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Abstract

The tectonic framework of the 2019 Mirpur seismic sequence was investigated using local seismic
data. Moment tensor inversion was performed for the Mirpur mainshock (Mw=5.8) and its largest
aftershock (Mw=4.7). The mainshock exhibited a low dip angle (~10°) and shallow focal depth,
suggesting association with the Main Frontal Thrust (MFT). Contrary, the largest aftershock showed
a comparatively higher dip angle, indicating deformation along a ramp or ramp-anticline structure.
The stress regime was evaluated using moment tensor solutions from two locally inverted events,
two Global CMT solutions and a published focal mechanism. The results indicated a maximum
horizontal stress (SHmax) orientation of NO07°E, consistent with the stress orientation of the 2005
Kashmir earthquake sequence and the regional compression driven by the Indian plate convergence.
Aftershock relocation and spatial distribution patterns suggested post-seismic stress relaxation and
possible activation of a higher-dip fault segment or ramp-anticline structure. Although a seismogenic
depth of approximately 15 km was estimated, the concentration of seismicity around 10 km depth
may involve the Main Himalayan Thrust (MHT). The Mirpur mainshock was triggered primarily by
the movement along the MFT, whereas the subsequent aftershocks reflected post-seismic relaxation
associated with the MHT and related ramp-anticline structures.

Keywords: moment tensor inversion; present-day stress condition; seismo-tectonic modeling;
Samwal and Pabbi anticline

1. Introduction

Recent studies indicate an increase in seismic activity in the Mirpur region of northeastern
Pakistan, largely highlighted by the Mw=5.9 earthquake of September 24, 2019. This event was the
most destructive in the area since 2005, causing 39 fatalities, 746 injuries, and the collapse of nearly
15,000 buildings [1-3]. Owing to its shallow focal depth and proximity to the Mangla reservoir and
the Upper Jhelum Canal, the earthquake generated severe secondary hazards, particularly
widespread liquefaction and lateral spreading [4,5]. These processes led to extensive ground failure
and exposed the high seismic vulnerability of regional infrastructure [6]. The scale of destruction was
further intensified by inadequate preparedness measures, the absence of detailed local seismic hazard
assessments, and the widespread use of substandard construction materials incapable of resisting
lateral seismic forces [4,5,7,8]. Reducing future risk will require improvements in seismotectonic
modelling and the integration of high-resolution regional data to better assess earthquake impacts
and support effective disaster planning [9-16].
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Previous studies have linked the 2019 earthquake in Mirpur to the Main Frontal Thrust (MFT)
or one of its associated splay faults, based on seismic and geodetic observations [1,2]. Despite this
general association, substantial uncertainty persists regarding the event’s source mechanism,
centroid location, and focal depth. Importantly, no previous investigations have incorporated
waveform inversion using data from local seismic stations, leaving key aspects of the rupture process
unresolved. Reported dip angles vary widely, from 5° to 20°, with depth estimates ranging between
5 km and 15 km. Steeper dip solutions tend to support rupture along a splay fault, whereas lower
dip-angle models are more consistent with slip along the main MFT surface [1,2,17,18].

These unresolved structural and source-related uncertainties are further underscored by
continued seismic activity in the region. A magnitude 5.0 earthquake on 5 December 2024 near
Kharian, approximately 30 km south of Mirpur, highlights the ongoing tectonic deformation along
the MFT system and reinforces the need to better understand fault geometry, stress transfer, and
possible triggering relationships within this structurally complex setting.

To address these issues, this study integrates multiple seismological and tectonic approaches to
provide a more robust characterization of faulting and stress evolution in the region. A moment
tensor inversion of the 2019 Mirpur earthquake and its largest aftershock was performed using local
waveform data from the Centre for Earthquake Studies and Pakistan Meteorological Department
seismic networks, thereby improving constraints on source parameters that were previously
uncertain. For present-day stress analysis, focal mechanism solutions from the Global CMT catalog
and recent regional studies are incorporated. In addition, a comparative neotectonic assessment is
conducted with the seismically active Kashmir region, particularly in relation to structural
characteristics observed after the 2005 earthquake. Finally, to better understand post-seismic
structural reactivation and crustal deformation processes, aftershock relocation and seismogenic
depth estimation are performed.

2. Seismotectonics and Geology of the Region

Structurally, the Mirpur region occupies a key position along the southwestern margin of the
Himalayan arc, where deformation patterns change markedly across the northwestern orogenic front
[19,20]. This zone forms part of a major tectonic bend that links the dominantly compressional central
Himalaya with the more complex transpressional regime of the western Himalaya [21,22]. Here, the
oblique convergence between the Indian and Eurasian plates—occurring at rates of roughly 5
mm/yr—produces a partitioned deformation field, expressed through southward-directed crustal
shortening combined with lateral strike-slip motion [23-28]. The tectonic importance of this region
was dramatically demonstrated by the 2005 earthquake in the Kashmir region (Mw=7.7), widely
interpreted as an out-of-sequence rupture based on geodetic and interferometric observations [29-
33].

Regional shortening in the northwestern Himalaya is accommodated by a series of stacked and
imbricated thrust systems that collectively form a well-developed fold-and-thrust belt [34-39] (Figure
1). These major thrusts progressively transfer deformation toward the foreland, with the frontal
structures marking the present active boundary of Himalayan tectonics [40—43]. At depth, these
surface faults merge into a regional low-angle detachment that facilitates underthrusting of the
Indian lithosphere beneath Eurasia [2,44-46]. Superimposed on this compressional framework,
lateral deformation is accommodated along major strike-slip structures, including the Jhelum Fault,
which trends along the western margin of the arc and plays a key role in redistributing strain around
the tectonic bend [47-52]. By enabling lateral extrusion of crustal blocks, this fault helps accommodate
variations in convergence direction and contributes to the region’s transpressional character [53-55].

Farther south, deformation propagates into the Potwar Plateau and the Salt Range, where a
classic thin-skinned fold-and-thrust system has developed above a weak evaporitic detachment
horizon. Structural styles in this foreland belt include fault-propagation folds, duplex systems, and
triangle zones, all reflecting progressive outward growth of the Himalayan wedge [56-60]. Positioned
between the mountain front and the foreland basin, the Mirpur area represents a transitional
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structural domain where deep underthrusting, strike-slip partitioning, and thin-skinned shortening
interact to produce a highly three-dimensional deformation field [61].
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Figure 1. Regional geological and tectonic map of the NW Himalayan foreland fold-and-thrust belt modified
from [103-105]. Major thrust systems, fold structures, and tectonic boundaries related to the ongoing
convergence between the Indian and Eurasian plates are shown. Prominent tectonic features of the Himalayan
foreland belt, including the Main Frontal Thrust and associated fold-and-thrust structures, are indicated to
provide the regional tectonic framework. Rectangle shows the study area. Samwal and Pabbi anticline structures

acting as blind thrust are shown with dotted lines.

This tectonic complexity is reflected in ongoing seismic activity. The 2019 earthquake south of
Mirpur ruptured a shallow thrust structure, interpreted as either a frontal imbricate or a splay related
to the active thrust front [1,2,18]. The event occurred near a major fault-propagation fold, and focal-
mechanism solutions across the broader region consistently show a mixture of thrust and strike-slip
faulting, confirming the influence of transpressional strain associated with arc curvature.

South of Mirpur, the Pabbi Anticline represents another important structural element of the
foreland system. Interpreted as a fault-propagation fold above a blind thrust, this structure is thought
to have developed during the late Quaternary and has influenced regional drainage evolution,
including modification of the Jhelum River [41]. Subsurface data indicate that the fold extends several
kilometres in thickness and merges downward into deeper structural levels. Recent seismic activity,
including a moderate-magnitude earthquake in December 2024, confirms that this structure remains
tectonically active. Consequently, understanding its geometry and evolution is essential for
evaluating seismic hazard and reconstructing the ongoing tectonic development of the northwestern
Himalayan foreland.
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3. Data and Method

3.1. Seismic Data Compilation

Local seismic data from the Centre for Earthquake Studies and the Pakistan Meteorological
Department (PMD) were used to perform moment tensor inversion of the 2019 Mirpur earthquake
sequence and to investigate its seismotectonic implications. The combined seismic network
comprises 49 stations, including 33 operated by CES and 16 by PMD, distributed across different
parts of Pakistan (Figure 2). These networks have been operational since 1976, with data transmitted
to the central processing facility in Islamabad via radio and satellite links. Most stations are equipped
with broadband seismometers and record continuously, ensuring high-quality and consistent
waveform acquisition (see [21,30,31,62] for detail).
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Figure 2. (a) Comparison of observed (solid lines) and synthetic (dotted lines) waveforms for the 2019 Mirpur
mainshock. The seismic station code, maximum amplitude, and the corresponding component used in the
inversion are indicated at the top and front respectively. The focal mechanism solution (beach ball) with polarity
is shown. Variance reduction values at different depths are presented in the lower right corner. (b) Epicentral
location of the Mirpur earthquake (star) along with the distribution of seismic stations (triangles) operated by
the Centre for Earthquake Studies and the Pakistan Meteorological Department.

Hypocentral parameters, including origin time, focal depth, and epicentral location were
determined using the SEISAN software package through the HYPOCENTER location algorithm [63—
66]. Events with Round Mean Squares (RMS) residuals less than 0.3 s were regarded as well located
[66]. The Centre for Earthquake Studies catalog reports average uncertainties of approximately 8 km
in location and 0.2 units in local magnitude (ML) [67-69].

3.2. Waveform Inversion

Waveform inversion was carried out using the ISOLA software package [70,71], which combines
a user-friendly MATLAB® interface with the computational efficiency of FORTRAN routines [72].
ISOLA performs full waveform inversion by minimizing the least-squares misfit between observed
and synthetic seismograms. The quality of fit is quantiﬁed using variance reduction (VR), defined as:

VR=1- dtz()
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where, res’represents the sum of squared residuals between observed and synthetic waveforms,
data’is the sum of squared amplitudes of the observed data. Higher VR values indicate a better
agreement and a well-resolved source solution [71,73].

The preferred solution corresponds to the minimum residual error, thereby maximizing
waveform similarity [70,71]. The robustness of the inversion was further evaluated using the
condition number (CN), defined as the ratio of the largest to the smallest singular values (or
eigenvalues) of the Green’s function matrix:

€max
CN = \[E 2
where e, and e,; denote the maximum and minimum eigenvalues, respectively. A lower CN
reflects a well-conditioned and stable inversion [71].

To identify the optimal frequency band for inversion, each waveform component was tested
over multiple frequency ranges. The high-frequency cutoff was selected based on epicentral distance
and signal quality, whereas the low-frequency limit was constrained by ambient noise levels [74].
Waveforms affected by instrumental noise or malfunction were excluded from the dataset [75,76].
Based on this evaluation, a frequency band of 0.03 Hz-0.05 Hz was selected for the final inversion.

Event locations and moment tensor solutions were computed using the 1-D velocity model
proposed by Soomro et al. [77]. Application of this regional velocity structure resulted in a variance
reduction of 0.62 and a condition number of 5, indicating a stable and reliable moment tensor solution
for the 2019 Mirpur sequence (Table 1, Figures 2 and 3).
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Figure 3. The focal mechanism solution and focal depth of the largest aftershock of the 26 September 2019
Mirpur earthquake (Mw= 4.7) were determined through waveform fitting between observed (solid lines) and
synthetic (dotted lines) seismograms. Moment tensor inversion was performed using 23 components recorded
at 12 seismic stations. A grid-search method was applied to constrain the focal depth, yielding an optimal depth

of 3 km. The model parameters were selected based on the minimum variance reduction criterion.

Table 1. Moment tensor inversion results for the 2019 (M5.8) Mirpur mainshock and its largest aftershock (M4.7).
Events time, location, estimated magnitude, and the corresponding focal and nodal planes are shown.

Parameters used to assess the quality of the inversion results are also provided.

Time Location Plane 1 (Degree) Plane 2 (Degree)
DC | CLVD
No yyyymndy Dep. Muw Vr | CN ) )
hrmin Lat. | Long. () Str. | Dip | Rake | Str. | Dip | Rake ° °

1 |20190924 11:01 | 33.06° | 73.85° | 4.6 |58 |234 |13 62 82 79 96 062 |50 [99.7 |03

2 | 20190926 07:01 | 33.04° | 73.77¢ | 05 |47 |142 |48 119 282 |49 62 056 |35 [988 |12
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yyyymndy hr:min: yyyy=year, mn= month, dy= day, hr= hour, min= minute; Lat.= latitude; Long.= longitude;
Dept.= depth; Str.=strike; Vr= variance reduction; CN= condition number; DC= double couple; CLVD=

compensated linear vector dipole.

3.3. Stress Inversion

The kinematic behavior of the earthquake source area is considered a key element in
understanding tectonic processes [78]. Previous studies have proposed several inversion tecniques
that utilized focal mechanism solutions as primary input data for estimating the stress tensor [79,80].
Two main assumptions are generally adopted in most stress inversion methods: (1) the stress field is
assumed to be homogeneous and unchanged in both space and time, and (2) slip along a fault plane
is assumed to occur in the direction of the maximum resolved shear stress [81,82].

Several techniques have been developed to determine the stress field, including the combination
of P-wave first-motion polarities with focal mechanism data [83], direct inversion procedures [84],
and least-squares grid search methods [85]. In practical applications, four independent parameters,
out of the six components of the full stress tensor are sufficient to describe the orientation and relative
magnitudes of stresses. These parameters include the three principal stresses: ol (maximum
compressive stress), 02 (intermediate compressive stress), and 03 (minimum compressive stress),
ordered such that 01 > 02 2 03 2 0. The fourth parameter is the stress ratio (R), defined as: R=((c_2-
o3 (o) _1-0_3)), where 0 <R < 1.

Accordingly, stress inversion outcomes obtained from these four parameters are constrained by
fault-slip measurements and focal mechanism solutions [79,83]. However, a persistent ambiguity
exists in identifying the actual fault plane from the two nodal planes provided by a focal mechanism
solution [86,87]. To address this uncertainty, several computational tools have been developed;
among them, the Win-Tensor program developed by [87] was applied in the present study.

In the initial stage, the dataset was analyzed using the “Right Dihedron” function, which
provides preliminary and approximate stress tensor solutions based on focal mechanism solutions
(FMS) as input. In some cases, inconsistent or unreliable data were excluded, and only the final stress
tensor solutions were retained for subsequent analysis.

The second stage involved “Rotational Optimization,” where further refinement of the stress
tensor was performed using the Right Dihedron results as input. This procedure applies the F5
composite function, an iterative algorithm designed to reduce the overall misfit, including the
potential shear ambiguity between nodal planes. The F5 function is based on two components: one
minimizes the misfit angle () between the observed slip direction and the modeled slip on a nodal
plane, while the other reduces the resolved normal stress to enhance shear stress and decrease
friction, thereby promoting slip along the selected fault plane [81].

Importantly, the composite F5 function used in Rotational Optimization is independent of the
03/0; ratio and ranges from 0 to 360, where O represents a perfect fit and 360 indicates a complete
mismatch in the Win-Tensor program.

Within the Right Dihedron approach, both nodal planes, representing compressional and
extensional dihedran are treated as equivalent, which constrains the orientation of compressional and
extensional stresses. At this stage, no distinction is made between the actual fault plane and the
auxiliary plane. However, once a stress tensor is applied, the selected fault plane must correspond to
the minimum misfit value, since the fault and auxiliary planes differ in orientation relative to the
imposed stress field.

During Rotational Optimization, the stress tensor is evaluated against both nodal planes of each
focal mechanism solution to identify the best-fitting configuration. After applying the stress tensor to
all focal mechanisms, the nodal plane exhibiting the lower F5 misfit value is interpreted as the likely
fault plane. This procedure ensures the selection of the most compatible focal planes and filters the
dataset by excluding solutions with an angular misfit greater than 60°. The focal planes with the
smallest F5 misfit values are then used to compute an updated stress tensor. This iterative process is
repeated until the stress tensor converges to a stable and optimized solution.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Following the determination of the final stress tensors, the tectonic stress regime index (R')
proposed by Delvaux and Sperner [87] was applied to classify the stress environment. In extensional
settings, R’ varies between 0 and 1, corresponding to a normal faulting regime. For strike-slip
conditions, R’ falls within the range of 1 to 2. In compressional environments, R’ ranges from 2 to 3,
indicating a thrust faulting regime.

The orientation and azimuth of the horizontal principal stresses (SHmax and Shmin) were
determined using the selected fault planes [88]. These stress orientations were then represented on
an equal-area projection. Stress inversion for the Mirpur and Kashmir regions was conducted with
Win-Tensor software to assess the current stress conditions. In the Mirpur region, only five focal
mechanism solutions were used (Table 2), whereas the Kashmir region included 62 events (Figure 4).
The resulting stress inversion showing the SHmax orientation is presented for Mirpur in Figure 5 and
for Kashmir in Figure 6.

Figure 4. Focal mechanism solutions of the available seismic events for the Mirpur and Kashmir regions that
were obtained from the Global CMT catalogue and moment tensor inversion. (a) Beach ball diagrams with
corresponding source parameters are listed in Table 2. Events #3 and #4 were derived from moment tensor
inversion, whereas Event #5 was taken from [21]. The remaining events were obtained from the Global CMT

catalogue. The rectangle outlines the Kashmir region, which is shown in detail in (b).

(a)

© 01:07/010£,02:08/279[0] 03:80/141

Figure 5. Stress inversion analysis for the Mirpur region was conducted using focal mechanism solutions from
five seismic events. The fault planes are illustrated as cyclographic traces on lower-hemisphere, equal-area
stereographic projections. The orientations of the principal stress axes—o1, 02, and 03 —are indicated by a circle,
triangle, and square, respectively. (a) Faulting styles were classified using the Frohlich plot, which shows that
all five analyzed events exhibit a purely thrust faulting mechanism. (b) Stereographic projection of the stress
inversion results derived using the Right Dihedron method. The relative size of the filled circles represents the
density of the compressional quadrants associated with strike-slip events. Dots accompanied by double-headed

arrows indicate the resolved shear stress on the selected fault planes, as computed using the Win-Tensor

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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program. Arrows pointing inward and outward denote the orientations of SHmax and Shmin, respectively

(Table 1). (c) Optimized stress inversion results computed using the rotational optimization technique.

SS @
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Figure 6. Same as that of Figure 5, but computed for the Kashmir region.

Table 2. Stress inversion results obtained from focal mechanism solutions derived through moment tensor

inversion and supplemented by data from the Global CMT catalog for the Mirpur and surrounding region.

Time Location Plane 1 (Degree) Plane 2 (Degree) Stress inversion
No yyyymndy Dep. Muw
hr-min Lat. | Long. (km) Str. | Dip | Rake | Str | Dip | Rake | F5 | SHmax | Shmin | R’

1 20010716 07:18 | 33.01¢ | 73.12° | 50.5 | 5.1 65 36 49 292 | 64 116 5.6 (178 88 2.5

2 20060310 07:50 | 33.13° | 73.89° 10 |49 246 |21 61 96 71 101 22 172 82 2.5

3 20190924 11:01 | 33.06° | 73.85° 46 |58 |234 |13 62 82 79 96 0.5 | 176 86 2.5

4 20190926 07:01 | 33.04° | 73.77¢ 05 |47 |142 |48 119 282 | 49 62 04 |32 122 |25

5 20241205 06:21 | 32.80° | 73.94° 02 |50 76 58 72 286 | 36 116 04 |172 82 2.5

F5= misfit function; SHmax = Minimum and maximum horizontal stress; Shmin = Minimum horizontal stress.

3.4. Seismogenic Depth

For certain region a delineation of seismogenic activities is characterized by noticeable decrease
in background seismicity with depth (varies from 10 km to 20 km across different regions) [89-91].
The thickness of seismogenic layer is generally considered to impact the maximum length of active
faults, and consequently the maximum expected magnitude [92,93]. The top depth of basement rock
is crucial for controlling the maximum possible potential for the occurrence of major earthquakes
[94,95].

Aftershocks of the 2019 Mirpur sequence were used to investigate post-seismic relaxation and
estimate the seismogenic depth. Events recorded within 600 days of the mainshock were considered
aftershocks, as reported by Tahir et al. [3], are characterized the temporal decay of the sequence using
local seismic data and the modified Omori’s law.

A dataset comprising 600 events, occurring within 100 km of the mainshock and recorded by a
minimum of three seismic stations, was selected for relocation and seismogenic depth estimation. To
obtain reliable depth estimates, selection of an appropriate velocity model is essential to minimize
artifacts in hypocentral calculations [96]. Seven different velocity models were tested (Figure 7),
developed for Pakistan and adjacent regions of India. Three models were developed for Pakistan,
referred to as Soomro (published by Soomro et al. [77]), Qaisar (published by Qaisar et al.) [97], and
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WinPak (published by Parvez et al. [98]), while India has four models named M01, M02, and M12,
each based on distinct datasets, as reported in Parvez et al. [99] (see Figures 3 and 4 for detail).
Notably, Soomro et al. [77] provided the only local-scale velocity structure constrained by the same
seismic network used in this study, whereas the remaining models were developed at a broader
regional scale [77,97,100]. In addition, Soomro et al. [77] proposed a 1-D velocity model for the upper
and central Indus Basin of Pakistan using 486 local earthquakes. From the seven tested models, the
most suitable velocity structure was identified based on the smallest RMS travel-time residuals
(Figure 7). For depth estimation, the horizontal location of each event was fixed and a grid-search
approach was applied to determine the optimal depth. The depth corresponding to the minimum
RMS value was considered the focal depth of the respective event (Figure 8).
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Figure 7. Comparison of RMS (Root Mean Square) travel-time residuals for different velocity models applied in
this study for earthquake location. The velocity model yielding the lowest RMS value was selected and

subsequently used in the grid-search procedure for estimating focal depths in the seismogenic analysis.
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Figure 8. Earthquake relocation and seismogenic depth analysis for the Mirpur region. (a) Spatial distribution of
the aftershock sequence determined using the velocity model of [77], which produced the lowest RMS travel-
time residuals and was therefore selected for estimating seismogenic depths in this area. (b) Frequency—depth
distribution of events obtained through a grid-search approach. For each event, the depth corresponding to the
minimum RMS value at a fixed location was adopted as the final focal depth. The seismogenic zone is subdivided
into upper and lower layers with a boundary at 15 km depth. Histograms shaded in red represent events
shallower than 15 km, whereas blue bars indicate deeper events. The focal depths of the recent earthquakes that

occurred in the Mirpur and Kharian areas also fall within the defined seismogenic depth range.

4. Results and Discussion

Moment tensor solutions were determined for the destructive 2019 Mirpur mainshock (Mw=>5.8)
and its largest aftershock (Mw= 4.7) using local seismic waveform data to investigate post-seismic
relaxation and their relationship with the underlying seismogenic framework. Seismic records from
the local networks of the Centre for Earthquake Studies and the Pakistan Meteorological Department
were utilized, as these networks provide a lower completeness magnitude compared to other
national and international catalogs. The Mirpur earthquake was one of the largest instrumentally
recorded event in this area and was located close to the Mangla Dam, highlighting its considerable
socio-economic significance (Figure 1). Subsequently, the Kharian earthquake of 12 December 2024
(Mw=5.0) became the second-largest event in the region following the 2019 sequence.

4.1. Focal Mechanism Solution and Stress Inversion

The focal mechanism solutions for the mainshock (Mw= 5.8) and its largest aftershock (Mw=4.7)
are illustrated in Figures 2 and 3. The robustness of the solutions was assessed using variance
reduction (VR) and condition number (CN) values (Table 1), which fall within the acceptable
thresholds recommended by [101]. Both events indicate a thrust faulting mechanism with a NW-SE
oriented strike, although they differ in dip angle.

The estimated depth of the mainshock (4 km) is comparable to the values reported by [1,2], who
suggested depths of 5 km and 6 km, respectively. The low dip angle (10°) is consistent with the
solution provided by Global Centroid Moment Tensor. In contrast, United States Geological Survey
and [17] reported a relatively higher dip angle (>10°) for this event, whereas [1,2,18], suggested a
lower dip angle (<10°). Both low- and high-dip solutions remain plausible, as the earthquake occurred
within a fault-propagation fold system (Samwal Fold). A shallow dip angle may indicate linkage with
the Main Frontal Thrust (MFT), whereas a steeper dip could reflect slip along a ramp segment of the
MEFT associated with the regional ramp-anticline structure.

The occurrence of the largest aftershock is significant for understanding both co-seismic stress
transfer and post-seismic stress relaxation. The largest aftershock was located slightly south of the
mainshock (approximately 20 m) and shows a relatively higher dip angle (40°). This steeper dip
suggests the possible activation of a ramp—-anticline segment within the thrust fault system.

Moreover, the recent Kharian earthquake, situated approximately 30 km south of this event, has
also been associated with fault-propagation fold structures, particularly the Pabbi anticlines,
indicating continued tectonic deformation along these compressional features.

The present-day stress inversion was carried out using a total of five focal mechanism solutions
(Table 2). Two mechanisms were derived from the moment tensor inversion performed in this study,
while three additional solutions were compiled from published literature and the Global Centroid
Moment Tensor catalog (Figure 4). The combined dataset was used to determine neotectonics and
the direction of the principal stress axes responsible for the seismic sequence.

The derived stress parameters were compared with those reported for the 2005 Kashmir
earthquake sequence. The inversion results show that the maximum horizontal compressive stress
(SHmax) in the Mirpur region is oriented in a NNE-SSW direction (Figure 5). This orientation closely
matches the stress pattern documented for the 2005 Kashmir event and aligns with the overall
convergence of the Indian Plate beneath the Eurasian Plate (Figure 6). Such consistency suggests that
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the investigated sequence is predominantly controlled by the continued northward motion of the
Indian Plate and the associated compressional tectonic regime of the Himalayan foreland.

4.2. Seismogenic Depth

A maximum static Coulomb stress change of 1.3 bar near the epicentral region was reported by
[3]. Following the 2019 Mirpur earthquake, the southern and up-dip regions were identified as zones
of increased stress. Similarly, [1] suggested a co-seismic stress increase at a depth of ~10 km in the
southern segment of the rupture area.

However, the sparse GPS network in this region limits detailed investigation of time-dependent
stress evolution and stress triggering associated with the Mirpur earthquake. Therefore, aftershock-
based analyses provide an alternative means to understand stress redistribution. In this study,
seismogenic depth was estimated using aftershocks recorded up to 600 days after the mainshock.
Seven different velocity models (three from Pakistan and four from India) were tested for aftershock
relocation. Among these, the local velocity model of [77], developed using the same seismic network
data, yielded the lowest travel-time residuals (average variance reduction ~0.2 s). Hence, this model
was selected for further analysis, including seismogenic depth estimation (Figure 7).

Using a grid-search approach, the focal depth of each event was determined by minimizing the
residual between observed and synthetic travel times. The depth distribution shows a clear peak at
~10 km, which coincides with the level where the Main Himalayan Thrust (MHT) passes through the
study area. This suggests post-seismic activation of the MHT. The estimated seismogenic depth is
approximately 15 km, indicating that most earthquakes in this region originate within this depth
range. Only a few events exceed depths of 17 km (Figure 8), implying that rupture propagation is
largely confined to the upper seismogenic layer.

As depth increases, cracks tend to close gradually due to increasing confining pressure, resulting
in a more homogeneous stress field in the lower seismogenic layer. Consequently, ruptures initiating
at greater depths may propagate more smoothly but can also be temporarily arrested, contributing
to aftershock activity [102].

The distribution of event depths with latitude outlines a steeply dipping fault geometry rather
than a low-angle structure. These observations suggest that the Mirpur mainshock likely nucleated
on the Main Frontal Thrust (MFT) within the seismogenic zone, whereas post-seismic relaxation and
aftershock activity occurred along a higher-angle ramp structure, possibly associated with the
Samwal fold. This fault-propagation pattern is comparable to the geometry of the Pabbi fold, which
also exhibits a relatively high dip angle.

The recent M > 5.0 earthquakes in the Mirpur and Kharian region occurred within a structurally
complex part of the northwestern Himalayan fold-and-thrust belt. Regional deformation is governed
by oblique convergence between the Indian and Eurasian plates, generating a transpressional stress
regime [3,21]. In this region, north-south crustal shortening is further complicated by the
counterclockwise rotation of the Indian Plate within the Kashmir syntaxis, resulting in strain
partitioning, lateral variations in stress orientation, and progressive structural reconfiguration of the
frontal orogenic wedge.

The dominant seismogenic structure in the study area is the Main Frontal Thrust (MFT). In
Mirpur-Kharian, the MFT is expressed primarily as a blind thrust, with deformation accommodated
through fault-propagation folding rather than surface rupture. Surface manifestations include the
Samwal Fold near Mirpur and the Pabbi Anticline in the Kharian region, both interpreted as the
geomorphic expression of slip along underlying thrust ramps. At depths of approximately 8-10 km,
the MFT links downward with the Main Himalayan Thrust (MHT), a regional basal décollement that
accommodates underthrusting of the Indian Plate beneath Eurasia. The presence of subsidiary splays
and imbricate thrust sheets contributes to mechanical heterogeneity within the wedge, promoting
distributed seismic deformation and segmented rupture behavior.

Within this tectonic framework, the 2019 Mirpur mainshock is inferred to have nucleated on a
frontal ramp segment of the MFT system. Static stress transfer following the mainshock likely
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enhanced Coulomb failure stress on adjacent ramp structures associated with the Samwal and Pabbi
folds, facilitating subsequent seismic activity (Figure 9). This pattern is consistent with stress
redistribution within an imbricate thrust system, where geometric complexities and ramp-flat
transitions localize strain. Furthermore, post-2019 seismic observations suggest a modification of the
regional stress field, indicating partial stress reorganization within the frontal Himalayan wedge and
its influence on subsequent moderate-magnitude events in the Mirpur—Kharin region [3].

Depth (km)

Y15 S Po

Figure 9. A conceptual model illustrating the association of seismic events with regional and local seismogenic
sources. The cross-sectional profile presents the relocated earthquakes together with focal mechanism solutions
for the Mirpur mainshock, its largest aftershock, and the Kharian earthquake. Most events occur at depths
shallower than 15 km, with a peak concentration around 10 km, corresponding to the interpreted depth of the
Main Himalayan Thrust in this region. However, the cross-sectional distribution also delineates a high-angle

structure, which may represent a ramp segment of the fault system.

5. Conclusions

Moment tensor inversion of the 2019 Mirpur mainshock and its largest aftershock indicates
contrasting fault geometries: the mainshock is characterized by a relatively low-angle thrust
consistent with slip along the Main Frontal Thrust (MFT), whereas the largest aftershock exhibits a
steeper dip, likely associated with a ramp structure beneath the Samwal Fold. These results highlight
the kinematic interaction between frontal thrusts and subsidiary ramp-related structures within the
fold-and-thrust belt.

Present-day stress inversion reveals a stress regime comparable to that for the 2005 Kashmir
earthquake region, suggesting that deformation is primarily driven by ongoing convergence of the
Indian Plate as the first-order tectonics. Relocated aftershocks define a pronounced depth
concentration at ~10 km, which corresponds to the level of the Main Himalayan Thrust (MHT),
indicating post-seismic activation along the basal décollement. The estimated seismogenic thickness
of ~15 km constrains the depth extent of brittle failure in this segment of the northwestern Himalaya.

The Samwal Fold, similar in structural style to the Pabbi fold, represents a seismically active
ramp-related blind thrust system. Coulomb stress redistribution following the 2019 Mirpur
earthquake likely promoted stress loading on adjacent fault segments, advancing the seismic cycle of
nearby structures. The 2024 Pabbi (Kharian) earthquake provides a recent example of such stress
interaction within the frontal wedge.
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Overall, crustal shortening in the Mirpur—Kharian region appears to be partitioned among major
regional thrusts, secondary ramp anticlines, and aseismic slip along a deeper viscous décollement
beneath the Salt Range, reflecting a mechanically layered and dynamically evolving orogenic system.
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