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Abstract we use 2004-2011 Envisat synthetic aperture radar imagery and InSAR time series methods
to estimate the contemporary rates of strain accumulation in the Chaman Fault system in Pakistan and
Afghanistan. At 29 N we find long-term slip rates of 16 + 2.3 mm/yr for the Ghazaband Faultand of 8 + 3.1 mm/yr
for the Chaman Fault. This makes the Ghazaband Fault one of the most hazardous faults of the plate boundary
zone. We further identify a 340 km long segment displaying aseismic surface creep along the Chaman Fault,
with maximum surface creep rate of 8.1 £ 2 mm/yr. The observation that the Chaman Fault accommodates only
30% of the relative plate motion between India and Eurasia implies that the remainder is accommodated south
and east of the Katawaz block microplate.

1. Introduction

The earthquake potential along the western India plate boundary depends on whether the relative plate
motion between the India and Eurasia plates localizes along one major plate bounding fault or is distributed
over multiple faults or a broader zone [Thatcher, 2009; Molnar and Dayem, 2010] and on the degree of seismic
coupling [e.g., Avouac, 2015]. Early and recent geologic studies suggest that most or all of the plate motion is
accommodated along the Chaman Fault [Yeats et al., 1979; Lawrence et al., 1992; Ul-Hadi et al., 2013]. In con-
trast, sparse GPS data suggest partitioning of the plate boundary deformation between the Chaman and
Ghazaband Faults [Szeliga et al., 2012]. No geodetic observation of aseismic creep has been reported for
Chaman and Ghazaband Faults except for aseismic afterslip following moderate earthquakes by Furuya
and Satyabala [2008] and Fattahi et al. [2015].

The Ghazaband Fault threatens the city of Quetta, the capital of Balochistan province, which was last
destroyed by an earthquake in 1935, causing 35,000 fatalities [Ambraseys and Bilham, 2003]. The northern
Chaman Fault poses a hazard for the city of Kabul, which was last destroyed by an earthquake in 1505
[Bernard et al., 2000; Ambraseys and Bilham, 2003; Szeliga et al., 2012; Yeats, 2012]. Here we use 7 years of
interferometric synthetic aperture radar (InSAR) data to derive constraints on the long-term slip rates and
on the seismic potential of the faults in the region.

2. Geologic Setting

The western Indian plate boundary is a complex, transpressional zone accommodating 29 mm/yr relative plate
motion between the India and Eurasia plates (Figure 1a). The shear component is accommodated by the
Chaman Fault system, which is worldwide one of the longest (~1200 km) continental strike-slip systems.
The shortening component is accommodated by the thrust faults in the Kirthar Range, Sulaiman Lobe, and
Sulaiman Range [Haqg and Davis, 1997; Bernard et al., 2000]. The Chaman Fault system consists of the Ornach
Nal Fault which runs from the offshore triple junction to a latitude of ~28 N, the Ghazaband Fault which runs
to the town of Pishin, and the Chaman Fault proper, which runs from latitude N28.25 where the arcuate faults
of the Makran Range merge parallel to the Ghazaband Fault up to its namesake city of Chaman, which was
destroyed by the 1892 earthquake, and then to the Herat Fault. The widening of the plate boundary zone north
of Quetta has been attributed to the rigid Katawaz block [Hag and Davis, 1997; Bernard et al., 2000; Ambraseys
and Bilham, 2003]. During the last century the plate boundary zone generated four M > 7 earthquakes includ-
ing the 1909 M7.1 Kachhi [Ambraseys and Bilham, 2003], the 1931 M7.3 Mach [Szeliga et al, 2009], the
1935 M7.7 Quetta [Armbruster et al., 1980], and the 2013 M7.7 Balochistan earthquakes [Avouac et al., 2014].
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Figure 1. (a) Western India plate boundary zone and (b) INSAR LOS velocity field obtained from seven ascending tracks of
Envisat ASAR data. Black rectangle in Figure 1a: location of Figure 1b; dashed lines in Figure 1b: transects. GF: Ghazaband
Fault, HF: Hoshab Fault, PF: Panjgur Fault, SF: Siahan Fault, ONF: Ornach Nal Fault. The focal mechanisms are from the Global
CMT catalog. The relative motion between India and Eurasia is for Sukkur Pakistan (27.69°N, 68.84°E) using International
Terrestrial Reference Frame 2008. The relative motion between the Helmand block and Eurasia is small to negligible24.The
inconsistencies between adjacent tracks at 26°N-27°N are the result of a bias due to the residual tropospheric delay caused
by the inaccuracy of the atmospheric model.

3. InSAR Data and Processing Approach

We use ~2004 to ~2011 ascending Envisat advanced synthetic aperture radar (ASAR) data from tracks 70, 299,
27,256,485, 213, and 442 (beam 1S6) and descending ASAR data from track 134 (beam IS2). We generate zero
Doppler single look complex images using the synthetic aperture radar (SAR) Processor from Gamma Remote
Sensing, except for autofocus and azimuth compression, for which we use the pseudo inverse Fourier
transform instead of regular range-doppler focusing (Hyung-Sup Jung, personal communication, 2012). For
each track, we obtain small spatial baseline interferograms with perpendicular baselines less than 200 m
using the JPL/Caltech ROI_PAC software (see Figures S5 and S6 in the supporting information for the
networks of interferograms). We use the DORIS orbits and the 3 arc sec SRTM digital elevation model, inter-
polated to 1 arc sec spacing, to simulate and remove the phase due to the topography and earth curvature
from each interferogram. We take 8 looks in range and 40 looks in azimuth direction and filter the interfero-
grams using a Goldstein filter. We coregister the multilooked and filtered interferograms to a master SAR
image. We unwrap the coregistered interferograms using Snaphu [Chen and Zebker, 2001], evaluate the
phase consistency for triplets of interferograms, and correct for phase-unwrapping errors using the approach
of Fattahi [2015].

We then invert the network of interferograms to obtain the phase history at each epoch relative to the first
acquisition [Berardino et al., 2002]. We use connected networks of interferograms (Figures S5 and S6) so that a
bias can only be caused by phase inconsistencies, e.g., due to filtering [Agram and Simons, 2015], phase dec-
orrelation, and/or phase-unwrapping errors. To ensure unbiased estimation of the phase history, we evaluate
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the temporal coherence, which represents the residual of the difference of unwrapped interferometric
phases used in the inversion and the reconstructed interferograms obtained from the estimated phase
history, and mask out the incoherent pixels using a threshold of 0.7 [Pepe et al., 2006]. In the time domain
we then correct for the local oscillator drift of the ASAR instrument [Marinkovic and Larsen, 2013; Fattahi
and Amelung, 2014] and for topographic residuals [Fattahi and Amelung, 2013]. We use the ERA-Interim global
atmospheric reanalysis model [Dee et al., 2011] to correct the stratified tropospheric delay [Jolivet et al.,
2014b]. The corrected phase history after conversion to change in distance between the ground and the
satellite represents the ground displacement time series in radar line of sight (LOS) direction.

For each pixel we estimate the LOS velocity, which is the slope of the linear fit to the displacement time series.
The displacement is a relative measurement with respect to a reference pixel on the same track. Accordingly,
the LOS velocity field shows the relative velocity between any pair of coherent pixels. We concatenate the
velocity fields of adjacent tracks by estimating a constant offset as the median of the differences of the
velocity fields in the overlapping areas. The median is less sensitive to localized residual tropospheric delays
(not represented by the ERA-I model) than the mean. After adjusting the adjacent tracks, we use for the
overlapping areas the average velocity of the two tracks.

For the 2008 M > 6 earthquakes close to Pishin we eliminated the postearthquake acquisitions on tracks 213
and 485 because the coseismic displacements violate the assumption of linear deformation.

The uncertainties of the LOS velocity field are dominated by the spatially variable residual stochastic
tropospheric delay. They are given relative to a reference pixel in each track in Figure 6b of Fattahi and
Amelung [2015]. The averaged uncertainties are given as a function of distance in their Figure 7. The velocity
uncertainty increases from ~2 mm/yr over 100 km to ~4 mm/yr over 400 km distance. In the remainder of this
paper all uncertainties are averaged uncertainties inferred from this Figure.

4. Modeling Approach

We assume that the relative plate motion is accommodated by movements along one or more vertical
strike-slip faults that are either locked or creeping from the surface to some depth. We model a fault as a
combination of a buried infinite screw dislocation in an elastic half-space representing interseismic strain
accumulation along a locked fault [Savage and Burford, 1973] and a dislocation extending from the surface
to a given depth, representing the accommodation of strain by shallow creep [Segall, 2010, equation 2.30].
The fault-parallel surface velocity due to slip along N parallel faults is given by

N
3 N\ G E,
vi(x) = Z;’arctan (X 5 ') +;’arctan (x _’f) m

i=1 ! !

with S; the deep fault slip rate (also simply referred to as slip rate), D; the locking depth, C; the creep rate
(0<C;<S), E; the creep extent of the ith fault at location f;, and x the distance from the first fault, for which
f; =0 (see Figure S7 for an example). A fault creeping at the deep slip rate throughout the crust is given by
C=Sand E=D, and v(x) approaches a Heaviside function scaled by the slip rate.

We use a Bayesian approach to obtain the range of possible models of interseismic strain accumulation and
release. The posterior probability density function (PDF) of the model parameters, p(m|d), is defined as

p(m|d) ~ p(m) exp[(d — p)'C"'(d - p)] @

with d and p vectors containing the observations and model predictions, C~' the inverse of the covariance
matrix of the data, and p(m) the prior PDF of the model parameters. We use uniform prior distributions
and construct the covariance matrix based on Fattahi and Amelung [2015, equation 14] using their averaged
uncertainties as a function of distance. We sample the posterior PDFs using a Gibbs sampling algorithm with
200,000 sweeps over the model parameters at a critical temperature of one [Brooks and Neil Frazer, 2005].

5. Results

The relative InSAR LOS velocity field for the plate boundary zone (Figure 1b) shows relative lengthening of
the distance between the satellite and the ground of the eastern part of the study area with respect to the
western part by 8-15 mm/yr, consistent with the motion of the Indian plate relative to Eurasia toward the

FATTAHI AND AMELUNG

STRAIN ACCUMULATION AT CHAMAN FAULT 3



@AG U Geophysical Research Letters

10.1002/2016GL070121

Table 1. The Best Fitting Model Parameters for the Transects AA' and BB' (Figures 2a and 2b)?

Profile Fault S (mm/yr) D (km) C (mm/yr) E (km) f (k)

AN Chaman 6.1+1.1 10° SR 72420 60°

Arbitrary 62+1.1 10° o° o° 125°

BB’ Chaman 8.1+32 272+87 28+04 6.1+22 65°
Ghazaband 163+23 106423 o° o° 1050+ 0.5

3 slip rate, D: locking depth, C: creep rate, E: creep extent, and f: fault location from beginning of the profile. 1 sigma
uncertainties were estimated using a Gibbs sampling approach. Parameters without uncertainty were fixed.
Denotes ad hoc selected model parameters. See supporting information Figures S2 and S3 for the plots of marginal
posterior density distribution of estimated parameters.

Himalaya. Cold colors (blue) indicate ground movements away from the satellite relative to warmer colors
(red). The shortening of the distance to the satellite north of the Hoshab Fault (red colors) relative to the area
south of it may in part represent strain accumulation along the oblique-slip crustal faults in the Makran Range
and along the subduction megathrust.

5.1. Strain Accumulation From Transects

Two fault-perpendicular transects in the central Chaman Fault system with a width of ~40 km show relative
LOS velocities of 7 +£3 mm/yr and 12 £ 3.2 mm/yr, corresponding to fault-parallel velocities of 14+ 6 and 30
+ 6.4 mm/yr, respectively, using the local fault strike (Figures 1a and 1b). The uncertainties apply to the total
transect lengths of 140 and 160 km, respectively. For comparison, the resolved fault-parallel components of
the relative plate motion vector are 25 and 28 mm/yr, respectively. Discontinuities in LOS velocity at the
location where the transects cross the Chaman Fault indicate surface creep. The decreases in LOS velocity
at 30-40km distance along AA' and at 110-120 km distance along BB' likely represent land subsidence
due to groundwater withdrawal. The decrease in LOS velocity at 10-30 km and 150-170 km distance along
BB’ could represent vertical deformation related to thrust faults.
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Figure 2. Transects of the LOS velocity field perpendicular to (a) the Chaman Fault (AA’) and (b) the Ghazaband Fault (BB')
(oriented N55.5 W and N67°W, respectively). The uncertainties over the transect lengths (140 and 160 km) are 3 and

3.2 mm/yr LOS. Light grey: averaged LOS velocities from two overlapping tracks. Red lines in (Figures 2a and 2b): best fitting
models (see text). For the two central Chaman Fault transects, we project the LOS velocity, v, to fault-parallel velocities, Vil
as V||v/(sin(az)cos(h)sin(19) — cos(az)sin(h)sin(1)) where az is the local fault strike (34.5° for transect AA' and 22.75° for
transect BB'), h is the satellite heading angle (347°), and ¥ is the average radar incidence angle (41° for the ASAR I1S6 beam).
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Figure 3. (a) LOS velocity field for the Central Chaman Fault and (b) surface creep rates for 1 km intervals from the city of
Nushki toward NNW. Figure 3a is the same as Figure 1b except with different color scales and except for track 213, for which
we have omitted the frames with fewer acquisitions. See supporting information Figure S4 for a descending track and
Figures S5 and S6 for the interferogram networks. The earthquake locations for events without CMT solution are from
Ambraseys and Bilham [2003].

Weassume thatthe deformation along transect BB', which exhibits an arctangent pattern typical for interseismic
strain accumulation, is due to two faults, one of which is creeping at the surface. We infer the posterior PDFs for
seven model parameters, the slip rate, locking depth, location of fault 1 (Ghazaband), the slip rate, creep rate,
creep extent,and locking depth of fault 2 (Chaman), and fora constant offset. The model Chaman Fault coincides
with the LOS velocity discontinuity. We mask out the signals due to subsidence and due to suspected thrust
faulting and subsample the data by averaging the LOS velocities over 1km intervals along the transect
(supporting information Figure S1). We find slip rates of 8.1 +3.2 and 16.3 +2.3 for the Chaman and Ghazaband
Faults, respectively, a locking depth of 10.6 +2.3 km for the Ghazaband Fault, and a creep rate of 2.8 +04 mm/yr
for the Chaman Fault (Table 1). The locking depth and creep extent of the Chaman Fault are not constrained
because of trade-offs with the other model parameters (E1 and D1 in the supporting information Figure S2).

For transect AA" which does not show any arctan pattern we consider a two-fault model consisting of a fault
with a surface creep rate of 5 mm/yr and a locking depth of 10 km and an arbitrary fault at 125 km distance with
a locking depth of 10 km (although the lack of a surface expression for a fault at 80-140 km distance suggests
diffuse deformation). We find a slip rate of 6.6 + 1.2 mm/yr for the Chaman Fault. Models with a higher locking
depth for the arbitrary fault and models with two arbitrary faults give similar but lower slip rates for the Chaman
Fault (Table S1). The two southern transects showing strain accumulation across the Panjgur Fault and surface
creep across the Hoshab Fault northeast of the 2013 rupture are discussed in the supporting information S1.

5.2. Shallow Creep Along the Chaman Fault

The discontinuity in the LOS velocity field across the Chaman Fault is evidence for shallow fault creep
(Figure 2a). The descending LOS velocity field does not show this signal (supporting information Figure S4)
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because a fault-perpendicular looking radar is insensitive to fault-parallel displacements. To estimate along-
strike variations of the surface creep rate, we consider seven sections with different strikes and 1 km? squares
at distances of 0.3 km from both sides of the fault. The creep rate is given by the difference in the LOS velocity
averages; the variance of the creep rate is given by the sum of the variances. We project the LOS creep rates
to fault-parallel creep rates assuming horizontal deformation. The surface creep rate increases from no creep
at Nushki to 8.1 £ 2 mm/yr at 42-45 km distance and shows along-strike variability (Figure 3b). The creep rate
between 125 and 230 km distance is not determined because of a lack of interferometric coherence near the
fault. The total length of the creeping segment is 340 km.

6. Discussion
6.1. Slip Rates

Our modeling shows that at 29 N the shear from the relative plate motion is accommodated by both the
Chaman and Ghazaband Faults with estimated slip rates of 8.1+3.2 and 16.3+2.3 mm/yr, respectively
(transect BB'). At about 32 N the slip rate of the Chaman Fault is 6.6 + 1.2 mm/yr (transect AA"). In the following
we use a slip rate of 8 mm/yr (within the 2 sigma confidence interval of the transect AA’ estimate). This rate is
consistent with the rate of 8.5%]-8 mm/yr of Szeliga et al. [2012] from 5 years of GPS observations for a profile
near Chaman City and the observation that a campaign GPS station in Kabul accounts for 75% of the India-
Eurasia motion, leaving 25% for the Chaman Fault to the west [Szeliga et al., 2012]. However, it is lower than
the geological slip rate of 33.3 £ 3 mm/yr [Ul-Hadi et al., 2013], which is inferred from surface exposure ages of
an offset alluvial fan near the town of Chaman. Possible explanations for this discrepancy are that either the
fault has recently slowed or that the age estimate of the fan is biased by surface erosion [Behr et al., 2010].

6.2. Creeping Segment

We have identified a 340 km long creeping segment along the Chaman Fault (Figure 2). In the past 100+ years
this segment was ruptured by three significant earthquakes, in 1892 by a M;6.5 near Chaman City (associated
with 65-80 cm over 30-60 km), in 1975 by a M;6.8 near Spin Tezha, and in 1978 by a M,,5.9 near Nushki
(Figure 2a) [Ambraseys and Bilham, 2003]. The coincidence of fault creep and fault rupture puts the
Chaman Fault on the growing list of continental strike-slip faults with partially coupled segments [Jolivet
et al., 2014a; Avouac, 2015; Chaussard et al., 2015] and suggests that the overall frictional behavior of the fault
varies over time as documented elsewhere [Cakir et al., 2012; Kaneko et al., 2013; Cetin et al., 2014].

6.3. Seismic Hazard

We use the inferred slip rate, locking depth, and creep information to obtain first-order estimates of the slip
deficits and of the seismic potential of the Ghazaband Fault, of the creeping segment of the Chaman Fault,
and of the Northern Chaman Fault. For the conversion from slip to seismic moment we use a rigidity of
30x 10° nm. Given the model assumptions (vertical faults, 2-D geometry) and the lack of INSAR coverage
of the northern Chaman Fault, we recognize that the following discussion represents a simplified interpreta-
tion of this complex area.

6.3.1. Ghazaband Fault

There was no major earthquake on the Ghazaband Fault since at least 1870. The strain accumulation rate of
16 mm/yr below a locking depth of 10.6 km is equivalent to an M,,7.3 earthquake every 100 years (for a length
of 250 km). The four M,, > 5 earthquakes in the 40 years long global centroid moment tensor (CMT) catalog in
the area (M,,6.1 and M,5.3 in 1990, M,5.6 in 1993, and M,5.5 in 2007) account for only 5% of the
accumulated moment. The accumulated moment deficit makes the Ghazaband Fault one of the most
hazardous faults in the plate boundary zone. Here we follow the notion that the 1935 M7.7 Quetta earthquake
did not rupture this fault [Ambraseys and Bilham, 2003; Armbruster et al., 1980] inferred from the lack of
reports about railroad damages at the fault crossing at 29.5°N (railroad damages were reported east near
Mastung [Armbruster et al., 1980]). For an alternative opinion see Szeliga et al. [2012].

6.3.2. Chaman Fault Creeping Segment

For this 340 km long segment (29.5°N to 32.3°N), the tectonic loading rate of 8 mm/yr corresponds to 1 m of
slip accumulated over the 124 years since the 1892 earthquake. About one third of the slip has been accom-
modated seismically (the summed moment of the three earthquakes corresponds to an averaged slip of
0.37 m for a locking depth of 10.6 km). As our data do not resolve the coupling coefficient, we assume that
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one quarter of the slip is accommodated aseismically (inferred from the observation that the surface creep is
about half the loading rate and assuming a creep extent of half the locking depth). This leaves 0.38 m of
potential slip available for the next rupture, corresponding to a moment magnitude of M,,7.0 using a locking
depth of 10.6 km. Hence, the creeping segment has the potential to generate a major earthquake. Here we
have assumed that creep has been constant over the time period considered and we have ignored
aftershocks and afterslip.

6.3.3. Northern Chaman Fault

The moment deficit along the 343 km long fault segment (32.3°N to 35.0°N) is of interest because the last
major earthquake in 1505 near Paghman caused significant damage in the city of Kabul [Quittmeyer and
Jacob, 1979; Ambraseys and Bilham, 2014]. As it is not covered by InSAR we use the slip rate and locking
depths inferred farther south. For a slip rate of 8 mm/yr the slip available is 4m, corresponding to an
M,,7.6. This explains the lack of major earthquakes over the past 500 years but does not imply a low hazard.
If there is additional creep along this segment or if some of the deformation is accommodated along the
Gardez fault farther to the east, the slip available for the next earthquake is even less.

6.3.4. Geodynamical Implications

Our study has shown that the Chaman Fault, which is the most prominent tectonic structure in the plate
boundary zone, accounts with a slip rate of 8+3.1 mm/yr only for ~30% of the shear component of the
relative plate motion between India and Eurasia of 25 mm/yr. As the relative motion between the Helmand
block and Eurasia is negligible [Mohadjer et al., 2010; Walpersdorf et al., 2014], the remaining ~70% must
be accommodated east of the Chaman Fault. South of 30.5°N it is accommodated by the Ghazaband Fault;
the combined slip rate of the two faults is 24 + 4 mm/yr. North of this latitude, the Katawaz block [Reynolds
et al., 2015] gives rise to a local zone of convergence because it is oriented perpendicular to the plate motion
vector. The surface expression of this convergence is the thick-folded sediment layers in the Sulaiman Lobe.
Our results imply that ~70% of the relative plate motion is accommodated in this convergence zone.

7. Conclusions

The Envisat InSAR observations corrected for local oscillator drift, topographic residuals, and stratified tropo-
spheric delay show that the Chaman Fault does not act as the sole transform boundary between stable India
and Eurasia but accommodates only ~8 mm/yr of the relative motion between the two plates. The plate
boundary deformation is accommodated over a wider zone with the Ghazaband Fault accounting for
~16 mm/yr. North of the Ghazaband Fault, the deformation must be accommodated by faults to the south
and east of the Katawaz block. Along a 340 km long segment of the Chaman Fault the deformation is partly
accommodated by shallow fault creep with maximum surface creep rate of ~8 mm/yr.
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