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Influence of Geomorphology and Siltstone Structure on the Land Vulnerability in
Mamberamo Raya, Papua, Indonesia
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Abstract: Mamberamo Raya is one of the most prone areas in Papua, Indonesia, due to frequent
earthquakes. The researchers analyzed the relationship between the pattern and direction of the fault-stress structure
and geochemical characteristics of siltstone on land vulnerability. The fault structure and land vulnerability pattern
and direction were analyzed from the direct interpretation of the Digital Elevation Model map, outcrop descriptions,
petrography, stereology, rainfall classification, earthquake estimation curves, landslide data. Siltstone geochemical
characteristics were collected from selected rock outcrops that were outside the fault structure area. In each location,
claystone, sandstone, and siltstone samples were collected before identifying at the Optical Mineral Laboratory in
the Department of Geology, Hasanuddin University. The pattern and direction of the fault-stress structure and the
siltstone geochemical characteristics affected the land vulnerability. The trend of seismic activity was highly
associated with regional-scale faults, such as the fold and thrust fault belt of Guinea, Gauttier-Roufaer Central
Range fault, Sarmi fault, Waropen fault, and Mamberamo fault. The earthquake dynamics that affected the southern
part of the local-scale fault area were overlapped with an area of stripped rock with the shear plane. There were
alternating sandstone, greywacke, claystone, and siltstone layers with chemical compositions of Al, Ca, Fe, K, and
Mg and the age of the rock formation. The shear plane vulnerability may cause soil erosion and unstable slopes.
Based on the mapping results, the areas with extremely high vulnerability were found in northeast Anggreso, north
of Pioneer Birak, and the southwest of Kasonaweja. Moreover, high-vulnerability areas are also detected on the
hillsides south of Burmeso, while the land vulnerability in Kanonaweja and Burmeso was classified as medium or
low. The outcrop existence and stripped rock with shear plane highly influence the silt-stone structure on the land
susceptibility in the studied area.
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1. Introduction

Mamberamo Raya is one of the districts in Papua,
Indonesia. This region is part of the Papua geological
feature formed by the convergent motion between
Australia and the Pacific plates [1]. Convergent motion
is accommodated by thrusting in the Highlands and
Mamberamo thrust belt. This region has experienced
frequent powerful earthquakes, which may cause
tsunamis and landslides. Data indicated that every
earthquake event was associated with numerous active
faults in the land of Papua and the surrounding area.
One of these active faults is located in Mamberamo
Raya [2]. This situation leads the site prone to disaster.
Based on the statistical data, several high-magnitude
earthquakes occurred in this region: 8.1 in 1916, 8.1 in
1971, 7.8 in 1990, and 4.0-7.2 in 2010-2016. In 2019,
landslide incidents accompanied by flash floods were
recorded in Sentani District, Jayapura Province. That
occurred because of high rainfall of 248.5 mm a day,
Cyclops faults, and earthquake frequency of 3.3-5.4
RS two months before the incident. Similar situations
are also suspected in Mamberamo Raya because of
frequent rainfalls and earthquakes. In addition, the
vulnerability of the area to disasters is also affected by
its existing faults and rock formations. Chemical
processes in rocks may affect landslides because of the
stone weathering process. This effect increases in areas
with alternating layers of sandstone, greywacke,
claystone, and siltstone. Chemical weathering
mechanisms weaken the engineering properties of
sandstones and conglomerates [3].

The convergence motion of the two plates is
generally followed by collisions caused by the
interaction of movements between island arcs and
continental plates, which occurred during the Cenozoic
Era [4]. The impact of the interaction is closely related
to the regional geological structures that cross the
northern and southern parts, namely, (1) the fold and
thrust fault belt of Guinea, (2) the fracture of the
Central  Gauttier—Roufaer  Mountains, (3) the
Mamberamo fault and (4) the Waropen fault [5].

In the form of fractures and folds, signs of rock
deformation began to appear from various types of rock
dip [5], [6]. Steep slope due to morphological cuts and
changes in the type of river trellis correlates with
physical silt sediment, marl, clay, sandstone, and
conglomerate. Those are weathered rock types
indicating changes like chemical physics [7]. In this

region, the stone characteristics' changes following the
weathering processes are never uniform in terms of
depth. Thus, it became a weak zone acting as a slip
plane, which leads to landslide incidents [8]. In tropical
climates [9], high rainfall triggers landslides [10]. It
exerts a hydrochemical effect of evapotranspiration,
soil moisture, and reduced cohesiveness by weathering
on rocks with carbonate composition [11]. Finally, the
release of rock particles on a slope variation affects
landslide susceptibility.

Land vulnerability is identified as a quantitative or
qualitative assessment of the classification, volume (or
area), spatial distribution of erosion, soil displacement,
or landslides, which exist or might occur in an area [6].
Previous studies on land vulnerability identified that
landslides might be caused by topographical,
geological, geomorphological, and geotechnical
properties, climate, vegetation, and anthropogenic
factors, with the distribution of past events [6], [12]. A
study about geological factors, including rock types,
also revealed that volcaniclastics trigger coseismic
landslides. Shales and sandstones are most often
associated with landslides, where the latter being
mostly associated with disturbed landslides [6], [13].
Other research showed the relationship between
morphological, lithological, and geomorphological
conditions and rainfall events that trigger mass
movements, such as falling rocks, landslides, and rapid
earth flows [14]. However, a more detailed atrocity of
siltstone  geochemistry  characteristics and its
relationship with land vulnerability has not received
considerable attention.

Development activities of the government certainly
require research support so that the direction of
regional development can meet the engineering
requirements, including geological aspects. Some
regional development programs lack consideration of
geological aspects. An example is the construction of
the Regent Office Building of Mamberamo on the fault
plane. Although there have been numerous research
libraries on landslides, no research is conducted in the
area dominated by the Mamberamo formation
consisting of siltstone, sandstone, and claystone. This
study aimed to analyze the relationship of the pattern
and direction of the fault-stress structure and
geochemical characteristics of siltstone to land
vulnerability.
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Fig.1 Map of study site: (a) Papua region, (b) study site, (c) location of the study site

2. Material and Methods

2.1. Location Characteristics

The study was conducted in Burmeso dan
Kasonaweja sub-districts of Mamberamo, about 238
km southwest of Jayapura, the capital city of Papua
province. The Mamberamo is located between Sarmi
and Waropen Districts (Figure 1).

2.2. Data Collection

Data were collected from field and secondary
sources, such as the digital map and the Meteorology,
Climatology, and Geophysical Agency. Field surveys
were conducted in 21 stations. Four out of 21 stations
were selected as representative areas for observation
and collection of rock outcrops, petrographic and
geochemical characteristics of siltstone. In each
location, claystone, sandstone, and siltstone samples
were collected before their identification in the
Laboratory of Optical Minerals at the Department of
Geology, Hasanuddin University. Tests on siltstone
outcrop were conducted using hydrochloric acid to
induce a carbonic acid reaction since siltstone reacts
with acidic solutions.

2.3. Data Analysis

The pattern and direction of the fault—stress
structure, slope, earthquake, and land vulnerability
were analyzed from the direct interpretation of the
Digital Elevation Model (DEM) using Landsat map
image version 8. Rainfall data from 2010 to 2018 were
obtained from meteorological stations maintained by
the Meteorology, Climatology, and Geophysical
Agency, Jayapura. Earthquake data were acquired from
Station 5 in Papua province, covering the Mamberamo
Raya, Mamberamo Tengah, Barnes, and Dabra areas.

The data analysis was done by interpreting DEM
map alignment, outcrop description, petrography,
stereographic geological structures, rainfall
classification, and earthquake estimation curves. Then,
the correlation between earthquake scale and depth was
analyzed using quadratic correlation. The multi-
dynamic effect is very complicated regarding the rock
and geological structure phases in the study area; the
fault can be reactivated many times if the area is
affected by various phases of deformation.

Four siltstone samples were prepared in quartile

forms, which were then analyzed via X-ray
fluorescence  spectrometry at the Geochemical
Laboratory of the Department of Geological

Engineering, Hasanuddin  University. The 146
earthquake data were sorted into 102 based on the
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magnitude range (1-9.5 on the Richter scale) and depth
range (1-1000 km). The results of the petrographic
analysis, structural geological affirmation, slope, and
earthquake data from the spatial layer overlay were
integrated to understand and determine the relationship
between geological structures and landslide triggers
description of outcrops, petrography, and stereology of
geological structures.

3. Results and Discussions

Stratigraphy is generally composed of two object
rock formations based on regional geological maps.
First is the Unk formation in the Pliocene—Pleistocene
era, composed of sandstones, siltstones, and coal
inserts. This formation consists of stones belong to
members B, C, D, and E classes and stored in fluvial,
delta, and bathyal environments. Member C consists of
conglomerate sequence, sandstone (sub-greywacke
sandstone), siltstone, and shale; Member D consists of
the alternates between Member C and Member D;
Member E consists of conglomerate, sandstone,
siltstone, shale, and lignite. Second is the Makats
formation, composed of conglomerate rocks,
sandstones, siltstone, and shale. The Mamberamo
formation is composed of sedimentary rocks formed in
fluvial, delta, and bathyal environments. This
characteristic is observed in siltstones containing
fossils.

3.1. Structure Geological Characteristics and
Earthquake

Measurement of the muscular and shear orientation
along the river path and morphological intersections
revealed a strong correlation of dynamic motions
between faults and folds. The lineament results were
used to understand the geological complexity of the

study site based on the outcrop study and the
earthquake hazard zonation. Trellis and dendritic flow
patterns were very common and characterized by
brecciation, mylonite, and gouge. This pattern was
known as induction of sinistral faults and anticline
folds trending northwest-southeast to east-west that
were relatively unidirectional, with a regional fault
Yapen EW or WNW-ESE [15]. This formation
indicated a relationship between the Sarmi fault and the
Mamberamo fault.

Solid analysis on siltstone in the Burmeso area has
three directions, namely, (1) N 50° E and N 40° W,
with the available sturdy position being northeast; (2)
N 20° W and N 70° E, with the available sturdy
position being northeast-southwest; and (3) N 60° W
and N 30° E, with the available sturdy position being
southwest—northwest. This three-way affirmation
altered the siltstone layer, which initially had an
average angle of <20° then increased to 35°-65°. It was
suspected to be a trigger for landslides. Further analysis
revealed a continuous trend of the landslide distribution
following a dominant change to the northwest.

The solid analysis of siltstone and sandstone
interlayer in the Kasonaweja area revealed two general
directions of stress, (1) N N E and (2) N 50° W; N 40°
E. These two strings also increased the dip of the rock
bed, which initially had an average angle of <23° to
100°-170°. The field data demonstrated that the fault
zone might transform siltstone into incompressible,
mylonite, and gouge. Moreover, the landslide
distribution in the form of a spot did not continuously
follow the dominant dip changes toward the southwest
and the cohesiveness of the rock layers (Figures 2a,
2b). The intertwining of siltstone and sandstone layers
was two types of rocks when mutual interaction formed
shifts along the bedding field.
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Fig. 2 Siltstone and sandstone strips

in a side of the outcrop (a), the physical characteristic of siltstone (b), geological structure in the study

site (c)

The geological structure of the study area was
complicated by the measurement of the direction of
affirmation on the distribution of siltstone and

sandstone. Stereographic analysis of four points (ST 8,
12, 18, 21), as follows: (1) ol (118°/ 70°), 62 (298° /
19°), 63 (28° / 7°) was siltstone (2) o1 (107° / 69°), 62
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(289°/ 21°), 63 (19° / 5°) was sandstone (3) o1 (86°/
66°), 62 (251°/ 21°), 63 (348° / 13°) was siltstone (4)
ol (110°) / 69°), 62 (302° / 21°), 63 (34° / 3°) was
siltstone (Figure 3). The stereographic projection
analysis result showed the direction of the maximum
main stress of the study area tended to be in the
southeast direction with the minimum main stress
trending north-east (NE), except Station 18 that is
northeast (NE) with the direction of the main strength
of the minimum trending northwest (NW). Therefore,
the main stress tended to project to the southeast—north
to northeast—west direction. The main stress differences
determined by the fan diagram analysis method and
stereographic projection indicate that the force held in
the Mamberamo Raya Regency area is continuous,
which causes a reflection of the Yapen regional fault
forming faults afterward. This result can be proven by
the number of topographical (linear) lineages in this
area.

The formation of geological structures occurs. First,
there is a compression force in the Unk formation in
the northwest-southeast and southwest-northeast
directions, causing anticline folds.

The faults significantly trigger geological disasters,
such as landslides. Moreover, broken rocks weather
easily, crumble, and accelerate the process of
landslides. Since the faults occur in soft rocks in the
investigation area, they are easily destroyed and cause
landslides. Awvalanches in the investigation area
generally occur in rocks with low specific resistance.
The direction of the landslide plane usually follows the
direction of the rock layers. The landslide is strongly
influenced by the activity of the geological structures in
the area under investigation. The landslide slip plane
relatively follows the direction of the fracture plane
slope of the rock. Based on the results of the
measurements of the fracture in the field with an angle
of inclination of 25°-30°, it can be inferred that the
landslide field always follows the fracture plane.

As indicated by the mapping results, earthquakes
repeatedly occur at the same source point (epicenter). It
is more likely to be associated with the fold and thrust
fault belt of Guinea, Gauttier fault, Roufaer fault, and
Appauwer fault, which affected the local-scale fault.
Further analysis demonstrated that the largest
earthquake distribution is in the southeastern part of the
study area. Therefore, the most vulnerable land to
earthquakes was found in that area (Figure 4).
Statistical analysis of 102 earthquake data (2010-2018)
revealed the following: magnitude distribution on a
range of 4.0-6.0 Richter scale; skewness, —0.1 and
0.72; and kurtosis, 0.143 or 0.481 —2 <x < 2.
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Fig. 4 The magjnitude and distribution of earthquakes in
Mamberamo from 2010 to 2016

The tendency of positive skewness demonstrates the
even and repeated distribution of earthquake points. In
comparison, negative skewness showed the correlation
of earthquake source with the regional motion from
Guinea's fold and thrust fault belt, Gauttier fault,
Roufaer fault, and Appauwer fault. Pearson's
correlation coefficient is as follows: magnitude, —0.99;
depth, 1.0. It indicates that earthquakes correlate with
active regional-scale faults that exert a domino effect
on local-scale faults. This finding is consistent with the
continuity of the fault line that intersects the Marine
Valen Rapids and numerous government buildings,
such as the Mamberamo District Office. Their effects
were known from friction records of silt crushed by
shifting the dip-slip fault plane (Figure 5b).

This situation indicated that the Mamberamo
geological structures contributed to earthquake events
and caused land vulnerability in this area. Earthquakes
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systematically affect rock stress, hill slopes, and
erosion, causing cracks and fractures on mountain
crests and flanks, promoting an increased frequency of
landslides [16], [17].
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3.2. Identification of Rock Outcrops

Description of the outcrops in the intercalation of
the sandstones and siltstone 20° N, 10° E to 203° N,19°
E, changed in the direction of the layer were
characteristic of the formation of morphological blocks
due to fracture. A detailed description of the physical
changes and mineralogy using petrographic methods is
presented in Figure 5. The results revealed that the
rocks at the research location are dominated by sandy
clay mixed with gravel. The characteristics of these
rocks are described as follows:

a) Claystone: microscopically thin incision of
sediment rock, orange absorption, black—gray
interference, clastic texture, grain size <0.02 mm,
angular-subangular-shaped grain, packed with good
sorting. It composes of clay minerals (75%), muscovite
(10%), biotite (10%), and quartz (5%);

b) Sandstone: microscopically thin incision of
sediment rock, orange absorption, black—gray
interference, clastic texture, grain size < 0.02-0.4 mm,
angular-subangular-shaped mineral, closed containers
with good sorting. Mineral composition consists of
orthoclase (35%), quartz (5%), muscovite (20%),
biotite (20%), plagioclase (10%), and clay minerals
(10%);

c) Siltstone: macroscopically gray to brownish,
macrofossils in the form of shellfish and other marine
organisms, microscopically thin incision of siltstone,
clay mineral matrix, and carbonate (90%), feldspar,
quartz, and lithic (10%). Feldspar, quartz, and
lithographic ~ subangular-rounded  grains  were
distinguished from quartz cement by a thin, fine layer
around the grains. Magnetite and hematite exist as
small grains (<0.01 mm) in the interparticle region.
Rock mineral components are (matrix, 60%) oxide
medium silt (0.01-0.03), carbonate (matrix, 30%),
feldspar (subangular—poorly rounded 5%), lithic (3%,
measuring < 0.1 mm), and opaque minerals (2%).
Grain gradation separated by a thin layer of clay
indicated that siltstone had a wide range of physical
changes and disturbance of geological structure
mechanisms.

It also showed the dominance of

» ( Y r J - - . - 2
A, »
A - o -
/1 nicol < 03mmi T RNER R U % 0.3 mm

Fig. 6 The gradation of siltstone (a')_a‘nd sandstone fracture (b)

The distribution of the elements Al, Ca, Fe, K, and
Mg was closely associated with the chemical
weathering properties of the claystone outcrops. These
elements may combine with oxygen to form mineral
fractions such as quartz (SiO,), orthoclase (KAISi30s),
albite  (NaAlSiOg), magnetite (Fes0.), biotite
(KMgFesAlSiz010FOH,), and muscovite
(KAILAISi3010FOH,). The presence of these minerals
determines the nature of the rock. Claystones are
generally located as an insert between siltstone and
sandstone. This study found the presence of the mineral
quartz in claystone. Quartz is classified as a resistant
mineral to weathering. The presence of this mineral in
claystone indicates partial weathering, which spreads
horizontally in the siltstone and sandstone. Muscovite
and biotite have a prismatic crystal cleavage structure,
which easily turns into very thin sheets under pressure.
This sheet spreads between the grains and further
reduces the adhesive properties of siltstone, claystone,
and sandstone. The fractional dynamic motion pressure
of muscovite and biotite is a factor that weakens the
physical properties of siltstone, claystone, and
sandstone.

Siltstone composes several important mineral
elements such as Fe, Ca, Al, Mg, and K, where high Fe,
Ca, and Al are substantial elements for siltstone
weathering (Figure 7). Pearson's negative correlation
between Ca and Al (—0.676) indicates that only Ca has
a different chemical reaction to Al in the weathering
process.
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Fig. 7 Composition of siltstone constituent elements (mean + SD)

Statistical analysis revealed the geochemical
correlation of the alkaline elements Al, Ca, Fe, K, and
Mg on the acidity index of rainwater to form hydroxide
(OH) compounds. This result showed that vertical
rainwater infiltration encourages weathering of
siltstone. Under dry conditions, the siltstone outcrops
in the field have two weathering features that cause the
rock to become brittle: (1) the release of clay chemical
bonds to the rock mineral components, and (2) when
the rock becomes brittle, the quartz crystal grains fill
the cavity of the clay mineral. Siltstone granules,
consisting of rock components, quartz, opaque,
carbonate, and feldspar, are bound by montmorillonite
minerals. Under dry conditions, the crystal structure of
montmorillonite minerals weakens due to the release of
the Na—Ca cation bonds by water and hydroxyl
infiltration.

3.3. Morphology and Landslide

Based on the field survey, the morphology of the
study area was divided into two forms. First, the hilly
shape was sliced sharply by a steep slope observed in
the Saromaja and Pisano—Kasonaweja areas. Second,
the jagged mountains were observed in the Anggreso
Baru and Trimuris areas. However, these two
morphologies were quite difficult to distinguish due to
the influence of the geological structure and landslide
activity, which changes the degree of the slope. The
classification indicated that the slope was accompanied
by subsidence; thus, the acceleration of the material
movement on the surface was highly dependent on
rainfall. Most landslides are caused by episodic events,
such as heavy rainfall or events, earthquakes, or a
combination of both [16], [18].

As for the tropical climate, the irregular rainfall
shows its maximum range in November—May (404.0—
841.8 mm) and the minimum range in June—October
(44.6-170.0 mm) (Figure 8). The maximum range and
minimum range difference are considered quite
significant due to water infiltration in the soil pore. The
rock swells lead to vertical deformation [19]. The

deformation structures in the sliding surface consisted
of fault scarps and folds. These structures are
interpreted in terms of basal shear stresses formed
during the avalanche. Three major joint sets were
identified at the sliding surface. The clay mineral
expansion occurred in siltstone, claystone, and
sandstone. Since nine years' data revealed a high mean
annual rainfall (2841 mm), this level was considered
high risk as data revealed that landslides most likely
occur in numerous areas with an annual rainfall > 2500
mm per year [20], [21].

The physical change occurs in the fault plane where
mylonite rock collapses are formed, shear fractures,
and folded structure wings. On the surface, especially
along the exposed outcrop, erosion is developed in the
siltstone layer, a physical property of easy destruction.
Due to heavy rain, erosion triggers landslides, reduces
slope stability, and causes vulnerable hillsides to
coseismic landslides [22]. Underneath the soil layer,
strips of sandstones and siltstones can be found. Both
stones easily interact to form a slip along with the layer
[23]. The contact layer forms a 20° planar slope, which,
along with the geological structure of the 25°-30°
planar slope, reduces the cohesiveness and triggers
landslides. Fracture morphology control is held in the
Middle East Mamberamo, Mamberamo Hulu and
Roufaer, west and southeast Mamberamo, Burmeso,
Kasonaweja with the general direction of north—
northwest—south—southeast, and southwest-northeast
[24].

Rainfall (mm)
g 8§ 8

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 8 Rainfall fluctuation from 2010 to 2018

The correlation of fault, morphology, and siltstone
observed is characterized by changes in the siltstone
layer position [25]. It sometimes occurs at the top of
the sandstone layer and vice versa. When the siltstone
layer is at the top, especially at fractures and
morphological junctions, this condition facilitates rain
absorption and triggers landslides.

The land vulnerability map (Figure 9) illustrates a
very high-level risk in the northeast of Anggreso, north
of Pioneer Birak, and partly southwest of Kasonaweja.
In addition, high vulnerability is also seen on the
hillside, south of Burmeso. Meanwhile, in Kanonaweja
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and Burmeso, land vulnerability is classified as
medium or low. The highly vulnerable land in the
north, northeast, and south is caused by faults and
fractures, while lithological factors cause soil
vulnerability.

The implication of this research shows that several
vulnerable areas cross the vital settlement area and
event government office building, for example, the

regent's office. Due to the high level of vulnerability in
the area, this study recommends relocating the vital
office building. However, this would have several
constraints, including budgeting and political
instability. Therefore, in the short term, efforts to
strengthen the early warning system are urgently
needed.
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Fig. 9 Land vulnerability map in the study area in Mamberamo

4. Conclusion

The pattern and direction of the fault—stress
structure and the geochemical characteristics of
siltstone affect land vulnerability. The observations of
rock outcrops revealed an overlapping rock layer
composed of claystone, which is considered an
insertion between siltstone and sandstone. Since the
stone composes of Ca, Fe, Al, and Si, it indicates the
vulnerability to chemical weathering. It easily reacts
with rainwater, thus accelerating land vulnerability,
erosion, and unstable slopes. Based on the mapping
results, the areas with high vulnerability are located in
the northeast of Anggreso, north of Pioneer Birak, and
part of the southwest of Kasonaweja. Additionally, high
vulnerability is also detected on the hillside south of
Burmeso, while in Kanonaweja and Burmeso, land
vulnerability is classified as medium or low.

5. Suggestion
Further study is needed to describe the larger-scale
structure and the main faults in the Regional Geology

of Mamberamo and analyze the impacts of the
earthquake on the landslide.
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