
1. Introduction
The kinematics of crustal deformation at fold-and-thrust belts is complicated by the interaction between faulting 
and folding (Chapple, 1978; Muñoz & Charrier, 1996; Nabavi & Fossen, 2021; Poblet & Lisle, 2011; Price, 1981; 
Sepehr & Cosgrove, 2004). Complex fault geometry causes shortening in the hanging wall that is accommodated 
by flexural slip, a type of plastic deformation that results from slip on multiple bedding planes in sedimentary strata 
(Couples et al., 1998; Johnson, 2018; Johnson & Johnson, 2002; Kaneko et al., 2015; Sathiakumar et al., 2020; 
Suppe, 1983; Tanner, 1989). Subduction zones exhibit a thrust-and-fold belt in the forearc near the trench (D. 
Davis et al., 1983; Kopp & Kukowski, 2003; Saffer & Bekins, 2002; Qiu & Barbot, 2022), even in the poorly 
developed frontal prism of erosive margins (e.g., Eakin et al., 2014; Tsuji et al., 2011; Von Huene et al., 1985). 
Thrust-and-fold belts can also be found at the margin of collision zones (Hubbard et al., 2015, 2016; Lavé & 
Avouac, 2000; Yue et al., 2005) and in other transpressive settings (Lai et al., 2006; Namson & Davis, 1988; 
Shaw & Shearer, 1999; Shaw & Suppe, 1994, 1996; Shaw et al., 2004; Tapponnier et al., 1990). The role of 
folding on the long-term build-up of topography is well explained in various tectonic environments (T. L. Davis 
et al., 1989; Kastelic & Carafa, 2012; Mahanjane & Franke, 2014; Shaw et al., 2005). However, the mechanical 
coupling between folding and faulting during seismic cycles is still poorly understood. Some observations (J. Lin 
& Stein, 1989; A. Lin et al., 2001; Kuo et al., 2014) and numerical modeling (Sathiakumar et al., 2020) indicate 
that co-seismic folding is possible, but how this deformation occurs in the crust is still poorly resolved.

The relative convergence between the Indian subcontinent and the Afghan block results in underthrusting of 
the Indian plate (inset Figure 1a). The western margin of the India-Eurasia collision belt, which accommodates 
around half of 35–46 mm/yr of relative plate motion (Ul-Hadi et al., 2013), provides an ideal setting to study 
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the mechanics of an active fold-and-thrust belt (Figure 1a) (Banks & Warburton, 1986). The shear component 
is accommodated along the transform boundary of the Chaman Fault (CF) system but shortening is taken up 
by the transpressive Kirthar Fold Thrust and the Sulaiman Fold Thrust (SFT) (Bernard et al., 2000; Fattahi & 
Amelung, 2016; Saif-Ur-Rehman et al., 2020; Szeliga et al., 2012). The deformation front separating Eurasia 
from the Indian subcontinent in Central Pakistan is the Boundary Thrust (BT), at the eastern limit of the SFT. 
The SFT belt is seismically active with many devastating earthquakes occurring within a complex network of 
blind thrusts, fault bends, duplex structures, and strike-slip faults (Banks & Warburton, 1986; Jadoon, 1995; 
Prevot et al., 1980). The historical earthquakes and fault plane solutions in the SFT belt in the last three decades 
are shown in Figure  1a. The regional seismicity is characterized by thrust and a few strike-slip earthquakes 
(Pezzo et al., 2014; Reynolds et al., 2015). For example, the doublet thrust of Mw 6.9 events that occurred on 
27 February 1997, separated by approximately 19 s, caused many fatalities and major economic loss (Nissen 
et  al.,  2016). Although the Central and Western SFT are characterized by well-developed fault-bend folding 
structures, the structures in the eastern SFT zones are under-developed (Banks & Warburton, 1986; Khan & 
Scarselli, 2021; Saif-Ur-Rehman et al., 2019), experiencing only moderate-size NorthEast-SouthWest and E-W 
thrust earthquakes, with a deficit of large (Mw > 6.0) earthquakes along the BT in the last several decades. Large 
cities with population of more than 3 million are located approximately 10–50 km from the BT (Figure 1a).

On 23 October 2015, a Mw 5.7 earthquake occurred near Dajal, 55 km South-SouthWest of Dera Ghazi Khan, 
one of the most populated cities of Punjab province, Pakistan (Figure 1a). The earthquake occurred at the eastern 
boundary of the SFT, providing an opportunity to study the interaction of coseismic slip and folding within an 
active fold-and-thrust belt (Figures 1b and 1c). Here, we investigate the deformation induced by the 2015 Mw 
5.7 Dajal earthquake to gain new insights into the mechanics of folding through flexural slip during the seis-
mic cycle. The orientation and maturity of the frontal fold-and-thrust belt is still poorly understood. A prelim-
inary geological interpretation of a controlled-source seismic profile across the BT some 20–30 km north of 
the epicenter infers the presence of a shallow thrust, dipping eastwards at an angle of 30°–40°, possibly rooted 
in a décollement at 5–10 km depth forming a double fault-bend fold (FBF) or a fault-propagation fold (FPF) 
system (Humayon et al., 1991; Saif-Ur-Rehman et al., 2019). The double FBF system is defined by two horizon-
tal décollements separated by a frontal ramp and associated active axial surfaces originating at the fault bends 
(Suppe,  1983), whereas the FPF system involves a deeper horizontal décollement and the frontal ramp that 
terminates below a thick sediment layer along with their associated axial surfaces initiated at the fault bends and 
top of the fold (Sathiakumar et al., 2020; Suppe, 1983; Suppe & Medwedeff, 1990). A more recent interpretation 
of the controlled-source seismic profiles at the Eastern SFT zone in addition to the other geological and field 
observations invokes a FBF system with a pair of forward- and backward-verging faults (Humayon et al., 1991; 
Saif-Ur-Rehman et al., 2019).

Considering the uncertainties in fault orientation, we present kinematic inversions of interferometric synthetic 
aperture radar (InSAR) for two end-member models of coseismic folding that imply different stages of devel-
opment of the frontal section: a double synclinal and anticlinal FBF system (Suppe, 1983) and a FPF system 
(Suppe & Medwedeff, 1990) (Figure 2). In addition, we consider either a forward-vergent (dipping westward), 
or a backward-vergent (dipping eastward) thrust. We take folding in the hanging wall into account explicitly 
by inverting for the spatial distribution of flexural slip along the active axial surfaces. In the FBF model with 
a backward-vergent thrust, considerable movement occurs on the west-dipping axial surfaces, which is phys-
ically implausible (Figure 3c). In the forward-vergent cases, flexural slip accumulates above the hinge of the 
ramp-décollement system (Figures 3a and 3b), with an amplitude compatible with predictions from balanced 
cross-sections for long-term deformation (Sathiakumar et al., 2020). Our observations show that folding occurred 
either during the earthquake rupture or during the short post-seismic phase that followed, which is also captured 
by the InSAR data. The 2015 Mw 5.7 Dajal earthquake was presumably confined within the blind ramp of the 
FPF or of the FBF system representing the frontal extension of the BT, where it is buried under the Miocene 
or younger sediment of the Indus River floodplain. These observations document the seismic potential of blind 
ramps and axial surfaces in fold-and-thrust belts and the control on final rupture size by fault-bends and surround-
ing folds.

Software: Muhammad Tahir Javed, 
Farhan Javed
Supervision: Sylvain Barbot, Carla 
Braitenberg
Validation: Muhammad Tahir Javed, 
Sylvain Barbot, Farhan Javed, Aamir Ali, 
Carla Braitenberg
Visualization: Muhammad Tahir 
Javed, Farhan Javed, Aamir Ali, Carla 
Braitenberg
Writing – original draft: Muhammad 
Tahir Javed
Writing – review & editing: Muhammad 
Tahir Javed, Sylvain Barbot, Farhan 
Javed, Aamir Ali, Carla Braitenberg

 19448007, 2022, 23, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
099953 by U

niversita D
egli Studi D

i, W
iley O

nline L
ibrary on [21/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

JAVED ET AL.

10.1029/2022GL099953

3 of 11

Figure 1. Tectonic settings and historical earthquakes (yellow circles) with M > 3.5 on Sulaiman Fold Thrust (SFT) belt. (a) Faults abbreviated with BT, boundary 
thrust, CF, Chaman Fault, GBF, Ghazaband Fault, KF, Kingri Fault, KT, Kamari Thrust, KHT, Karahi Thrust (Pezzo et al., 2014). Focal mechanism solutions in 
blue (Nissen et al., 2016), orange (Pezzo et al., 2014), Global Centroid Moment Tensor catalog, dark gray (Reynolds et al., 2015), black (Bernard et al., 2000), and 
white circles (Ambraseys & Bilham, 2003). The dark red moment tensor is the 2015 Dajal earthquake epicenter, shown above the slip distribution. The inset shows 
the geographical location of the SFT belt and the relative motion (36 mm/yr) between the India and the Afghan block (Ul-Hadi et al., 2013). (b and c) Ascending and 
descending, wrapped line-of-sight (LOS) displacement of the 2015 Dajal earthquake.
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2. Kinematic Inversion of Coseismic Slip and Folding
The 2015 Mw 5.7 Dajal earthquake occurred in a remote location, outside of any ground-based geodetic observa-
tory. Fortunately, the deformation was captured by the spaceborne synthetic aperture radar (SAR) Sentinel-1A. To 
document the surface deformation induced by the earthquake, we generate the Sentinel-1A ascending (ASC071) 
and descending (DSC005) interferograms (Figures 1b and 1c), allowing us to constrain two directions of defor-
mation. The ascending radar images were acquired on 17 October and 10 November; the descending images on 
1 October and 18 November 2015, capturing 18 and 26 days of potential postseismic deformation in addition 
to the co-seismic deformation. For radar image formation and post-processing, we use GMT5SAR (Sandwell 
et al., 2011) (Section 1.1 in Supporting Information S1). We determine the uncertainties in the SAR interfero-
grams based on the semi-variogram (Figure S3 in Supporting Information S1) (Section 1.2 in Supporting Infor-
mation S1). The ascending and descending interferograms show line-of-sight displacements of approximately 
45 and 50 mm, respectively (Figure S4 in Supporting Information S1). In a preliminary step, we estimate the 
simplified source parameters assuming coseismic rupture on a single fault plane, ignoring potential folding in the 
hanging wall. We constrain the dip, strike, depth, width, length, rake, and slip (Figure S6, Table S3 in Supporting 
Information S1) based on data from both interferograms using a Monte Carlo method for a rectangular patch 
of uniform slip (Bagnardi & Hooper, 2018) (Section 1.3 in Supporting Information S1). The seismic moment 
M0 = 3.94 × 10 17 N m, assuming a shear modulus of 32 GPa, is calculated using the mean value of the probability 
distribution of the source model parameters, corresponding to Mw 5.7. The epicentral location and source proper-
ties are similar to inferences from the U.S. Geological Survey (USGS, 2020), and the International Seismological 
Center (Lentas et al., 2019) (Table S3 in Supporting Information S1). The depth of 6.5 ± 1.2 km is similar to 
past events in the Eastern SFT region (Reynolds et al., 2015). This simple model indicates that the rupture took 
place on a 40° ± 12°-dipping thrust with strike 194° ± 6°, located east of the exposed SFT, buried deep below the 
Miocene or younger sediment of the Indus River floodplain. We use this result to construct a three-dimensional 
model of coseismic deformation compatible with the regional tectonic setting.

Based on the fold-and-thrust tectonic environment, we investigate forward- and backward-vergent thrusts for 
two relevant end-members of fault-bend geometries of crustal deformation that involve fault slip at the base 
of the thrust sheet and folding in the overlying sedimentary strata. In all cases, we surmise that a blind exten-
sion of the BT extends toward the Dajal earthquake epicentral area. In the FBF model, we consider slip on 
the décollement-ramp-décollement, and flexural slip along two active axial surfaces initiated at the fault-bends 

Figure 2. End-member models of fault-related folds in a representative cross-section. (a) Double fault-bend fold (FBF) model with syncline and anticlinal fault bends 
and active axial surfaces. (b) Long-term slip directions along the décollement, ramp, and axial surfaces. The three velocity vectors close the hodograph (inset). Flexural 
slip on axial surfaces accommodates the advection of thrusted sediments as they start or stop climbing the ramp. The unit vector n is normal to the axial surface. (c) 
FPF with four active axial surfaces (long dashed lines). The domains surrounded by active axial surface move at the same long-term velocity. The passive axial surface 
(short dashed line) does not contribute to internal deformation. (d) Relative motion along the top axial surfaces 3 and 4 of the fault-propagation fault model closing the 
hodographs (inset). The end-member models are extruded along a 194° strike to form a three-dimensional structure for the purpose of inversion.
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(Figure 2a). For the FPF, the model includes slip on the décollement-ramp system and flexural slip on the four 
active axial surfaces: one aligned with the hinge of the fault bend, two at the top of the fold, and one at the tip 
of the ramp (Figure 2c). In simple models of folding, flexural slip accommodates the advection of thrusted sedi-
ments through the active axial surface as they start or stop climbing the ramp. This localized plastic deformation 
can be represented by dislocation theory, whereby the nucleus of strain is defined by the unit normal vector 𝐴𝐴 𝒏𝒏 
of the axial surface and the direction of long-term motion (Sathiakumar et al., 2020). Even though faults and 
active axial surfaces are drastically different objects, their short-term effect on displacement and stress in the 
surrounding elastic medium can be represented by double-couple moment tensors and elastic solutions. The 
direction of long-term motion along an axial surface is the difference between the long-term velocity vectors in 
the domains that it separates (Daout, Barbot, et al., 2016; Daout, Jolivet, et al., 2016; Sathiakumar et al., 2020) 
(Figures 2b and 2d). Assuming no cut-off angle of incoming sediment implies the same slip-rate on the ramp 
and on the décollement, although with different vector directions. The absolute value of long-term slip rate is 
not required to determine the direction of long-term relative motion along axial surfaces. The geometry of the 
active axial surfaces is obtained assuming the conservation of layer thickness, length, and cross-sectional area 
of the incoming sediment in a balanced cross-section (Suppe, 1983; Suppe & Medwedeff, 1990). Details of the 
geometry and hodographs of the models are discussed in the Section 2.1 in Supporting Information S1. If folding 
is entirely coseismic with 40° fault-bends, flexural slip should amount to a fraction of the coseismic slip equal to 
2 sin(20°) = 0.68, corresponding to the closure of the hodograph formed by the relative velocity vectors on the 

Figure 3. Kinematic models of the Mw 5.7 Dajal earthquake for two-end member fault-related fold geometries and two vergence directions. (a, and c) Forward- and 
backward-vergent fault-bend fold (FBF) co-seismic slip distribution on the décollement-ramp-décollement system and flexural slip on two axial surfaces. (b and d) 
Forward- and backward-vergent FPF co-seismic slip distribution on the décollement-ramp system and flexural slip on four active axial surfaces.
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décollement, ramp, and axial surface for both forward and backward-vergent 
models (Figure 2).

We consider the fault-related fold geometries laid out in Figure 2 and the 
full resolution InSAR observations to estimate the deformation models 
and corresponding residuals for the forward- and backward-vergent thrusts 
(Figures S7a–S7r in Supporting Information S1). We model surface defor-
mation due to slip on the ramp and the décollement using analytic solutions 
(Okada,  1985). For the forward- and backward-vergent FBF models, we 
determine the distribution of slip on the ramp, two décollements, and the 
flexural slip over the two axial surfaces through a non-negative least-squares 
inversion where motion is aligned with the direction of long-term motion 
(e.g., Barbot et al., 2013; Jónsson et al., 2002). We discretize the model into 
square patches of 800 m length allowing non-zero along-strike and down-dip 
slip. We use a L-curve (Aster et al., 2012; Parker, 1994) to resolve the trade-
off between misfit and roughness (Figure S8 in Supporting Information S1). 
The coseismic rupture is much elongated, almost entirely confined to the 
ramp, with along-strike rupture propagation from north to south, parallel to 
the BT. Virtually no slip takes place on the shallower or deeper décollements 
(Figure 3a). The model produces up to 24 cm of flexural slip along the deeper 
axial surface 1, concentrated near the nucleation area to the north. There is 
virtually no flexural slip on the shallow axial surface (axial surface 2). There 
are notable differences for the backward-vergent FBF, which showcases more 
flexural slip on the axial surfaces than fault slip in the immediate neighbor-
hood of the ramp (Figure 3c).

We now consider the FPF with either a forward- or backward-vergent thrust 
(Figures 3b and 3d), modeled as a ramp-décollement system with four active 
axial surfaces. We resolve the spatial distribution of fault and flexural slip 
using the same approach as above. Both FPF models reveal around 20 cm 
of flexural slip on axial surface 1, but virtually no flexural slip on surfaces 
2, 3, and 4 (Figures 3b and 3d). In the forward-vergent FBF and FPF, the 
flexural slip follows the pattern of co-seismic slip on the ramp.  For the 
backward-vergent models, flexural slip only occurs near the up-dip tip of 
the ramp rupture, and coseismic slip is mostly confined on the frontal ramp, 
with the maximum slip of 50 and 45 cm found at 7.0 km depth respectively 
(Figures 3b and 3d). The potency density, that is, the stress drop scaled by 
the rigidity of the host rocks (see Text S3 in Supporting Information S1), is 
44 micro-strain, consistent with that of thrust-earthquakes in the region and 
worldwide (Nanjundiah et al., 2020).

We explore the orientation of the ramp with dip of 30°, 40°, and 50° for all 
models. The misfit of 40° dip is favored by the data with the lowest root 
mean square (RMS) for the forward-vergent models (Table S4 in Supporting 
Information S1). In all cases, the ramp is where most of the blind rupture 

took place, compatible with our preliminary investigation. In addition, we perform the Akaike Information Crite-
rion (AIC) (Akaike, 1985; Barkat et al., 2022), and reduced-chi-square analyses (Hubbard et al., 2015; Tsang 
et al., 2016) to evaluate the preferred models (Table S5 in Supporting Information S1). The forward-vergent FPF 
model shows the lowest RMS, AIC, and reduced-chi-square values with a 40° dipping ramp (Table S5 in Support-
ing Information S1). We also investigate the depth of the deeper décollment at 6.5, 7.5, 8.5, and 9.5 km (Table S6 
in Supporting Information S1). The least systematic residuals correspond to a 7.5 km décollement depth.

The forward-vergent FBF and FPF models (Figures 4a and 4b) explain the observations well, with residuals less 
than 2.8 mm, and 2.59 mm (Figure S8 and Table S5 in Supporting Information S1). The reduced-chi-square for 
the forward-vergent FBF and FPF models is 0.82 and 0.72, respectively, even slightly lower for backward-vergent 
models, with 0.79 and 0.72 (Figure 4c), respectively. However, the forward-vergent models exhibit more internal 

Figure 4. Model comparison. (a) Forward-vergent fault-propagation fold 
system (FPF) models for ascending and descending interferometric synthetic 
aperture radar (InSAR) tracks. (b) Forward-vergent fault-bend fold (FBF) 
models during ascending and descending InSAR tracks. Focal mechanisms 
based on InSAR (red) or from USGS (black). (c) Tradeoff between data misfit 
and model roughness (L-curve) for forward- and backward-vergent FBF and 
FPF models. The black and red color circles show selected smoothing factors 
for the FBF and FPF models, 0.06, and 0.05, respectively.
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consistency than the backward-vergent ones. In the backward-vergent FBF case, there is more flexural slip on the 
axial surface than fault slip on the ramp at the same along-strike distance, incompatible with fault-related fold 
kinematics. In the FPF case, the distribution of flexural slip on the deep axial surface is discontinuous. In contrast, 
the forward-vergent models exhibit features compatible with FBF and FPF kinematics with a distribution of 
flexural slip on the deep axial surface following the distribution of slip on the ramp and the amount of flexural 
slip representing 70% of the expected value for coseismic folding. The remaining fraction may occur later in the 
postseismic period, when folding propagates up-dip of the axial surface through the entire sedimentary stack 
(Sathiakumar et al., 2020). The 2015 Mw 5.7 Dajal earthquake likely represents the rupture of the frontal section 
of the BT at the easternmost boundary of the SFT. The rupture can be understood as the seismic activity of the 
blind, forward-vergent ramp of a FBF or FPF.

3. Discussion
The SFT represents a complex duplex structure with multiple faults and folds that increase in maturity westwards 
toward the interior of the belt (Khan & Scarselli, 2021; Saif-Ur-Rehman et al., 2019, 2020). North of the Dajal 
earthquake, where the BT is exposed, the SFT features the Zindapir anticlinorium, characterized by bare Pale-
ocene sediment surrounded by Miocene and younger sediments. The nearby Sakhi Sarwar anticline (Humayon 
et al., 1991; Saif-Ur-Rehman et al., 2020) shows the development of a fault-bend structure that is less developed 
and exposes only Miocene and younger sediments. Following this latitudinal progression, we suggest that the 
Dajal earthquake occurred on the underlying ramp of an even less developed anticlinal structure formed by FPF 
or FBF buried under the Miocene and younger sediments of the Indus River floodplain (Figure 5). Our interpreta-
tion is substantiated by nearby seismic reflection profiles (Humayon et al., 1991; Jadoon, 1995; Saif-Ur-Rehman 
et al., 2019, 2020) that suggest the presence of a shallow east- and west-dipping décollement at a depth of 7–9 km 
for fault-related fold structures. The basal décollement and forward-vergent blind ramp may constitute the eastern 
termination of the SFT, extending the BT farther south and east. The prolongation of the BT is compatible with 
the overall strike and longitude of the Dajal earthquake ramp. The buried BT may thrust the same sequence of 
Cretaceous-to-recent sediments that is ubiquitous elsewhere in the SFT. If shortening continues, the fault-related 
fold will eventually be exposed, as at the Sakhi-Sarwar anticline farther north. It is possible that other thrusts may 
be found to the west, forming an imbricate structure that can host other earthquakes.

The 2015 Dajal earthquake illuminates the structural control of seismic ruptures and the relationship between 
faulting and folding at time scales of the seismic cycle. The large aspect ratio (length/width = 6) of the rupture 
is presumably caused by the termination of the ramp below folded sediments, forcing the rupture to propagate 
primarily along-strike. If not for the termination of the fault below a synclinal fold, the rupture may have prop-
agated up-dip, producing a larger earthquake with surface breaks. Instead, the rupture concentrates at the base 
of the ramp, which often constitutes a region of rapid stress accumulation (Sathiakumar & Barbot, 2021). The 
crustal deformation indicates an apparent synchronicity between coseismic slip and folding of the hanging wall. 
However, the temporal resolution of radar acquisitions is insufficient to determine whether folding occurred 
within a few tens of seconds during the earthquake, or within the following hours and days. Truly coseismic 
folding would imply unstable weakening friction along the bedding planes, corresponding to propagation of 
flexural slip up-dip of the axial surface at a fraction of seismic shear wave speed. In contrast, flexural slip during 
the early postseismic period would be compatible with velocity-strengthening friction on the bedding planes 
that accommodate the deformation. If the spatial distribution of flexural slip—representing only 70% of the 
maximum expected value—is any indication, the velocity dependence of flexural slip should be strengthening or 
conditionally stable (Sathiakumar et al., 2020). Otherwise, flexural slip would have propagated farther up-dip as 
a self-sustaining process. Regardless, folding appears closely synchronized with seismic ruptures, illustrating the 
strong mechanical coupling between the two modes of brittle deformation at the time scales of the seismic cycle.

Active blind thrusts have shown their seismic potential on many occasions, for example, the 1994 Mw 6.7 
Northridge, California (Hudnut et  al.,  1996), 1999 Mw 7.7 Chi-Chi, Taiwan (A. Lin et  al.,  2001), and the 
2005 Mw 7.6 Kashmir, Pakistan (Powali et al., 2020) earthquakes. Better understanding of crustal dynamics in 
fold-and-thrust belts is therefore paramount to characterize seismic hazard in regions of active shortening. In the 
past hundred years, the frontal part of the eastern SFT has not experienced any earthquake of Mw > 6. In contrast, 
in the Western and Central SFT, several Mw 6.0–6.9 earthquakes occurred in the last decades, including a Mw 
6.7 and 6.9 doublet in 1997 in the Sibi Syntaxis (Figure 5a) and Mw 6.4 events in 2008 in the Quetta Syntaxis 
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Figure 5. Blind frontal ramp of the Eastern Sulaiman Fold Thrust (SFT). (a) The geological map after Saif-Ur-Rehman et al. (2019). The dashed line with chevron 
is the proposed extension of the BT south of the Zindapir anticlinorium and the Sakhi Sarwar anticline without surface expression. The ramp is buried under recent 
sediments from the Indus River flood plain, 30 km east of the Eastern SFT. (b and c) Cross-sections of fault-bend fold and fault-propagation fold (FPF) geometries 
across the Dajal earthquake epicentral area with a FPF extending from the southern extension of the BT buried under Miocene or younger sediments. The colors 
indicate the concentration of slip on the ramp and flexural slip along the active axial surface. Vertical exaggeration (x1).
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(Figure 1a) (Nissen et al., 2016; Reynolds et al., 2015; Usman & Furuya, 2015). Ultimately, earthquakes accom-
modate fault slip and the frequency of earthquakes is linked to the long-term fault slip-rate. However, long-term 
slip-rates vary greatly in space and time in fold-and-thrust belts because shortening occurs both by folding and 
faulting. During periods of crestal narrowing and uplift, when folds grow mostly vertically, the long-term slip-rate 
of linked fault sections located up-dip of the fold is momentarily reduced (Suppe, 1983). The long-term slip-rate 
can be homogeneous along dip during the phase of crustal growth, when a synclinal fold extends forward. As 
the SFT contains many ramps overlain by folds, the frontal section may experience slower long-term slip-rates, 
gradually diminishing toward the BT. When shortening is taken up by folding within the belt, the frequency of 
earthquakes toward the foreland should accordingly decrease, possibly explaining the relative scarcity of earth-
quakes near the deformation front of the SFT belt in the last hundred years. However, as illustrated by the Dajal 
earthquake, the propagation of faults into the foreland basin can occur seismically, highlighting the potential seis-
mic hazard of deformation fronts. The interactions of faulting and folding in fold-and-thrust belts therefore exert 
a control on earthquake processes at the time scales of seismic ruptures, guiding their propagation along strike, 
and at longer time scales, affecting the average frequency of ruptures.

4. Conclusions
The 2015 Mw 5.7 Dajal, Pakistan earthquake represents the seismic rupture of a frontal blind ramp of the SFT, 
presumably as the seismic expression of a FBF or FPF. The earthquake illuminates the possible extension of the 
BT 30 km south of the Zindapir anticlinorium where it breaks the surface, corresponding to the propagation of the 
SFT some 30 km east into the Miocene and younger sediments of the Indus River floodplain. The earthquake was 
accompanied by coseismic folding accommodated by flexural slip along an active axial surface. The deformation 
is captured at the temporal resolution afforded by the radar acquisitions, which includes between 10 and 18 days 
of potential postseismic deformation. Despite this short period of observation, flexural slip is tantamount to 70% 
of the expected value for coseismic folding, indicating strong mechanical coupling and synchronicity between 
faulting and folding at the time scales of the seismic cycle. While the Dajal earthquake demonstrates the seismic 
potential of the deformation front of fold-and-thrust belts, the folded sediments above the blind ramp exert a 
strong control on the rupture propagation. Further seismic exploration of fold-and-thrust belts will be crucial to 
anticipate the location and size of future seismicity in this widespread tectonic setting.

Data Availability Statement
Sentinel-1A data: https://scihub.copernicus.eu/dhus/#/home. SRTM DEM: https://topex.ucsd.edu/gmtsar/
demgen/. The line-of-sight displacement and models for the FBF and FPF cases: https://doi.org/10.5281/
zenodo.6617118.
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