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Abstract

 

Gravity data were modeled across Crater Flat using three 
distinct geometries for the Bare Mountain fault:  (1) stepped, 
high-angle normal faults, (2) a low-angle normal fault, and (3) a 
single, high-angle range-front fault with interbedding of 
high-density alluvium in the Crater Flat basin fill.  All three 
models fit the gravity data well and provide three distinct geom-
etries to test the use of other geophysical methods, such as seis-
mic reflection and refraction.  Magnetic data suggest that a 
stepped, high-angle normal-fault geometry for Bare Mountain is 
more likely than the other two geometries.

 

Introduction

 

Understanding the structural framework of Crater Flat is 
essential for assessing seismic hazard to the potential high-level 
radioactive-waste repository site at Yucca Mountain, Nev.  
Hypotheses to explain the formation of the elliptical deep basin 
at Crater Flat fall into three main categories:  (1) volcano-tec-
tonic depression or caldera (Snyder and Carr, 1984), (2) detach-
ment faulting (Hamilton, 1988), and (3) graben faulting.  
Geophysical data, especially gravity data, have been used to sup-
port two of these hypotheses, namely the caldera hypothesis 
(Snyder and Carr, 1984), and the detachment faulting mecha-
nism (Oliver and Fox, 1993).  In particular, the gravity data have 
been used to model the geometry of the Bare Mountain fault, a 
structure that places folded and faulted Precambrian and Paleo-
zoic sedimentary rocks of Bare Mountain in juxtaposition with 
the alluvial deposits of Crater Flat.  The Bare Mountain fault 
generally has been linked geometrically to faults underlying 
Yucca Mountain, faults that are hidden under a thick volcanic 
pile.  This report attempts to identify limits on the possible fault 
geometries of the Bare Mountain fault, using gravity and mag-
netic data.

 

Geologic Setting

 

Crater Flat lies in the southern part of the Great Basin sec-
tion of the Basin and Range physiographic province and within 
the Walker Lane Belt (Carr, 1974).  The northern and central 
Great Basin is characterized by alternating north-trending ranges 
and valleys, whereas the topography of the Walker Lane Belt is 
more diverse, with lower relief and more arcuate trends.  Crater 
Flat, located on the southwest side of the southwestern Nevada 
volcanic field, has been interpreted to be a caldera complex (Carr 
and others, 1984).

Crater Flat is an elliptical basin rimmed by Bare Mountain 
on the west and Yucca Mountain on the east (fig. 1).  Gravity and 
seismic refraction data indicate that the basin fill reaches thick-
nesses of  3–4 km.  Because the basin fill is so thick, and the two 
existing drill holes in Crater Flat do not penetrate entirely 
through it, one must look to the surrounding geology at Yucca 

Mountain and Bare Mountain to determine the possible geologi-
cal configuration beneath Crater Flat.

The oldest rocks in the area are exposed at Bare Mountain.  
They consist of upper Precambrian and Paleozoic clastic and 
carbonate rocks.  These rocks are mildly to moderately meta-
morphosed (Monsen and others, 1992) and complexly faulted 
and locally folded.  One drill hole on the east side of Yucca 
Mountain, UE-25 p#1 (p#1 in fig. 1) penetrated Silurian dolo-
mite at a depth of 1,244 m (Carr and others, 1986).  At the 
northwest end of Bare Mountain, the sequence is intruded by a 
Cretaceous granite body that is inferred to postdate the ductile 
deformation observed in the Paleozoic rocks (Monsen and oth-
ers, 1992).  Along the east edge of Bare Mountain, north-trend-
ing quartz latite dikes dated at 13.9 Ma clearly postdate ductile 
deformation of the pre-Tertiary sequence (Monsen and others, 
1992).

Overlying or in fault contact with pre-Tertiary rocks are 
voluminous Tertiary ash-fall tuffs and lava flows extruded from 
several volcanic centers within and adjacent to the Timber 
Mountain–Oasis Valley caldera complex, north of Crater Flat.  
Most of the volcanism occurred between 17 and 7 Ma (Byers 
and others, 1976).  The tuff sequence exposed at Yucca Moun-
tain is cut by numerous west-dipping, north- to northeast-trend-
ing normal faults, with consistent down-to-the-west 
displacements (Scott, 1990).  Dips of the tuff are generally shal-
low, ranging from 10

 

°

 

 to 30

 

°

 

.  Scott (1990) has proposed the 
existence of a relatively shallow (1–2 km) detachment fault 
underlying Yucca Mountain based on these structural patterns.

In Crater Flat, the tuffs are overlain by a thin veneer of 
alluvium.  Pliocene cinder cones and basalt flows have a general 
north-northeast alignment within Crater Flat.  Along the south-
ern rim of Crater Flat are exposures of Miocene basalt (dated at 
10.5 Ma), which are overlain by slide breccias composed 
entirely of Paleozoic debris.

 

Gravity

 

Densities

 

Density information is critical to modeling gravity data.  
An abundance of density data is available for the rocks in Crater 
Flat and vicinity.  Density logs from the two drill holes in Crater 
Flat and density measurements from surface samples indicate 
significant density contrasts among the alluvium, basalt, tuffs, 
and pre-Tertiary rocks.  A borehole gravimeter study of USW 
VH-1 (VH-1 in fig. 1) at Yucca Mountain gives densities within 
the tuff sequence consistent with those obtained using the 
gamma-gamma method (Snyder and Carr, 1984), indicating that 
the gamma-gamma method is an appropriate technique for mea-
suring densities in this area, even though a smaller volume of 
rock is sampled in the drill hole than in the borehole gravimeter 
technique.  Snyder and Carr (1984) determined that density and 
depth had the following empirical relation:

r 0.26d 1.9+=
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Figure 1.

 

Isostatic gravity map of Crater Flat and vicinity.  Contour interval 2 milligals.  Hachures indicate gravity lows.  Darker shade, Precambrian and Pale-
ozoic rocks; light shade, Tertiary and Quaternary volcanic rocks; unshaded, Quaternary alluvium.  Small square, location of drill holes USW 
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where 

 
r 

 
is density in grams per cubic centimeter and 

 
d

 
 is depth 

in kilometers.  They (Snyder and Carr, 1984) attributed the 
steady increase in density to closure of pore spaces and fractures 
and increasing alteration rather than any systematic change in 
lithology.  This result generally holds true for the density logs of 
USW VH-1 and USW VH-2 except where high concentrations 
of Paleozoic rock fragments were present.  At USW VH-2 (fig. 
1), two intervals (51 and 61 m thick) of Paleozoic slide breccia 
have densities of 2.5–2.6 g/cm

 

3

 

, which is significantly higher 
than densities measured for the underlying and overlying tuffs 
(2.0–2.3 g/cm

 

3

 

) and alluvium (1.8–2.0 g/cm

 

3

 

) (Carr and Parrish, 
1985; Nelson and others, 1991).  Similar breccias composed 
solely of Paleozoic debris crop out along the south edge of 
Crater Flat, with exposed thicknesses of at least 100 m (Swadley 
and Carr, 1987).

Information on the densities of the pre-Tertiary rocks is 
limited to density log data from UE-25 p#1, where the average 
density of the carbonate sequence is about 2.75 g/cm

 

3

 

 (Healey 
and others, 1984).  Densities of 77 hand samples of several dif-
ferent lithologies from Bare Mountain average about 2.76 g/cm

 

3

 

, 
ranging from 2.37 g/cm

 

3

 

 to 2.85 g/cm

 

3

 

 (table 1).
Seismic velocities also provide indirect information on den-

sities.  Ackermann and others (1988) obtained a relationship 
between density and velocity, although seismic velocities are 
considerably more sensitive to fractures than are densities and 
may give unreasonably low estimated densities, especially for 
the pre-Tertiary rocks in the uppermost 1–2 km of the crust at 
Yucca Mountain (Mooney and Schapper, 1995).

 

Gravity Data

 

More than 3,000 gravity stations taken from Saltus (1988) 
and Harris and others (1989) were used to generate the gravity 
map (fig. 1).  The gravity data were reduced using standard 
methods to complete Bouguer gravity anomalies at a reduction 
density of 2.67 g/cm

 

3

 

 (Telford and others, 1976).   This density 
value was chosen to emphasize the contribution to the gravity 
field from the topography of the Paleozoic surface and may not 
adequately correct for topography consisting of lower density 
volcanic material.  The data include earth-tide, instrument drift, 
free-air, Bouguer, latitude, curvature, and terrain corrections.  A 
regional correction using the principle of isostasy was also 

applied to the data to remove any long-wavelength effects of the 
mantle-crust interface compensating for topographic loads 
(Simpson and others, 1986).

 

Models

 

The gravity data were simulated using three distinct geom-
etries along a profile (

 

A-A

 

′

 

, fig. 1) that nearly coincides with the 
Yucca Mountain seismic refraction profile (Mooney and 
Schapper, 1995).  Standard two-dimensional methods (Saltus 
and Blakely, 1993) were used.  The seismic profile provides 
constraints on the density structure within the fill.  The seismic 
model called for two different velocities within the pre-Tertiary 
sequence.  The gravity model, on the other hand, suggests that 
one density for the pre-Tertiary sequence is sufficient to simu-
late the data, emphasizing the sensitivity of seismic velocities to 
fractures in the upper 2 km.  Drill holes VH-2 and UE-25 p#1 
provide information on the thickness of Cenozoic deposits (fig. 
1).  An examination of the gravity field and resulting model 
indicates that high-density Paleozoic rocks must be present near 
the surface east of the mapped trace of the Bare Mountain fault 
along the east side of Bare Mountain (see Hoisch, this volume) 
in order to account for the location of the gravity gradient.  If the 
Bare Mountain fault extended to depth at a dip of 55° E. (dips 
vary from 45° to 75° along its strike; Monsen and others, 1992), 
the horizontal gradient of the gravity field should be maximized 
over the contact (Blakely and Simpson, 1986).  Instead, three 
detailed profiles on the west flank of Crater Flat indicate that the 
maximum horizontal gravity gradient is 0.5–1.5 km east of the 
mapped Quaternary trace of the Bare Mountain fault.  At least 
three geometries can account for the location of the maximum 
horizontal gravity gradient:  (1) one or more steps in the steep, 
east-dipping fault observed at the range front of Bare Mountain 
(fig. 2

 

A

 

), (2) a flattening of the dip of the Bare Mountain fault 
(fig. 2

 

B

 

), or (3) a steeply dipping fault that incorporates 
high-density Paleozoic breccia within the sedimentary fill of 
Crater Flat at the base of the fault (fig. 2

 

C

 

).
The step model (fig. 2

 

A

 

) fits the gravity data quite well.  
Along the profile, the step is 1 km long and about 400 m high.  
Models along other profiles indicate that the step ranges in 
length from less than 1 km to more than 2 km.  Snyder and 
Carr (1984) interpreted the geometry of the step model as 

 

Table 1.

 

Physical property measurements of Bare Mountain samples. 

 

[g/cm

 

3

 

, grams per cubic centimeter]

 

Lithology Number of samples      Average density Range in k

 

l

 

 (g/cm

 

3

 

) density (g/cm

 

3

 

)

 

Limestone 27 2.76       2.37–2.85 0–0.08
Dolomite 19 2.78       2.66–2.85 0–0.32
Breccia   3 2.71       2.62–2.83 0–0.09
Meta-carbonate rocks 16 2.75       2.63–2.85 0–0.14
Meta-pelite 

 

2

 

12 2.76       2.70–2.85 0.10–11.2
All lithologies      77 2.76       2.37–2.85 0.00–11.2

 

1

 

 10

 

-3

 

 International System units.

 

2

 

 Wood Canyon Formation.
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Figure 2.

 

Two-dimensional gravity models across Crater Flat along profile 

 

A-A

 

′

 

.  Numbers in models indicate densities in grams per 
cubic centimeter.  Gridded values are observed gravity data.  
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evidence for a caldera underlying Crater Flat.  According to 
their interpretation, the Bare Mountain fault is a reactivated 
ring fault of the caldera that was the source of the tuffs form-
ing the Crater Flat Group and the cause of the gravity low.  
This geometry may also describe a range-front fault that steps 
inward into the range, perhaps reflecting two major episodes of 
movement.  This inwardly stepping normal-fault geometry has 
been documented in other parts of the Basin and Range prov-
ince where no other evidence for a caldera structure exists (for 
example,  Dixie Valley in Nevada, documented by Okaya and 
Thompson, 1985; Amargosa Desert in Nevada, documented by 
Brocher and others, 1993).

The gravity data can also be closely approximated by 
lowering the dip of the fault surface from 55° to 35° along pro-
file 

 

A-A

 

′

 

 (fig. 2

 

B

 

).  To the north, the fault must dip even less 
(20°) to fit the gravity data.  Oliver and Fox (1993) simulated 
the gravity assuming a detachment fault geometry that also 
includes a step in the detachment surface 3 km east of the 
mapped range fault.  The location of their profile coincides 
with that of Snyder and Carr (1984).  The difference between 
the Snyder and Carr (1984) and Oliver and Fox (1993) models 
is in part the result of the density distribution chosen for the 
basin fill.  Oliver and Fox (1993) assumed a two-layer den-
sity-depth model for all of Crater Flat, whereas Snyder and 
Carr (1984) and the models presented here use the empirical 
relation between depth and density in drill hole USW VH-1.  
Alternatively, the smooth surface of the single, low-angle nor-
mal fault may be  broken by numerous normal faults with 
small displacements, all down to the east.

The third geometry suggested for the Bare Mountain fault 
extends the steep dip measured at the surface along the Bare 
Mountain range fault to depth, but incorporates higher density 
alluvium within the basin fill (fig. 2

 

C

 

).  The higher density mate-
rial needs to be concentrated within the upper 1–2 km of section 
to fit the observed gravity gradient.  Monolithologic breccias 
composed of Paleozoic debris crop out along the southern mar-
gin of Crater Flat.  Two intervals of breccia are present in drill 
hole USW VH-2, more than 4 km east of the mountain front.  
The breccias both underlie and overlie a 10.5- to 11-Ma basalt 
flow.  Presumably these deposits thicken towards Bare Moun-
tain, the nearest exposure of pre-Cenozoic rocks.  Carr (1984) 
considered these breccias to be slide breccias whose extent and 
age are the result of major movement on the Bare Mountain 
high-angle normal fault that occurred at the same time as fault-
ing at Yucca Mountain.  Alternatively, Labotka and Albee (1990) 
have shown that monolithologic breccias can be the result of tec-
tonic erosion along low-angle normal faults.

The three gravity models (fig. 2) provide alternative expla-
nations for the observed gravity gradient across the west edge of 
Crater Flat.  The models provide target depths and geometries 
that can be tested with seismic reflection and refraction methods 
and drilling.  For example, use of the seismic reflection method 
may determine whether extensive landslide breccias are inter-
bedded in the upper 1–2 km of the Crater Flat fill.  Analysis of 
detailed seismic refraction profiles parallel to the range-front 
fault may provide an image of the proposed step in the 
range-front fault because of the large velocity contrast between 
the low-velocity Crater Flat fill material and the higher velocity 
pre-Cenozoic rocks.

 
Magnetic Field

 

Magnetic Data

 

Total-field magnetic data from three separate surveys (U.S. 
Geological Survey, 1979; Langenheim and others, 1991; Grauch 
and others, 1993) were used to construct the aeromagnetic map 
shown in figure 3.  The data were smoothed by upward continu-
ation (Cordell, 1985) to an effective height of 305 m above the 
land surface.  Data shown in figure 4 were collected with a 
proton-precession magnetometer with the sensor 2.4 m above 
the ground.

 

Discussion

 

In general, the Precambrian and Paleozoic rocks are only 
weakly magnetic, producing a uniform magnetic field marked 
by broad, low-amplitude anomalies.  One exception is an 
intense magnetic high present over the Calico Hills (fig. 3).  The 
source of the high appears to be altered argillite of the Devonian 
and Mississippian Eleana Formation, which has an average 
magnetization of almost 4 A/m (0.004 emu; Baldwin and 
Jahren, 1982).  Bath and Jahren (1984) proposed that an under-
lying intrusion caused the alteration.  The magnetic high present 
over the Calico Hills extends west over the northern part of 
Yucca Mountain, suggesting that highly magnetic argillite of the 
Eleana Formation (and its associated intrusion) is present at 
depth below Yucca Mountain and northern Crater Flat (Bath and 
Jahren, 1984).

The magnetic field over Bare Mountain is characterized by 
east-west-trending anomalies with amplitudes of more than 50 
nanoteslas (nT) (fig. 3).  These anomalies appear to correlate 
with outcrops of the Wood Canyon Formation, a Lower Cam-
brian unit containing siltstone, quartzite, limestone, and dolo-
mite.  Magnetic susceptibility (k) measurements confirm that 
the Wood Canyon Formation is indeed moderately magnetic 
(k=0 to 11.2, or 0 to 0.01 SI unit; table 1) whereas other forma-
tions of Paleozoic age in this region are essentially nonmag-
netic.  The Bare Mountain anomalies, which most likely reflect 
the east-west-trending structures mapped at Bare Mountain 
(Monsen and others, 1992), are in sharp contrast to the mostly 
north-south trending anomalies present to the east and north 
(fig. 3).

The source of most of the magnetic anomalies in figure 3 is 
volcanic rocks.  Magnetic-property measurements of volcanic 
rocks in this area indicate that the remanent magnetization is the 
principal cause of the anomalies (Bath, 1967).  The two main 
types of volcanic rocks that produce anomalies in the Yucca 
Mountain area are (1) Tertiary and Quaternary lava flows and 
(2) Tertiary ash-flow tuffs.  Buried igneous intrusions are a third 
possible source.  Tertiary and Quaternary lava flows tend to pro-
duce intense, irregularly shaped, isolated anomalies (Kane and 
Bracken, 1983).  The tuffs, originally laid down as widespread 
ash-flow sheets, produce anomalies primarily where abrupt 
changes in their thicknesses or magnetization occur.  This 
means that vertical offsets of the tuff units produce linear 
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Figure 3.

 

Aeromagnetic map of Crater Flat and vicinity.  Dark shade, Precambrian and Paleozoic rocks; light shade, Tertiary and Quaternary volcanic rocks; 
unshaded, Quaternary alluvium. Contour interval 50 nanoteslas.  Hachures indicate magnetic lows.  Data from U.S. Geological Survey (1979), Langenheim and 
others (1991), and Grauch and others (1993).  Region marked NO DATA has no high-resolution aeromagnetic coverage.  L, magnetic low discussed in text; H, 
magnetic high.  
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magnetic anomalies that depend on the thickness and magnetiza-
tion of the individual tuff units (Bath and Jahren, 1984). North-
south-trending anomalies are present over mapped normal faults 
at Yucca Mountain (Bath and Jahren, 1984).  This pattern of  
anomalies also extends west of Yucca Mountain (and its mapped 
faults) halfway across southern Crater Flat, and to within a dis-
tance of 4–5 km east of the Bare Mountain range-front fault 
across northern Crater Flat (fig. 3).  This relation suggests that 
faults offsetting the underlying tuff units extend at least halfway 
across Crater Flat.  The difference in magnetic anomaly patterns 
between northern and southern Crater Flat, which is approxi-
mately on trend with an east-west-trending gravity gradient (just 
north of profile 

 

A-A

 

′

 

 in fig. 1), may indicate a change in struc-
tural style between northern and southern Crater Flat.

The southwest edge of Crater Flat is dominated by a mag-
netic low (marked L in fig. 3).  Drill hole VH-2 penetrated 30 m 
of reversely polarized basalt at 360-m depth (Carr and Parrish, 
1985).  The age and magnetic polarity of this basalt are the same 
as for basalt exposed along the south edge of Crater Flat.  The 
continuity of the Crater Flat magnetic low to the south over 
exposed 10.5 Ma basalt suggests that the Crater Flat low is 
caused by reversely magnetized basalt.  A ground magnetic 

profile across the magnetic low indicates that the basalt is not 
offset vertically by more than 50 m (fig. 4).  This profile sug-
gests that the low-angle fault shown in figure 2

 

B

 

 cannot be a 
shallow-dipping surface consisting of multiple normal faults, 
unless the faults are older than 10.5–11 Ma or have offsets 
smaller than 50 m.

Magnetic data indicate that the west edge of the buried 
basalt at Crater Flat coincides with the modeled location of the 
step in the Bare Mountain fault (fig. 2

 

A

 

), as well as with the east 
edge of the east-trending magnetic anomalies associated with the 
Wood Canyon Formation.  The magnetic data and the gravity 
data indicate that Precambrian and Paleozoic rocks of Bare 
Mountain extend farther east than the mapped range-front fault.  
The magnetic data, however, suggest that monolithologic brec-
cias or low-angle normal faults are not the reason for the location 
of the gravity gradient.  Landslide breccias might not preserve 
the coherence of the east-west-trending magnetic anomalies into 
the Crater Flat fill.  These anomalies would not be abruptly ter-
minated (as the magnetic data suggest) if a low-angle fault were 
the reason for the presence of pre-Cenozoic rock east of the Bare 
Mountain fault.  The magnetic data thus appear to support the 
step or caldera model presented in figure 2

 

A

 

.

 

Figure 4.

 

Ground magnetic profile 

 

B

 

-

 

B

 

′ 

 

across magnetic low (marked L here and in fig. 3) east of Bare Mountain fault.  Sensor 2.4 m above 
ground surface.  East end of profile terminates at drill USW 

 

VH-1

 

.
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One piece of geophysical evidence used to support the 

caldera model is the magnetic high (marked H in fig. 3) present 
over central Crater Flat.  Carr (1984, 1990) concluded that the 
source of the anomaly is a thick accumulation of normally polar-
ized rocks of what was then called the Bullfrog Member (now 
raised to formation rank as the Bullfrog Tuff; Sawyer and others, 
1994) of the Crater Flat Tuff (now the Crater Flat Group; Saw-
yer and others, 1994).  Carr (1984, 1990) argued that this thick-
ening of the Bullfrog is evidence for a caldera in Crater Flat and 
that the observed uplift of the Bullfrog between drill holes USW 
VH-1 and USW VH-2 is evidence of a resurgent dome.  The 
minimum thickness of the Bullfrog Tuff, as measured in the 
USW VH-1 drill hole, is nearly the same as the maximum thick-
ness measured in drill holes and outcrops at Yucca Mountain.  
The top of the formation is about 573 m higher in drill hole 
USW VH-1 than in USW VH-2 (Carr, 1982; Carr and Parrish, 
1985).  Modeling of the anomaly, using an average magnetiza-
tion of 2 A/m based on measurements by Rosenbaum and 
Snyder (1984), suggests that Carr’s (1990) proposed doming 
and increase in thickness of the Bullfrog are not enough to 
account for the magnetic high present over Crater Flat (fig. 5).  

The gradients of the magnetic high indicate that, if the Bullfrog 
is the source, an abrupt change in magnetization or thickness 
must take place within that formation.  Modeling of the anomaly 
indicates that the top of the source actually may be much deeper 
than the observed top of the Bullfrog, perhaps as deep as the 
base of the basin fill.  The possible source of the magnetic high 
could be either a Cretaceous or a Tertiary intrusion.

 

Conclusions

 

Because of the nonuniqueness of the potential field 
method, it is impossible to determine which of the three distinct 
gravity models described herein is the most appropriate on the 
basis of gravity studies alone.  Nonetheless, gravity data can 
provide alternative models that can be tested by other geophysi-
cal methods.  Analysis of the magnetic field over Crater Flat 
supports the stepped normal-fault model rather than the 
low-angle normal-fault or high-density alluvium models, 
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10 Geologic and Geophysical Characterization Studies of Yucca Mountain, Nevada

although the magnetic data do not eliminate these alternative 
models.  Modeling of the Crater Flat magnetic high, previously 
cited as evidence for a resurgent dome within Crater Flat, sug-
gests that the source of the anomaly may not be doming of the 
Bullfrog Tuff of the Crater Flat Group; the top of the source of 
the anomaly may be as deep as the floor of the basin fill and 
could be either a Cretaceous or a Tertiary intrusion.
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