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ABSTRACT

A method for using Dborehole gravity data to aid in
constraining a surface gravity model of subsurface geologic
features was tested. This was accomplished by simultaneous
forward modeling of surface and borehole gravity data. The
goal 1is to exploit the lateral resolution of the surface
gravity field and the vertical resolution of the borehole
gravity field to obtain a high resolution, three-dimensional
model of the subsurface.

The method was applied to +the Yucca Flat basin,
- National Test Site, Nevada, because of the availability of
an extensive amount of surface and borehole gravity data.
The complex geology of the basin provides a rigorous test
for this gravity modeling method.

A three-dimensional model of the Yucca Flat basin was

constructed. The model consisted of two bodies representing
two rock groups with significantly different average
densities: the Paleozoic basement (average density: 2.50
g/cma) and the Cenozoic basin fill (average density: 1.80
g/cma). The two bodies were modeled as polyhedra composed
primarily of triangular facets. Well data were used to

iii
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constrain the depth of the Paleozoic-Tertiary interface.
Densities calcqlated from the borehole gravity from nine
~wells and previous density studies were used to determine
the density model. The gravity field of the model was
accurately calculated on the surface and in the boreholes of
the model using the program GMOD3D, a program performing a
spatial~domain calculation of the gravity field due to
arbitrary polyhedra.

Using the borehole gravity constraints, the model of
the Cenozoic basin fill and the configuration of its lower
boundary fitted the surface gravity to +/- 2 mGal. In the
region of the wells with borehole gravity data, the modeled
Paleozoic-Tertiary interface fit the well controlled
interface between 0 to 50 m. Considering the average depth
to the interface in this region is 800 m, the modeléd
surface is fit within an error of 7 %. The borehole gravity
data also allowed detection and delineation of a previously
unknown body within the Cenozoic fill. This\feature had not
been detected wusing the surface gravity alone. This
research has conclusively shown that borehole gravity data,
used in combination with surface gravity data, results in an

improved understanding of complex geology.

iv
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INTRODUCTION

The gravity field is the additive gravitational effect
of all geologic features in the subsurface. The most common

procedure used to reduce the ambiguity of the geological

interpretation of the gravity field 1is to constrain the
model using independent geological or geophysical data.
Some commonly used independent information inéludes density
and depth-to-horizon constraints obtained from geophysical
methods such as seismic or well logging. These constraints
serve to 1limit the wuncertainty of the model by providing
additional information about the configuration of the
subsurface geology.

A source of gravity information below the surface of
tge earth is gravity measured in the borehole. The borehole
gravity data has the potential to reduce the ambiguity in
interpreting surface gravity data by providing information
about the gravity field in the vertical dimension.

Consider the following examples comparing surface and
borehole gravity. The first example (Figure 1) shows the

hypothetical surface gravity anomaly produced by two bodies

with positive density contrast. The two anomalous bodies
can be clearly resolved using only the surface gravity, so
the surface gravity anomaly gives excellent lateral

resolution. In the second example, three different
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Figure 1.

> X

Hypothetical surface gravity anomaly caused by
two bodies of positive density contrast
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hypothetical bodies give the same gravity anomaly at the
earth’s surface (Figure 2). There is no way to resolve a
single body with any certainty based on the surface gravity
alone, so surface gravity has poor vertical resolution. Now
consider the borehole gravity fields for the same two mass
diétributions. In Figure 3, the borehole gravity field
cannot be used to determine whether the body is located to
the left or to the right of the borehole, so borehole
gravity has poor lateral resolution. The anomaly in Figure
4 shows that the three séparate bodies could be clearly
resolved using the borehole gravity measurement, so borehole
gravity has good vertical resolution. Therefore, borehole -
gravity could be used to constrain the gravity field in  the
v?rtical dimension where the surface gravity fails, while
the surface gravity provides the lateral resolution where
the borehole gravity fails.

The use of the borehole gravity, or gravity
measurements made in a vertical shaft, in combination with
interpretation of surface gravity data has a limited history
in exploration. The concept was first suggested by Smith
(1950), who proposed that the borehole gravity measurement
be wused to supplement surface gravity data to "permit more
definite quantitative studies than could be made on the
basis of the surface gravity data alone”". Domzalski (1954)

discussed a three-dimensional gravity survey where gravity
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Figure 2. Hypothetical surface gravity anomaly caused by

one of three bodies of positive density
contrast.
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Figure 3.

Hypothetical borehole gravity anomaly caused by
one of two bodies of positive density contrast
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Figure 4. Hypothetical borehole gravity anomaly caused by
three bodies of positive density contrast



T-3954

measurements made on the surface, on horizontal levels in a
mine, and down vertical mine shafts were used to
characterize the density and distribution of a large ore
body. LaFehr and Dean (1983) described a borehole survey

where surface gravity data were used to construct a model to

provide constraints for the borehole gravity study.
Rasmussen (1984) described a method of using the surface
gravity data to produce a computer model from which

theoretical borehole gravity curves were calculated and
compared to the observed borehole gravity curves to make
inferences about structure near the borehole. The only

simultaneous modeling of surface and borehole gravity known

to the author has been performed by Richter (1989). Despite
the relatively sparse history of interpretations that
combine surface and borehole gravity data, the methods

described above have resulted in reducing the uncertainty in
the interpretation of gravity data.

The overall purpose of this research is to develop a
method for reducing the ambiguity inherent in méking
geologic interpretations based on gravity data.
Specifically, the method involves the simultaneous forward
modeling of both surface and borehole gravity data in order

to exploit the complementary characteristics of each data

type:
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1. The lateral resolution of the surface

gravity data,

2. The vertical resoiution of the borehole

gravity data.

The surface and borehole gravity data for this project
are from the National Test Site (NTS) in Nevada. There are
9395 surface gravity stations and nine wells with borehole
gravity data used in this study. The model of Yucca Flat is
a collection of three-dimensional polyhedral bodies

constrained by geologic information obtained from Los Alamos

National Laboratories ( LANL) . The Center for Potential
Fields Studies (CPFS) computer program GMOD3D, a
three-dimensional modeling program that calculates the

gravity field of a collection of homogeneous polyhedra . both
inside and outside the body, was used to calculate the
gravity field of the model both on the surface and in the
borehole. The model was adjusted until both the surface and
borehole gravity fields of the model were in agreement with
the residual surface and borehole gravity fields of the

Yucca Flat basin.
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The particular objectives of this research are to:

Construct a three-dimensional model of the Yucca
Flat basin and calculate the surface and borehole
gravity fields of the model using GMOD3D.

Develop a method for accurately comparing the

observed and modeled borehole gravity responses.

Develop a method for interpreting the
simultaneously-modeled surface and borehole

gravity fields.

Determine how successful simultaneously-modeled
surface and borehole gravity fields are in the

interpretation of the Yucca Flat basin.

Determine the accuracy of resolution of subsurface
geologic features using the method of
simultaneously modeling surface and borehole

gravity.
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YUCCA FLAT GEOLOGY

Yucca Flat is an elliptically shaped alluvial plain,
with an area of 400 kmz, located within the NTS in southern
Nevada approximately 130 km northwest of Las Vegas (Figure
5). The study area is centered over Yucca Flat and extends
from 36° 54’ to 37° 14’ in latitude, and from 115° 56’ to

116° 12’ longitude.

Exploration History

The history of earth science investigations of Yucca
Flat is almost entirely concurrent with the existence of the
National Test Site nuclear device proving ground (formerly
the Nevada Test Site). Complete characterization of the
geology is necessary for evaluating proposed emplacement
well locations for the nuclear tests conducted at NTS.
These feasibility studies were performed for +two main
reasons: The first 1is to ensure complete containment of
radicactive debris for public safety, and the second .is to
determine the suitability of the test media for the nuclear
experiments. Geologic studies related to the containment of
nuclear debris are collectively termed containment geology
studies. The symbiotic relationship between and geologic

investigations and nuclear testing at the NTS has made the
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Figure 5. Map of the National Test Site (NTS) showing the

location of Yucca Flat.
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NTS one of the most intensely explored geologic settings 1in

the world.

Numerous geophysical methods are used for containment

studies at the NTS, including gravity, magnetic, seismic
reflection, and well 1logs. The data are used to obtain
information about mineralogy, petrology, stratigraphy,
structure, and other physical properties of the test media
(Dockery et al., 1984). The exhaustive geophysical and

geological investigations performed in the NTS are aimed at
characterizing the geology in three-dimensions.

Prior to the establishment of the NTS in 1950, the
geology of the area was known only in reconnaissance formn.
The most reliable source of geologic information for the
early NTS researchers was a survey of southwest Nevada and
eastern California written by Ball in 1907 {Eckel, 1968).
The first comprehensive geologic reconnaissance report for
the Test Site was published in 1957 by Johnson and Hibbard.
The report was in part based on geologic investigations of
Yucca Flat by Piper in 1951 (Johnson and Hibbard, 1957). By
1967, most 6f the surface geology of the NTS had been mapped
in detail by the USGS.

Much of the geologic information remained unpublished

until 1968 when Memoir 110, The Nevada Test Site, was

released by the Geological Society of America. The delay in
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bublishing geological research conducted at the NTS was
attributed primarily to insufficient time - -for formal
publication and to a lesser extent was due to the classified
nature of some of the information (Eckel, 1968). Today
there are numerous publications related to geological
research at the NTS. Most of the literature published today
about NTS research is related to nuclear testing or to the
Yucca Mountain radioactive waste repository studies that
began in 1978. The data used in this thesis was obtained as
part of containment geology studies.

The relationship between earth science 1investigations
and nuclear weapons testing 1is .important to this study
because of the extensive amount of surface and borehole
gravity data collected at the NTS. The volume of data is
particularly large for Yucca Flat because of the numerous
nuclear tests performed in the Cenozoic volcanic tuffs and
alluvium that fill the Yucca Flat basin. Since 1951, Yucca
Flat has been the principal area within the NTS for
conducting nuclear tests (Swadley and Hoover, 1990). The
three-dimensionality of the Yucca Flat data, combined with
the geologic complexity of the area, makes Yucca Flat an
excellent area for developing a three-dimensional model to
test the method of simultaneous forward modeling of bbth

surface and borehole gravity.
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Geologic _Settin

The National Test Site is located 1in the southern
portion of the Basin and Range Province, immediately north
of the Walker Lane-Las Vegas Nevada Shear Zone (WL-LVNSZ;
Figure 6). Mesozoic compression deformed the thick section
of pre-Cenozoic rocks surrounding Yucca Flat, and Cenozoic
extension gave rise to the Yucca Flat basin. The Dbasin
trends north-south and is bounded by normal faults. A horst
trending north~south divides the basin into east and west
grabens. The basement of the basin is formed by the
predominantly carbonate, pre-Cenozoic section. Three
isolated Mesozoic stocks are located north of the basin. A
complex sequence of Tertiary volcanics were deposited
unconformably on the pre-Cenozoic basement. Fault block
movements caused the volcanics to lie at various attitudes,
and syn-deposition of Quaternary alluvium have resulted in

complex lateral variations in the geology of Yucca Flat.

Structural Features
Development of structure in the Yucca Flat region of
the NTS occurred during two periods of distinctly different
regional stress regimes:
Mesozoic: Compression
Cenozoic: Extension

The compression resulted in forming the complex folds and
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relation to the Basin and Range Province
modified from Dockery (1983).
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faults in the pre-Cenozoic mountains surrounding Yucca Flat.
The more recent extensional stress regime resulted in the
formation of the Yucca Flat basin.

The Basin and Range is a physiographic province
characterized by normal faulting, thin crust, and high heat
flow (Eaton, 1979). The structural history of normal
faulted basins in the Basin and Range province began
approximately 35 Ma when an extensional stress field gave
rise to dominantly north-south trending basins. The
north-south fabric of the Basin and Range province 1is
disrupted by a northwest-southeast trending lateral shear
zone called the Walker Lane-Las Vegas Nevada Shear Zone
(Figure 7). Yucca Flat is located immediately north of the
Walker Lane belt. There is little evidence of shear within
Yucca Flat except along the southwest edge of Yucca Lake
playa which is coincident with an element of the Walker Lane
belt called the Yucca-Frenchman right-lateral shear and
flexure zone (1, Figure 7; Ander et al., 1984). This. zone
has been recognized as a boundary between the seismically
active areas to the southeast and the quieter zone to the
northwest. There is also evidence that the right-lateral
strike slip faults south of Yucca Flat are rotating into the
north-south-trending Yucca and Carpetbag faults within Yucca
Flat (Dockery, 1983).

The Yucca Flat basin is an extensional basin that
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trends from north to south. There are two grabens, bound on
their east and west sides by normal faults and separated by
a horst that trends north-south (Figure 8). The eastern
graben 1is the largest structural feature in the basin. The
graben is bound on the west side by the horst block, and
Yucca Fault 1is located inside the graben. The horst block
is bounded on the east side by the east-dipping Carpetbag
fault, and on the west side by the minor western graben;
The maximum thickness of volcanic tuff and alluvium in the
east graben 1is greater than 1100 m, while the maximum
thickness of volcanic tuff and alluvium in the west graben
is approximately 600 m.

The alluvium was deposited while the Yucca and
Carpetbag Faults were active. The Yucca fault has formed a
scarp that attaips a height of 3 m and extends for 21 km
along the long axis of Yucca Flat. The Carpetbag fault
system was discovered because of minor surface expression
induced by subsurface nuclear explosions and is mapped on
the basis of gravity and seismic data (Figure 9; Shroba et
al., 1988). The fault is thought to be 1listric in nature
due to shallowing upward dip of bedding in the alluvium near

the Carpetbag fault (Elwood et al. 1985).
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Stratigraphic Features

The stratigraphy of the study area can be subdivided

into four major categories: pre-Cenozoic rocks, isolated
Mesozoic plutons, Tertiary volcanic tuffs, and Cenozoic
alluvium. This division is based on the time of deposition,

the mode of deposition, and the gross composition of the
rock. The surface distribution of these rock groups is
shown in Figure 10.

The pre-Cenozoic rocks include upper Precambrian
clastic and Paleozoic clastic and carbonate sediments that
attain a stratigraphic thickness of approximately 11.5 km.
This section was deposited as part of the thick Cordilleran
miogeosyncline (Ekren, 1968). These rocks form the basement
of the Yucca Flat basin, and nearly the entire section is
exposed in the mountains surrounding Yucca Flat. The
elevation of the summits of the mountains ranges from
approximately 1,550 m to 2,100 m, with the higher elevations
in the north. Major Paleozoic topographic features
bordering Yucca Flat include Rainier Mesa and Quartzite
Ridge to the north, the Halfpint Range and Paiute Ridge to
the east, CP Hills and Mine Mountain to the south-southwest,
and the Eleana Range and Syncline Ridge to the west (Figure
11). Johnson and Hibbard report that about 70% of this
section is composed of limestone and dolomite (1957). Other

major lithologies include quartzite, argillite, shale , and
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siltstones. The surface of the Paleozoic rocks beneath the
Yucca Fiat basin is covered by a weathered colluvial layer O
to 60 m thick (Felch, 1979). A summary of the pre-Cenozoic
section is shown in Table 1. A limited amount of data
exists for the Paleozoic rocks beneath Yucca Flat since
drilling is commonly terminated before or immediately after
penetrating the Paleozoic basement.

Three isolated granitic stocks, the Climax, the
Twinridge, and the Gold Meadows, were intruded into the
Yucca Flat region during Mesozoic time (Figure 10; Hinrichs,
1968). The Climax stock is exposed in northern Yucca Flat
to the east of Quartzite Ridge, the Gold Meadows stock
'outcrops to the west of Quartzite ridge, and the Twinridge
stock is only minimally exposed in the central portion of
the Halfpint Range. The stocks are composed of quartz
monzonite and granodiorite (Barnes et al., 1963; Gibbons et
al., 1963; and Barnes et al., 1965). The densities of the
stocks range from 2.40 to 2.70 g/cm3 ({Felch, 1979). The
Climax stock produces a prominent feature 1in the
aeromagnetic data, while the Twinridge stock causes only a
slight nosing in the contour lines (Figure 12). There is no
evidence that these isolated stocks individually control any
anomalous features in the surface gravity data.

The Tertiary volcanic rocks are exposed 1in the

mountains encircling Yucca Flat and lie unconformably on the
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Table 1. Pre-Cenozoic Stratigraphy of Yucca Flat.

Approximate Dominant

Age Formation Thickness Lithology
(m)
MESOZOIC
Gold Meadows Isolated Quartz
Climax Stocks Monzonite and
Twin Ridge Granodiorite
P QZ01

Permian and Pennsylvanian

Tippipah Limestone 1100 Limestone
Mississippian and Devonian
Eleana Formation 2320 Argillite,
Quartzite.
Devil’s Gate 420 Limestone
Limestone
Nevada Formation 465 Dolomite

Devonian and Silurian

Dolomite of Spotted 430 Dolomite
Range
Ely Spring Dolomite 23 Dolomite
Ordovician
Eureka Quartzite 104 Quartzite
Antelope Valley 466 Limestone
Ninemile Formation 102 Siltstone
o Goodwin Limestone 290 Limestone
Cambrian
Nopah Formation 565 Limestone,
Shale,
Dolomite
Bonanza King 1400 Argillite,
Dolomite,
Limestone
Carrara Formation 610 Limestone,
Siltstone
Zabriskie Quartzite 67 Quartzite
Wood Canyon Formation 695 Quartzite,
Siltstone
PRECAMBRIAN
Stirling Quartzite 915 Quartzite
Johnie Formation 915 Quartzite,
Dolomite,
Limestone
Noonday Dolomite 460 Dolomite
Precambrian n/a Metasediments,
Crystalline Basement Igneous rocks

TOTAL THICKNESS 11,417 m
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pre-Cenozoic basement beneatﬁ Yucca Flat. The Rhyolite
Hills region north-east of Yucca Flat and in the CP Hogback
and Massachusetts Mountain region southeast of Yucca Flat
(Figure 11) are made of Tertiary volcanics and attain an
elevation of 1,600 m to 1,750 m. These rocks were extruded
during Miocene to Pliocene time from several volcanic
centers located to the west of Yucca Flat (Figure 13). The
Yucca and Carpetbag faults were inactive during deposition
of the volcanic tuffs (Ander et al., 1984). The volcanics
are multi-flow, compound cooling wunits of dominantly
rhyolitic bedded and welded ash-flow and air-fall tuffs
(Colton and McKay, 1966; McKeown et al., 1976; Beyers and
Barnes, 1967). Also present are intercalated beds of
tuffaceous sedimentary rocks, zeolitized tuffs, vitrophyre,
and thin breccias (Felch, 1979, Barnes et el., 1963).
Subsequent faulting tilted the tuff layers from 20° to 30°
from the horizontal, further adding to the complexity of the
tuffs (Elwood et al., 1985). A stratigraphic cross-section
through four wells in the study area illustrates the complex
nature of the pre-Cenozoic tuffs in Yucca Flat (Figures 14,
15). The Tertiary rocks found in the Yucca Flat area is are
listed in Table 2.

A thick section of Quaternary alluvium, unconsolidated
to poorly-consolidated, lies unconformably on the Tertiary

volcanics. The alluvium is exposed in Yucca Flat and on the
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Table 2. Tertiary Stratigraphy of Yucca Flat.
Dominant Approximate
FORMATION, Member Composition Age (Ma)
TIMBER MOUNTAIN TUFF Rhyolite to quartz 10 - 12
Ammonia Tanks latite
Rainier Mesa
PAINTBRUSH TUFF Rhyolite to quartz 12 - 13
Tiva Canyon latite
Topopah Spring
CRATER FLAT TUFF Rhyolite 13.5 - 14
STOCKADE WASH TUFF Rhyolite 14
BELTED RANGE TUFF Peralkaline Rhyolite 14 - 15
Grouse Canyon
Tub Spring
REDROCK VALLEY TUFF Rhyolite 16
FRACTION TUFF Rhyolite 17
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floor of Plutonium Valley (Figure 11) at elevations ranging
from 1,450 m in northern Yucca Flat to 1,200 m in southern
Yucca Flat. The alluvium was derived from the clastic,
carbonate, and volcanic rocks surrounding Yucca Flat. This
volcano—clastié debris is comprised of a mixture of boulder
to silt-sized particles of alluvial, colluyial, and eolian
deposits (Fernald et al., 1968; McKeown et al., 1976 ;
Swadley and Hoover, 1990). The alluvium attains a thickness
of greater than 1100 m in the soufhern portion of the basin.
Deposition of the alluvium was most prolific during the
period of greatest basin deepening approximately 11 Ma
{Dockery, 1983).

The basic structure of the Yucca Flat basin is a
graben-horst-graben feature 1in the Paleozoic basement;
however, detailed examination reveals that the internal

geology of the basin is extremely complex.
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YUCCA FLAT GEOLOGICAL AND GEOPHYSICAL DATA
Surface gravity data, borehole gravity data, densities
calculated from the. borehole gravity, bulk densities

determined from 7-7 logs, and well control on the Paleozoic

surface beneath the Yucca Flat basin fill were used in this
research. Supplementary data include USGS geologic maps,
miscellaneous geologic 1investigations, and aeromagnetic
maps. The surface gravity data were provided by the USGS.
The borehole gravity and the well control én the Paleozoic

surface were provided by LANL.

Geologic Data

~ The surface geology of the area is displayed on nine
7.5 minute geologic quadrangles (Figure 16). Surficial
geologic maps of Yucca Flat (scale 1:48000) were produced by
Fernald et al. (1968) and Swadley and Hoover (1990). These
maps were critical for delineating the Paleozoic-Cenozoic
contact in Yucca Flat. The depth to the top of the
Paleozoic surface is from 146 wells. Stratigraphic

information for nine of the ten boreholes used in this study

was supplied by LANL and is listed in Appendix A.
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used in this study.
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Surface Gravity

Yucca Flat has the most dense distribution of gravity
stations in the NTS. There are 9395 gravity stations
located within the borders of the study area, the majority
of which are located on the Yucca Flat alluvial plain;
closest station spacing is 50 m (Figure 17). The surface
gravity data are from the Yucca Flat pqrtion of a complete
Bouguer gravity anomaly map of the NTS and vicinity compiled
by the USGS (Healey et al., 1987). The gravity stations
located within the study area were established primarily by

the USGS (1957-1987) and LANL (1981-1986) wusing Worden

(1957-1972), Worden Master (1969-1972), and LaCoste and
Romberg (1969-1987) gravity meters (Harris et =al., 1989).
All observed gravity values are referenced to the

International Gravity Standardization Net 1971 gravity datum
(Healey et al., 1987). The gravity base station network and
gravity measurement accuracies for location, elevation, and
observed gravity reading are described in detail by Harris
et al. (1989). The data were collected wusing various
methods for determining location and elevation. The overall
uncertainty of the surface gravity data was determined to be
approximately 0.2 mGal (Harris et al., 1989).

The surface gravity data were reduced by the USGS using

standard gravity corrections including instrument drift,
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earth-tide, latitude, free-air, Bouguer, curvature, terrain,

and 1isostatic corrections (Harris et al., 1989). The
free-air correction was calculated using the Geodetic
Reference System 1967 formula and Swick’s formula. A
reduction density of 2.67 g/cni3 was used for the Bouguer
correction. Both the curvature and the terrain corrections
were calculated to a distance of 166.,7 km. A crustal

thickness of 25 km, c¢rustal density of 2.67 g/cms, and a
density contrast of 0.4 g/cmaacross the base at 25 km were
used for the isostatic correction. These corrections are
described in detail by Harris et al. (1989). No additional
reduction of the surface gravity data was performed by the
author.

- A contour map of the complete Bouguer gravity data 1is
shown in Figure 18. The most obvious feature is a
north-northwest-trending gravity low that is segmented into
northern and southern lows with minimum values of -176 mGal.
This low is caused by a large graben that is filled with low
density Cenozoic rocks. A gravity high ridge trends
north-northwest and extends along the western edge of the
gravity low. The ridge is segmented into three pieces with
a maximum value of -~152 mGal. A gravity low, reaching -160
mGal, is located to the west of the ridge. The high is
caused by a horst that dissects the basin into east and west

grabens. These structures are formed in the high density
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Figure 18.

Complete Bouguer gravity map of Yucca Flat.
Contour interval 2 mGal.
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Paleozoic basement (2.50 g/cm3) and are covered by the low
density basin fill (1.80 g/cms). The gravity highs outside
Yucca Flat are caused by the dense Paleozoic rocks that form

the mountains surrounding Yucca Flat.

Borehole Gravity

The borehole gravity data used 1in this study were

measured 1in nine wells clustered near the center of Yucca

Flat (Figure 19). Densities were calculated from the
borehole gravity by LANL. Borehole gravity was not measured

in the small diameter, satellite well U7bs_satl. A summary
of the data availéble for each well is shown in Table 3.

The borehole gravity data used in this project were
acquired in both the large diameter and small diameter wells
at NTS. The small diameter wells, used for exploratory or
satellite well log surveys, range from 7.63 inches to 12.25
inches in diameter. Borehole gravity data were measured in
these holes wusing the conventional Lacoste and Romberg
borehole gravity meters (EDCON, 1979). Borehole gravity
surveys conducted in the large diameter 'emplacement holes
used modified Lacoste and Romberg G-meters. The diameters
of the emplacement holes in this study range from 64.17
inches to 96.00 inches.

The modified G-meters had damping added to the beam and

a type of stabilizer permitting the meter to be leveled in
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Table 3. Summary of Available Well Data.
Well Borehole Gravity 7-7 Well Logs
U4s X X
UTam X X
UT7aw X X
U7bs X X
UT7bs_satl none X
Ue3lj X X
Uedal X none
UeT7h X X
UeT7i X X
UeTj X X



T-3954 42

the borehole (Cogbill, written commun., 1990). One of them
was operated by Lawrence Livermore National Laboratory
(LLNL) and was stabilized in the borehole with a
centralizer. The other was operated by LANL and was
stabilized in the borehole using a hydraulically actuated
stabilizer that positioned the meter approximately 14 inches
from the borehole wall (Cogbill, written commun., 1990).

The borehole gravity data were reduced by LANL using
the standard corrections for instrument drift, earth tides,
and terrain. The data were also corrected for the borehole
void and fluids (liquid) contained within the void. The
static water level in the NTS is generally at a depth of 550
to 600 m from the surface; therefore most of the large
diameter holes are_filed with air (Cogbill, written commun.,
1990). The fact that the LANL gravity meter was
decentralized in the borehole was accounted for when making
the correction for the borehole void (Cogbill, written
commun. , 1990). No further reductions were performed by
LANL in order to preserve the gravity signal for wuse in

calculation of formation densities.

Bulk Density Data

Bulk density data was available from two sources: (1)
determined from 7-7 density logs, and (2) calculated from

the borehole gravity data. The denéity information from the
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borehole gravity data and the 7-7 logs are in Appendixes B
and C respectively. The densities determined from the y-7y
logs were plotted as interval densities for the same
intervals as the densities that were calculated from the
borehole gravity data.

The 7-7 density logs were run in both the small and
large diameter wells at NTS. The logs were run in the large
diameter holes using special skids to ensure the tool was
contact with the borehole wall _(Cogbill, written commun.,
1990).

The major problem with the bulk density data from the
7-7 logs is related to fluid invasion in the borehole. The
term fluid is used in this research to describe invasion of
pore spaces by a liquid, not invasion of pore spaces by a
gas. The small diameter wells are often drilled using
compressed air as the circulating medium resulting in rough
borehole walls yet no or little fluid invasion. The large
diameter wells are drilled using water and a light drilling
mud (e.g. bentonite) or a polymer as the circulating medium
resulting in severe fluid invasion in zones of porous
alluvium and vitric tuff (porosities can be as high as 40%,
Cogbill, written commun., 1990). The bulk densities from
the 7-7 logs from the large diameter wells are as much as
0.25 g/cm3 higher than the densities calculated wusing the

borehole gravity values. The bulk density data from the 7-7
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logs run 1in the small diameter wells are typically more
reliable than those from the large diameter wells. The
borehole gravity ﬁeasurement is only minimally affected by
near borehole conditions such as rough borehole walls and
shallow fluid invasion (Beyer, 1983). For this reason, the
borehole gravity calculated densities are often more
representative of the actual formation density (Robbins,
1989).

Bulk densities, pB, were calculated from the borehole

gravity measurements by LANL using the standard
relationship:
1 Ag
Pg = 776 F - §7! (1)
where G is the Newtonian gravitational constant, F is the

free-air gradient, Adg is the difference between the gravity
measured at a borehole station and the station immediately
above, and Az is the vertical interval between the two
adjacent gravity stations. The Ag/Az term is called the
gravity gradient, Figures of the calculated densities
versus depth for the wells used in this project are shown in
Appendix B. The uncertainty in fhe calculated density is
approximately 0.03 g/cm3 per 20 m interval, attributed

largely to gravity measurement error (Cogbill, written
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commun. , 1989). This wuncertainty translates to a 2.5
mGal/km error for the gravity gradient in the borehole.

The densities calculated from borehole gravity are only
equal to the true formation bulk density if the earth is
composed of semi-infinite layers of constant density; these
densities are referred to as apparent formation densities
(Lafehr, 1982). The potential for deviations between the
formation densities and the densities calculated from the
borehole gravity data is high because of the complex geology

of the Yucca Flat basin.
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REGIONAL GRAVITY FIELD

In order to isolate the gravity anomalies of interest,
the residual anomalies, the regional gravity field was
removed from both the surface and borehole gravity data.
The regional gravity field at Yucca Flat is very complex
(Ferguson et al., 1988); however, it is not the purpose of
this study to define the exact regional gravity field at
Yucca Flat. Regional-residual separation is one of ﬁhe
steps used to facilitate simultaneous forward modeling of
the surface and borehole gravity field at Yucca Flat,.
Therefore, three methods were tested for calculating the

regional gravity field at Yucca Flat that have the advantage

of simplicity and speed 1in computation: conventional
wavelength filtering, Wiener filtering, and polynomial
surface fitting. The polynomial surface fitting technique

was chosen for calculation of the regional.

The regional field at Yucca Flat was determined by
calculating a least-squares, third-order polynomial trend
surface from a grid of the complete Bouguér gravity data.
The resulting regional field is a smooth surface generally
decreasing to the north (Figure 19). This decrease iﬁ
gravity to the north is a real regional geologic feature
attributed to crustal thickening to the north (Cogbill,

written commun., 1990).
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Figure 20. Third-order polynomial calculated-from the
complete Bouguer gravity grid. Contour
interval 2 mGal.
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The third-order polynomial (Figure 20) was compared to

a coarsely gridded gravity data set for Nevada from the
National Geodetic Survey (NGS) gravity data base (Figure
21). This gravity map represents the regional field over
the Yucca Flat region gridded at a 5 km grid spacing. The
third-order polynomial and the NGS data are remarkably
similar in shape and magnitude. In particular, a
north-south trending gravity high ridge is present in the
southwest portion of both maps. The greatest discrepancy
between the third-order polynomial and the NGS régional is a
gravity low located on the NGS map. This gravity low is due
to the Yucca Flat basin, and is not considered part of the
regional gravity field.
B There 1is no obvious correlation between the regional
(Figure 20) and the anomaly due to the basin fill (Figure
18), so removal of the polynomial trend surface from the
complete Bouguer anomaly field will not degrade the signal
for the anomaly of interest. To obtain the residual gravity
anomaly, the calculated regional was subtracted from the
grid of the complete Bouguer anomaly data (Figure 22).

The regional gravity field was also femoved from the
borehole gravity data. The value of the regional at the
surface elevation of the borehole is simply the gravity
value of the +third order polynomial at the borehole

location. At depth in the borehole, the regional gravity
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Figure 21. Coarsely gridded NGS complete Bouguer gravity
data used for comparing to the third-order
polynomial regional. Contour interval 5 mGal.



TTTTTT

116° 05 116° 00’

0\04

Z \Q DAL
0

i 1

10 KM
J

aaaaaaaaaaaa



T-3954 51

field becomes more complicated. The regional gravity field
in the borehole is the regional gravity field at the surface
downward continued to the depth of the borehole gravity
station. This vertical variation of +the regional gravity
field in the borehole can be approximated to a first order
by multiplying the vertical derivative of the third-order
polynomial regional by the depth of the borehole gravity
station. From the westernmost borehole (Ue4al) to the
easternmost borehole (Ue7h), the vertical derivative of the
third-order polynomial regional gravity field varies from
+0.62 mGal/km to -0.42 mGal/km (Figure 23). Considering
that these values are less than the instrument error for
determining the gravity gradient in the borehole of +2.5
mGal/km, the regional corrections in the borehole at depth
can be neglected. Therefore, the regional gravity field for
the borehole was calculated by removing a constant to adjust
the borehole gravity value at the surface elevation to the
value of the residual gravity field at the surface elevation

of the borehole.
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Figure 23.

First vertical derivative of the third-order
polynomial. Contour interval 0.2 mGal.
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REDUCTION OF BOREHOLE GRAVITY DATA

Simultaneous modeling of surface and borehole gravity
data require that both data sets be corrected using the same
reduction parameters. The borehole gravity data had not
been free-air or Bouguer corrected. Consequently, free-air
and Bouguer corrections with the same parameters used to
reduce the surface gravity must be applied to the borehole
gravity data. The borehole gravity data are most often used
for calculating apparent formation densities in the
borehole, for which the Bouguer correction is unnecessary.

The free-air correction was applied to the borehole
gravity wusing the standard free-air gradient of 0.3086
mGal/m as was done to the surface gravity. The correction

in the borehole is written:
FAC = BHG + 0.3086 SE. (2)

where FAC 1is the free-air correction, BHG is the borehole
gravity measured at one borehole gravity station, and SE 1is
the station elevation in meters of the borehole gravity
station.

The borehole Bouguer correction, AQB, is the difference

between the gravitational attraction of a Bouguer slab above
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and the Bouguer slab below the elevation of the borehole

gravity station:

Ag (3)

(o]
|

-216ph1 + Zerhz

‘ZTGP(hl = hz) ?

where G is the gravitation constant, p is the reduction
density for the Bouguer slabs, h1 is the thickness of the
overlying slab, and h2 is the thickness of the underlying
Bouguer slab (Figure 24). The value of h1 becomes more

positive and the value of h2 becomes more negative with
increasing depth, so the terms will add to give a vertical
gradient of -47Gp.

_ The resulting borehole gravity curve can be easily

interpreted by noting that the slope of the curve is

described by
A
E% = - 47GAp (4)

where Ap 1is the difference between. the density and the
Bouguer reduction density. An 1increase in gravity with
depth indicates that the density of the body is lower than
the reduction density, a constant gravity value with depth
indicates the density of the body is equal to the reduction

density, and a decrease in gravity with depth indicates the
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Figure 24. Illustration for calculation of the borehole

Bouguer correction.
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density of the body is greater than the reduction density.
Figure 25 is the borehole gravity curve from a three layer
model where the top layer has a negative density contrast
with the reduction density, the middle layer has zero
density contrast with the reduction density, and the Dbottom
layer has a positive density contrast with the reduction
density. The borehole gravity curve for the center layer 1is
not a vertical line due to the fact that the slabs are not
infinite. An example of analysis of the residual gravity

curve for well Ue3lj shows that the curve can be generalized

into two linear slope segments (S1 and S2) with a slope
break at elevation -0.84 km (Figure 26). Both slope
segments show an increase in gravity with depth, so the

density of the rocks encountered above and below the slope
break are.Both less than the reduétion density of 2.67
g/cms. Comparing the S1 and S2 slope segments, segment S1
is increasing in gravity greater than segment S2, indicating
the rocks in the vicinity of S1 are less dense than +the
rocks in the vicinity of S2. Interpreting the residual
borehole gravity slopes in the manner described above will
provide information about the density of the rocks by
analysis of the slopes, and information about the depth of

the 1interface between rocks of different densities by

locating the slope breaks.
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Figure 26. Residual borehole gravity curve for well Ue3lj.
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MODEL CONSTRAINTS

Introduction

Anomalous features in the gravity data arise from
density contrasts between geologic features in the
subsurface, not from the absolute density of the feature.
Therefore it is critical to quantify the densities of the
lithologic units in the region of interest and to identify
the most significant density contrasts. The significant
density contrasts will give rise to the most prominent
anomalies in the gravity data. The interface separating the
rock units with different densities form a body. The model
of this physical situation should then represent the volume,
shape, and density of a body or suite of bodies 1in the
earth’s subsurféce that control - the observed residual
gravity anomaly.

In Yucca Flat, the density contrast across the
Paleozoic-Tertiary interface is the dominant source for the
residual gravity anomaly. This density contrast is best
modeled using two three-dimensional bodies: One body
representing the pre-Cenozoic basement, and the other body

representing the Cenozoic basin fill.



T-3954 60

Density Model

Densities in the Yucca Flat Cenozoic basin fill can
vary drastically over relatively short distances. Analysis
of the density values calculated in 8 of the boreholes used
in this study show that within the Tertiary volcanics,
densities can vary from 1.32 g/cm3 to 2.40 g/cms, and within
the alluvial section densities range from 1.38 g/cin3 to 2.11
g/cms. However, these local complexities in the Yucca Flat
density distribution of the Cenozoics have traditionally
been condensed 1into a single body with average density
(Brethauer, 1981; Diment et al., 1960; Felch, 1979; Ferguson
et al., 1987; Healey, 1968).

The simplification of the density model for the
anozoic basin fill works particularly well for several
reasons. First, it simplifies the density model allowing
the Cenozoic section to be represented initially as a single
body. This eliminates the task of attempting to account for
all the complexities using geologic constraints and a very
complicated body. Secondly, it allows for easy detection of
significant anomalous features. Any feature that
substantially deviates from the single density model will
produce obvious anomalies when comparing modeled to residual
responses. Most importantly, the single density value is an
excellent representative average density for the Cenozoics

for the basin-wide scale.
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The density analysis of eight of the wells used in this
study 1is shown in Table 4 (no borehole gravity is available
for well U7bs_satl, and no stratigraphic information is
available for well U4s). The densities were calculated from
the borehole gravity data by LANL. The average density of
the alluvium of 1.76 +/- 0.03 g/cm3 is lower, yet very near
the average density of 1.89 +/- 0.03 g/cm3 for the volcanic
tuffs. While there is no overlap between the alluvium and
tuff averages, the densities are similar enough to warrant
grouping this data into a single density value. The average
densities for the entire Cenozoic section (alluvium plus
tuffs) was calculated to be 1.83 +/- O.O3fg/om3 (equal
weight applied to all density values). There was less
density information available for the Paleozoics, since
drilling is commonly terminated when the Paleozoics are
encountered. However, an average density value of 2.47 g/cm3
was determined from the available densities calculated form
the borehole gravity data.

Previous investigations cite a density of 2.70 g/cm3
for the Paleozoics and a density of 1.90 to 2.00 g/cm3 for
the Cenozoics, a contrast of 0.70 g/cm3 (Brethauer, 1981;
Diment et al., 1960; Felch, 1979; Healey, 1968). The value
of 2.47 g/cm3 for the Paleozoic body may be low due to the
presence of a low density colluvial layer on top of the more

competent Paleozoic rocks. However, more recent investi-
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Table 4. Summary of Density Information for Yucca Flat.

Aluvium and

wWell Alluvium Tuff : Tuff Paleozoic
(g/cgg) Lg(cms) ngcms) (g/cms)

UTam 1.63 1.83 1.78 none
UTaw 1.57 1.83 1.85 none
U7bs 1.68 1.79 1.74 none
Ue3lj 1.81 1.98 1.91 2.32
Ued4al 1.89 2.28 1.91 2.39
Ue7h 1.87 1.79 1.81 2.56
UeT71i 1.76 1.83 1.82 2.65
Ue7j 1.85 1.83 1.83 2.44
AVERAGES

1.76 1.89 1.83 2.47
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gations cite lower densities of 2.50 g/cm3 for the

Paleozoics and 1.80 g/cm3 for the Cenozoics, translating
again to a density contrast of 0.70 g/cm3 ({Ferguson et al.,
1988). These values are in close agreement with the average
densities calculated in the analysis of the eight Dboreholes
used 1in this study. The wvalue of 1.80 g/cm3 for the
Cenozoic (Ferguson et al., 1988) is based on a wider
distribution and a greater quantity of density values than
3

is available to this study, so the value of 1.80 g/cm ,

which is in close agreement with the value calculated from

the well cluster in this study (1.83 +/- 0.03 g/cm>), will
be wused for the density of the Cenozoics. A value of 2.50
g/cm3 will be assigned to the Paleozoics, thus giving a

density contrast of 0.70 g/cm3 across the Paleozoic-Tertiary

interface.

Depth Model

The Paleozoic—Tertiary interface must be delineated on
the surface and in the subsurface of Yucca Flat. The depth
constraints will ensure the model does not deviate too far
from the true geology. It especially important to have
depth control in the areas far from the borehole gravity
well cluster, where it is wunlikely the borehole gravity

response will aid in the characterization of the subsurface.
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In particular, these are the areas to the north and to the
south of the wells.

Geologic maps (7.5 minute quadrangles and 1:480000
special study maps) were used to map the Paleozoic-Tertiary
contact on the surface of Yucca Flat. The resulting
Paleozoic~-Tertiary contact is a generalized outline of the
alluvium that fills the basin (Figure 27). A data set of
151 wells that penetrate the top of the Paleozoics was used
to constrain the Paleozoic-Tertiary contact in the
subsurface. The well data comes from 146 wells from LANL
and 5 additional wells (Brethauer et al., 1981) not included
in the LANL data set. The well data were contoured to
.produce a map defining the top of the Paleozoic basement
(Figure 27). Regions outside the well control have been
blanked out. A high elevatioﬁ ridge (maximum -1.20 km)
separates the deep graben to the east from the shallower
graben to the west.

The topography of Yucca flat 1is the only other
well-constrained geologic surface in the study area (Figure
28). The topography was mapped by gridding and contouring
the gravity station elevations. The grid of the topography
was also used as the parameter file of station locations for

calculation of the model’s gravity response.
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Figure 27. Contour map of the Paleozoic-Tertiary interface
based on well control. Solid outline is the
interpreted Paleozoic-Tertairy interface on the
surface of Yucca Flat. Contour interval 0.1 km.

({Areas outside well control (+) were blanked
out).
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Figure 28.

Topography of Yucca Flat with profile A-A’.
Contour interval 0.05 km.

66



T-3954 67

FORWARD MODELING

The intention of +this research is to develop a

three-dimensional model of the Yucca Flat basin in order to

facilitate modeling surface and borehole gravity
simultaneously. The modeling algorithm must therefore be
capable of computing the gravitational field of a

three-dimensional body at surface gravity stations on the
surface or outside the Dbody, and at borehole gravity

stations inside the body.

Algorithm
The algorithm used to compute the gravity field of a

three-dimensional model is a reformulation of Pohanka's

(1988) expression for the gravity field of a homogeneous

polyhedron. The goal of this reformulation is to recast
Pohanka’s expressions as a sum over vertices of a
polyhedron, and to write +the expression in an explicit

coordinate-~invariant form analogous to that of Hansen and
Wang (1988). By writing the expression as a sum over
vertices, computations are performed locally at a single
vertex.

The geometry in the neighborhood of a vertex of the
polyhedron is shown in Figure 28. Focusing attention on a

single edge of the vertex, let the unit vector along the
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Figure 29. Geometry in the neighborhood of a vertex.
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edge away from the vertex be m. Let n be the unit normal to
one of the faces which meets at the edge, and let 1 = m x n
be the unit vector in the plane of the face and
perpendicular to the edge. If r, = (Xl’ Yy Zl) is the

vector from the observation point, O, to the vertex, then ,

can be written
r., = u,l + v,m + w.n . (5)

Pohanka (1988, Eq. 24) writes the gravity field of the

polyhedron in the following form:

J K
& = -G zﬂj 2 POUSr Vi Vike1? ") 0 (6)

where the index j labels the faces of the body and the index
k labels the edges of each face. The function p (Pohanka,

1988, Eq. 25) is given by
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P(u’ Vl, Vz, W) = -u ln -H (7)
r, _ vy, + | wi
+2|w|[ arctan =
r, - vy + |w|]
—-arctan '
where r = (u2 + v2 + w2)1/2.

An expression which is symmetrical with respect to .the

vertex coordinates can be obtained by noting that

f’(ui —V27 -vl" W) = P(u’ Vl: Vz) w) (8)

(this is equivalent to stating that one can integrate around
the edges of the face in the opposite direction) so that,

after some simplification,

plu, vy, vy, W) = --;- u ln ——— (9)

+|w| arctan

-|w| arctan 5
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can be shown to hold. This last equation is symmetric with
respect to the coordinates of the endpoints of the edge, and
enables the gravity field to be written as a sum over
vertices of the polyhedron in an obvious way.

- Note that the denominators of the arctangent terms in
the symmetrized expression for ¢ are non-negative. This
makes. it possible to evaluate the arctangent terms without
quadrant ambiguities, thus recovering at least part of the
efficiency lost in failing to combine terms in the way used
by Poﬁanka (1988).

The implementation of the algorithm is straightforward,
and follows the: lines discussed by Hansen and Wang (1988)
for the frequency-domain algorithm. Cases for a vertex at
which more than three edges meet are handled in a manner
exactly analogous to tﬁe frequency-domain construction.
However, the spatial-domain algorithm allows the gravity
field to be calculated at arbitrary station locations
including station locations within the body, as is required

when modeling borehole gravity.

Program Design

The program GMOD3D was designed by Hansen to implement
the algorithm described above. Station parameters and model
parameters are input into the program. The station

parameter file consists of x-, y-, and z-coordinates
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where the gravity field of the model is calculated. The
grid of the surface topography is used as the station
parameter file for calculation of the surface gravity. The
borehole stations for the model are located at the same
station positions as the observed borehole gravity stations

to allow for strict comparison of the modeled and the

observed borehole gravity fields. The model parameter file
consists of density contrast, vertex location, and vertex
pointer information. The vertex location and pointer

information define the surfaces of the polyhedral bodies of

the model.

Yucca Flat Model Design

_ The three-dimensional model of Yucca Flat basin
consists of two bodies: One boay with a density of 2.50
g/cm3 representing the pre-Cenozoic rocks that form the
Yucca Flat basin, and another body with a density of 1.80
g/cm3 representing the Cenozoic basin fill rocks. Since the
surface gravity was reduced using a density of 2.67 g/cms,
the pre-Cenozoic body is assigned a density of -0.17 g/cm3
and the Cenozoic body is assigned a density of -0.87 g/cm3
Within the study area of 840 kmz, the topography at the
surface and the topography of the Paleozoic-Tertiary

interface are modeled in detail. The body representing the

pre-Cenozoic rocks is extended to a depth of 11.5 km, which
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is the approximate stratigraphic thickness of the
pre-Cenozoic section in the Yucca Flat region. A third body
representing the lower crust, with a density of 3.00 g/cm3,
extends from 11.5 to 25.0 km.

The design of the model is based on a collection of
polyhedral bodies composed primarily of triangular facets.
The triangular facets are used to model the topography at
the earths’ surface and the Paleozoic-Tertiary interface.
The model is extended laterally 100 km from all four sides
of the study area in order to approximate a Bouguer slab. A

generalized illustration of the Yucca Flat model is shown in

Figure 30..

Modeling Technigues

‘The forward modeling process 1involves iteration of
three steps: (1) Calculation of the model gravity field, (2)
comparison of +the model gravity field to the residual
gravity field, and (3) modification of the model parameter
file. This process is repeated until the modeled and
residual fields are essentially in agreement for both the
surface and the borehole gravity fields.

The gravity field of the model is calculated at both
surface and borehole ¢gravity station locations using the
three-dimensional modeling - program GMOD3D. The surface

gravity results are gridded and contoured to the same scale
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Figure 30. Generalized illustration of the initial Yucca

Flat model {not drawn to scale).



T-3954 75

as the residual gravity map. The residual surface gravity
maps are compared to the modeled surface gravity map, by
inspection or by subtracting the residual grid from the
model grid and examining the resulting difference map, to
determine where the greatest discrepancies occur between the
"modeled and residual gravity fields. The modeled and
residual borehole gravity curves are plotted on elevation
versus gravity plots. The modeled borehole curves are
adjusted to the value of the residual gravity field at the
surface station to aid in comparing both modeled and
residual curves.

Major discrepancies between the modeled and the
residual gravity fields for both the surface and borehole
indicate that the model needs to modified in some manner in
the vicinity of the disparity. The crucial step in
modifying the model 1is to determine which changes to the
model parameter file will result in mutual improvement in
the fit between the modeled and residual fields for both the
surface and borehole gravity. No changes are made that

result in worsening the fit in either the borehole or on the

surface. The are four basic techniques used to modify the
model : (1) Change the density contrast of a body, (2) move
the vertices of a body, (3) add new vertices to a body, or

(4) add a body to the model.
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Comparisbn of the modeled and calculated borehole
gravity curves is a particularly useful method for verifying
or adjusting the density of a body and for delineating
interfaces between bodies of different densities. By
matching the slope of the model to the slope of the observed
borehole gravity, the density of a body can be adequately
determined or approximated. The densities used for the
Paleozoic basement and the Cenozoic fill are easily verified
by examining the match in slopes between the modeled and
residual borehole gravity curves.

Slopes that are poorly matched indicate that a body
needs to be modified or added to the model or the density of
the body needs to be adjusted in the vicinity of tﬁe
horehole. Abrupt changes 1in the slope of the borehole
gravity curve indicate a distinct change -in rock density.
These breaks in slope are used to locate the interfaces
between bodies of different densities.

This method is also used to detect and determine the
densit& of an anomalous feature in the subsurface. Areas
where slopes do not match indicate a deviation from the
current model density and the presence of some other density
body. The vertical extent can be determined by mapping the
distance between slope breaks_on the borehole gravity curve,
The horizontal extent can be mapped by examining the surface

gravity field.
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By moving a vertex, the shape and the volume of the
body can be changed. If the desired detail cannot be
obtained by moving the vertex, then a vertex can be added to
the body. There are two potential errors that can occur
when moving or adding vertices to a body: A hole can be
created between bodies, or secondly a vertex can be
positioned above the surface gravity stations or within a
body of a different density contrast. Care must be taken so
that a side of a body coincident with the side of another

body remain coincident after a vertex is moved or added.
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DISCUSSION OF RESULTS

The criteria used to determine the success of
simultaneously modeling the surface and the borehole gravity
is based on three comparisons:

1. Comparison of the modeled surface gravity

field to the residual surface gravity field.
2. Comparison of the geology depicted by the
model to the geology determined from the
.well control information.
3. Comparison of the modeled borehole gravity
field to the residual borehole gravity field.
" The surface gravity, the borehole gravity, and the geologic
constraints were wused simultaneously during the forward
modeling process; however, their results will be discussed

separately.

Surface Gravity

The surface gravity field for the mountainous areas
surrounding Yucca Flat have been blanked out on the gravity
maps for the final model (Figure 31). This was done in
order to focus attention on the anomalies caused by the
density contrast between the Paleozoic basement and the
Cenozoic basin fill. This density contrast is not present

in the mountains surrpunding Yucca Flat since the mountains
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are primarily composed of pre-Cenozoic rocks.

Figure 32 1is the  surface gravity field of the final
model. The difference between the model and the residual
surface gravity field was calculated to determine how well
the modeled field matches the residual field (Figure 33).
The difference map shows a shallow regional dip of
approximately +/- 4 mGal from south +to north, indicating
that part of the regional gravity field was not accounted
for by the third-order polynomial regional. This could be a
result of the empirical manner in which the original
regional-residual separation was performed. In order to
account for the regional dip seen in the difference map, a
planar regional was removed from the modeled surface gravity
(Figgre 34).

The planar regional was determined by calculating the
first order polynomial trend surface of the difference grid.
The resulting difference map shows no regional dip to the
north, and the error between the model and the residual
field is approximately +/- 2 mGal over the entire Yucca Flat
(Figure 35). Since the overall accuracy for the surface
gravity data is +/- 0.2 mGal, the anomalies not accounted
for by the modeling are attributed primarily to real
geologic features.

The same planar regional was removed from the surface

gravity field of the model, resulting in the final modeled
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Figure 32. Gravity map of the final model of Yucca Flat.
Contour interval 2 mGal.
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Figure 33. Difference map between the gravity map of the

final model and the residual gravity map.
Contour interval 1 mGal.
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Figure 34. Planar regional calculated from the difference

map. Contour interval 1 mGal.
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Figure 35.

Difference map after removal of the planar
regional. Contour interval 1 mGal.
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surface gravity map (Figure 36). By inspection, removal of
the trend causes the gradients in the southern low of the

eastern basin to better match the residual.

Three-dimensional Model

The results for the final .model were obtained by
forward modeling surface and borehole gravity data. The
final model of Yucca Flat consists of 5 bodies. Two of the
bodies form the frame of the model, extending outward 100 km
from the study area borders and to a depth of 25 km. The
‘remaining three bodies are located within the sﬁudy area
borders: Body 3 represents the rocks of the Paleozoic
basement and topography adjacent to Yucca Flat (i.e. outside
the Yucca Flat border), Body 4 models the basin fiil and
topography of Yucca Flat, and Body 5 is an anomalous feature
within the basin fill (Figure 37). A map view (Figure 38)
and three-dimensional perspective plots (Figure 39) of Body
5 have been included to illustrate the size and shape of the
final body and to show the construction of a
three-dimensional polyhedron. A total of 415 vertices were
used to construct the bodies 3, 4, and 5.

The Paleozoic-Tertiary interface of the model was
contoured (Figure 40). To determine how successfully the

model Paleozoic-Tertiary interface represents the actual
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Figure 36. Gravity map of the final model of Yucca Flat
with the planar regional removed. Contour
interval 2 mGal.
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Yucca Flat (see Figure 28).
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Figure 38. Map view of Body 5.
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Figure 39.

Three-dimensional perspective plot of Body 5
with hidden vectors (A) and with all vectors
visible (B).
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Figure 40. Contour map of the Paleozoic-Tertiary interface
of the final model. Contour interval 0.1 km.
Vetex locations for the modeled interface are
indicated by a +.
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geology, the difference between the model interface and the
interface controlled by the 151 wells was determined (Figure
41). The modeled and the well control interface differ by
between 0 and 50 m in the vicinity of the nine borehole
gravity wells. The average depth to the Paleozoic interface
in this region is approximately 800 m, indicating that the

depths of the interface for the model have been located

within approximately 7% error. To the north and the
south-southeast of the well cluster, the mismatch 1is as
great as 500 m. In general, areas outside the borehole

gravity coverage, yet within the well control coverage have
an error of +/- 200 m.

A comparison of stratigraphic units within the region
covered by Body 5 reveal that the body includes the entire
section of Tertiary volcanics in well Ue3lj, and the last 40
m of alluvium and the entire section of Tertiary volcanics
in well Ued4al. So, Body 5 correlates to the distribution of

the Tertiary volcanics.

Borehole Gravity

The borehole gravity results from the nine wells in
Yucca Flat will be discussed. The wells are divided into
three groups, based on the shapes of the borehole gravity
curves (modeled and residual) and the technique used to

obtain the final modeled result. Group 1 consistes of wells
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Figure 41. Difference map between the Paleozoié-Tertiary

interface of the final model and the
Paleozoic-Tertiary interface determined from the
well control. Contour interval 0.1 km.
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U7am, U7aw, U7bs, Ue7h, Ue7i, and Ue7j; Group 2 consists of

wells Ue3lj and Ued4al, and Group 3 consists of well Uds.

Group 1 Wells

The results for the six Group 1 wells were obtained by

modeling the Paleozoic-Tertiary interface (Figures 42 to
47). No additional bodies were added to the model in the
vicinity of the Group 1 wells. Anomalous features do exist,

particularly at intermediate depths in the wells; however,
the density function was deemed too complex to model at the
present working scale of the Yucca Flat model.

The modeled borehole gravity curves and the residual
borehole gravit& curves agree within +/~< 1 mGal in all the
boreholes for approximately the first 100 m. In wells U7am
and U7bs, the curves agree within +/- 1.5 mGal to a depth of
250 m. This match at shallow depths occurs predominantly
within the Quaternary alluvium.

The observed gravity curves deviate to the right of the
modeled curve at intermediate depths. This increase in in
gravity with depth relative to the modeled curve indicates
that the density of the Cenozoic basin fill is deceasing
with depth. Past studies of Yucca Flat have indicated a
similar pattern (Ferguson et al., 1988). The maximum

difference between the modeled and the residual borehole
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Figure 43. Modeled (solid) and residual (dashed) borehole
gravity curves for well UTaw.
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Figure 46. Modeled (solid) and residual (dashed) borehole
gravity curves for well UeT7i.
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gravity curves at intermediate depths is approximately +2.5
mGal to +4.5 mGal for the Group 1 wells.

At the Paleozoic-Tertiary interface in wells UeT7h,
UeT7i, and Ue7j, the agreement between the modeled and the
observed curves is improved to +1.0 to +2.7 mGal compared to
intermediate depths. The total depth for wells U7am, U7aw,
and u7bs are located above the Paleozoic-Tertiary interface
approximately 110 m, 140 m, and 70 m, respectively. The
match between the modeled and the residual curves at total
depth for U7am, U7aw, and UTbs is improved to 0.0 to +1.3
mGal compared to intermediate depths, due to the proximity
of the interface. Well Ue7h is a good example of the fit at
shallow depths, the departure between curves at intermediate
depths, and the improved fit again at the Paleozoic-Tertiary
interface (Figure 45).

The departure of the residual borehole gravity curves
from the modeled curves at intermediate depths suggest the
variation in density of the basin is more complex than is
represented by the model. The slope of the modeled curve is
essentially constant within a single body, while the slope

of the residual is a more complex function described by the

numerous, small density changes with depth. At the present
working scale (i.e. the entire Yucca Flat basin), it 1is
difficult to model this complex density function. However,

the model curves are shown to be a good approximation of the
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density function at shallow depths and again at the
Paleozoic-Tertiary interface.

The best match between the model and the residual’
curves occurs within the alluvium. This indicates that the
density of 1;80 g/cm3 accurately represents the Quaternary
alluvium, "yet the departure between the curves at
intermediate depths indicate a more complex density function
exists within the tuffs. The present model only
approximates this density function. Therefore, a first step
to improving the density model of the Cenozoic basin fill in
the area of the Group 1 wells would be to model the tuffs as

a separate body from the Quaternary alluvium.

Group 2 Wells

The results from the Group 2 wells were obtained by
modeling the Paleozoic-Tertiary interface and by adding a
previously unknown body to the subsurface (Body 5). The
addition of Body 5 improved the fit between the observed and
the residual curves; however, the fit 1is not exact,
suggesting that the ‘density model and the simplified
representation of the nearby Carpetbag fault may be
responsible for the deviation.

The modeled and the residual borehole gravity curves

agree within +/- 1 mGal to a depth of 100 m in well Ue4al,
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while well Ue3ly) is within +/- 1.5 mGal to a depth of 450 m
(Figu;es 48,49). A thick section of alluvium is penetrated
by both wells (309 m in well Ue3lj and 480 m in well Uedal).
The fit between the modeled and residual borehole gravity
curves at shallow depths occurs within the upper section of
the alluvium. The deviation between the model and the
residual curves begins in the deep alluvium before entering
the tuffs. The density structure of the alluvium appears to
be more complex at the Group 2 location than in the vicinity
of the Group 1 wells. In Group 1, the shallow fit
correlated directly to the alluvial section.

Below the fit at shallow depths, the residual curves in
wells Ue3lj and Ue4al have a distinctly different character
than the Group 1 wells. The residual curves show a
decrease in gravity with depth relative to the modeled
.curves, indicating that the density of the rocks sensed by
the Dborehole gravity meter is greater +than the model
density. Additionally, there is no improvement in the fit
at the Paleozoic-Tertiary interface compared to that seen in
the Group 1 wells. This suggests that the borehole gravity
meter is sensing a high density feature with a density
greater than that predicted by the model.

The anomalous feature can be better described 'by
examining the slopes and the slope breaks on the Dborehole

gravity curves. In well Ue3lj, one major slope break exists
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Figure 48. Modeled (solid) and residual (dashed) borehole
gravity curves for well Ue3lj.
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Figure 49. Modeled (solid) and residual (dashed) borehole
gravity curves for well Ueédal.
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at approximately an elevation of -0.82 km in the borehole,
dividing the observed gravity curve into two roughly linear
segments (Figure 48). At -0.36 km, another slope break 1is
caused by the Paleozoic-Tertiary interface. Body 5 was
added to the model based on the slope segment between -0.36
and -0.82 km. Body 5 extends to well Ued4al, where a similar
slope segment is correlated immediately above the
Paleozoic-Tertiary interface from -0.84 to -0.79 ‘km. The
density of body 5 1is 2.10 g/cm3, only 0.03 g/cm3 greater
than the average density calculated from the Dborehole
gravity for this depth interval of 2.07 g/cma.

The addition of Body 5 resulted in improving the
surface and borehole gravity match between modeled and
residual fields. The surface gravity data was used
primarily to determine the lateral distribution of the body.
The shape of Body 5 was modified until the modeled surface
gravity anomalies approximately matched the residual surface
gravity anomalies. In the surface gravity, it was more
obvious that addition of Body 5 improved the fit in shape
between the modeled and residual surface gravity fields than
improved the magnitude of fit between the fields. Using
surface gravity alone, Body 5 would not have been detected.
The improvement in the match betwéen the modeled and
residual borehole gravity curves caused by adding Body 5 is

easily seen by comparing the gravity curves before and after
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the addition of the body (Figures 50, 51). The error of
10.2 mGal in Ue3lj and 6.5 mGal in Ued4al at the
Paleozoic-Tertiary interface is improved to 5.0 mGal for
well Ue3dlj and 4.8 mGal for well Ued4al. The slopes between
the modeled borehole curves and the residual curves for
wells Ue3d3lj and Ue4al are in good agreement within Body 5.
The density for Body 5 was determined from the
densities calculated from the borehole gravity data for well
Ue3lj. The difference between the 7-7 bulk densities and
the densities calculated from the borehole gravity dafa for
well Ue3l) were calculated (Figure 52) as a test to see
whether the densities calculated from the borehole gravity
data have been degraded due to the presence of structure or
other anomalous density feature. Ue3lj is a small-diameter
exploratory well in which 7-7 densities are expected to be a
more reliable measure of the formation bulk density than the
densities determined from 7-7 density logs measured in the
large diameter holes. At depths greater than -0.84 km,
there is no distinct separation between the densities from
the 7-7 logs and the densities calculated from the borehole
gravity data. The differences fluctuate between +0.05 and
-0.18 g/cma. Considering the average of the fluctuations,
the densities from the borehole gravity data are greater
than the densities determined from the 7-7 density logs

(+#0.10 to + 0.15 g/cms). The borehole gravity values may be
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Figure 50. Modeled (solid) and residual (dashed) borehole
gravity curves for well Ue3lj without Body 5.
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Figure 51. Modeled (solid) and residual (dashed) borehole
gravity curves for well Ue4al without Body 5.
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biased high due to the presence of high density fault blocks
(+2.50 g/cma) related to the nearby Carpetbag Fault. It 1is
interesting to note that the shape of Body 5 resembles a
fault scarp, or fault deformed structure, with its high
angle, east—dipping, eastern face (Figure 37).

The 17-7 density log was not available for well Ue4al,
so an analysis of possible deviation of the densities
calculated from the borehole gravity data could not be
performed. However, a study by LLNL (Clark and Hearst,
1983) shows a distinct separation between the 7-7 bulk
densities and the densities calculated from the borehole
gravity for well Ued4al. The densities calculated from the
borehole gravity data are approximately 0.1 to 0.4 g/cm3
- greater than the 7y-7 densities from approximately -0.92 to
-0.75 km. Their explanation for the discrepancy was that a
nearby fault scarp in the Paleozoic basement caused the
gravimetric densities to be too high since the borehole
gravity meter was sensing the high density fault block
(Figure 53). Several fault scarp models were tested in this

research. The tests confirmed that the inclusion of fault

blocks with densities approximately equal to the density of

the Paleozoic basement (2.50 g/cms) improved the match
between modeled and residual borehole gravity curves;
however, significant discrepancies occurred between the

modeled and the residual surface gravity fields. These
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discrepancies are related to the way in which the Carpetbag
fault is currently represented in the model. The Carpetbag
fault is modeled from the maximum elevation on the east side
of the horst block, to a low elevation 1in the eastern
graben, by a single sloping face (see Figure 37). This
representation of the fault works well for the surface
gravity, causing the modeled surface gravity to match the
residual surface gravity within approximately +/- 2.00 mGal.
It is apparent from the borehole gravity results that the
Carpetbag ' fault 1is Dbetter represented by a series of
downthrown, normal fault blocks. In order for the surface
gravity to match the new fault system, the entire Carpetbag
fault needs to be modeled in detail. The present working
scale of the three-dimensional model of Yucca Flat would not

have allowed for the detail described by Clark and Hearst'’s

(1983) two-dimensional model. These features are too deep
to cause significant changes in the surface gravity.
Therefore, comparison of densities calculated from the

borehole gravity and v-7 bulk densities is important to

resolving or recognizing small scale structures.

Group 3 Wells

Three slope breaks in well U4s were correlated to
density changes 1in the subsurface. Two bodies, with

distinct densities from the Cenozoic basin fill density
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of 1.80 g/cms, are hypothesized to exist between the slope
breaks (Figure 54). Average densities of 2.00 g/cm3 for
body A and 2.22 g/cm3 for body B were determined from the
densities calculated from the borehole gravity data
(Appendix B). Therefore, in order to model the borehole
gravity for U4s, the two hypothesized bodies A and B should
be added tc the model. Inspection of the surface gravity
difference map shows a deviation of +2 mGal between the
modeled and the residual gravity fields in the vicinity of
well U4ds, indicating an excess of mass in the model.
Therefore, for the surface gravity to match, a lower-density
body should be added to the model. This is in contradiction
to the borehole gravity results. Adding bodies A and B to
the model with densities higher than the Cenozoic fill will
result in a better match in +the borehole, yet a greater
mismatch between the observed and modeled gravity fields at
the surface.

The difference between the densities determined from
the 7-7 logs and the densities calculated from the borehole
gravity data was calculated for well U4d4s (Figure 55). Uds
is a large diameter emplacement well. The 7-7 densities are
consistently +0.10 g/cm3 from the surface elevation to -0.97
km. In the vicinity of the hypothesized Body A, no
substantial conclusions are made. No additional bodies were

added to the model since there could be no mutual
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Figure 54. Modeled (solid) and residual (dashed) borehole
gravity curves for well U4s.
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improvement in the match between the surface and borehole
modeled and observed gravity fields. Therefore, the final
results for well U4s were obtained by modeling only the

Paleozoic~-Tertiary interface.



CONCLUSIONS

A method for using the borehole gravity data to aid in
constraining the surface gravity model of a Cenozoic basin
was tested. A three-dimensional model was constructed
detailing the Paleozoic-Tertiary interface in the Yucca Flat
basin. The gravity field of the model was calculated on the
surface of the model and in the borehole using the program
GMOD3D. The surface gravity field of the final model is
within +/- 2.00 mGal of the residual surface gravity field
over Yucca Flat.

The borehole gravity -data were reduced using the
reduction parameters of the surface gravity data to ensure
that the modeled and residual gravity fields for both the
surface and the borehole gravity were accurately compared.
Reduction of the borehole gravity data involved applying a
standard free-air correction and a borehole Bouguer
correction.

Methods of slope matching and identifying slope breaks
in the borehole- gravity data curves were used to identify
subsurface anomalies and modify the model of Yucca Flat. No
changes in the model were made that resulted in worsening
the fit between the modeled and residual fields in both the
borehole and on the surface. A complex density function in

the Cenozoic fill, possibly due to the presence of dipping
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Tertiary tuffs or variations in the alluvium, could be
responsible for the departure at intermediate depths between
the modeled and residual curves.

The Paleozoic-Tertiary interface of the final model of
Yucca Flat was compared to the depth control from the 151
wells penetrating the interface. The use of the borehole
gravity fbrced the modeled Paleozoic—Tertiary interface to
remain within 0 to 50 m of the well control depths. The
depth control .was violated to a greater extent 1in areas
outside the Dborehole gravity coverage, yet the fit between
the modeled and the residual surface gravity fields remained
within +/- 2 mGal. Perhaps strict adherence to the
Paleozoic-Tertiary well control in all areas would
eventually produce the same results.

The Qse of the borehole gravity did allow for the
detection of a previously undetected body immediately above
the Paleozoic-Tertiary interface, Body 5. The fit between
both the surface and borehole gravity modeled and residual
fields were improved by the addition of Body 5. The surface
gravity data was important for aiding in determining the
lateral distribution of the body. The shape of the body:
the high angle, east-dipping, eastern face, suggests that
its distribution is controlled by a fault. The difference
in magnitude that persists between +the modeled and the

residual curves in the Group 2 wells is possibly due to a
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nearby, high density fault scarp. Modeling of the Carpetbag
fault as a series of downthrown, high angle, normal fault
blocks rather than the single, high angle face is suggested
for improving the model.

The most significant contributions of +the ©borehole
gravity data toward the understanding of the basin were
constraint of the Paleozoic-Tertiary interface and detection
of a density feature in the subsurface that would have not
been detected using only surface gravity. This shows that
the method of simultaneous modeling of surface and borehole
gravity data results in an improved geologic model of a

complex geological setting.
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FUTURE WORK

A substantial part of this research was dedicated to

developing and testing fundamental tools and ideas for the
accurate simultaneous modeling of surface and borehole

gravity data. With the fundamentals now in place, the door
is open to a wide variety of research projects.

The suggestions for future research are presented as
two parts: The first part describes methods for improving
the three-dimensional model "of Yucca Flat and better
understanding the geologyldescribed by the borehole gravity
meter, and the second part describes projects for the
continued development and use of  the method of

simultaneously modeling surface and borehole gravity fields.
Potential improvements in the Yucca Flat model:
1. Model the Tertiary volcanics as a distinct body
from the alluvium.

2. Construct a detailed model of the Carpetbag fault.

3. Model a small portion of the Yucca Flat basin in

detail.



T-3954

4'

121

Develop an accurate regional of Yucca Flat and
determine the resulting improved detail of the

model.

Future research:

1.

Develop a catalog of geologic structural examples
for the surface and borehole gravity fields with
the borehole located at various distances from the

structure.

Calculate densities from the borehole gravity
information from number 1 and then compare these
to densities determined from 7~y densities logs or
some other independently determined densities

(e.g2. laboratory core measurements).

Compare slopes between borehole gravity curves

from various wells and determine their

relationship.

Develop contour maps of borehole gravity values at
depth and compare to the downward continued

surface gravity field.
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Appendix A

BOREHOLE STRATIGRAPHY
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Table A-1. Stratigraphy of well U7am.
Depth Interval Formation'

(m)
000.0 - 207.3 Quaternary Alluvium
207.6 - 326.1 Timber Mountain Tuff, Rainier Mesa Member
326.1 - 396.2 Paintbrush Tuff
396.2 - 400.8 Wahmonie Tuff
400.8 - 440.4 Crater Flat Tuff
440.4 - 454.2 Belted Range Tuff, Grouse Canyon Member
454.2 - 539.5 . Tunnel Beds, Unit 4
539.5 - 582.2 Tunnel Beds, Unit 3
582.2 - 588.3 Belted Range Tuff, Tub Spring Member
588.3 - 615.7 Tunnel Beds, Undifferentiated
615.7 - 624.8 Yucca Flat Tuff
Table A-2. Stratigraphy of well UT7aw.
Depth Interval Formation

{(m)
000.0 - 262.1 Quaternary alluvium
262.1 - 301.8 Timber Mountain Tuff, Ammonia Tanks Member
301.8 - 411.5 Timber Mountain Tuff, Rainier Mesa Member
411.5 - 550.2 Paintbrush Tuff
550.2 - 577.6 Belted Range Tuff, Grouse Canyon Member
577.6 - 630.9 Tunnel Beds, Unit 4
630.9 - 690.1 Tunnel Beds, Unit 3
Table A-3. Stratigraphy of well U7bs.
Depth Interval Formation

{m)
000.0 - 253.0 Quaternary alluvium
253.0 - 301.8 Timber Mountain Tuff, Ammonia Tanks Member
301.8 - 434.3 Timber Mountain Tuff, Rainier Mesa Member
434.3 - 566.9 Paintbrush Tuff
566.9 - 603.5 Belted Range Tuff, Grouse Canyon Member
603.5 - 643.1 Tunnel Beds, Unit 4
643.1 - 677.0 Tunnel Beds, Unit 3
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Stratigraphy of well U7bs_satl.

Table A-4.
Depth Interval Formation
(m)
000.0 - 254.5 Quaternary alluvium
254.5 - 303.3 Timber Mountain Tuff, Ammonia Tanks Member
303.3 - 432.8 Timber Mountain Tuff, Rainier Mesa Member
432.8 - 570.0 Paintbrush Tuff '
570.0 - 600.5 Belted Range Tuff, Grouse Canyon Member
600.5 - 644.7 Tunnel Beds, Unit 4
644.7 - 706.2 Tunnel Beds, Unit 3
Table A-5. Stratigraphy of well Ue3lj.
Depth Interval Formation
(m) :
000.0 - 309.0 Quaternary alluvium
309.0 - 376.0 Timber Mountain Tuff, Ammonia Tanks Member
376.0 - 519.0 Timber Mountain Tuff, Rainier Mesa Member
519.0 - 525.0 Air-fall tuff
525.0 - 700.0 Paintbrush Tuff
700.0 - 704.0 Belted Range Tuff, Grouse Canyon Member
704.0 - 735.0 Tunnel Beds Tuff, Unit 4
735.0 - 747.0 Tunnel Beds Tuff, Unit 3
747.0 - 831.0 ‘Undifferentiated Tunnel Beds Tuff
831.0 - 881.0 Fraction Tuff
881.0 - 893.0 Undifferentiated older tuffs
893.0 - 902.0 Paleo-colluvium
902.0 - 939.0 Paleozoic limestone and siltstone
Table A-6. Stratigraphy of well Ue4dal.
Depth Interval Formation
(m)
000.0 - 480.1 Quaternary alluvium
480.1 - 509.0 Tunnel Beds, undifferentiated
509.0 - 666.9 Paleozoic rocks, undifferentiated
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Table A-7. Stratigraphy of well Ue7h.
Depth Interval Formation
{(m)

000.0 - 53.8 Quaternary alluvium

53.8 - 72.1 Timber Mountain Tuff, Ammonia Tanks Member

72.1 - 154.4 Timber Mountain Tuff, Rainier Mesa Member
154.4 - 236.6 Paintbrush Tuff

236.6 - 267.2 Tunnel Beds, Unit 4

267.2 - 331.2 Tunnel Beds, Unit 4e

331.2 - 335.8 Tunnel Beds, undifferentiated

335.8 - 376.9 Tunnel Beds, Unit 2

376.8 - 466.8 Crater Flat Tuff

466.8 - 495.8 Tunnel Beds, Unit 1
495.8 - 508.0 Undifferentiated older tuffs
508.0 - 532.4 Redrock Valley Tuff
532.4 - 590.3 Undifferentiated older tuffs
590.3 - 602.5 Clayey paleo-colluvium
602.5 - 640.3 Undifferentiated Paleozoic limestones
Table A-8. Stratigraphy of well UeT7i.
Depth Interval Formation

(m)

000.0 - 125.0 Quaternary alluvium

125.0 - 215.0 Timber Mountain Tuff, Rainier Mesa Member
215.0 - 276.0 Paintbrush Tuff
276.0 - 305.0 Belted Range Tuff, Grouse Canyon Member
305.0 - 480.0 Tunnel Beds Tuff, Unit 4
480.0 - 504.0 Undifferentiated Tunnel Beds Tuff
504.0 - 544.0 Crater Flat Tuff

544.0 - 573.0 Tunnel Beds Tuff, Unit 1
573.0 - 616.0 Undifferentiated older tuffs
616.0 - 701.0 Redrock Valley Tuff
701.0 - 719.0 Undifferentiated older tuffs
719.0 - 722.0 Paleo-colluvium
722.0 - 756.0 Undifferentiated Paleozoic dolomites (7)
756.0 - 853.0 Undifferentiated Paleozoic

853.0 - 893.0 Undifferentiated Paleozoic, quartzite
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Table A-9. Stratigraphy of well Ue7j.
Depth Interval Formation
(m)
000.0 - 118.0 Quaternary alluvium
118.0 - 148.0 Timber Mountain Tuff, Ammonia Tanks Member
148.0 - 271.0 Timber Mountain Tuff, Rainier Mesa Member
271.0 - 365.0 Paintbrush Tuff
365.0 - 390.0 Belted Range Tuff, Grouse Canyon Member
390.0 - 546.0 Tunnel Beds Tuff
546.0 - 617.0 Crater Flat Tuff [Yucca Flat Tuff?]
617.0 - 634.0 Tunnel Beds Tuff, Unit 1
634.0 - 699.0 Undifferentiated older tuffs
699.0 - 702.0 Paleo-colluvium
702.0 - 732.0 Paleozoic quartzite
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Appendix B

DENSITIES CALCULATED FROM BOREHOLE GRAVITY DATA
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Figure B-1. Density calculated from the borehole gravity

data for well U4s.
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data for well U7aw.
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Figure B-5.

-1.40

Density (g/cm3)

1.2 14 16 18 20 22 24 26 28

140

-1.20 -

-1.00 -

-0.80

-0.60 -

-0.40 -

—
=
{
i}—ﬁ

Ue3lj

data for well Ue3lj.
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Figure B-8.
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Appendix C

DENSITIES DETERMINED FROM 7-7y WELL LOGS
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Figure C-1. Densities determined from the 7-7 well log for

well Uids.
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Densities determined from the 7-7 well log for
well U7am.
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Figure C-4, Densities determined from the 7-7 well log for
well U7bs_satl.
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C~-5. Densities determined from the 7-7 well log for
well Ue3lj.
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Densities determined from the 7-7 well log for
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Figure C-7.

Density (g/cm3)

1562

1.2 14 16 18 20 22 24 26 238

-1.40

-1.20 -

-1.00 -

-0.80 1

-0.60 -

-0.40 -

Ue7i

Densities determined from the 7-7 well log for
well UeT7i.



T-3954

=1.20

' Depth (km)

-1.40

Density (g/cm?3)

1.2 14 16 18 20 22 24

2.6

I

153

2.8

-1.00 -

-0.80 -

-0.60 -

-0.40 -

Ue7j

Figure C~8. Densities determined from the 7-7 well log for
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