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Abstract The 31 August 2025 Mw 5.9 Asadabad earthquake in eastern Afghanistan caused severe damage
despite its moderate magnitude, raising questions about rupture processes and seismic hazard in the southern
Hindu Kush. Using Sentinel-1 InSAR and teleseismic waveform modeling, we reveal a complex, multi-stage
shallow (4-5 km) rupture involving the mainshock and three M > 5.0 aftershocks. Surface deformation ranges
from ~10 to 35 c¢m, and fault planes exhibit moderate to steep dip angles, with secondary rupture approaching
the surface. Time-series InNSAR shows ~2 mm/yr localized interseismic uplift near the epicenter, consistent with
localized shallow deformation prior to the earthquake. Occurring within exposed crystalline basement rocks
without mapped Quaternary faults, the earthquake ruptured a previously unknown immature, distributed fault
system. These findings help explain the high damage relative to magnitude and highlight significant seismic
hazard in orogenic interiors from moderate-magnitude, shallow ruptures on unmapped faults.

Plain Language Summary On 31 August 2025, a moderate earthquake (Mw 5.9) struck near
Asadabad, Afghanistan, causing severe destruction and over 2200 fatalities. Investigations show the quake
involved several shallow fault breaks, with some ruptures reaching close to the surface, leading to high-
intensity ground shaking. Satellite observations also reveal slow uplift in the epicentral area before the event,
suggesting localized crustal deformation prior to the earthquake. The earthquake occurred on previously
unmapped faults within hard basement rocks, rather than on well-known active faults. This hidden, distributed
fault system helps explain why moderate shaking to produce unexpectedly severe damage. The study
highlights that earthquakes in mountainous regions can be highly destructive even at moderate magnitudes, and
that traditional hazard assessments based only on earthquake size may underestimate risks from shallow,
unmapped faults.

1. Introduction

The 31 August 2025 Mw 5.9 Asadabad earthquake occurred in eastern Afghanistan within the southern Hindu
Kush, the westernmost segment of the oblique India—Eurasia collision zone, where convergence proceeds at
~39 mm/yr (e.g., Kapp & DeCelles, 2019; Tapponnier et al., 2001; Yin & Harrison, 2000) (Figure 1). Seismicity
here reflects compressive forces generated by the northward motion of India toward Central Asia, with the overall
convergence rate accommodated by a combination of the underthrusting of the Indian plate beneath Eurasia, and
intraplate compression within the orogenic belts of Asia (Kufner et al., 2017, 2021; Sippl et al., 2013). Regional
upper-crustal deformation is characterized by NW-SE contraction and lateral extrusion, partitioned among major
strike-slip systems (e.g., the Chaman and Herat faults) and a network of transpressional structures toward the
northeast, including the Kunar fault (Mohadjer et al., 2016; Ruleman et al., 2007). Despite this tectonic
complexity, many active faults remain poorly constrained.

According to the United States (USGS, 2025), the earthquake was reported as M 6.0, with an epicenter at
34.706°N, 70.793°E and a focal depth of ~8 km. The mainshock was followed by a dense aftershock sequence
over the subsequent 5 days, including six events of magnitude M > 5.0, the largest being an M 5.6 earthquake on 4
September (Figure 1; Table S1 in Supporting Information S1). For clarity, hereinafter M denotes catalog mag-
nitudes reported by the USGS, whereas Mw refers to moment magnitudes derived from our geodetic and
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Figure 1. Tectonic setting of the westernmost Himalayan collision zone and the epicenters of the 2025 Mw 5.9 Asadabad
earthquake sequence. (a) Inset showing a broader regional view to locate the study area within the India—Eurasia collision
zone. (b) Detailed view of the epicentral region. Colored circles indicate earthquakes since 1900 from the USGS catalog
(USGS, 2025). Black lines represent active faults from the Global Earthquake Model database (Styron & Pagani, 2020). Dark
red lines denote plate boundaries, and white arrows show the relative motion between the Indian and Eurasian plates
(Shnizai, 2020). Magenta arrows indicate interseismic GNSS velocity vectors from previous studies (Rollins, 2023). Beach
balls show preliminary focal mechanisms of the mainshock and the largest aftershock (Mw 5.6) reported by the USGS. Dark
red squares mark major cities in the epicentral region.

seismological modeling. Despite its moderate magnitude, the mainshock caused severe impacts, including more
than 2,200 fatalities, widespread structural collapse, and extensive damage, making it one of the deadliest
earthquakes in Afghanistan in recent decades (Kufner et al., 2023; NOAA, 2023; WHO, 2025).

The severity of damage, given the moderate magnitude, suggests that several geological and structural factors
may have amplified the earthquake's impact. Understanding the rupture processes, multi-fault interactions, and
the role of shallow slip is therefore critical for assessing seismic hazard in this complex region. However, the
sparse regional seismic network limits conventional source analyses. To overcome these limitations, we combine
geodetic measurements and teleseismic waveform modeling to characterize the rupture process and evaluate the
mechanisms responsible for the earthquake's unexpectedly high impact.

2. Data and Methods
2.1. InSAR Data

We used Sentinel-1 TOPS-mode SAR data from two ascending (T173A, TO71A) and two descending (T005D,
T078D) tracks to capture coseismic deformation (Figure 2). Interferograms isolate deformation from the main-
shock, the M 5.6 aftershock, and the cumulative sequence (USGS, 2025; Table S2 in Supporting Information S1).
Interferograms were processed followed standard GAMMA workflows (Wegniiller et al., 2016). Topographic
phase contributions were removed using the 30-m Copernicus Digital Elevation Model (DEM) (ESA, 2023), and
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Figure 2. Mainshock and aftershock deformation derived from interferograms for the 2025 Asadabad earthquake sequence. Panels (a—f) show interferograms from
different acquisition times and tracks of the Sentinel-1A satellite. Blue lines indicate the fault traces determined in this study, and black circles indicate the locations of
the mainshock and aftershocks, from the USGS (2025). Panels (g, j) present enlarged views of the areas outlined by white rectangles in panels (a, b, e, and f),
respectively, with the small white rectangle indicating the deformation offset region.

atmospheric delays were corrected using the Generic Atmospheric Correction Online Service for InSAR
(GACOS; Yu et al., 2018). Additional details on interferogram construction and uncertainty estimates are pro-
vided in the Text S2 of Supporting Information S1.
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2.2. Seismic Waveform Data and Modeling

To complement the geodetic constraints, we analyzed available seismic waveform data for the four principal
earthquakes in the sequence. For the M 6.0 mainshock and the M 5.6 aftershock (USGS, 2025), teleseismic body-
wave data with good signal-to-noise ratios and broad azimuthal coverage were inverted for focal mechanism,
centroid depth, magnitude, and location using the Grond software package (Heimann et al., 2018), following
established approaches (Craig et al., 2023; Craig & Hull, 2024).

For the two M 5.2 aftershocks (USGS, 2025), clear teleseismic signals were not detectable. Instead, we analyzed
regional waveform data recorded at distances up to ~1,400 km. Due to limited azimuthal coverage, these data
were insufficient to independently resolve focal mechanisms. We therefore performed forward modeling using
fault geometries inferred from InSAR data to test the consistency of candidate source models with the observed
regional waveforms (see Text S3 in Supporting Information S1).

2.3. Fault Geometry and Slip Inversion

We performed geodetic source modeling using the Earthquake Cycle Analyses Toolkits (ECAT) package (He
et al., 2025). Fault geometry was first explored using a Bayesian nonlinear inversion framework to identify the
most probable fault orientations and dimensions consistent with the InSAR observations. Based on the preferred
geometries and guided by seismological constraints, we then inverted for distributed slip on discretized fault
surfaces. Full details of model parameterization, inversion settings, and uncertainty assessment are provided in
the Text S4 in Supporting Information S1.

2.4. Interseismic Deformation From Time-Series InNSAR

To investigate long-term deformation preceding the earthquake sequence, we analyzed Sentinel-1 time-series
InSAR data spanning 2015-2024 using the LiICSAR-LiCSBAS processing workflow (Lazecky et al., 2020;
Morishita et al., 2020). The resulting line-of-sight velocity fields provide regional-scale constraints on inter-
seismic deformation patterns in the epicentral area. Processing details and validation procedures are described in
the Text S5 in Supporting Information S1.

An Al-assisted language tool ChatGPT was used solely to improve the clarity and grammar of the manuscript. All
scientific interpretations, analyses, and conclusions are the sole responsibility of the authors.

3. Results
3.1. Coseismic and Aftershock Deformation During the Earthquake Sequence

Figures 2a—2f presents interferograms showing the coseismic displacement field associated with the 2025 M 6.0
Asadabad earthquake sequence, which includes the M 6.0 mainshock and three M > 5 aftershocks within the
deformation area (USGS, 2025). The observed line-of-sight (LOS) displacements range from —10 to 35 cm across
all interferograms, respectively. For tracks T173A and TOOSD, the interferograms in subpanels (a—b) span the M
6.0 mainshock and the two M 5.2 aftershocks, whereas those in subpanels (c—d) record deformation related to the
M 5.6 aftershock. In contrast, interferograms from tracks TO71A and TO78D (subpanels e—f) span all four
earthquakes and therefore represent the cumulative deformation from the entire earthquake sequence, consistent
with the temporal coverage and combined deformation recorded by the T173A and TOOSD interferograms
(Figures S1-S2 in the Supporting Information S1).

In addition, zoomed views of the mainshock area (Figures 2g-2j) reveal a localized displacement offset at
approximately 70.8°E, 34.69°N, confined to an area of roughly 3 X 3 km. This offset is consistently observed in
multiple interferograms and indicates localized rupture within the mainshock rupture zone. When combined with
the rupture associated with the M 5.6 aftershock, the InSAR observations collectively suggest that the earthquake
sequence involved three distinct rupture segments.

3.2. Geodetic Fault Geometry and Seismic Waveform Nodal Plane Solution

To characterize the complex earthquake rupture, we inverted fault geometry using the T173A and TOO5D in-
terferograms covering the mainshock assuming both single-fault (south-dipping) and two-fault (south dipping and
north-dipping) configurations. The two-fault model provides a substantially improved fit to the observed
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deformation patterns (Table S3 and Figures S3-S7 in the Supporting Information S1), indicating that multiple
faults ruptured across the earthquakes covered by this interferogram (the mainshock and two M 5.2 aftershocks
(Figures 2a and 2b)). The preferred model consists of a main rupture segment (Msegl) with a strike of 59° + 1°,
dip of 69° + 1°, and rake of 122° + 2°, and a secondary rupture segment (Mseg2) with a strike of 256° + 1°, dip of
77° £ 3°, and rake of 116° = 3° (Figure 2). Both segments are characterized by high-angle faulting with dominant
reverse slip and a significant strike-slip component. The preferred two-fault model partitions the mainshock
rupture into a dominant segment (Msegl) with a seismic moment of 8.5 + 3.2 x 10'7 N-m, assuming a shear
modulus of 3.0 X 10'° Pa (the same shear modulus is used throughout), yielding a magnitude of Mw 5.9. The
secondary segment (Mseg2) with 1.1 + 0.4 X 10"" N-m (i.e., Mw 5.3), indicating that the secondary rupture
contributes ~10%—15% of the total moment release. We therefore suggest that mainshock ruptured on the south-
dipping Mseg1 plane, while the following aftershocks (two M 5.2 events) likely ruptured on the separate, anti-
thetic, north-dipping Mseg?2 fault.

We further inverted the geometry of the M 5.6 aftershock using the later interferometric pairs T173A2 and
TO05D2 (Table S3 and Figures S8-S9 in the Supporting Information S1). The inferred aftershock rupture
(Afsegl) has a strike of 52° + 1°, dip of 79° &+ 1°, and rake of 113° + 3°, broadly consistent with the kinematics of
the mainshock rupture segments. The inferred geometry of the M 5.6 aftershock (Afsegl) corresponds to an
average slip of 1.85 + 0.15 m over a rupture area of 4.75 + 0.76 km? yielding a seismic moment of
2.6 £0.4 x 10" N'm (e, Mw 5.5).

To complement our geodetic source inversions, we conduct body-waveform modeling of seismological data, as
described in Section 2.2. Our seismological results suggest that the complex surface deformation is likely the
product of two separate earthquakes, incorporating the coseismic displacements from both the mainshock and the
M 5.6 aftershock (Figure 3a). Specifically, the mainshock segment Msegl exhibits a strike of 44° + 6°, dip of
54° + 2°, rake of 95° £ 5°, with a hypocentral depth of 7.6 = 0.5 km and magnitude of 5.7, whereas the M 5.6
aftershock Afsegl has a strike of 66° = 40°, dip of 48° + 4°, rake of 78° + 9°, depth of 4.5 £ 0.4 km, and
magnitude of 5.5 (uncertainties quoted are one standard deviation of the probability distribution).

Other smaller aftershocks, including the two M 5.2 earthquakes covered by T173A and TO05D, are too small to
independently constrain their focal mechanisms from teleseismic waveform data. To distinguish the rupture
sequence between Msegl and Mseg2, we instead performed forward modeling using a focal mechanism based on
the Mseg2 fault plane constrained by InSAR data, and compared the synthetic waveforms with sparse regional
seismological observations (up to 1,400 km epicentral distance) from the two M 5.2 events (Figure 3b). As
discussed in Section 3.2, the azimuthal data coverage at regional distances is insufficient to independently
determine the focal mechanism robustly from seismological data alone. However, using the constrained mech-
anism of Mseg2, our forward models (with a free magnitude and location, but a pre-defined focal mechanism)
show good agreement with observed regional waveform data (Figure 3), and consistent combined magnitudes
with the geodetic moment estimate for Mseg2, supporting our suggestion that the Mseg2 sub-rupture is associated
with the two M 5.2 events and likely represents early aftershocks shortly after the mainshock rupture on Msegl.

3.3. Slip Distribution of the Earthquake Sequence

We invert our InSAR data to determine the coseismic slip distribution using the TO71A and TO78D interfero-
grams to fully cover the three rupture segments associated with the 2025 Asadabad earthquake sequence. Each
segment is characterized by a single dominant asperity that is well resolved by the data (Figures 4a—4d; Table S4
in Supporting Information S1). For the main rupture segment (Mseg1), slip exceeding 0.5 m is confined to an area
of approximately 7 km X 11 km, with a peak slip of 1.5 m occurring at depths of 2—-10 km. This segment yields a
seismic moment of 9.9 X 10'” N-m, corresponding to Mw 5.9, with an estimated stress drop of 19 MPa based on
the circular crack model of Brune (1970). For the largest aftershock rupture (Afsegl), slip exceeding 0.5 m
occupies an area of ~5 km X 5 km, with a maximum slip of 1.1 m at depths of 2—-5 km, yielding a seismic moment
of 42 x 10" N-m (Mw 5.7), slightly larger than the M 5.6 recorded by USGS, likely reflecting differences
between geodetic and seismic magnitude estimates, with an estimated stress drop of 31 MPa. In each case, the
depth distribution of slip matches well with the seismologically-determined centroid depths (7.6 and 4.5 km for
Msegl and Afsegl respectively). Notably, no significant slip is resolved at or near the surface along the main
seismogenic fault for Mseg1, indicating that the mainshock rupture was blind.
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a) Global body-waveform modelling for the Mw 6.0 mainshock and Mw 5.6 aftershock
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Figure 3. Results of seismological analysis. (a) Mainshock on 31 August 2025 and the large aftershock on 4 September 2025 using teleseismic waveform data. For each
event, the probabilistic moment tensor, centroid depth probability density function, and selected example waveforms for the vertical and transverse components from
different azimuths are shown. Observed waveforms are in black, and the best-fit synthetics are in red. Insets indicate station ID, epicentral distance, azimuth (above), and
onset time with inversion window duration (below). (b) Local waveform forward modeling for the two M 5.2 aftershocks, based on the focal mechanism of the Mseg2
fault from this study. Observed waveforms are from stations highlighted in blue on the inset map.

The secondary rupture segment (Mseg2) exhibits a more compact slip patch, with slip exceeding 0.5 m distributed
over an area of ~3 km X 2 km and a peak slip of ~0.7 m at shallow depths of 1-4 km. The inferred seismic
moment for Mseg?2 is 1.92 x 10'7 N-m, corresponding to Mw 5.45, with an estimated stress drop of 85 MPa.
Given the very shallow slip distribution and the presence of residual surface deformation associated with Mseg?2,
the rupture likely propagated close to the surface, suggesting that this secondary rupture may have been associated
with localized surface or near-surface faulting.

Slip distributions constrained by the T173A and TOO5D data sets are shown in Figures S10-S20 of Supporting
Information S1 for reference. Although variations in peak slip and spatial extent arise from differences in tem-
poral coverage and geometric configuration among the data sets, all inversions consistently capture the primary
characteristics of the three asperities. The distinct slip distribution patterns of the three segments are further
supported by the checkerboard resolution test (Figure S21 in the Supporting Information S1).

Finally, we examined the sensitivity of the slip distribution to variations in the main fault dip (Figure 4e). For
lower dip angles, modeled slip on Msegl would extend laterally toward the Kunar fault, implying geometric
overlap between the two structures. Msegl is located within the hanging wall of the Kunar fault system and
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a) Mseg1 and Afseg slip distribution
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e) Fault structure and slip with different dip angle for the Msegl and Afsegl
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Figure 4. Slip distribution and local structural analysis. Slip distribution for the main fault (a) and the back-thrust secondary fault (b) during the earthquake sequence, and
their uncertainties (c, d). (e) Slip cross-sections for varied dip-angle models of the main fault along a profile line (start: 70.740°E, 34.740°N; end: 70.783°E, 34.688°N)

perpendicular to the main fault.
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primarily accommodates deformation within the upper plate. Such a geometry implies that slip at depth is mainly
accommodated by the Kunar fault rather than propagating downward across it (e.g., He et al., 2018). Therefore,
lower dip-angle models that predict downward extension of slip are less consistent with this structural framework,
and a steeper dip angle (~70°) provides a more geologically plausible representation of the main fault geometry.

3.4. Regional Interseismic Deformation Velocity

To explore potential pre-earthquake deformation that may have influenced the subsequent rupture sequence, we
analyzed interseismic deformation rates across the study area using time-series InSAR. Time-series InNSAR from
both ascending and descending tracks indicate generally low LOS deformation rates across the study area, within
—5 to 5 mm/yr (£0.5 mm/yr uncertainty), except in high-elevation regions affected by snow-induced decorre-
lation (Figures 5a and 5b). Localized subsidence is observed along alluvial valleys south of the Kunar fault and
within the Jalalabad alluvial plain, forming banded to patchy patterns that closely follow surface geomorphology
and are most likely related to hydrologically driven processes.

In contrast, a localized uplift anomaly is observed in the epicentral region between Msegl and Mseg2. The
anomaly exhibits a roughly circular geometry with a diameter of ~3—-5 km and LOS rates of ~2-5 mm/yr. A
profile AA' extracted approximately parallel to the regional compressional direction (Figure 5¢) shows a gradual
increase in LOS velocity of ~1-2 mm/yr from SSE to NNW over ~36 km, where topographic relief varies
modestly. In the epicentral region, LOS velocities increase sharply and then decrease over a shorter distance
(~16 km), spatially coincident with an increase in relief but exhibiting only a weak overall correlation with
topography. A perpendicular profile (BB'; Figure 5d) shows clear LOS displacement within the epicentral region
but no comparable uplift signals on either the NE or SW sides, highlighting the spatial localization of
the deformation. Taken together, these observations are consistent with localized interseismic LOS uplift of
~2 mm/yr centered on the epicentral region relative to its surrounding region (Assuming negligible north—south
motion, equivalent to ~3 mm/yr vertical uplift and ~1 mm/yr westward motion;time series points analysis in
Figure S22 in the Supporting Information S1). Although the inferred uplift signal is subtle, its spatial localization,
consistency across viewing geometries, and lack of correlation with topography or seasonal variability argue
against the signal being solely attributable to a processing artifact.

4. Discussion
4.1. Observations of Multi-Stage Shallow Ruptures

InSAR and gWFM analyses reveal a multi-stage shallow rupture at depths of ~4-5 km associated with the 2025
Mw 5.9 Asadabad earthquake in Afghanistan. The earthquake sequence exhibits a complex spatiotemporal
rupture evolution: the mainshock ruptured the Msegl fault segment, followed within 2—4 hours by rupture of a
secondary backthrust (Mseg2), manifested as two smaller M > 5.0 aftershocks from USGS (equivalent to a
combined Mw 5.4 in this study). Four days later, an additional fault segment located southwest of the mainshock
rupture area ruptured, producing the Mw 5.7 aftershock on Afsegl.

The secondary rupture on Mseg2 is inferred to have reached the surface. Although this surface-reaching rupture is
not clearly expressed in the primary slip map (Figure 4b), residuals indicate localized misfits in this region (Figure
S20f in Supporting Information S1), likely reflecting some effects in the joint inversion at small spatial scales.
Importantly, discontinuities across the Mseg2 fault in the deformation signal observed in the InSAR data
(Figures 2g-2j; Figure S2a in the Supporting Information S1) and the shallow slip distribution resolved in the
inversion results from T173A and TOOSD data sets (Figure S13 in the Supporting Information S1). Based on the
estimated moment accommodated on this fault segment, and the consistency of its orientation with regional
seismic waveform data, we infer that this secondary fault most likely hosted the two smaller aftershocks, shortly
following the Mw 5.9 mainshock.

Coulomb stress calculations (Text S6; Figure S23 in Supporting Information S1) further indicate that Mseg2 is in
aregion of positive stress change induced by Mseg1, supporting the idea that the secondary rupture was promoted
by stress transfer from the mainshock. Similarly, Afsegl lies within a region of positive Coulomb stress change
resulting from the combined stress of Msegl and Mseg2, suggesting that its rupture was facilitated by sequential
stress interactions. These results provide quantitative support for the observed temporal sequence of sub-events
and the spatial distribution of shallow ruptures.
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Figure 5. Interseismic InSAR and regional geology and geomorphology. (a, b) Time-series InSAR velocity maps from
ascending and descending tracks. (c, d) Relationship between deformation rates and topography along profile AA' and BB',
respectively. (e) Optical geomorphology of the region from ESRI (Environmental Systems Research Institute, 2023).

(f) Regional geological map from ESCAP, United Nations (1995). Olivine-green denotes gneisses (X;gn), brown denotes
granite (CP,ssl), pink denotes minor intercalated sandstones (T1gdg), and yellow denotes Holocene sandstone (Q,a). The
rupture fault traces (Mseg1, Mseg2, and Afsegl) for the 2025 sequence are from this study. Dark red triangles mark the major
cities in the epicentral region, including Asadabad and Jalalabad.

Although multi-segment ruptures are common in large earthquakes (e.g., Hamling et al., 2017; Liu et al., 2023),
these events typically involve surface-rupturing mainshocks associated with major plate-scale faults. In contrast,
earthquake sequences in which a buried mainshock is followed by shallow or surface-reaching aftershocks are
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relatively rare; a notable example is the 2024 Mw 7.0 Wushi earthquake, where shallow backthrust aftershocks
locally ruptured the surface (Li et al., 2025; Yin et al., 2025). Despite its moderate magnitude (Mw 5.9), the
Asadabad sequence exhibits an unusually complex rupture evolution, involving multiple rupture stages, localized
surface or near-surface rupture on secondary backthrust faults, and notably delayed aftershock rupture along the
main fault (i.e., Msegl). These features imply prolonged fault interaction and progressive stress redistribution
within the shallow crust of an orogenic interior.

4.2. Pre-event Deformation for the 2025 Asadabad Earthquake Sequence

Time-series InNSAR observations reveal localized interseismic uplift of ~2 mm/yr prior to the 2025 Asadabad
earthquake, spatially coincident with the epicentral region. Vertical deformation in Central Asia reflects a
combination of tectonic uplift and hydrologically driven subsidence in arid regions, where groundwater extraction
and prolonged drought have intensified over the past decade (He et al., 2024; Ou et al., 2025; Payne et al., 2025).
In the Asadabad area, widespread subsidence occurs along the Kunar fault, whereas the epicentral region exhibits
localized uplift, distinct from surrounding deformation patterns.

Localized uplift and abrupt vertical offsets are commonly linked to shallow fluid-related pre-slip or slow aseismic
deformation, which can modulate shallow crustal stress and facilitate seismic rupture in orogenic interiors
(Johnson et al., 2025; McGrath et al., 2025; Ou et al., 2025; Shen & Liu, 2025). Notably, the 2025 Asadabad
earthquake did not occur on previously identified active faults. In this context, the observed localized uplift may
reflect shallow crustal deformation processes, potentially involving fault-zone compaction or fluid-related ef-
fects. Such processes could have contributed to local stress perturbations, although their role in promoting the
subsequent multi-stage shallow rupture sequence remains uncertain (Yun et al., 2025).

4.3. Amplified Hazard From Unmapped Fault Damage Zones

The Asadabad earthquake occurred within crystalline basement rocks dominated by gneiss and granite, without
association with mapped Quaternary faults (Figure 5g). Lithological heterogeneities favor distributed fracture
networks and fault damage zones, which can host cascading slip (Collettini et al., 2022; Palgunadi et al., 2024).
Accordingly, the severe damage caused by the Mw 5.9 earthquake is best explained by rupture of a shallow,
network-style fracture system. This system is interpreted as an immature fault system, defined as a distributed and
poorly localized fault network that lacks well-developed, throughgoing fault planes and is characterized by
diffuse deformation (e.g., Faulkner et al., 2010; Scholz, 2019), producing spatially distributed near-surface
deformation (Li et al., 2025; Yin et al., 2025).

Our InSAR and modeling results indicate that slip was shallow and spatially concentrated, with elevated stress
drops exceeding the typical crustal range (~1-10 MPa; Kanamori & Anderson, 1975), likely enhancing near-
surface ground shaking. Available reports also indicate that vulnerable non-engineered buildings contributed
substantially to structural damage (WHO, 2025), and possible site amplification within the Jalalabad basin may
have further increased ground motion. These combined factors explain why, despite its moderate magnitude, the
earthquake caused over 2,200 fatalities, illustrating that earthquakes on unmapped or distributed fault systems in
basement rocks can generate destructive shallow rupture. This case highlights the limitations of magnitude-based
hazard assessments and underscores the importance of considering fault damage zones, rupture complexity, and
site effects in seismic risk evaluation.

5. Conclusions

By integrating InSAR observations with teleseismic waveform modeling, we resolve the deformation and rupture
processes of the 2025 Mw 5.9 Asadabad earthquake. The sequence involved complex, multi-stage rupture,
including a blind mainshock rupture, shallow secondary backthrusting, and a delayed rupture on the main fault.
Slip was predominantly shallow, with near-surface deformation on secondary fault segments. InSAR time series
reveal localized pre-event uplift near the epicenter, suggesting shallow deformation preceding the earthquake.
The rupture occurred on an unmapped, immature fault system within crystalline basement rocks, consistent with
cascading failure within a fault damage zone. These results help explain the severe damage produced by this
moderate-magnitude event and underscore the limitations of magnitude-based seismic hazard assessments in
orogenic interiors.
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