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Abstract The number of landslide occurrences in Trenggalek tends to increase
every year, and it represents a significant constraint on development, causing high
levels of economic loss and substantial numbers of fatalities. A complete under-
standing of geological conditions is essential needed for spatial planning and to
reduce the risk of lost lives and infrastructure damage. Surface mapping at regional
scale comprised of lithology, geomorphology, geological structures, and land-use
conditions was conducted in an area of 1261 km2 to develop a detailed landslide
susceptibility map. The surface mapping showed that landslides commonly occurred
on steep slopes of the fault-controlled hills that having inclination ranging from 16°
to 28°, in the areas covered by residual soils of Mandalika Breccia unit, with high
geological structure density in the settlement areas. The high susceptibility zone
covered 46,75% of the research area and was characterized by having slope incli-
nation ranging from 8° to 45°, geological units of Mandalika Breccia and Arjosari
Sandstone, and land uses of settlement, dry fields, and plantation. Undisturbed soil
samples collected from the high susceptibility area exemplify the clay–silt material,
and XRD analysis showed the dominant clay mineral composition of halloysite and
smectite.Major ion components from precipitation water, seepage, and surface water
samples were used to determine hydraulic connectivity in high susceptibility zone.
Both seepage and surface water indicate sodium bicarbonate-type water similar to
the chemical composition of the precipitation water. The landslide mechanism in the
research area is mainly controlled by lithological conditions and triggered by high
rainfall.
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1 Introduction

Landslides are natural disasters that are controlled by geological conditions,
including slopes, soil or rock types, geological structures, slope hydrology, and land
use [1]. Landslides can be triggered by human activities and/or natural processes,
including cutting slopes, changing slope use, vibrations/earthquakes, and rain [2].
Global climate change has increased in the intensity of rain, which has resulted
in many landslides with many casualties [3]. Therefore, many researchers carry
out landslide mapping with various approaches, including landslide inventory-based
probabilistic approach, heuristic approach, statistical approach, and deterministic
approach [4]. Some researchers also use geomorphological approaches to map land-
slide susceptibility [5]. Utilization of all geological parameters in landslide suscepti-
bility mapping will give better results than using only one parameter [6]. Geograph-
ical information system (GIS) applications are widely used to support landslide
susceptibility analysis using various parameters and various approach methods [7–
9]. The accuracy of the landslide vulnerability map is greatly influenced by the map
scale, mapping units, and mapping methods [10].

The research area is located inTrenggalekRegency, East JavaProvince, Indonesia,
as shown in Fig. 1. Based on Regional Geological Map of Pacitan, Tulungagung, and

Fig. 1 Research area of Trenggalek Regency, East Java, Indonesia
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Fig. 2 Typical landslides along road cut slopes in Trenggalek

Madiun Scale 1:100,000, the Trenggalek area mostly consists of Oligocene–Quater-
nary rocks [11]. The lithology is mostly weathered with low strength properties. The
geomorphology of the Trenggalek area is the result of volcanism and is strongly
affected by the geological structure, such as Puger Fault and Kambengan Fault.
Land use in Trenggalek has been used for rice and dry fields (73.18%) and settle-
ments (9.28%). Considering the relatively low population density, the development
of public facilities in Trenggalek is quite feasible. However, many landslides have
occurred and threatened the communities in the area, as shown in Fig. 2. Landslides
have occurred in the past few years and are mostly triggered by the high rainfall,
especially during the annual rainy season from October to April. Most of the Treng-
galek Regency area is located on the steep slopes that were prone to a landslide.
On the other hand, many residents living in disaster-prone areas of the landslide do
not have sufficient knowledge regarding disaster mitigation because of the low level
of education [12]. Therefore, to anticipate the impact of more significant losses and
fatalities, it is necessary to research the geological conditions of TrenggalekRegency,
including the landslide susceptibility.

This paper presents the result of surface geologicalmapping in theTrenggalek area
at a regional scale comprised of lithology, geomorphology, geological structures, and
land-use condition to develop a detailed landslide susceptibility map. Henceforward,
this vulnerability map can be used for spatial planning purposes and to identify the
main controlling factor of landslides. Lithological, geomorphological, geological
structures, and land-use maps will be presented in this paper, and in the end, the
main controlling factor of landslides will be highlighted.
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2 Methodology

The methods used for this assessment are divided into two, namely field and labora-
tory investigations. Field investigations including investigations of lithology condi-
tions, geomorphology, geological structure, precipitation and seepages water, land
use, and susceptibility of the research area to landslidewere conducted during surface
engineering geological mapping at a regional scale.

Topographical maps analysis was conducted before fieldwork using a geograph-
ical information system (GIS) tool to support the field investigations. It combined
with field observation of surface topography and active geomorphological processes
to produce a geomorphological map. The research area was classified into several
geomorphological units based on morphography, morphogenesis, and morphometry
[13, 14].

Investigation of rock properties and geological structures was implemented, and
the results were presented in a geological map and structural density map. The rocks
classification genetic used were based on the classification in the regional geological
map of Pacitan, Ponorogo, and Madiun area [11]. A structural density map was
established upon lineaments and interpretation of geological structures found during
field investigation. Field observation and interpretations of the satellite images of the
existing land uses were conducted to develop a land-use map.

Slope inclination, lithology, structural density, and land-use data were used
as parameters in the landslide susceptibility zonation. Each of the parameters
is processed using weights of evidence method. The criteria used for landslide
susceptibility zonation are shown in Table 1.

Table 1 Criteria of landslide susceptibility zonation

Parameter Classification Value Weight (%)

Lithology Mandalika breccia, Arjosari sandstone 3 52

Mandalika lava, alluvial 2

Intrusion, Campurdarat limestone, Jaten conglomerate,
Wuni volcanic breccia, Oyo calcareous sandstone,
Wonosari limestone, Argokalangan volcanic breccia

1

Slope inclinations >25° 3 20

15°–25° 2

<8°–15° 1

Structural density >1.5 km/km2 3 20

1–1.5 km/km2 2

<1 km/km2 1

Land use Settlement 3 8

Rice and dry fields 2

Forest 1
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The lithological unit, slope inclination, structural density, and land-use intensity
are given 52%, 20%, 20%, and 8% weights, respectively. Each parameter was then
divided into several sub-parameters that were assigned a value from 1 to 3. The
highest value represents the most susceptible parameter to cause a landslide, while
the lower value represents the less susceptible parameter to cause a landslide. Then
the score of each classification is obtained by multiplying the value by the weight.
Based on the results of the calculation, the research area is then divided into three
zones of low, intermediate, and high landslide susceptibilities.

As the presence of water on a slope is considered as one of triggering factors
in landslides, field observation of water seepage, surface water, and precipitation
water was also conducted, upon which major ion components from these water
samples were used to determine hydraulic connectivity in high susceptibility zone.
Soil sampling weathered rock was also carried out for XRD analysis, which aims to
determine the presence of clay minerals that hold the potential to cause landslides.

3 Results and Discussion

3.1 Geological Condition

The research area consists of 11 lithological units and is divided into four geomor-
phological units. During the surface mapping, 62 landslides were identified. Most
of the landslides were relatively small, having approximately a size of 3 m wide by
3 m high, although slightly more massive landslides that have approximately a size
of 8 m wide by 8 m high were also observed.

Lithology. The lithology sequences from the oldest to the youngest unit are Manda-
lika lava, Mandalika breccia, intrusion, Arjosari sandstone, Campurdarat limestone,
Jaten conglomerate, Wuni volcanic breccia, Oyo calcareous sandstone, Wonosari
limestone, Argokalangan volcanic breccia, and alluvial. Most of the rocks in the
field already weathered from slightly to completely decomposed. XRD analysis
from weathered Mandalika breccia showed the dominant clay mineral composition
of halloysite and smectite. Besides, minor clay minerals, such as kaolinite, plagio-
clase, and mica are also can be found. Halloysite is quite susceptible to changes in
geotechnical characteristics. Smectite is expansive and high plasticity; therefore, it
is easy to swell when infiltrated by water.

Landslides commonly occurred in theMandalika breccia unit, which extends from
the south to the north due to the absence of smectite mineral. Mandalika breccia has
the widest coverage in Trenggalek, as shown in Table 2. Mandalika lava had several
landslides more than Arjosari sandstone. However, Arjosari is more vulnerable due
to its intense weathering and its numerous discontinuities.

Geological map of the research area is shown in Fig. 3a. Although the alluvial
had no landslides occurrence, it still holds potential movement due to its loose mate-
rial compositions. As the result of considerably different engineering characteristics
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Table 2 Lithological unit of the research area

Unit Area (%) Number of landslides observed

Mandalika Lava 11.96 10

Mandalika Breccia 39.16 31

Arjosari Sandstone 9.93 6

Intrusion 1.69 0

Campurdarat Limestone 7.66 4

Jaten Conglomerate 2.37 2

Wuni Volcanic Breccia 1.77 3

Oyo Calcareous Sandstone 0.51 0

Wonosari Limestone 2 4

Argokalangan Volcanic breccia 2.08 2

Alluvial 20.81 0

(a) (b)

(c) (d)

Fig. 3 a Geological map of the research area; b Slope inclination map of the research area;
c Structural density map of the research area and d Land-use map of the research area
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Table 3 Characteristics of the geomorphological unit

Unit Area (%) Slope inclination Elevation (m)

Gentle slopes of the strong-eroded plain 15.19 2°–8° 0–120

Intermediate slopes of the fault-controlled hills 29.34 8°–19° 6–677

Steep slopes of the fault-controlled hills 40.16 16°–28° 60–1002

Steep slopes of the lava flow ridge 15.31 17°–26° 116–1164

of the geological units, the residual soils of the intrusion, Campurdarat limestone,
Jaten conglomerate, Wuni volcanic breccia, Oyo calcareous sandstone, Wonosari
limestone, and Argokalangan volcanic breccia have a relatively thin bed (around
0.5–1 m) and had relatively small landslides dimension.

Geomorphology. The geomorphological condition of the research area is divided
into four units, as shown in Table 3.

The slope inclination map can be shown in Fig. 3b. The active surface geological
processes in the steep slopes of the lava flow ridge and the fault-controlled hills were
mainly erosion, while the active processes in the intermediate slopes of the fault-
controlled hills and gentle slopes of the strong-eroded plain were mainly erosion and
deposition.

During the field observation, 35 landslides were found in steep slope inclinations
(>25°) of steep slopes of the fault-controlled hills and steep slopes of the lava flow
ridge landforms, 25 were found in moderate slope inclinations (15°–25°), and two
were found in gentle slope inclinations (<8°–15°) of intermediate slopes of the fault-
controlled hills landform.

Geological Structures. Unlike other regions, the geological structure in Trenggalek
had a significant role in the occurrence of landslides. The geological structure of
either joints or faults could easily become a pathway for rainwater to weaken the
rocks. The structural density map of the research area is shown in Fig. 3c.

Land-Use Condition. Land use in the study area consists of forest, bushes, planta-
tion, dryfield, paddyfield, and settlement, as shown inFig. 3d,which are thengrouped
into three categories, i.e., forest, rice and dry fields, and settlement. Rice and dry fields
were the primary land use in the research area (73.18%), while the settlement area
was only a small part of the research area (9.28%). Road cut slopes consisting of
low strength soils and rocks in the research area were commonly unprotected and,
therefore, prone to failure, particularly during rainy seasons.

3.2 Landslide Susceptibility

The result of the research is shown in the map of landslide susceptibility in Fig. 4.
The high susceptibility zone covered approximately of 46.75% the research area and
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Fig. 4 Landslide susceptibility map of the Trenggalek Regency

characterized by having slope inclination ranging from 8° to 45°, having geological
unit consists of breccia and sandstone, having high-density geological structures, and
having land use in the form of settlement, dry fields, and plantation. The moderate
susceptibility zone consisted of 36.71% of the research area and characterized by
having slope inclinations ranging from 8° to 45°, having geological units of alluvial,
breccia, sandstone and lava, having moderate to high-density geological structures
and having land use in the form of plantation and settlement. The low susceptibility
zone occupied 16.54%of the research area and characterized by having slope inclina-
tion ranging from 8° to 45°, having a geological unit of alluvial, limestone, intrusion,
lava, and calcareous sandstone, having low-density geological structures and having
land use in the form of forest and plantation.

The result of the study shown that landslides could have occurred in the slopes
from 8° to 45° and mainly located in the fault-controlled hills landform. From the
wide ranges of inclinations, it is known that the slopes inclinations were not the main
controlling factor of landslides in the research area. The main controlling factors
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of landslides in the research area are lithological conditions in which weathered
intensively and formed a reasonably thick soil, dominantly composed of clay–silt
material. Dominant clay mineral composition of halloysite and smectite indicates
young clay minerals that quite susceptible to the change of geotechnical properties
[15].

Major ion components from precipitation water, seepage, and surface water
samples are collected to determine hydraulic connectivity in the hydrological system
in high susceptibility zone. There are six water samples taken from several villages
to be analyzed with the results, as shown in Table 4.

Both seepage and surface water indicate sodium bicarbonate type water, which
is similar to the chemical composition of the precipitation water. The enrichment
of calcium and chloride elements on the surface water is a result of the interaction
of rainwater with rock and soil. Nglinggis and Prambon areas consist of carbonate
rocks, which are members of Wonosari Limestone. It shows that precipitation water
mainly seeped through the joints and other discontinuities, making the rock prone
to the weathering process. The presence of discontinuity planes also acts as a weak
plane that facilitates the occurrence of the soil movement.

4 Conclusion

Surface mapping at 1:25,000 scale comprised of lithology, geomorphology, geolog-
ical structures, and land-use condition was conducted in an area of 1261 km2 to
develop a detailed landslide susceptibility map. Landslides commonly occurred on
steep slopes of the fault-controlled hills that having inclination ranging from 16°
to 28°, in the areas covered by residual soils of Mandalika Breccia unit, with high
geological structure density in the settlement areas. The high susceptibility zone
covered 46.75% of the research area and characterized by having slope inclination
ranging from 8° to 45°, having geological units of Mandalika Breccia and Arjosari
Sandstone, and having land uses in the form of settlement, dry fields, and plantation.
The rainfall water was confirmed as a source of groundwater in the slope that trig-
gers a landslide according to their chemical composition. Therefore, it is necessary
to control both surface and subsurface drainage on the slope.
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