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Abstract Understanding the conditions that governed the distribution of coseismic landslide frequency
and size frompast earthquakes is imperative for quantifying the hazard potential of future events. However, it
remains a challenge to evaluate themany factors controlling coseismic landsliding including ground shaking,
topography, rock strength, and hydrology, among others, for any given earthquake, partly due to the lack of
direct seismic observations in high mountain regions. To address the dearth of ground motion observations
near triggered landslides, we develop simulated ground motions, including topographic amplification, to in-
vestigate these key factors that control the distribution of coseismic landslides from the Mw 7.6 2005 Kashmir
earthquake. We show that the combination of strong peak ground motions, steep slopes, proximity to faults
and rivers, and lithology control the overall spatial distribution of landslides. We also investigate the role of
topographicamplification in triggering the largest landslide inducedby this earthquake, theHattianBala land-
slide, finding that ground motion is amplified at the landslide initiation point due to the trapping of energy
within the ridge kink as it changes orientation from E to NE. This focusing effect combined with predisposing
conditions for hillslope failure may have influenced the location and size of this devastating landslide.

1 Introduction
Earthquake-triggered, or coseismic, landslides are the
most destructive and fatal secondary geotechnical haz-
ard related to earthquake shaking (Valagussa et al.,
2019; Marano et al., 2009). To first order, it has been
shown that earthquake magnitude and depth are im-
portant for the overall large-scale disturbance of the
landscape (Marc et al., 2016; Tanyaş et al., 2018), but
there are many other factors, such as the distribution
of strong ground motions, topography, rock strength,
and groundwater conditions that affect the distribution
of coseismic landslides (Fan et al., 2018, 2019; Gorum
et al., 2011). Of these factors, the distribution of strong
groundmotions is themost difficult to determine due to
sparse seismic observations in these high mountain re-
gions where coseismic landslides typically occur. Many
studies compare landslide distributions to ground mo-
tion models based on attenuation relationships (e.g.,
USGS ShakeMap). While these can be reasonable first
order estimations of peak ground motions in locations
with observational data, they are much less well con-

∗Corresponding author: adunham@usgs.gov. Now at US Geolog-
ical Survey, Seattle Field Office, Seattle WA, 98195.

strained in regions with little data and do not include
how the wavefield interacts with topography, an im-
portant aspect of coseismic landslide initiation (Allstadt
et al., 2018).
Another important controlling factor for coseismic

landslide initiation is thought to be topographic am-
plification, or the interaction of the seismic wavefield
with topography that causes scattering and diffraction
at the free surface, leading to topographic effects that
affect the intensity, frequency content, and duration
of ground motions (Asimaki and Mohammadi, 2018;
Assimaki and Jeong, 2013; Dunham et al., 2022; Lee
et al., 2009; Hartzell et al., 2016). Typically, ridges focus
seismic waves, causing amplification through construc-
tive interference, whereas valleys cause seismic waves
to scatter, decreasing seismic wave amplitudes (de-
amplification). Coseismic landslides have been shown
to initiate higher on hillslopes than rainfall-induced
landslides, likely due to the increase in seismic wave
amplitudes at ridge tops (Meunier et al., 2007; Rault
et al., 2019, 2020). Topographic amplification, along
with the overall frequency content of the earthquake,
also impacts landslide size. Lower frequencies generate
amplifications with larger depths and lateral extents,
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allowing the failure of deeper and larger landslides
compared to higher frequencies (Bourdeau et al., 2004;
Kramer, 1996). Using numerical modeling of ground
motions and topographic amplification, Dunham et al.
(2022) showed that low-frequency topographic amplifi-
cation, alongwith steep slopes andhigh elevations, con-
tributed to the initiation of the largest landslides from
the 2015 Mw 7.8 Gorkha, Nepal earthquake. Although
topographic amplification is thought to have amajor im-
pact on coseismic landslide distributions, the study of
this phenomenon is again stifled by the lack of observa-
tional data in high mountain regions where coseismic
landslides are typically occurring.
The 2005 Mw 7.6 Kashmir earthquake (Fig. 1) was the

most devastating earthquake in Pakistan’s history, caus-
ing 87,000 fatalities (Mahmood et al., 2015), which in-
clude deaths from the 2000-3000 coseismic landslides
both directly as well as indirectly from blocked roads
and communication loss (Kampet al., 2008). The largest
and most devastating landslide, the Hattian Bala land-
slide, caused ~1000 deaths and destroyed a village (Dun-
ning et al., 2007; Harp and Crone, 2006) (Fig. 1, black
box). While extensive documented landsliding from
this earthquake provides an excellent case study for
quantifying the impacts of ground shaking on coseismic
landslide distributions in high mountain regions, there
is a lack of observational seismic data from this event.
There are no available seismic stations within ~100 km
of the fault and the only model of peak ground motions
provided by the USGS ShakeMap is fairly unconstrained
because it is generated using only felt intensity data and
empirical attenuation relationships, rather than peak
amplitude data from seismic stations. This limits our
ability to connect peak groundmotions and topographic
effects to landslide initiation, information which is par-
ticularly important for improving real-time coseismic
landslide prediction models for future hazard mitiga-
tion (Allstadt et al., 2018).
To address this limitation and determine the domi-

nant factors controlling co-seismic landslide initiation,
we use numerical modeling of the seismic wavefield
to calculate peak ground motions and topographic am-
plification values for the landslide-affected region of
the 2005 Kashmir earthquake. Although many stud-
ies have investigated the landslide distribution from
this earthquake, few have explored the relationship be-
tween ground shaking and landslides, likely due to the
lack of observational data. One such study by Khan
et al. (2020) modeled ground shaking from this earth-
quake to compare to the damage and coseismic land-
slide distribution, but they used a point source charac-
terization of the earthquake, limiting their ability to ac-
curately model the shaking without including the com-
plexities of the rupture. We model the wavefield from
the 2005 Kashmir earthquake using a kinematic source
description in a domain with a topographically com-
plex free surface to quantify the role that topography
plays in amplifying the wavefield and initiating land-
slides. To gain a holistic view of the landslide distri-
bution, we also compare it to other important geomor-
phic and geologic factors that impact initiation. By us-
ing groundmotion simulations compared to traditional

methods, we can better understand the relationship be-
tween ground shaking, topographic amplification, and
coseismic landslide initiation, therefore offering crucial
insights into past and future coseismic landslide distri-
butions, including implications for the largest triggered
landslides.

2 Kashmir earthquake characteristics
and tectonic setting

The Kashmir earthquake occurred on October 8, 2005
at the western termination of the Indian-Eurasian col-
lision zone, ~18 km N-NE of the city of Muzaffarabad
(Basharat et al., 2021; Kaneda et al., 2008) (Fig. 1). The
earthquake ruptured for ~25 s both bilaterally and up-
dip along the Muzaffarabad thrust fault with a ~2 km/s
average rupture velocity and peak slip of ~7 m near the
city of Muzaffarabad (Avouac et al., 2006; Parsons et al.,
2006; Pathier et al., 2006; Yan et al., 2013). The Muzaf-
farabad fault dips ~30° NE and is located along the west-
ern limb of the Hazara-Kashmir Syntaxis (HKS), a ma-
jor antiformal structure that is bounded by the Mur-
ree Thrust, a NW dipping fault that locally defines the
Main Boundary Thrust (MBT) (Dunning et al., 2007).
The earthquake produced a ~70 km-long surface rup-
ture, the first modern earthquake in the Himalaya to
produce a documented surface rupture (Avouac et al.,
2006; Kaneda et al., 2008), and was themost devastating
earthquake in Pakistan’s history, killing 87,000, injur-
ing 69,000, and leaving 2.8million homeless (Mahmood
et al., 2015; Peiris et al., 2006; Petley et al., 2006). A pre-
vious major earthquake (M>8) in this region was just to
the south in 1555 (Fig. 1, inset), but based on damage
reports from this event, it is likely that it ruptured on a
different fault than the 2005 earthquake (Kaneda et al.,
2008).
Most of the rocks here are highly faulted and frac-

tured sedimentary/metasedimentary rocks due to the
multitude of faults and folds in the region (Shafique
et al., 2016). The Miocene Murree Formation (Fm)
makes upmost of the study area (Fig. 1) and is primarily
mudstone, siltstone, and sandstone, with variable de-
formation throughout the extensive area, from unde-
formed to highly cleaved and fractured (Kamp et al.,
2008). The highly fractured and cleaved Precambrian
slate, phyllite, shale, and limestone of the Hazara Fm
(southwestern) and metamorphic rocks of the Salkhala
Fm (northeastern) also make up much of the region
(Kamp et al., 2008). The Muzaffarabad Fm is particu-
larly important for landslide susceptibility and is com-
posed of highly fractured dolomites and limestones
(Kamp et al., 2008). Other formations include a variety
of granite, sandstone, siltstone, mudstone, conglomer-
ate, schist, limestone, and dolomite; we refer to Kamp
et al. (2008) for the full descriptions of the other units.
The many fault zones surrounding the HKS consist of
very weak and deformed rocks, making this region par-
ticularly primed for landsliding during an earthquake
(Massey et al., 2018).
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Figure 1 Map of the tectonic setting of the Mw 7.6 2005 Kashmir Earthquake, red focal mechanism shown at the location of
the earthquake centroid and epicenter shown as a red star. Geologic map in the background is modified from Kaneda et al.
(2008) and Basharat et al. (2021). Thick black lines are regional faults with triangles pointing to the upthrown block, red line
is the surface rupture. MBT- Main Boundary Thrust (also Murree Thrust), PT – Panjal Thrust, HKS – Hazara-Kashmir Syntaxis.
Blue lines aremajor rivers. Gray dots are landslides from Sato et al. (2007) and the Hattian Bala landslide polygon (gray field)
plotted in the black square is from Basharat et al. (2016). Inset shows this region in a tectonic context, includingmajor thrust
faults in the region such as the MBT, Salt Range Thrust, and MFT – Main Frontal Thrust, and arrows indicating the direction
of convergence at a rate of 3 cm/yr. Blue polygons are the rupture areas of paleoseismic events: 1555 – 7.6-8, 1905 – M7.8-
7.9, 1885 – M7.1-7.5 same rupture area as 2005 event, shown as a red focal mechanism, magnitudes of paleoseismic event
magnitudes from Bilham (2019).

3
SEISMICA | volume 3.2 | 2024



SEISMICA | RESEARCH ARTICLE | Coseismic landslides from the Mw 7.6 2005 Kashmir earthquake

3 Kashmir earthquake landslides

3.1 Coseismic landslides
Over 60 articles have been published on the landslides
caused by the 2005 Kashmir earthquake at various res-
olutions and spatial coverages (Basharat et al., 2021).
These studies use a variety of different mapping meth-
ods, such as satellite imagery, repeat photography, field
investigation and validation, and a combination of these
methods (Basharat et al., 2014, 2016; Dunning et al.,
2007; Harp and Crone, 2006; Kamp et al., 2008; Khat-
tak et al., 2010; Mahmood et al., 2015; Owen et al., 2008;
Saba et al., 2010; Kamp et al., 2009; Khan et al., 2013;
Sato et al., 2007). Studies that mapped the whole af-
fected region (Basharat et al., 2014, 2016; Kamp et al.,
2008; Owen et al., 2008; Sato et al., 2007) mapped be-
tween 2000-3000 landslides, mostly shallow rock falls
and slides (Harp and Crone, 2006; Kamp et al., 2008;
Sato et al., 2007). Collectively, these studies have found
landslides primarily occurred on the hanging wall of
the Muzaffarabad fault, coincident with the strongest
ground shaking (Sato et al., 2007). Most landslides oc-
curred close to rivers and active faults (<1km Sato et al.,
2007) as well as within the Murree Fm, which makes up
>50% of the region (Fig. 1) (Kamp et al., 2008). How-
ever, the highest landslide area density occurred within
the Muzaffarabad Fm (Kamp et al., 2008), located on
the hanging wall along the surface rupture (Fig. 1).
Most landslides are at elevations between 1000-1500m,
at slopes 25-35° and on S-SW facing slopes (Kamp et al.,
2008). Extensive fissuring, particularly in the Muzaf-
farabad Fm, was documented and thought to cause in-
creased susceptibility for future landslides (Owen et al.,
2008). Landslides caused ~1000 direct and many indi-
rect casualties due to communication loss (Kamp et al.,
2008).
For this study, we use the database from Sato

et al. (2007), who mapped 2424 landslides over most
landslide-affected regions using 2.5 m resolution SPOT-
5 imagery. We chose this database because it uses
pre- andpost-earthquake satellite imagery formapping,
comparatively high-resolution imagery, and maps the
whole landslide-affected area, except for some snow-
covered regions at high elevations. While the authors
acknowledge the potential for some pre-earthquake
landslides in their database due to the timing of the im-
agery, other databases only used post-earthquake im-
agery (Basharat et al., 2014, 2016; Kamp et al., 2008).

3.2 Hattian Bala landslide
The largest landslide from the 2005Kashmir earthquake
was the Hattian Bala landslide (~80-85 x 106 m3), which
buried the village of Dandbeh, killing ~1000 people ac-
cording to local reports (Dunning et al., 2007; Harp and
Crone, 2006) (Fig. 1, black box). This event occurred in
theMurree Fm andwas located at a cluster of small pre-
earthquake landslides (Kamp et al., 2008). From investi-
gating 1992-2001 satellite imagery, Dunning et al. (2007)
found that this region was deforming before the rock
avalanche and that the earthquake shaking caused the
rock mass to exceed a critical failure threshold (Dun-

ning et al., 2007). The landslide dammed a tributary of
the Jhelum River (Karli River), creating two lakes that
were a major concern for downstream villages, namely
Hattian (Harp and Crone, 2006). These dams were par-
tially breached in February 2010, directly damaging 24
homes and causing a landslide from reservoir draw-
down, which destroyed an additional 174 structures and
forced the evacuation of ~1000 residents (Konagai and
Sattar, 2011). Since the dam failure in 2010, the land-
slide mass has not experienced significant changes and
likely does not pose an imminent hazard to the region
(Sattar and Konagai, 2023). This primary Hattian Bala
rock avalanche occurred 32 km SE of Muzaffarabad,
far from the region of densest landsliding and it has
been speculated that topographic amplification of the
seismic waves was an important factor in triggering
this event (Basharat et al., 2021; Dunning et al., 2007;
Harp and Crone, 2006). In this study, we use simu-
lated ground motions at this location to investigate to-
pographic amplification as a possible additional trig-
gering mechanism for the Hattian Bala landslide. Be-
cause it was shown that there was a high probability of
slope failure prior to the earthquake, our calculations
of topographic amplification cannot show a causal ef-
fect; rather, this work investigates whether the charac-
teristics of topographic amplification at this particular
location are consistent with the hypothesis that the oc-
currence of this large landslide was influenced by the
interactions of the seismic wavefield with topography.

4 Data andmethods
4.1 Numerical modeling
4.1.1 Sourcemodels

To simulate the ground shaking from the 2005 Kash-
mir earthquake, we represent the seismic source as a
kinematic rupture, which we define using a finite fault
model from the earthquake. Finite fault models allow
for the simulation of ground motions up to ~1 Hz by
matching the source inversion to both teleseismic and
geodetic data but aremore limited for higher frequency
simulations. The source model used in this study was
generated by jointly inverting teleseismic waveforms in
the 0.01-1 Hz frequency band and surface slip measure-
ments from the sub-pixel correlation of ASTER imagery
(Avouac et al., 2006) (Fig. 2). Each slip patch is defined
by five triangular source time functions that are sepa-
rated in time by 50% of the rise time of the subfault
(Supplementary Fig. S1). This method is used because
it requires less regularization and linearizes the inver-
sion (Chen et al., 2018). The rise times of the Avouac
et al. (2006) kinematic source model are homogeneous
across the fault with a constant value of 3 s (Fig. 2b). In
the near-field, we expect groundmotions to have energy
at frequencies >1 Hz that are not exhibited by the finite
fault model. To generate ground motions that have en-
ergy above 1 Hz, we develop a second source by modi-
fying the Avouac et al. (2006) model to include hetero-
geneous and shorter rise times that vary with the mag-
nitude of slip and depth of the subfaults (Graves and
Pitarka) (Fig. 2c). Thismethod allows us to keep the slip
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distribution and rupture velocity the same as the origi-
nal finite fault model, which is well constrained by the
teleseismic and geodetic observations, while increasing
the frequency content of the source in a way that has
been observed in other crustal earthquakes, though we
acknowledge that the modified rise times do not neces-
sarily represent the true source properties.
Rise times typically increase in shallow depth and

high slip patches on the subfault, with longer rise times
related to lower frequency seismic waves. We calculate
rise times (Ti) using:

Ti =
{

2ks
1
2
i ; d < 5km

ks
1
2
i ; d > 8km

(1)

where si is the slip on the individual subfault and k is
a constant derived from fault’s average rise time. Typ-
ically, the average rise time is calculated based on the
moment release on the fault, but here we calculate k
based on the relationship between the highest slip and
a rise time of 3 s from the original source. Because rise
times are based on slip and some slip patches have very
low or 0 m slip, we define a minimum rise time of 0.7s,
twice the minimum period resolved by our mesh. For
both sources, we decrease the subfault size from 4 x 3.5
km to 250 x 250 m spacing to appropriately sample the
source at the same interval as the mesh. We only allow
sources at depths greater than 1 km, reducing numer-
ical inconsistencies at the free surface while retaining
the majority of the moment of the earthquake. We will
refer to the original low frequency source as ORIG and
the modified higher frequency source as HF.

4.1.2 Meshing and synthetic waveform genera-
tion

We simulate ground motions from the kinematic rup-
ture from the Kashmir earthquake in a structured hexa-
hedral mesh with high resolution topography using the
Spectral Element Method (SEM). The SEM is the most
appropriate method to simulate the wavefield because
it naturally incorporates high resolution topography at
the free surface so that we can investigate the effects of
topography on thewavefield and on landslide initiation.
The SEM was developed 40 years ago in computational
fluid dynamics (Patera, 1984) and is now used to model
2-3D seismic wave propagation. It solves the weak for-
mulation of the equations of motion and uses high-
order Lagrange polynomials to discretize over each ele-
ment based on the Gauss-Lobatto-Legendre (GLL) inte-
gration rule (Komatitsch and Tromp, 1999). The SEM is
implemented in the SPECFEM3D software package (Ko-
matitsch and Tromp, 2002a,b) to generate 3D wavefield
simulations for both ORIG and HF earthquake sources.
We first generate a numerically stable mesh with 250 m
resolution topography that encompasses both the kine-
matic rupture and the coseismic landslide distribution.
The mesh is 71 km x 78 km x 18 km in depth, with 250
m elements in the upper 1 km buffer layer, doubling at
1 km depth to increase the element size to 500 m for
the remainder of the model (Fig. 3). The bottom of the
buffering layer is the 250 m resolution topography that

has been smoothed using a moving average with a ra-
dius of 2 km, which aids in decreasing the distortion of
free surface elements. The mesh has ~1.2 million ele-
ments and is numerically resolved up to 2.7 Hz and will
be referred to as the topography mesh.
Because of a lack of high-resolution 3D velocity mod-

els in this region, we use a 1D regional velocity model
(Mahesh et al., 2013) modified with a 1 km thick slow
velocity layer at the surface with a linear Vs gradient
between 1500 and 3200 m/s (Table 1). Vs = 1500 m/s
is the transition between site class B (rock, Vs < 1500
m/s) and site class A (hard rock, Vs > 1500 m/s) ac-
cording to the NERHP soil site classifications (Dobry
et al., 2000), making it a reasonable estimate for our
surficial slow velocity layer in this high mountain re-
gion. Our limited knowledge of subsurface velocities
hinders our ability to accurately model groundmotions
(Lee et al., 2007). Previous studies have shown that the
amplitudes of seismic waves are impacted by the in-
terplay between near surface velocity variation and to-
pography (Assimaki and Jeong, 2013; Dafni and Wart-
man, 2021; Hailemikael et al., 2016; Hartzell et al., 2013;
Hailemikael et al., 2016). This 1D velocity model as well
as others for the region (Mir et al., 2017) show mini-
mum Vs values at the surface between 2-3.5 km/s but
are insensitive to the structure of the upper few kilo-
meters of the crust. By adding a slow velocity layer to
the upper 1 km of the crust, we are approximating a
known decrease in velocity near the free surface that is
not defined by these coarser models. Finally, it should
be noted that themodels do not include intrinsic attenu-
ation which has little effect on the seismic wavefield re-
sults at these local distances and relatively low frequen-
cies.

Depth (km) Vp (km/s) Vs (km/s)

0 2.8 1.5
0.25 3.475 1.925
0.5 4.150 2.350
0.75 4.825 2.775
1 5.5 3.2
4 5.85 3.4
18 6 3.5

Table 1 Table showing the seismic wave speeds defined
within the mesh by depth. The top 1 km is a linear gradient
from Vs = 1.5 km/s to the top of the 1D velocity model from
Mahesh et al. (2013).

Horizontal peak ground velocity (PGV) is calculated at
every element at the surface during the wavefield sim-
ulations by taking the peak velocity value between the
NS and EW components. There is debate in the liter-
ature about the best ground motion metric for under-
standing coseismic landslide initiation, including peak
intensities (peak ground acceleration (PGA) and PGV),
duration, and cumulative metrics such as Arias Inten-
sity (Jibson et al., 2000; Jibson and Tanyaş, 2020; Now-
icki Jessee et al., 2018). We have chosen to use PGV
as our ground shaking metric due to the relatively low
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Figure 2 (a) Slip model from Avouac et al. (2006). Slip for each subfault is the sum of all 5 source time functions. (b)
Homogeneous rise time distribution from Avouac et al. (2006), used in source ORIG. (c) Modified rise time distribution used
in source HF. Rise time is shown as the average for each subfault from the 5 source time functions, see Supplementary Fig.
S1 for the distribution of slip and rise times for all 5 source time functions. Surface rupture is shown as the black line with red
triangles, epicenter is the black star, and black square denotes the meshed region.

78
 km

18 km

71 km

1

2

Muzaffarabad

Figure 3 Numerical mesh with 250 m topographic resolution, dimensions are shown on the edges of the mesh. The city of
Muzaffarabad (black circle) and epicenter (red star) are shown for reference. Inset shows a zoom-in of themesh. (1) is a 1 km
thick layer with 250m elements with a doubling layer at the base of this layer, (2) is a 17 km thick layer with 500m elements.
Black square in Fig. 2 shows the outline of the meshed region in map view.

frequency content of these simulations and because it
has been shown to have significant control on land-

slide initiation and size (Dunham et al., 2022; Massey
et al., 2018; Nowicki Jessee et al., 2018). We verify these
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ground motions against the USGS ShakeMap due to the
lack of seismic or high-rate geodetic stations in the re-
gion during the earthquake. While this model is fairly
unconstrained, it is the only available model that incor-
porates real data from the earthquake into the ground
motion result, making it our best means of compar-
ison. This shows that our simulations using the HF
source and 1D layered velocity model with a slow ve-
locity layer have the best fits to the ShakeMap, while
simulations using a homogeneous velocity model from
IASPI91 (Vp = 5.8 km/s, Vs = 3.36 km/s, 2.7 kg/m3) (Ken-
nett and Engdahl, 1991) (Supplementary Fig. S2) have
much lower PGVs compared to the ShakeMap. There-
fore, we present the results and discussion in the main-
text using the 1D layered model and show results from
simulations with a homogeneous velocity in the Sup-
plement for both ORIG and HF (Supplementary Text S1
and Supplementary Fig. S3). Because there is not an
available 3D velocity model that incorporates detailed
shallow velocity structure (mapped Vs30), we are likely
under-representing seismic amplitudes and frequency
content, and therefore these results should not be used
for primary seismic hazard applications.
Generally, topographic amplification of the seismic

wavefield is calculated by comparing the ground shak-
ing values in a topographically complexmesh to ground
shaking values in a flat mesh. The choice of elevation
of the flat mesh is critical to the calculation of ampli-
fication, as seismic amplitudes are not only affected
by topography but also attenuation due to geometri-
cal spreading. Supplementary Fig. S4 shows how flat
meshes with different elevations change amplification
values. To decrease the effects of geometrical spreading
in our amplification result, we calculate PGV for ORIG
and HF in a suite of flat meshes with free surface el-
evations that span the elevation range of our topogra-
phy mesh. We then conduct a 1D interpolation of these
values to the elevation of our topography mesh at each
point on the surface to match the expected distance
traveled by the wavefield for both the flat and topogra-
phy groundmotions, generating elevation corrected flat
PGVs. Because this is a surface rupturing earthquake,
our sources reach close to the free surface, so we de-
crease the interval between the flat meshes to 500 m at
the lower elevations. Our flat mesh elevations are 500,
1000, 1500, 2000, 3500, and 5000 m. The flat meshes all
have a doubling layer at 1 km depth so that they have
the same resolvable frequency content as the topogra-
phy mesh. The flat meshes also have the same elastic
properties as the topographymesh. To calculate a value
of topographic amplification, we take the percent differ-
ence between the maximum horizontal PGV of the ele-
vation corrected flat mesh and the topography mesh:

Amplification% = PGV t − PGV fc

PGV fc
× 10 (2)

Where PGVt is horizontal PGVwithin the topography
mesh and PGVfc is the elevation corrected horizontal
PGV derived from flat mesh simulations.

4.2 Landslide catalog processing
To investigate the possible causes of landslide initiation
from the 2005 Kashmir earthquake, we determine topo-
graphic, lithologic, hillslope position, and seismic pa-
rameters (i.e. PGV and topographic amplification) at
each landslide location from the Sato et al. (2007) cat-
alog. The maximum values within landslide polygons
of ground shaking parameters (horizontal PGVand hor-
izontal PGV amplification) from our numerical simu-
lations (both ORIG and HF) and topographic parame-
ters (slope and elevation) from SRTM 30 m DEM (Farr
et al., 2007) are used for the analysis. We also calcu-
late local relief by taking the difference between the
maximum and minimum elevation of the 30 m DEM
within a moving window with a radius of 1 km, tak-
ing the maximum value within each landslide polygon.
The landslides in this database are not subdivided into
source and runout, so we calculate these parameters
for the whole landslide-defined area. We determine the
lithology of each landslide using the geologic map from
Kanedaet al. (2008) thatwasmodified fromCalkins et al.
(1975). The geologic unit assigned to each landslide is
determined by which unit covers the highest percent of
the landslide area. We also calculate the landslide loca-
tion along the hillslope (Dst, normalized river distance
Rault et al., 2019) to determine if coseismic landslides
are preferentially located along ridges or within valleys
and frequency-area distribution (FAD) curves for a sub-
set of landslide parameters to demonstrate their control
on landslide size. These methods are expanded upon
in Supplementary Texts S2 and S3 and Fig. S5. While
rainfall and soil saturation prior to an earthquake are
important factors controlling overall coseismic land-
slide distributions, we do not include this in our anal-
ysis because of the dry conditions documented before
this event (Petley et al., 2006).

5 Results
5.1 Wavefield snapshots
Snapshots of the seismic wavefield demonstrate wave
propagation through time as the rupture starts at
the hypocenter (black star, Fig. 4 and Supplementary
Movies S1 and S3) and propagates updip and bilater-
ally along the fault. Vertical ground motions at the
surface are clear ~3 s after rupture initiation, where a
large, low frequency positive (up) wavefront can be ob-
served propagating SW and then W-NW. This low fre-
quency pulse is due to the large amplitude of slip at
the central zone of the rupture. The breaking of this
asperity (between 8-10 s) is coincident with the rup-
ture reaching the surface (Fig. 4, line with red trian-
gles), causing a clear decrease in amplitude as the large,
low amplitude wave crosses the surface trace and a step
in the once continuous wavefront. Larger amplitude,
south propagating waves are then observed emanating
along the fault trace. Both sources demonstrate simi-
lar wavefield properties, although HF has a higher fre-
quency component due to the modification of source
rise times. The hanging wall effect, or the increase in
ground motion amplitudes on the hanging wall (Abra-
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Figure 4 Snapshots of the vertical velocitywavefield for ORIG (top) andHF (bottom). Black star is the hypocenter, linewith
red triangles denotes the surface rupture, and timestamps are shown in the lower right corner for each snapshot. Inset shows
the slip on the fault at each time step as the sum of slip between each snapshot.

hamson and Somerville, 1996; Oglesby et al., 1998), is
also clear for both sources as amplitude significantly de-
creases southwest of the surface rupture. Because we
do not prescribe a fault surface as a discontinuity in our
numerical mesh, this effect is due to the proximity of
the free surface to the rupture rather than the trapping
of energy between the fault and the free surface. HF
has higher amplitudes on the footwall than ORIG, likely
due to subfault sources with shorter rise times that rup-
ture near the fault trace with small slip values. Sup-
plementary Fig. S6 shows snapshots of the peak hori-
zontal motion, also shown as movies in Supplementary
Movies S2 and S4, which clearly show the interactions
of the wavefield with topography, where ridges are am-
plified at different points throughout the rupture. Both
snapshot components clearly show how the frequency
content of the two sources varies, with the major low
frequency components being the same for ORIG and
HF, but the wavefield from HF exhibiting much shorter
wavelength features within these broader wavefronts.
They also demonstrate how the directivity of the rup-
ture focuses the strongest shaking at the surface rupture
as it initially travels SWand then NWand SE as it travels
along the surface rupture.

5.2 Peak groundmotions

Figs 5a and 5c shows the horizontal PGV for ORIG and
HF, respectively. Fig. 5e also shows a selection of wave-
forms for ORIG (blue) and HF (black), denoting the val-
ues of PGV for each waveform in the upper right corner.
The highest values of PGV for both sources are concen-
trated at the surface rupture on the hanging wall, an ex-
pected result given the location of the primary asperity
in the slip model. This slip and ground shaking con-
centration is a common phenomenon for surface rup-
turing earthquakes (Kagawa et al., 2004). As we saw in
the wavefield snapshots (Fig. 4, Supplementary Fig. S6),
the hanging wall effect is also clear for PGV, with am-

plitudes decreasing significantly southwest of the fault
trace. HF has higher amplitude PGVs away from the
fault because of the smaller rise times prescribed to
the low slip values, allowing for higher energy radia-
tion in HF at the down dip edge of the fault than ORIG.
We also see larger amplitudes across the fault to the
southwest for HF, which we observed in the wavefield
snapshots. Fig. 6a shows the difference between PGVs
of ORIG and HF, showing that variation between PGV
is concentrated away from the highest slip amplitude,
where we have changes in PGV based on variations in
rise time. Overall, these differences are quite small,
confirming that the amplitude of ground shaking be-
tween the two sources is not changing significantly at a
large scale but is mainly concentrated on smaller scale
features.

5.3 Topographic amplification

Figs 5b and 5d show topographic amplification values
for ORIG andHF, respectively. Positive topographic am-
plification is mostly concentrated at ridges, and neg-
ative amplification in valleys, as expected from previ-
ous studies (e.g. Dunham et al., 2022; Harp et al., 2014;
Hartzell et al., 2016). Amplification ranges between -
60% and 100%. The orientation of ridges with respect
to the initial high amplitude wavefront controls the pat-
tern and extent of topographic amplification. Ridges
trending in the direction of propagation tend to be am-
plified along the ridge top, whereas smaller auxiliary
ridges trending perpendicular to the direction of prop-
agation tend to have amplification on the ridge side fac-
ing in the direction of propagation. This phenomenon,
where amplification tends to bemore prominent on the
slopes of ridges facing away from the incident wavefield
when this wavefield deviates from the vertical propaga-
tion path, is seen in other modeling and observational
studies (Dunham et al., 2022; Meunier et al., 2008; Khan
et al., 2020; Maufroy et al., 2014). This is particularly
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Figure 5 (a)Horizontal PGV and (b) topographic amplification for ORIG. (c)Horizontal PGV and (d) topographic amplifica-
tion for HF. Line denotes surface rupture. (e) Example waveforms for the north, east, and vertical component of 7 stations
(plotted on a/c) for ORIG (blue triangles) and HF (black triangles). PGV of each seismogram labeled in cm/s (ORIG – blue, HF
– black).

evident at ridges just east of the surface rupture, where
ridges trending NE are amplified on their SE facing side
due to the SE propagation of the rupture near the sur-
face rupture.
HF shows much more high frequency amplification,

meaning that smaller ridges are amplified compared
to ORIG, which is also exemplified in the waveforms
(Fig. 5e), showing much higher frequency content for
HF than ORIG. This is clear from the differences plotted
in Fig. 6b, where the largest differences between ampli-
fications are on small-scale features, with little variation
for larger scale ridges. From the snapshots of the wave-
field, we can see much shorter wavelength phases for
HF compared to ORIG, contributing to the fact that the
wavefield within shorter wavelength (smaller) ridges is
being amplified. Amplification values are also larger
on average for HF compared to ORIG, demonstrating
that higher frequencies not only increase the number
of ridges being amplified but also increase the absolute
value of amplification. A notable feature with signif-
icantly increased amplification from HF compared to
ORIG is the causative ridge of theHattian Bala landslide,
outlined in Fig. 6.
Although we have increased the frequency content

of our simulations between ORIG and HF, this is only
up to ~ 2.7 Hz. Topographic amplification is highly de-
pendent on frequency content, with higher frequencies
causing the amplification of shorter wavelength topo-

graphic features. Along with the relatively coarse res-
olution of the free surface topography of our numeri-
cal mesh, we are likely not accurately representing the
topographic amplification of small ridge features. We
are, however, representing the regional amplification
patterns well, as seen by the increase in the number
of smaller scale amplified features from ORIG to HF,
but little variation in the overall amplification pattern
(Figs 5b, 5d, 6). Therefore, even though our result is fre-
quency limited (< 2.7 Hz), we can use topographic am-
plification to comment on regional patterns as well as
large-scale topographic features.

5.4 Predictive capability of landslide param-
eters

Following the methods of Chung and Fabbri (2003) and
Harp et al. (2014), we determine the predictive power
of landslide parameters using a “ratio of effectiveness”.
The ratio of effectiveness (Reff) is defined by Rv/Rtot,
where Rv is the percent of landslide area within a range
of a parameter compared to the total area of that pa-
rameter class in the study region (defined by the map-
ping area of Sato et al., 2007) and Rtot is the percent of
landslide area within the whole study region. In other
words, Reff shows how important a parameter is for
landslide generation by comparing the percent of land-
slide area within that parameter range to the percent of
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Figure 6 Difference between ORIG and HF for (a) PGV and (b) PGV topographic amplification. Line denotes surface rupture
and box outlines Dana Hill, the location of the Hattian Bala landslide.

the total landslide area. Chung and Fabbri (2003) de-
fine values of Reff > 3 as significant positive predictors
of landslide occurrence and Reff < 0.2 as significant neg-
ative predictors of landslide occurrence. We use this to
compare the predictive capability of PGV and amplifi-
cation for ORIG and HF as well as slope, elevation, lo-
cal relief, distance to mapped faults, normalized dis-
tance to rivers, and lithology. The ratio of effectiveness
is defined for each landslide parameter within 6 equally
spaced ranges, bounded by the minimum and maxi-
mum values within the landslide database. Fig. 7 shows
the predictive power of each parameter (Reff), where the
width of the bar is the range in which the ratio was cal-
culated. Fig. 8 shows how each variable is distributed in
space relative to the landslide database.

PGV values for both ORIG and HF show that the
largest three categories have positive landslide predic-
tion capability (Reff >3), where PGV is greater than 68
cm/s and 80 cm/s for ORIG and HF, respectively. We
clearly see that ORIG has higher predictive capability
overall compared to HF, which is likely due to how we
have calculated HF, generating higher amplitude shak-
ing at the down dip portion of the rupture where there
are relatively fewer landslides, explaining the decrease
in the predictive power of large PGVs for HF compared
to ORIG. Although we show that PGV from ORIG has
a higher predictive capacity than HF, we will be using
PGVs from HF for the remainder of the results and dis-
cussion, as it likely represents a more realistic source
with rise times varying with slip and depth and is a bet-
ter match to the USGS ShakeMap. No category of ampli-

fication for either ORIG or HF has significant positive
predictive power (Reff > 3); however, this could be be-
cause our groundmotion simulations contain relatively
low frequencies (< 2.7Hz). This catalog comprisesmany
small landslides initiating on smaller topographic fea-
tures than we expect to see amplified by the frequen-
cies in our simulations. This could also be related to the
fact that high topographic amplificationdoesnot signify
high absolute ground motions, which is a positive pre-
dictor of landslide occurrence, meaning that amplifica-
tions alone are not reliable predictors.

No local relief or elevation category exceeds Reff >3,
meaning that they do not show any significant positive
predictive capacity of landslide initiation. Slopes in the
largest two categories, > ~46°, show an increasing pos-
itive control on landslide predictability, demonstrating
that slope is themost important topographic parameter
evaluated in terms of landslide initiation. Slopes below
~17° also show a negative predictive capacity (Reff < 0.2),
indicating that landslides are unlikely to occur on slopes
below this threshold angle.

Distance to faults and rivers, as well as lithology, are
also important parameters that affect landslide initia-
tion, particularly for this earthquake (Kamp et al., 2008;
Sato et al., 2007). Within 1000mof a fault, there is signif-
icant positive predictability of landslide initiation. For
the 2005 Kashmir earthquake, faults increase landslide
susceptibility in two ways: (1) decreased rock strength
due to rock damage from the localized strain of the
fault zone, and (2) concentration of peak ground shak-
ing along the causative fault of the earthquake (Massey
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Figure 7 Predictive capacity of different parameters affecting landslide initiation. (a)Horizontal PGV for ORIG, (b) horizon-
tal PGV Amplification for ORIG, (c) slope, (d) horizontal PGV for HF, (e) horizontal PGV Amplification for HF, (f) elevation, (g)
local relief, (h) distance to mapped faults, and (i) dst or normalized river distance. Colors show the lowest to highest valued
categories for each parameter in blue to red, respectively. Y-axis is the same for all parameters, defined by the parameterwith
the highest value of Reff, slope. Red dashed line denotes a Reff value of 3.

et al., 2018). The normalized distance to rivers (dst)
shows values Reff <3, meaning this is not a significant
positive predictor of landslide occurrence. We also cal-
culated Reff for the lateral distance tomajor rivers in the
region, finding all values of Reff<3, providing further ev-
idence that rivers are not themain drivers of the overall
area of landsliding from this earthquake. Because we
see high concentrations of landslides in the major river
systems (see Discussion section Landslides not located
along the surface rupture), this may indicate that rivers
host smaller landslides thanother regions and therefore
do no act as a good predictor of landslide area with the
Reff metric. We also calculate Reff for different geologic

units and find that the Muzaffarabad Fm is the only ge-
ologic formation with any predictive capacity with Reff
~14. This is because this formation covers relatively lit-
tle area but hosts most of the landslide area from the
earthquake.

5.5 Landslide location along the hillslope
Using Reff, we show that the normalized river distance,
dst, is not a positive predictor of landslide initiation,
meaning that the overall landslide area is not focused
at either ridges (dst = 1) or rivers (dst = 0). We examine
the spatial distribution of crest clustering usingRpcrest, a
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Figure 8 Spatial distribution of landslides in different variables affecting landslide occurrence, (a)Horizontal PGV for ORIG,
(b) horizontal PGV Amplification for ORIG, (c) slope, (d) horizontal PGV for HF, (e) horizontal PGV Amplification for HF, (f) ele-
vation, (g) local relief, (h) distance tomapped faults, and (i) dst or normalized river distance. Transparent polygons represent
regions of landsliding discussed in the text. 1a/b are landslides within river valleys and 2a/b are landslides along faults on
the eastern limb of the HKS.
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variable that denotes crest (Rpcrest » 1) or toe (Rpcrest « 1)
clustering of landslides in designated regions (see Sup-
plementary Text S2 for expanded discussion of Rpcrest)
(Rault et al., 2019). Fig. 9a shows Rpcrest for 4.5 km x
4.5 km “macrocells”, with warm colors denoting crest
clustering and cool colors denoting toe clustering (see
Supplementary Fig. S5 for testing of other macrocell
sizes). Maps ofRpcrest show that toe clustering is thepre-
dominant mechanism of landslide initiation from this
earthquake. Examples of this toe clustering include the
Neelum (Figs 9a, 1a) and Jhelum River (Figs 9a, 1b) val-
leys, and examples of crest clustering can be seen at the
Neelum River mouth (Fig. 9a, 3), where the river inter-
sects the surface rupture and the Muzaffarabad Fm and
at the eastern edge of the NeelumRiver (Figs 9a, 2a) and
within rocks of the Hazara Fm (Figs 9a, 2b) to the south.
Evenwithin these highlighted regions, only a small por-
tion of the macrocells exhibit crest clustering.
To understand the relationship between crest cluster-

ing and topographic amplification, we plot the average
value of topographic amplification grid points within
each 4.5 km x 4.5 km macrocell (Fig. 9b) and com-
pare Rpcrest and average amplification in Fig. 9c. There
is no strong relationship between topographic ampli-
fication and crest clustering, with few macrocells ex-
hibiting both positive amplification and crest cluster-
ing. This indicates that, at this scale and frequency
content (<2.7 Hz), crest clustering of coseismic land-
slides does not signify the initiation mechanism of to-
pographic amplification. It also shows that, on average
and at thismacrocell scale, topographic amplification is
dominant on the hanging wall but not on the footwall.

5.6 Landslide frequency-area distribution

Frequency-area distributions (FADs) for landslide cata-
logs exhibit a power law relationship that shows the rel-
ative frequency of large and small landslides. We cal-
culate FADs and power law exponents (α) for five dif-
ferent categories of the landslide database, positively
or negatively amplified (Fig. 10a), steep (>40°) or gen-
tle (<40°) slopes (Fig. 10b), high (>80 cm/s) or low (<80
cm/s) PGV (Fig. 10c), high (>1500 m) or low (<1500 m)
elevation (Fig. 10d), and within or outside of the Muzaf-
farabad Fm (Fig. 10e). See Supplementary Text S3 for a
complete methodology for calculating FADs and α. For
the ground shaking parameters, we plot the FADs for
HF, noting that ORIG does not demonstrate a signifi-
cant difference in the FAD from HF. Larger values of
α (more negative) indicate a lower frequency of larger
landslides and smaller values of α (less negative) indi-
cate a higher frequency of larger landslides. Higher
frequencies of larger landslides are shown within pos-
itively amplified regions, high PGVs, steep slopes >40°,
and within the Muzaffarabad Fm. Although a smaller
α indicates that positive amplification has a higher fre-
quency of larger landslides, because the difference in α
between positively and negatively amplified landslides
is much smaller than in other categories we do not in-
terpret this as a strong control on landslide size. Eleva-
tion does not show any control on landslide area, with
both high and low elevations having similar values of α.

5.7 Hattian Bala landslide analysis
From the amplification maps in Figs 5b and 5d, the
causative slope of the Hattian Bala landslide is ampli-
fied by both ORIG and HF, but has higher ground shak-
ing andamplification fromHF.This leads us to conclude
that the stronger ground motions and increased ampli-
fication of the causative slope is caused by higher fre-
quency seismic waves not being emitted by ORIG. Al-
though our simulations are only validated forHF,we are
comparing the patterns of amplification to ORIG to un-
derstand how the differences in the source are impact-
ing differences in amplification. The high ground shak-
ing and amplification is most prominent on the side of
the ridge facing away from the direction of the prop-
agating wavefield, coincident with the location of pre-
existing failure (Dunning et al., 2007).
To estimate resonant frequencies of the hill that

hosted the Hattian Bala landslide, we use Eq. 3 from
Paolucci (2002):

ft = VS

L
(3)

Here,Vs is the shear velocity of our simulations, ~1500
m/s within the upper 1km, and L is the width of the
hill, 1.5-3.5 km (~145° azimuth). Using these values, we
find f⊥ = 0.43 − 1 Hz. We can also define L to be the
length of the hill, ranging from 4.5-7 km (~55° azimuth),
so that f‖ = 0.2 − 0.3 Hz. The asymmetry and irreg-
ularity of this hill give us these ranges in distance val-
ues. Because the frequency content of ORIG is domi-
nant <0.75 Hz, these simple calculations indicate that
ridge-perpendicular amplification may have been lim-
ited in the ORIG case which would explain the relatively
weak amplification of the causative slope.
To determine what frequency is being amplified at

different positions along the hillslope, we calculate
standard spectral ratios (SSRs) at locations along the hill
as compared to a reference station at the base of the hill-
slope. The SSR is a widely used tool, specifically to es-
timate the frequency of amplified ground shaking, typ-
ically compared to a reference station at the base of the
topographic feature with the assumption that it is not
affected by topographic amplification (Borcherdt, 1970;
Massa et al., 2014; Rault et al., 2019; Héloïse et al., 2011).
To calculate the SSR for each select station, we compute
the Fourier amplitude spectra of the signals for both the
reference station and station of interest from the topog-
raphy simulations after applying a lowpass filter to 2.5
Hz and a 5% cosine taper. We then smooth the spectra
using theKonno-Ohmachimethodwith abandwidth co-
efficient b = 40 (Konno and Ohmachi, 1998). The SSR is
calculated using:

SSR = St

Sr
(4)

where St is the Fourier spectrum of the topography sta-
tion and Sr is the Fourier spectrum of the reference sta-
tion. To determine any azimuthal variation in amplifi-
cation, we rotate the horizontal components at 10° in-
crements and calculate the SSR in each direction.
First, we can compare the SSR ratios from ORIG and

HF at two stations at the top andmiddle of the landslide
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Figure 9 (a) Calculated Rpcrest values for 4.5 km x 4.5 km macrocells. (b) Average PGV amplification within each 4.5 km x
4.5 kmmicrocell. (c) Scatter plot comparing the average PGV amplification and Rpcrest values within themacrocells shown in
a and b. Red indicates amplified and blue indicates de-amplified. The horizontal gray line denotes the separation between
toe clustering (< 1) and crest clustering (> 1). a and b show annotations: 1a/b are landslides within river valleys, 2a/b are
landslides along faults on the eastern limbof theHKS,3are landslides at themouthof theNeelumriver valley. 3 is highlighted
in pink as it is the only segment not shown in Fig. 8.

Figure 10 Landslide frequency-area distribution (FADs) for subsets of the landslide database. (a) Positively (N = 1160) or
negatively (N = 1252) amplified landslides, (b) landslides on slopes > 40 ° (N = 1019) and < 40° (N = 1402), (c) landslides with
PGV > 80 cm/s (N = 1019) and < 80 cm/s (N = 1402), (d) landslides at elevations > 1500 m (N = 582) and < 1500 m (N = 1839),
(e) landslides within (N = 714) and outside (N=1707) of the Muzaffarabad Fm. N is the number of landslides used to calculate
each category.
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(Fig. 11). HFhasmoderately higher SSRs (increased am-
plification) and similar patterns compared to ORIG at
frequencies < 1Hz, but amplifications > 1 Hz are only
present in HF. Both ORIG and HF demonstrate higher
amplitudes for SSRs at themiddle compared to the ridge
top, providing further evidence that we have strong
shaking and amplification not just at the ridge top, but
throughout the slope where the landslide initiated (up
to 120% for HF). The increased frequency content of HF
allows for the amplification of smaller scale features of
the ridge compared to ORIG.
To understand the polarization of these various fre-

quency bands forHF, we plot SSRs for stations along the
ridge axis (Fig. 12), showing that the polarization of am-
plification at the ridge top is perpendicular to the ridge
axis, rotating with the curve of the ridge from approx-
imately N-S to NNW (black and white lines). This in-
dicates a clear dependence of amplification on the ori-
entation of the ridge. Along the west limb of the ridge
(Fig. 12), the amplification is polarized approximately
perpendicular at frequencies between ~0.5-1 Hz, which
aligns well with a ridge width of ~1.5-2.5 km andVs = 1.5
km/s. Along the east limb of the ridge (Fig. 12), the am-
plification is again polarized in the ridge perpendicular
direction at similar frequencies due to a similar ridge
width (~2-2.5 km).

6 Discussion

6.1 Landslides along the surface rupture

The predictive capacity of various parameters has
shown that PGV, slope, fault distance, and lithology
were the primary drivers of landslide initiation during
the Kashmir earthquake. These findings align with pre-
vious studies that investigated the geomorphic and geo-
logic controls on Kashmir earthquake landsliding (e.g.,
Kamp et al., 2008; Khattak et al., 2010; Owen et al., 2008;
Shafique, 2020; Khan et al., 2013), and expand upon
these investigations using simulated ground motions to
show the influence of high PGVs on coseismic landslide
initiation. Studies of coseismic landslide distributions
from other earthquakes have also found that landslides
concentrate along the surface rupture, primarily as a
function of strong peak ground shaking close to the sur-
face trace. Examples of this have been shown for the
2002 Denali earthquake (Gorum et al., 2014), 2008 Mw
7.9 Wenchuan earthquake (Xu et al.), the 2016 Mw 7.8
Kaikōura earthquake (Massey et al., 2018), and most re-
cently the 2023 Türkiye earthquake sequence (Görüm
et al., 2023). These parameters are all interrelated, with
the highest PGVs, some of the steepest slopes, and the
most susceptible geologic unit (the Muzaffarabad Fm),
all located along the surface rupture. To explore these
relationships, Fig. 13 shows how the landslide area den-
sity, landslide frequency, and PGV vary along the sur-
face rupture. These curves are generated by taking
the sum of the area of all landslides, number of land-
slides, and average PGV within 1 km laterally spaced
bins. Landslide frequency is a percent of the total num-
ber of landslides in the database and landslide area is a
percent based on the total area of each bin, which are

equal between bins. This region is divided into land-
slides occurring dominantly within the Muzaffarabad
Fm to the north (I) and within the Murree Fm and Qua-
ternary alluvium to the south (II). At the northern end of
the surface rupture (I, 0-10 km), landslides are focused
within the Muzaffarabad Fm and have a high landslide
frequency but a low landslide area density, meaning
that in this region there are many small landslides.
PGV values are at their lowest along the surface rup-
ture (25-50 cm/s). Shifting farther south (I, 10-17 km),
landslide frequency decreases with an increase in land-
slide area density, showing that there are fewer land-
slides, but these landslides are typically larger. PGVs
are steadily growing but are in the range of 50-100 cm/s.
Even farther south (I, 17-26 km),we see thehighest land-
slide area density and frequency, still within the Muzaf-
farabad Fm, specifically near the mouth of the Neelum
River, where PGVvalues are ~120 cm/s here. The transi-
tion between theMuzaffarabad Fm to the north and the
Murree formation to the south (~26 km) shows a steep
decline in both landslide area density and frequency
with continually increasing PGVs that reach their high-
est value for the earthquake, ~125 cm/s. Slopes in both
(I) and (II) have very similar distributions, with modal
slopes of 31° and 32.5°, respectively. This means that
the variation in landslides between the north and south
is likely not due to differences in slope distribution.
We also note that there were pre-earthquake landslides
within the Muzaffarabad Fm (cyan polygons, Shafique,
2020), demonstrating the overall landslide susceptibil-
ity of this unit as well as the potential for past landslide
deposits to increase coseismic landslide susceptibility.
The cause of the variation in landslide frequency and
area density along the surface rupture is likely due pri-
marily to lithology because the other positive predictors
of landslide occurrence (PGV, slope, distance to faults)
remain relatively constant.
To investigate how these variables affect landslide ini-

tiation and size, we focus on landslides just within the
Muzaffarabad Fm to isolate the effects of both lithology
and distance to the surface rupture on landslide initia-
tion. To do this, we separate the Muzaffarabad Fm into
northern (Fig. 13, I. 0-10 km, dark pink) and southern
regions (Fig. 13, I. 10-26 km, light pink), which were
shown above to have increasing landslide area density
from north to south with landslides covering 4% and
15% of each region, respectively. Using FADs, we show
that landslide distributionswithin regions of high PGVs,
steep slopes, and within the Muzaffarabad Fm have a
higher frequency of larger landslides (Fig. 10). The
north clearly has lower PGV values compared to the
south, aligning with a decrease in landslide area den-
sity and size. To quantify how slope angles relate to
landsliding in the northern and southern regions, we
compare the slope distributions of the landslides (PL) to
the slope distributions of the topography (PT) to define
an over or under sampling of the topographic slopes
by landslides (full methods described in Dunham et al.,
2022; Marc et al., 2018) (Fig. 14). The distribution of
slopes within the topography of the southern section
has a larger modal slope (Fig. 14a, light pink solid line)
as well as a higher magnitude of steep slope oversam-
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Figure 11 Polar plots of SSR for (a) ORIG and (b) HF for 2 stations at the ridge and middle (black triangles) compared to
the reference station (white triangle) at the base. Maps show a zoom-in on causative slope of Hattian Bala landslide with
PGV amplification for (a) ORIG and (b) HF, gray dashed line is the ridge top, gray polygon is the Hattian Bala landslide from
(Basharat et al., 2016). Black line with red triangles is the surface rupture. Polar plots show SSR at varying azimuths (N=0°)
and radial direction denotes frequency at 0.5 Hz increments.

pling (Fig. 14b, light pink line) compared to the north-
ern section. This means that the southern section has
more available steep slopes and an increased sampling
of landslides on those steep slopes. This leads us to
conclude that the lower PGV values and gentler slopes
in the north contribute to the lower concentration of
larger landslides compared to landslides in the south,
where there are higher PGVs and steeper slopes. Land-
slide size and initiation in the south is also likely affected
by proximity to the Neelum River, generating steeper
slopes and potentially higher susceptibility to landslid-
ing due to river incision (Owen et al., 2008). By isolating
the impacts of lithology and fault distance on landslide
initiation, we show that both higher PGVs and steeper
slopes cause the initiation of larger landslides, while
gentler slopes and lower PGVs are responsible for trig-
gering a similar frequency of smaller landslides, high-
lighting the interdependence of both slope and absolute

ground shaking on landslide size.

6.2 Landslides not located along the surface
rupture

Although most of the landslides and landslide area
are focused along the surface rupture, this is not the
only region where landslides initiated during the earth-
quake. It is clear that there are two main zones of
landsliding aside from the surface rupture, the Neelum
(Figs 8, 1a) and Jhelum (Figs 8, 1b) River valleys and the
thrust faults along the eastern limb of the HKS (Figs 8,
2a, 2b). These locations experienced comparatively
smaller ground shaking than at the surface rupture but
likely were predisposed to landsliding due to their loca-
tions within river valleys and along faults, evidenced by
a history of landsliding due to other triggering mecha-
nisms (Sarfraz et al., 2023). We note that these regions
could have experienced higher amplitude ground shak-
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Figure 12 Amplification for various locations along the causative ridge of the Hattian Bala landslide. Map shows topo-
graphic amplification from HF. Gray dashed line is the ridge top, gray polygon is the Hattian Bala landslide from (Basharat
et al., 2016). Stations are inverted triangles, black stations are observations and white stations are reference. Polar plots are
associatedwith stations going fromwest to east, labels and black, gray, andwhite shaded regions denote thewest limb, kink,
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row shows the easternmost stations. Colors denote SSR for azimuth and frequency content (0.5 Hz radial intervals). Black
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Figure 13 (a) Landslides along the surface rupture of the earthquake (black line with red triangles). Coseismic landslides
are gray polygons from (Sato et al., 2007). Outlines of pre-earthquake landslides from 2004 15 m ASTER imagery shown
in cyan (Shafique, 2020). These were only mapped within the Muzaffarabad Fm. (b) Averages of landslide frequency (red
line), landslide area density (blue line), and peak ground velocity (ORIG – black dashed line, HF – black solid line) along the
surface rupture. Regions with a broken line means that there are no landslides within that bin. Blue dashed line denotes the
landslide area frequencyof pre-earthquake landslides from (Shafique, 2020). Dark and light pink regionsdenote thenorthern
and southern Muzaffarabad Fm, respectively.

ing than modeled here due to the amplifying effect of
lower velocity quaternary sediments present in river
valleys. There are also reported anthropogenic causes
of landslides along the major road in the NeelumValley
(Owen et al., 2008; Sarfraz et al., 2023). Fig. 8h shows
the distance to large, mapped faults in the region, with
light blues/whites denoting closer distances and dark

blues/blacks denoting farther distances. Landslides in
these zones (2a/b) are clustered in Hazara and Salkhala
units and exhibit some crest clustering (Fig. 9a) as well
as some effects of topographic amplification (Fig. 9b),
particularly zone 2b. The Hazara Fm is highly cleaved
and fractured and exhibits high landslide susceptibil-
ity near faults and rivers, even on the footwall, where
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Figure 14 (a) Probability density functions (PDF) of slopes for the topography within the northern and southern Muzaf-
farabad Fm, dark and light pink solid lines, respectively, and the slope distributions for landslides within the N and S Muzaf-
farabad Fm, dark and light pink dashed lines, respectively. (b) Probability density ratio (PL/PT) of landslide slope distribution
and topography slope distribution compared to S-Sm which is the slope minus the slope mode (Sm) of topography. Circles
denote points that are within a 95% confidence interval and crosses indicate bins that do not have sufficient samples to eval-
uate.

there is comparatively lower shaking than the hanging
wall (Owen et al., 2008). Landslides in 2b are also to-
pographically amplified (Fig. 9b) and larger than those
that initiate within the river valleys (1a/b), indicating a
slight control of topographic amplification on landslide
size.
We also see some landslides located within the Mur-

ree Fm that are far from any river or fault that may
cause a predisposition to failure. Much of the Mur-
ree Fm is dominated by low amplitude ground motions
away from the surface rupture. Because these land-
slides are located within the core of the HKS, we might
expect less deformation farther from faults and, there-
fore, stronger, more coherent rocks, less likely to pro-
duce ground failure unless there is significant ground
shaking. Topographic amplification is not a positive
predictor of landslide occurrence but could affect land-
slide initiation in select cases, particularly when there
are no other obvious predispositions to landslide occur-
rence. To see what effect amplification had on land-
slide initiation within the Murree Fmwithout influence
from other factors, we took all the landslides within
the Murree Fm that were >1000 m from a fault (past
where faults are a positive predictor of landslides) and
>1/3 up a hillslope from a river, chosen to indicate that
above this value, hydrologic effects in the valley below
would have limited influence on landslide occurrence.
Of these, 73% of landslides experience topographic am-
plification (from HF), compared to the background to-
pography that is 62% amplified overall. This shows that
when not considering other predisposing factors, topo-
graphic amplification has a control on landslide initia-

tion. This aligns with the findings of Rault et al. (2019)
that topographic amplification can play a role in rocks
with little deformationandno significant lithologic vari-
ability.

6.3 Hattian Bala landslide
Using SSRs, we examine the topographic amplification
across the causative ridge of theHattian Bala Landslide.
While it is clear that this ridge was experiencing defor-
mation prior to the earthquake that led to failure (Dun-
ning et al., 2007), we can use these simulations to con-
clude if topographic amplification of the causative ridge
occurred and therefore could have contributed to land-
slide initiation. We see some of the highest amplifica-
tions within the ridge kink, which experienced amplifi-
cation from both the east and west limb ridge perpen-
dicular directions (Fig. 12). This transition in amplifi-
cation is clear across these stations and likely results in
the higher amplifications due to wave focusing within
this kink. This kink is also where the Hattian Bala land-
slide initiated. There is a small fraction (~250 m) of the
ridge length that is experiencing this multi-directional
andmulti-frequency amplification and this could cause
increased risk of landslide occurrence. This kink likely
causes energy to get trapped within this shorter wave-
length feature in the topography, increasing these am-
plifications at some higher frequencies (~1.5 Hz) as well
compared to stations located on sections of the ridge
that do not change direction (illustrated in Fig. 15). In-
creased amplification at a kink in the ridge was also
shown for the source area of the Langtang Valley land-
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Figure 15 Cartoon showing the polarization directions of topographic amplification across the causative ridge of the Hat-
tian Bala landslide. Red region denotes highest topographic amplification of the ridge side facing away from the propagation
direction. Thicker black and white arrows denotes higher amplification compared to thinner arrows.

slide (Dunham et al., 2022), the largest and most devas-
tating landslide caused by the 2015 Gorkha earthquake
in Nepal. By modeling topographic amplification of
ridge features in California, Asimaki and Mohammadi
(2018) also showed this phenomenon by demonstrating
that topographic amplification is higher where ridges
with differing azimuths intersect (i.e. at a kink). The
Daguangboa landslide, the largest landslide triggered
by the 2008 Mw 7.9 Wenchuan earthquake, was simi-
larly positioned to the Hattian Bala landslide, both on
the hanging wall, close (~6.5 km) to the surface rup-
ture, and with the slope failure facing in the direction
of rupture propagation (Huang et al., 2011). It has been
speculated that topographic amplification was a factor
in initiating this large landslide but there were no seis-
mic recordings to confirm this (Huang et al., 2011). The
pre-earthquake imagery of the topography shows ridges
with multiple azimuths converging at the head scarp,
making it a potential candidate to investigate this phe-
nomenon further. To first order, we show that the am-
plification of a topographic feature is controlled by the
fundamental frequency of the feature and the orienta-
tion and frequency content of the wavefield. It is also
clear that smaller features within a larger ridge are es-
sential to the overall amplification pattern and focusing
of seismic waves. While we have identified two loca-
tions (the Langtang and Hattian Bala landslides) where
the seismic wavefield from a large earthquake inter-
acted with a topographic kink to produce enhanced to-
pographic amplification accompanied by a large coseis-
mic landslide, future studies to comprehensively docu-
ment andmodel this effect are necessary, such as for the
Daguangboa landslide.

6.4 Implications for coseismic landslide haz-
ard assessment

Current frameworks for assessing post-earthquake
landslide hazards rely on products such as the USGS
ShakeMap that do not include the effects of topogra-

phy, and in mountainous regions, typically have lim-
ited observational shaking data (Allstadt et al., 2018;
Nowicki Jessee et al., 2018). While simulations, such as
the ones in this study, can be computationally costly,
limited in frequency content, and rely on regionally
specific information that is not always available (i.e.
high-resolution 3D velocity models), they provide time-
dependent information, beyond simplified intensity
measures, that could be leveraged along with machine
learning approaches to improve real-time estimates of
coseismic landslide distributions (Dahal et al., 2024).
As computational costs continue to decrease, future re-
search could focus ondeveloping regional velocitymod-
els validated to higher frequencies in these mountain-
ous regions to explore the possibility of using simula-
tions in real-time landslide hazard assessment tools. We
have also highlighted here particular locations of inter-
est where coseismic landslides are most likely to occur,
such as steep slopes, susceptible lithology, near fault-
ing, and sites that may experience high PGVs. While
PGV, lithology, and slope are currently included in the
rapid assessment of earthquake triggered landslides
(Nowicki Jessee et al., 2018), more detailed regional as-
sessments including mapped faults could improve esti-
mates of coseismic landslide distributions.

7 Conclusions

Here, we use the simulation of ground motions and to-
pographic amplification, along with topographic and
geologic parameters, to investigate the distribution of
landslides and landslide size from theMw 7.6 2005 Kash-
mir earthquake. We found that lithology, high PGVs, to-
pographic slope, proximity to faulting and to a lesser
extent rivers, and lithology are all important variables
for landslide initiation from this earthquake. Landslide
size is most strongly controlled by high PGVs, steep
slopes, and occurrence in the Muzaffarabad Fm. Al-
though the Hattian Bala landslide was likely promoted
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by pre-existing weakness, we found that positive topo-
graphic amplification is focused at the location of land-
slide initiation, oriented perpendicular to both limbs of
the ridge at frequencies ranging from 0.5-2 Hz (Fig. 15),
likely due to the trapping of energy within the ridge
kink, illustrating that smaller-scalemodeling efforts are
necessary to fully understand this phenomenon and
how it relates to the initiation of large coseismic land-
slides.
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