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Abstract

Suban field in southern Sumatra, Indonesia, is a fractured
carbonate/crystalline wet-gas reservoir in a tectonically active
island-arc setting. Reservoir-scale right-oblique reverse faults
and folds that have trapped the hydrocarbons have been relat-
ed previously to deformation in the back-arc setting of Suma-
tra associated with oblique subduction of the Indo-Australian
Plate at the Sunda trench. Increased well productivity in some
parts of the field was inferred to correlate with completing
wells in the damage zones of critically stressed faults. Satel-
lite interferometry acquired in 2008 through 2011 involving
specially stacked and filtered interferograms, following prior
applications to heavy-oil fields and Arctic sea ice, reveals ac-
tive deformation in Suban field. Several areas of localized sub-
sidence potentially exceeding -5 mm/yr have been identified
in the field. Horizontal movements of comparable magnitude
wete resolved above the major right-oblique, critically stressed
fault zone in the southwestern part of the field, corroborating
wellbore-based inferences from the reservoir. Block-tectonic
models constrained by GPS measurements across the entire
Sumatra contractional orogen predict comparable magni-
tudes and directions for horizontal motions observed locally
at Suban. The combination of InSAR and GPS-based plate-
tectonic models provides a robust tool for monitoring the
deformation of oil and gas fields in tectonically active areas.

Introduction — Structural and tectonic
setting of Suban field

Suban field is a ConocoPhillips-operated gas-producing
asset in the South Sumatra Basin, one of several sedimentary
basins in the back-arc domain of Sumatra, Indonesia (Bar-
ber and Crow, 2005; Hennings et al., 2012). The field was
discovered in 1998 and began to produce in 2003. The ma-
jor structures at Suban, oblique-slip faults and related folds,
strike northwest-southeast, parallel to the principal Neogene
tectonic fabric of Sumatra and to the subduction zone ~ 400
km to the southwest (Figure 1).

The principal fault uplifting the overall structure is a
basement-rooted fault-propagation fold on the northeast
flank. Damage zones of several smaller subparallel faults in
the uplift provide good fluid-pressure communication within
the field. Wells with the highest flow capacity relate to criti-
cally stressed faults and related fractures along the southwest
bounding anticline, which is interpreted by 3D seismic data
and wellbore stress analysis to be the result of strike-slip and
reverse offsets along the southwest bounding fault.

Comparison of stress states inferred from wellbores, seis-
mically interpreted stratigraphic offsets, and structural ar-
chitecture (in both map and cross-sectional views) with the
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tectonics on Sumatra and the direction of plate subduction
(e.g., McCaflrey, 2009) suggested to Hennings et al. (2012)
that the faults and deformation that control well productivity
in Suban field are currently active and closely related to the
subduction-zone tectonics.

At the laticude of Suban field, oblique subduction of the
Indian and Australian Plates beneath Southeast Asia occurs at
a rate of 50-70 mm/yr (DeMets et al., 1994; Prawirodirdjo
and Bock, 2004). The oblique convergence is partitioned into
a trench-normal component, primarily accommodated along
the Sunda subduction-zone megathrust, and right-lateral
shear accommodated primarily along the Great Sumatran
Fault. A series of large to great earthquakes along the Sunda
megathrust has been documented since 1797 (e.g., Subarya
et al., 2006; Chlich et al., 2008; Prawirodirdjo et al., 2010).

Rupturing along these slip patches has uplifted, tilted,
and deformed Sumatra during these and previous events dur-
ing at least Quaternary time. At least four large-magnitude
(> 7) strike-slip earthquakes have occurred on land along
the Sumatran fault (Sieh and Natawidjaja, 2000) since 1900
in the vicinity of Suban field (Serensen and Atakan, 2008).
The deformation that produced Suban field, including its
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Figure 1. Locations of InSAR images (blue squares) and Suban field
(red dot) shown on shaded relief map of Sumatra. After Hennings et
al. (2012), Figure 1. AAPG©2012. Reprinted by permission of the
AAPG whose permission is required for further use.



stratigraphic and structural traps as well as its productivity,
thus appears to be consistent with contemporary Sumatran
tectonics. Conversely, monitoring of deformation at Suban
could inform both production and seismic-hazard analysis
(Abidin et al., 2010) in southern Sumatra.

InSAR and GPS in southern Sumatra

Satellite or geodetic data are available for most of Suma-
tra, including the Sumatran continuous Global Positioning
System (GPS) array (SuGAr), which was established and
monitored by Caltech’s Tectonics Observatory through 2008.
The array is now being operated by the Earth Observatory
of Singapore (McLoughlin et al., 2011). Prawirodirdjo et al.
(2010) describe observations, mostly from northern Sumatra.

Early work reported by Prawirodirdjo et al. (1997) shows
that strain accumulation rates in northern Sumatra, 23-24
mm/yr, were comparable to those inferred from slip rates
along the Sumatran fault by Sieh and Natawidjaja (2000) but
were twice as large as those along the fault in central Suma-
tra, the southernmost part of the geodetic-survey network.
Because slip rates are thought to increase along the Sumatran
fault from southeast to northwest (e.g., Huchon and Le Pi-
chon, 1984; Bock et al., 2003), in concert with increasing
obliquity of subduction in that direction, the discrepancy
between low measured slip rates and higher network shear-
strain rates might suggest strain accumulation or slow aseis-
mic creep along the Sumatran fault near the latitude of Suban.

Although Meltzner et al. (2006) use data from advanced
spaceborne thermal emission and reflection (ASTER), SPOT
satellite GPS imagery, IKONOS satellite imagery, QuickBird
imagery, and Landsat to investigate uplift and subsidence pat-
terns of the northern part of Sumatra — around the epicenter
of the 2004 great earthquake — to our knowledge, satellite
interferometry (InSAR) techniques had not been attempted
prior to our study to measure current deformation in south-
ern Sumatra. An expanded treatment of the methods used in
this study can be found in Schultz et al. (2014).

InSAR analysis. Synthetic-aperture radar (SAR) data
(L1.0) were obtained from the Advanced Land Observing
Satellite (ALOS, aka Daichi) via an L-band (23.6-cm-wave-
length) radar, which enabled good temporal coherence of the
interferograms (Soofi and Sandwell, 2010). Stancliffe and
van der Kooij (2001) and Khakim et al. (2012) demonstrate
how L-band radar could be used to monitor production at
the forested Cold Lake and Hangingstone heavy-oil fields in
Canada, respectively (Gu et al., 2011). Twenty-six raw images
(19 ascending and seven descending acquisitions) from mid-
2007 to the end of 2010 were used to perform interferometry
analysis following the method of Tong et al. (2013). We com-
bined the line-of-sight (LOS) motions measured in the two
look directions to derive vertical and horizontal deformation
maps of Suban field (Hennings et al., 2012) and vicinity.

The data were processed with GMTSAR software (Sand-
well et al., 2011) on a Linux platform. In the interferom-
etry analysis, the raw binary radar images were preprocessed
and focused to form full-resolution SAR images. All the
SAR images were then aligned to one single image with 2D
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Figure 2. (a) Interferograms for ascending track T442. Eight of 14
long-time interferograms are of acceptable quality and were used

in conjunction with 12 short-time interferograms in the stacking
analysis. (b) Interferograms for descending track T117. Five of seven
interferograms are of acceptable quality.

crosscorrelation techniques. The alignment needed to be ac-
curate within 1 pixel (- 10 m) to construct the interferograms.

The phase caused by topography was removed with the
SRTM digital elevation model (Farr et al., 2007). The re-
sidual phase was unwrapped with SNAPHU software (Chen
and Zebker, 2000). Twenty high-quality interferograms
were thereby obtained (Figure 2). These unwrapped phase
maps were filtered individually with a high-pass Gaussian
filter and then stacked to yield an average LOS velocity map
of Suban field. The filtering step reduces the error sources
associated with any ground motion at wavelengths greater
than 20 km.

The standard deviation of the LOS velocity was calculated
to evaluate the uncertainties caused by various error sources
such as clouds in the troposphere, ionosphere delay, inaccu-
rate orbital ephemeris, or unwrapping errors. The standard
deviations of the velocity map range from 0 to 100 mm/yr,
with a mean of 12 + 10 mm/yr. This error reflects the location
of Suban field in a highly vegetated tropical area. Areas in the
LOS velocity map with large noise (standard deviation > 20
mm/yr) were masked out. The final stacked and masked LOS
velocity map ranged from approximately —23 to 33 mm/yr,
with a standard deviation of ~ 1 mm/yr. All the results de-
rived from the above analysis were coregistered in ArcGIS.

Tectonic model constrained by GPS. The block-tectonic
model of Prawirodirdjo et al. (1997) and Prawirodirdjo et al.
(2010) was used to investigate the regional tectonic velocity
field near Suban. The model represented Sumatra by three
interacting elastic plate-tectonic blocks: the stable Sundaland
shelf (including Sumatra and adjacent submarine portions),
the forearc sliver to the southwest (Diament et al., 1992; Mc-
Caffrey, 2009), and the Indo-Australian Plate.
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Block motions were described as rigid-body rotations
about poles of rotation, and block boundaries were defined
by 3D fault surfaces with displacement discontinuities as-
sociated with the earthquake-rupture distribution along the
Sunda subduction zone and the onshore Sumatra strike-slip
fault zone. GPS velocities measured at stations throughout Su-
matra (e.g., Abidin et al., 2010) were used as boundary con-
ditions. Interseismic (post-2007) displacement vectors in the
horizontal plane were calculated by using the Fortran program
DEENODE (McCaffrey, 1995), which uses the solution for
dislocations in an elastic half-space. The model was verified by
reproducing the results of Prawirodirdjo et al. (2010).

Results and implications

The InSAR results suggest that uplift, subsidence, and
horizontal contractional topographic changes occurred be-
tween 2007 and 2011 above Suban field (Figure 3). At least
three areas of subsidence can be inferred, implying perhaps as
much as 5 mm/yr during that time interval. Although those
displacements are unlikely to have
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transect (Figure 4c). The similarity of uplift and topography
along the transect implies that the current topography across
this part of Suban field is related at least in part to reverse
offsets along subjacent faults (Figure 4d) and related defor-
mation. This result is consistent with the inference made by
Hennings et al. (2012) that the faults in Suban field are cur-
rently active and related to the subduction tectonics across
Sumatra.

We modeled the interseismic displacement and strain
field across Sumatra by using the block-tectonic model de-
scribed above. The model predicts an average velocity of ~
4 mm/yr to the northeast across Suban field (Figure 5). This
northeast-directed displacement is generally consistent with
other locations across Sumatra east of the Great Sumatran
Fault, although the predicted magnitudes, orientations, and
rates vary somewhat depending on location. The displace-
ment direction is also generally consistent with the orienta-
tion of maximum horizontal compressive principal stress at

various depths in Suban field (Hennings et al., 2012).

been caused by high stiffness of the
producing interval, they might be
related to the pressure depletion of
production. This potential effect has
not yet been evaluated in detail.
Significant horizontal contrac-
tion and uplift, each as much as 5
mm/yr over the same time interval,
also can be inferred from the inter-
ferograms. These changes occur near
the approximate surface projection
of what might be interpreted from
subsurface seismic data as a con-
tractional stepover (relay) zone at
a depth of -~ 3 km along the major
right-oblique overburden fault in the
southwestern part of the field.
Because this fault is at a shal-
lower depth than a reservoir-cutting
fault with similar kinematics (Fig-
ure 4), the InSAR signal might sug-
gest movement along either or both
faults. The pattern of uplift rate in
this area is consistent with defor-
mation of the ground surface above
blind reverse or thrust faults in other
contractional tectonic settings (e.g., ' 4
King et al., 1988; Ma and Kusznir,
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1993; Shamir and Eyal, 1995; Co-

hen, 1999; Schultz, 2000, 2011;
Okubo and Schultz, 2004) (Figure
4a).

Furthermore, the pattern of up-
lift rate across this southwest fault
(Figure 4b) generally correlates with
the contemporary topography, as
shown by a southwest-to-northeast
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Figure 3. (a) Vertical and (b) horizontal (easting) velocity maps obtained from the InSAR analysis
for Suban. Contours are at an interval of 5 mm/yr; the dashed line is an approximate position at
which the southwest right-oblique fault might tip out in the near surface. (c) SRTM topography.
(d) Structure contours of Suban reservoir top at depth, corresponding approximately to the top

of the pre-Tertiary units (pre-T in Figure 4), with local highs in warm colors. After Hennings et

al. (2012), Figure 2. AAPG©2012. Reprinted by permission of the AAPG whose permission is
required for further use. Note increased values of vertical velocity change (uplift) and horizontal
velocity change (shortening) along the southwest oblique-slip fault. The location of a profile (A-B)
is shown by a solid line in parts (a) through (c). White dots represent gas wells and the black dot an
oil well. North arrow and scale bar are common to all panels.



As noted by Prawirodirdjo et al. (2010), the displace-
ment-velocity vectors south of 5°S are consistent with a small
degree of contemporary coupling on the subduction zone
(i.e., the megathrust is slipping aseismically there), whereas
vectors between 0.5° and 5°S are rotated counterclockwise
from the Indo-Australian plate-convergence direction and
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Figure 4. (a) Deformation associated with reverse or thrust faulting
calculated by using the COULOMB 3D forward mechanical
dislocation program (Toda et al., 1998, 2007). After Schultz (2011),
Figure 3a. Reprinted by permission. Arrows are local displacement
vectors showing rock displacements associated with the fault slip. (b)
Comparison between InSAR vertical velocity change (positive values,
uplift; negative, subsidence). (c) Surface elevation from SRTM digital
elevation model. (d) Geologic section across part of Suban field.
After Hennings et al. (2012), Figure 1. AAPG©2012. Reprinted by
permission of the AAPG whose permission is required for further use.
Part (d) is part of section line A-A” shown in Figure 1 of this article.
UM: Upper Miocene—Pliocene Kasai Formation; MM: Middle—Upper
Miocene Air Benakat and Muara Enim Formations; pre-T: pre-
Tertiary crystalline and metamorphic basement. Location of profile
A-B is shown in Figures 3a through 3c.
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were interpreted to result from a greater degree of contempo-
rary coupling (i.e., locking) of the subduction zone over that
latitude range.

Prawirodirdjo et al. (2010) compare the interseismic ve-
locity fields from before and after the subduction-zone rup-
ture sequence of 2001 through 2007. The main difference
is 2 modest counterclockwise rotation of the velocity vectors
above the subduction zone, south of 5°S latitude, and reduc-
tion in their magnitude, both of which are consistent with
a small degree of coupling since 2007 in that area. The ap-
parent stability of the velocity-vector orientations east of the
Sumatra fault, along with modest reductions in their magni-
tude, suggests that the deformation pattern on southern Su-
matra did not change appreciably as a result of coseismic slip
along the subduction zone, implying longer-term stability of
local displacement orientations.

The available SAR data for Suban field were limited to a
three-year observation window. A follow-on L-band SAR sat-
ellite, ALOS-2, was launched in May 2014. The quality and
resolution of InSAR velocity maps of Suban field and vicin-
ity could be improved by incorporating measurements from
this satellite. For example, a shorter repeat time of 14 days
provided by ALOS-2 could enable InSAR time-series analysis
so that temporal changes of the surface displacement poten-
tially could be related to the details of deformation at the
spatial scale of the field and larger. Combining such InSAR
measurements with independent observations from GPS sites
in Sumatra could provide a more complete description of the
deformation field across southern Sumatra.

Figure 5. Horizontal interseismic velocity field for southern Sumatra
predicted by the block-tectonic model.



Conclusions

Satellite interferometry reveals that Suban field is ac-
tively deforming in association with oblique subduction
southwest of Sumatra, supporting previous inferences that
were based on subsurface 3D seismic, wellbore, and produc-
tion data from the field. Although InSAR has been used
to monitor production activities at heavy-oil fields such as
those in Alberta, Canada, this study demonstrates its utility
for oil and gas fields in tropical and tectonically active areas
as well as its potential for contributing to other applications,
including seismic-hazard assessment. ToE
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