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THE APPLICATION OF VERTICAL SEISMIC PROFll..ING 
ANu CROSS-HOLE TOMOGRAPHIC IMAGING FOR FRACIURE 

CHARACTERIZATION AT YUCCA MOUNTAIN 

E. L. MAJER, I. E. PETERSON, T. V. MCEVll..L Y and M. A. TURA 
Eanh Sciences Division, Lawrence Berkeley Laboratory 
University of California, Berkeley, California 94720, (415)486-6709 

ABSTRACT 

In order to obtain the necessary characterization for 
the storage of nuclear waste, much higher resolution of 
the features likely to affect the transport of radionuclides 
will be required than is normally achieved in conventional 
surface seismic reflection used in the exploration and 
characterization of petroleum and geothermal resources. 
At the Department of Energy's (DOE) Yucca Mountain 
site in Nevada fractures will play an important role in the 
transport of water. Because fractures represent a 
significant mechanical anomaly seismic methods using are 
being investigated as a means to image and characterize 
the subsurface. Because of inherent limitations in apply­
ing the seismic methods solely from the surface, state-of­
the-an borehole methods are being investigated to provide 
high :resolution definition within the repository block. 
Therefore, Vertical Seismic Profiling (VSP) and cross­
bole methods are being developed to obtain maximum 
resolution of the features that will possibly affect the tran­
sport of fluids. Presented here will be the methods being 
developed, the strategy being pursued, and the rational for 
using VSP and crosshole methods at Yucca Mountain. 
The approach is intended to be an integrated method 
involving improvements in data acquisition, processing, 
and interpretation as well as improvements in the funda­
mental understanding of seismic wave propagation in · 
fractured rock. The scales of application range from a· 
few meters to over a kilometer. 

INTRODUCTION - The Need for Beuer Subsurface 
Imaging: 

The scales of application at Yucca Mountain for the 
seismic imaging techniques may range from a few meters 
in the case of detailed property mapping around canisters 
to several kilometers in mapping subsurface properties 
beneath the repository. In the standards set out by the 
EPA and NRC (USOOE, 1988), it is obvious that the low 
level of uncertainty for waste containment will rely on 
high-resolution characterization ot the teatures that con­
trol the ground water flow, such as porosity, water con­
tent, and fractures. 1 In addition, monitoring capability will 
be required during the entire repository lifetime. 
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Outstanding Difficulties: 

In the earth we are dealing with complex structures. 
At Yucca Mountain we have partially saturated volcanic 
rock, which because of its usually heterogeneous nature is 
difficult to image. Because earth materials are elastic 
solids, wave propagation in rock is complicated by the 
presence of the shear wave, which does not exist in 
fluids. However, this complication also presents an 
opportunity in that the highest resolution images must be 
constructed using the information contained in the shear 
and converted waves, along with the compressional 
waves. 

Imaging Yucca Mountain will involve a wide range 
of scales and distances. The frequencies and wavelengths 
required will vary orders of magnitude depending upon 
the problem at hand. For example, to characterize within 
10 meters a target at a depth of 3000 meters, an image 
resolution of centimeters is unnecessary. On the other 
hand, if delineation of flow processes is required around 
the canister regions, meter-scale or better resolution is 
needed. For most applications a three-dimensional picture 
of the elastic properties in the earth on a scale less than a 
meter near the surface to no more than a few tens of 
meters at depths of several kilometers would suffice. 
Given the proper conditions, i.e., enough measurement 
points and computing power, sufficient frequency content, 
etc., it is possible, in theory, to attain this resolution, but 
many practical obstacles now inhibit achieving this goal. 
The main objective of the subject work is to extend the 
resolution of the seismic imaging methods proposed for 
application, i.e., VSP and crosshole techniques in order to 
resolve in as much detail the structural characteristics that 
may affect the transport of fluids within the repository 
block. 

Present Capabilities: 

The greatest effort by far in imaging the solid earth 
using seismic techniques has been exerted by the 
petroleum industry. Billions of dollars have been spent in 
developing and applying the surface seismic reflection 



profiling method and the more recently developed tech­
niques for Vertical Seismic Profiling. The image resolu­
tion of these techniques is limited by the amplitude and 
frequency content of the seismic waves, and by the level 
and complexity of the ambient and signal-generated noise 
fields. With surface sources, the heterogeneous surface 
weathered layer, often tens 'oC:meters thick, severely lim­
its the high frequency content and the coherence of the 
signal that is input through the ground. VSP solves this 
problem in part, by placing the receivers beneath the 
highly attenuating and variable surface layer, so that the 
signal is not required to pass through the surface layer 
twice, and also by recording the wavefield with a vertical 
array in the borehole, so that upgoing and downgoing 
waves can be identified and separated. Another limitation 
of the surface-based techniques is the inability to sur­
round the target with sources and receivers, as is done in 
the case of medical tomographic imaging. Given these 
fundamental problems, enhanced resolution in surface 
reflection work has come mainly from improved signal 
processing techniques and data acquisition methods. This 
is image enhancement, and it does not address fundamen­
tal impediments to finer scale resolution. 

An approach that does address the fundamental 
imaging limitations is one which incorporates properties 
of the secondary (S) and the converted waves (P to S, S 
to P) that are generated in the earth. This approach is par­
ticularly well suited for VSP applications where the pri­
mary (P), secondary (S), and convened waves can be 
examined directly. In the recent years the use of S-waves 
has become common, particularly in defining anisotropy 
and fracture content of rock. Fracture detection using P­
and S-waves with VSP methods is increasingly demon­
strating that the full potential of VSP requires 3-
component data. 2.3 Three component data allow improved 
discrimination of the phases over single component 
recording. Douma gives an excellent review of crack­
induced anisotropy and its effect on seismic waves. 4 

Crampin also stresses the importance of 3-component data 
in VSP work.s·6•7·8•9 

In addition to the continuum properties approach on 
shear wave splitting, recent laboratory and theoretical 
work explains shear wave anisotropy in terms of mechan­
ical properties of the fracture discontinuity itself, i.e., a 
surface of a finite stiffness affecting velocity as well as 
attenuation of a seismic wave of any wavelength. 10•11•12 

In the stiffness theory the lateral extent of a target frac­
ture is still important to seismic resolution, but with 
sufficiently low fracture stiffness, the thickness of the 
fracture can be much less than the seismic wavelength 
and still have a detectable frequency-dependent effect on 
the seismic wave. A large amount of information exists in 
the pwpetties of the secondary waves, which offers prom­
ise for substantial improvement in the resolution of 
seismic methods. This approach, if successful, is particu­
larly well suited to the Yucca Mountain case because it is 
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exactly this phenomenon that exists at Yucca Mountain, 
i.e., discrete discontinuities, fractures, in a matrix. At 
scales of VSP application the main features that will be 
detected are major discrete features such as large joints 
and fracture systems. 

Beyond VSP lies the emerging crosshole technique. 
It offers the most promising approach for increasing reso­
lution significantly. The advantages gained by placing 
the source in a borehole are the additional spatial cover­
age obtained for image construction as well as the elimi­
nation of the attenuating surface layer from the source 
receiver path. Figure 1 illustrates the potential application 
of VSP at Yucca Mountain. Shown in Figure 2 is the 
assumed application scale within the repository for cross 

. hole methods. However, either method can be used at 
many scales, assuming the availability of boreholes. Fig­
ure 2 shows planned cross-hole investigations for detailed 
characterization between the underground excavations. 

P01ENTIAL MEANS OF RESOLUTION ENHANCE­
MENT 

Improved seismic imaging technology can result 
from three different effons; collecting better data; better 
processing, and better interpretation. Better data will 
come with improved sources which enhance bandwidth 
and amplitude of the signals. The development of a 
downhole seismic shear wave source for use in a 
crosshole environment is an example. Others include 
phased arrays of sources and/or multicomponent sources 
that can be focused in controlled directions. 

The object of any proeessing sequence is an image 
representative of the elastic properties of the target. Pro­
cessing in this context represents everything from data 
acquisition to image display. Ideally, this image would be 
a 3-D representation provided in real time in the field. 
An analogue lies in medical imaging, where with today's 
technology one can obtain an image of any part of the 
body almost instantly, providing valuable feedback to the 
operator, and allowing algorithms and processing 
sequences to be improved "on the fly." In the more com­
plex seismic case, improvements can include enhanced 
timing resolution, reduction of the interference from scat­
tered, diffracted, and attenuated waves through beam­
forming or multi-spectral image display, and easy mani­
pulation of the data. Improved algorithms are needed for 
fast 3-D interactive waveform modeling and efficient 
displays. A major obstacle to rapid advancement of 
seismic imaging is the lack of real-time processing and 
manipulation in the field of borehole tomographic imag­
ing data. 

Discussed here will be several approachs to imaging 
eanh structure by using tomographic methods, which we 
believe to represent the most likely means of achieving 
the significant improvement in resolution called for in the 
characterization of Yucca Mountain. A means to "tune" 
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Figure 1. The anticipated geometry and scale of application for VSP work at Yucca Moun­
tain. cross section is from Scott and Bonk. 33 
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Figure 2. An example of the anticipated application for cross hole seismic work at the repo­
sitory horizon. 
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the image interactively in the field through customized 
processing and data acquisition may be necessary to 
approach an order of magnitude increment improvement 
in resolution over _the conventional surface reflection and 
VSP methods in ' a reasonable time. This capability 
allows hand-on processing and technique development It 
will not be as simple as in the medical or marine applica­
tions, given the heterogeneity and complexity of the eanh 
at a wide range of scales. However, rapid advance will 
come only through a balanced program of in-field appli­
cation and processing of the resulting data. The greatest 
present need is to acquire the data in order to assess the 
proper approach and application of seismic imaging 
methods. 

Tomographic Imaging: 

With the advancement of medical transmission 
tomography applications spread quickly to geophysics, 
spawning work in seismic ray transmission tomogra­
phy.13·14·15 Diffraction tomography in acoustic media and 
electromagnetic ray tomo~phy in a electrically resistive 
media have followed. 16·1 •18 Elastic and electromagnetic 
tomography are two primary areas of research in the eanh 
sciences as well as in the medical sciences. Experience 
in VSP, microearthquake studies and tomographic surveys 
bas led us to conclude that a significant advance in imag­
ing technology must combine new data manipulation 
capabilities and tomographic imaging methods, using new 
borehole sources and receivers that are being developed 
for the toxic waste and resource exploration applica­
tions.19.20.3.2I.22.D Diffraction and transmission ray 
tomography for seismic applications each have distinct 
advantages, and we believe the optimal approach in a par­
ticular application will always be a combined use of these 
techniques. This is an important point to stress, usually 
only one or the other approach is used. and rarely both 
done together. 

Transm.i.ssion Ray Tomography: 

Transmission tomography uses only the travel times 
and amplitudes of P- and S-waves, which are inverted for 
medium slowness and attenuation. The usual method of 
inversion is some form of iterative algebraic reconstruc­
tion algorithm, based on a back-projection method. The 
section of earth to be imaged is divided into many pixels 
of constant physical properties. As the waves pass 
through each of the pixels, amplitudes and velocities are 
dependent on the pixel properties and we assume that the 
contribution of each pixel can be deduced by back­
projecting the rays. It follows that a data set consisting 
of many rays aossing at all angles may be back-projected 
!D yield an estimate of the distribution of velocities in 
each pixel needed to produce the observed travel times. 
The attenuation properties of each pixel may be deter­
mined in a similar manner. using the amplitude infonna­
tion. 
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In general, the method of processing is based on the 
relation between propagation velocity and the total travel 
time, or between attenuation characteristics and received 
amplitude. For a particular ray path in the u-v plane, the 
relation for total travel time is 

t~o:=J~ 
Rt cp(u,v) 

(1) 

where cp(u,v) is the velocity of the medium, s is the ray 
segment, and the integration is along a particular ray path 
Rk. The amplitude Ak at the receiver is related to the 
attenuation field, a(u,v) through the equation 

A~o: = Aoexp(- J a(u,v)ds) 
Rt 

(2) 

1tf 
where a(u,v) = cp(u,v)Q and Q is dependent on (u,v). Ak 

has been corrected for the radiation panem, geometric 
spreading, and instrument response. a(u,v), as determined 
from this model, will be an effect of apparent attenuation, 
consisting of intrinsic dissipation described in equation 
(2) plus elastic scattering. The projection is then defined 
as 

A~o: 
P~o: = ln- = - J a(u,v)ds 

Ao Rt 
(3) 

where Ao is the source amplitude. 

The general form of the integral equation for time or 
amplitude is written: 

Yk = J x(u,v)ds 
Rt 

(4) 

with Yk• k = 1 ,2, · · · , N representing the measured travel 
time or amplitude for N paths, and x representing the 
slowness or attenuation operator. After discretizing the 
field, the line integral becomes a finite sum and the prob­
lem may be described by a set of linear equations 

I 
Yk = L&cxi k = 1,2, · · · ,N (5) 

i=l 

where &c is the length of ray k which penetrates pixel i, 
I is the total number of pixels, and xi is the property of 
pixel i. This is a classical matrix problem which may in 
principle be invened using a variety of methods. How­
ever, the size and sparseness of the matrix, the condition­
ing of the problem, and the inconsistencies of the equa­
tions due to measurement errors usually render most clas­
sical methods of inversion ineffective. Algebraic recon­
struction techniques (ART), developed for this problem 
work well only in media that have small contrasts. These 
techniques are iterative in nature, where one equation, 
i.e., one ray, is analyzed at a time and the pixel values 
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are continually updated. A simple example of an ART 
algorithm is the basic back-projection 

Ay~ 
X;.q+l = X;.q + - k = 1,2, · • • , N (6) 
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where Ay~ is the residual travel time (observed minus the 
calculated value) for the qlb iteration and 4 is the length 
of ray k. 

ART algorithms give exact solutions if the ray cov­
erage is adequate, the ray lengths consistent, the ray paths 
detennined exactly, and with no measurement enurs. This 
is never the case. Ray coverage is usually 3-sided at best, 
with the bounds detennined by the rectangular area 
defined by the boreholes and the surface, and with the 
surface measurements often of much poorer quality than 
borehole data. This geometry results in incomplete cover· 
age and ray lengths. True ray paths are curved, and they 
may be determined iteratively along with the pixel values, 
but a straight ray path is usually assumed. Measurement 
errors remain a source of inversion uncertainty. Increased 
resolution will come primarily through the elimination of 
inversion artifacts such as smearing, and from the use of 
more realistic 3-D ray paths. Smearing is caused by a 
number of problems, including inadequate angular cover­
age and sampling, assmning straight rays (or any 
improper ray paths), and travel time and station location 
errors. 

For the past several years, as part of the DOE 
Nuclear Waste Program. we have been performing tomo­
graphic imaging at controlled small-scale field sites. An 
example of this work is sbown in Figure 3. The images 
shown are results of four-sided transmission tomography 
in a highly anisotropic fractured rock. The imaging was 
carried out with p. and S-wave sources and 3-component 
receivers. The data were collected with a PC-based 
acquisition system. The figure illustrates the results of 
improvements in the source and in the processing sys­
tems. Figure 3b is a combined amplitude-velocity tomo­
graph of the 10-meter by 21-meter region in Figure 3a. 
Figure 3c is the P-wave velocity tomogram of the same 
region. This figure shows the importance of interpreting 
the full wave form data as well as the first arrival data. 
The dark regions in 3b indicate the highly attenuating, 
low velocity regions, where the dark regions in Figure 3c 
show the low velocity regions only. Such complicatin2 
effects as anisotropy, curved rays, and algorithm stability 
are all being addressed witb this work. 

Diffraction Tomography: 

To date the applicati011s of full-waveform diffraction 
10m0graphy are not as extcnsive as for ray tomography, 
but the potential developments may prove as valuable as 
ray tomography. In diffraction tomography less spatial 
coverage of sources and receivers is needed to obtain 
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resolution equivalent to ray tomography, because reflected 
and scattered waves are used in forming the image. 

To demonstrate the basic principles of full-waveform 
diffraction tomography, consider a simple two­
dimensional case, as in Figure 3a. The background 

· medium is assumed to be a homogeneous acoustic 
medium, with two-dimensional velocity inhomogeneities 
(diffracters) embedded in it An acoustic line pressure 
source, perpendicular to the page in Figure 3a, is har­
monic in time and is operated at a fixed audio frequency. 
Under these conditions the acoustic field satisfies the 
scalar wave equation. A relation between the secondary 
acoustic field and the velocity to be imaged can be 
deduced from the integral formulation 

where U5(rf'r,) is the secondary acoustic field at rr due to 
a source at r,; U(r,rs> is the total acoustic field; and 
G(rr,r) is the two-dimensional Green's function. The 
object function O(r) is defined as l-k2(r)tkJ. Here, 
k(r) = oo/c(r) and leo= oo/c0 in the acoustic case, with oo 
denoting angular frequency, and c(r) velocity. c0 is the 
background velocity, and leo is the background 
wavenumber, which are used as reference. 

To simplify this nonlinear equation, a ·weak­
scattering Born approximation, U(r,r5)= G(r,r5), is 
employed to linearize equation (7). 

Taking Fourier transforms along the source and receiver 
lines respectively for the geometry shown in Figure 3a, 
equation (8) becomes 

V5(~.k,)= f O(r) exp[-i('Ys-"fr)x-i(ks+~)z] dxdz, (9) 

where v• is the filtered secondary responses in 
wavenumber domain. ks and ~ are the Fourier domain 
wavenumbers along source and receiver lines; and 

(10) 

Where we use the real wavenumber kJ. Note that in 
the seismic application, 'Ys and 'Yr are real numbers as long 
as ko is real and ks and ~ are smaller than leo· Letting 

'Y.-'Yr = kx; (11) 

equation (9) shows that the object function O(r) can be 
derived by performing a double inverse Fourier transform 
on both sides of equation (9). 

Obtaining the object function is the solution of the 
inverse problem, and is our ultimate aim. It is also impor­
tant to note that the model medium constructed for this 
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Figure 3. (A.) Plan view of a seismic cross hole test area in a fractured rock, the area is 10 
meters by 21 meters. Shown also are the projections of fracture patterns and 
significant geologic structures. (B.) A tomographic image of the zone in Figure A 
using four sided ray transmission techniques on the P-wave first arrival time. 
Effects of anenuation are also included. (C.) A tomographic image of the zone in 
Figure A also using four sided ray transmission tomography, but eliminating 
anenuation effects. 

tbeory may not be the actual medium which we want to 
image. For example, attenuation has not been included, 
and the Born approximation utilized may be inappropriate 
for a high contrast medium. These problems can be over­
come by the development of new data processing 
schemes and the improvement of theory if necessary. 

Given complete definition in the wavenumber 
domain, the transform of the object function can be deter­
mined exactly, and the inversion yields the unique object 
function. Because we do not have perfect spatial cover­
age it is not possible to obtain complete wave number 
definition. In addition, sources and receivers are discrete 
in the transform direction, thus producing discrete sam­
ples of the object function in the transform domain. 
Finally IDDil! importantly the maximum coverage we can 
obtain is determined by a circle of radius 2ko- This 
means dw as the data frequency content increases, the 
inversion will be sharper due to the higher wavenumbers 
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in the object function's transform. Given these limita­
tions there is still a distinct advantage over transmission 
tomography, in that in most cases in real applications the 
access to any rock volume will be limited to at most thre~ 
sides. Although the usable frequency band is constrained 
by spatial aliasing considerations and by the source func­
tion, all else being equal, diffraction tomography still pro­
duces sharper images given the same spatial coverage. 
Also, inversions at different frequencies could be done 
and averaged in order to increase coverage in the 
transform domain. 

An example of the application is given in Figure 4. 
In Figure 4a a model is given, with the synthetic imaging 
of this model by two sided coverage given in Figure 4b. 
In this example the fracture zone was assumed to be a 
fracture zone in a 2-D medium. The inversion was done 
at 2S frequencies from 2440 to 5490 Hz with 122 Hz 
interVals, and the results averaged The background velo-

•• 
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Figure 4. (A.) A model of the fracture zones in Figure 3a. (B.) The result of performing 
two sided diffraction tomography on the model in Figure 4a. (C.) The result of 
performing two sided diffraction tomography on the actual data used in Figure 3. 

city is 5500 m/sec, the inhomogeneity 4500 m/sec. 40 
sources and 40 receivers are used with 0.5 m separation. 
The area between the boreholes is discretized intf> 20 by 
40 pixels. For the acoustic case the method outlined in 
the previous section can be earned out exactly. The 
inversion in Figure 4b was done by back-propagating the 
recorded waves into their correct locations.24.2.3 In gen­
eral, the linear system of equations formulated is similar 
in concept to that used in ray tomography, except that 
now a full matrix is required to describe the process. 
Therefore, the equations can be solved using a con­
strained least-squares method which is introduced to 
ensure the stability.26 

Figure 4c shows an actual field example using the 
data from the application mentioned in Figure 3. To 
obtain this inversion the data are heavily processed in 
order to obtain the scattered field, remove the attenuation 
effects, deconvolve the the source wavelet, and correct 
for 3-D effects. This inversion is done using the qua­
dratic programming method rather than the back propaga­
tion method. It is useful to compare the results of Figure 
4c to Figures 3b and 3c:, i.e., the inversions obtained 
using four-sided coverage for the ray transmission case. 
As can be seen, the results from the diffraction tomogra­
phy invenion, 4c, march the ray tomography results, 3b 
and 3c:, only slightly, However, the significant features do 
show up in the diffraction case. even though the coverage 
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is two sided for the diffraction case versus four sided for 
the ray transmission case. A reason for the lack of better 
resolution for the diffraction case, using real data, may be 
that the algorithms applied in this case were developed 
for the 2-D acoustic case, where we are really dealing 
with a 3-D elastic case in rock. Currently we are 
developing algorithms for the elastic case. Another rea­
son is that the method also uses the Born approximation 
which requires weak scattering. 

Making use of synthetic simulations, we have 
investigated this type of solution rather extensively and 
have developed an understanding of how the results are 
influenced by various factors such as geometry, noise, 
separation of primary waves, and free surface effects. 
The results of these simulations have all been quite posi­
tive, leading to the general conclusion that basic 
diffraction tomography is a powerful robust method, how­
ever, questions regarding the practical implementation of 
the method in a field situation still remain. 

TASKS TOWARDS IMAGE IMPROVEMENT 

While we have not previously had the impetus to 
integrate the best and most promising points of a broad 
program into a concentrated effon for improved imaging, 

. this current emphasis at Yucca Mountain has made clear 
the need for such integration in addressing the stated 



goals. The somewhat independent elements which collec­
tively span the needs for improved imaging technology 
include: 

I. Data Acquisition. 

2. High-ptecision P- and S-wave travel-time measure­
ment and data management. 

3. Three-dimensional background sttucture estimation. 

4. Transmission- and diffraction-tomographic imaging 
algorithm optimization. 

S. Interactive and manipulative data presentation with 
In-field 'smart' acquisition/processing/display sys­
tems. 

In many differerent applications of seismic imaging 
we have addressed all of these elements individually. 
The success of the characterization effort in seismic imag­
ing will rely to some extent on the effective integration of 
a concerted development efforts in each of these indivi­
dual areas. The result we hope will be, on the whole, a 
substantial advance in subsurface elastic-wave seismic 
imaging at Yucca Mountain. 

Data Acquisition: 

The first step in any imaging project is to understand 
the target and the medium in which the target resides. 
Modeling, code and algorithm development can be done 
prior to field actiNities with values obtained from well 
logs, core, etc., however, one must at some point take the 
methods to the field and assess their applicability and 
determine the most effective path of action. The most 
immediate requirement in this application is to obatin a 
state-of-the-art data set from the environment in which 
the method is to be applied, i.e., Yucca Mountain. Only 
armed with these data can one pursue the most effective 
program in seismic imaging at Yucca Mountain. 

High-Resolution Timing: 

Transmission ray tomography relies heavily upon 
~curately measured travel-times of P- and S-waves and 
the efficient management of large sets of data. Aware of 
the importance of accurate timing, we have developed 
two complimentary routine analyses. First, an efficient 
aoss-correlation/cross-spectral procedure was imple­
mented to analyze relative travel time changes between 
multiples of seismic events within similar source regions. 
1be method is also applicable to the controlled-source 
vibrator data. cross-hole tomographic data. or any pair of 
similar wavefonns. The slope of the coherency phase 
specttum gives the delay between the waveforms.t7.28 The 
width of the coherent frequency band is a systematic 
function of event-pair spatial separation, ranging for P­
waves from about 100 Hz for 10-20 m separation to 
about so Hz for separations of the order of 100 m. s­
wave coherency is about 80 Hz at 10-20 m separation. 
This tepresents more than an order of magnitude 
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improvement. These results present a consistent and per­
suasive argument for the claim that the coherency phase 
timing method is routinely producing reliable times with 
precision about 1/10 of the sampling interval. The 
remarkable improvement obtained in these source image 
point locations depended also on the velocity model used 
in the inversion, in this case a fully 3-D distribution, 
determined from the same data, as discussed next. 

Estimating the Three-Dimensional Velocity Distribution: 

Improved resolution in imaging 3-D heterogeneous 
subsurface sttucture is a key step in determining the ini­
tial, or background starting model in tomography. The 
3-D ray-tracing algorithms are being modified and optim­
ized for use in borehole-borehole and surface-borehole 
tomographic applications, and velocity distribution inver­
sion routines are being incorporated into a scheme for 
estimating the model background. Again, recent advances 
in high-resolution earthquake research may point the way 
for cross-hole tomography. In our work we have 
developed an effective method, based on the simultaneous 
earthquake location and three-dimensional velocity inver­
sion algorithm proposed by Thurber.29 Since a very 
important part in any velocity inversion code is the calcu­
lation of the travel times (forward problem), we tested 
several ray tracers and we finally implemented Thurber's 
code with the Sine-wave Distortion of Circular Ray-paths 
(SDCR) method proposed by Protheroetal.30 When the 
code was tested against a 3-D ray tracer written solving 
the Eikonal equation, we found that for most ray paths, 
the accuracy of the computed travel times is a fraction of 
a millisecond. After extensive testing, we have recently 
started the joint inversion for both P and S velocity struc­
ture and for hypocenters, adopting some damping to 
smooth the resulting model. The results as applied to ray 
tomography are very promising, as the method may truly 
enhance resolution at Yucca Mountain. 

TOMOGRAPIDC IMAGING OPTIMIZATION: 
Transmission: 

The primary area of work has been improving the 
means by which the seismic energy is approximated by a 
raypath. We are pursuing a statistical approach to esti­
mate the raypath by using a weighted average of several 
different raypaths. A method we are investigating for this 
purpose is expectation maximization (EM). This is an 
iterative method used to compute a maximum likelihood 
estimate where the observations can be viewed as an 
incomplete data set. The second area of work in 
transmission tomography is in algorithm development 
using the method of regularization due to Tikhonov and 
Arsenin.31 Our initial focus is on developing improved 
penalty functions to resttain smearing in the image 
comers, and to incorporate realistic sttucture into the 
slowness pattern. Regularization chooses the estimate S 
which minimizes a weighted sum of two functions. 

( 



L(S) + xJ(S) 

where L(S) is a likelihood type function and J(S) is a 
penalty function. In the case of seismic tomography, S is 
a matrix of slowness values, L(S} could be a sum of enor 
terms, and a typical J(S) would be a measure of the 
difference between adjacent slowness pixels. Various 
other measures can also be used, or even a combination. 
For example, S-wave data could be used to constrain the 
solution. 

Diffraction: 

A considerable amount of developmental and experi­
mental work is necessary to modify and tune the basic 
(2-D acoustic) diffraction tomography method so that it 
works well in practical 3-D heterogeneous field situations. 
The extension of the basic method to the case where the 
source and receiver are points rather than lines (3-D 
versus 2-D) has just been carried out The extension to 
the elastic case will be more difficult and is being 
~ssed. One approach is to process the data in such a 
way as to achieve a partial separation between P- and S­
waves, and then apply the acoustic method to the 
separated data sets. The case of a strongly inhomogene­
ous background will also require work. In principle, 
there is no problem calculating the Green's functions for 
such a medium, but the computational time can increase 
dramatically and the associated expense can make the 
·method impractical for routine application. Other 
approaches to this particular problem are also being 
.investigated. The algorithms must now be tested on real 
data sets to determine their applicability and improve­
ments necessary for usefulness. Another approach is to 
use the available migration software to migrate the data 
as is commonly done with surface reflection data, how­
ever, a large amount of prograrruning is necessary to con­
ven these programs for cross-well use. A recent method 
of initially doing a ray tomography inversion to obtain the 
slow variation in the medium followed by a diffraction 
tomography inversion to improve the resolution is being 
considered. 

Expen Systems in Seismic Processing: 

In order to process and analyze the data in a timely 
and efficient manner we are also in the process of cou­
pling the processing and collection tasks with an expen 
system. This has proved fruitful in a variety of earth sci­
ence applications already. 32 In general, expen systems are 
designed for ten basic tasks; interpretation, debugging, 
repair, prediction, diagnosis, design, planning, monitoring, 
instruction, and control. The featw"es to be used pri­
marily in this project will be the interpretation, debug­
ging, prediction, monitoring and control. The interpreta­
tion feature is ofteu used to examine· incoming data and 
to anive at a decision. Such application would include 
time picking, but also such featw"es as pattern recognition 
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and image enhancement would also use this feature. The 
debugging feature would be used to test various inversion 
algorithms as well as to "debug" such parameters as array 
dimensions, source polarization, etc. The diagnosis and 
monitoring would be very advantageous for tracking the 
performance of the various hardware and software com­
ponents. This again, would provide information for 
optimizing the imaging system. Last but not least, the 
control aspect would be used for such features as regulat­
ing complex processes within the system, an example 
would be CPU time devoted to a particular task, or the 
display of processed images. Currently we are incor­
porating recent seismological developments in precision 
phase timing, 3-D ray-tracing and velocity estimation into 
the design of a compact field tomography development 
system (= 20 MIP capability), along with improved and 
tested transmission- and diffraction-tomographic imaging 
algorithms, and featuring an interactive image display 
system allowing the user to manipulate the data process­
ing under 'quick-look' conditions for image improvement. 
The system will involve 'expen systems' operational con­
trol insofar as beneficial. The system will be field-tested 
initially at our cross-well test facility, and subsequently 
used at Yucca Mountain. 

SUMMARY 

The ultimate goal of this project is to provide state­
of-the-an capability for high resolution tomographic 
imaging. Our experience has shown us that successful 
seismic imaging is a result of trial and error and applica­
tion of proper techniques. If it were possible to make 
this a real time experience, then it may be possible to 
realize a great improvement in resolution. Our approach 
is an integrated system that is intended to be an extension 
of our laboratory computational and theoretical capabili­
ties operating in the environment of eventual application. 
The effon is a balanced program between theoretical and 
mathematical improvements in the fundamental process­
ing algorithms, and the implementation on field computer. 
We believe that this is the most cost effective and realis­
tic approach to carry out seismic imaging techniques for 
the application at Yucca Mountain. 
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