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ABSTRACT 

The study aims to provide an in-depth analysis of the influence of geological characteristics, land 
cover, slope levels, and rainfall intensity on landslide susceptibility. The study investigates the 
impact of the Sumatran Fault's active segments on geological instability and examines how human 
activities and climatic factors contribute to landslide risks. A quantitative approach integrates 
geological conditions, slope analysis, land cover classification, and rainfall data, validated through 

field testing. Data sources include geological maps, Shuttle Radar Topography Mission (SRTM) 
data, Landsat 9 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) 2024, and 
historical rainfall records. Supervised classification using the Maximum Likelihood algorithm and 
overlay analysis facilitated the identification of landslide-prone zones. The results reveal that igneous 
rocks dominate 41 % of the area, followed by sedimentary (33 %) and metamorphic rocks (25 %), 
with steep slopes (24–45%) covering 39 %. Annual rainfall exceeds 1500 mm, with areas receiving 
>2500 mm constituting 46 % of the region. These factors, combined with deforestation and 
unsustainable land practices, heighten landslide risks, particularly in the western fault zone. High-

vulnerability areas account for 13 % of the region, concentrated in steep and fault-affected zones, 
while medium-vulnerability zones dominate at 86 %. The study concludes that Pasaman Regency 
requires integrated strategies, including slope stabilization, reforestation, and sustainable land-use 
practices, to mitigate landslide risks. Infrastructure resilience, community-based disaster 
management, and climate adaptation measures are critical for reducing socioeconomic impacts and 
enhancing environmental sustainability. The findings provide actionable insights for disaster risk 
reduction and land-use planning, emphasizing the interplay between natural and anthropogenic 
factors in landslide vulnerability. 

Key-words: Sumatran fault; Landslide vulnerability; Pasaman regency; Geological characteristics; 
GIS-based analysis. 

1. INTRODUCTION 

Indonesia, an archipelago of over 17,000 islands, is located in a region highly prone to natural 

disasters due to its position within the Pacific Ring of Fire (Astari et al., 2024; Putra et al., 2023). 

Among these disasters, landslides often linked to erosion occur frequently and can cause significant 

damage (Korup et al., 2007). Landslides refer to the downhill movement of rock, debris, or soil 

masses, resulting in loss of life, damage to infrastructure, and considerable economic impacts 

(Alexander, 2005). The risk of landslides is exacerbated by a combination of geological complexity, 

heavy rainfall, and human activities, especially in areas with active faults, such as Pasaman Regency 
in West Sumatra Province.  
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To provide context from Elfendi & Asrawat (2025), preliminary information on floods and 
landslides in the Dua Koto Subdistrict, Pasaman, West Sumatra, dated December 14, 2023, 

highlights the significant impacts of extreme weather. On this date, heavy rainfall caused both 

floods and landslides in Tonang Raya Village, Dua Koto Sub-district, Pasaman. While the event did 

not result in any fatalities or injuries, the local health department, in coordination with relevant 

agencies, took immediate measures to mitigate the effects, including setting up health monitoring 

stations and ensuring the availability of emergency services. Octavia & Ophiyandri (2025) add 

series of landslides triggered by a 6.1 magnitude earthquake in Pasaman in February 2022 led to 

fatalities and several missing persons in Nagari Malampah, highlighting the region's susceptibility 

to both seismic and weather-related disasters. This ongoing vulnerability underscores the need for 

comprehensive disaster risk management strategies, especially in regions prone to heavy rainfall and 

steep terrain, as seen in recent events. 

The Sumatran Fault, or the Semangko Fault, is a prominent geological feature extending from 
Aceh north to Lampung south (Natawidjaja, 2018; Julzarika et al., 2021). This fault consists of 

several active segments, including the Angkola, Barumun, and Sumpur segments, which pass 

through Pasaman Regency (Sahara et al., 2018; Wulandari et al., 2023; Dewanto et al., 2022). The 

activity along these segments increases the region's vulnerability to landslides, particularly during or 

after seismic events (Setiawan et al., 2020). Pasaman Regency features a varied geological 

composition, with 31 geological units classified as sedimentary, igneous, or metamorphic rocks, 

each contributing differently to the area's landslide susceptibility (Santoso et al., 2023). Landslides 

in Pasaman Regency have caused substantial losses, severely impacting housing, industrial 

facilities, and agricultural lands. These disasters disrupt social stability and result in significant 

economic declines. A critical contributing factor is insufficient consideration of slope stability, 

geological structures, and natural processes during infrastructure development. For example, 
subdistricts such as North Rao and Bonjol, which are traversed by the Semangko Fault, are highly 

vulnerable. This vulnerability is attributed to weathered rock formations like slate, phyllite, and 

breccia, combined with high rainfall (Barber, 2000). Inadequate land cover planning in these areas 

often neglects the risks posed by unstable slopes, further exacerbating the problem. 

Human activities, such as deforestation and unsustainable land cover practices, are major 

contributors to landslides. Activities like forest logging, converting forested areas into agricultural 

land, and urban expansion destabilize slopes and accelerate erosion (Blanco-Canqui et al., 2008). In 

Pasaman Regency, forests dominate the landscape, followed by plantations and rice fields. 

However, agricultural practices on steep slopes with gradients of 24–45%, which cover 39.2% of 

the region (Ruwaidah & Rizali, 2022), significantly increase landslide risks. The ongoing 

transformation of natural landscapes into agricultural and urban zones underscores the urgent need 

for sustainable land cover practices that balance development and environmental preservation. 
Furthermore, climate change has intensified the frequency and severity of landslides by increasing 

rainfall variability and triggering extreme weather events (Gariano & Guzzetti, 2016). Pasaman 

Regency receives an annual rainfall exceeding 1,500 mm, with peak precipitation occurring 

between October and January (Nurdin et al., 2020; Santoso et al., 2023). Heavy and prolonged 

rainfall saturates the soil, diminishing its shear strength and heightening the risk of slope failures 

(Liu et al., 2021). Implementing adaptive strategies to mitigate the impacts of climate change is vital 

for ensuring the long-term resilience of communities and ecosystems in landslide-prone areas. 

Mitigating landslide risks necessitates a multidisciplinary approach that integrates geological, 

hydrological, and environmental assessments with community-based disaster management strategies 

(Kumar, 2024). A comprehensive evaluation of landslide vulnerability includes analyzing 

geological formations, rock hardness, land cover changes, slope levelss, and precipitation patterns. 
Developing a robust scientific understanding of these factors is essential for identifying areas at risk 

and implementing effective mitigation measures. Emphasis must be placed on sustainable 

engineering solutions and land-use practices that enhance slope stability, thereby minimizing the 

environmental and socioeconomic consequences of landslides. The study aims to provide an in-

depth analysis of the influence of geological characteristics, land cover, slope levels, and rainfall 
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intensity on landslide susceptibility. The novelty of this study lies in its multi-parameter overlay 
approach, which combines detailed geological classifications with high-resolution land cover and 

rainfall data specific to Pasaman Regency. The anticipated outcomes of this study are expected to 

make a significant contribution to disaster risk reduction efforts and the promotion of sustainable 

land management practices. 

2. METHODS 

This study employs a quantitative approach to assess landslide vulnerability in Pasaman 
Regency. The methodology combines field observations, on-site measurements, and satellite 

imagery analysis, ensuring a comprehensive evaluation of risk factors. To guarantee the reliability 

and accuracy of the findings, validation is carried out through field testing, providing a robust 

framework for interpreting the results. 

2.1. Study location 

The study focuses on Pasaman Regency in West Sumatra Province, a region intersected by the 

active Sumatran Fault. Astronomically, the study area is situated between latitudes 0°55' N to 0°06' 

S and longitudes 99°45' to 100°21' E with a total area of 394763 ha. More details can be seen on the 

map in Fig. 1 below. 

 

 

Fig. 1. Map of study location in the Sumatra Fault in Pasaman Regency. 
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This region exhibits a complex interplay of geological, topographical, and climatic conditions, 
making it highly susceptible to landslides and an ideal case study for vulnerability assessment. Its 

geological diversity and proximity to active fault segments significantly amplify its risk for natural 

disasters, particularly landslides. To enhance the spatial precision of the analysis, GIS tools are 

employed for mapping and overlaying critical parameters such as slope levels, land cover, rainfall 

distribution, and geological characteristics. This spatial approach enables a detailed visualization of 

landslide-prone zones and their correlation with environmental and anthropogenic factors. 

Additionally, the integration of high-resolution satellite imagery and spatial modeling facilitates the 

identification of vulnerable areas and aids in developing targeted mitigation strategies. This GIS-

based analysis contributes to a more sustainable approach to managing disaster risks by providing 

actionable insights into land cover planning and environmental conservation.  

2.2. Study Procedure 

At this stage, various datasets and analytical tools are utilized to ensure a comprehensive 

assessment. Geological mapping is conducted to determine rock types and their spatial distribution 
using the Geological Map of the Lubuk Sikaping and Padang Sheets at a 1:250,000 scale, published 

by the Geological Agency of the Ministry of Energy and Mineral Resources (ESDM) of the 

Republic of Indonesia. Slope mapping is derived from Shuttle Radar Topography Mission (SRTM) 

data, while land cover classification employs Landsat 9 Operational Land Imager (OLI) and 

Thermal Infrared Sensor (TIRS) 2024 imagery to analyze vegetation and land cover patterns. 

Rainfall analysis uses a 10-year dataset (2010–2020) to study precipitation trends and variability, 

providing critical insights into rainfall-related landslide triggers. 

ArcMap 10.4.1 software is utilized for supervised classification, applying the Maximum 

Likelihood algorithm to produce precise land cover mappings (Dewata et al., 2024; Atef et al., 

2024). Slope categories are reclassified into predefined levels to facilitate comparative analyses. 

Overlay analysis integrates thematic maps of geological features, slope classifications, land cover, 

and rainfall data to delineate zones prone to landslides. This integrative approach combines multiple 
environmental and geological factors to provide a holistic vulnerability assessment. 

The validation stage is pivotal for ensuring the accuracy and reliability of the generated maps 

and analyses. Field tests are performed to ground-truth classified maps and validate spatial analyses. 

Quantitative validation employs the Confusion Matrix and Kappa Accuracy Test to evaluate the 

reliability of land cover classifications and landslide vulnerability analyses (Chowdhury, 2024). 

This rigorous validation process ensures the results reflect real-world conditions, minimizing errors 

and uncertainties in the final outputs. 

The final stage focuses on categorizing landslide vulnerability zones into high, medium, or low 

levels. This involves evaluating the interactions among key factors, including geological conditions, 

slope classifications, land cover dynamics, and rainfall intensity. By utilizing high-resolution data, 

and geospatial analyses, this approach enhances spatial accuracy and provides actionable insights 
for sustainable land-use planning and disaster risk mitigation. 

2.3. Data Analysis Techniques 

Guided classification, also referred to as supervised classification, is a process conducted under 

the supervision of analysts. Class groupings are defined based on the unique characteristics of each 

class, known as class signatures, which are derived from creating sample areas, or training areas 

(Putra et al., 2023). This approach involves selecting representative pixel samples for each class or 

object of interest. These samples, referred to as Regions of Interest (ROIs), are utilized to extract the 

pixel value characteristics specific to each class or object (Xiao et al., 2015). The accuracy test is an 

essential step to evaluate the reliability of the classification model. This test determines the degree 

of agreement between the classified image and the reference data (Alqadhi et al., 2021). Producer's 

accuracy measures the probability (%) that a pixel is correctly classified, reflecting how accurately 

each category has been identified. User's accuracy, on the other hand, represents the likelihood (%) 
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that a pixel from the classified image accurately corresponds to the actual field data (Stuckens et al., 
2000). The formula for the Kappa Accuracy Test is as follows: 

 

Kappa Accuracy =  
𝑁 ∑ 𝑋𝑖𝑖 −  ∑ 𝑋𝑖+. 𝑋+1

𝑟
𝑖=1

𝑟
𝑖=1

𝑁2 − Ʃ 𝑋𝑖+. 𝑋+𝑖

 100% 

where: 𝑁 = Total number of pixels in the sample; 𝑋𝑖𝑖 = Diagonal values in the contingency matrix 

for the 𝑖-th row and 𝑖-th column; 𝑋𝑖+ = Total number of pixels in the 𝑖-th row; and 𝑋+𝑖 = Total 

number of pixels in the 𝑖-th column 

The accuracy test not only validates the effectiveness of the classification process but also 

strengthens spatial decision-making. By integrating GIS-based accuracy assessments, this method 

provides critical insights for sustainable land management and disaster mitigation planning. 

Accurate classification supports environmental sustainability by enabling precise monitoring of land 

cover changes, thereby informing policies aimed at reducing erosion and landslide risks. 

The assessment of landslide vulnerability in Pasaman Regency was conducted using a 

quantitative approach that integrates thematic maps representing four critical parameters 

contributing to landslide risk, namely geological conditions, land cover, slope levels, and rainfall 
intensity. According to Masruroh et al. (2024), these maps were utilized to analyze the spatial 

distribution of each factor and their combined effect on the region’s susceptibility to landslides. 

Based on the overlay analysis (Tešić et al., 2020), three distinct landslide vulnerability zones were 

identified: namely low vulnerability, medium vulnerability, and high vulnerability (Upadhyay, 

2024). Each zone corresponds to varying levels of risk, determined by the interaction of the four 

parameters. High-vulnerability zones are typically characterized by steep slopes, fragile geological 

formations, and high rainfall. In contrast, low and medium vulnerability zones are associated with 

more stable geological and topographical conditions, making them less prone to landslides (Triyatno 

et al., 2020; Beshir et al., 2024). The following analysis provides detailed descriptions of the 

parameters contributing to these vulnerability zones, offering insights into the factors that influence 

landslide risk across Pasaman Regency. The detailed analysis of each parameter is presented below. 

2.3.1. Geological conditions and scoring 

The geological conditions of Pasaman Regency are diverse, with a variety of rock types that 

significantly influence landslide susceptibility. The geological map, which categorizes the region 

into sedimentary, igneous, and metamorphic rocks (Geological Map of the Lubuk Sikaping and 

Padang Sheets at a 1:250,000 scale), shows varying vulnerability across different regions. For more 

clarity, see Table 1 below. 
Table 1. 

Distribution of geological conditions and vulnerability scores in Pasaman Regency. 

Rock Type Score 

Igneous 1 

Sedimentary 2 

Metamorphic 3 

 

These rock types are distributed unevenly across the region, with igneous rocks being the most 

dominant, followed by sedimentary and metamorphic rocks. Igneous rocks, especially in regions 

influenced by fault lines like the Semangko Fault, are prone to weathering and are more likely to 

cause landslides when combined with steep slopes and heavy rainfall. In contrast, sedimentary and 
metamorphic rocks offer greater stability but still require mitigation efforts in fault-affected zones. 

2.3.2. Land cover and scoring 

Land cover plays a critical role in stabilizing slopes and mitigating landslide risks. The results 

from the Landsat 9 OLI/TIRS 2024 analysis highlight the distribution of key land cover types across 

Pasaman Regency. For more clarity, see Table 2 below. 
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Table 2. 

Distribution of land cover and vulnerability scores in Pasaman Regency. 

Land Cover Score 

Forest 1 

Plantation 2 

Ricefield 2 

Shrubs 2 

Water Bodies 3 

Built-up Land 3 

Open Land 3 

Dry Field 3 

Forested areas are key to stabilizing slopes, particularly in high-risk regions influenced by fault 

lines. Plantations, ricefields, and shrubs pose medium risks due to their impact on soil stability, 

while built-up areas and water bodies represent areas with high erosion and flood risks. Sustainable 
land management practices are crucial in regions with higher levels of human activity to mitigate 

these risks. 

2.3.3. Slope levels and scoring 

Slope analysis conducted using SRTM data shows that steep slopes significantly contribute to 

landslide susceptibility, particularly in regions intersected by active fault lines. For more clarity, see 

Table 3 below. 
Table 3. 

Distribution of slope levels and vulnerability scores in Pasaman Regency. 

Slope Levels Score 

24% - 45% 1 

< 15% 2 

15% - 24% 2 

> 45% 3 

The most dominant slopes are in the 24% - 45% range, which are prone to landslides, especially 

along fault lines. The steeper slopes, categorized as >45%, are particularly vulnerable and need 

urgent mitigation. Flatter and mediumly sloped areas are more suitable for settlements and 

agriculture, with a medium level of risk. 

2.3.4. Rainfall conditions and scoring 

Rainfall data for Pasaman Regency was processed to identify regions vulnerable to rainfall-

induced landslides. Areas with high rainfall are significantly more prone to slope failure, especially 

in regions with steep terrain. For more clarity, see Table 4 below. 
Table 4. 

Distribution of rainfall and vulnerability scores in Pasaman Regency. 

Annual Rainfall (mm) Score 

1500 - 2500 1 

> 2500 2 

Regions experiencing high rainfall (>2500 mm/year) are at a much higher risk of landslides. 

Heavy rainfall combined with steep terrain, especially in the High Vulnerability Zone, amplifies the 

risk of slope failure. Areas with medium rainfall still face risks, but the overall threat is lower. 

2.3.5. Landslide vulnerability zones in Pasaman Regency 

The landslide vulnerability zones in Pasaman Regency have been identified through a 
comprehensive analysis of key geological and environmental parameters. Based on the integration 

of geological conditions, land cover, slope levels, and rainfall intensity, three distinct vulnerability 

zones were established (Low, Medium, and High). These zones reflect varying levels of risk, 



 Helfia EDIAL, Paus ISKARNI, Endah PURWANINGSIH, Ratna WILIS, Deded CHANDRA, Jon … 234 

 

determined by the interaction of these factors. Table 5 below summarizes the characteristics and 
scoring for each vulnerability zone, providing an overview of the land's susceptibility to landslides. 

The subsequent analysis further explains the spatial distribution and significance of each zone in 

terms of landslide risk across the region. 
Table 5. 

Landslide vulnerability zones in Pasaman Regency. 

Vulnerability Zone Score Key Characteristics 

Low 1 Dominated by flat terrain with alluvial and metamorphic rocks, minimal 

risk of landslides. 

Medium 2 Predominantly sedimentary rocks with medium slopes and rainfall. 

Landslides are rare to medium. 

High 3 Steep slopes, high rainfall, and fragile igneous rocks in fault zones. High 

risk of landslides. 

For the research methodology, the study categorizes landslide vulnerability into three distinct 

zones (low, medium, and high). Low vulnerability zones are characterized by flat terrain and 
alluvial or metamorphic rocks, which present minimal landslide risk. Medium vulnerability zones 

are predominantly found in areas with sedimentary rocks, medium slopes, and rainfall. These 

regions experience a rare to medium occurrence of landslides. High vulnerability zones, which 

include steep slopes, high rainfall, and fragile igneous rocks, are at the highest risk for landslides, 

particularly in fault-affected areas. This classification helps in understanding the spatial distribution 

of landslide risks across Pasaman Regency. 

3. RESULTS  

3.1. Geological Conditions of Pasaman Regency 

Based on observations from the Geological Map of the Lubuk Sikaping and Padang Sheets at a 

scale of 1:250,000, produced by the Geological Agency of the Ministry of Energy and Mineral 

Resources (ESDM) of the Republic of Indonesia, the geological conditions of Pasaman Regency are 
defined by a diverse range of rock formations and active fault lines. This makes the region 

significant for the study of geological processes, disaster mitigation, and sustainable land 

management. Observational data and geological mapping reveal that the rock outcrops in Pasaman 

Regency consist of 31 geological units. These units are classified into three primary rock types: 

sedimentary, igneous, and metamorphic rocks. Their distribution and respective areas are 

summarized in Table 6 and Figure 2 below. 
Table 6. 

Distribution of rock types in Pasaman Regency. 

Rock Type Area (Ha) Percentage (%) Score 

Igneous 163124 41 1 

Sedimentary 131005 33 2 

Metamorphic 100634 25 3 

Total area of Pasaman Regency  394763 100  

Source: Results of observations from the Geological Map of the Lubuk Sikaping and Padang Sheets at a scale 

of 1:250.000. 

In Table 6 and Figure 2 the distribution of three primary rock types in Pasaman Regency igneous, 

sedimentary, and metamorphic rocks along with their respective areas and proportions. These rock 

types are distributed unevenly across the region, reflecting the geological diversity shaped by active 

fault lines and tectonic processes. Igneous rocks are the most dominant, covering 41 % of the area 

(163124 ha). These rocks, often associated with volcanic activity, are prevalent in regions 

influenced by the Semangko Fault and its segments (Sieh & Natawidjaja, 2000). Their presence 

suggests significant tectonic and volcanic processes that have shaped the region’s geological 

history.  
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Fig. 2. Map of geological unit in Pasaman Regency (Source: Geological Map of the Lubuk Sikaping and 

Padang Sheets at a 1:250,000 scale). 

 

The igneous formations, including andesite and other volcanic rocks, form much of the hilly 

and mountainous terrain (Aryantie et al., 2023). However, these steep slopes are prone to landslides, 

especially in areas with high rainfall. Sustainable land cover practices and slope stabilization 

measures are essential to mitigate these risks. 

Sedimentary rocks account for 33% of the total area (131005 ha), making them the second most 
prevalent rock type. These rocks, typically deposited in low-energy environments like basins, 

include formations such as shale, sandstone, and limestone. Sedimentary layers often serve as 

aquifers or reservoirs for groundwater, which are vital for agricultural activities (Keesari et al., 

2015). Their relatively flat terrain makes them more suitable for settlements and farming. 

Metamorphic rocks, which 25 % of the area (100634 ha), are typically found in regions that have 

experienced intense tectonic activity. These rocks, such as slate, phyllite, and schist, are generally 

harder and more resistant to weathering compared to sedimentary rocks (Yao et al., 2015). 

However, when weathered, they may become susceptible to slope instability, particularly in hilly 

areas. The presence of metamorphic rocks in fault-affected zones underscores the need for careful 

planning and infrastructure development to mitigate geological hazards. The geological diversity in 

Pasaman Regency highlights the need for sustainable land management practices that align with the 
distinct characteristics of each rock type. Igneous rock regions, with their significant geothermal 

potential, offer opportunities for renewable energy development, which could drive local economic 

growth. Sedimentary rock regions, being well-suited for agriculture and settlements, require 
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effective erosion control measures to ensure long-term productivity and prevent land degradation. In 
contrast, metamorphic rock regions present opportunities for conservation and reforestation, which 

are essential for mitigating natural disasters such as landslides. 

This diverse geological composition makes Pasaman Regency a prime candidate for the 

development of a geopark. The area's varied rock formations and distinctive geomorphological 

features offer significant opportunities for educational tourism and environmental conservation. 

These initiatives can foster socio-economic growth while ensuring long-term sustainability. The 

geological landscape of Pasaman Regency is highly diverse across its regions, shaped by the 

intricate interactions of rock types, active fault lines, and climatic conditions. The distinct 

geological characteristics of each region and their potential contributions to sustainable 

development are shown in Table 7 below.  
Table 7. 

Geological conditions and management recommendations for areas around the Semangko Fault. 

Areas Geological Conditions Rock Type & Hardness 
Management 

Recommendations 

North Rao Intersected by the 
Semangko Fault, dividing 
the region into western and 
eastern parts. 

− Weathered Phyllite 
(Pckk), Hardness: 4–5 

− Slate (Puku), Hardness: 4 

− Breccia (Qvsmm), 
Hardness: 6 

− Implement integrated slope 
management strategies. 

− Strengthen conservation of 
vegetation cover. 

− Enforce strict land cover 
regulations to mitigate 
landslides and soil erosion. 

South Rao Fault boundary separating 
volcanic tuff in the west and 
phyllite in the east. 

− Volcanic Tuff (Qtvsb), 
Hardness: 4 

−  Phyllite, predominantly 
in forested areas 

− Preserve forested areas to 
maintain ecological balance 
and reduce erosion. 

− Implement sustainable 
agroforestry practices to 
enhance disaster resilience. 

Panti Dominated by volcanic tuff 
sedimentary rocks in the 
northern hills; flat alluvial 
plains in the central region. 

− Volcanic Tuff 
Sedimentary Rocks 

− Andesite Igneous Rocks 
(QTt), Hardness: 6 

− Alluvial Deposits (Qf) 

− Promote sustainable 
agricultural practices, 
especially in the central 
plains. 

− Implement erosion control 
and reforestation programs in 
hilly terrains. 

− Explore geothermal energy 
potential in areas with hot 
springs. 

Lubuk Sikaping Geologically diverse, with 

various rock formations and 
fault depressions. 

− Quarter Andesite (Qa) 

− Quarter Fluvial (Qf) 

− Breccia Rocks (Qvsmm) 

− Volcanic Quarter Rocks 
(Qv) 
- Slate (Puku) 

− Develop geopark potential for 
educational tourism and 
conservation. 

− Utilize GIS-based land cover 
planning for sustainable 
development. 

Bonjol Marked by slate and breccia 
volcanic quarter rocks, with 
sub-fault activity. 

− Slate (Puku) 

− Breccia Volcanic Quarter 
Rocks (Qvsmm) 

− Quarter Fluvial (Qf) 

− Quarter Pumice Tuff, 
Hardness: 4–6 

− Prioritize conservation efforts 
to reduce soil erosion. 

− Promote afforestation to 
stabilize slopes. 

− Use GIS-based assessments 
for disaster mitigation 
strategies. 

− Explore geothermal potential 
for renewable energy projects 
and tourism development. 

Source: Hikmatullah et al. (1990). 
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This is derived from the Explanatory Booklet of the Land Unit and Soil Map of the Lubuk Sikaping 

Sheet (0715), Sumatra: Land Resources Evaluation and Planning Project, Soil Data Base 

Management and the Geological Map of the Lubuk Sikaping (Hikmatullah et al., 1990) and results 

of observations from the Geological Map of the Lubuk Sikaping and Padang Sheets at a scale of 

1:250.000. 

3.2. Land Cover 2024 Conditions of Pasaman Regency 

To identify and analyze the land cover in Pasaman Regency, image interpretation was 

conducted using Landsat 9 OLI/TIRS 2024. The interpretation involved composing specific bands 

to enhance the visualization and differentiation of various land cover types. The composite bands 

used were Bands 4, 3, and 2 (Natural Band) and Bands 6, 5, and 3. These combinations allow for a 

detailed analysis of natural and anthropogenic land cover features, highlighting vegetation, water 

bodies, and urbanized areas. The supervised classification method ensures high accuracy by 

leveraging field data and expert knowledge for calibration. 

The results of the analysis were used to generate a detailed land cover map of Pasaman 

Regency, highlighting the spatial distribution of key land cover types, including forests, plantations, 

agricultural lands, water bodies, and built-up areas in 2024. This map provides critical insights into 
the region's current land cover patterns and serves as a foundation for assessing environmental 

sustainability and disaster mitigation planning. These efforts align with global goals for sustainable 

development and climate resilience. The detailed land cover in Pasaman Regency, highlighting 

these classifications for land cover, can be seen in Table 8 and the map in Fig. 3 below. 
Table 8. 

Distribution of land cover 2024 in Pasaman Regency. 

Land Covers Area (Ha) Percentage (%) Score 

Forest 304573 77 1 

Plantation 43770 11 2 

Ricefield 20940 5 2 

Shrubs 16472 4 2 

Water Bodies 2516 1 3 

Built-up Land 1369 0 3 

Open Land 2810 1 3 

Dry Field 2313 1 3 

Total area of Pasaman Regency 394763 100  

Source: Results of data analysis from Landsat 9 OLI/TIRS 2024. 
 

The spatial distribution of land cover types, as visualized in Fig. 3 above, demonstrates a strong 

relationship between natural features and human activities. Forested areas are concentrated in the 

central and southern regions, which feature higher elevations and frequently intersect with the 

Sumatran Fault. These regions are vital for disaster risk mitigation, as forest cover reduces the 

likelihood of landslides in steep and fault-affected zones. In contrast, plantations are concentrated in 

relatively flatter northern areas, underscoring their suitability for agriculture. Built-up areas are 

minimal and scattered, primarily near subdistrict centers like Lubuk Sikaping, indicating controlled 

urbanization consistent with the region's rural character. 
The land cover conditions in Pasaman Regency, as depicted in Table 2 above shows that the 

region's land cover dynamics for 2024. Forests dominate the landscape, covering 305473 ha, which 

accounts for 77 % of the total area. This extensive forest coverage highlights the region's rich 

biodiversity and ecological importance. Forests play a pivotal role in maintaining slope stability, 

regulating the hydrological cycle, and serving as carbon sinks. Their conservation is crucial, 

particularly in fault-affected areas that are vulnerable to landslides and soil erosion. 

Plantations constitute the second-largest land cover type, occupying 43770 ha or 11 % of the 

total area. These plantations are predominantly located in the northern and northeastern regions, 

where medium slopes and suitable soil conditions support agricultural activities.  
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Fig. 3. Map of land cover 2024 in Pasaman Regency. 

 

While plantations contribute significantly to the local economy, implementing sustainable 

agricultural practices such as agroforestry and soil conservation techniques is essential to prevent 
land degradation and sustain productivity over the long term. Built-up land and open fields 

collectively make up less than 0 % of the total land cover, reflecting the predominantly rural and 

natural character of Pasaman Regency. 

These areas are essential for infrastructure development and urban expansion but must be 

carefully managed to avoid encroaching on ecologically sensitive zones. Rice fields, covering 

20940 ha or 5%, and dry field, covering 2313 ha or 1 %, play a vital role in ensuring food security 

and supporting local livelihoods. Promoting sustainable farming methods in these areas is critical to 

mitigate erosion and adapt to climate variability. Shrubs and water bodies, which represent 16472 

ha or 4 % and 2516 or 1 % of the land cover respectively, also contribute to the region's ecological 

balance. Shrublands act as transitional ecosystems that support wildlife, while water bodies and 

rivers are crucial for hydrological stability and agricultural irrigation. The proximity of different 

land cover types to fault lines emphasizes the importance of integrated spatial planning and disaster 
risk reduction strategies. Additionally, sustainable watershed management is critical for maintaining 

water bodies and rivers, which are essential for ecological health and agricultural productivity. To 

ensure the accuracy of the supervised classification results and validate the reliability of the land 

cover mapping, an Accuracy Test was conducted. This involved creating a Confusion Matrix, as 

shown in Table 9. The matrix compares predicted land cover categories with reference data, 

identifying areas of agreement and discrepancies.  
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Table 9. 

Confusion Matrix Land Cover Pasaman Regency. 

Land Cover 

Class 

Water 

Bodies 
Forest 

Built- 

up  

Open 

Land 

Planta 

tion 

Rice 

field 
Shrubs 

Dry 

Field 
Total 

Water Bodies 4 0 0 0 0 0 0 0 4 

Forest 0 5 0 0 0 0 0 0 5 

Built-up Land 0 0 4 0 0 0 0 0 4 

Open Land 0 0 0 4 0 0 0 0 4 

Plantation 0 1 0 0 6 0 1 0 8 

Ricefield 0 0 0 0 0 4 0 0 4 

Shrubs 0 1 0 0 0 0 3 0 4 

Dry Field 0 0 0 0 0 0 0 3 3 

Total 4 7 4 4 6 4 4 3 36 

Source: Results of data analysis 2024. 

Metrics such as producer accuracy, user accuracy, and the Kappa coefficient were used to 

assess the performance and precision of the classification method applied to Landsat 9 OLI/TIRS 

2024 imagery. These insights are critical for evaluating the effectiveness of the classification 

process and refining future land cover analyses. 

The accuracy test results for the land cover classification in Pasaman Regency show an overall 

accuracy of 92 % and a Kappa Accuracy Test value of 90 %, exceeding the minimum interpretation 

accuracy standard of 85%. These values confirm that the classification is highly reliable and 

consistent. The Maximum Likelihood Algorithm used in the supervised classification effectively 

distinguishes different land cover types, such as forests, plantations, rice fields, and built-up areas. 

The confusion matrix in Table 9 shows minimal misclassification, further validating the accuracy of 
the land cover map. This reliable classification is essential for various applications, namely 1) 

Accurate mapping of forests and plantations supports conservation efforts and biodiversity 

protection; 2) Identifying land cover near fault lines helps prioritize slope stabilization and landslide 

mitigation; 3) Precise classification of rice fields and plantations aids in optimizing land cover for 

agriculture; and 4) Accurate mapping of built-up and open land areas guides controlled urban 

development. The high accuracy also highlights the importance of satellite imagery, field validation, 

and GIS-based analysis in producing reliable results. 

3.3. Slope Levels in Pasaman Regency 

The slope levels in Pasaman Regency were analyzed using SRTM data processed with the slope 

tool in ArcMap 10.4.1 software. This method calculates the gradient of terrain for each pixel, 

producing raster data that was then reclassified into slope classes such as flat, gently sloping, 

mediumly steep, steep, and very steep. The reclassified raster data was converted into polygons to 
calculate the area in hectares for each slope category. The resulting slope map provides a clear 

visualization of the region's topography. This analysis is crucial for various applications. Areas with 

steep slopes are identified as more prone to landslides, especially in regions with active faults or 

high rainfall, helping in disaster risk reduction. Flat and gently sloping areas are better suited for 

agriculture and urban development, while steep regions require careful planning to minimize 

erosion and environmental impact. Additionally, the slope data supports conservation efforts, such 

as targeted reforestation and soil erosion control, while also highlighting potential ecotourism 

opportunities in geologically unique areas. The detailed slope map, showing the distribution of slope 

levels, can be seen in Table 10 and the map in Fig. 4 below. It can be observed that the most 

dominant Slope Levels in Pasaman Regency fall within the category of 24-45%, covering an area of 

154878 ha or 39 %. This indicates that a significant portion of the region consists of mediumly steep 
slopes. These areas are predominantly located along the fault zones and hilly terrains, as shown on 

the map, which aligns with the region's geological complexity. The slopes ranging from 15-24%, 

covering 91754 ha or 23 %, represent gently sloping areas commonly utilized for agriculture and 

plantations, as observed in regions with fertile soils and flatlands near river systems. 
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Table 10. 

 Slope levels distributions in Pasaman Regency. 

Slope Levels Area (Ha) Percentage (%) Score 

24% - 45% 154878 39 1 

< 15% 132235 33 2 

15% - 24% 91754 23 2 

> 45% 15896 4 3 

Total area of Pasaman Regency* 394763 100  
Source: Results of data analysis 2024. 

 

 

Fig. 4. Map of slope levels in Pasaman Regency. 

 

Meanwhile, slopes below 15% occupy 132235 ha or 33 %, making them ideal for settlements 

and infrastructure development. However, the smallest slope category (>45%) constitutes only 4% 

of the total area (15896 ha), representing very steep regions that are highly vulnerable to erosion and 
landslides. The distribution of slope levels across Pasaman Regency indicates a terrain that varies 

from flat to steep, requiring integrated land cover planning and environmental management. Steeper 

slopes, which dominate much of the area, necessitate sustainable practices such as terracing, 

reforestation, and slope stabilization to prevent soil erosion and support ecological balance. Flatter 

regions, on the other hand, provide opportunities for sustainable agricultural expansion and urban 

development while minimizing the risk of natural disasters. 
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3.4. Rainfall Conditions in Pasaman Regency 

Rainfall patterns are vital for understanding the environmental dynamics of Pasaman Regency, 

particularly its vulnerability to natural disasters such as landslides. Prolonged and intense rainfall 

increases soil saturation, weakens shear strength, and significantly raises the risk of slope failures in 

steep regions (Igwe, 2016). As such, monitoring rainfall trends is essential for disaster preparedness 

and mitigation efforts. Additionally, rainfall data plays a key role in sustainable water resource 

management for the region. By integrating rainfall patterns into land cover planning, Pasaman 

Regency can achieve a better balance between development objectives and environmental 

conservation. The combination of rainfall data with slope analysis and land cover mapping provides 

a comprehensive approach to environmental management. This enables policymakers to identify 

vulnerable areas and prioritize sustainable development strategies effectively. For this study, rainfall 

data for Pasaman Regency were sourced from the Agency of Water Resources Management in West 

Sumatra Province. Data were collected from five rainfall monitoring stations over 10 years, from 
2010 to 2020. The detailed rainfall data are presented in Table 11 and Tabel 12 below. 

Table 11. 

Annual rainfall data by station in Pasaman Regency (2010–2020). 

Year 
Rainfall Station/Post 

Ganggo Mudiak Ujung Gading Rao Muaro Tanjung Bendungan Panti/Rao 

2010 4561 5862 1706 2138 1646 

2011 3716 2044 1663 2612 6193 

2012 4013 1230 1779 2512 2371 

2013 4468 1820 2736 2864 2633 

2014 3945 7430 1945 2377 1893 

2015 4016 5902 1945 3052 1076 

2016 3426 4574 1592 3052 2392 

2017 5571 4205 2445 4352 2393 

2018 4036 2735 2445 3550 2596 

2019 4101 3750 2445 3550 1740 

2020 3539 3999 1945 3162 1300 

Total 45391 43551 22647 33221 26234 

Average 4126 3959 2059 3020 2385 

Source: Data 2024 in the Agency of Water Resources Management in West Sumatra Province. 

Table 12. 

Annual rainfall distribution in Pasaman Regency. 

Annual Rainfall (mm) Area (Ha) Percentage (%) Score 

1500 - 2500 212309 54 1 

> 2500 183700 46 2 

Source: Results of data analysis 2024. 

 

The annual rainfall data is then processed using ArcMap 10.4.1 software with the Isohyet 

method to create contour lines representing areas of equal rainfall (Singh & Fiorentino, 2013; 

Venkatramanan et al., 2019; Bhattacharya et al., 2020). This produces raster data, which is 
reclassified into rainfall classes for easier interpretation. The raster data is then converted into 

polygons, allowing for precise calculations of each rainfall class's area in hectares. The resulting 

annual rainfall map, shown in Table 11 and Table 12 above, shows the distribution of rainfall 

across Pasaman Regency. Regions with higher rainfall intensity can be identified for landslide risk 

management, while areas with lower rainfall can guide irrigation and water conservation efforts. 

This analysis is essential for sustainable water resource management, helping to align agricultural 

practices, disaster planning, and environmental conservation with local rainfall patterns (Srivastav et 

al., 2021). By integrating this data with slope and land cover maps, policymakers can develop 

strategies to balance development with environmental protection. The detailed rainfall map, 

showing the annual rainfall distribution (2010–2020), can be seen in the map in Fig. 5 below. 
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Fig. 5. Map of Annual Rainfall Distribution (2010–2020) in Pasaman Regency. 

 

Based on Fig. 5, the annual rainfall distribution in Pasaman Regency is classified as medium to 
high, with average rainfall consistently exceeding 1500 mm each year. This highlights the region as 

a high-rainfall area, receiving a significant volume of precipitation annually. Such rainfall patterns 

play a crucial role in shaping the region's hydrological and environmental systems. Understanding 

these rainfall trends is vital for effective water resource management, including irrigation planning, 

flood control, and ensuring water availability for agriculture and other sectors. Moreover, the high 

rainfall levels contribute to the region's susceptibility to natural hazards, such as landslides and 

erosion, particularly in areas with steep slopes. Addressing these risks requires integrated planning 

and sustainable land cover strategies to protect both infrastructure and ecosystems. This information 

serves as a foundation for developing targeted mitigation measures and promoting environmental 

resilience, ensuring that communities in Pasaman Regency can adapt to and sustainably manage the 

impacts of its rainfall characteristics. 

3.5. Landslide Vulnerability of Pasaman Regency 

The assessment of landslide vulnerability in Pasaman Regency was conducted by overlaying 

thematic maps representing four key parameters contributing to landslide risk, namely geological 

characteristics, land cover, slope levels, and rainfall intensity. These maps, as shown in the overlay 

(Fig. 6), illustrate the spatial distribution of each parameter and their combined impact on landslide 

susceptibility. The integration of these factors provides a detailed and comprehensive understanding 
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of the region's susceptibility to landslides, emphasizing areas at risk of slope failures. From the 
overlay analysis, three distinct landslide vulnerability zones were identified, namely low 

vulnerability, medium vulnerability, and high vulnerability. These zones represent varying levels of 

risk based on the interplay of the five parameters. High-vulnerability zones are characterized by 

steep slopes, fragile geological units, and areas experiencing high rainfall, while low and medium-

vulnerability zones are associated with more stable geological and topographical conditions. The 

area of each vulnerability zone was calculated to quantify the extent of landslide-prone regions in 

the regency. This classification is essential for effective disaster risk reduction and prioritizing 

mitigation efforts. High-vulnerability zones require immediate attention through reforestation, slope 

stabilization, and sustainable land cover practices to reduce erosion and landslide risks. Medium and 

low-vulnerability zones, although less critical, demand proactive monitoring to prevent future risk 

escalation caused by land cover changes or climate variability. The results of the overlay analysis, 

including the area and percentage of each vulnerability classification, are summarized in Table 13 

below. 
Table 13. 

Slope levels distributions in Pasaman Regency. 

No Vulnerability Zone Area (Ha) Percentage (%) 

1 Low  1895 0 

2 Medium 340891 86 

3 High  51977 13 

Total area of Pasaman Regency* 394763 100 

Source: Results of data analysis 2024. 

 

In general, Pasaman Regency falls predominantly within the medium landslide vulnerability 

zone, which covers an area of 340891 ha or 86 % of the region. This is followed by the high-

vulnerability zone, which spans 511977 ha or 13 %. Lastly, the low-vulnerability zone is the 

smallest, covering 1895 ha or 0 %. The high-vulnerability zones are typically areas where landslides 

frequently occur. These regions are characterized by geological conditions dominated by igneous 

rocks and are commonly found in hilly areas or cliffs that have been disrupted by infrastructure 

development, such as highways, mining operations, and buildings. Inappropriate land cover, such as 
planting fibrous-rooted vegetation or converting forests into agricultural fields, exacerbates these 

vulnerabilities. Additionally, high annual rainfall exceeding 2500 mm intensifies the risk of 

landslides, particularly on unstable slopes. The medium-vulnerability zones generally experience 

less frequent landslides, with rates classified as rare to medium. The geological conditions in these 

areas are dominated by sedimentary and metamorphic rocks. Landslides in these zones typically 

occur due to a combination of natural factors, such as earthquakes and steep slopes, and human 

activities, such as slope cutting, land cover changes, and construction. High rainfall levels, coupled 

with these factors, further contribute to the potential for landslides.  

As illustrated on the map, medium-vulnerability areas are marked in yellow. The low-

vulnerability zones are regions with a minimal risk of landslides. Landslides in these areas are rare 

and usually occur only when there is a disturbance on the slopes. Geologically, these zones are 
dominated by alluvial rocks and are located in lowland areas, making them relatively stable against 

landslides. As highlighted on the map, low-vulnerability zones are marked in green, representing 

areas with high stability and minimal landslide risk. These regions are less likely to require 

intensive mitigation efforts but still benefit from regular monitoring. The detailed spatial 

distribution of these vulnerability zones can be visualized on the overlay map in Fig. 6, which 

combines key parameters contributing to landslide risks. Landslide-prone areas with high levels of 

vulnerability are predominantly concentrated west of the main active fault, following a linear 

pattern from north to south. This distribution is largely influenced by geological characteristics, with 

igneous rocks being the dominant type in the western region. While volcanic or igneous rocks are 

compact and generally resistant to landslides, their susceptibility increases when exposed to 

weathering processes, elevated temperatures, and intense rainfall. 
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Fig. 6. Map of landslide locations in Pasaman Regency. 

 

These combined factors weaken the structural integrity of the rocks, significantly raising the 

risk of slope failure. Edial et al (2018); Triyatno et al (2020) similarly highlighted that regions 

experiencing significant rainfall and steep slopes are more prone to landslides due to reduced shear 

strength and increased soil saturation. Land cover also plays a critical role in influencing landslide 

vulnerability. The western region, with its diverse land cover types such as plantations, rice fields, 

dry fields, shrubs, and open land, exhibits greater slope instability compared to the eastern region, 

which is predominantly covered by forests and shrubs. These findings are consistent with Hermon et 
al (2019); Mohanty et al. (2024), who underscored the stabilizing effect of forest cover in mitigating 

landslide risks. Furthermore, improper land cover practices, including the expansion of agricultural 

land and the conversion of forests into plantations, exacerbate the vulnerability of slopes in the 

western region. The impact of the Semangko Fault is especially evident along critical infrastructure, 

such as the Sumatra Central Cross Road. This highway, which follows the fault’s trajectory through 

steep valleys and flat grabens, is highly susceptible to landslides. Areas such as Nagari Ganggo 

Mudik Hilir and Nagari Sundata, where steep slopes and geological instability intersect, are 

particularly at risk. These observations align with Radityo et al. (2024), who found that roads 

constructed along active fault lines are highly vulnerable to slope failures. Similarly, district roads 
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like Jalan Kumpulan Padang Sawah, which also crosses the active Semangko Fault, share 
comparable risks. Ojomo et al. (2024) further emphasized that transportation infrastructure located 

along fault zones is at heightened risk of both landslides and earthquakes. 

The socioeconomic consequences of these vulnerabilities are profound. Landslides often result 

in the disruption of road access, hindering the movement of goods and people and leading to 

substantial economic losses. These findings are consistent with Purwar et al. (2024); Osronita et al 

(2024); Hamdani et al (2024), who emphasized the significant economic impact of landslides on 

transportation networks and local economies. Such disruptions can create cascading effects, 

particularly in regions like Pasaman Regency, where communities are highly dependent on these 

routes for trade and daily activities. 

This study successfully achieves its objectives of identifying landslide-prone zones and 

analyzing the factors contributing to their vulnerability. The study novelty lies in its multi-parameter 

approach, integrating geological characteristics, land cover, slope levels, rainfall intensity, and fault 
activity through GIS-based analysis. Unlike previous studies, this study provides a localized and 

comprehensive spatial vulnerability assessment specifically tailored to the conditions of Pasaman 

Regency, emphasizing the interplay between active fault lines and human activities in landslide 

risks. Liu et al. (2021) also emphasized the importance of using multiple parameters to gain a more 

accurate understanding of landslide hazards. To mitigate the high landslide vulnerability in Pasaman 

Regency, several targeted strategies are essential. Efforts should focus on slope stabilization, 

reforestation, and adopting sustainable land cover practices. Maintaining forest cover in the eastern 

regions, while regulating agricultural expansion in the west, is crucial for minimizing slope 

instability and preventing future landslides. Sahara et al. (2018) also advocated for such measures, 

highlighting the need to maintain ecological stability in fault-affected zones. 

Enhancing infrastructure resilience is equally critical. Drainage systems along major roads, 
such as the Sumatra Central Cross Road and district roads, should be upgraded to manage water 

runoff during heavy rainfall, thereby reducing the likelihood of slope failure. Alexander (2005) 

stressed the importance of incorporating sustainable engineering solutions to mitigate landslide risks 

along critical infrastructure. Additionally, establishing community-based monitoring systems and 

emergency response plans can enhance preparedness and reduce the socioeconomic impact of 

landslides. By aligning these mitigation efforts with the principles of environmental sustainability, 

Pasaman Regency can enhance long-term disaster resilience and foster sustainable development. 

4. CONCLUSIONS 

The geological conditions of Pasaman Regency consist of diverse rock formations and active 

fault lines, shaping the region's landscape and environment. These formations include sedimentary, 

igneous, and metamorphic rocks. Igneous rocks dominate, covering 41 % of the area, and are linked 

to volcanic activity along the Semangko Fault. Although these rocks create hilly and mountainous 

terrains, they are prone to landslides, especially in areas with heavy rainfall. Land cover analysis in 

2024 shows that forests dominate 77 % of the region, playing a key role in stabilizing slopes, 

regulating water cycles, and reducing landslide risks, particularly in areas near fault lines. 

Plantations make up 11 % and are mostly found on medium slopes.  

However, poor land management in these areas could increase erosion and landslide risks. 
Built-up land and open areas account for less than 0 %, reflecting the rural nature of the region. 

Slope analysis reveals that 39 % of Pasaman Regency consists of mediumly steep slopes (24–45%), 

mostly located near fault zones. These areas are highly vulnerable to landslides due to their 

steepness and geological instability. Gently sloping areas (15–24%), covering 23 %, are suitable for 

agriculture and plantations, while flatter terrains (<15%), covering 33 %, are ideal for settlements 

and infrastructure. Very steep slopes (>45%), though only 4% of the region, require careful 

management to reduce erosion and disaster risks. Rainfall in Pasaman Regency is medium to high, 

with annual averages exceeding 1500 mm. This rainfall contributes to the region hydrology but also 

increases landslide risks in steep and fault-prone areas.  
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Combining rainfall data with slope and land cover maps helps create effective disaster 
management strategies. Landslide vulnerability mapping identifies three zones (high, medium, and 

low). High-vulnerability areas, covering 13 % of the region, are found west of the Semangko Fault 

and are characterized by steep slopes, fragile geological formations, and high rainfall. These areas 

need immediate interventions such as reforestation, slope stabilization, and controlled land use. 

Medium-vulnerability zones, covering 86 %, require monitoring to prevent increased risks, while 

low-vulnerability zones, covering 0 %, remain stable but benefit from regular oversight. To reduce 

disaster risks, settlements should be developed only in flat areas far from fault lines, avoiding steep 

or weathered zones.  

Land cover changes must consider geological and slope conditions, focusing on conserving 

forests in the east and regulating agricultural expansion in the west. In high-risk areas, slopes should 

be stabilized using vegetation and engineering methods, and transportation routes should be avoided 

during heavy rains to prevent accidents. Drainage systems on major roads, such as the Sumatra 
Central Cross Road, must be improved to manage water runoff and reduce slope failures. Lastly, the 

potential for geothermal energy in igneous rock zones should be explored sustainably, and the 

development of parks can promote tourism and education, contributing to sustainable growth. 
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