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Abstract First arrival times from P-wave refraction and
reflection seismic surveys along Bear Creek Valley on the
Oak Ridge Reservation, Tennessee, were inverted to
produce refraction tomographic velocity images showing
seismic velocity variations within thinly mantled karstic
bedrock to a depth of approximately 20 m. Inverted
velocities are consistent with two distinct bedrock groups:
the Nolichucky Shale (2,730-5,150 m/s) and Maynard-
ville Limestone (3,940-7,575 m/s). Low-velocity zones
(2,700—4,000 m/s) in the tomographic images correspond
to previously inferred cross-valley strike-slip faults; in
places, these faults create permeability barriers that offset
or block groundwater flowing along Bear Creek Valley.
These faults may also force groundwater contaminants,
such as dense non-aqueous phase liquids, to migrate lat-
erally or downward, spreading contamination throughout
the groundwater system. Other, previously unmapped
cross-valley faults may also be visible in the tomographic
images. Borehole logs suggest the low-velocity values are
caused by low rigidity fractured and vuggy rock, water
zones, cavities and collapse features. Surface streams,
including Bear Creek, tend to lie directly above these
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low-velocity zones, suggesting fault and fracture control
of surface drainage, in addition to the subsurface flow
system. In some cases, fault zones are also associated
with bedrock depressions and thicker accumulations of
unconsolidated sediment.
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Introduction

Cross-valley faults and fractures in the Valley and Ridge
province of the southern Appalachian Mountains complicate
groundwater flow and contaminant migration as contaminants
may migrate laterally from one set of strike-parallel flow
zones to another. In many areas, cross-valley faults are also
often overlain and obscured by meters or tens of meters of
sediment. This study tests one geophysical method, seismic
refraction tomography, as a means of imaging these cross-
valley structures buried beneath 3-10 m of unconsolidated
sediment.

Previous use of refraction tomography in karst areas

Applying seismic refraction tomography to near-surface
targets (upper 30 m) is a relatively recent development in
geophysics. The earliest papers employed refraction
tomography for static corrections on seismic reflection
surveys, not necessarily related to karst (e.g. De Amorim
et al. 1987; Docherty 1992; Zhu et al. 1992). Belfer et al.
(1998) combined refraction tomography, conventional
intercept-time analysis and diffraction stacking to identify
karst features and tunnels in Israel. Leucci (2003, 2004)
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integrated refraction tomography, electrical resistivity
tomography and ground-penetrating radar to identify caves
containing archeological artifacts in southern Italy, as well
as mapping shallow karst aquifers and assessing their
exposure to contamination. Carpenter et al. (2003) used
seismic refraction tomography to image subcropping
karstic bedrock in Kentucky and Illinois, and to identify
depressions related to filled sinkholes and fractures.
Although different tomographic inversion codes produced
generally similar images of the buried bedrock, the bedrock
surface in tomographic models was typically deeper than
bedrock reported in borings, which often rely on auger
refusal to identify the top of bedrock. Sheehan et al. (2005)
conducted a comprehensive evaluation of three seismic
refraction tomography codes, RayfractTM, SeisImagerTM and
GeoCT-1I"", for eight typical subsurface karst features,
ranging from a simple layered model to smallscale epi-
karstal pinnacles and caves. They concluded that artifacts
resulting from lack of ray coverage are common in
refraction tomographic images—smoothing the final model
is necessary to eliminate these computational artifacts, but
oversmoothing may remove legitimate features. They also
suggest, if possible, forward modeling be used to validate
refraction tomographic imaging of significant karst fea-
tures. In a recent study Higuera-Diaz et al. (2007) used
refraction tomography to identify a line of filled sinkholes
associated with a major fracture at the Ft. Campbell Army
Airfield in western Kentucky. These sinkholes are
hydraulically connected and form a subsurface conduit for
contaminant migration.

Geological and hydrogeological setting

This study was conducted near the Y-12 Plant within the
Oak Ridge Reservation, Tennessee. The Oak Ridge Res-
ervation is located in the Valley and Ridge province of the
southeastern Appalachian Mountains and contains three
national laboratory facilities: the Oak Ridge National
Laboratory, the Y-12 and K-25 Plants. Figure 1 is a gen-
eralized map of the reservation showing the study site
located in Bear Creek Valley, approximately 5-km south-
west of the main portion of the Y-12 Plant. A detailed map
of the study area is shown in Fig. 2.

Geological setting

Bear Creek Valley lies on the Whiteoak Mountain thrust
sheet which contains numerous geological structures on
several scales. The Valley is underlain by southeast-dip-
ping Maynardville Limestone and Nolichucky Shale, both
of Upper Cambrian age (Table 1). Cambrian Copper Ridge
Dolomite (Knox Group) outcrops on ridges surrounding
Bear Creek Valley. The contact of the Maynardville
Limestone and Nolichucky Shale, both members of the
Conasauga Group, runs parallel to and about 100-m
northwest of Bear Creek (Hatcher et al. 1992). These rocks,
which strike between N47°E and N67°E, have an average
dip of 43° to the southeast (King and Haase 1987; Hatcher
et al. 1992).

Fractures and faults are particularly important because
these largely control groundwater flow in Bear Creek

Fig. 1 A generalized map of
Oak Ridge Reservation showing
the study site and its location in
the state of Tennessee, USA
(after Carpenter et al. 1998).
Bear Creek Road runs along the
bottom of Bear Creek Valley.
The “Bear Creek Site” is the
study area

OAK RIDGE [
RESERVATION
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Fig. 2 The seismic refraction
lines used in this study, along
with approximate buried
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contacts. Roads and major
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Valley. Several systematic joint sets in Bear Creek Valley
have been identified by Foreman and Dunne (1991) and
Hatcher et al. (1992). These include bedding plane fractures
that strike approximately N55°E and dip approximately 45°
to the southeast, bedding-perpendicular strike-parallel joints
that strike approximately N41°E, dipping 45° to the north-
west, and other joint sets that strike obliquely (N15°E and
E-W) or at high angles to the strike of the formations,
including those joints trending approximately perpendicular
to strike (N54°W, dip 54°SW).

The latter joint sets have trends consistent with “cross-
valley” faults discovered by Hollon (1997), who noted in
core samples lateral and vertical offsets in subunits of the
Nolichucky Shale. The presence of Hollon’s cross-valley
faults is supported by apparent faults dipping 54°-60° on a
seismic reflection section (Doll 1998), and lineaments
visible on aerial photos of Bear Creek Valley. Hollon
estimated the maximum horizontal offset along these faults
as 50 m; the vertical offset is probably <10 m. Figure 3
shows a map with Hollon’s six cross-valley faults (labeled
HI1-H6) as well as Hollon’s interpreted displacement of the
Maynardville Limestone, and the seismic lines used in this
study.

Hydrogeology

The hydrogeology of the Oak Ridge Reservation, and Bear
Creek Valley in particular, are discussed extensively in
Moore (1988); Solomon et al. (1992), Shevenell et al.
(1992); Shevenell and Beauchamp (1994) and Goldstrand
and Shevenell (1997). Most groundwater on the reservation
is produced from the Knox aquifer, which consists of
several formations, as shown in Table 1. One of these

formations is the Maynardville Limestone, which averages
76 m in thickness, and subcrops beneath 3—10 m of allu-
vium along most of the length of Bear Creek Valley.
Potentiometric levels in the study area suggest overall
groundwater flow is to the southwest, along the valley and
parallel to the strike of the Maynardville Limestone. A
strong interconnection exists between Bear Creek, other
surface streams, and the groundwater system (Geraghty
et al. 1985).

Porosity and permeability of the Maynardville
Limestone

Porosity development in the Maynardville Limestone is
discussed extensively by Dreier et al. (1987), Goldstrand
(1995), and Goldstrand and Shevenell (1997). Matrix
porosities range from 0.5 to 2.1% in the Maynardville; this
porosity apparently results from the dissolution of gypsum,
anhydrite, carbonate mudstone and pyrite, as well as
dedolomitization. Slow matrix flow accounts for about
32% of the water-producing intervals in Bear Creek Valley.
Hydraulic conductivities as small as 0.12 m/day have been
measured in these zones.

Fracture porosity and karst conduits (cavities and solu-
tionally enlarged fractures with apertures greater than
6 cm) account for 68% of the water-producing zones in the
Maynardville. In general, the number of fractures and
spacing between fractures decreases with depth; fracture
spacing also increases with bed thickness (Sledz and Huff
1981; Moore 1988). Cavities and karst conduit flow are
concentrated in the upper 35 m. Below this depth, fractures
and matrix porosity probably convey most ground-
water. Most cavities encountered during drilling are
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Table 1 Geologic units within Bear Creek Valley

Unit Age Thickness Dominant lithology
(m)
Rockwood Formation Silurian 120 Sandstone, shale
Sequatchie Formation U. Ordovician 60 Argillaceous limestone
Reedsville Shale U. Ordovician 60 Calcareous shale
Chickamauga Group M. Ordovician 400-700 Limestone, argillaceous limestone, shale,
siltstone
Knox Group Lower Ordovician/Upper 75-120 Massive dolomite, siliceous dolomite, bedded
Mascot Dolomite Cambrian chert, limestone, some clastics
Kingsport Formation 90-150
Longview Dolomite 40-60
Chepultepec Dolomite 150-215
Copper ridge Dolomite 245-335
Conasauga Group Middle, Upper Cambrian 125-145 Dolomitic limestone, limestone, shale,
Maynardville Limestone siltstoqe, calcareogs siltstone and shale,
Nolichucky Shale 100-150 shaly limestone, limestone
Dismal Gap Formation (formerly Maryville 95-120
Limestone)
Rogersville Shale 20-35
Rutledge Limestone 3040
Pumpkin Valley Shale 90-100
Rome Formation Lower Cambrian 90-125 Shale, siltstone, sandstone, local dolomite
lenses
Knox aquifer units are in italics
Fig. 3 Seismic refraction lines H1H2 H3 H4 H5 Hé
in relation to strike-slip cross-
valley faults proposed I‘;)y f LINE_}.—

Hollon (1997) (adapted from
Doll 1998). The dashed gray
lines represent Hollon’s cross-
valley faults

MNolichucky Shale

LINE 3C

— e 3], LNE S

Copper Ridge Dolomite

solution-enlarged bedding planes, and occur where the
bedding intersects other joints and faults. Minor thrust
faults (duplicating 3- to 6-m sections of strata) have also
been observed in core; inter-well connections verify that
these faults also function as karst conduits (Goldstrand and
Shevenell 1997).

According to Hollon (1997), the cross-valley strike-slip
faults, which are the focus of this investigation, acutely
influence groundwater flow in Bear Creek Valley. Strike-
parallel flow along interconnected fractures, karst conduits
and thrust faults may be interrupted by faulted low-per-
meability shale beds. This causes groundwater (and any
entrained contaminants) to migrate along the fault plane
until it finds another high permeability strike-parallel zone.
Hollon (1997) also notes that these cross-valley structures
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affect “the hydraulic gradient by increasing the ground
water potentiometric head, because cross-fault permeabil-
ity is less than that of adjacent laterally permeable zones.”

Groundwater contamination in Bear Creek Valley

At the Bear Creek Burial Grounds, chemical and radioac-
tive wastes were commonly disposed of in unlined tren-
ches, holes and lagoons from 1955 until 1981. In 1990,
dense non-aqueous phase liquids (DNAPLs) were detected
at a depth of 84 m along the southern edge of the Bear
Creek Burial Grounds (Fig. 2). Dissolved phase contami-
nants have since been detected in wells within the Noli-
chucky Shale bordering the Maynardville Limestone. The
presence of DNAPL at increasing depth parallel to the
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regional dip direction suggests DNAPLs may have
migrated along a particular stratigraphic horizon, or along a
strata-bound fracture or fault zone (Dreier and Caldanaro
1994). DNAPLs from the Bear Creek Burial Grounds thus
appear to be moving downdip to the southeast, while
simultaneously migrating down valley, to the southwest. In
this model, when the DNAPL encounters a cross-valley
strike-slip fault, the free-product portion sinks several
tens of meters, looking for another highly conductive zone.
The dissolved phase, however, probably remains in the
groundwater, spreading laterally (Hollon 1997). King and
Haase (1987) suggest fractures within the Nolichucky are
connected to solutionally enlarged fractures in the May-
nardville and that once dissolved phase contaminants enter
the karstic Maynardville they may be quickly conveyed
offsite.

Data collection, processing and analysis
Previous seismic studies in Bear Creek Valley

Doll (1998) describes a series of seismic reflection
experiments and surveys in Bear Creek Valley utilizing
data collected by the Kansas Geological Survey during
the summer of 1992. Forty-eight channel common-mid-
point (CMP) gathers were recorded from an auger-gun
source. Geophone groups were spaced 3-m apart with
each group consisting of 3 Mark Products L-28E 40 Hz
geophones, each separated by 0.3 m connected in series.
A 48-channel EGG Geometrics 2401 seismograph was
used to record the data. Seismic traces were collected
with an “end-on” configuration in which the auger gun
was usually offset 12 m from the nearest geophone group
and 174 m from the furthest group. A few shots at each
line were also made with smaller offsets to obtain data
that could be used for static corrections. The auger gun
was then moved into the line of geophones and occupied
successive geophone positions. Geophones ahead of the
source were turned on with a roll-along switch, so that
the offsets from the shot remained constant along the
recording geophones.

Static problems and surface waves severely degraded
the data, and, initially, reflections could not be identified.
After application of spectral balancing, refraction statics
and common-midpoint stacking, reflections became visible
along Line 1, over the Nolichucky Shale (Doll et al. 2005).
This particular section was used by Hollon (1997) to image
cross-valley faults H4 and H6, and to estimate their dips.
Doll et al. (2005) notes that even with this advanced pro-
cessing, however, reflections were non-existent or discon-
tinuous over the Maynardville Limestone along Lines 2, 3,
and 4. He attributed the poor data quality and lack of clear

reflections to absorption of seismic energy in air-filled
cavities and fractures, scattering from heterogeneities,
extremely variable near-surface conditions, and other fac-
tors. In response to these problems, and similar lack of
success with refraction methods that depend on layered
earth models, Doll suggested seismic refraction tomogra-
phy be employed in Bear Creek Valley to image the
Maynardville Limestone.

In a much smaller-scale unrelated study, Chen et al.
(2006) successfully jointly inverted crosshole seismic wave
travel times and borehole flowmeter data to tomographi-
cally image fracture zones in the Nolichucky Shale at a
bioremediation site in Bear Creek Valley. Low velocities
corresponded to fractured zones and zones containing
solution openings.

Seismic data for refraction tomography

First arrival times from data collected along seismic
reflection Lines 1-4, as described above, were used in this
study, in addition to arrival times from three shorter
seismic refraction lines (Lines 5-7), as shown in Figs. 2
and 3. Lines 1-4 contain data collected in only one
direction—i.e. the shot was not reversed since these were
seismic reflection lines. Apparent dips in the resulting
tomographic images from these lines should thus be
regarded as superfluous, being strongly influenced by shot
position.

Lines 5-7, however, were collected as refraction lines
using a 5.5 kg sledgehammer source, one line of 48 geo-
phones, with single geophones at 0.6 m intervals and
multiple shotpoints, beyond both ends of the lines and
within the lines. Lines 5-7 thus provide fully reversed
refraction data sets with multiple source points. Lines 5-7
are much shorter than Lines 1-4, but they contain fully
reversed data at many different offsets.

Data analysis

First-break times of direct and refracted P-wave arrivals
were manually picked using the display software Seisx
(Thompson 1995) and plotted on time—distance graphs.
After an initial quality check and preliminary dipping
layered model interpretation first arrival times for each line
were input into the commercial refraction tomography
software package, GEOCT-1"" (GeoTomo 2001), which
inverts travel times to produce a two-dimensional (2D)
velocity image of the subsurface.

GeoCT-I uses a non-linear least squares inversion pro-
cess devised by Zhang et al. (1998), and a wavefront
propagation approach, for the modeling of travel times. A
unique aspect of GeoCT-I is that the inversion algorithm
seeks to minimize the difference between data and model
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values for both the average slowness (travel time divided
by raypath length) and apparent slowness (slope of the
travel time curve), instead of just minimizing the misfit
between modeled and observed travel times. GeoCT-I also
utilizes Tikhonov regularization to minimize model
“roughness” (Zhang and Toksdz 1998).

Various tests were run in which model inversion
parameters were varied and solution stability assessed.
Different initial models were tested with <10 to over 20
inversion iterations. At large numbers of iterations, only
minor changes occurred in the final model with dramatic
increases in processing time. On the other hand, employing
<10 iterations resulted in a model that is only moderately
perturbed from the initial model, and the misfit is larger.
Thus, 10 iterations were used for most refraction tomo-
graphic velocity inversions in this study.

Changing the smoothing (constraint) parameter moder-
ates the degree of change from cell to cell. If the smoothing
parameter is large, short-wavelength structures will be
averaged and reduced (or disappear outright). On the other
hand, when the smoothing parameter is set too small many
short-wavelength artifacts appear. The default (moderate)
smoothing constraint was chosen as a compromise between
an overly smoothed versus artifact-laden tomographic
image. Finally, different maximum and minimum velocity
limits were tested for the inversions. The robustness of the
velocity model was found to be dependent, for the most
part, on the number of shot points, and the number and
spacing of geophones in a spread. Large numbers of shot
points, in which geophones have redundant coverage at
different offsets, produce the most stable velocity models.

Element size varied from 0.7 m for the short lines to
9 m for the longest lines. The number of elements in the x
(horizontal) direction was typically about 205 and the
number of vertical elements was about 20 for most images.
The limited processing capacity of GeoCT-I required that
Line 1 be broken into three segments for inversion, and
Lines 3a and 3b broken into two segments each. GeoCT-I
also provides little control over how the sections may be
plotted. Thus, the vertical exaggeration often varies
between the refraction tomography sections. In the fol-
lowing sections, vertical exaggerations vary from a mini-
mum of 3.1 (Line 7) to as much as 8.5 (Line 1). Faults and

Fig. 4 Groundwater wells are
shown with seismic refraction
lines and approximate locations
of buried contacts. The “GW”

Nolichucky Shale

contacts thus appear much steeper than they actually are in
nature.

Comparison with well logs and identification of units
on the tomographic images

Numerous groundwater monitoring wells are present in this
field area—many of these were within 30 m of the seismic
lines and are shown in the images as projected well logs.
Figure 4 shows the location of the groundwater monitoring
wells, relative to the seismic lines. Although only a few of
these wells have geophysical logs, all of them have drillers
logs which provide depth to the top of bedrock, and in
some cases depth to the top of both weathered and fresh
bedrock, based on subjective interpretation by the driller
(Betchel National, Inc. 1984a, b, c; Jones et al. 1992).
Some of these wells also have information on depth to
water horizons, water “breaks” and the depth to fractures
and cavities. The water-level data, unfortunately, was not
contemporaneous with the seismic studies. Also, substan-
tially different water levels are often recorded for the same
well over a span of just a few days. This information is
displayed, where available, on the sections.

Individual velocity cells in the tomographic images were
lumped into seven velocity groups shown in Table 2 to
provide a consistent color scheme from image to image.
These velocity groups are based on a comparison with the
drillers logs and the few acoustic velocity logs made in the
Maynardville Limestone on the Oak Ridge Reservation.
Unsaturated sediments are represented by Units 1-2 (sandy
brown to green). Units 2 and 3 (green and blue) are
probably largely saturated, although it is likely that some of
the water levels within Unit 2 represent water under per-
ched or transient conditions, and should not be interpreted
to mean the entire green unit is saturated. Unit 3 (blue) is
more likely to represent fully saturated sediments, or
compact rigid sediments. Unit 4 (silver-gray) probably
represents highly weathered bedrock. Unit 5 (brown) may
represent less weathered bedrock, and Units 6 (red) and 7
(dark blue) probably represent fresh bedrock. The top of
Unit 5 was chosen as the top of bedrock and is highlighted
with an undulating bold line in the refraction tomographic
sections.

prefix is omitted from all well
numbers to improve clarity
(adapted from Doll 1998)

Maynardville Limestone

LINE 63,17 0071 247
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Jzs 82, szsoNES 0017 25
525 622| S
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Table 2 Velocity units for tomography

Unit Color Velocity range (m/s) Probable lithology

1 Sandy brown 300-850 Soil, relatively dry sediment

2 Green 850-1,490 Clayey or partially saturated sediment
3 Blue 1,490-2,000 Saturated or competent sediment

4 Silver-gray 2,000-2,730 Heavily weathered bedrock

5 Brown 2,730-3,940 Moderately weathered bedrock

6 Red 3,940-5,150 Unweathered Nolichucky Shale

7 Dark blue 5,150-7,575 Unweathered Maynardville Limestone

Fig. 5 Field record of a shot
point on Line 1, Segment 1, at
position 390 m. Short

horizontal dashes indicate first-
arrival picks. The shot is offset
12 m from the northeastern
geophone group. Distances
along the bottom represent
distance from the first
geophone, not the offset. Traces
25, 26, and 27 (boxed) show that
the first arrivals from the
bedrock refractor arrive earlier,
and at much faster velocity, than
adjoining traces

g

44 m

Results and discussion

In this section, seismic traces in the raw data are examined
for congruence with the final tomographic models, and the
imaging of gross changes in lithology is assessed. Imaging
of previously inferred cross-valley faults is then described,
along with the discovery of new faults.

Verification of tomographic models

Field record verification of refraction tomographic
features

Field records were examined to assure features on the
tomographic models were consistent with the field data.
Figure 5 is a typical example of seismic traces from Line 1.
The shotpoint is to the northeast, offset 12 m from the first
geophone. P-wave first arrival picks (short horizontal
dashes) indicate a heterogeneous subsurface. Decreased
slopes of the first arrival P-waves, for example, within the
box between traces #25-27, and changes in slope

Tirna imsec)

T

sl

0Om

Tttt

Horizontal Distance (m)

elsewhere on this field record, suggest the presence of
abrupt velocity increases and decreases. This velocity
increase (along with a similar flattening in the arrival times
on adjacent field records) is responsible for the abrupt
velocity increase (from red to blue) at about position
370 m, 18-m depth on the refraction tomographic image of
Line 1, Segment 1, as shown in Fig. 6. Other examples of
consistency testing between field records and final refrac-
tion tomographic images may be found in Atre (2006).

Imaging the Maynardville/Nolichucky contact

The major geologic contact between the Maynardville
Limestone and Nolichucky Shale shows up well in the
tomographic images (Fig. 7). The Maynardville exhibits a
velocity in the range 3,940-7,575 m/s (red to dark blue),
whereas the Nolichucky usually is slower, generally about
2,730-5,150 m/s (brown to red). The lower velocity
Maynardville (which overlaps the Nolichucky velocity)
probably represents weathered limestone along faults and
fractures, or Maynardville near the top of the subcropping
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Fig. 6 Tomographic 2-D velocity model for Line 1, Segment 1.
Inferred strike-slip faults from Hollon (1997) have been plotted.
Legend shows symbols used in cross-sections, including symbols
obtained from well logs. Horizontal bold line represents the Earth’s
surface and the undulating bold line deeper in the section represents
the interpreted top of bedrock. Locations of streams are also noted on
this and the following sections

bedrock. These values are consistent with velocities
recorded by sonic well logs in these formations (King and
Haase 1987, 1988). Thus, the Maynardville clearly exhibits
a higher velocity in both images, which suggests the
refraction tomography is responding accurately to litho-
logic changes.

Another way gross changes may be evaluated is to
compare refraction tomographic images from Line 1, such
as in Fig. 6, which lies entirely over the Nolichucky, to that
obtained over Line 3c, which lies entirely over the May-
nardville Limestone (Fig. 8). With the exception of inter-
preted faults and fracture zones, the overall velocity shown
in Fig. 8 is considerably higher than that visible in Fig. 6,
reflecting the higher velocity of unweathered limestone
compared with that of shale. Figure 6 suggests, however,
that a few parts of the Nolichucky, where the dark blue
patches appear, exhibit velocities similar to that of the
Maynardville—perhaps these represent the carbonate sub-
units within the Nolichucky (Hatcher et al. 1992).

Imaging cross-valley faults

Low-velocity zones in the refraction tomographic images
have been annotated by heavy black lines on Figs. 6, 7, 8.
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Fig. 7 Tomographic 2-D velocity models of Lines 2 and 4: a Line 2,
and b Line 4. The geologic contact between Nolichucky Shale and
Maynardville Limestone is shown as the heavy bold line—this contact
is not a fault. Legend and explanation for other symbols may be found
on Fig. 6
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Fig. 8 Tomographic image of Line 3c (i.e. the southwest segment of
Line 3) showing low-velocity zone near fault (H1) proposed by
Hollon (1997), as well as two possible previously unidentified faults.
Legend and explanation for symbols may be found on Fig. 6

These correspond to the cross-valley strike-slip faults
proposed by Hollon (1997), as well as other possible faults.
Those corresponding to Hollon’s positions are labeled
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H1-H6, as in Fig. 3; other faults inferred from the tomo-
graphic images are also depicted with heavy black lines,
but are not numbered. Well logs from Jones et al. (1992)
and Atre (2006) will be examined in detail below to see
what features were encountered in borings near these fault
zones. Well locations are plotted on the refraction tomog-
raphy sections to assist in this discussion.

Faults along Line 1

Figure 6 show a section from Line 1. Well logs from Jones
et al. (1992) indicate shale at the base of GW17, GW47,
and GW374, which is consistent with the location of bed-
rock highs between the inferred fracture zones and faults.
The log for GW16 lists no fractures or voids, despite its
proximity to fault H5. However, the log for GW71 records
a “water blowout” at 7.0-m depth, possibly due to a
fracture zone associated with H5. The log for GW623 also
records “fractures with water” at various depths. GW628,
near the southwestern end of this segment, encountered a
fracture zone and a thickening of unconsolidated overbur-
den to about 18-m depth. A dark black line representing an
inferred fault or unnamed fracture zone was thus added to
the section in the interpreted bedrock depression near
GW628. DNAPL was also encountered in this well at 82-m
depth, far below the base of the refraction tomography
section.

Faults along Lines 2 and 4

Figure 7 shows Lines 2 and 4, which both traverse Bear
Creek. This section was discussed above in the context of
refraction tomographic response to major lithologic
change. These images are examined here for low-velocity
zones that could be faults. Figure 7a and b suggests two
additional unnamed faults or fracture zones trend along the
axis of the valley, including a possible fault and low-
velocity zone directly beneath Bear Creek. The log from
GW119 records competent bedrock at about a depth of
6.8 m which is supported by the refraction tomographic
image shown in Fig. 7a.

Faults along Line 3

Figure 8 depicts the southwestern segment of Line 3 (3c).
The well log from GW727 records competent bedrock at a
depth of 11.9 m, which is consistent with high velocity
material indicated in the tomographic image of Line 3c
(Fig. 8). The prominent red zone of slightly lower velocity
at position 700780 m may indicate yet other cross-valley
faults or a fault zone. This zone appears to be a major low-
velocity zone and is about 60-m wide.

1253
@O
o
= Line 1 b
LUned © T =
S | | ]NI.W stream G NE
i 300
21 850
& be 190 <
£ 2000 &
D . F
O 164 2% 2
M0 &
253 5150
= 755
576 4039
Crstance (m)
o
3
Ed
=)
WNW STraam
S | NE

GWT2BEGWTHN|  Line 3b

762 m 552 m

Fig. 9 Lines 1, 7 and 3, showing a wide strike-slip zone (H3)
proposed by Hollon (1997). The top section is a portion of Line 1,
Segment 2, the middle section is Line 7, and the bottom section is a
portion of Line 3b. The lines are in correct lateral alignment, although
the distances between the lines are compressed

The H3 fault zone

Line 1, Segment 2, Line 7 and Line 3b all show evidence of
the H3 fault zone. Hollon (1997) suggests a wider area of
fracturing for H3 than the other fault zones. This seems to
be reflected in the refraction tomography images. Figure 9
shows all three refraction tomography sections aligned in
their correct lateral positions. Fault zone H3 appears to be
responsible for a low-velocity zone on Line 1, Segment 2
(top panel), and this fault zone appears to be coincident
with thicker overburden and low-velocity zones along
Lines 7 and 3b (middle and lower panels respectively). The
top panel in Fig. 9 also suggests a heavily disturbed zone
(represented by a wide low-velocity zone) at the intersec-
tion of faults H3 and H4. This is supported by the drillers
logs from GWI117 which has a zone of water inflow
extending from 9.1 to 16.7 m depth—this is probably a
solutionally enlarged fracture or fracture zone(s). Water
levels (indicated by the inverted triangle symbols) in this
disturbed zone also fluctuate greatly from well-to-well, or
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Fig. 10 Ground-penetrating SW
(GPR) radar image from a
profile that includes seismic
Line 7 showing apparent
collapse features along the H3
fault zone (after Carpenter et al.
1995). The extent of Line 7 on
the GPR section is shown by the
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even within the same well, in a rather anomalous manner.

Substantial fracturing has also been recorded in well
GWG625 near the H4 fault zone. On Line 3b (bottom panel
of Fig. 9) logs from GW728 record silty and cherty “void
fill” below 10-m depth and the log from GW-790 records
fractures around 35-m depth. Both of these wells are
adjacent to the H3 fault zone.

Finally, a ground-penetrating radar line coincident, in
part, with seismic Line 7 suggests collapse features in this
same area (Fig. 10). These collapse features may account
for the thickening of the overburden along this fault zone,
as suggested by Lines 7 and 3b.

Stream trends and underlying fracture zones

Surface streams, usually with northeast or northwest ori-
entations, lie directly above low-velocity zones and
inferred faults on several of the refraction tomography
images. The location of these streams is noted at the top
of the images in Figs. 6, 7, 8, 9. For example, a north-
west-trending stream lies directly above the low-velocity
trough between HS5 and H6 in Fig. 6. Figure 7b (line 4)
suggests a low-velocity zone lies directly beneath Bear
Creek. A northwest-trending stream lies over the low-
velocity zone near the northeast edge of Line 3c in Fig. 8.
Finally, the top panel in Fig. 9 (Line 1, Segment 2)
suggests a north—northwest trending stream lies directly
over fault H4, whereas the bottom panel (Line 3b) sug-
gests a west—northwest trending stream lies on the
southwestern edge of the H3 fault zone. Thus, many of
the streams in this portion of Bear Creek Valley may be
fault or fracture controlled.
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Conclusions

The following conclusions may be drawn from this study:

1. Refraction tomography velocity models effectively
image low-velocity zones in the subsurface that
probably correspond to faults and fractures. These
discontinuities are important in structural geology,
hydrogeology and engineering geology.

2. Refraction tomography may be able to provide
subsurface images and models in karstic areas where
conventional seismic refraction and reflection methods
fail. Specifically, refraction tomography appears to be
an effective tool for mapping lateral velocity discon-
tinuities in the shallow subsurface and for mapping
bedrock relief. The water table, or saturated sediments,
may also be identified, in some cases.

3. Seismic reflection data sets may be “reused” for
seismic refraction tomography. Although seismic
reflection data is generally collected in a unidirectional
mode, considerable information on the shallow sub-
surface exists within these data sets and may be
extracted by inverting the first arrival times using
refraction tomography.

Velocities of bedrock obtained through tomographic
inversion are consistent with two distinct bedrock groups:
the Nolichucky Shale (2,730-5,150 m/s) and Maynardville
Limestone (3,940-7,575 m/s). Low-velocity zones (P-wave
velocity of 2,700-4,000 m/s) in the refraction tomographic
images correspond to previously inferred cross-valley
strike-slip faults. Boreholes, and ground-penetrating radar
sections, suggest the low-velocity values are caused by low
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rigidity fractured and vuggy rock, water zones, cavities and
collapse features.

Several other faults probably occur where steeply dip-
ping low-velocity zones cut the tomographic images, in
addition to the six previously inferred strike-slip faults.
Surface streams, including Bear Creek, tend to lie directly
above these low-velocity zones, suggesting fault and
fracture control of the surface drainage. In some cases,
fault zones are also associated with bedrock depressions
and much thicker unconsolidated overburden.

Future surveys in Bear Creek Valley should concentrate
on the cross-valley fault zones identified in this study. Fully
reversed refraction surveys with shots within the lines, with
a tight geophone spacing (about 0.3 m), would provide
high-resolution tomographic images of the cross-valley
fault zones without the distortions present in the unidirec-
tional seismic reflection data set. Other geophysical
methods (e.g. resistivity tomography) could also be
employed over these fault zones. Finally, boreholes could
be drilled in locations corresponding to the inferred “other
faults” based on the refraction tomography images
obtained here, to test the accuracy of these models. Ulti-
mately, the conceptual groundwater flow and contaminant
migration model for Bear Creek Valley will be refined by
delineating these cross-valley faults.
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