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ABSTRACT

Faults in shallow, unconsolidated sediments, particularly in coastal plain

settings, are very difficult to discern during subsurface exploration yet have

critical impact to groundwater flow, contaminant transport and geotechnical

evaluations. This paper presents a case study using cross-over geophysical

technologies in an area where shallow faulting is probable and known

contamination exists. A comparison is made between Wenner and dipole-

dipole resistivity data, ground penetrating radar, and high resolution seismic

data. Data from these methods were verified with a cone penetrometer

investigation for subsurface lithology and compared to existing monitoring well

data. Interpretations from these techniques are compared with actual and

theoretical shallow faulting found in the literature. The results of this study

suggests that 1) the CPT study, combined with the monitoring well data may

suggest that discontinuities in correlatable zones may indicate that faulting is

present 2) the addition of the Wenner and dipole-dipole data may further

suggest that offset zones exist in the shallow subsurface but not allow specific

fault planes or fault stranding to be mapped 3) the high resolution seismic data

will image faults to within a few feet of the surface but does not have the

resolution to identify the faulting on the scale of our models, however it will

suggest locations for upward continuation of faulted zones 4) offset 100 MHz

and 200 MHz CMP GPR will image zones and features that may be fault planes

and strands similar to our models 5) 300 MHz GPR will image higher resolution

features that may suggest the presence of deeper faults and strands, and 6) the

combination of all of the tools in this study, particularly the GPR and seismic

may allow for the mapping of small scale, shallow faulting in unconsolidated

sediments.
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INTRODUCTION

The disruption of sediment and soils associated with near surface and surface

faulting in shallow, unconsolidated sediments is often difficult to discern during

subsurface investigations. Numerous studies suggest that near surface faulting

in unconsolidated sediments exists in a variety of forms and may not be obvious

even in areas where surface displacement has occurred (Bonilla, 1972; Bonilla

and Lienkaemper, 1990; Crone and Luza, 1990).

The presence of shallow faulting in the alternating sands and clays of the L

southeastern coastal plain is important for understanding the hydrogeologic

conditions associated with these lithologies since shallow faults may act as

preferential pathways for horizontal flow, or as conduits for vertical flow between

aquifer systems. The presence of deeper faulting, wnich may be a geotechnical

hazard, may also be indicated by shallow expression. Acting as a horizontal

pathway, a fault may channel contaminants from a source to areas not predicted

in conventional groundwater flow modeling. Evidence of shallow faulting, acting

as a vertical pathway, is further described in Nielson, 1991. Discussions of

geotechnical hazards associated with near surface faulting are found in a

variety of engineering geology and civil engineering literature and the reader is

referred to journals in those disciplines for further information.

Examples of shallow faulting used for comparison in this study are modified

from Bonilla and Lienkaemper (1990), Roth et al (1981), D'Appolonia (1979)

and Witboard et al (1993). In coastal plain sediments, numerous faults, clastic

dikes and sinks are known (Seeber and Armbruster, 1983, D'Appolonia, 1979)

and this paper examines and compares several techniques for identifying the
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location and character of shallow faults within the Savannah River Site, a large

(309 sq. mi.) DOE facility in the South Carolina coastal plain (Figure 1).

Earthquakes with epicenters within the Savannah River Site are known

(Stephenson, 1985, 1988) which may suggest that historical localized

earthquake activity may have affected the shallow subsurface. Marine and Siple

(1974) and Cumbest et al (1992) describe a fault bounded Triassic basin

underlying the SRS which may also effect localized shallow faulting.

The shallow geology of the study area, inferred from monitoring well

geophysical logs and drill core is shown on Figure 2. This area is adjacent to

several large waste sites and was chosen because of the numerous

groundwater monitoring wells nearby and because possible faults were inferred

from the localized subsurface data. Monitoring wells within the study area have

detected contamination in a deeper aquifer which suggests vertical flow.

Groundwater and surface water characteristics within the coastal plain are

largely controlled by physiography and subsurface stratigraphy. The study area

is underlain by a seaward-thickening wedge of unconsolidated and semi-

consolidated fluvial, deltaic, and marine sediments. The Late Cretaceous to

Holocene sediments are approximately 1,200 feet thick and are generally

saturated to near surface depths.

Traditional Wenner array surface resistivity, is combined with dipole-dipole

data, 10 cone penetrometer tests, three ground penetrating radar configurations

and a high resolution seismic reflection survey. A comparison of the standard

techniques with the CPT, GPR and high resolution seismic combination is made

to determine the adequacy of these techniques for shallow fault delineation.
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METHODS

The existing borehole information and CPT data are used as standards and are

compared to the Wenner resistivity survey, a dipole-dipole resistivity survey, the

high resolution seismic survey and the three GPR frequency and antenna

configurations. These techniques and use in this study are briefly described

below.

Cone Penetrometer D.ata

The cone penetrometer is routinely used in engineering geological studies and

is becoming more widely used in environmental characterization. This

technique uses a truck mounted hydraulic system to push an instrumented

probe or sampler into soft sediments, often for hundreds of feet. The probe

instrument, typically 35.7 mm in diameter with a tip apex angle of 60o, records

at a minimum, sleeve friction and tip resistance, and may record resistivity,

natural gamma, spontaneous potential, velocity and sonic data, pieziometric

values and a variety of other geological and geotechnical parameters.

Parameters may be manipulated to produce logs, similar to geophysical logs,

that may then be correlated for an understanding of the shallow geology. This

technique has particularly been used in studying submarine geology (for

example, see Hampton et al, 1982). It is also possible to obtain soil and water

samples with many types of CPT tools for direct stratigraphic and contaminant

identification. Lithology types and densities may also be indirectly determined

for calibration of other geophysical techniques. An excellent discussion of the

direct push technique is found in Robertson and Campanella, (1989).
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Ten direct push locations were used to provide additional shallow subsurface

information. Three monitoring wells with gamma logs and core descriptions are

also used to correlate with the CPT data. The spacings and relative depths of

these locations are shown on Figure 3a.

Resistivity

Surface resistivity is a well known and understood geophysical tool and has

been used in shallow fault investigations in unconsolidated sediments (for

example, Krieter and McKalips, (1978) and Andrews, (1961)) and is very often

used in mapping shallow subsurface structures. The body of literature relating

Wenner and dipole-dipole surveys with depth correlations is extensive and

these methods were chosen to key on the overlapping depths in which shallow

faulting was expected. This study utilized traditional Wenner profiling and

followed an approach similar to that applied by Stearns et al (1986) and

Haselton and Tsau (1986) for locating a fault in unconsolidated sediments in

the Mississippi Embayment, which are similar to those of the study area.

Additionally, a dipole-dipole profiling/sounding survey was conducted in an

attempt to investigate deeper structure for a more direct comparison to the

existing geological cross-section. Data was acquired along an east-west, 1000

foot transect centered on monitoring well HSB-69 and CPT-1 and along the line

of the CPT borings. The Wenner data was acquired from east to west and the

dipole-dipole data from west to east. Figure 3b shows the results from these

surveys.
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The Wenner data was acquired using three 'A' spacings of 20, 40 and 80 feet.

Profiling was accomplished by keeping the eastern current electrode fixed for

each 'A' spacing and moving the remaining electrodes the appropriate

distances, therefore, each profile has different center points. Following Beck

(1981), the 'A' spacings used generated apparent resistivities from 7', 13' and

27' respectively which are shown on Figure 3b.

A dipole-dipole survey (Bodmer and Ward, 1969 and Ward, 1990) was also

performed for investigation of deeper electrical structure. Work by Ross et al

(1990) and more recently in South Carolina by Waddell, (personal

communication, 1993), suggests that this method has applicability as a

comparison for this study.

A dipole-dipole profile/sounding, with a 40 foot N spacing, up to N=4, was

acquired along the study line. The N spacings assumed a 35% depth of

investigation for the dipole-dipole configuration (Beck, 1981), therefore, N=I

through N=4 investigated 42', 56', 70' and 84' respectively. The results from this

profiling and sounding are shown on Figure 3b.

Hiah Resolution Seismic Survey

A high resolution seismic survey was conducted over the study area in the

summer of 1993 using a 48 channel EG&G 2401 seismograph and a Bison

Instruments Elastic Wave Generator (EWG-1). 100 Hz geophone spacing was

six feet and shot spacing was six feet with a nine foot near offset. Each shot was

stacked three times. A 100 Hz low cut filter and 60Hz notch were used with a

0.20 ms sampling interval over a 409 ms record. Velocity control was estimated
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using nearby refraction data, a nearby monitoring well with sonic data and

generally accepted values for unconsolidated, water saturated sands. The high

resolution data, with interpreted faulting, is seen in Figure 4. Only those faults

thought to affect the study area are shown.

The high resolution data was processed using the following sequence:

geometry, amplitude balancing, deconvolution, F-K filter, gather, velocity

analysis, NMO, mute, DMO and stack. Several noise trains were evident

throughout the field data and were associated with truck bouncing caused by

the EWG-1 and possibly with elastic rebound associated with the hammer to

plate contact. These noise sources were removed with the F-K filter.

Ground Penetratina Radar

Two GPR systems, a Pulse Ekko-IV and GSSI SIR-10, were used in the study

with three antenna frequencies and configurations; a GSSI 100 MHz in-line bi-

static configuration, a Pulse Ekko 200 MHz system used in a CMP mode and a

GSSI 300 MHz monostatic antenna. For basic GPR theory see Moffat and

Puskar (1979), Ulriksen (1982), Davis and Annan (1988), Beres and Haeni

(1991), Annan and Cosway (1992), Fisher et al., (1992) and Wyatt et al, (1993).

The 100 MHz bistatic data was acquired using two channels on a SIR System-

10 in a transmitter and receiver, zero offset and transmitter to receiver, five foot

offset configuration using the GSSl high power transducers. The best data wlth

least noise was provided by the five foot offset configuration using a fiber optics

connector and is used for this study. The overall appearance of the zero offset

100 MHz data is similar to the 300 MHz data discussed below. Vertical scan
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record length was 600 ns with 512 samples per scan or a 1.17 ns sampling

interval (100 cycles per scan). This configuration returned data from an

approximate depth of 42 feet. Table 1 describes the processing applied to the

raw data for each GPR line. A very mild, 20 sample vertical low and high cut

filter was applied to the data to act as a bandpass noise filter. A horizontal low

cut filter was used to sum 20 horizontal traces to each center trace and

effectively stack the data. There are 32.8 scans per meter, therefore a 20 trace

stack allows for an approximate averaging of 0.67 meters, or 1/3 of the

calculated Fresnel zone at 200 ns, moderately smoothing horizontal features

and reducing potential noise problems.

The 200 MHz data was acquired with a Pulse Ekko-IV system using a CMP

technique. This technique is discussed in Annan and Cosway (1992). The multi-

offset CMP method used a 3' antenna spacing with 16 walkaway shotpoints

three feet apart. A three foot offset was chosen because 1) this spacing is the

largest interval (i.e. sampling two parts per wavelet) for a 200 mHz system

seeking unaliased sampling or wavelets assuming a soil velocity of 0.5 ft/ns,

and 2) a three foot interval allowed for more rapid surveying. It should be noted

that actual velocities, using this technique, found were approximately 0.3 ft/ns

and that some spatial aliasing occurred (Hu et al, 1992). Record length was l#s

with a sampling rate of 0.8 nanoseconds.

The third GPR technique used the SIR System 10 in a single channel mode with

a fixed 300 MHz antenna. Record length was 300 ns with a vertical sampling

interval of 1024 samples per scan or a sampling rate of 0.3 nanoseconds. The

horizontal sampling interval was 32.8 scans per meter. Mild filtering was

applied similar to the 100 MHz data. This technique acquired inforrmation to a
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usable depth of investigation of about 100 ns or about 15 feet. Table 1

describes the processing used for this data.

Processing of the 100 MHz and 300MHz data was completed using the GSSI

Radan III software. No static corrections were applied because of only minor

topographic changes along the portions of the transect used for this study. The

200 MHz data was processed by the Houston Advanced Research Center with

seismic software modified for GPR velocities. Static corrections were applied to

this data because it covered a longer transect and topography was a factor,

however, the portion of the data used for this study was essentially flat.

DISCUSSION

It is not possible to trench or directly observe the small scale faulting this paper

explores because of environmental and contaminant concerns. Therefore,

examples of shallow faulting in unconsolidated sediments from the literature

and from trenching in uncontaminated areas within the general region of the

study area are used as a comparison. Figures 5a-d are examples of faulting in

shallow unconsolidated sediments. These examples, or variations, are the

general style of faulting expected to be imaged from the techniques discussed

below.

High Resolvtion Seismic Data

The high resolution seismic data is shown on Figure 4. This high quality data

images obvious offset reflectors at shallow (approximately 30-35 feet) horizons

and deeper. This data is correlated with the resistivity, CPT and radar data sets
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by the locations of the CPT holes shown as black tic marks at the top of the

figure. Abruptly terminating reflectors, changes in amplitude and frequency and

reverses in polarity are positive indications of structural offset with depth. Fault

traces are more difficult to follow through the Cretaceous section (beginning

about 0.1 milliseconds), however, using the criteria described in Campbell

(1965) and Sheriff (1982), it is possible to extrapolate faulting from basement to

the upper resolution of the data.

Work by Goforth and Hayward (1992), Knapp and Steeples (1986 a & b), Miller

et al (1990), more recently from 2D and 3D work in progress by the authors

supports new techniques for very high resolution seismic imaging of the shallow

(zero to 200+ feet) subsurface for the indication and detection of shallow

faulting.

The fault pattern is similar to structural styles and features described in Genik

(1993) for similar age rift basinal faulting in Africa. Listric normal faults with

concurrent synthetic and rotational secondary faults, form a characteristic

growth fault pattern. Some features of the fault system, may indicate that a

recent reactivation of the fault has added a transpressional shear and reverse

motion component to the system (Apperson and Waddell, 1993) and similar to

that observed by Sexton and Jones (1986).

Using the CPT and monitoring well locations marked on the seismic data, it is

possible to project deeper faulting continuity to the surface and identify the area

to evaluate for expressions of small scale faulting in the near surface.

CPT Data,

III I i
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Figure 3A is a geologic cross-section created from the CPT data. CPT curves

(for example 1,2E, 2W) are a presentation of the Friction Ratio, or ratio of the tip

resistance versus the sleeve resistance and are interpreted much like natural

gamma curves (the natural gamma curves for the three nearest monitoring wells

are shown for comparison to the FR curves). Values to the left are usually sands

and values to the right are usually silts or clays. The exact depth to the water

table at the time of this study (during an extended drought) is shown. The

correlations between the Friction Ratio logs and the gamma ray curves for wells

HSB-84, 69 and 127 are good and provide a basis for comparison between all

of the CPT pushes. The shaded horizons are a sand interval used as a

reference for discussions.

No direct faults are inferred from the shape of the cross-sectional profile and

there are no features immediately comparable to Figure 5. The location, dip and

sense of motion of flexures between 5W and 2W and associated with 3E may

imply a structural origin because the bed thicknesses are unchanged. Also,

faulting may be inferred because of the possible repeated section seen in 4W

(and maybe 5W).

Correlating Figure 3a with Figure 4 suggests that faulting should be observed

on the CPT cross section between 5E and 4E, 3E and 2E, 2E and 1, and

between 5W and 6W. No direct offset is seen on the CPT cross-section but the

flexures associated with 5W and 3E support the faulting interpretation. It is

interesting to note that it was possible to push to the silt/clay horizon found at

the approximate 130' depth in 3W, 2W, lW, 1 and 2E, between areas of inferred

faulting. If all pushes are of equal force and the principal variables are
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subsurface lithologies, then maximum push resistance depth may suggest that

the silt/clay horizon seen in location 1, may be the same horizon seen in the

shallower pushes but outside of the faulted areas.

Resistivity
v

I

Because the overburden was relatively resistant (7000-8000 ohm-feet) relative

to observed values at depth (0 to 800 ohm feet) it is felt that the observed

apparent resistivities are valuable for interpreting the subsurface geology.

Krietler and McKalips (1978) found that horizontal Wenner profiling was not

always successful in locating shallow faults but in some cases the changes in

apparent resistivity across a fault weri_ apparent. Rapid changes of several

hundreds to thousands of ohm/feet in the shallow Wenner data, corresponding

with changes in the dipole-dipole data from this study may suggest the

presence of faults at the surface. These data are only potential indicators of

faulting and cannot precisely identify a fault cut or plane.

For the dipole-dipole data on Figure 3b the overall observed pattern of the

resistivity contours is similar to examples from data over ore bodies (for

example, see Pelton et al, 1978) but the best observed comparison is seen from

the observations of Ross et al (1990) for complexly disturbed areas associated

with slumps and faults in Utah. Additionally, a sense of motion might be inferred

from the contours of the data (adjacent to 4E, for example) if it is assumed that

higher resistivities indicate the presence of near surface material and low

resistivities indicate the presence of deeper material. If generally lower values

are adjacent to higher values, then it might be assumed that deeper material is
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adjacent to shallower material, or vice versa (similar to fault example 5d). It is

possible that the resistivity values are imaging a channel cut and fill, however,

this does not appear to be consistent with the CPT data. The general alignment

of contour interval changes, dipping eastward between 5W and 2W, correlates

well with the CPT data. Westward dipping values between 5E and 4E also

agree with the CPT data. Overall, the resistivity data do not provide sufficient

resolution for determining fault presence or orientation. The combination of the

CPT and resistivity data constrain the interpretation to suggest that differences

in resistivity, when combined with differences in CPT lithologies, may more

strongly suggest that a fault is present and give some morphological information

but not allow interpretation of faulting on the scale of our comparison models.

Ground Penetratina Radar

Seven GPR profiles are shown on Figure 6a-g. These lines are aligned with the

locations of the CPT holes and labeled appropriately. CPT holes 5w, 1 and 5E

are shown. The remaining CPT locations are shown in the correct location as

black dots. Table 1 describes the general processing parameters for each line.

Techniques for the seismic style processing of GPR data are discussed in

Fisher et al (1992) and Hu et al (1992). The use of multiple antenna frequencies

is discussed in Davis and Annan (1989) and Smith and Jol (1992). The

projected zones of faulting from the seismic data (Figure 4) are also shown on

Figure 6 and labeled as "fz".

All data was acquired during the South Carolina drought of 1992. The overall

seasonal variation of moisture remained steady throughout the study and the

variations noted in Roberts et al (1991) are not thought to affect the data.
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However, the authors have noted the effects of moisture fronts as they move

downward through the soil column in other GPR studies. Lithostratigraphic

correlations are good for the single velocity (6-7 ns/ft) model, since the water

table is so close to the surface. However, if the water table had been deeper, it

is felt that a two velocity model would be appropriate (Killey and Annan, 1985).

Figures 6a-d are 100 MHz data presented with increasing amounts of

processing applied. These lines used a record length of 600 ns with 400 ns

displayed. No usable data was available below 400 ns and much of the data

below 300 ns is questionable. The wavy character of the reflectors between 50

and 150 ns located between 6W and 1 (see arrows on 6a) on all radar transects

may be interpreted as a bedded sand and silt channel following the

suggestions of Beres and Haeni (1991) and confirmed by the sand lenses

interpreted from the CPT data. Hummocky reflectors surrounding this feature

may indicate discontinuous bedded sands and gravels. The horizontal reflector

consistent across the data is the water table (Annan et al, 1991), labeled "wt" on

the figure. However, the complex angular and broken reflectors may suggest

the presence of fracturing and faulting offset. Because this zone correlates with

an area of inferred faulting from the seismic and CPT data, it is thought that the

GPR is imaging unconsolidated fracturing and fault stranding in a bed or

channel containing bedded sands and silts.

Faulting criteria used for the radar data are those of Sheriff (1982) defined for

seismic data and include 1) abrupt reflector terminations, 2) direct fault plane

reflections, 3) presence of diffractions especially at a termination, 4) visible drag

and rollover, 5) correlations of reflectors across a fault plane and possibly 6)

loss of coherency beneath a fault plane or distorted dips seen through the fault
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plane. The presence of offset on some reflectors while unbroken on others may

be explained by shear or fault reversal on dip slip planes (DePaor and

Eisenstadt, 1987).

Figure 6a shows the 5' offset data with numerous shadows, apparent velocity

contrasts, dip and bedding changes and diffractions that are thought to be

associated with small scale faulting with offsets on the order of 10 to 20 ns (see

Crone and Luza, 1990) The presence of channel fill between possible fault

traces may suggest that faulting was syndepositional while the presence of

fracture traces through the sand body (see 6c) suggests later motion or

reactivation of the fault. Numerous vertical offsets, difficult to distinguish on the

other lines but apparent on 6c, are possibly fault stranding similar to our

reference model 3A. Figure 7a shows an enlarged section of Figure 6a and a

possible fault alignment. The two vertical lines (in 7a) may mark a velocity bust.

In both 6c and 6d chaotic reflectors are thought to represent complexly

disturbed areas (same as in Figure 6b). It is interesting to note that the complex

disturbances labeled 'd' on Figure 6c and d returned no signal in Figure 6b.

The deconvoluted line 6b shows obvious diffraction's associated with the

disturbed zone on line 6a and on the enlarged figure 7c. Deconvolution

reduces the "ringiness" common to GPR data and sharpens the contact

between offset reflections. The alignment pattern shown by the arrows is

thought to represent a fault plane corresponding the seismic "fz" between CPT

5E and 3E.

4

Figure 6c is a migrated section that shows possible arcuate to linear zones of

offset (enlarged on Figure 7b). Migration seems to enhance the lithological
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interpretability of the data and makes the channel cut and fill and lap features

more visible. The arcuate nature of these anomalies is thought to represent

anomalous velocity zones representing displaced sediments. If these zones

were linear it would be possible to assume a velocity problem. These arcuate

patterns are similar to the comparison models 5b and 5d.

Figure 6d is both deconvoluted and migrated. There are features on this line

that may be interpretable, but generally this data appears too noisy or confused.

The dip change, possibly similar to fault example 5d, just west of CPT-1 is

consistent on this line, as it is on all GPR lines, and is probably a down to the

west fault plane.

Offset reflectors, above and below reflectors that are apparently not offset, pose

problems for fault continuity. The faults, for the purpose of this study, are

considered continuous throughout the section because, one) many non-offset

horizons show amplitude changes possibly indicating fracturing, and two) the

offsets may occur out of the plane (similar to model 5c) and therefore, not be

visible. Additionally, faults in unconsolidated sediment often translate by grain

rotation through any given bed (for example, see Bonilla and Lienkaemper,

1990).

The raw 100 MHz data (Figure 6a) has elements of all features while the

deconvoluted data (6b) enhances diffractions that may represent faults. The

migrated data (6c) shows the best overall velocity and offset relationships.

Figure 6d, the deconvoluted and migrated section is the most difficult to

interpret.
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Figure 6e and 6f is the 200 MHz data stacked and migrated, respectively. The

migrated data exhibits numerous offsets and dip changes that may be

interpreted as faulting, the zones of possible faulting, but not the overall

configuration of the faulting, correspond well with the 100 MHz data and with

the seismic "fz's". The enlarged section on Figure 7d shows the interpreted

offsets with rollover and drag. It should be noted that the linear velocity anomaly

shown on 6a and 7a is also seen in the 200 MHz data (see arrow). The channel

seen on the 100 MHz data and the CPT data is obvious on the 200 MHz data.

Figure 6g is the 300 MHz data and images the upper 15 feet of the study area.

Suggestions of the channel are present between CPT 1 and 6w and the dip

change seen in all of the lines west of CPT-1 is also present. It is difficult to

interpret whether the changes in the line between CPT-1 and 5E are associated

with faulting or near surface interferences because of the shallow investigation

of the data. The velocity anomaly seen on 6a (100MHz data) and on 6 f (200

MHz) data is present in the form of an offset zone thought to be a fault strand

similar to examples 5a and 5c.

CONCLUSIONS

The results of this study suggests that 1) the CPT study, combined with the

monitoring well data may suggest that discontinuities in correlatable zones may

indicate that faulting is present 2) the addition of the Wenner and dipole-dipole

data may further suggest that offset zones exist in the shallow subsurface but

not allow specific fault planes or fault stranding to be mapped 3) the high

resolution seismic data will image faults to within a few feet of the surface but

does not have the resolution to identify the faulting on the scale of our models,
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however it will suggest locations for upward continuation of faulted zones 4)

offset 100 MHz and 200 MHz CMP GPR will image zones and features that may

be fault planes and strands similar to our models 5) 300 MHz GPR will image

higher resolution features that may suggest the presence of deeper faults and

strands, and 6) the combination of all of the tools in this study, particularly the

GPR and seismic may allow for the mapping of small scale, shallow faulting in

unconsolidated sediments.
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Figure Captions

Figure 1" The Savannah River Site lies within the South Carolina/Georgia

coastal plain of the southeastern US.

Figure 2: A portion of the geologic cross-section showing possible faulting

based on borehole geological and geophysical correlations. The lithology

underlying the study area is also shown. The original faulting was inferred from

discontinuous or non-correlatable bedding between adjacent wells.

Figure 3: Comparison of resistivity and dipole-dipole data generated from

this study. The seismic shotpoints are listed across the top of the figure and the

CPT locations with distances are also Shown. Fig. 3A is the summary cross-

section created from the CPT. The lithology for the monitoring wells is given in

detail on Figure 2. The gamma ray curves from the adjacent monitoring wells

are shown for comparison with the Friction Ratio curves of the CPT. The

resistivity curve from monitoring well HSB-69 is also shown for comparison. The

shaded areas are interpreted sand units that are highlighted for comparison.

Figure 3B presents the combined resistivity data from the Wenner

sounding/profiling and the dipole-dipole survey. Apparent resistivity values are

plotted in ohm-feet. Contours were generated with a simple least-squares

= computerized mapping program. "A" and "N" spacings are shown on the left

and depths calculated according to Beck (198?) on the right.

Figure 4: Part of the high resolution east-west seismic data that suggested

the presence of basement involved faulting. Zero to 409 ms of data are shown.

The "R" represents the maximum depth of exploration for the 100 MHz GPR
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data, the "D" the calculated maximum depth of explorationfor the dipole-dipole

data. The "K" is the top of the Cretaceous, and the "B" is basement. The well

symbols are for the monitoring well locations and each vertical tic mark

correspondsto a CPT location.Intervalvelocityanalysis indicates that 0.1 ms is

25', 0.2 ms is 50' and 0.3 ms is75'. The topof Cretaceousis 100 ms or 265 feet.

Basement is at 350 ms or approximately1000 '. The coastalplain sedimentsdip

from west (W) to east (E) and this seismic line probably cuts the faulting

obliquely. The morphology of the fault systems suggests that this fault is an
t

extension/growthfault with some possiblestrike-slipcomponents.

Figure 5: Shallow faulting examples used for comparisons with this study.

Note the scale of the features. Figure A is from Bonilla and Lienkaemper (1990)

and demonstrates fault stranding. Figure B is from Witboard et al (1993) for

shallow slumping and faulting along the San Andreas. Figure C is a schematic

of actual normal and reverse faulting, and clastic dike emplacement observed

from trenching a few miles from the study area (D'Appolonia, 1979). Figure D is
i

from Roth et al (1981) and is a theoretical example of faulting observed from

centrifuge modeling in cohesive soils.

Figure6a-g: GPR data comparisons. The locations of the CPT

correlation holes are shown as well as the projections of the faulting from Figure

3. Depths in nanoseconds are shown on the right. "WT" is the water table

measured from well HSB-69. Individual line interpretations are discussed in the

text and processing data in Table 1.
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Figure 7a-e" Enlargedsectionsof Figure6.7a is "raw" 100 MHz data. 7b

is migratedand 7c is deconvoluteddata. 7d is 200 MHz data and 7e is 300

MHz data all discussedinthe text.

Table 1" Processing applied to the GPR data. The shaded area is for the

200 MHz data.
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Processing Figure 5 GPR Lines
Steps 5A 5B 5C 5D 5E 5F 5G

Frequency .......................
(MHz) 100 100 100 100 i::::.2_il;:i.:i:,:2_i!i!i!ii:.COpii!;ii_b_:i 300

Samples(Rate), _ 512 512 512 !b_;iii iOiS_:i
600 600 600 600i_:_.'._ sooScanLength(ns)

ver_c= X X X X _::!i XHigh Cut ii!::i':_:_::ii:.ii::iiil_:;:.iii:::i:_:::;:
Vertical _:_:_:::_::+:::_:i_:.:_::......
LowCut X X X X X

i

Horizontal X X =" X X : I : ! XLowCut .............:::.................

Deconvolution X X
, .: :_:: :_- ...

Migration X X ii:(Kirchoff)
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