Near Surface 5: Sinkholes and crosshole
Shallow high resolution seismic reflection to delineate upper 400 m
around a collapse feature in central Kansas
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Summary
Shallow seismic reflection techniques successfully delineated
reflectors altered by localized dissolution of the 400 m deep and
125 m thick Permian Hutchinson Salt Member in central Kansas.
Seismic images of the altered portion of the salt unit at this site
possess more detail and resolution than previous attempts to map
the configuration of dissolution altered zones or appraise the risk,
rate. andextent ofcontinued surface subsidence over the 120,000
square km tract that overlies the Hutchinson Salt Member in
Kansas and Oklahoma. Three nominal 48-fold seismic reflection
profiles were acquired around the gradually subsiding French
sinkhole. The CDP stacked sections possess a dominant frequency of around 100 Hz and therefore a vertical resolution
potential of about 3 m. Roof failure and staggered subsidence of
units overlying the salt is evident and suggestive of not only
continued subsidence, but the potential for non-uniform subsidence rates. The prominent reflections from within the 125m thick
salt are from anhydrite layers known to extend laterally for
several 10s of kilometers. These anhydrite layers clearly mark the
shape and preferential orientation of the area within the salt that
has been disturbed and undergone roof failure acoustically represented by a chaotic zone, likely indicative of a rumble area. The
more than 15 msec of difference in the amount of subsidence
between the shallowest reflection and the Stone Corral Anhydrite
reflection just above the salt (an interval of about 250 m) is a
probable indicator of future subsidence.
Introduction
Sinkholes are a common hazard to property and safety in many
parts of the world. The dissolution process that instigates most
sinkholes can be natural or induced and can result in subsidence
at rates ranging from gradual to catastrophic. Delineating the
subsurface configuration of dissolution altered beds is critical to
risk predictions. Seismic reflection techniques have been previously used to image salt dissolution sinkholes in Kansas as well
as other areas around the world (Steeples et al.. 1986; Miller
et al., 1985. Knapp et al., 1989. Miller et al., 1993. Miller et al..
1995). The uniqueness of this particular seismic survey is the
effective resolution potential and extent to which the inter-salt
reflectors have been imaged.
The Permian Hutchinson Salt underlies a significant portion of
south central Kansas and north central Oklahoma(Figure 1). The
salt varies in depth from a couple hundred to almost a thousand
meters in central Oklahoma and in thickness from zero at its
depositional edge on the west to over 170m in central Kansas and
Oklahoma and back to zero near the erosional edge in the east.
The source and transport of unsaturated brine that eventually
results in dissolution of these thick salt bed sequences can be
natural (Frye and Schoff, 1942) or result from mining or petroleum activities (Walters, 1977). The rates of subsidence are very

site specific and can vary from centimeters per year to 10s of
meters instantaneously. Bed offset and reflector drape forming
synclinal structures have been evidence of roof rock failure
above dissolution voids within the Hutchinson Salt on previous
seismic reflection sections near petroleum brine disposal wells
(Knapp et al., 1989; Miller et al., 1995).
Acquisition
Three CDP seismic reflection sections were acquired in a triangle
around the surface expression of the sinkhole (Figure 2). The
survey was designed to map the subsurface extent of the sinkhole.
estimate the risk of increased subsidence rates during attempts to
plug the disposal well, and evaluate the potential of grouting
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either specific intervals or possibly the entire disturbed volume
within the salt layer.
The acquisition parameters and equipment were configured
based on a series of walkaway tests collected along line 1. The
source was an IVI MiniVib calibrated to deliver a flat up-sweep
from 30 to 300 Hz. The ground force pilot calculated at the
vibrator was a function of the mass and baseplate weights and
accelerometer outputs. The pilot was real-time telemetried to the
seismograph. The vibrator pad was seated with an initial unrecorded sweep followed by 3 sweeps each recorded individually
on the seismograph with their pilot trace, correlated, and vertically stacked.
The data were recorded on two 48-channel, 24-bit Geometrics
StrataView seismographs networked for simultaneous 96-channel recording. The 10 second pilot trace recorded on channel 1
was correlated with the 12 second records recorded on the
remaining 95 channels to produce a 1 second seismogram. Three
shots were vertically stacked at each shot station. The resulting
shot gathers were stored correlated in SEG2 format on hard
drives within the seismographs.
Three Mark Products L28E 40 Hz geophones were wired in series
and deployed in a 1 m array at each station. The receiver and shot
station spacing was 5 m. Geophones were planted into a tilled
agricultural field requiring 14 cm spikes and removal of the loose
upper 10 to 20 cm of dirt prior to planting the phones at each
station location.
The fixed 96-channel spread was deployed three times, forming
a triangle, with each line “tied” to the other two lines. The source
was walked through the spread, resulting in a maximum of 48
fold near the center of the spread and decreasing toward each end.
Each 475 m spread was centered on the sinkhole so the highest
fold and optimum offset data would be in the area of greatest
interest. The fixed 96-channel spread also allowed the more than
300 shotpoints that made up this three-line survey to be collected
in a little less than one full day.
Processing
The data were field correlated so processing required to generate
the optimum CDP stacked section was consistent with impulsive
shallow seismic data sets (Steeples and Miller, 1990). As is
always the case, extreme care was taken to insure refractions and
direct wave were not present on the CDP stacked sections.
Migration was effective in improving apparent signal-to-noise
and in suppressing diffraction tails and bow tie features present
as a result of the faults and extreme synclinal geometries on the
Stone Corral Anhydrite that were caused by roof failure. The
most unique aspect of the data processing flow was the extreme
variability of the apparent stacking velocity across the profile.
Changes greater than 25% were calculated on reflections from
the 250 m deep Stone Corral Anhydrite across this 500 m profile.
These changes are attributed to the extremely variable compaction within the upper 400 m that has resulted from roof failure
and subsidence.

Results
Confident identification of reflections on field files is not only
necessary to properly process shallow seismic reflection data, it
is also of the utmost importance in differentiating reflection on a
CDP stacked section from stacked refractions and other coherent
noise events present in the shallow part of the section. If reflections are ndt properly interpreted and tracked throughout the
processing flow, artifacts are not only possible, they are likely.
Reflections interpreted on shot gathers from this site are easily
interpreted, and on most files reflections can be correlated to
particular geologic units present on well logs from this area
(Figure 2).
The dominant frequency of reflections from this site is around
100 Hz on filtered field files. The variability of the near-surface
around the sinkhole is evident when comparing the file-to-file
consistency of the wavelet characteristics.
Comparison of two field files each collected with the source at
exactly the same surface location, once with geophones from the
southwest/northeast line 1 and once with geophones from the
northwest/southeast line 2, show dramatic reflection curvatures
in the immediate vicinity of the sinkhole while reflections from
areas east of the source location provide well-behaved reflection
hyperbola. Diffraction events can be observed in several places
within the salt interval. Examination of the Stone Corral Anhydrite reflections as well as the several salt reflections evident
provides some insight into the degree the subsurface has been
altered by subsidence (Figure 2).
The CDP stacked section is centered on the surface exposure of
the disposal well responsible for providing the conduit for
unsaturated brine fluids to come into contact with the 125 m thick
salt interval. The most dramatic feature on the stacked section at
first glance is the faulted syncline present on the 250 m deep
Stone Corral Anhydrite (Figure 3). The top of the salt is marked
by a strong reflection at about 300 to 3 10 msec evident near the
undisturbed ends of the stacked section. The reflections which
occur between 300 and 400 msec are interpreted to be intersalt
anhydrite stringers regionally consistent for 10s of kilometers.
Termination of these intersalt reflections is likely related to the
collapse of the anhydrite units into voids left after dissolution of
the underlain salt. The area interpreted as part of the dissolution
volume is characterized by no coherent reflections and an abundance of lower frequency ringy events with spotty coherency.
The basal contact of this chaotic zone is likely the remanants of
intersalt anhydrite layers that have slumped into voids created by
dissolved-away salt and some of the basal reflectors could be the
somehow related to the dissolution front as well.
Active subsidence is evident within the volume directly above
the dissolution zone. Bridging of the 210 msec reflection over the
bowl shaped Stone Corral Anhydrite between CDPs 2075 and
2125 can at best be temporary, with eventual failure of the 200
msec reflection and collapse inevitable to compensate for material displaced by the subsidence of the Stone Corral Anhydrite. A
much smaller version of the same type of bridging is evident
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between CDPs 2105 and 2125 at about 200 msec. The rigid
appearance of the 200 msec reflection over the plastically deformed 210 msec reflection suggests a void or at least an under
compacted zone is present between the two reflections that will
in time permit the 200 msec event to subside. It is likely that the
210 msec reflection between CDPs 2080 and 2100 that is presently flat will gradually subside to form a shape consistent with
the shape of the 210 msec reflection between CDPs 2100 and
2130,
Extrapolation of the salt dissolution volume to the surface appears to take on the shape of a pyramid. This shape can be traced
out by following the major faults responsible for bed offset. This
shape as well as the over 30 msec of subsidence evident on the
2 10 msec reflection compared to the less than 15 msec evident in
the 100 msec reflections suggests this sinkhole will continue to
actively subside even if the source of fluid to the salt dissolution
front is stopped. It is also evident that attempts to grout the
dissolution volume would require at least a hundred thousand
cubic meters of grout. Grouting from the base of the Stone Corral
Anhydrite to the ground surface is likely the only cost effective
approach to slow the introduction of fluid to the disturbed salt
volume.
Evidence for continued gradual subsidence seems to be present
throughout the volume above the area within the salt as interpreted as altered by dissolution. Based on the faulting and
apparent plastic deformation of many of the reflectors above the
salt, it would be unlikely this sinkhole would dramatically
increase the present rate of subsidence.
Conclusion
Shallow seismic reflection was effective in imaging not only the
reflectors above the salt layer, but a significant amount of detail
was obtained as well from within the salt sequence itself. The
resolution of reflectors within and above the salt provided valu-

able insight into the way gradual subsidence occurs above
dissolution zones in the Hutchinson Salt.
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