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Executive Summary

Executive Summary

One focus of subsurface characterization of Coastal Plain
Sediments in and near facilities on Savannah River Site
concerns identification and locating intervals of low pene-
tration resistance. This has historically been accomplished
by boring and cone penetrometer surveys. Although, these
techniques provide some direct information about these
features, they are costly if employed at sufficient density
to provide a full characterization. Further, these methods
are impractical in areas of limited access, such as beneath
previously constructed facilities. A pilot study was initi-
ated at the In-Tank Precipitation Facility to determine the
cost effectiveness and applicability of seismic cross-hole
tomographic imaging of the low-resistance interval and to
determine the optimum instrumentation mix for use at
Savannah River Site.

The objectives of the pilot study were to investigate the
limitations of the technique for imaging the presence,
extent, and boundaries of the low-resistance intervals and
associated carbonate sediments. In addition to imaging,
the applicability of the technique for providing informa-
tion about the material properties of these features was
also investigated. The pilot study demonstrated that trans-
mission of seismic information between boreholes in the
sand dominated sediments over distances on the order of
150 ft was feasible for all instrumentation combinations
employed. However, the limestone facies sediments at the
pilot study location were found to be highly attenuative,
and special instrumentation was necessary in order to
transmit seismic signal through this interval.

The study resulted in the following results and conclu-
sions:

Instrumentation—The highly attenuative nature of the
limestone facies requires a hybrid instrument configura-
tion for the most practical production of P-wave tomo-
graphic images through this interval. A cylindrical bender
source with multiple receivers is used to acquire the data
for most of the tomogram. Data gaps resulting from lack
of transmission through the limestone facies are subse-
quently filled in with instrumentation that lacks this reso-
lution but are more sensitive. No practical instrumentation
was demonstrated for successful production of S-wave
images.

Imaging and Synthesis with Geotechnical Data—Using
the hybrid instrumentation described above, a successful
P-wave tomographic image was acquired from beneath
the edge of tank 51. The tomographic image is integrated
with penetration resistance and borehole data obtained in
the location of the panel in Figure 1. Integration of the
geotechnical information with the tomographic image
indicates that:

1. The limestone facies is imaged as a high, P-wave
velocity feature (>approximately 6000 feet per second;
1800 meters per second) with boundaries and location
clearly shown.

2. The low penetration resistance intervals are imaged as
low, P-wave velocity features (< approximately 5000
feet per second; 1500 meters per second).

3. Some imaging artifacts are present in areas with low
raypath coverage in the parts of the image above and
below the zone of interest. However, the Dry Branch
saturated sands are represented by P wave velocities of
5500 feet per second (1700 meters per second). The
underlying dense sands of the Congaree formation are
imaged by P-wave velocities of 6000 feet per second
(approximately 1900 feet per second).

The best resolution attainable for this image ranges from
approximately 0.6 meters (2 feet) near the source and
receiver borings to approximately 3 meters (10 feet) at the
midpoint between the boreholes.

Material Properties—Using empirically determined
relationships (Appendix II), the P-wave tomograms can be
combined with attenuation information to produce images
of clay percentage, relative porosity, and relative perme-
ability. However, to be most useful, the empirical relation-
ship employed should be calibrated specifically for the
sediments at Savannah River Site. In addition, the fact that
the low penetration resistance intervals exhibit P-wave
velocities less than water may indicate that these zones
consist of saturated, very loose sands.

Applicability and Cost Effectiveness—The successful
imaging of P-wave velocity and attenuation information
from beneath Tank 51 demonstrate that the technique can
be used to locate and characterize limestone bodies and
low-resistance intervals at resolutions on the order of 10
feet and less at distances practical for characterization of
most facilities. This resolution is slightly better than that
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conservatively estimated for the technique discussed in the
“Geotechnical Program Plan” for the “H-Area/ITP Seis-
mic Safety Issue Resolution Program Plan” and well
within the limits required to characterize the 30-foot fea-
ture estimated to be required for catastrophic failure. If
resolution greater than these limits is necessary to meet the
characterization objectives, then shorter inter-boring dis-
tances are required between the source and receiver arrays.

Based on these considerations, P-wave tomographic imag-
ing of limestone bodies and low-resistance intervals can
be successfully accomplished beneath facilities, for future
characterization activities at the Savannah River Site.
Based on this study it is estimated that a single tomo-
graphic panel could be acquired and processed for approx-
imately $50,000. If the resolution limits and types of
information discussed above meet the requirements of the
geotechnical characterization, then tomographic imaging
would be a cost effective method for acquiring this infor-
mation beneath existing facilities. In other situations the
cost effectiveness of the technique would depend on the
level of detail required for characterization, and on the
number of cone penetrometer soundings or borings neces-
sary to achieve this level of detail over the distance
spanned by the image panel.

In addition to applications investigated related to the low-
resistance issue, the technique also shows a high degree of
potential application to subsurface hydrologic studies -
specifically for demonstrating the continuity of confining
units and characterizing hydrologic parameters related to
flow and storage properties such as porosity and perme-
ability.
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Introduction

introduction

The Middle and Late Eocene Coastal Plain sediments on
the Savannah River Site locally contain significant
amounts of carbonate material present as calcareous sands,
carbonate bearing muds, and fossiliferous limestone. In
many cases, geologic and geotechnical characterization
activities in the Middle and Late Eocene section encounter
intervals with very low penetration resistance. These inter-
vals are manifested as zones in which drill rods advance
under their own weight, or encounter very little resistance,
or as zones of low tip stress on cone penetrometer logs.
This phenomena is also typically associated with loss of
circulation of drilling fluid, in many cases requiring vari-
able quantities of grout to restore circulation. These low
resistance intervals and intervals of lost circulation in sev-
eral locations have been found to be spatially associated
with Eocene carbonate sediments.

Large low-resistance intervals are of geotechnical concern
mainly because of the potential for foundation stability
issues. Geotechnical characterization of the low-resistance
intervals for most facilities in the past has mainly involved
standard penetration tests and cone penetrometer data, in
some cases in very dense sampling arrays, through the
Middle and Upper Eocene section. However, this type of
information is expensive and obviously faces severe limi-
tations for characterization beneath previously constructed
facilities where borings and cones cannot be located. In
order to provide a more cost effective approach and to
overcome limitations in acquiring data under existing
facilities, the Site Geotechnical Services Department is
evaluating possible techniques for detecting and character-
izing low-resistance intervals in the subsurface at Savan-
nah River Site. This effort also includes detection and
characterization of bodies of carbonate sediments because
of their apparent, close association to the low-resistance
zones.

Based on previous characterization activities (Ebasco,
1994; and WSRC-TR-95-0057) the low-resistance inter-
vals typically exhibit anomalously low S-wave velocities.
The adjacent or underlying indurated bodies of carbonate
sediment often exhibit high P-wave velocities relative to
the surrounding unconsolidated saturated sand and mud
sediments. These properties indicate that seismic tech-
niques employing, if possible, both P and S waves have a

high potential for gaining information on the low-resis-
tance intervals and carbonate bodies. Seismic techniques
using the cross-hole configuration in which a high density
of ray paths are sampled between two boreholes offer
many advantages over surface-acquired data from the
standpoints of both noise abatement and resolution. In
addition, cross-hole imaging may be able to obtain data
from underneath previously constructed facilities. For
these reasons, P-and S-wave seismic cross-hole survey
methods have the potential to provide high resolution
information on both low-resistance zones and the carbon-
ate sediments.

Although, the cross-hole seismic technique potentially
may be a cost effective and uniquely suited technique for
evaluating the geotechnical issues associated with low-
resistance intervals, it is a relatively new technology and
has not been extensively demonstrated. Consequently,
very little cross-hole seismic imaging experience relevant
to the Savannah River Site is present, and no studies have
been conducted focused on the low-resistance interval/
carbonate issue. Therefore, no information concerning the
attenuation characteristics of the Coastal Plain sediments
and how it affects the frequency characteristics of seismic
signals transmitted over significant distances is available
to evaluate the resolution limitations and for designing
seismic cross-hole surveys for use on the Savannah River
Site. In addition the limitations produced by noise associ-
ated with facility operation were unknown. Due to the
lack of fundamental information available to determine
the utility of the seismic cross-hole technique as applied to
the geotechnical issues discussed, the Site Geotechnical
Services Department initiated a pilot study focused on: a)
evaluating the resolution limits of the technique for imag-
ing the low-resistance intervals and carbonate bodies, b)
developing data acquisition procedures, and ¢) equipment
optimization for the Savannah River Site environment.

Ultimately, two contractors were involved in the pilot
study. These were chosen to offer a full spectrum of equip-
ment and experience. The Geophysics Group at Lawer-
ence Berkeley Laboratory specializes in high-frequency,
and consequently high-resolution, cross-hole tomography.
This high resolution is accomplished by utilizing a high
frequency, piezoelectric borehole source and high sensi-
tivity geophone strings and recording system. Appendix I
contains a brief discussion of the fundamentals of the seis-
mic cross-hole imaging technique. The results of the Law-
erence Berkeley study are included as Appendix II: ‘Final
Report: Evaluation of the Applicability of High Resolu-
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tion Crosshole Seismic Imaging Beneath the H-Tank Area
for Geometrical Properties’. A study was also conducted
by Southwest Research Institute, which specializes in
high-energy, sparker-source technology in addition to
Imaging with shear waves and reflection events. The
results of the Southwest Research Institute study are
included as Appendix III: ‘Evaluation of Crosswell Seis-
mic Tomography and Reverse VSP at the Savannah River
Site: Final Report’. With both contractors the limitations
of both high-resolution and high-source-energy technol-
ogy could be evaluated. In addition, in order to maximize
the use of all available information, both contractors were
required to engage in a cooperative effort and freely
exchange information and ideas. The scope of the project
involved evaluating the seismic cross-hole technology for
acquiring information on material properties, and imaging
the size and extent of low-resistance zones and or bodies
of carbonate sediments and determining the internal struc-
ture of the carbonate bodies to include the presence of
voids or highly porous areas. The evaluation was accom-
plished by comparing the P-wave velocity image with
existing cone penetrometer and SPT boring data obtained
from near the tomographic panel.
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Statement of the Problem

Geologic Setting

The Coastal Plain stratigraphic section for the Savannah
River Site and vicinity is illustrated in Figure 2. In the
General Separations area of the Savannah River Site the
“calcareous zone” includes strata of the Warley Hill For-
mation, Santee Formation, and Griffins Landing Member
of the Dry Branch Formation. The majority of calcareous
material is found in the Santee interval and is composed
predominantly of calcareous sand, calcareous mud, lime-
stone, and sandy-to-muddy limestone (Harris and others,
1992). Calcareous material in the Griffins Landing mem-
ber of the Dry Branch Formation is mainly typified by bio-
herms composed of oyster shells. The distribution of the
calcareous sediments in the General Separations area has
been shown to occur in discontinuous, stratigraphically
confined bodies (Harris and others, 1992).

The occurrence of low-resistance zones in the Eocene sec-
tion has been attributed to two possible causes. Histori-
cally these zones have been frequently encountered in the
proximity of carbonate-rich sediments of the Santee and
Dry Branch formations. Because of this association, one
causative mechanism to explain the low resistance is the
presence of voids or highly porous areas in the carbonate
rich sediments, presumably due to dissolution of the car-
bonate. The presence of a void or highly porous material
would offer little or no resistance to drilling. An alternate
hypothesis is that the low resistance is due to the presence
of uncemented, very loose sands occurring beneath a hard
layer. This hypothesis is supported by the common obser-
vation that the zones of low resistance are encountered
immediately after drilling through a well-cemented layer,
typically consisting of silicified or calcite-cemented mate-
rial.

Description of the Test Site

During geotechnical characterization of the In-Tank Pre-
cipitation Facility in the General Separations area, a low-
resistance zone associated with carbonate sediments was
encountered. Based on core and cone penetrometer studies
the presence of indurated carbonate and an overlying silic-
ified layer were found. The presence of these units in a
well-characterized area made this a suitable location to

evaluate the applicability of seismic cross-hole tomogra-
phy for the low-resistance zone issue.

The In-Tank Precipitation Facility consists of four steel
tanks that are used for storing and processing high-level
radioactive wastes. The tanks are cylindrical in shape with
a diameter of 95 ft and a height of 40 ft. The tanks are set
20 ft below grade in an earthen berm that rises 20 ft above
grade. The focus of the investigation was on the southeast
corner of the facility, specifically in the vicinity of Tank
51. Core from several boreholes and cone-penetrometer
data in the area allowed the general features of the low-
resistance zone and carbonate sediments to be discerned.

Based on these data the geotechnical characterization
identified three distinct lithofacies in the Santee/Tinker
interval (Figure 3). A moldic limestone (facies 1) occurs
to the eastern side of the facility. The limestonée facies is
mostly highly indurated with well-developed porosity
resulting from the small voids created from fossil molds.
This facies also contains thin silicified shell layers. To the
northeast, along the margins of the limestone facies that
defines the carbonate body, a poorly graded, silty, and
clayey-sand (facies 2) occurs that contains various
amounts of shell fragments and some cemented material.
Most of the low-penetration resistance and drilling-fluid
losses occur in this facies, approximately at the same level
that the limestone is encountered to the southeast. Facies
three is predominantly noncalcareous and consists of
dense clayey sand that exhibits a marked increase in pene-
tration resistance. Based on these observations it was pro-
posed that the poorly graded sand facies that contains the
low-resistance zones occurs as a rim around the margin of
the limestone body.

The low-resistance zones were found to be concentrated in
two horizons. An upper interval from 10 to 15 ft thick at
elevations of 160 to 175 ft, and a thinner (approx 5 ft)
lower interval at elevations 133 to 138 ft. The total thick-
ness of these two intervals is shown in Figure 4.

The stratigraphic section above the Santee/Tinker interval
is composed primarily of sand-dominated sediments of the
Tobacco Road and Dry Branch Formations. The promi-
nent exception being a 10-to 20-ft clay-dominated interval
(tan clay) between elevations 190 and 210 ft. Immediately
beneath the Santee/Tinker interval a 5-to 10-ft-thick, gray-
to-greenish gray, clay-dominated unit occurs at about ele-
vation 120 to 125 ft. This is the “green clay” of the Whar-
ley Hill Formation. The Wharley Hill Formation is
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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 HBORS54 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 HBORSO0,
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.

96X00660.FMK
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Objectives and Synthesis

The basic scope of the pilot study was to accomplish seis-
mic tomographic imaging of an area that was well charac-
terized with other methods. This allowed evaluation of the
applicability of the technique and the optimum mix of
instrumentation and processing to apply to the low-resis-
tance zone/carbonate study. The specific objectives were
to evaluate the ability of the technique and instrumentation
to image the presence, extent, and boundaries of the low-
resistance intervals and of the limestone body, and any
interior structure of the limestone body such as porous or
void areas. In addition, any information on the material
properties of the sediments comprising these features was
sought. In light of these objectives, particularly the materi-
als properties information, it was decided to pursue both
P-wave and S-wave cross-hole information.

During the pilot study, several different source/receiver
instruments and configurations were evaluated. A detailed
discussion of this evaluation is presented in a later section.
In summary, all instrumentation was able to transmit suffi-
cient signal through the saturated, sand-dominated sedi-
ments comprising the Dry Branch Formation above the
zone of interest and the Congaree Formation belgw the
zone of interest. In contrast the limestone interval of the
Santee Formation exhibited high attenuation properties,
such that a no-data window or “shadow zone” resulted for
rays intersecting this interval. Sufficient signal was trans-
mitted through this interval by employing only the most
energetic source and sensitive-receiver combinations.

Tomographic Imaging and Synthesis
with Boring and CPT Data

Using the most sensitive instrumentation, the P-wave
tomogram shown in Figure 1 was produced. The tomo-
gram was evaluated against existing boring and CPT data
in the immediate area of the tomograghy panel extending
between HBORS50 and HBOR34. This includes two
CPT’s; HCPT26 and HCPTI11 located adjacent to
HBORS50 and HBOR34 respectively, as well as three pre-
construction SPT borings; 241-12H-45, 241-12H-48, and
241-12H-45. Note that the three pre-construction borings
have been projected perpendicular to the tomograghy
panel from distances of 10 to 20 ft, thus minor lateral vari-
ability due to facies changes are probable. The limestone

body encountered in HBORS50 from elevation 169 to 146
ft MSL (47.6 to 54.6 meters depth, respectively), is
imaged on Figure 1 as a high velocity zone that terminates
approximately 30 ft from HBORSO. This is confirmed by
preconstruction boring, 241-12H-45, located approxi-
mately 50 feet N-NW of HBORSO0 and approximately 20
feet perpendicular distance from the tomogram panel. Soil
descriptions from this boring do not note any indication of
the limestone facies, rather the calcareous silty sand facies
is present. Penetration resistance from CPT26, located
about 10 feet N-NW from HBORS50, measured very low
resistances in an interval from about 174 to 165 ft MSL
(46.0 to 48.8 meters depth, respectively), which correlate
with a low-velocity layer on the tomogram. Below this
interval, tip resistances increased sharply before penetra-
tion refusal was met at about elevation 152 ft MSL (52.7
meters depth), correlating closely with the high-velocity
layer representing the limestone unit in HBORS0. In the
midpart of the tomogram, a low-velocity layer to the N-
NW flanking the high-velocity limestone layer was mea-
sured. As shown on Figure 3, the facies mapped from
existing soil boring data, which includes the three precon-
struction borings, shows that this part of the tomogram
would represent the calcareous, silty-sand layer. Indeed,
the three preconstruction borings note low penetration
resistances at elevations 165, 159 and 165 MSL (48.7,
50.6 and 48.7 meters depth, respectively), correlating
closely with the low-velocity layer on the tomogram. The
N-NW end of the tomogram at HBOR34 represents a lat-
eral transition into the sandy facies indicated by high tip
resistances measured from CPT11 located 10 ft west of
HBOR34. A low-velocity layer noted on the N-NW end of
the tomogram between elevations 171 and 164 ft MSL
(47.0 and 49.1 meters depth, respectively) correlate with
low-penetration resistances, and in 241-12H-44 and
CPT11. An upper and lower low-velocity zone located in
the upper right and lower left portion of the tomogram as
shown on Figure 1 probably represent a processing artifact
due to poor raypath coverage in this area (see discussion
in Appendix II).

Material and Hydrologic Properties

A significant amount of information can be inferred about
the properties of the materials imaged in the P-wave
velocity and attenuation tomograms. The material in the
low resistance zone exhibit P-wave velocities less than
pure water. These less-than-water velocities are unusual
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since this interval is below the water table and fully satu-
rated. The equation for P-wave velocity is given as:

w+2y

where (V) is the P-wave velocity of the material, (L) is the
bulk modulus, (y) is the rigidity, and (p) is the density.
This equation shows that the density of the material has a
significant effect on velocity, in addition to the elastic
properties. Note that a material with rigidity properties
similar to a fluid (i.e. very low or none) but with higher
density would exhibit a lower P-wave velocity than pure
water. A candidate for this type of material would be a
sand and water slurry mixture. Lack of significant cohe-
sion between the sand grains would result in very low
rigidity for the bulk material. However, the higher density
of the sand particles relative to water would result in a
higher-than-water density for the bulk material. These
relationships indicate that the low-resistance zones are
probably very loose saturated sands.

The P-wave velocity information was combined with the
attenuation cross-hole information to produce images of
the clay content, porosity, and permeability between
HBORS50 and HBOR?34 (Figures 6 to 8). The velocity and
attenuation information is combined with an empirically
determined equation that was not calibrated to the sedi-
ments at Savannah River Site. This makes the absolute
values of the properties shown on these tomograms sus-
pect, and in fact they are almost certainly too low. How-
ever, the relative differences should be valid and the
images can be interpreted for relational information.

Both contractors also identified the possible presence of
channel waves in their data. Channel waves result from
energy trapped in low-velocity layers that form wave
guides. These waves can only be present in energy trans-
mitted between two boreholes if the low-velocity layer is
continuous between the two holes. The low-velocity layers
associated with possible channel waves in the pilot study
corresponded to clay units. If these channel waves are real,
then they conclusively demonstrate the continuity of these
units and have significant bearing on the integrity of these
clay layers as hydrologic confining units.

Recommendations for Future Seismic
Cross-Hole Imaging of Low-Resistance
Zones and Carbonate Sediments

P-Wave Imaging

The highly attenuative nature of the limestone facies make
the design of the survey and instrumentation employed for
cross-hole imaging critical. All means must be employed
in order to maximize the signal-to-noise ratio in order to
acquire information through the limestone interval. One of
the easiest things to do of course would be to make the
boreholes closer together. For the target depths and thick-
ness applicable to the study area a borehole spacing of
approximately 100 ft would be optimal. This spacing
would improve the angular aperture and result in less
attenuation in the limestone interval. However, at many
facilities this is not possible, so success of seismic cross-
hole imaging in this situation becomes dependent on
proper instrumentation.

From a practical standpoint a swept frequency, high reso-
lution piezoelectric source with hydrophone receiver array
would be the most advantageous. Both from the resolution
standpoint, due to the high frequency content, and from the
production standpoint because of the use of multiple
receivers at one time allow data to be acquired much faster.
However, the pilot study has demonstrated that this instru-
mentation will not transmit signals through the limestone
facies over borehole separations necessary to characterize
most facilities. This instrumentation is basically limited to
being able to demonstrate that no limestone is present
between two boreholes, since in this case no “shadow
zone” will be produced.

From a data-quality standpoint the utilization of a three-
component, clamping receiver would be preferred. This
device has been demonstrated to exhibit enough sensitivity
to receive useful signal through the limestone facies. In
addition, this receiver can receive and distinguish S-wave
arrivals. However, the current state of the art with this
instrument only employs one level of receivers, so that
data collection at many levels is prohibitively slow.

The recommended instrumentation and technique would
be to initially employ the swept-frequency, high-resolution
source with hydrophone receiver array in an attempt to
image the entire interval of interest. If examination of the
data shows data gaps (i.e. “shadow zones”) resulting from
high attenuation in the limestone, then the boreholes
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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 anticip