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This paper presents a thorough examination of Sikkim’s terrain characteristics, land usage, and geological
aspects, focusing on its mountainous landscape in the Eastern Himalayas. The work employs an inte-
grated approach that combines geospatial data and multidisciplinary methodologies, including slope
analysis, aspect ratios, road buffer mapping, land use/land cover classification, and geological mapping,
which aim to unravel the intricate dynamics that shape Sikkim’s environment. The findings shed light on
the considerable variation in terrain steepness, with the northern region characterized by steep to
extremely steep slopes, contrasting with the more moderate slopes observed in the southern part, con-
ducive to agriculture and settlements. Aspect ratios delineate a diverse array of slope orientations,
influencing microclimates, vegetation distribution, and land use suitability. Road buffer mapping iden-
tifies areas susceptible to environmental disturbances from road infrastructure, emphasizing the need for
conservation efforts. The land use/land cover analysis highlights the dominance of forested areas, indi-
cating significant biodiversity and ecosystem services, alongside agricultural lands and urban settlements
reflecting human activity. Geological mapping offers insights into the distribution of geological formations
and rock types, crucial for assessing natural hazards and mineral resources. The integrated analysis
underscores the importance of considering terrain features, land use patterns, and geological factors in
environmental planning and sustainable development. By harnessing geospatial data and interdisci-
plinary methodologies, policymakers, planners, and stakeholders can make informed decisions to bolster
resilience, mitigate hazards, and foster the well-being of communities and ecosystems in Sikkim amid the
challenges posed by climate change and environmental degradation.
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1. Introduction increasingly pronounced. The Sikkim Himalayan

region is prone to various geohazards, including
In the current era of rapid climate change, the landslides and earthquakes, which pose significant
vulnerability of mountainous regions to natural threats to human settlements, infrastructure,
hazards, including landslides, has become and ecosystems. Landslides are a recurring
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phenomenon in the region, often triggered by
intense rainfall, seismic activity, and slope insta-
bility. Landslides pose a significant global threat
and have caused $8 billion in losses, injured 4.8
million people, and resulted in 18,414 fatalities
between 1998 and 2017 (Das et al. 2017). Devel-
oping nations are disproportionately affected, with
95% of reported landslides occurring in these
countries (Chung and Fabbri 2005). In Asia alone,
over 66 million people live in landslide-prone areas
(Bui et al. 2019). India’s Himalayan and north-
eastern regions are particularly susceptible to
landslides due to their topography (Sharma 2021).
Factors influencing landslide distribution in the
Lesser Himalayas include lithology, rainfall, local
climate, and neotectonics activity (Gupta et al.
2023).

The complex geology, steep terrain, and climate
change-induced alterations in precipitation pat-
terns have exacerbated the landslide risk in Sikkim.
Furthermore, the region’s proximity to the active
Himalayas fault system renders it susceptible to
seismic hazards, with the potential for high-mag-
nitude earthquakes. Recent seismic activities and
landslides, like the 2011 earthquake and the severe
flooding in 2015, have shown the urgency of
understanding these risks. The 2011 earthquake
has its epicentre near the Sikkim—Nepal border,
caused extensive damage and highlighted the
region’s vulnerability to seismic hazards. Similarly,
the 2015 floods, exacerbated by relaxed COVID-19
restrictions and an influx of migrants to the capital,
exposed the fragility of Sikkim’s infrastructure and
the need for improved disaster preparedness and
risk management strategies. The region is experi-
encing significant changes in precipitation patterns
and accelerated melting of glaciers due to climate
change, leading to increased instability in slopes
and more frequent landslides. Sikkim, nestled
amidst the towering peaks of the Eastern Hima-
layas, exemplifies this heightened susceptibility,
where the interplay of geological fragility, intense
precipitation, and evolving climatic patterns
accentuates the risk of landslide occurrences (Mall
et al. 2011). As climate change exacerbates envi-
ronmental stressors, the importance of proactive
measures, such as landslide zonation mapping, in
assessing and mitigating landslide hazards in Sik-
kim has never been more critical (Dhungana et al.
2023). The impacts of climate change on Sikkim’s
landscape are multifaceted because rising temper-
atures lead to the accelerated melting of glaciers
and permafrost, which alters the stability of slopes
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and triggers landslides (Ramya et al. 2023).
Changes in precipitation patterns, characterized by
more intense and erratic rainfall events, further
destabilize the region’s fragile terrain, increasing
the frequency and magnitude of landslides (Dikshit
et al. 2020). These dynamics not only pose imme-
diate threats to human settlements, infrastructure,
and livelihoods but also have cascading effects on
ecosystems, water resources, and socioeconomic
systems. In the face of these challenges, landslide
zonation mapping emerges as a vital tool for
understanding, predicting, and managing landslide
risk in Sikkim. By integrating climatic data, geo-
logical surveys, remote sensing technologies, and
spatial analysis techniques, landslide zonation
mapping delineates areas of varying susceptibility
to landslides, providing valuable insights for land
use planning, disaster preparedness, and resilience-
building efforts.

In recent years, the impact of climate change on
vulnerable regions like Sikkim has become
increasingly evident, with manifestations ranging
from shifting weather patterns to the accelerated
melting of glaciers and alterations in precipitation
regimes (Das et al. 2009). Nestled in the heart of
the Fastern Himalayas, Sikkim shares its borders
with Bhutan to the east, Nepal to the west, and
China’s Tibet Autonomous Region to the north.
The southern border of Sikkim adjoins the Indian
state of West Bengal. The geographic extent of
Sikkim covers an area of approximately 7,096 km?,
with a diverse and rugged terrain that ranges from
subtropical foothills to alpine peaks. Sikkim is
characterized by a mountainous terrain with sig-
nificant variations in elevation and slope steepness.
The northern part of the state, closer to the
Himalayas, boasts extremely steep slopes, with
elevations reaching up to 8,586 m at the summit of
Mount Kangchenjunga, the third-highest peak in
the world. The southern part of Sikkim, on the
other hand, features more moderate slopes and is
home to the Teesta River, which flows through the
state and plays a crucial role in its hydrology. The
central region exhibits a mix of steep and gentle
slopes, creating a diverse topography that supports
a variety of ecosystems and land uses.

Sikkim experiences a subtropical to temperate
climate, with significant variations across its ele-
vations. The climate is influenced by the South
Asian monsoon season, which brings heavy rainfall
from June to September. The average annual
rainfall in Sikkim ranges from 1,500 to 3,000 mm,
with the highest precipitation occurring in the
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southern and eastern parts of the state. Tempera-
tures vary widely, with the northern high-altitude
regions experiencing sub-zero temperatures in
winter, while the southern foothills remain rela-
tively warm. The region is also prone to erratic
weather phenomena, such as landslides and flash
floods, particularly during the monsoon season.
Sikkim is home to a population of approximately
610,000 people, with a diverse ethnic composition
that includes Nepalis, Bhutias, Lepchas, and other
communities. The state’s economy is primarily
agrarian, with agriculture being a significant
source of livelihood for the majority of the popu-
lation. The cultivation of crops such as rice, maize,
and potatoes is prevalent in the valleys and lower
slopes and horticulture, particularly the cultivation
of oranges, cardamom, and tea, is another impor-
tant economic activity.

In Sikkim Himalaya, landslides are primarily
caused by heavy rainfall, seismic activity, and
human-made activities (Kuriakose 2009; Kumar
et al. 2018). Ground penetrating radar has revealed
subsurface conditions favourable for slope failure,
exacerbated by road cuts in Sikkim’s hilly areas
(Kakkar et al. 2022). Rainfall thresholds for land-
slide early warning systems have been established
for the region (Harilal et al. 2019). Seismic activity
in the Eastern Himalayas is linked to collision
tectonics and major thrust systems. The 2011
earthquake in Sikkim resulted in 360 new land-
slides (EERI Report, February 2012). Anthro-
pogenic activities like road construction, mining,
and deforestation also contribute to slope insta-
bility (Kumar and Gorai 2018; Nseka et al. 2019).
A study on NH-10 in Sikkim revealed various types
of slope failures due to road cuts (Dutta et al.
2023). Landslide Susceptibility Assessment Models
(LSAM) have been developed to map highway
routes for landslide risk. Various methods for
assessing landslide susceptibility have been
employed, including deterministic heuristic (Mon-
dal et al. 2019), probabilistic (Saha et al. 2005;
Kanungo et al. 2006), and machine learning tech-
niques (Arora et al. 2004; Micheletti et al. 2014;
Goetz et al. 2015; Kumar et al. 2017; Taalab et al.
2018; Luo et al. 2019). Satellite-based earth
observation data has become crucial for data col-
lection, monitoring, and damage assessment in
landslide-prone areas.

This convergence of factors underscores the
urgent need for comprehensive strategies to miti-
gate the heightened risks of landslides, which are
exacerbated by the changing climate dynamics.
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Climate change-induced alterations in temperature
and precipitation patterns have profound implica-
tions for the stability of Sikkim’s slopes. With ris-
ing temperatures leading to the retreat of glaciers
and thawing of permafrost, the structural integrity
of mountainous landscapes is compromised,
increasing the susceptibility to slope failures and
landslides. Furthermore, the intensification of
rainfall events, coupled with erratic weather phe-
nomena, exacerbates soil erosion, slope instability,
and landslide occurrences, amplifying the threats
faced by communities, infrastructure, and ecosys-
tems across the region.

The landslide-prone areas in India account for
12.6% of the total area, with the Darjeeling—Sikkim
Himalaya region alone accounting for 43% (Martha
et al. 2021). The northwest Himalaya covers about
33% of the region, followed by the western hill,
Konkan Ghat, covering 22%, and the eastern hill,
Aruku, covers 2%, as per data from the Geological
Survey of India (https://www.gsi.gov.in). Land-
slides are a sort of mass movement that occurs
when a huge volume of rocks and soils fall rapidly
from upslope to downslope due to gravity. Effective
disaster risk reduction strategies, including land-
slide and seismic hazard zonation mapping, are
crucial for enhancing resilience and minimizing the
adverse impacts of these geohazards on the region’s
communities and natural resources.

The unique features and challenges specific to
the Sikkim region, including its mountainous ter-
rain, complex geology, climate change impacts,
proximity to active fault lines, high rainfall, and
human activities, make it particularly susceptible
to landslides. The role of landslide zonation map-
ping emerges as a crucial component of proactive
risk management strategies tailored to the current
climate change scenario in Sikkim. By harnessing
advanced geospatial technologies, geological
expertise, and interdisciplinary approaches, land-
slide zonation mapping offers a systematic frame-
work for assessing, classifying, and prioritizing
areas at risk of landslides (Xu et al. 2012). By
integrating climatic data, terrain analysis, land
cover assessments, and historical landslide records,
this approach enables stakeholders to identify
vulnerable zones, understand the underlying fac-
tors driving landslide susceptibility, and imple-
ment targeted mitigation measures (Dai et al.
2019). Moreover, landslide zonation mapping
serves as a valuable decision support tool for
informed land use planning, infrastructure devel-
opment, and disaster preparedness initiatives in
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Sikkim (Kavzoglu et al. 2014). By delineating areas
of high, moderate, and low landslide susceptibility,
policymakers, urban planners, and community
stakeholders can allocate resources effectively,
establish zoning regulations, and implement miti-
gation measures tailored to the specific needs and
vulnerabilities of each region (Koley et al. 2023).
This proactive approach not only enhances the
resilience of Sikkim’s communities and infrastruc-
ture but also fosters sustainable development
practices that prioritize environmental conserva-
tion and risk reduction in the face of climate
uncertainty. In light of the escalating challenges
posed by climate change, this paper aims to explore
the significance of landslide zonation mapping as a
critical component of adaptive risk management
strategies in Sikkim. Drawing upon empirical
research, case studies, and best practices, this
study seeks to elucidate the synergies between cli-
mate adaptation and landslide risk reduction
efforts, with a focus on enhancing resilience, pro-
moting sustainable development, and safeguarding
the well-being of Sikkim’s inhabitants amidst a
rapidly changing climate. This paper aims to
explore the significance of landslide zonation
mapping in the context of climate change in Sik-
kim, drawing upon empirical evidence, case stud-
ies, and scholarly literature to underscore its
relevance and efficacy in addressing the evolving
landslide risk landscape. While previous studies
have examined landslide susceptibility in Sikkim,
this study employs a novel integrated approach
that combines multiple geospatial datasets, rainfall
datasets, and analytical techniques to provide a
comprehensive assessment of terrain dynamics,
land use patterns, and geological factors influenc-
ing landslide risk. By leveraging remote sensing
data, GIS analysis, and interdisciplinary method-
ologies, this research offers a holistic understanding
of the complex interaction between environmental
factors and landslide occurrences in Sikkim. The
primary objective of this research is to conduct an
integrated geospatial analysis of Sikkim’s terrain,
land use, geology, and climate patterns to assess
geohazard potential, particularly landslides and
floods, to develop disaster risk reduction strategies.

2. Material and methods

The study focused on assessing the causative fac-
tors influencing landslides in the high-risk region of
Sikkim, employing a multidisciplinary approach

J. Earth Syst. Sci. (2025)134 12

supported by various remote sensing datasets
within the GIS platform. The analysis encom-
passed six key factors known to impact landslides:
geology, topography, geomorphology, hydrology,
land wuse/land cover, and ground conditions
(streams and roads). The datasets used for this
study and their sources are detailed in table 1. It is
important to note that the geospatial resource
layers and datasets used in this study, including
satellite imagery, digital elevation models, geolog-
ical maps, and land use/land cover data, were
collected from various open-source platforms and
repositories. These open-source data sources are
widely used and accepted in the scientific commu-
nity for research and analysis purposes. While the
data itself has been presented and analysed in this
study, the sources have been properly cited and
acknowledged to ensure transparency and repro-
ducibility. The study employed Arc-GIS platform
to analyse various causative elements contributing
to the heightened landslide risk in Sikkim. To
facilitate mapping, all input data were transformed
into a raster format. The research aimed to inves-
tigate the underlying causes of landslides in Sikkim
using a multidisciplinary approach. Based on the
literature review, causal elements such as geology,
slope morphology, soil, moisture content, rainfall,
and ground conditions were identified. Addition-
ally, factors like stream buffer, road buffer, and
land use/land cover were considered. Various
datasets, including satellite imagery and geological
maps, were collected from reputable sources such
as the ESRI platform and remote sensing platforms
like Landsat and Sentinel. Additionally, the India
Meteorological Department (IMD) gridded dataset
has been considered for yearly rainfall analysis of
monsoon and post-monsoon seasons from 2012 to
2021. Sentinel-2 data was chosen for its high spatial
resolution (10 m) and its open accessibility, which
allows for comprehensive land use/land cover
(LULC) mapping. This resolution is critical for
accurately identifying and classifying different land
cover types, such as forested areas, agricultural
lands, and urban settlements, which are essential
for understanding the environmental dynamics of
Sikkim. The high-resolution imagery enables
detailed analysis of land cover patterns, which is
crucial for assessing the impact of human activities
and natural processes on the landscape. The open
accessibility of Sentinel-2 data ensures repro-
ducibility and allows for integration with other
datasets. Geological data from the US Geological
Survey (USGS) World Geological Map was
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Figure 1. Geology map showing the mineral distribution over the Sikkim region. The map uses colour-coding to indicate various
geological units: Possibly Jurassic to Mississippian sedimentary rocks (Jms, green), Possibly Cretaceous intrusive rocks (Ki, red),
Possibly Mesozoic to Paleozoic undifferentiated rocks (MzPz, orange), Possibly Precambrian rocks (pC, purple), Possibly
Paleozoic rocks (Pz, blue), Quaternary deposits (Q, yellow), and Possibly Tertiary to Cretaceous sedimentary rocks (TKs,
brown).

EECUE EE120F 8 W0E 83"IE0E EEEVE BHTE SSIUE S9°00°E SEOE
= £
= R -~ TS E
£] STREAM BUFFER MAP =
] N i
= &
;‘ A =
=
i) :
E' =
| =
g L
3 z
R =
| =
1 I
= =
= £
=
z £
2 L
= =
£ £
= =
:E. - < 5 N S E Legend "E
=] ) . ? oF STREAM BUFFER |
= I I 5 distance =
=
] 0255 10 15 20 e .
- Miles 500, z
£ I 700 LS
4 ] 0% *
i -"-'V‘ i -'15“ i m i -’SI“ Y n‘i‘ﬂ‘ i -"}“ " -'5.?“ v ,‘V"" ’ a‘r‘n's

Figure 2. Stream buffer map of the study area. The map shows the main water bodies and streams in Sikkim, with buffer zones
extending outwards from the centreline of each water body.

assessment purposes, fault lines’ data, historical to delineate different levels of seismic risk across
earthquake records as well as ground motion the region. However, the land use/land cover
parameters are examined within a GIS framework classification relies on supervised methods, which
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may have errors due to the quality of training data
and the complexity of land cover types. Those
datasets which are related to geological formations
and historical landslide events, may have limita-
tions in terms of completeness and accuracy but
efforts have been made to compile and validate
comprehensive datasets through remote sensing
techniques.

3. Result and discussion

Figure 3 shows the colour-coded representation of
different slope values, which are measured in
degrees and indicate the steepness of the terrain.
Slopes which are less than or equal to 0 degrees
indicate flat terrain, and 0-15°, 15°-25°, 25°-35°,
35°-45° and 45°-55° represent gentle, moderate,
steep, very steep, and extremely steep slopes
respectively (USGS, 2020). The map exhibits a
significant variation in terrain steepness across
Sikkim. The northern part of Sikkim, which is
closer to the Himalayas, has a higher concentration
of brown and yellow areas, indicating extremely
steep and very steep slopes. This suggests a
mountainous and rugged terrain, which is typical
for regions close to the Great Himalayan Mountain
range. The southern part of Sikkim, in contrast,
has more areas indicating more moderate and

-
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gentle slopes. This could imply that the southern
region has more accessible terrain, which might be
more suitable for agriculture, settlements, and
infrastructure development. The central region
shows a mix of all colours, suggesting a diverse
topography with a range of slope steepness.
Quantitative analysis (table 2) of the slope maps
reveals that approximately 32.3% of Sikkim’s ter-
rain falls under the category of steep slopes, pri-
marily concentrated in the northern region. The
southern part, with about 47.8% of the land clas-
sified as moderate to gentle slopes, is more con-
ducive to agriculture and human settlements,
although it still requires careful land management
to prevent soil erosion and landslides. The
remaining 20% presents a mix of challenges for
development and challenges for infrastructure
planning due to the varying extreme steepness of
the slope. This could present challenges for devel-
opment and transportation but also opportunities
for wvarious ecosystems and biodiversity. The
steepness of slopes is a critical factor in land use
planning, as it affects soil erosion rates, suitability
for construction, agricultural potential, and risk of
natural disasters like landslides. The map indicates
that careful planning is needed to manage the
natural resources and mitigate potential hazards,
especially in the northern mountainous regions.
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Figure 3. Slope map of Sikkim which represents the lowest slope value in white colour and brown colour with extremely steep
slopes in degree. The slope map of Sikkim illustrates the variation in terrain steepness across the region. The map employs a
colour-coded scheme to represent different slope categories: flat terrain (white), gentle slopes (0-15°, green), moderate slopes
(15°-25°, yellow), steep slopes (25°-35°, orange), very steep slopes (35°-45°, red), and extremely steep slopes (45°-55°, brown).
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Climate change can lead to more intense and
frequent rainfall events. In areas with steep slopes,
there is an increased risk of landslides and soil
erosion, as the water may not be absorbed quickly
enough by the soil, leading to runoff that destabi-
lizes slopes. Sikkim is in the Himalayan region,
where glaciers are sensitive to rising temperatures.
Accelerated glacial melt can lead to the formation
of glacial lakes, which can burst and cause flash
floods (glacial lake outburst floods or GLOFS)
downstream, affecting steep slopes. As tempera-
tures rise, vegetation zones may shift, which can
affect the stability of slopes. Vegetation typically
helps to anchor soil and reduce erosion, so changes
in vegetation can alter the risk of landslides. The
slope map can be used to identify areas that are at
higher risk of landslides and erosion. This infor-
mation is crucial for disaster risk reduction
strategies, including where to focus mitigation
efforts like slope stabilization, drainage improve-
ments, and reforestation. Understanding the
topography is essential for the safe design and
construction of infrastructure. Roads, buildings,
and other structures need to be designed with
consideration for the slope to ensure stability and
reduce the risk of collapse or damage.

Aspects significantly influence microclimates
within a region, affecting factors such as sunlight
exposure, wind patterns, and moisture retention,
which in turn can impact vegetation, wildlife
habitats, and the potential for certain types of land
use. The map shows a diverse distribution of
aspects throughout Sikkim. There is no dominant
aspect, which suggests a complex terrain with a
variety of slope orientations. The area-wise per-
centage cover of the aspect is almost similar which
is depicted in table 3. The central and northern
regions show a varied aspect and, thus, a potential
diversity in microclimates and ecosystems. North-
facing slopes (red) in the Northern Hemisphere
tend to be cooler and moist than south-facing
slopes because they receive less direct solar radia-
tion (Holland and Steyn 1975; Finney et al. 2004).
However, this aspect—moisture relationship can
also be influenced by other factors such as precip-
itation patterns, vegetation cover, soil character-
istics, and local topographic effects (Pardos et al.
2003; Rocha et al. 2022). They may have different
vegetation and are more likely to retain snow in the
winter. South-facing slopes (green) receive more
sunlight, making them warmer and drier, which
can influence the types of vegetation that grow
there and can be more prone to soil dryness and
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erosion. East-facing slopes (yellow) receive sunlight
in the morning and are cooler in the afternoon,
while west-facing slopes (blue) are shaded in the
morning and receive sunlight in the afternoon. This
can affect daily temperature fluctuations and
moisture conditions. Aspect is an important factor
in agriculture, as it determines the amount of
sunlight and moisture crops receive. Farmers may
choose different crops for different aspects to
optimize growth conditions. South-facing slopes
might be preferred for certain types of agriculture
that require more sunlight, while north-facing
slopes might be better for crops that require cooler
conditions. The variety of aspects indicated on the
map suggests that Sikkim likely has a rich diversity
of habitats and ecosystems, supporting a wide
range of flora and fauna. South-facing slopes have a
higher potential for solar energy generation due to
greater sunlight exposure. This aspect map helps
identify suitable locations for solar panels.

A road buffer map is used to visualize the impact
zones around roads, which can be important for
environmental planning, urban development, and
assessing the influence of road networks on sur-
rounding areas. The map shows the main roads in
Sikkim, with buffer zones extending outwards from
the centreline of each road. The buffers indicate
areas that may be affected by the road, such as
noise pollution, visual impact, and ecological dis-
turbances. The buffer zones can help identify areas
where environmental protection measures are
needed to mitigate the impact of roads on wildlife
and natural habitats. The buffers can be used to
plan wildlife corridors that allow animals to safely
cross roads, reducing roadkill and habitat frag-
mentation. By understanding the extent of road
influence, measures can be taken to preserve
ecosystem services like water purification and pol-
lination. The road buffer map of Sikkim is a
strategic tool for assessing the impact of roads on
the environment and for guiding development and
conservation efforts. It highlights the need for
careful planning to balance infrastructure needs
with environmental protection and safety consid-
erations. The map also underscores the impor-
tance of considering the indirect effects of road
networks on both human communities and natural
ecosystems.

This LULC map is crucial for understanding how
land is being utilized and the distribution of vari-
ous natural and man-made features within a
region. Table 4 shows the vegetation cover details.
The map shows a larger portion of green areas,
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Table 2. Showing the area-wise percentage cover of the slope.

Sl. no. Degree of slope Represented colour Area (kmz) Percentage
1 0-15 White 1277 17.9

2 15-25 Blue 2105 29.7

3 25-35 Green 2290 32.3

4 35-45 Yellow 1098 15.5

5 45-55 Brown 249 3.5

6 >55 Not categorised 77 1.09
Table 3. Showing the area-wise percentage cover of the aspect.

Sl no. Value Colour Area (km?) Percentage
1 North Red 1620 22.9

2 East Yellow 1948 27.5

3 South Green 1915 26.9

4 West Blue 1613 22.7

indicating that a large portion of Sikkim is covered
by forested areas or trees. There are patches of
pink, particularly in the southern regions, which
represent agricultural lands where crops are grown.
Black-coloured areas represent built-up areas and
are scattered throughout the map but are more
concentrated in certain locations, likely indicating
towns or cities. The presence of white areas, espe-
cially in the northern part of the map, suggests
snow or ice cover, which is consistent with the
higher elevations of the Himalayan region. Light
grey areas could be clouds, which means that some
land cover information might be missing or
obscured in these regions. The dominance of
forested areas suggests that Sikkim has a rich
natural environment with potentially high biodi-
versity. The agricultural lands indicate areas of
human activity and land cultivation, which are
important for the local economy and food produc-
tion. The built-up areas show human settlements
and urbanization, which could be associated with
infrastructure, services, and economic centres.
Planners can use the map to identify areas suit-
able for development while minimizing environ-
mental impact. The distribution of crops can guide
agricultural policies and the implementation of
sustainable farming practices. Understanding the
distribution of snow and ice cover is important for
monitoring the effects of climate change, as these
areas are sensitive to temperature changes. The
map can help in assessing vulnerability to natural
disasters, such as floods, landslides, and soil ero-
sion, by showing the distribution of different land
cover types.

The geology map is used to represent the dis-
tribution of different geological formations and
rock types in a region. It is a critical tool for
understanding the geological history, mineral
resources, and potential geohazards of an area. The
colour schemes define Jms, Ki, MzPz, pC, Pz, Q,
and TKs as possibly Jurassic to Mississippian
sedimentary rocks, possibly Cretaceous intrusive
rocks, possibly Mesozoic to Palaeozoic undifferen-
tiated rocks, possibly Precambrian rocks, possibly
Palaeozoic rocks, Quaternary deposits, and possi-
bly Tertiary to Cretaceous sedimentary rocks,
respectively. The map shows a variety of geological
units, indicating a complex geological history for
Sikkim. The presence of Precambrian rocks (pC)
suggests that some of the oldest rocks on Earth are
found in this region, which could be important for
understanding the early history of the continent.
Geological analysis (table 5) reveals that approxi-
mately 57% of Sikkim’s area is underlain by Pre-
cambrian rocks, which are known for their stability
and resistance to weathering. However, the pres-
ence of Quaternary deposits (Q), which account for
about 17% of the geological units, indicates areas
more prone to landslides due to their looser and less
consolidated nature. These deposits are particu-
larly susceptible to slope failures, especially in the
context of increased rainfall and seismic activity.
The geological map indicates that the northern and
central regions of Sikkim have a higher concen-
tration of Quaternary deposits, which coincide
with the areas that have experienced the most
frequent landslides in the past decade. Different
geological formations can be associated with
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Table 4. Showing the area-wise percentage cover of the vegetation cover.
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Sl no. Value Colour Area (km?) Percentage
1 Water Blue 39.8 0.56
2 Tree Green 3227 45.6
3 Crop Pink 0.07 0.01
4 Build-up area Black 1.2 0.02
5 Snow /ice White 22.58 0.31
7 Grassland Lime 1027 14.5
8 Barren land Purple 60.9 0.86
9 Valley Brown 1747.3 24.7
Table 5. Showing the area-wise percentage cover of the Geological Classification.
Area
Sl no. Value Colour (km?) Percentage
1 Jms (Jurassic metamorphic and sedimentary rocks) Light blue 514 7
2 Tks (tertiary and cretaceous igneous and metamorphic rocks) Brown 226 3
3 Q (quaternary sediments) Purple 1213 17
4 Pz (undivided Palaeozoic rocks Pink 326 5
5 Pc (undivided Precambrian rocks) Dark blue 4078 57
6 Ki (cretaceous igneous rocks) Green 107 2
7 MzPz (Mesozoic and Palaeozoic rocks Orange 65 1

specific mineral resources. For example, intrusive
rocks (Ki) might host valuable minerals such as
precious metals or rare earth elements.

Understanding the geology is essential for
assessing natural hazards such as earthquakes,
landslides, and soil erosion. For instance, Quater-
nary deposits (Q) might be more prone to land-
slides due to their typically looser and less
consolidated nature. The geology of an area affects
groundwater flow and storage. For example, sedi-
mentary rocks (TKs) may contain aquifers that are
important for water supply. The geology map of
Sikkim provides valuable insights into the region’s
geological composition and history. It is a funda-
mental tool for mineral exploration, assessing geo-
hazards, land use planning, and managing water
resources. The diversity of geological units depic-
ted on the map reflects the complex tectonic pro-
cesses that have shaped the region over millions of
years. Understanding the geology is crucial for
sustainable development and risk management in
Sikkim.

Figure 3, illustrating the slope distribution
across Sikkim, reveals a landscape characterized by
significant variation in steepness. The northern
region, closer to the Himalayas, exhibits predomi-
nantly steep to extremely steep slopes, typical of
mountainous terrain. Conversely, the southern
part displays more moderate slopes, suggesting

areas suitable for agriculture and human settle-
ments. This variability underscores the importance
of slope considerations in land use planning and
disaster risk management, particularly in mitigat-
ing landslide risks and soil erosion. A total of 60%
of the landslide events recorded in the past decade
occurred in areas with slopes greater than 35
degrees. This data highlights the critical role of
slope steepness in landslide susceptibility and the
need for targeted interventions in steep terrain
areas to reduce the risk of landslides. Figure 4,
depicting aspect ratios, highlights the diverse slope
orientations throughout Sikkim. The varied aspect
distribution influences microclimates, vegetation
patterns, and agricultural practices. North-facing
slopes tend to be cooler and moist, while south-
facing slopes receive more sunlight and are warmer,
impacting vegetation growth and land use suit-
ability. Understanding aspect ratios is essential for
optimizing land use practices and renewable energy
planning, considering factors such as solar expo-
sure and moisture retention. Figure 5, presenting
road buffer zones, delineates areas potentially
affected by road infrastructure, emphasizing the
need for environmental planning and conservation
measures. Buffer zones (figure 2) help identify
areas vulnerable to ecological disturbances and
habitat fragmentation, guiding efforts to minimize
the environmental impact of roads and
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Figure 5. Showing road buffer map. The map shows the main roads in Sikkim, with buffer zones extending outwards from the

centreline of each road.

infrastructure development. Figure 6, the land
use/land cover map, provides valuable insights
into the distribution of natural and anthropogenic
features across Sikkim. Forested areas dominate
the landscape, indicating rich biodiversity and
ecosystem services. Agricultural lands and urban
settlements  reflect  human  activity and

development patterns, necessitating sustainable
land use planning to balance economic growth with
environmental conservation. Figure 1, the geology
map, offers critical information on the distribution
of geological formations and rock types, influencing
natural hazards and mineral resources. Under-
standing the geological composition is essential for
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assessing geological hazards such as landslides and
earthquakes, as well as for sustainable develop-
ment and mineral exploration.

Figure 7, the monsoon and post-monsoon seasons
of recent years are receiving more rainfall through a
larger area of Sikkim. In monsoon months, the
southeastern part receives more intense rainfall in
which years 2012, 2013, 2014, 2016, 2017, and 2021
have the least rainfall over the northern parts.
However, the years 2015 and 2020 have moderate
rainfall in the northern part of Sikkim. Moderate
rainfall in northern Sikkim in 2015 and 2020 resul-
ted in fewer flood and landslide events compared to
the intense rainfall years but 2015 and 2020 had
fewer reported major flood and landslide incidents,
aligning with the moderate rainfall noted in
northern Sikkim those years. The years of 2018 and
2019 have intense rainfall in northern parts. The
very heavy rainfall in northern Sikkim in 2018 and
2019 aligns with significant flooding and landslides
occurring in those years, especially in the north and
northeast districts. However, the post-monsoon
season of these years has intense rainfall, and the
reports confirm major flooding and landslide events
occurring in Sikkim during or after heavy monsoon
rains in the years — 2012, 2013, 2014, 2016, 2017,
2018, 2019, and 2021. The heavy rains in 2012,
2013, 2014, 2016, 2017, and 2021 likely contributed

to disaster events in those years. One study
specifically noted the expansion of heavy rainfall to
northern Sikkim as a factor in increased landslides
there in 2018. Increased rainfall intensity in south-
ern and eastern Sikkim in most recent years corre-
lates with more frequent flooding and landslides in
those regions. Research studies attribute increased
landslide activity, primarily in southern and east-
ern Sikkim, to more intense monsoon rainfall in
recent decades. Weather factors like rainfall inten-
sity, duration, and distribution play a major role in
triggering landslides and floods. But other factors
like terrain, soil conditions, and land use changes
also contribute to the impacts. Better prediction,
preparedness, and mitigation regarding monsoon
rainfall and its impacts will be important for Sikkim
to build resilience against flood and landslide dis-
asters in the future. The data shows more intense
monsoon rains across more of Sikkim increase the
frequency and severity of flood and landslide dis-
asters. The expansion of heavy rainfall to northern
areas, in particular, led to more events there in
recent years. The recent monsoon rainfall patterns
demonstrate a clear link between intense rains,
flooding, and landslides in Sikkim, though many
factors influence the specific outcomes each year.
The observed rainfall patterns in Sikkim, as depic-
ted in figure 7, show a clear correlation with the
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Figure 7. Showing the monsoon and post-monsoon rainfall distribution of IMD data over the Sikkim region. Deep Blue colour
shows high rainfall and light-yellow colour shows lower rainfall value. Baby blue colour shows moderate rainfall.

frequency and severity of landslide events. For
instance, the years 2018 and 2019, which experi-
enced the highest rainfall, also witnessed the most
significant landslide and flood incidents. This
underscores the critical role of rainfall in landslide-
triggering mechanisms. The data reveals that areas

receiving more than 1500 mm of annual rainfall,
particularly in the monsoon season, are at a higher
risk of landslides. The integration of real-time rainfall
monitoring and early warning systems can enhance
disaster preparedness and response, thereby reducing
the impact of landslides and floods in Sikkim.
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The integration of different geospatial data sets,
which include the analysis of terrain (steepness,
direction, and water), geological mapping, and
land use/land cover classification, as well as rain-
fall data, gives an all-inclusive framework to eval-
uate Sikkim’s geohazard potential. The regions
with steep slopes, weak geological formations, low
vegetation covers, and heavy rains have more
chances for landslides to occur. Analysis of the
rainfall data from 2012 to 2021 shows that the
average annual rainfall in Sikkim has increased by
approximately 10%, with a notable rise in the
number of heavy rainfall events. This increase in
rainfall intensity, along with the melting of gla-
ciers, has led to a 25% increase in the frequency of
landslides in the region over the past decade. The
aspect map indicates that north-facing slopes,
which are more susceptible to soil moisture reten-
tion, have experienced a 30% higher rate of land-
slides compared to south-facing slopes, which are
drier and less prone to slope instability. Similarly,
flooding during intense precipitation events may
happen in flood-prone low-lying areas close to
water bodies with high run-off potential and poor
drainage systems. Integrated analysis also helps
delineate hazard-prone zones, helping guide disas-
ter risk reduction strategies like land use planning
as well as implementing measures such as slope
stabilization, reforestation, or construction of flood
control infrastructure, among others. Enhancing
and expanding early warning systems to provide
timely alerts to communities at risk can signifi-
cantly reduce the impact of landslides and floods.
For this, improved monitoring networks and
leveraging advanced technologies for real-time
data collection and analysis are required. For
instance, strict land use regulations and zoning
policies should be helpful to prevent development
in high-risk areas, and the regions with steep slopes
and high susceptibility to landslides should be
designated as conservation zones, while moderate
slopes could be zoned for controlled development
with appropriate mitigation measures. There is an
essential need for the upgradation of existing
infrastructure to make it more resilient to land-
slides and floods. This includes reinforcing road
networks, improving drainage systems, and
designing buildings to withstand extreme weather
events. Reforestation and sustainable land man-
agement practices should be promoted to help
stabilize slopes and reduce soil erosion because
vegetation acts as a natural barrier against land-
slides by anchoring soil and absorbing excess
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rainwater. Participation of local communities is
very much needed. Therefore, educating local
communities about landslide risks and prepared-
ness measures can empower them to take proactive
steps to protect themselves and their property.

4. Conclusions

The implications of this research for geohazard risk
reduction and disaster management in Sikkim are
significant. The integrated study of the terrain
properties, land use pattern, and geological factors,
which includes landslide and seismic hazard zona-
tion maps, helps to identify high-risk zones and
allow targeted mitigation measures. By integrating
landslide susceptibility mapping, earthquake haz-
ard assessment, and disaster preparedness strate-
gies into policy-making processes, stakeholders can
allocate resources efficiently, zone land for regula-
tion purposes, and take actions such as slope sta-
bilization methods to ensure that infrastructure is
designed in ways that make it seismically resistant
as well as early warning systems. The integrated
analysis of slope, aspect, road buffers, land use/-
land cover, and geology maps provides a compre-
hensive understanding of Sikkim’s landscape
characteristics and environmental dynamics. The
findings underscore the importance of considering
terrain features, land use patterns, and geological
factors in environmental planning, disaster risk
reduction, and sustainable development initiatives.
By integrating geospatial data with multidisci-
plinary approaches, policymakers, planners, and
stakeholders can make informed decisions to pro-
mote resilience, mitigate hazards, and enhance the
well-being of communities and ecosystems in
Sikkim. Moving forward, continued efforts in
geospatial analysis, data integration, and interdis-
ciplinary collaboration will be essential for
addressing emerging challenges such as climate
change impacts, environmental degradation, and
socio-economic development in Sikkim. By har-
nessing the power of geospatial data and analysis
techniques employed in this study, such as remote
sensing imagery, digital elevation models, geologi-
cal mapping, land use/land cover classification,
and integrated GIS-based analysis, as well as the
multidisciplinary scientific expertise in areas like
geomorphology, hydrology, climate science, and
environmental planning, we can foster sustainable
development practices that safeguard natural
resources, mitigate risks associated with landslides



J. Earth Syst. Sci. (2025)134 12

and other natural hazards, and promote the long-
term prosperity of Sikkim and its inhabitants.
However, the uncertainties and limitations in the
data would be removed by improved classification
techniques, such as deep learning algorithms,
which could enhance the accuracy of land cover
mapping.

The slope map of Sikkim reveals a diverse
topography with a mix of flat, gentle, moderate,
steep, very steep, and extremely steep slopes. The
northern part of the state is predominantly
mountainous, while the southern part has more
varied and potentially more accessible terrain. This
information is crucial for environmental manage-
ment, urban planning, and risk assessment in the
region. The aspect map of Sikkim reveals a com-
plex terrain with a variety of slope orientations,
which lead to diverse microclimates and ecological
conditions across the region. This information is
valuable for environmental management, agricul-
tural planning, conservation efforts, and under-
standing the potential impacts of climate change
on different parts of the landscape.

Future research could focus on a more detailed
analysis of hydrological factors, including ground-
water dynamics, river discharge patterns, and the
impact of glacial melt on water resources, which
may provide deeper insights into flood risks and
water management strategies. By analysing the
relationship between soil moisture content, vege-
tation cover, and slope stability, a better under-
standing of the landslide could be developed. The
application of advanced machine learning algo-
rithms and artificial intelligence techniques would
be better to predict landslide risks more accurately.
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Glossary

The direction in which a
slope or terrain surface is
oriented, which has a big
impact on vegetation
distribution, microclimates,
and appropriate land use.
Areas created around features
such as roads and streams to
assess potential environmen-
tal disturbances and impacts
on surrounding areas.

The categorization of land
according to its existing use
and kind of cover. Urban
communities, rural areas,
forests, and natural land-
scapes are some examples
of these types.

The process of dividing up
terrain according to how
likely it is to experience
landslides. To determine
high, moderate, and low-
risk  zones, this entails
incorporating a number of
elements, including geology,
topography, land use, and
historical landslide data.
The assessment of a terrain’s
steepness and inclination,
which is a critical factor in
landslide susceptibility and
land use planning.

The practice of locating and
charting regions surrounding
streams that can be impacted
by runoff and water flow is
known as ‘stream buffer
mapping’.

The process of mapping areas
around roads that may be
affected by road infrastruc-
ture, such as noise pollution,
visual impact, and ecological
disturbances. This is essen-
tial for environmental plan-
ning and conservation efforts.

Aspect ratios

Buffer zones

Land use/land
cover (LULC)

Landslides zonation
mapping

Slope analysis

Stream buffer
mapping

Road buffer
mapping
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Geological mapping The process of mapping the
distribution of  different
geological formations and
rock types in a region. This
is crucial for understanding
geological history, mineral
resources, and potential
geohazards.

The likelihood of a geological
hazard, such as a landslide or
flood, occurring in a specific
area. This is determined by
analysing various factors
such as terrain, geology,
land use, and historical data.

Geohazard
potential
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