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SUSCEPTIBILITY MODELLING OF LANDSLIDES IN CENTRAL NEPAL
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Background. Landslide processes in the Himalayas represent a major hazard threatening both humans lives and the
socio-economic development of the region. The main goal of the present study is to examine the main factors influencing landslides
in Central Nepal, to understand their relative importance and connections, and demonstrate the potential of the integrated
technique for the assessment of landslide hazards at the regional scale.

Methods. The workflow used in this study consists of the following steps: (1) collection of the data for analysis (numerical
topographies, remote sensing data, geological data, inventory of landslides); (2) identification of the main causes of landslides,
determination of input parameters for modelling; (3) lineament extraction by using manual and automated approaches; and
(4) susceptibility mapping and spatial modelling of landslides.

Results. Based on the overlay analysis of geological and geomorphological data, the susceptibility modelling of landslides
in Central Nepal helps to identify the landslide-prone areas (high to low). The analysis confirms the essential role of lineaments in
the landslide formation and their relation with tectonic and erosion processes. Therefore, in the regional classification of landslides
in the Central Nepal it is necessary to add the landslides associated with weak zones of various nature and orientations.

Conclusions. The susceptibility modeling and landslide forecasting at the regional level are the main stage of the
landslide risk evaluating and management. The results concern the general impact of geological-geomorphological and landscape
factors on the formation of landslide phenomena in Central Nepal. Carrying out an analysis of landslides and studying their
dynamics and regime is only possible with detailed studies and identifying the priority of the influence of each factor on the
landslide formation. This study also aims to provide valuable insights for disaster preparedness, risk reduction, and sustainable
land use practices in the region.

Keywords: Nepal, landslide hazard, susceptibility, mapping.

Background of landslides, the conditions for their occurrence and

Landslide processes in the Himalayas represent a major
hazard threatening both human lives and the socio-
economic development of the region located in the central
Himalaya. Nepal is particularly vulnerable to landslide
hazards: all its mountainous districts are affected. Nepal
contribute 10 % of all rainfall-triggered landslide events to
the Earth global dataset. The analysis of different databases
(Petley et al., 2007; Froude, & Petley, 2018) suggest that
there is a high level of variability in the occurrence of
landslides from year to year in Himalaya, but that the overall
trend is upward. This increase in landslide occurrences
amplifies the importance of research and measures to
mitigate these natural disasters. The complexity of factors
influencing landslides in this region range from geological
and topographical features to climate conditions.

Landslides hazard assessment and landslide
management are based on various approaches and
methodology among which the regional forecasting of
landslides and the determination of the main causes and their
possible associations is of great importance (Roy, & Saha,
2019; Biswakarma et al., 2020). Regional forecasts imply
special zoning of the territory, which characterizes the spread

activation, and determines the probability of occurrence within
certain territories. The susceptibility modelling of landslides
helps to identify the landslide-prone areas (high to low). This
enables communities to implement mitigation measures
across the landslide-induced zones (Dhungana et al., 2023).
In the central Himalaya, many studies have attempted to
document landslide susceptibility using different approaches,
most of them based on multi-criteria zoning and statistical
approaches. Four distinct approaches were applied in the
Indrawati watershed, a high mountain area of Central Nepal:
frequency ratio, logistic regression, artificial neural network,
and support vector machine. Landslide susceptibility maps
are prepared on the basis of available digital data of
topography, geology, land-use and hydrology (Kayastha,
Dhital, & De Smedt, 2013; Gautam et al., 2021). Regmi et al.
(2014) have investigated the application of the frequency ratio
(FR), statistical index (SI), and weights-of-evidence (WoE)
approaches for landslide susceptibility mapping within the
Lesser Himalaya and Siwalik zones of Central Nepal. With a
success rate of 76.8 % and predictive accuracy of 75.4 %, the
FR model performs better than the WoE and S| models.
In most cases the validation of landslide susceptibility maps is
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carried out using receiver operating characteristic (ROC)
curves (Devkota et al., 2013). It is important to note that
comprehensive understanding of the primary factors
influencing landslides and their intricate interrelations is of
paramount importance for assessing landslide susceptibility
and predicting future occurrences. Investigating the
relationships among the factors is essential for developing
accurate models that can assess landslide susceptibility.

The main goal of the present studies is to examine the
main factors influencing landslides, to understand their
combinations and priority, and finally to demonstrate the
potential of the integrated technique for the assessment of
the landslide hazards at the regional scale within the
mountain areas. This study also aims to provide valuable
insights for disaster preparedness, risk reduction, and
sustainable land use practices in the region.

Geological settings. The Nepal Himalayas is located in
the central part of the Himalayan arc. The range is a
consequence of the collision between Indian and Eurasian
plates during the Cenozoic and is bounded by Indus Tsangpo
Suture Zone (ITSZ) to the north and the Ganga basin to the
south. The Nepal Himalayas display the highest peaks on
Earth. They are characterized by steep slopes, rugged relief,
and deep valleys, and one of the most tectonically active
continental regions in the world (Adhikari, & Ojha, 2021).

This region is marked by a gradient of heavy rainfall
increasing from south to north with intense monsoon
precipitation peaking at 4 m/y along the southern flank of the
High range (Putkonen, 2004). This area presents steeper
slopes, active microseismic activity (Ni, & Barazangi, 1984;
Pandey et al., 1995), with strong ground shaking events by
major earthquakes like during the Gorkha earthquake (Mw
~7.8, 25/04/2015). This topographic, climatic and seismic
setting induces some of the highest regional erosion rates in
the Himalayas (Lavé &Avouac, 2001), particularly through
intense monsoon-induced and co-seismic landsliding
(Petley et al., 2007; Morin et al., 2018; Roback et al., 2018;
Marc et al., 2019; Jones et al., 2021). The landslides affect
all the geologic units of the central Himalaya. This geology
is ftraditionally divided into four main E-W trending
geological units (Colchen, Le Fort, & Pécher, 1986),
including from North to South: 1 — the Tethyan Sedimentary
Series (TSS: medium to low-grade detrital and carbonate
metasediments of Paleozoic to Eocene age); 2 — the High
Himalayan Crystalline (HHC: high-grade metamorphic
gneisses and migmatites; both formations are intruded by
Miocene leucogranites); 3 - the Lesser Himalayan
formations (LH: metamorphosed Precambrian to Palaeozoic
metasediments of the Indian craton); 4 — the Siwaliks
corresponding to the Neogene foreland basin deposits of the
Ganga plain, exhumed by Late Cenozoic thin skin tectonics.
At the longitude of Kathmandu area, the southern
prolongation of the High Himalayan Crystalline units is
expressed by a klippen (the so-called Kathmandu klippen)
that overrides the Lesser Himalayan units and which is
made of high grade methamophosed units at its base to
unmetamorphosed sediments at its top.

These geologic units are bounded by major thrusts: the
Main Central Thrust (MCT) that overthrusted HHC units on
top of LH units, the Main Boundary Thrust (MBT) that
overthrusted LH units on top of Siwaliks sedimentary units,
and the Main Frontal Thrust (MFT), that marks the most
frontal topographic expression of the Himalayan wedge
north of the modern Ganga plain. Most of the units present
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large scale folds, secondary folds as well as internal
secondary faulting and fracturing mostly due to Himalayan
active shortening over at least 20 Ma. Most of them are
usually underlined by a geomorphic signature like break in
slopes, linear valleys, or lineaments.

These tectonic features are usually associated to larger
internal deformation and fracturing, which is presumed to
have a direct impact on landslide susceptibility and on
landscape erodibility. Structural elements as faults, folds
and lithological boundaries and other structural weakness
zones have therefore an imprint on erosional forms and
landscape, that can be expressed in many cases by
lineament features (Bhattarai, 1984).

Methods

Landslide risk assessment on a regional scale requires
a special classification of the area in order to characterize
landslide distribution, triggering factors and occurrence
probabilities.

The workflow used in this study consists of the following
steps:

1) collection of the data for analysis, — e.g. SRTM/DSM
numerical topographies, Landsat images, geological data,
inventory of landslides. For the Central Nepal recently compiled
30-year mass-wasting inventory (Jones et al., 2021) has been
used. This database includes mass-wasting over an area of
~42,000 km? extending over central and eastern Nepal,
between 1988 and 2018. Of the 12,920 moderate to large
(>1000 m?) landslides mapped, 10,138 were new failures and
2782 reactivations or remobilisations of previous failures
(Fig. 1). The inventory does not include co-seismic or
anthropogenic mass movements, but includes rainfall-induced
landslides as well as reactivations/remobilisation during
monsoon of co-seismic mass wasting (Jones et al., 2021);

2) identification of the main preparatory factors of
landslides, determination of input parameters for modelling
from existing geological and geomorphological data;

3) lineament extraction by using manual and automated
approaches (ArcGIS and RockWorks17), and subsequent
comparison of the results (Poliakovska et al., 2022);

4) susceptibility mapping and spatial modelling of
landslides using the weighted overlay method.

To determine in step 3 the impact of the structural-
tectonic factor on the formation of landslides, detailed
studies of lineaments were carried out and the priority
influence of tectonic factor on the reactivation/remobilization
of landslide phenomena was determined. The lineament
features were mapped using remote sensing and
topography data. Such method is applied for different
geological research (Bhattarai, 1984; Kassou et al., 2012;
Thapa et al., 2023). The workflow used for the lineaments
analysis is composed of four main steps (Poliakovska et al.,
2022): (i) selection of the most suitable data for analysis, —
e.g. SRTM/DEM/Landsat images; (ii) data processing and
enhancements; (iii) lineament extraction by using the
manual and automated approaches and their further
comparison. (iv) comparison of the final map with available
geological and tectonic data and geospatial analysis
(density, direction, intersection length, and orientation
analysis). For lineament analysis of the Central Nepal the
LANDSAT 8 images were used. A specific geomodelling
software packages were applied for the analysis:
RockWorks17, ArcGIS, and Stereonet. Remote sensing and
GIS techniques enable the process of analyzing and
interpreting the topography data.
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Fig. 1. (a) Regional location of the study region. (b) The location of the 12,838 mapped landslide points used within this study.
Kathmandu and the 2015 Gorkha earthquake epicenter are represented by a circle and a pink star respectively.
(c) The inverse-gamma distribution fitted to the probability density function of landslide area for all mapped landslides
(reproduced from Jones et al., 2021)

Results

Analysis of the factors favoring the occurrence of
landslides and landslide susceptibility mapping. An
analysis of the factors favoring the occurrence of landslides
is performed on the basis of existing geological and remote
sensing data. Various data can be involved in the overlay
analysis, which determine the priority factors of mass
movements and their possible combinations. This method
allows to take into account simultaneously the different
factors to be considered in order to obtain spatial information
and to implement a multi-factor model for a comprehensive
landslide hazard assessment.

As a result of geological and geomorphological studies
and analysis of mass movements, a complex relationship
between geomorphological and geological factors in the
formation of these hazardous processes has been
established for the study area.

In Central Nepal topographic characteristics are one of
the most important criterion and prognostic indicator for the
formation of landslides. The main factors that traduce the
impact of the topography are: absolute elevation of the
landslides, slope and aspect of the hills (Regmi et al., 2014;
Petley et al., 2007). To study the relief parameters USGS
DEM model representing 3D elevation data has been used.
The vast majority of landslides are confined to steep slopes,
the degree of which varies from 36 to 89 (Fig. 2).

The lithology appears also to control the occurrence of
the landslide phenomena. For spatial analysis of existing
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landslides, the large-scale geological map of the Central
Nepal was used (Dhital, 2015).

Geographically, the majority of landslide processes are
confined to the Himal group (two mica gneisses, granitic
gneisses, banded gneisses, kyanite bearing gneisses) and
Ranimatta formation (phyllites, grillstones with conglomerates
and massive quartzites). A large number of landslides
correspond to the rocks of the Upper Lesser Himalaya group
represented by quartzites interbedded with phyllites,
carbonaceous slates and green shales, calcareous quartzites
and quarzitic limestones, and dark grey slates (Fig. 3). Based
on the results of the overlay analysis, the location of landslides
within a certain polygon of the specified vector layers was
identified and a statistical calculation of the occurrence of
landslides in a specific polygon was carried out by combining
the attribute tables of landslides and the specified layers. A
procedure was carried out to rank the territory by the number
of landslides within each polygon.

To determine the impact of the structural-tectonic factor
on the formation of landslides, the detailed analysis of
lineaments was carried out and the priority influence of
tectonic factor on the reactivation/remobilization of landslide
phenomena was determined. The lineament features were
mapped all over the mountainous areas including the
Siwaliks (Fig. 4a). The High Himalaya and the Mahabarat
range display a higher density of lineaments than the Lesser
Himalaya and the Siwalik belt.
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Fig. 2. Distribution of the monsoon-induced landslides (Jones et al., 2021) superimposed on the slope map of Central Nepal

The corresponding determination of the influence of
lineaments of different nature on the formation of landslides
is shown on the Fig. 4. A significant number of landslides are
localized within a distance of 0 — 1000 m from lineaments
(Fig. 4b and 5).

The spatial analysis confirms (Fig. 4) the essential role of
lineaments in the landslide formation and the relation between
tectonic heritage and pre-conditioning factors for landslides.
Certain combinations of geological and tectonic conditions
can result in a complex interplay of erosion processes and
tectonic zones, which essentially affects the dynamics and
morphology of landslides. Within tectonized units associated
to active or formerly active faults, rheologic weaknesses
favour the manifestation of landslide phenomena. The
constructed map of the distances of the landslides in relation
to the lineaments became the basis for creating a raster
model of the study area with ranking of zones, and where the
distances to the lineaments are reflected (four classes
characterizing these distances were identified, respectively).

Thus, based on cartographic modeling, a comprehensive
analysis of the factors for the formation of landslide processes
was carried out. Each above described factor was ranked
according to its degree of correlation with the density of recent
landslides. The objects of each layer (factor) were classified
creating a unified scale for all classes (ranking from 1 to 4) to
assess their impact on the landslide hazard. In order to
determine the impact of each factor on the formation of
landslides, calculations  of  weighting  coefficients
(informativeness  coefficients) were performed. All
characterized factors are combined to create a common
integrated hazard map. It should be noted that the assignment
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of weighting coefficients at the analysis stage required some
clarifications and adjustments. This is dictated by the need for
a step-by-step grouping of factors and the use of the results
of expert assessment, taking into account data from analytical
studies. The integrated landslide susceptibility map (Fig. 5)
was created by the method of overlay analysis, which makes
it possible to simultaneously take into account the considered
factors, obtain a new spatial information and the
corresponding implementation of a model for a
comprehensive assessment of landslide hazard in the region.
A landslide susceptibility map depicts areas that have the
potential for landsliding. These areas are determined by cor-
relating some of the principal factors that contribute to
landsliding with the past distribution of landslides.
Susceptibility measures the degree to which a terrain can be
affected by future slope movements (Shahabi, & Hashim,
2015). In other words, it is an estimate of "where" landslides
are likely to occur. In mathematical language, susceptibility
can be defined as the probability of spatial occurrence of
slope failures, given a set of geo-environmental conditions.
Susceptibility does not consider the size e.g., the length,
width, depth, area or volume of the landslides, but
susceptibility assessments can be prepared for different-sized
landslides.

These maps indicate only the relative stability of slopes;
they do not make absolute predictions.

The results concern the general impact of geological-
geomorphological and landscape factors on the formation
of landslide phenomena in Central Nepal. Carrying out an
analysis of landslides and studying their dynamics and
regime is only possible with detailed studies and identifying
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the priority of the influence of each factor on the landslide
formation. The significance of dynamic factors can
radically change their combinations and the corresponding
weight of each in the process of landslide formation. It
should be noted that the analysis of landslide formation
factors was carried out to study the natural factors of the
landslide phenomena. The impact of anthropogenic
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factors, which are usually unpredictable and cannot be
considered as forecasting and reference criteria,
introduces a variable component into the overall analysis
process, the consideration of which in each specific case
requires additional research and a corresponding change
in the complex landslide hazard model.

260000
Legend
1, Quaternary 8, Sangram Formation [ 15, Ulleri Formation
Siwaliks
2, Upper Siwalik 9, Galyang Formation

3, Middle Siwalik

4, Lower Siwalik
Lesser Himalaya
5, Takura Formation

11, Naudanda Formation
12, Seti Formation
6, Lakharpata Formation 13, Kushma Formation

7, Syangja Formation 14, Ranimatta Formation

10, Ghan Pokhara Formation Kathmandu klippen
| 16, Phulchoki Formation - 23, Tawa Khola Formation
17, Chandragiri Formation - 24, Udayapur Formation

18, Sopyang Formation

[ 19, Tistung Formation

I
330000

Himal Group High Himalaya

20, Markhu Formation 28, Himal Group
- 21, Sarung Khola Formation - 29, Panglema Quartizite
I 22, Meksang Formation [l 30. Dware kharka Schist
31, Himal Gneiss
32, Augen Gneisses
e LANDSLIDES
25, Shiprin Khola Formation

27, Granites

Fig. 3 Distribution of the monsoon-induced landslides (Jones et al., 2021) superimposed on the geologic map
of Central Nepal (Department of Mines and Geology of Nepal)
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Discussions and conclusions

The article's emphasis on susceptibility modeling as a
preliminary step in predicting landslides is an important
perspective in geology and natural disaster risk assessment.
Susceptibility modeling indeed plays a crucial role in
identifying areas where landslides are likely to occur, and it
provides a valuable tool for prioritizing areas for further
investigation and mitigation efforts. However, it's essential to
recognize that susceptibility modeling has limitations and
should be complemented with more detailed, site-specific
information. One key point made in the article is that
susceptibility modeling can effectively highlight regions with
a high risk of landslides. This is particularly useful for large-
scale planning, such as zoning regulations, infrastructure
development, and disaster preparedness. Identifying these
susceptible areas at a broad scale allows for proactive
measures to be taken, such as land use planning, risk
assessment, and the implementation of early warning
systems (Sim, Lee, & Wong, 2022).

Nonetheless, the article correctly points out that
susceptibility modeling alone cannot provide a complete
understanding of landslide dynamics. To comprehensively
assess the risk and predict the behavior of landslides, it is
necessary to delve into the local geological and
geotechnical conditions. This involves conducting in-depth
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geological research to wunderstand the specific

characteristics of the soil and rocks, the geological structure
of the slopes, groundwater conditions, and other factors that
influence slope stability. In essence, while susceptibility
modeling helps to identify potential landslide-prone areas on
a regional level, it cannot replace the importance of detailed,
site-specific geological research for a comprehensive
assessment. Only through local-scale investigations we can
understand the unique factors that contribute to landslide
formation and develop effective mitigation strategies. This
comprehensive approach is crucial for minimizing the
potential consequences of landslides, including loss of life
and property damage.

Susceptibility modeling is a valuable tool in landslide risk
assessment, but it should be viewed as just the initial step in
landslide forecasting. Local-scale geological research is
essential for understanding the specific characteristics of
landslide-prone areas and providing more accurate predictions
and effective strategies for landslide risk reduction. Both
approaches, when used in conjunction, contribute to a more
holistic and robust approach to landslide management and
disaster prevention. It is crucial to increase landslide
management and risk assessment capacity at the local and
regional level. The comprehensive analysis of landslide risks
will increase the accuracy of landslide resilience identification.
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Fig. 6. Landslide susceptibility map, Central Nepal

The developed prognosis models could be applied for
better understanding of vulnerability of areas, and to apply
the methods of local predictions of landslides within areas
with the highest hazards. It enables to develop the
appropriate protective measures to withstand the impact of
potential landslides in Central Nepal. The Government of
Nepal committed to the implementation of the new Sendai
Framework for Disaster Risk Reduction 2015-2030 to
enhance efforts to strengthen disaster risk reduction to
reduce losses of lives and assets from disasters, increase
the capacity for understanding the disaster risks, strengthen
the global cooperation. Therefore the susceptibility modeling
and landslide forecasting at the regional level are the first
stage of the landslide risk evaluating and management and
could be a part of the Disaster Risk Reduction (DRR) cycle.
This cycle includes preparation, mitigation, response, and
recovery in term of the landslide hazards (Sawalha, 2020;
Van den Hurk et al., 2023; Tian, & Lan, 2023).
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KniBcbKkui HauioHanbHUiA yHiBepcuTeT iMeHi Tapaca LLleueHka, Kuis, YkpaiHa
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MOAOENIOBAHHSA 3CYBHOI CMIPUAHATINBOCTI LEHTPANBHOIO HENANY

BcTyn. 3cyeHi npoyecu e Nimanasix cmaHoenssmb eefluKy Hebe3rneky, sika 3a2pOXye K xxummio todel, mak i coyiasibHO-eKOHOMiYHOMY
po3sumky pezioHy. Mema yb020 docnideHHs — 00cioumu oCcHOBHI ¢hakmopu, wo enuearombs Ha ghopmMysaHHs 3cysie y LlenmpanbHomy Henani,
3po3ymMimu ix npiopumemHicmb ma e3a€MO8iOHOWEHHSI, a MaKoX NpPodeMoHcmMpyeamu egheKmueHicmMb 3acmocyeaHHs1 KOMIIIEKCHOI MemoduKu
Ons1 oyiHKu Hebe3rneku 3cysie y pe2ioHasbHOMy Macwmaoi.

Me To aun. Memoduka, sska sukopucmoeyemsbcsi 8 YboMy O0cCiOxeHHI, ekioyae maki emanu: (1) 36ip daHux Onsi aHani3y (daHi monozpadir,
OaHi ducmaHyiliHo2o 30HAy8aHHSI, 2eos102i4Hi OaHi, iHeeHmapu3ayisi 3cysis); (2) susHa4eHHsI OCHOBHUX ¢hakmopie 3cyeHoi Hebe3neku, aHari3 exio-
Hux napamempie 0ns modesntoeaHHsI; (3) cmeopeHHs1 Kapm JliHeamMeHmie 3a 00MOMO20+0 PYYHO20 Ma aemomamu3oeaHo20 nidxodie; (4) kapmozpa-
gpyeaHHs1 3cyeHoI cnpuliHsimaueocmi ma npocmopoee Modesito8aHHs 3cysie.

Pe3ynbTaTu. [PyHmyoYuck Ha aHani3i crieeiOHOWEHHS 2€07102i4HUX | 260MOPEhOI02iYHUX OaHUX, MOOEI08aHHS CIPULHSIMAUSOCMI 3Cy-
sie y LlenmpanbHomy Henani dae 3Mo2y eu3Ha4umu 30Hu, Halibinbw cxunbHi Ao nposiey 3cyeHoi Hebe3neku. AHani3 nidmeepadxye icmomHy posnb
niHeamMeHmie y hopmyeaHHi 3cyeie ma ix 38’130k i3 meKmoHiYHUMU ma epo3iliHUMuU npoyecamu. Y 38'A3Ky i3 yum e pezioHanbHy Knacugikayiro
3cyeie LjenmpanbHoz2o Henany HeobxiOHO eknroYumu 3cyeu, noe'asaHi 3 ocnabneHumu 3oHamu pi3Hoi Nnpupodu ma opieHmauil.

B v cHoBEKW. ModentosaHHs cnpuliHamaueocmi ma npo2Ho3ye8aHHs 3cyeie Ha pe2ioHarlbHOMY pi8Hi € OCHOBHUM emarioM OyiHKU ma ynpase-
JNiHHA 3cy8HUMU pu3ukamu. Pe3ynbmamu cmocyrombcsi 3a2asibHO20 iUy 2e0s1020-2e0Mopghos1o2idHuUxX i naHOwagmHux ¢hakmopie Ha ¢hopmy-
8aHHs1 3cyeHux sisuw, y LjenmpanbHomy Henani. lfpoeedeHHs1 aHanisy 3cyeie ma eue4yeHHs ix OUHaMiKu ma pexumy MoxJsuee siuwe 3a ymMosu
demanbHux docnidXeHb Ma eusiesieHHs1 piopumemy ensuey KoXXHo20 ¢hakmopa Ha 3cyeoymeopeHHsi. Lje docnidxeHHs1 makox Mae Ha Memi Halamu
dodamkosy iHghopmauyito uyodo 20moesHocmi Ao cmuxitiHux nux, MiHimizauyii npupodHuUx pu3ukie ma 3abe3neyeHHs MPaKMUKU CMasoao 3eM/IeKopu-
cmyeaHHs1 8 Pe2iOHi.

Knio4yoBi cnoBa: Henan, 3cysHa Hebe3neka, cnpuliHamaueicmn, KapmoapagyeaHHs.
ABTOpM 3aABNSAIOTL NPO BiACYTHICTb KOHAMIKTY iHTepeciB. CnoHcopy He 6panu yyacTi B po3pobneHHi AoCnimKeHHs; y 360pi, aHanisi un
iHTepnpeTaLii AaHVX; y HanUCaHHi pyKonucy; B pilleHHi Npo nybrnikavilo pe3ynbTaris.
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