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Figure 11. Field photographs of ruptures in the northern part of Saif Al-Dini arising from the first earthquake. All photographs were taken early 2011 March.
The locations are in degrees and decimal minutes. See Fig. 3 for approximate locations. (a) Left-stepping en-echelon fissures (pointed out by white arrows).
(b) View south from the same location as in ‘a’. Although degraded, the en-echelon fissures can still be picked out by the accumulations of light-coloured silt
along them. (c) Distributed fissuring (white arrows point towards six parallel fissures. Figure is circled for scale (d) Close-up of one of the zones of fissuring
slightly north of those shown in ‘c’.

During the 2010 December field survey we also observed dis-
continuous cracks close to the southern margin of the Saif Al-Dini
plain near 28◦10.601′N 58◦04.676′E (Figs 12a–b). These cracks are
typically right-stepping, and trend ∼80o within a zone that strikes
∼90o. A number of additional zones of surface cracking were ob-
served in neighbouring parts of the plain during the brief field visit
in 2011 March. As fissuring along the southern margin of the Saif
Al-Dini plain apparently occurred during both the 2010 and 2011
earthquakes (as described in the next paragraph), we tentatively as-
signed the cracks to either the first, or second, earthquake based on
their level of preservation (compare, for instance, Figs 12c and d).
We interpreted two sets of relatively fresh cracks trending ∼60o (at
28◦10.712′N 58◦04.542′E and at 28◦10.466′N 58◦04.741′E) to the
second earthquake. We assigned other, more eroded, sets of cracks,
which typically had an ∼80o trend, to the 2010 earthquake (e.g.
Figs 12a–c).

In the second field visit in 2011 March, local people led us to a
group of discontinuous cracks (at 28◦09.845′N 59◦04.031′E) that
developed during the second earthquake (location shown on Fig. 3).
The cracks are discontinuous, and are also right-stepping, with a
trend of ∼80o within a zone that strikes ∼90o (Fig. 12d). We note

that these cracks, which are associated with the 2011 earthquake
according to the information that we received from local people, lie
along the best-fitting fault modelled for the 2011 earthquake. How-
ever, we also note that the east–west trend of the zone is inconsistent
with the northwest-southeast trend of the fault plane as determined
from InSAR and body-wave seismology.

3.7 Rupture process of the 2010–2011 South Rigan
(Baluchestan) earthquakes

Our improved epicentre for the 2010 December 20 main shock
(Mw 6.5) lies close to the northern end of the NNE–SSW fault
modelled assuming uniform slip from InSAR data, and indicates
southward rupture propagation. The epicentre is located ∼4 km
north of the modelled fault, which may result from minor amounts
of slip occurring north of the end of the uniform-slip fault model
(as shown in the dotted lines in Fig. 9h). The centroid depth of
5 km from body-wave seismology is consistent with the depth
range of slip (from 1.4 to 12.1 km, with a peak slip of ∼2 m at
∼5–6 km depth) in the best-fitting InSAR solution. Left-stepping
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16 R. T. Walker et al.

Figure 12. Field photographs of ruptures in the southern part of Saif Al-Dini arising from both the 1st and 2nd earthquakes. See Fig. 3 for approximate
locations. (a) Photos taken in late 2010 December of fresh left-stepping cracks from the 1st earthquake. Compass, circled, for scale. (b) Detail of one of the
cracks with slight vertical component. (c) Fissures close to those shown in ‘a’ and ‘b’ but photographed in early 2011 March. The cracks have been heavily
damaged by rain but are still identifiable from the concentration of light-coloured fine deposits along them. (d) Fresh cracks in the southern part of the plain
that we were informed were caused by the second earthquake (photograph taken in 2011 March). The differences between more and less degraded cracks as
shown in ‘c’ and ‘d’ were used to assign additional zones of cracking mapped in the March field visit to either the 2010 or 2011 earthquakes (listed in Table 5).

en-echelon cracks observed near the northern margin of the Saif
Al-Dini plain lie directly along the surface projection of the mod-
elled fault and are likely to be tectonic in origin, though the small
(∼5 cm) displacements across the surface cracks suggest that most
of the slip failed to reach the surface; an interpretation that is con-
sistent with the best-fitting InSAR model (Section 3.5). The cracks
may have been enhanced during a period of shallow postseismic
slip in the days following the main shock (as described at the end of
Section 3.5.2). The earthquake was followed by diffuse aftershock
activity around the main fault plane.

The combined use of ALOS, TerraSAR-X and COSMO-SkyMed
RADAR imagery constrains the fault plane of the 2011 January 27
earthquake (Mw 6.2) to the northwest-southeast left-lateral nodal
plane. The InSAR analysis indicates slip from the near surface to
depths of around 20 km. A relatively large depth-range of rupture

is supported by the centroid depth of 9 km obtained from P and SH
body-wave modelling. The epicentre of the 2011 event is consistent
with a unilateral rupture from the western end of the fault, though
the 90 per cent confidence ellipse for location does not rule out
bilateral rupture propagation. Some of the cracks found along the
southern margin of the Saif Al-Dini plain are consistent with the
modelled fault location, but might also be explained by settling of
basin sediments against the bedrock-bounded basin margin. The
2011 January 27 event was followed by a number of prominent
aftershocks, with a slight elongation in the distribution parallel
to the northwest-southeast trend of the fault. The most significant
of these aftershocks was an Mw 5.2 event at the western end of
the InSAR modelled fault. The 2011 January 27 main shock was
preceded by 1.5 hours by an event of Mw 4.9 with an epicentre 5 km
west of the main shock location.
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Table 5. Zones of surface cracking and fissuring observed after
the 2010 and 2011 South Rigan earthquakes. All coordinates were
recorded during the 2011 March 6 field survey. Latitudes and longi-
tudes are given in degrees and decimal minutes.

Latitude (north) Longitude (east) Notes

En-echelon fractures from 2010.12.20 earthquake
(northern part of Saif Al-Dini; Fig. 11)

28◦ 15.673 59◦ 07.831
28◦ 15.615 59◦ 08.180
28◦ 15.561 59◦ 07.575
28◦ 15.476 59◦ 07.492
28◦ 15.412 59◦ 07.336
28◦ 15.397 59◦ 07.214
28◦ 15.395 59◦ 07.435
28◦ 15.387 59◦ 07.365
28◦ 15.318 59◦ 07.310 Figs 11a–b
28◦ 15.307 59◦ 07.795
28◦ 15.302 59◦ 07.302
28◦ 15.300 59◦ 07.403
28◦ 15.267 59◦ 07.263
28◦ 15.265 59◦ 07.433
28◦ 15.250 59◦ 07.270
28◦ 15.230 59◦ 07.250
28◦ 15.200 59◦ 07.470
28◦ 15.149 59◦ 07.197
28◦ 15.093 59◦ 07.177
28◦ 15.091 59◦ 07.175
28◦ 15.083 59◦ 07.162
28◦ 15.080 59◦ 07.167
28◦ 14.995 59◦ 07.149
28◦ 14.923 59◦ 07.187
28◦ 14.888 59◦ 07.091
28◦ 14.793 59◦ 07.043
28◦ 14.754 59◦ 07.024
28◦ 14.660 59◦ 06.773 Fig. 11d
28◦ 14.629 59◦ 06.696
28◦ 14.595 59◦ 06.624
28◦ 14.562 59◦ 06.574
28◦ 14.527 59◦ 06.507 Fig. 11c

Cracks in the south of Saif Al-Dini
plain from the 2010.12.20 earthquake

28◦ 10.601 58◦ 04.676 Figs 12a–c
28◦ 10.668 58◦ 04.582
28◦ 10.466 58◦ 04.741

Cracks in the south of Saif Al-Dini
plain from the 2011.01.27 earthquake

28◦ 09.845 59◦ 04.031 Fig. 12d
28◦ 10.712 58◦ 04.542
28◦ 10.522 58◦ 04.662

The depth distribution of ∼6–13 km for events in the South
Rigan sequence is roughly consistent with the 1.4–12.1 km depth
extent of the 2010 earthquake obtained from InSAR. The 2011 event
appears to have ruptured over a larger range of depth, with some
slip apparently occurring up to depths of around 20 km. Seismic
slip at depths of up to 20 km are plausible in this part of Iran. For
instance, aftershocks of the 2003 Bam earthquake extended to ∼20
km in depth (e.g. Jackson et al. 2006), as also indicated by one event
included in our cluster from Bam with a hypocentral depth of 18
km (event 23 in Table 1).

We examine the potential influence of the first main earthquake
on the extent of rupture in the second by calculating the Coulomb
stress change using the Coulomb 3.1 code developed by the USGS
(Lin & Stein 2004). We assume an effective coefficient of friction
of 0.4 and a shear modulus of 3.2×1010 Pa to match that used in the

InSAR modelling. We take the uniform slip solution for the 2010
December 20 event and determine the change in Coulomb stress
on receiver faults with the same orientation as the 2011 January 27
event (Fig. 13) at a depth of 10 km, given that we know the fault
orientation of the 2011 January 27 aftershock event well from the
InSAR data. The epicentre of the 2011 January 27 event lies in a
region of large Coulomb stress increase (0.5 MPa). Moreover, the
along-strike rupture extent of this earthquake to the southeast ends
at the transition to a decrease in Coulomb stress arising from the
first event, suggesting that the limit of the fault slip distribution
for this aftershock was controlled by stress changes from the main
shock.

4 G E O M O R P H O L O G Y O F
T H E E P I C E N T R A L R E G I O N

A remarkable feature of both earthquakes is the lack of evidence
in the geomorphology for prior fault movements. The right-lateral
fault responsible for the 2010 December 20 event is situated within
a region of extensive volcanism, mainly of Quaternary and Plio-
Quaternary age, which may have disguised any cumulative dis-
placement (e.g Fig. 3). The fact that the 2010 earthquake fault
passes directly through the middle of a large volcanic centre is per-
haps not coincidental, as the location of the vents may have been
influenced by the presence of the fault. The 2010 earthquake fault
is one of several right-lateral faults trending ∼40o in the eastern
Narmashir desert (Fig. 2; examined in more detail in Section 5).
These faults are often spatially associated with volcanism, either
aligned along their lengths, or focussed at extensional step-overs
between fault segments (Fig. 3).

Surprisingly, we see no geomorphic evidence of faulting south
of the end of the 2010 rupture in the alluvial surfaces of the Saif
Al-Dini plain (Fig. 14a). We do not have any direct constraints on
the age of the alluvial fan deposits in Saif Al-Dini, but various
studies around eastern Iran have found the most recent period of
regional alluvial fan deposition ended at ∼8–10 ka (e.g. Walker &
Fattahi 2011, and references therein) and it is likely that the deposits
date from at least this time. The lack of evidence for faulting in
Saif Al-Dini may, therefore, be indicative of a very slow slip-rate
and long recurrence interval between earthquakes on a southern
continuation of the 2010 earthquake fault. However, it might also
indicate that the southern end of the 2010 rupture marks the end of
the fault. The Saif Al-Dini plain is separated at its eastern margin
from another small plain by a narrow linear outcrop, with a NNE–
SSW alignment, of Plio-Quaternary and Miocene volcanics (Fig. 3).
Given the similarity in orientation of this outcrop and the modelled
fault of the 2010 earthquake it is possible that the volcanism follows
a southern segment of the fault that is slightly displaced to the east
of the 2010 fault trace.

A possible northward continuation of the 2010 earthquake fault is
visible in the geology and geomorphology (Fig. 3). This fault, which
runs along a boundary between Eocene and Miocene volcanic rocks,
is marked on the geological map of the region (Aghanabati 1992).
It is slightly to the east of the 2010 rupture, but is directly in line
with the NNE–SSW trending volcanic ridge that forms the eastern
margin of the the Saif Al-Dini plain.

The northwest–southeast left-lateral fault responsible for the
2011 January 27 earthquake fault is not clearly expressed in the
geomorphology. It is, however, close to the southern margin of the
Saif Al-Dini plain suggesting that the margin of the plain may be
fault controlled. Immediately east of the modelled fault of the 2011
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Figure 13. (a) Coulomb stress change (MPa) at 10 km depth because of the 2010 December 20 event (white line) resolved onto receiver faults with the
orientation of the 2011 January 27 event (black line). Relocated aftershocks (Table 1) from the 2010 December 20 event (black star) up to the 2011 January 27
event (grey star) are shown as black circles (error ellipses are omitted for clarity but are shown in Fig. 3 at the same scale). (b) Coulomb stress change at 10
km depth because of both the 2010 December 20 and 2011 January 27 events resolved onto receiver faults with the orientation of the 2011 January 27 event.
Relocated aftershocks after the 2012 January 27 event are show as grey circles.

January 27 main shock there is a clear east–west scarp along the
southern margin of the Saif Al-Dini plain (Fig. 15a). This north-
facing scarp is expressed only where remnants of older alluvial
fans are preserved. No indications of left-lateral displacement are
visible.

Beyond the western end of the 2011 fault, scarps trending east–
west and northwest-southeast are visible in the geomorphology
(Figs 15b–d). A foreshock of the 2011 January 27 event (event
No. 30; Mw 4.9), located ∼6 km west of the 2011 main shock epi-
centre, is adjacent to an east–west north-facing scarp (Fig. 15b). The
presence of vegetation and a small settlement immediately north of
the scarp in Fig. 15(b) may be sustained by spring waters emanating
from the scarp. A large aftershock (event No. 47; Mw 5.2) occurred
at the western tip of the modelled fault of the 2011 January 27 main
shock, and adjacent to scarps that continue northwest, and with the
same trend, as the fault responsible for the 2011 main shock (Fig. 3).
This northwesterly fault zone is composed of two parallel scarps that
form the margins of a basin that is ∼7.5 km long in the direction
parallel to the 2011 rupture and ∼1.5 km wide (Fig. 15c). The
southern of the two scarps does not show any definitive indications
of late Quaternary faulting. The northern scarp, however, is visible
as a south-dipping step in the surface of an alluvial fan (Fig. 15d).
There is a broad region of fissuring aligned east–west where the
northern fault crosses volcanic outcrops (in the lower-right corner
of Fig. 15c).

The most obvious active faults in the epicentral region are a
system of NE-SW trending faults ∼10–15 km southeast of the Saif
Al-Dini plain (Fig. 3). These faults appear to be predominantly
dip-slip with downdropping on their northwestern sides; adjacent
to the Saif Al-Dini plain. The faults show a close spatial correlation
with locations of volcanism. Numerous volcanic cones are aligned
along the fault trends, either in the immediate hangingwall, footwall
or on the surface fault trace (Fig. 3). Several of the faults show
displacement within alluvium. In Fig. 16 we show the exceptionally
well-preserved northwest-facing scarp of one of these faults. A
very clear scarp is visible in an abandoned alluvial fan surface in
the lower-left part of the image. There is a second very clear scarp
in the upper-right part of the image where the fault is crossed by
an eastward-flowing ephemeral river. The presence of three river
terraces on the eastern, upthrown, side of the fault is indicative of
multiple events. The NE-SW orientation of the faults, along with
their proximity to N–S right-lateral and E–W left-lateral faults,
suggests that they are normal faults.

5 D I S T R I B U T E D FAU LT I N G
I N T H E NA R M A S H I R D E S E RT
A N D A D JA C E N T A R E A S

The 2010–2011 earthquake sequence is important in showing that
active faults are present within the interior of the Narmashir desert
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Figure 14. Colour SPOT 5 imagery (2.5 m pixels) showing right-lateral faults at the northern margin of the Shahsavaran mountains. (a) Alluvial fan in the Saif
Al-Dini plain at the southern end of the 2010 fault modelled by InSAR. The southward projection of the 2010 South Rigan earthquake fault runs approximately
between the two white arrows. There is no indication of active faulting in the geomorphology. See Fig. 3 for location. (b) a N–S scarp cutting through alluvial
fans in the desert east of the 2010–2011 epicentral zone. Location shown on Fig. 2. (c) Detailed view of the scarp in ‘b’. Possible right-lateral stream deflections
are circled.

and Shahsavaran mountains. The detailed investigation of their lo-
cations and source mechanisms (Section 3) yields constraints on the
types and orientations of faults that are present. The examination of
the geomorphology of the faults in Section 4, along with studies of
the geomorphology of the Bam region (e.g. Jackson et al. 2006), are
valuable in informing the search for other zones of active faulting
within the region. Using the constraints provided from the earth-
quake studies we now provide a survey of active faulting within this
part of southeast Iran. We then use these observations to address
their roles in the tectonics (described in Section 6). A detailed de-
scription of all active faults within the region is beyond the scope
of this paper. Instead, we concentrate on delineating the main styles
of faulting though the description of a few type examples. We also
concentrate on those faults that appear to be close to population
centres. We separate our discussion into left-lateral and right-lateral
faults.

5.1 Left-lateral faulting in the Shahsavaran
and Barez mountains

The 2011 January 27 earthquake involved left-lateral rupture on
a fault trending roughly NW–SE. Although geomorphic evidence
for cumulative left-lateral faulting along this orientation is not easy
to find in the epicentral region, subtle indications of this type of
faulting do exist elsewhere within the Shahsavaran mountains. East
of the immediate epicentral zone left-lateral faulting is visible along
the northern margin of the Shahsavaran mountains on the southern
slopes of Bazman volcano (Fig. 17a). The main fault zone trends
E–W across the centre of the image. A number of shorter scarps

trending E–W to NE–SW in mixed volcanic colluvium and alluvium
are visible in the left-hand part of the image. The faults possess a
down-to-the-north component of slip that has formed north-facing
scarps. A possible left-lateral component of motion is also visible in
the apparent displacement of volcanic units of Pliocene age (Nogol-
e-Sadat 1996). In Fig. 17(a) we mark displacements of 1–1.5 km
of two highly oxidised units (which show up as red in the band
combination used and are labelled ‘x’ and ‘z’) and of an intervening
unit that is black in the image (and labelled ‘y’). Southward-flowing
rivers between these units also show sharp left-lateral deflections at
the fault.

Active fault scarps oriented roughly WNW–ESE are visible in
the geomorphology at the western end of the Barez mountains
(∼50 km southeast of Jiroft, Fig. 2). We show an example of one
of these faults in Fig. 17(b). The fault is visible as discontinu-
ous scarps in alluvium. Vegetation and small settlements are sited
along the downthrown northern sides of the faults. An anticline
axis in basin sediments is exposed in the southern, upthrown, side
of the fault suggesting that the dip-slip component is caused by
shortening (Fig. 17b). Note that NW–SE trending faults, appar-
ently with a considerable component of shortening across them,
are also mapped along the northern margin of the Barez moun-
tains (e.g. Jackson et al. 2006; Fig. 2). No obvious indications of
left-lateral displacement are visible along the faults in the satellite
imagery.

Given the occurrence of E–W to NW–SE faulting at widely
spaced localities along the Shahsavaran and Barez range-fronts,
we speculate that the left-lateral faulting along the range fronts
may be more continuous than suggested from its expression in the
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Figure 15. Colour SPOT5 imagery showing evidence of late Quaternary faulting along the trend of the 2011 South Rigan earthquake. Faults are marked at
their ends by white arrows. All locations are shown on Fig. 3. (a) North-facing scarps along the southern margin of the Saif Al-Dini plain. Scarps (marked
by black arrows) are only visible in remnants of older fan deposits. (b) North-facing scarps in bed-rock. Late Quaternary movement is visible near the centre
of the image, where there is a right-step between two overlapping segments. There is a scarp in light-coloured fan material at the eastern end of the northern
fault segment (marked by black arrow). (c) Possible faulting along strike of the western end of the 2011 rupture. Volcanic rocks in the lower-right corner of the
image are fractured on an east–west trend. There is an overall WNW–ESE trend to the topography in this region, with a narrow basin bounded both to north
and south by steep scarps in volcanic rocks. (d) Detail of the northern WNW–ESE scarp in ‘c’ showing apparent uplift and incision of fan deposits north of the
scarp.

geomorphology. The east–west left-lateral shearing within the Shah-
savaran mountains may be accommodated at some longitudes by
systems of en-echelon arrays of NE-SW normal faults such as those
shown in Fig. 16.

5.2 Right-lateral faulting in the Narmashir desert

Active right-lateral strike-slip faults in the region south of the Kahu-
rak fault are marked on several existing fault maps of the region (e.g.
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Figure 16. SPOT5 image with black arrows pointing to a scarp crossing alluvial fans southeast of the 2010–2011 South Rigan epicentral zone (see Fig. 3 for
location). A series of higher river terraces on the southern, upthrown, side of the fault may indicate earlier periods of fault slip. Northeast of this image the
fault is expressed as a series of open fissures within the surface of a lava flow.

Berberian & Yeats 1999; Hessami et al. 2003) but none have been
described in detail. At least four ∼N–S right-lateral strike-slip faults
that displace alluvial fan deposits are observed along the northern
margin of the Shahsavaran mountains (Fig. 2). A particularly promi-
nent fault trace in alluvium is shown in Figs 14(b) and (c). Some
of the eastward-flowing channels on the fan surface show possible
right-lateral displacements of >10 m. The 2010 earthquake fault
is not visible in alluvial fan deposits (e.g. Fig. 14a) and it is thus
probable that additional active faults exist that we cannot identify
in the geomorphology.

The right-lateral faults extend northwards in the gravel plains
of the Narmashir desert (Fig. 2). The faults are segmented on a
scale of 10–15 km, with the segments separated by extensional jogs
that are often occupied by volcanic centres. NNW–SSE trending
folds in Neogene and Quaternary deposits often link separate fault
segments (Fig. 2). The oases of Rigan and Farad, and the surrounding
desert regions, are shown in Fig. 18(a). Two NNE–SSW scarps are
marked on the image. The scarps are visible from the marl deposits
that are exposed on their western, uplifted, sides (the marls show
up as light colours in the band combination used in the image) and
by the concentration of vegetation close to the scarps. The Farad
scarp is east-facing and is marked by a line of vegetation along it
(Fig. 18b).

A detail of the fault scarp near the town of Rigan is shown
in Fig. 18(c). The east-facing scarp trends NNE–SSW between
the white arrows. Marl deposits (light-coloured in the satellite im-
age) are exposed on the western (upthrown) side of the fault. Inci-
sion of eastward-flowing rivers, with the incision ending abruptly
at the scarp, has occurred as a response to uplift west of the
fault. Several of the river courses appear to be deflected south-
wards as they approach the scarp, which may indicate lateral fault
growth.

The geomorphology of the Rigan scarp is reminiscent of the ge-
omorphology of the Baravat fault escarpment close to Bam (e.g.
Fig. 4a; Jackson et al. 2006). The Baravat escarpment, which had
been identified as an active fault several decades before the 2003
earthquake (Berberian 1976), is ∼30-m-high and also shows de-
flection of stream channels around its southern end (e.g. Fig. 8 in
Jackson et al. 2006). The Baravat fault accommodates only a small

component of shortening across the overall Bam fault (e.g. Talebian
et al. 2004; Berberian 2005; Jackson et al. 2006) but it is visible
in the geomorphology because it has formed an east-facing topo-
graphic scarp and because it has exposed fine-grained marl deposits
on its uplifted western side. The main Bam earthquake fault, which
is almost pure right-lateral strike-slip, is situated ∼5 km west of
the Baravat fault and has no geomorphic expression apart from the
ruptures formed in 2003 (e.g. Jackson et al. 2006).

There are indications that spatial separation (partitioning) of
strike-slip and dip-slip components of slip, similar to those de-
scribed at Bam, also occur at Rigan. South of the prominent east-
facing scarp we identify a second possible fault scarp trending
∼350◦ across alluvial gravels (running between the white arrows in
Fig. 18d). The feature is notably different in appearance from nearby
unpaved roads. There is also an apparent height change across it,
with uplift on the western side suggested by a slight increase in the
amount of shadowing (and hence incision) of stream channels. This
southern scarp continues north of the view shown in Fig. 18(d) and
overlaps with the main Rigan scarp in Fig. 18(c). Although there
are similarities between the geomorphology at Bam and Rigan, we
cannot say whether two parallel faults exist at Rigan, as they do at
Bam. The similarities do suggest, however, that a significant strike-
slip component is likely to exist on the Rigan fault; either as oblique
slip on a single fault, or as spatial separation of dip- and strike-slip
components onto parallel structures.

The Rigan scarp projects northward towards the Kahurak fault
(Fig. 2). Particularly clear fault scarps are developed in playa lake
deposits at the southern end of the Kahurak fault (Fig. 19). The two
parallel scarps have a component of dip-slip, such that the region be-
tween them has subsided. This vertical component of slip, combined
with a southwest-directed slope in the region shown in Fig. 19(b),
has led to an apparent left-lateral displacement of the lake margin
across the northern fault strand. It is likely that the faults possess a
large component of right-lateral strike-slip, though direct evidence
for this is lacking because of the rather subdued geomorphology.
In Fig. 19(b) we show a close-up view of the southern fault scarp.
Incision of streams southeast of the scarp is indicative of uplift of
the southeastern side of the fault. A possible, though not definitive,
right-lateral stream deflection is visible (circled region on Fig. 19b).
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Figure 17. (a) LANDSAT ETM image (bands 5,4,1 displayed as R,G,B) of east–west active faults along the southern slope of Bazman volcano (see Fig. 2 for
location). White arrows mark the ends of the faults. All the faults have a dip-slip component shown by north-facing scarps. A prominent sequence of Pliocene
volcanic units (labelled ‘x’, ‘y’, and ‘z’) appear to have been displaced left-laterally by 1–1.5 km across the main fault strand (displacements shown by black
arrows). (b) SPOT5 image (from GoogleEarth) of a WNW-ESE fault scarp southeast of Jiroft (see Fig. 2 for location). Small villages and vegetation are aligned
along the fault. Folding on the southern, upthrown, fault block indicates a component of shortening.

6 D I S C U S S I O N : T H E K I N E M AT I C S
O F FAU LT I N G I N S E I R A N

The South Rigan earthquake faults, and the wider population of
faults that we have described, are related to the accommodation
of N–S right-lateral shearing across eastern Iran (e.g. Jackson &
McKenzie 1984; Vernant et al. 2004). GPS measurements show
that ∼15 mm/yr of N–S right-lateral shearing is accommodated
across eastern Iran (Vernant et al. 2004; Fig. 1b). North of the epi-
central region, this right-lateral shearing is accommodated on the
N–S right-lateral faults of the Sabzevaran-Gowk-Nayband system
at the western margin of the Dasht-e-Lut, Narmashir desert and
Jaz Murian depression; and of the Sistan Suture Zone at the east-
ern margin of the Dasht-e-Lut, Narmashir desert, and Jaz Murian
depression.

The set of right-lateral faults trending ∼40o through the east-
ern Narmashir desert (as described in Section 5.2) form a horsetail

splay at the southern termination of the Kahurak fault, which, along
with the Nosratabad fault, is one of the main faults of the southern
Sistan Suture Zone. This splay of right-lateral faults includes the
causative fault of the 2010 South Rigan earthquake. It also includes
the scarp that runs adjacent to the town of Rigan (Figs 2 and 18).
The right-lateral faults within the Kahurak horsetail splay all appear
to end close to, or within, the northern slopes of the Shahsavaran
mountains; which also contains the volcanic arc of the Makran sub-
duction zone. Exposures of Palaeozoic and Mesozoic plutonic and
sedimentary rocks, located directly south of the horsetail faulting,
are apparently not displaced right-laterally (Fig. 2), indicating that
major amounts of right-lateral faulting do not continue south of the
Shahsavaran range-front.

Not all the faults in the Narmashir desert splay from the Kahurak
fault. Scattered right-lateral faults in the western part of the desert
trend roughly N–S and appear to be part of a splay from the Gowk-
Nayband fault system. This second system of faults includes the

 at B
odleian L

ibrary on January 19, 2013
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


The 2010–2011 South Rigan earthquakes 23

Figure 18. (a) LANDSAT ETM image (RGB 541) of the region around Rigan and Farad villages north of the 2010–2011 epicentral zone (see Fig. 2 for
location). Two zones of active faulting are visible in the image. Both are associated with clusters of vegetation (green in this band combination), and both
expose light-coloured marl deposits on their uplifted western sides. (b) SPOT5 image of the east-facing fault scarp at Farad village. Patches of vegetation (red
in this band combination) along the scarp are marked by black ovals. (c) Southern end of the east-facing scarp at Rigan village. Eastward flowing streams are
deflected southwards around the end of the scarp. Vegetation (in red) is concentrated along the scarp (within the oval). This scarp is reminiscent of the Baravat
escarpment near Bam (e.g. Jackson et al. 2006). (d) Apparent north-south scarp in the desert south of Rigan. A slight increase in shadowing on the western
side of the scarp suggests that it faces to the east. It has a different appearance to nearby unpaved roads and is visible only in older (darker) fan material.
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Figure 19. (a) SPOT5 image of fault scarps cutting through playa deposits northeast of Rigan town (see Fig. 2 for location). The northern fault is uplifted on
its northwest side (generating an apparent left-lateral displacement of the playa margin). The southern fault is uplifted to the south. (a) Close-up of the southern
scarp. Vegetation (in red) is concentrated in stream-beds and along the base of the west-facing scarp. One stream (circled) shows a possible right-lateral
deflection of 10–15 m. These scarps are close to the estimated epicentre of an earthquake in 1923.

causative fault of the 2003 Bam earthquake and also includes the
N–S scarps that we identify at the oases of Farad (Figs 2 and 18) and
Narmashir (this latter scarp is not described in detail, but is shown on
Fig. 2). This second group of right-lateral faults also appears to end
southwards at the northern margin of the Shahsavaran mountains.

Faulting at the Shahsavaran mountain range-front, and within the
interior of the range, appears to be predominantly on faults paral-
lel to the strike of the range (Section 5.1). The left-lateral nature
of these faults is highlighted in the 2011 earthquakes and also by
cumulative left-lateral displacements visible in a few locations. It
is important to note that further west, the orientation of the faults
within the Barez range is ∼NW–SE, which, along with their as-
sociation with folding in Tertiary rocks, indicates a component of
reverse faulting. Adjacent to the Shahsavaran mountains, however,
the orientation of the faults is E–W to NE–SW; indicating a com-
ponent of extension. The band of discontinuous left-lateral faults
running through the margins and interior of the Shahsavaran moun-
tains is reminiscent of the morphology of the Dasht-e-Bayaz and
other E–W left-lateral faults encountered in NE Iran (Ambraseys
& Tchalenko 1969; Walker et al. 2004; Walker et al. 2011) and it
is possible that they aid the accommodation of regional N–S right-

lateral shearing across eastern Iran through clockwise vertical axis
rotation.

Although the slip on the Kahurak fault ends north of the Shah-
savaran mountains, the activity on the Nosratabad fault of the Sistan
Suture Zone continues at least as far south as the city of Iran-
shahr, at latitude 27◦15′N (Fig. 2). Roughly 25-km east of Iranshahr
three short scarps are visible in apparently late Quaternary allu-
vium (these scarps are marked on Fig. 2). A series of roughly N–S
trending folds in Neogene and Quaternary rocks directly north of
Iranshahr also suggest recent activity in this region (Nogol-e-Sadat
1996; Fig. 2). The east–west fold axes within the Makran accre-
tionary prism are not displaced right-laterally by large amounts
south of the Sistan Suture Zone indicating that no significant N–
S right-lateral shearing occurs south of latitude ∼27◦N. Although
there are no firm constraints on the slip-rates of any individual faults
within the southern part of the Sistan Suture Zone, the termination
of the Karurak fault at the latitude of the Shahsavaran mountains
and the southward reduction in the geomorphic expression of the
Nosratabad fault, point towards a southward reduction in the overall
rate of right-lateral strike-slip across the Sistan Suture Zone. A lat-
itudinal variation in slip-rate might explain the normal component
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of faulting observed in the eastern Shahsavaran mountains, with
extension required to compensate for any difference in right-lateral
shearing across those parts of the Suture Zone south of, and north
of, the Shahsavaran mountains.

In the west of the region shown in Fig. 2, faulting continues south
of the Barez mountains in the form of the Sabzevaran fault (e.g.
Regard et al. 2005), but along the western margin the slip-rate on the
major faults appeared actually to increase southwards (e.g. Fig. 2).
Regard et al. (2005) estimate a right-lateral slip-rate of 4.0–7.4
mm yr−1 on the Sabzevaran fault from the displacement of alluvial
fans of late Quaternary and Holocene age, whereas Walker et al.
(2010), from displacements in lake sediments of early Holocene age,
estimate a minimum slip-rate 3.8 ± 0.7 mm yr−1 for the Gowk fault.

7 C O N C LU S I O N S

The 2010 and 2011 South Rigan earthquakes are instructive in
demonstrating how tectonic strain is accommodated in SE Iran
through a combination of distributed NE-SW right-lateral strike-slip
and SE–NW to E–W left-lateral faulting. They are also instructive
in showing that the low-lying desert regions between the major fault
Gowk-Nayband and Sistan fault systems, display behaviour that is
far from the aseismic rigid behaviour that is often attributed to them.
The 2010 and 2011 earthquake faults are similar to the causative
fault of the destructive 2003 Bam earthquake in that they do not
have any clearly identifiable effect on the geomorphology, and it is
likely that faults other than those identified in our reconnaissance
exist. Bam is not the only settlement in the Narmashir desert; our
investigation of the geomorphology suggests that other oasis settle-
ments are located close to active fault scarps. The close relationship
between sites of habitation and active faults is one that is seen across
desert parts of Iran, and is caused by the shallow water-tables and
springs along faults in otherwise arid basins (Jackson 2006). The
slip-rate on any individual active fault within the Narmashir desert
is unlikely to be high, which goes some way towards explaining
why the presence of many of the faults have not previously been
recognized.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Uncertainties and trade-offs for the fault parameters
from our uniform-slip InSAR model for the main shock, calculated
using Monte Carlo error analysis. Histograms show uncertainties
for individual model parameters and scatterplots show trade-offs
between parameters. Red line overlain on histograms is gaussian
normal distribution fitted to the data, from which our 1 sigma errors
are derived. Strike, dip and rake are in degrees, slip is in metres,
Xcoord and Ycoord are X and Y coordinates of the centre of the
surface projection of the fault plane in UTM km (zone 40N), length,
minimum, maximum and centroid (Cd) fault plane depths are in
km and moment is in units of 10∧18 Nm. The majority of fault
parameters are well resolved, with small 1 sigma values (Table 3).
Figure S2. Uncertainties and trade-offs for the fault parameters
from our uniform-slip InSAR model for the aftershock. All details
are as for the corresponding main shock figure. Note that the bottom
depth is not very well constrained in the inversion. 55 of the 200
solutions used for this analysis hit the inversion boundary of 50 km
depth. This is unrealistic for earthquakes in this part of Iran and so
these solutions were discarded. Therefore the error analysis shown
here is based on the remaining 145 solutions only.
Figure S3. Same as in Fig. 10 but for ascending COSMO-Skymed
interferogram constructed from scenes 2011 January 25 and 2011
February 25 (a) and for descending TerraSAR-X interferogram
constructed from scenes 2010 December 24 and 2011 February
06 (d). Note the NE-trending discontinuity in phase in the
TerraSAR-X interferogram covering the 2011 January 27 event
(panel d). This lineament is coincident with the modelled fault
extent from the first earthquake and possibly relates to minor
(∼2 cm) near-surface afterslip resulting from the main shock.
(http://gji.oxfordjournals.org//lookup/supp1/doi:10.1093/gji/
ggs109/-/DC1).
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