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S U M M A R Y
An increasing number of observations supports temporal clustering behaviour of earthquakes
within fault systems. As earthquake occurrence is mainly controlled by the crustal stresses,
it is crucial to determine their spatio-temporal evolution to understand the generation of
catastrophic seismic sequences. A possible way to constrain these variations is to measure the
surface displacement field induced by seismic sequences. However, the observation time of
modern satellite geodesy (InSAR/GPS) is short compared to the duration of an earthquake
sequence. Thus, the goal of this paper is to extend the temporal range of observations of
a seismic sequence. We focus on the largest earthquakes of the 1936–1997, Northeast Lut,
Iran, sequence that is composed of 11 Mw � ∼ 6 earthquakes. Using subpixel correlation of
historic (KH9) and recent (Sentinel-2) optical satellite images, we measure for the first time the
surface displacement field of the 1979 Mw 7.1 Khuli-Boniabad earthquake, which broke the
eastern part of the Dasht-e-Bayaz fault. Using subpixel correlation of optical (SPOT2-4) and
SAR (JERS-2) images, we also measure the surface displacement field of the Mw 7.2 Zirkuh
earthquake, which ruptured the Abiz fault. We found that both earthquakes have a mean slip
of 2.5 m but the Khuli-Boniabad earthquake broke two main segments (total rupture ∼ 60
km), whereas the Zirkuh earthquake broke three main segments (total rupture ∼ 125 km). We
suggest that the differences are controlled by the maturity of the faults, the Dasht-e-Bayaz
fault being less mature than the Abiz fault. Furthermore, we succeed to measure offsets up to
2.60 m for the 1979 Mw 6.6 Korizan earthquake that broke the northern part of the Abiz fault.
It is the first time that the surface displacement field for such a small historic earthquake has
been measured using optical correlation. Finally, our study confirms the potential of historical
optical imagery for retrieving surface displacements for past earthquakes (pre-modern geodesy
era).

Key words: Satellite geodesy; Seismic cycle; Asia; Image processing; Earthquake source
observations.

1 I N T RO D U C T I O N

It has long been thought that large earthquakes (Mw > 6) were
separated by a long period of interseismic quiescence in which
stresses, relaxed by a preceding earthquake, were restored under the
constant tectonic loading. However, an increasing number of obser-
vations indicates that large earthquakes occur in temporal clusters
within fault systems (e.g. Stein et al. 1997; Pollitz et al. 2003;
Sieh et al. 2008; Schlagenhauf et al. 2011; Michele et al. 2016)
suggesting that additional processes are involved in the build-up
and relaxation of crustal stresses. The static and post-seismic stress
transfers are thought to play an important role in the spatial and
temporal occurrence of such seismic sequences (see Freed 2005,

for a comprehensive review). Therefore, it is crucial to understand
the spatio-temporal evolution of crustal stresses to more accurately
assess seismic hazard. While measuring the crustal stresses at depth
currently remains out of reach, modern spatial geodetic techniques
(e.g. GPS, InSAR) enable an estimation of lithospheric strain from
its expression at the Earth’s surface. However, to understand the
behaviour of fault systems throughout a seismic cycle (lasting as
long as several 10–1000 yr) requires geodetic measurements over
similar timescales. It is thus necessary to extend the temporal range
of geodetic observation to document the longest possible period of
a seismic sequence in order to obtain a comprehensive overview
of the surface displacements induced by the sequence. Optical im-
age correlation technique (Michel & Avouac 2002), which allows

1604 C© The Author(s) 2018. Published by Oxford University Press on behalf of The Royal Astronomical Society.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/215/3/1604/5090970 by guest on 06 January 2022

mailto:marchandon@geoazur.unice.fr


Observation of the 1936–1997 NE Lut earthquake sequence 1605

Figure 1. Regional tectonic overview. (a) Map of eastern Iran, bordering
Turkmenistan (TURK) and Afghanistan (AFG), showing the main tectonic
faults (thin black lines), the Abiz and Dasht-e-Bayaz faults (red thick lines)
and the coverage of the study area in (b) (light grey box). Ds, An, K, D,
WL, DeB, A and AG mean Deshir, Anar, Kuhbanan, Doruneh, West Lut,
Dasht-e-Bayaz, Abiz and Avaz-Gazik faults, respectively. Fault mapping is
from Walpersdorf et al. (2014). (b) Topographic map of northeastern Iran
showing the surface rupture trace of the three Mw +7 earthquakes of the
sequence. The surface rupture traces of the Dasht-e-Bayaz, Khuli-Boniabad
and Zirkuh earthquakes are plotted in white, blue and red, respectively. The
surface ruptures of the Dasht-e-Bayaz and the Khuli-Boniabad earthquakes
overlap near Khuli (dashed blue line). Focal mechanisms of the Mw +7
earthquakes are represented (Engdahl et al. 2006) and white dots locate the
other Mw +5.9 earthquakes of the sequence (Ambraseys & Melville 1982;
Berberian & Yeats 1999; Walker et al. 2011). The Z1, Z2, Z3 red boxes
represent the coverage of optical surface displacement data of the Zirkuh
earthquake, the Z4 red-dotted area is the coverage of SAR displacement data,
the two blue boxes represent the coverage of the optical surface displacement
data of the Khuli-Boniabad earthquake (KB1, KB2, KB3 & KB4). Kh., Bo.,
Mi., Ar. and Ze. locate the cities of Khuli, Boniabad, Mirabad, Ardekul and
Zeydan, respectively.

the measurement of earthquake surface displacements using cross-
correlation of optical imagery, turns out to be a powerful candidate
for extending the observation time window. Actually, recent stud-
ies (Hollingsworth et al. 2012, 2013; Zhou et al. 2016) show that
historical optical imagery, such as declassified U.S. spy Hexagon
Keyhole-9 images (hereafter referred as KH9) can now be used
to measure ground displacements resulting from large earthquakes
occurring before the era of modern satellite geodesy (i.e. during the
1970s and 1980s).

In this framework, the objective of this paper is to document
as best as possible the Northeast Lut (Iran) earthquake sequence.
We choose this sequence that occurred on a conjugate strike-slip
fault system for three reasons. First, it includes three earthquakes
of Mw 7+: the 1968 Mw 7.1 Dasht-e-Bayaz, the 1979 Mw 7.1 Khuli-
Boniabad and the 1997 Mw 7.2 Zirkuh earthquakes (Fig. 1). Sec-
ondly, little is known about the surface deformation induced by
these major 20th century continental earthquakes because they took
place in a remote region of Iran, difficult to access, and at sig-
nificant distance from seismological stations at the time of each

earthquake. Thirdly, due to the geometrical configuration of the
system, earthquakes here are not likely to trigger each other by
static stress transfers but their occurrence in a short period of time
(about 30 yr) is not likely to be coincidental. Therefore, the se-
quence is of major interest for understanding the physical controls
on successive earthquake ruptures. Observation of the deforma-
tion over the sequence is thus the first step towards this overall
objective.

To reach our goal to estimate the surface displacements induced
by the earthquakes of the NE Lut sequence, we combine several
existing remote sensing techniques (e.g. optical subpixel correla-
tion, SAR subpixel correlation and InSAR), using notably old op-
tical images taken in the 60s and 70s to map the displacements
due to Dasht-e-Bayaz and Khuli-Boniabad earthquakes. Unfortu-
nately, poor image quality coupled with scanning of the hardcopies
(rather than negatives) prevented us from successfully correlating
historic aerial photos with recent satellite images for the 1968 Mw

7.1 Dasht-e-Bayaz earthquake. However, we managed to measure
surface displacements for the 1979 Mw 7.1 Khuli-Boniabad, the
1979 Mw 6.6 Korizan and the 1997 Mw 7.2 Zirkuh earthquakes. In
the following sections, we first summarize the seismic sequence,
particularly the Mw 7.1 Khuli-Boniabad and Mw 7.2 Zirkuh earth-
quakes. Then we describe the method used to retrieve the surface
displacement field for each earthquake. Finally, after presenting
the results, we compare the surface traces and offsets for each
rupture determined from the surface displacement field analysis,
Pléiades optical image analysis, and published field investigations.
Then we discuss the extension and propagation of the ruptures in
relation to the segmentation of the faults and how fault maturity
may control the obtained surface displacement patterns. Finally,
we discuss the seismic hazard for the northeastern part of the Lut
region.

2 T H E N O RT H E A S T LU T E A RT H Q UA K E
S E Q U E N C E

The 1936–1997 Northeast Lut earthquake sequence took place in
northeastern Iran, mainly on the conjugate east-west left-lateral
Dasht-e-Bayaz and north–south right-lateral Abiz strike-slip faults
which border the Northeast Lut (Fig. 1). These faults are part of a
larger north–south (NS) right-lateral and east–west (EW) left-lateral
fault system that contributes to the accommodation of Arabia–
Eurasia convergence (Berberian et al. 1999; Vernant et al. 2004;
Walker et al. 2011; Walpersdorf et al. 2014). After two centuries
of quiescence in this area, eleven events of Mw >∼ 6 broke the
Dasht-e-Bayaz and Abiz faults and other smaller surrounding faults
between 1936 and 1997 (Berberian & Yeats 1999; Berberian et al.
1999; Walker et al. 2011; Fig. 1b). Three of the 11 events were Mw

> 7 earthquakes: the 1968 Mw 7.1 Dasht-e-Bayaz earthquake (e. g.
Ambraseys & Tchalenko 1969), the 1979 Mw 7.1 Khuli-Boniabad
earthquake (e. g. Nowroozi & Mohajer-Ashjai 1980), and the 1997
Mw 7.2 Zirkuh earthquake (Berberian et al. 1999). These three
earthquakes have almost pure strike-slip focal mechanisms with a
small reverse component (Engdahl et al. 2006; Fig. 1b). The Dasht-
e-Bayaz and Khuli-Boniabad left-lateral earthquakes broke the east
and west sections of the 150- km-long Dasht-e-Bayaz fault system,
respectively, whereas the right-lateral Zirkuh earthquake broke the
entire 125-km-long Abiz fault (Fig. 1b).
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2.1 The 1979 M w 7.1 Khuli-Boniabad earthquake and
1979 earthquake sequence

Within 3 weeks, three main earthquakes occurred on the Dash-
e-Bayaz—Abiz fault connection area. It began with the Mw 6.6
Korizan earthquake, on the 1979 November 14, that broke a 20
km section of the northern part of the Abiz fault (Haghipour &
Amidi 1980; Nowroozi & Mohajer-Ashjai 1980; Berberian & Yeats
1999). This was followed a week later (1979 November 27) by
the larger Mw 7.1 Khuli-Boniabad earthquake, which broke the
eastern 65 km section of the Dasht-e-Bayaz fault (Haghipour &
Amidi 1980; Nowroozi & Mohajer-Ashjai 1980). Two weeks later
(1979 December 7), the Mw 5.9 Kalat-e-Shur earthquake occurred
(Berberian & Yeats 1999).

This sequence, which killed a few hundred people, occurred at
a time of political instability in Iran, thus hindering any exten-
sive field investigations shortly after each event (Berberian & Yeats
1999). This lack of direct observations leads to some debates that
can impact the sequence understanding. For instance, the rupture
of the northern 15 km section of the Abiz fault is still not linked
without any doubt to one of the earthquakes of the 1979 sequence.
All authors agreed that this rupture has not been produced by the
Korizan earthquake but after this earthquake. Haghipour & Amidi
(1980) and Nowroozi & Mohajer-Ashjai (1980) proposed it was
produced by the Khuli-Boniabad earthquake whereas Berberian &
Yeats (1999) and Berberian et al. (1999) by the Kalat-e-Shur earth-
quake. On the other hand, Walker et al. (2011) relocated the Kalat-
e-Shur earthquake further north and suggest that this earthquake
could not be responsible of the northern Abiz rupture. The field
investigations having been done after the Kalat-e-Shur earthquake
(Walker et al. 2011), solving this issue is unlikely.

Concerning the Khuli-Boniabad earthquake rupture, two brief
and possibly contradictory, field investigation reports document
some of the main features observed at surface. According to
Haghipour & Amidi (1980), the Khuli-Boniabad earthquake pro-
duced a left-lateral surface rupture, with up to 4 m lateral slip and
a maximum of 2.5 m vertical slip (up to the south). Nowroozi
& Mohajer-Ashjai (1980) estimated the maximum left-lateral fault
offset to be 2.5 m, with a maximum vertical fault offset of 3.8 m,
at a location near Khuli in the western part of the rupture (Fig. 1b).
Surface displacement measurements from optical image correla-
tion will allow us to better document the spatial pattern of fault slip
produced by this earthquake.

2.2 The 1997 M w 7.2 Zirkuh earthquake

On the 1997 May 10, the Mw 7.2 Zirkuh earthquake broke the
entire length of the Abiz fault (about 125 km). Field investigations
conducted after the earthquake (Berberian et al. 1999) revealed a
strongly segmented fault trace with simple or overlapping steps.
The most significant step-over zone is at least 800 m wide, and is
located near Ardekul, at the junction between two segments of the
Abiz fault: the northern segment runs through alluvium, while the
southern segment runs through bedrock forming the mountain range
(Fig. 1b). The magnitudes of the coseismic horizontal fault offsets
are typically between 80 and 140 cm with a maximum of ∼ 230 cm
near the southern end of the rupture. In addition, significant vertical
fault offsets (up to 90 cm) were observed in the southernmost part
of the rupture (Berberian et al. 1999).

The rupture complexity is also highlighted by the analysis of the
teleseismically recorded body-waveforms performed by Berberian
et al. (1999). They showed that the P and SH body-waves are

well fit with four subevents occurring sequentially from north to
south, with relevant changes in the orientation of faulting. Subevent
mechanisms vary from almost pure right-lateral strike-slip in the
north and central part of the rupture to pure reverse in the southern
end of the rupture.

Sudhaus & Jonsson (2011) processed four ERS and JERS-1 co-
seismic interferograms from which they determined the first mul-
tisegmented fault model of the earthquake that shows the rupture
segmentation and three major slip patches in good agreement with
the results of Berberian et al. (1999). With a joint inversion of the
InSAR and optical data, Marchandon et al. (2018) found a rougher
fault model and slip distribution. In particular, changes in fault
dip along the rupture are enhanced and in good agreement with
the surface rupture complexity mapped from the field experiment
(Berberian et al. 1999).

Although both field-based and remote-based (i.e. InSAR) mea-
surements of ground deformation are complementary data sets and
allow a good representation of the displacement field, they both
have limitations when it comes to comprehensively mapping the
fault rupture. InSAR can provide spatially very dense (∼15 m res-
olution) and precise (mm) measurements. However, InSAR often
cannot provide measurements of the near-field of fault zones (< ∼10
km from the rupture) due to a lack of coherence in areas of high
strain gradient. Furthermore, the line-of-sight (LOS) component
of the surface displacements is not always optimally oriented with
respect to the coseismic slip (e.g. InSAR cannot resolve ground
displacements in the along-track direction of the satellite). On the
other hand, field measurements of fault displacement are gener-
ally sparse and often do not capture the component of deformation
occurring off the main fault, either as minor localized slip on sec-
ondary structures or as purely distributed deformation . Therefore,
additional surface offset measurements from optical image corre-
lation, which better captures displacements in the near-field, will
complement both InSAR and field measurements, thus providing a
more complete picture of the surface displacement field generated
by this event.

3 DATA A N D M E T H O D S

3.1 Subpixel correlation of SPOT, Sentinel and KH9
optical satellite images

Optical image correlation retrieves the horizontal surface displace-
ment field produced by an earthquake by measuring subpixel shifts
(detection threshold: ∼ 10 per cent of the image pixel resolution)
between two coregistered and orthorectified optical satellite images
acquired before and after the event (Leprince et al. 2007). This tech-
nique has been successfully used to investigate near-field surface
displacements produced by recent earthquakes (e.g. Konca et al.
2010; Copley et al. 2012; Wei et al. 2011; Milliner et al. 2015;
Vallage et al. 2015; Hollingsworth et al. 2017; Kääb et al. 2017).
In this study, all the methodological steps needed to derive surface
displacement maps from raw pre- and post-earthquake optical im-
ages are made using the COSI-Corr software package (Leprince
et al. 2007) following the methodology described in the software
user guide (Ayoub et al. 2015).

The first processing step uses tie points to align both pre- and
post-earthquake images, which are then brought into a common
viewing geometry via the orthorectification process. This consists
of resampling both images, while accounting for topography and
any off-nadir obliquity in the satellite viewing angle, to produce an
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image with a regular horizontal ground sampling; thus achieving
a viewing geometry equivalent to images acquired at nadir. In this
study, the post-earthquake image is orthorectified using the image
metadata (orbit and attitude of the satellite and incidence angles for
each pixel), a digital elevation model (DEM) of the studied area,
and a shaded version of this DEM as a reference image used to align
the post-earthquake image with the topography. The pre-earthquake
image is then coregistered to the post-earthquake orthoimage us-
ing tie points, and then orthorectified using the supplied metadata
and the DEM. Once both pre- and post-images are orthorectified,
we correlate them using a Fourier-based frequency correlator with
a multiscale sliding correlation window of 128 to 64 pixels (Ay-
oub et al. 2015) and a measurement step size of 8 pixels (Leprince
et al. 2007). We thus obtain the north–south and east–west surface
displacement field of the earthquake. Finally, the surface displace-
ment fields are denoized by removing outliers and points with a
low signal-to-noise ratio (<0.97), and the high frequency noise of
the three surface displacement maps is reduced using the non-local
mean filter implemented in COSI-Corr (Buades et al. 2008). For the
non-local mean filter, we used a patch size of 5×5 pixels, an area
dimension of 21×21 pixels and a noise parameter value between
0.4 and 0.8 (Ayoub et al. 2015). In this paper, we use both modern
pushbroom optical satellite images (SPOT 2-4, Sentinel-2) acquired
between 1991 and 2017, and older film-based satellite photos (KH9)
acquired in 1976 to measure the surface displacement field of the
Khuli-Boniabad and Zirkuh earthquakes. Table 1 summarizes the
metadata of the images we used, Table 2 gives the characteristics
of the calculated correlation, and Fig. 1 shows the satellite data
footprints.

We compute the horizontal surface displacement field of the
Zirkuh earthquake using subpixel correlation of three pairs of SPOT
images of 10 m resolution (Z1, Z2 and Z3, Fig. 1). The three sur-
face displacement maps contained striping artefacts resulting from
misalignment of the CCD (Charged Coupled Devices) arrays on the
satellite sensor (Leprince et al. 2007); such artefacts were removed
using the destriping tool in COSI-Corr (Ayoub et al. 2015). The
only available optical images pre-dating the 1979 Khuli-Boniabad
earthquake are declassified satellite photos from the U.S. KH9 spy
satellite. The KH9 negatives are scanned by the USGS at 7-μm
(3600 dpi) using a high performance photogrammetric film scanner
and the digital copies can be purchased from the USGS Earth Ex-
plorer website for $30. We use a stereo pair of KH9 images acquired
in 1976 (Table 1). Although the metadata of KH9 images are not
declassified, Surazakov & Aizen (2010) have demonstrated that the
focal length of the KH9 camera was 30.5 cm and that KH9 images
are equivalent to very high altitude aerial photos for the orthorec-
tification process. We use this information, along with the grid of
calibration points spaced every 1 cm × 1 cm across the image (orig-
inally used to correct for distortion), to define the intrinsic camera
geometry (Interior orientation file of COSI-Corr) required for or-
thorectification. For the post-earthquake image, we use a Sentinel-2
image from 2017 (10 m resolution) freely available from the Eu-
ropean Space Agency (https://scihub.copernicus.eu/dhus/#/home).
To limit illumination bias in the correlations, we use Sentinel-2
images acquired at the same point in the season (i.e. January) as
for the KH9 images (Hollingsworth et al. 2017). As Sentinel-2 im-
ages are delivered as an orthorectified product, we simply coregister
and orthorectify the KH9 images using the Sentinel-2 image as the
reference image and a DEM of the studied area.

In a first test, we orthorectify the KH9 images with the world-
wide 30 m SRTM DEM and correlate the orthorectified KH-9 im-
ages with the Sentinel-2 image (KB1 and KB2 displacement fields,

(Tables 1 and 2, Fig. 1b). Because the KH9 images are acquired with
a frame camera, the incidence angle varies radially outwards from
the optical centre. Therefore, when KH9 images are orthorectified
using a DEM of lower resolution than the original KH9 image (e.g.
30 and 6–9 m, respectively), residual topographic information will
remain in the images, becoming stronger towards the edges. These
uncorrected topographic features will therefore be retrieved during
the correlation process, resulting in significant topographically cor-
related noise in the KB1 and KB2 displacement fields (Fig. S1b in
supporting information). To minimize this problem, we use 0.5 m
resolution tri-stereo Pléaides images from 2015 to extract a 2 m
resolution DEM for the area using the open-source Ames Stereo
Pipeline software package (Shean et al. 2016). We use this high-
resolution Pléaides DEM to orthorectify the KH9 images, which we
then correlate with the Sentinel-2 images from 2017. We obtain the
KB3 and KB4 displacement fields (Tables 1 and 2, Fig. 1b and Figs
S2–S3 in supporting information). The Pléaides DEM covers only
the Dasht-e-Bayaz fault, so the KB3 and KB4 footprints are smaller
than the KB1 and KB2 footprints (Fig. 1b). We remove a very long
wavelength trend from both components of the four displacement
fields (KB1–KB4) by subtracting a second order polynomial using
the detrending tool of COSI-Corr (see the example of the KB2 EW
displacement field in Fig. S1). Such distortions are commonly seen
when correlating film-based images and are usually due to thermo-
mechanical warping of the photographic film (Michel & Avouac
2006; Ayoub et al. 2009; Hollingsworth et al. 2012; Milliner et al.
2015). Nevertheless, distortions typically have a much greater wave-
length than the coseismic step, and so their removal does not bias
the near-field coseismic offset measurement. Finally, we average the
KB3 and KB4 displacement fields to increase the signal-to-noise
ratio. We then use the KB3/KB4 average displacement field to study
the Khuli-Boniabad earthquake (Fig. 2). In addition, we also use the
KB2 displacement field, due to its wider ground coverage, to inves-
tigate the northern part of the Abiz fault between 1979 and 2017
(Tables 1 and 2).

3.2 Subpixel correlation of SAR images

We also use the subpixel correlation technique to measure pixel
offsets between of pre- and post-Zirkuh earthquake JERS-1 SAR
amplitude images ( L-band, λ = 0.23 m) using the GAMMA soft-
ware (Wegmüller & Werner 1997). The images were acquired on
1994 November 15 and 1997 July 10. We calculated only the pixel
offsets in the azimuth direction of the SAR acquisitions, which give
a N12 horizontal surface displacement field of the Zirkuh earth-
quake. The precision of SAR amplitude image pixel tracking is
similar to optical correlation (i.e. 10 per cent of the input pixel
resolution, that is 4.5 m pixel size in the azimuth direction). We
correlate subwindows within the images with a size of 128 by 128
pixels and use a step size of 128 pixels, such that each pixel offset
measurement is independent of the neighbouring one.

4 R E S U LT S

4.1 The 1979 Mw 7.1 Khuli-Boniabad earthquake

Fig. 2 shows the EW and NS surface displacement fields for the
Khuli-Boniabad earthquake obtained from the average of the KB3
and KB4 surface displacement fields (Table 2). On the EW surface
displacement field (Fig. 2a), we can clearly see the EW trending
left-lateral rupture trace of the Khuli-Boniabad earthquake. The
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Table 1. Optical satellite image meta-data.

Displacement Sensor Spatial Date Time span Incidence angle
map resolution (m) (year-month-day) (yr) (◦)

Z1 SPOT 2 10 91-08-27 14.3 −0.5
SPOT 2 10 05-09-04 −1

Z2 SPOT 2 10 91-08-22 8.8 2.3
SPOT 4 10 00-06-02 2.9

Z3 SPOT 3 10 95-10-05 6.42 25.8
SPOT 4 10 02-03-08 26.1

KB1/KB3 KH9 - 4001 6-9 76-01-09 41 Radial
Sentinel-2 10 17-01-11 Orthorectified

KB2/KB4 KH9 - 5001 6-9 76-01-09 41 Radial
Sentinel-2 10 17-01-11 Orthorectified

Table 2. Specifications for optical image correlations and pixel offsets.

Displacement DEM used for the Correlation window Correlation window Accepted offset
map orthorectification process size (pixels) step size (pixels) range d (m)

Z1 ASTER GDEM (30 m) 128 to 64 8 −5 m < d < 5 m
Z2 ASTER GDEM (30 m) 128 to 64 8 −5 m < d < 5 m
Z3 ASTER GDEM (30 m) 128 to 64 8 −5 m < d < 5 m
KB1 SRTM (30 m) 128 to 64 8 −10 m < d < 10 m
KB2 SRTM (30 m) 128 to 64 8 −10 m < d < 10 m
KB3 Pléaides (2 m) 128 to 64 8 −10 m < d < 10 m
KB4 Pléaides (2 m) 128 to 64 8 −10 m < d < 10 m

detectable rupture trace is ∼50 km long and bends dramatically at
its western end. From east to west, the rupture strike is N65◦ from
points A to B (∼10 km). Then the fault bends and the rupture strike
becomes N85◦ until point C (∼7.5 km). At point C, the fault exhibits
a double bend and the fault strike changes sightly to N81◦ for about
6.6 km (until point D). Between points D and F the surface fault trace
is unclear (∼20 km). Finally, the fault trace bends abruptly west of
point F and the strike becomes N160◦ for ∼6 km. Figs 2(c) and (d)
show two examples of fault-perpendicular profiles (see Fig. 2a for
profile locations). Profile P1 (Fig. 2c) shows an offset across the
fault of ∼4.92 ± 0.73 m; this value is typical of the fault offsets
west of point E. The large error of the measured offset, as well as
the high standard deviation of the stacked profile is representative
of the high level of noise on this part of the fault. Profile P2 (Fig. 2d)
shows an offset across the fault of ∼2.24 ± 0.26 m, this value is
representative of the fault offset between points A and C. Contrary
to the western end of the rupture, the surface displacement for this
part of the rupture is quite clean, as highlighted by the low offset
error and the low standard deviation of the stacked profile. In order
to further investigate the along-strike variation of the fault offsets,
12 other profiles oriented perpendicular to the fault strike have been
computed. The curve of the along-strike offset variation will be
presented and discussed along with the field offset measurements
(Nowroozi & Mohajer-Ashjai 1980) in Section 5.1.1.

On the NS displacement field, a discontinuity trending ∼N100◦E
is visible near longitude 59◦42’E. Given the orientation of this seg-
ment, this signal could involve ∼N10◦E shortening. This segment
could be attributed to a mapped fault but no Mw ≥ 5 earthquakes
occurred on or in the immediate vicinity of this fault between 1976
and 2017 (Walker et al. 2011). Additionally, it is unlikely that the
EW left-lateral strike-slip Khuli-Boniabad earthquake produced NS
shortening on a N100◦E fault. Finally, several sources of noise could
explain this signal. There is a river flowing along this segment that
could bias the signal. Moreover, in this area, the NS surface dis-
placement field is correlated with topography. It is likely the result of
the epipolar plane, which contains the majority of the stereo signal,

aligning closely to the NS direction. Thus, we are rather confident
that this N100◦ discontinuity is not a tectonic signal. Concerning
the Khuli-Boniabad rupture, the NS surface displacement field is
expected to be low due to the EW strike-slip mechanism of the
rupture. However, close to both ends of the rupture, detectable NS
displacements also highlight the fault trace (Fig. 2b). Unfortunately,
the NS offsets are not sufficiently clear to be measured.

4.2 The 1997 M w 7.2 Zirkuh earthquake

4.2.1 NS and EW displacement fields of the Zirkuh earthquake

Fig. 3 a displays the NS surface displacement field of the 1997
Mw 7.2 Zirkuh earthquake obtained from SPOT image correlation.
The surface displacement field shows many decorrelation areas due
to the surface changes that occurred during the ∼10 yr separating
the pre- and post-images. Most of these surface changes occurred
in alluviums and deposit areas or are man-made modifications in
cities or agricultural zones.

Despite the noise due to temporal decorrelation, the NNW–SSE
rupture trace can be well mapped. According to the clearness of the
surface rupture trace, we divide the fault in five sections. On three
sections of the fault, the surface rupture trace is unambiguously
identifiable thanks to clear steps in the surface displacement field
across the fault. We name these sections the Korizan section (north
of latitude 33.80◦), the Bashiran section (between latitude 33.5◦and
39.65◦) and the Zeydan section (south of latitude 33.36◦; Fig. 3a).
In between these three zones, in the Ardekul and Mirabad sections,
the surface trace of the rupture is less clear (Fig. 3a). In the Ardekul
section, surface displacements change only very gradually across
the fault (Fig. 3c, profile DD’). In the Mirabad section, the fault trace
seems to be more complex and composed of two fault branches, an
eastern and a western fault branch, which could connect to the two
fault branches clearly identifiable in the southern part of the Korizan
section (Fig. 3b).
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Figure 2. Khuli-Boniabad earthquake surface displacement fields from the
correlation of KH9 and Sentinel-2 images (average of KB3 and KB4 dis-
placement fields, Table 2) over the source region of the 1979 Khuli-Boniabad
earthquake. (a) Eastwest displacement field. The white lines are the location
of the profiles on (c and d). (b) North–south displacement field. The white
arrows mark the fault trace. Displacement is positive for northward and
eastward motions. (c and d) Fault-perpendicular profiles. The thick black
line is the stack of 51 profiles on a 4-km-wide box whereas the dashed lines
represent the standard deviation of the stacked profile. The fault offsets are
estimated by fitting linear regressions to the surface displacement profiles on
either side of the fault and measuring the surface displacement difference
of the linear regression across the fault. The error of the estimated fault
offset is given by the root mean square of standard deviations of the linear
regressions on each side of the fault.

Fig. 3(c) shows five fault-perpendicular profiles representative of
each section of the fault (see Fig. 3a for profiles location). In the
Korizan section, on profile AA’, the NS offset across the fault is 2.02
± 0.58 m. In the Mirabad section, the profile BB’ does not show
a clear offset; a large bump is located on the western fault branch
(−4 km) and the eastern fault branch is highlighted by an increase
of noise east of 0 km. In the Bashiran section, on profile CC’, the
NS displacement offset is 2.31 ± 0.70 m. In the Ardekul section, on
profile DD’, the NS displacement gradient is wide and the measured
offset is very low (0.19 ± 0.47 m). In the Zeydan section, the profile
EE’ shows an offset of 1.90 ± 0.2 m. The standard deviation of the
stacked profiles AA’, BB’ and CC’ is higher on the eastern part of
the fault than in the western part due to phase decorrelation. Finally,
the profile CC’ shows a large convex signal in the eastern part of
the fault due to the southward migration of several sand dunes.

Fig. 4(a) displays the EW surface displacement field of the 1997
Mw 7.2 Zirkuh earthquake. The surface displacement field shows
the same decorrelation areas as seen in the NS displacement field.
As expected for a NNW–SSE strike-slip fault, the changes in sur-
face displacement across the surface trace of the rupture are smaller
in the EW directions (Fig. 4a). The five sections of the fault are

therefore more difficult to differentiate. Indeed, offsets smaller than
∼1 m are difficult to detect given the spatial resolution of the opti-
cal images used and the high level of temporal decorrelation in the
resulting displacement fields. In the Korizan section and Mirabad
section, the offsets across the fault are below the noise level of the
data and are thus not detectable (Profiles AA’ and BB’, Fig. 4b).
Moreover, the profile BB’ shows a peak at −3.5 km located at the
same place as the western fault branch in the NS displacement field
(Fig. 3). On the Bashiran section, the profile CC’ shows an offset of
0.70 ± 0.57 m. The Ardekul section still shows a low displacement
gradient across the fault (0.40 ± 0.47 m on profile DD’). Finally,
in the Zeydan section, the EW surface displacement field shows
a topographically correlated signal on the eastern part of the fault
(see also Fig. S4 in supporting information). This signal occurs due
to topography that was locally changed by the earthquake and off-
nadir look angles (25.8◦ and 26◦, Z3 in Table 1), while using only
one DEM (here post-earthquake) to orthorectify both the pre- and
post-earthquake images (Ayoub et al. 2009). This topographically
correlated signal mostly shows in the EW component because the
viewing angle of SPOT satellite can only be adjusted in the across-
track direction (i.e. ∼E–W). It can be corrected only if the vertical
surface displacements can be neglected (Ayoub et al. 2009). Unfor-
tunately, it is not the case in the southern part of the rupture, based
on field measurements and InSAR data (Berberian et al. 1999; Sud-
haus & Jonsson 2011). Consequently, part of the vertical surface
displacement is projected into the apparent EW surface displace-
ment component. Therefore, the clear 1.14 ± 0.36 m offset visible
on the profile EE’ is apparent and could include a part of the vertical
displacement.

4.2.2 N12◦ displacement field of the Zirkuh earthquake

The Fig. 5 shows the horizontal surface displacement field of the
Zirkuh earthquake in the N12◦ azimuthal direction inferred from the
correlation of JERS-1 SAR amplitude images. The level of noise is
higher than in the NS displacement field, although we can still clearly
detect the five sections of the fault. The Korizan, Bashiran and
Zeydan sections are still characterized by large surface displacement
offsets across the fault (Fig. 5b), whereas the gradients of the N12◦

surface displacement are low in the Mirabad and Ardekul sections
(Fig. 5b, BB’ and DD’ profiles). Indeed, the offsets of profiles
AA’, CC’ and EE’ are 1.44±0.23 m, 1.88±0.46 and 2.32±0.55 m,
whereas they are 0.77±0.27 m and 0.45±0.31 m, in profiles BB’ and
DD’, respectively. In the Mirabad section, no observation confirms
the presence of the western branch seen in the NS displacement field
(Fig. 3b). This zone is characterized by a smooth gradient across
the fault, similar to the Ardekul section.

4.2.3 Constraints on the vertical displacement field of the Zirkuh
earthquake

The three displacement fields described above give constraints only
on the horizontal displacement field of the Zirkuh earthquake. To
give constraints on the vertical surface displacements, we use the
JERS-1 SAR interferogram processed by Sudhaus & Jonsson (2011)
that encompasses the entire rupture. The InSAR technique measures
the surface displacement in the LOS of the sensor, which is on aver-
age 39◦off the vertical for the JERS-1 satellite. The InSAR surface
displacements are thus more sensitive to the vertical component
of surface displacement, as ∼ 78 per cent of the vertical displace-
ment is projected in the LOS component, whereas only ∼ 63 and
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Figure 3. (a) Zirkuh earthquake north–south surface displacement field (m) from SPOT images correlation. Displacements are positive northward. The grey
boxes represent the location of the profiles shown in (c). On the left of the figure, the thick black lines delimit sections of large surface displacement gradients
and the dashed lines delimit sections of small surface displacement gradients across the fault. (b) Zoom on the Mirabad section. Ches. Sh. means Cheshmeh
Shahtut. (c) Fault-perpendicular profiles. The thick black line is the stack of 12 profiles on a 2-km-wide box whereas the grey envelope represents the standard
deviation of the stacked profiles.

∼ 10 per cent of the EW and NS surface displacements are pro-
jected in the LOS component, respectively. The noise level is very
low on the LOS displacement field but the interferometric phase
decorrelation due to large phase gradients near the fault prevents
any offset measurements in the near-field (Fig. 6). To fill the ob-
servational gap and to estimate LOS surface displacement offsets
across the fault, we use the predictions of the source model esti-
mated by Sudhaus & Jonsson (2011; Fig. 6b). Xu et al. (2016) have
shown, when inverting InSAR data to produce a fault slip model,
that large data gaps near the fault can artificially give rise to shallow
slip deficit in the slip model. Hence the offsets that we estimate
using the source model of Sudhaus & Jonsson (2011) could be un-
derestimated. However, the offsets are internally consistent when
taken as a whole. According to Fig. 6(b), the profiles of all sections
except the Mirabad section are characterized by high slip gradient
across the fault. The offsets of profiles AA’, BB’, CC’, DD’ and
EE’ are 0.50, 0.30, 0.70 and 0.79 m and 1.20 m, respectively, in the
LOS direction.

5 D I S C U S S I O N

5.1 Comprehensive overview of surface displacement
fields of the Khuli-Boniabad and Zirkuh earthquakes

5.1.1 Khuli-Boniabad earthquake

In Fig. 7(b), we show the comparison of the surface rupture of the
Khuli-Boniabad earthquake mapped from optical image correlation
(Figs 2 a and 7a) with the one obtained from field investigation

(Nowroozi & Mohajer-Ashjai 1980). We also map the trace of the
fault rupture using both the 0.5 m Pléiades images and the 2 m
Pléiades DEM (Figs 7 b and 8). While we are not able to map
the entire surface rupture trace from optical correlation and high-
resolution Pléiades imagery, the three data sets represent the most
comprehensive data set thus far.

The three surface rupture maps are broadly consistent. The west-
ern part of the rupture, from the extensive relay zone observed from
field mapping (point E, Fig. 7b), is very similar from one dataset to
another. In particular, they all highlight the sharp fault bend west of
Khuli (west of point F, Figs 7b and 8, Section 4.1 and Fig. 2). They
also roughly show the same spatial extent, except in the region west
of the bend, where the EW displacement field does not show any
clear surface fault trace, and where the surface fault trace mapped
from Pléiades imagery differs from the field mapping. However,
the 1968 Mw 7.1 Dasht-e-Bayaz earthquake also broke this part of
the fault (Ambraseys & Tchalenko 1969). Thus, we cannot be sure
that the fault trace seen in the Pléiades images is due to the Khuli-
Boniabad earthquake, or the earlier event. Indeed, the arid climate
in this region makes the surface rupture trace well preserved. As
only 11 yr separate the earthquakes, the 1979 rupture can be hard
to distinguish from the 1968 one. Finally, about 10 km from the
eastern end of the rupture and continuing for 17 km (up to point D),
rupture traces from the optical correlation data and high-resolution
Pléiades data are similar, but differ from the field measurements.
The field-mapped rupture trace is clearly located ∼2 km further
north at point B. For the rest of the rupture, from point D to E, it
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Figure 4. (a) Zirkuh earthquake east-west surface displacement field (m) from SPOT images correlation. Displacements are positive eastward. The grey boxes
represent the location of the profiles shown in (b). The thick black lines delimit sections of high surface displacement gradient and the dashed lines delimit
sections of low surface displacement gradient. (b) Fault-perpendicular profiles. The thick black line is the stack of 12 profiles on a 2-km-wide box whereas the
grey envelope represents the standard deviation of the stacked profiles.

is difficult to resolve precisely the rupture trace both from the im-
age correlation and the high-resolution Pléiades data, and we thus
cannot meaningfully compare it to the field rupture trace.

We now compare the fault offsets (Fig. 7c) measured in the field
(Nowroozi & Mohajer-Ashjai 1980) with the ones estimated from
the EW optical surface displacement data (Figs 2a and 7a). Such a
comparison is meaningful because the fault strike is east–west and
the fault mechanism is mainly left-lateral strike-slip. On the eastern
part of the rupture, between points A and D (about 23 km), fault
offsets are well described along the rupture with the optical corre-
lation data, but only sparsely described with field measurements.
On the western part of the rupture, from point E to the end of the
rupture (about 21 km), it is roughly the contrary. Both data sets are
thus very complementary. On the eastern part, the EW optical fault
offsets are about 2.5 m with a maximum of 3 m near 28 km, which
decrease to 1 m at 25 km. Along this part of the rupture, only two
along-strike and vertical field offsets were measured. They are esti-
mated to be less than 0.5 m. The along-strike field offset measured
at 22km could be in good agreement with the EW optical offset at
25 km. However, the field and optical offsets measured at 32 km are
not consistent with each other. On the western and E–W striking
part of the rupture (from point E to F), the horizontal and vertical
field offsets gently increase from 0.5 to 2.5 m, whereas no reliable
E-W optical offsets can be measured due to temporal decorrelation.
West of point F, where the fault strike becomes north–south, vertical
field offsets reach 4 m at –2.5 km and both horizontal and vertical
field offsets decrease abruptly to zero at ∼–10 km. On this part of
the rupture, the EW optical offsets form a sharp curve reaching
∼5 m, consistent with the field measurements. Similar offsets in

both the EW and vertical suggest this 7-km-long and NS-striking
fault segment is a thrust with a ∼45E dip.

Finally, the field and E–W optical offset measurements are either
in good agreement either complementary almost everywhere except
in the eastern part of the rupture (between points B and C). It
is also where the rupture trace from field mapping does not well
match the trace derived from the optical displacement data and high-
resolution Pléiades images (at a ∼ 2 km level, see Fig. 7b). We are
confident in our correlation results as the surface displacement field
clearly discriminates the rupture location (Fig. 7a). We therefore
suggest that the main rupture trace has been missed during the
field investigations, which may also explain the low offsets they
measured.

If so, the combination of the field and EW optical offset curves
indicates two peaks in surface slip separated by a zone of lower
surface slip. The western peak (17 km length minimum) is sharp
with a mainly strike-slip component on the EW striking part, and a
thrust component on the NS striking part. The eastern peak (15 km
length minimum) appears smoother, although our data does not well
describe each end. The low surface slip zone (i.e. with slip lower
than 1 m, between points D and E) is more difficult to characterize,
although its length should not exceed about 15 km. Moreover, the
fact that the rupture trace could also not be retrieved either from
optical correlation data or from high resolution optical Pléiades data
between 10 and 22 km may suggest: (1) low localized displacement,
(2) distributed displacement on several fault branches, (3) higher
erosion of the scarps than elsewhere, which would limit the rupture
detection in the optical Pléiades data and increase the temporal
decorrelation in the optical correlation data or (4) a combination
of these explanations. While we still miss along-strike data, we
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Figure 5. (a) Zirkuh earthquake N12◦ surface displacement field (m) from SAR images correlation. Displacements are positive towards N12◦ direction. The
grey boxes represent the location of the profiles shown on (b). On the left of the figure, the thick black lines delimit section of large surface displacement
gradient and the dashed line delimit the section of small surface displacement gradient (b) Fault-perpendicular profiles. The thick black line is the stack of 12
profiles on a 2 km-wide box whereas the grey envelope represents the standard deviation of the stacked profiles.

suggest that the Khuli-Boniabad earthquake results in a rupture of
two main segments separated by a low slip zone (segments S1 and
S2, Fig. 7c).

The optical surface displacement field we obtain is not as precise
as displacement fields obtained with more recent, or higher reso-
lution data, with smaller temporal baselines (e. g. Milliner et al.
2015; Vallage et al. 2015; Hollingsworth et al. 2017), but we think
our results demonstrate the capacity of optical image correlation
data to revisit pre-modern geodesy earthquakes (before the 1990s)
that may have not been intensively investigated in the field after
the event. Furthermore, the data used in this study may represent
a more typical situation when studying past earthquakes, and thus
the processing undertaken and precision of results reported here
will be more relevant to the majority of future studies. Our results
also highlight the value that remotely-sensed near-field surface dis-
placements can have in guiding field investigations following large
earthquakes.

5.1.2 Zirkuh earthquake

Fig. 9 compares the surface rupture trace of the Zirkuh earthquake
obtained from field mapping (Berberian et al. 1999), with the Z1,
Z2, Z3 and KB2 north–south optical surface displacement fields
(Fig. 3 and S5 in supporting information), as well as the Z4 N12◦

SAR surface displacement field (Fig. 5). All datasets show broadly
the same trace of the surface rupture: the northern part is curved (Ko-
rizan section), then the fault strike changes and continues broadly
at N150◦ until the end of the rupture. However in the south, nei-
ther the Z3 optical or the Z4 SAR surface displacement fields show

the NW–SE southernmost segment of the main rupture, or the two
small segments located either side of the fault which were mapped
in the field. In the north, the end of the rupture is also not well
resolved by our data because the displacements drop below our
detection threshold (∼1 m). In the Mirabad section, the western
branch has not been mapped during field investigation (Berberian
et al. 1999) even though it is located at the southern continuity of
the Cheshmeh Shahtut segment (Fig. 3b) and is not visible in the
Z4 or the NS KB2 displacement fields. Furthermore, profile BB’
on the EW displacement field (Fig. 4b), shows a large peak at the
location of the western branch that cannot be interpreted as a co-
seismic offset. We thus conclude the EW and NS signal observed
in the Mirabad section on the optical surface displacement data
is not tectonic (Fig. 3b), and possibly results from differences in
sunshading between the images, coupled with small topographic
residuals.

In order to quantify the variation of surface slip along the rup-
ture of the Zirkuh earthquake, we examine 55 fault-perpendicular
displacement profiles spaced every 2 km along the NS and EW
optical displacement components (Z1, Z2 and Z3), and the LOS
component from the InSAR-based model. The high level of noise
on the Z4 N12◦ surface displacement field does not allow us to
measure a profile every 2 km; we therefore measure only 25 profiles
from this dataset. The various offsets are shown together in Fig. 10,
along with the along-strike and vertical field offsets measured by
Berberian et al. (1999).

Comparing these offsets is not straightforward. However, we
think the comparison between the NS and N12◦ azimuth offsets
is reasonable, despite the small difference in azimuth. Due to the
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Figure 6. (a) Zirkuh earthquake LOS surface displacement field (m) measured by InSAR (Sudhaus & Jonsson 2011). Positive displacement indicates a ground
motion towards the satellite (black arrow). The grey boxes represent the location of the profiles shown in (b). On the left of the figure, the thick black lines
delimit sections of high surface displacement gradient and the dashed lines delimit sections of low surface displacement gradient. (b) Fault-perpendicular
profiles. The thick black line is the stack of 12 profiles on a 2-km-wide box and the dashed red line is model predictions based on InSAR data (Sudhaus &
Jonsson 2011).

satellite LOS and the fault strike, the amplitude of the displace-
ment is expected to be 2–6 per cent smaller than the amplitude of
the NS displacement. Because of the average fault strike, which is
roughly in the NS direction as well, we may compare along-strike
field offsets with our measured offsets. Finally, the modeled-LOS
displacement offsets across the fault are from a different orientation
and rather provide information on the vertical component of the
displacement (see Section 4.2.3). We thus make our comparison
carefully, and mostly restrict the analysis to a qualitative one.

The curve of NS fault offsets along the fault (Fig. 10b) shows
three zones of maximum fault offsets separated by two zones of
small fault offsets. The three zones of large NS fault offsets are
characterized by three rather symmetrical ellipses with similar max-
imum amplitude (2.67±0.8, 2.32±0.84 and 2.77±0.56 m, respec-
tively, from North to South). In the two zones of small NS fault
offsets, the offset amplitude decreases to zero. The data allow a
precise localization of these zero offsets: at about 25 km along the
fault, in the Mirabad section, and at 60–70 km along the fault, in the
Arkedul section. The offset error is larger in the first 70 km because
of the higher level of noise due to temporal decorrelation in the Z1
and Z2 displacement fields compared to the Z3 one as discussed in
Section 4.2.1. The N12◦ offsets confirm the large scale pattern, in
particular the NS optical and N12◦ SAR offsets agree well from 55
to 95 km (within the error). However, near 35 km, the N12◦ offsets
are significantly higher than the NS optical ones. The source of this
small discrepancy is unclear.

In general, the along-strike field offsets show the three regions of
largest displacements. However, the along-strike curve is smoother,
with smaller maximum offsets (2.1, 1.90 and 2.23 m, respectively,

from north to south), but higher offsets (up to 1.2 m) in the Mirabad
and Ardekul sections than in the NS offset curve. In the Mirabad
section, the surface rupture has been mapped in the field with four
small segments on which the offsets do not exceed 1.2 m and in
between where the offsets are zero. These small offsets occur over
small distances which explain why the surface rupture trace is not
clearly visible in the optical displacement data. In the Ardekul sec-
tion, the NS and N12◦ offsets are in agreement and close to zero,
although the field offsets reach 1.10 m. The Ardekul section is de-
scribed by Berberian et al. (1999) as a 800 m wide shear zone with
distributed deformation on secondary faults. Thus the field offsets
in this zone could also have been observed not in a continuous way
but rather at discrete locations.

The slip-curve of the EW offsets (Fig. 10c) shows a similar pat-
tern to the NS offset curve, mainly because of the two obvious
minima localized in the Mirabad and Ardekul sections (at about
26 and 60 km, respectively). The amplitude of the EW offsets are
much smaller (less than 1 m), except in the Zeydan section (Fig. 10c)
where they show a significant apparent eastward movement east of
the fault. The EW offsets increase progressively reaching a max-
imum of 2.08±0.56 m at ∼ 90 km along the fault and decrease
rapidly to 0.44±0.50 m at 95 km along the fault. The modeled-LOS
fault offsets can also be divided in three zones but with some differ-
ences in the along-strike slip pattern. The first minimum is located
at the southern end of the Mirabad section (at about 40 km along the
fault). Also, a plateau would better describe the modeled-LOS offset
variation in the Bashiran section than a bump with no decrease in
the Ardekul section. They increase at the Ardekul-Zeydan boundary
up to ∼ 90 km along the fault to finally decrease rapidly near 95 km
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Figure 7. (a) EW surface displacement field for the Khuli-Boniabad earthquake. (b) Comparison of the surface rupture traces determined from field
investigation (Nowroozi & Mohajer-Ashjai 1980), from optical image correlation, and from 0.5 m-resolution Pléiades image and 2-m shaded DEM (c) Fault
offsets: comparison between along-strike and vertical (Ver.) field offsets and EW offsets from optical image correlation. The black arrows delimit the two main
segments of the Khuli-Boniabad earthquake (segments S1 and S1). The 0 km is located at the longitude of Khuli. Note that offsets located at negative distance
are measured on the NS small segment.

along the fault, as the EW offsets (see Fig. 10b). We thus conclude
that the modeled-LOS fault offsets reflect the existence of important
vertical surface displacements and dip-slip motions on the fault in
the Zeydan section, and in the southern part of the Mirabad and
Ardekul section where horizontal offsets are minimal. It also con-
firms that a part of the vertical surface displacement is projected in
the Z3 EW surface displacement field (see Section 4.2.1).

To summarize, the whole data sets allow characterizing three
main segments where deformation is localized and the slip high
on the fault rupture trace. These segments are separated by zones
of distributed deformation along with reduced total slip across the
fault zone. Significant vertical displacements are observed at each
intersegment and in the Zeydan section. These vertical displace-
ments are growing from north to south with a maximum on the
Zeydan section.

5.2 Insights into the 1979 M w 6.6 Korizan earthquake

The KB2 displacement field of the Khuli-Boniabad earthquake cov-
ers also the northern part of the Abiz fault (Fig. 1). Thus, we can

compare the surface displacement field in the northern part of the
Abiz fault along the Korizan section over two different periods
(Fig. 11). The first period covers 1976–2017 (NS KB2 displace-
ment field, Tables 1 and 2) and the second 1991–2005 (Z1, Tables 1
and 2). Note that we do not show the comparison between the
1976–1991 and 1991–2005 displacement fields because of strong
illumination artifacts in the 1976–1991 correlation results. The sur-
face rupture trace of the curved fault along the Korizan section is
visible in both the 1976–2017 and 1991–2005 surface displacement
fields (Fig. 11). However, the amplitude of the displacement offsets
across the fault varies, as shown in Figs 11(c) and (d). This figure
shows three profiles crossing the Abiz fault trace for the two periods
along with the measured fault displacement offsets.

The 1976–2017 offsets are higher than the 1991–2005 offsets in
the north and progressively decrease southwards until they are equal
within the uncertainty. This phenomenon cannot be explained by
post-seismic deformation following the Zirkuh earthquake. Indeed,
the 1991–2005 surface displacement field includes the first 8 yr of
post-seismic deformation. The largest part of post-seismic deforma-
tion by far should be included in the period immediately following
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Figure 8. (a) 0.5 m Pléiades image showing the surface rupture trace, on the western part of the fault, where the fault bends to the north. Rectangles in (a)
indicate the location of (b–f). On each figure, the white triangles highlight the surface rupture. (b) Close-up view showing details of the surface rupture at the
fault bend. (c) Shaded version of the 2-m Pléiades DEM of the same area than (b). (d–f) Close-up view showing details of the surface rupture where it is mainly
strike-slip.

the mainshock. Moreover, the 2005–2017 displacement field does
not show offsets across the Abiz fault. Thus, the offset difference is
probably due to another seismic event that may have broken the Abiz
fault between 1976 and 2017. The only reported earthquake that has
broken this part of the Abiz fault up to the surface between 1976
and 1991 is the 1979 Mw 6.6 Korizan earthquake. A surface rup-
ture, located further north near the connection between the Abiz and
the Dasht-e-Bayaz faults was also reported and has been produced
either by the Khuli-Boniabad earthquake or by the Kalat-e-Shur

earthquake (see Section 2.1). However, reported displacements for
this rupture section are too low [a few centimetres only, Nowroozi
& Mohajer-Ashjai (1980)] to be detectable in our data. The offsets
likely result from the Mw 6.6 Korizan earthquake. It means that
this earthquake would have produced up to ∼2.60 m of surface
offset, although only 1 m has been measured in the field (Berberian
& Yeats 1999). Although such a large offset could be surprising for
an Mw 6.6 earthquake, an offset of ∼2 m was observed for the 2016
October 30 Mw 6.5 earthquake in Italy (INGV 2016) and offsets
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Figure 9. Surface rupture trace of the Zirkuh earthquake from field mapping
(black line), optical image correlation data (red and green lines) and SAR
image correlation data (blue line).

reaching 45 cm were observed for a Mw 5 strike-slip earthquake in
the Ecuadorian Andes (Champenois et al. 2017).

5.3 Surface displacement field, fault segmentation, and
rupture propagation

The variation in slip along-strike of the Khuli-Boniabad and Zirkuh
surface ruptures allows us to characterize each rupture into several
segments, with the inter-segments located in the zones of low slip.
We examine the correlation between inter-segment location and
fault geometry to understand how geometry may impact rupture
propagation during each earthquake. Indeed, geometrical complex-
ities, like fault bends or step-overs, are known to impede or arrest the
propagation of ruptures (King & Nabelek 1985; Wesnousky 2006).
Localized coseismic surface displacements are generally lower in
zones of structural complexity, and has been observed for many
earthquakes (e.g., Clark 1972; Liu-zeng et al. 2009; Wei et al. 2011;
Choi et al. 2012; Zinke et al. 2014; Milliner et al. 2015, 2016).

The Khuli-Boniabad earthquake broke two main segments of the
eastern part of the Dasht-e-Bayaz fault. The eastern end of the S2
segment is simply delimited by the end of the Dasht-e-Bayaz fault.
We cannot discriminate the precise location of the inter-segment
between S1 and S2 because of a lack of along-strike offsets. How-
ever, the field mapping of the rupture trace shows an extensive relay
zone between the two zones of high displacement (point E, Fig. 7b)
that could be where localized displacement is minimum. Finally,
the segment S1 is delimited to the west by the NS-striking part of
the rupture. Indeed, the combined offset measurements do not show
significant displacement to the west of this NS segment (Fig. 7b).
Considering that the rupture nucleated in the east and propagated
westward, it thus seems that the fault bend and thrust behaviour

of this section have acted as a geometric and mechanical barri-
ers that halted the rupture propagation during the Khuli-Boniabad
earthquake.

Despite no significant offsets being observed west of the fault
bend in the optical correlation data, a surface rupture in this area
was mapped in the field. This part of the fault had already broken
during the earlier 1968 Mw 7.1 Dasht-e-Bayaz earthquake (Fig. S6
in supporting information) but, as for the Khuli-Boniabad earth-
quake, only a small offset (<0.5 m) had been measured on this
part of the rupture (minor segment S3 in Fig. S6). Indeed, previous
studies indicate that the Dasht-e-Bayaz earthquake broke two main
segments of the western part of the Dasht-e-Bayaz fault (Ambraseys
& Tchalenko 1969; Tchalenko & Ambraseys 1970; Tchalenko &
Berberian 1975,and segments S1 and S2 in Fig. S6). The compari-
son of the rupture trace with the along-strike slip profile indicates
that the main intersegment is located at a large step-over where the
earthquake also nucleated, whereas the eastern end of the segment
S2 coincides with a major change in fault strike (Fig. S6).

The Zirkuh earthquake broke three main segments of the Abiz
fault. The northernmost intersegment (Mirabad section) corre-
sponds to a change in fault strike. In the south, the second inter-
segment (Ardekul section) is a 800 m large relay zone that could
correspond, at depth, to a sharp change in fault dip (Marchandon
et al. 2018). The rapid termination of slip at the southern end of the
rupture, as seen in the field, LOS and EW optical correlation data,
suggests that the rupture, which nucleated in the northern part of
the Abiz fault and propagated southward (Berberian et al. 1999),
terminated abruptly at the southern end of the fault. As we see for
the Khuli-Boniabad earthquake, the Zirkuh rupture also has been
arrested by a considerable barrier corresponding to a large step-
over (∼10 km) with the Avaz-Gazik fault (see Fig. 1b). Finally, the
Zirkuh earthquake rebroke the northern part of the Abiz fault that
had already ruptured during the 1979 Mw 6.6 Korizan earthquake.
Such scenarios, where a same segment broke twice over a short
period of time, have already been observed elsewhere. For example,
the 1979 Mw 6.6 Imperial Valley earthquake (California, US) broke
again a segment that had ruptured during a previous Mw 7.1 earth-
quake in 1940 (King & Thatcher 1998; Rockwell & Klinger 2013).
The surface offset curves estimated for both earthquakes on the seg-
ment were nearly identical. According to King & Thatcher (1998),
the interseismic loading is sufficient to explain the re-rupture of the
segment. For the Korizan and the Zirkuh earthquakes, the maximum
offsets are not located at the same place and the interseismic loading
is not fast enough to explain the repeated slip. On the re-ruptured
segment, the offsets of the Zirkuh earthquake increase southward
whereas they increase northward for the Korizan earthquake. There-
fore, the repeated rupture during the Zirkuh earthquake could be due
to stress readjustments at places that did not slip enough during the
Korizan earthquake (Vallée & Satriano 2014). Moreover, the Zirkuh
earthquake produced only minor surface displacement on this part
of the fault, and the rupture propagated mainly to the south. Thus,
the part of the fault that broke during the Korizan earthquake may
have acted like a stress barrier during the Zirkuh earthquake (Aki
1979; Harris & Simpson 1996; Scholz 2002; Moreno et al. 2010).

5.4 Coseismic rupture, long-term fault properties and
seismic hazard in th NE Lut

The Dasht-e-Bayaz and Abiz faults share some similarities: (1) they
are strike-slip faults, (2) they can generate large earthquakes (M >

7), (3) they do not show any evidence of creep and (4) they have
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Figure 10. Offsets along the fault of the Zirkuh earthquake. The offsets are estimated by fitting linear regressions to the surface displacement profiles on either
side of the fault and measuring the surface displacement difference of the linear regression across the fault. The error of the estimated fault offset is given by
the root mean square of standard deviations of the linear regressions on each side of the fault.(a) Surface rupture trace from field investigations (Berberian
et al. 1999) and NS optical displacement fields. K, Mi, Ar and Ze are the location of Korizan, Mirabad, Ardekul and Zeydan cities respectively. (b) The thick
blue line and the grey envelop represent the NS optical offsets and their uncertainties respectively. The orange points are the SAR N12 offsets, the black points
the horizontal field offsets measured by Berberian et al. (1999) and the pink dashed line the modeled-LOS offsets. (c) The thick blue line and the grey envelop
represent the EW optical offsets and their uncertainties, respectively. The pink dashed line is the modeled-LOS offsets. On each figure, K, M, B, A and Z mean
Korizan, Mirabad, Bashiran, Ardekul and Zeydan sections, respectively. The light grey area labelled ”NO DATA” is the zone no covered by the optical data
(Fig. 1).

roughly the same length (150 km versus 125 km for the Dasht-e-
Bayaz and Abiz faults, respectively). However, they did not break
the same way. The Dasht-e-Bayaz fault did not break along its entire
length (instead breaking 110 km over two earthquakes), whereas the
Abiz fault broke entirely during the Zirkuh earthquake. We therefore
discuss the pattern of coseismic surface ruptures in relation to the
long-term fault properties to better understand this difference in
failure style.

According to Manighetti et al. (2007), structural maturity of
faults is an important ingredient controlling rupture extension. As
faults mature, the length of coseismic ruptures tends to increase,
along with the number of broken segments seen along the fault. We
use the maturity criteria of Manighetti et al. (2007) to discuss the
characteristics of the 1968, 1979 and 1997 earthquakes with regards
to the Dasht-e-Bayaz and Abiz faults. Manighetti et al. (2007) used
a combination of four parameters to characterize the maturity of a
fault: (1) the total long-term displacement, (2) slip rate, (3) fault
length and (4) initiation age.

For the Dasht-e-Bayaz fault, except for the initiation age which
is unknown, there are estimates for the other parameters. The cu-
mulative lateral offset on the Dasht-e-Bayaz fault is relatively small
(∼5.5 km, Walker et al. (2004)). Two consistent Holocene slip rates
of minimum 2.5 mm yr–1 have been estimated from the datation
of lateral offset of man-made features (Fattahi 2015) and lake-beds
(Fattahi et al. 2015). Geodetic data would suggest a possibly lower
slip rate at the present day (Walpersdorf et al. 2014). The Dasht-e-
Bayaz fault is about 150 km long.

The Abiz fault, on the other hand, is located at the north end of the
600- km-long Sistan Suture Zone. Walker & Jackson (2004) have
estimated 90 km of cumulated lateral offset at the latitude 30◦N.
In the central Sistan Suture Zone (lat. 31.5◦N to lat. 32.5◦N), the
Holocene slip-rate estimate is 8±4 mm yr–1 (Meyer & Dortz 2007),
consistent with the geodetic data (5.6±0.6 mm yr–1, Walpersdorf
et al. 2014). The initiation age of the Abiz fault is unknown.

Based on these maturity parameters, the Abiz fault would
be deemed more mature than the Dasht-e-Bayaz fault, and thus
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Figure 11. NS displacement field of the northern part of the Abiz fault between (a) 1976–2017 and (b) 1991–2005. Fault-perpendicular profiles measured on
the NS displacement field of (c), (a) and (d) (b). In (c–d), each profiles is a stack of 12 profiles in a 2-km-wide box.

may rupture more (and longer) segments during an earthquake
(Manighetti et al. 2007). Indeed, both the Dasht-e-Bayaz and Khuli-
Boniabad earthquakes broke two main segments of ∼25 km length,
whereas the Zirkuh earthquake broke three main segments of
∼40 km length. Moreover, the westernmost segment of the Dasht-
e-Bayaz fault (Fig. S7a in the supporting information) remains un-
ruptured during this sequence, whereas the entire Abiz fault broke.
The various segments of the Abiz fault may therefore be more con-
nected than those of the Dasht-e-Bayaz faults, thus facilitating the
propagation of rupture across the inter-segment zones (Manighetti
et al. 2007).

An increased level of structural maturity for the Abiz fault is also
supported by the comparison of the long-term trace of the Dasht-e-
Bayaz and Abiz faults with the coseismic rupture trace during the
three earthquakes. The Zirkuh rupture trace is consistent with the
long-term trace of the Abiz fault (Fig. S7b), whereas the Dasht-e-
Bayaz and Khuli-Boniabad rupture traces do not follow the long-
term trace of the Dasht-e-Bayaz fault for 60 per cent of the fault
length (Fig. S7a). Finally, according to Manighetti et al. (2007), the
maturity of a fault also influences the maximum coseismic slip; over
the same length, a mature fault will produce a smaller maximum
slip than an immature fault. In our case, the Dasht-e-Bayaz and
Khuli-Boniabad earthquakes have a maximum surface slip around
4.5 m with a rupture length of ∼60 km, whereas the Zirkuh rupture
length and maximum coseismic slip are 125 km and ∼3.5 m,
respectively.

The NE Lut sequence broke the 75 per cent of the Dasht-e-Bayaz
fault and the entire Abiz fault between 1968 and 1997. No major

earthquakes have occurred in the NE Lut since this time. However,
these two faults belong to a larger strike-slip fault system, and these
three M > 7 earthquakes will have generated some stress changes on
the surrounding fault segments and surrounding medium (e. g. Stein
et al. 1997). First, the western 30-km-long segment of the Dasht-
e-Bayaz fault that did not break during the sequence is probably
more prone to rupture (Fig. S7). In the event only this segment
ruptures, it will probably not produce a M > 7 large earthquake
(Wells & Coppersmith 1994), but may generate a moderate (M >

6) earthquake (nevertheless, still devastating for populations living
close to the fault trace). Second, in the framework of the East Lut
fault system, the 200-km-long Avaz-Gazik fault (Fig. S7c) forms
the southern continuity of the Abiz fault to the south and has likely
been stressed by the Zirkuh earthquake. Only two major historical
earthquakes (M ∼ 7) have been reported in the East Lut area and
occurred further to the west and to the south of the Avaz-Gazik fault
(Fig. S7c), on the Nauzad and Nosratabad faults in 1493 and 1838,
respectively (Berberian & Yeats 1999). Hence, no large historical
earthquakes are known to have occurred on this section of the East
Lut fault system (Ambraseys & Melville 1982) since at least 500 yr.
Therefore, the Avaz-Gazik fault presents also a high risk to break
and could generate a major destructive earthquake (M ≥ 7).

6 C O N C LU S I O N

In this study, we use correlation of historical and recent optical satel-
lite image and correlation of SAR amplitude images to measure the
surface displacement produced by the three last earthquakes (Mw
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> 6.6) of the 1936–1997 NE Lut earthquake sequence. We suc-
ceed for the first time to measure the surface displacement field
of the 1979 Mw 7.1 Khuli-Boniabad earthquake and to detect fault
offsets produced by the 1979 Mw 6.6 Korizan earthquake (up to
2.60 m). We also complement the surface displacement observa-
tions of the 1997 Mw 7.2 Zirkuh earthquake, with dense near-field
measurements. We find that the 1979 Mw 7.1 Khuli-Boniabad event
broke two main segments of the Dasht-e-Bayaz fault, whereas the
1997 Mw 7.2 Zirkuh event broke three main segments of the Abiz
fault. For both earthquakes, the inter-segments correlate with ge-
ometric complexities along the fault, such as fault bends or large
step-overs. Both earthquake ruptures were arrested by strong ge-
ometrical barriers leading to significant vertical displacements at
the end of each rupture. Moreover, for both earthquakes, the max-
imum surface offsets are ∼4 m, with a rupture length 50 per cent
smaller for the 1979 earthquake than the 1997 one. These two
last observations, as well as the number of broken segments, are
consistent with differing levels of structural maturity for the two
faults, the Dasht-e-Bayaz fault being less mature than the Abiz
fault. The comprehensive surface displacement field analysis of
these earthquakes should be valuable to constrain the NE Lut earth-
quake sequence and fault interaction modelling in the future. Fi-
nally, our study confirms that historic satellite images are useful
for studying surface ruptures of past earthquakes (<1990, even
moderate ones) and should motivate further exploitation of the vast
archive of historical and aerial data to further document surface dis-
placements of past earthquakes (isolated or belonging to a seismic
sequence).
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Supplementary data are available at GJI online.
Figure S1. Illustration of the distortion correction on the KH9-
5001/Sentinel-2 correlation. EW surface displacement field from
the correlation of the KH9-5001 image with the Sentinel-2 image
(KB2, Tables 1 and 2 in the main paper) (a) before and (b) after the
subtraction of a second order polynomial using the detrending tool
of COSI-Corr. The detrending allows to remove a long-wavelength
trend due to film distortion. Due to uncorrected topographic fea-
tures, significant topographically correlated noise are visible in the
displacement field (area delimited by the orange dashed line). The
surface rupture trace is highlighted by orange triangles.
Figure S2. Surface displacement field from the correlation of the
KH9-4001 image with the Sentinel- 2 image (KB3 displacement
field, Tables 1 and 2 in the main paper) Top panel: EW displacement
field. Bottom panel: NS displacement field.
Figure S3. Surface displacement field from the correlation of the
KH9-5001 image with the Sentinel- 2 image (KB4 displacement
field, Tables 1 and 2 in the main paper) Top panel: EW displacement
field. Bottom panel: NS displacement field.
Figure S4. (a) Z3 EW displacement field. (b) Shaded DEM (SRTM
30m) of the same zone. Comparison of figures (a) and (b) shows that
the signal in the eastern side of the fault in figure (a) is correlated
with the ridge of the mountains in (b). On both figures, the red line
highlights the trace of the surface rupture.
Figure S5. NS displacement field from the KB2 correlation (Table 2
in the main paper) covering the northern part of the Abiz fault. The
data are the same than in Fig. 11(a) but with a larger extent.
Figure S6. (a) The black line is the surface rupture trace of the
Dasht-e-Bayaz earthquake (from Ambraseys & Tchalenko 1969;
Tchalenko & Ambraseys 1970; Tchalenko & Berberian 1975)

whereas the grey line is the surface rupture trace of the Khuli-
Boniabad earthquake (Nowroozi & Mohajer-Ashjai 1980). The blue
points locate the Dasht-e-Bayaz (DeB) and Khuli-Boniabad (KB)
cities, the black points show the location of the first and last offsets
in Fig. S5(b), and the orange star locates the epicentre of the Dasht-
e-Bayaz earthquake (Engdahl et al. 2006) (b) Left-lateral offsets
along the fault (from Ambraseys & Tchalenko (1969) Tchalenko
& Berberian (1975). The along-strike offset variations allow delim-
iting three segments. The S3 segment showing very small offsets
(<0.5 m), it is considered as a minor segment of the rupture. The
fault complexities labelled in Fig. S5(a) (step-over and bend) coin-
cide with the intersegments location.
Figure S7. (a) Comparison of the long-term fault trace of the Dasht-
e-Bayaz fault (black lines, from Walpersdorf et al. 2014) with the
rupture trace of the 1968 Dasht-e-Bayaz [green lines, (Ambraseys
& Tchalenko 1969); (Tchalenko & Ambraseys 1970); Tchalenko
& Berberian (1975)] and Khuli-Boniabad (red lines, this study)
earthquakes. (b) Comparison of the long-term fault trace of the
Abiz fault [black lines, from Walpersdorf et al. (2014)] with the
rupture trace of the 1997 Zirkuh earthquake (blue lines, this study).
(c) Long-term fault trace of the segments of the Sistan Suture zone
(from Walpersdorf et al. (2014)). DeB, N, AG, EN, WN, KAH,
NOS mean Dasht-e-Bayaz, Nauzad, Avaz-Gazik, East Neh, West
Neh, Kahurak and Nosratabad, respectively. The grey circle shows
the meizoseismal zones of the ∼M 7 1493 and 1838 historical
earthquakes (from Berberian & Yeats 1999).
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