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S U M M A R Y
We constrain epicentroid locations, magnitudes and depths of moderate-magnitude earth-
quakes in the 2013–2014 Minab sequence using surface-wave cross-correlations, surface-
wave spectra and teleseismic body-wave modelling. We estimate precise relative locations of
54 Mw ≥ 3.8 earthquakes using 48 409 teleseismic, intermediate-period Rayleigh and Love-
wave cross-correlation measurements. To reduce significant regional biases in our relative
locations, we shift the relative locations to align the Mw 6.2 main-shock centroid to a location
derived from an independent InSAR fault model. Our relocations suggest that the events lie
along a roughly east–west trend that is consistent with the faulting geometry in the GCMT
catalogue. The results support previous studies that suggest the sequence consists of left-
lateral strain release, but better defines the main-shock fault length and shows that most of the
Mw ≥ 5.0 aftershocks occurred on one or two similarly oriented structures. We also show that
aftershock activity migrated westwards along strike, away from the main shock, suggesting
that Coulomb stress transfer played a role in the fault failure. We estimate the magnitudes of
the relocated events using surface-wave cross-correlation amplitudes and find good agreement
with the GCMT moment magnitudes for the larger events and underestimation of small-event
size by catalogue MS. In addition to clarifying details of the Minab sequence, the results
demonstrate that even in tectonically complex regions, relative relocation using teleseismic
surface waves greatly improves the precision of relative earthquake epicentroid locations and
can facilitate detailed tectonic analyses of remote earthquake sequences.

Key words: Earthquake source observations; Seismicity and tectonics; Surface waves and
free oscillations.

I N T RO D U C T I O N

On 2013 May 9, a sequence of moderate-size earthquakes ini-
tiated about 100 km southeast of the city of Minab in south-
central Iran (Fig. 1). Two people were killed and 20 injured in
the sparsely populated epicentral region (International Seismolog-
ical Centre 2014). The largest event in the 2013 sequence, an
Mw 6.2 (GCMT) earthquake that occurred at 02:08:08.500 UTC
on 2013 May 11, was preceded by four foreshocks and 70 after-
shocks with estimated magnitudes above 3.5 occurred during the
following year. The main-shock hypocentre was located at 26.560N,
57.770E with a fixed depth of 15 km; mb, MS and Mw estimates
are 5.9, 6.2 and 6.1 respectively (USGS). This sequence occurred
in western Makran, an east–west striking subduction and accre-
tionary structure forming the southeastern boundary of Iran and
western Pakistan (Byrne et al. 1992). GPS studies of the region
indicate that the Arabian and Eurasian convergence rate is ∼2–
4 cm yr−1 (Vernant et al. 2004; Smith et al. 2012; Frohling &
Szeliga 2016), with Arabia moving in a north–northeast direction.
According to the ISC catalogue, this region of this accretionary
prism appears to have experienced moderate-magnitude seismic

events every 10–15 yr since at least the mid-1930s (Supporting
Information Fig. S6).

The 2013 sequence was located about 125 km north of the
coastline and about 250–300 km north of the western segment
of the Makran Subduction Zone Deformation Front. Previously
computed moment tensor solutions, slip distributions estimated us-
ing InSAR data and field observations (GCMT catalogue; Sam-
sonov & Czarnogorska 2013; Penney et al. 2015) suggest that
the main shock occurred on near-vertical, left-lateral strike-slip
structures, oriented almost perpendicular to the nearby Minab–
Zendan–Palami (MZP) fault, the largest regional structure ob-
served at the surface. Receiver-function analysis and tomographic
investigations suggest that the subducting Arabian plate is con-
tinuous and deepens from west to east at the transition between
continental collision and subduction (Yamini-Fard et al. 2007,
Yamini-Fard & Harzfeld 2008). Penney et al. (2015) suggested
that this continuous coupling causes shearing within the upper
plate due to the traction on the plate interface. Left-lateral strike-
slip faulting in western Makran is thought to reactivate reverse
faults associated with deformation related to plate convergence
(Penney et al. 2017).
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Rupture processes of the 2013-14 minab EQ 1899

Figure 1. Regional map of the Makran area. The inset on the top left shows the Makran region relative to the Middle East and parts of Eurasia, blue inverted
triangles show the locations of nearby teleseismic stations. The arrows show the regional GPS velocities relative to Eurasia from Frohling & Szeliga (2016).
The seismicity from the Minab Sequence is shown in the blue boxed region in western Makran. The earthquakes from the Minab Sequence are marked as
red circles, the locations are NEIC epicentres M > 3.5 from 2013 to 2015, scaled to NEIC magnitude. The city of Minab lies northwest of the seismicity, its
location is marked with a gold star.

We have two goals. The first is to provide additional insight on
the 2013–2014 Minab earthquake sequence. Contributing precise
locations for the events in this sequence permits a better understand-
ing of the faulting that occurred and some insight into deformation
within Makran’s accretionary wedge material. The region surround-
ing Minab has not recently hosted any large events—the 2013 event
is one of the largest in the ISC catalogue. Comparable-size events
occurred in 1933 (MS 5.6), 1947 (MS 6.2), 1962 (M 5.5), 1969
(mb 5.2) and 1983 (MS 5.7) (Supporting Information Fig. S6). The
Minab sequence was not unique, but neither was it typical. The se-
quence began with a few foreshocks, one with Mw 5.0. The Mw 6.2
main shock was followed by aftershocks that have a cumulative mo-
ment that is roughly 60 per cent of the main-shock moment (GCMT
catalogue). As shown below, the largest of these aftershocks are
associated with a westward migration of deformation in the days
following the main shock. Our second goal is to illustrate the value
of multiple-event relocation using teleseismic surface-wave obser-
vations in remote and potential complex continental regions. The
method has been applied to events along oceanic transform faults
(Cleveland & Ammon 2013; Cleveland et al. 2015), an environment
with a relatively uniform intermediate-period dispersion, faulting
geometry and centroid depth. The Minab sequence includes events

with similar faulting geometry (and depth, as shown below), and
we show that the dispersion expected for a continental region is not
a substantial hurdle in the relative relocation of nearby (several tens
of kilometres) events, even when we extend the analysis to shorter
periods and smaller-magnitude earthquakes.

E A RT H Q UA K E R E L O C AT I O N S F O R T H E
M I NA B S E Q U E N C E

We use the surface-wave based centroid relocation method devel-
oped by Cleveland & Ammon (2013) and Cleveland et al. (2015).
The method employs differential arrival times of surface waves mea-
sured using cross-correlation of intermediate-period signals. The
relative slow propagation speed of surface waves allows relatively
precise location estimates for shallow earthquakes, which are also
well observed at teleseismic distances. Cleveland & Ammon (2013)
and Cleveland et al. (2015) assumed that the events are similar in
faulting geometry, and occur in a region with little variation in in-
termediate period surface-wave slowness. For a first-order oceanic
velocity structure, surface-wave group slowness in the 30–80 s band
is relatively uniform. In this study, we apply the method to a set of
moderate and smaller-magnitude events in a region with a more
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complex crustal velocity that includes relatively slow near-surface
material. To accommodate for the smaller-magnitude events, we
shift the bandwidth to include the more dispersive shorter period
signals, but for small inter-event distances involved here, this does
not cause problems.

We began with a list of USGS-NEIC hypocentres for events that
occurred between 2013 January 1 and 2015 January 1 in the region
defined by latitude 25.5–27.4N and longitude 56.8–59.4E. Long-
period (one sample per second) seismograms were acquired from
the IRIS data centre for all stations operating during the event times.
Displacement waveforms were computed using a frequency-domain
instrument response deconvolution, and signals were visually in-
spected for quality control purposes and assigned a grade (A, B,
C, D, F) based on signal clarity. Only C quality or better are used
for the relocation. The waveforms were group-velocity windowed
between 2 and 5 km s−1, then filtered with a zero-phase Butterworth
bandpass filter (period ranges discussed below). Cross-correlations
were computed for each station and all available event-pair combi-
nations. The maximum cross-correlation lag and amplitudes are
recorded and used in subsequent event relocation and relative

magnitude inversions. A single event-pair cross-correlation data
set (all stations) is shown at the top of Fig. 2. The full bandwidth
time-domain observations (top panel) are dense and consistent.

The relocation algorithm is a least-squares implementation of a
double-difference approach originally described in Waldhauser &
Ellsworth (2000), but applied to a sphere. Depth is not included, but
is analysed using body waveforms and spectra (discussed later). For
specific method details, we refer the reader to Cleveland & Ammon
(2013). We performed the earthquake relocations in two steps. We
began relocating the larger events within the Minab sequence—
those with GCMT solutions (Table 1). We used average Rayleigh
and Love wave group slowness for the period range between 30
and 80 s periods computed using the velocity model from Yamini-
Fard et al. (2007) (corresponding groups speeds were ∼3.54 and
3.77 km s−1 for Rayleigh and Love waves respectively). Given the
large number of observations available for moderate-magnitude ob-
servations, we applied the relatively stringent minimum acceptable
normalized cross-correlation value (0.90) used by earlier studies
(Cleveland & Ammon 2013; Cleveland et al. 2015). The minimum
number of observations for two events to link was set to 4. The

Figure 2. Cross-correlation phase differences between the Rayleigh waves of event pair 05/11/2013 02:08:08 and 05/18/2013 10:03:16. The top panel shows
the traveltime differences as a function of azimuth for waveforms bandpass filtered between 20 and 50 s, the band used in the relative relocation. The bottom six
panels show the cross-correlation phase with azimuth at different periods, scaled by period/2π . Red shading shows the 2-sigma uncertainties of the iteratively
reweighted sinusoidal pattern fit. Period in seconds is listed at the bottom left corner of each panel.
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Rupture processes of the 2013-14 minab EQ 1901

Table 1. Relocation results. Event index and mechanism colour are chronological in time to match Figs 3 and 4. Mechanisms
are from the GCMT catalogue; red circle indicates that there is no GCMT solution. Latitude and longitude are the relocation
results. Italicized depths are poorly constrained or from original NEIC catalogue, non-italic are the estimated depths and
relative magnitudes from this study.

Index Origin Time Latitude (deg) Longitude (deg) Depth (km) Magnitude (Mw)

1 05/09/2013 08:01:34 26.665 57.881 20.3 5.10

2 05/11/2013 02:08:08 26.675 57.916 6.1 6.28

3 05/11/2013 03:09:47 26.703 57.963 12.2 5.54

4 05/11/2013 03:41:27 26.705 57.927 10.0 5.19

5 05/11/2013 08:42:36 26.668 57.919 23.1 4.94

6 05/11/2013 18:06:13 26.685 57.917 25 4.78

7 05/12/2013 00:06:59 26.663 57.891 8.5 5.62

8 05/12/2013 10:54:48 26.661 57.882 8.2 5.59

9 05/18/2013 10:03:16 26.660 57.859 5.1 5.61

10 05/18/2013 10:57:47 26.657 57.862 7.0 5.56

11 05/20/2013 09:16:30 26.665 57.816 24.2 4.69

12 02/02/2014 14:26:45 26.659 57.831 7.0 5.36

minimal linking criterion allows for more events to be included in
the inversion, but we identify minimally linked events as low qual-
ity in the table of relocations (Supporting Information Table S1).
Events with the highest quality require a minimum of 12 links be-
tween all event pairs, as suggested in Cleveland & Ammon (2013).
The maximum linking distance (100 km) is roughly the dimension
of our shortest wavelength and large enough to include all events in
the sequence.

With no ground-truth information, a relatively relocated cluster
of events can be shifted in space without changing the misfit, as long
as individual events are not shifted in reference to one another. The
Minab sequence exhibited little surface faulting, but did produce
InSAR signals (that have been modelled by Penney et al. 2015).
We therefore constrained the main-shock epicentroid location to
be consistent with the estimate from InSAR (Penney et al. 2015).
InSAR data can be used to determine the rupture zone of shallow
earthquakes (e.g. Engdahl et al. 2007), and its use as a tool for
removing systematic regional biases in event location has been
suggested for a number of events in the region (e.g. Lohman &
Simons 2005). An error in our constrained main-shock centroid
location directly affects our absolute, but not our relative locations.

Following the initial relocation of the moderate-magnitude events
with GCMT solutions, we included the remaining events from the
NEIC catalogue—a total of 80 earthquakes that occurred between
2013 January 1 and 2015 January 1 with NEIC magnitudes ranging
between mb 3.8 and Mw 6.1 were available. To improve the signal
quality and quantity for the smaller events, we modified the analysis
bandwidth to 20–50 s, and lowered the normalized cross-correlation
threshold to 0.80. The bandwidth shift from 30–80 to 20–50 s neces-
sitates a slowness increase (corresponding to average group speed
reduction to ∼3.38 and 3.58 km s−1 for Rayleigh and Love waves
respectively). The shift also moves the analysis towards the signal

band that often shows a strong dispersion resulting from the influ-
ence of crustal and mantle speed on signals. To include an event in
the relocation, we must assume that the event has a faulting geom-
etry and depth compatible with the larger events. For many of the
smaller events, the cross-correlation patterns support the assump-
tion. Events with non-systematic cross-correlation patterns were
eliminated by the cross-correlation selection criteria, or produced
low-quality relocations (and are identified as such in the results).
Numerical experiments showed that our initial moderate-magnitude
event locations were not negatively affected by these changes. To
check the consistency and reliability of the measurements, we exam-
ined the cross-correlation phase shifts for indications of dispersive
and noise artefacts in the frequency domain.

Fig. 2 is a summary of the Rayleigh wave time and frequency
domain observations computed using the main shock (05/11/2013
02:08:08) and the 05/18/2013 10:03:16 aftershock (Table 1). The
top panel of Fig. 2 is a plot of the time of the maximum ampli-
tude in the 20–50 s band cross-correlation (i.e. the data used in
our relocations). Despite the relatively small amplitude of the time-
domain sinusoidal pattern, which indicates that the events are close,
the azimuthal pattern is clear and strong. The bottom six panels
show corresponding scaled cross-correlation phase values for peri-
ods ranging from 10 to 80 s. Each phase observation was scaled by
the period divided by 2π to ease comparison of the observations.
Such a scaling maps each observation onto an equivalent time-
shift range, which depends on the distance between the events and
the slowness at that period. As expected, individual period phase
measurements exhibit more scatter than the integrated time-domain
measurements. The scatter is largest for the longest periods, because
the time-shift associated with the difference in centroid location is
a small fraction of the ∼60–80 s periods and is hard to measure
precisely. The solid lines and shaded regions show an iteratively
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1902 J.A. Kintner et al.

reweighted least-squares sinusoidal fit to the phase shifts and the
associated uncertainty (uncertainties are scaled using the covariance
matrix of the sinusoidal model parameters, then mapped to standard
deviations in amplitude and phase, assuming a Gaussian distribu-
tion). Observations for each period produce a consistent pattern that
mimics the time-domain average. To first order, each period pro-
duces a sinusoid with extrema at the same azimuths (aligned with
the direction connecting the two event centroids).

For events with similar depth and focal mechanisms, the phase-
shift sinusoid amplitudes are controlled by the interevent centroid
distance and the phase slowness at the corresponding period. The
fact that the phase-shift amplitudes are comparable for the period
range from 20–50 s shows the slowness in this range is relatively well
approximated with a uniform value, and the observations suggest
that phase slownesses are consistent with the 1-D velocity model for
the region. The exception is the phase shifts for a period of 10 s. The
10 s pattern in Fig. 2 shows a notably larger amplitude than those
from periods in the range from 20–60 s. The inference is that the
phase velocity changes significantly between 10 s and 20 s. Based on
these observations, we limited our period range used in the locations
to 20–50 s. That range appears consistent with the use of a single,
mean slowness in the relocation, but provides a sufficient band-
width to include smaller-magnitude aftershocks into the relocation.
However, factors such as small event size, lack of good azimuthal
coverage, and/or possible differences in focal mechanism or depth,
only 54 events of the targeted 80 events (including the 12 with
GCMT solutions) produce sufficient data to be relocated. The 54
events are discussed below, and all 80 events are listed in Supporting
Information Table S1.

We estimated relative location uncertainties using the model co-
variance matrix scaled by the data variance (e.g. Menke 2012). We
estimated the data variance using the average unweighted double-
difference misfit (1.35 s). All formal two-standard deviation un-
certainties in latitude and longitude are less than ± 5.0 km from
each event epicentroid (Fig. 4). Formal uncertainties are larger for
earthquakes with fewer high-quality cross-correlation observations
in the aftershock sequence (possibly because of differences in fault-
ing orientation or depth relative to the rest of the sequence). The
formal relative location uncertainties are minimal in that they do not
include uncertainties associated with earth structure or differences
in faulting geometry and depth that could affect the signal phase.
We directly explored the sensitivity of the locations to the assumed
average surface-wave slowness. The sensitivity tests suggest that
the entire distribution of events can be expanded or contracted by
a few kilometres, shifting individual event locations by ∼1–2 km.
More realistic relative epicentroid uncertainty estimates are ∼2–
3 km for most of the larger events in this sequence. Assessing focal
mechanism effects is more difficult. Cleveland & Ammon (2013)
suggest that small to moderate perturbations in depth and focal
mechanism do not significantly affect relative location accuracy. In
this study, we make the initial assumption that a majority of the
smaller events have similarities in faulting geometry and depth.
We are sure that including these smaller events did not affect the
locations estimated using only events for which the GCMT solu-
tions confirm the faulting geometry similarity. Consistency in the
spatial patterns of the relocations with each other and with indepen-
dent GCMT faulting information provides confidence in the overall
pattern of the event locations. Events that locate outside the main
cluster of events are more difficult to confirm, most are small and
have fewer observations than the well-constrained events that lie
near the main shock. But these events represent a small fraction of
the 54 relocations.

R E L O C AT I O N R E S U LT S

Fig. 3 is a map showing the initial and final epicentre locations and
Fig. 4 is a close up of the main cluster of events associated with the
largest strain release. The initial NEIC locations (Figs 1, 3 and 5)
are significantly scattered and hard to associate with any simple
spatial pattern. Even the initial locations of the moderate-magnitude
epicentres are diffuse. The same is true of the earthquake locations
contained in the ISC and Tehran University, Institute of Geophysics
(2016) catalogue (Fig. 5).

The full list of NEIC locations we examined is provided in Sup-
porting Information Table S1. Each event is assigned a quality (zero
for events with no confidence, one for events with modest confi-
dence and two for events with substantial confidence). Quality-two
events have 12 or more links in each event pairing; quality-one
events have at least four links in each event pairing, quality-zero
events were not relocated due to a lack of high quality observations.
Twenty-six of the 80 events produced little to no consistent obser-
vations and are listed as quality-zero events. Ten of the 80 events
are quality-one, these are events that were poorly constrained due to
limited observations. Forty-four of the 80 events are quality-two, the
best solutions with a large number of observations between individ-
ual event pairs and surrounding earthquakes. The original and final
locations of events with a quality-one or better are shown in Fig. 3.

A statistical summary of the relocation results for all events with
quality-one or better (Supporting Information Table S1) is presented
in Supporting Information Fig. S4. The number of total observa-
tions used for each event ranged from 10 to almost 7400 double
difference observations, with an average number of 1744 and me-
dian number of 733. The mean and median number of observations
between individual event pairs are 49 and 16, respectively. Esti-
mated event time-shifts range from −7 to 15 s (quality-two events
have a range between −5 and 5 s). The large 4.97 s origin time-
shift seen in the main shock includes differences between the origin
time (initial value) and the centroid time (what we estimate). The
mean time-shift was 0.0 s, the median was −0.06 s and the stan-
dard deviation was 3.0 s. The average spatial shift for the relocated
events (including the shift from the InSAR constraint) was 19.3 km,
the standard deviation was 12.1 km. The distances between NEIC,
GCMT and ISC main-shock epicentre locations with the InSAR
centroid location were 18.3, 21.9 and 5.8 km respectively. These
values are generally consistent with Weston et al. (2011), who com-
pares the epicentre locations of various global catalogues with the
InSAR centroid locations of moderate magnitudes events around
the globe. The maximum shift of a GCMT event was 45.4 km and
corresponds to the Mw 5.6 event on 05/12/2013 00:06:59 that lies
near the MZP fault system (Fig. 3). The overall variance reduction
in the double-difference inversion was 83 per cent (initial absolute
average misfit was 4.1 s and the final was 1.35 s).

The formal two-sigma uncertainties are shown in Fig. 4 using
crosses. All relocated event formal uncertainties are less than 5 km.
Despite smaller formal uncertainties, we speculate that the well-
constrained event epicentroid locations are certain only to within
a few kilometres since the formal uncertainties do not take into
consideration that effects of earth structure, differences in mecha-
nism, nor the possibility that the main-shock centroid of the InSAR
solution may not be the true midpoint of the main-shock rupture.
Our relocation pattern could reasonably be shifted at least several
kilometres in either direction along the fault if future observations
require it. Aftershocks with fewer and noisier observations have
higher formal uncertainties and appear to be off axis from the main
left lateral structure. Combined with the information in the GCMT
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Rupture processes of the 2013-14 minab EQ 1903

Figure 3. Event relocation results from this study (quality-one or better locations from Supporting Information Table S1). The main-shock centroid was fixed
at 57.898E, 26.698N, the centre of the uniform slip model from Penney et al. (2015). Focal mechanisms and red circles show the final centroid locations
calculated using surface waves. The focal mechanisms are coloured by time, the legend shows the origin time, mechanism and ID number from Table 1.
Grey/yellow circles are the original locations (yellow is the original location of the Mw 6.1 main shock). The dashed line is the Minab–Zendan–Palami (MZP)
fault system.

solutions, the structure involved in the sequence is a left-lateral
strike-slip fault with a total length of about 15–20 km. As a simple
check on the large event locations, we compare the before and af-
ter alignment of SH waves recorded at station TAM (Tamanrasset,
Algeria, 22.79N, 5.53E) in Supporting Information Fig. S3. The
relocations show a more consistent alignment of these independent
data and provide some confidence in the relocations, some of which
shifted the events by up to ∼45 km. The majority of relocated epi-
centroids align along strike of what appears to be WSW striking
structure with a handful of events that remain diffuse (many of
which are identified as lower quality) surrounding the main cluster
(Fig. 4). We postpone a detailed discussion of the relocations until
the Discussion section.

R E L AT I V E E A RT H Q UA K E
M A G N I T U D E S

The cross-correlation measurements also carry information on rel-
ative event size. We use a multiple-event algorithm developed by

Cleveland & Ammon (2015), which extends the two-event approach
of Schaff & Richards (2011, 2014) to estimate the logarithms of the
relative seismic moment of events in the Minab sequence. A lin-
earized inversion using the un-normalized cross-correlations for
events with quality one and two was performed to estimate the log-
arithm of the moments of the earthquakes. A constraint is applied
to provide an absolute reference. We require that the sum of the log-
moments of the GCMT events match the sum of the log-moments
of the corresponding events in Table 1. In other words, we require
that our estimated moments for the larger events and the GCMT
moments are compatible on average. We iteratively down-weighted
observations with residuals larger than two standard deviations from
the mean of the original residuals and performed a total of nine it-
erations. Formal uncertainties were computed in a similar manner
to the uncertainties in location. The covariance matrix is scaled
using an estimate of the data variance constructed using residuals
from the least squares solution (Aster & Thurber 2013, and eq. 5 in
Cleveland & Ammon 2015). The large number of cross-correlations
(48 409) used to constrain 54 quantities results in small uncertainties

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article-abstract/213/3/1898/4923052 by U

niversity Library U
trecht user on 09 N

ovem
ber 2018



1904 J.A. Kintner et al.

Figure 4. Two-standard-deviation error bars for the relocated events in this study (quality-one and quality-two events from Supporting Information Table S1).
GCMT focal mechanisms are plotted on their respective final event locations, coloured by time from blue as earliest and red as latest (see Fig. 3). Dashed error
bars identify events that we classify as lower quality. Formal uncertainties are computed through scaling the model covariance by a data variance (we used the
final misfit in travel time differentials, 1.4 s, as the standard deviation).

for the magnitudes. All uncertainties are within ±0.01 magnitude
units. Such small uncertainties are statistically reasonable but be-
yond the precision needed for magnitude—they do not account for
variations in the faulting geometry and depth, which increase the
true uncertainty.

The relative magnitudes computed from this sequence are shown
in Fig. 6. We compare our relative magnitudes to a selected pre-
ferred magnitude obtained from the ISC catalogue. We select a
magnitude in the following order, from most to least preferred:
GCMT-Mw, NEIC-Mw, NEIC-MS, ISC-MS, IDC-MS, NEIC-mb,
NEIS-Mw, NEIS-MS, NEIC-M, NEIS-mb, ISCJB-mb, ISCJB-MS,
GFZ-mb, ISC-mb, ISC-ML (The National Earthquake Information
Service (NEIS) is now the NEIC and is included only for old events).
Our choice was to favour catalogue moment and surface-wave mag-
nitudes, but we acknowledge that surface-wave magnitudes are not
always accurate or directly comparable to moment magnitude for
small events. The aftershocks with GCMT solutions (diamonds)
have relative magnitudes that are slightly smaller (0.0–0.1 units)
than the GCMT estimates but generally consistent. The exceptions
are the aftershock on 2013 May 20 09:16:30, the GCMT estimate ap-
pears higher than our solution. Our main-shock moment is slightly
high, but we do not account for source time-function differences
in the computation. The two mb catalogue magnitudes and the two
outlying catalogue MS magnitudes at ∼3.75 and 3.4 are the lower
quality (Supporting Information Table S1). The most interesting
result is the systematic difference between catalogue MS and our
Mw. The catalogue MS bias persists even when both our inversion
and the catalogue has a significant number of observations. Our
observations are compatible with relationships between Mw and mb

and Mw and MS estimated using global earthquake catalogues from
Scordilis (2006), which are shown by the dashed lines in Fig. 6. A
systematic discrepancy between MS and Mw is expected for smaller-
magnitude earthquakes, which generally have relatively short rise
times and rupture durations (small slips and ruptures). The slope of
2/3 in our observations and Scordilis’ (2006) empirical relationship
agrees well with that expected from a simple ribbon fault model of

earthquake rupture (Haskell 1964; Kanamori & Anderson 1975).
By definition, Mw is proportional to 2/3 the logarithm of the seis-
mic moment. For small earthquakes, when the corner frequency is
much higher than the frequency used to estimate the magnitude, MS

is proportional directly to the logarithm of the moment. The results
show that although we have formally extended the relocation to in-
clude events with MS as small as 2.9, we have only achieved an Mw

threshold of about 4.

D E P T H E S T I M AT E S

Penney et al. (2015) estimated the main shock and several aftershock
centroid depths using teleseismic P and SH waveforms filtered with
a long-period instrument response. Most of their well-matched sig-
nals were SH waveforms, which is not unusual for vertical strike-
slip faulting. We performed a similar analysis using broad-band
teleseismic displacement SH waveforms recorded in directions of
SH radiation pattern extrema. We fit the observations using a simple
half-space compatible with the model of Yamini-Fard et al. (2007),
similar to the structure used by Penney et al. (2015). An example of
SH data is shown in Fig. 7. We high-pass filter the waveforms with
a corner period of 30 s, which retains some of the distinct features
in the waveform (i.e. the sS depth phase) but removes long-period
noise. We forward-modelled the observed waveforms by slightly
adjusting faulting orientations, duration, moment and event depth.
For the earth model, we assumed a Poisson solid in which the
P-wave speed above the source was 5.6 km s−1 and the near-source
density was 2700 kg m−3. Mantle attenuation was included using
P- and S-wave t∗-values of 0.9 and 3.5, respectively. Our estimated
main-shock centroid depth, ∼6.0 km is compatible with that esti-
mated by Penney et al. (2015). Only six aftershocks provide usable
S-wave signals (Fig. 7 and Supporting Information Fig. S5), and
they were generally shallow (<10 km). Our best estimates suggest
that events on 05/12/2013, 05/18/2013 10:57:47 and 02/02/2014 lo-
cate between 6–8 km in depth; the events on 05/12/2013 are within
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Rupture processes of the 2013-14 minab EQ 1905

Figure 5. Comparison between our surface wave relocation results (quality-one and above from Supporting Information Table S1) and other teleseismic/regional
earthquake catalogues. Top left panel shows the 54 relocated events from this study (scaled by their relative magnitude). Top right shows the US Geologic
Survey (USGS-NEIC) locations, scaled by their respective magnitude—these are the initial locations for our inversion. Bottom left shows the International
Seismological Centre (ISC) locations, scaled by the preferred magnitude specified above. The bottom right panel shows the Tehran University (TEH) locations,
scaled by their respective magnitude.

∼2 km of estimates described in Penney et al. (2015). The after-
shock that occurred on 05/18/2013 10:03:16 (Event 9 in Table 1)
is notably shallower than other events in the sequence (∼5 km).
For that event, direct SH and sSH arrive close enough in time to
not produce the split peaks that are observed for the other three
aftershocks.

We attempted to estimate relative centroid depths using surface-
wave amplitude spectra and spectral ratios. Rayleigh-wave surface
wave spectra contain information about the depths of earthquakes
(e.g. Tsai & Aki 1970). We computed spectral ratios for all the
events with GCMT solutions in the sequence using seismograms at
the closest available station, Kabul, Afghanistan (KBL, 34.541◦N,
69.043◦E, � ∼ 1390 km, azimuth = 48◦, inset in Fig. 1). Spec-
tral amplitudes were estimated using frequency-dependent Gaus-
sian windowing of the signal autocorrelation (Russel et al. 1988).
We used several events as a reference spectra including the 2014
aftershock and the 2013-05-11 08:42 aftershock located close to
the main-shock epicentroid. The spectral ratio results showed that

the three events to the east–northeast of the main-shock centroid
differed from those west–southwest. Information on event depths
was less clear—the patterns were not conclusive and differed when
we investigated ratios at other stations at similar distances (ABKT,
KMBO, DAMY, GNI, AATD).

Station KBL is located near a Rayleigh-wave radiation maximum
and R1 GCMT-moment-normalized and cross-correlation-moment-
normalized amplitude spectra are shown in Fig. 8 (plots of the
corresponding seismograms are included in the Supporting Infor-
mation Figs S1 and S2). We separated the early aftershocks, which
locate to the east–northeast of the main shock from those to the
west–southwest because they trend differently. Normalizing by the
seismic moment places all events on the same relative amplitude
scale but does not account for source time-function differences,
which should only be significant for the main shock. The overall
agreement in spectral amplitude at the longer periods (near 60 s)
is very good considering that we have chosen only one of many
stations used to estimate the moments. The main shock appears
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Figure 6. Relative magnitude results using surface wave cross-correlation observations (quality-one and above from Supporting Information Table S1). The
figure shows the magnitude from the catalogue versus the relative moment magnitude. The shape and colour of the points correspond to the preferred magnitude
type selected from the global catalogue. GCMT Mw is shown as light grey diamonds, ISC mb is shown as light blue squares, MS magnitudes from the ISC
catalogues are shown in red circles while MS magnitudes from the IDC catalogue are plotted as red triangles. The dashed lines show global empirical relations
between each magnitude type and moment magnitude, specified in Scordilis (2006), coloured to match the magnitude type.

slightly enriched in long periods in the GCMT plot, this may be
because we do not account for the source time function. The only
significant difference in spectral amplitude is for the 2013-05-20
09:16 aftershock, which seems to have too large a GCMT moment
(spectra are too low). Our estimate of the moment for this event is
smaller, and using our value aligns the 60 s period amplitudes of
that event closely to those of the other moderate-magnitude activity.
The earthquake is one of the smaller GCMT catalogued events, so it
may simply be a noisy set of observations (strangely, the catalogue
Mw and seismic moment for this event are internally incompatible,
suggesting the possibility of an erroneous entry or rounding). A
difference in R1 radiation towards KBL is clear for the three early
aftershocks located ENE of the main shock (Fig. 8). Events to the
WSW all have a spectral amplitude minimum in the period range
from 20–25 s. Using a simple velocity model using P-wave veloci-
ties from Yamini-Fard et al. (2007) and P/S ratio of 1.76, this notch
would suggest a depth between 10–20 km, which we do not believe
is accurate because of body wave results and InSAR observations
(Penney et al. 2015) and inconsistency from station to station in
our spectral ratios. The relative spectral amplitude at short-period
(10–20 s) suggest that the ENE aftershocks are at a similar depth,

with event 03:09 perhaps locating slightly shallower. Of the fore-
shock and aftershocks WSW of the main shock, the short-period
spectral amplitudes suggest that 00:06, 10:57, 10:54 and 08:42
events are shallower than events 02:08, 10:03, 14:26, 08:01 and
09:16. Love wave spectra are noisier and show broader spread at the
longer periods, they also transmit less information on source depth.

D I S C U S S I O N

We relocated 54 earthquakes in the 2013–2014 Minab sequence lo-
cated within southern Iran’s Makran accretionary wedge. The most
striking result from this relocation is that the events align along
strike on what appears to be one or two east/west left lateral struc-
tures. We also believe that the data suggest a model of the temporal
evolution of the rupture. Fig. 3 illustrates this pattern, with the
GCMT focal mechanisms coloured by time. The sequence started
with an Mw 5.1 foreshock (2013-05-09T08:01:34.900Z) located
about 3 km to the west–southwest of the main-shock epicentroid.
Immediately following the Mw 6.2 main shock, the easternmost
moderate-magnitude aftershock (2013-05-11T03:09:47.400Z),
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Rupture processes of the 2013-14 minab EQ 1907

Figure 7. Forward modelling example of the aftershock that occurred on 2013 May 12 00:06:59. Black traces are the observed waveforms, blue traces are the
predictions. The text above each waveform is the phase (SH), arc distance in degrees, station code, network code, and azimuth. The observed SH waveforms
are high-pass filtered with a corner at 30 s, and cut −10 and +40 s around the predicted SH arrival time. Strike, dip and rake are estimated from the GCMT
mechanism (s:82, d:86, r:27). The source–time function is set as a triangle, using the empirical duration derived from the GCMT (Ekström et al. 2012). Depth
used to compute the predictions is 8.5 km. The focal sphere on the right shows the azimuthal coverage of the stations, the SH radiation amplitude, and the
double couple fault planes. Additional body-wave modelling results are shown in Supporting Information Fig. S5.

located about 6–7 km east–northeast of the main shock. Over the
next week, the moderate-magnitude activity migrated westward cul-
minating with two moderate-magnitude events about 4–5 km west–
southwest of the main shock on May 12 and two moderate mag-
nitude events 5–7 km west–southwest of the main shock on May
18.

We speculate that the main shock ruptured east–northeastward
from the vicinity of the foreshock to the easternmost moderate-
magnitude aftershock, at a distance of about 10–15 km. A roughly
10 km length for the main shock remains consistent with other
strike-slip faulting length relationships in table 2A of Wells &
Coppersmith (1994). The distribution and shallow source depth
of the seismicity in this sequence suggests that the main shock rup-
tured a 10 km long fault segment with a downdip width of about
8 km. Assuming a rupture area of roughly 80 km2 and a shear mod-
ulus of 26 GPa, the corresponding mean slip is about one meter.
The inferred stress drop would be slightly high but not unusual,
between 3 and 10 MPa (Kanamori & Anderson 1975). The roughly
1 m average slip is comparable to average values that fit the InSAR
observations (the uniform and distributed slip InSAR models from
Penney et al. (2015) have an average slip of ∼1.2 m). The InSAR
modelling included the aftershock induced deformation and a 20 km
fault length, which introduces some uncertainty when positioning
our relative event locations. The seismic moment of the InSAR
model was roughly twice that of the GCMT main shock (Penney
et al. 2015), or 25 per cent more than the combined GCMT mo-
ments of moderate-magnitude seismicity that occurred between the

satellite acquisition times (table 1). The discrepancy is modest, but
opens the possibility for some post-seismic deformation. Fig. 9 is a
Coulomb stress change (Toda et al. 2011) calculation using a 10 km
long main shock with the GCMT faulting geometry and aligned
with the InSAR model centroid. The centroid of the InSAR model
may be biased west, because that analysis included deformation
from the aftershocks. But our primary interest here is the relative
positions of main-shock slip and the aftershocks. The stress changes
are those expected on hypothetical, similarly oriented faults in the
region and red indicates areas moved toward failure, blue indicates
the opposite. Shown on top of the stress change pattern are the re-
located aftershocks. The largest aftershocks locate within or near
(∼2 km) regions loaded by the main shock. Since the large after-
shocks are adjacent to the fault edge, the Coulomb relationship is
quite sensitive to the assumed main-shock fault position, length and
faulting geometry. The location, timing and orientation of the events
present a reasonable and consistent story for the sequence. Details
of the model are limited by our knowledge of the main shock.
For example, seismic and InSAR data provide little information on
whether the main-shock rupture was unilateral or bilateral and thus
other interpretations are feasible.

Penney et al. (2015) suggested that this sequence is similar to the
2013 September 24 Mw 7.7 Balochistan earthquake (e.g. Avouac et
al. 2014; Barnhart et al. 2014; Jolivet et al. 2014; Zhou et al. 2015)
on the eastern edge of the Makran accretionary structure. Both
occurred in a region of maximum topography within the Makran
accretionary wedge. This strike-slip deformation is thought to be
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1908 J.A. Kintner et al.

Figure 8. Left: Rayleigh-wave spectra for all GCMT catalogued earthquakes in the Minab sequence normalized by their respective GCMT moments and
scaled by 1.25 × 1028 for display. Top-left panel shows immediate aftershocks, which locate east–northeast of the main-shock centroid. The bottom-left panel
shows events that occurred later and are located west–southwest of the main-shock centroid. Right: spectra are normalized by their cross-correlation estimated
moments and scaled by 1.25 × 1028 for display.

Figure 9. Static Coulomb stress change predictions for a model of the 2013 May 11 Mw 6.2, Minab main shock. The top of the rupture is at a depth of 1.5 km,
the width is set at 8.0 km. The rupture length, 10 km, was estimated using the relationship in Wells & Coppersmith (1994) and equals the distance from the
foreshock on 2013 May 9 and the eastern-most aftershock on 2013 May 11 03:09:47. The fault orientation is from the GCMT catalogue (strike: 255, dip:
88, rake: −16). This model (shown as the yellow line) has its centroid fixed to the centroid of the uniform slip InSAR deformation model from Penney et al.
(2015). The frictional coefficient was set to 0.60 and stress change is plotted at a depth of 6.0 km. The yellow circles are the relocated events.

driven by the combination of the regional plate motions and changes
in gravitational potential as the mass of the accretionary wedge is
redistributed (Penney et al. 2017). The left lateral faults that have
been mapped in Makran are shown to be rather diffuse. Penney et al.
(2015) describes a reasonable but more complex Minab-sequence

deformation associated with the stress field and multiple faults in
part motivated by the lack of good aftershock locations. Our model
of the sequence is simple given the dramatic improvement in event
locations afforded by the surface-wave analysis. Indeed, the work is
a demonstration of the power of large modern seismic data sets and
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Rupture processes of the 2013-14 minab EQ 1909

surface-wave cross-correlation derived relative locations to investi-
gate even moderate-size earthquake sequences.

The Makran accretionary complex includes a substantial amount
of accreted material along with the deformed southern margin of
Eurasia. A likely choice for the boundary between the two is the
transition from a relatively flat near-coastal plain and the uplifted
southern margin of the Lut and Helmand blocks to the west and east
respectively. Fig. 1 shows that the Minab region includes an area
of relatively high elevation roughly twice as broad as the central
Makran. Qualitatively the topography suggests that some additional
uplift has occurred in the southwestern edge if the accretionary
prism. The Minab earthquakes occur in between what might be
called the Eurasian basement deformation and the elevated accreted
material. The Minab sequence may thus be part of an accommoda-
tion between a small terrane caught along the western margin of the
Arabian and Indian Ocean convergence with southern Eurasia. The
left-lateral motion suggests transport of the small terrane towards
the east, along the boundary between accreted material of the prism
and the deformed backstop. The convergence between Arabia and
Eurasia in this region is not aligned in the principal stress direction
of the Minab earthquakes. Since no large east–west fault system ex-
ists in Western Makran, the Minab sequence may simply represent
the release of the east–west component of strain associated with
convergence and the uplift of the terrane.

The Minab earthquake is interesting and contributes to our under-
standing of tectonic strain accumulation and stress regimes in the
Makran region (e.g. Zarifi et al. 2014; Walters et al. 2017). Perhaps
what is most important in this investigation is the illustration of
the power of surface-wave relocations to contribute to the analysis
of moderate and strong earthquakes. We compared the surface-
wave relocations with body-wave derived catalogued locations in
Fig. 5. The improvement is dramatic, similar to the improvement
of body-wave locations (e.g. Waldhauser & Ellsworth 2000) using
cross-correlation methods, but applied over a relatively large fault
system. In this case, relocation methods using teleseismic surface
waves have highlighted tectonic features to a greater precision than
catalogues using body wave arrivals at regional distances (TEH cat-
alogue), as well as catalogues that include teleseismic observations
to estimate locations (ISC and NEIC catalogues). Modern seismic
data contain a wealth of information on precise relative locations,
even when the closest station is more than a thousand kilometres
in distance. The Minab sequence is unusual in that the aftershocks
account for a large fraction of the main-shock moment. Future ef-
forts to harvest this information leveraging the information in the
GCMT catalogue could help increase in our understanding of re-
gional tectonics and earthquake processes.

C O N C LU S I O N S

We computed precise relative locations and magnitudes for
54 events in the 2013–2014 Minab earthquake sequence, Iran.
SH-waveform modelling suggests event depths in the range from
8 km to as little as 4 km for the main shock and largest aftershocks.
These precise relative relocations allow for a more in-depth interpre-
tation of this earthquake sequence. The results suggest a relatively
simple rupture on an east–west striking structure that included a rel-
atively energetic aftershock sequence involved in the propagation
of slip to the west in the week following the main shock. The anal-
ysis demonstrates the value of information contained in regional
and teleseismic surface waves for the investigation of moderate-
magnitude earthquakes in remote continental regions.
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Figure S1. Rayleigh-wave signals from the larger events in the
Minab sequence observed at station KBL, Kabul, Afghanistan. Each
signal is normalized for plotting, the time reference is the event
origin, and the top axis shows group speed in km s−1. The signals
show a strong similarity, but subtle variations are notable, such as the
slightly lower-frequency main shock (second from top) and subtle
changes in the relative amplitudes of the long- and short-period
surface waves.
Figure S2. Love-wave signals from the larger events in the Minab
sequence observed at station KBL, Kabul, Afghanistan. Each signal
is normalized for plotting, the time reference is the event origin, and
the top axis shows group speed in km s−1. The signals show a strong
similarity, but subtle variations are notable, such as the slightly
lower-frequency main shock (second from top) and the variation in
relative amplitudes of the long- and short-period signals.
Figure S3. Original (left) and final (right) SH wave arrival times
at Tamanrasset, Algeria (TAM, 22.79◦ N, 5.53◦ E). TAM is located
near an SH radiation pattern maxima for these events. Each panel
corresponds to one event in the sequence (left panel is labelled with
the origin time, right panel is labelled with event index). Waveforms
are high-pass filtered at 80 s, arrival times were computed though
iasp91 velocity model. We only show the events with a clear SH
arrival. The surface-wave relocation improves the alignment of the
teleseismic S waves observed by several seconds.
Figure S4. Statistical summary of the relocation results (quality-one
and above from Supporting Information Table S1). Panel (a) shows
the original and final observed–predicted traveltime residuals. Panel
(b1) shows the origin time-shifts, outliers at −7 and 15 are the two
low-quality events set to one in Supporting Information Table S1
(discussed in the results). Panel (b2) shows the absolute origin
time-shifts. Panel (c) shows how much each event shifted during
the relocation.
Figure S5. Additional body-wave forward modelling solutions for
the main shock and five additional aftershocks in the Minab se-
quence. Black traces are the observed waveforms, blue traces are
the predictions. The text above each waveform is the phase (SH),
arc distance in degrees, station code, network code, and azimuth.
The observed SH waveforms are high-pass filtered with a corner at
30 s, and cut −10 and +40 s around the predicted SH arrival time.
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Rupture processes of the 2013-14 minab EQ 1911

Strike, dip and rake are estimated from the GCMT mechanism. The
source–time function is set as a triangle, using the empirical dura-
tion derived from the GCMT (Ekström et al. 2012). Earth-model
parameters for the analyses are t∗ (t∗ − P = 0.9, t∗ − S = 3.5),
P-wave speed above the source (5.6 km s−1, Vp/Vs = Sqrt[3]),
and density (2.7 g cm−3). The focal sphere on the right shows the
azimuthal coverage of the stations, the SH radiation amplitude and
the double couple fault planes.
Figure S6. Magnitude versus time of earthquakes in the Minab
region (26–27.5N, 57–58.5E) from the ISC bulletin. Magnitudes
are selected on the criteria described in the Relative Earthquake
Magnitudes section.
Table S1. Results from this study, date and time are the NEIC ori-
gin times. Origin time-shift is the change from the NEIC origin
time to the centroid time of the event. The latitude and longitude
are the coordinates for the final and original locations. std_la/lo
are the 1-sigma standard deviation location uncertainties (in kilo-
metres) in latitude and longitude direction for each event. The Mw

values are the computed relative moment magnitudes. Catmag are
the preferred global earthquake catalogue magnitudes, catMagType
is the magnitude type in these catalogues, catMagSource is the
catalogue name, catMagObs is the number of observations used
to compute the catalogue magnitude, NCCobs is the number of
unique normalized cross-correlation observations above 0.80 used
for calculating locations and magnitudes. Quality is defined as the
following: quality-zero is poor with no consistent observations,
quality-one are events that only link with the low link criteria
of 4, and quality-two events are the best solutions with a con-
servative linking criteria (12) specified in Cleveland & Ammon
(2013).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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