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Abstract The 2013 M,,7.7 Balochistan earthquake, Pakistan, ruptured the Hoshab fault. Left-lateral motion
dominated the deformation pattern, although significant vertical motion is found along the southern part of
the rupture. Correlation of high-resolution (2.5 m) optical satellite images provided horizontal displacement
along the entire rupture. In parallel, we mapped the ground rupture geometry at 1:500 scale. We show that
the azimuth of the ground rupture distributes mainly between two directions, N216° and N259°. The direction
N216° matches the direction of preexisting geologic structures resulting from penetrative deformation
caused by the nearby Makran subduction. Hence, during a significant part of its rupture, the 2013 Balochistan
rupture kept switching between a long-term fault front and secondary branches, in which existence and
direction are related to the compressional context. It shows unambiguous direct interactions between
different preexisting geologic structures, regional stress, and dynamic-rupture stress, which controlled
earthquake propagation path.

1. Introduction

Major active faults are zones of weakness that bound tectonic plates and accommodate a large part of the
relative plate motion [Bird, 2003]. However, boundary conditions driving plate tectonics evolve through time,
involving continuous reconfiguration of the general plate tectonic scheme. As well, at the scale of plate
boundaries, faults may deform and rotate because of long-term deformation propagation. Fault systems that
were active once eventually become inactive tectonic scars in a new crustal collage. However, according to
the current regional state of stress, these past tectonic structures can be reactivated and accommodate some
deformation. Indeed, these structures are not necessarily perfectly oriented relatively to the current stress
conditions, which results in possible changes of style of deformation, oblique slip, tectonic partitioning,
and distributed deformation [Armijo et al, 1986; Bowman et al, 2003; Fitch, 1972; King et al., 2005;
McCaffrey, 1992; Vallage et al., 2014]. It has been shown, for example, that major suture zones corresponding
to past collision zones have facilitated later localization of tectonic structures currently acting as large
strike-slip faults, such as in Tibet [Tapponnier et al., 2001], or along the North Anatolian fault [Armijo et al.,
1999]. Similarly, some strike-slip faults have occasionally reverse sense of motion through time, to accommo-
date major change in tectonic plate configuration [Tapponnier et al., 1982; Landgraf et al., 2009].

Here we show that at the time scale of a singular earthquake too, we can identify the effect of preexisting
geologic structures on the propagation of an earthquake rupture. In order to do that, one needs to be able
to investigate in detail the rupture process. In the last decade, significant improvement of satellite imagery
has allowed mapping in great detail existing faults distributed over the world and exploring complexity of
earthquake surface ruptures [Klinger, 2010; Klinger et al.,, 2006; Wesnousky, 2006, 2008]. More specifically,
the use of pre-earthquake and post-earthquake images together with image correlation technics makes
possible to measure at high resolution the horizontal displacement field associated with an earthquake
[Van Puymbroeck et al., 2000]. In few cases, combining such measurements with interferometric synthetic
aperture radar allowed accessing the full 3-D surface deformation field and slip at depth [Fialko et al., 2001;
Grandin et al., 2009; Vallage et al., 2015]. Using such techniques, Klinger et al. [2006] pointed to variations
of amplitude of horizontal displacements along strike for the M,,7.8, 2001, Kunlun strike-slip event. Those
variations are related to surficial geometrical complexities, evidencing at-depth fault segmentation at the
scale of 10 to 20 km [Wei et al., 2011]. Such complexities of earthquake ruptures can make identification
and measurement of the total coseismic displacement difficult, as they result in some distribution of the
surficial deformation within the width of the fault zone.
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The 2013 M,,7.7 Balochistan earthquake occurred on the eastern part of the Makran accretionary wedge,
Pakistan (Figure 1a) [Avouac et al., 2014; Barnhart et al., 2014, 2015; Jolivet et al., 2014; Zinke et al., 2014].
The Makran wedge corresponds to the convergence zone between Arabia in the south and Eurasia in the
north. The rate of convergence is ~3cm/yr [Reilinger et al, 2006]. Penetrative shortening affects the
Tertiary rocks, which compose part of the Makran accretionary wedge. As a result, they are heavily folded
and conjugate strike-slip faults, oriented +45° to the main compressional direction, crosscut and offset the
folds [Lawrence et al., 1981; Panagos et al., 2011]. To the northeast, the Chaman fault system accommodates
the relative left-lateral motion between India and Eurasia at about 3 cm/yr [Ambraseys and Bilham, 2003;
Mohadjer et al.,, 2010; Reilinger et al., 2006; Szeliga et al., 2012]. The 2013, M,,7.7, Balochistan earthquake
ruptured 200 km of the Hoshab thrust, a fault connecting the area dominated by compression to the west,
and the strike-slip fault system to the northeast.

The rich satellite imagery coverage (optical and radar) of the 2013 earthquake rupture, combined with arid
climatic conditions, offers an opportunity to look in detail at the ground rupture patterns and deformation
associated with this event. Large-scale kinks and jogs have seemed to control part of the rupture [Gold
et al, 2015; Zinke et al., 2014]. In some sections, due to relative obliquity of the fault zone with boundary
conditions, the surface displacement field indicates that a significant part of the deformation is distributed
in a band associated to shallowing of the fault plane when reaching the surface [Vallage et al., 2015].
Band'’s width varies along strike, in part due to the presence, or not, of loose sediments. The existence of such
band of distributed deformation, mostly located in the hanging wall, results in significant differences in the
amount of horizontal displacement that could be measured in the direct vicinity of the rupture and away
from the fault, at distances of 1km to several kilometers [Barnhart et al.,, 2015; Gold et al., 2015; Vallage
et al., 2015; Zinke et al., 2014].

In this paper, based on detailed mapping of the surface rupture at the scale 1:500, and on measurements of
the horizontal displacement derived from high-resolution optical satellite images correlation, we show that
the total amount of displacement is preserved when one gets close to the rupture. However, along some sec-
tions, rotation occurs that promotes fault-normal displacement instead of fault-parallel displacement, making
it more difficult to quantify the total displacement. These local rotations of the direction of motion are related
to small changes in the azimuth of the rupture, which are quantified, based on our general rupture map.
Eventually, we show that these changes in azimuth of the propagating rupture during the earthquake are
controlled in large part by geologic structures that predate the 2013 earthquake.

2. Materials and Methods

Because field measurements are currently impossible in the area of the M,,7.7, 2013, Balochistan earthquake,
we had to rely on spatial geodesy to investigate the geometry of the rupture. Previous works, based on seis-
mological and radar data, provided information about the rupture at depth but were limited in resolution
about surficial deformation in the direct vicinity of the rupture [Avouac et al., 2014; Jolivet et al., 2014].
Several studies, however, using mostly post-earthquake optical imagery focused on surficial deformation
patterns, pointed to first-order geometrical discontinuities and variability of the slip distribution [Barnhart
et al, 2014, 2015; Gold et al., 2015; Vallage et al., 2015; Zhou et al., 2015; Zinke et al., 2014].

Here we correlate five pairs of optical satellite images from SPOT-5 and two pairs of Landsat 8 images. Each
pair includes one image acquired before the earthquake and a second image acquired after the event.
Both SPOT-5 and Landsat 8 data sets cover the entire rupture area associated with the 2013 earthquake.
Correlation of each pair of images was performed using the open-source software MicMac [Rosu et al.,
2014; http://logiciels.ign.fr/?Micmac]. Details on image processing and associated corrections can be found
in Vallage et al. [2015]. Eventually, the optical images correlation provides us with a continuous horizontal
coseismic displacement field, including in the fault zone, with a ground pixel size of 2.5 m (Figure 1b).

In parallel to displacement measurements based on image correlation, we mapped the surface rupture using
21 postearthquake WorldView optical satellite images complemented by high-resolution images freely avail-
able on Google Earth™. These images are characterized by their high resolution (ground pixel size <1 m) that
allows mapping any crack about the size of a few pixels. Using the Google Earth functionalities to display
image time series, we were able to unambiguously decipher 2013 coseismic ruptures from older ruptures
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Figure 1. (a) Regional context of the 2013 Balochistan earthquake from Avouac et al. [2014], Ader et al. [2012], and Reilinger et al. [2006]. The earthquake ruptured the
Hoshab fault that connects the Makran thrusts with the left-lateral Chaman fault system. Orientations of main folds in Tertiary rocks are in blue. The red footprint
corresponds to Figure 1b. (b) SPOT-5 horizontal displacement field with 2.5 m ground resolution superimposed on Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) digital elevation model (30 m pixel). Displacements toward SW and NE are, respectively, represented negative bluish and positive
yellowish. White and black circles correspond to U.S. Geological Survey epicenter location for the M,,7.7 earthquake and for the main M,,6.6 aftershock, respectively.
b1, b2, c1, c2, and c3 indicate the main kilometric-size surface asperities. f1 and f2 correspond to sharp bends and en echelon cracks at hundred meter scale.

(c) Example of local complex coseismic ground rupture (part of zone f1): amplitude of horizontal displacement is preserved up to the localized thrust mapped directly
from imagery. Same color code as Figure 1b. (d) Azimuth of displacement. Purple colors highlight the transfer from strike-slip-dominated to shortening-dominated
displacement inside the damage zone, correlated with numerous tensile cracks in the hanging wall, shown in blue. Vector field superimposed to emphasize the
small-scale block rotation.
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Figure 2. (a) Geological map around the Balochistan rupture adapted from Panagos et al. [2011]. Preexisting faults are mapped in black, based on first observations
by Lawrence et al.[1981]. Zoom in the inset presents the distribution of ground rupture in the zone 2, with the two main azimuths indicated. The blue dashed box
corresponds to the area where we measured the preexisting structures and the coseismic rupture azimuths. (b) Bimodal distribution of coseismic ground rupture
azimuths (in red), bimodal distribution of preexisting faults azimuths (blue) and mountain range azimuth (yellow). The group of coseismic azimuths centered at
N216° matches preexisting structures with azimuths centered at N204° rather than the Hoshab thrust orientation.

to produce a coseismic surface rupture map at the 1:500 scale along most of the 200 km long ground rupture
(Figures 1b and 2; digital map in the supporting information). This map provides a unique data set to geome-
trically characterize the rupture and to quantify variation of the rupture azimuth at different spatial scales
along strike. In addition, available images at larger scale, along with regional topography, were used to
map the regional long-term fault structures present in Balochistan, that were not necessarily directly acti-
vated during the event, although they might have influenced the fate of the rupture.

3. Results
3.1. Coseismic Deformation
The 2013, M,,7.7, Balochistan earthquake propagated mainly southward from the epicentral area, over

160 km. North of the epicenter, the rupture is only 40 km long, and the displacement remains smaller than
4 m. The maximum value for horizontal displacement, 14 m, is located about 50 km south of the epicenter,
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where the fault trace veers to the southwest, at the bend b2 (Figure 1b). Then, the horizontal slip remains
larger than 6 m almost until the end of the rupture [Vallage et al.,, 2015]. In addition to two major bends b1
and b2, three kilometric-size geometrical complexities affect the southern part of the rupture, which are
two relay zones c1 and c2, and a paired bend c3 (Figure 1b).

Very limited changes in ground conditions through time, and high resolution of SPOT-5 images, 2.5 m, ensure
exceptional conditions for multitemporal image correlation. Thus, it allows measuring the coseismic defor-
mation field very close to the actual fault, to a distance of a few pixels from the ground rupture, and to esti-
mate the total ground-deformation budget. Figure 1c presents the zone f1 that was previously identified as a
zone where deformation is partly distributed, with a sharp thrust front limiting the zone of rupture to the east,
and a more diffuse mixture of extension and strike-slip motion in the hanging wall [Vallage et al., 2015]. In that
area, interpretation of post-earthquake imagery led Zinke et al. [2014] to suggest the existence of local deficit
in surficial strike-slip motion, in comparison to what would be expected from far-field displacement. In fact, a
small drop in the amplitude of the total horizontal displacement, which includes both fault-normal and fault-
parallel displacement, is visible in the area where ground rupture gets wider. This drop is indicated by a
change from deep purple to bluish hue in Figure 1c. This change corresponds to the part of the slip that is
accommodated by the strike-slip and normal faults, marked in white in the hanging wall (Figure 1c). Most
of the displacement, however, as indicated by the sharp color change at the frontal scarp (Figure 1c), is
accommodated on the frontal scarp without significant loss. To reconcile the deficit of strike slip deduced
from photointerpretation and the fact that the total amplitude of displacement is not decreasing signifi-
cantly, we plotted the azimuth of the displacement for each point of the displacement field (Figure 1d).
Away from the fault, as expected, displacement is mostly parallel to the fault, with a slight component of
shortening. This behavior is true everywhere in the footwall. In the hanging wall, however, the picture is
different. Away from the fault zone, the displacement is oriented almost parallel to the displacement in the
footwall, although in the opposite direction (yellow and blue in Figure 1d). However, closer to the fault zone,
the direction of displacement is quickly changing to become oblique to the fault scarp (pink in Figure 1d),
which is consistent with the thrust component evidenced from spatial geodesy [Gold et al., 2015; Jolivet
et al, 2014; Vallage et al, 2015; Zhou et al., 2015] and also from the few field observations available
[Hudnut et al., 2013]. Hence, to get the total displacement budget in this area, it is necessary to cumulate both
the strike-slip and the thrust components. Such behavior suggests that some block rotation occurs in the
hanging wall, which accommodates complex local 3-D deformation. This behavior can be observed in many
places, from the bend b2 to the SW termination of the rupture. Along this section the geometry of the rupture
scarp is actually characterized by a peculiar geometry. Instead of following the general fault azimuth that
roughly parallels the mountain front, the scarp geometry is characterized by series of abrupt azimuthal
changes where the scarp is breaking through loose sediment (Figures 1d and 2). Using the detailed map
of the rupture (Figure 1b and the supporting information), we have systematically measured the local azi-
muth of the rupture south of b2 (Figure 2b), taking the average azimuth of each straight section along strike,
although we restricted ourselves to sections at least 100 m long. The distribution of azimuth is bimodal. The
largest group of azimuths is centered on N216°+ 6.5°. The second group of azimuths peaks at N259° + 8°.
Interestingly, none of these two peaks corresponds to the azimuth of the mountain front, which varies from
N232° to N251° when moving southward along the fault (Figure 2b). Therefore, although at large scale the
earthquake rupture seems to follow the active fault trace, and longer-term mountain front, in details it
appears that along most of the rupture the azimuth of coseismic rupture actually varies around the azimuth
of the mountain front, but never really matches it.

3.2. Regional Tectonic Deformation

At the regional scale, a succession of thrusts and folds forms the aerial part of the Makran accretionary wedge
[Platt et al., 1985, 1988; Smith et al., 2012]. These thrust faults, including the Hoshab fault, accommodate fold-
ing at kilometric scale, which affects the local basement formed by Tertiary rocks. Although exact dating of
this folding is not well constrained, it is worth noting that many of these folds are significantly eroded and
might not all be active at the moment. Similarly, evidence of recent earthquake activity along the Hoshab
fault itself is also limited [Zhou et al., 2015]. Aside from folding perpendicular to the maximum compressional
direction, the area is also characterized by penetrative horizontal shear along a direction +45° from the main
compressional direction. Although this deformation is probably affecting the entire massif, in some places
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Figure 3. (a) Zoom on the 30 m ground resolution ASTER digital elevation model with mountain crests highlighted in blue,
strike-slip faults are mapped in red. (b) Detail from Google Earth imagery with color-coded crests according to their
different facies. (c) Interpretative sketch for the conjugated strike-slip faults, indicative of approximately N-S shortening
affecting penetratively the Makran wedge north of the subduction front, located ~200 km farther south (see Figure 1).

deformation localizes along strike-slip structures that eventually offset the Tertiary rock folds in a visible
manner (Figure 3) [Lawrence et al., 1981]. These structures are not visible in the basins filled with
Quaternary sediments, but it is likely that they affect the basement everywhere in the area. Because they
are conjugate structures, strike-slip faults oriented NE-SW and NW-SE are left lateral and right lateral, respec-
tively. These structures do not exceed few kilometers in length, with a maximum of about 10 km. Total offset
on each structure, variable along strike, is usually few hundreds of meters and at most 1-2 km.

From high-resolution images, we systematically mapped offset landforms, such as folds, at regional scale
(Figure 3) around the Hoshab fault. For each fault identified, we also measured its azimuth (Figure 2b, blue
distribution). As expected for a set of conjugated faults, the azimuth distribution is bimodal, with one group
centered on the direction N204° + 9°, and the second group centered on the direction N312° + 6.5°. Following
a classic Coulomb fracture criterion approach, these two directions define the local direction of maximum
horizontal stress o1 to be N168°, about 32° from each faults group azimuth. This is consistent with the general
orientation of folds in the area used for azimuth measurement (Figure 2), as well as with the rough north-
south direction of regional convergence.

4, Discussion

Although it has been shown that along several sections of the Hoshab rupture the deformation is distributed
in a wide damage zone [Zinke et al., 2014; Gold et al., 2015; Vallage et al., 2015], our measurements indicate
that the amplitude of the coseismic displacement is almost fully preserved up to the frontal thrust, due to
block rotations in the hanging wall. These rotations are associated with small-scale (hundreds of meters) local
variations of azimuth of the frontal thrust, which deviates from the overall azimuth of the mountain front,
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Figure 4. Conceptual scenario that reconciles the different observations  group of azimuths for the strike-slip
along the rupture length and the specific correlation between one faults, which is centered on N204°+9°,
directign of coseismic frontal scarp anq one direction 9f the preexisting Hence, assuming that length of branch-
geological structures. Inset shows detail of the branching process, based . -

on Kame et al. [2003], where values have been adapted to reflect the 2013 ing could be taken as a first-order indi-
Balochistan configuration. cation of the depth of processes, we

propose that during the southward pro-
pagation of the earthquake, at least the uppermost kilometer of the rupture was systematically branching off
the mountain front, along a direction dictated by the local tectonic fabric related to long-term penetrative
deformation. This is actually consistent with the fact that for a left-lateral strike-slip rupture, in an environ-
ment where the regional horizontal stress makes a large angle (>45°) with the direction of the rupture pro-
pagation, the lobe of maximum dynamic elastic stress propagating ahead of the rupture is oriented obliquely
to the rupture direction, in the dilatational quadrant, and thus it favors branching in this quadrant [Poliakov
et al.,, 2002; Kame et al., 2003], especially if planes of weakness already exist. In the case of the Balochistan rup-
ture, the rupture does not succeed to propagate over a large distance on the branch and quickly reconnects
to the long-term fault that runs closer to the mountain front. One reason for such oscillation might be related
to the different stress configuration along the mountain front fault and on the branch. While the rupture is
propagating along a direction close to the mountain front, the fault is more and more oblique to the principal
horizontal stress direction and branching will be favored in the dilatational quadrant [Poliakov et al., 2002].
Conversely, as soon as the rupture is propagating along the branch, the angle between the branch and
the principal horizontal stress direction decreases. In such condition Poliakov et al. [2002] show that rupture
could then be promoted in both the dilatational and the compressional quadrants, which in our case would
favor a rupture reconnecting to the mountain front (Figure 4). Indeed, full propagation along branches is
probably hindered by the fact that the shear fabric, although affecting the entire basement, has not devel-
oped into long continuous structures able to host a sizable earthquake.

Major improvement in our ability to map ground rupture and coseismic displacement open new avenues to
understand rupture patterns directly related to rupture propagation. In the case of the Balochistan earth-
quake, the rupture initiated in the northern part of the Hoshab fault as a strike slip and propagated southward
along a fault that becomes less and less favorable for strike-slip motion onward. Detailed mapping of the
rupture indicates that the ground pattern of rupture is very complex. As shown in the previous section, the
complexity of the rupture is not random, but the rupture follows a path mostly controlled by the penetrative
tectonic fabric preexisting the earthquake. The impact of such preexisting geological structures on the way
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an earthquake rupture proceeds has already been suggested several times, although it was never fully
demonstrated. During the 1995 M,,7.3 Landers earthquake, the rupture propagated through a set of fault
segments that show two dominant directions consistent with the directions of the major structures in the
East California Shear zone [Dokka and Travis, 1990]. Similarly, the lateral extent of the 1983 M,7.3 Borah
Peak normal fault earthquake seems to have been controlled by the preexistence of cross faults [Susong
et al,, 1990]. Eventually, it has been suggested that depending on geometrical configuration of preexisting
geological structures, branching could be systematic, such as during the 1939 Erzincan earthquake, in
Turkey; the 2001 Kokoxili earthquake, in China; or the 2002 Denali earthquake in Alaska [Barka, 1996; Bhat
et al., 2004; Klinger et al., 2006]. Because the crust is full of preexisting structures that are possible paths for
an ongoing rupture, depending on the local stress condition, any rupture is likely to be complex. Hence,
this could question the assumption that faults have to become smoother with time [Wesnousky, 1988] as
each earthquake rupture recreates some level of complexity [Klinger, 2010] due to interaction between
propagating rupture and preexisting geologic structures.
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