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SUMMARY

A triplet of M, 6 earthquakes on 2017 December 1-12 occurred 50 km north of Kerman,
Iran, in an area of mountainous topography where several major right-lateral strike-slip fault
systems—the Gowk, Nayband, Lakar Kuh and Kuh Banan faults—converge. Here we assess
their source parameters and surficial expression using regional and teleseismic waveforms and
arrival times, synthetic aperture radar interferometry, optical satellite image correlation and
field observations. All three main shocks occurred on shallow reverse faults associated with the
southern termination of the Lakar Kuh right-lateral strike-slip fault. The first two main shocks
on 1 December and 12 December (08:43 UTC) likely ruptured and reruptured a previously
unrecognized, blind, NE-dipping fault beneath the Mian Kuh range. Slip in both earthquakes
extends much further along strike than down dip, hinting at structural or stratigraphic controls
on rupture dimensions. The third main shock on 12 December (21:41 UTC) is perhaps the most
interesting of the three events. It ruptured a conjugate SW-dipping thrust in the hangingwall of
the first fault, generating a sinuous fault scarp in the alluvial plain north of the Mian Kuh range,
consistent with its unusually shallow centroid depth of 2 km. Its high ratio of net surface slip
(average 1.5 m and maximum 2.5 m) to length (7 km) and its narrow down-dip width
( 6km) implies a very high stress drop. The surface rupture aligns along-strike with larger
scarps that contain uplifted and incised fan surfaces in their hangingwalls, but this subtle
expression of active faulting had not been fully recognized prior to these earthquakes. The
clustering in space and time of large, shallow earthquakes on hidden faults is of broad concern
for seismic hazard assessment in mountainous parts of Iran and in other collisional settings.

Key words: Satellite geodesy; Earthquake hazards; Earthquake source observations; Seis-
micity and tectonics; Continental neotectonics.

strike-slip faults (Jackson & McKenzie 1984; Berberian & Yeats
1999; Walker & Jackson 2004). Of the major right-lateral structures,
the Gowk fault zone has been particularly active in recent decades,

1 INTRODUCTION

The active tectonics of eastern Iran are governed by regional NNE-

oriented convergence between the Arabian and Eurasian plates and
associated right-lateral shear between central Iran and Afghanistan
[Fig. 1a; Vernantetal. (e.g. 2004)]. Most of the seismic deformation
is accommodated along large N-S to NW-SE-trending right-lateral

hosting destructive earthquakes at Sirch (M, 7.1) and Golbaf (M,,
6.6) in 1981 and at Fandoga (M,, 6.6) in 1998 (Berberian etal. 2001).
North of the Gowk fault, the Nayband and Lakar Kuh faults have
experienced relatively little instrumental or historical seismicity,
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Figure 1. (a) Major active faults (red) and earthquake focal mechanisms of Iran. Shallow earthquakes (<30 km centroid depths) are in dark grey while deeper
earthquakes, including intraslab events associated with the Makran subduction zone, are in light grey; depths are from body waveform modelling studies where
available, or otherwise the GCMT catalogue. (b) Enlarged map of the Kerman region showing background earthquake focal mechanisms in dark grey and those
of the 2017 December Hojedk sequence in colour (E1 in blue, E2 in yellow, E3 in red and smaller aftershocks in orange). Active faults are from Walker (2006)
and Walker et al. (2010).

while the Kuh Banan fault is associated with just a few moderate- fault east of and oblique to the Kuh Banan fault (Talebian et al.
sized instrumental events (Fig. 1b). The most destructive earthquake 2006; Nemati & Gheitanchi 2011).
in the vicinity of these latter faults was the 2005 M,, 6.4 Zarand On 2017 December 1st at 02:32 UTC and 2017 December

earthquake, which occurred on a previously unrecognized reverse 12th at 08:43 and 21:41 UTC, three earthquakes with moment
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magnitudes (My,) 6 and predominantly reverse faulting mecha-
nisms occurred east of the village of Hojedk (Fig. 1b). With no
easy geographical distinction, we simply call these events E1, E2
and E3, respectively. Several major active fault systems—including
the Nayband, Gowk, Shahdad, Kuh Banan and Lakar Kuh faults—
converge in this area. Though the December 2017 earthquakes
were not destructive—owing to the sparse population in this re-
mote region—they may offer important insights into the structure
and development of this major restraining bend, which impinges
upon much larger settlements, most notably Kerman (population

800000). Detailed geomorphological studies of active faulting
in this area have been undertaken previously (Walker et al. 2010)
and yet we will show that the three Hojedk earthquakes occurred
on faults which had not previously been recognized. This has
wider implications for seismic hazard in and adjacent to moun-
tainous parts of Iran and in other continental collision zones. Fi-
nally, the close spatial and temporal clustering of three approxi-
mately evenly sized events is also unusual (e.g. Nemati 2014) and of
interest.

The goals of this paper are to evaluate the faults responsible for
the Hojedk earthquakes and assess their link with regional topog-
raphy, geomorphology and geological structure. We begin by using
regional and teleseismic arrival times, first motions, and waveforms
to determine epicentres and focal mechanisms within the sequence
(Section 2). Next, we use Interferometric Synthetic Aperture Radar
(InSAR) to establish the fault geometries and slip distributions of
the three main shocks (Section 3). A clear surface rupture generated
by the third main shock (E3) is characterized using optical satellite
image correlation and field measurements (Section 4). Finally, we
synthesize these diverse observations and discuss broader impli-
cations of the Hojedk sequence for regional tectonics and seismic
hazard (Section 5).

2 EARTHQUAKE LOCATIONS AND
FOCAL MECHANISMS FROM
SEISMOLOGY

2.1 Calibrated earthquake relocations

We used the multiple-earthquake relocation technique Mloc
(Bergman & Solomon 1990; Walker et al. 2011; Karasozen et al.
2016) to relocate epicentres of the three main shocks, 43 well-
recorded aftershocks up to mid-January 2018, and 88 background
events from the period 2005 February to 2017 September, includ-
ing many belonging to the 2005 Zarand sequence (Talebian et al.
2006). When appropriate data sets are available, Mloc can obtain
‘calibrated’ locations in which bias from unknown Earth structure
is minimized. Mloc adopts the Hypocentroidal Decomposition ap-
proach (Jordan & Sverdrup 1981) of separating the relocation pro-
cedure into two distinct inverse problems, allowing phase arrival
time data to be tailored to each step (e.g. Ghods et al. 2012; Elliott
et al. 2015; Karasozen et al. 2016, 2018; Nissen et al. 2019). In
the first step, we calculated cluster vectors that describe the rela-
tive location and origin time of each individual event with respect
to the geometrical mean of all events, known as the hypocentroid.
Since this calculation is based on traveltime differences, we used
arrival times of all phases recorded at all distances, collated from
both regional bulletins (the Building and House Research Center,
BHRC,; the Iranian Seismological Center, IRSC; the International
Institute of Earthquake Engineering and Seismology, IIEES) and
global archives (the International Seismological Centre, ISC; the
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USGS National Earthquake Information Center, NEIC). In the sec-
ond step, we determined the absolute location and origin time of
the hypocentroid, which added to the cluster vectors establishes the
absolute coordinates of all events. Here, we restricted the data set
to direct Pg and Sg phases at epicentral distances <2°, the shortest
distance range for which good azimuthal coverage could still be
achieved (Supporting Information Fig. S1). Limited to such short
ray paths, biases from unknown velocity structure are thus min-
imized, yielding truly calibrated hypocentres (latitude, longitude,
focal depth, origin time and their uncertainties).

By analysing fits to Pg and Pn at the closest stations and Pn
and Sn at regional distances, we settled upon a two-layered crustal
velocity model with Vp 5.8kms™ and Vs 3.45kms™! for the up-
per 15km and Vp 6.1 kms™ and Vg 3.55 kms™ from 15 km to the
Moho at 40 km. Below the Moho, we used velocities from the ak135
1-D Earth model (Kennett et al. 1995). Since no near-source data
were available within  0.25° of the Hojedk earthquakes (Support-
ing Information Fig. S1), hypocentre depths were set manually by
minimizing residuals at the closest stations.

Relocated seismicity is shown in Fig. 2 and tabulated in Sup-
porting Information Table S1, with shifts between initial and final
locations and fits between observed phase arrivals and theoretical
traveltimes provided in Supporting Information Figs S2 and S3, re-
spectively. Calibrated epicentral uncertainties are all <3 km at the
90 per cent confidence level; true location uncertainties are some-
what larger, since these formal values do not account for potential
errors in velocity structure. Limited by the absence of near-source
data, uncertainties in focal depth are estimated conservatively at
+5km. Nevertheless, our estimated focal depths of 6-14 km lie
within the 5-20 km range in centroid depths of large central Iranian
earthquakes determined previously (Baker 1993; Berberian et al.
2001; Walker et al. 2003; Talebian et al. 2006), lending confidence
in our overall focal depth distribution.

The first two main shocks initiated close to the northern flank of
the Mian Kuh mountains—the rugged northeastern limb of the large
Gazk syncline—with the E2 epicentre 6 km west of E1 (Figs 2
and 3b). The third main shock, E3, initiated 9 km north of E2 in
the unnamed low-relief basin north of Mian Kuh. Published cen-
troid locations from the Global Centroid Moment Tensor (GCMT)
project each lie 20 km SW of the relocated epicentres, while U.S.
Geological Survey (USGS) catalogue epicentres are shown to be
significantly more accurate, within 5 km of our calibrated epicen-
tres but with no systematic azimuthal bias (Fig. 3b).

Aftershocks form a diffuse cloud surrounding the main shocks
and seem to lack clear lineaments that could indicate fault trends
(Fig. 2). Furthermore, the limited focal depth resolution precludes us
from identifying gradients in focal depth that might indicate fault
dip directions. Nevertheless, there are some interesting temporal
trends in the seismicity. E1 and most of the early aftershocks lie in
the southeastern part of the seismicity zone, with E2 lying west of
it. Early aftershocks of E2 are clustered north of it. E3 nucleates
close to the E2 aftershocks, as well as some earlier E1 aftershocks.
Seismicity following E3 then expands the aftershock zone further
to the west and north.

2.2 Main shock focal mechanisms from body waveform
modelling

We determined focal mechanisms for the three main shocks by
modelling long-period teleseismic body waveforms, using a pro-
cedure (Molnar & Lyon-Caen 1989) that has been applied almost
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Figure 2. Relocated earthquake epicentres with 90 per cent confidence ellipses, focal mechanisms of main shocks E1, E2 and E3 from body waveform
modelling, and focal mechanisms of 16 aftershocks from first motion polarities and two additional aftershocks from the GCMT catalogue. Main shocks and
aftershocks are coloured in sequence: E1 and early aftershocks preceding E2 are in red; E2 and its aftershocks preceding E3 are in yellow; and E3 and later
aftershocks are in blue. Scattered seismicity preceding the December 2017 sequence is in grey.

routinely to moderate-to-large magnitude earthquakes in Iran; no-
table compilations include those of Priestley et al. (1994), Maggi
et al. (2000), Talebian & Jackson (2004), Nissen et al. (2011) and
Penney et al. (2017). We used waveforms in the distance range
30°-80°, thus avoiding complications from Earth’s crust and outer
core. These were bandpass filtered to periods of 15-100 s, such that
the earthquakes can be modelled as simple point sources insensi-
tive to heterogeneities in local velocity structure and fault slip. We
used the MT5 version (Zwick et al. 1994) of the weighted least
squares algorithm of McCaffrey & Abers (1988) and McCaffrey
et al. (1991) to minimize residuals between observed waveforms
and synthetic seismograms computed for a point source embedded
within an elastic half-space (using Vp 6kms™, Vs 3.5kms™, and
density 2700 kg m~2, roughly consistent with the upper crustal ve-
locity model obtained in Section 2.1). Synthetic waveforms were
corrected to P and S arrival times picked from broad-band records,
and weighted in the inversion according to azimuthal density. P, pP

and sP phases were modelled on 30 s vertical component seismo-
grams, and S and sS phases on 40 s transverse component seismo-
grams. In this way, we solved for the minimum misfit strike, dip,
rake, centroid depth, seismic moment and source-time function of
each of the main shocks (Molnar & Lyon-Caen 1989).

Resulting focal mechanisms are plotted in Figs 2 and 3(b), wave-
form data and model misfits are shown in Figs 4(a)—(c), and model
parameters are tabulated in Table 1 alongside published solutions
from the USGS and GCMT catalogues. All three main shocks ex-
hibit predominantly reverse mechanisms with NW-SE trending,
moderate  30°—60°-dipping nodal planes. Minimum misfit cen-
troid depths are  5km for E1, 10km for E2 and just 2km for
E1. To investigate uncertainties in this key parameter, we performed
additional inversions with depths fixed at increments away from the
minimum misfit values (e.g. Taymaz et al. 1991; Nissen et al. 2014).
Curves of goodness of fit are shown in Fig. 4(d) and are discussed
further in light of INSAR modelling results in Section 3.
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