point on the surface of the earth and the
corresponding point on the geoid (sea level). Normal practice,
which is to assume that the density of the slab is 2.67 grams
per cubic centimeter was followed in these studies. The Bouguer
correction (Bg), which is opposite in sign to the free-air
correction, was defined according to the following formula.

Be

i

0.01276 (2.67) hg (milligals per foot)

Be

0.04185 (2.67) hyp (milligals per meter)
where hg is the height above sea level in feet and hp is the

height in meters.
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c. Latitude Effect: Points at different latitudes will have

different "gravities” for two reasons. The earth (and the
geoid) 1is spheroidal, or flattened at the poles. Since points
at higher latitudes are closer to the center of the earth than
points near the equator, the gravity at the higher latitudes is
larger. As the earth spins, the centrifugal acceleration
causes a slight dec;ease in gravity. At the higher latitudes
where the earth's radii are smaller, the centrifugal accel-
eration diminishes. The gravity formula for the Geodetic
Reference System, 1967, gives the theoretical value of gravity
at the geoid as a function of latitude. It is:

g = 978.0381 (1 + 0.0053204 sin2 g - 0.0000058 sin224) gals
where g is the theoretical acceleration of gravity and g is
the latitude in degrees. The positive term accounts for the
spheroidal shape of the earth. The negative term adjusts for

the centrifugal acceleration.

The previous two corrections (free air and Bouguer) have ad-
justed the observed gravity to the value it would have had at
the geoid (sea level). The theoretical value at the geoid for
the latitude of the station is then subtracted from the adjusted
observed gravity. The remainder is called the Simple Bouguer
Anomaly (SBA). Most of this gravity represents the effect of
material beneath the station, but part of it may be due to
irregularities in terrain (upper part of the Bouguer slab) away

from the station.
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d. Terrain Effect: Topographic relief around the station has

a negativé effect on the gravitational force at the station. A
nearby hill has upward gravitational pull and a nearby valley
contributes less downward attraction than a nearby material
would have. Therefore, the corrections are always positive.
Corrections are made to the SBA when the terrain effects were
0.1 milligal or larger. Terrain corrected Bouguer values are
called the Complete Bouguer Anomaly (CBA). When the CBA is
obtained, the reduction of gravity at individual measurement

points (stations) is complete.

Al.S5 INTERPRETATION

The first step in interpretation is to separate the portion of
the CBA that might be caused by the light-weight, basin-fill
material overlying the heavier bedrock material which forms the
surrounding mountains and presumably the basin floor. Since the
valley-fill sediments are absent at the stations read 1in the
mountains, the CBA values at these bedrock stations are used as
the basis for constructing a regional field over the valley. A
regional field is an estimation of the values the CBA would have
had if the light-weight sediments (the anomaly) had not been

there.

The difference between the CBA and the regional field 1is
called the "residual" field or residual anomaly. The residual
field is the interpreter's estimation of the gravitational
effect of the geologic anomaly. The zero value of the residual

anomaly 1is not exactly at the rock outcrop line but at some
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distance on the "rock"” side of the contact. The reason for this
is found in the explanation of the terrain effect. There 1is a
component of gravitational attraction from material which is

not directly beneath a point.

If the "regional"™ is well chosen, the magnitude of the residual
anomaly is a function of the thickness of the anomalous (£fill)
material and the density contrast. The density contrast is the
difference in density between the alluvial and bedrock material.
If this contrast were known, an accurate calculation of the
thickness could be made. In most cases, the densities are not
well known and they also vary within the study area. In these
cases, it is necessary to use typical densities for materials

similar to those in the study area.

If the selected average density contrasf is smaller thaﬁ the
actual density contrast, the computed depth to bedrock will be
greater than the actual depth and vice-versa. The computed
depth is inversely proportional to the density contrast. A ten
percent error in density contrast produces a ten percent error
in computed depth. An literative computer program 1is used to
calculate a subsurface model which will yield a gravitational

field to match (approximately) the residual gravity anomaly.
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