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Statement of the Problem WSRC-TR-96-0041

underlain by dense, well-sorted sands of the Congaree for-
mation. These geologic units composed the entire interval
penetrated by the boreholes used for the pilot study.

Five boreholes were available in the area of interest for
seismic cross-hole instrumentation. Holes HBOR44, HTF-
B1, and HBORS50 were located so that they intersected the
limestone (facies 1). Holes HBOR34 and HBOR54 were
located on opposite sides of Tank 51 in the transition inter-
val between the poorly-sorted sand (facies 2) containing
the low-resistance zones and the dense clayey sand (facies
3) with high-penetration resistance. The placement of
these holes allowed collection of cross-hole information
associated with both the limestone body and the margin
area with the low-resistance zones. The triad HBORSO,
HBORS54, and HBOR34 were located so as to allow cross-
hole information to be acquired from beneath Tank 51.
The locations relative to Tank 51, and separation distances
for these boreholes are illustrated in Figure 5.
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Objectives and Synthesis

should be reoccupied and the missing data intervals re-
acquired. If the “shadow zone” interval is relatively small
then the data should be acquired with the three-compo-
nent, clamping receiver. The clamping receiver should first
be tried using the swept-frequency source in order to max-
imize resolution. If this fails then the pseudo-random
binary code can be employed in order to achieve maxi-
mum energy levels. For larger “shadow zones™ the
pseudo-random, binary-code source with hydrophone
array may be preferred because of data collection effi-
ciency.

S-Wave Imaging

In order to gain the most information concerning engineer-
ing properties, it would be desirable to obtain S-wave
information in conjunction with the P-wave so that the two
types of data could be combined. None of the efforts of
this pilot study identified reliable S-wave information in
any of the data sets.

One potential problem associated with the low-resistance
zones is that the S-wave velocities exhibited by these
zones are much lower than the velocity of the energy that
echoes up and down the borehole (tube wave). The conse-
quence of this is that when the tube wave passes through
the low-resistance interval it will produce a bow-shock S-
wave that will travel across the intervening medium and
be received at the opposite borehole as a shear arrival.
Since this energy will have originated from a moving
rather than a stationary point source, interpretation and its
usefulness for imaging will be limited. Because of this
condition it is anticipated that in order to successfully
image at borehole separations approaching those in this
study, a high-efficiency, shear-wave source must be uti-
lized in conjunction with a three-component, clamping
receiver.

The acquisition limitations for the clamping receiver have
been discussed above. As another limitation, high-effi-
ciency, shear-wave sources that will produce S-wave
energy at desired frequencies are not available for routine
use at this time. For these reasons it is unlikely that useful
S-wave images relating to low-resistance zones can be
practically acquired on a routine basis at the Savannah
River Site, with currently available technology.

Hydrologic Properties

The successful acquisition of both P-wave velocity and
attenuation information that can be combined to produce

clay content, permeability, and porosity images of the
interval between boreholes has high potential for applica-
tion to characterization for hydrologic studies. This is par-
ticularly true for situations in which the groundwater is
contaminated, and attempts to gain this type of informa-
tion with pump tests result in water that must be disposed
of as contaminated waste. However, to realize the full
potential of the seismic cross-hole technique to acquire
information for hydrologic characterization, it would be
necessary to calibrate the equation that relates these prop-
erties to the velocity and attenuation to the sediments at
Savannah River Site. This calibration effort would require
acquiring a high quality data set from an area in which
these properties were well characterized by other means,
preferably through a combination of pump testing, analy-
sis of core and high quality geophysical logs from the
same boreholes used for the cross-hole survey.

In addition to the properties described above, utilization of
channel-wave information would be very useful in dem-
onstrating the integrity of hydrologic confining units
between boreholes to complete the hydrologic character-
ization. However, channel-wave information is very easy
to acquire, since it is only necessary to measure a few lev-
els with the source and receiver at the level of the clay
unit. This makes this technique extremely cost effective
for demonstrating the continuity of confining units, since
collection of data to produce an entire tomographic image
is not required.
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Appendix la—A Brief Description of the
WSRC-TR-96-0041 Seismic Cross-Hole Imaging Technique

Seismic cross-hole imaging, or seismic tomography, is a method employed to image the seismic properties of the subsur-
face between two or more boreholes. Seismic properties commonly investigated include elastic wave velocity and attenu-
ation in addition to the presence of sharp velocity discontinuities. These properties are investigated so that they may be
related to the material properties of the geologic units or provide information on the location of geologic interfaces
between the boreholes under investigation.

Velocity and attenuation information is determined by sampling the area between the holes by a high density of intersect-
ing ray paths (Figure 9). Velocities along each ray path are determined by measuring the travel time of a elastic wave pulse
between a source and receiver placed at various geometries in opposite holes. If at the same time relative amplitude infor-
mation is acquired, then the attenuation characteristics of the subsurface along the ray path can also be determined. Ideally
the experiment is designed so that each volume of the subsurface is sampled by many rays. This allows the velocity or
attenuation structure between the boreholes to be inverted from the traveltime or amplitude information. In addition to
information obtained along direct ray paths between source and receiver, ray paths also arise from the reflection of seismic
energy off velocity discontinuities in the subsurface (Figure 9). If these reflections can be recognized in the cross-hole
data, then the locations of the velocity discontinuities that relate to geologic interfaces may also be mapped between the
boreholes.

In practice, operational limitations rarely allow the full resolution capabilities of the technique to be realized. In order to
achieve equal and full resolution in all directions it is necessary to have ray-path coverage at all orientations relative to the
target. In terms of image resolution, this condition is referred to as angular aperture. The geometry of the cross-hole con-
ficuration places a severe limitation on this requirement. Since the locations of the source and receiver positions are con-
strained along two lines defined by the boreholes, only those rays whose end points can be located somewhere along the
two boreholes are available for the inversion. In effect, this results in loss of horizontal spatial resolution with consequent
smearing of the inverted image in this direction. Also full ray-path coverage is concentrated near the center of the area
defined by the source and receiver arrays. This results in poor resolution near the top and bottom of the image. Consider-
ation of this geometrical constraint means that in designing a seismic crosshole experiment that the depth and spacing of
the boreholes relative to the target depth and thickness become very important factors. As a general rule of thumb the hole
depth needs to be twice the hole spacing for adequate ray coverage, or three times the hole spacing for relatively good cov-
erage.

In addition to the constraints imposed on the ray-path geometry by the source and receiver array configurations, ray-path
geometries are also affected by the nature of the material between the boreholes. Strong velocity contrasts (20% or
greater) result in significant bending of rays away from low-velocity areas and into high-velocity paths. This has two con-
sequences. In effect, rays are focused into high-velocity areas resulting in poor ray-path coverage of low-velocity areas.
Also, the assumption that the first arrivals of the seismic energy traveled the shortest distance between the source and
receiver is no longer strictly valid. Since the velocities or velocity contrasts between the two boreholes are unknown, the
amount of ray path curvature is not known a priori. This problem is handled by allowing the ray-path curvature to be a
free parameter in the inversion of the data similar to the velocity itself. Since this adds another unknown to the inversion,
the effect is to make the solution more non-unique than would otherwise be the case.

Another important consideration in terms of resolution is the bandwidth and cutoff frequencies of the seismic signal that
can be transmitted at a suitable signal-to noise ratio between the boreholes. The bandwidth of the transmitted signal is
inversely related to the width-in-time of the first arrival pulse of the seismic energy. A well-defined, sharp peak on the seis-
mic record exhibits a steep rise time and consequently the time of first arrival of the energy can be determined more accu-
rately with a corresponding accuracy gain in velocity estimation. The dominant frequency of the transmitted energy also
has a very important effect on the spatial resolution of the image of the velocity field. The ray paths are in effect three-
dimensional beams, (i.e. they sample the area between the borehole not along a two dimensional line but along a cylindri-
cal double cone whose axis corresponds to the ray-path line with vertices at the source position and receiver position). The
maximum diameter of the double cone occurs midway between the two wells (Vasco and Majer, 1993). The effects on the
received seismic energy, arrival time, attenuation, or other physical property is a result of the integrated effect of all mate-
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Seismic Cross-Hole Imaging Technique WSRC-TR-96-0041

rial contained within the ray-path volume. Therefore the spatial resolution available is directly related to the diameter of
the ray-path beam. The smaller the diameter of the ray-path beam (i.e. the more closely it approximates a line) the higher
the spatial resolution with which the area between the boreholes can be imaged.

The diameter of the ray-path beam (d) is referred to as the first Fresnel zone in optics, and is a function of the distance
from the source (R) and the dominant wavelength of the seismic energy involved (A); and can be approximated as (Wor-
thington, 1984):

Since the wavelength of the seismic energy is inversely related to its frequency, it is clear that higher spatial resolution
with a given geometry is achieved by employing higher frequency seismic signals, which result in smaller diameter ray-
path beams (Rector and Washbourne, 1994).

The frequency content of a received seismic signal is modified by the attenuation properties of the material between the
boreholes. Attenuation will determine the maximum distance over which a seismic signal with sufficient bandwidth can be
transmitted to achieve the resolution requirements of the survey. In addition, the amount and character of environmental
noise will have consequences on the signal-to-noise ratio attainable. These two issues will determine the upper limit on
how far apart the boreholes can be placed, in addition to the geometrical constraints discussed earlier.

The large number of ray paths required to adequately image between two boreholes make the acquisition of seismic cross-
hole data extremely data intensive. The typical crosshole survey may involve on the order of 10* ray paths. This means
that many, preferably equally spaced, source-receiver positions must be occupied in each borehole to ensure that the max-
imum angular aperture is achieved, and that ray path coverage is adequate to image the target. It is not feasible to instru-
ment every position at one time, so that the ray path coverage must be built up by using, preferably, several receivers and
one source at sequential positions along the borehole. The receivers are placed at one position in the hole, and the source
is activated in all positions in the source borehole. The receivers are then moved to the next position and the source is
again reactivated in all positions in the source borehole. This process requires that the source travel up and down the
source borehole many times, and is extremely time consuming. Therefore, in order to make the data acquisition feasible,
instrumentation that can handle as many receivers as possible is preferred.

There are several algorithms available for inversion of seismic cross-hole data to obtain an image of the velocity or atten-
uation field. Most of these algorithms iterate the inversion until the difference between the travel times calculated for the
velocity model used in the inversion and the measured travel times are minimized, usually in a least-squared sense. Since
the solution is non-unique, in order to gain the most geological information from tomographic data it is necessary to
remove as much non-uniqueness as possible. One way to do this is to incorporate the reflection information into the inver-
sion. This allows the boundaries between areas of different velocities to be fixed. Also, incorporation of all available geo-
logic and geophysical data, particularly core or geophysical borehole logs, allow the velocity values and boundaries to be
held constant at the borehole locations. All information of this type that can be incorporated to constrain the inversion will
limit the non-unique character of the solution.
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