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Abstract 

The National Science Foundation has announced a plan to establish a Deep 

Underground Science and Engineering Laboratory (DUSEL) for interdisciplinary 

research in physics, geosciences, biosciences and engineering. The proposed laboratory 

will extend to a depth of about 2200 meters and will consist of research facilities for long 

term study.  To date, eight sites in North America have been proposed to host DUSEL.  

One of these sites, known as Kimballton, is located near Butt Mountain in Giles County 

in southwestern Virginia.  

Two seismic lines were acquired along the top of Butt Mountain in June of 2004 

to support the ongoing integrated site characterization effort by the Kimballton Science 

Team. Both lines, approximately 3 km in length, are standard multifold seismic reflection 

data aimed at imaging faults, thrust sheets, and repeated sections of Paleozoic rocks in the 

vicinity of the proposed Kimballton site. Crooked line geometry, irregular geophone 

spacing, ground roll, and poor impedance contrasts between juxtapositioned rock units 

were challenges in processing the data. Non-standard processing techniques included the 

use of travel time tomography to accurately constrain near surface velocities, the use of 2-

D median filters to remove ground roll, and stacking only offsets exceeding 500 m. 

Interpretation of seismic data supports a triplicated stratigraphic section caused by the 

stacking of the the St. Clair and Narrows thrust sheets. The  St. Clair and Narrows faults 

are interpreted as shear zones within ductile units of the Martinsburg Formation. 

3D travel time tomography was used to build a near surface velocity model of 

Lines 1 and 2 for the purposes of imaging near surface structure and constraining the 

extent of topographic lineaments, which are interpreted as bedrock joint systems. 

Interpretation of the velocity models suggests that the broadly folded strata of the Butt 

Mountain synclinorium dip gently to the east along the hinge surface. The surface 

extrapolation of the Lookout Rock fault and the intersection of topographic lineaments 



 

with the seismic lines are expressed as low velocity zones that extend to depths of 150 m. 

This may be related to accelerated weathering along jointed rock surfaces.   

Results of this study have already been incorporated into the NSF proposal 

submitted by the Kimballton Science Team (http://www.phys.vt.edu/~kimballton/s2p/b2.pdf). 
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Introduction 
 In 2004 the National Science Foundation (NSF) announced a plan to establish a 

Deep Underground Science and Engineering Laboratory (DUSEL) for interdisciplinary 

research in physics, geosciences, biosciences, and engineering (http://www.dusel.org/). 

To date, eight sites in North America have been proposed to host DUSEL (Figure 1a). 

One of these sites, known as Kimballton, is located under Butt Mountain in Giles County 

in southwestern Virginia (Figure 1b). The Kimballton site is located near an active 

limestone mine operated by the Chemical Lime Company. Envisioned DUSEL facilities 

at Kimballton will extend to a depth of 2200 m and will consist of access ramps and 

shafts that connect research laboratories at varying depths (Figure 2a). Mid-level and 

deep-level research campuses will host subatomic particle detection apparatus as well as 

research facilities for other experiments involving molecular biology, the dynamic 

behavior of rocks and fluids at depth, and advanced mining and construction technology 

(Figure 2b). Construction proposals for DUSEL at Kimballton rely on an integrated site 

characterization effort (Figure 3) including geologic mapping, regional bore synthesis, 

mining geology, lineament and structural analysis, pilot-hole drilling and logging, 

hydrologic studies, and seismic surveying.  

 The purpose of this study was to acquire and process two 3 km seismic reflection 

lines along the top of Butt Mountain to characterize the subsurface geology in the vicinity 

of the Kimballton site. Presented in this report are a) the processing and interpretation of 

the seismic reflection data, b) the travel time tomography procedure used to build and 

interpret a near surface velocity model, and c) the synthesis of these results integrated 

with regional geologic studies.  
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Figure 1: Location of Kimballton Site. 
(a) The location of 8 candidate DUSEL sites and (b) the location of Kimballton in the 
physiographic province of southwest Virginia. 
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Figure 2: Conceptual design of DUSEL facilities at Kimballton. 
(a) Facilities are comprised of access ramps and shafts that connect research laboratories 
at varying depths. (b) Detailed plan of mid-level laboratories. Unpublished figures 
courtesy of the Kimballton Science Team (2005). 
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Figure 3: Construction Proposal for DUSEL at Kimballton. 
(a) Planned facilities would lie in competent Ordovician limestone units (Henika 
unpublished; Kimballton Science Team 2005). (b) Plans call for portals at Hoges Chapel, 
Kimballton, and at the peak of Butt Mountain (Kimballon Science Team 2005 
unpublished). (c) The Chemical Lime Company is mining the Five Oaks Formation at 
Kimballton. Caverns in the Five Oaks are as tall as 34 meters and extend to a depth of 
700 m (Photo: R.B. Vogelaar). 
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Geologic Setting 
 The Kimballton site lies near the northwestern edge of the Valley and Ridge 

Province of the southern Appalachian Mountains in Giles County, Virginia.  This 

province consists of broad, stacked thrust sheets that are the product of thin-skinned 

deformation from the Alleghenian orogeny during the Carboniferous Period. These thrust 

sheets are bounded by decollement zones that originate in the weak, basal sedimentary 

formations and propagate upward into smaller local imbricate faults near the surface 

(Mitra et al 1988). Crustal shortening in the southern Appalachians is accommodated by 

extensive transport-parallel displacement on low angle thrust ramps and flats, and to a 

lesser extent folding. In contrast, deformation in the central Appalachians is 

accommodated mostly by folding. The discrepancy in structural style between the 

southern and central Appalachians is manifest as an abrupt transition zone 50 km 

northeast of Giles County that is characterized by fault-tip anticlines as the structural 

grain changes from N60-65E in the southern Appalachians to N30-35E in the central 

Appalachians (Kulander and Dean 1988). Although correlations have been made between 

basement configuration and regional thrust style, the Precambrian basement is not 

directly involved in deformation of the overlying Paleozoic units (Kulander and Dean 

1986).      

 Rock units in the Kimballton area were deposited along a passive shelf margin 

during the Cambrian, Ordovician, and Silurian periods. Massively bedded carbonate 

rocks dominate the Cambro-Ordovician units, while calcareous shales, thinly bedded 

limestones, and quartzites dominate the late Ordovician and Silurian units. Regional 

stratigraphy has been divided into the basal Rome Formation, Honaker Formation, Knox 

Group, Middle-Ordovician limestones, Martinsburg Formation, and the Juniata, 

Tuscarora, Rose Hill, and Tonoloway/Keefer Formations (Figure 4); after Cooper (1961). 

Locally, the Martinsburg has also been mapped as the Reedsville, Eggleston, and 

Moccasin formations (Rader and Gathright 1986) and is composed of thin sheets of inter-

bedded limestones and shales; the Martinsburg units typically act as decollement horizons 

due to their mechanical weakness (Kulander and Dean 1986). 

The Kimballton area is bounded to the northwest by the Narrows and St. Clair 

faults, and to the southeast by the Saltville fault (Figure 5). Surface geology, regional 



 

 6 

borehole data, and balanced cross sections have been integrated into a regional geologic 

model first published by Woodward (1985) and later modified by Henika (2005 

unpublished; The Kimballton Science Team 2005) (Figures 6 and 7). This model 

indicates that detachment zones originate in the Rome mudstone formation at the base of 

the Cambro-Ordovician limestone package, and propagate into imbricate structures in the 

overlying Martinsburg Formation. Henika (2005 unpublished; The Kimballton Science 

Team 2005) determined that as much as 65% shortening has occurred via a combination 

of gentle folding and stacking of thrust sheets along the St. Clair fault zone, the Narrows 

fault zone, and splays of the Saltville fault. This thin-skinned deformation has duplicated 

the stratigraphic section under the Bane Dome and triplicated the stratigraphic section 

under the Butt Mountian Synclinorium (Figure 7).   

The proposed Kimballton site is inside the Butt Mountain Synclinorium;  the 

hinge plane of this fold strikes of N65E and the fold axis gently plunges 10°-20° to the 

northeast (Eckroade 1962). Physiographically, Butt Mountain is a ridge capped by 

erosion-resistant quartzite, sandstone, and limestone from the Juniata, Tuscarora, Rose 

Hill, Keefer, and Tonoloway Formations. These resistant units are broken by a series of 

splay faults that trend parallel the strike of the synclinorium hinge surface (Figures 6 and 

7). Repeated sections of the Martinsburg Formation dominate the steep flanks of Butt 

Mountain, and the existing Kimballton limestone mine is situated in a valley off of the 

northwestern flank of the mountain.  

Previous Seismic Work 
The Virginia Tech VibroSeis Consortium (VTVC) acquired 37 km of P wave data 

and 16 km of SH wave data in the vicinity of the Bane Dome (Figure 5) during the 

petroleum exploration boom of the early 1980’s. Seismic data of the VTVC lines were of 

poor to fair quality due to crooked roads and areas of limited access, near-surface karst, 

and high velocity units in the near surface, which promote large amplitude Rayleigh 

waves and scatter seismic energy (Gresko 1985). Gresko interpreted VTVC Line 2 across 

the Bane Dome to be underlain by a block of minor fault slices in the Martinsburg 

Formation, which he related to deformation along the St. Clair Fault Zone. The 

reprocessing and subsequent reinterpretation of VTVC Line 2 by Domoracki et al (1989) 

also shows several fault slice structures in the Martinsburg Formation.  
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Figure 4: Stratigraphy and explanation of rock units in the Kimballton area.  
Thickness of units from Cooper (1961) and the Gulf R.L. Price well in Russell County 
(1977). Rock densities and seismic velocities after Edsall (1974) and Kolich (1974). 
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Figure 5: Geologic Map of the Radford 30’ × 60’ Quadrangle. 
Red lines are unpublished cross sections from Henika (2004-2005 unpublished; The 
Kimballton Science Team 2005). Blue lines are seismic lines collected by Virginia Tech: 
K1 and K2 in 2004, and VTVC2 in 1983. Rock units are explained in Figure 4. 
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Figure 6: Cross section along B-B’ (Figure 5) from Henika (2004 unpublished; 
Kimballton Science Team 2005). 
Cross section modified from regional cross section by Woodward (1985). Displacement 
along the St. Clair fault is accommodated by shearing and stacking of the ductile 
Martinsburg Formation. 
 

 
Figure 7: Cross section along I-I’ (Figure 5) oblique to strike of the Butt Mountain 
synclinorium from Henika (2005 unpublished; Kimballton Science Team 2005). 
Cross section is oblique to strike of the Butt Mountain Synclinorium. Imbrication within 
the Martinsburg Formation results in stacked fault slices in the St. Clair and Narrows 
thrust sheets. 
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Data Acquisition 
 Two seismic lines were acquired on Butt Mountain in June 2004 by the 

Department of Geosciences at Virginia Tech (Figure 8). Line 1 trended 108° from north 

and ran 40° off strike of the hinge axis of the Butt Mountain synclinorium (Figure 9). 

Excepting a 500 m dog leg of receivers on the western end of Line 2, it trended 70° and 

ran along strike of the Butt Mountain synclinorium (Figure 10). Both lines were 3 km 

long and provided 2.5 km of CDP coverage. Lines 1 and 2 overlap for 700 m, however 

they were not recorded concurrently and were not merged during the subsequent 

processing. Data acquisition parameters can be found in Table 1. 

 Seismic explosive was used to record 112 and 110 shots at 20 m spacing along 

Lines 1 and 2, respectively. Shot holes were drilled to a depth of 6 m and contained 2 kg 

of seismic explosive. Two 8 kg shots were used near each end of the lines and were 

drilled to a depth of 12 m. Shot holes penetrated a shallow weathering layer of soil into 

bedrock with the exception of a short segment on the eastern end of Line 1 between shot 

stations 184 and 194 where the weathering layer was thicker and bedrock was not 

reached (Figure 9a). These shot holes collapsed easily, so shot size and depth were 

reduced to 0-1 kg at 3-4 m depth. 

 Both lines consisted of 180 stationary geophone stations. 70 geophones were 

spaced at roughly 10 m on the western end of both lines and 110 geophones were spaced 

at about 20 m throughout the rest of the lines. Geophones were spaced at 10 m with the 

intent to improve stacking fold near the existing Kimballton mine workings. Due to the 

crooked lines, true distance between geophone stations ranged between 7 m and 23 m. 

Data quality was variable along Line 1 because of poor ground coupling in compacted 

sand at geophone stations 32-44 and over blocky rock debris at stations 160-180 (Figure 

9a). Geophone coupling was good on Line 2.  

 Seismic data were recorded on three 60 channel, 24 bit seismographs. Shots and 

seismographs were triggered with synchronized GPS clocks. Line 1 was recorded on June 

24-26, and Line 2 was recorded on June 28. Wind, rain, and low flying airplane traffic 

deteriorated the data quality on Line 1. Data quality was good on Line 2. Poor GPS signal 

may have interfered with trigger times on a few shots. All shot and geophone stations 
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were surveyed with high precision GPS instruments and traditional surveying techniques 

to 10 cm accuracy.  

 

Table 1: Acquisition Parameters for Lines 1 and 2.  
Date Recorded June 2004 
Spread Type End-on/Shoot through 
Number of Channels 180 
Geophone Spacing 70 at 10 m / 110 at 20 m 
Geophone Type 10 Hz single / 4.5 Hz cluster 
Shot Spacing 20 m 
Small Charge Size 2 kg 
Large Charge Size  8 kg 
Charge Depth 6 m (small shots) / 12 m (large shots) 
Recording Instruments Three 24 bit 60 channel Geometrics 

StrataViews 
Sample Rate 2 ms 
Record Length 15 s 
Record Format SEG Y 
Number of Shots Line 1 112 
Number of Shots Line 2 110 
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Figure 8: Index map of Kimballton seismic Lines 1 and 2. 
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Figure 9: Survey geometry and CDP coverage for Kimballton Line 1. 
(a) Line 1 survey geometry reduced from UTM coordinates and rotated 12°. Red points 
are shot stations, green points are geophone stations. Irregular shots are highlighted with 
the red oval. (b) Crooked line CDP bins. Coordinates reduced from UTM. Black “+”s are 
receiver stations, white points are midpoints, red line is the CDP track, red rectangles are 
CDP bins with the dimensions of 20 m × 400 m.  
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Figure 10: Survey geometry and CDP coverage for Kimballton Line 2. 
(a) Line 2`1` survey geometry reduced from UTM coordinates and rotated -27°. Red 
points are shot stations, green points are geophone stations. (b) Crooked line CDP bins. 
Coordinates reduced from UTM. Black “+”s are receiver stations, white points are 
midpoints, red line is the CDP track, red rectangles are CDP bins with the dimensions of 
20 m × 400 m. 
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Reflection Data Processing 
 Data processing was directed at producing the strongest reflectors in the upper 2 

km of the section to image structures of interest for construction of an underground 

laboratory facility (DUSEL). Crooked line geometry, irregular geophone spacing, ground 

roll, poor impedance contrasts between juxtaposed rock units, and the short line length 

relative to the depth of imaged reflectors were issues in processing the data. The 

processing flow is shown in Table 2. Non-standard processing techniques included the 

use of travel time tomography to accurately constrain near surface velocities, the use of 

2D median filters to remove ground roll, and stacking only offsets exceeding 500 m. 2D 

migration produced an over-smeared image due the spurious relocation of noise and the 

horizontal characteristic of reflectors at 3-6 km depth on the short line (2.5 km CDP 

coverage). Interpretation was done on stacked sections only. 

 Station locations were transformed from UTM coordinates into coordinate 

systems along each line and data from all three recording instruments were merged onto a 

single line by re-labeling the recording channels. A 125 ms static shift was applied to the 

large shot records to correct the shot cap delay. 

 The crooked line binning grid was defined by the straightest line through the 

source and receiver midpoints. Experimentation indicated that 20 m CDP bins provided 

the best tradeoff between reflector continuity and spatial resolution. Trace fold ranged 

between 3 and 245 on Line 1 and between 1 and 237 on Line 2. A trace fold of at least 40 

was required to effectively image the basement at 6 km depth. First breaks were picked 

on shot gathers for the purpose of refraction analysis. Trace amplitudes were scaled with 

a spherical divergence operator using a 6000 m/s distance correction for trace inspection. 

However, data processing operations were done without trace scaling and AGC was used 

for display purposes. 

 Elevation statics were applied to the data using a 1280 m and a 1250 m elevation 

datum on Lines 1 and 2, respectively. A replacement velocity of 4000 m/s was chosen for 

both Lines 1 and 2 based on results from refraction analysis. Data were bandpass filtered 

with a 15-25-70-120 Hz Ormsby filter (Figures 11 and 12). Noise trains related to ground 

roll were difficult to remove due to irregular receiver spacing. F-K filters could not be 
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used without interpolating data to create traces at equal spacing. Instead, 2-D median 

filters steered along the velocity dips of +/- 1895 m/s and +/- 820 m/s were used to 

remove the effects of ground roll (Figures 13 and 14). Refracted P wave (4500 m/s) and S 

wave (2600 m/s) velocities suggest that wave trains at 1895 m/s may correspond to 

Rayleigh waves. The wave trains at 820 m/s are more troublesome and may correspond to 

ground roll within the soil layer. Shot gathers were top muted to eliminate the stacking of 

refracted P and S waves.  

 After filtering, shot gathers were inspected for signal quality and traces were 

edited. Data quality on Line 1 was generally poor and 108 shot gathers were used during 

subsequent velocity analysis and stacking. Data quality on Line 2 was generally good and 

86 shots with high S/N ratio were included in subsequent velocity analysis and stacking. 

Reflector quality was improved by excluding traces recorded within 500 m of the shot. 

This may be related to the effects of near offset noise, data artifacts from median filtering 

near offset ground roll, and amplitude vs. offset (AVO). There was little evidence of 

reverberations or multiples. Both surface consistent and predictive deconvolution were 

attempted on CDP gathers for the purpose of improving spatial resolution. Deconvolution 

improved spatial resolution in the lower section, but was not used in the processing flow 

because it deteriorated data quality in the upper section.  

 Results from first break travel time tomography analysis (discussed in Chapter 

VI) indicated that velocity quickly approaches 6 km/s within the upper 500 m of the 

section. Constant velocity stacks showed that a stacking velocity of 6 km/s produced 

strong reflectors throughout the section. Iterative velocity analysis provided only nominal 

signal improvement after the first pass of residual statics. Residual statics greatly 

improved the quality of the section and were calculated based on a 500 ms time gate 

between 1600 ms and 2100 ms, which contained the strongest reflectors in the section. A 

maximum 30 ms static shift was allowed. 

 Spiking deconvolution was attempted on the stacked sections but was not used in 

the final display due to poor results. The stacked images were bandpass filtered at 3.2-

12.8-64-128 Hz and converted to depth using a stacking velocity of 6 km/s. Finally, an 

AGC with a 750 m window was applied to the data before plotting.   
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 Results from the reflection processing of Lines 1 and 2 yield disappointing results 

in the upper section, however, a series of robust, continuous reflectors labeled A1, B1, 

and C1 on Line 1, and A2, B2, and C2 on Line 2 (Figures 15 and 16) were well imaged in 

the lower section. On both seismic lines, reflectors A, B, and C were imaged at depths of 

~5.9 km, ~5.4 km and ~4.8 km, respectively. The middle and upper sections of Lines 1 

and 2 are dominated by weak, discontinuous reflections. Reflectors D and E are present at 

on both lines at ~3.1 km and ~2.2 km depth, respectively. Depth estimates have an error 

of roughly 10% and were derived from the results of stacking velocity analysis. 

 Unsuccessful attempts were made to image basement structure below 2 s (6 km 

depth) by using lager CDP bins (100 m) to improve the S/N ratio. Although stacking fold 

was as great as 900, there were no coherent reflectors below 6 km. 

 

Table 2: Processing sequence Lines 1 and 2. 
Read SEG Y data – 15 s 
Assign Geometry for each line  
Crooked line CDP sort with 20 m bins 
Static shift traces with shot delay – (125ms) 
Pick first breaks 
First break travel time tomography analysis  
Elevation statics – 4000 m/s replacement velocity 
Line 1: 1280 m datum 
Line 2: 1250 m datum 
Ormsby bandpass filter 15-25-70-120 Hz 
Velocity filter – median method,  
remove +/- 1895 m/s and +/- 820 m/s 
Edit shot gathers with low S/N ratio 

Exclude offsets < 500 m 
Top mute – 0 m: 200 ms, 2300 m: 675 ms 
Velocity analysis – constant velocity stacks (single pass) 
NMO correction – 6000 m/s throughout section 
Surface consistent max power autostatic – 500 ms gate at 1600 ms 
Allow 30 ms shift 
CDP ensemble stack 
Time to Depth conversion – 6000 m/s throughout section 
Bandpass filter 3.2-12.8-64-128 Hz 
AGC with 750 ms window 
Trace Display 
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Figure 11: Frequency spectrum of Line1. 
(a) Unfiltered frequency spectrum and (b) bandpass filtered frequency spectrum at 15-25-
70-120 Hz. 
 
 
 

 
Figure 12: Frequency spectrum of Line 2. 
(a) Unfiltered frequency spectrum and (b) bandpass filtered frequency spectrum at 15-25-
70-120 Hz. 
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(a)  

(b)  
 
Figure 13: Shot gathers from Line 1. 
(a) Raw shot gather with AGC. Velocities of wave trains are labeled in red; the yellow 
line is 1895 m/s; the dark blue line is 820 m/s. (b) Shot gather after bandpass filtering at 
15-25-70-120 Hz. Rayleigh wave velocity is 1895 m/s. Wave trains at 820 m/s may be 
shallow ground roll within the soil layer.  
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Figure 14: Shot gather after median filtering. 
Median filtering steered at +/- 1895 m/s and +/- 820 m/s to remove the effects of ground 
roll. Reflector strength and continuity are favorable at offsets exceeding 500 m (red line). 
Poor reflector strength in the near offset may be related to aggressive noise removal or an 
amplitude vs. offset (AVO) effect. 

500 m < Offset 
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Figure 15: Stack of Kimballton Line 1. 
Depth conversion of 6 km/s used throughout section. Reflectors are identified as A1, B1, 
C1, D1, and E1. 
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Figure 16: Stack of Kimballton Line 2. 
Depth conversion of 6 km/s used throughout section. Reflectors are identified as A2, B2, 
C2, D2, and E2. 
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Interpretation of Reflection Data 
Interpretation of the stacked reflection sections was difficult due to: 1) the 

absence of bore-hole data, 2) poor reflectivity, and 3) the short range of CDP coverage 

(2.5 km) relative to the width of the Butt Mountain Synclinorium (10 km). Seismic 

velocities of rock units from Kolich (1974) and Edsall (1974) (Figure 4) were used to aid 

interpretation of Lines 1 and 2. A time to depth conversion of 6 km/s was chosen based 

on the stacking velocity used for the seismic sections. The interpreted reflection sections 

are in Figures 17 and 18, and Table 3 shows the interpretation of main reflectors 

assuming a 6 km/s time to depth conversion. 

The strongest reflector on both seismic sections is at ~5.9 km depth and is 

interpreted to be the contact between the Rome Formation, a low seismic velocity 

mudstone, and the underlying basement gneiss. Although some investigators (Kulander 

and Dean 1986 and Domoracki et al 1989) site the Chilhowee Group (Figure 19a) as the 

basal formation in the Western Valley and Ridge, the Gulf R.L. Price well (1977) in 

Russell County, Virginia, roughly 175 km southwest along strike encountered 

Precambrian basement at 5.6 km depth beneath the Rome Formation (Figure 19b). The 

Rome Formation is recognized as the basal decollement surface beneath most thrust 

sheets in the Valley and Ridge Province (Woodward 1985).  

The Rome Formation is overlain by the Honaker Formation (dolomite), and the 

strong reflector labeled “B” at ~5.4 km depth is interpreted as the contact between these 

two formations. Although mudstone units of the Rome Formation were measured at 3.88 

km/s in the Bane Dome (Figures 4 and 5), this is probably an under representation of the 

Rome Formation’s true seismic velocity since it contains a considerable amount of higher 

velocity carbonates. Weaker reflectors between “A” and “B” correspond to interbedding 

of mudstone, limestone, and evaporitic sequences (Diegel 1988) within the Rome 

Formation.  

Reflector “C” at ~4.8 km depth is interpreted to be the Nolichucky Formation, a 

distinct seismic horizon (Gresko 1985), made of 20 m of dolomite and shale, which has a 

lower seismic velocity (5.63 km/s), compared to the underlying Honaker Formation and 

the overlying Knox Group. The indicated thickness of the Honaker Formation (600 m) 

might be exaggerated by as much as 20% due to its relatively high seismic velocity (7.35 
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km/s Figure 4) compared to the time to depth conversion velocity of 6 km/s. While the 

expected thickness of the Honaker Formation is 330 m, there is significant stratigraphic 

variation throughout the Valley and Ridge Province (Woodward 1985) and measured 

sections of the surface Honaker Formation at the Bane Dome may not be an accurate 

indication of the true thickness of the Honaker Formation at depth. Reflections are not 

seen within the Honaker Formation, indicating that it has very little internally reflective 

heterogeneity.  

The stratigraphic section (Knox Group and Ordovician limestone) above the 

Nolichucky Formation is massively bedded dolomite and limestone with minor interbeds 

of clastic rocks. Coherent reflections in these units are absent due the similar physical 

properties between strata; however, the patchy, hummocky reflection characteristic at 

~3.4-4.8 km depth may be related to minor changes in lithology within the Knox Group 

and Ordovician limestone.  

At ~3-3.4 km depth is a series of coherent, but discontinuous reflectors labeled 

“D”. These reflections may correspond to heterogeneity and anisotropy from interbed 

shearing within the Martinsburg Formation along the St. Clair fault. Interpretations of 

seismic line VTVC 2 from Gresko (1985) and Domoracki et al (1989) show that fault 

slices in the Martinsburg Formation characterize thrust ramps within the Bane Dome 

(Figures 20, 21, and 22). The discontinuous nature of reflector “D” suggests the absence 

of the Silurian clastic package below the St. Clair fault, which is a distinct seismic 

horizon (Domoracki et al 1989).  Given a characteristic wavelength of ~150 m, the 

Silurian Keefer, Rose Hill, and Tuscarora Formations should be seismically visible 

(Figures 23 and 24). The absence of these reflections indicates that the St. Clair fault lies 

within the Martinsburg Formation and that the Silurian clastic formations may have been 

truncated to the west (Figures 25 and 26).  

Synthetic shot gathers were computed to determine the effect of heterogeneity 

within the Martinsburg Formation. A layered control model without lateral heterogeneity 

(Figure 27) was created using the published seismic velocities given in Figure 4. The 

resultant shot gather (Figure 28) shows a coherent set of reflections at the expected 

lithologic interfaces and strong amplitude vs. offset (AVO) dependence. The test model 

low seismic velocity zones within the Martinsburg Formation to model inter bed shearing 
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caused by the St. Clair, Narrows, and Saltville faults (Figure 29). The resultant synthetic 

shot gather (Figure 30) bears striking resemblance to actual shot gathers (Figures 13 and 

14), particularly in the middle and lower sections. The base of the Rome Formation is 

imaged at 2200 ms on the synthetic section, but at 2000 ms on the field record, indicating 

a 10% cumulative error between the published seismic velocities and the thickness of the 

rock units given by Henika (Figure 4). Diffraction swarms between 500 ms and 600 ms in 

the synthetic shot gather are not as apparent in the real shot gathers, which suggests that 

the upper Martinsburg may have been over-populated with heterogeneities in the test 

model. Comparison of the two synthetic shot gathers shows that scattered seismic energy 

deteriorates reflector quality throughout the section.  

The reflections labeled “E” at ~2.1 km depth on Line 1 and at ~2.4-2 km depth on 

Line 2 are of similar characteristic to reflection “D”, and are similarly interpreted as 

zones of heterogeneity due interbed shearing within the Martinsburg Formation along 

Narrows fault. The St. Clair thrust sheet is therefore bounded by shear zones within the 

Martinsburg Formation and is composed of a 600 m section of Upper Knox Formation, 

Ordovician limestone and the overriding Martinsburg Formation. Plans for DUSEL at 

Kimballton call for the construction of a deep research campus in Ordovician limestone 

units of the St. Clair thrust sheet (Figure 3). 

The Narrows thrust sheet is interpreted as another 600 m section of the Upper 

Knox Group, Ordovician limestone, and overriding Martinsburg Formation stacked above 

the St. Clair thrust sheet. There were no reflectors above ~2.2 km and interpretation of 

the upper section was derived from detailed cross sections (Figures 6 and 7) from Henika 

(2004 and 2005 unpublished; The Kimballton Science Team 2005).  

Table 3: Interpretation of main reflectors, assuming 6 km/s time to depth conversion. 
Reflector Geologic Feature Depth* 

E Narrows Fault Zone 2.2 km 

D St. Clair Fault Zone 3.1 km 

C Top of Nolichucky Formation 4.8 km 

B Top of Rome Formation 5.4 km 

A Basement Contact 5.9 km 

* Datum 1250 m above sea level. 
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Figure 17: Interpretation of  Kimballton Line 1.  
Reflectivity at D1 and E1 is attributed to shearing within the Martinsburg Formation, 
which may juxtapose beds of contrasting physical properties. Reflector C1 is the 
Nolichucky Formation, B1 is the top of the Rome Formation, and A1 is the basement 
contact. Weaker reflections between A1 and B1 correspond to interbedding of shale, 
mudstone, and limestone within the Rome Formation. 
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Figure 18: Interpretation of Kimballton Line 2.  
Reflectivity at D2 and E2 is attributed to shearing within the Martinsburg Formation, 
which may juxtapose beds of contrasting physical properties. Reflector C2 is the 
Nolichucky Formation, B2 is the top of the Rome Formation, and A2 is the basement 
contact. Weaker reflections between A2 and B2 correspond to interbedding of shale, 
mudstone, and limestone within the Rome Formation. 
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Figure 19: Stratigraphy of the southern Appalachians and the Gulf R.L. Price well log. 
(a) Stratigraphy of southern the Appalachians from Kulander and Dean (1986). Units in 
red show ductile rock units that accommodate shearing along thrust zones. (b) Gulf R.L. 
Price well log (1977) from Russell County, Virginia shows that the Rome Formation is 
the basal unit in the western Valley and Ridge Province. Courtesy of the Virginia 
Department of Mines, Minerals and Energy, Division of Mineral Resources. 
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Figure 20: Correlation of VTVC Line 2 (Gresko 1985) with Kimballton Line 1. 
VTVC Line 2 was collected 40 km along strike from the Kimballton Line 1, which must 
be taken into account when comparing the two seismic lines. 
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Figure 21: Comparison of VTVC Line 2 interpretation with Kimballton Line 1. 
Both interpretations have the St. Clair fault and the basement contact at comparable 
depths.  
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Figure 22: Interpretation of VTVC Line 2 after Domoraki et al (1989). 
Interpretation shows fault slices in the Martinsburg Formation, however, interpretation of 
the St. Clair and Narrows Faults is inconsistent with Gresko (1985). The Gulf R.L. Price 
well (1977) in nearby Russell County penetrated basement below the Rome Formation 
and the Rome is believed to be the basal formation in the Western Valley and Ridge 
(Woodward 1985). 
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Figure 23: Lateral resolution of reflected seismic energy. 
(a) Width of Fresnel zone at varying depths; cyan is 2.2 km, sky blue is 3 km, dark blue is 
6 km. (b) Schematic of Fresnel zone. (a) and (b) after Sheriff (1995). 
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Figure 24: Vertical resolution of reflected seismic energy. 
(a) Wavelength of 150 m at 40 Hz and 6 km/s (Sheriff 1995). Limit of vertical resolution 
is 37.5 m (1/4 wavelength). (b) Silurian Keefer, Rose Hill, and Tuscarora Formations at 
Gap Mountain. Ricker wavelet of 150 m is shown for scale. Paucity of continuous 
seismic reflections at 3 km depth suggests these formations have been truncated by the St. 
Clair fault and the Narrows fault. 
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Figure 25: Cross section from Kulander and Dean (1986).  
Seismic constraint labeled with blue lines. Reflections from the Silurian and Devonian 
clastic package (shaded red) and Chilhowee Group (shaded orange) are absent from 
Kimballton seismic sections. 
 
 
 

 
Figure 26: Preferred cross section from Woodward (1985).  
Seismic constraint labeled with blue lines. Cross section is consistent with interpretation 
of Kimballton Lines 1 and 2. The Rome Formation comprises the basement decollement 
while the Silurian clastic package is truncated by the St. Clair thrust. 
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Figure 27: Synthetic velocity model without heterogeneities. 
Model based on cross sections from Henika (Figures 6 and 7) and from published seismic 
velocities and bed thicknesses (Figure 4). The upper Martinsburg Formation was modeled 
by a gradational velocity increase from the shale units (4.7 km/s) to the limestone units 
(5.35 km/s). 
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Figure 28: Synthetic shot gather without heterogeneities. 
Continuous reflections are present throughout the section at expected interfaces. Varying 
reflector strength suggests a strong amplitude vs. offset (AVO) dependence, which favors 
long offset reflections. 
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Figure 29: Synthetic velocity model based on Figure 27.  
Low velocity zones (4.2 km/s) have been included in the Martinsburg Formation to 
model the effects on inter-bed shearing within splays of the Saltville, Narrows, and St. 
Clair faults. 
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Figure 30: Synthetic shot gather with hetergeneities.  
Scattering from diffractors in the Martinsburg Formation deteriorates the continuity of 
reflectors throughout the section. Diffractions are more intense in the upper section than 
on the field records (Figures 13 and 14), which suggests that the upper Martinsburg 
Formation was over-populated with heterogeneities. Reflectors are imaged 10% deeper 
on the synthetic model than the field records, indicating that the published velocities are 
10% too fast on average. 
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3D Travel Time Tomography Procedure 
 Travel time tomography was used to build near surface velocity models of Lines 1 

and 2 for the purposes of imaging near surface structure, constraining the subsurface 

extent of topographic lineaments, and refining velocities used in the processing of the 

reflection data.  

The inversion algorithm of Hole (1992) was used to invert first arrival times of 

refracted P waves for the near surface velocity structure using a procedure known as back 

projection tomography. This algorithm uses a linear approximation to solve the nonlinear 

problem of unknown ray paths and unknown velocity structure. The velocity model is 

parameterized in three dimensions at uniformly spaced grid nodes and rays are traced 

through grid cells. A finite difference solution to the eikonal equation, developed by 

Vidale (1990) and later modified by Hole and Zelt (1995), computes first arrival travel 

times to each grid node in the velocity model. Ray paths are found by following the 

computed travel times back along their gradient from each receiver to the source. Ray 

paths remain fixed while an equal velocity perturbation is added to every cell along a ray 

path to correct the misfit between the calculated and the observed travel times. The total 

velocity perturbation at a grid node is calculated by averaging all the rays that pass 

through a multi-cell volume centered at the grid node. Perturbations at each node are then 

smoothed with a moving average filter and the model is updated for the next forward 

modeling step. If the velocity perturbations are small, then the linear approximation of a 

fixed ray path is not violated and a solution can be reached. Dependence upon the starting 

model is reduced by using successively smaller smoothing operators with each iteration. 

With this approach, the resultant model will have a large-scale bias and will produce a 

minimum structure model of the subsurface.  

First arrivals were picked on the 111 and 86 shot gathers used during the 

reflection processing of Lines 1 and 2, respectively. Coordinates were rotated to produce 

velocity profiles parallel to the length of the lines and to minimize computation expense 

by limiting the number of grid nodes in the model. Velocity models were parameterized 

and inverted in three dimensions but 2D slices along the lines were interpreted. A variety 

of smoothing parameters and initial velocity models were tested to produce a preferred 



 

 40 

model that minimizes travel time misfit while achieving maximum spatial resolution 

without streaking along the preferred ray directions.  

The preferred models for Lines 1 and 2 used smoothing with a 1:1 vertical to 

horizontal aspect ratio and an initial velocity model that linearly increases from 3 km/s at 

the surface to 6.2 km/s at 700 m depth under Line 1 and at 660 m depth under Line 2 

(Figures 31 and 32). The negative velocity gradient at the bottom of the initial velocity 

model minimizes instability caused by tracing rays at the model boundary. Higher 

vertical to horizontal smoothing aspect ratios such as 1:5, 1:4, and 1:3 produced streakier 

images than the 1:1 aspect ratio (Appendix C-R). A variety of starting velocity models 

were used to window the preferred initial velocity gradient. The initial smoothing 

operator for the preferred model was 2 km horizontally and 2 km vertically, and was 

reduced by 2/3 after every third iteration for a total of 27 iterations. The final smoothing 

operator was 40 m horizontally and 40 m vertically.  
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Figure 31: Line 1 Preferred Model Run F. 
(a) Line 1 cross section F27 after 27 iterations. (b) Map of Line 1 geometry: green points 
are receivers, red points are shots, the blue line is cross section F27. (c) Table of 
smoothing operators used for each iteration. (d) Initial velocity profile: red points are Run 
F, black points are the preferred gradient. Other models with different initial velocity 
profiles are in the Appendix. The negative velocity gradient at the bottom of (d) is for ray 
tracing stability. 
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Figure 32: Line 2 Preferred Model Run F.  
(a) Line 2 cross section F27 after 27 iterations. (b) Map of Line 2 geometry: green points 
are receivers, red points are shots, the blue line is cross section F27. (c) Table of 
smoothing operators used for each iteration. (d) Initial velocity profile: red points are Run 
F, black points are the preferred gradient. Other models with different initial velocity 
profiles are in the Appendix. The negative velocity gradient at the bottom of (d) is for ray 
tracing stability. 
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Interpretation of 3D Travel Time Tomography Models 
 Travel time tomography results are consistent with standard travel time curves 

(Figures A and B), which indicate a lateral velocity variation beneath Line 1, and a nearly 

1D velocity structure beneath Line 2. Refracted rays penetrated to a depth of over 500 m 

and reached velocities of 6 km/s in both lines. Interpretation of travel time tomography 

models (Figures 33 and 34) was guided by mapped surface geology after Bartholomew et 

al (2000) and by published seismic velocities after Kolich (1974) and Edsall (1974).   

The most notable feature on Line 1 (Figure 33a) is the shallow, lateral low 

velocity zone at 1800 m (marked with an asterisk), which is detectable to a depth of 150 

m beneath the surface. This feature is coincident with the mapped location of the Lookoff 

Rock fault (Figure 33b), and is also coincident with the intersection of two topographic 

lineaments labeled “A” (Figure 35). The Lookoff Rock fault has an offset of about 200 m 

and repeats the Rose Hill, Tuscarora and Juniata formations within the Butt Mountain 

synclinorium. This fault is likely to root within the underlying Martinsburg Formation 

and is probably a minor splay of the Saltville fault, which is exposed within the 

Martinsburg Formation 10 km to the southeast (Figures 5, 6, and 7). The low velocity 

zone corresponds to a weathering layer of sand where in contrast to all other shot holes 

bedrock was not penetrated within 6 m of the surface. Studies of surficial geology and 

geomorphology at Butt Mountain (Mills 1988) indicate that this colluvium is slightly 

transported residuum of the Tuscarora quartzite, Rose Hill Formation, and the Keefer 

sandstone. It is interpreted that bedrock joints, represented as topographic lineaments, 

coupled with the surface expression of the Lookoff Rock fault promotes accelerated 

weathering in the subsurface at this location.  

The western end of Line 1 contains a broad, low velocity depression at 400–700 

m that extends to a depth of 300 m below the surface. This feature is incipient on model 

E27 (1:2 smoothing aspect ratio) in Appendix G, and on model F27 (1:1 smoothing 

aspect ratio; Figure 31), and Appendix H. This depression may correspond to minor folds 

in the strata (Eckroade 1962).  

All smoothing aspect ratios produced models with relatively flat velocity contours 

on Line 2 (Appendix K-R). Interpretation of Line 2 was guided by the results from all 
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velocity models, however, cross section F27 (1:1 smoothing aspect ratio) was the primary 

basis for interpretation. Line 2 models D27-F27 show the development of a low velocity 

zone at 1400 m (marked with an asterisk) that is detectable to a depth of 150 m beneath 

the surface. This low velocity zone coincides with the topographic lineament labeled “B” 

on Figure 35. Lineament “B” (Appendix S) from Henika (2004 unpublished; The 

Kimballton Science Team 2005) is shown to extend for 10’s of km laterally, which may 

suggest that it corresponds to a deeper set of inherent bedrock joints. The low velocity 

zone at “B” on Line 2 is less pronounced than the low velocity zone at “A” on Line 1 

indicating that the bedrock at the fault near “A” is more intensely fractured. In both cases 

where topographic lineaments intersect the seismic lines, the low velocity zones is only 

observed to a depth of 150 m suggesting that these lineaments are shallow features. 

No other lineament intersections or low velocity zones were observed on Line 2 

and therefore strata on Line 2 are interpreted to dip gently northeast along plunge of the 

synclinorium hinge. Lower velocity (3.2 km/s) in the upper 40 m of the subsurface 

between 500 m and 2300 m may correspond to near surface dissolution and thick soil 

cover over the Tonoloway/Keefer limestone and sandstone formations, whereas near 

surface velocity is higher (3.6 km/s) where the Rose Hill sandstone is exposed.  
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Interpretation of Kimballton Line 1 Tomography Cross Section 
 

 
Figure 33: Interpretation of Line 1 tomography cross section F27. 
(a) Interpreted cross section. The low velocity zone at 1800 m (labeled “*”) is coincident 
with the surface trace of the Lookoff Rock fault and intersection of topographic 
lineaments (labeled “A” on Figure 35). It is related to preferential weathering at faulted 
and/or jointed surfaces. (b) Surface geology. Blue is Line 1 Model F27; Yellow is Line 2 
Model F27 (c) Seismic velocities used for interpretation of the cross section. Formations 
are described in Figure 4. 
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Interpretation of Kimballton Line 2 Tomography Cross Section 
 

 
Figure 34: Interpretation of Line 2 tomography cross section F27. 
(a) Interpreted cross section. Beds gently dip along plunge of the synclinorium hinge. 
Lower surface velocity between 500 m and 2200 m corresponds to thick soil cover. The 
low velocity zone at 1400 m (labeled “*”) corresponds with the intersection of a surface 
lineament (labeled “B” on Figure 35). (b) Surface geology. Blue is Line 1 Model F27. 
Yellow is Line 2 Model F27. (c) Seismic velocities used for interpretation of the cross 
section. Formations are described in Figure 4. 
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Figure 35: Seismic lines and topographic lineaments.  
Yellow lines are surface lineaments from Henika (2005 unpublished; Appendix S) that 
intersect the seismic lines; white line is the surface trace of the Lookoff Rock fault 
(Bartholomew et al 2000); cyan line is Line 1 cross section F27; red line is Line 2 cross 
section F27; gray points are sources and receivers for both seismic lines. “A” is the 
lineament and fault intersection with Line 1; “B” is the lineament intersection with Line 
2. 
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Discussion 
 Crooked line geometry, strong ground roll, short seismic lines relative to the 

width of the synclinorium, and the presence of heterogeneity in the Martinsburg 

Formation presented difficulties in the processing and subsequent interpretation of the 

reflection sections. A longer seismic line across the hinge surface of the Butt Mountain 

synclinorium would aid the interpretation of geologic features such as the Narrows and 

St. Clair faults, but would be logistically difficult and costly because of steep topography, 

limited road access, and the presence of karst in local carbonate units. With 2 kg shots, a 

nominal trace fold of 40 was required to effectively image the base of the Paleozoic strata 

at about 6 km depth. Larger 8 kg shots produced brighter reflections throughout the 

section while not significantly increasing the ground roll problems. We recommend that 

future surveys use larger shots sizes, since small shots (2 kg or less) do not eliminate 

ground roll issues.  Data acquired over the Rose Hill sandstone formation were of 

superior quality compared to data acquired over the Tonoloway/Keefer limestone and 

sandstone units. This could be related to dissolution heterogeneities that are known to 

deteriorate seismic data quality in areas underlain by limestones in the near surface 

(Imhof et al 1999). Similarly, seismic lines in the adjacent valleys would likely be of poor 

quality due to karst, as past experience of the Virginia Tech VibroSeis Consortium 

(VTVC) has shown. 

 Line 2, which ran parallel to the hinge surface, imaged reflectors better at mid-

range depths (2.2-3.5 km) than Line 1, which was more crooked and ran across the hinge 

surface. This may be related to the crooked line dip projection effect discussed by Peavey 

(1997). Wide CDP bins (400 m) that cut across strike will mix both strike and dip 

directions. Binning in a direction not perpendicular to dip causes reflections to 

destructively stack because arrivals from different reflector depths having similar zero-

offset arrival times are binned together.  

The mottled reflection characteristic at mid-range depths (2-3.5 km) may be 

indicative of shearing of the Martinsburg Formation along the St. Clair and Narrows 

faults. It is hypothesized that micro and meso scale deformation structures within the 

ductile Martinsburg Formation behave as heterogeneities that scatter seismic energy and 
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deteriorate reflector quality throughout the section. If the Silurian and Devonian clastic 

package extended east to the thrust ramp margin beneath the Bane Dome as hypothesized 

by Kulander and Dean (1986, Figure 25), then 1) a distinct seismic horizon would be 

present below the St. Clair fault, and 2) the Martinsburg Formation would not contain 

wave scattering heterogeneities caused by intense deformation. 

However, paucity of distinct seismic horizons such as the Tuscarora sandstone 

(Domoracki et al 1989) at mid-range depths (2-3.5 km) may suggest that fault slices of 

the Martinsburg Formation truncate these highly reflective clastic units to the west of the 

Kimballton seismic sections. Interpretation of Kimballton Lines 1 and 2 is consistent with 

the regional cross section (Figure 26) of Woodward (1985), which demonstrates 

truncation of the Silurian and Devonian clastic package by thrusting of the St. Clair fault.  

Although stratigraphic variation is significant throughout the southern Valley and 

Ridge Province (Woodward 1985), drillings from the Gulf R.L. Price well (1977) in 

Russell County, Virginia (175 km southeast along strike), penetrated the basement gneiss 

below the Rome Formation at 5.6 km depth, which suggest that the Rome Formation may 

be the basal unit in the vicinity of the Kimballton site. Deep reflections from the 

Kimballton seismic lines are consistent with the expected seismic signature of the Rome 

Formation (interbedded mudstone, limestone, and shale) overlying the basement at ~5.9 

km depth. This interpretation further corroborates the Woodward (1985) structural model 

(Figure 26), which were used as a starting point for the detailed cross sections (Figures 6 

and 7) created by Henika (2005 unpublished; The Kimballton Science Team 2005).  

Travel time tomography imaged the velocity structure in the upper 650 m of the 

subsurface. Regional topographic lineaments (Henika 2004; The Kimballton Science 

Team 2005) are interpreted as bedrock joint systems where accelerated weathering forms 

topographic depressions. The geomorphic expression of these features was imaged as 

zones of low seismic velocity that extended to depths of 150 m where the seismic lines 

intersect the lineaments. Seismic velocity was especially slow (2.6 km/s) to a depth of 40 

m in the colluvium near the surface extrapolation of the Lookoff Rock fault. This 

suggests that topographic lineaments associated with faulting are of greater relevance to 

subsurface geology and mining operations than topographic lineaments associated only 

with vertical joints are. 
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Conclusions 
 Results of this study support the site characterization effort of the Kimballton 

Science Team by seismically constraining the subsurface in the vicinity of the proposed 

DUSEL site at Kimballton, Virginia. Findings from this study support the following 

conclusions: 

1) Two imbricate stacks of Cambrian-Ordovician limestones (St. Clair thrust sheet and 

Narrows thrust sheet) triplicate the stratigraphic section below the Kimballton site. 

2) Motion along the St. Clair and Narrows faults was accommodated by low angle 

shearing and stacking of the ductile Martinsburg Formation. 

3) The Silurian and Devonian clastic formations are truncated by the St. Clair and 

Narrows faults, and are not interpreted to be present below the Kimballton site.  

4) The base of the Rome Formation marks the contact between Paleozoic shelf strata and 

the Precambrian basement at ~5.9 km depth. 

5) The intersections of topographic lineaments (interpreted as jointed rock surfaces) with 

the seismic lines were imaged on tomograms as zones of low seismic velocity that 

extended to depths of 150 m. A greater low velocity signature was observed at lineament 

intersection “A”, associated with the trace of the Lookoff Rock fault, than at lineament 

“B”, associated only with vertical rock joints.  

6) The Silurian strata at the peak of Butt Mountain is faulted, folded and dips gently to 

the northeast.  

Suggestions for Further Seismic Studies 
The reflective characteristic and seismic velocity of rock units has been quantified 

and will direct the acquisition of new seismic data at the Kimballton site. Suggestions for 

further seismic studies at Butt Mountain are to use longer, straighter seismic lines that are 

parallel or perpendicular to the hinge of the Synclinorium; to use larger shot charges (at 

least 8 kg); and to plant geophones on the Rose Hill formation when possible. The use of 

3D seismics to image the structural detail of the St Clair and Narrows thrust sheets is not 

recommended due to the poor reflectivity of the Martinsburg Formation that bounds the 

thrust sheets. 
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Figrue A: Line 1 refraction analysis. 
Red is shot 105, green is shot 150, cyan is shot 194, blue is shot 230. (a) First break time 
vs. distance along line. Low velocity zone present at 1800 meters. (b) Absolute 
source/receiver distance vs. reduced travel time. Topographic relief and crooked line 
geometry cause irregularity in the travel time curves. Curves indicate lateral velocity 
variation in the subsurface. 
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Figure B: Line 2 refraction analysis. 
Red is shot 303, blue is shot 323, cyan is shot 364, green is shot 396. (a) First break time 
vs. distance along line. Low velocity zone present at 1500 meters. (b) Absolute 
source/receiver distance vs. reduced travel time. Curves show that velocity increases 
smoothly through flat lying strata and that there is little lateral velocity variation. Effects 
of topography and crooked line are less pronounced on Line 2 than on Line 1. 
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Line 1 Model A27: steep gradient initial velocity profile, 1:5 
smoothing aspect ratio. 

 
Figure C: Line 1 Tomography Model A27. 
(a) Line 1 cross section A27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section A27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run A, black is preferred gradient. 
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Line 1 Model B27: shallow gradient initial velocity profile, 1:5 
smoothing aspect ratio. 

 
Figure D: Line 1 Tomography Model B27. 
(a) Line 1 cross section B27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section B27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run AB black is preferred gradient. 
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Line 1 Model C27: mixed gradient initial velocity profile, 1:5 
smoothing aspect ratio. 

 
Figure E: Line 1 Tomography Model C27. 
(a) Line 1 cross section C27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section C27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run A, black is preferred gradient. 
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Line 1 Model D27: mixed gradient initial velocity profile, 1:3 
smoothing aspect ratio. 

 
Figure F: Line 1 Tomography Model D27. 
(a) Line 1 cross section D27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section D27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run D, black is preferred gradient. 
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Line 1 Model E27: mixed gradient initial velocity profile, 1:2 
smoothing aspect ratio. 

 
Figure G: Line 1 Tomography Model E27. 
(a) Line 1 cross section E27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section E27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run E, black is preferred gradient. 
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Line 1 Preferred Model F27: mixed initial velocity gradient, 1:1 
smoothing aspect ratio. 

 
Figure H: Line 1 Tomography Model F27. 
(a) Line 1 cross section F27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section F27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run F, black is preferred gradient. 
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Line 1 Model G27: sharp gradient initial velocity profile, 1:1 
smoothing aspect ratio. 

 

 
Figure I: Line 1 Tomography Model G27. 
(a) Line 1 cross section G27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section G27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run G, black is preferred gradient. 
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Line 1 Model H27: shallower sharp gradient initial velocity profile, 
1:1 smoothing aspect ratio. 

 
Figure J: Line 1 Tomography Model H27. 
(a) Line 1 cross section H27 after 27 iterations. (b) Map of Line 1 geometry: green is 
receiver, red is shot, blue line is cross section H27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run H, black is preferred gradient. 
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Line 2 Model A27: steep gradient initial velocity profile, 1:5 
smoothing aspect ratio. 

  
Figure K: Line 2 Tomography Model A27. 
(a) Line 2 cross section A27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section A27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run A, black is preferred gradient. 
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Line 2 Model B27: shallow gradient initial velocity profile, 1:5 
smoothing aspect ratio. 

 
Figure L: Line 2 Tomography Model B27. 
(a) Line 2 cross section B27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section B27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run B, black is preferred gradient. 
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Line 2 Model C27: mixed gradient initial velocity profile, 1:5 
smoothing aspect ratio. 

 
Figure M: Line 2 Tomography Model C27. 
(a) Line 2 cross section C27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section C27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run C, black is preferred gradient. 
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Line 2 Model D27: mixed gradient initial velocity profile, 1:3 
smoothing aspect ratio. 

 
Figure N: Line 2 Tomography Model D27. 
(a) Line 2 cross section D27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section D27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run D, black is preferred gradient. 
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Line 2 Model E27: mixed gradient initial velocity profile, 1:2 
smoothing aspect ratio. 

 
Figure O: Line 2 Tomography Model E27. 
(a) Line 2 cross section E27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section E27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run E, black is preferred gradient. 
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Line 2 Preferred Model F27: mixed gradient initial velocity profile, 
1:1 smoothing aspect ratio. 

 
Figure P: Line 2 Tomography Model F27. 
(a) Line 2 cross section F27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section F27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run F, black is preferred gradient. 
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Line 2 Model AA27: steep gradient initial velocity profile, 1:1 
smoothing aspect ratio. 

 
Figure Q: Line 2 Tomography Model AA27. 
(a) Line 2 cross section AA27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section AA27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run AA, black is preferred gradient. 
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Line 2 Model BB27: shallow gradient initial velocity profile, 1:1 
smoothing aspect ratio. 

 
Figure R: Line 2 Tomography Model BB27. 
(a) Line 2 cross section B27 after 27 iterations. (b) Map of Line 2 geometry: green is 
receiver, red is shot, blue line is cross section BB27. (c) Table of smoothing operators used 
for each iteration. (d) Initial velocity profile: red is Run BB, black is preferred gradient. 
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Figure S: Topographic lineament map.  
Map from Henika (2004 unpublished; Kimballton Science Team 2005). 


