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ABSTRACT 
In order to better define the spatial and temporal characteristics of recently discovered 

neotectonic structure, approximately eight kilometers of SH-wave seismic reflection profiles 

were collected across the Mt. Vernon graben, a 35 km by 3 km graben (bounded by the Wabash 

Island (WIF) and Hovey Lake faults (HLF)) in the southern Wabash Valley fault system 

(WVFS) of southern Indiana.  Although several anomalies were interpreted to affect Quaternary 

sediment, one of the more prominent was associated with the HLF.  Consequently, this area was 

selected for our more focused field efforts.  One kilometer of ground-penetrating radar data were 

subsequently collected across the primary HLF anomaly.  In addition to the geophysical surveys, 

field investigations integrated reconnaissance geotechnical boreholes in the larger area, as well 

as 17 shallow continuous cores across the primary HLF anomaly. The drilling assisted with 

stratigraphic correlation and organic sampling for 14C age estimates.  

 

The structural styles associated with the faults include: 1) normal displacement, 2) reverse 

displacement and other compressional features, 3) varying magnitudes of slip along fault planes, 

and 4) different senses of slip along individual fault planes.  Carbon 14 dating of displaced 

horizons suggests movement between approximately 26,000 and 42,000 YBP.  One sample taken 

from a deformed HLF horizon 1.2 m below ground surface suggested a 14C age of 1,100 YBP; 

however, this sample was not constrained well enough to eliminate the potential for post-

depositional emplacement. 

 

The style and timing of Quaternary deformation, the spatial correlation of Quaternary faults to 

documented Paleozoic bedrock faults, and focal mechanism studies of local seismicity suggest 

that the extensional genesis of the WVFS have been transpressionally reactivated: a manner 

consistent with an east-northeast–west-southwest-oriented regional compressive stress.  
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NONTECHNICAL SUMMARY 
 
Subsurface geophysical images and correlative drilling within the southern Wabash Valley have 

provided evidence for tectonic activity during the Quaternary.  The images, along with carbon-

14 age measurements derived from organic samples collected from our drilling activities, have 

enabled us to approximate the time of movement and understand the style and geometry of the 

deformation.  Results have shown that deformation extends to within at least 2 meters of the 

ground surface.  The most reliable age estimates suggest that an upper bound for fault movement 

ranges between 26,000 and 42,000 BP. There are limitations to the resolving power of each 

geophysical and geological exploration technique used; consequently, the exact timing of the 

latest tectonic episode remains unknown.  We hope to coordinate with, and provide target 

information to, researchers specializing in paleoseismologic trenching in order to reduce the 

uncertainty.  Our results have design implications for high-hazard and critical facilities in the 

area.  In addition, the findings also contribute to the USGS-NEHRP central U.S. efforts to 

locate/characterize seismogenic faults in order to better constrain seismic source zone 

boundaries.  
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INTRODUCTION 
The Wabash Valley fault system (WVFS) is a linear, northeast–southwest-trending band of 

narrow graben structures that lies in the Wabash River valley of southern Indiana and Illinois 

(Fig. 1) (Bristol and Treworgy 1979; Treworgy, 1981; Ault and Sullivan, 1982; Ault et al., 1985; 

Rene and Stanonis, 1995).  Paleoseismological evidence, historical earthquake accounts, and 

contemporary earthquake records also indicate that the Wabash Valley has a significant seismic 

hazard (e.g., Street et al., 1980; Obermeier et al., 1991; Pond and Martin, 1997; Munson et al., 

1997; Pavlis et al., 2002; Kim, 2003).  The pre-instrumental and instrumental evidence has 

shown that small to moderate earthquakes occur in an area roughly coincident with the WVFS 

(Fig. 2).  The lower rate of seismicity, relative to the central New Madrid seismic zone, and 

insufficient seismic network coverage have made correlating seismicity with geological structure 

problematic, however.  Consequently, eleven shallow shear-wave reflection surveys, totaling 

approximately 8 km in length, were acquired across the Mt. Vernon graben, a prominent well-

defined Paleozoic structure that is bounded by the Wabash Island (WIF) and Hovey Lake (HLF) 

faults, to consider potential neotectonism (Fig. 3).  The objective of the reflection surveys 

addressed two questions: (1) do the older geologic structures exhibit neotectonism that extends 

into the Quaternary cover, and (2) if neotectonic deformation is present, can dateable materials 

be recovered from the disrupted horizons to provide an age constraint for the fault activation?  

Subsequently, 1 km of ground-penetrating radar data were collected, as well as the drilling of 15 

continuously sampled holes in order to better define the extent of the near-surface anomalies. 

 

GEOLOGICAL AND SEISMOLOGICAL SETTING 

The faults that comprise the lower WVFS were initially recognized during petroleum exploration 

drilling in the early part of the last century (Fig. 1).  Since then, continued drilling and deep 

geophysical imaging have characterized the fault system as a series of high-angle, normal faults 

that are rooted in a series of basement-penetrating faults at seismogenic depths (Sexton et al., 

1986; Rene and Stanonis, 1995; Bear et al., 1997). McBride et al. (1997) interpreted industry 

lines to show that the Paleozoic faults did not penetrate basement rocks west of the Inman East 

fault (Fig. 1).  Scientific consensus is also lacking (e.g., Braile et al. 1982, 1986, 1997; Bear et 

al., 1997; Hildenbrand and Ravat, 1997) regarding the complex seismotectonic relationship of  
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the WVFS to other major regional geologic structures that exhibit both aseismic (i.e., Rough 

Creek Fault Zone) and seismic (i.e., Reelfoot Rift) characteristics (Fig. 1). 

 
Figure 1.  Regional structural features in the central U.S. (modified from Kolata and Hildebrand, 1997) and 
inferred quadruple junction (heavy dashed line) from Braile et al. (1986).  The study area is shown as the 
heavy shaded area in the lowermost part of the Wabash Valley. 
 

 
Figure 2. Location map that shows approximate location of historical and contemporary earthquakes in 
relationship to WVFS (modified from Bear et al., 1997 and Street et al., 2002).  Dashed circles indicate 
uncertainty from instrumentally derived epicenters (filled circles).  Shaded circles represent historical 
epicenters from individual investigators’ interpretation of intensity reports. 

Study Area 

Wabash Valley 
Fault System 

NMSZ Boundary? 
(Wheeler, 1997) 
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Figure 3.  The light green shaded rectangle represents the approximate boundary of the study area.  The inset 
map shows the 11 seismic surveys that total approximately 8 km in length.  The orange line represents data 
collected at a 1-m group interval, the red lines represent a 2-m group interval, and the yellow lines represent a 
4-m group interval.  Numbers represent line number.  The blue circles represent the reconnaissance 
geotechnical borehole locations of WI-1, WI-2, WI-3, and HL-1.  Eleven follow-up borings were concentrated 
over the Quaternary anomalies marked by Line 11.   The black dashed lines are the locations of deeper 
seismic-reflection profiles that imaged the Hovey Lake and Wabash Island faults at depth (Rene and Stanonis, 
1995).  
 

Despite these controversies, researchers agree that the southern halves of Indiana and Illinois are 

exposed to a significant level of earthquake hazard (Wheeler, 1997).   Widespread Holocene 

paleoliquefaction features (Obermeier et al., 1991; Munson et al., 1997), as well as numerous 

small to moderate historical and contemporary seismic events during the past 200 years (Street et 
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al., 1980; Pavlis et al., 2002; Kim 2003) support this notion (Fig. 2).  The largest event to have 

occurred since regional seismic networks were established was the 09 November 1968 

magnitude 5.5 (mb,Lg) earthquake, located near McBride et al.’s (1997) deep seismic profile, and 

approximately along the WVFS’s southwestern boundary (Fig. 2). He presented convincing 

evidence that this earthquake was associated with a blind thrust fault in crystalline basement.  

The most recent earthquakes of significance are the magnitude 3.9 (mb) event that occurred on 

07 December 2000 near the Heusner fault, and the magnitude 5.0 (mb) earthquake of 18 June 

2002 that was located in close proximity to the Caborn and Hovey Lake faults (Fig. 2).  Kim 

(2003) described the source mechanism for the 18 June 2002 event as predominantly strike-slip 

along near-vertical nodal planes, and suggested a seismogenic relationship to the Caborn fault.  

The northeast-oriented nodal plane is coincident with the regional strike of the WVFS. 

 

The bedrock in the study area consists of predominantly Pennsylvanian sandstone, shale, coal 

(with clays), and occasional interbedded carbonates.  Johnson and Norris (1976) reported that as 

much as 45 m of unlithified Quaternary alluvial and lacustrine sediment overlies the bedrock.  

They also stated that the sediment overburden generally consists of Pleistocene to Holocene 

clays underlain by a fining-upward sand sequence.  Our four continuously sampled 

reconnaissance boreholes in the immediate area corroborate this stratigraphy (Fig. 3).  The depth 

to bedrock (shale) measured in three boreholes varied between approximately 10 and 34 m.  The 

sediment overburden immediately above bedrock generally consisted of well (SW) to poorly 

(SP) graded sands of variable thickness.  The sands were overlain by low-plasticity (CL) silty 

clay and (ML) silt. 

 
PREVIOUS STUDIES IN THE IMMEDIATE VICINITY 

Rene and Stanonis (1995) first imaged the WIF and HLF in the immediate vicinity of our study 

area using deep seismic-reflection surveys.  Their results showed that the WIF is composed of 

several branches in a quasi-planar zone, and the primary offset at depth is high-angle, north–

northeast- to northeast–trending normal displacement (Fig. 4).  Displacements on the lower fault 

branch increase with depth, whereas the displacements on the upper fault branch decrease with 

depth.  The HLF, which lies 3 km to the east, is listric, and displacements along the fault 

decrease with depth.  The two faults were shown to intersect within the Precambrian basement 



 8

rocks.  Data based on Rene and Stanonis’s study (1995) suggest the faults propagated through 

the late Pennsylvanian bedrock but not the Quaternary sediment (Pleistocene and Holocene).  

This interpretation, however, was based on poor-quality, low-resolution data from early in the 

time section, because the Quaternary sediment was not their primary target.  The higher-

resolution seismic surveys conducted in this study were specifically designed to test the near-

surface sediments.     

 
Figure 4.  Structure associated with the Wabash Island fault (left) and Hovey Lake fault (right) below our 
elevation of interest.  The reflectors shown (from shallowest to deepest) are the Ste. Genevieve Limestone, 
New Albany Shale, Maquoketa Group, Knox Group, Eau Claire Formation, and acoustic basement.  The 
cross-section is displayed with 2x vertical exaggeration (modified from Rene and Stanonis, 1995). 
 

GEOPHYSICAL METHODOLOGY 

SH-Wave Seismic Reflection:  The SH-wave is amenable for imaging neotectonic features in 

near-surface sediment (< 100 m) because it is a framework wave that samples the low-velocity 
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geologic sediment more accurately than the fluid-sensitive P-wave (i.e., not affected by the 

“masking” effect of groundwater). Our experience has found that although S-waves commonly 

have frequencies only one-half to one-third that of P-waves, the P-waves have velocities five to 

10 times higher than S-waves.  Consequently, we estimate that resolution can often be improved 

by a factor of 2 to 3 through the use of S-waves.  These geophysical characteristics are 

significant when investigating relatively thin low-velocity media. For example, the major 

reflection horizons observed in many of our profiles have an average velocity range between 240 

and 360 m/s, and a dominant frequency of approximately 40 Hz.  This yields a temporal 

resolvable limit (i.e., calculated by the one-quarter wavelength criteria of Sheriff and Geldart 

[1989]), ranging between 1.5 m in the very near surface and 2.2 m at the top of bedrock.  The 

detectable limits are often considerably smaller given high-quality s-wave signal (i.e., 1/10 λ to 

1/20 λ) (Don Steeples, 2002, personal communication).  The spatial resolution of the subject 

reflecting horizons is constrained between approximately two and four shotpoints, based on the 

radius of the first Fresnel zone. 

 

These imaging characteristics are especially useful for accurate identification and 

characterization of near-surface geologic structures in the expansive river valleys of the 

seismically active central United States.  The sequences of soft, unlithified, water-saturated 

sediment cover generally possess inherently weak mechanical properties that commonly fail to 

transform near-surface propagated faults and folds into significant or noticeable surface 

geomorphic features.  In addition, the long recurrence intervals for large earthquakes in the 

Wabash Valley that are capable of creating significant geomorphic deformation features 

(Munson et al., 1997; Pond and Martin, 1997) can be eroded relatively quickly. Consequently, 

geophysical methodology, and S-wave reflection imaging in particular, is an effective initial 

means of near-surface geological structure location and interrogation.  

 

 

Data were collected with a 48-channel Geometrics StrataVisor NX seismograph, which is a 24-

bit system with an instantaneous dynamic range of 115 db.  Two inline spreads of 24 Mark 

Products 30-Hz horizontally polarized geophones with 7.5-cm spikes were used for the 
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collection of seismic data.  One, two-, and four-meter geophone spacings were used, depending 

on target resolution and depth of survey interest.  The seismic data were collected at either 0.5 or 

0.25 ms sampling interval.  The optimal digital acquisition filter includes a 15-Hz low-cut filter 

with the high-cut filter out and an occasional 60-Hz notch filter when power lines were present.  

 

The locations of the high-resolution SH-wave seismic profiles were selected using existing low-

resolution P-wave profiles from the WVFS (Rene and Stanonis, 1995). Eleven profiles totaling 8 

km were collected across the vicinity of the Mt. Vernon graben (Fig. 3). 

The reconnaissance profiles were collected to locate the bedrock faults.  Initial plans were for 4-

m group intervals; however, field conditions required the interval to be changed to 2 meters for 

the most of the reconnaissance surveys.  As an example, representative optimal-windowed field 

files from the beginning and end of Line 9 (i.e., across the HLF) are shown in figure 5.  A 

subsequent, much smaller aperture profile (Line 11) was acquired to coincident to Line 9 in 

order to image the approximately 10 to 30 m of Quaternary sediment overburden immediately 

above the fault’s bedrock expression.  The symmetrical shots from Line 11 were used to better 

identify very near-surface reflectors (i.e., as early as  ~60 ms two-way travel time).  Although all 

SH-wave reflection data were collected with the 24-bit, 48-channel engineering seismograph, 

conservative 12 (six fold) and 6 (three fold) trace near-offset windows were used in the final 

reconnaissance and Quaternary survey stacks, respectively.  These small optimal windows were 

chosen to minimize any wide-angle static and NMO frequency-distortion effects. The narrow 

data window (i.e., near-offset space-time window outside the ground-roll dispersion) also 

minimized surface-wave interference with shallow reflections (Figs. 6–7).   
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Figure 5.  Representative HL-A optimal-windowed field files selected from the beginning and near the end of 
the survey. The data are shown as a) raw, b) bandpass filtered (30/80 Hz) with AGC (75 ms), and c) muted.  A 
significant rise in the TWTT arrival of the bedrock reflector is exhibited over the horizontal distance of the 
survey.  Bedrock refraction on the far traces of SP 200 and 201 is clearly visible. 
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Figure 6.  Representative field files were selected evenly across the Line 11 survey.  The data are shown as a) 
raw 48-channel records, b) bandpass filtered (30/80 Hz) with AGC (50 ms), c) 6-channel optimal window, and 
d) muted optimal window. Progressive rise in the top of bedrock is clearly seen across the survey.  Intra-
alluvial reflections are discernable as high as 60 ms TWTT.  Note a double hammer impact in SP-48 (c) and 
(d) at ~80 ms TWTT; recognition and careful surgical muting of these types of coherent noise is essential for 
high-quality stacks. 
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Figure 7.  Selected high-quality field files from the northwest part of each survey serve as indicators for the 
upper range of data quality. Field files include a) 24-trace window from Line 9 SP-12 and b) 12-trace window 
from Line 11 SP-6.  Data were viewed in various windows before the final 12- and 6-trace optimal windows 
for Lines 9 and 11, respectively, were selected. 
 

The most effective energy source was a steel H-pile set in the ground and struck horizontally 

with a 1.4-kg hammer, as well as a 0.9 kg hammer on a 3-kg modified H-pile section for follow-

up very near-surface profiling.  The hold-down weight of the H-pile is 70 to 80 kg, including the 

weight of the hammer swinger and H-pile section.  In both cases, the H-pile is set in prepared slit 

trenches, with its flanges struck perpendicular to the geophone spread (Fig. 8). This orientation 

of the H-pile relative to the geophone spread will generate SH-mode waves.  The trenches 

provide an efficient couple between the H-pile and the earth, thus improving energy input.  The 

most effective energy couple occurred when the H-pile was set against the edge of road asphalt. 

The compacted, engineered fill (i.e., higher velocity) also minimized surface wave development. 

The energy source was struck on both sides, and polarity reversals were used to provide accurate 

identification of the SH-wave energy.  During production acquisition, polarity reversal was not 

used when data quality was good.  To maximize signal-to-noise ratio, hammer blows were 

stacked between three and nine times per shotpoint.  Table 1 contains the specific acquisition 

parameters for Lines 1 – 11. 
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Figure 8.  Relative orientations of spread, sensor, and hammer swing.  Steel H-pile and horizontally polarized 
geophone are located bottom right.   
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All seismic data were processed on a personal computer using commercial signal-processing 

software.  The signal processing applied to the shallow CDP reflection data is also shown in 

Table 2.  Coherent noise muting, digital filtering, trace editing, appropriate trace balancing, and 

careful correlation statics were the primary processes in improving the prestack quality of the 

events seen on the raw field file.  This is an acceptable, routine, processing sequence for most 

shallow high-resolution seismic-reflection work (Steeples and Miller, 1990; Baker, 1999).  These 

standard near-surface data-processing procedures are similar to those used in the petroleum 

industry, but conservatively applied.  Other processing methods (i.e., deconvolution, migration, 

etc.) were considered but not applied, because of the lack of significant improvement in the 

signal quality, and the small, but inherent, resolution degradation associated with any numerical 

signal manipulation. 

 

General Processing Procedures 

       1. Reformat 

       2. Spherical divergence gain 

       3. Bandpass filter 

       4. Automatic gain control 

       5. Elevation statics 

       6. Geometry and sort gathers 

       7. Velocity analysis 

       8. First-break and surgical mutes; trace kills 

       9. Normal moveout correction 

       10. Surface consistent statics (10 ms max. shift) 

       11. f-k filter 
 

Table 2.  Traditional signal processing procedures for the near-surface seismic reflection data. 
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Ground-Penetrating Radar (GPR):  The GPR data were collected using the Sensors and Software 

Pulse EKKO 100 system in the common offset, single-fold reflection mode with an acquisition 

pulse voltage of 1000V.  50 MHz antennae were used and placed 2 meters apart in the 

perpendicular-broadside position.  The station spacing was 0.5 m, and the data were collected 

with 32 stacks per trace in order to improve the signal-to-noise ratio. Each record length for each 

trace was 512 ns with a sample interval of 800 picoseconds.  Signal processing of the GPR data 

included five primary steps: 1) signal saturation reduction, 2) time-zero adjustment, 3) 

Automatic Gain Control (AGC=250), 4) binomial spatial filter (3 traces), and 5) topographic 

corrections.  The depth conversions were calculated using a constant velocity of 0.6 m/ns, which 

is a reasonable value calibrated by matching drilling results to GPR data observations.  Coherent 

data were observable to a depth of approximately 4 meters, which was 1 meter less than the 

shallowest depth sampled by the seismic-reflection data. 

 

SEISMIC INTERPRETATION AND RESULTS 

Fault and structural interpretations were based on the high-resolution near-surface SH-wave 

stacked reflection profiles.  Bedrock and soil layers imaged in Lines 1 through 11 are often 

complexly deformed.  Consequently, only prominent and coherent features that are well within 

the resolvable limits will be interpreted on the figures and discussed in the text.  Deformation 

above bedrock is the most important, because it reveals the nature of the most recent tectonic 

activity.  In order to discriminate between structure and nontectonic features, anomalies had to 

be exhibited over multiple horizons. Orientations and location of seismic lines are displayed in 

Figure 3.  Uninterpreted sections are shown in Appendix A.     

 

Depth to bedrock was determined from borehole logs WI-1 and HL-1 (Appendix B).  The top-of-

bedrock reflector was determined from its high-amplitude signal that resulted from the high 

impedance contrast between the loosely compacted soil and consolidated bedrock (Fig. 9).  To 

ensure that the suspected reflector on east–west Lines 1, 2, 6, and 8 was the soil-bedrock 

interface, a depth calculation was completed using the stacking velocities obtained from the 

semblance analysis and the Dix equations.  The calculation yielded a depth of 32.3 m (106 ft), 

which is within 5 percent of the borehole-derived depth of 34 m (112 ft).  The discrepancy is 
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likely due to irresolvable near-surface velocity variations, or the visual distinction between 

sediment and bedrock (recorded by core logger) might not correlate with the change in elastic 

properties (seismic reflection) due to the weathered-bedrock zone that often exists at this 

boundary.  The soil-bedrock interface reflector was coherent across the seismic sections adjacent 

to the boreholes.  The geophone spreads used in Line 11 (1-m spacing) were not long enough to 

obtain a robust sampling of the hyperbolic reflection curves for an accurate semblance velocity 

model. Therefore, a refraction analysis was conducted to better constrain velocities (Appendix 

C).  The velocities obtained from refraction data were used to calculate depth to bedrock.  

Results showed bedrock to be at a depth of 11 m on the southeast end of Line 11 (footwall of 

Hovey Lake Fault) and 22 m on the northwest end (hanging wall).  Bedrock was at a depth of 

10.85 m in borehole HL-1 (southeast end of Line 11), which is a 1 percent difference from 

refraction-derived data. 

 
Figure 9.  Raw and AGC field files from Line 3.  Diffraction pattern, offset-bedrock reflector, and soil 
reflector are labeled in partially processed field file.   
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Faults were interpreted based on reflector offset, diffractions, deformation/bulging in reflectors, 

and loss of coherency.  In general, soil reflector deformation is often not as apparent as bedrock 

deformation.  This could be a result of the low shear strengths of the soils, the lower impedance 

contrast between intra-alluvial reflectors, or the soil having undergone less deformation.  The 

low shear strength of soils means that small to moderate slip along a preexisting bedrock fault 

would be more likely to bend the overlying unconsolidated material than sharply offset it, 

especially in saturated soils.   

 

In order to display seismic sections, vertical exaggeration is necessary.  Vertical exaggeration 

(VE) varies with depth because of velocity fluctuations.  VE’s in this study will be reported for 

each line, but are only applicable to the soil reflectors. This is because the exaggeration changes 

abruptly below the soil-bedrock interface as a result of the high impedance contrast.  VE’s 

reported are based on a constant, average soil velocity from surface to bedrock.  Only two VE’s 

are reported (2.5 and 5.3) because of the similarity of soil velocities from line to line.  All lines 

with 4-m geophone spacings will be displayed with a VE of 5.3, and lines with 1- and 2-m 

geophone spacings will be displayed with a VE of 2.5.  An apparent consequence of vertically 

exaggerating a section is an increase in fault and reflector dips.  Apparent fault dips reported in 

the text are adjusted for vertical exaggeration (Fig. 10), but not for out-of plane effects such as 

oblique transects across faults.  Notice in Figure 10 that with a vertical exaggeration of 5.3, an 

exaggerated 85˚ dip translates into an unexaggerated dip of 65˚.       
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Figure 10.  The relationship between unexaggerated and exaggerated dips at vertical exaggerations (VE) of 
2.5 and 5.3. All stacked seismic sections with a 1- or 2-m group interval are displayed with a VE of 2.5, and 
stacked sections with a group interval of 4 m are displayed with a VE of 5.3.       
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Line 1.  SH-wave seismic reflection profiles for L-1 total 1.4 km in length.  Source wave input 

for this line was often a higher frequency than for L-3 through L-10, because the H-pile in this 

case was placed directly against the road asphalt.  This road couple reduced movement (plastic 

deformation) of the plate when struck with the hammer, resulting in higher frequency and, 

therefore, higher-resolution data.   

 

Interpreted profiles for L-1 are displayed in Figures 11 through 15.  The average bedrock depth 

along L-1 is approximately 33m.  The location of borehole WI-1 (CDP 571 of Figure 12) is 

shown on Figure 3, and the borehole description is in Appendix B.   

 

Fault Zone 1 consists of two near-vertical faults that extend well into the Quaternary overburden 

(Fig. 11).  The westernmost fault has an apparent dip of 88˚ to the east, and the easternmost fault 

has an apparent dip of 88˚ to the west.  The faults were interpreted based on the loss of bedrock 

coherency, diffraction patterns, and bedrock offsets in the footwalls of the faults (~4.5 m of 

displacement across a 32 m fault zone).  This loss of bedrock coherency is likely because of 

diffraction interference and a fractured fault zone, which makes identifying slip direction and 

magnitude between the faults difficult. Coherent soil reflections, however, exhibit compressional 

antiformal features bounded by the faults as shallow as ~18 m.  The easternmost fault was 

extended upward to a depth of 10 m based on the series of diffractions that terminate at that 

depth. 

 

Fault Zone 2 spans approximately 160 m of L-1 and contains five high-angle faults with apparent 

dips ranging from 78 to 85˚ (Fig. 12).  Total bedrock displacement across 90 m of the fault zone 

(CDP 400–490) is ~6 m. Maximum bedrock displacement on a single fault is ~2.5 m (CDP 575) 

in a reverse motion.  Soil is displaced ~2 m in a reverse motion at a depth of ~16 m (CDP 500).  

Bedrock is at a depth of 34 m on either side of the fault zone, but within the faulted region 

bedrock is uplifted to a depth of 28 m.  

 

Fault 3 (Fig. 13) is a small-offset normal fault with an apparent dip of 73˚ extending up to a 

depth of 18 m.  The displacement observed on Fault 3 is ~1 m, and it can be consistently 
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recognized from 175 to 360 ms. The combination of consistent offset in bedrock and soil layers 

and strong diffraction patterns was used to delineate this fault.  Although the fault shows net 

normal displacement, bedrock layers directly on the fault bulge upward in the hanging and 

footwalls, implying this fault has been reactivated in a compressional sense.  

 

Fault 4 (Fig. 14) is a high-angle discontinuity with an apparent dip of 88˚ to the east.  It is similar 

to Fault 3 in that net displacement across the fault is minimal, strong diffractions are present up 

to 150 ms two-way travel time, and bedrock is uplifted ~ 1 m in the hanging and footwalls of the 

fault.  A loss of coherency in soil and bedrock reflections further indicates deformation. 

 

Zone 5 (Fig. 15) consists of four high-angle reverse and normal faults, with apparent dips 

ranging from 74 to 83˚.  Reflector displacement, positive and negative folds, and strong 

diffractions evidence the faults.  The fault farthest to the west exhibits reverse motion and the 

most displacement within this zone; deformation extends as shallow as ~17 m.  Maximum soil 

displacement across this fault is ~2.5 m over a 24-m fault zone (CDP 1270–1294).  Bedrock 

elevation across this fault is displaced ~1.5 m over a 20-m fault zone (CDP 1270–1290).  The 

three easternmost faults all show normal displacement within the bedrock, but one fault shows 

reverse motion in the soil up to a depth of ~18.5 m (CDP 1305) (Fig. 15).  
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Line 2.  Reflection profiles of L-2 are contained in Figures 16 and 17.  L-2 is an extension of L-1 

that begins ~40 m east of the terminus of L-1 and continues 0.5 km east to Hovey Lake (Fig. 3).  

Reflection coherency and resolution in L-2 are very similar to that of L-1 because of the close 

proximity of the two lines, and an efficient energy couple was maintained.  L-2 has an average 

soil frequency of 40 Hz (vertical resolution of 1.1 and horizontal resolution of 4.5 m) and an 

average bedrock frequency of 30 Hz (vertical resolution of 1.9 and horizontal resolution of 9.7 

m). 

 

Fault Zone 6 (Fig. 16) consists of four high-angle faults with apparent dips ranging from 71 to 

83˚.  The two easternmost faults merge at a depth of 45 m, and exhibit compressional strain 

within the branched fault zone.  All bedrock displacements appear to be normally offset directly 

on the fault, but exhibit antiformal deformation in the footwalls and hanging walls, sometimes 

enough to produce net reverse motion across the fault.  Maximum bedrock displacement is ~2 m 

across a 22-m fault zone (CDP 110–132).  The soil directly above this deformed bedrock is 

displaced ~3 m across a 38-m zone (CDP 110–148).   Fault interpretations were based on abrupt 

dip changes that are consistent from depths between ~10 m and ~42 m, a loss of soil coherency, 

and diffractions.    
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Line 3.  The location of L-3 (Fig. 3), a 350-m east–west-trending survey, was chosen based on 

the surface projection of the HLF, as imaged by a deeper P-wave seismic reflection survey (Rene 

and Stanonis, 1995).  HLF was targeted because it defines the eastern boundary of the Mt. 

Vernon graben.  Data were collected on an unimproved road; the soil was not firm enough to 

achieve a good energy source couple relative to Lines 1 and 2.  Although the profile exhibits 

relatively high-frequency reflections, the coherency of bedrock and soil reflections are the 

poorest of the 10 survey locations, possibly because of weak impedance boundaries between soil 

horizons, as well as poor energy coupling. 

 

Shown at CDP 70 (Fig. 18), Fault 7 is a normal fault with an apparent dip of 70˚ to the west.  

The bedrock displacement on the fault as shown is ~3.5 m.  This fault is interpreted to be Hovey 

Lake fault or a fault closely associated with it, based on several factors.  First, the fault exhibits 

high-angle, normal displacement with the hanging wall to the west, which is consistent with the 

sense of motion and orientation of the previously characterized post-Pennsylvanian HLF (Rene 

and Stanonis, 1995).  All other faults imaged in the immediate area are west of Fault 7 (see Line 

4), and have the opposite sense of motion, or the magnitude of displacement is too small.  

Second, the location of Fault 7 is approximately 500 m east of the location at which Rene and 

Stanonis (1995) projected the HLF to the surface.  Because of the low resolution and poor 

coherency of this line, the identification of slip magnitude is difficult.  Consequently, this feature 

cannot definitively be labeled as HLF.   
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Line 4.  L-4 (Figures 19 and 20) is the westward extension of L-3, totaling 1.05 km in length, 

and was collected on a stiffer road surface than for L-3.  This change in surface stiffness 

improved the energy couple, providing better quality data than L-3.  Although the data for L-4 is 

more coherent than for L-3, the continuity of reflections in L-4 remains poor.  This may be due 

to extensive deformation in the soil and bedrock, and possibly weak impedance contrast between 

horizons.  L-4 has an average soil frequency of 40 Hz (vertical resolution of 1.2 m and horizontal 

resolution of 4.0 m) and an average bedrock frequency of 40 Hz (vertical resolution of 1.4 m and 

a horizontal resolution of 8.9 m).  The average bedrock depth across L-4 is ~25 m.   

  

Zone 8 is a series of three faults (Fig. 19) with normal displacement below bedrock, and 

“reverse” movement in the soil horizons.  The faults’ dip varies at the soil-bedrock interface, 

from east-dipping in the bedrock (75˚ to vertical) to west-dipping in the soil (23˚ to 30˚).  

Bedrock displacement on the easternmost fault (CDP 310) is ~4 m over a 110-m fault zone, and 

the fault is upwarped in the footwall ~2.5 m between CDP 320 and CDP 375. The middle fault in 

Zone 8 (CDP 390) has ~2 m of bedrock displacement over a 28-m fault zone, and ~2 m of soil 

displacement over a 30-m fault zone.  Because of a lack of coherency below the soil-bedrock 

interface, fault dips in the bedrock were inferred.  The structural style of bedrock in L-4 suggests 

that bedrock is displaced normally with high-angle faults.   

 

Zone 9 (Fig. 20) is a graben consisting of two normal faults, the eastern fault (CDP 200) having 

an apparent dip of 70˚ to the west and the western fault (CDP 220) having an apparent dip of 75˚ 

to the east.  Bedrock displacement across the eastern fault is ~2.5 m, and soil displacement is 

~1.5 m.  The faults were identified from an abrupt change in bedrock coherency, offset bedrock 

and soil layers, and small diffractions.   
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Line 5.  The location of L-5 (Fig. 3) was chosen based on the surface projection of the WIF, as 

reported by Rene and Stanonis (1995).  L-5 (Fig. 21) is 620 m in length, has an average soil 

reflector frequency of 35 Hz (vertical resolution of 1.1 m and horizontal resolution of 4.6 m), and 

an average bedrock reflector frequency of 40 Hz (vertical resolution of 1.5 m and horizontal 

resolution of 10 m).  Bedrock is at an average depth of ~30 m.   

 

The soil-bedrock interface is coherent and variation in depth is minimal.  The absence of bedrock 

displacement in L-5 demonstrates that the surface projection of the WIF (Rene and Stanonis, 

1995) in this part of the study area is poorly defined.  Soil reflectors are difficult to interpret 

because of low reflector coherency.  No tectonic deformation can be observed in the soil or 

bedrock with any certainty, and therefore no interpreted faults are discussed.  
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Line 6.  L-6, located less than 30 m to the west of L-1 (Fig. 3) extends L-1 to the west and is 600 

m in length.  L-6 has an average soil frequency of 40 Hz (vertical resolution of 1.1 m and 

horizontal resolution of 4.3 m) and an average bedrock frequency of 30 Hz (vertical resolution of 

1.9 m and horizontal resolution of 11.1 m).  Bedrock is at an average depth of ~33 m.   

 

Zone 10 (Fig. 22) is a series of normal and antithetic faults with apparent dips ranging from 54˚ 

to 80˚.  There is a loss coherency in the hanging walls of the two westernmost faults of Zone 10, 

but bedrock is displaced ~3.5 m in the footwalls of the faults over a 25-m fault zone (CDP 105–

130).  Maximum soil displacement is on the western branch of the antithetic fault, and is ~1.5 m 

over a 20-m fault zone (CDP 170–190).  In Zone 10, as in many other fault zones in the study 

area, some bedrock and soil reflections exhibit antiformal features in the hanging and footwalls 

of these normal faults, implying a compressional component to the strain.  Soil is upwarped ~ 3 

m from a depth of ~16.5 m to ~13.5 m between CDP 150 and 140; this exceeds the maximum 

soil displacement across any fault in this zone. 

 

Zone 11 (Fig. 23) consists of three high-angle normal faults with apparent dips ranging from 78 

to 85˚.  All faults normally displace Quaternary overburden.  Bedrock displacement (R4) across 

the easternmost fault (CDP 595) is ~2 m, and R1 on the same fault is normally displaced ~1.5 m. 

 R3 on this fault shows less than 0.5 m of displacement, however. This may be a result of oblique 

fault slip displacing dipping soil reflectors (out-of-plane effect).  R1 is also displaced ~1.5 m 

across a 14-m fault zone on the westernmost fault (CDP 541–555).   

 

Although all faults and reflectors exhibit normal displacement directly on the fault, antiformal 

uplift of layers is apparent.  All soil reflectors in the hanging wall of the westernmost fault are 

uplifted to a two-way travel time greater than or equal to that of the footwall (less than 25 m 

from the fault). 

 

A large diffraction can be seen at CDP 615 at the end of L-6.  The diffraction was not associated 

with any fault because it does not correlate to any offset reflection.  There may be bedrock 

and/or soil displacement between L-6 and L-1, however.         
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Line 7.  L-7 (Figures 24 and 25) is a north–south-oriented line beginning near the east end of L-2 

and extending 440 m to the south.  This line is oriented only 20˚ from the strike of the major 

faults in the area, and therefore the dips, offsets, and style of faulting imaged in L-7 will be 

severely distorted.  Although the orientation of the line was not ideal, the data was collected to 

complete the transect across the Mt. Vernon graben, and connect the east–west-trending lines to 

the west (Lines 1, 2, 6, and 8) with the northwest–southeast trending lines further to the 

southeast (Lines 9, 10, and 11).  Soil reflectors have an average frequency of 45 Hz (vertical 

resolution of 1.1 m and horizontal resolution of 4.7 m) and bedrock reflectors have an average 

frequency of 40 Hz (vertical resolution of 1.5 m and horizontal resolution of 9.0 m).  Bedrock is 

at an average depth of ~27 m.    

  

Zone 12 is made up of two near-vertical faults extending to 140 ms two-way travel time (Fig. 

24).  Net bedrock displacement across the two faults is ~3.5 m (CDP 55–120), and both soil and 

bedrock exhibit monoclinal folding in the hanging wall of the southernmost fault.  Net soil 

displacement is ~2 m across the same two faults.  The combination of small offsets, bold 

diffraction patterns in the sediment, and abruptly changing dips at the soil-bedrock interface 

suggests tectonic deformation.  The apparent offset across the fault zone is likely less than the 

true offset, because of the subparallel orientation of the profile to the regional fault strike (~20˚). 

 

Fault 13 is located at CDP 240 of L-7 (Fig. 25).  It exhibits normal displacement and has an 

apparent dip of 64˚ to the north.  Based on previous fault-related studies (Rene and Stanonis, 

1995), the orientation of the fault is more likely north-northeast–south-southwest, making the 

true dip greater than the apparent dip imaged in L-7.  The bedrock has an apparent vertical 

displacement of ~2.5 m across a 32-m fault zone (CDP 245–277).  Soil is normally displaced ~1 

m over a 20-m fault zone (CDP 250–270).  Pronounced uplift of bedrock is observed between 

CDP 250 and CDP 420. This results in the northern and southern ends of the line having 

approximately the same bedrock depth (~27.5 m), but the middle segment is uplifted to a depth 

of  ~24.5 m.    
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Line 8.  L-8 (Figures 26 and 27) is a westward extension of L-6 (Fig. 3) and is the westernmost 

line in the study area.  L-8, 800 m in length, was collected to image the primary strand of the 

Wabash Island Fault (WIF) in the near surface.  This location was chosen from the projection of 

the fault previously imaged and characterized at depth by Rene and Stanonis (1995).  The 

average soil reflection frequency of L-8 is 50 Hz (vertical resolution of 0.8 m and horizontal 

resolution of 4.3 m) and the average bedrock reflection frequency is 40 Hz (vertical resolution of 

1.3 m and horizontal resolution of 8.1 m).  L-8 has an average bedrock depth of ~26 m.         

 

Zone 14 (Fig. 26) consists of one normal fault and an antithetic fault with normal displacement 

on the rooted fault and reverse displacement on the antithetic part.  The western fault dips 60˚ to 

the east and the primary segment of the antithetic fault dips 79˚ to the west.  The western fault in 

Zone 14 (CDP 100) has the greatest displacement: bedrock and soil displacements are ~6 m and 

~1.5 m, respectively.   The western fault in this zone (CDP 100) is interpreted as the WIF.  

Several indicators corroborate this interpretation: (1) the fault has the same dip direction and 

sense of motion that the WIF has at depth, (2) the magnitude of displacement is larger than most 

in the area, implying it could be associated with a primary structure, (3) the location of the fault 

is less than 350 m from the Rene and Stanonis (1995) surface projection of the WIF, and (4) the 

relative density of surface faults in the vicinity of Line 8 with significant displacements is greater 

than that of the interpreted structures to the east, also suggesting a relation to a primary structure. 

    

Zone 15 (Fig. 27) consists of two normal faults and one antithetic fault with apparent dips 

ranging from 57 to 75˚.  The middle fault in Zone 15 branches at the soil-bedrock interface and 

exhibits reverse soil displacement on the antithetic part and normal displacement along the 

rooted fault in soil and bedrock.  The eastern fault (CDP 225) exhibits normal displacement and 

dips to the west, whereas the western fault (CDP 325) is normally displaced and dips to the east. 

 Bedrock and soil are at approximately the same depth on either side of the fault zone.   

Offset soil and bedrock reflectors, diffractions, and abrupt loss of coherency were primary 

indicators of the faults.  Maximum bedrock displacement across a single fault is ~2 m over a 44-

m fault zone (CDP 273–295).  Maximum soil displacement is ~1.5 m over a 72-m zone (CDP 

299–335), and soil is displaced in a reverse sense ~1 m at CDP 291.  



 44

 
 Fi

gu
re

 2
6.

  S
ec

tio
n 

A
 in

te
rp

re
ta

tio
n 

fo
r 

L
in

e 
8.

  Y
el

lo
w

 is
 in

tr
a-

so
il 

do
ub

le
t, 

an
d 

G
re

en
 is

 th
e 

so
il/

ro
ck

 in
te

rf
ac

e 
 d

ou
bl

et
. 



 45

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fi
gu

re
 2

7.
  S

ec
tio

n 
B

 in
te

rp
re

ta
tio

n 
fo

r 
L

in
e 

8.
  Y

el
lo

w
 is

 in
tr

a-
so

il 
do

ub
le

t, 
an

d 
G

re
en

 is
 th

e 
so

il/
ro

ck
 in

te
rf

ac
e 

 d
ou

bl
et

. 



 46

Line 9.  L-9 (Figures 28 and 29), 880 m in length, was collected to locate and image Hovey Lake 

Fault, thereby completing an almost continuous set of lines across the graben formed by the 

Wabash Island fault and Hovey Lake fault (west to east: Lines 8, 6, 1, 2, 7, 10, and 9).  The soil-

bedrock interface of Hovey Lake fault was successfully imaged; however, the shallower soil 

reflectors (less than 10 m) could not be resolved because shot and geophone spacings were too 

large (i.e., 4 m), respectively, resulting in direct-wave interference within the optimum soil-

reflector window.  Part of this line, therefore, was reshot (Line 11) at a reduced (i.e., 1 m) shot 

and geophone spacing, with a 0.25 ms sampling interval and a smaller energy source (2 lb 

hammer and smaller aluminum plate).  L-9 interpretations are displayed in Figures 28 and 29, 

but discussion of this fault zone will be discussed with Line 11 (section 3.5.11), where soil and 

bedrock deformation are observed together.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 47

 
 
 
 
 
 
 
 
 
 

Fi
gu

re
 2

8.
  S

ec
tio

n 
A

 in
te

rp
re

ta
tio

n 
fo

r 
L

in
e 

9.
  G

re
en

 is
 th

e 
so

il/
ro

ck
 in

te
rf

ac
e 

. N
ot

e 
m

ul
tip

le
s d

ee
pe

r 
in

 th
e 

tim
e 

se
ct

io
n.

 



 48

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fi
gu

re
 2

9.
  S

ec
tio

n 
B

 in
te

rp
re

ta
tio

n 
fo

r 
L

in
e 

9.
  G

re
en

 is
 th

e 
so

il/
ro

ck
 in

te
rf

ac
e 

. N
ot

e 
m

ul
tip

le
s d

ee
pe

r 
in

 th
e 

tim
e 

se
ct

io
n.

 



 49

Line 10.  L-10 (Fig. 30) is an east–west-trending line starting at the first shot of L-9 and 

continuing westward for 215 m (Fig. 3).  Soil layers were not imaged because of direct-wave 

interference with soil reflections.  A smaller sampling interval, tighter geophone spacing, higher 

frequency input, and a higher low-cut acquisition frequency would likely correct this problem.  

Line 10 has an average bedrock reflection frequency of 50 Hz (vertical resolution of 0.5 m and 

horizontal resolution of 3.2 m). 

 

Zone 16 (Fig. 30) contains two near-vertical normal faults ~28 m apart, with apparent dips 

ranging from 75 to 85˚.  The calculated apparent dips on these faults are uncertain, because of 

the lack of multiple horizons (i.e., the soil-bedrock interface reflector is the only reliable 

reflector).  The greatest displacement is on the eastern fault (CDP 35), and it is displaced ~1 m.  

The faults were identified by reflector displacement and diffractions.    
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Line 11.   L-11 (Fig. 31) is coincident with the first 290 m of L-9 (i.e., across the HLF).  A 

reduced aperture sampled a shallower depth.  Shot and geophone intervals were decreased from 

4 m (L-9) to 1 m (L-11), the sampling interval was decreased from 0.5 ms to 0.25 ms, and a 

smaller (2 lb) rock hammer was used.  Using these acquisition parameters, reflectors as shallow 

as 60 ms were obtained across the 300-m profile (Fig. 31), while L-9 yielded practically no 

reflectors above 100 ms (Figs. 28 and 29).  The average soil reflector frequency of L-11 is 50 Hz 

(vertical resolution of 1.1 m and horizontal resolution of 5.1 m).  L-11 has an average bedrock 

reflector frequency of 45 Hz (vertical resolution of 5.1 m and horizontal resolution of 22 m).     

 

The HLF is seen on the bedrock reflector at approximately trace 150.  The larger zone is 

exhibited between traces 1 and 400 as the nearly 100 ms variation (Fig. 31).  Approximately 5 m 

of the total 10.5 m of displacement is accumulated along the bedrock horizon’s steepest gradient 

(i.e., between traces 150 and 230).  Overlying the bedrock reflector between traces 1 and 200 is 

as many as four relatively low-impedance intra-alluvial horizons.  In this area, two relatively 

steep northwest-dipping reflections above bedrock unconformably underlie gentle apparent 

southeast-dipping reflectors at approximately 120 ms TWTT.  The evidenced extension of the 

bedrock structure across these overlying sediment horizons is the most significant characteristic, 

however. The deformation affects the entire profile, including the shallowest resolvable reflector 

(R1) at 60 ms.  R1 is calculated at approximately 5 m below ground surface, and correlates to the 

drilled clay-sand (CL-SP) interface (i.e., 5.7 m) found in borehole HL–1 (Fig. 32).  A hinge point 

for a monoclinal to asymmetrical antiformal fold along R1 is defined near trace 300.  An 

apparent northwestern dip in the reflector is evident from trace 300 to 150; the relief along this 

part of the horizon is approximately 3 m.  There is an abrupt loss of coherency at trace 150 that 

is interpreted as a truncation by the primary strand of the HLF.  The R1 incoherency extends 

laterally between traces 150 and 75; coherency is regained at trace 75, but with a 2 m inverted 

sense of throw (relative to bedrock throw). The southeastern side of the hinge point (trace 300) 

exhibits a very subtle apparent southeastern dip along R1 to trace 380.  Approximately 2 m of 

structural relief is also noted between traces 380 and 440.  Between traces 440 and 510 R1 

generally appears coherent and undisturbed.  R1 is again displaced 2 m down to the southeast 

near trace 510.  The displacement is visible across all reflecting horizons on the stacked 
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seismogram.  The remainder of the profile to the southeastern terminus appears undisturbed.  

The angular unconformity above the footwall, inverted offsets in the R1 deformation near trace 

75, and the subtle antiformal force folds in the hanging wall, as well as the secondary small-scale 

deformation zones, suggest a complex structural evolution that has undergone at least one 

inversion from the original extensional episode.  Observation of these indicators temporally 

through the seismic profile suggests the features are not derived from erosion or soft-sediment 

deformation.  In addition, refraction data (Appendix C) along the line were analyzed; results 

show the uppermost “weathered” zone had a 1.6 m (±0.8 m) average thickness with an average 

velocity of 160 m/s (±16 m/s).  The relatively uniform “weathered” zone, narrow near-offset 

acquisition window, and surface-consistent procedures minimized the potential for statics-

induced artifacts. 

 

The borehole, HL–1, drilled and sampled at the southeastern terminus of L–9 (Fig. 32) recovered 

two small organic deposits from the lower sand unit at depths of approximately 7.7 and 9.0 m 

below the ground surface.  The samples were shipped to Beta Analytic Inc. for carbon-14 age 

determinations using the accelerator mass spectrometry method.  Dates of 36,980 (±450) YBP 

and 39,480 (±620) YBP were derived for the 7.7 m and 9.0 m samples, respectively. 

 

GROUND-PENETRATING-RADAR INTERPRETATION AND RESULTS 

Two GPR profiles were collected (different antennae separation) coincident to the L-11 seismic-

reflection survey. The clay-rich site conditions constrained the 50 MHz antennae to a maximum 

depth-of-penetration of approximately 4 meters (Fig. 33).  This is 1 meter less than the 

shallowest horizons imaged by the seismic-reflection data. Reflections were identified in a 

limited signal window; however, two discernable displacements are interpreted.  These 

anomalies are coincident with displacement anomalies seen at CDP 150 and 300 of the L-11 

seismic survey.  The numerous hyperbolic events in the deeper section are likely airwave events 

from a dense tree row along the eastside of the survey alignment. 
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Figure 32.  C14 dating results and soil classification from geotechnical boring HL-1.  More detailed 
soil descriptions can be found in Appendix B.   
 

PHASE 2 DRILLING ALONG LINE 11 

Subsequent to the geophysical imaging across the HLF, an additional eleven continuously cored 

holes across the 300-m-wide deformation zone that was defined by the L-11 seismic profile (Fig. 

33).  The holes were drilled to depths ranging between 5 and 6 meters (i.e., just below the 

shallowest resolvable depths seen on the seismic profiles).  The resultant cross-section correlates 

very well with the seismic interpretation (e.g., fault locations and apparent northwest-dipping 

fabric).  More importantly, the deformation appears to extend within 2 meters of the surface.  

Two organic samples were recovered from the deformed horizons at 1.2 and 4.5 meters depth.  

The carbon-14 tests indicated that their ages were approximately 1,100 and 31,000 YBP, 

respectively. The latter is similar in age to the previously dated material; unfortunately the 

former is not well enough constrained to eliminate the possibility of post-deformation 

emplacement. A defensible answer will require higher-resolution analysis (i.e., paleoseismology 

trenching) of the structure. 
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Figure 33.  A GPR profile (middle) was collected coincident to the seismic-reflection survey L-11 (bottom).  
The depth of GPR penetration is approximately 4 meters, 1 meter less than the shallowest sampled horizon in 
the seismic-reflection data.  The seismically opaque zone outlined by the dotted rectangle is the zone sampled 
by the useable GPR signal.  Eleven continuously sampled soil cores (top) were subsequently collected across 
the seismic reflection anomalies. 
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DISCUSSION 

The near-surface deformation observed between the HLF and WIF of southern Indiana is varied 

in structural style and extent throughout the study area.  Forty-six discrete Quaternary faults 

were interpreted over the 8 km of seismic data collected.  Of these faults, 23 exhibited normal 

displacement, 11 reverse displacement, eight were indeterminate due to loss of coherency around 

the fault, and four showed different senses of motion along a singe fault.  Fifteen compressional 

features (i.e., antiformal folds or uplifts) associated with soil and bedrock faults were observed in 

the seismic data, and three of the 46 faults exhibited varying apparent magnitudes of slip within 

Quaternary sediment.  The average bedrock displacement at the soil-bedrock interface (for all 

calculated displacements, L-1 to L-11) is ~3.4 m (ranging between 1 and 10.5 m), and the 

average soil displacement is ~1.7 m (ranging between 1 and 3 m).  Previous work in the WVFS 

(Rene and Stanonis, 1995) indicated that bedrock faults imaged in this study are likely oriented 

north/northeast–south/southwest, and because most faults that offset soil horizons are near-

surface projections of bedrock faults, their orientations are likely parallel. 

 

The wide range of deformation types observed in the near-surface faults of the WVFS suggests a 

complex relationship between the regional stress field and regional crustal anomalies (i.e., 

ancient bedrock faults).  All bedrock faults imaged in this study are high angle and interpreted to 

be originally formed under an extensional stress regime.  The majority of soil-penetrating faults 

is high angle and normally displaced; however, a significant amount of compressional 

deformation is also observed in the form of reverse faults and antiformal folds in soil and 

bedrock.  Normal faults, reverse faults, and uplifted sediment all within a 200-m fault zone, are 

not uncommon.  The existence of these varied styles suggests the structures were likely acting in 

a predominantly transpressional manner. 

 

Nearly all faults that offset soil horizons are near-surface projections of bedrock faults.  This 

allows us to infer that most Quaternary deformation identified in this study is not likely the result 

of surficial processes (slumps, lateral spreading, collapse, etc.), and the structural style observed 

in the soil is partially controlled by the preexisting bedrock structure.  The high-angle, 
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north/northeast–south/southwest-trending bedrock faults of the WVFS are currently under an 

east/northeast–west/southwest-oriented compressive stress (Zoback and Zoback, 1980).  The 

diffuse seismicity throughout the WVFS indicates there are seismogenic faults within or beneath 

the WVFS.  If the existing bedrock faults of the WVFS are being reactivated under the current 

regional compressive stress field, they should undergo net oblique-compressional strain.  This 

type of strain, when acting on high-angle faults in dipping bedrock and soil, can produce a 

complex set of structural features that are difficult to accurately delineate in a two-dimensional 

survey.  The sense of motion along individual fault planes imaged in two dimensions can only be 

resolved by knowing the site-specific fault orientation and dip, stratigraphic dip direction and 

magnitude, the apparent type of fault slip and magnitude (obtained from the seismic record), and 

the orientation of the survey line.  Consequently, the description of any two-dimensional cross-

sectional fault image will yield only apparent slip magnitude and direction, because of the 

uncertain geometric factors outside of the imaged plane.  As a result of the out-of-plane effect, a 

series of two-dimensional surveys in an area experiencing transpressional (or transtensional) 

strain along high-angle faults, would likely image a wide range of apparent slip types over a 

relatively small area.  The wide range of apparent slip types observed in the near-surface faults 

of the southern WVFS, and focal mechanism studies of contemporary seismicity occurring in the 

region, suggest that transpressional strain has been affecting the WVFS in the late Quaternary. 

 

Focal mechanism studies of the WVFS have shown that the primary slip type associated with 

moderate earthquakes from 1965 to the present is right-lateral strike-slip (Taylor et al., 1989; 

Kim, 2003) (Fig. 34).  The November 9, 1968, event (35 km west of the study area) (Fig.2), 

however, yielded almost pure reverse motion.  Deep reflection profiles conducted by Rene and 

Stanonis (1995) demonstrated that the Hovey Lake fault (HLF) and Wabash Island fault (WIF) 

intersect within the Precambrian basement rocks at a depth of ~5.5 km, and the WIF continues 

into the basement rock (Fig. 4).  The December 7, 2000, event (3.9 mb), which took place 

approximately 5 km from the north end of HLF, occurred at a focal depth of approximately 5 

km.  The March 6, 2000, event (2.7 mb), which occurred just north of Evansville, Ind., also had a 

focal depth of 5 km.  In addition, the June 10, 1987, event, which occurred approximately 20 km 

north of the WVFS at a focal depth of about 10 km, had eight aftershocks, which occurred at 
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Figure 34.  Focal mechanisms and locations of earthquakes in the vicinity of the Wabash Valley fault system.   
 

depths of less than 5 km.  Earthquakes occurring at depths in this range (within the boundaries of 

the WVFS) are likely occurring on the faults of the WVFS.  In addition, small thrust faults in 

Mississippian and Pennsylvanian rocks with displacements of a few inches to a few feet have 

been identified in mines within the WVFS; many of these faults are thought to be tectonic in 

origin (Ault et al., 1985).  These studies further substantiate the idea that the faults of the WVFS 

are affected by the Midcontinent Stress Province, and have been transpressionally reactivated 

under the east/northeast–west/southwest regional stress field. 

 

Rene and Stanonis (1995) imaged the WIF and HLF (comprising the Mt. Vernon graben) at 

depth.  The Mt. Vernon graben formed in extension; however, there is a broad anticline bounded 

by the WIF and HLF from the surface to a depth of ~4 km (Figs. 3 and 4).  Rene and Stanonis 

(1995) interpreted this anticline to be the result of reverse-drag folding during the extensional 

formation of the Mt. Vernon graben.  The near-surface deformation imaged in this study between 

the WIF and HLF, the orientation of the current regional stress field, and regional focal 

mechanism studies, indicate that this anticline may have formed due to, or was accentuated by, 

transpressional stresses after the formation of the Mt. Vernon graben. 

Although evidence suggests the Midcontinent Stress Province has affected the faults of the 

WVFS, the Commerce geophysical lineament (CGL), which passes through the northern edge of 

the WVFS, could contribute to the current seismicity observed in the WVFS.  Holocene fault 
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displacements have been observed on faults overlying the CGL (Harrison et al., 1999) 

suggesting a possible relationship between the basement structure and near-surface faulting 

events (Harrison and Schultz, 1994).  In addition, at least five large prehistoric earthquakes 

occurred near the surface projection of the CGL (Hildenbrand and Ravat, 1997).  McBride et al. 

(1997) showed that the hypocenter of the November 9th, 1968 event (M 5.5) (Fig. 2) coincided 

with basement reflectors of the CGL.  The overall relationship between the CGL and WVFS 

remains uncertain, however.        

 

SEISMIC HAZARD IMPLICATIONS 

Carbon-14 dating conducted on organics obtained from the fifteen boreholes in the study area 

confirmed that soil horizons that range between 26,840 ±150 YBP and 41,040 ±740 YBP have 

been displaced.  These dated horizons are not the shallowest imaged reflectors or the youngest 

14C measurement (i.e., 1,100 YBP), but represent repeated (more confident) age measurements 

in the common depth range between 5 and 10 m.  The shallowest imaged displaced seismic and 

GPR reflector is at depths of approximately 5 m and 2.5 m, respectively (Line 11).  Correlative 

drilling over these anomalies mapped displacement within 2 meters of the ground surface.  The 

U. S. Army Corps of Engineers and the U. S. Nuclear Regulatory Commission classify faults on 

which movement has occurred in the last 35,000 years as “capable.”  Consequently, the results in 

have design implications for critical structures in the region. 

 

Obermeier (1998) described paleoliquefaction features found in and around the WVFS with 

calculated magnitudes of M~7.5 and M~7.1, occurring 6100 ±100 YBP and 12,000 ±100 YBP 

respectively.  Other Holocene paleoliquefaction features have been identified in the region 

(Munson et al., 1997; Pond and Martin, 1997), which represent significant seismic events.  The 

combination of late Quaternary imaged faults, paleoseismicity, and contemporary seismicity in 

the WVFS suggests that the southern WVFS is a source zone for more detailed seismic hazard 

evaluation.   The techniques used in this study do not have the resolution required to characterize 

many important parameters (e.g., strain/slip rates or the minimum depth and age of 

displacement/deformation) used in a detailed assessment.  Therefore, further higher resolution 

studies are required to define magnitude and recurrence estimates.  
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CONCLUSIONS   

Eight kilometers of SH-wave seismic-reflection profiles, one kilometer of GPR imaging, and 

fifteen correlative boreholes collected in the southern WVFS suggest first-order neotectonic 

deformation in the Quaternary sediments overlying the reactivated Paleozoic structure.  Forty-

four of the 46 faults that offset or deform soil horizons are extensions of high-angle bedrock 

faults, supporting the hypothesis for a tectonic origin and not a result of surficial processes that 

can produce similar features (e.g., slumps, lateral spreading, collapse features, facies change, 

etc.).  The average bedrock displacement at the soil-bedrock interface is approximately 3.4 m 

(range of 1 to 10.5 m), and the average soil displacement is approximately1.7 m (range of 1 to 3 

m).  Several styles of deformation in the Quaternary overburden were interpreted: (1) apparent 

extension, (2) compressional features, such as antiformal folding of soil layers in the hanging 

and footwalls of faults and apparent reverse motion along faults, (3) opposing senses of motion 

with individual faults, and (4) varying slip magnitude within individual faults.  Varying types of 

slip and magnitude of slip along single faults may suggest an oblique component to the fault 

motion that produces an out-of-plane effect distorting the true slip direction and magnitude in a 

two-dimensional survey.  A dipping layer or layers with varying thicknesses that are offset 

obliquely (or laterally) produce a false sense of motion in two dimensions.   

 

The seismic profiles also exhibit soil and bedrock layers folded or uplifted by components of 

compressional stress, rather than solely undergoing reverse-motion slip along high-angle faults.  

Apparent normal displacements observed in the Quaternary sediment can result from localized 

areas of tension (or transtension) that occur in a transpressional fault zone, out-of-plane effects, 

and/or tensile stresses resulting from compressional uplift of the bedrock and soil. 

 

Carbon-14 dating of displaced horizons indicated movement between approximately 26,000 and 

42,000 YBP.  The imaged structures represent the only known primary coseismic deformation of 

the Late Quaternary within the WVFS, and are considered “capable” structures by U.S. Army 

Corps of Engineers and Nuclear Regulatory Commission regulations.   
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The style and timing of deformation within the WVFS, the close association of soil faults to 

documented Pennsylvanian bedrock faults (Hovey Lake fault and Wabash Island fault), and focal 

mechanisms in the Wabash Valley seismic zone are all evidence that the extensionally formed 

Paleozoic faults of the WVFS have been reactivated in the Late Quaternary. 
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