Aseismic deformation of a fold-and-thrust belt imaged by synthetic
aperture radar interferometry near Shahdad, southeast Iran
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ABSTRACT

At depth, many fold-and-thrust belts are composed of a gently dipping, basal thrust
fault and steeply dipping, shallower splay faults that terminate beneath folds at the sur-
face. Movement on these buried faults is difficult to observe, but synthetic apertureradar
(SAR) interferometry has imaged dlip on at least 600 km?2 of the Shahdad basal-thrust
and splay-fault network in southeast Iran. Approximately 70 mm of thrust motion on the
8°-dipping Shahdad basal thrust occurred 8-30 km to the east of the 14 March 1998
Fandoga earthquake (M,, = 6.6) that involved 1.6 m of oblique (strike slip and normal
dlip) displacement on a steeply dipping fault. That earthquake transferred stress to the
Shahdad basal thrust and associated splays, triggering dlip either immediately or in the
following six months. Modeling shows that, to produce the observed surface deformation,
the Shahdad faults must have accommodated a nearly complete release of the shear stress
increase. This could be due to either low friction on the faults or deformation throughout
a wedge of material that is everywhere close to failure. The anomalously small magnitude
of displacement on the Shahdad basal thrust and splay faults compared to the area of slip

suggests a dip mechanism that is likely aseismic.
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INTRODUCTION

Thin-skinned fold-and-thrust belts often
form within sequences of horizontally com-
pressed, flat-lying layers of sedimentary rock.
Nearly horizontal thrust faults in layers with
low strength detach steeper splay faults and
cause folding in the overlying rock layers.
Many studies have used laboratory sand-box
models to study the behavior of these fold-
and-thrust belts (e.g., Cotton and Koyi, 2000;
Davis et a., 1983), but full-size systems are
difficult to investigate because of the geologic
time scales of the deformation. The 20 Sep-
tember 1999 (M,, = 7.6) earthquake at Chi-
Chi, Taiwan, ruptured a splay thrust, the Che-
lungpu fault (Kao and Chen, 2000), within a
type example of a fold-and-thrust belt (Davis
et a., 1983), but elsewhere there are few di-
rect observations of present deformation with-
in fold-and-thrust belts on land. Questions re-
main about how the deformation occurs: is
movement on the basal thrust and the splay
faults simultaneous, and does it occur in earth-
quakes or aseismically?
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On 14 March 1998, the moderately large
Fandoga earthquake (M,, = 6.6) struck a
sparsely inhabited area in southeast Iran (Fig.
1) (Berberian et a., 2001), rupturing part of
the Gowk fault zone, a predominantly right
lateral strike-slip zone (Walker and Jackson,
2002). A section of anearby shallow (between
1 and 4 km beneath the surface) and shallowly
dipping (6°) thrust fault also moved during a
2 yr interval (including the Fandoga earth-
quake; Berberian et al., 2001). We analyze this
shallow thrust motion and its driving forcesin
this paper. The observed amount of dip is
small (average 70 mm) but affected a large
area (22 km across and 29 km aong strike),
equivalent to a moment magnitude M,, = 6.0
(1.5 X 10 N-m) if released seismically, but
it generated no detectable seismic signal (Ber-
berian et al., 2001).

The Gowk fault system (Walker and Jack-
son, 2002) extends along the east edge of the
2-km-high Iranian plateau (Fig. 1). East of the
Gowk fault and adjacent mountains are Neo-
gene molasse deposits (well-stratified gypsif-
erous marl, sandstone, and conglomerate) es-
timated to be >3500 m thick (Berberian et a.,

2001), whose surface slopes 2.6° into the Lut
depression (Fig. 1). A set of three to five nar-
row ridges caused by active folds and faults
break the slope and form the Shahdad fold-
thrust belt (Fig. 1; Walker and Jackson, 2002).
Based on analogies to other fold-thrust belts
and the results described here, we infer a gent-
ly southwest dipping thrust beneath the 25-
km-wide belt, probably a detachment at the
base of the Neogene sedimentary rocks, that
we call the Shahdad basal thrust. There may
be athin layer of evaporites that lubricates the
detachment, but there is no evidence here for
a thick salt unit like that beneath the Zagros
fold-and-thrust belt. We also infer, from ana-
logues and our data, steeper thrust faults that
splay upward from the basal thrust but do not
reach the surface, instead ending in blind
thrusts beneath each of the folds. Thrust dis-
placement along a reduced-friction basal de-
tachment allows the wedge above it and east
of the Gowk fault to move eastward and thick-
en, driven partly by the steep topographic gra-
dient from the plateau to the Lut depression
(Walker and Jackson, 2002). The surface slope
and basal thrust dip of this wedge are similar
to those of other wedges (Davis et a., 1983)
(Fig. 1B).

SYNTHETIC APERTURE RADAR
INTERFEROMETRY AND KINEMATIC
FAULT MODELS

We formed interferograms from two pairs
of European Remote Sensing satellite syn-
thetic aperture radar (SAR) images that span
the 1998 Fandoga earthquake and one pair
covering a half-year interval after the earth-
quake (Table DR1; details of the SAR inter-
ferometry data, processing, inversions, and
modeling).! Despite time intervals to 3 yr, the

1GSA Data Repository item 2004092, Appendix
DR1 and Table DR1, and Figures DR1-DR4, with
details of the synthetic aperture radar interferometry
data, processing, inversions and modeling, is avail-
able online at www.geosociety.org/pubs/ft2004.htm,
or on request from editing@geosociety.org or Doc-
uments Secretary, GSA, PO. Box 9140, Boulder,
CO 80301-9140, USA.
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Figure 1. A: Shaded relief topographic map
of Shahdad area with active faults (medium
black lines) (Walker and Jackson, 2002), X-
X" profile location (thick black line), moder-
ate earthquakes (black filled circles), four
large earthquakes since 1981 (white filled
circles), and fault-plane solution (upper
right) for Fandoqa earthquake (Berberian et
al., 2001). Rectangles with thin black lines
are Fandoga rupture (F) and Shahdad basal-
thrust (S) dislocations shown in other fig-
ures. Thick dashed white line—Gowk fault
zone; P—central Iranian plateau; L—Lut
block. B: Topographic profile and depth
cross section of Fandoga main shock, Shah-
dad basal thrust, and splay slip planes. Solid
lines show positions of fault planes from in-
version after adjustment for topography;
dashed lines are unadjusted. Gray fill shows
Shahdad thrust wedge.

coherence of the interferograms is excellent
due to the lack of vegetation in thisarid region
(Fig. 2). We used an elastic half-space model
(Okada, 1985) and an inversion procedure to
determine an optimum dislocation for the Fan-
doga main shock fitting the average of the two
coseismic interferograms (Wright et al., 1999).
This simple elastic model with one dislocation
patch having constant slip of 1.7 m reasonably
fits the observed radar range changes in the
area of the Fandoga main shock (Fig. 2B) and
agrees with a seismic waveform solution (Ber-
berian et a., 2001) (for the inversion details,
see footnote 1).

When we subtract the range change of the
Fandoga main-shock model from the interfer-
ogram, aroughly rectangular 20 X 30 km area
of decreased range remains over the central
Shahdad fold-and-thrust belt east of the Fan-
doga earthquake rupture (Fig. 2C). The 20—-40
mm range decrease in this area means that the
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Figure 2. A: Average of two interferograms, converted to radar range change (motion in
radar line of sight) in millimeters. Faults (black lines) and profile location (white line) as in
Figure 1A. Rectangles (thin lines) show surface locations of Fandoga and Shahdad basal-
thrust dislocation models. B: Surface deformation from Fandoga main-shock elastic model,
shown as radar range change. Large rectangle outlines area shown in C and D. C: Residual
interferogram after subtracting Fandoga main shock model shown in B. Note that color
scale and area are different from A and B. Green labels are Universal Transverse Mercator
zone 40 coordinates and tics are every 10 km. Thin red lines show updip projections of
Fandoqga and Shahdad basal thrust to surface. Larger rectangle shows extended Shahdad
basal thrust used in distributed slip inversion (Fig. 3) and Poly3D (Fig. 4). D: Surface de-
formation predicted by slip model of Shahdad basal thrust and splays shown in Figure 4,
projected into radar line of sight. Same area and colors as C.

ground surface within the patch moved toward
the radar, eastward and upward. This cannot
be due to errors in the elevation model used
in processing because it appears the same on
both interferograms (1 and 2), despite the dif-
ference in their sensitivity to elevation (Table
DR1; see footnote 1), and because the north-
ern and southern boundaries of the patch are
not at any topographic feature. The similarity
of the Shahdad signature on two completely
independent interferograms also indicates that
the feature cannot be an atmospheric effect.
We performed a second inversion for an elas-
tic dislocation (Okada, 1985) fitting the Shah-
dad range change (Fig. 2C), holding the dis-
location of the Fandoga main shock fixed and
constraining the rake to 90° with all other pa-
rameters free (see footnote 1 for more details).
The result is alarge patch of slip on a shallow
and shallowly dipping surface that we inter-
pret as the basal thrust of the Shahdad thrust

belt (Fig. 1B). This rectangle is 22 X 29 km
and dips southwestward at 9.7° beneath the
surface of the elastic half-space (6.1° from
Earth horizontal), with uniform thrust dlip of
70 mm.

To determine the distribution of slip on the
Shahdad basal thrust, we took the derived
rectangle and extended it in al four directions
to match the length and width of the Shahdad
fold-and-thrust belt. We inverted for dip slip
on 4 X 4 km patches, fixing the geometry
(Fig. 3). Even though the extended rectangle
could allow dlip beyond the original rectangle,
the distributed slip inversion keeps most of the
dlip in the same area with a very sharp bound-
ary on the southwest (downdip) side. The un-
certainty in the measurements varies, but is
close to 5 mm for most of the area (see Data
Repository text and Fig. DR4 for details, foot-
note 1).
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Figure 3. Distribution of slip on Shahdad
basal thrust calculated from average of in-
terferograms (Fig. 2C). Gray levels and con-
tours show dip-slip motion in millimeters.
Thick black lines show updip projections of
constant-slip rectangle solutions to surface.
Thin lines show vertical projections of Fan-
doga rupture and Shahdad basal thrust:
constant-slip rectangle (shown in Figs. 1
and 2), extended rectangle used in this dis-
tributed slip inversion, and narrower rect-
angle used in boundary element model (Fig.
4). Other symbols as in Figure 2C.

STRESS MODELING

Stress transfer has been invoked to explain
dlip on faults adjacent to one or more earth-
quakes (Toda and Stein, 2002). The shear
stress in the thrust direction on the Shahdad
basal thrust increased by at least 0.02 MPa
(0.2 bar) due to the Fandoga earthquake in the
area where we observe aseismic dip (Fig. 3),
similar to the stress increase that has been
shown to trigger earthquakes (Stein, 1999).
Because of the very shalow dip of the Shah-
dad basal thrust, there is almost no change in
the normal stress. Coulomb stress changes
(Stein, 1999) are then equa to shear-stress
changes.

We use an elastic half-space boundary ele-
ment model called Poly3D (Thomas, 1993) to
calculate slip on the Shahdad faults due to the
stress perturbation from the Fandoga earth-
quake, assuming complete release of the ap-
plied shear-stress changes. We find that the
Shahdad décollement motion derived from the
INSAR (SAR interferometry) inversion (Fig.
3) amost exactly matches the dlip predicted
by the boundary element model (BEM) (Fig.
4). The BEM aso predicts a substantial
amount of left-lateral slip on the basal thrust
and splays, but strike-slip displacements are
not well constrained by the INSAR result be-
cause the single radar look direction is nearly
normal to the faults. This apparent left-lateral
dip in the BEM is due to the simplified as-
sumption of no preexisting far-field tectonic
stress. Including a preexisting right-lateral
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Figure 4. Slip solution from boundary element model (Poly3D) in map view. Top row shows
slip on basal thrust, bottom row shows slip on splay faults. Left column shows dip-slip
component, right column shows strike-slip component. Labels are similar to those in Figure

2C.

shear stress from ongoing deformation on the
major Gowk fault zone would counteract the
left-lateral stress change from the Fandoga
event. Forward modeling of the surface de-
formation from the BEM result (Fig. 2D)
shows that the predicted range change fits the
interferogram nearly as well as the thrust-
only inversion model (Fig. 3). The short-
wavelength (2—4 km) features observed on the
residua interferogram (Fig. 2C) also are well
matched by dlip on the BEM splay faults
(Figs. 2D and 4).

DISCUSSION AND CONCLUSIONS

The long time interval (~3 yr) of the inter-
ferograms does not constrain the timing of the
Shahdad deformation, but the observable sim-
ilarity of the measured dlip distribution with
the dlip predicted by the BEM is strong evi-
dence that the static stress changes due to the
Fandoga earthquake caused the dip on the
basal thrust and splays. The Shahdad defor-
mation signal is almost the same on two in-
terferograms that include 6 and 12 months af-
ter the Fandoga earthquake (1 and 2, Table
DR1; see footnote 1), so the bulk of the de-

formation happened within 6 months. Thisin-
ference is confirmed by the lack of measurable
radar range change on interferogram 3 from
September 1998 to March 1999. A somewhat
similar aseismic sip event was detected by
ground geodetic instruments beneath Kilauea
volcano, with a duration of ~36 h and mag-
nitude of 87 mm at a depth of 4.5 km (Cer-
velli et al., 2002), so the Shahdad event might
have had a similar duration.

The earthquake scaling relationships of
WEells and Coppersmith (1994) predict a mag-
nitude M of 6.9 for an earthquake with a fault
rupture area of 642 km?, the area of dip on
the Shahdad basal thrust. The observed 70
mm average displacement is more than an or-
der of magnitude smaller than the displace-
ment of 0.74 m necessary to produce an M =
6.9 earthquake with that rupture area. This
comparison indicates that the elastic strain re-
leased by the Shahdad basal thrust and splay-
fault slip was much smaller than events that
typically generate seismic waves. Previous at-
tempts to find the Shahdad basal dlip in the
seismic waveforms from the Fandoga earth-
quake were unable to find any evidence of it
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(Berberian et a., 2001), although it may be
hidden by the larger waves of the main shock.

Field observations of triggered dlip have
been made previously on thrust faults adjacent
to earthquakes on large active strike-slip
faults, including the 1957 Mongolia earth-
quake (Bayasgalan et al., 1999) and the 1989
Loma Prieta (Californiad) earthquake (Burg-
mann et al., 1997; Langenheim et al., 1997).
INSAR has also been used to detect triggered
dlip on strike-dlip faults (Fialko et al., 2002;
Wright et al., 2001). This study presents the
first demonstration of triggered slip on a shal-
low and gently dipping thrust and associated
splay faults in a fold-and-thrust belt.

Despite the inferred presence of gently dip-
ping and active thrust faults in many locations,
the lack of recorded earthquakes on such
thrusts at shallow depths (<4 km) further sug-
gests that these structures are aseismic. In
many places, earthquakes occur on steeper
ramp sections of the basal thrust faults, but not
on the adjacent flat sections: (1) The Chi-Chi
earthquake ruptured a steeper (~20° dip)
splay (Kao and Chen, 2000). Geodetic mea-
surements of postseismic deformation in the
area of the Chi-Chi earthquake suggest that
some of the gently dipping décollement
slipped aseismically in the months &fter the
large earthquake (Hsu et d., 2002). (2) Some
large shallowly dipping thrusts extend from
shallow depths to mid-crustal depths, such as
the Main Himalayan thrust (Pandey et a.,
1999; Yeats and Lillie, 1991) and many sub-
duction-zone thrusts (Shipley et a., 1994). On
these large thrusts, great earthquakes are be-
lieved to occur on the deeper part of the thrust
and propagate sip up to the shalow parts
(Pandey et al., 1999; Yeats and Lillie, 1991).
Between large events, there is ongoing seis-
mic activity around the deeper parts of the
thrust but little activity on the shalow, flat
parts (Pandey et al., 1999). This finding sug-
gests that the shallow parts of gently dipping
thrusts are either (1) décollements that have
very low friction levels and do not accumulate
elastic stress, or (2) moderate-friction detach-
ments where the elastic stress is at a threshold
for failure so that any stress increment is re-
leased. The shallow dlip that we describe here
is consistent with both of these views of shal-
low and gently dipping thrusts because the
slip seems to have released the stress imposed
on the basal thrust aseismically. If al or most
of the motion on the Shahdad basal thrust and
splays is aseismic, then there is little seismic
risk associated with these faults. If displace-
ment on other shallow and gently inclined
thrust faults is similar, this behavior has im-
portant implications for seismic hazard eval-
uations, because shallow thrust and splay
faults are believed to be present beneath the
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city of Los Angeles (Davis and Namson,
1994), the Santa Clara valley (Burgmann et
al., 1997; Langenheim et al., 1997), west-
central Talwan (Kao and Chen, 2000), and
other areas of active thrust faults.
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