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SUMMARY 
 
Yucca Mountain, Nevada, was approved as the site for development of the geologic repository for high-
level radioactive waste and spent nuclear fuel in the United States.  The U.S. Department of Energy has 
been conducting studies to characterize the site and assess its future performance as a geologic repository.  
As part of these studies, a program of deep seismic profiling, to depths of 200 m, was conducted along the 
top of Yucca Mountain to evaluate the shear-wave velocity (VS) structure of the repository block.  The 
resulting VS data were used as input into the development of ground motions for the preclosure seismic 
design of the repository and for postclosure performance assessment.  The noninvasive spectral-analysis-
of-surface-waves (SASW) method was employed in the deep profiling.  Field measurements involved the 
use of a modified Vibroseis as the seismic source.  The modifications allowed the Vibroseis to be 
controlled by a signal analyzer so that slow frequency sweeps could be performed while simultaneous 
narrow-band filtering was performed on the receiver outputs.  This process optimized input energy from 
the source and signal analysis of the receiver outputs.  Six deep VS profiles and five intermediate-depth 
(about 100 m) profiles were performed along the top of Yucca Mountain over a distance of about 5 km.  
In addition, eleven shallower profiles (averaging about 45-m deep) were measured using a bulldozer 
source.  The shallower profiles were used to augment the deeper profiles and to evaluate further the near-
surface velocity structure.  The VS profiles exhibit a strong velocity gradient within 5 m  of the surface, 
with the mean VS value more than doubling.  Below this depth, VS gradually increases from a mean value 
of about 900 to 1000 m/s at a depth of 150 m.  Between the depths of 150 and 210 m, VS increases more 
rapidly to about 1350 m/s, but this trend is based on limited data.  At depths less than 50 m, anisotropy in 
VS was measured for surveys conducted parallel and perpendicular to the mountain crest, with the 
velocity parallel to the crest about 200 m/s higher.  In the 5- to 50-m depth range, the average coefficient 
of variation (COV) of all data is about 0.25.  Below 75 m, where the data set is smaller and includes 
measurements only parallel to the crest, the average COV decreases to a value of about 0.11. 
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Yucca Mountain, Nevada, was approved as the site for development of the geologic repository for the 
disposal of high-level radioactive waste and spent nuclear fuel in the United States. For more than 20 
years, the U.S. Department of Energy has studied Yucca Mountain to characterize the site and assess its 
future performance as a geologic repository. As part of these studies, a comprehensive program of 
geotechnical, geological, and seismic investigations has been performed to characterize the repository 
block.  The repository block is the portion of Yucca Mountain that contains the emplacement area and 
includes the subsurface geology from the mountain crest to depths below the proposed waste 
emplacement area which will be located at a depth of about 300 m.  The purpose of the investigations has 
been to characterize the geologic and velocity structures of the repository block and the nonlinear 
dynamic material properties of the various geologic units.  The results of the seismic investigations 
discussed in this paper were used to develop a basecase shear-wave velocity  (VS) profile for the 
mountain, including uncertainty.   The profile was then used as input into the site response analysis to 
compute the ground motions for the preclosure  seismic design and postclosure assessment.   
 
In situ seismic velocity measurements were performed at 22 locations on top of Yucca Mountain using 
the spectral-analysis-of-surface-waves (SASW) method.  The SASW surveys were aimed at evaluating: 
(1) the top 150 to 200 m of the mountain above the emplacement area, (2) an apparent VS gradient in the 
near surface (within about 5 to 15 m), and (3) any lateral variability over the footprint of the emplacement 
area.  The SASW surveys provided spatial coverage on top of the mountain in a cost effective and 
environmentally friendly manner since no boreholes had to be drilled and no new roadways or work areas 
had to be constructed.  
 
In this paper, the site geology at Yucca Mountain is briefly described.  The methodology and approach 
used to collect VS data based on the SASW method are then described.  Finally, the VS profiles, 
consisting of eleven deep profiles (up to 210 m in depth) and eleven shallower profiles (averaging about 
45-m deep), are then presented and discussed.  
 
 

SITE GEOLOGY 
 
Yucca Mountain is located in southern Nevada, within the Great Basin which is part of the Basin and 
Range structural/physiographic province.  Pre-Tertiary rocks, consisting of a thick sequence of 
Proterozoic and Paleozoic sedimentary rocks, underlie approximately 1,000 to 3,000 m of Miocene 
volcanic rock in the Yucca Mountain area [1].  The mountain is an irregularly shaped upland, 6 to 10 km 
wide and about 35 km long.  The crest of Yucca Mountain is at an average elevation of about 1,500 m 
(Figure 1).  Elevation of the ground surface in the region ranges from about 900 m southeast of the site, in 
the lower reaches of Forty Mile Wash, to over 1,830 m about 6 km to the north, in the area of the Timber 
Mountain caldera. 
 
Yucca Mountain consists of stacked layers of tuffs (Figure 1).  The tuffs are approximately  7.5 to 15 
million years old, and were formed by eruptions of volcanic ash from the north.  Individual layers of 
volcanic tuff, therefore, get progressively thinner from north to south.  Most of the rocks are welded and 
nonwelded ash flow tuffs [1].  As the ash settled, it was subjected to various degrees of compaction and 
fusion, depending on the temperature and pressure.  When the temperature was high enough, ash was 
compressed and fused to produce a welded tuff, a hard, dense, brick-like rock with very little open pore 
space in the rock matrix.  Nonwelded tuffs occur between the layers of welded tuff.  These tuffs are 
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Figure 1  Simplified geologic cross-section of Yucca Mountain 
 
 

compacted and consolidated at lower temperatures, are less dense and brittle, and have a higher porosity.  
The composition of the rocks at Yucca Mountain ranges from rhyolite to dacite or latite. 

 
 

OVERVIEW OF THE SASW METHOD 
 
The SASW method is a stress-wave based method to nondestructively and nonintrusively determine the 
VS profile of a material [2].  The method utilizes the dispersive nature of Rayleigh-type surface waves 
propagating through a layered material.  In this context, dispersion arises when surface wave velocity 
varies with wavelength or frequency.  Dispersion in surface wave velocity occurs from changing stiffness 
properties of the soil and rock layers with depth.  This phenomenon is illustrated in Figure 2 for a multi-
layered solid.  A high-frequency surface wave, which propagates with a short wavelength, only stresses 
material near the exposed surface and thus only samples the properties of the shallow, near-surface 
material (Figure 2b).  A lower-frequency surface wave, which has a longer wavelength, stresses material 
to a greater depth and thus samples the properties of the shallower and deeper materials (Figure 2c).  
Spectral analysis is used to calculate the surface wave phase velocity at different frequencies (or 
wavelengths) to determine the experimental (“field”) dispersion curve for the site (Figure 2d).  An 
analytical procedure is then used to generate a dispersion curve for a one-dimensional layered system of 
varying layer stiffnesses and thicknesses [3].  An iterative procedure is employed to determine the one-
dimensional VS profile that generates a dispersion curve which best matches the field dispersion curve.  
This best-match profile is presented as the VS profile of the site.  
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Figure 2  Illustration of surface waves with different wavelengths sampling different materials in a 
layered system which results in dispersion in Rayleigh-wave velocity 

 
 
The SASW field procedure involves generating surface waves at one point on the exposed material 
surface and measuring the motions perpendicular to the surface created by the passage of the surface 
waves at two or more locations.  All measurement points are arranged on the exposed surface along a 
single radial path from the source.  The distance between the source and the first receiver is typically kept 
equal to the distance between receivers.  Data are collected at shorter wavelengths (sampling material near 
the surface) by using small receiver spacings and a source capable of generating high frequencies.  Longer 
wavelength data (sampling deeper material) are collected by using successively larger receiver spacings 
and correspondingly larger sources which generate lower and lower frequencies.  Measurements are 
performed with several (typically seven or more) sets of source-receiver spacings, and the totality of seven 
or more sets of source-receiver spacings is called an SASW array.  
 
An individual dispersion plot of surface wave phase velocity, VR, versus wavelength, λR, is generated for 
each receiver pair from the frequency, f, unwrapped phase difference between the receivers, φ, and the 
receiver spacing, d, using: 

 dfVR ••=
φ

360
 (1) 

This surface wave velocity does not represent any single surface wave mode, but is an apparent velocity 
arising from the superposition of body and surface wave modes.  Individual dispersion curves are 
generated for all source-receiver spacings used at the site.  The SASW methodology is designed such that 
each wavelength range is generally covered by at least two individual dispersion curves.   The individual 
dispersion curves from all receiver spacings are combined into a single composite dispersion curve called 
the experimental or field dispersion curve for the site.  Continuous overlapping in adjacent dispersion 
curves provides confidence in the individual and composite curves and an indication that limited lateral 
variability exists at the site.   
 
Once the composite dispersion curve is generated for the site, an iterative forward modeling procedure is 
used to create a theoretical dispersion curve to match this experimental curve [3].  The theoretical 



stiffness profile that provides the best match to the experimental dispersion curve is presented as the 
shear-wave velocity, Vs, profile at the site.  Additional details of the SASW procedure can be found in 
Stokoe et al. [2]. 
 
 

SUMMARY OF FIELD PROCEDURES USED ALONG THE TOP OF YUCCA MOUNTAIN 
 
SASW measurements were performed at 22 array sites along the top of Yucca Mountain.  These sites  
were spread over a distance of about 5 km.  The majority of the array sites were located along and 
coincident with the gravelly road that traverses the crest of the mountain.  The SASW measurements and 
results from these surveys are termed “parallel to the crest.”  The remaining array sites were located 
within about 100 m of the road, but the arrays were oriented perpendicular to the road such that the 
receiver array ran eastward and down the slope for a maximum additional distance of about 100 m.  These 
measurements are termed “perpendicular to the crest” in the following discussion. 
 
Equipment and Measurement Procedures for Deep Profiling 
Of the 22 array sites, deep profiling was performed at 11 sites.  At these sites, a Vibroseis source was 
used to generate the low-frequency surface waves necessary to profile to intermediate (about 100 m) and 
deep (about 200 m) depths.  Seven arrays were oriented parallel to the crest on the mountain top.  Four 
arrays were oriented perpendicular to crest.  A typical SASW array for these measurements parallel to the 
crest included nine receiver spacings ranging from 1 to 244 m.  At receiver spacings up to 8 m, a sledge 
hammer was used to excite the surface wave energy.  At longer receiver spacings, the Vibroseis source 
was employed.  The Vibroseis used in this study was owned by Lawrence Berkeley National Laboratory.  
Figure 3 is a photograph of the Vibroseis truck in operation.  The Vibroseis has proven to be an ideal 
source of surface wave energy in previous work [4].  Ground motions were recorded using Mark Products 
Model L-4C transducers which have a natural frequency of 1 Hz.  The key points with regard to these 
receivers are that:  1) they have significant output over the measurement frequency range generated with 
the Vibroseis (3 Hz to 100 Hz), 2) they are matched so that any differences in phase are negligible over 
the measurement frequency range,  3) they couple well to the soil,  and  4) the coupling is similar for
 

 
Figure 3  Photograph of Vibroseis truck in operation on the top of Yucca Mountain 



each receiver.  The recording device used in this study was a Hewlett-Packard 3562A Dynamic Signal 
Analyzer.  The dynamic signal analyzer was used to record the geophone output and to perform 
calculations in the frequency domain so that the relative phase (calculated from the cross-power spectrum 
between two channels) was reviewed at each receiver spacing during data collection.  In addition, the 
Vibroseis was modified for this study so that the source output of the analyzer could be used to control 
the vibration frequency and amplitude of the Vibroseis.   

 
The SASW measurements with the Vibroseis were performed in a swept-sine mode.  The modifications to 
the Vibroseis allowed the signal analyzer to slowly sweep the source excitations over the frequencies of 
interest while simultaneous narrow-band filtering, which was centered on and swept with the input signal, 
was performed on the receiver outputs.  This process optimized the input energy from the source at each 
frequency and allowed generated surface motions at each input frequency to be extracted from 
background noise at the receivers.  The Vibroseis was controlled to remain at a single frequency until an 
acceptable coherence value (indicative of signal-to-noise ratio) was achieved.  This procedure was 
performed over a frequency range from 100 Hz down to 2 Hz, although little energy was generated with 
the Vibroseis below about 3 Hz and no data were used below 3 Hz.  Figure 4a shows the wrapped phase 
plot measured using the Vibroseis source and two receivers located 122 m apart.  The individual 
dispersion curve calculated from this receiver spacing is shown in Figure 4b.  The composite dispersion 
curve generated from all receiver spacings at this array location is shown in Figure 4c.  The portion of the 
composite curve from the 122-m receiver spacing is highlighted in Figure 4c to demonstrate the excellent 
overlapping from adjacent receiver spacings. 
 
Deep profiling (to a depth of approximately 200 m) was intended at 11 sites, but only six surveys reached 
depths ranging from 150 to 210 m.  The other five surveys resulted in VS profiles averaging about 100-m 
deep.  The limited profile depths of about 100 m were the result of problems and restrictions encountered 
in the field and not limitations of the methodology itself.  For example, site access restrictions limited the 
locations of the Vibroseis resulting in shorter SASW array lengths and shallower profile depths.  In 
addition, intermittent Vibroseis problems resulted in compromised low-frequency performance for a few 
of the array measurements before the problem was identified and rectified. 
 
Equipment and Measurement Procedures for Shallower Profiling 
Shallower profiles were measured at another 11 sites using a D-8 bulldozer as the surface wave source.  
This profiling was conducted to augment the deeper profiles and to study further a significant VS gradient 
close to the surface revealed in the deep profiling.  Of the 11 shallower-profiling sites, six were oriented 
parallel to the crest and five were oriented perpendicular to the crest.  The deepest profile achieved with 
the bulldozer source was 61 m and the average  profile depth was about 45 m. 
 
A typical array for measurements with the bulldozer source included six receiver spacings ranging from 
1.5  to 61 m.  A sledge hammer was used to excite the surface wave energy at small receiver spacings up 
to 8 m.  At longer receiver spacings, the D-8 bulldozer was used.  Unlike the Vibroseis, which could be 
operated at single frequencies and swept over a range in frequencies, the bulldozer generated band-limited 
random noise over a frequency range of approximately 75 Hz down to about 8 Hz.  The bulldozer 
generated the surface wave energy by moving back-and-forth over a distance of approximately 5 m.  Data 
were collected and averaged in the frequency domain until phase plots with strong trends and reasonable 
coherence were achieved.  The geophones and recording equipment that were used with the Vibroseis 
measurements were used with the bulldozer measurements.    
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a. Phase plot from 122-m receiver spacing 
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b. Individual dispersion curve calculated from the phase plot shown in Figure 4a 
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c. Composite dispersion curve calculated from receiver spacings of  

1, 2, 4, 8, 15, 30, 61, 122, and 244 meters 
 

Figure 4  Field data from SASW measurements performed using the Vibroseis source 



DATA REDUCTION AND FORWARD MODELING OF THE SASW FIELD MEASUREMENTS 
 
The data collected in the field were interpreted in the office using the program WinSASW [3].  For each 
receiver spacing, the phase difference and coherence function were loaded into WinSASW.  A masking 
procedure was performed to manually eliminate portions of the data with poor signal quality or portions 
of the data contaminated by near-field wave motions.  Masked (deleted) regions are shown in the phase 
plot in Figure 4a.  The program uses the masking information to unwrap the phase plot and calculate the 
dispersion curve using the relationship presented in Equation 1.  The individual dispersion curve shown in  
Figure  4b was  created  after  masking the  phase  plot.   This  masking  process  was  repeated  for all 
receiver spacings and resulted in a composite dispersion curve that covered a wide range of wavelengths 
as illustrated in Figure 4c for measurements performed with the Vibroseis source. 

 
The next step in the data reduction procedure is the creation of the theoretical dispersion curve.  The 
program WinSASW is also used for this purpose.  WinSASW uses the stiffness matrix approach to 
generate a theoretical dispersion curve for a given VS profile [5].  The theoretical dispersion curve is 
generated using a complete solution which includes all modes and all body wave arrivals.  An initial VS 
profile is assumed based on the characteristics of the measured experimental dispersion curve.  The 
theoretical dispersion curve is generated and compared to the experimental curve.  The VS profile features 
(velocities and layer thicknesses) are iteratively changed until an acceptable fit to the experimental curve 
is achieved.  Figure 5a shows the final fit to the composite experimental dispersion curve shown in Figure 
4c.  Figure 5b shows the resulting VS profile determined for this site. 
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 a. Theoretical Fit to Experimental Data b. Shear-Wave Velocity Profile 
 

Figure 5  Shear-wave velocity profile at one site from SASW measurements performed using the 
Vibroseis source 

 
 



To generate theoretical curves, some assumptions must be made.  First, the unit weight and Poisson’s 
ratio of the material must be assumed.  Poisson’s ratio was assumed to be 0.25 for all materials.  This 
value of Poisson’s ratio is a reasonable assumption when no water table exists in the profiling depth (as 
was the case here).  When no water table is present, the value of Poisson’s ratio (which may vary from 0.2 
to 0.4) has only a minor influence (less than a few percent) on the calculated dispersion curve.  The unit 
weight of the tuff was assumed to be 2.32 g/cm3 at all depths.  This value of unit weight was based on 
laboratory measurements of one rock type.  Relative changes in unit weight with depth affect the 
dispersion curve, but the effect on the final shear wave velocity profile is very minor (less than a few 
percent).  Therefore, precise knowledge of the unit weight values at all depths is not required. 
 
In addition, the theoretical dispersion curve can be generated using different assumptions of source and 
receiver locations.  For these analyses, the theoretical dispersion curve was calculated assuming a source-
to-receiver-1 spacing of two wavelengths, and a source-to-receiver 2 spacing of four wavelengths.  These 
receiver locations represent far-field motions.  Past studies have shown that the range in wavelengths 
collected in the SASW test does not differ significantly from the far-field motions [6, 7, 8].  Lastly, the 
final VS profile is presented to a depth of approximately 0.5 times the maximum wavelength, λmax, in 
these experimental dispersion curves.  This cutoff depth is based on the theoretical solution for plane 
Rayleigh-wave propagation that shows most of the particle motion occurs at depths less than one-half of 
the wavelength, as illustrated in Figure 2.  Past experience has shown this to be an acceptable cut-off 
depth for VS profiles as long as a significantly stiffer layer does not exist within the depth range of about 
1.0 λmax.   
 

DISCUSSION OF VS PROFILES ALONG THE TOP OF YUCCA MOUNTAIN 
 
In 19 of the 22 surveys, a consistent experimental dispersion curve was measured to which a single 
theoretical dispersion curve was fit.  At each of these 19 sites, therefore, a single VS profile was 
determined.  At three array sites, the dispersion curves were inconsistent over some range in wavelengths.  
This lack of consistency in the dispersion curves between adjacent receiver spacings indicated significant 
lateral variability over the distance covered by the SASW receiver array.  At these sites, multiple VS 
profiles (typically three) were required to account for the lateral variability.  An average VS profile was 
determined at these three sites by averaging the individual VS profiles.  These three average profiles were 
combined with the other 19 profiles to form the data set of 22 VS profiles used in this discussion and 
analysis. 

 
All 22 VS profiles determined on top of the mountain are presented in Figure 6.  The number of profiles at 
each depth is displayed to the right of the VS profiles.  The number of profiles at each depth decreases 
from 22 within 25 m of the surface to three at a depth of 200 m.  Examination of the individual VS 
profiles indicates a general trend of lower values near the surface with a rapid increase (up to VS values of 
1500 m/s in some cases) followed by inversions at various depths in different profiles.  This general trend 
of velocity inversions at depth is unlike the typical increase in velocity with depth observed in many 
geologic settings.  However, such a pattern of low-velocity zones is observed in volcanic terrains where 
the velocities reflect varying degrees of welding in volcanic tuff (e.g. Jemez Caldera, New Mexico) or 
sedimentary layers interbedded with basalt (e.g. eastern Snake River Plain) [9].   

 
A limited number of downhole measurements was also performed by another organization at five 
locations along the crest of Yucca Mountain [1].  A comparison of the VS profiles measured in the 
downhole surveys to the VS profiles measured in the SASW surveys is shown in Figure 7.  Even though 
the downhole data are quite limited, both the downhole and SASW measurements produced VS profiles 
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Figure 6  Complete set of 22 VS profiles on top of Yucca Mountain 

 
 
that: (1) exhibit abrupt increasing and decreasing VS changes with depth, and (2) show a similar range in 
the VS values.  Profiles determined from both types of measurements indicate regions of high VS values 
approaching 1500 m/s.  The VS value of 1500 m/s is also consistent with very localized SASW 
measurements performed on intact rock outcrops on top of the mountain.  These localized SASW 
measurements were performed specifically to evaluate the VS profile within exposed rock which, based 
on visual observation and tapping with a geologic hammer, was intact.  The measurements were 
performed over a depth range of about 15 cm, and the VS values ranged from 980 to 1430 m/s.   
 
The mean VS profile, determined from the 22 profiles, is presented in Figure 8 along with the 16th and 84th 
percentile VS values.  The uncertainties and coefficient of variation (COV) about the mean profile were 
calculated by assuming the VS values follow a lognormal distribution.  Several interesting trends are 
evident in Figure 8.  First, it is observed that the near-surface VS  gradient is quite abrupt.  The values of 
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Figure 7  Comparison of VS profiles in the top 60 m of Yucca Mountain from SASW and 

downhole measurements 
 
 

VS change from approximately 300 m/s in the top meter to over 800 m/s at a depth of only 5 m.  Below 5 
m, the mean VS  value increases gradually from about 900 to 1000 m/s at a depth of 150 m.  (It is 
interesting to note from Figure 1 that the depth of about 150 m corresponds to a change in rock type.)  A 
gradient near the surface is expected due to the effects of weathering of the near-surface rock.  The 
abruptness of the gradient, which has important implications in terms of the ground motion hazard, can 
not be predicted without field measurements of this kind.  Sharp near-surface velocity gradients can result 
in the amplification of high-frequency ground motions, e.g. peak acceleration.  
 
Another important result shown in Figure 8 is the nearly constant value of the mean VS below the 5-m-
thick, near-surface zone.  The measurements show a mean value of approximately 1000 m/s in the depth 
range of 10 to 150 m.  This value of VS is on the low side of the range of 980 to 1430 m/s determined for 
intact exposed rock.  These results illustrate the difference between local and global measurements of 
surface-wave velocity in a discontinuous rock/soil site with lateral variability. The maximum wavelength 
generated from the Vibroseis source was approximately 480 m.  The maximum wavelength generated in 
the miniaturized SASW tests on intact rock in the field was on the order of 0.3 m.  Although there are 
localized regions of intact, higher-velocity rock, the long wavelengths used in the deep SASW profiling 
measure the velocity of a large volume of material consisting of the matrix of rock, fractured rock, and 
infill material.   
 
Another interesting feature in Figure 8 is the decrease in the value of the COV (standard deviation divided 
by the mean VS) below a depth of approximately 60 m.  It is expected that the spatial variability of the VS 
values will decrease with increasing profile depth due to the diminishing influence from surface 
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Figure 8  Statistical analysis of VS profiles from SASW measurements on top of Yucca Mountain 

 
weathering and the increasing global extent of the SASW measurements with increasing profiling depth.  
However, much of the change in VS variability with depth can be explained by examining the effect of 
different array orientations on the average profiles.  As mentioned earlier, 13 of the 22 arrays were 
oriented parallel to and along the crest of Yucca Mountain while nine arrays were oriented down the slope 
of the mountain, running approximately perpendicular to the crest.  Due to site access issues, all but two 
of the profiles generated from arrays running down the slope only extended to maximum depths of 60 m 
or less.  When the mean VS profiles are calculated  separately for  arrays  oriented  perpendicular to the 
crest and arrays oriented parallel to the crest, a clear distinction between the mean VS profiles is apparent.  
Figure 9 presents this comparison of mean VS profiles along with the 16th and 84th percentile profiles.  
The arrays oriented perpendicular to the crest show a mean VS value that is approximately 200 m/s less 
than the mean VS from parallel arrays in the depth range of 5 to 50 m.  Over much of this depth range, the 
mean VS value from the arrays perpendicular to the crest is less than the 16th percentile VS value from the 
parallel arrays.  Clearly, anisotropy exists in the shear stiffness of the tuff, expressed by the different  VS 
profiles in the two directions.  Inclusion of this anisotropy in the top 50 m results in greater variability 
than measured in the data at greater depths which were all collected with arrays oriented parallel to the 
crest.  Figure 10 presents the dispersion data for measurements in both directions with wavelengths up to 
120-m long.  The data in Figure 10 were used to determine the VS profiles in the top  60 m. Each 
dispersion curve shown by the symbols is an average curve that was developed by 
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Figure 9  Statistical analysis of VS profiles from SASW measurements performed parallel to and 

perpendicular to the crest of Yucca Mountain 
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Figure 10  Anisotropy in the VS structure shown in the dispersion curves measured in different 
directions on top of Yucca Mountain 

 



representing the trend in each composite dispersion curve with approximately 50 points in the wavelength 
range of interest.  The difference in surface-wave velocities for measurements parallel and perpendicular 
to the mountain crest is clearly shown in these data, which represent raw data before any inversion is 
performed.  The general trend lines that are fit to the data sets in Figure 10 highlight the anisotropy. 
 
The difference in the mean VS profiles parallel and perpendicular to the crest, may be related to 
anisotropy due to fracturing in the near-surface volcanic units of Yucca Mountain.  The dominant fracture 
pattern is oriented parallel to the crest and thus velocity measurements perpendicular to the crest are being 
made across fractures.  We speculate that this could result in the lower velocities.  Below a depth of 50 m, 
there are few deep profiles perpendicular to the crest to make a valid comparison.  However, it appears 
from the limited profiles available that the mean VS profile from the perpendicular arrays increases to 
about the same mean VS profile as the parallel arrays below 50 m.  This suggests to us that the effect of 
fracturing is not significant below 50 m, either due to the absence of fracturing or possibly due to the 
effect of confining pressure 

 
 

CONCLUSIONS 
 
SASW measurements were successfully performed on the top of Yucca Mountain to evaluate VS profiles 
to a maximum depth of 210 m.  This profiling depth represents the deepest profiles ever measured with 
the SASW method.  Deep profiling was possible because of the following three factors:  (1) a large 
vertical shaker, a Vibroseis, was used as the surface-wave source, (2) the Vibroseis was modified so that a 
signal analyzer could be used to create slow frequency sweeps with the Vibroseis, which allowed the 
shaker output to be maximized in the 3 to 8 Hz range, and (3) the layers of tuffs have a mean VS slightly 
above 1000 m/s in the upper 200 m which allowed wavelengths as long as 480 m to be measured and 
permitted profiling to the maximum 210-m depth. 
 
Statistical analyses of the 22 VS profiles measured on top of the mountain revealed several interesting 
results.  First, there is a strong velocity gradient within 5 m of the rock surface, with the mean value of VS 
increasing from about 300 to 800 m/s in this depth range.  The strong gradient is attributed to decreasing 
fracturing and weathering with depth in the tuff.  Second, the mean VS only changes slightly in the 10- to 
150-m depth range, from about 900 to 1000 m/s.  Third, between depths of 150 and 210 m, VS increases 
more rapidly to about 1350 m/s,  but this trend is based on limited data.  Fourth, additional statistical 
analyses were performed on the VS profiles within 60 m of the surface which revealed an anisotropic VS 
structure at depths less than 50 m.  These analyses were possible because of additional shallower SASW 
profiling performed with a bulldozer source and because profiling was conducted along the crest and 
perpendicular to the crest using both the Vibroseis and bulldozer sources.  The average VS values in the 5- 
to 50-m depth range were about 200 m/s less for measurements oriented perpendicular to the crest than 
parallel to the crest.  We speculate that this difference in velocities is due to the differing effects on the 
surface waves traveling parallel to versus perpendicular to the trend of fractures in the shallow portion of 
Yucca Mountain.  Finally, the average COV of all data is about 0.25 in the 5- to 50-m depth range.  
Below 75 m, where the data set is smaller and anisotropy is not included, the average COV decreases to 
about 0.11.  These COV values are well below the value of 0.40 often attributed to large data sets of VS 
profiles for generic rock [10].  The lower COV values are attributed to: (1) measurements in a relatively 
small area, (2) significant averaging at depth inherent in the SASW measurements, and (3) measurements 
in only one geologic setting. 
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