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Figure 5. (a) Ikonos optical satellite image of the fault that ruptured in the 2013 mainshock. Image copyright Google Earth and DigitalGlobe. Surface ruptures
were observed in the region between the two points marked ‘R’. The white arrows show the location of the faulting visible in the geomorphology. The red line
shows a contact between brown and green rocks that has been offset left-laterally by ∼700 m. The rivers, shown in blue, do not reflect the geological offset
(Section 5). White dashed box marks the area shown in (b). (b) Close up of offset geological contact with colours enhanced to highlight geological units (see
also Appendix C). (c) and (d) show examples of the surface ruptures produced by the event from the points marked (c) and (d) in (a).

moment is 2.0 × 1018 N m, still significantly less than that from
geodesy. It is likely that the inclusion of surface waveforms in
the gCMT solution means that although that solution is less sen-
sitive to the depth of the earthquake, and some components of
the moment tensor (hence the benefits of our analysis above), the
moment may be more accurate. However, there is relatively little
difference between our seismological results and those of the CMT
and NEIC.

The difference between seismological and geodetic estimates of
earthquake magnitude is known from multiple other earthquakes in
this region. For example, a series of thrust earthquakes on Qeshm
Island in the Arabian Gulf had geodetic moments that were larger
than those estimated using body waveform modelling by a factor
of 1.5–5 (Nissen et al. 2010). A similar discrepancy of a factor
of 2 was found for the 2006 Fin earthquake in the Iranian Za-
gros (Roustaei et al. 2010), and Lohman & Simons (2005) found
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Figure 6. Seismicity and kinematics of source region. Lines in black (la-
belled MZP in (b)) are the Minab–Zendan–Palami fault zone from Regard
et al. (2004). Lines in red are faults found in this study. (a) shows after-
shock focal mechanisms at their NEIC epicentres. Compressional quadrants
are shaded. The mechanism in red labelled 11/05/2013 is the body wave-
form modelling solution for the Minab mainshock from this study. Other red
mechanisms are our body waveform modelling solutions for two aftershocks,
as shown in Appendix A. Events in yellow are from the gCMT catalogue and
have signal-to-noise ratios too low for body waveform modelling using the
methods employed here. (b) shows an overview of the regional kinematics
(discussed in Section 6.1). Vectors in pink are selected GPS relative to Ara-
bia from Peyret et al. (2009) with ellipses showing 95 per cent confidence
intervals. The GPS velocities show a W–E increase in southward velocity
(see also Fig. 1b). Half arrows show schematically the overall shear across
the region. Circular arrows show the sense of rotation (clockwise) of the
left-lateral faults required to accommodate this shear.

systematically higher magnitude estimates from geodesy than seis-
mology for a range of Zagros earthquakes. It therefore appears that
the general pattern in the Zagros mountains of geodetically esti-
mated moments being consistently larger than their seismic coun-
terparts may extend eastwards into the Makran subduction zone.
Following these previous authors we suggest that the discrepancy
may relate to one of two effects: post-seismic slip or choice of veloc-
ity model. Post-seismic afterslip is sampled by InSAR observations,
but not seismic waveforms, which could result in contrasting esti-
mates of seismic moment. It is possible that the large thicknesses of
sediment in the Zagros Mountains and Makran accretionary prism
may lead to larger amounts of post-seismic slip compared to coseis-
mic moment release than are commonly observed where faulting is
contained within crystalline basement. If this slip occurred between
30 and 49 days after the earthquake, that is, in the interval between

the acquisitions of the second images in the ascending and descend-
ing track interferograms, we would expect the slip models derived
from both interferograms to overpredict the observed ground mo-
tion in the ascending track and underpredict the observed ground
motion in the descending track. For the constant slip case, however,
we find the opposite effect (Fig. 3g) with the model overpredicting
slip for the descending track, which has more post-seismic data, and
underpredicting slip for the ascending track, which has less post-
seismic data. Post-seismic slip occurring between 30 and 49 days
after the Minab earthquake is, therefore, not resolvable in this In-
SAR data. This does not preclude post-seismic slip in the period
before the second set of SAR images were acquired. Alternatively,
the difference in moment estimates between the seismic and geode-
tic models may result from systematic errors in the velocity model
used, as suggested by Lohman & Simons (2005).

6.1 Regional tectonics

The fault that ruptured in the 2013 Minab earthquake and the other
left-lateral strike-slip faults visible in the geomorphology (Fig. 6)
are roughly perpendicular to the N160◦E striking MZP fault zone.
We also observe that the aftershocks of the Minab earthquake
(shown in Fig. 6a) are all dominantly strike-slip, although the fault
and auxiliary planes cannot be distinguished from seismology alone.
The largest aftershock occurred near the mapped trace of the MZP
so may have been right-lateral. However, several of the aftershocks
have epicentres very close to the left-lateral faults expressed in
the geomorphology, suggesting that these events are likely to have
ruptured left-laterally. The tectonic significance of the fault which
ruptured in the 2013 Minab event and the other E–W striking left-
lateral strike-slip faults visible in the geology and geomorphology
can be understood using the results of previous work on the active
faulting and the GPS-derived velocity field of SE Iran. GPS results
show that there is a velocity gradient equivalent to right-lateral shear
on ∼N–S striking planes which extends from the Strait of Hormuz
eastwards into the Makran (Fig. 1b; Peyret et al. 2009). This shear
is partly accommodated by the faults of the MZP fault zone, which
cumulatively slip at ∼4–8 mm yr−1 (Regard et al. 2005). However,
this slip rate does not entirely account for the velocity differences
of 23 and 19 mm yr−1 between the Strait of Hormuz and the GPS
stations BAZM and CHAB respectively (labelled on Fig. 1b). We
therefore suggest that the E–W striking left-lateral strike-slip faults
we have studied accommodate at least part of the remainder of this
motion by rotating clockwise about vertical axes (Fig. 6b). In order
to achieve the overall rate of shear of 15–19 mm yr−1, the faults
would be required to slip at rates of ∼2.5–3.2 mm yr−1 (calculated
using the expressions of Copley & Jackson (2006), and using block
widths and lengths of 8 and 50 km, taken from Fig. 6). At such a rate,
the geological offset of 700 m observed on the fault which ruptured
in 2013 (Fig. 5) would require 0.2–0.3 Ma to accumulate and would
allow the fault system as a whole to accommodate 4.2 km of N–S
right-lateral shear. If the shear was evenly distributed east of the
MZP fault zone, and the faults we have studied only accommodate
the motion that occurs in the longitude range 57.6–58.4◦, then the
corresponding slip rates and ages would be 0.7 mm yr−1 and 1 Ma.
Within the assumption of constant slip rates the 1.9 m of slip we
observe in the 2013 Minab event would correspond to ∼3000 yr
of slip accumulation. Clockwise rotations in the region east of the
MZP fault zone are consistent with palaeomagnetic data (Aubourg
et al. 2008).
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Figure 7. Schematic illustration of how the transition from continental to
oceanic crust in the Arabian plate establishes a W–E velocity gradient at
the surface. Green arrows show the overall compressive force across the
region due to the convergence between Arabia and South Iran. Black arrows
indicate velocities relative to Arabia with longer arrows corresponding to
greater velocities. Blue half arrows indicate basal traction at the interface
between Iran and Arabia. MZP is the Minab–Zendan–Palami fault zone and
faults in red show the left-lateral faulting described in this study.

6.2 Relationship to Slab Geometry

Seismological studies (e.g. Kadinsky-Cade & Barazangi 1982;
Yamini-Fard & Hatzfeld 2008) suggest that the Arabian plate is
continuous across the Oman line, with no evidence for a slab tear.
The transition from continental collision to subduction along the
Arabian plate’s northern boundary must, therefore, involve bend-
ing of the lithosphere towards the subduction zone along a W–E
profile. The depth of the plate interface, combined with the trac-
tion transmitted across this interface, will exert a strong control
on the surface motion. The traction across the plate interface sets
the rate of shearing on horizontal planes within the upper plate.
As the subduction interface deepens, the upper plate gets thicker
so will be able to support a larger velocity difference between the
underthrusting plate and the surface. The eastward deepening of the
interface would, therefore, be expected to result in an eastward in-
crease of convergence-parallel surface velocities relative to Arabia.
When the slab flattens out (on a W–E cross section) then all points
will have the same thickness of material over-riding the subduction
interface, and the velocity at the surface would be expected to be
constant along-strike. In this simple model, the right-lateral shear
on N–S striking planes would be expected to extend eastwards from
the Strait of Hormuz as far as the longitude at which the subducting
plate achieves a constant depth along strike (see Fig. 7).

Yamini-Fard et al. (2007) conducted a survey of the seismicity
and velocity structure in the region 56.5–58.5◦E, 27–29.5◦N. Be-
tween longitudes of 56.5◦ and 58◦ there is a W–E increase in seismic
velocity across horizontal slices and a SW–NE deepening of seis-
micity. These results suggest that the subducting Arabian plate is
progressively deepening eastward towards ∼58◦E. Such deepening
is consistent with the shear observed at the surface and the presence
of the Minab earthquake fault and other E–W trending strike-slip
faults over a region which approximately corresponds to this longi-
tude range.

6.3 Strike-slip faulting in the accretionary wedge

The earthquake studied in this paper has some similarity to the
2013 Mw7.7 Balochistan earthquake (Avouac et al. 2014; Jolivet
et al. 2014). Both events were strike-slip ruptures in the onshore
part of the Makran accretionary prism. During the formation of the
accretionary prism both of these regions would have been charac-
terized by thrust faulting. However, both areas are now experienc-
ing predominantly strike-slip faulting, and the Balochistan event
is thought to have reactivated a dipping thrust fault in a strike-
slip sense. A likely cause of the change in the style of faulting is
the variation in gravitational potential energy which results from
building topography (e.g. Dalmayrac & Molnar 1981; England &
McKenzie 1982). The maximum elevation that a mountain range
(or accretionary wedge) can reach depends on the forces acting to
support the additional gravitational potential energy from thicken-
ing the crust (e.g. Molnar & Lyon-Caen 1988). These forces are
related to the motion of the bounding plates, and in the case of
the Makran accretionary wedge it is likely that maximum elevation
of the wedge-top is limited by the stresses transmitted across the
subduction zone megathrust. Once a wedge has reach its maximum
elevation, thickening will migrate trenchward to the neighbouring
lower parts of the wedge. The strike-slip earthquakes in Minab and
Balochistan, the approximately flat top to the wedge in these regions
and the active thrusting at lower elevations closer to the trench, sug-
gest that the Makran wedge has reached the maximum elevation that
can be supported by the stresses transmitted across the subduction
megathrust.

7 C O N C LU S I O N S

We have studied the May 2013 Mw 6.1 Minab earthquake. Left-
lateral strike-slip motion on a plane oriented ∼E–W broke one of a
series of left-lateral strike-slip faults within the Makran accretionary
prism. These faults accommodate an overall velocity field equivalent
to right-lateral shear on ∼N–S striking planes. The cause of this
shear, which extends ∼200 km east of the Strait of Hormuz, is
likely to be the tractions relating to the underthrusting Arabian
lithosphere, which deepens over this longitude range.
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A P P E N D I X A : B O DY WAV E F O R M M O D E L L I N G O F A F T E R S H O C K S

Figure A1. P (top) and S (bottom) lower hemisphere focal mechanisms from body waveform modelling for the largest aftershock of the Minab earthquake.
The two nodal planes have strike 86◦, dip 88◦ and rake 10◦, and strike 356◦, dip 80◦ and rake 178◦, respectively.
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Figure A2. P (top) and S (bottom) lower hemisphere focal mechanisms from body waveform modelling for an aftershock of the Minab earthquake. The two
nodal planes have strike 85◦, dip 85◦ and rake 5◦, and strike 355◦, dip 85◦ and rake 175◦, respectively.
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A P P E N D I X B : D I S T R I B U T E D S L I P I N V E R S I O N : V E L O C I T Y M O D E L A N D
M I S F I T - RO U G H N E S S T R A D E - O F F

Figure B1. The top left panel shows the relationship between misfit and model roughness in our inversion of InSAR data for the distribution of slip on the fault
plane. Our preferred model, shown in Fig. 4(a), is marked in red and labelled a. The corresponding slip distributions for the points labelled b–e are shown in
the lower panels; b and c represent smoother solutions than our chosen one and d and e represent rougher solutions. The moment from the different inversions
is shown in the top right panel. Within the apex of the Misfit–Roughness curve there is good agreement with a moment of 4.5 × 1018 N m.
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Table B1. Velocity model used for distributed slip inversion.

Depth to base (km) Vp (km s−1) Vs (km s−1) μ (GPa)

11 5.6 3.3 28.3
21 6.6 3.8 39.0
30 6.9 4.0 44.8
– 8.1 4.5 66.8

A P P E N D I X C : G E O L O G I C A L A N D G E O M O R P H O L O G I C A L I N D I C AT O R S O F A C T I V E
FAU LT I N G

Figure C1. As for Fig. 6(a) from the main paper, with the addition of boxes showing the areas of coverage of the satellite images in Fig. C2.
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Figure C2. Panels (a), (c) and (e) show satellite images of fault offsets in the locations indicated in Fig. C1. Panel (a) corresponds to the western part of
Fig. 5(a) in the main paper. Offset geological units are marked by black arrows and white or pink lines. Panels (b), (d) and (f) show the same locations with
the left-lateral offsets reconstructed by reversing the fault motion by the amount indicated on the figure. Panel (g) shows an example of the geomorphology in
the region indicated on Fig. C1. The location of the fault is shown by white arrows, and cuts across the strike of the geological units. The western part of the
fault forms a sharp range-front, and the eastern part results in linear valleys which cut across the geological structures and other drainage (e.g. in the region of
anticlines in the east of the image).
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