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Abstract
Landslide Hazards Zonation Mapping is a major tool for the geographer, geologist, ground engineer, and
land-use planner for landslide prevention strategies. The main outcome of the present study is to prepare
a Landslide Hazards Zonation Map of the region along the North Sikkim Road Corridor in Sikkim
Himalayas, an area highly vulnerable to the landslides. The initial step of this study is involved
preparation of input raster layers of the landslide controlling factors. Seven controlling factors are
selected for this purpose. These controlling factor-like slope, aspect, lithology, faults, river alignment, road
network, and land-use are through Geographic Information System software using multi-criteria analysis.
The Analytic Hierarchy Process is used to determine the weightage of the various causative factors.
Weighted Overlay Method is used for the assignment of ranks and weights to each factor. The Landslide
Hazard Zonation Index is then estimated with the help of a multi-criteria analysis based on assigned rank
and weight given by the Analytic Hierarchy Process. Finally, Landslide Hazard Zonation Mapping is done
along the study area road corridor. Based on Hazards Index, the study area is classified into four hazard
zones and classified as Very High (12.12%), High (40%), Moderate (37.20%), and Low Hazard Zones
(10.68%). This zonation map is helpful for landslide hazard prevention, mitigation, proper planning of
tourism and land-use management, and social development along the North Sikkim Road Corridor.

1. Introduction
Globally, landslides are one of the most common natural phenomena in the mountainous region
(Chakraborty and Pradhan 2012); the Himalayan range is one of them. The potential area which is prone
to slope failure can be identified using Landslide Hazard Zonation (LHZ) mapping so that degree of
vulnerability will be reduced. A Landslide Hazard Zonation is explaining “the division of the land area in
homogeneous domains and their ranked based on degree of actual hazard cause by movements of
mass” (Varnes 1984). LHZ mapping is necessary to development of the planning and disaster
management of landslide vulnerable area (Kanwal et al. 2017). LHZ mapping is very important for
identifying and predicting the possible sliding zones (van Westen et al. 2008). The information of spatial
and temporal data extracted from geospatial techniques, and field based data requires to be compiled in
this process as has been marked out by Pandey et al. (2008). Input layers (event controlling parameters)
which influence the probability of landslide on the slope gradient or an area can be classified into groups
called induced and preparatory factors. Based on available data and area conditions, Dai and Lee (2002);
Anbalagan et al. (2015) identify these preparatory factors such as slope angle, aspect slope, geological
condition, lithological structure, drainage alignment, Road alignment, and Land-use. These influencing
factors may hot initiate the landslide by themselves.
On a medium scale (1:50000) LHZ map was first introduced for Eastern Himalayas, integrating various
thematic maps using the simple overlay method in a mainly qualitative way (Chatterjee 1983; Chatterjee
and Chaudhuri 1988). Sengupta (1995), Sengupta and Ghosh (1998) has prepared the first LHZ map on a
medium scale along the National Highway and its adjoining areas from 1995 to 1998 using the
integration of multiple thematic layers. Sengupta (1995) stressed that “the importance of different causal
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factors of landsliding, for the preparation of a slope stability zonation map by manually overlaying of
different thematic maps”. However, Sarkar (2006) prepared a number of LHZ maps along the road
corridor (1526 sq. km) in Derailing – Sikkim Himalayas from 2003 to 2006, with the help of the semiquantitative heuristic approach.
Globally, several researchers considered the geospatial technique for LHZ using different preparatory
factors (Panikkar and Subramaniyan 1997; Parise 2002; Dai et al. 2002; Sarkar and Kanungo 2004; Honk
et al. 2008; Avtar et al. 2011; Devkota et al. 2013; Ghosh et al. 2014; Cárdenas and Mera 2016; Mahdadi et
al. 2018; Bera et al. 2019).
Based on the literature, it can be noted that a number of methods have been developed for LHZ like
Analytic Hierarchy Process (AHP), Landslide Inventory-based Probabilistic Mapping, Statistical Approach,
and Geothical Approach (Sarkar et al. 1995; Çevik and Topal 2003; Gorsevski et al. 2006; Nithya and
Prasanna 2010; Bakhtiar et al. 2011; Akgun et al. 2011; Ahmed et al. 2014; Anbalagan et al. 2014; Pandey
et al. 2020). Landslide Inventory-based Probabilistic Mapping is an approach that is based on data
derived from aerial photographs and satellite imageries (Bera et al. 2019). On the other side, the Analytic
Hierarchy Process and Statistical Approach are considered to be needed for establishing a qualitative
study for a large area or road corridors using geospatial techniques (Kanungo et al. 2009; Nithya and
Prasanna 2010; Bakhtiar et al. 2011 Elmoulat et al. 2015; Arifianti and Agustin 2017; Bera et al. 2019).
Analytic Hierarchy Process is recognized on a particular knowledge of landslide event controlling
parameters in the present study area under investigation. These parameters are assigned weights and
rating basis of their importance. A complete mapping of LHZ generally depends on the site and
knowledge of researcher to identify the main and important event controlling parameters (Dai et al.
2002). The Present study carried out the relationship between event controlling parameters and
landslides initiation based on the understanding of the domain knowledge of researcher. The present
study, obtained multi-criteria analysis using GIS techniques to satisfy and exploit the abilities of the
framework to gives clear ideas of the natural phenomenon of slope failure has been attempted.
Remote Sensing and GIS techniques have been used to extract detailed information about preparatory
factors such as slope angle, slope aspect, geological condition, drainage information, road alignment,
lithological structure (Faults and Thrust), and land-use which influence and initiate the landslides along
the North Sikkim Road Corridors, Sikkim Himalayas.

2. Study Area Characteristic
The study area is extended between the latitude of 27˚22 × 59´´ N ˗ 27˚46 × 22´´ N and longitude of 88˚28
× 17´´ E ˗ 88˚46 × 47´´ E falling in the part of topographical Sheets nos. 78 A/8 and 78 A/10. The study
area covers a cumulative road length of both North Sikkim Highway (NSH), Lachen, Lachung, Rang Rang
- Dickchu Road and others road of a total length ̴ 205 km. It covers parts of NSH, Seven Sister Waterfalls
– Chungthang (NSH), Lachung, Lachen Road, Sanklang – Mangan, Dikchu and Toong Road (newly
constructed, 42 km), Rang Rang – Dikchu. The North Sikkim Road Corridor (Fig. 1) has a total area of 482
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sq. km (source: data analysis). In this study, the road network was restricted on Toong to Chungthang
Road and Chungthang - Lachen, Lachung Roads only. Based on the North Sikkim Road Corridor Map
below, road tracking and length of each road segment are calculated through Google earth and
subsequently validated through actual measurement of road network during the field survey.
The study area was selected by considering the presence of important road corridors (NH-31A, NSH). One
of the major roads Dikchu is joined with North Sikkim Highway at Rang Rang, another important road is
North Sikkim Highway (Gangtok to Chungthang). North Sikkim Highway is divided into two roads at
Chungthang i) Lachen Road ii) Lachung Road. Hydroelectric power plants are located at Dikchu and
Chungthang (Teesta stage III, IV). Rang Rang, Manul (BRO), Chungthang (BRO), Lachen and Lachung are
the defense establishments in the present study area. The major settlements in the area include Dikchu,
Rang Rang, Mangan, Upper Dzongu, Manul, Chungthang, Lachen, Lachung, all located in the North
district of Sikkim.

2.1. Geological background
The state of Sikkim is characterized by lofty mountain with rugged topography, and is physiogaphically
divided into three domains - i) The Lesser Himalaya ii) The Higher Himalaya, and iii) The Trans Himalaya.
These physiographic domains are separated from each other by distinct geological structure boundaries
represented by thrust planes. The Central Crystalline Thrust (CCT) or Main Central Thrust (MCT)
juxtaposes the rocks of Lesser Himalaya against those of Higher Himalaya (Acharya and Shastry 1979;
Sinha-Roy 1982). Another thrust knows as Trans Axial Thrust separates the Trans Himalaya form Higher
Himalaya. The road section of North Sikkim Himalayas is controlled by mainly three important groups of
rocks. Based on the direction of south to north, the dominated groups are Gorubathan Formation,
represent the Lesser Himalaya, Kanchenjunga/Darjeeling gneiss Formation, and Chungthang Formation,
represent Higher Himalayan belt. Gorubathan Formation is exposed on southern part of the Mangan road
sections and mainly host rocks of mineralization are quartz-chlorite-sericite schists, chlorite-phullite, and
garnetiferous quartz mica-scist (Roy 1976). Others rock representing this formation area quartzite and
epidiorite. The Higher Himalayan belt, which is also known as Central Crystalline, is represented by high
grade gneiss and schist belonging to Derjeeling Group and Kanchenjunga Gneiss. These are represented
by gneisses, migmatite, quartzite, graphite schist and garnetiferous mica schist/ gneiss. The Chungthang
Formation of Darjeeling Group, which seem to be a group of matasedimentatiries, is exposed northern
part of the study area. These are mainly represented by garnetiferous mica schists with quatzites at
places. They contain quartz, feldspar, chlorite, sericite and epidote. The rocks are highly crumpled, folded,
and warped. Presences of most important base metal occurrences in Sikkim viz. Rangpo, Dikchu are
confined within the study area. All these occurrences are recorded in grey to dark grey phyllites, slaty
phyllites, and quartzites of the Gorubathan Formation of Daling group of rocks. Kanchenjunga Gneiss of
the Central Crystalline Gneissic Complex, and Gorubathan Formation of Daling group of rocks. The
geological map is shown in Fig. 2 of the study area.

Page 4/32

3. Materials And Methodology

3.1. Data used
To develop Landslide Hazard Zonation Mapping different types of spatial and topographical data were
used. For this, ASTER based Digital Elevation Model (DEM) (30 × 30 m) of the present study area was
collected from the USGS. DEM has been used to extract slope angle map, aspect map, and the river and
streams of the region. A geological map (1: 50000) was collected from the Geological Survey of India
(GSI) to extract geological rock structure and lithological structure (like thrusts/faults/joints). Google
Earth was used for the collection of road data of the study area. Form the USGS Landsat ETM + satellite
imagery was collected for the identification and analysis of land-use patterns. The base map was
prepared by using topographical maps (1: 50000; Sheet no. 78 A/10 and 78 A/11) collected from Survey
of India (SOI). Based on the triggering factors, such as rain-induced and earthquake-triggered landslide,
414 landslide data was considered for validation of this study. Form GIS, and Border Road Organization
(BRO), 210 landslides data were collected which are induced by rainfall. These rain-induced landslides
are initiated at 58 geographical locations of the study area. The earthquake triggered landslides (2011,
Sikkim Earthquake) were identified doing the visual interpretation of satellite images (pre and postearthquake) by using GIS platforms. 204 such earthquake-triggered landslides data was derived from the
satellite images. For the entire study, ArcGIS 10.3 software was used.

3.2. Data Processing
Several preparatory factors such as slope angle, slope aspect, geological rock structure, lithological joints
and fractures (thrust/faults), river alignment, road distance, and land-use which are responsible for the
initiation of the landslides were first identified. Most variables such as slope angle, slope aspect, and
drainage map were derived from ASTER DEM (30 m × 30 m) with the help of ArcGIS 10.3. The geological
map was prepared from GSI (2012) map and converted to raster using conversion tools of the GIS
platform. Several buffer maps such as faults and thrusts, rivers, and the road were prepared with the help
of Euclidean distance tools from the ArcGIS 10.3 software. Using the method of supervised classification,
the land-use map was prepared form satellite imagery Landsat 7 ETM+. We used ground points (GCPs) to
improve the planimetric accuracy of the Digital Elevation Model and Landsat 7 ETM + data from real-time
satellite images of Google Earth. For the processing of several datasets, we have maintained UTM
projection and datum (WGS84).

3.3. Data analysis
In the present study, Weightages Overlay Method (WOM) is used with the help of multi-criteria analysis
(MCA) for Landslide Hazard Zonation mapping. For this, several preparatory factors has been stored in a
spatial database (Fig. 3). Multi-criteria Analysis (MCA) is done based on seven preparatory factors
(causative factors)/attributes such as i) slope angle ii) slope aspect iii) geological rock formation iv)
faults/thrusts distance v) distance of the drainages vi) distance to road and vii) land-use pattern (Fig. 3).
Each raster layer of the preparatory factors is classified into various classes and also given a rank (0 to 9)
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according to the selected criteria (Table 1). The raster layers have been given weights based on the
requirement and then analyzed by the weighted overlay tool in ArcGIS10.3. These attributes/layers are
overlayed and a single layer composite is generated by assigning weight values to each attribute. After
that, a Landslide Hazard Zonation map is prepared with four hazard classes (Low to Very High). Finally,
the zonation map is validated with actual landslide initiation data (414) along the study area road
corridor. An overview of flowchart in methodology is shown in Fig. 4.
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Table 1
Distribution of attribute weightage and rating
Factors

Weightages (%)

Class

Rating

Slope

20

70˚ − 80˚

8

60˚ − 70˚

7

50˚ − 60˚

6

40˚ − 50˚

5

30˚ − 40˚

4

20˚ − 30˚

3

10˚ − 20˚

2

Flat

0

North

5

North-east

4

East

2

South-east

7

South

8

South-west

9

West

6

North-west

3

Kanchenjunga Gneiss/ Darjeeling Gneiss (Ptck)

8

Chungthang Formation (Ptcc.)

7

Gorubathan Formation (Ptdg)

6

Meso-Proterozoic (Pt2)

5

< 200

9

200–400

7

400–600

5

600–800

3

800–1000

2

> 1000

1

> 500

9

Aspect

Geological

10

20

Structure

Drainage Network

Lithological

10

10
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Structure
Factors

Road network

Land-use

Weightages (%)

10

20

Class

Rating

500–1000

8

1000–1500

7

1500–2000

6

2000–2500

5

2500–3000

4

3000–3500

3

3500–4000

2

> 4000

1

< 500

9

500–1000

8

1000–1500

7

1500–2000

6

2000–2500

5

2500–3000

4

3000–3500

3

3500–4000

2

> 4000

1

Snow cover

2

Dense vegetation

4

Sparse Vegetation

7

Scrub with rocky land

8

Built-up with barren

9

100

4. Result And Discussion

4.1. Triggering factors and landslide inventories
Primarily, two factors like triggering and event controlling factors are responsible for the initiation of the
landslide along the study area road corridor. Those factors are induced such events in a slope in case of
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occurring events like as earthquake and rainfall are called triggering factors (Roslee et al. 2017). Rainfall
and earthquake naturally trigger landslides along North Sikkim Road Corridor and also in other areas of
the Sikkim Himalayas. The 210 landslide data (compiled) that are induced by rainfall is collected from
the GSI and BRO in 58 locations, occurring from 2010–2016, is verified through the field visits. On the
other hand, the satellite images have been interpreted to locate co-seismic landslides (2011) and they are
subsequently mapped (Fig. 5). After the interpretation of spatial images, a total of 204 landslides are
identified this occurred along the study area road corridor. Finally, a landslide database inventory with
414 landslides are mapped which have been shown in Fig. 5.

4.2. The relation between preparatory factors and landside
distribution
The Preparatory factors (mechanisms) are cumulative events, which are responsible for the landslide
initiation. Preparatory factors are like slope angle, slope aspect, geological rock formation, lithological
structure (Faults/ thrust), drainage alignment, road distance, and pattern of land use. Assessment of the
event controlling parameters should be basis of a systematic inventory assist to create a database. This
database established to the co-relation between landslide initiation and characterization of event
controlling parameters in hilly terrain. The following event controlling parameters and landslides
distribution are examined below:

4.2.1. Slope Angle
The slope angle is important parameter in the slope stability analysis (Lee and Min 2001). The direction
of the slope angle affects the landslide initiation (Gupta et al. 1999). Slope gradient frequently used in
preparing LHZ maps (Ercanoglu et al. 2004; Saha et al. 2005; Lee 2004; Yao et al. 2008; Nandi and
Shakoor 2009; Yalcin et al. 2011). For the hazard zonation study, the slope map is prepared with the help
of ASTER DEM image using GIS domain and the map is classified into eight slope categories (Fig. 3a) of
the study area.
Based on the landslide data analysis (Fig. 6), most landslides (124) had occurred in 30˚ − 40˚ of the slope
angle. The data analysis revealed that the in the 60˚ − 70˚ of the slope angle area the occurrence rate is
32.4%. The slope angle between 50˚ – 60˚zone is covered 12.5% occurrence rate which is second highest
and 10˚ – 20˚ of the slope angle zone is found to have third highest frequency rate (11.6%) respectively.
Landslide frequency Rate distribution of the study area is shown in Fig. 6.

4.2.2. Slope Aspect
Slope Aspect is another major event conditioning parameter, and several researchers has considered this
parameter (Nagarajan et al. 1998; Yalcin et al. 2011; Pourghasemi et al. 2013; Ghosh et al. 2014). Various
hydro-meteorological events like amount of sunshine, precipitation and the topographic condition of the
area effect landslides initiation (Pourghasemi et al. 2013). High amount of rainfall received on the
hillsides of the slope is correlated to capacity of filtration of the slope and may be controlled by different
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parameters such as topography of the slope, permeability of the rock structure, porosity, moisture
retention, organic ingredients, land use, and climatic season (Pourghasemi et al. 2013). Maximum
amount of rainfall is received on south facing hill slope of the Himalayan mountain terrain and much
higher than the north facing slope (Ghosh et al. 2014). For this study, the slope aspect map is prepared to
represent the relationship between aspect facing and occurrence of landslides. The slope aspect map
classified with the help of ASTER DEM using aspect tools in ArcGIS platform. The aspect map classified
nine classes (Fig. 3b) such as flat, northwest, west, southwest, south, southeast, east, northeast, and
north.
Based on the spatial analysis (Fig. 7) between the slope aspect and occurrence of landslide found that
the maximum number of landslide (113) occurred in southwest facing slope and also have the maximum
landslide frequency rate of 24.8% (highest). According to Fig. 7, the distribution of landslides occurring in
different slopes are as follows; southwest (24.8%), southeast (17.6%), south (17.3%), northwest (8.6%),
north (8.1%), northeast (8%), west (8%) and east (7.6%). The lowest frequency rate is found on the east
aspect which is only 7.6%. Finally, it is noticed that frequency rate of the landslides on the southerly
facing is very high, and it decreases towards the northerly facing accordingly (Fig. 7) in the study area.

4.2.3. Geology
The geological rock formation plays an important role in landslide initiation. Slope failure is controlled by
the rock unit properties of any hill regions. Lithological structure serves significant function in landslide
hazard zonation studies because various lithological rocks structure have different susceptibilities to
active geomorphic processes (Pradhan et al. 2007, 2009). A lithological map (Fig. 3c) is prepared from
the geological map, sourced from GSI (Kolkata). The present research area is represented by four major
Formations like Chungthang, Kanchenjunga Gneiss/ Darjeeling Gneiss, Gorubathan Formation, and
Granite Gneiss zone. The Kanchenjunga / Darjeeling Gneiss contribute the largest area, of about 251.13
sq. km comprising of augen bearing biotite gneiss with/without kyanite, banded/streaky migmatite,
sillimanite / sillimanite granite gneiss/ biotite gneiss etc. The Gorubathan Formation contribute second
largest area of about 132.50 sq. km, covered by biotite phyllite, biotite quartzite, interbedded chlolrite
sericite schist, mica schist with garnet, metagreywacke, chlorite quartzite etc. The Chungthang Formation
contributes an area of 88.72 sq. km, and is covered by quartz-chlorite-sericite schists, chlorite-phullite, and
garnetiferous quartz mica scist.
According to the Landslide Frequency analysis shown in Fig. 8, the maximum landslide events (208)
occurred in the Kanchenjunga / Darjeeling Gneiss group of rocks with a 29.5% frequency rate. The
maximum landslide frequency rate of 46.1% is observed in the Chungthang Formation Group of rocks.
Relatively, 24.4% landslide frequency rate is noticed in the Gorubathan Formation of Daling group of
rocks. Only Granite Gneiss types of rock that covers a smaller area (9.66 sq. km) of the study region have
no landslide event, with landslide frequency rate of 0% (Fig. 8).

4.2.4. Distance from the drainage lines
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Rivers or streams alignment of any hilly mountains area plays a significant part in landslide imitation
specially ‘bank erosion and toe cutting’ (Miller and Sias 1998). Drainage buffers are derived with the help
of the shapefile of river lines using by Euclidean distance tool in ArcGIS. For this study, five buffer classes
are prepared corresponding to distance from river at 200 m intervals (Fig. 3d).
The present study observed that the triggering of the landslides is in direct correlation with the distance
from the drainage valley (Zhao et al. 2017; Zhao et al. 2018). Figure 9 shows that maximum numbers
(303) of landslides have occurred within 200 m from the drainage valley beds; this zone covers the
maximum landslide frequency rate (53.2%). As the distance from the drainage line increases, the
landslide frequency rate is found to decrease. The study shows 22.9% of landslides occurred at 200–
400 m distance, 13.3% of landslides occurred at 400–600 m distance, and 10.6% of landslides occurred
at 600–800 m distance from the drainage valley bed (Fig. 9). Thus the frequency distribution shows that
most of the landslides initiated near to the drainage valley of the study area.

4.2.5. Distance from the faults or thrusts
Structures of lithology like faults, thrusts, and shear zones are tectonic breaks which plays an important
role in occurrence of landslide. These breaks generally decrease rock strength and are thus considered
vulnerable points of landslide initiation (Pradhan and Youssef 2009). They have triggered several
landslides in the study area. These structures are the most significant factors for assessing landslide
hazard, and geospatial data can be useful to delineate them (Kanungo et al. 1995; Saha et al. 2005).
The distance from faults and thrusts are extracted from the geological map of study area and nine buffer
classes are created around the faults and thrusts at 500 m interval each using Euclidean distance tools in
ArcGIS (Fig. 3e). The spatial analysis shows that 123 landslides have occurred within 500 m from the
faults or thrusts line and it contributed 12.28% of landslide frequency rate. The highest landslide
frequency rate (43.54%) is observed at a distance between 500–1000 m from the faults or thrusts as
shown in Fig. 10. Distribution of 17.45% landslide frequency rate is at a distance between 1000–1500 m
from the faults or thrusts and it is decrease accordingly. It is thus noticed that most of the landslides
have initiated near the faults or thrusts of the present study. Relation between distance from the faults or
thrust and landslide distribution is shown in Fig. 10.

4.2.6. Distance from the road
The roads are another significant anthropogenic principal factor for generation of the landslide hazard
zonation mapping (Yalcin 2008). Construction of road can trigger slope disturbance as it raises stress,
strain on the slope. Several landslides are initiated along the road corridor due to uncontrolled rock
cutting (Ayalew and Yamagishi 2005). In the present study, several landslides are found along the road
corridors (Fig. 3f). The distance from the road is derived from Google earth satellite image and
topographical (78 A/10 and 78 A/11) and nine buffer classes are prepared at 500 m interval using
Euclidean distance tools in ArcGIS domain and is shown in Fig. 3f .
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According to the geospatial data analysis, maximum number of landslides (318) has occurred within
500 m distance from the road and contributes 91.84% landslide frequency rate that is highest along the
road corridor (Fig. 11). The study found the when the distance increases gradually from the road 500–
1000 m, 1000–1500 m and 1500–2000 m, then the distribution of landslide frequency rate gradually
decreases to 2.97%, 2.27% and 1.26% respectively. The relationship between the distance from the roads
and landslide occurrences is shown in Fig. 11.

4.2.7. Land-use
Land-use is also an important factor for landslide initiation (Nourani et al. 2013; Bchari 2019). This factor
is considered as significant parameters in assessing landslide hazard mapping. For e.g. vegetation
covers increase the strength of soil by root reinforcement. It has large potential to reduce the slope failure
rate (Begueria 2006). Satellite imagery is helpful to directly record land features from the ground. For the
present study such data is obtained from high-resolution satellite images. Based on the analysis of
remote sensing data, the study area is divided into five land-use classes like snow cover, dense
vegetation, sparse vegetation, scrub with rocky land, and built-up with barren land (Fig. 3g)
Analysis of spatial data interpretation, shows maximum number of landslides (244) are initiated in the
sparsely vegetated areas and contributes for 14.96% landslide frequency rate (Fig. 12). Based on the
landslide frequency rate, the maximum landslide frequency rate (69.18%) is found in built-up area with
barren land and the lowest rate of frequency (3%) is recoded in scrub with rocky land area. Landslides are
not found in the of snow-covered areas (Fig. 12). Thus it is noticed that the barren and sparsely vegetated
land areas are most vulnerable to landslides, with very low frequency in the dense vegetated land area.
The relation between land-use and landslide frequency distribution is shown in Fig. 12.

4.3. Landslide Hazard Zonation Index Mapping with
Application of Weightage Overlay Method
Landslide initiation is controlled from the landslide preparatory factors (controlling factors) and triggering
factors. Such landslides can be expected in the similar conditions in future. Using the probability method
of assumption, the relationship between areas with landslide initiations and factors which is related to
landslides are differentiated from areas without landslide initiations. The weightage overlay method is
applied to quantify landslide hazard zonation for the present study area. The modeling, calculation, and
analysis processes are same for the each and every parameter. The value of weightage shows the relative
influence of event controlling factors in the landslide initiation.
Every preparatory parameter layer is prepared on a GIS domain for the preparation of hazard zonation
mapping. Then, all spatial data layers are overlapped using weighted overlay tools in ArcGIS platform.
After that, these layers are prepared a composite image that provides information on the area normalized
landslide initiation hazards index. Finally, The Landslide Hazards Index (LHI) image are classified into
four hazard classes (Fig. 13) like Low (2–3), Moderate (3.01–4), High (4.01–5), and Very High Hazard
Zone (5.01–8). For the ground truth verification, the landslide data (point location) are overlaid on the
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hazard classes and observed that the landslide frequency (%) gradually rises from Low to Very High
Hazard zone (Fig. 14).

5. Conclusion
According to LHI, the multi-criteria analysis is completed to identify four landslide hazard zones of the
present study area. After complete validation of ground truth data, it is noticed that maximum landslide
frequency is found in Very High Hazard Zone (65.3%) (Fig. 14). The landslide frequency 24.7% and 7.6%
has contributes on High Hazard Zone and Moderate Hazard Zone. The lowest landslide frequency 2.4% is
noticed in Low Hazard Zone. Based on the landslide data, most of the landslides (196) are initiated in the
High Hazard Zone and very few are initiated in the Low Hazard Zone along the study area (Fig. 14). The
present study is aimed to identify the vulnerable zones of landslide risks. It can be helpful for planning
and management of mitigation strategies of the landslide occurrences.
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Figure 1
Location of the study area, North Sikkim Himalayas
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Figure 2
Geological map of the study area, North Sikkim Himalayas
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Figure 3
Raster data layers a) Slope angle b) Aspect slope c) Geology d) River buffer e) Faults or thrusts buffer f)
Road buffer and g) Land-use
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Figure 4
The methodology used for Landslide Hazards Zonation (LHZ) mapping
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Figure 5
Landslides inventories map of the study area
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Figure 6
Relation between slope angle and landslide distribution of the study area
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Figure 7
Relation between slope aspect and landslide distribution of the study area
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Figure 8
Relation between geological formation and landslide distribution of the study area
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Figure 9
Relation between distance from drainage and landslide distribution of the study area
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Figure 10
Relation between distance from fault or Thrust and landslide distribution of the study area
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Figure 11
Relation between distance from road and landslide distribution of the study area
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Figure 12
Relation between Land-use and landslide distribution of the study area
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Figure 13
Landslide Hazard Zonation Mapping of the study area
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Figure 14
Relation between Landslide Hazard Zonation and landslide distribution of the study area
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