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Abstract

The Quetta Syntaxis in the western Baluchistan, Pakistan, is formed as a result of oroclinal bend of the
western mountain belt and serves as a junction for different faults. As this area also lies close to the left
lateral strike slip Chaman fault, which is supposed to be marking the boundary between Indian and Eurasian
plate, the resulting seismological behavior of this regime becomes even more complex. In the region of
Quetta Syntaxis, close to the fold and thrust belt of Suleiman and Kirthar ranges and on 28 October 2008,
there stroke an earthquake of magnitude 6.4 (Mw) which was followed by a doublet on the very next day. In
association with these major events, there have been six more shocks, one foreshock and five aftershocks that
have moment magnitude greater than 4. On the basis of seismological, GPS and ENVISAT/ASAR data
numerous researchers tried to explain the source of this sequence. Here ALOS/PALSAR InSAR data sets
have been used from both ascending and descending orbits that allow us to more completely detect the
deformation signals around the epicentral region. The results have indicated that the shock sequence can be
explained with two right lateral and two left lateral strike slips that also include reverse slip. The right lateral
faults have curved geometry. Moreover, the previous studies that have explained the aftershock crustal
deformation with a different fault source; however in the present research it became clear that the same left
lateral segment of the conjugate faulting is responsible for the aftershocks. The complex surface deformation
signals even from the moderate-sized earthquake are thus confirmed. Intra-plate crustal bending and
shortening seem to be often accommodated as conjugate faulting without any single preferred fault
orientation. Two possible landslide areas have also been detected along with the crustal deformation pattern.
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1. Background

Pakistan lies at the collision zone between the Indian and Eurasian Plate (Fig. 1). Resulting from this
collision, the northern, western and southern sides of Pakistan are populated with many faults that remain
active and also cause some major earthquakes from time to time posing a lot of damage to lives and
infrastructures. Seismological hazardous zones of Pakistan with the known faults are shown in Fig. 2. For a
developing country like Pakistan such disasters create a havoc as majority of the population lives in the mud
build houses or having structures that are not resistant enough to the major or even the moderate earthquakes.
It is estimated that around 2/3" part of Pakistan is covered with faults. In the present research, the study area
Is located on the western side of Pakistan. This area are very complex tectonic structures as the Indian plate is
moving northward at a rate of ~40 mm/yr, and its western margin is colliding with the Eurasian plate in
Afghanistan and Pakistan. The relative plate motion would be partially accommodated by the prominent
~800 km-long Chaman fault. It is assumed that the Chaman fault is situated at the boundary between the two
plates. The location of left lateral Chaman fault close to the Quetta Syntaxis, where many thrust faults are
assumed to be joining (Fig. 3), results in a regime with a complex seismological behavior. The structural
units have no Ill defined pattern of strain orientation and result in the complex geological features (Figs. 3
and 4). While the Kirthar Range to the southwest is verging eastward, the Sulaiman Lobe is verging
southward and the Sulaiman Range is eastward-verging (Figs.3 and 4). The sandbox modeling suggested that
the relatively rigid Katawaz block to the north of Sulaiman Lobe played an important role to partition the
strain (Haq and Davis 1997). By the inversion of strain field Bernard et al (2000) reached the similar
conclusion. The Quetta Syntaxis is presumably formed as a result of oroclinal bend of these mountain belts
(Fig. 1), and is expected to serve as a junction for thrust faults.

Figure 1. Regional tectonics of Pakistan (Kazmi and Jan, 1997)
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Figure 2. Seismologically hazardous areas and detailed tectonics of Pakistan (image courtesy of seismic section Pakistan
Meteorological Department)

Close to the region of Quetta Sytaxis, there stroke an earthquake of magnitude 6.4 (Mw) On October 28,
2008 (Fig. 2). It was followed by a doublet on the very next day (Table 1). The examination of the Focal
mechanism solutions for earthquakes showed that strike slip mechanism, which was unexpected in light of
the dominance of nearby thrust faults (Yadav et al., 2012). 53 minutes before of the main shock and on
October 28, 2008 there was one foreshock of magnitude 5.3. Four days after the main shock, there stroke the
aftershock of magnitude 4.9 (Mw). Seventeen days after the main shock stroke another earthquake with
magnitude 4.8. On December 12, 2008 there stroke three earthquakes on the same day that were having
magnitudes 5.2, 5.3 and 5.7 respectively.

On the basis of GPS data study, Khan et al., (2008) suggested NW-SE oriented right lateral slip associated
with shock sequence of October 28, 2008. Based on seismological data study, Lisa and Jan (2010) proposed
either one NNW trending Urghargai Fault or two parallel faults can be the source of the earthquake doublet.
Based on the spatial distribution of aftershocks and the focal mechanisms, Yadav et al (2012) attributed the
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earthquake sequence to the activation of the right-lateral strike slip Urghargai Fault (Fig. 2) that had been
proposed by Kazmi (1979).

The co-seismic deformation signals derived from interferometric synthetic aperture radar (INSAR) technique
have wide spatial coverage so they are more effective to identify the source of the earthquake (Massonnet et
al., 1993; Amarjarga et al., 2013). Based on the C-band (5.6 cm wavelength) ENVISAT Advanced Synthetic
Aperture Radar (ASAR) images, Pezzo et al. (2014) and Pinel Puysségur et al. (2014) produced the co-
seismic inteferograms and proposed a complex geometry of the fault sources.

66° 67" 68’ 69°

Figure 3. Regional tectonics of the study area. Faults are from Bannert et al., (1995). The International Seismological Center (ISC)
earthquake catalog and The Global Centroid Moment Tensor (GCMT) data from 1976 to 2009 have been plotted. On top of the
figure, the left scale is displaying the relative heights of the area in meters, the central color scale shows the magnitude of
earthquakes ranging from 3 to 7 and right scale shows distance in kilometers (KM). The color dots show the location of
corresponding magnitudes. The beach balls show the behavior and location of earthquake sources. The range of magnitude is from
5 to 6.4 (Mw) and size of beach balls is directly proportional to the corresponding magnitudes. The two dashed rectangles show the
observations of satellite along ascending path 543 (green) and along descending path 193 swath 2 (red). The area inside the pink
rectangle has been shown in Fig. 4 and Fig. 16.

8/26



ENVISAT/ASAR has lacked signals on the epicenter due to the low coherence and noises in the data. So, it
has led to the different fault models despite the fact that they have used the same satellite data.

I have used Advanced Land Observing Satellite’s Phased Array-type L-band (23.6 cm wavelength) Synthetic
Aperture Radar (ALOS/PALSAR) data and have derived the co-seismic and aftershock deformation signals
that provide us the maximum information on the epiceter. Although Pinel-Puysségur et al (2014) showed one
INSAR image based on the ALOS/PALSAR, the InSAR data covered only a part of the entire deforming
areas because the analyzed track was shifted to the east. The modeling done by using ALOS/PLASR data
will provide us an insight to understand the local complexity and its implications for the regional strain
partitioning and the style of intraplate deformation.

66.9° 67.2° 67.5° 67.8°

30.6°

30.3°

Figure 4. Detailed tectonics of the study area. The black lines are the previous mapped faults (Kazmi, 1979; Nakata et al., 1991)
the dashed lines are the fault traces marked on the basis of morphology (Pinel-Puyssegur et al. 2014). The FMS are plotted on the
basis of GCMT data. The general trend of the faults, parallel to the right lateral Urgharghai fault, is right lateral and parallel to the
Chaman fault is left lateral. The FMS 2 and 3 show the location and behavior of earthquake doublet that occurred on the dates 28,
29 October 2008, respectively. The remaining focal mechanism solutions show the location of associated earthquakes, having
magnitude greater than 4 (Mw). The source parameters of these shocks are given in the Table 1.
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Table 1. International Seismological Center (ISC) event data that have magnitude (Mw) greater than 4 and which is related to the
shock sequence of October 28, 2008 in  Baluchistan, Pakistan. The time indicated is universal time (UTC). Their corresponding
FMS are shown in Fig. 4.

Earthquake # | Time (UTC) Date Lat Lon Mag. (Mw)
(HH:MM:SS) | (YY-MM-DD)
1 22:33:10 2008-10-28 30.5163 67.5639 5.3
2 23:09:58 2008-10-28 30.5928 67.3746 6.4
3 11:32:41 2008-10-29 30.4973 67.5633 6.4
4 16:08:15 2008-11-03 30.4102 67.7571 4.9
5 15:21:10 2008-11-15 20.4918 67.5710 4.8
6 02:46:31 2008-12-09 30.3569 67.5130 5.2
7 05:53:41 2008-12-09 30.3563 67.5179 5.3
8 22:52:37 2008-12-09 30.3912 67.4238 5.7

Table 2. ALOS/PALSAR data used in this research (Dates are formatted as YYMMDD) The A and D in the orbit stand for
ascending and descending, respectively.

Orbit Path Frame/Swath Mode Dates Perpendicular
Baseline (m)
A 543 590-600 FBS 20071227-20100216 56
A 543 590-600 FBS 20081113-20090213 629
D 193 2 ScanSAR | 20070211-20091216 -785
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2. Synthetic Aperture Radar

The microwave imaging system Synthetic Aperture Radar (SAR) has cloud-penetrating capabilities. As it is
active system, so it operates equally in the days and nights. One can measure the accurate travel path of the
radiations as Interferometric SAR or INSAR is coherent. By using the Measurements of travel path variations
as a function of time one can generate Digital Elevation Map (DEM) and can measure surface deformations
of the terrain to the accuracy of centimeters.

2.1 A comparison between ENVISAT/ASAR and ALOS/PALSAR

ENVISAT ASAR: After two European Remote Sensing (ERS) satellites followed the ENVISAT. It is more
advanced it is advanced and has: radar altimeter and temperature-measuring radiometer instruments extend
ERS data sets. It is a medium-resolution spectrometer sensitive to both land features and ocean color. It has
also instruments to collect data of trace gases. Its operation was needed in 2012. ENVISAT carries a sensor
Advanced Synthetic Aperture Radar (ASAR) that has wavelength of 5.6 centimeters.

ALOS/PALSAR: Following the Japanese Earth Resource Satellite-1 (JERS-1) the Advanced Land
Observing Satellite (ALOS) was launched from Tanegashima Island, Japan on 24 January 2006. The ALOS
has three sensors: i) the Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM) for digital
elevation mapping ii) the Advanced Visible and Near Infrared Radiometer type 2 (AVNIR-2) for precise land
coverage observation iii) the Phased Array type L-band Synthetic Aperture Radar (PALSAR) for day-and-
night and all-weather land observation. The Phased Array type L-band Synthetic Aperture Radar (PALSAR)
has wavelength of 23.6 cm. PALSAR works with Fine Beam mode but it also has a ScanSAR that can cover
the width of 250 to 350km but at the expense of spatial resolution.

ENVISAT

Images courtesy of ESA and JAXA

Figure 5. ENVISAT and ALOS
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2.2 INSAR Processing and Results by using ALOS/PALSAR Data

First, 1 have processed the data along the ascending path 542 of the ALOS/PALSAR (Fig. 6). But it was not
providing the enough information of the epicentral area so | moved to the next path 543. This path has
provided a very good observation on the epicentral region (Fig. 7). Along the path 543, The Fine Beam
Single Polarization (FBS) data sets Ire availed and have been used to generate two interferograms: the first
one covering the seismic sequence and the second covering the shocks on December 09, 2008 (Table 2). The
microwave’s incidence angle in the image center of the ascending FBS mode is 38.7 degrees. As PALSAR
produces limited fine beam data along the descending path so the swath-2 image of the ScanSAR mode data
along the path 193 was used and it was completely covering the epicenter region. The radar incidence angle
at the center of the swath-2 image is 29.4 degrees.

66.8 67.2° 67.6°
30.9°
30.8°
30.6°
30.4°
30.3°
-15-10-5 0 5 10 15(m) -15-10-5 0 5 10 15(m)
Figure 6. Image along ascending path 542 of Figure 7. Image along ascending path 542 of
ALOS/PALSAR: (Master: Jan22, 2007-Slave: Dec12, ALOS/PALSAR: (Master: Feb08, 2007-Slave:
2008) Feb13, 2009)

To process the INSAR data the techniques are same as used in the previous researches (Kobayashi et al.,
2009; Furuya et al., 2010; Furuya and Yasuda, 2011, Abe et al., 2013). The data was processed by using the
commercial software package Gamma Remote Sensing. In this research, the level 1.0 PALSAR image has
been used. By using the Digital Elevation Model (DEM) from Shuttle Radar Topography Mission (SRTM)
(Jarvis et al., 2008) the topographic fringe was removed. To remove the orbital fringes, the high precision
orbital data provided from Japan Aerospace exploration Agency (JAXA was used. The Figs. 7, 8a, and 5a
show the observed ground displacement for the ascending and Fig. 4a show the observed crustal deformation
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for the descending path. The scale has positive values having red color and negative value having the blue
color in the Figs. 6, 7 8a, 9a and 10a indicate the range change along the radar line of sight that is away from
and toward the satellite, respectively. The linear combination of 3D displacement results in the range change
and it is equal to +0.62Ue+0.11Un-0.78Uz for the ascending and -0.48Ue+0.09Un-0.87Uz for the swath-2 of
the descending image, respectively; Here Ue, Un, and Uz are taken as the positive eastward, northward, and
upward components, respectively. For the main shock, the amplitude is around is around 15 cm for the
ascending (Figs. 6,7,8a) and 17 cm for descending images (Fig. 9a), respectively; | have observed nearly the
same amplitude in both positive and negative range changes. In both Figs. 8a and 9a, NW-SE and NE-SW
striking boundaries can be identified across which the signs have changed. The phase-boundaries are
attributed to the top edge of two fault segments, RLF1 and LLF1.

Close to the central part of RLF1, breaks in the deformation pattern has been found that suggest a bend in the
fault surface at this area (Figs. 8a and 9a). For both ascending and descending INSAR observations, the data
indicates that this part has moved towards the satellite (Figs. 8a, 9a). The study of the fault mechanism
solutions (Fig. 2) indicates that the inclusion of a reverse component in most of the shocks and the fault
mechanism for the no. 4 exhibits an almost pure reverse faulting. These observations strengthen the
possibility of uplift in this area.

67.2 67.5 67.2° 67.5 67.2° 67.5
iy ! ¢!& -7 1.

. b) Calcula i
30.6 L R ()_,.W i

30.3

-15 0 15(cm)
Figure 8. (a) Observed INSAR data acquired along the ascending track 543. (b) Computed INSAR data based on the fault model

shown in Fig. 10. Two Right Laterals Faults (RLF1, RLF2) trending is the NW-SE direction and two Left Lateral Faults (LLF1,
LLF2) having strike direction NE-SW. The thicker line shows the top edge of the faults. (c) Misfit residuals between the observed
and calculated signals. High amplitude signal area enclosed in the rectangle has been shown in the Fig. 11a. The color scale with
positive and negative values shows the range changes along the radar line-of-sight, indicating the surface movement away and
towards the satellite, respectively.
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Figure 9. (a) Observation along descending path, covering the seismic sequence (b) The calculated model whose slip distributions
for each segment is are shown in Fig. 10. The same fault geometry of four faults, which was used, is the ascending InNSAR data i.e.
RLF1, RLF2, LLF1 and LLF2, is shown here (c) Residual between observed and calculated data. High amplitude signal area
enclosed in the rectangle has been shown in the Fig. 7a. The color scale with positive and negative values shows the range changes
along the radar line-of-sight, indicating the surface movement away and towards the satellite, respectively.

30.6" M (a) Observation

| V-

30.3°

Figure 10. (a) Observation along the ascending path, covering the aftershocks of December 09, 2008 (b) Modeled signals: the
same fault LLF1 of conjugate faulting, that was used to explain the deformation of the seismic sequence, has been used here. (c)
Misfit residuals between the observed and modeled signals. The area enclosed in the black lines is shown in Fig. 12. The color
scale with positive and negative values shows the range changes along the radar line-of-sight, indicating the surface movement
away and towards the satellite, respectively.

There is also two shorter phase jumps: one strikes NE-SW it is designated as LLF2 (Figs. 8a, 9a) and second
strikes NW-SE and it named as RLF2 (Figs. 8a, 9a). The amount of crustal deformation detected for the
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aftershock is 13 cm for both positive and negative sense (Fig. 10a). Comparing the location of the phase
boundary in Fig. 5a, it turns out that the phase-step location exactly matches the location for the LLF1 in Figs.
8a and 9a. The survey done in the earthquake areas has not indicated any clear co-seismic surface rupture
(Khan et al. 2008). Thus the phase boundaries noted above have no corresponding surface faults. But there
were some places Ire the cracks on the ground have been found (Zahid et al., 2009). In Figs. 8a and 9a, there
are no clear corresponding signals.

If the data covering the seismic sequence is observed than | could also identify positive range changes of
around 14 cm in the NW and SW side of the interferogram that Ire outside the epicentral areas (Fig. 7). These
study of these areas showed that the signals are coming from the populated areas, Haramzoi and Killihajezai
in the Northwestern and Quetta in the Southwestern. It has led to conclude that these are signals due to
subsidence as in these areas water extraction from underground is very common and can result in the
downward movement of the earth. These areas containing the unwanted signals Ire masked for the fault
source modeling.

Two high amplitudes signals of around 17 cm have been observed that were localized in two regions. For the
ascending data they were indicating a movement away from the satellite (Figs. 8a, 11a). On the other hand
one area shows movement towards the satellite and second shows a movement away from the satellite for the
descending data (Figs. 9a, 12a). These signals remain quite prominent in the residue (Figs. 8c, 9¢) and the
closer examination of topography (Figs. 11b, 12b) indicates that the high amplitude signal areas are located
on the north-eastern and eastward dipping flank of the mountains. The study area seams very sensitive even
to the earthquakes having moment magnitude around 5. As in the aftershock interferogram (Fig. 10a), | also
notice a movement away from satellite having amplitude of around 8 cm has also been observed. Here also
the signals are quite noticeable in the residue (Figs. 10c, 13a). It has led to conclude that these localized
deformations would indicate the co-seismic landslides as they are coming from steeply dipping areas (Fig.
13b). As there are two possible reasons: i) the spatial scale is more localized than that due to the fault-related
deformations ii) these cannot be due to errors in DEM as the perpendicular baselines (Table 2) is
considerably small.
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Figure 11. (a) Magnified view of the high signal areas located on the epicenter, along the ascending path, covering the seismic
sequence (b) Topographic view to investigate the high signal areas.

67.4° 67.5° 67.4° 67.5°

-17 0 17 (cm) 0 1750  3500(m)

Figure 12. (a) Magnified view of the high signal areas located on the epicenter, along the descending path, covering the seismic
sequence (b) Topographic view to investigate the high signal areas
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67.36" 67.44° 67.52° 67.36" 67.44° 67.52
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-13 0 13(cm) 0 1750  3500(m)

Figure 13. (a) Magnified view of the misfit residuals related to the December 09, 2008 aftershocks modeling (b) Topographic view

3. Fault Modeling Methodology and Results

Analytical solutions for the dislocations in an elastic half space are very useful to interpret the co-seismic
deformation signals. Okada (1992) solutions are extensively used. However, as the Okada (1992)’s solutions,
use rectangular dislocation element to express the displacement. Thus mechanically incompatible gaps or
overlaps or both are generated in case of the actual dislocation sources have non-planar geometries (Maerten
et al., 2005; Furuya and Yasuda, 2011; Abe et al., 2013). So Meade’s (2007) analytical solutions were used
here; as it uses a triangular dislocation element to estimate the fault slip from the observed ground
displacements.

The crustal deformation pattern was carefully examined. The places where there was very strong possibility
of a fault surface, over there, for each fault segment the 3D coordinates for several selected control points
were picked up. To generate the fault surface, these points Ire interpolated with spline. To avoid un-
necessary complications; mesh size for each triangulation dislocation was kept 2.5 kilometers and bottom and
the top of the fault were kept parallel to each other. By the mesh generating software Gmsh (Geuzaine and
Remacle, 2009) the 3D mesh coordinates for each node were generated automatically. Consequently, for each
triangular slip patch the dislocation Green’s Function was calculated. Then, slip distributions are inverted as a
linear least-squares problem (e.g., Jonsson et al., 2002; Simons et al., 2002; Wright et al., 2003). To reduce
the data size, quad-tree decomposition was used (e.g., Jonsson et al., 2002; Lohman and Simons, 2005). Both
smoothness constraint on the slip distributions with scale-dependent umbrella operator (Maerten et al., 2005)
and a non-negativity constraint on the signs of the fault slip directions were also applied (Furuya and Yasuda,
2011;Abe et al., 2013).
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The focal mechanism solutions (Fig. 4) study shows that it is reasonable to expect that strike slip faulting is
mainly responsible for generating the co-seismic ground displacements along with the inclusion of some
reverse slip faulting (Table 1). The breaks in the deformation pattern suggest NW-SE trending right lateral
fault RLF1 and NE-SW trending left lateral fault LLF1, forming a conjugate geometry (Figs. 8b and 9b).
Along with these two major segments, RLF1 and LLF1, phase changes for two more segments were found.
By observing the phase change striking in NW-SE direction in Fig. 4a, the segment is designated as RLF2.
This is because the right lateral strike slip is mechanically feasible and consistent with the observed signs of
phase changes.There is also a strong indication of another fault in the west of RLF1 in Fig 4a and it is named
as LLF2. The location of this fault is consistent with the F'2 by Pinel-Puyssegur et al. (2014) and the 4th
segment by Pezzo et al. (2014). After identifying the four faults, the optimum geometry was obtained after a
lot of trial and errors (Figs. 8, 9 and 14). The detail of trial and error procedure is given in the section 5.

When the aftershock crustal deformation was studied (Fig. 10a),a clear phase discontinuity can be observed
that trends NE-SW. When this location is compared with the interferogram covering the seismic sequence,
the location of the top edge is exactly the same as that of LLF1 as noted above. So it has led to conclude that
the same fault is also responsible for the shocks of December 09, 2008. The modeling done by using the
same fault LLF1 has produced residuals in the accepted range (Fig. 10c) with logical slip distributions (Fig.
15). It means that same fault LLF1 has contributed in seismicity of seismic sequence but along with the
aftershocks.

Table 3. Some fundamental parameters of proposed faults

Fault Name Dip Cal. Mag. (Mw) Status
RLF1 81° 6.5 Covering Shock Sequence
RLF2 90" 6.2 Covering Shock Sequence
LLF1 84" 6.3 Covering Shock Sequence
LLF2 85" 5.9 Covering Shock Sequence
LLF1 84" 5.7 Covering the Aftershocks
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Figure 14. Slip distribution for the seismic sequence. The top of the faults is 300 meters below the crust surface. The calculated
magnitude (Mw) for RLF1, RLF2, LLF1 and LLF2 is 6.5, 6.2, 6.3 and 5.9 respectively.
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Figure 15. Slip distributions for the aftershocks of December 09, 2008. The calculated magnitude is 5.7 (Mw). The modeling has
been done by using the same fault LLF1 of the conjugate faulting
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66.9° 67.2° 67.5° 67.8" 66.9° 67.2° 67.5 67.8

Figure 16. (Upper left) Our model; the location of top edges for each fault segment are shown with blue lines. (Upper right) The
model by Pinel-Puyssegur et al (2014) shown with green lines. (Lolr left) G. Pezzo et al., (2014) proposed model, displayed in red
lines. (Lolr Right) Comparison between previous and present models.

3. Discussion and Conclusions

The moderate and major inland earthquakes pose a strong threat to the human life and infrastructure but at
the same time their proper investigation gives us an insight to understand the regional strain partitioning and
the style of intraplate deformation. SAR is an emerging tool and is providing us useful information on the
epicenter, so | can propose a fault plane model that can explain the observed deformation with logical slip
distributions. However, to produce a reliable model two aspects are the most important: maximum data
coverage of the epicentral region and quality of the data. A data with high coherence and very less noises has
great importance to explain the source of co-seismic deformation in the complex tectonic regimes like Quetta
Syntaxis. This shock sequence has been studied by using the conventional methodology of seismology and
also by the latest cutting edge technology of INSAR.

A single NW-SE trending fault was suggested by Yadav et al. (2012) and Khan et al (2008), who analyzed
seismological data and GPS data, respectively. Lisa and Jan (2010) suggest right lateral NNW-SSE oriented
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faults along one or two parallel faults on basis of the epicenter distributions. By using the Interferomteric
Synthetic Aperture Radar from ENVISAT/ASAR C-band radar sensor, Pinel-Puyssegur et al. (2014)
suggested a four-fault model (three left laterals i.e. F2, F'2 and FP and one right lateral F1)(Fig. 16).
Meanwhile, Pezzo et al. (2014) proposed a five-fault model (three left laterals i.e. 3, 4 and 5 and two right
laterals i.e. 1 and 2) (Fig. 16) by using the same ENVISAT/ASAR data. There are significant differences in
these models which leave a lot of ambiguities related to the source orientations of the shock sequence of
December 09, 2008. Probably these differences are attributed to the less coherence of the data on the
epicenter which has led to lack of data. SAR data on the epicenter is very important for the inference of fault
sources.

The comparison of the modeling geometry between previous and presents model are given in the Fig. 16. All
three models agree at that there is a conjugate faulting. The segments F1, F2 in Pinel Puyssegur et al. (2014),
the faults 2, 3 in Pezzo et al. (2014) study and the RLF1 and LLF1 in our model are forming a conjugate
geometry. The comparision of dip angles for the conjugate faults indicates that the right lateral segments i.e.
fault 2 of Pezzo et al (2014), F1 of Pinel et al (2014) and RLF1 of our model have dips 75°, 73° and 81°
respectively. On the other hand, the left lateral segments i.e. Fault 3 of Pezzo et al (2014), F2 of Pinel et al
(2014) and LLF1 of our model have dips of 90°, 89° and 84° respectively.

Apart from the curved fault geometry for right lateral faults of our model (RLF1 and RLF2), there are also
some other significant differences. In case of Pinel et al. (2014) study, ear the location of fault segment FP
for the co-seismic interferogram, their INSAR data are noisy and subsequently the affected area was masked.
The comparison of our model with Pinel et al. (2014) shows that segment F'2 is very close in location and
length to the LLF2 of our model. However, the conjugate faults of the Pinel et al. (2014) model are shorter in
length have greater in the angle between them and their intersection point is shifted towards the western side
in comparison to the conjugate geometry of our model. To explain the aftershock crustal deformation, Pinel
et al. (2014) also suggested that it was caused by a different fault segment FP rather than the same segment of
conjugate faulting (as LLF1 in our model). Also, the segment RLF2 is entirely missing in their study. On the
other hand, Pezzo et al. (2014) have lacked many signals around the epicentral area. The fault 4 in Pezzo et
al. (2014) looks quite close in its location and length to our fault LLF2 but the segment 3 is unnecessary. The
segment 2 is very longer compared to the RLF1 of our model which is also curved at the center. The
aftershock of December 09 was explained by segment 5 which looks very close in the location and length to
the LLF1 of our model. However, if RLF2 is compared with the segment 1 than the segment 1 is crossing the
segment 5 and penetrating into the block between segment 4 and 5.But no such breaks have been found in the
ALOS/PALSAR data, in the area between LLF1 and LLF2 of our model. Rather, the ALOS/PALSAR data
has led us to conclude that the segment RLF2 extends further towards SE direction.

If the slip distribution of our model is examined than the maximum slip is distributed on the conjugate faults.
It gives an indication that these conjugate faults played a very important role during the seismic crisis of the
28 October 2008. Modeling also suggests that RLF2 has moment magnitude of 6.2. On the basis of tilt
records, during the study of Iwate-Miyagi earthquake of 2008, Fukuyama (2015) categorized such
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earthquakes with conjugate rupture planes into two groups: Namely, while the category-1 indicates the
simultaneous rupture of both the main and conjugate rupture, the category-2 indicates the conjugate rupture
after the main rupture. In Table 3, the moment magnitude computed from present fault model is indicated.
Regardless of the fact that there were seismologically two earthquakes with Mw 6.4, it turns out that the
moment magnitude of the three faults was greater than 6.2. Assuming that the rupture on the RLF1 was the
first shock (FMS 2 in Fig. 4), it is likely that the category-1-type rupture on the LLF1 and RLF2 took place
on the next day (FMS 3 in Fig. 4), because the combined magnitude seems to confirm to the seismological
moment magnitude. Four days after the earthquake doublet, there was a shock having magnitude 4.9 (Mw)
with nearly a pure reverse component (FMS 4 in Fig 4). Examination of the observed data (Fig. 8a and 9a)
indicates that the area adjacent to the bending of RLF1 has moved towards the satellite i.e. uplifted. Our
model also shows that maximum slip for the dip-slip (Fig. 14) is concentrated exactly below the curved area
of RLF1. So probably the earthquake number 4 (Fig. 4) might be caused by RLF1. Also, as the position of
LLF1 exactly matches with the location of breaks in the phase of the aftershock observed data Fig. 10a, so it
is reasonable to believe that the shocks number 6, 7 and 8 in Fig. 4 are the result of seismological activity
related to LLF1.However, it is difficult to determine the causative fault for shock number 1 and 5 (Fig. 4).
Their relative positions give an indication that either LLF2 or RLF1 is the source fault for earthquake 1. For
earthquake 5, either LLF1 or RLF1 is the responsible fault.

In the last decade complex surface deformations signals are being revealed from moderate-sized M6-class
earthquakes. The conjugate geometry of the left lateral and right lateral fault was also inferred previously by
Walker et al. (2013) who studied the earthquake sequence occurred in southeastern Iran on December 10,
2010 (Mw6.5) and January 27, 2011 (Mw6.2). Even in the thrust type earthquakes, such conjugate
geometries in the intraplate earthquakes have also been reported. Both west-dipping and east-dipping thrust
faults have been pointed out from PALSAR data, during the study of 2008 lwate-Miyagi inland earthquake
(Mw6.9), Japan (Takada et al., 2009; Abe et al., 2013). In these kinds of areas, a disturbed zone without any
preferred fault orientation results due to Intraplate crustal bending and shortening. In the present research, the
earthquake doublet has same focal mechanism solutions so there were a lot of ambiguities related to their
fault planes, location and size of the source faults. If high coherence SAR data is available on the epicenter
than it is very helpful to resolve such issues.

4. Trial and Error Procedure

Previous studies (Pinel et al., 2014; Pezzo et al., 2014) suggested straight fault geometry, and our data did not
strongly indicate curved geometries, either. Thus, I have first tested different possibilities of depth and dips,
by keeping the strike for all the faults straight. However, there always remained significant residuals,
especially in the descending data, even for the best straight-fault model (Figs. 17, 18). To explain these
unexplained signals, | have examined the data very carefully, and the descending observation Fig. 4a
suggests a clear bend in the RLF1 around the central point. Also, the RLF2 exhibits a curved strike. The
modeling done by following the curved geometry for right lateral faults (RLF1 and RLF2) has explained the
observed deformation quite successfully (Figs. 8, 9, 14).
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The study of fault mechanism solution (Fig. 4) suggests that the contribution of strike slip was dominant over
the dip slip component for the co-seismic and for most of the aftershock crustal deformations. The maximum
observed magnitudes Ire 6.4 and 6.4 (Mw) for the co-seismic and 5.7 (Mw) for the aftershocks (Table 1). So
for the source modeling, the attempt was that to produce a model that exhibits nearly the same characteristics
in terms of slip components and calculated magnitudes along with minimum possible residuals and logical
slip distributions.

As it was established that LLF1 is contributing for both crustal deformations resulting from the co-seismic
and aftershocks, | produced an optimum fault model (Figs. 10 and 15) by following the trial a error i.e.
various possibilities related to the depth and dip of LLF1 Ire analyzed and the best result was selected. The
LLF1, with the same geometry, was imported to the co-seismic model and here again a lot of trial and errors
were performed by changing the depths and dips of RLF1, RLF2 and LLF2. The best model was selected
(Figs. 3, 4 and 10) that has strike slip component dominant over the dip sip, maximum slip is distributed
along conjugate faults (RLF1 and LLF1) and the calculated magnitude (Mw) is 6.3 for LLF1 and 6.5 for
RLF1 which is very close to the observed moment magnitude.
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Figure 17. Modeling results following the straight fault geometry and the areas enclosed in rectangular boxes in the descending
and ascending observation are shown in Figs. 6 and 7.
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