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Abstract
This paper presents the results of an extensive mapping of co-seismic landslides triggered
by the 2015 Gorkha earthquake in central Nepal. More than 19,332 landslides have been
identified covering 61.5 km2 of land in about 20,500 km2 area of investigation using
Google Earth imagery. Their spatial distribution characteristics and relation to the
triggering mechanism is studied. Interesting regional localization and angular distribution
characteristics, more controlled by the rupture directivity is observed. Seismic, geomorphic
and lithological parameters that induce susceptibility to their occurrence is studied using
two indices of landslide concentration: Landslide Area Percentage (LAP) and Landslide
Number Percentage (LNP) in comparison with % area of each parameter classes. Positive
correlation with the chosen triggering parameters are observed but there are some
significant differences in the parameter values and distribution plots to co-seismic
landslides in other parts of world. These results provide valuable information about the
slope response characteristics in case of seismic activation in thrust faulting Himalayan
landscapes, and this is important in further researches on co-seismic landslide prediction
models for mountainous settlements, sediment yield studies and cascading landslide
disasters after major earthquakes.
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Introduction

In mountainous regions, strong earthquakes trigger thou-
sands of landslides in a wide area and in a short interval of
time. These landslides evolve a secondary chain of disasters
e.g. damage to settlements, landslide dams and flooding,
blockade of lifelines and roads and damage to the

infrastructure in a situation of emergency rescue and fre-
quently occurring aftershocks (Cui et al. 2011). It is neces-
sary to properly understand their nature of occurrence in
relation to their triggering mechanism, which is a delicate
interplay of the strong ground motion (e.g. fault plane
geometry, rupture directivity and ground acceleration),
geomorphological (e.g. absolute elevation, slope angle, slope
orientation, curvature) and lithological characteristics at a
site. This understanding is essential for the improvement of
spatial earthquake induced landslide prediction models,
which are critical to minimizing the hazard in mountainous
areas with development and implementation of hazard maps
and land-use policies (e.g. Xu et al. 2012; Dimri et al. 2007).

On 25 April 2015, at 11:56 a.m., Nepal Standard Time, a
catastrophic earthquake Mw = 7.8 shook much of central
Nepal, along the Main Himalayan Thrust fault and resulting
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over 8856 fatalities and 22,309 injured (Government of
Nepal 2016). The main shock epicentre (28.147°N,
84.708°E) was located in Gorkha district, with focal depth
*15 km, which was followed by numerous aftershocks
over the next several weeks (Adhikari et al. 2015; USGS
2016). The earthquake triggered more than 19,332 land-
slides, avalanches, and rockslides above and near the rupture
zone covering 61.5 km2 area of landmass degradation and
comprising the area of investigation (AOI) = 20,500 km2.
Scrutinizing co-seismic landslide distribution is essential for
understanding the nature of earthquakes in the region and
predicting susceptible landslide areas in future earthquakes.
Earlier studies of the earthquake triggered landslide distri-
bution and simple spatial correlation have been summarized
by Keefer (1984, 2000, 2002) and Rodríguez (1999). The
focus on the relation between the landslides and the trig-
gering seismic factors- e.g. magnitude, distance to
epicenter/fault rupture, peak ground acceleration
(PGA) rupture, peak ground acceleration (PGA) and static
hill slope condition, geomorphologic factors- e.g. slope,
aspect, topographic position and geology is key to under-
standing their nature of occurrence. This has been analyzed
after many large earthquakes e.g. Mw = 6.6 Chuetsu, Japan
(Wang et al. 2007); Mw = 7.9 Wenchuan, China (Qi et al.
2010; Dai et al. 2011; Xu et al. 2014a); Mw = 7.0
Port-au-Prince, Haiti (Xu et al. 2014b). Previous efforts of
studies on landslides triggered by the Gorkha earthquake
based on field reconnaissance have been compiled (e.g.
Collins and Jibson 2015; Hashash et al. 2015) and their
spatial distribution characteristics with mapped 4312
coseismal landslides has been discussed in (Kargel et al.
2016). However, this study considers larger number of
mapped landslides with area polygons and geomorphologi-
cal comparisons (Fig. 2).

The main purpose of this study is to characterize the
spatial distribution of landslides triggered by the Gorkha
earthquake and correlating their occurrence with the trig-
gering mechanisms: strong ground motion (e.g. PGA,
seismogenic-fault), geomorphology (e.g. slope, aspect, cur-
vature) and lithology, using two proxies of the co-seismic
landslide abundance—(1) landslide area percentage
(LAP) and (2) landslide top number percentage (LNP) to the
percentage of class area in each parameter within the Area of
Influence, AoI (i.e. 20,500 km2). The LAP is defined as %
area of landslides out of total landslide area (i.e. 61.5 km2)
in the class area within AoI. The LNP is defined as %
number of landslides out of total landslide number (i.e.
19,332) in the class area within AoI. Overall landslide area
density, defined as % of landslide area to total area of
investigation was found to be (61.5 / 20,500 * 100%) =
0.3% and landslide number density is (19,332 nos./
20,500 km2) = 0.94 landslides per square kilometer.

Tectonic Setting

The Gorkha earthquake ruptured along 120 km west-to-east
of the Main Himalayan Thrust (MHT) (a shallow dipping
megathrust) system (Grandin et al. 2015; Elliott et al. 2016),
which is the main boundary interface between the sub
ducting Indian plate and the overriding Eurasian plate to the
north and accommodates half the India-Eurasia convergence
-avg. 20 mm/year (e.g. Bilham et al. 1997; Bettinelli et al.
2006). Four major fault systems run east- west of region
including main frontal thrust(MFT), main boundary thrust
(MBT), main central thrust(MCT) and South Tibetan
Detachment System (STDS) from south to north; the first
three of which comprise the HFT system (Bollinger et al.
2006) and the fourth marks the boundary of Indian and
Eurasian plate. The spatio-temporal evolution of aftershock
epicenters reveals a clustering activity within the main shock
rupture zone and narrow concentration in 40 km-wide band
which is more seismically active towards the east (Adhikari
et al. 2015) (Fig. 1).

Landslide Mapping and Analysis

This study comprises of two parts: (1) compilation of the
earthquake triggered landslide inventory and (2) Overlay
analysis with the geomorphological, seismic and lithological
parameter- vectors and raster layers in Geographic Infor-
mation System (GIS).

Earthquake Triggered Landslide Inventory

A comprehensive landslide inventory is essential for the
subsequent spatial distribution analysis, but since the earth-
quake triggered landslides are large in number and very
widely distributed, it is impossible to perform detailed
field-mapping on every landslide. Remote sensing is applied
to delineate the location and boundary of each landslide. In
this study, high resolution true color optical satellite (RGB
visible band) images available in Google Earth (GE) are
used to map the landslides. A spatial distribution map of the
earthquake-triggered landslides was prepared in a GIS plat-
form (Fig. 2).

Bare earth- landslide scars are identified in updated
satellite imagery after the earthquake from eye altitude of
500 m (in avg.), which corresponds to approximately
1:20,000 scale. Each earthquake triggered landslide is
marked by a polygon boundary– delineating its source,
transportation and deposition area integrally as one land-
slide. Landslide crown points are also marked during this
process. Most landslides (>98%) are shallow disrupted mass
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where the failed mass evacuated the failure plane and moved
downslope to leave evident landslide scars; rock falls and
dry debris flows are also common and a very few number of
large landslides also occurred (Collins and Jibson 2015;
Hashash et al. 2015) (Fig. 3). Comparison of pre- and post-
earthquake imagery was carried out to include only
co-seismic landslides in the inventory. Since, the imagery
dates vary slightly (a few days to weeks) depending upon the
location, so the inventory comprises co-seismic landslides
that were triggered by the main shock and succeeding
aftershocks before major monsoon occurred in the region.

19,332 landslides were mapped with total area of land-
mass degradation = 61.5 km2. in an area of 20,500 km2.
The minimum area of mapped landslides with this method-
ology was about 20 m2. Detailed criteria of distinguishing
pre-earthquake, co-seismic and post-earthquake landslides
listed in Xu (2014c) have been adopted as far as possible
with GE imagery. In summary, all landslides recognized in
the imagery and distinguished as earthquake triggered have
been mapped and landslide complexes have also been
divided into individual landslides.

Landslide Distribution and Density Analysis

The landslide distribution mostly seems confined within the
modeled seismo-genic fault projection by (USGS 2016) and
well distributed in a broad strip region where the
after-shocks epicenter distribution is dense. High landslide
concentration is observed in the main-shock epicenter region
at Gorkha and the largest aftershock (Mw = 7.3) at Dolakha,
which lies to south- eastern part of the main shock (towards
the end of rupture). The distribution runs almost parallel to
the main frontal thrust (MFT) trace of the Main Himalaya
Thrust system, at a distance, which was actually the source
of strain breakage during the earthquake (Elliott et al. 2016).
Less number of landslides seem to occur outside this zone,

indicating a strong localized zone of seismic activity. The
landslide number density, computed as number of landslides
per kilometers’ square, increases from the main shock epi-
center towards the South-East-East. Apparently, they seem
to have a strong angular pattern to the main-shock epicenter,
where most landslides seem to be aligned on mostly 140°–
180° angular belt on the SEE direction to the main shock

Fig. 1 Seismicity map of Gorkha Earthquake. Yellow star is the main
shock epicenter at Gorkha the dots represent aftershock epicenters:
(1) Red = 6.3–7.8Mw, (2) Orange = 5.2–6.3 Mw, (3) Yellow = 4.6–5.2

Mw, (4) Green = 4.2–4.6 Mw and (5) Golden = < 4.2 Mw. Imagery
credits ESRI basemap
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Fig. 2 Inventory of landslides triggered by the 2015 Gorkha earth-
quake on elevation model. The red polygons are landslides, yellow star
is the mainshock epicentre Mw = 7 and the dotted rectangle is the

modelled seismogenic fault (USGS 2016). The cyan boundary is
approximate boundary of landslide distribution and area of study (AoS)

Fig. 3 Photographs showing
some landslide types triggered.
a shallow seated disrupted slope
failures; b individual rockfalls;
c dry debris flow events; and
d the disasterous large landslide
in Langtang valley that buried a
mountaineous trekking village
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epi-center. Angle is counted from the east line reference to
the epicenter in degrees, (refer Fig. 4).

Spatial Analysis of Landslides with Event
Controlling Parameters

The event of an earthquake triggered landslide at a particular
location is a function of various strong ground motion,
geomorphic and geological characteristic parameters.
Earthquake magnitude, fault geometry, distance from
earthquake source and PGA comprise the strong ground
motion parameters; slope angle, slope aspect and curvature

comprise the geomorphological parameters; and lithological
composition comprise the geological parameter. The DEM
was resampled to 5 m grid for analysis and 18,981 land-
slides with area greater than 30 m2 were considered for
further comparisons. This process although, does not
improve the resolution further but it is done for consistency
of landslides area considered and DEM pixel width. The
following spatial correlation analysis was performed for the
landslides, using two proxies of the co-seismic landslide
abundance—(1) landslide area percentage (LAP) and
(2) landslide top number percentage (LTP); compared to %
of class area in the area of investigation.

Slope Angle

The slope map was derived from the Aster Global DEM
(30 * 30 m) in ArcGIS. The slope range in the study area
was 0°–89°, mean slope = 25.5° and standard deviation =
13. Landslides were observed in slope range 0°–80°, which
was reclassified into 16 classes of 5° intervals including
(1) 0°–5°, (2) 5°–10°, …, (16) 75°–80°. Figure 5a shows the
relation of landslides versus slope classes. The LAP and LNP
values smoothly increase with increasing slope angle classes
up to 40°–45° except angles greater than 45° because % slope
class area also decreases beyond this range. Slopes higher
than 30° appeared more susceptible to land sliding because
beyond this range, most of rock types exceed their static

Fig. 4 Number of landslides versus epicentral angle
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frictional strength and dynamic activation even disturbs their
natural state of consolidation. As the slope angle increases,
static shear stress develops in soil which cause the defor-
mations to get accumulated downhill, leaving the upper
portion loose and thus increases the transient strains and
permanent slope displacements (Carlton et al. 2016). This
increases the susceptibility of the landslide triggering crown
areas in comparatively milder slope range.

Slope Aspect

Slope aspect is defined as the direction of maximum slope
angle and is related to directional PGA (e.g. Dai et al. 2011),
exposure to sunlight, drying winds, rainfall (degree of sat-
uration) and discontinuities which may control landslide
occurrence (Yalcin 2008). The aspect was classified into 16
classes of 22.5° intervals including (1) 0°–22.5°, (2) 22.5°–
45°, …, (16) 337.5°–360°. Figure 5b shows the relation of
landslides versus aspect classes. It can be found that class 5–
11 (i.e. 112.5°–247.5°); south -east- east to south -west-west
facing slopes have relatively higher LND and LAD values
than other directions which is consistent with rupture
direction of the earthquake. Preferred directional accelera-
tion (Carlton et al. 2016) could also have induced more
susceptibility in these aspects and where much of the seismic
energy release at the boundary interface in normal directions
as landslides.

Curvature

Slope curvature could be a controlling factor for landslide
occurrence as it could govern local topographic amplifica-
tion effects. The slopes of negative curvature values repre-
sent concave surfaces, positive curvatures represent convex
surfaces and a zero curvature means a flat surface. The
curvature was classified into 12 classes including (1) <−2,
(2) −2 to −1, (3) −1 to −0.5, (4) −0.5 to −0.2, (5) −0.2 to
−0.1, (6) −0.1 to 0, (7) 0 to 0.1, (8) 0.1 to 0.2, (9) 0.2 to 0.5,
(10) 0.5 to 1, (11) 1 to 2 and (12) 2>. Correlation between
this classification and LND- LAD are displayed in Fig. 6a. It
is observed that increasing convexity and concavity induces
larger landslides susceptibility and comparatively LNP and
LAP values are slightly higher in the convex surfaces than
the concave ones. There is diffraction and interference of
seismic waves traveling in ridge-and- valley topography and
this causes amplification of ground accelerations near ridge
crests (Meunier et al. 2008). In our opinion, there was also a
similar effect of local topographic amplification of seismic
waves in ridges, spurs and valleys of the study area.

Peak Ground Acceleration

Modelled PGA map for the main shock event was accessed
from USGS earthquake database and overlaid in the land-
slides distribution. Figure 6b shows the relationship between
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LNP, LAP and PGA classes of 0.1 g interval. It shows a
strong correlation with increasing PGA values and there is a
peak between 0.1 and 0.3 g at 0.2 g with all three parame-
ters, i.e. % class area, LNP and LAP indicating the quasi
static equilibrium condition of the predominantly young
mountain formation with steeper topography and fragile
geology which could be even triggered at very low PGA
threshold value of 0.2 g. However, the largest recorded PGA
(=0.241 g) was on the EW component at the rock site nearby

Kathmandu (Takai et al. 2016) which suggest less reliability
of modeled values on the higher side.

Lithology

Geological formation map produced by the Department of
Mines and Geology (National Database) in 1:250,000 scale
was used to provide information of lithology in the study

Table 1 Geologic unit and
description in the study area

Lithology (age) Class Formation %
Area

LAP LNP

Basic rocks 1 Basic rocks 0.3 0.2 0.3

Shale, limestone, slate and sandstone
(UPC-LP)

2 Galyang 3.2 2.8 3.8

Phyllite, slate, shale and limestone (UPC-LP) 3 Ghannapokhara 3.1 12.5 12.0

Gneiss (UPC-LP) 4 Gn 2.3 1.1 2.8

Gneiss, migmatite and marbles (PC-UPC) 5 Himal group 14.5 26.0 24.6

Limestone, dolomitic limestone and shale
(UPC-LP)

6 Lakharpata 1.7 2.5 3.6

Sandstone, clay, siltstone, shale and
conglomerate (MM-P)

7 Middle Siwalik 1 0.04 0.1

Quartzite and phyllite (UPC-LP) 8 Naudanda 1 0.4 0.9

– 9 No Data 19.2 24 19.4

Phyllite, quartzite, metasandstone and
conglomerate (PC-UPC)

10 Ranimatta 19.2 24.3 23.3

Alluvium, boulder, gravel, sand and clay
(MM-P)

11 Recent 3.1 0.1 0.2

Shales and dolomites (UPC-LP) 12 Sangram 1 1.1 1.3

Sandstone, gritstone, conglomerate and
quartzite (UPC-LP)

13 Seti 2 0.6 1

Sandstone and mudstone (MM-P) 14 Chor Khola 0.4 0.03 0.2

Schist 15 Shiprin Khola 0.8 0.01 0.05

Quartzite, limestone, shales and sandstones
(UPC-LP)

16 Syangja 1 1.2 2.1

Phyllite, slate, meta-sandstone, quartzite and
limestone (UPC-LP)

17 Tistung 3 0.1 0.2

Schists, feldspar, quartz and gneisses
(PC-UPC)

18 Ulleri 3.8 2.8 4.0

PC-UPC = Pre-Cambrian to Upper Pre-Cambrian, UPC-LP = Upper Pre-Cambrian to Late Paleozoic,
MM-P = Middle Miocene-Pleistocene (data from DMG 2011)
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area. Different lithological units have different susceptibility
towards land sliding because of varying strength of rocks.
Table 1 shows the various lithological units in 18 classes,
time scale and corresponding LAP-LNP values which is also
illustrated in Fig. 7. Low grade metamorphic rocks like
gneiss, phyllite, slate, etc. dominant formation had high LAP
and LNP values.

Conclusion
A total of 19,332 co-seismic landslides covering an area
of 61.5 km2 were mapped in 20,500 km2 AoI triggered
by the Gorkha earthquake using visual interpretation of
satellite images in Google Earth. The various types of
landslides include (1) shallow disrupted slope failures,
(2) rock falls, (3) dry debris flows and (4) large land-
slides. Shallow disrupted slope failure was the major
mode of landslide occurrence. The landslides distribution
is primarily controlled by the rupture direction,
seismo-genic fault and number density increases towards
the SEE direction. The landslide concentration indices-
LAP and LNP show a positive correlation with slope,
aspect, curvature and PGA. Low-strength metamorphic
rocks were most susceptible in terms of lithology. The
landslide distribution and statistical results have a few
differences to other earthquakes worldwide primarily with
directional property and PGA threshold while the other
values are unique to slope response to shallow- blind fault
earthquakes in thrust fault Himalayan regions.
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