
Geology

doi: 10.1130/G34972.1
 published online 13 December 2013;Geology

 
Cathleen E. Jones and Ronald G. Blom
 
interferometry
Bayou Corne, Louisiana, sinkhole: Precursory deformation measured by radar
 
 

Email alerting services
articles cite this article

 to receive free e-mail alerts when newwww.gsapubs.org/cgi/alertsclick 

Subscribe  to subscribe to Geologywww.gsapubs.org/subscriptions/click 

Permission request  to contact GSAhttp://www.geosociety.org/pubs/copyrt.htm#gsaclick 

official positions of the Society.
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
presentation of diverse opinions and positions by scientists worldwide, regardless of their race, 
includes a reference to the article's full citation. GSA provides this and other forums for the
the abstracts only of their articles on their own or their organization's Web site providing the posting 
to further education and science. This file may not be posted to any Web site, but authors may post
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms 
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
their employment. Individual scientists are hereby granted permission, without fees or further 
Copyright not claimed on content prepared wholly by U.S. government employees within scope of

Notes

articles must include the digital object identifier (DOIs) and date of initial publication. 
priority; they are indexed by GeoRef from initial publication. Citations to Advance online 
prior to final publication). Advance online articles are citable and establish publication
yet appeared in the paper journal (edited, typeset versions may be posted when available 
Advance online articles have been peer reviewed and accepted for publication but have not

© Geological Society of America

 as doi:10.1130/G34972.1Geology, published online on 13 December 2013 as doi:10.1130/G34972.1Geology, published online on 13 December 2013

http://geology.gsapubs.org/cgi/alerts
http://geology.gsapubs.org/cgi/alerts
http://geology.gsapubs.org/subscriptions/index.ac.dtl
http://geology.gsapubs.org/subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://www.geosociety.org/pubs/copyrt.htm#gsa


GEOLOGY | February 2014 | www.gsapubs.org 1

ABSTRACT
Catastrophic sinkholes are formed through the collapse of natu-

ral or human-made subterranean caverns, and are common in areas 
with evaporite and carbonate rock. Despite their danger, advance 
warning of these events is rare. We report a measurement of pre-
cursory surface deformation of as much as 260 mm, derived with 
interferometric synthetic aperture radar (InSAR) and evident over a 
month before surface collapse, at the site of the Bayou Corne, Loui-
siana (USA) sinkhole that formed in August 2012. Data collected by 
the airborne Uninhabited Aerial Vehicle SAR (UAVSAR) instrument 
were used for the study. Analysis of data acquired from two fl ight 
tracks with near-opposing imaging geometries reveal a deformation 
pattern consistent with compressive loading at the surface due to loss 
of support from a subterranean cavity collapse related to Texas Brine 
Oxy Geismar Well #3. The precursor deformation was nearly entirely 
horizontal, i.e., oriented along the surface, and manifested as move-
ment of surface material toward the location where the sinkhole later 
formed. The sinkhole formed in the area with the largest gradient 
in surface strain, but did not cover the full extent of the precursory 
deformation detected with radar. This work suggests that InSAR data 
collected operationally for hazard monitoring could, in some cases, 
identify sinkhole development before surface collapse, and decrease 
subsequent danger to people and property.

INTRODUCTION
On 3 August 2012, a large, slurry-fi lled sinkhole ~1 ha in size was 

discovered to have formed overnight above the western edge of the Napo-
leonville salt dome near the small community of Bayou Corne, Louisiana 
(USA; Louisiana Department of Natural Resources, 2012a). Bubbling gas 
and minor earthquakes had caused concern in the local area during the 
previous 2 mo (Louisiana Department of Natural Resources, 2013a), but 
development of the ~110-m-diameter sinkhole was unexpected. On-site 
investigation revealed that the sinkhole was caused by a sidewall collapse 
of the storage cavity connected to nearby Texas Brine Oxy Geismar Well 
#3 (Oxy #3 herein), which had been solution mined much closer to the 
edge of the salt dome than previously thought (Louisiana Department of 
Natural Resources, 2013b). Data from a 2007 seismic survey and a re-
cently drilled relief well support breaching of the abandoned cavern at the 
edge of the salt dome, allowing direct contact with permeable formations 
(Nunn, 2012).

The Gulf Coast salt basin of eastern Texas and Louisiana is underlain 
by the Middle Jurassic Louann Salt, the principal source rock for the myr-
iad salt formations in the region. The Napoleonville salt dome is shallow, 
extending to within 210 m of the surface (Halbouty, 1967). Salt is one of 
the most ductile of rock types and well known for low-temperature plastic 
deformation (Johnson and Bredeson, 1971) that can lead to self-healing of 
cracks; this is one reason why salt domes are commonly solution mined 
to form storage caverns (Thomas and Gehle, 2000). Although catastrophic 
failure of salt dome mines and cavities is uncommon, there are two pre-
vious instances of rapid collapse in Louisiana salt domes where failure 
occurred at the top rather than the sidewall (Whyatt and Varley, 2008). 
For the Bayou Corne sinkhole, three-dimensional seismic imaging placed 
the location of the initial sidewall collapse near the bottom of the Oxy #3 
cavity, which roughly resembles a vertical cylinder extending from 1040 
to 1700 m depth (Louisiana Department of Natural Resources, 2013b). 

Distinct from faulting, which involves motion between two rock bodies, 
sidewall collapse involves failure in, and growth of, the disturbed rock 
zone, which then fi lls the cavern void (Louisiana Department of Natural 
Resources, 2013b).

METHODS
We used interferometric synthetic aperture radar (InSAR) to mea-

sure surface deformation in the area around Bayou Corne. InSAR works 
by relating the coherent phase difference between radar echoes collected 
from the same point on the ground at two different observation times to 
the path-length difference between the aircraft and the ground, enabling 
highly accurate measurement of surface displacement in the line-of-sight 
direction (Rosen et al., 2000). Only the cumulative displacement that oc-
curred during the time interval between the imaging is measured, and In-
SAR cannot detect movement perpendicular to the imaging plane.

For this study, we used data from the Uninhabited Aerial Vehicle 
Synthetic Aperture Radar (UAVSAR) (Hensley et al., 2009) collected be-
tween 2009 and 2012, acquired as part of an ongoing regional study of the 
geophysics of the Mississippi delta; imaging of the Bayou Corne sinkhole 
precursor was a serendipitous occurrence. Results reported here are de-
rived from acquisitions made on 23 June 2011 and 2 July 2012, from two 
different imaging directions. Using data acquired from a single imaging 
direction, it is impossible to resolve whether the phase change is caused by 
movement in the vertical or horizontal direction because only the projec-
tion of the displacement onto the line-of-sight direction is measured. By 
imaging the area from opposite directions but at the same incidence angle 
(61° looking toward the northeast for swath 1, and 61° looking toward the 
southwest for swath 2), we could separate the horizontal and vertical com-
ponents of the surface displacement, obtaining a two-dimensional image 
of displacement in the radar imaging plane.

The InSAR technique depends upon ground deformation being de-
tectable prior to sinkhole formation, which, while common, is not always 
the case (Paine et al., 2012; Rucker et al., 2013; Nof et al., 2013). In addi-
tion, the technique requires that radar observations maintain phase coher-
ence over the observational interval, in this case over one year. Loss of 
radar coherence is a function of surface changes due to factors like vegeta-
tion growth, standing water, or agricultural activities. Longer wavelengths 
are less sensitive to these effects and thus superior for maintaining coher-
ence over long time intervals (Zebker and Villasenor, 1992). UAVSAR 
is an L band system (23.8 cm wavelength), so the images maintain radar 
coherence for a much longer time than would be possible with X band 
(3.1 cm wavelength) and C band (5.6 cm wavelength) SAR, the wave-
lengths of the commercial satellite SARs in operation when the Bayou 
Corne sinkhole formed.

SINKHOLE PRECURSOR
Analysis of radar interferograms allowed us to precisely measure 

signifi cant surface deformation prior to sinkhole formation across a large 
area near the Bayou Corne community (Fig. 1); the maximum deforma-
tion occurred directly above the western edge of the salt dome near the 
Oxy #3 wellhead. The cumulative surface displacement in the line-of-
sight direction between 23 June 2011 and 2 July 2012, derived from the ra-
dar interferogram for swath 1, is shown in Figure 1A (the locations of the 
two closest wells, Texas Brine Oxy Geismar Wells #1 [Oxy #1 herein] and 
#3, are indicated). Both wells are near the edge of the deforming region, 
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and the associated subterranean cavities are nearly centered beneath each 
wellhead. The colors in Figure 1A represent displacement contours, with 
each color cycle, or wrap, corresponding to 120 mm of movement. A large 
section of berm built to enclose the sinkhole (Fig. 1A) collapsed in June 
2013 (http://assumptionla.wordpress.com/2013/06/04/930-a-m-area-of-
berm-subsides/), after the disturbed rock zone and the sinkhole became 
much larger than originally predicted (Louisiana Department of Natural 
Resources, 2012b). Figure 1B is a photograph of the sinkhole on 13 Au-
gust 2012, 10 days after it fi rst developed. Figure 1C shows the location 
of the Napoleonville salt dome, along with other salt domes in southern 
Louisiana that contain caverns similar to the one that failed.

The measured surface deformation in the Bayou Corne area forms a 
distinctive two-lobe pattern centered on the approximate surface projection 
of the sidewall material failure at depth. The two-lobe pattern indicates a 
subsurface failure consistent with cavity sidewall collapse. For cavity roof 
collapse, a single-lobe surface compression pattern is predicted (Ege, 1984) 
and observed (Whyatt and Varley, 2008). The Bayou Corne deformation 
pattern shows the surface expression of the failure extending between the 
two lobes and pointing back toward the Oxy #3 cavity, showing the area of 
rock collapse between the cavity and the edge of the salt dome.

It is interesting that InSAR analysis of UAVSAR data collected be-
tween June 2009 and June 2011 shows that no detectible deformation oc-
curred in this area prior to June 2011, indicating that cavity sidewall fail-
ure probably occurred before 2 July 2012, at least 1 mo prior to sinkhole 
formation on 3 August 2012, and after June 2011. This timing is in accord 
with observations of local residents, who did not report unusual events 
until June 2012 (Louisiana Department of Natural Resources, 2013a).

Figure 2 shows the displacement resolved into vertical movement, 
and horizontal movement along the surface toward the northeast at a 
heading of 50°. We observed that the surface strain pattern corresponds 
to a predominant deformation mechanism of horizontal displacement and 
compression toward the middle, rather than subsidence, such as due to fl u-
id withdrawal (Allen, 1973). The horizontal displacement covered a very 
broad area (~0.25 km2), with movement extending to near the two Oxy 
wells and the road north of the site. Maximum displacement of ~260 mm 
was measured at the center of each lobe. There is no pattern to the verti-
cal movement on the spatial scale of the two-lobe horizontal movement, 
and no clear indication from InSAR of either uplift or subsidence near the 
future sinkhole.

To show the extent of the precursory deformation relative to the 
sinkhole (Fig. 3), the measured line-of-sight displacement of swath 2 was 
overlain on the radar intensity image, the salt dome depth contours (Stipe 
and Spillers, 1960), and the initial sinkhole location and size. Precursory 
surface deformation derived with InSAR predicts the general location 
where the sinkhole will form; we observe that in this case the sinkhole 
formed in the area overlapping the highest surface-deformation gradient.

It is important to note that precursory surface deformation for the 
Bayou Corne sinkhole was primarily horizontal displacement of mate-
rial toward the location of ultimate sinkhole development. The relative 
absence of vertical deformation is an unusual observation, and different 
from previous InSAR observations of sinkhole development (Paine et al., 
2012; Conway and Cook, 2013; Nof et al., 2013). We postulate that this 
is due to weak surface material fl owing from an extended area toward the 
developing subsurface failure as the disturbed rock zone extended toward 
the surface while piping subsurface material into the cavern at depth. Sub-
stantial horizontal motion has been associated with other subsidence en-
vironments (Allen, 1973; Ege, 1984). At this stage, efforts are to continue 
to assess and model the failure in order to better understand the origin of 
the two-lobe, primarily horizontal, deformation pattern and to determine 
whether this signature is unique to low-cohesion surface sediments. Sav-
age (1981) described a geophysical model that predicts horizontal and ver-
tical displacements for varying physical conditions that may be applicable 
to this situation.

Figure 1. A: Differential interferogram formed from images of Bayou 
Corne site (Louisiana, USA) acquired on 23 June 2011 and 2 July 
2012, showing pattern of precursory surface deformation. Local fea-
tures are labeled; sinkhole was caused by failure of Texas Brine Oxy 
Geismar Well #3 cavity at a depth of ~1700 m (Louisiana Department 
of Natural Resources, 2013b). Interferogram shown was formed from 
swath 1, which imaged area looking northeast at ground incidence 
angle of 61°. B: Bayou Corne sinkhole on 13 August 2012; Texas 
Brine Oxy Geismax Well #3 (Oxy #3) and #1 (Oxy #1) are indicated. 
Photograph was taken looking eastward (photo credit: On Wings of 
Care, Inc., New Orleans, Louisiana). C: Map showing general loca-
tion of Napoleonville salt dome. Bayou Corne sinkhole is on western 
edge of salt dome at lat 30.011°N, long 91.143°W. Other salt domes 
in southern Louisiana are shown; color indicates type of caverns 
they contain (white—plugged and abandoned caverns and/or wells; 
blue—brine production caverns; orange—storage caverns; yellow—
brine production and storage caverns; Louisiana Department of 
Natural Resources, 2013d). 
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Since initial formation, the Bayou Corne sinkhole continues to ex-
pand, primarily through episodic sloughs of signifi cant size as the dis-
turbed rock zone expands (Louisiana Department of Natural Resources, 
2013b). The closest intact cavity, Oxy #1, is ~270 m northeast of the failed 
cavity (center to center) and at a shallower depth (Louisiana Department 
of Natural Resources, 2013b). The Oxy #1 cavity is within 46 ± 23 m of 

the salt dome’s outer wall at its closest approach (Louisiana Department of 
Natural Resources, 2013c); this, combined with its proximity to the failed 
Oxy #3 cavity, also puts it at risk of salt dome sidewall failure. The pre-
cursor deformation shows that as early as July 2012 there was signifi cant 
stress much closer to the Oxy #1 cavity than the extent of the initial sink-
hole formed by the Oxy #3 collapse (Fig. 1). Should the Oxy #1 undergo 
cavity collapse, the sinkhole could expand more rapidly than after the Oxy 
#3 collapse because the rock in that area is already stressed and could be 
closer to its yield point; furthermore, the wall is thinnest at the top of the 
Oxy #1 cavity (760 m depth) (Louisiana Department of Natural Resourc-
es, 2013b), so the resulting disturbed rock zone would reach the surface 
sooner. Unfortunately, it is now more diffi cult to measure deformation of 
the Oxy #1 site because it is not possible to monitor the inundated part of 
the existing sinkhole with InSAR. However, if deformation extends far 
past the sinkhole boundaries, as it did in the precursor reported here, then 
InSAR could continue to be used to track subsurface rock movement.

CONCLUSIONS
We have demonstrated that L band SAR interferometry could have 

been used to reliably forecast the formation and location of the Bayou 
Corne sinkhole at least 1 mo in advance. Using radar interferometric mea-
surements derived from data collected in 2009–2012, we show that sig-
nifi cant surface deformation, as much as 260 mm, occurred between 23 
June 2011 and 2 July 2012, in an extended area in the region where the 
sinkhole later formed.

The Bayou Corne site was imaged by the UAVSAR radar from op-
posite directions, which allowed derivation of the vertical and horizontal 
components of surface movement using InSAR. The deformation pattern 
we measure is consistent with compressive loading at the surface due to 
removal of support caused by collapse of material into the cavern at depth. 
The measured strains provide insight into the subsurface geology and in-
ternal stresses (Allen, 1973) caused by the rock sidewall and cavity col-
lapse. Although the observation of horizontal surface movement has not 
previously been widely considered a signature of sinkholes, our results 
show that their formation can be preceded by very large horizontal move-
ment of surface material well in advance, at least for sidewall collapse of 
caverns at depth where it takes time for the failure to reach the surface. 
Whether this is also due to the sediment conditions at Bayou Corne war-
rants further investigation.

Figure 2. A: Cumulative 
horizontal and vertical 
surface displacement at 
Bayou Corne, Louisiana 
(USA) between 23 June 
2011 and 2 July 2012. Color 
bars show displacement 
in millimeters. Positive 
values indicate horizontal 
movement in direction of 
arrow (top) and uplift (bot-
tom). A 3 × 3 boxcar fi lter 
was applied to original 7 m 
resolution data. B: Plot of 
horizontal displacement 
combined with radar am-
plitude image over broader 
area that includes Bayou 
Corne community and 
nearest wells. Precursor 
displacement across ex-
tended area is evident; 
steeper gradients are to-
ward southeast. White dot 
indicates reference point 
used for zero movement.

Figure 3. Surface deformation relative to western edge of Napo-
leonville salt dome (Louisiana, USA) and location and size of Bayou 
Corne sinkhole. Depth contours of salt dome edge, given in feet to 
match original reference (Stipe and Spillers, 1960), and outline of 
sinkhole as it formed on 3 August 2012 are overlain on interferogram 
showing cumulative line-of-sight displacement from 23 June 2011 to 
2 July 2012. Interferogram was formed from swath 2, which imaged 
area looking southwest at ground incidence angle of 61°. For com-
parison, swath 1 interferogram, viewing area from opposite direc-
tion, is shown in Figure 1A.
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It is unusual to measure precursor deformation in this type of solid 
Earth phenomenon, much less with two-dimensional high-resolution In-
SAR that provides insight into the cavity failure and sinkhole formation. 
At Bayou Corne, continued sinkhole growth threatens the nearby commu-
nity and Highway 70, giving rise to a pressing need for reliable estimates 
of the rate of expansion of the sinkhole and the likely fi nal extent of the 
disturbed rock zone. Quantitative measurements of surface strain derived 
with InSAR can improve geophysical modeling, leading to better predic-
tions of response to stress, compressive yield strength, and disturbed rock 
zone progression within the Napoleonville salt dome. Beyond the imme-
diate need for information that can improve models of the Bayou Corne 
sinkhole progression, there is a more general need for methods that can 
reliably predict sinkhole formation and location. Our work shows that ra-
dar remote sensing could offer an economical monitoring technique for 
identifying at least some sinkholes in advance of surface collapse, in areas 
with salt domes, karst, and solution-mined brine caverns where sinkholes 
are known to form, and could be of particular use to the petroleum in-
dustry for monitoring operations in salt domes. Through measurement of 
surface strain, this capability offers both risk reduction and quantitative 
information with which to predict sinkhole size and growth rate. The eco-
nomic viability of the technique will be much greater with the use of a 
satellite-borne L band SAR instrument, which offers wide imaging swaths 
and consistent repeat intervals, such as recommended in the last National 
Research Council (2007) decadal survey.
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