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This regional gravity study, based on an irregular 2-km data grid, was conducted during the past few 
years at Yucca Mountain, southern Nye County, Nevada, as part of a program to locate a suitable 
repository for high-level nuclear waste. About 100 surface rock samples, three borehole gamma-gamma 
logs, and one borehole gravity study provide excellent density control. A nearly linear increase in density 
of 0.26 g/cm' per kilometer of depth is indicated in the thick tuff sequences that underlie the mountain. 
Isostatic and 2.0-g/cm' Bouguer corrections were applied to the observed gravity values to remove 
regional gradients and topographic effects, respectively. The Bare Mountain gravity high, with an iso­
static anomaly maximum of 48 mGal, is connected with a greater gravity high over the Funeral Moun­
tains, to the southwest; together, these highs result from a continuous block of dense, metamorphosed 
Precambrian and Paleozoic rocks that stretches across much of the Walker Lane from the east edge of 
Death Valley to Bare Mountain. The Calico Hills gravity high appears more likely to originate from a 
northeast trending buried ridge of Paleozoic rocks that extends southwestward beneath Busted Butte, 5 
km southeast of the proposed repository, where two- and three-dimensional modeling indicates that the 
pre-Cenozoic rocks lie less than 1000 m beneath the surface. Tuff, at least 4000 m thick, fills a large 
steep-sided depression in the pretufT rocks beneath Yucca Mountain and Crater Flat. The gravity low 
and the thick tuff section lie within a large collapse area that includes the Crater Flat-Timber Mountain-
Silent Canyon caldera contplexes. Gravity lows in Crater Flat itself are interpreted to coincide with the 
source areas of the Prow Pass Member, the Bullfrog Member, and the Tram Member of the Cratfer Flat 
Tuff; these source areas add nearly 350 km^ to the previously recognized extent of the local caldera 
complexes. Southward extension of the broad gravity low associated with Crater Flat into the Amargosa 
Desert is evidence for sector graben-type collapse segments related to the formation of the Timber 
Mountain caldera and superimposed on the other volcanic and extensional structures within Crater Flat. 

INTRODUCTION 

This gravity study is concentrated in southwest Nevada 
near the California border and Death Valley (Figure 1) and on 
the southwest side of the southwestern Nevada Volcanic field 
(Figure 2a). This volcanic field includes the Timber Mountain 
caldera complex [Byers et al., 1976] and the Crater Flat-
Prospector Pass caldera complex [Carr et al., 1984], the 
sources of nunierous, voluminous eruptions from about 16 to 
10 Ma ago. A general understanding of the near-surface struc­
ture of this volcanic field has existed for more than a decade. 
In the last few years and as a result of exploration at Yiicca 
Mountain for a repository to hold high-level nuclear waste, 
geologic and geophysical studies have outlined the complex 
crustal structures and tectonic history of the region in greater 
detail. 

Gravity investigations play an important role in the 
characterization of Yucca Mountain as a possible nuclear 
waste repository. In and near the mountain Cenozoic sedi­
mentary and volcanic rocks obscure the more complex pre-
Tertiary geology; and therefore obtaining information about 
subsurface rock geometry is critical to fully characterize the 
water flow patterns in the area. The candidate repository site 
(Figure 1) lies within tufT composing the northern part of 
Yucca Mountain, a relatively coherent block of rocks within a 

• • • ' • • • • ^ , ^ . . 

stratigraphically and structurally complex region. This study 

explores and interprets the three-dimensional structure and 
geometry of the rocks surrounding the candidate site; it up­
dates a preliminary report [Snyder and Carr, 1982] and earlier 
work by Healey and Miller [1971]. 

Numerous deep (750-1830 m) holes have been drilled at 
Yucca Mountain; most have a full suite of geophysical logs. 
All but three of the holes (Figure 1) are in or near the candi­
date site area and include USW-Gl [Spengler et al., 1981], 
USW-G2 [S4qldonado and Koether, 1983], USW-G3, UE25P-
1, and USW-Hl. Other holes drilled a little farther outside the :. •' 
site area include J-13 near Fortymile Wash, UE25a-3 in the '•'• 
Calico Hills [Maldonado et al., 1979], and USW-VH-1 [Carr, 
1982] and USW-VH-2 in Crater Flat. Geologic, geophysical, >'"'•' 
and hydrologic data have been obtained frorn these holes, and HU" 
this information has been used both directly and indirectly in . ""ii; 
interpreting the structure ofthe area. Drill holes UE25a-3and^ U.;IIJ«IIV 
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'^'^UE25P-1 reached pre-Tertiary rocks, at depths of 1 and 1240 
m, respectively, but several holes in the area (Gl, G2, G3, and 
HI) were drilled to depths of about 1830 m without reaching 
the base of the volcanic rocks (Figure 3). Alteration was es­
pecially notable in the lower part of the section penetrated by 
these deep holes [Waters and Carroll, 1981], and metamor­
phic effects, including density change, increase steadily down­
ward. 

Four aeromagnetic surveys are encompassed by the area of 
the gravity study. Constant-barometric-elevation surveys 
[Boynton and Vargo, 1963; U.S. Geological Survey, 1971], 
flown at 2440 and 2740 m, respectively, indicate a strong 
gradient across northern Yucca Mountain that increases in 
total intensity to the north. The breadth and slope of this 
gradient suggest that the source lies at a minimurri depth of 
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Fig. 1. Index maps showing location of study area (also area of Figures 2 and 4), local physiography, and cultural 
landmarks. Shaded area represents the potential repository site area. Numbers, such as Gl, represent drill hole locations; 
the USW and UE prefixes of the full designations have been omitted for simplicity. 

2200 m (G. D. Bath, written communication, 1980). Two Jater 
surveys, flown at constant terrain clearance of 120 m, also 
covered the study area [U.S. Geological Survey, 1978,1979]. 

Seismic and electrical techniques thus far have been only 
partly successful; no clear characterization ofthe rocks below 
500 m has been obtained as yet by these methods. Seismic 
refraction experiments are testing the gravity model presented 
here [Mooney et ai , 1982]; one unreversed east-west profile 
produced a velocity cross section compatible with the gravity 
model and indicated additional structures within the Precam­
brian and Paleozoic rocks at depths greater than the resolu­
tion range of the gravity study. 

GEOLOGY OF YUCCA MOUNTAIN AND VICINITY 

Yucca Mountain lies in the southern part of the Great 
Basin section of the Basin and Range physiographic province 
and within the Walker Lane [Locke et ai , 1940; Carr, 1974]. 
Much of the Great Basin is characterized by typical basin-
and-range topography, with alternating north trending ridges 
and valleys. The Walker Lane exhibits more diverse topogra­
phy of generally lower relief and, locally, arcuate mountain 
trends; it has been described as a belt of sigmoidal bending 
and right-lateral faulting [Albers, 1967]. The area around 
Yucca Mountain shows even less relief than, most of the 
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Fig. 2. (a) Map of the southwestern Nevada volcanic field and its component calderas. Dotted lines denote approxi­
mate boundary of the Walker Lane, (b) Tectonic-structural diagram of the study area. The location and size of the 
diagram is indicated by the rectangle in Figures 1 and 2a: Letters identify volcanic structures: TM, Timber Mountain-
Oasis Valley caldera complex; CC, Claim Canyon caldera segment; CF, caldera associated with the Bullfrog Member and 
Prow Pass Member of the Crater Flat Tuflf; OT, possible collapse feature filled by older tuff; PP, Prospector Pass caldera 
segment associated with the Tram Member of the Crater Flat TufT. Many caldera walls are located with the aid of gravity 
interpretation. 
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Fig. 3. Density versus depth plot for Tertiary tufT sequence in drill hole USW-Hl. Solid rectangles indicate borehole 
gravity meter determination, depth range, and estimated error range; dashed lines are averaged gamma-gamma log values; 
circles indicate density measurements of unsaturated drill core obtained from the saturated zone in Yucca Mountain 
(Table 2). Solid line is least squares fit of the data. 

Walker Lane; the characteristic arcuate ranges become less 
prominent near Yucca Mountain, and broad areas of gener­
ally low relief, the Amargosa Desert and Jackass Flats, lie 
nearby. Yucca Mountain projects into this broad plain from 
the higher terrain surrounding Timber Mountain (Figure 1) to 
the north. 

Stratigraphy 

Table 1 is a simplified stratigraphic column of the geologic 
units in the Yucca Mountain area pertinent to the gravity 
study. Pre-Tertiary rocks (Figure 4) consist of upper Precam­
brian and Cambrian clastic units, lower and middle Paleozoic 
carbonate rocks, and upper Paleozoic detrital rocks. Locally, 
these rocks are intruded by Mesozoic or Tertiary granitic plu­
tons. Several ancient structural features and depositional 
zones of Precambrian and Paleozoic age are thought to cross 

this general area [Poole, 1974; Stewart, 1980, pp. 40-52], but 
in many areas thick volcanic rocks of Tertiary age have cov­
ered these older structures and rocks. Although the intrusive 
bodies that crystallized from the magma feeding the Tertiary 
extrusions remain mostly concealed, hydrothermal alteration 
zones [Cornwall and Kleinhampl, 1961], dikes and small plugs, 
and domical structures [CornwaU and Kleinhampi 1961; Carr 
and Quinlivan, 1968; Maldonado et al, 1979] suggest the pres­
ence of buried intrusive rocks. 

Quartzite and other clastic rocks, which predominate within 
the upper Precambrian and lowermost Paleozoic assemblage, 
crop out mainly in the western part of the study area, where 
they are mildly metamorphosed. A thick sequence of limestone 
and dolomite of Cambrian through Devonian age crops out 
mostly on Bare Mountain and in the Striped Hills (Figure 1). 
Thrust or slide masses of Devonian rocks are also present in 
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TABLE 1. Density and Thickness of Selected Geologic Units in the Yucca Mountain Area 

Age 

Quaternary and 
Tertiary 

Tertiary 

11.3 Ma* 

12.6 Ma* 

13.1 Ma* 
13.4 Ma* 

14.0 Ma* 

Tertiary and Mesozoic 
Late Paleozoic 

Middle and 
early Paleozoic 

Early Paleozoic 
and Precambrian 

Unit 

alluvium 
basalt 
rhyolite lava flows of 

Shoshone Mountain 
rhyolite lava flows of 

Fortymile Canyon 
Timber Mountain TufT 

Ammonia Tanks Member and 
Rainier Mesa Member, undivided 

Paintbrush TufT 
Tiva Canyon Member 
Yucca Mountain Member 
Pah Canyon Member 
Topopah Spring Member 

rhyolite lavas and tuff of 
Calico Hills 

Crater Flat Tuff 
Prow Pass Member 
Bullfrog Member 
Tram Member 

rhyodacitic lavas 
Lithic Ridge Tuff 
ash flow and bedded tuff 
granitic intrusive rocks 
Tippipah Limestone, 

Eleana Formation 
Devils Gate Limestone, 

Ely Springs Dolomite, Eureka 
Quartzite, Pogonip Group, Nopah 
Formation, Bonanza King Formation 

Carrara Formation, Zabriskie 
Quartzite, Wood Canyon Formation, 
Stirling Quartzite, Johnnie Formation 

Approximate 
Thickness, 

m 

0-300 
0-200 
0-100 

0-200 

0-150 

120 
0-60 
0-70 

. 300 
10-200 

100 
150 
300 
0-200 
300 
300-1-
unknown 

2000 

4000 

• 3500-H 

Average 
Density, 
g/cm' 

1.6-2.0 
2.9 
2.2 

2.2 

1.9 

2.1 
1.9 
1.9 
2.2 
1.9 

2.1 
2.1 
2.25 
2.35 
2.35 
2.45 
2.4? 

2.62 

2.72 

2.65 

'Radiometric ages from Marvin et al. [1970]. 

the Calico Hills. Mississippian and Pennsylvanian rocks, prin­
cipally argillite, quartzite, and limestone, form the lower plate 
of low-angle faults from Bare Mountain to the Calico Hills 
and northeastward through the Eleana Range (Figure 1). 

Granite crops out at only one locality within the study area.i 
An altered east-west trending granite dike occurs near Beatty' 
at the northwest end of Bare Mountain (Figure 1); a zircon 
fission track age of 25.4 + 1.3 Ma (C. W. Naeser, unpublished 
data, 1983) and geologic relations suggest that the dike is 
older than known Tertiary volcanism in the region. Granite of 
Mesozoic age occurs at several localities in the northern part 
of the Nevada Test Site, and granodiorite of Tertiary age 
crops out at the Wahmonie volcanic center, just east of the 
study area [Ekren and Sargent, 1965; Ponce, 1981]. The pres­
ence of an extensive caldera complex suggests that granitic 
rocks underlie much of the northern part of the study area. 

The exposed Cenozoic stratigraphic sequence of the area 
has been well studied. Several volcanic centers within and 
adjacent to the Timber Mountain-Oasis Valley caldera com­
plex [Marvin et ai , 1970; Byers et ai , 1976] extruded the 
Cenozoic tufT and lava flows, some of which are listed in Table 
1. Potassium-argon dates indicate that most of the tuff was 
deposited between 15 and 7 Ma ago; however, the oldest units 
recently encountered in deep drill holes have not been dated. 
The great thickness of this tuff indicates the close proximity of 
its sources. The degree of welding and the density of the tuff 
vary greatly both laterally and vertically. 

Alluvium is widespread and thick in Crater Flat, Jackass 

Flats, and the Amargosa Valley. The alluvium consists mostly 
of detritus from weathered and eroded tuff, but adjacent to 
Bare Mountain and the Striped Hills it contains considerable 
quartzite and carbonate rock clasts. Locally, caliche cement is 
conspicuous in the alluvium. Basalt crops out and inter-
tongues with the alluvium, principally in southern Crater Flat, 
around Jackass Flats, and in the moat of the Timber Moun­
tain caldera. The basaltic activity spans most of the alluvial 
depositional history but has had pulses about 3.75,1.1, and 0.3 
Ma ago [Vaniman et ai , 1980]. 

Rock Densities 

In the Yucca Mountain area, density data from surface 
samples are augmented by both gamma-gamma and borehole 
gravity measurements in several drill holes. This combination 
of sample and borehole measurements provides a much better 
constraint on the rock densities than is available in most grav­
ity studies. The densities of six core samples from drill holes 
USW-Gl and USW-VH-1, and of 95 surface samples, were 
measured (Table 2). 

Surface samples provide the only density control on the 
lower Paleozoic rocks modeled in this study. Pre-Tertiary 
rocks beneath Crater Flat, Yucca Mountain, and Jackass 
Flats have been sampled only by drill hole UE25P-1, and their 
exact lithology and density remain largely unknown. Drill 
hole UE25P-1 penetrated middle Paleozoic dolomite at a 
depth of 1240 m; preliminary density logs from 1240- to | 
1800-m depths indicate a bulk density of about 2.75 g/cm^. | 

ml" 

Bun 
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Fig. 4a. Complete Bouguer anomaly map of the region surrounding Yucca Mountain. Area of Figures 46 and 4c is 

indicated by the rectangle. 

The density of saturated pre-Tertiary rock samples ranges 
from 2.60 to 2.82, with a mean of 2.66 + 0.06 (Itr) g/cm\ on 
the basis of samples taken from outcrops at Bare Mountain 
and the Striped Hills (Table 2); values in Table 1 are averages 
of the samples from each rock group listed. 

Gamma-gamma density logs were obtained in drill holes 
USW-Gl, HI, and VH-1. These logs have been borehole com­
pensated; that is, any variations in hole diameter caused by 
wall collapse or the drilling process have been accounted for 
in the density determinations. The compensated density log 
curves were then integrated within specified depth intervals to 
produce an average value for each interval. This analysis fur­
ther smoothed irregularities caused by fractures in the drill 
hole walls. The observed downward increase in density 
(Figure 3) appears to be related to the closing of pore space 
due to alteration and compaction rather than to primary den­
sity variations in the tuff. Nearly linear density increases 
within individual tuff units (for example, Tram Member in 
Figure 3) are clearly attributable to the degree of welding and 
cooling history ofthe tuff at the time of emplacement. 

A downhole gravity study was made in drill hole USW-Hl 
[Robbins et a/., 1982]. Values agree well with the gamma-
gamma measurements (Figure 3). This agreement is signifi­

cant, because borehole gravity measurements sample a much 
greater lateral volume than do the density logs and include 
fractures, cavities, and other large irregularities in the rock. 

The three drill holes with gamma-gamma logs provide ex­
cellent constraints on the densities of the Cenozoic tuff, basalt, 
and alluvium. The linear gradient of 0.26 g/cm-* per kilometer | 
of depth, if it is indeed due to alteration and lithostatic load­
ing, is applicable to all the thick tuff sequences within the j 
study area. 

Structure 

The area of this study is near the axis of the Walker Lane 
and near the southern margin of the southwestern Nevada 
volcanic field (Figure 2a; Carr et a i [1984]). The nearly linear 
basins and ranges of central Nevada are interrupted in south­
western Nevada by several northwest striking right-lateral 
fault zones; these fault zones combine with northeast striking 
fault zones and structures related to numerous nearby cal­
deras to produce a 50- to 100-km-wide northwest trending 
zone of diverse topography and structure here included in the» 
Walker Lane [Carr, 1974]. Large-scale drag folds or oroclinal! 
bends [Albers, 1967] are associated with parts ofthe Walker! 
Lane, but in the study area these structures are obscured by 
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Fig. 46. Map of isostatic correction applied to the Bouguer 
anomalies to produce the isostatic residual gravity map. See text for 
parameters used in the calculation of the correction. 

Tertiary volcanic rocks and structures. One exception is Bare 
Mountain (Figure 4) where large-scale right-lateral drag is 
observed in the pre-Tertiary rocks. The region was also in­
truded by east trending Mesozoic granitic plutons while being 
subjected to crustal shortening caused chiefly by eastward or 
southeastward directed thrusting and folding [Stewart, 1980]. 
The study area is also within the Death Valley-Pancake 
Range belt of Crowe et al. [1983], a zone slightly more tec­
tonically active than adjacent areas during latest Miocene to 
Holocene time. This belt is the locus of basalts less than 8 Ma 
in age and relatively dense Quaternary faulting [Carr, 1974; 
Carr and Rogers, 1982, pp. 12-14]. 

Five main structural elements are recognized within the 
study area (Figure 2h): (1) the high-standing block of Bare 
Mountain exposing metamorphism, thrust faults, and folds 
[Cornwall and Kleinhampi 1961; Monsen, 1983]; (2) northwest 
trending valleys, such as the Amargosa Valley and Yucca 
Wash (Figures 1 and 2b), that represent the location of fault 
zones of that trend; (3) northeast trending structural zones in 
the northwest and southeast quadrants of the study area 
(Figure 2b); (4) north to northeast striking basin-range faults 
and grabens mostly in the Lathrop Wells area, on Yuccar 
Mountain, and in Crater Flat; and (5) large volcano-tectonic 
features related to and including the Timber Mountain-Oasis 
Valley and Crater Flat-Prospector Pass caldera complexes 
[Carr et ai , 1984]. These caldera and collapse features are 
largely superimposed on, but partly controlled by, the other 
structural elements. 

At Bare Mountain the Late Precambrian and Paleozoic 
rocks are separated from the Tertiary volcanic rocks by a 
major fault that dips northward at angles of 10°-20° [Corn­
wall and Kleinhampl, 1961]. Within the Paleozoic rocks, north 
striking, east dipping normal faults are slightly older or con­
temporaneous [Monsen, 1983] with silicic dikes that are about 
13.9 Ma old (R. F. Marvin, unpublished data, 1980). Low-
angle normal faults or glide blocks on Bare Mountain post­
date the north striking dikes and faults. 

In nearby areas where Tertiary rocks are relatively thin, 
fault trends in the Paleozoic rocks are similar or coincident 
with those in the overlying Tertiary rocks, and the displace­
ments in the Paleozoic rocks are distinctly larger [Sargent and 
Stewart, 1971; Byers and Barnes, 1967]. High-angle faulting 
was well established prior to the volcanism that began in this 
area about 16 Ma ago [Marvin et ai, 1970]. These relation­
ships suggest that at least some of the extensive faulting in the 
Tertiary rocks represents reactivation of older structures. 

The age of major displacement that is observed on high-
angle faults varies within the study area. On Yucca Mountain 
and in Crater Flat, surface exposures and drill holes provide 
evidence that most of the displacement on the north trending 
faults took place between 12.5 and 11.5 Ma ago, that is, be­
tween deposition of the Tiva Canyon Member pf the Paint­
brush Tuff and the Rainier Mesa Member of the Timber 
Mountain Tuff. The Rainier Mesa Member was deposited 
across faults bounding structurally elevated blocks of older 
tuff [L/pma« and McKay, 1965]. Much Miocene normal fault­
ing thus took place during a period of voluminous volcanism. 

Volcano-Tectonic History 

Because most of the study area contains thick sequences of 
tuff and lava and the candidate site area is underlain by more 
than 2000 m of tuff, a summary of the volcanic history of the 
study area is warranted. 

TABLE 2. Density Measurements of Surface and Drill Hole 
Samples 

Rock Unit 

Density, g/cm^ 

Unsaturated Saturated 

Older tuff 
Older tuff 
Older tuff 
"Tuff of Lithic Ridge" 
Tiva Canyon Member* 
Basalt 
Rainier Mesa Memberf 
Rainier Mesa Memberf 
Basalt 
Basalt cinder 
Basalt cinder 
Basalt 
Basalt 
Tiva Canyon Member* 
Tiva Canyon Member* 
Tuff, undifferentiated 
Tiva Canyon Member* 
70 samples of rhyolite of Calico Hills 

2.37 
2.22 
2.25 
2.16 
2.40 
2.88 
2.00 
1.86 
2.76 
1.39 
1.90 
2.77 
2.88 
2.27 
2.34 
2.84 
2.14 

2.12 + 0.26 

2.08 
2.26 

1.55 
2.04 
2.78 
2.89 
2.30 
2.35 
2.85 
2.36 

2.26 + 0.17 
Argillite, Eleana Formation 
Carboniferous argillite. 
Carboniferous argillite 
Devonian limestone 
Devonian limestone 
Devonian dolomite 
Limestone 
Limestone, 

Bonanza King Formation 
Limestone, 

Bonanza King Formation 
Zabriskie Quartzite 
Zabriskie Quartzite 
Zabriskie Quartzite 
Zabriskie Quartzite 
Zabriskie Quartzite 

2.59 
2.59 
2.58 
2.81 
2.64 
2.68 
2.68 
2.66 

2.59 

2.64 
2.59 
2.70 
2.61 
2.64 

2.63 
2.61 
2.61 
2.82 
2.67 
2.69 
2.70 
2.67 

2.62 

2.65 
2.60 
2.72 
2.63 
2.64 

*Member of the Paintbrush Tuff. 
fMember of the Timber Mountain Tuff. 
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The stratigraphy of the lower part of the volcanic rock 
sequence in this area has been studied in detail [Carr et ai, 
1984], and some revisions in earlier concepts [Byers et ai, 
1976] have been made. The oldest tuff units at Yucca Moun­
tain, those stratigraphically below the Lithic Ridge Tuff (Table 
1), are known from drill holes [Spengler et ai, 1981]. The 

-great thickness (more than 600 m) of this older tuff and itsW 
position well below sea level suggest accumulation in a sag or l 
collapse feature, possibly a caldera (Figure 2b). The Lithic^v 
Ridge Tuff is the oldest extensively exposed volcanic unit in 
the study area. Its source is unknown, and although pen­
etrated by several drill holes on Yucca Mountain, it is not 
especially thick in that area. Local occurrences of petrographi­
cally similar rhyodacite lava flows above and below the Lithic 
Ridge Tuff, however, suggest that the source is nearby [Carr et 
ai , 1984]. 

Next to be deposited in the site area were the three mem­
bers of the Crater Flat Tuff: in ascending order, the Tram 
Member, the Bullfrog Member, and the Prow Pass Member. 
The Crater Flat Tuff has no characteristics in the drill holes at 
Yucca Mountain which would suggest it was deposited in a 
caldera there, although the three members have a total thick­
ness of more than 450 m. The source areas or calderas, and j 
greater thicknesses of the Crater Flat Tuff, are thought to lie I 
to the west and northwest of Yucca Mountain, mostly beneath I 
Crater Flat itself (Figure 2) [Carr, 1982; Carr et ai, 1984]. 

The rhyolite lavas and tuff of Calico Hills were emplaced on 
top of the Crater Flat Tuff in the area between northern 
Yucca Mountain and the Calico Hills. The main source areas 
were in the western Calico Hills-Fortymile Canyon area, but 
some lava reached as far southwest as the northeast edge of 
Yucca Mountain, where the section consists mostly of about 
100 m of bedded air fall and thin ash flow tuff units. 

After deposition of the lavas and tuff of the Calico Hills 
unit, eruptions began from the Timber Mountain-Oasis 
Valley caldera complex, including the Claim Canyon cauldron 
segment just north of Yucca Mountain (Figure 26). These 
eruptions produced voluminous, widespread ash flow tuff 
sheets assigned to the Paintbrush Tuff and Timber Mountain 
Tuff. Regional tumescence or doming is thought to have im­
mediately preceded formation of the complex [Christiansen et 
ai , 1977], and the edge of that liplift may have been near the 
north end of Yucca Mountain. Very thick sequences of the 
Paintbrush Tuff and Timber Mountain Tuff accumulated in 
parts of the caldera complex. During the wanirig stages of 
activity at the Timber Mountain center, voluminous lavas and 
minor tuff were extruded around the edges of the complex. 
Nearly all the basaltic eruptions followed this stage of activity 
and have continued into Quaternary time, although volumes 
have been very small. 

GRAVITY DATA 

More than 2500 gravity measurements have been made in 
the study area (Figure 1). Each is generally about 2 km froml 
its nearest neighbor. The complete data set analyzed in this' 
report, both new and previously published data, is described 
by Jansma et a i [1982]. Analysis of the complete Bouguer 
gravity anomalies reduced at the average crustal density of 
2.67 g/cm^ (Figure 4a) was deemed inadequate for the detailed 
study of the Yucca Mountain area [Snyder and Carr, 1982]. 
Density measurements discussed previously indicate that 
rocks making up much of the topographic relief in volcanic 
terrane of this area have densities between 1.7 and 2.3 g/cm-*,' 
averaging 2.0 g/cm''. The complete Bouguer anomalies were. 

therefore, reduced a second time, according to the method of 
R. W. Saltus (written communication, 1980), at a density of 2.0 
g/cm^. Thus gravity effects attributable to the topographic 
distribution of the stations within volcanic terrane have been 
eliminated. 

To remove some ofthe effects attributable to lateral density 
variations deeper than 5 km within the crust, an isostatic 
correction was also applied to the complete Bouguer anoma­
lies (Figure 46). This correction assumes that complete Airy-
Heiskanen isostatic compensation occurs at the Moho 
throughout the earth; although Airy-type isostasy may not 
strictly apply to southern Nevada, the gravitational effect of 
any compensating mass is indistinguishable from Airy com­
pensation at the scale of this study [Jachens and Griscom, 
1983]. The calculations were made by using the computer 
procedure of Jachens and Roberts [I9i\ '] and assuming a 
mean crustal thickness at sea level of 25 km, a surface topog­
raphy density of 2.67 g/cm', and a density contrast of 0.4 
g/cm' across the Moho within a 167-km distance from Yucca 
Mountain [Jachens and Griscom, 1983]. Preliminary work (H. 
W. Oliver, written communication, 1983) adjusting the param­
eters in the isostatic correction computations indicates that in 
central Nevada a more appropriate reference mean crustal 
thickness at sea level may be 16-18 km; calculated crustal 
thicknesses between 25 and 35 km result for those parts of 
Nevada where average elevation is 1-2 km. However, in the 
present study, the purpose of this isostatic correction was not 
to estimate the deep crustal structure beneath Yucca Mouna-
tin, but to filter out long-wavelength gravity effects related to 
the compensation of surface topography. 

The final product of all these corrections and reductions is a 
model with rocks of 2.0-g/cm'' density above the lowest grav­
ity station elevation in the study area, rocks of 0.4-g/cm'' den­
sity contrast across the Moho within its vertical range at 
depths of about 30 to 40 km locally [^Johnson, 1965], and 
rocks of homogeneous lateral densities elsewhere. Further 
modeling begins with this simple and basic model and, draw­
ing on geologic and geophysical evidence, attempts to further 
characterize the rocks near the earth's surface by comparing 
the gravity field in the models with that actually observed. 

INTERPRETATION OF THE GRAVITY FIELD 

Three analytical tools aided the interpretation ofthe gravity 
field at Yucca Mountain: a 2-mGal contour map (Figure 4c; 
Snyder and Carr [1982]) reduced at 2.00 g/cm' and corrected 
for perfect isostasy, a two-dimensional modeled cross section 
extending east-west across the study area (Figures 4c and 5), 
and a three-dimensional multiple-polygon gravity model (Fig­
ures 5 and 6). The three-dimensional model [Plouff, 1975], 
using simple flat polygonal source bodies, provided more ac­
curate depth estimates; it consisted of eight bodies of prevol­
canic rocks, three bodies ofthe dense tuff of Chocolate Moun­
tain, two bodies composed of the Crater Flat Tuff, and one 
alluvial body along Topopah Wash. This simple model ap­
proximates the observed gravity field to within 3 mGal in the 
area near Yucca Mountain and Crater Flat. 

Bare Mountain Gravity High 

The most distinctive gravity feature within the study area is 
the approximately rectangular anomaly along the western 
border of the area, which generally coincides with Bare Moun­
tain and the Funeral Mountains, interrupted by the northwest 
trending Amargosa Valley (Figures 1 and 4c). Residual gravity 
values greater than 14 mGal delimit the anomaly. The rocks 
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Mountain, at the Striped Hills, and at the Calico Hills (in left center). Flat surface at elevation of —2.5 km is due to lack of 
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about 1 km above shaded circle. 

of Bare Mountain and the Funeral Range are Precambrian 
and Paleozoic limestone, dolomite, argillite, and quartzite; 
some are locally recrystallized. These rocks have some of the 
highest densities in the study area. As a result, the observed 
anomaly (Figures 4 and 5) is accentuated an additional 10 
mGal by the reduction density of 2.00 g/crfi' because the rock 
densities of measured surface samples actually range from 2.59 
to 2.70 g/cm^ 

The gravity feature indicates a continuous block of Precam­
brian and Paleozoic rocks stretching from the eastern edge of' 
Death Valley, across the Amargosa Valley, to the northern 
edge of Bare Mountain. The gravity saddle coincident with 
the Amargosa River is not deep enough to result from an 
absence of dense rock at depth but probably results from a 
thick accumulation of Tertiary volcaiiic and sedimentary ̂  
rocks underlying the alluvium of Aitiargosa Valley, possibly 
augmented by dip-slip faults and extensional grabens related 
to the Walker Lane. These faults may have created structural 
downwarps or basitis that collected sufficient alluvium from 
Bare Mountain to account for the lower gravity valiies. The 
detailed shape of the gravity curve over the east flank of Bare 
Mountain in profile (Figure 5) suggests that the Paleozoic 
rocks extend several kilometers farther eastward beneath 
Crater Flat than the surface contacts indicate. 

The uniisually high gravity values at the Funei-al Moun­
tains and Bare Mountain complicate the use of Bare Moun­
tain as a reference area against which to compare the gravity 
over the rest of the study area. After adjustment is made for 
the surface geology in the three-dimensional modeling, the 
calculated gravity values at Bare Mountain still are not great 
enough to match the observed values; this disagreement indi­
cates an underlying mass excess relative to the gravity model. 

-The bulk density of about 2.72 g/cm' used in the model may 
be somewhat low; the Funeral Mountains consist largely of 
Precambrian rocks, most of which are metamorphosed, and 

Bare Mountain may contain a low-angle fault underlain by 
more strongly metamorphosed rocks [Monsen, 1983]. Prelimi­
nary seismic refraction results (Hoffman and Mooney [1983]; 
Figure 5) confirm density-velocity heterogeneity within the 
Bare Mountain block. Rock densities as high as 2.8 or 2.9 
g/cm' are possible based on the seismic velocities modeled 
within Bare Mountain and velocity-density relationships in 
southern Nevada [HiU, 1978, Figure 7-11]. 

Calico Hills Gravity High 

If defined by the local 22-mGal contour (Figure 4c), the 
Calico Hills gravity anomaly may be interpreted to support 
the structural dome hypothesis of Maldonado et a i [1979]. If 
expanded to include the 14-rnGal contour, the anomaly is no 
longer closed and extends farther to the northeast. Fy.rther, 
the gravity high enclosed by the l4-mGal contour to the 
southwest of the Calico Hills nearifiiisted Butte (Figure 1) 
appears to extend this trend of gravity highs in that direction. 
Data from the UE25P-1 drill hole further support this obser-ij 
vation, as pre-Tertiary rocks similar to those exposed 4t the! 
Calico Hills were penetrated at depths, of about' 1250 m. I 
Buried high topography on Paleozoic rocks alorig the isastern 
borders of the Timber Mountain and Crater Flat-Prospector 
Pass caldera cornplexes could explain the local gravity highs 
along this trend. The lesser thickness of volcanic rocks in the 
Busted Butte-Calico Hills area, as suggested by the gravity 
modeling, may have resulted in the faulting of a different trend 
and intensity than that observed in the central part of Yucca 
Mountain, where the volcanic rocks are over twice as thick. 

The 10-mGal gravity saddle between the Calico Hills high 
and the Busted Butte high (Figure 4c) is on the trend of Yucca 
Wash (Figure 1), a conspicuous northwest trending valley 
bounding northeastern Yucca Mountain. A fault zone, pre-
Paintbrush Tuff in age, is suspected along Yucca Wash on the 
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basis of rock unit distributions; this structure may interrupt or 
offset the buried prevolcanic surface discussed above. 

Crater Flat-Yucca Mountain Gravity Low 

A large, roughly triangular gravity low, defined by the 
8-mGal residual gravity contour, dominates the gravity field 
in the study area (Figure 4c). The most striking feature of this 
anomaly is that it includes not only the topographically low 
area of Crater Flat but also some of the high ramparts of 
Yucca Mountain. The anomaly extends northeastward from 
Bare Mountain nearly to the Calico Hills. 

The three-dimensional model indicates that the volcanic 
rocks extend to at least 2500 m below sea level beneath Crater 
Flat (Figure 6). These relatively low density rocks, which lie 
about 10 km south of the Timber Mountain caidera [Byers et 
ai , 1976], may be material filling a combination of sector 
grabens and old calderas, probably the source areas for the 
Crater Flat Tuff. This gravity low extends 50 km to the south 
of the study area, along the Amargosa Desert Valley, and into 
the northern Greenwater Range, which contains a 4- to 8-Ma-
old volcafiic field. Although the graben structures may extend 
southward beyond the south edge of the study area, the cal­
dera features do not. 

Estimates of the tuff thickness beneath Crater Flat are 
minima. Tuff density below 2000-m depths, as indicated by the 
log measurements in the deep drill holes at Yucca Mountain, 
is greater than 2.5 g/cm', probably greater than 2.6 g/cm' if 
the linear increase in density continues beneath the drilled 
depths (Figure 3). Neighboring caldera wallrocks are thoiight 
to be mostly Paleozoic sedimentary rocks; metamorphism or 
hydrothermal alteration may have either increased or de­
creased the bulk density of these rocks. Surface sample 
iheasurements on the Paleozoic rocks indicate densities be­
tween 2.6 and 2.7 g/cm'; densities may be slightly increased by 
3 km of overburden. As a result of these uncertainties, the 
density contrast between intracaldera rocks and the caldera 
wallrocks may range from —0.2 to -f 0.1 g/cm' at 4.0 km 
below sea level, the estimated floor of the caldera fill. Floor 
elevation uncertainties of +2.0 km or greater (Figure 5) are 
possible from this range of density contrast. The seismic re­
fraction model achieved the best match between observed and 
calculated delay times by assuming the caldera floor rocks 
(5.8-km/s body in Figure 5) to lie between 2 and 4 km below 
sea level. 

The —2-mGal closures in the northern and southern parts 
of the Crater Flat anomaly are separated by a narrow band of 
higher gravity values anchored by protruding positive anorria-
lies. This configuration of the gravity field suggests a septum 
or ridge of higher density rocks cutting across the depression 
at this point. Relations in the Crater Flat Tuff and associated 
volcanic rocks suggest that Crater Flat may contain the 
source areas for this tuff and related lavas [Carr, 1982]. The 
septum suggested by the slight gravity deflections may separ­
ate two source and collapse areas. The 0-mGal closure to the 
northeast of the Crater Flat gravity low correlates with a 
postulated "older tuff' caldera or sag feature (Figure 2). 

Chocolate Mountain Gravity High 

A harrow band of gravity highs (Figure 4c), peaking at 14, 
12, and 16 mGal, separates the large negative anomalies as­
sociated with Crater Flat and those associated with the 
Timber Mountain caldera to the north. The most prominent 
gravity high along this band coincides with Chocolate Moun-
taiii (Figure 1) and the Claim Canyon cauldron segment 

(Figure 2; Byers et al. [1976]). The three-dimensional modi 
indicates that more than 4000 m of material with density con 
trasts between -1-0.2 and 0.3 g/cm' would be necessary ti 
cause the observed anomalies. 

The Claim Canyon cauldron segment is an eccentric re 
surgent block of the very thick, densely welded intracalder; 
Tiva Canyon Member and other related parts of the Paint 
brush Tuff [Byers et a i , 1976]. Samples collected at Chocolati 
Mountain yielded an average density of 2.32 + 0.12 g/cm' 
The absence of a depression or moat, filled with relatively lov 
density rock, that is commonly associated with a caldera em 
phasizes this gravity high. The western part of this relativel} 
narrow gravity high, in the northwestern part of Yucca Moun 
tain, appears to be due largely to a combination of the thick 
dense intracaldera Paintbrush Tuff, as at Chocolate Moun 
tain, and of the thick, densely welded Tram Member of the 
Crater Flat Tuff exposed outside the Timber Mountain-Oasis 
Valley caldera complex. The tram Member exposed in this 
area may also be part of a fragmented resurgent dome (Figure 
2). 

North of Chocolate Mountain is the edge of a gravity low 
directly associated with the Timber Mountain caldera [Kane 
and Webring, 1981]. This gravityTow, which is related to the 
Timber Mountain and Silent Canyon calderas, is the most 
conspicuous one in southern Nevada (Figure Aa). 

DISCUSSION 

The present gravity study clearly defines the propo.sed waste 
repository site as lying adjacent to one of the most volumin­
ous Tertiary caldera complexes in the western United States. 
The central gravity low on the residual gravity map (Figure 
4c) represents a large tuff-filled hole or depression in the pre-
Tertiary rocks beneath both Crater Flat and parts of Yucca 
Mountain (Figure 6). A minimum thickness of 1830 m of tuff 
beneath Yucca Mountain is confirmed by drill holes. Refer­
ence gravity values above known Paleozoic rocks at drill hole 
UE25P-1, and at outcrops in the Calico Hills and the Striped 
Hills, give a modeling estimate of at least 4000 m of tuffaceous 
fill in the Crater Flat-Yucca Mountain depression. 

In addition to the gravity evidence, stirface geologic rela­
tions and information from drill holes strongly suggest that 
Crater Flat is the source area for all three members of the 
Crater Flat Tuff. The gravity saddle separating the northern 
and southern minima in Crater Flat may indicate two struc­
tures: a caldera associated with the Tram Member in the 
northern part of Crater Flat and a caldera associated with the 
Bullfrog Member and Prow Pass Member in the southern 
part of Crater Flat. These two collapse areas may be separat­
ed by a narrow septum of Paleozoic rocks, or possibly lava 
flows, beneath central Crater Flat. It is unlikely, however, that 
the lobe of the gravity low extending northeastward beneath 
Yucca Mountain is part of the collapse area related to the 
Crater Flat Tuff. The Crater Flat Tuff is nearly as thick in well 
J-13 as it is in drill hole Gl within the gravity low lobe. 
Therefore the northeastern lobe of the gravity low at Yucca 
Mountain is unrelated to the Crater Flat Tuff and is related to 
either a structural depression, possibly a caldera, within which 
thick units older than the Crater Flat Tuff accumulated or 
altered upper Paleozoic rocks with densities of 2.5-2.6 g/cm' 
underlying the tuff in this location. 

The recognition of the Crater Flat-Prospector Pass cal­
deras adds nearly 350 km^ to the total 1500-km^ area of 
caldera collapse associated with the southwestern Nevada vol­
canic field. Considered together, the Timber Mountain caldera 
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complex and its satellite calderas form one of the largest cal­
dera systems in the western United States. Only the Long 
Valley caldera [Kane et ai , 1976] and the Yellowstone caldera 
[Eaton et ai , 1975; Lehman et a i , 1982] compare in areal 
extent, 550 and 3300 km' versus 1800 km^, and in magnitude 
of the a.ssociated negative gravity anomaly, 50 and 60 mGal 
versus 60 mGal, with the Timber Mountain complex. 

The gravity high that extends southwestward from the 
northeast corner of the study area is interpreted to reflect a 
shallowly buried. Paleozoic rock surface. Indeed, Paleozoic 
rocks crop out. at several places along this high, for example, 
in the Calico Hills and the Eleana Range (Figure 1). The 
Eleana Range, the Calico Hills, and the Paleozoic rocks be­
neath Busted Butte may all be part of a topographically high 
pre-Miocene surface, underlain predominantly by argillite of 
the Eleana Formation, that was partly covered by Tertiary 
tuff. This ridge of Paleozoic rocks could also be viewed as an 
eroded escarpment facing the Crater Flat-Timber Mountain-
Silent Canyon caldera complexes. We suggest that the down-
to-the-east faults, unusual near Yucca Mountain, in the area 
of Busted Butte [Lipman and McKay, 1965] are the result of 
drag and shear of the tuff near the intersection of northwest 
and northeast trending shear zianes (Figure 2). The expression 
of this structure may be enhanced by the thinner tuff cover in 
this area. 

An important question is the possible existence of a large 
east-west trending intrusive body beneath the area. Evidence 
for such a body includes a distinct east-west trending lin­
eament of several parallel contours on the 2440-m constant-
baromctric-elcvation aeromagnetic map of the area [Boynton 
and Vargo, 1963] that coincides roughly with the southeast 
border of the northeastern lobe of the central gravity low. 
Very little dillcrcnce in the upper part of the tuff section 
occurs across this lineament, as shown by the similarity of the 
units encountered in drill holes north and south of it, but 
significant magnetic property changes may occur in the 
middle part of the section which includes a Bullfrog Member 
variable in thickness and local dacitic lava flows. The distri­
bution of these changes in units, however, does not' appear to 

^correspond closely with the aeromagnetic lineament. The 
gravity modeling is ambiguous with regard to a deep intrusive 
body. All the gravity anomalies can be adequately accommo­
dated by density contrasts at the Paleozoic-Tertiary un­
conformity, assuming that all the pre-Tertiary rocks are non-
igneous. Part of the gravity low in the center of the study area 
could also be produced by a large shallow intrusive mass, a 
possibility favored by the relative paucity of major faults in 
this vicinity if a large intrusive body acted as a structurally 
stabilizing mass for overlying units at Yucca Mountain. 

The depth and extent of an intrusive body beneath the 
nearby Calico Hills remain unresolved [Snyder and Oliver, 
1981]. Extensive hydrothermal and contact-metamorphic 
alteration of the rocks in drill hole UE25a-3 [Maldonado et 
ai, 1979], the high heat flow of 3.2 HFU [Sass et ai , 1980], 
and topographic uplift (D. L. Hoover, written communication, 
1982) all suggest, but of course do not prove, the existence of 
an intrusive body beneath the Calico Hills. At Bare Mountain, 
metamorphism [Monsen, 1983] and a granitic dike of prob­
able Mesozoic age similarly suggest the presence of plutonic 
rock at depth. 

Estimates based on the aeromagnetic contours between the 
Calico Hills and Yucca Mountain [Boynton and Vargo, 1963] 
indicate that the source of the anomaly, possibly a granitic 
pluton with a magnetite replacement halo, is 2200 m or more 

deep (G. D. Bath, unpublished data, 1981). These depths are 
near the bottom of the gravity models and would require 
differentiation between carbonate rocks, argillite, and intrusive 
rocks beneath a thick tuff overburden. At that depth, these 
rocks have similar densities and would be difficult to dis­
tinguish without precise thickness estimates and density con­
trol of the overlying rocks; this gravity study cannot indepen­
dently determine whether the tuff grades downward into a 
crystallized magma body or rests atop a downdropped block 
of pre-Tertiary rocks. 

Both seismic refraction studies (Figure 5; Mooney et a i 
[1982]) and teleseismic experiments [Monfort and Evans, 
1982] have shown that high-velocity rocks underlie the Yucca 
Mountain region. Velocities as high as 6.55 km/s are tenta­
tively inferred to lie at depths as shallow as 15 km. The high 
velocities here may be caused by either mafic sills, dikes, or 
diapirs that were involved in the extensive Miocene volcanism 
of the area and the more recent basaltic eruptions in Crater 
Flat or by metamorphosed sedimentary and crystalline rocks 
such as those exposed at Bare Mountain and in the Funeral 
Mountains. The mafic intrusives may be related to the riftlike 
graben structure of Crater Flat and be part of an extensional 
zone accommodating right-lateral movement within the 
Walker Lane [Wernicke et ai , 1982]; the regional metamor­
phism may have resulted from heat associated with the erup­
tions of the Timber Mountain caldera complex [Monsen, 
1983]. Without density measurements from depths greater 
than 2-3 km, gravity modeling cannot independently resolve 
rock configurations at the base of the intracaldera fill. Simul­
taneous inversion of velocity and density data to match grav­
ity and seismic observations could better resolve structural-
tectonic questions related to the subsidence history ofthe cal­
deras, questions concerning the existence of mafic intrusive or 
metamorphosed wall rock within the collapsed area, and the 
possibility that low-angle faults separate brittle rock cut by 
numerous high-angle faults from plastically deformed meta­
morphosed basement rock beneath Crater Flat, Bare Moun­
tain, and to the west toward Death Valley. 
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Role of Geophysics in Identifying and Characterizing Sites 
for High-Level Nuclear Waste Repositories 

J E F F R E Y C . W Y N N A N D E U G E N E H . R O S E B O O M 

U.S. Geological Survey, Reston, Virginia 

Evaluation of potential high-level nuclear waste repository sites is an area where geophysical capabili­
ties and limitations may significantly impact a major governmental program. Since there is concern that 
extensive exploratory drilling might degrade most potential disposal sites, geophysical methods become 
crucial as the only nondestructive means to examine large volumes of rock in three dimensions. 
Characterization of potential sites requires geophysicists to alter their usual mode of thinking: no longer 
are anomalies-being sought, as in mineral exploration, but rather their absence. Thus the size of features 
that might go undetected by a particular method take on new significance. Legal and regulatory con­
siderations that stem from this difi"erent outlook, most notably the requirements of quality assurance 
(necessary for any data used in support of a repository license application), are forcing changes in the 
manner in which geophysicists collect and document their data. 
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INTRODUCTION 

The search for disposal sites for high-level radioactive 
wastes from commercial nuclear reactors continues worldwide 
with increasing intensity and resources. While possible seabed 
disposal is being carefully studied, by far the largest efforts 
have gone into seeking possible repositories in deep, stable 
geologic formations on land. In the United States the Depart­
ment of Energy (DOE) has responsibility for solving the waste 
disposal problem for high-level nuclear wastes produced by 
commercial reactors. The U.S. Geological Survey advises and 
assists D O E and its contractors in the earth science aspects of 
this task and conducts research on techniques of exploration 
and characterization as well as on natural processes related to 
disposal [Schneider and Trask, 1982]. The Batelle Institute, 
Rockwell International, Woodward-Clyde Consultants, and 
Law Engineering are some of the private organizations that 
work on major subtasks of the larger problem, along with 
several of the national laboratories such as Sandia, Los 
Alamos, and Lawrence Berkeley laboratories. 

The Nuclear Waste Policy Act of 1982 (NWPA) has legisla­
ted the general sequence of activities, defined the political and 
regulatory process, and set a schedule for the construction of 
the first two mined nuclear waste repositories to be established 
in the United States. For each repository, at least five candi­
date sites are to be nominated initially. From among these, 
three are to be further evaluated by exploratory shafts and 
detailed site characterization. 

The information obtained from the initial exploration phase 
and subsequent detailed studies and tests will be the technical 
basis on which a final selection is made. This information will 
also be required to justify a subsequent license application to 
the Nuclear Regulatory Commission (NRC). For any reposi­
tory site selected, D O E will have to demonstrate that the 
limits for future possible concentrations of nuclides set by the 
Environmental Protection Agency (currently in draft form) 
will not be exceeded and that the technical criteria established 
by N R C for licensing a repository are satisfied. 

Nine candidate sites (Figure 1) were identified by D O E for 
the first proposed repository; according to the N W P A sched­
ule, three of these sites were selected by the President in De-
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cember 1984 for detailed site characterization and construc­
tion of exploratory shafts by 1985. Final construction at one 
site should begin by 1991. Two candidate sites were identified 
in volcanic rocks on D O E reservations (one in basalts at the 
Hanford site, Washington, and one in ash flow tuffs at the 
Nevada Test Site), four were in bedded salt (two in the Para­
dox Basin, Utah , and two in the Palo Duro Basin, Texas), and 
three were in salt domes (two in Mississippi and one in Louisi­
ana) [Smedes, 1982; U.S. Department qf Energy, 1982, 1984a, b, 
c, d, e ] . In December 1984, D O E announced that the Hanford 
Reservation in southeastern Washington State, Yucca Moun­
tain at the Nevada Test Site in southern Nevada, and Deaf 
Smith County in the Permian Basin of Texas have been pro­
posed for the detailed site characterization. 

An additional site is being studied by the D O E for military 
wastes; this is the Waste Isolation Pilot Project (WIPP) lo­
cated in southeastern New Mexico. This site is being indepen­
dently developed to dispose of transuranic wastes from na­
tional defense programs. Both the wastes and the process of 
site development at this site are different from the D O E com­
mercial nuclear waste program; W I P P is mentioned here for 
the sake of completeness. 

The construction of the second commercial waste repository 
is scheduled to follow the first by about 3 years. To expand 
the number of possible sites available for a second repository, 
D O E has recently identified from a literature survey more 
than 200 crystalline rock bodies in the Appalachians, Adiron-
dacks, and Lake Superior Precambrian shield that might con­
tain suitable sites [OJZJice of Crystalline Repository Devel­
opment, 1983]. F rom these, a much smaller number will be 
selected for field investigation. 

In addition, the U.S. Geological Survey, working in cooper­
ation with most of the states involved, identified potential 
areas in the Basin and Range Province that could also be 
considered [Schneider and Trask, 1982, pp. 5-6; Bedinger et 
a i , 1985a, b; Sargent and Bedinger, 1985]. Like the first reposi­
tory, the second one ultimately will be chosen from three that 
have been thoroughly characterized, including an exploratory 
shaft. One or two of these could be candidates previously 
characterized but not chosen for the first repository. 

LIMITATIONS OF DRILLING 

Because any repository below the water table will eventual­
ly become filled with water, all drill holes and shafts into it 
must be carefully sealed to minimize future groundwater circu-
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acquisition have been carried out at the NTS, along with 
detailed three-dimensional modeling. A broad range of resis­
tivity, telluric profiling, and time and frequency domain elec­
tromagnetic measurements have also been made, with mod­
eling follow-up to identify potential faults and other water-
channeling structures in the Yucca Mountain block. These 
methods have proven particularly useful in mapping steep 
faults hidden by alluvium in surrounding valleys and pedi­
ments. 

A natural seismicity network has been in place since 1979, 
and P wave residual studies to look for deep basement struc­
tures and magma reservoirs have been carried out utilizing 
underground nuclear tests from the northern and central parts 
of the NTS. Several reflection seismic studies have been car­
ried out in the Yucca Mountain vicinity, but despite use of 
unusually rigorous field acquisition and processing pro­
cedures, the efforts were disappointing largely due to the ex­
treme attenuation of seismic energy by the volcanic tuffs. 

ISSUE OF SENSITIVITY OF GEOPHYSICAI^ METHODS 

Table 1 shows most of the ways in which geophysical meth­
ods have been used at the various sites. All of these methods 
have been used at the Nevada Test Site, and most of them 
have been used at the Hanford site and the Paradox Basin. 
Less than half of the techniques have been used at the Deaf 
Smith County site: only reflection seismics, seismicity net­
works, borehole logging, and regional scale gravity/magnetics 
have been used in the Permian Basin as of this writing. Reflec­
tion seismic, borehole logging suites, VES data, and potential 
field geophysics are the only data acquired at the salt domes 
in the southeastern United States (M. Gibbons, personal com­
munication, 1985). 

Geophysical parameters being measured vary tremendously 
with the geologic and geohydrologic environment. The htho­
logic and structural features being sought vary greatly also, 
even within the present limited set of candidate sites for the 
first repository. It is not unreasonable that a sequence of geo­
physical surveys could be carried out that showed no signifi­
cant anomalies yet missed a significant feature that would 
later be encountered in drilling or mining. A large brine 
pocket found at the WIPP site would be an example, though 
no electrical geophysical surveys, which might have found it, 
were carried out there. We must, therefore, be able to deter­
mine the sensitivity and resolving power of the methods listed 
in Table 1 and be able to answer such questions as what size 
and what kinds of inhomogeneities will they detect and at 
what distances? In order to meet the requirements of quality 
assurance programs, we need to know the size of geological 
features that might slip through the geophysical seine. 

The penetration and resolution examples shown in column 
3 of "Table 1 are specific (and by no means complete) to prob­
lems being studied at the sites shown in Figure 1. They are 
nevertheless put here to provide some overall sense of the 
capabilities and limitations of geophysical methods in the dis­
posal of high-level radioactive wastes. For each site, and each 
particular geologic/geohydrologic question needing answers, 
extensive computer modeling is required to ascertain the reso­
lution of each method. This kind of detailed analysis, quite 
beyond the scope of this paper, is only summarized in Table 1. 
For further information, the reader is directed to other papers 
in this and other issues of the Journal of Geophysical Research. 

Some specific comments about how each group of geophysi­
cal methods applies to the disposal problem of high-level 
radioactive wastes follows: 

Regional scale gravity and magnetic methods can provide 
information about lithology and structure of the crystalline 
rocks underlying sedimentary sequences but usually can pro­
vide little information about the sedimentary layers them­
selves. Borehole gravity can give in situ densities for the 
overlying individual sedimentary layers, and three-component 
borehole magnetic tools can provide information on natural 
remanent magnetization and polarity reversals for strati­
graphic correlation and dating purposes. These potential fields 
methods have proven especially helpful toward understanding 
what underlies the thick volcanic sequence at Yucca Moun­
tain at the NTS [Snyder, 1981, Kane et ai , 1982], as well as in 
suggesting the structures underlying the bedded salts of the 
Paradox Basin in Utah [Hildenbrand and Kuchs, 1983], and 
the sediments overlying the Pasco Basin at the Hanford Reser­
vation [Rockwell International, 1983]. 

Electrical geophysical methods used at the surface are of 
special interest because they can provide information on the 
presence of water or brine in the underlying rocks. In a salt 
environment the presence of brine is very significant, as it 
raises the question of whether the salt might be undergoing 
active dissolution. The Schlumberger method has worked well 
in investigating dissolution in the bedded salt in the Paradox 
Basin [Watts, 1982, 1983]. Electrical methods, however, 
cannot penetrate very far into a high-resistivity salt sequence, 
unless that sequence is interrupted by a solution feature or a 
fault. Newly developed time domain electromagnetic (TDEM) 
methods have identified conductors as deep as 1 km at the 
NTS. There is some, indication that TDEM could be more 
effective in evaluating thick, highly resistive bedded salt units 
where galvanic current systems do not easily penetrate. 

The magnetotelluric (MT) method, while useful in providing 
deep crustal resistivity information to supplement regional 
scale gravity and magnetics, has relatively poor resolution 
compared to other geophysical methods that have been used 
to study potential disposal sites, and this resolution gets worse 
with increasing depth. It is best used in deep layered-earth 
situations where adequate seismic data are not obtainable. Its 
maximum resolution under optimum conditions is five layers 
for the first 10 km of depth (W. D. Stanley, personal com­
munication, 1985); MT has been used at the Hanford site 
[Rockwell International, 1979]. Audiofrequency mag­
netotellurics could be used at potential disposal sites, but the 
typical lowest frequency of about 7 Hz limits its penetration to 
less than 5(X) m or less, depending on the resistivity of the 
underlying rocks. 

The telluric profiling method, an ofTshoot of the MT 
method, can resolve fault systems to great depths if they are 
large enough and conductive enough. The minimum target 
width that can be resolved (for a conductive target) is the 
dipole length, (typically 100-500 m) though conductive frac­
ture zones narrower than this can be recognized readily 
enough. Below one or two dipole lengths depth, the conductor 
would have to be a minimum of one dipole length wide to be 
seen. 

Standard borehole logging methods [Nelson et a i , 1982] 
are used for correlation purposes in layered sediments and 
volcanic rocks and also for identification of water-filled frac­
tures and otherwise anomalous zones in crystalline rocks as 
well as salt. The neutron gamma method can do actual ele­
mental identification and can effectively penetrate about a 
meter from the borehole wall. The log normal (single-electrode 
electrical) method can penetrate (on the average) about 75 cm, 
while most other tools can penetrate no more than 15-20 cm 
from the borehole at most. One additional logging tool, the 
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ultra-long-spaced electric log, can exceed the 75-cm limit but 
is not commonly used because of lower resolution. 

New borehole techniques have been developed that hold 
great promise for providing crucial hydrologic information 
easily and rapidly. Tube waves are low-velocity, low-frequency 
acoustic waves generated by sources placed within the bore­
hole that subsequently propagate along the borehole walls. 
Recent results by Huang and Hunter [1983] have shown that 
amplitude variations of tube waves can be used to identify 
fractures intersecting boreholes and can even be used to clarify 
whether a fracture is open to fluid flow. 

Borehole gravity methods [Hearst, 1977; Brown and Laut-
zenhiser, 1982] are used almost routinely at the BWIP and 
NTS sites to map in situ densities and search for anomalous 
variations in porosity. Borehole radar, including azimuthal 
versions [Wright and Watts, 1983] and hole-to-surface and 
hole-to-hole tomographic methods have been developed large­
ly to resolve fractures and fracture zones in crystalhne rocks 
and salt. Computer modeling programs are finally on line that 
can provide quantitative answers to questions of feature reso­
lution for most of these methods in most geologic environ­
ments. 

Borehole-to-surface electrical methods, described by Daniels 
[1983a, 6], can identify zones of high conductivity such as a 
brine pocket within a salt sequence as much as a kilometer 
away from a borehole. The maximum distance from a bore­
hole that a conductive zone can be detected is about twice the 
borehole depth, with the proviso that the zone size be no less 
than a fifth of the source-target distance. Inhole radar systems 
have been developed that have successfully mapped fractures 
and impurities in three dimensions at distances of 500 m from 
the borehole in salt and up to 100 m from the borehole in 
crystalline rocks [Nickel et ai, 1985; Wright and Watts, 1983]. 

Heat flow measurements in boreholes at the NTS [Sass, 
1982; Sass and Lachenbruch, 1982] have proven to be very 
sensitive in identifying vertical migration of water in the sur­
rounding rocks because even a relatively small flow of water 
disturbs the normal thermal gradient. At the Paradox Basin 
the temperature data showed that if any water is moving verti­
cally, the rate must be less than a few millimeters per year (J. 
Sass, written communication, 1982). Heat flow data of course 
provide information on recent volcanism and geothermal po­
tential, which are potentially useful at the NTS and Hanford 
sites; at the Hanford site, no shallow heat sources have been 
detected in .the primary target zone (A. Tallman, personal 
communication, 1985). 

The thermal stress caused by the hot waste in the host rock 
will be important, especially for rocks other than salt. The 
thermal stress generated by the waste will be added to the in 
situ stress. These stresses must both be known if we are to 
model the complex hydrologic, mechanical, and thermal inter­
actions that will take place around a repository as it heats up 
[Lawrence Berkeley Laboratory, 1979]. At both Yucca Moun­
tain, Nevada, and Hanford, Washington, this problem has 
been addressed [Ellis and Swolfs, 1983; U.S. Department of 
Energy, 1982, pp. 54-58]. The safety as well as the constructi-
bility (will the repository self-destruct as it is being filled with 
waste canisters?) of any site is strongly dependent upon satis­
factory answers to these modeling questions. Hydrofrac tech­
niques and laboratory stress measurements can provide pa­
rameters for the models, as well as direct experimental evi­
dence. 

Local seismicity studies like those at the NTS [Schneider 
and Trask, 1982. pp. 7-10; Monfort and Evans, 1982] are im­
portant, of course, in indicating which faults in an area may be 

currently active. Microseismic networks are also extremely im­
portant in searching for dissolution in the vicinity of salt sites; 
one has been used to detect solution mining at a potash mine 
in the Paradox Basin. Seismic refraction methods can be used 
to search for magma chambers, and seismicity could play a 
supportive role in the positive identification of any such fea­
tures if they are currently developing, such as the magma 
system at Mono Lakes, California. Teleseismic P wave re­
siduals are useful in regional scale tectonics mapping, particu­
larly in the search for magma-caused low-velocity zones. Res­
olution is very coarse, however, being on the order of the 
station spacing (typically a kilometer or more). 

Remote sensing methods, particularly Landsat image pro­
cessing, figure prominently in early phases of exploration be­
cause of their ability to provide large-scale structural infor­
mation, some of which is unobtainable by conventional geo­
logical mapping. Recent studies in Wisconsin have shown that 
fractures in precambrian basement rocks have expression in 
overlying glacial till, and side-looking airborne radar (SLAR) 
is a primary tool being used in both Wisconsin and Con­
necticut to search for these hidden structures (M. Ostrom, 
personal communication, 1985; S. Quarrier, personal com­
munication, 1985). 

Seismic refraction methods, under optimum circumstances, 
can pinpoint a vertical offset in a horizontal sedimentary se­
quence as small as 1% of the depth. Under less-than-optimal 
circumstances, such as at the NTS, this precision may fall to 
5-10% of the depth, or worse (D. Dansereau, personal com­
munication, 1985). 

Seismic reflection methods, though cost and labor intensive, 
are extremely helpful in mapping horizontal and subhorizon­
tal sedimentary formations and in searching for discontinuities 
in them. There are serious difllculties attendant to using seis­
mic reflection methods in certain environments, particularly 
volcanic rocks. Because of extreme signal attenuation prob­
lems, along with very large source-generated noise trains and 
extreme lateral velocity variations in near-surface rocks, recent 
attempts to map ash flow tuff units at the NTS using seismic 
reflection techniques have been unsuccessful: no reflected sig­
nals could be obtained [McGovern, 1983]. The resolution of 
seismic reflection methods, however, far exceeds that of surface 
electrical or seismic refraction methods in areas where suf­
ficient return signal can be obtained. 

QUALITY ASSURANCE 

The primary use of geophysics is in the regional exploration 
stage although borehole geophysical methods and detailed 
surface studies will be useful in the site characterization stage. 
The potential also exists to use geophysical methods under­
ground. During the exploration stage, candidate sites are 
being screened to determine which sites offer the best likeli­
hood of success and which ones warrant the much larger in­
vestment involved in sinking a shaft and making further sub­
surface studies. This use of geophysics is similar to its appli­
cations in mining and hydrocarbon exploration, where initial 
conclusions from geophysical studies are tested by drilling and 
mining to provide the definitive answers. For a repository, 
however, some of the conclusions based on geophysical studies 
can never be tested and will have to stand on their own if they 
are a part ofthe DOE license application to the NRC. 

Any studies that may be used to support a licensing appli-" 
cation will have to show that they were conducted in com­
pliance with NRC's requirements for a quality assurance (QA) 
program that adequately documents the method used and the 
procedures carried out in the data acquisition and interpreta-
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tion. Under a QA program, all procedures used must be de­
scribed in detail prior to the start of the work, and any 
changes in procedures must be carefully documented and jus­
tified, so that the licensers know which da ta were collected 
before and which after any changes were made. The written 
record must be so complete that a geophysicist peer would 
encounter no uncertainties regarding what was actually done 
in the field, how the equipment was calibrated, how the data 
were collected and processed, and how the interpretations 
were made. 

Few exploration geophysical methods can be applied in a 
cut-and-dried manner but must instead be tailored to fit a 
complex, evolving problem. The QA requirement can be 
viewed as a unique challenge, as well as an opportunity for 
geophysicists to think carefully about their craft and to docu­
ment it adequately. Apparently, the challenge can be met, but 
at considerable increase in the amount of at tendant paper­
work. The results, however, are clearly required for the licens­
ing effort. The extra effort expended will also go a long way 
toward explaining the rationale behind the methods and de­
cisions and should help justify the relatively large costs of 
geophysics conducted in the public domain. 
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Introduetion to Special Section on Geophysical Investigations ' 
of Proposed Radioactive Waste Disposal Sites 

H. W. OLIVER 

Office of Mineral Resources, U.S. Geological Survey, Menlo Park, California 

A symposium on "Geophysical Investigations of Pro­
posed Radioactive Waste Disposal Sites" was held at the 
Fall Meeting ofthe American Geophysical Union, December 
13, 1982. Since then, five of the papers presented at the 
symposium have been published in the Journal of 
Geophysical Research and an additional six papers are 
included in this issue. Three of the current papers involve 
geophysical research at Yucca Mountain, Nevada; two 
papers are on subsurface structure and fracturing of the 
Strath-Halladale granite in northern Scotland, a prime can­
didate for rad waste storage in the United Kingdom; and a 
general paper is included on the application of various 
geophysical methods for characterizing all the potential 
storage sites in the United States under consideration by the 
U.S. Department of Energy. 

In 1982, the following nine sites in the United States 
(Figure 1) were under consideration by the U.S. Department 
of Energy for the first U.S. repository of high-level radioac­
tive waste (HLW). The host rock at each site is noted in 
parentheses (from NW to SE): Hanford, Washington 
(Miocene basalt flows); Yucca Mountain, Nevada (Tertiary 
tufif); Davis Canyon, Utah, (bedded salt); Lavender Canyon, 
Utah (bedded salt); Deaf Smith, Texas (Permian bedded 
salt); Swisher County, Texas (Permian bedded salt); 
Vacherie dome, Louisiana (domal salt); Richton dome, 
Mississippi (domal salt); and Cypress Creek dome, Missis­
sippi (domal salt) 

Geologic studies of some potential granite, argillite, and 
salt sites have been made in Europe by the Commission of 
the European Communities and the British Geological Sur­
vey [Milodowski and Wilmot, 1983; Mather, 1984; N. R. 
Brereton, written communication, 1985]. The problems as­
sociated with long-term contamination by radionuclides are 
not so severe in Europe because ofthe United Kingdom and 
French decisions in 1981 to remove and recycle plutonium 
from British-generated HLW, thus converting the HLW to 
an intermediate level product. See Krugman and von Hippel 
[1980] for a discussion of this problem. 

Subsequent to the 1982 American Geophysical Union 
symposium, the number of potentially acceptable sites for 
the first HLW repository in the United States was reduced to 
three: Hanford, Yucca Mountain, and Deaf Smith (Figure 1) 
[Associated Press, 1986]. In addition, the Waste Isolation 
Pilot Plant (WIPP) site in New Mexico (Figure 1) has been 
chosen as the U.S. National Repository for the Department 
of Defense HLW [Eos, Transactions of the American 
Geophysical Union, 1984]. Intensive subsurface and surface 
"characterizations" of these sites are presently in progress. 

This paper is not subject to U.S. copyright. Published in 1987 by 
the American Geophysical Union. 
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and the most important scientific results are being reported 
in appropriate journals. For example, five of the papers 
presented in the 1982 symposium have already been pub-
hshed in this Joumal. These papers present (1) gravity, 
magnetic, and resistivity evidence for a buried Tertiary 
intrusion at Wahmonie just east ofYucca Mountain [Ponce, 
1984], (2) interpretation of new gravity data over the Yucca 
Mountain site showing the site to be located over the east 
edge of a large structural depression in the Paleozoic bed­
rock [Snyder and Carr, 1984], (3) hydraulic fracturing stress 
measurements in two 2000-m-deep wells in Yucca Mountain; 
the results yielded values of the least horizontal stress that 
are considerably lower than the vertical principal stress, 
indicating a normal faulting stress regime [Stock et a i , 1985], 
(4) laboratory measurements on the effect of temperature on 
the permeability of possible tuffaceous host rocks at Yucca 
Mountain [Moore et al., 1986], and (5) a study of the 
paleomagnetic properties of the Tiva Canyon and Topopah 
Spring tuffs at Yucca Mountain [Rosenbaum, 1986]. The 
symposium paper presented by Oliver et al. [1982] on 
characterization of Yucca Mountain has since been ex­
panded into a summary document [L'.^. Geological Survey, 
1984]. Also, the symposium paper presented by Mooney et 
al. [1982] is being published in a U.S. Geological Survey 
(USGS) bulletin on radioactive waste studies [Ackermann et 
a i , 1987]. Much of the regional gravity and aeromagnetic 
data in southern Nevada reported in the abstract by Kane et 
al. [1982] is being released by Hildenbrand et al. [1987] in a 
USGS bulletin. For a review ofthe geophysical methods that 
have been applied to the study of the Yucca Mountain site, 
see Oliver [1984]. 

In this special section on "Geophysical Investigations of 
Proposed Radioactive Waste Disposal Sites," the following 
six papers are included: 

1. J. C. Wynn and E. H. Roseboom, The role of 
geophysics in identifying and characterizing sites for high-
level nuclear waste repositories. 

2. N. R. Brereton, T. J. McEwen, and M. K. Lee, Fluid 
flow in crystalline rocks: Relationships between groundwa­
ter spring alignments and other surface lineations at 
Aetnabreac, United Kingdom. 

3. M. K. Lee. Geophysical investigations in the Strath 
Halladale-Aetnabreac district (northeast Scotland) in rela­
tion to radioactive waste disposal. 

4. S. Sinnock. Y. T. Lin, and J. P. Brannen, Preliminary 
bounds on the expected postclosure performance of the 
Yucca Mountain repository site, southern Nevada. 

5. A. L. Ramirez and W. D. Daily, Evaluation of alterant 
geophysical tomography in welded tuflf. 

6. W. D. Daily, W. Lin, and T. A. Buschek, Hydrolog­
ical properties of Topopah Spring tuflf: Laboratory measure­
ments. 
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Table 2.1-1. Regional Gravity Maps of Various Areas within the Regional 
Study Area (Figure 2.1-1) '• 

Description Scale Reference 

Bouguer and residual gravity map of 
Southern Great Basin 

Bouguer gravity map of Nevada 

Bouguer gravity map of California 

Residual gravity map of California 

Residual gravity map of Nevada 

1:2,500,000 

1:750,000 

1:750,000 

1:750,000 

1:1,000,000 

Bouguer gravity map of Death Valley 1:250,000 
Sheet 

Bouguer gravity map of Goldfield 1:250,000 

Bouguer gravity map of Caliente Sheet 1:250,000 

Bouguer gravity map of Las Vegas 
Sheet 

1:250,000 

Complete Bouguer gravity map of NTS 1:100,000 

Isostatic residual gravity map of NTS 1:100,000 

Residual gravity map of Yucca Mt. 1:48,000 
and vicinity 

Hildenbrand et al., 
1988,. Fig. 2.8 & 2.11 

Saltus, 1988a 

Oliver et al., 1980 

Roberts et al., 
1981 

Saltus, 1988b 

Healey et al., 1980b 

Healey et al., 1980a 

Healey et al., 1981 

Kane et al., 1979 

Healey et al., 1988c 

Ponce et al., 1988 

Snyder & Carr,, 1982 



Table 2.2-1. Aeromagnetic surveys all or partly within the Yucca Mountain Site Area and vicinity 
(refer to Figure 2.2-1)« 

Area name 

1 Topopah 
Spring 

2 Goldfield 

2 Goldfield 
3 Timber Mtn. 
4 Lathrop 

Wells 
5 NURE (Death 

Valley) 
6 Yucca Mtn, 

Year 
flown 

1961 

1967 

1967 
1977 
1978 

1979 

1982 

NEVADA (see Erwin et al. 

-' 

Contractor 

USGS 

LKB 

LKB 
AG 
Aero 

GEO-LIFE 

HLQEB 

Elev 
(ft) 

8,000 

9,000 
15,000 
9,000 
,400 
400 

1,000 
400 

400 

b 

b 
b 
b 
d 
d 
d 
d 

d 

Spacing 
(mi) 

1/2 

1 

1 
1/4 

1/4-1/2 
1/4-1/2 

1 

1/4 

, 1980; and 

Direction 

E-W 

E-W 

E-W 
E-W 
E-W 
N-S 
N-S 

N-S 

Hill, 1986) 

Scale 

1:62,500 

1:250,000 

1:62,500 
1:62,500 
1:62,500 

1:500,000 

1:62,500 

Gradient 
Removed 

no 

no 

no 
IGRF 
IGRF 

IGRF 

IGRF 

Digital 

no 

no 

n.a. 

yes 

yes 

n.a. 

Reference 

Boynton & 
Vargo, 
1963 . 

USGS, 1971^ 

USGS, 1967'' 
USGS, 1979 
USGS, 1978 

DOE, 1979 

USGS, 1984 

^Key: Aero Aero Service 
AG Applied Geophysics Inc. 
b barometric 
d drape 
E east 
HLQEB High-Life QEB 
IGRF International Geomagnetic Reference Field 
LKB Lockwood, Kessler & Bartlett, Inc. 
N north 
n.a. not available 
NURE National Uranium Resource Evaluation 
S south 
USGS United States Geological Survey 
W west 

•'USGS (1971) and USGS (1967) were reports on the same survey at different compilation scales, 

00 



Table 2.3-1. Geoelectric Investigations on Yucca Mountain 

A. Investigations with depth control provided by multi-frequency or variable-spacing source-receiver configurations. 
(The locations of lines E1-E13 are shown on Fig. 2.3-2.) 

METHOD 
APPROXIMATE 
DEPTH RANGE LOCATICaJ REMARKS REFERENCE 

Schlumberger 
soundings 
(max. electrode 
separation 
1,200 m) 

Dipole-dipole 
resistivity/IP 
(61-m dipoles) 

VD 

Dipole-dipole 
resistivity/IP 
(152-m dipoles) 

Dipole-dipole 
resistivity/IP 
(305-m dipoles) 

EM soundings 
(time-domain, 
central 
receiver) 

1 - 600 m 14 soundings variably spaced, 
along Lines El, E2 of Figure 
2.3-2; 14 km of profile 

60 - 180 m Lines E3, E4, E5 of Figure 
2.3-2; 4.4 km of profile 

150 - 450 m Lines E6, E7, E8 of Figure 
2.3-2; 8.8 km of profile 

300 - 930 m Lines E9, Ell, E12 of Figure 
2.3-2; 16.4 km of profile 

200 - 1,200 m Lines ElO, E13 of Figure 
2.3-2 (250-m spacings); 
3.9 km of profile 

1-D modeling contoured to show 
resistivity contrasts related 
to faults and horizontal con­
trasts indicating variation in 
pore-water lithology with depth 

2-D models incorporating 
topography show resistivity 
contrasts related to faults 
and lithologic variation 

2-D models as above 

2-D models as above except 
models for lines Ell and E12 
do not incorporate topography 

1-D modeling conposited to 
show fault-controlled lateral 
resistivity contrasts as well 
as lithology and pore-water 
controlled horizontal contrasts. 

Senterfit et al., 
1982 . 

Smith and Ross, 1982 

Smith and Ross, 1982 

Smith and Ross, 1982; 
Ross and Lunbeck, 
1978 

Frischknecht 
and Raab, 1984 



Table 2.3-1. Geoelectric Investigations on Yucca Mountain (continued) 

METHOD 
APPROXIMATE 
DEPTH RANGE LOCATION REMARKS REFERENCE 

Borehole-to-
Surface DC 
resistivity 
1981 

Audiomagneto­
telluric 
soundings 
(6-250 Hz) 

Magneto­
telluric 
soundings 
(.001-10 Hz) 

30 - 300 m an area of 300 m x 500 m just 
NW of drillhole UE25b-lH; 
sources in drillholes UE25 
a#4, a#5, a#6; dipole 
receivers on 25 - 50 m grid 

200 - 2,000 m 4 soundings '(#'s 100 - 400) 
along 1-km profile 

2 - 20 km soundings roughly along lines 
El and E2 of Figure 2.3-2 

apparent resistivity 
contoured; 3-D ellipsoidal 
body modeled 

1-D and 2-D modeling shows 
general consistency with 
time-domain interpretation 
above 

1-D modeling shows variations 
in conductance of upper crust 
related.to variations in 
thickness and lithology of 
volcanic and sedimentary rocks; 
also a mid-crustal low 
resistivity layer, apparently 
related to crustal fluids and 
enhanced tenperature. 

Daniels and Scott, 
1981 

Unpublished data, 
USGS, 1981 

Furgerson, 1982, 
and unpublished 
contract report, 
USGS, 1979 

o 



Table 2.3-1. Geoelectric Investigations on Yucca Mountain (continued) 

B. Profile/mapping investigations with equivocal depth control. (Lines are not shown on Fig. 2.3-2.) 

METHOD 

"Slingram" 
(dual-loop EM 
profiling; 222-
3555 Hz, fixed 
separation) 

VLF (magnetic 
variation of 
fields related 
to 18.6 kHz 
navigation 
beacon) 

APPROXIMATE 
DEPTH RANGE 

8-150 m 

10-60 m 

LOCATION 

16.6 km of profile 

4 km profile, parallel to 
Slingram profile (see above) 
over alluvium 

RBdARKS 

lateral apparent resistivity 
contrasts indicate variations 
in alluvial thickness and 
bedrock faults 

results ambiguous due to 
insufficient penetration in 
conductive overburden 

REFERENCE 

Flanigan, 1981 

Flanigan, 1981 

TURAM 
(magnetic 
variation of 
fields from 
EM line-source; 
900 m source) 

20-200 m 1.1 km of profile; over 
alluvium-covered fault 
detected by Slingram profile 

results were ambiguous due 
to insufficient penetration or 
signal resolution 

Flanigan, 1981 

MAGNETCMETRIC 
(magnetic 
variation of 
field from 1 Hz 

line-source) 

Telluric-ratio 
(.025-.05 Hz, 
500-m dipoles) 

200-2,000 m 

1 to 10 km 

2 lines; 4.2 km of profile 
over alluvium-covered fault 

.2 lines; 30 km of profile 
across northern part of 
Fortymile Wash 

identified apparent resistivity 
contrast of fault 

detected apparent resistivity 
variations related to 
bedrock faults 

Fitterman, 1982 

Hoover et al., 
1982c 



Table 2.5-1. Existing Seismic Reflection Data and Past Surveys 

Shallow Crustal (0-2 sec) Profiles 

1. Crater Flat/Amargosa Desert - high-resolution Mini-Sosie reflection 
profiles acquired and processed by the USGS (USGS, 1988) 

Quality - fair to good 
Objectives - image faults/fault offsets in Quaternary alluvium 
Results - partly to fully successful imaging of fault offsets 

2. Death Valley - high-resolution Mini-Sosie reflection line (L. Serpa, 
University of New Orleans, personal communication, 1988) 

3. Yucca Mountain - various high-resolution profiles commissioned by the 
USGS discussed by McGovern et al. (1983) 

Intermediate Crustal (0-5 sec) Profiles 

4. Mid Valley/Nevada Test Site - land air-gun profiling of the upper 3-5 sec 
of the crust (McArthur and Burkhard, 1986) 

Quality - good to excellent 
Objectives - map depth to Paleozoic basement in Tertiary basins 
Results - successful imaging of basin fill and subhorizontal 

detachment faults 

5. Yucca Flat/Nevada Test Site - land air-gun profiling of the upper 3-5 sec 
of the crust (N. Burkhard, personal coinmianication, 1988) 

Quality - good to excellent 
Objectives - map depth to Paleozoic basement in Tertiary basins 
Results - successful imaging of basin fill and subhorizontal 

detachment faults 

6. Frenchman Flat/Nevada Test Site - land air-gun profiling of the upper 
3-5 sec of the crust (N. Burkhard, personal communication, 1988) 

Quality - good to excellent 
Objectives - map depth to Paleozoic basement in Tertiary basins 
Results - successful imaging of basin fill and subhorizontal 

detachment faults 

7. Seisdata speculative lines - obtained with vibroseis and explosive 
sources 

a. Las Vegas shear zone (Lines 8 and 8a pf Wasatch Cordilleran hingeline 
reconnaissance survey) 

I 
Quality - poor to fair I 
Objectives - map Tertiary basins for hydrocarbon exploration " 
Results - successfully obtained reflections from only the upper 1 sec 

W 

I 



V' Table 2.5-1. Existing Seismic Reflection Data and Past Surveys (continued) 

7. Seisdata speculative lines - obtained with vibroseis and explosive 
sources (continued) 

b. Pahrump Valley (Lines 12 and 17 of Sandy speculative survey) 

8. Geophysical Service Inc. speculative lines - obtained with vibroseis and 
explosive sources 

a. Big Smokey Valley, Nevada 
b. Monitor Valley, Nevada 
c. Railroad Valley, Nevada 
d. Tikaboo Valley, Nevada 

for a-d: 

Quality - poor to excellent 
Objectives - image Tertiary basins for hydrocarbon exploration 
Results - variable success in imaging sedimentary fill of Tertiary 

basins 

9. Other speculative data - unknown source types N 

a. White River Valley, Nevada 
b. Garden Valley, Nevada 

Quality - unknown 
Objectives - image Tertiary basins for hydrocarbon exploration 
Results - unknown 

Deep Crustal (0-15 sec) Profiles 

10. Amargosa Desert near Beatty and Lathrop Wells - deep crustal Vibroseis 
and explosive feasibility study (Brocher et al., 1989) 

Quality - good to excellent 
Objectives - image entire crust dovm to the Moho 
Results - successful imaging of all portions of the crust 

11. Death Valley/SW Amargosa Desert/S. Pahrump Valley - deep crustal 
Vibroseis survey by COCORP (Serpa et al., 1988) 

Quality - poor to fair 
Objectives - image entire crust down to the Moho 
Results - partly successful in mapping mid- to lower crustal structure 
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S t r a t i g r a p h i c , pe t rog raph i c and s t r u c t u r a l 
evidence suggest tha t three d i s t i n c t tec tono-
s t r a t i g r a p h i c ter ranes in SW Alaska are r e l a t e d 
as cogenet ic elements o f a Mesozoic tJW-facing 
vo l can i c arc complex. From SE to NU, the 
Kulukak, Togiak, and Goodnews ter ranes represent 
back -a rc , vo l can i c a r c , and fo rea rc environments, 
r e s p e c t i v e l y , o f an ens lma t i c vo lcan ic arc 
developed over a SE-dipping subduct ion zone 
dur ing Ear ly Ju rass i c through Ear ly Cretaceous 
t ime. The Kulukak back-arc te r rane cons is ts o f 
more than 5 km o f Middle t o Upper Ju rass i c 
volcanogenic t u r b l d i t e s , depos i ted as prograd ing 
submarine fans across a SE-dippIng pa leos lope. 
The Togiak vo l can i c a rc te r rane encompasses p r e -
dominately a n d e s i t i c vo l can i c and v o l c a n i c l a s t i c 
rocks o f Ear ly J u r a s s i c through Ear ly Cretaceous 
age. Interbedded sha l low marine sedimentary 
rocks occur through most o f the s e c t i o n . The 
Goodnews fo rea rc t e r rane is composed o f a va r ied 
assemblage o f Lower and Upper Paleozoic and 
Mesozoic rocks. Where exposed on the coas t , t t 
cons is ts o f fau l t -bounded packets o f maf ic 
v o l c a n i c , v o l c a n i c l a s t i c and i n t r u s i v e rocks, 
and se rpen t i n l zed u l t r a m a f i c rocks. The degree 
o f metamorphism va r ies between eiach packet . 
Occurrences o f l awson i te -bea r i ng maf ic rocks 
and s t r u c t u r a l l y &ssoc)ated u l t r a m a f i c rocks 
s t rong l y suppor t i n t e r p r e t a t i o n o f t h i s te r rane 
as a subduct ion complex. Deformat ional episodes 
o f p re -Ear l y Cretaceous and ea r l y Late 
Cretaceous ages are recorded in each t e r r a n e . 
The Late Cretaceous even t , one o f predominant ly 
.northwestward s t r u c t u r a l vergence, co inc ides 
w i t h the j u x t a p o s i t i o n o f K i lbuck Precambrian 
c r y s t a l l i n e te r rane aga ins t the HW edge o f the 
Goodnews subduct ion complex. 

OPHIOLITE ZOHES AND BLUESCHIST BELTS 
MARK MAJOR PLATE BOUKDARIES IN CHINA 

Zhang, Zh.M., Llou, J.G. and Coleoan, R.G. -
(Dept. Geology, Stanford University, 
Stanford, CA 94305) 

China ia contained mainly within the Eurasian 
place but the margins of the Indian and Philip­
pine Sea plates are involved in the Himalayas 
and the Coastal ttange of Taiwan respectively. 
Within the Eurasian piste, the Cathaysian 
paleoplate Is separated from the Angaraian 
paleoplate by the Zunggar-Hegen geosuture lAlch 
contains Paleozoic ophlolitc and rare blue-
schists. The three microplates of the Cathay-
Qiao paleoplate consist of Precaiobrian cratons 
and/or Phanerozoic accretionary fold belts. 
These coalesced Precambrian cratons now 
reveal A to 5 stages of intense orogeny 
before basement consolidation. The Paleo­
zoic to Cenozolc accretionary fold belts of 
China can be correlated with sinllar events now 
found in tbe west-Pacific-, Andean-, and 
Atlantic type active continental margins. 
Ophiolltes occupying many of these tectonic zones 
provide evidence for the age and igneous history 
of oceanic crust formed during this period. 
The presence of blueschist in many of these 
Chinese geosutures reveals evidence of large 
scale subduction and tectonic exhumation during 
consolidation of the Eurasian plate, Cenozoic 
collision of the Eurasian-Indian plates ,')roduced 
the uplift and deformation of the Himalayas, 
strongly influencing the tectonics of Western 
China. In contrast, Mesozoic-Tertlary evolu­
tion of eastern China is typical baaln-range 
geology with development of deep sedimentary 
basins along with calc-alkaline plutonic and 
volcanic activity produced by thln-aklnned 
tectonics and high heat flow. Tectonic evolu­
tion of China is complicated and the presence 
of ophiolltes and blueschist In Proterozoic 
to Tertiary convergent boundaries provides 
evidence of an extremely mobile history of plate 
movements in China. 

ON THE NORTHERH BOUNDARY OF 
GONDWANALAND IN SE ASIA • 

Chi-yoen Wang (Department of Geology and Geo­
physics, University of Califomia, Berkeley, 
CA 94720) 

' Lung-song Chan (Department of Geology and Geo-
physics, University of California, Berkeley, 
CA 94720) 

The Allso Shan - Red River fault zone in west­
ern Yunan, along which numerous bodies of ultra­
mafic rocks and glaucophane schists outcrop, is 
considered by some as part of an ancient suture 
zone that Joined Eurasia and Gondwanaland In the 
late Mesozoic. Seismotectonic studies, however. 

indicated sinistral movements since as early as 
the Quaternary, in reverse direction to the 
earlier movements inferred from t h e suture zone 
model. Oriented rock samples were collected 
from the upper Triassic redbed south of the fault 
zone.for paleomagnetic studies. The results of 
the thermal demagnetization experiment are most 
Blaply" interpreted a s having reversed polarity 
and a virtual geomagnetic north pole at 39''N, 
327'E,%rt.th alpha-95 equal to l . l " . A nominal 
Interpretation is that the redbed site moved 59" 
northward and rotated 77" counterclockwise when 
it arrived- Similar inferences were made for 
southem Tibet from paleomagnetic studies of 
rocks of similar age. Although many other inter­
pretations are possible and much more extensive 
studies need to be made, the present data are 
supportive of the hypothesis that the westem 
Ttunan, the southern Tibet, and maybe all of the 
SE Asia were part of Gondwanaland in the late 
Paleozoic; separation occurred in the early 
Mesozoic, and collision with Eurasia in the late 
Mesozoic. 

T3-2-A-7 

INVESTIGATIONS OF THE SLATE ISLANDS CRATER 

M« E. Bengtson and R. P. Heyer 
(Geophysical and Polar Research Center, 
Department of Geology and Geophysics, 
Dniverslty of Wisconsin, Madison, WI 53706) 

Recent geophysical studies of the Slate 
Islands of Canada in northernmost Lake Superior 
htcve correlated observations of shock 
structures, cratering, and faulting w i th lowered 
seismic velocity under the crater due to brec­
ciation at depth and consistent with intense 
deformation. We are attempting to determine not 
only the geophysical signature of the Slate 
Islands complex, but also general diagnostics 
for Che presence of cratering. 

A survey of the crater area (defined by an 
irregular arcuate bathynetric rise) Is now 
nearly complete. A close-order aeromagnetic 
Survey (1000-yd spacing, 425 o above lake level) 
and a set of marine magnetic and high-resolution 
3.5 kc bottom and subbottom profiles taken under 
flight lines have shown several short wavelength 
anomalies on the east side of the islands. The 
sources of these anomalies appear t o be 1/2 to 
1 kffl'below lake level, and none seem to have any 
bathymetric expression. To the west, a longer 
Wavelength anomaly trending NW-SE has been 
delineated, which correlates well with a pre­
viously predicted igneous-sedimentary contact. 

The Islands seem to be centered about a 
roughly defined arcuate magnetic high. 
Digitally-recorded marine refraction and 

reflection records show large thicknesses (over 
1 ka) of a 3.3 ka/aec layer underlain by a 5.3 
kffl/sec refractor outside the crater. Inside the 
crater rim, the 3.5 km/sec layer is absent; here 
only B 4.8 km/sec refractor lying directly 
beneath unconsolidated sediments has been 
detected. This 4.8 km/sec refractor probably 
represents a brecciated zone of the 5.3 km/sec 
refractor. 

Nd and Sr ISOTOPIC E V I D E N a O N THE CRUSTAL 
STRUaURE AND COMPOSITION OF THE NORTHERN 

GREAT BASIN 

Q* Long Former and Donald J . DePoolo (Department of 
Earth and Spoce Sciences, University of Co l i fomio , 
Los Angeles, California 90024) 

Tv/o major discontinuities in the composition of the 
lov/er crust of the Northern Great Basin con be recog­
nized from N d and Sr isotopes in Mesozoic ond Tertiary 
granites in o w^est-to-east troverse from N . California 
to Utah. The fii^t, in eost-centrol Nevodo, is approx i ­
mately coincident w i th the trace of the Roberts M t . 
Thrust and the prethrusHng fecies transition between eu-
ond mtogeosyncline. Here an abrupt decrease in f^^ 
[-6 to -13) ond increase in £sr i * ^ ^ +150) morks the 
Paleozoic continental edge and the westem l imit of 
Precambrian basement today. The basement edge does 
rwt correspond to ls f= 0.7(56 at the lat i tude, but would 
be described by ls ,KS0.708. 

The second boundary occurs ^ 50 km west of the 
Wasatch hinge l ine in western Utoh and is marked by o 
decrease in €sr but w i th no occomponying shift in e^ j , . 
The boundary between Areas I and II Pb (Zartman, \974i 
also corresponds to the drop in €sr* ^ ^ ' ' " interpreted 
as nxirking the western l imit o f granul i te-facies( low Rb, 
U) lower crust associated wi th the stable cfaton. 

The basement in the region between the two boun­
daries U the same age as that to the immediate east but 
locks Rb-U-depleted lower cryst. Both appear to be 
mixtures of Archean { ~ 2 . B /E ) and Proterozoic (1.8 C ) 
crust, in controst to the uniform-age crust (1 .8 /E) in 
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Colorado. The or ig in of the boundary between depleted 
and urtdepleted lower crust is problemotical,i. 'but could 

.hove resulted from loterol vor iot ion of metomorphic 
grade in the orogenic episode at M .6 /E which affected 
a l l of the southwest U .S . A l ternat ive ly , on original 
depleted lower crust could have been destroyed during 
upper Proterozoic r i f t i ng . In either case, th ick , unde-
plotod beaement remoining in NE Nevodo offer r i f t i ng , 
in conjunction wi th thermal blanketing by sediments, 
could have provided suff icient radioactive heating to 
cause the Mesozoic metamorphism seen in the core-
complexes of the eastern Great Basin. Geochemical i n r 
formation on crustol structure must be integrated vifith • 
geophysical studies to reconstruct the thermo-chemical 
evolution of the crust. 

GRATITy INTERPRETATION OF YUCCA HOUNTAIN, NYE 
CODNTY, HEVADA AND ITS IMPLICATIONS FOR 
SOOTHERS NEVADA STRUCTURE 

D. B> S n y d e r , ( D . S . G e o l o g i c a l S u r v e y , Menlo 
P a r k . CA 94025) 

The Miocene t u f f s of Yucca Mounta in a r e b e i n g 
c o n s i d e r e d a s a r e p o s i t o r y f o r h i g h - l e v e l 
n u c l e a r w a s t e s by t h e D e p a r t m e n t of E n e r g y , 
T h r e e - d i n e n a i o n a l n o d e l l D g b a s e d on da t a from 
1350 g r a v i t y s t a t i o n s i n d i c a t e s t u f f t h i c k n e s s e s 
be tween 1000 a n d 3500 m n e a r t h e p roposed 
r ^ i o s i t o r y . l e o a t a t l c g r a v i t y r e s i d u a l s 
( p - 2 . 6 7 g / a n ^ , T - 2 5 km, Ap • 0 .4 g / cn^ ) w i t h 

' a .Bouguer r e d u c t i o n d e n s i t y of 2 . 0 0 g/cm 
produced t h r e e n e ^ t i v e g r a v i t y c l o e u r e s 
i n t e r p r e t e d a s b u r l e d c a l d e r a s . The p r o p o s e d 
r e p o s i t o r y I t s e l f l i e s w i t h i n s o r e t h a n 20O0 n 
of t u f f on t h e e a s t e m m a r g i n of one of t h e s e 
e x t i n c t c a l d e r a s p o s s i b l y t h e s o u r c e of a 14>0-
m . y . - o l d t u f f ; t h i s c a l d e r a i s one of s e v e r a l 
c a l d e r a s a t t h e sot i th end of t h e T imber Mounta in 
c a l d e r a complex . 

G r a v i t y m o d e l i n g i n d i c a t e s t h a t Yucca Mountain 
I s u n d e r l a i n by 3500 m o r more of t u f f f i l l i n g 
t h e s o u t h e m edge of a g i g a n t i c d e p r e s s i o n i n 
p r e - v o l c a n i c r o c k s . T h i s d e p r e s s i o n o c c u p i e s a s 
much a s 1000 km , cmbraclrvg t h e e n t i r e v o l c a n i c 
mass s u r r o u n d i n g Timber M o u n t a i n . An i s o e t a t i c 
g r a v i t y r e s i d u a l anomaly of - 2 0 soGal n e a r 
C a l i e n t e , Nev . s u g g e s t s t h a t a s i m i l a r c a l d e r a 
ccD^lex o c c u r s n e a r 37*30*N l a t i t u d e j u s t w e s t 
of t h e Nevada-Utah b o r d e r . The P a h r a n a g a t s h e a r 
c o n e , a b e l t of s h a l l o w s e i s m i c i t y and d i s c o n ­
t i n u o u s l e f t - l a t e r a l s u r f a c e f a u l t s a b o u t 65 km 
s o u t h w e s t of C a l i e n t e , c o i n c i d e s w i t h a 20-mGal 
g r a v i t y g r a d i e n t . T h i s g r a d i e n t and b o t h 
c a l d e r a - r e l a t e d g r a v i t y Iowa l i e a l o n g t h e 

' S o u t h e r n b o r d e r of a l a r g e n e g a t i v e Bouguar 
antxnaly t h a t becomes l e s s p ronounced a f t e r 
I s o s t a t i c c o r r e c t i o n . The subdued i s o s t a t i c 
a n o n a l y s u g g e s t s t h i s s o u t h e m b o r d e r l i n e i s t h e 
l o c a t i o n of a r e g i o n a l d i a n g e In c r u s t a l 
s t r u c t u r e , p o s s i b l y e x t e n d i n g i n t o t h e upper 
m a n t l e . 

PRELIMINARY INVESTIGATION OF CRUSTAL STRUCTURE 
BENEATH THE VALLES CALDERA, 

NORTH-CENTRAL NEW MEXICO 

Roger N. F e l c h ( D e p t . of G e o s c i e n c e s , Geophys i c s 
Program, P e n n s y l v a n i a S t a t e U n i v . , U n i v e r s i t y 
P a r k , P a . 16802) 

Kenneth H. Ol sen (Geophys ic s g r o u p , Los Alamos 
N a t i o n a l L a b o r a t o r y , Los Alamos , N.M. , 87545) 

S e v e r a l se i smograms were o b t a i n e d t h r o u g h 
t h e Los Alamos N a t i o n a l L a b o r a t o r y s h o r t p e r i o d 
s e i s m i c n e t w o r k . The ne twork i s c e n t e r e d i n 
n o r t h - c e n t r a l New Mexico encooqiass lng t h e V a l l e s 
C a l d e r a r e g i o n . E v e n t s examined on t h e s e i s m o ­
grams I n c l u d e l o c a l and r e g i o n a l mine b l a s t s , 
t e l e s e i s m s and low m a g n i t u d e l o c a l e a r t h q u a k e s . 
L o c a t i o n of t h e l o c a l e v e n t s i n d i c a t e s t h e 
c a l d e r a r e g i o n i s p r e d o m i n a n t l y a s e i s m i c . 

Comparison of t h e s e i s m i c r e c o r d s from s t a ­
t i o n s w i t h i n t h e c a l d e r a r e g i o n t o t h o s e i n t h e 
s u r r o u n d i n g v i c i n i t y s u g g e s t s t h e c r u s t a l s t r u c ­
t u r e u n d e r l y i n g t h e two r e g i o n s i s d i f f e r e n t . 
For t b e same e v e n t , s t a t i o n r e c o r d s from t h e 
c a l d e r a r e g i o n e x h i b i t l ower body wave a m p l i t u d e 
( b o t h P and S) and l e s s e n e r g y i n t h e h i g h e r 
f r e q u e n c y po rC lon of Che s i g n a l than s t a t i o n 
r e c o r d s from t h e v i c i n i t y a r o u n d t h e c a l d e r a . 

These r e s u l t s i n d i c a t e t h e l o c a l s e i s m i c 
ne twork i s u s e f u l i n i d e n t i f y i n g a r e a s u n d e r l a i n 
by low r i g i d i t y m a t e r i a l i n t h e c a l d e r a r e g i o n . 
However, a d d i t i o n a l s e i s m i c ne twork o r p o r t a b l e 
s e i s m i c s t a t i o n s a r e n e c e s s a r y t o improve t h e 
s p a t i a l d e l i n e a t i o n of t h e anomalous r e g i o n . 
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V22C-173 1 5 3 0 H INVITED POSTED 
CyiUral Denih Vnllcv Volcanic Field. Easicrn California: 
Tci^ionic Selling., Volcanic Stratigraphy, and Geochronology 

L.A. WRIGfIT, (Dept. of Geosciences, Pennsylvania State 
University. University Park, PA 16802) 

R.E. DRAKE, (Berkeley Geochronology Center, 2453 Ridge Rd., 
Berkeley, CA 94709) 

B.W. TROXEL, (Dept. of Geology, University of California, 
Davis. CA 95616) 

R.A. THOMPSON. (U.S.G.S., Denver. CO 80225) 

Cenozoic volcanic and plutonic units of the Black 
MountalDs and Greenwater Range, eastern California, define a 
1600-km rhombochasm between the terminations of the e«-
i'chfhn, right-lateral, northwest-trending Furnace Creek and 
Shcephcad fault zones. The volcanic pile overlies Late 
Proterozoic and Cambrian sedimentary rocks, Mcsozoic(?) diorite 
and Cenozoic quartz monzonite plutons, and locally. Early 
Proterozoic rocks. 

K-Ar age determinations indicate that Cenozoic igneous 
activity extended from about 14 Ma into Quaternary time. 
Normal faulting, contemporaneous with strike-slip faulting, has 
commonly tilted older volcanic units 80-90*'; whereas, the 
younger units arc horizontal or gently tilted. 

The volcanic pile is typically 800-1200 m in observed 
thickness and composed of three dominantly silicic sequences, 
commonly separated by unconformities: (I) a lower sequence (14-
10 Ma) of dacitic lava flows and air-fall tuffs, (2) a middle 
sequence (9-7 Ma) dominated by rhyolite lava flows and air-fall 
tuffs of the Shoshone volcanics. including pre-Shoshone andesite 
I'lows and rhyolite ash-flow tuffs, and (3) an upper sequence (7-
5 Ma) of rhyolite lava flows and air-fall tuffs of the 
Greenwater volcanics. No caldera sources have been identified 
for any of the silicic tuff units. 

Basaltic volcanism has occurred episodically during the past 
9 m.y.; it culminated around 4 Ma. but has continued into 
Quaternary time (the most recent activity was 0.78 Ma). Basaltic 
rocks of the volcanic field appear to be petrologically similar to 
widespread coeval basalts of the southwest Nevada volcanic 
field. 

V22C-174 1 3 3 0 H POSTER 
The Hid-Hiocene Lake Head Volcanic Field, SouthQi:;T1 
Nevada: Geochemical Constraints on naqmatlc Evolution 

SMITH. EUGENE I.. Dept. Geoscience, University of 

niLLS, JANES 
University, 

'>.. Dept. Geoloqy, Hlchigan State 
East Lansing, MI 46824 

volcanic rocks of the mld-niocene (12-20 Ha) Lake 
Head Volcanic field (LHVF) have calc-alkaline or 
alkali-calcic affinities, vary continuously in 
composition from andesite to dacite (basalt and 
rhyolite are present but rare), and form several 
stratovolcano complexes. Ash-flow sheets are associated 
with small caldera-llke structural depressions at 
Hoover Dam, in the central HcCuilough Range and at 
Devil Peak In the southem Spring Range. In the Lake 
Head area and to the south along the Colorado River, 
volcanic rocks are associated with cogenetic plutons. 
Volcanic complexes in the LHVF form two major rock 

suites. Suite l-(Rlver nountains and Hoover Dan 
volcanoes and the Wilson Ridge Pluton). Rocks of suite 
1 are characterized by decreasing total rare-earth 
element (REE) content with Increasing S102, and contain 
<2 ppm Ta. In the River Mountains there are four pulses 
of activity. Each began with the eruption of 
intermediate lavas (54-60% S102) and terminated with 
the emplacement of dacite domes and flows (65-69% 
Si02). At Hoover Dam, an ash-flow tuff at the base of 
the section, displays reverse mineralogic arxS chemical 
zonation. S102 varies from 66% (top) to 59% (base); 
biotite and hornblende increase in modal abundance 
upward and clinopyroxene and plagioclase increase 
downward. The upper part of the Hoover Dam section is 
composed of dacite flows and associated volcaniclastic 
rocks bounded above and below by flows of andesite (55% 
Si02). Suite 2-(Volcantc sections in the rKtrthem 
Eldorado and HcCuilough Mountains and the Boulder City 
Pluton). Rocks of suite 2 vary in 8102 from 55% to 74%, 
show Increasing total REE content with increasing Si02 
and contain >5 ppm Ta. 

V22C-175 1330H POSTER 
Remote Sensing Analysis of Southern Walker Lane 

NANCY 0. WALKER (Nevada Bureau of Mines and 
Geology, Reno, NV 89557) and David B. 
Slemmons (Dept. of Geology, University of 
Nevada-Reno, Reno, NV 89557) 

H. L. McKAGUE (Lawrence Livermore National 
Laboratories, Livermore, CA 94550) 

A comprehensive analysis of Landsat Thematic 
Mapper imagery and geologic, topographic, and 
aeromagnetic maps demonstrates that the Walker 
Lane is a continuous feature through the 
southwestern Nevada volcanic field. A 
northwest pattern of lineaments is apparent In 
rock units older than 9.5 m.y. These 
lineaments correspond to sites of aligned 
preferential erosion and, at intersections 
with lineaments of different trends, may be 
northwest-trending, vertical fractures and 
faults. The lineaments in volcanic rocks are 
thought to owe their origin to movement on 
northwest-trending structures in the 

underlying Paleozoic basement. 
A conspicuous lack of northwest-trending 

lineaments occurs in rock units younger than 
9.5 m.y. The lack of these lineaments in 
young volcanic units may suggest that movement 
on the underlying structures ceased by the 
time of, or soon after, their deposition. 
Relative ages of the cessation of movement are 
provided by tuff units of the Black Mountain-
and Stonewall Mountain calderas. The 8.5 to 
6.3 m.y. ages of the tuffs coincide with other 
evidence of a clockwise rotation of the stress 
regime at about that time. The lineament 
distribution therefore suggests cessation of 
movement along northwest-trending structures 
which may be related to a change in the 
orientation of the stress regime. 

V22C-176 1330H INVITCD POSTe 
Petrology and Geochemistry of Peralkaline Lava Flows and 
Tuffs, Silent Canyon Caldera, Southwest Nevada Volcanic 
Field 

DAVID A. SAWYER, K.A. SARGEOT 
U.S. Geological Survey, MS 913, Denver, CO 80225 

The Silent Canyon caldera is a buried upper Miocene 
center of peralkaline affinity. Its location has been 
corcorborated by geophysical data and more than 50 drill 
holes. The Tub Spring and Grouse Canyon Members of the 
Belted Range Tuff are the two widespread ash-flow sheets 
erupted from the Silent Canyon volcanic center (volumes 
of 60-100 km^ and 200 km , respectively). The eruption 
of these tuffs was preceded by rhyolite volcanic domes 
(Split Ridge and Quartet Dome), and was followed by lava 
flows and tuffs of Saucer Mesa (extracaldera), and 
Deadhorse Flat (Intracaldera). Total subsidence on Che 
Grouse Canyon Member within the caldera is 1525-2135 m. 

Peralkaline tuffs and flows range from 65 to 77Z SIO2, 
and have agpalclc Indices of leas than 1.26. The most 
mafic compositions are pre- and post-caldera trachytes 
(65-693; SIO2). The Tub Spring Member is a relatively 
unzoned high-slllca comendite, whereas the Grouse Canyon 
Tuff is strongly zoned (70-75 percent SIO2) in major- and 
trace-element composition. The volumetrically dominant 
precaldera flows are hlgh-slllca rhyolites, whereas post­
collapse flows are petrologically diverse, ranging from 
trachyte through hlgh-slllca rhyolite. Rocks at Silent 
Canyon share a common petrologic evolution from trachyte 
to low-silica rhyolite; aC more than 74X SIO2, a marked 
split In differentiation trends exists between the more 
peralkaline comendltes (middle and Lower tuffs of the 
Grouse Canyon Member and Spilt Ridge flows) chat approach 
pantelleritic coraposittons and the Less peralkaline 
comendltes (Tub Spring Member and Quartet Dome, Saucer 
Mesa, and Deadhorse Flat flow rocks). Compared wlch 
peralkaline rocka worldwide, Che Silent Canyon magmas 
were lower In Ba, Y, Nb, Th, and U and higher in Rb, Mo, 
and F/Cl. Decoupling of trace-elemenc variations from 
major-element chemical trends underscores Che importance 
of volatile compiexing in peralkaline petrogenesis. 

V22C-178 1330H POSTER 
The Hid-Hlocene Mllson Ridqe Pluton; a Subvolcanir 
Intrusion In the Lake Head Reglpn, Arizona and NevaH.^ 

FEUERBACH. DAHIP. L.. and SMITH, EUGENE I., Dept. 
Geoscience, University of Nevada, Las Vegas, NV 89154 

The mld-Mlocene Wilson Ridge Pluton (WRP) in 
northwestern Arizona Is a subvolcanic Intrusion related 
to volcanic centers in the River Hountalns (west of 
Lake Head) and at Hoover Dam. Soon after emplacement, 
the volcanic-Plutonic complex was cut by west-dipping 
detachment faults and upper levels of the pluton 
Including its volcanic cover were transported as far as 
20 km to the west. The pluton Is composed of fine- to 
coarse-grained blotlte-sphene bearing monzonite, quartz 
raonzonite and granite. Blotlte-lamprophyre, basalt, 
dacite, and granite porphyry dikes Intrude the pluton. 
The Si02 content of the WRP varies between 57% and 

74%. Felsic dikes are highly evolved (up to 77% Slo2). 
One dike Is zoned with a margin of diorite (55% SI02)* 
and a quartz monzonite core (67% S102). The pluton Is 
characterized by low Ta l<2 ppra) and by decreasing 
total REE with increasing Si02. The variety of rock 
types may be explained by models involving homblende-
blotite-feldspar-sphene dominated fractional 
crystallization. Sr Isotope ratios (0.709) and trace 
and REE element models suggest that the Wilson Ridge 
magtaa was derived by partial melting of pyroxene 
granullte in the lower crust. 

The WRP Is correlated to its detached volcanic cover 
on the basis of 1) mineralogical similarities between 
fine-grained phases of the pluton and felsic volcanic 
rocks, 2) similar trends of decreasing REE content with 
increasing Si02 for volcanic and plutonic rocks, 3) low 
Ta values (<2 ppn), and 4) agreement with indeF>endent 
reconstructions based on the structural geometry of the 
Lake Head area. After the major phase of eruption, the 
Wilson Ridge magma reservoir continued to evolve. As a 
result, evolved rocks of the pluton are higher in S102 
(72%-77%) and lower In total REE than evolved rocks of 
the cogenetic volcanic pile (67%-72% S102).. 

V22C-138 1550H POSTER 
s t ruc tura l implications of an i sos t a t i c residual 
gravity map of the Nevada Test S i te , Nevada 

R. H. Karris, 

V22C-177 1330H INVITH) POSTCR 
Geochemistry of Glassy Pumices from the Timber Mountain 
Tuff, Southwestern Nevada 

JAMES G. MILLS, 3R. 
TIMOTHY P. ROSE (Both at: Department of Geological 

Sciences, Michigan State University, East Lansing, MI 
48824-1115) 
(Sponsor: T. A. Vogel) 

The Rainier Mesa (RM) and Ammonia Tanks (AT) Members 
of the Timber Mountain Tuff each contain large variations in 
major and trace element compositions. Felsic, silica-rich 
pumice are phenocryst poor (2-5%; Pl, Or, Qtz, +/- Bio) while 
maiic pumice are phenocryst rich (20-35%; Pl, Bio, +/-Or, 
+/- Qtz). Pumice types in both tuffs are generally similar in 
lithology. Compositionally banded pumice are rare in the top 
of the RM, but common throughout the AT. Pumice 
compositions, intermediate to the end-members are present in 
both ash-flow sheets. 

Member %SiO- %FeO %MgO Rb{ppm) Sr(ppm) 

Rainier Mesa 63.9-78.1 0.4-3.5 0-1A 121-282 6-824 
Ammonia Tanks 63.8-78.1 0.7-3.3 0-1.7 87-246 116-801 

The RM has only high-silica pumices at the base, but a large 
compositional range among pumices at the top. The AT, 
however, has a large chemical variation among pumice types 
at the base and top of the ash-flow sheet. A probable 
comagmatic origin for the two tuffs is indicated by similar 
variations In major and trace elements and by previous field 
studies. 

The RM magma may have been more evolved than the AT 
magma based on lower concentrations of La (137 vs. 170 ppm), 
Zr (526 vs. 301 ppm) and a relative depletion in Ba of 0.6x. 

The presence of targe chemical variations among pumices at 
the top of the RM and throughout the AT, are consistent with 
theoretical models for magma withdrawal from a zoned and/or 
layered magma chamber. 

W. Oliver (Both, a t : U.S. Geological 
Survey, 345 Middlefield toad, Menlo Park, CA 9402S) 
D. L. healey (U.S. Geological Survey, Denver, CO 80225) 

Gravity anomalies at the i.evada Test Site (NTS) were 
investigated to determine the subsurface structural 
se t t ing of volcanic terrane in the area. Bouguer and 
i sos t a t i c residual gravity naps of the NTS have been 
compiled with a J-raual contour interval a t a scale of 
1:100,000. Ttie new maps are controlled by 14,753 
stat ions and have been reduced assuming a Bouguer 
reduction density of 2.57 g/cm3. The regional 
i sos ta t i c field rentoved from the Bouguer map was 
computed assuaing an Airy model for i sos ta t i c 
compensation of tomographic loads. On the basis of 
seismic refraction data th is model assumes a crustal 
thickness of 25 km, a density of 2.67 g/cm^, and a 
density contrast across the base of the model crust of 
0.4 g/cm^. The i sos ta t i c map sho\.s a range of residual 
gravity values from -65 mGal over Si lent Canyon caldera 
to +14 mGal over Bare tiountain. Major gravity lows 
occur over the Timber ;-tountain caldera roat (-42 mGal), 
Yucca Mountain (-38 mGal) and Emigrant Valley (-40 
n&al) . Significant highs of +6 to +-10 mGal ace 
associated with Paleozoic a r g i l l i t e s and carbonates. 
The gravity character is t ics of eight nested calderas in 
the southwestern Nevada volcanic field are very 
diverse. In contrast to the major low over the 
nonresurgent Silent Canyon caldera, a local gravity 
high of about 3 mGal occurs over the resurgent ttome of 
Timber Mountain caldera, whereas Oasis Valley and 
Sleeping Butte calderas are characterized by gravity 
gradients with lows to the eas t . The gravity low over 
Silent Canyon caldera extends southward into the 
rwrthern part of tha younger Timber (tountain caldera, 
as or iginal ly observed by M.F. Kane, suggewting that 
the Silent Canyon collapse extends beneath Che Timber 
Mountain volcanic sequence. TO the south of Timber 
^DunCain, a local residual gravity low of about 30 oGal 
occurs over Crater F la t , a suspected caldera that nay 
extend partly under Yucca ^^juntain. Interpretation of 
the low is complicated by a regional increase of 
residual gravity to the west over pre-Tertiary bedrock, 
consistent with a model of an east-dipping detachment 
fault under the Crater flat-Yucca Mountain area. 

Magma Transport 
and Convection I 
CA 106 Wed AM 
Presider, F. Richter 
Univ of Chicago 
P. J. Wyllie 
Caltech 
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nnd the location! of input datk, > prior Mt imUt of th* vuio(r>in Mlow 

evaluation of thri affactivanH* of additional drill halM in n d u c i n i th* 
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eitimated t ^ d of value* with tha valu** at alt point* of th* (rnthetic 

initial data let in thi* exAmpl* dcmonitratai of th* accuracy of tha 
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Determination o£ elastic s M fl"id flow pyppertl^s £ x m 
the response og wells go flj^f pressuye 

Stuart Roiscaezey (U.S. Geological Survey, Menlo Park, 
CA 94025) 

The water level In a well is often sensitive to air 
pressure changes. The magnitude and character of this 
response Is governed by: the well radius, the lateral 
diffusivity of the aquifer, the vertical diffuslvity 
of Che saturated zone overlying the aquifer, the verti­
cal air diffusivity of the unsaturated zone and the 
thicknesses of the overlying saturated and unsaturated 
zones. These elements can be combined into four dimen­
sionless parameters which govern the phase and 
attenuation of the response. In many cases, the 
response of a well t o air pressure can be brokan up 
into a high frequency and a low frequency response. 
The high frequency response Is governed by the well 
radius and lateral diffusivity of the aquifer. The low 
frequency response is governed by the vertical air dif­
fusivity and thickness of the unsaturated zone and the 
vertical hydraulic diffusivity and thickness of the 
saturated material above the aquifer. When spectrally 
deconvoluted, Che response of water wells to air pres­
sure can be fit to a theoretical linear model to yield 
estimates of the key dimensionless parameters. If the 
well radius, saturated and unsaturated thicknesses of 
the region above the aquifer as well as the aquifer 
thickness are known, it is possible to make estimates 
of, or place bounds on. the hydraulic conductivity and 
specific storage of the aquifer, the vertical air dif­
fusivity of Che unsacurated zone and the composite 
vertical hydraulic diffusivity of the overlying 
saturated'materials. Application of this technique co 
long term barographs and well hydrographs Indicates 
that these estimates are physically reasonable and, 
when comparison is possible, agree well with other 
measurements. 

H12A-16 1300 H POSTER 

GEOPHYSICS OF SUPRATIDAL AMD TERRESTRIAL PERMAFROST AT 
KANGIQSUALUJJUM), CANADA. 

MAURICE-K. SEGUIH, M. ALLARD, E. GAHE and R- LEVESQUE 
Centre d'etudes nordlques, Universite Laval. Quebec 
GIK 7P4. 

2 
The area investigated (3S5 kn ) is located in the 

soutbeascern sector of Ungava Bay (latitude: 58'^30*N 
and longitude: bS^'SO'W). The Quaternary deposits (main 
ly till and marine deposits) overlie the crystalline 
bedrock of Precambrian age. Tbree types of periglacial 
morphologies in four different regions are discussed: 
1) cryogenic mounds, 2) palsa plateaus and 3) peat pla­
teaus. Geomorphology, surface and down-tbe-hole geo~ 
physics as well as water jet drilllag allowed the de-« 
termination of lateral and vertical extent of disconti­
nuous permafrost. Electrical resistivity, electromagne-
tism. Induced polarization, self potential, refraction 
seismic and geothermal methods were used. In cryogenic 
mounds and palsa plateaus, pen&afrost covers 11—15X 
of the area, and tn peat plateaus 801. In peat and pal­
sa plateaus, the mean pecmaCrost thickness is 8 m; it 
is 6 and 22 m for cryogenic mounds in supratidal and 
terrestrial environments respectively. A correlation 
of the morphometric parameters of the permafrost mounds 
(length, width, elevation, etc..-) with their thickness 
allows a prediccioo of this thickness with a relative 
degree o£ certainty. Ground Ice Is lenticular .la 
clayey silt and intergranular in sand and gravel. A 
model of evolution of permafrost in cryogenic mounds 
is presented; this model takes into account the thick­
ness of permafrost, elevation of tbe mounds, isostatic 
rebound and dendrochronologic results. 

H12A-17 1300 H POSTER 

Discrete Analysis For Generatino Second-Order 
Stationary Random Fields In Three-Dimensions 

S.E. 5llliman(Dent of Civil Engineering, The University 
of Notre Dame, Notre Oame. IN <)6556), 
A.L. Wright (Dept. of Mathematics, The University of 
Arizona, Tucson, AH 85721) 

i 
Several techniques (e.g. turning bands and sampling . 

from a spectrum) have been introduced for generating 
second-order stationary fields which reproduce the 
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f i rs t two moments of a parent distribution. One 
common limitation of these techniques is their restr ic­
tion to consideration of normalfy distributed random 
variables. In this paper, a technique (termed Discrete 
Analysis, or OA) is introduced for generating second-
order stationary fields without requiring an assumption 
of nomiaMty. DA is based on seperating the univariate 
distribution and the covariance into two, Independent 
generation steps. The covariance is modeled as a 0/1 
process in which the values of the random variable at 
two points in space are randomfy chosen to De either 
identical or independent; this choice is based on a 
probability structure dictated by the form of the covar­
iance. Simulation results show that on average over a 
large number of simulations, the f i rst and second order 
statistics generated by DA accurately reproduce the 
f i rs t two moments of the parent population. Results of 
an ongoing comparison between one version of discrete 
analysis and the turning bands method are presented. 
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The Role of Heterogeneous Hydraulic 
Conductivity in Calculation of Subsurface 
Discharge f-rom arv Uol.and Catchment. 

FREDERICK 
HORNBERGER (both at Dept. 
Science, University 
Charlottesville, VA 22903) 

and GEORGE M. 
of Environmental 
of Virginia, 

The interactions between a stream and the 
alluvial infill in an upland catchment can 
affect the hydrological and hydrochemical 
budgets of the catchment. These flow 
prnc^^ses and interactions are influenced by 
heterogeneity in hydraulic conductivity. 
"The effect of heterogeneity on subsurface 
discharge calculations was examined in an 
upland catchment in Virginia. The alluvium 
at the catchment is about 100 m wide near 
the mouth, and it supports a permanent water 
table. The dimensions of the alluvium were 
determined with geophysics, and 
heterogeneity in hydraulic conductivity was 
quantified with infiltration testing. A 
model calculated subsurface discharge from 
the catchment using various realizations of 
the hydraulic conductivity array inferred 
from the infiltration tests. Results show 
that average hydraulic conductivity is more 
important than spatial variation in 
discharge calculation, but it may be 
impossible to determine average K in 
alluvium without quantifying heterogeneity. 
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n n a n r i f y i n n '::pa^^,^^ v.^ari^hn i t y ' in a r=irhnnahf=> A f j i i f c r 

• TOUM H- MFVTfig. TIMOTHV M. LIJTZ and ROBERT GIEGENGACK 
(a i l a t : Geology Department, University of Pennsylvania 
Philadelphia, PA 19104) 

Quantifying the spa t i a l d i s t r ibu t ion and or ienta t ions 
of f r a c t u r e s and bedding su r faces in ca rbona te - rock 
Outcrops p rov ides valuable information on groundwater 
flow p a t h s . We cons ider the s p a t i a l d i s t r i b u t i o n of 
solution features (sinkholes) as sources of additional 
information. The ;5inkholes are more widely d is t r ibuted 
than are fractures measured at d i s t i nc t outcrop loca­
t ions; sinkhole d i s t r ibu t ion therefore provides Inform­
a t ion t ha t might be more a p p r o p r i a t e for modeling 
groundwater flow. Our data consist of or ientat ion meas­
urements of fractures and bedding surfaces and p lo t s of 
sinkholelocations from an area of approximately 25 km' 
underlain by cambro-Ordovician carbonate cocks in upper 
Merion Tbwnship, PA. The s t a t i s t i c a l methad developed 
by Lutz (JGR 91 , 421-434, 1986) was used t o d e t e r m i n e 
the extent to which features "with linear trends can be 
re la ted to the locations of sinkholes. 

Significant control was indicated in each of several 
suba reas . The t r e n d s of l i n e a r f ea tu re s deduced from 
the analysis of sinkholes vary among the subareas but 
a re c o n s i s t e n t with the o r i e n t a t i o n s of the dominant 
fractures within each subarea. Tn the eastern portion 
of the area, WNW fractures are consistent with a l ign­
ment of s inkho les along WNW t r e n d s . In the western 
portion, IVNW fractures are v i r tua l ly absent and there 
is no evidence to r WNW t r e n d s in s inkhole d i s t r i b u ­
tion. The most consistent trend deduced from sinkhole 
locations is para l le l to bedding surfaces (ENE). 

The approach presented here for quant i fy ing the 
spa t ia l v a r i a b i l i t y of f rac tures and bedding s u r f a c e s 
allows one to acquire field data in carbonate t e r ra in 
characterized by minimum bedrock exppsure. The bedding 
surface, f racture , and sinkhole-distr ibution 6ata ind i -
cate_ t h a t the aqu i f e r represen ted by these rocks, i s 
par t i cu la r ly prone to solution enhancement of ground-
water - f low pathways in an ENE d i r e c t i o n ( p a r a l l e l t o 
s t r i k e ) , and could t h e r e f o r e be more t r a n s m i s s i v e in 

. tha t d i rec t ion . This conclusion is supported by a water 
budget s tudy tha t i n d i c a t e s chat water migra tes 
e f f i c i e n t l y through the aqu i f e r , along pathways t h a t 
t rend ENE, from the Schuy lk i l l River to a major 
regional, supply reservoir 1.6 miles west of the River. 

This page may he ireelv copied. 
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Oag oE Drillers' togs and Geophysical Surveys^ 
DeEine the Hydrogeotogic Framewarlt of l:he Anargngj 
Desert, Southern Hevada 

John S. Czarnecki 
William j. oatfield 
{Both at the U.S. Geological Survey, Denver, Colorado 
80225) 

The Amargosa Desert, in the Basin and Range province 
oE southern Nevada, is hydraulicall/ downgradient fron 
Yucca Mountain, the site of a potential repository fgf 
high-level nuclear waste. Ground-water £low paths and 
flow rates beneath the Amargosa Desert ace concrolletj 
in part by the total saturated thickness and the 
hydraulic properties of basin-Eill alluvial sediments. 
A3 part o£ a study to estimate ground-water velocities 
in this area, drillers' logs of water welis completed 
in alluvium were analyzed, and ratios oE the 
percentage oE coarse- to fine-grained sediments wera 
calculated for each o£ these logs. These ratios were 
contoured using a universal-kr iglng routine to 
interpolate values. For comparison, results Ercm a 
vertical electrical sounding {VES) survey also were 
contoured. The VZS results were obtained Eton 
individual depth-to-resistivity profiles, Ecom which 
the average resistivity o£ the total depth, the 
resistivity of the upper 75 meters, and the estimated 
depth to Paleozoic ( J ) basement rocks were obtained, ' 
The distribution and variations in average resistivit/ 
oE the total depth agreed reasonably well with the 
distribution o£ variations in regional gravity. 
Patterns oE contours o£ the resistivity oE the upper 
75 meters o£ alluvium were similar to patterns o£ 
regional contours of depths to the water table in the 
area. Major highs and lows oE the gravity-measurement 
contours coincided with the highs and lows of tho 
ratios of the percentage of coarse to fine sediments. 
The lows probably correspond to tile presence a t 
lacustctne, eolian, or marsh deposits, that may act as 
barriers to gtound-water flow. • Contours of th«-
estimated depth to Paleozoic basement rocks indicate 
depths as great as 1,000 meters, and appear to agree-
with recent seisjnic-refraction survey data. •, 

Field Approaches and 
Measurement Techniques for 
Quantifying Spatial Varibility 
in Porous Media III (H12B) 
Room 317 Mon PM 
Presider, F. J. Molz 
Auburn Univ 
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MQRDECKAI MAGARIT? (Isotop* D«pt., W»Ijin»nn Institute »' 
Scl«nc«. R.hovot 7S100, I»r«»l> 
DANIEL RONEN CIsotop* 0«pt.. Walzmann Institute af Set 
•nc«; and R«i»«rch 0»pt.. Geological Service, Water Ce»-
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id equifers ss e result of ssdi 
mentoLogicel, disgenetic sncj tectonic processes, 
is e generel essumption thst the fluid phsse chem 
in equifers, st leeet an m ftne scale. i» rather hoim 
neoue- A multilayer dlslysie cell device wes useo 
obtain deteiled chemical profiles of upper water Is; 
tup to depth of 2.5 m) in aqulfere. One sat of tani 
was taken from the Caastal Plain aquifer of Israel uno' 
a cultivated field irrigated by treated sewage and ti­
es cond from e f oreet region in northeast NetherlaniJ* 
In both regions large vartatione were observed in "• 
concehtretlon of Cl", NOg* and SOj between samples tM' 
were vertically separated by es little ss 3 cm. £'•• 
larger variations were observed In semples taken witPt* 
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A Natu^a^-G!:a[^lept ExoerlrngTit ou SoUni; Tr;tnsnortJjlJ-
Sand Aquifer: Soatial Varl;^bilitv of llvdiiiulic. ^ 

_ t h e l l l S D P r s i u n I'l-QCSJ conductivity and its Role in 

E.A. SUDICKY (Institute for Groundwater Reaeurch 
University of Waterloo. Waterloo. Ontario. N2I. 3GI1 ^ j 

The apatlal variability of hydraulic conductivity"' 
the site of a long-tern tracer teat performed in tfî; 
Borden aquifer was examined in great detail hy 
conducting permeability rnensurenents on a scries of 
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dipolar . However^ the f ie ld was dcndnated by low carder 
zonal hamcnics* Suc^ transi t icxi f i e ld geonetries give 
paleatBgnetic reoords of r eve r sa l s , vsiiic^ always 
include high inc l ina t ions , aEproaching e i ther +/ve or -
/ve 90 ' . Subsequently, when traneiti^Ti reoords without 
B\xii high inc l ina t ion were found the idea of the 
dominance of low order zonals appeared t o be 
d iscredi ted ' We show tha t i f the low order zcnals a re 
cxxrbined with a d r i f t ing non-dipole f ie ld , s imilar t o 
tha t seen a t present , noat of t h e features of reversal 
t r ans i t i ons can be s inula ted . T^e presence, or absence, 
of the very high inc l ina t ions depends i^wn the l a t i t ude 
and Icngi tu le of the obeervation s i t e . We th^ 'c fore 
conclude tha t lew order zaneU.s nay indeed dcminate 
t r a n s i t i c n f i e lds , but they a r e acccnpanied by- seme 
form of dr i f t ing nQn-<iipole f i e l d . 
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Dynamics \̂}d F.nergetics nf Earth's Cnre During a 
Genm-^gne,̂ (r. gever-^iU 

S..I,PF.ARrE 
E. H. LEVY (both al Lunar and Planetary Laboratory, 

University of Arizona, Tucson. AZ 85721) 

Estimates of the energy budget in Earth's core suggest that the 
energy available to power the geomagnetic dynamo does not 
greatly exceed that needed for usual regeneration of the field. 
During a geomagnetic reversal, the energy, supply problem 
seems to be exacerbated because the entire field must be 
reversed and reconstituted in only a few thousand years. Thus, 
on its face, the power delivered to the geomagnetic field seems 
to be substantially more than an order of magnitude greater 
during a geomagnetic reversal than during the normal dynamo 
regeneration. In this paper we discuss core dynamics and 
large-scale motions during a geomagnetic reversal and show 
that the energy stored m the toroidal field is essentially 
preserved through the reversal event. Thus the energy needed 
to power a geomagnetic reversal is not larger than the energy 
needed for the usual regeneradon processes. 

GPu-m 0830H m m 
Another Geodypamo Model 

WILLIAM M. ADAMS. AUGUSTINE S. FURUMOTO, JACK McMIL-
LAN and YUKO OGUCHI (Hawau Institute of GeopbyaicB, 2525 
Correa Road, Honolulu, HI 96822) 

A novel geodynamo model is proposed. At tbe evolutionary stage 
of liquid core-solid mantle; (1) outer core cooling creates gravitational 
differentiation; (2) each sinking conductive nodule transports angular 
momentum and perhaps any ambient internal magnetic field towards 
the center; (3) the inner solid core formed from the accreting nodules 
rotates faster than the outer liquid core; (4) using tbe simple 4 x r 
approach (Melchior, 1986, pg. 142) approach, the toroidal and poloidal 
electric and magnetic fields are potentially regenerative. This model 
removes the usual aasumption of an external ambient magnetic field: 
Dor does it require recourse to the more complicated mechanisms of 
turbulence aod/or tx)undary layers. While these latter features are 
both intriguing tmd existent, our model of minimal complexity (i.e. 

. maximal aesthetics) is proposed for attaining description, tutorial, and 
prescriptive objectives. . 

Melchior, P., "The Physics ot the Earth's Core," Pergamon Press, 
1986. 

G P U - m 0830H P O S T B 
Secular Variation of Magnetic Observatory Annual Means 

HAICOLM G. McL£OD (Maval Ocean Research and Development 
Act iv i ty , NSTL, MS 39529) 

The spatial and temporal variat ion of the geomagnetic 
f ie ld component annual means has been analyzed. The 
data used In this study consist of the annual means of 
the vector magnetic f ie)d components measured at over 
one hundred magnetic observatories widely distributed 
about the Earth. The data that have been analyzed are 
for the tine interval 1970-1980. 

Spherical harmonic model̂ s of the mean magnetic f i e ld 
have been computed for each year within the time 
interval indicated. Coefficients corresponding to both 
Internal and external sources were included in the 
models. Spherical harmonic models have also been 
computed for the f i r s t and second time differences of 
the f ie ld using f i r s t and second tlnw differences of 
the annual means as input data. Fi l tered versions of 
these models have also been computed. 

External current systems are found to be responsible 
for a signif icant portion of the f i r s t and second time 
differences of the annual means of the geomagnetic 
f i e l d . While most of the effect of the external 
current systems can be <^deled by degree one spherical 
harmonics, higher degree spherical harmonics are also 
important for modeling the f i e l d due to external 
sources. The time variation of the external sources Is 
correlated with the sunspot cycle and Includes 
hAmunJcs of the sunspot cycle. 

WVcL'^'A-Aiir' c. Wc> p-P^r-

Rock Magnetic Applications to 
Tectonic Studies (GP12) 
Room 308/310 Mon PM. 
Presiders, J. Geissman 
Univ of New Mexico 
S. Cisowski 
Univ of California, B 

GP12-01 1530H 
Iden t i f i ca t ion of 
Formaticn. 

magnetic c a r r i e r s in the Mcnterey 

M.Hart and M.Fuller (Department of Geological Sciences, 
University of Ca l i fomia , Santa Bartara, CA. 93106.) 

T\x) well corre la ted s t r a t ig raph ic sect ions , which a r e 
Qxpceed in vave cut t e r races about 4 kms ^ a r t cn t he 
coast in Santa Barbara pDunty, have been sanpled t o 
identify the magnetic ca r r i e r s in a var ie ty of rocK 
types . In cer ta in dolcmites, which shew a pr inary 
d i rec t ion of magnetization, d e t r i t a l magnetite has been 
ident i f ied using TEM. The same dolcriite ajproxiitately 
3Ehi alcng s t r i k e shows a secondary magnetization 
d i rec t ion . Gonparison of NKMJIRMS r a t i o s revealed t ha t 
the seoarKJary nBgnetiaatioci process was rcore e f f i c i en t 
than the pr inary by a factor of about 5 and haa 
apparoi t ly overprinted any primary d e t r i t a l remanence. 

• De t r i t a l nagnet i te i s not se&i in the various 
l i tho log ies which carry secondary nagnetization, 
including dolcmites. s i l i ceous nudstcnes, and organic 
phoaphatic sha les . A primary di rect ion vas a lso seen in 
an early sulphide nodule- We suspect tha t the 
iragnetizaticn in t h i s case i s carried by an authigenic 
phaBe derived frcm a te t ragonal form of PeS. Dolomite 
fracture f i l l associated with hydrocarbon migration has 
weak but measurable natural reman^it negnetizat icn 
ccHisistent with l a t e s tage fomat icn . The diagenetic 
histCTT/ of these various rock types accomts for t he 
cbserved na tu ra l rananent magnetization. 

GP12-02 13it5H INVITED 
Ranagnetization i n t h e >fcnterey and Sisquoc Pontaticns 

S.M. CISOWSKI, M. HART, M. FULLER (Dept. of Geological 
Sciences, University of Cal ifornia , Santa Barbara, CA) 

CCntoustion metamorfdiism (CW) in bituminous shales 
general ly . produces a aijigle ccrponent of nagnetizat icn 
vrtiich accurate ly r e f l e c t s the d i rec t ion of nagnetizat icn 
during na tu ra l burning. Because of ' the high 
te rpera tures reached during ooirbusticn, i t should be 
poss ible t o cfctain absolute age determinaticns, via K-Ar 
and therrroluminescence msthods, r e l a t ing t o the 
renagnetized f ie ld d i rec t ions associated with t he 
affected rocks. 

paleomagnetic sairples from CM zones within t he 
fkxttexey and Sisquoc S^D^rations of Southem Cal i fomia 
give high prec i s icn , unaiitoiguous f ie ld vector 
d i r ec t ions , p a r t i c u l a r l y in contrast t o the 
unrostanorphosed rock. Although d i rec t icna l var ia t ion 
betweon most of t he sampled s i t e s can be eaqjlained in 
terms of secular var ia t ion of the p re sa i t normal dipole 
f i e ld , several s i t e s seem t o record progressive 
clocltwise ro t a t ions , up t o 55", i«*u.cii occurred during 
and s ince t he time of burning. These local ro ta t ions 
nay be r e l a t ed t o l e f t l a t e r a l s t r i k e s l i p faul t ing in 
the imneditae area . 

A considerable age of burning i s indicated by the 
reversed magnetization a t cne CM zone (Casnalia), and a 
K/Ar age da te of 0-8 ny. Field vectors fron another CM 
s i t e (Vandenburg AFB) match the present f i e ld 
inc l ina t ions only a f t e r s t ruc tu ra l correct icn. This 
ind ica tes t ha t the burning and r e su l t ing raragnet izat icn 
occured before fomiaticx^ of a major a n t i c l i n a l 
s t r uc tu r e . In t h i s case age dating of the CM zone v»ould 
provide an upper l imi t cn local folding events. 

Palecmagnetic r e s u l t s firtan CM zones may a l so help in 
in te rp re t ing isothermal remagnetization di rec t ions tn 
these same fcorBticns, v ^ c h r e s u l t from diagenesis and 
hydrocarton migration. 

rTP12-03 imn 
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Magnetic Property Variations and The Origin of 

Paleomagnetic C a r d e r s In an Ash-Flow Sheet at Yucca 

Mountain, Nevada 

J.G. ROSENBAUM (U.S. GeoL, Survey, Denver, CO 80225) 

C M - SCHLINflER (Univ. of Utah, Salt Lake City, UT 84112) 

The magnitude of nacural remanent magnetization (NRM) 

and fflagfieclc susceptibility (K) vary systematically, by 

over an order of magnitude, chrough a llS-m-thlck sec 

tion of a Miocene rhyolitic ash-Elow sheet, the Tiva 

Canyon Member of the Paintbrush Tuff, at Vucca Moun 

tain. Nevada. The variations in NRM and K are related 

z a changes in mineralogy, quantity, and grain size of 

the magnetic phases. A cubic phase (magnetite or mag 

hemlte) dominates the magnetic properties throughout 

the unit (based on IRM acquisition, J„-T measurements, 

and transmission electron juicroscope (TEM) study) 

despite the abundance of hematite in parts of the 

sheet. Jg. used Co estimate the relative quantities of 

This put^e may be freely copied. _ 

the cubic phase, correlates highly (r>0.9) with K but 

not with tfRM. Instead, NRM depends strongly on grain 

size. NRM Increases upwards from the base of che a s h -

flow sheet by over an order of magnitude, reaches a 

maximum in a thin vitrophyre 9 o above che base, antj 

then decreases by a factor of 6 In the next 10 m. Maj 

netic grain alzea increase upwards through this l^-m 

interval as Indicated by changes tn coerclvlty of 

remanence, median destructive Induction, freauency 

dependence of magnetic susceptibility, and decay rate 

of SIRM, as well as by TEM observations. Near che baae 

a significant fraction of superparamagnetic grains 

accounts for relatively low NRM. An upward increase i„ 

grain size produces a high proportion o£ stable single-

domain grains and high HRM; further increase Ln grain 

size produces pseudosingle and multidomain grains that 

are responsible for Lower NRM tn the interior of the 

sheet. The increase In grain size of the magnetic tnln 

erals away from the quenched base of the ash-flow sheet 

Is consistent with the origin of these microcrystals (,• 

pOBtemplacement growth from the volcanic glass. 

GPi2-m W 1 5 H 
Paleomagnetic Carriers In an Ash-Flow SheeC a t Yucca 

Mountain, Nevada; TEH Study of Fe-Oxide Microcrystals i „ 

Vitric and Devitrified Samples. 

C M . SCHLINGER (Univ. of Utah, Salt Lake City, UT 84112) 

D.R. VEBLEN (Johns Hopkins Univ., Baltimore, HD 21218) 

J.G, ROSENBAUM (U.S. Geol. Survey, Denver, CO 80225) 

We have used t r a n s m i B s l a n electron oilcroscopy (TEM) 

to image and analyze Fe-oxlde microcrystals In three 

samples from Che Miocene aged Tiva Canyon Member of the 

Paintbrush Tuff. The samples were collected 3.8 m, 7.6 

m, and 18.5 m above the base of a 115-m-thick section 

of the ash-flow sheet at Yucca Mountain, Nevada. The 

mineralogy and chemistry of the microcrystals have been 

determined using electron diffraction and analytical 

X-ray methods* The lowermost sample, which Is nonwelded 

and vitrlc, contains uniformly distributed elongate ' ] 

microcrystals of cubic Fe-oxide (Pe^O^ or ^-182^3^ with' ' 

typical dimensions of ~20 nm by " I W nm. These micro ". 

crystals are tapered and commonly vermiform. Fe-oxlde 

microcrystals tn glass of che middle sample, a densely 

weided vitrophyre, are also cubic; however, In conCrast 

to those In the lowermost sample, these microcrystals • 

are much larger (typical dimensions are ~50 nm by -700 

n m ) , a r e lath-shaped, and are clustered. The uppermost 

sample ts a densely-welded, mostly-devltrlfted cuff. ; 

Analyzed Fe—oxide microcrystals are manganlferous hema 

tlte, have typical dimensions of ~i20 nm by -800 nm, 

and are distributed nonunlformly in the sample. The 

increase tn mean dimension of these crystals, moving 

upward from the quickly cooied vitrlc margin co the 

more slowly cooled devitrified interior. Is conslscent 

with nucleaclon and growth of che microcrystals from 

volcanic glass at high temperatures (5OO°-700°C) after 

emplacement of the sheet. Many of the observed micro 

crystals are about the size of stable single-domain 

grains. The TEM observations are consistent with sys 

tematic variations tn magnetic property daca from 

throughout che sheet. Me Interpret Chese variations Co 

reflect changes in size and quantity of the fine­

grained magnetic constituents with vertical position. 
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Thermqyiscous/Thermochemical Partial Remagr.ecization of 

Late Paleozoic Strata. VC-I Corehole, Valles Caldera, 

Mew Mexico 

•John Wm. Geissman (Department of Geology, L'niversity of 

New Mexico, Albuquerque, New Mexico 87131) 

Paleomagnetic and rock magnetic data from azimuthally 

unoriented core samples, collected at approximately 3 

w Intervals and in greater detail over selected areas 

from the VC-1 CSDP Experiment have prompted signifi ant 

reinterpretations of the Quaternary volcanic section 

intersected and have aided in understanding che thermal 

regime within the late Paleozoic strata attending fluid 

circulation and mineral deposition during and after 

development of the Quaternary Toledo and Valles 

calderas. The Permian Abo Formation, Pennsvivanian to 

earliest Permian Madera Limestone,and Pennsylvanian | 

Sandia Formation typically contain a moderate pos. ncl i, 

RM component (e.g.,Madera Lst.: I'H-58.40,aq5=2.8*^,k=33 1 

NalOl samples)} when residing in magnetite ic is usually-^ 

unblocked by 350°C; when/carried by hematite, it is un 

blocked by 550'^G. A mode'rate neg. incl. R.M(e.g. .Madera I 

Lst.:D=l73.1°,I=-46.6f,k='18,ag5=5.5°;N=36 samples; £ 

assuming that the pos.incl. RM is N-seeking) is oCten |^ 

isolated and removed at higher Tj j^'s(up co 550° in h 

magnetite-dominated and 600° in hematite-dominated -fc 

lithologies). Where present, shallower incl. RM's ( e g P 

Madera Lsc.:D=161.2°,I='-9.8°,k=34.5,395=5.3"^;N=26 & 

samples) are removed over higher ranges of liyb's s n d ^ 

these are suggested to be of late Paleozoic age. Th 

pos. incl. RM's are in all liklihood VPTRM'^ activated 

at near-present down-hole temperatures during che 

Brunhea and possibly within the laat 10 ka. The neg 

incl. RM's were' activated ac moderate (ca. 300") cem 

peratures between 1.45 and 0.97 M a , atteniiing and tol 

lowing the main stage of Valles Caldera development 

during the MaCuyama. The inferred temperatures £or 

thermal activation of the two magnetizatii^n agree with 

independent estimates of Quaternary theria^l ;!cEivity 

The preservation of Matuyama age RM's tn che Madera 

Lst. requires temperatures below 350° since 730 ka. 
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ent UmitatioD in the physics causes distortions and artifacts in the 
reconstructed tomographic image that can be mistaken for real seismic 
structures. To deal with the problem of reconstructing tomographic 
images &om incomplete data we use a priori information to constrain 
the model parameters. The method is based on tbe theory of pro­
jections onto convex sets. It iteratively constrains model parameters 
both in the space and wavenumber domains. Useful constraints in tbe 
space domain are positivity constraint and constraint on the ampli­
tude range of the model paramters. Constraint on the tbe geometrical 
shape of tbe object being imaged can also be applied if it is approxi­
mately known a priori, la the wavenumber domain, tbe wavenumbers 
that Me obtained from the limited data are conserved and constraint 
is applied on the energy ofthe extrapolated wavenumbers that are not 
contained in the data. We apply these methods to a 2-D travel time 
tomographic inversion of field data from a seismic cross-borehole exper­
iment in crystalline rock [Wong et al., 1983). This method can also be 
directly ippUed to seismic source tomography fot data that satisfy tbe 
Fraunhofer approximation. We will demonstrate how distortions and 
artifacts in the tomographic image of the cross-borehole data are sig­
nificantly reduced by applying the constraints and we will aiso discuss 
the limitations of this method. 

Wong J., P. Hurley and G.F. West (1983). GRL, 10, 586-689. 

S^iA-8 O830H POSTEK 

Upper Mantle Shear Velocity Structure Beneath Europe 
and the Mediterranean From ISC S Delays 

Met Ziclhuis and Wim Spakman (Both at: Dept of Geophysics, Univer­
sity of Utrecht. P.O. Box 80.021. 3508 TA Utttcht, The Netherlands) 

A fundamental problem in linearized delay time tomography is the 
choice of the reference model with respea to which the velocity pertur­
bations are determined. We examined 80.000 S delays, reported by the 
Intematonal Seismological Centre, belonging to ray paths with turning 
points below Europe and the Mediterr̂ nearL The average value of the 
delay time data as a function of epicentral distance differs systunaiically 
from zero. This indicates that the average velocity structure beneath the 
area deviates systematically from the Jeffrcys-BuUen (J-B) S model. We 
obtained a new i dimensional nsference model by inversion of a travel 
time curve that was derived from the delay time data (Zielhuis et al., 
1989. see figure). The presence of a low velocity zone and a "400-lcm" 
and a "SlO-km" discontinuity nssulis in a more realistic ray geometry. 

REFERENCE 
Mooa 
J-B MODEL 

400 600 
DEPTH (KM) 

We present preliminary results from tomographic imaging ofthe upper 
mantle shear velocity strucnire beneath Europe and the Mediterranean 
using S delay time data corrected with respea to and ray paths calcu­
lated from the new model and we discuss associated problems. 

Zielhuis. A.. Spakman. W. and G. Nolct. Ettore Majorana Int Sc. Series. 
Physical Sciences. Plenum Press. New York. 42, p. 333,1989. 
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Dinobusting: Geophysical Diffraaion 
Tomography in Exploration Palcontolo^ 

Alan Winen (Energy Division. Oak Ridge National Laboratory, Oak 
Ridge. TN 37831-6045; 615-574-5805) 

Wendell C King (U.S. Army Environmental Hygiene Activity-West. 
Aurora. CO 80045-5001; 303-361-8100) 

Jozef Sypniewslu (Division of Engineering Technology, Wayne Slate 
University, Dciroil. MI 48202; 313-577-8075) 

David D Gillciie (Division of State History. 300 Rio Grande, 
Sail Ukc Ciiy. UT 84092; 801-533-4563) 

J Wilson Bechtel and Peggy Bcchiel (Both at: Southwest 
Paleontology Foundation, Inc., 314 Richmond SE, Albuquerque, 
NM 87106; 505-265-1376) 

Geophysical methods are routinely applied to characterize subsurface 
conditions in support of resource exploration, foundation evaluation and 
hazardous waste site remediaitons. More recently, geophysics has been 
employed to characieriK sites believed to be of archeological signincance. 
While modern geophysical techniques are playing an ever-expanding role 
in a wide variety of applications, it has only been in the past several 
years that such techniques have had any impact on the century-old 
methods of paleontology. 

For the most part, geophysics in paleontology has been limited to a single 
site at which (he excavation of *scismo$aurus', the longest dinosaur yet 
discovered, is underway. This paper describes the character of the site, 
the target supergianl sauropod dinosaur and the applications of 
geophysical diffraction tomography (GDT) a remote sensing lectmique of 
recent research interest, as an aid to the ongoing excavation. The GDT 
method is a generalization of the imaging algorithms used in CT scanners 
for diagnostic medicine, but implemented in a fixed measurement 
geometry and accounting for wave propagation phenomena. Two GDT 
field studies have been^completed to date using both cross-borehole and 
of&et vertical seismic profiling configurations. Results of these studies 
suggest that most, if not all, of the skeletal remains exist and are io near 
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articulation. While il is estimated that several more years are required to 
complete excavation, work to date has verified all results of the GDT 
surveys in (he regions excavated. 

S4iA-iO 0850ri POSTER 

Seismic-Refr ac t ion S tudy of Crus t a l S t r u c t u r e 

for Sou the rn Grea t Basint Nevada 

P.S. Chang (Gallegos Research Group, under contract to the U.S. 
Geological Survey, Box 25046, MS 966, Denver Federal Center, 
Denver, CO 80225) 

/•—wave arrival times from nuclear tests in Nevada Test Site 
(NTS), Nevada, and chemical explosions near Bare Mountain, 
Nevada were used In this study. Fifty-five vertical-component 
stations in the southern Great Basin, Nevada (SGB) and south­
ern California sampled this 300 x 400 km' region. Arrival times 
for i ' -waves from nuclear tests were scaled with a precision of 
0.03 second. Plane horizontal layers were generated using these 
data in a least-squares algorithm. Results are aa follows: (a) 
The first three layers have P-wave velocities of 3-80, 5.93, and 
6.13 km/s, and thicknesses of 1.3, 2.3 and 20.1 km, respectively. 
Below the 6.13 km/s layer are two layers with P—wave velocities 
about 6.76 and 7.78 km/s; however, data are insufficient to de­
termine their thicknesses, (b) No significant low-velocity zone (a 
layer with an area larger than 30 x 30 km^ and thicker than 1.0 
km inside NTS, or larger than 1(X) x 100 km^ and thicker than 
2.0 km outside NTS) exists at depths between 1.3 and 24 km. 
(c) A high-velocity region exists in the northeast region of the 
SGB network; this layer, having a P—wave velocity of 6.01 km/s, 
begins at a depth of about 1.05 km. (d) The layer with P-wave 
velocity of 5.64 km/s at Yucca Mountain is deeper than the layer 
with P—wave velocity of 5.93 km/s outside Yucca Mountun. (e) 
Comparison .of station corrections of many stations for Pahute 
Mesa tests and Yucca Flat tests suggested that a high-velocity 
region about 15 x 15 km^ lies inside NTS. Negative residuals 
will be contributed to the travel times if waves transgress this 
region. Velocity structures for these different paths and regions 
might be sources azimuthally dependent, (f) Some nuclear tests 
were relocated using this new model and station corrections; av­
erage location errors for the regional model and the new model 
were 1.2 km and 0.6 km, respectively, from the true locations. 

S4iA-i i U850H POSTEK 

Mapping an Overthrust Near the San Andreas Fault Using 
a Combination of Seismic Reflection Profiling. Ray 
Tracing and Gravity Modeling 

Y. fi. Li and Hcnycy, T. L. (Department of Geological Sciences, 
University of Southem California, Los Angeles, CA 90089) 

Seismic and gravity data have been used to characterize a sinall buried 
overthrust structure discovered north ofthe San Andreas fault along 
COCORP Mojave line 1 (N-S 26 km) in southent California. 
Reprocessing of the COCORP reflection data gcncraod a high 
irsolution CDP section of the fint 2 sec (TWTT)- The CDP section 
provided a starting iiuxlci for refinement of the image of the overthrust 
using ray tracing. Refracdon and reflected refractions on the shot 
gathers were usal to constrain the modeling aid provide a refined 
image. 
Gravity measurements were made at each shot point along the 

seismic Une and along two shon lines parallel to the major line 0.75 
km and 3.2 km apart, respectively. Bouguer gravity profiles were 
computed. The leflned image determin^ on the basis of the seismic 
data was used as input to 2 1/2D gnvity tnodeling and a final 
stmcmral inwipnstaaon of the overthrust was determined as the best fit 
to a combination of the seismic and gravity data. 
The buried thiust dips northward, with a ENE strike, consistent with 

sub-normal compression across the San Andreas faulL The 
overthrust portion of the basement was found to'havc a steep 
southward facing scarp abutting a small basin fdled with low velocity^ 
low density materials. Several lesser such stmctures were found 
elsewhere along the survey line, suggesting substantial regioiud N-S 
compression across the westem Mojave block. 

S4irt-iZ 08:>0H POSTEK 

Crustal Structure of Northern Ennlunt.; Ftora High-
Resolution Wide-AngLe Soismic Data 

T E West and R E Long (Both at: Dept. of Geological 
Science^ University of Durham, South Road, Durhaio 
DHl 3LE; U.K.: 91-374-25101 

In June 1987, Durham University recorded on land, tht 
wide-angle seismic arrivals from airgun shots fired 
during the MOBIL (Measurements Over Basins to Image the 
Lithosphere) deep normal-incidence reflection profiling 
programme in the North Sea. 

The resulting wide-angle records are of unique density 
and excellent quality but very complicated, showing mc*y 
arrivals which were unresolved on previous wide-angle 
reflection/refraction experiments in this region. The 
data recorded in Northumberland paiticularly has been 
modelled using BCAM87, Cerveny's Gaussian Beam synthetic 
seismogram packaoe, complemented by the reflectivity 
package, SYNSEI. The basic model which is eowrging is 
that of a 30 km chick crust with a velocity jump at 
approx. 20 km depth, a steep velocity gradient within 
the lower crust and a high velocity layer 2 km thick 
at the base of the crust. 

This pai^e niav be IVeely cop ied . 

There is however s t r ing l a t e r a l inhomogeneity civin-
r i se to the complexity observed in the record secti->-
The wide-angle reflection from the Moho forms not a 
single ar r ival but a band of discontinuous, overUpoi^. 
reflections, similar to what i s seen Hy normal i n c i d ^ 
profi les and termed 'the reflect ion Maho'. There ia^i 
a very high amplitude band of a r r iva l s branching off I? 
Moho reflection, exhibiting the t ravel time proper^j^^ 
of a diffraction on some of the common stat ion sectirw. 
This may be due to a step on the Moho or to a dipDi^jT^ 
reflector which disrupts i c . 

This dacaset is not only exactly coincident wich a 
normal-incidence reflecticin programme, but of equal 
resolution, thus enabling the extraction of a deta i l^ 
crusta l -lodcl from the two complementary techniques. 
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I
Structure of the Lower Crust Beneath the Midcontinent 
Rift from Inversion of Wide Angle Reflection Travel 
Times for Interface Position 

A. M. TREHU (College of Oceanography, Oregon State Univcniiw 
, Corvallis. OR 97331) •* 
t W. J. LUTTER and R. L. NOWACK (both at: Dept. of Earth u4 
I Aimos. Sci., Purdue University, West Lafayette, IN 47907) 

i Strong wide-angle reflections from the lower crust and Mo(» 
beneath the Midcontinent Rift in Lake Superior are observed in lartt 
aperture data recorded along GLIMPCE Une A. We have invened tte 
travei-ilmes of these reflections to determine the positions of Iowa 
crustal interfaces using the method of Lutter and Nowack (in presji 
Interfaces are parameterized using a one-dimensional spline what 

11 depths are specified ac fixed horizontal node positions. A vdociit 
" model dcicrmined from an inversion of first-arrival travel-times for 

the same data set (Lutter et al., 1989) was used to define the velociT 
above the lower crustal interface. Resolution values greater than oi 
indicate that the position of the lower crustal interface is wefl 
contrained over the central 3/4 of the profile; it.is located a 
approximately 23 km depth beneath both ends, at 34 km beneath its 
half-graben, and attains a maximum depth of about 45 km beneath the 
Isle Royate Fault Zone. The geologic significance of this imerftct-
however, is uncenain because it may actually represent scvcol 
different geological features that are not stmcturally continuous acxoa 
the model. Resolution values of at least 0.7 indicate that the potitjoi 
of the Moho is well determined beneath the lake. It deepens abrapdf 
from about 41-45 km beneath the southem shore of Lake Superior ID 
about 57-61 km beneath the axis of the main rift half-graben; it then 
shallows gradually to about 51-55 km depth beneath the north panfl( 
the lake. This result confirms early reports of unusually thick cma 
beneath Lake Superior and generally agrees with results obtaiwd 
from the GLIMPCE data using other analysis methods. The range trf 
values cited reflects our present uncertainty in the lower crustil 
velocity (6-9-7.6 km/s). Limits on the velocity contrasts across bodi 
interfaces will be obtained from forward modeling of the amplitudes 
of the wide-angle reflections in order to help constrain the geologic 
significance of these boundaries. 
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Simultaneous Inversion for Focusing and Atienuation 

Ri . NOWACK (Dept. of Earth and Atmos. Sci..Purduc University, 
West Ufayctte, IN 47907) 

A.M. TRIHU (College of Oceanography, Oregffli State University, .^ 
Corvallis, OR 97331) 

In this paper, a parameterized time-domain model for the invetiioo rf -
seismic refraction and wide-ut^e reflection <Uu \& presented. Asiumim » 
general Gabor wavelet and the slight attenuation model of Ccrvcny ™-
Frangî  (1982), an analytic expression for the time-domain pulse using eiito' -
ihe ray method or Gaussian tjeams can be obtained. Tha paiamcien rf *• 
seismic pulse include the amplitude of the envelope, the travel time and St 
average period. The travel time is dependent on the velocity model "!*• 
amplitiKle of the envelope is dependent on focusing from the velod^ -
stnicure as well as attenuation from the Q structure. The average peiipo • 
the pulse is dependent on the attenuation model. Sensitivity opcraion ̂ ^ ^ 
obtained from this seismic pulse model. Previous workera have i"^'™^?J' 
Q stmcture using amplitudes corrected for focusing using a velocity nnwQ 
obtained from a previous travel time invenion. Altematively, spectral ttoBI 
have been used to invert' for Q structure. In the model presented bere. <*' 
envelope amplitude and the average period from time-domain measuiemrt* ^ 
can be used to iteratively invert for the Q structure and to update the *'*'°'^' 
model. Seismic data from the 1986 Lake Superior GLIMPCE 0 » -
experiment are used to test the method. Trade-offs between changes i*** 
velocity model and changes in the attenuation model are analyzed and v«K*'-
ap̂ roaches to measuring the observed parameters are discussed. 
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Reprocessing of Line RU-IO, Offshore Southern Saii»" 
Maria Basin, California 

C. NICHOLSON (Institute for Crustal Studies, University of California|^ . 
Barbara. CA 93106), C. SORUEN, and B. P. LUYENDYK (also fli DcpartiD* _ J 
Geological Sciences, University of California at Santa Barbara. CA 93106) 

An 80-km north-south seismic reflection profile extending f " " ° ^ S . ^ 
34°N46' to SA'NOS' was shot off Point Arguello in November vZSi-^ 
for Rice University (RU) as part of the EDGE program. D8» ^ ^ 
180 channels sampled at 4 ms were recorded out to 16 s, ^ T L M ; ' ' ^ 
extends from the southem Santa Maria Basin into the offshore ^^^^^ 
of the Western Transverse Ranges province. Initial P ' ^ ^ ^ ' ^ r f J 
HARC reveals unambiguous returns from basin sediments, the toP j7^ 
the Franciscan Formation, as well as possible volcanics asso 
with San Miguel Island. Significant signal is generally prescnl ( 
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