
























































Table 1. Unique and Specific Characteristics of Each Study

NA URAL
Parameters
Site Name Acquisition Processing Goal Scientific Montributian
@ U.S. 50 19-bit A/D Spectral balance No sinkholes, but search | Non-vertical suvsiucnge
Bypass 240 channgls Gross velocity for anomalies above and | prowth, single episode
2.5-m receiver | Severely reduced within salt that might coilapse with central
5-m source fold (12-14) represent collapse risks | chimney and oversized
Vibrator for proposed highway. bowl in near surface
(Miller, 2003).
@ Victory 19-bit A/D Spectral balance Recent sinkhole affect- | Dual stress regimes
Road 240 channels Severe mute ing major highway, obvious, but multiple
2.5-m receiver | NMO velocity predict growth and rate | reactivations make
5-m source Sub-spread static and safety for filling. unraveling complete history
Vibrator Vi k impossible. Sinkhole part of
larger system (Miller,
2006).
@ Punkin 16-bit A/D 10 CMP velocity Determine relationship | Paleosinkholes with steep-
Center 48 channels lterative % & between oil field and sided chimney within an
2.5-m receiver statics sinkhole in area with area characterized by
2,5-m source Time-variable multiple natural sink- dissolution-induced
8-pauge auger bandpass holes. undulating overburden.
£un Heavy mute
@ Rayl 19-bit A/D NMOQO velocity Predict sinkhole growth | Multiple previous episodes
240 channels Static iteration and establish if oil well | of dissolution and paleo-
2.5-mreceiver | Severe mute in portion of sinkhole substdence with well
5-tn source Spectral balance responsible for disselu- | asymmetric to dissolution.
Vibrator Subspread in sink | tion casing subsidence. | Complex interfingering.
® Buerki 12-bit A/D Low-cut filter Determine if sinkhole Iiregular subsidence pattern
24 channels Detailed noise was natural or proposed to be inconsistent
2.5-m receiver removal anthropogenic. with point-source leaching.
2.5-m source Low-fold
50-cal. overburden
® Inman 19-bit A/D NMO velocity No confirmed sinkhole | Bridging interpreted based
240 channels every CMP where highway crossing | on amplitude character-
2.5-m receiver | Severe mute dissolution front. Inves- | istics, abrupt nature of front

5-m source
Vibrator

Spectral balance
No vertical ~~~!-

tigate and delineate any

A:nfg‘ll!':nn_&&'m--ntures‘

not evident at surface.
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at 1 (continued)

ANTHROPOGENIC
Parameters
Site Name Acquisition Processing Goal Scientifie Contribution
@ Conoco 12-bit A/D NMO every Predict growth; Bowl-suupeu depression
24 channels 10 CMP specifically, potential above salt interpreted

Downhole
50-cal.

High stretch mute
|

railroad.

16-m receiver Minimum fold effect on road and normal at time, later clearly
16-m source processing farm house. reverse and normal faults
MiniSosie No wavelet {Miller et al., 1985).
Iterative statics
Large CORR
window
® french 19-bit A/D Velocity function | Evaluate failure First dual-stress field
96 and 120 highly detailed | potential of ground sinkhole with confidently
channels Static w/multiple inside sinkhole for interpretable reverse and
5-m receiver replacement plugging operations. normal faults that match
5-m source velocities Predict growth rate and | physical models (Miller
Vibrator Multiple statics extent of sinkhole. et al., 1997).
iterations
®1-70 19-bit A/D Spatial variable Evaluate dissolution Majority reverse with minor
240 channels CMP change and estimate normal matching physical
5-m receiver High-density growth potential and models for active
16-m source velocity rapid subsidence risk. dissolution beyond surface
Vibrator Spatial variable collapse (Miller et al.,
mute— 2006).
compressed
CMP spread
@ Macksville 19-bit A/D Detailed NMO Establish growth Active subsidence areas
240 channels velocity characteristics of associated with dissolution
5-m receiver Reduced trace sinkhole and unique move laterally, generally in
10-m source |  count to option | properties of catas- areverse fault geometry at
Vibratc Heavy mute trophic initial failure the active face (Lambrecht
_ that is currently gradual. | and Miller, 2006}
@ Leesburg 17U Migration filter Predict future surface Most geometricaliy
240 ch; Time-variable growth and develop distorted feature with
S-mretciver | filter concept related to extensive subsurface
16-m source Spectral balance apparent multi-well expression relative to
Vibrator I High kill to involvemnent. surface—first multi-source
balance trace anthropogenic dissolution
o ~ window features.
@ North le-vw Ales Tight bandpass Determine potential and | Delineated collapse roof
American Salt | 24 channels Severe muting extent of future halted within dome, roof
2.5-m receiver | Minimal fold subsidence, especially material tensional under
2.5-m source Detailed NMO beneath road and dome, dome undisturbed

{(Miller et al, 1993).
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sz ‘caprock contact and collapse breccia within the entire salt volume near the center of the
subsidence, both diagnostic of an ancient dissotution feature. Because natural dissolution has a
greater tendency to occur along the impermeable and insoluble caprock or at the base of inter-

I “dedlay  within the salt, the relatively vertical volumetric repres tation of dissolution at
the center of the subsidence feature seems unusual (Figure 2). Diftractions within the altered salt
volume arc consistent and generally synonymous with irregular features or layer discontinuities
such as voids, faults, or bed terminations.

The apparent vertical clongation of this paleodissolution feature within the salt interval is
unusual and likely due to the presence of localized fractures oblique to the orientation of the
seismic line. No seismic evidence to support faulting as a possible conduit for fluid migration at
this location is known. Any discontinuity in the subsalt layer could have acted as a thoroughfare
for ground water to access the salt interval. Considering the increase in fluid density with
increased salinity, one possible explanation for this localized leached volume is the migration of
unsaturaied fluids vertically from the base of the salt interval through the salt and expansion
along the salt and overlying shale contact {morning-glory structure). With the interbedded nature
of the salt, individual solution voids must have grown to the point they were large enough at the
base of each interbedded shalc and anhydrite layer to precipitate failure, thereby creating the
pathway necessary to accommodate vertical fluid migration and eventual development of this
disturbed salt volume. Alternately, because these interbedded layers are known not to be
laterally continuous over a distance more than a few kilometers, this volume could be consistent
with the coincident termination of several interbedded units.

It appears from the seismic image that once fluid contacted the massive insoluble shale
caprock, leaching was constrained and guided along this contact. Vertical migration was halted
at the base of the shale caprock and the dissolution front began spreading radially from the
disturbed salt volume at the center of the present synclinal feature. Gradual and incremental
subsidence continued until the leaching process ended, leaving the collapse structure as inter-
preted on the seismic section extending from CMPs 1820 to 1940 (~300 m). At this point, the
hydrodynamics of this feature apparently changed and the dissolution and subsidence process
appears tc  ave at least temporarily ended.

Seismic characteristics of the draping beds and intersalt disturbances are key to and help
build the foundation for suggestions concerning the dissolution and collapse history of this
feature. Reflections immediately below the salt interval possess a distinctive velocity or static
pull-down relative to undisturbed rock on either side. This pull-down is due to the reduced
overburden velocity within the suhsidence-affected area. Significant to the validity of this
interpretation are the very well shaped and relatively undisturbed diffraction events originating
from within the salt and predominantly near the apex of the subsidence synform. Also note-
worthy with respect to the top of salt reflection is the decrease in dominant frequency. Wavelet
changes associated with the top of the salt within this dissolution feature are consistent with
theoretical developments for void/rubble replacement of competent rock beneath a caprock.

An alternative interpretal  n of fluid migration critical to development of this dissolution

wittis g ! "™ id entered from above the salt,
dissolution would have also preferentially occurred near the top, expanding along the insoluble
caprock, consistent with the location of the fluid outlet. Considering the predominantly vertical
dissolution volume interpreted on seismic data from within the salt, fluid exiting through the salt
and into the substrata would have been heavily laden with salt, likely fully saturated, thereby
leaching within the salt would have been minimal. Saturated fluid moving through the salt
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wo 1 e : ethedissolution vol 1e. Critical to this fluid movement scenario is the clear
passage through the salt. Because this feature is natural and likely structurally controlled, the
three-dimensional aspects of the fluid conduit must also be considered, making fractures a
potential controlling influen

This single-episode subsidence feature is interpreted to be an example of the initial stage
in the maturation of a natural dissolution-induced subsidence feature. Multiple-episode
subsidence structures that have been seismically imaged possess significantly more complex
reflection geometries and are influenced by numerous reactivations of leaching, generally
followed by periods of dormancy and/or continued leaching through newly established localized
fluid pathways. These multi-episodal superstructures can be kilometers in diameter and active
throughout an extensive period of leaching with a multitude of distinct voids in various stages of
migration toward the ground surface.

A study designed to investigate the subsurface beneath a 100-m-wide sinkhole near the
natural dissolution front uncovered one of these massive subsidence features without surface
expression and acting as the parent structure to the small active sinkholc targeted by this particu-
lar investigation (Table 1 @). High stgnal-to-noise ratio and high-resolution seismic-reflection
data allowed detection, delineation, and evaluation of rock failure assoctated with multiple
episodes of material collapse after periodic and localized natural leaching of the 125-m-deep,
40-m-thick Permian Hutchinson Salt Member (Figure 3). Mechanisms and gross chronology of
structural failures as interpretable from stacked seismic sections were principally influenced by
pre-Pliocene-Pleistocene to current dissolution. Dating the structural progression of this entire
feature is in part based on the relatively flat appcarance of shallow retiections above highly
altered rock; this observation implies subsurface stability since deposition of the shallowest
Quatemary material.

Collapse of the consolidated overburden sediments (predominantly shale) responsible for
the currently active sinkhole appears to have been strongly influenced by the maximum stress
lines associated with the tensional dome model. As leaching continued, the radius of failure
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Figure 3. Migrated nominal 60-fold CMP stacked section crossing a 100-m-wide surface depression
centered on station 2480. The Hutchinson Salt Member interval has been correlated with nearby bore-
hole logs and is between 120 ms and 160 ms two-way traveltime. With no surface expression except
the 100-m-wide sinkhole at 2480, it is reasonable to interpret a paleosubsidence feature that is at least
400 m wide.
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With the termination of salt-void growth, little or no incremental accumulation of stress
occurred and gradual subsidence continued advancing radially as an ever-expanding bowl
{synform), geometrically defined by normal-fault planes. Based on the reflection geometries,
expansion beyond the perimeter defined by the edges of the dissolved saltand a ciated
reverse-fault plancs has resulted from extensional stress, gravity slumping, and differential
compaction of the solution void that was at least partially filled with collapse breccia during
initial failure. N ial-fault gec  :tries define a bowl-shaped structure ncar the perimeter of the
collapsc feature while a series of upward-narrowing cones defined by the reverse-fault planes arc
evident near the center of the subsidence feature. This sequence of events both explains and is
consistent with the rock geometries dcfined by these seismic data and known geology.

Captured on these seismic data is what has been interpreted as a juvenile subsidence
feature (Figure 4). Beneath CMP station 4550 there appears to be a subsidence feature with
subtle drape in the 80-ms reflection and a triangular shape (on this 2-D section) defined by
relative bed offsets consistent with reverse faults. This fault geometry was previously described
as characteristic of initial roof failure of a void with reverse-fault planes equated to lines of
equivalent stress above an1  upported span of roof rock. One of the keys to this postulated
juvenile subsidence feature is the slight increase in amplitude of and time delay in the shallowest
salt reflection, characteristics interpreted to be consistent with dissolution along an acoustic-
impedance contrast (reflector). It is not clear whether this subsidence is active or dormant, but it
does seem to be a likely location for future subsidence along this profile.

As seen on the previous data set from U.S. 50 Highway, this profile also inadvertently
crossed a paleosubsidence feature (Figure 5). This seismic profile provides dramatic evidence
supporting the setsmically inferred failure processes and resulting bed geometries. At the eastern
extreme of this buried collapse structure is an abrupt and intact reverse fault interpreted above
the salt interval and bounding the eastern edge of the synform. On the western extreme of the
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Figure 5. Paleosubsidence feature with no current surface expression. Dissolution of the upper porlion
of the salt is evident, with a high-amplitude reflection interpreted to be the top of salt. Failure likely
occurred from middle of the feature out with the two pairs of reverse faults defining initial failure that
occurred while the dissclution process was active, with normal-oriented offset beds in response to

compaction into the dissolved and disturbed volume.
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ese stinctive and abrupt paleosinkholes are within the Upper Permian portion of the
section {above the salt interval). Subsidence geometries of these chimney-type failure structures
appear to narrow very subtly in diameter between the salt and ground surface. Chimney-style
features of this kind are routinely observed above salt-dissolution mines and borehole-induced
dissolution fatlures where collapse was either rapid or dissolution hydrology was limited to a
point source/exit. This seismic section captured the only known example of a highly disturbed
and predominantly vertical failure feature that can be undeniably classified as a paleosubsidence
event. Also of sipnificance on this CMP stacked seismic section is the short wavelength,
laterally undulating reflections and dipping beds that appear representative of a completely
different dissolution and/or failure mechanism relative to the distinctive steep-sided chimney
structures (centered on CMPs 690 and 810). For both the chimney and undulating drape-style
failure features, no surface expression exists and the shallowest interpreted reflection events
(Pliocene-Pleistocene Equus beds) appear flat with no expression of these underlying subsidence
features, a situation indicative of subsidence dormancy since near the beginning of the
Quaternary.

Clearly the overwhelming difference between this site and most others west of the
dissolution front is the lateral extent of the highly distorted, short-wavelength undulation in the
salt overburden. The presence of both styles «  subsidence is suggestive of a changing
hydrology, change in dominant leaching direction (vertical to form chimney and horizontal to
form undulating reflections), and/or presence of zones within the salt susceptible to rapid vertical
dissolution. Considering fluid densities and availability of fresher waters, it is reasonable to
suggest natural leaching is predominantly active near the top of the salt. Normally interbedded
shale and anhydrite layers act as permeability barricrs where they tend to channel fluids more
horizontally within the salt. These very vertical chimney features likely correlate to more
solution-susceptible zones that have allowed enhanced fluid access and vertical movement in the
otherwise locally continuous interbedded shale and anhydrite layers. No strong evidence cxists
on the seismic data to suggest tectonic forces have played a role here.

These steep-sided solution zones beneath stations 810 and 680 appear consistent with
areas of depleted or nearly depleted salt volumes. Leaching likely originated at these locations
along fractures prior to the predominantly horizontal dissolution that resulted in the more
laterally consistent low-amplitude, short-wavelength undulations in the overburden. The
horizontal leaching as cvident from overburden subsidence has all the characteristics of a gradual
process. Areas of greater solutioning are likely coincident with the troughs in the overburden
reflection. Dissolution likely began at 810 prior to starting at 680, as evidenced by the overall
gradual overburdcn-bed dip from west to cast.

Based on reflection geometries, an alternate chronology is possible to explain these
dramatic bed geometries. Reflections in very close proximity to the chimney features appear to
correlate reasonably we across the chimney features. This observation could suggest the
chimney-collapse structures occurred after or during the slower more laterally uniform dissolu-
tion and subsidence process. Alternatively, these short-wavelength bed undulations could be the

of 7 ! R | R | (P " thee' fi ares
tormed. This natural setting could provide the fluid and overburden pressure difterential
necessary to support either mechanism.

Multiple episodes of natural dissolution and subsidence evident on the Punkin Center
{F*—1re 6) and the Victory Road seismic profiles (Figure 3) can be separated into different
subsidence episodes based on unique characteristics and geometries, and therefore it is
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:quivocal  ttle deformation characteristics indicative of a transition from high energy within
the salt interval to 2 yw-energy environment in the predominantly shale overburden.
Deformation above the salt has a plastic appearance when, in reality, distortion of these beds has
occ  zd through brittle deformation; however, as previously stated, data resolution is not
sufficient to detect small-scale faults and fractures.

Based on the appearance and severity of the dissolution-altered salt reflections between
100 ms and 150 ms, more short-wavelength synclinal-shaped subsidence features were expected
than observed in the upper 80 ms of overburden along the interpreted dissolution edge north of
CMP 2360. These expecte short-wavelength subsidence geometries were observed on the
Punkin Center line, Victory Road line, and Buerki line. It appears initially at the very edge of
the highly active dissolution front that shale layers in the overburden tend to distribute
deformation over a larger distance, resulting in a more plastic-appearing subsidence in spite of
the fact microscale faults and fractures are responsible for these structures. Deformation in the
salt layer is more isolated and rugged interpreted around void areas where leaching appears to
have been more aggressivce with deformation focused within the salt. Clearly this plastic-
appcaring deformation in the overburden is a symptom of the minim.  strength these shales
possess as roof rock and a high density of small-scale fractures and faults.

ayers within the solution-disturbed salt appear to have failed in a brittle fashion,
forming a series of highly distorted reflections that lack geometric consistency and possess
notable diffraction events. These bed-termination characteristics suggest the permcability barrier
these interbe  layers once represcnted are likely breached at various locations across the dissolu-
tion front and have allowed fluids greater freedom to move through the salt. This suggestion is
consistent with the two different dissolution and associated deformation mechanisms observed
beneath the Punkin Center profile with the more horizontal, gradual subsidence preceding the
more rapid, vertically elongated compressional-style chimney failure.

Estimating the amount of subsidence would best be accomplished using an accurate time-
to-depth converted seismic section; however, due to the extreme distortion in reflecting events,
CMP stacking velocities calculated from these data lack the necessary accuracy. Two different
velocity aberrations present problems for developing depth-based geologic models in subsidence
areas. First, the dissolution zone itself has significant void space and rubble in arcas where
surrounding rock is competent and consolidated. This results in a lower average or bulk
vclocity, which manifests itself as reflection pull-downs on CMP stacked sections below the
dissolution zone. Reflections from below the dissolution zone appear to possess subdued struc-
tures (deeper time-depth than the dissolution zone) that mimic those from above the dissolution
zone. If an accurate, subspread-length velocity function could be determined, the seismic two-
way traveltime section could be converted to a depth section with accurate geological and struc-
tural interpretations of the rock layers in the subdissolution zone. This has been problematic for
many petroleum-exploration seismic surveys where evaporites are present above the reservoir.

A second velocity abnormality unique to and complicating interpretations of subsidence
features on time sections is reduced average velocity above the dissolution zone due to settling

1d i of rix f ortit 1™ "l npacti
Unlike the shadow eftect that dissolution and related subsidence have on deeper events, this
velocity effect is related to true rock properties and geometries within the atfected portion of the
seismic section. A consequence of these acor  te velocities is unrealistic time-t  epth
conversions. In spite of structurally misleading seismic-depth sections, the general geometry of
these physically altered laycers as depicted on CMP stacked time sections do reasonably represent
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iore rmal fault planes defined by bed offsets. This extensional-failure mode (secondary) is
consistent with the change in stress field after initial collapse, assuming the salt void did not
experience continued dissolution growth.

This interpreted sinkhole chronology clearly fits the empirically derived model where
initial roof-rock failure is controlled by the stress field and strength of roof rocks. Subsequent
failure/relaxation of overburden appears consistent with an extensional setting where
compaction, rock strength, and overburden load dictates bed failure, geometries, and subsidence
rates. Using the current working theory suggesting that once sccondary subsidence begins to
occur (bed offsets mapped with normal-fault geometries) and void growth slows or halts, this
sinkhole’s horizontal growth should be slowing and subsidence rates decreasing. Seismic
images of the post-failure subsurface at this sinkhole are consistent with a single episode of
dissolution and then failure, beginning with compressional and ending with tensional.

Induced dissolution (anthropogenic) is generally characterized by a relatively localized
disturbed volume and symmetry about the borehole. As in the previously documented sinkhole
and associated seismic image, the growth rate of surface subsidence is generally relatively
uniform. A subsidence event clearly related to a failed disposal well displaying asymmetric rates
of subsidence, and with the culprit well significantly offset from the center of the sinkhole,
provides more empirical details of these stealthy hazards (Table 1 ®). Observations related to a
lack of symmetry were of sufficient concern to prompt authorities to investigate the subsurface
with a low-fold 3-D seismic-reflection study and five 2-D profiles encompassing the surface
depression. Results from this seismic study were intended to establish some degree of
confidence in the safety of crews commissioned to reoccupy the borehole and plug the casing
below the salt interval.

From the CMP stacked section the subsidence chronology and current potential for raptd
failure within the collapsc feature can be diagrammed (Figure 2). Based on previous studies of
subsidence induced from salt-dissolution mining and seismic images acquired at the very early or
active dissolution stages, it is reasonable to interpret two diffcrent collapse periods/mechanisms.
First, the salt void grew beneath an impermeable, insoluble layer of shale or anhydrite (could
have been at the top of the salt or one of the interbedded layers) untii the unsupported span of
roof rock exceeded the strength of the roof rock and failed consistent with the tensional dome.
Vertical migration of the void proceeded through cach successive layer of rock, moving ever
closer to the ground surface. Collectively these successive bed ruptures manifested themselves
in an upward-narrowing chimney-type geometry consistent with reverse faulting. As noted in
previous chapters, this phenomenon has been detected by borchole interrogations at sites where
sinkholes had formed from catastrophic collapse of salt jugs.

Seismically imaged rock layers around the perimeter of the eollapse structure show
evidence of bed-offset geometries consistent with normal faulting. Normal faults, interpreted on
1ese seismic sections outside the central reverse faults, are indicative of a complete reversal of

stress marking the termination of the compressional stress and buildup of extensional stress.

This change is completely consistent with the concept of an extensional stress environment being
tablis] lo1  there is no longer horizontal growth via dissolution of the salt interval. Surface

subsidence at this site slowed to less than 1 cm/year from over 20 em/yr over a 10-year period

starting with the initial formation of the depression.

Borehole-induced dissolution and resulting subsidence as described by the previous two
examples was clearly a single-episode event with initial upward migration of the dissolution void
defined by compressional-stress-induced roof stopi»~ and bed collapse followed by what appears
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Figure 12. Norminal 48-fold CMP stack of reflection data acquired around and through the French sink-
hale. Strain geometries are very evident with reverse fauits defining subsidence near the center of the
feature and normal relative bed movernent in the outer part of the subsidence features.

was a uniform transition to extensional-stress-controlled failure and lateral expansion. For both
anthropogenic- and natural-dissolution-induced subsidence, seismic images appear to
consistently provide evidence supporting both compressional- and extensional-failure modes.
The one key characteristic that distinguishes these two hydrologic classifications is the episodal
naturc of natural versus the somewhat continuous progression through the stages for
anthropogenic-induccd subsidence. To continue improving the working model, seismic images
of a subsidence event with an active sinkhole currently undergoing salt dissolution and therefore
possessing a complex stress regime will be considered. This next setting tests the theory that
movement ng both reverse and normal faults can be active simultaneously when leaching
along the dissolution-void perimeter is active.

Seismic-reflection imaging provided an enlightened view of the subsurface beneath two
distinct, circular, and gradually subsiding sinkholes first discovered in 1966 in the Gorham oil
field beneath a stretch of four-lane highway (I-70) crossing north-central Kansas (Table 1 @).
Considering the average square kilometer in this oil field has more than 50 documented well
locations, subsidence associated with abandoned oil or disposal wells should not be unexpected
and could occur almost anywhere, at any time, along this scveral-kilometer stretch of hi * way.
Around 10 cm per year of subsidence has been measured at the primary sinkhole (Crawford)
since discovery. Seismic data acquired in 1980 and again in 2005 provided important informa-
tion concernit  sinkhole development and potential future growth projections.

The seismic expressions of the two principal sinkholes are as obvious on the CMP
stacked section as they are on the ground surface (Figure 13). A unique characteristic of these
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del. Subside ‘e feat esimaged ¢ the eastern third of the 5-km-long seisr. : profile possess
subtle drape with a general appearance more consistent with the single-episode borehole-induced
subsidence feature introduced at the start of this section (Figure 11). It is, therefore, reasonable
to suggest the subsidence and/or dissolution mechanism or process in this third subsidence area
is somehow different frr  either of the two large active sinkholes to the west.

Closer study of this small sinkhole uncovers evidence of another subsidence feature
centered on about station 1840 that has not yet made a depression at the ground surface. For
both these smaller sinkholes, the Stone Corral Formation (immediately above the salt interval)
possesses about 20 to 30 ms of drape or flexure. The fact that this layer has not ruptured
sufficiently to distinguish bed offsets on seismic data suggests either dissolution has been
predominantly horizontal in nature (much like that suggested for natural dissolution) or it has
been very localized and has not yet produced an unsupported span of roof rock large enough to
exceed the strength of the immediate overburden layers in the Cretaceous portion of the section.
One more possibility is that the dissolution process here has been halted due to an interruption in
fluid movement.

As previously discussed, with the dramatic drop in localized velocity within the disturbed
rock volume during the upward migration of a dissolution void comes significant statics
problems, and, without a highly detailed velocity function, time-depth conversions are extremely
inaccurate. So to more accurately represent the time structures above these subsidence features,
reflections between the base of the salt and basemcnt were time-flattened. This process reduces
any static effects and more accurately represents the time structure of the synclinal features
evident on the 260-ms-deep Stone Corral Formation (Figure 14). Reflections above the 330-ms
salt are obviously distorted across most of the eastern half of the profile while the reflection
events below 400 ms are flat with no evidence of near-surface static.

Several distinctive episodes of subsidence can be inferred from the small, unique
synclinal structures that appear to distort the Stone Corral Formation and overlying shales and
sandstones in the Upper Permian and Lower Cretaceous. Considering the well density in this oil
field, it is likely the subsidence features observed on seismic data on the eastern half of the line
are the result of wells that have either leaked or with annular space that did not hydraulically
isolate the salt from aquifers throughout the upper 1.5 km. Hence, dissolution of the salt was
active for shorter periods of time, less fluid was available to enlarge voids sufficiently to
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jure 14. A portion of the Ch  stacked section from Figure 13 {a) has been time-flattened on the
subsalt reflections (b). Artificially fiattening reflections immediately below the salt interval reduces the
effect of velocity variability and focuses reflector structures above the base of the salt.
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reason le to suggest that m ration of the dissolution front to the north has ended, as indi-
cated by the apparent change in the stress regime in that quadrant. Migration of the dissolution
front appears active to the west, south, and east. This subsurface observation is in complete
agreement with surface-elevation surveys that have been carried out each year since the sinkhole
first formed.

Borehole-induced dissolution and resulting subsidence features provide ideal settings for
studying the controlling processes and characteristics of leaching interpreted from reflector-
defined collapse structures (in a few cases where time-lapse surveying has played a role; changes
in those geometries). Seismic images of reflectors beneath a sinkhole are a compilation of
interrelated clues that can be used to unravel the history of the process. By carrying forward
lessons learned during study of progressively more complex cases, an evolutionary chain of
events develops that can guide empirical models used for predicting future growth scenarios as
well as giving insights into the past. In this section discussions started from the simple first-
order continuous subsidence feature and have advanced to a complex subsidence feature defined
by a non-uniform geometry and active salt harvesting well after catastrophic sinkhole formation.
Emerging from a synthesis of the past four cases is a definable pattern and series of events that
seem to collectively describe the many types of active processes. The next sinkhole and
associated subsidence structure discussed adds a significant level of complication through the
involvement of more than one well bore and communication between those wells.

A loss of well-bore confinement was observed during standard pressure tests, cluing
regulators into a potential problem isolating well-bore fluids from surrounding evaporite layers at
a disposal well in south-central Kansas (Table 1| @). Attempts to plug the well and seal the
borehole failed. With the casing severed, borehole fluids were moving easily through the salt,
teaching of that salt was apparently uncontrolled, and a gradually subsiding and expanding
sinkhole was developing. It was soon discovered that a second borehole less than 100 m from
the first had also lost containment and the two were hydraulically connected. Based on well-bore
tests the worst case was discovered—fluid was moving within the salt interval between the two
wells.

Retlections in proximity to and beneath the sinkhole were highly distorted with a collapse
structure well defined tn the subsurface (Figure 17). Subsidence geometry of the 220-ms-deep
Stone Corral Formation is unique compared to previously studied single-well sinkholes where
salt was at a similar depth and dissolution was instigated by oil-field well-casing failure. At this
site it appears the Stone Corral Formation failed as large, relatively intact blocks with the largest
segment measuring around 150 m to 200 m in length and down-dropped around 40 m (after
compensation for the reduced average velocity within the disturbed near-surface) located
immediately beneath the sinkhole. Other large pieces of this anhydrite layer appear to have tilted
in response to progressive leaching of the salt and expansion of the dissolution front.

Interpreted bed-offset geometry/orientation is unique to this subsidence feature and
provides important clues to possible growth mechanisms. Faults interpreted as defining layer
displacement resulting from failure are different on one side of the subsidence feature relative to
tt ol . swithall other sul dence features studied in this chapter, opposing reverse faults
clearly define the initial failure cone and are centered on the current sinkhole at about CMP
2360. Based on surface-elevation data, the most rapid vertical growth is along the eastern side of
the sinkhole, while very little vertical growth has been observed to the west; the sinkhole clearly
possesses a very gentle ground surface slope toward the sinkhole center from all directions.
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Considering the proximity of the seismic line to the ¢ khole and the clearly distinguish-
able seismic signature of the top of the mined salt “jug,” it is reasonable to suggest that rock
failure between the jug and ground surface was constrained to a very narrow chimney signifi-
cantly smaller in diameter than the jug. This subsidence geometry is consistent with the concept
that initial failure over a void or cavity occurs along the lines of greatest stress defined by the
tensional dome. Subtle indications of drape in the imaged overburden appear to narrow as the
disturbancc moves toward the ground surface—an observation consistent with reverse-fault-
controlled subsidence associated wit initial failure during leaching and void growth.

Failure of another salt jug in this same mine field (less than 0.5 km away) occurred
approximately 10 years after this failure. Seismic and drill data contirmed the sinkhole was the
surface manifestation of cylindrical and near-vertical failure in the overburden above a known
salt jug. The collapse of consolidated overburden was isolated to a relatively narrow chimney
feature (smaller in diameter than the salt jug and narrowing upward) connecting the salt jug with
the bedrock surface. This geometry is consistent with the suggestion that initial failure was
along or coincident with the lines of equal stress present in rocks above and around a void.
Rapid initial growth of the sinkhole after catastrophically appearing was the result of gravity
sl ping of unconsolidated materials into the 4-m-wide opening at the bedrock surface some
20 m below ground surface.

Summing Up

Working through this collection of natural and borehole-induced dissolution and
subsidence features presented in this document, various development scenarios appear consistent
for all structures. First, initial failure occurs along reverse-style offset planes (hanging wall
above footwall). Second, multiple groupings of reverse-fault planes relate to episodic collapse
due to active dissolution. Third, the innermost reverse-fault pair maps the tensional dome and
initial chimney feature possessing catastrophic-collapse potential. Fourth, during secondary
failure associated with active leaching, reverse faults will splay off small-scale normal faults near
the ground surface. Fifth, normal-fault geometries designate a low-energy stage in terms of
active dissolution and collapse rates. Sixth, during periods of extensional strain, void growth is
unlikely and this stage generally appears to represent a decaying energy state. Juvenile
subsidence structures inferred from seismic images have characteristics that support the upward
migration of a dissolution void as interpreted from drill investigations at dissolution mines and
deciphered from scismic images of post-failure structures.
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