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Abstract

Mount Gamalama, a steep-sided stratovolcano located on Ternate Island,
North Maluku Province, represents one of the most critical volcanic systems
in eastern Indonesia in terms of compound hazard potential. Although the
volcano is currently in a state of apparent stability, its geological setting,
proximity to active subduction zones, dense coastal population, and
confinement within shallow marine straits collectively create conditions under
which slope failure and landslide-induced tsunamis could result in severe
socio-economic consequences. This project presents an integrated
assessment of volcanic slope instability, landslide mobility, tsunami
generation, and associated risks to coastal populations and critical
infrastructure surrounding Mount Gamalama.

Slope stability analysis was conducted using a Limit Equilibrium Method

(LEM) framework to evaluate the response

static and dynamic conditions. Under static gravitational loading alone, all
examined sections of the volcano exhibit stable conditions, with Factors of
Safety (FoS) ranging between 1.945 and 3.361. These results indicate that
gravity by itself is insufficient to initiate large-scale failure of the edifice.
However, when external and internal triggering mechanisms are
incorporatedd specifically seismic loading, magma pressure, and dyke
intrusion geometryd the stability of the volcanic slopes is significantly
reduced.

The inclusion of horizontal seismic coefficients (h) results in a pronounced
decline in FoS values across all flanks. This effect is particularly important
given the tectonic setting of Mount Gamalama, which lies between the
Sangihe thrust to the west and the Halmahera thrust to the east. Historical
seismicity, including a magnitude 7.1 earthquake that struck Ternate Island in
July 2019 followed by dozens of aftershocks, underscores the relevance of
seismic triggering. At a horizontal peak ground acceleration of 0.37 g, the FoS
on the eastern flank decreases to 1.354, while other flanks exhibit FoS values
approaching or below commonly accepted stability thresholds.

Magma pressure was identified as another critical destabilizing factor.
Constant magma pressure distributions were found to produce unrealistically
low FoS values, prompting the adoption of a triangular pressure distribution,
with minimum pressure near the summit and maximum pressure at the base
of the edifice. This approach yields more physically realistic results. Increasing
magma pressure from 2 MPa to 10 MPa progressively reduces FoS values,
with several sections becoming unstable (FoS < 1.0). The analysis indicates
that magma pressure is the dominant destabilizing mechanism on the
southern flank, while seismic loading exerts stronger control on the eastern
and western flanks.

The direction of dyke intrusion further modulates slope stability. By varying
dyke orientation outward from the volcanic axis, critical angles were identified
for each flank that minimize FoS. When combined with seismic loading and
magma pressure, these configurations produce the lowest FoS values and
define potential failure surfaces. The resulting slip surfaces correspond
spatially with previously mapped landslide hazard zones on Ternate Island,
lending confidence to the geotechnical interpretation.



The depth of the inferred failure surfaces reaches up to approximately 1120

m on the eastern flank and between 513 m and 570 m on the remaining flanks.

Given Mount Gamal amads el evation of 171!
geometries suggest that a potential collapse could involve one-third to one-

half of the volcanic edifice. The failure surfaces consistently occur within

pyroclastic units composed of scoria and volcanic ash, underlain by denser

andesitic material. This stratigraphic control mirrors observations from other

volcanic systems, such as Mount Pacaya, and highlights the mechanical

weakness of pyroclastic deposits as a key factor in large-scale volcanic

instability.

Building on the stability analysis, the project investigates the mobility of
potential landslides and the generation of tsunamis using the multiphase
numerical model Fluidity. This tool enables simulation of subaerial landslide
motion, interaction with the water column, and tsunami generation without
prescribing landslide kinematics explicitly. Two contrasting bathymetric
settings were examined: a shallow configuration representing the Halmahera
Strait and a deeper open-ocean configuration. The results demonstrate that
bathymetry exerts a first-order control on tsunami behaviour. In shallow,
confined settings, wave heights increase significantly due to shoaling and
focusing effects, whereas in deeper water, wave energy dissipates more
rapidly.

The tsunami simulations indicate that waves generated by potential
Gamalama landslides could reach neighbouring coastlines within minutes,
leaving little time for evacuation. In particular, coastal areas of Halmahera and
Tidore Islands are highly exposed due to their proximity and low elevation.
Estimated wave heights and run-up values fall within the range documented
for historical volcanic and landslide-induced tsunamis, underscoring the
plausibility of the scenarios modelled.

Risk analysis integrates tsunami modelling outputs with spatial population
data and infrastructure mapping. Ternate Island hosts more than 186,000
inhabitants and serves as the primary transportation and economic hub of
North Maluku Province. Ports, an international airport, and submarine
telecommunication cables are concentrated along the coastline, amplifying
vulnerability. The analysis reveals that landslide-induced tsunamis pose not
only direct threats to human life but also systemic risks to regional
connectivity, emergency response capacity, and communication networks.

To address these risks, the project proposes a strategic monitoring framework
that links volcanic deformation monitoring, trigger detection, scenario-based
tsunami assessment, and operational response. Continuous GNSS and
INSAR measurements are recommended to track deformation of the volcanic
edifice, complemented by seismic and meteorological monitoring to identify
triggering conditions. Pre-computed tsunami scenarios enable rapid hazard
assessment once instability is detected, supporting timely warnings and
coordinated response actions.

In conclusion, this study demonstrates that Mount Gamalama represents a
significant landslide and tsunami hazard due to the convergence of geological
instability, regional tectonics, shallow marine settings, and dense coastal
populations. By integrating geotechnical analysis, multiphase numerical
modelling, spatial risk assessment, and monitoring strategies, the project



provides a comprehensive framework for understanding and mitigating
landslide-induced tsunami hazards at volcanic islands. The Gamalama case
study offers transferable insights for similar volcanic systems throughout
Indonesia and other island-arc environments worldwide, emphasizing the
need to incorporate slope instability and secondary hazards into volcanic risk
management and disaster preparedness strategies.
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Chapter 1
Introduction

1.1 Introduction

Indonesia is located among four tectonic plates: Eurasian, Indo-Australian,
Philippine Sea, and Pacific plate. As a consequence of this tectonic setting,
Indonesia is a country of many islands, most of which have a volcanic origin.
Generally, these can be classified into: inland volcanoes (Merapi, Kerinci, and
Sinabung), submarine volcanoes (Banua Wuhu), coastal volcanoes (llli
Werung, Tambora, and lya), and island volcanoes (Krakatoa, Sangeangapi,
and Gamalama). Some of them are very active and can erupt any time.

Volcanic eruptions in Indonesia and elsewhere have both direct and indirect
hazards. The direct hazard is caused by the eruption itself which produces
various types of ejecta, forms an eruption column affecting the atmosphere,
and releases lava-, pyroclastic-, and mud flows. Further hazards would be
landslides and tsunamis which are particularly relevant to Indonesia as most
volcanoes are stratovolcanoes that have steep slopes which provide an ideal
condition for instability, both on land and submarine. In this project, we focus
on examining the indirect hazards comprising landslides and tsunami
generation but also the conditions leading to these hazards.

One of the most famous examples of a volcanic triggered tsunami was the
eruption of Anak Krakatau (the child of Krakatoa) which was the cause of
tsunamis that occurred in Lampung and Banten on 22nd December 2018.
BBC News (2018) reported that a flank collapse with prodigious volumes of
rock and sediment entering the sea possibly caused the tsunami generation.
In addition, Anak Krakatau lost two thirds of its edifice. It was 338 m high and
the height reduced to 110 m (PVMBG, 2018).

In addition to the recent events, the eruption of Krakatoa in 1883 was not only
known as one of the most destructive eruptions but also as one of the most
devastating tsunamis which killed about 36.000 people (Camus et al., 1992).
The tsunami generated by Krakatoa could be observed not only in Jakarta,
the closest port from the volcano, but also in India, South Africa, Australia,
Havre, San Francisco, Colon, and Chile ports (Choi et al.,, 2003).
Unfortunately, the most likely cause of tsunami generation is still unknown.

Although several mechanisms of Krakatau tsunami in 1883 have been
modelled quantitatively (Maeno & Imamura, 2011; Nomanbhoy & Satake,



1995), the mechanism is still debated. Paris et al. (2014) suggested that it was
difficult to determine the sequence of eruptions and the wave propagation due
to the numerous versions of observations. In the commemoration of a century
of Krakatoa eruption, Francis (1985) summarized that there were four
hypothesized mechanisms generating the wave. These were collapse of the
Krakatoa edifice, pyroclastic flows, lateral blast, and submarine explosion.
Paris, et al. (2014) concluded that the volcanic tsunami could take place due
to not only one source but also the combination of several mechanisms.

Mt. Anak Krakatau (Krakatoa) is only one of several volcanoes that have a
history of producing landslides and tsunamis impacting Indonesia. There are
eighteen volcanoes which are active and have the records in generating these
two indirect hazards; these are Anak Krakatau, Tambora, Sangiangapi, lya,
Paluweh island, llliwerung, Teon (Laut Banda), Banda Api, Makian (Kie Besi),
Gamalama, Gamkonora, Dukono, Soputan, Tangkoko, Karangetan, Ruang,
Banua Wuhu, and Awu (Latter, 1981; Paris, et al., 2014). These hazards
threaten not only the coastal population but also marine infrastructure, e.g.,
submarine communication cables, situated near the volcanoes as depicted in
Figure 1. In this project, we focus on Gamalama volcano on Ternate Island
which has the steep flanks and is prone to landslides, is located in an
important of economic centre, and surrounded by densely populated areas
threatened by tsunami hazards.

1.2 Target Volcano: Mount Gamalama

Mt. Gamalama is a volcano that relates to all of the issues highlighted. It is
well-known as a very active volcano in the eastern part of Indonesia, Ternate
Island in North Maluku province. Mt. Gamalama and the former Krakatoa
volcano have some similarities, such as the location close to a subduction
zone, the morphology of the volcanic island, and the history of volcanic
tsunamis in 1604 and 1840 (Paris, et al., 2014). Those similarities imply that
Mt. Gamalama could potentially pose similar hazards and threats to marine
infrastructures and the coastal population in Ternate and its vicinity.
Therefore, Mt. Gamalama should be studied in terms of its volcanic hazards
and their mitigation.
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1.2.1 Past activity at Gamalama Volcano

The Global Volcanism Program (2018) mentioned the first known Gamalama
eruption in 1510, while the Center for Volcanology and Geological Hazard
Mitigation of Indonesia (CVGHM) recorded it as 1538. There have been about
85 events recorded until the last eruption on October 3rd 2018. The volcanic
eruption index (VEI) of its eruptions varies from 1 to 3. In addition, the time
interval of activity ranges from months up to 50 years. Based on its history,
Gamalama has been more active within the last decade in which it has erupted
seven timesParis et al. (2014) listed two tsunamis caused by the eruptions of
Gamalama in 1608 and 1840. Although the mechanisms were unconfirmed,
these eruptions are characterized as VEI 3 in both years adding credibility to
the production of volcanic tsunamis as they are the most powerful observed
at this volcano. In addition, Hamzah et al. (2000) mentioned another tsunami
in 1871 which was generated by the Mt. Gamalama eruption. Soloviev and
Go (1974) confirmed these three tsunamis. The full detail of the tsunamis and
the related eruptions of Mt. Gamalama can be seen in Appendix 1. The
relations between the recorded tsunamis and the eruptions of Mt Gamalama
can be seen in Tabel 1 which describes the suggested mechanisms of
tsunami generation in the vicinity of Mt Gamalama.

Table 1. 1 The suggested mechanism of tsunami generation corresponding to
Mt Gamal amab6s activities

Year Events on Mt Recorded Tsunamis Suggested
Gamalama Mechanisms
1608 Eruption in July 1608 Strong run-up on shore Earthquakes
with VEI 3 (PVMBG,  of Makian Island (Tidore) and Eruptions
2022 ). Clercq (1999) which is located in the on Ternate
mentioned south of Gamalama
earthquakes and (Soloviev and Go (1974)
eruptions on Ternate
on July 18-19, 1608.
1840 Eruptions from 2nd Water entering the land  Eruptions
February to 29" on Ternate Island rapidly
September with VEI (Soloviev and Go, 1974).
3. Soloviev and Go
(1974) mentioned the
violent eruption on
February 14" was not
accompanied by an
earthquake.




1871 Eruptions between 7" Tsunami at Gorontalo on  Eruption and

August to 25™ August 25" (Perrey, earthquakes
September with VEI 1875b in (Soloviev and
2. Clercq (1999) Go, 1974)).

mentioned the
eruptions happened
together with severe
earthquakes in
August.

Eruptions on Mt Gamalama were not only accompanied by earthquakes, but
also flank collapse. Soloviev and Go (1974) listed the southern flank of the
volcano collapsed in 1673 causing an avalanche and falling rocks. This event
was mentioned to cause the destruction of the residence of the King of
Ternate. In addition, Clercq (1999) stated that seismicity potentially

destabilized Mt Gamal amads edi fice and
houses. In a diary of the Resident of Ternate in Clercq (1999), during the
eruptions and earthquakes in February 18
no earthquake felt during this eruption; but from time to time there was a slight
trembling of the earth, as though a carr

1.2.2 Geological and geomorphological  background

Gamalama is located on Ternate Island (0°48°N and 127°19°E) and is one of

the active stratovolcanoes in the Halmahera magmatic arc. This zone is

formed as the consequence of a double-subduction of the Maluku Sea plate

to the Sangihe and Halmahera thrust as depicted in Figure 2. The complexity

of the tectonic setting plays an i mportant rol e
activities and making up its materials.

The eruptions of Mt. Gamalama resulted in the formation of three volcanic
lakes produced by phreatic eruptions, namely Tolire Besar, Tolire Kecil, and
Laguna lakes (Fig. 1.3). Bronto et al. (1982) concluded that the formation of
the two Tolire lakes was associated with a highly destructive volcanic
earthquake in 1775. This event was followed by magma intrusion that heated
the groundwater system beneath the Soela Takomi area, encompassing the
present locations of Tolire Besar and Tolire Kecil, ultimately triggering a
catastrophic phreatic eruption and leading to the formation of maar-type
volcanic features.
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Figure 1. 2 Tectonic setting of Mt Gamalama; (A) Gamalama  (red mark) in a
series of volcanoes in the Halmahera Arc , (B) Double subduction of the
Molucca (Maluku) sea plate under Sangihe and Halmahera Thrust, and (C)
Plate thickness estimation (adopted from Syahbana (2015a)).

Historical records further indicate that eruptive activity at Mt. Gamalama has
not been confined to the main summit crater. A lateral or flank eruption
occurred in 1561, demonstrating that magma ascent pathways were able to
bypass the central conduit system. Similarly, the 1775 phreatic eruption at
Soela Takomi, which resulted in the formation of coastal maars, provides clear
evidence of eruptive processes operating at low elevations away from the
summit.

The spatial distribution and eruptive history of these non-summit events
strongly suggest the occurrence of lateral magma transport through dyke
intrusion. Such dyke-fed intrusions enable magma to migrate laterally beneath
the volcanic edifice, facilitating interaction with shallow groundwater systems



in distal and near-coastal environments. This process provides a robust
mechanism for triggering phreatic and phreatomagmatic eruptions outside the
main crater and contributes to localized stress redistribution within the
volcanic flank.

These observations underpin the conceptual framework adopted in Chapter
2, where dyke intrusion is treated as a primary driver of volcanic flank
deformation and instability. The documented history of flank and low-elevation
eruptions at Mt. Gamalama justifies the implementation of dyke-driven stress
and deformation models to assess slope instability and related hazard
scenarios, including potential mass movements and landslide-induced
tsunami generation.

Figure 1. 3 Geological d eposits on Mt Gamalama adopted from (Bronto
et al., 1982)



Surficial deposits
o Alluvium i Silt, sand and gravel

——

L Reworked pyroclastic deposits T Weakly consolidated ash,

lapilli tuff and some pumice lapilli beds from Gt, Gd and Gm
undifferentiated. Fluvial sedimentary structures are common.

Deposits of individual Gamalama volcanic generations
1 OIld Gamalama volcano (Gt)

(;tp

Pyroclastic deposits i Well-consolidated, deeply weathered
scoria interbedded with volcanic ash

i
6| Ignimbrite T Pyroclastic deposits, partly welded, dense dacitic,
with fiamme structures

Giig

Lahar deposits 1 Well-consolidated lahar deposits, including
some interbedded andesite lavas and volcanic ash

Andesite intrusive plug T Dense, grey andesite with plug form
and irregular sheeting joints

lavas of uncertain origin

- Altered lavas 1 White and violet red hydrothermally altered

Undifferentiated lavas 1 Undifferentiated older lavas, mostly
dense grey andesite interbedded with minor lahar deposits of
lower elevations

1 Middle age Gamalama volcano (Gd)

J

Y Pyroclastic airfall deposits T Red scoria interbedded with

yellow brown tuff

Volcanic explosion breccias 1 Unsorted volcanic breccias
consisting in large part of altered andesitic block

Littoral explosion deposits i Well stratified lithic volcanic
breccia and hyaloclastite vitric tuff, with monomic dacitic
andesite glassy fragments. Formed by steam explosions where
the following flow entered the sea

(98
8

U Pyroclastic flow deposits i Dacitic andesite breccia,
containing abundant glassy breadcrust bombs



Lava 1 Dense andesite block lava flow overlying ignimbrite (Gt
ig)

Lahar deposits 1 Coarse, subangular to subrounded boulders
of basaltic andesite in a well-consolidated mud and sand matrix,
including some pyroclastic airfall deposits

Undifferentiated lavas 1 undifferentiated older lavas; mostly
dense grey andesite lavas interbedded with minor lahar deposits
of lower elevations

f Young Gamalama volcano (Gm)

— .
| Gmpm—_J

o

Young pyroclastic deposits i Pyroclastic airfall deposits,
consist of andesite and basaltic andesite blocks and bomb to 6
m maximum dimension. Product of the September 1980
eruption.

Young lahar deposits i Coarse, subangular to subrounded
boulder of basaltic andesite and andesite in an unconsolidated
mud and san matrix. Included lahar deposit of 1840, 1897 and
1907 age.

Old pyroclastic deposits i Pyroclastic airfall deposits consist
ash, scoria, and lithic fragments. In large part of historic age.

1907 Lava i Basaltic andesite. Erupted in November 1907

Phreatic explosion deposits of Tolire Jaha and Tolire Kecil
Maars T Consist of partly consolidated, unsorted fragmental
volcanic materials of various lithologies near maar, but on the
maar flank consist of well stratified base surge deposits and
bomb sag structures. Formed in September 1775.

1763 Lava i Dark grey, vesicular andesite block lava,
characterized by about 40% euhedral plagioclase phenocryst.
Erupted in 1763.

Spatter and volcanic explosion breccias i Consist of largely
andesite flattened bombs and breadcrust bombs, commonly
with brownish yellow altered tuff. Form around eruptive vents in
1763.

1737 Lava 1 Basaltic andesite block lava, dark, vesicular with
about 45% euhedral plagioclase phenocrysts. Erupted in March
1737.
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4

for o Pyroclastic flow deposit T Poorly exposed; consist in part of
glassy, vesicular andesite breadcrust bombs.

- Lava 5 i Dark, vesicular basaltic andesite block lava with about
40% subhedral plagioclase phenocrysts.

Lava 4 7 Grey andesite block lava, vesicular
Lava 3 7 Grey, vesicular andesite block lava

Lava 2 T Grey, vesicular andesite block lava, characterized by
very small plagioclase phenocrysts

Lava 1 - Grey, vesicular andesite block lava, characterized by
rounded plagioclase phenocrysts (about 40%)

"ﬁb’uj Phreatic explosion deposits of Laguna maar i Consist of
weakly consolidated, unsorted volcanic breccia near Laguna,
but off well-sorted, stratified base surge deposits with bomb sag
structure and accretionary lapillion maar flanks

- Old lahar deposits 1 Coarse, subangular to subrounded
boulder of basaltic andesite in a well-consolidated mud and
sand matrix. Forms steep cliffs along deeply incised canyons

G“lm Undifferentiated lavas 1 Undifferentiated older lavas, mostly

dense grey andesite, interbedded with minor lahar deposits of
lower elevations

1.3 Current knowledge of volcano stability, volcanic
tsunamis, and relevant modelling methods

The causes of instability depend on the nature of slope including the edifice
formation related to the strength or permeability boundaries and the relative
orientation of bedding planes, joints, and faults to the slope geometry (Del
Potro et al., 2013). Factors destabilizing the volcanic edifice are categorized
into active and passive (Head, 1996) or volcanic and non-volcanic (Ozdemir
et al., 2016). Furthermore, McGuire (1996) classified them into internal and
external. Insanities of volcanic edifies can trigger landslides which in turn
cause tsunamis.

Table 1. 2 Classification of destabilizing factors in a volcano ( Mcguire (2003)

Internal factors External factors
1 Steep slopes 1 climatic effects (precipitation)
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1 oversteepening due to 1 changing sea level
magma intrusion 1 surface loading

1 basement uplift and 1 tectonic seismicity and fault
subsidence activity

1 mechanically unsound
structure

1 volcanic seismicity

Regarding volcanic landslides, there are many studies carried out to
determine the trigger mechanism. Volcanic landslides are sourced from
material of the volcano edifice, both in small and in large dimensions (Delcamp
et al., 2017). Ozdemir et al. (2016) classified volcanic landslides into four
categories based on the mechanism: (i) landslides associated with magmatic
activities, e.g., Bezymianny, Russia; (ii) landslides linked to a phreatic or
hydrothermal system, e.g., Bandai in 1888, Japan; (iii) landslides associated
with earthquake-triggered volcanic eruption, e.g., Unzen, Japan; and (iv) a
volcanic flank collapse caused by extreme rainfall, e.g., Casita, Nicaragua.

A volcanic flank collapse is a gravity-driven failure of subaerial and submarine
volcanic material as a consequence of volcanic slope instability (Casalbore et
al.,, 2011; Coussens et al., 2016; Dondin et al., 2017). It is necessary to
recognize that flank collapse as a consequence of volcanic activities which
can generate landslides and tsunamis simultaneously, or a landslide
preceding the tsunami (Ozdemir et al., 2016).

The instabilities of volcanoes lying on marine area can cause tsunamis as a
consequence of landslides entering to the sea (Tinti et al., 2011; Sassa et al.,
2016) which can vary in scales and volumes. Day (2015) explained that the
generation of tsunami yields a mechanical energy - the combination of
potential and kinetic energy - to the sea water. The potential energy is the
change in the floor of the water body and the kinetic one is a function of the
mass and volume of landslides. According to the law of energy conservation,
the energy of landslides is transmitted by sea-waves, and then devastates
nearby coastal areas. Ward (2001) referred this event as landslide tsunamis.

Zhao et al. (2016) suggested that the subaerial landslides generating
tsunamis involved at least three materials: the sea water in a liquid phase, the
air acting in a gaseous phase, and the sliding mass in a solid phase.
Therefore, the interface among these materials must be clearly distinguished.
Abadie et al. (2010) classified the mechanisms of subaerial landslides into
three steps, such as 1) interaction between air and mass sliding that
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propagates some distance, 2) the mass entering the sea penetrates the water
and still interacts with air, and 3) the mass totally submerged into the sea
water.

Therefore, in modelling the tsunami generation, we apply a multi material
approach (air, water, and mass sliding). The complete explanation of the
method is described in Chapter 3.

1.3.1 Selected Gamalama Instability Profile

The selection of profiles for slope stability analysis was primarily guided by the
available geological map of Mt Gamalama. This approach was adopted due
to the limited availability of historical or observational data that explicitly
constrain the direction of flank failures associated with the three documented
t sunami events |linked to Gamal amad
study is to investigate the potential mechanisms of tsunami generation
induced by volcanic flank instability, rather than to reconstruct a specific past
failure, geological context provides the most reliable firstdrder constraint for
profile selection.

The geological map of Mt Gamalama indicates clear lithological contrasts
within the volcanic edifice, reflecting variations in material strength and
mechanical behaviour that are critical for slope stability assessment.
Consequently, profiles were selected along the north, south, east, and west
directions to coincide with the main geological crossections shown on the
geological map, ensuring that the analysed profiles are consistent with
mapped subsurface structures and lithological boundaries.

Although the selected profiles adopt a quasiZadial configuration, they also
represent sectors of the volcano that are associated with markedly different
geomorphological and bathymetric settings. The western flank of Mt
Gamalama is characterised by deeper offshore bathymetry, whereas the
eastern flank is associated with relatively shallow coastal waters that coincide
with major navigation routes. In contrast, the northern and southern sectors
are oriented towards clusters of small islands in close proximity to the volcano.
These contrasting settings imply differing levels of exposure and potential
impact in the event of tsunami generation, thereby providing a meaningful
framework for subsequent risk analysis presented in Chapter 4.

Furthermore, the selected crossZections overlap with areas identified as
having high landslide susceptibility in previous studies, particularly those
reported by Ikgra (2012). This independent assessment supports the
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relevance of the chosen profiles and reinforces their suitability for evaluating
potential slope failure scenarios at Mt Gamalama.

0.860

0.840

0.820

0.800

0.780

0.760

127.300 127.320 127.340 127.360 127.380

Figure 1. 4 Potential failure surfaces correspond to the map of landslide hazard
on Mt Gamalama adopted from (lkgra et al., 2012). The red area states the
high risk of landslides, the orange for medium risk, the light green for the
low risk, and the dark green for th e low risk, and the dark green for the
relatively safe area
In conclusion, while the lack of definitive constraints on historical failure
orientations necessitates a simplified directional approach, the combination of
geological mapping, lithological variability, geomorphological setting, and prior
landslide susceptibility analysis provides a robust and transparent basis for
profile selection. This approach allows the assessment to capture a plausible
range of failure directions and their implications for tsunami generation and

associated coastal risk.
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1.3.2 Current Deformation and Flank Stability at Mt Gamalama

Current deformation observed at Mt Gamalama is primarily associated with
increased volcanic activity rather than direct evidence of large-scale flank
instability. As illustrated in Figure 1.4, the deformation pattern is concentrated
around the summit area and extends along specific flank sectors, highlighted
by the dashed circles. These zones correspond to areas of active magmatic
processes, where inflation and localized deformation are consistent with
shallow magma intrusion and pressurization beneath the volcanic edifice.

Maars

Mean sea level l

Figure 1. 5 Three-dimensional topographic and bathymetric view of Mt
Gamalama

Importantly, although current monitoring data do not provide direct evidence
of ongoing flank failure, the spatial distribution of deformation highlights zones
of mechanical weakening within the volcanic edifice. These areas may act as
precursory indicators of stress accumulation and structural heterogeneity,
which are relevant for assessing long-term instability scenarios. In this
context, deformation related to increased volcanic activity can be interpreted
as a contributing factor that may progressively reduce slope stability,
particularly when combined with lithological contrasts, hydrothermal
alteration, and steep topographic gradients.

Therefore, current deformation at Mt Gamalama should be regarded as
indicative of active magmatic processes rather than imminent flank instability.
Nevertheless, these deformation patterns provide essential contextual
information for this study, as they support the plausibility of future flank
destabilisation under sustained or intensified volcanic forcing. This
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interpretation strengthens the rationale for investigating landslide-induced
tsunami mechanisms at Mt Gamalama, as presented in the subsequent
chapters of this thesis.

1.4 Thesis outline

This study investigates the potential for landslides originating from Mt.
Gamalama to generate tsunamis and threaten both coastal populations and
submarine communication cables surrounding Ternate Island. The primary
objective is to assess landslide-induced tsunami hazards associated with
volcanic flank instability at Mt. Gamalama, a highly active stratovolcano
located in a marine setting.

To achieve this, a two-stage modelling framework was adopted, combining
slope stability analysis and tsunami generation modelling. This approach was
selected to explicitly link geotechnical conditions controlling flank instability
with the hydrodynamic processes responsible for tsunami generation.
Landslide initiation and tsunami propagation involve fundamentally different
physical mechanisms; therefore, separate but complementary numerical tools
were employed to represent each process realistically.

Slope stability analysis was first conducted using Slide2D software
(Rocscience), which is specifically designed to evaluate gravitational slope
failure under complex geological conditions. Slide2D was chosen because it
allows the implementation of the Generalized Hoeki Brown failure criterion,
which is well suited for volcanic rock masses characterized by heterogeneity,
fracturing, and variable rock strength. This stage of the analysis aimed to
estimate shear strength parameters and Factors of Safety (FoS), thereby
guantifying how close the volcanic flanks of Mt. Gamalama are to failure. The
results also provide physically constrained landslide geometries and material
properties that are required as input for subsequent tsunami modelling.

Tsunami generation and propagation were then modelled using the Fluidity
software package (AMCG, 2012). Fluidity was selected because it is capable
of simulating complex multi-material interactions using a fully dynamic,
Navieri Stokesi based framework. This is particularly important for landslide-
generated tsunamis, where the interaction between solid landslide material,
seawater, and air plays a critical role in wave generation. The multi-material
approach (water, air, and viscous landslide material) enables a more realistic
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representation of landslide fluidisation and momentum transfer compared to
simplified empirical or depth-averaged tsunami models.

The research was conducted with the following objectives:
1 to estimate shear strength parameters and Factors of Safety in order to

determine the proximity of Mt. Gamal

physically based inputs for tsunami modelling;

1 to simulate tsunami generation resulting from potential volcanic flank
instability; and

1 to assess the potential impacts of landslide-induced tsunamis on marine
infrastructure, including submarine communication cables, as well as
coastal populations on Ternate Island and its surrounding areas.

Chapter 1 presents an overview of the volcanic and tectonic setting of Mt.
Gamalama. It reviews the historical eruptive activity of the volcano, with
particular emphasis on eruptions that have been associated with tsunami
events. The chapter also discusses regional tectonic processes that may
contribute to slope instability within the volcanic edifice. Special attention is
given to the presence of two maars formed by past explosive eruptions near
sea level, which provide geological evidence of large-scale volcanic
processes capable of triggering tsunamis. This historical and geological
context establishes the foundation for the subsequent stability and tsunami
modelling.

Chapter 2 focuses on assessing the landslide potential of Mt. Gamalama by
analysing the stability of its flanks. Four sectors of the volcanod north, south,
east, and westd are examined using geological cross-sections derived from
the geological map of Gamalama. The Generalized Hoeki Brown criterion is
applied to estimate the Factor of Safety for each section, allowing identification
of sectors with the highest likelihood of failure. The results of this chapter
define the most critical landslide scenarios, which are subsequently used as
source inputs for tsunami modelling.

Chapter 3 presents the tsunami modelling component of the study. The
landslide scenarios identified in Chapter 2 are implemented in Fluidity to
simulate tsunami generation and propagation. The model accounts for
multiple materials (air, water, and landslide debris), with viscosity and density
parameters constrained through sensitivity testing and reference to
documented landslide-induced tsunami events. Two contrasting marine
environments are investigated: the relatively shallow Halmahera Strait to the

am
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east (approximately 300 m water depth) and the much deeper Maluku Sea to
the west (exceeding 1000 m water depth). Model outputs include tsunami
wave heights, propagation distances, and spatial distribution of wave energy.

Chapter 4 evaluates the tsunami hazard and associated risks posed by
potential landslides at Mt. Gamalama. Spatial analysis is used to assess
exposure of coastal populations and submarine infrastructure based on the
tsunami characteristics derived in Chapter 3. Areas of heightened risk are
identified, and implications for evacuation planning and infrastructure
protection are discussed. This chapter provides a direct link between physical
modelling results and practical disaster risk reduction measures.

The outcomes of this study have important implications for volcanic hazard
mitigation in Indonesia. Existing hazard maps around Mt. Gamalama primarily
focus on primary volcanic hazards, such as pyroclastic density currents and
lahars, based on runout distances. However, the results of this study
demonstrate that secondary hazards, particularly landslide-induced tsunamis,
should also be incorporated into hazard assessments for volcanoes located
in coastal or lacustrine environments. The modelling framework developed
here is transferable to other volcanic regions worldwide and contributes to a
more comprehensive understanding of volcanic hazards threatening coastal
populations and critical marine infrastructure.
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Chapter 2
The Stability of Mt Gamalama and The Potential of
Generating Landslides on Ternate Island

2.1 Introduction

Instability studies have been conducted on many volcanoes highlighting large-
scale landslides occurring on the volcano flanks (Basahel & Mitri, 2017; del
Potro & Hurlimann, 2008; Manzoni, 2012; Murray et al., 2018; Schaefer et al.,
2015). At an active volcano, landslides can indicate unstable conditions as
the edifice is growing (McGuire, 1996).

The mechanisms of landslide generation due to volcanic instability are still
poorly understood (Harris et al., 2011). Volcanic instability results in structural
failure due to internal or external factors. The internal factors have been
identified as steep slopes, magma and dyke intrusion, basement uplift and
subsidence, and volcanic seismicity. The external factors have been labelled
as surface loading, climatic effects, sea level change, and tectonic seismicity
(McGuire, 1996).

Blahut et al. (2018) summarised the recorded of giant landslides on volcanic
islands in the world; there are 182 events spread over three oceans. There
are 75 cases in the Atlantic Ocean, 67 in the Pacific Ocean, and 40 in the
Indian Ocean. The explosion of Krakatau in 1883 which resulted in tsunamis
is not included in this database. This might be because of the mechanisms
still debated among scientists.

The current studies regarding volcanic landslides are mostly about the
reconstruction of landslide generation, the investigation of avalanche
materials like deposits, volumes and run-out distances, and the geometry of
the scar as the initial posture of landslides. Numerous studies have attempted
to explain landslides and flank failure in the Canary Islands (S. M. Abadie et
al., 2012; Becerril et al., 2016; Boulesteix et al., 2013; Carracedo, 1999; Ferrer
etal., 2013; Gee et al., 2001, Giachetti et al., 2011 ; Harris et
et al., 2016; Leon et al., 2017; Marquez et al., 2008; Masson et al., 2002).
Other studies have been conducted in La Reunion (Kelfoun et al., 2010;
Oehler et al., 2004, 2008) and in Cape Verde (Elsworth & Day, 1999; Masson
& Bas, 2008) as well as on many other ocean island volcanoes.

There are less studies of continental volcanoes, but one such study is of Mt
Pacaya, Guatemala (Schaefer et al., 2013, 2019), which assesses the
potential of future failure. Schaefer et al., (2013), based on the review in

al
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Tibaldi & Lagmay (2006), suggest landslides or flank failure can repeatedly
take place on the same volcano and become a severe threat in the future. The
study shows the edifice remains stable in static conditions but can potentially
generate alarge-scalec ol | apse due to magma pressur e
dyke, or peak ground acceleration of O ¢

This result suggests internal and external factors can destabilize an otherwise
stable volcano. Mt Gamalama as an active volcano in the eastern Indonesia
is currently in a stable condition. However, there are many factors which can
decrease the stability level and generate landslides. Ikgra et al. (2012)
mapped the landslides on Mt Gamalama based on geomorphological
condition and reported that only 18.2% of the territory of Ternate island, where
Mt Gamalama is located, is counted as an area safe from landslides (see
Figure 1.4). In addition, the double subduction of the Molucca sea to Sangihe
thrust in the west and Halmahera thrust in the east (Syahbana, 2015b) will
impact the stability level. The tectonic activity along the subduction is very
high. Triyono (2019, 2020) reported two earthquakes with magnitude of 7.1
on July 7" 2019 and 7.1 on June 4% 2020. These two events shook the ground
in Ternate Island and likely destabilized the Gamalama edifice.

The primary aim of this chapter is to evaluate the potential instability of Mount
Gamalama's volcanic edifice by analyzing the Factor of Safety (FoS) values
across different sections of the volcano. Specifically, the study seeks to
identify areas most vulnerable to collapse, which could serve as potential
triggers for large-scale landslides and their associated hazards. The
objectives include determining the geological and geotechnical parameters
influencing instability, assessing the impact of internal and external factors on
the edifice stability, and providing insights into potential future landslide
scenarios under varying conditions.

To achieve these objectives, a quantitative geotechnical analysis is employed.
This involves utilizing four cross-sections derived from the geological map by
(Bronto et al., 1982), which provides the basis for determining input
parameters such as slope geometry, material properties, and subsurface
structures. The Factor of Safety (FoS) is calculated using numerical modelling
techniques that incorporate the Generalized Hoek-Brown failure criterion. This
methodology allows for a detailed evaluation of stability under both static and
dynamic conditions, considering potential influences from tectonic activity,
seismic ground acceleration, and magma intrusion. The findings aim to
enhance the understanding of volcanic instability at Mount Gamalama and
contribute to hazard mitigation strategies in the region.
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2.2 Estimation of rock mass strength
2.2.1 The Mt Gamalama deposits

Mount Gamalama is composed of a complex assemblage of volcanic deposits
produced by multiple eruptive episodes. Several historical eruptions
generated lava flows that extended to the coastline and entered the marine
environment. According to the geological map of Ternate Island compiled by
Bronto et al. (1982), at least thirty-two lithostratigraphic units are identified
across the volcanic edifice, reflecting a wide range of eruptive products and
depositional processes. To complement the surface geological information,
subsurface constraints are obtained from a vertical electrical resistivity survey
conducted in the coastal areas of Ternate Island (Achmad, 2016). At present,
no comprehensive studies have systematically mapped the distribution of
volcanic deposits across both the subaerial edifice and the underlying
submarine domain.

This study does not incorporate new field-based investigations; therefore, the
geological map of Bronto et al. (1982) and the resistivity data reported by
Achmad (2016) are used as the primary sources of geological and subsurface
information throughout the analysis. Together, these datasets indicate that
Mount Gamalama is characterised by a heterogeneous assemblage of
volcanic materials, implying substantial spatial variability in rock-mass
properties. However, due to the limited resolution and spatial coverage of the
available data, the delineation of distinct geotechnical units remains subject
to considerable uncertainty.

Four representative cross-sections of the Mount Gamalama edifice were
selected for analysis, as shown in Figure 2.1: section A0 on the western flank,
section BO on the eastern flank, section CO on the southern flank, and section
DO on the northern flank. These sections were chosen to capture contrasts in
bathymetry, dominant depositional facies, and slope geometry. Consequently,
the potential instability mechanisms and associated hazard levels are
expected to differ markedly between sections. This working hypothesis is
evaluated in later chapters through slope stability and tsunami-generation
modelling.
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North Sulawesi North Maluku

Molucca Sea

Figure 2. 1 Representative cross -sections selected for slope stability
analysis of the Mount Gamalama volcanic edifice.

The determination of lithology within the analysed area is based on geological
cross-sections derived from the geological map of Mount Gamalama (Bronto
et al., 1982). The westi east transect (Section AOT BO) is shown in Figure 2.2,
while the southi north transect (Section COi DO) is presented in Figure 2.3.
These cross-sections provide the primary geological framework for defining
lithological boundaries and estimating the vertical and lateral distribution of
volcanic deposits within the edifice.

The adoption of these geological cross-sections represents a key underlying
assumption of this study: that the mapped surface lithologies and their
interpreted subsurface continuations provide a reasonable first-order
approximation of the internal structure of Mount Gamalama. This approach
was necessitated by the absence of detailed subsurface investigations and
the practical limitations in acquiring new primary field data. While this
assumption allows a consistent and transparent basis for model construction,
it also constitutes a recognised source of uncertainty in the slope stability
assessment.
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Figure 2. 2 The geological deposits on cross -section AOB of the Gamalama edifice (adopted from Bronto et al. (1982))
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(Gmpt) Old pyroclastic deposits Z

(Gdp) Pyroclastic Pyroclastic airfall deposits consist ash, scoria
airfall deposits z Red and lithic fragments. In large part of historic
scoria interbedded with age.

yellow brown tuff

(Gmpm) Young pyroclastic deposits
Pyroclastic airfall deposits, consist of andesite
and basaltic andesite blocks and bomb to 6 m
maximum dimension. Product of the September
1980 eruption.

(GdL) Lava z Dense andesite
block lava flow overlying
ignimbrite (Gt ig)

(Gtla) Lahar deposits z
Well-consolidated lahar
deposits, including some
interbedded andesite lavas
and volcanic ash

GmLu) Undifferentiated lavas z Undifferentiated older
avas, mostly dense grey andesite, interbedded with minc
ahar deposits of lower elevations

(Gtip) Andesite
intrusive plug z
Dense, grey andesite
with plug form and
irregular sheeting

(Gtig) Ignimbrite  z Pyroclastic
(GmIm) Young lahar deposits, partly welded, dense
deposits z Coarse, dacitic, with fiamme structures
subangular to subrounded
boulder of basaltic andesite
and andesite in an
unconsolidated mud and
san matrix. Included lahar
deposit of 1840, 1897 and
1907 age.

(Gm L7) 1763 Lava z Dark grey,
vesicular andesite block lava,
characterized by about 40% euhedral
plagioclase phenocryst. Erupted in 1763.

(Gmbv) Spatter and
volcanic explosion
breccias z Consist of largely
andesite flattened bombs
and breadcrust bombs,
commonly with brownish
yellow altered tuff. Form
around eruptive vents in
1763.

(GdLu) Undifferentiated lavas 7
undifferentiated older lavas; mostly dense
grey andesite lavas interbedded with minor
lahar deposits of lower elevations

Gmlt) Old lahar deposits z Coarse,
subangular to subrounded boulder of
rasaltic andesite in a wellconsolidated mud
ind sand matrix. Forms steep cliffs along
leeply incised canyons

Figure 2. 3 The geological deposits on cross -section COD of the Gamalama edifice (adopted from Bronto et al. (1982))
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The selected cross-sections were chosen because they provide approximate
elevation constraints for individual lithological units, facilitating the clustering
of geological deposits into simplified geotechnical units required for factor of
safety (FoS) modelling. Importantly, the four profiles collectively encompass
the majority of volcanic deposit types identified on Mount Gamalama. As such,
the slope stability modelling conducted along these profiles is considered
representative of the dominant lithological and mechanical conditions present
across the volcanic edifice.

The classification of volcanic deposits in this study is based on both their
observable characteristics and their general mechanical behaviour, as
reported in previous studies on volcanic slope stability (Apuani et al., 2005;
Moon et al., 2005; Rodriguez-Losada et al., 2007), and on the lithological
descriptions provided in the geological map of Mount Gamalama (Bronto et
al., 1982). The grouping of deposits into geotechnical units is guided by the
geological cross-sections presented in Figures 2.2 and 2.3, which provide
constraints on the spatial distribution, vertical arrangement, and compositional
characteristics of each deposit type across the volcanic edifice.

The simplification process involved grouping lithological units that share
broadly similar material composition and mechanical performance into single
geotechnical units, as summarised in Table 2.1. Based on the lithological
content and depositional characteristics identified in these cross-sections, the
volcanic deposits are classified into six lithological categories; andesite,
basaltic andesite, breccia, pyroclastic deposits, lahar deposits, and volcanic
oceanic crust, which are subsequently translated into corresponding
geotechnical units (Table 2.1). This classification represents a necessary
simplification of the inherently complex and heterogeneous volcanic
stratigraphy of Mount Gamalama in order to enable slope stability modelling.

Table 2. 1 Classification of the Mt Gamalama deposits on all selected sections
based on the description of the appearance and the general performance

Basaltic andesite

Gmpm Pyroclastic airfall deposits consist of andesite and
basaltic andesite blocks and bomb up to 6 m wide.

Gmlt Coarse and subangular to subrounded boulders of
basaltic andesite are in a well consolidated mud and
sand matrix.

Pyroclastic deposits

Gmpt Pyroclastic airfall deposits consist of ash, scoria, and
lithic fragments.

Gdp Pyroclastic airfall deposits consist of red scoria

interbedded with yellow brown tuff.
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Gtp Pyroclastic deposits consist of well consolidated and
deeply weathered scoria interbedded with volcanic
ash.

Andesite

GdLu, GtLu, Undifferentiated older lavas consist of dense grey

GmLu andesite lavas interbedded with minor lahar deposits
of lower elevation

Gmbv Spatter and volcanic explosion breccia consist of

largely andesite flattened bombs and breadcrust
bombs, commonly with brownish yellow altered tuff.

GdL Lavas consist of dense andesite block lava flow
overlying ignimbrite

Gtip Andesite intrusive plug consists of dense and grey
andesite with plug form and irregular sheeting joints

Breccia

Gdpl Littoral explosion deposits consist of well stratified lithic

volcanic breccia and hyaloclastite vitric tuff.

Lahar deposits

Gtla Lahar deposits consist of well consolidated lahar
deposits including some interbedded andesite lavas
and volcanic ash.

Gmim Young lahar deposits consist of coarse and subangular
to subrounded of basaltic andesite and andesite in an
unconsolidated mud and sand matrix.

Volcanic ocean crust

Under sea level deposits

The geological grouping derived from Figures 2.2 and 2.3 forms the basis for
constructing four representative slope profiles, namely profiles A0 (Figure
2.4), BO (Figure 2.5), CO (Figure 2.6), and DO (Figure 2.7), corresponding to
the western, eastern, southern, and northern sectors of the edifice,
respectively. These profiles incorporate the dominant deposit types observed
across Mount Gamalama and are considered representative of the main
geological conditions influencing slope stability. The resulting profiles are
subsequently used as the geometric and lithological framework for factor of
safety (FoS) calculations aimed at assessing the overall slope stability of
Mount Gamalama.

Regarding the unit boundaries in the slope stability models (Figures 2.4 71 2.7)
is primarily derived from the published geological cross-sections of Mount
Gamalama (Bronto et al., 1982), which provide the main constraints on
lithological distribution and boundary geometry. These interpretations are
further supported by subsurface information from electrical resistivity
measurements conducted in the coastal areas of the volcano (Achmad, 2016),
which offer indirect constraints on the continuation of volcanic units below sea
level.
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Figure 2. 4 The geotechnical unit classification in Section A0 of the Mt.
Gamalama

Basaltic andesite

Mean sea level

Figure 2. 5 The geotechnical unit classification in Section 0B of the Mt.
Gamalama

Figure 2. 6 The geotechnical unit classification in Section CO of the Mt.
Gamalama

Mean sea level

Figure 2. 7 The geotechnical unit classification in Section 0D of the Mt.
Gamalama
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Where lithological contacts are clearly depicted in the geological cross-
sections, the boundaries in the stability models follow the original geometry,
resulting in irregular contacts that reflect primary depositional surfaces. In
contrast, in the deeper parts of the Mt. Gamalama edifice, the internal
geometry of lithological units is not explicitly resolved in the available cross-
sections. In these regions, unit boundaries were introduced as simplified,
laterally interpolated, and locally horizontal surfaces. This assumption
represents a pragmatic approach adopted in the absence of detailed
subsurface constraints and is recognised as a source of uncertainty in the
modelling.

The coexistence of straight horizontal boundaries and irregular boundaries
therefore reflects differences in data resolution rather than differences in
geological process. Horizontal boundaries are used where subsurface
information is insufficient to justify more complex geometries, whereas
irregular boundaries are retained where supported by geological mapping.
This approach ensures internal consistency across the models while
maintaining fidelity to the available geological evidence (Schaefer et al.,
2018).

The uncertainties associated with the adopted geotechnical classification
arise primarily from the simplification of complex volcanic stratigraphy and the
limited availability of direct subsurface data. Volcanic deposits at Mount
Gamalama are inherently heterogeneous, and materials grouped within a
single geotechnical unit may vary locally in grain size, degree of welding,
weathering, and moisture content (Moon et al., 2005). These variations cannot
be fully captured by a single representative set of mechanical properties
(Apuani et al., 2005).

Furthermore, compositional lithological terms do not uniquely describe
depositional processes or mechanical behaviour, requiring interpretative
judgement when translating geological units into geotechnical units. These
uncertainties affect the absolute values of the calculated factor of safety;
however, they are considered acceptable within the context of hazard-based
modelling, where the objective is to assess relative stability patterns under
plausible geological conditions rather than to predict exact failure thresholds.

Within this context, the modelling strategy adopted in this study is hazard-
based, aiming to explore plausible instability scenarios and to identify the most
physically reasonable range of slope stability conditions at Mount Gamalama.
The objective is not to reconstruct a specific historical flank failure, but rather
to assess how variations in geological assumptions and input parameters
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affect slope stability outcomes and their implications for tsunami generation.
The explicit consideration of these assumptions, uncertainties, and
sensitivities underlines the exploratory nature of the analysis and supports the
broader conclusion that improved geotechnical characterisation and targeted
subsurface investigations are required to further reduce uncertainty in future
hazard assessments at Mount Gamalama.

2.2.2 Generalized Hoek -Brown failure criteria

The flank instability study of a volcano ideally combines both geomechanical
surveys that identify weakness zones and geotechnical analysis that analyse
the rock mass strength using numerical methods. Because of several
limitations, i.e. lack of financial support for fieldwork, the Mt Gamalama
instability investigated here is only using geotechnical analysis. Since the
objective is to estimate the strength of volcanic flanks, the Generalized Hoek-
Brown method was utilized (Hoek et al., 2002) for quantifying the strength of
each section (Apuani et al., 2005; del Potro & Hurliman, 2008; Dong-ping et
al., 2017; Manzoni, 2012; Moon et al., 2005; Rabik, 2015; Schaefer et al.,
2013; Sgrensen et al., 2015; Thomas et al., 2004). This criterion relies on the
strength of the intact geotechnical body, and the interaction and conditions of
contact surfaces between each rock mass (Dong-ping et al., 2017).

The generalized Hoek-Brown criterion is a non-linear strength calculation
based on empirical data. This criterion is widely applied to estimate rock mass
strength that can generate failure in rock materials (Hoek et al., 2002).
Mathematically, the criterion is written as:

N L 1)

where , and, are the maximum and minimum effective principal stresses
at failure, respectively, , is the uniaxial compressive strength of the intact
rock, & is a reduced Hoek-Brown material constant & for the rock mass,
and i and ware constants describing the characteristics of the rock mass. The
constant & , i and wsubjectively depend upon the geological strength index
GSI and the disturbance factor D as follows:

a a Agp—— (2)
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The geological strength index is a system of rock mass classification
representing the relation between the failure criterion and the geological field
investigation (Hoek & Brown, 2019). In other words, the GSI is applied to
estimate the strength decrease of the masses based on geological conditions.
In addition, the disturbance factor D is a qualitative measure of the degree of
disturbance to assess the volcano edifice strength. The value of D varies from
zero to one, representing the range from excellent quality with no disturbance
to heavy disruption, respectively (Thomas et al., 2004).

Both Hoek-Brown and Mohr-Coulomb failure criteria consider major ,, and
minor ,,  effective principal stresses at failure (Eberhardt, 2012; Labuz &
Zang, 2012). In the application of the Mohr-Coulomb failure criterion, it is
challenging to determine acceptable values of the cohesion strength wand the
friction angle %. On the other hand, the Hoek-Brown failure criterion relates
the empirical strength criteria to the geological observation (Hoek et al., 2002).
As mentioned in Egs. (1) to (4), this criterion applies three properties of the
rock mass that are estimated from the geological field investigation; these are
the uniaxial compressive strength , , the material constant & , and the
geological strength index. In addition, this criterion is applicable to estimate
the strength from diverse rock masses including very poor quality rock (Hoek
& Brown, 1997).

The Hoek-Brown failure criterion is rarely used in the calculation of factor of
safety FoS (Dong-ping et al., 2017), as the equations of the FoS calculation
typically employ a Mohr-Coulomb failure criterion. Hoek et al. (2002)
formulated the equivalent cohesion & and internal friction angle %oto link these
two failure criteria.

. w Qi wa , i oa,
& S P
v (5)
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P WC¢ W
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where & , i, and ®can be determined by equation 2, 3, and 4 respectively.
The variable ,, is the ratio between the upper limit of confining stress ,,

and the uniaxial compressive strength of the intact rock mass ,,
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2.2.3 Geotechnical properties

Geotechnical properties of deposits at Mt Gamalama are still largely unknown
due to a lack of specific surveys, hence data from similar volcanoes and
material were used. We reviewed literature applying the generalized Hoek
Brown failure criterion in the volcanic instability assessment. Based on this
criterion, the required input parameters are unit weight [ (KN/m3), uniaxial
compressive strength , (MPa), GSI (MPa), material constant & , and
disturbance factor D. The parameters of [, ,, , and GSI refer to the literature
reviewed (Table 2.2), the parameter of & refers to the values in Slide2D (the
tool from Rocscience which is utilized to process the data), and the parameter
of D is determined as zero or minimal disturbance.

Table 2. 2 The result of reviewing literature suggesting the properties of
geotechnical units

Geotechnical A QGuyMPa) g4 E References
Units (kN/m?3) (MPa)
Andesite (site 6) 24.85  235.00 55 (Moon et al., 2005)
. 127.00®@ 68®) (Moon et al., 2005)
Andesite (average) 2470 —rgu 05 650 (Moon et al., 2005)
Andesite 22.53 82.52 (Dinger et al.,
2004)
Lava 22.56 50.00 40 (Apuanietal.,
2005)
Lava-Breccia 25.65 52.00 50 (Schaefer et al.,
2013)
Breccia 14.71 30.00 20 (Apuanietal.,
2005)
Breccia 22.00 0.30 50 (Kusumawardani
et al., 2016)
Brecciated rock 40 (Moon et al., 2005)
mass 20.00 35.00 43 (Moon et al., 2005)
Scoria 13.20 10.40 >50 (del Potro &
Hurlimann, 2008)
Tuff 18.44 41.97 (Dinger et al.,
2004)
Tuff Snowdonia 7-35  42-69® (Thomas et al.,
2004)
Tuff Snowdonia 150.00 (Brown, 1981)
Tuff 22.00 0.23 20 (Kusumawardani
et al., 2016)
Basaltic andesite 22.40 24.14 (Koca & K
2016)

The selection of geotechnical parameters for each lithological unit at Mt
Gamalama was constrained by the limited availability of site-specific in situ
and laboratory geotechnical data. Consequently, an analogue-based



31

approach was adopted to represent the mechanical properties of the volcanic
materials forming the slopes of Mt Gamalama. The choice of analogue
datasets was not arbitrary but was guided by both the genetic similarity of the
rock types, particularly their volcanic origin, and the availability of well-
documented geotechnical parameters.

Although Tenerife, Snowdonia, and Izmir do not represent unique or perfect
analogues for Mt Gamalama, they are considered the most suitable datasets
currently available for constraining the first-order mechanical behaviour of
volcanic rocks at the slope scale (Dinger et al., 2004; Thomas et al., 2004;
Schaefer et al., 2013). Uncertainty remains, particularly with respect to
differences in hydrothermal alteration, tropical weathering intensity, and
deformation history that may not be fully captured by the analogue materials.
These uncertainties are explicitly acknowledged and are evaluated through
parameter variation and sensitivity analysis to assess their influence on FoS
outcomes.

The geotechnical parameters obtained from the literature review were initially
assigned to each corresponding geotechnical unit and subsequently
evaluated through an iterative parameter testing process. This approach
involved systematically adjusting parameter values within plausible ranges to
assess their influence on the calculated Factor of Safety (FoS) and to ensure
consistency with the present-day structural condition of Mt Gamalama.

The iteration process was continued until FoS values were obtained that were
considered physically realistic and geologically reasonable for a volcanic
edifice that is currently stable under background conditions, that is, in the
absence of additional destabilising influences such as major eruptive activity,
elevated pore pressure conditions, or strong seismic forcing. Parameter
combinations that produced unrealistically low FoS values were rejected, as
these results were inconsistent with the observed strength and coherence of
clustered rock deposits documented
mapping.

In addition to FOS magnitude, the validity of the predicted slip surfaces was
explicitly evaluated during the iterative testing. Only slip surfaces that were
geometrically plausible and consistent with the known stratigraphy, structural
configuration, and slope geometry of Mt Gamalama were considered
acceptable. Slip surfaces that propagated unrealistically through mechanically
strong units, contradicted mapped lithological boundaries, or exhibited
geometries inconsistent with gravitational slope failure mechanisms were
excluded from the analysis. This ensured that the selected parameter sets
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produced not only realistic FoS values, but also failure mechanisms that are
geologically meaningful.

The iterative parameter testing was therefore not intended to identify a single

optimal solution, but rather to constrain a set of parameter values that best
represent the current mechani cal behavi
materials at the slope scale. The selected parameters define a consistent

baseline stability scenario against which potential destabilising processes can

be evaluated. The final geotechnical parameter values adopted for the FoS
calculations are summarised in Table 2.3.

Table 2. 3 Selected values of geotechnical properties as input parameters in
analysing the Mt Gamalama instabilities based on the Generalized Hoek -
Brown failure criterion

Geotechnical Properties

Geotechnical Units [ . Ci ‘O°YO aq O
(KN/m?3) (MPa) (MPa)
Basaltic andesite 22.40 24.14 50 25 0
Pyroclastic deposit 13.20 10.40 50 13 0
Andesite 24.70 184.00 68 25 0
Breccia 14.71 52.00 50 18 0
Lahar deposit 22.53 82.52 40 25 0
Volcanic ocean 18.44  150.00 42 13 0

crust

1) Basaltic andesite

Basaltic andesite deposits are found towards the summit of Mt Gamalama.
Laboratory experiment of (Koca & Kéncal
Tur key, measured unit weight 9 (kN/ m3),
(MPa) (Table 4). The basaltic andesite on Mt Gamalama and Izmir are from

volcanic rocks which are moderately weathered. In addition, these two

masses of basaltic andesite have a similar range of low to very low porosity.

Achmad (2016) discovered a porosity of 0%-10% for the Mt Gamalama
basaltic andesite and Koca & Kéncal (2
basaltic andesite in I1zmir.

As an addition, the use of data from the Izmir region in the instability level
modelling for Gamalama is appropriate, not only because both regions feature
volcanic rocks typically associated with subduction zone volcanism but also
due to other shared characteristics (Innocenti & Mazzuoli, 1972). These
include the geological context of active volcanic systems, the composition of
the basaltic andesite, and the similar geomechanical properties of the volcanic
rocks in both areas. Given that both locations experience similar tectonic
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environments, this comparison allows for relevant assumptions regarding the
material behaviour and instability modelling, making the application of Izmir
data to Gamalama's context justified.

2) Pyroclastic deposits

The pyroclastic deposits are classified based on the proposed unit
classification in Teide, Tenerife. Pyroclastic unit on Mt Gamalama is made up
of pyroclastic airfall deposits which consist of scoria. Del Potro & Hirlimann
(2008) proposed this unit classification and referred to scoria in Teide (Table
2.2.). This classification is used due to the similarities between the pyroclastic
materials in both volcanoes, particularly regarding the composition and
formation processes of scoria. Scoria deposits at both Mt. Gamalama and
Teide are derived from explosive volcanic eruptions, where gas-rich lava is
fragmented during ascent, forming vesicular rock.

3) Andesite

Andesite is the most common rock type at Mt Gamalama. There are many
studies that investigate the properties of andesite, both laboratory tests and
field surveys. Moon et al. (2005) combined these methods in investigating the
andesite properties on White Island, New Zealand. Similarly, to Mt Gamalama,
White Island is an andesitic-dacitic stratovolcano, and grey andesites are
found at both volcanoes. They estimated a compressive strength of 184 MPa
and units weight of 24.70 kN/m3 (Table 2.2.), each using the point load
method.

4) Breccia

The presence of breccia is the key difference between section AO and other
sections. The geotechnical properties of this unit are parameterised based on
Stromboli volcano, Italy (Apuani et al., 2005)

5) Lahar deposits

The properties of this unit is derived from laboratory results in Bodrum
Peninsula, Turkey. Dinger et al. (2004) tested several materials, i.e. andesites
and basaltic andesite which also compose the lahar deposits at Mt
Gamalama. The average UCS and unit weight of samples tested are 82.52
and 22.53 kN/m3, respectively. Although this lahar deposit consists of
andesites, the properties which are applied in the modelling process are lower
than the properties of the andesite unit because of the different consolidation
level.
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6) Volcanic ocean crust

There are several references regarding the tuff compressive strength, i.e. 7-
35 (Thomas et al., 2004), 41.97 (Dinger et al., 2004), and 150 (Brown, 1981).
In this project, we prefer to adopt the last option because it is a theoretical
reference and in addition, using smaller values in our modelling led to
unreliable results. The unit weight is taken as 18.44 kN/m3 (Dinger et al.,
2004). Additionally, by using smaller values for the geotechnical properties,
the results indicate that the geometry of the region with a low Factor of Safety
(FoS) extends significantly, encompassing a large area from the peak of the
volcano down to the very base. This outcome highlights the sensitivity of the
slope stability model to the chosen input values.

2.3 Instability level of Mt Gamalama

2.3.1 The calculation of factor of safety

In the field of geotechnical engineering, the stability of slopes is routinely
assessed by what is known as a factor of safety (FoS), a numerical approach
in determining the slope stability. It has recently found more application in
volcanology (Manzoni, 2012; Purwanto et al., 2018; Rabik, 2015; Schaefer et
al., 2013). The FoS is the ratio between the capacity or the resisting force
O and the demand or driving force "O (Abdalla et al., 2015; Hoek,

2007). This can be defined as follows:

"O¢ Y (7)

Slopes are designated as stable if the resisting force is greater than the driving
force. Conversely, the slopes destabilise because the resisting force is lower
than the driving force. The slope assessment declares stable condition when
FoS is greater than 1.5, failure when FoS less than 1.0, and potentially
unstable conditions when FoS is between these two values (Hoek, 2007).

This project uses the software Slide2D 2018 from Rocscience to calculate the
FoS with Limit Equilibrium Method (LEM). This tool is a 2D (two-dimensional)
modelling software of slope stability showing theoretical slip surfaces that can
lead to potential landslides in a volcanic edifice. The slip surfaces must be in
the area within the slope limits (Figure 2.8) to be a valid calculation
(Rocscience, 2018).
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The calculation of slip surfaces in LEM uses the Bishop simplified method
based on circular surfaces (Reid & Brien, 2006). In addition, this method tends
to be conservative and results in tolerably small errors despite being a simple
analysis process (Hungr et al., 1989; Saade et al., 2016). The equation of this
method is the same as the ordinary method, but the definition of the normal
stress is different (Fredlund & Krahn, 1977).
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w = effective cohesion

a =length of the slice

'Y =radius or the moment arm associated with the mobilised shear force
0 = porewater pressure

%0 = effective angle of internal friction

w = total weight of the slice

@ = horizontal distance from the slice to the centre of rotation

‘Q = vertical distance from the centroid of each slice to the centre of rotation
0 =resultant water force

@ = perpendicular distance from the resultant water force to the centre of
rotation

0 =line load (force per unit width)

| = angle between the tangent to the centre of the base of each slice and
the horizontal

‘Q = perpendicular distance from the line load to the centre of rotation

0 = total normal force on the base of the slice over a length &

&

Mean sea loveol

Figure 2. 8 Criteria of valid and invalid slip surfaces. The white dashed
line indicates a valid slip surface and the red lines indicate invalid
slip surfaces
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2.3.2 Models used in calculation

The calculation of FoS in each section is not only undertaken for the static
condition which is only under gravity force, but also involving external and
internal factors; peak ground acceleration and magma pressure with various
angles of dyke intrusion. By applying the other factors, the conditions
destabilizing Mt Gamalama can be detected.

The seismic coefficient 'Q is applied in the stability analysis of Mt Gamalama
as this volcano is located in an earthquake prone area (Melo & Sharma, 2004),
close to a double-subduction zone. This parameter was used corresponding
to ground acceleration particularly in lateral direction. Zulkifli et al. (2017)
discovered the peak ground acceleration PGA of 0.31 g i 0.37 g in Ternate
Island using probabilistic seismic hazard analysis (PSHA) and deterministic
seismic hazard analysis (DSHA) methods.

Melo & Sharma (2004) highlight the importance of applying Q in stability
although the selection for the appropriate values is very subjective. The Q
values should be below the predicted PGA as it last for only a very short period

of time. Based on the investigation from (Marcusson & Franklin, 1983), the
relation between 'Q and PGAis -0' ! Q@ -0"' .!Therefore, we employ

four values for the seismic coefficient 'Q: 0.103; 0.123; 0.155; and 0.185.

Magma pressure is an internal trigger modelled as a dyke crossing the
volcano which can destabilize a volcanic edifice and can lead to structural
slope failure. The magma pressure acts upon a volcanic edifice through
intrusions (e.g. sills and dykes) which progressively impact on the mechanical
and physical parameters of the volcano (Mordensky et al., 2018). The value
of magma pressure increases with depth. The value reaches a maximum point
at the bottom of the edifice and a minimum at the topographic surface.

Due to the absence of prior information, the range of magma pressure which
is applied in analysing the stability of Mt Gamalama adopted from the study
on Mt Pacaya, magma pressure of 2 MPa at the summit and 17 MPa at the
base (Schaefer et al., 2013). These values represent the two components of
magma pressure (i.e., the magmastatic pressure component ) and the
overpressure component 1} ) (Voight & Elsworth, 1997):

h n n (10)

The magmastatic component relates to the mean magma unit weight/ and
the height of the dyke intrusion & (Iverson, 1995):
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n o a (11)

The mean magma unit weight[ corresponds to the analysis of the volcanic
eruption. Some projects applied! of 25.5 kN/m? (Apuani & Corazzato, 2009;
Iverson, 1995; Schaefer et al., 2013). As the magma pressure could change
along the dyke due to the presence of gaseous and solid phases, the 1} can
be reduced by half (Apuani & Corazzato, 2009) or a third (Schaefer et al.,
2013). The second component of magma pressure, the overpressure
component or the excess-pressure 1 , is defined by several conditions which
depend on the way out of the magma and the dyke condition. Iverson (1995)
suggested a reasonable range of iy, T n p 7™ 0 A

The magma pressure of 2-17 MPa is then applied to the dyke intrusion. These
values affected the stability level showed by the decrease of FOS on Mt
Gamalama. In other words, the trials showed the application of these values
became the initial condition of the destabilization on Mt Gamalama.

The application of values from Mt. Pacaya in analysing the stability of Mt.
Gamalama is justified by the geological similarities between the two
volcanoes. Both Mt. Pacaya and Mt. Gamalama are classified as
stratovolcanoes, characterized by their steep slopes formed through explosive
eruptions that produce a combination of lava flows and pyroclastic materials
(Achmad, 2016; Schaefer et al., 2013; Syahbana, 2015). Furthermore, both
volcanoes are located in tectonically active regions influenced by subduction
zone activity, which plays a critical role in driving their volcanic processes. The
magma compositions of both volcanoes are predominantly andesitic to
basaltic, known for their higher viscosity. This characteristic often leads to the
formation of lava domes and contributes to explosive eruptions, making them
susceptible to slope instability and associated hazards. These similarities
provide a solid foundation for ad
analysis of Mt. Gamalama.

The magma pressure is set to constant and various angles of dyke intrusion,
such as 0° or vertical dyke to the summit and tilted dykes of 15°,30°,45°, and
60° to outward as depicted in Figure 2.9. As a stratovolcano, the direction of
the intrusion follows the model of a pressure point source (Poppe et al., 2019).
This model has been adapted from Mt Agung and Cotopaxi volcano (Albino
et al., 2019; Morales Rivera et al., 2017).

The application of dyke intrusion with varying angles is rooted in the historical
eruptions of Mount Gamalama, particularly its lateral eruptions. Significant
lateral eruptions occurred in 1561 and 1980, highlighting the role of dyke

optin
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intrusion in destabilizing the volcanic edifice. Moreover, the 1775 eruption
resulted in the formation of Maar Tolire on the western flank of the volcano,
further evidencing the geomorphological changes caused by such intrusions.
Additionally, the presence of Laguna Volcanic Lake on the southern flank of
Gamalama serves as a testament to past volcanic activities, where magma
interactions with surface and subsurface water contributed to the instability of
the region (Achmad, 2016).

Figure 2. 9 The schematic of the application of magma pressure with
various angle of tilted dyke intrusion following a pressure point
source model

These historical events emphasize the need to model dyke intrusions with
varying angles in the stability analysis. By incorporating these variables, the
study can more accurately simulate the stress distribution and deformation
patterns caused by magma intrusion. This approach not only accounts for past
occurrences but also provides a framework for predicting the potential impacts
of future intrusions on Gamalama's stability.

Ultimately, the stability on each section on Mt Gamalama will be assessed by
thirty model runs. One model is only under gravity force in order to estimate
the current stability level. We then include the magma pressure of 2-17 MPa
with the various direction of dyke intrusion (i.e., 0°,15°,30°,45°, and 60°). The
addition of magma pressure and dyke intrusion attempts to describe the effect
of the internal factor to the stability on Mt Gamalama. After that, the model in
static condition and the inclusion of magma pressure and dyke intrusion are
rerun by adding seismic coefficient of 0,103; 0,123; 0,155; and 0,185. We
include the seismic coefficient in the calculation to see the influence of the
external factor.
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By involving these factors in the FoS calculation, we can predict under which
condition the flanks of Mt Gamalama will be unstable. The stability evaluation
of Mt Gamalama in merely static condition is not sufficient as a hazard
assessment. Internal and external factors (e.g. magma pressure, dyke
intrusion, and seismic coefficient) must be considered since both factors may
accelerate failure or landslide generation (Mcguire, 2003).

2.3.3 The FoS on the Mt Gamalama slopes
2.3.3.1 Section A0 in the West flank

The result of FoS calculation using Slide2D on the section AO or the west flank

of Mt Gamalamai s depicted in (Figure 2.10). B
criteria (Hoek, 2007), the west flank of Mt Gamalama is very stable (FoS >

1.5) on static condition. The calculation resulted in FoS of 2.678. This is

plausible as the edifice firmly stands on Ternate Island. The following
paragraphs will explain the changes in FoS due to the involvement of the

numerous seismic coefficient and the magma pressure with different angles

of dyke intrusion.

The factor of seismic coefficient ' gradually decreases FoS on section AO.
The addition of " of 0.103 reduced the FoS and resulted in FoS of 2.102. The
same thing happened once the application of ‘® of 0.123; 0.155; and 0.185.
These coefficients resulted in FoS of 2.013; 1.884; and 1.777 respectively.
This result implies that the addition of seismic coefficient Ch in the calculation
leads to instability on Mt Gamalama.

Magma pressure of 2-17 MPa also decreases FoS to 2.456 on the west flank
of Mt Gamalama. This model run placed the dyke vertical from the base to the
summit of the volcanic edifice. We then tilted the direction of the dyke intrusion
(Figure 2.10). The tilted dyke intrusion impacts on the change in FoOS which
follows a trend of parabolic curve. The tilted dyke with angle of 15° and
30°dramatically decline the FoS to 1.316 and 1.166 respectively. These
values are in the range of potentially unstable condition ("O¢ <Y.5) (Hoek,
2007). When the dyke was tilted again to angles of 45° and 60°, the FoS went
up to 1.385 and 2.678 respectively.

Furthermore, we combine the seismic coefficients and the magma pressure
with various angles of dyke to analyse the stability on Mt Gamalama. The
arrangement of the seismic coefficient of 0.185 and the magma pressure with
the tilted dyke of 30° resulted in the lowest FoS of 1.002. This value is in the
range of a potential failure condition. In addition, the tilted dyke to angle of 60°
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does not influence the stability on Mt Gamalama as this scheme resulted in
the same FoS under static condition.

The involvement of both internal factor (i.e., magma pressure with various
direction of dyke intrusion) and external factor (i.e., seismic coefficient) affects
the stability level on the west flank of Mt Gamalama. This effect is described
by the changes in FoS (Figure 2.10). This implies that the absence of volcanic
activities and triggering factors, the slope on the west flank of Mt Gamalama
is harmless from the potential landslide generation.
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Figure 2. 10 Changes of critical FOS on the slope section AO under
gravity force and the application of magma pressure with various
angles of dyke intrusion and seismic coefficients. GF denotes
under gravity force, MP states magma pressure with the angle of
dyke intru sion, and SL express the seismic coefficient

2.3.3.2 Section OB in the West flank

The application of Slide2D yielded FoS of 1.945 on section OB of the east flank
of Mt Gamalama. This value is on the static condition or only under gravity
force and implies that the edifice is stable as the FoS is greater than 1.5 (Hoek,
2007). The effect of triggering factors will be explained in the following
paragraphs.

The involvement of seismic coefficient " in the FoS calculation influences the
stability level on section OB. The " of 0.103 and 0.123 reduced the FoS to
1.572 and 1.513 respectively. Theoretically, these values are in the stable
category (Hoek, 2007). When we increased “( to 0.155 and 0.185; the FoS

declined to 1.428 and 1.354, respective

2007), the values describe potentially unstable states.
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The other factor applied on section OB is magma pressure with various angles
of interface of dyke. The changes in angle of dyke resulted in fluctuating FoS
values. The magma pressure working on vertical dyke sharply reduced the
FoS to 1.495. This theoretically defines the potential instability on the east
flank. Furthermore, we modified the direction of the dyke with the constant
magma pressure of 2-17 MPa.

The tilted dyke of 15° steeply dropped the FoS to 0.865. This is a prospective
value leading to a failure because Hoek (2007) categorises FoS < 1 as a
failure condition. The tilted dyke of 30°, 45° , and 60° fluttered increased FoS
to 1.190; 1.078; and 1.251, respectively. Although the values vary, the FoS
settle and potentially unstable condition.

The following scheme shows the integration of seismic coefficient th and
magma pressure with various angle of dyke intrusion. This model run resulted
in FoS values which are less than 1.3. The scheme which reached the lowest
FoS of 0.701 on the east flank of Mt Gamalama is the combination between
the seismic coefficient "t of 0.185 and the magma pressure of 2-17 MPa with
the tilted dyke interface of 15°.

Based on the result of FoS calculation (Figure 2.11), the relatively stable
condition on section 0B is only under gravity force. The involvement of seismic
coefficient, magma pressure and dyke intrusion as the triggering factors push
the FoS into a theoretically unstable category, or even edifice failure.
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Figure 2. 11 Changes of critical FoS on the slope section OB under
gravity force and the application of magma pressure with various
angles of dyke intrusion and seismic coefficients. GF denotes
under gravity force, MP states magma pressure with the angle of
dyke intru sion, and SL express the seismic coefficient
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2.3.3.3 Section CO in the West flank

The south flank of Mt Gamalama or section CO has FoS of 3.361 under static
condition. It is the highest FOS among the sections which are analysed in this
project. The result of the FoS calculation under several conditions is described
in Figure 2.12.

The seismic coefficient " gives the same effect as observed in two previous
sections. The " reduces FoS on the south flank of Mt Gamalama. The
seismic coefficient h of 0.103 caused the FoS reduction to 2.523; *(h of 0.123
reduced the FoS to 2.404; " of 0.155 reduced the FoS to 2.234; and the
application of " of 0.185 resulted in FoS of 2.404. These values show the
relatively stable flank since they
stability standard (Hoek, 2007).

The next scheme is the addition of magma pressure of 2-17 MPa into the
model run. By keeping the dyke vertical from the base to the summit, the
magma pressure dramatically declined the FoS to the potentially unstable
category of 1.356. We then changed the direction of the dyke interface. The
dyke with angle of 15° caused the steep decrease of FoS to the lowest value
in this scheme. It resulted in FoS of 0.843. Conversely, the tilted dyke with
angles of 30° and 45° remained the FoS values (i.e., 1.536 and 1.681
respectively) in the stable category, and indeed, the dyke with angle of 60°
resulted in FoS of 3.361 which is the same as the results on static condition.
The changes in direction of the dyke intrusion affected the change in FoS
values following a parabolic curve.

Afterwards, the combination of seismic coefficient h and magma pressure of
2-17 MPa with various angles was applied in assessing the stability on the
south flank of Mt Gamalama. The most likely schemes which reached the
lowest FoS is the arrangement of the seismic coefficient of 0.185 and magma
pressure with the tilted dyke of 15°. This arrangement resulted in FoS of 0.706
which theoretically is at failure condition (Hoek, 2007).

The triggering factors which were applied in the stability assessment on the
south flank of Mt Gamalama played a role in affecting FoS values. The seismic
coefficient and magma pressure significantly influence the stability level by
decreasing FoS values. The dyke direction causes variability. The
involvement of various angles on the dyke in the calculation resulted in a
fluctuating FoS, where the angle of 60° yielded the same FoS values as the
arrangement of gravity force effect and seismic coefficients. On the other

excee
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hand, the angle of 60° does not work to destabilize the edifice on the south
flank of Mt Gamalama.
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Figure 2. 12 Changes of critical FoS on the slope section CO under gravity
force and the application of magma pressure with various angles of dyke
intrusion and seismic coefficients. GF denotes under gravity force, MP
states magma pressure with the angle of dyke intrus ion, and SL express
the seismic coefficient.

2.3.3.4 Section 0D in the West flank

The stability assessment on the north flank of Mt Gamalama resulted in FoS
of 2.667. This value is based on static condition or only under the gravity force
effect. Corresponding to Hoekds cri
run defines that section 0D is relatively stable under the absence of triggering
factors. The effect of these factors will be explained in the following
paragraphs.

Similar to the three previous sections, we added the seismic coefficient h in
the stability assessment. The h of 0.103 resulted in FoS of 2.077; the " of
0.123 resulted in FoS of 1.989; the " of 0.155 resulted in FoS of 1.861; and
the " of 0.185 resulted in FoS of 1.754. Although the FoS values are still in
the range of stable criteria as they are greater than 1.5; the trend of the
decreasing FoS shows that the seismic coefficient ' suddenly dropped the
FoS values on the north flank of Mt Gamalama.

The addition of magma pressure in the FoS calculation using Slide2D resulted
in different values with FoS under static condition. The magma pressure of 2-
17 MPa working on the vertical dyke decreases the FoS to 2.297. When we
tilted the dyke outwards, the FoS progressively declined. The tilted dyke with
angles of 15° and 30° slightly fell the FoS to 1.867 and 1.742 respectively.
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These values show that the north flank of Mt Gamalama is theoretically stable.
In addition, the tilted dyke with angles of 45° and 60° sharply dropped the FoS
to 1.342 and 1.277 respectively. They are potentially unstable condition. The
changes in angles of the dyke direction considerably decline the FoS on the
north flank of Mt Gamalama.

We also combined seismic coefficients and a constant magma pressure
working on a dyke with different angles. The addition of the seismic
coefficients, the magma pressure, and the tilted dyke linearly reduces the FoS
(Figure 2.13). The most likely mechanism reaches the lowest FoS of 1.082 is
the combination between the seismic coefficient of 0.185 and magma
pressure of 2-17 MPa working on the tilted dyke of 60°. This mechanism leads
to potentially unstable condition on the north flank.

On section 0D, the FoS of 2.667 under static condition slowly declines. This
means the stable edifice tends to be destabilized by the effect of triggering
factors. In contrast to other sections, the lowest FoS values are influenced by
the magma pressure of 2-17 MPa working on the tilted dyke interface with
angle of 60°.
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Figure 2. 13 Changes of critical FOS on the slope section 0D under gravity
force and the application of magma pressure with various angles of dyke
intrusion and seismic coefficients. GF denotes under gravity force, MP
states magma pressure with the angle of dyke intrusion, and SL express
the seismic coefficient

2.4 Potential Failure Surface

Slide2D from Rocscience alongside calculating the critical value of FoS allows
visualisation of the potential slip surfaces on the flanks of Mt Gamalama. We
defined FoS < 1.5 as the hypothetically unstable area (Hoek, 2007; Schaefer
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et al., 2013). Therefore, the potential slip surfaces are displayed in this
section.

The potentially critical failure surfaces follow the requirement of circular
surfaces due to the equation applied in the FoS calculation according to
Bishop simplified method. We then employ a grid search to determine the slip
surfaces.

There are thirty outputs describing the results of the stability assessment on
each section of Mt Gamalama. This part will elucidate an output which has the
highest risk for every section. We then measure the length and the depth of
the potential failure surfaces.

2.4.1 Section AO in the West flank

The stability analysis on the west flank of Mt Gamalama shows the slope is
stable under static condition with the FoS at 2.678. Therefore, there is not slip
potential failure surface displayed. The lowest FoS on this section is 1.002
affected by the seismic coefficient of 0.185 and the magma pressure of 2-17
MPa working on the tilted dyke with angle of 30°. These factors destabilise
the flank and potentially cause landslides.

The potential failure surface on this flank due to the triggering factors could be
found from the central to the proximal unit on the edifice (Figure 2.14). The
geometry of the slip surface reaches 570 m in depth which is a third of the
height of Mt Gamalama from mean sea level and 1,625 m in length which is
one seventh of the diameter of the volcano.

The potential failure surface is located in an area which comprises basaltic
andesite and pyroclastic deposits. The unit of basaltic andesite has UCS ,, ci
of 24.14 MPa, GSI of 50, material constant & "@f 25, and disturbance factor D
of 0. The unit of pyroclastic deposits which consist of scoria has UCS ,, ci of
10.40 MPa, GSI of 50, material constant & “@f 13, and disturbance factor D of
0. Based on the properties which were applied in the calculation and
interpretation using Slide2D, these two units potentially generate instability.

2.4.2 Section OB in the East flank

The absence of triggering factors in the stability analysis on the east flank of
Mt Gamalama does not indicate a potential slip surface. The calculation
resulted in FOS exceeding the theoretical limit of unstable edifice at 1.945. The
condition destabilizing the flank is the influence of the seismic coefficient at
0.185 working together with the magma pressure of 2-17 MPa controlling the
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interface which directed to the angle of 15° outwards. This condition causes
the FoS decreasing to its lowest point at 0.701.

The potential failure on this flank (Figure 2.15) showing the theoretically
unstable area due to the lowest critical FOS occurs from the central to the

medi al unit. The depth of the potenti al
height at 1,120 m. The failure surface has a length of 2,550 m.

In addition, based on the interpretation using Slide2D, the failure may take
place in areas which contain basaltic andesite and pyroclastic deposits. The
geotechnical properties of basaltic andesite that we set in the calculation are
UCS , ciof 24.14 MPa, GSI of 50, material constant & "@f 25, and disturbance
factor D of 0. The properties of pyroclastic deposits are UCS ,, ci of 10.40 MPa,
GSI of 50, material constant & "@f 13, and disturbance factor D of 0.

2.4.3 Section CO in the South flank

The static condition leads the section CO to a relatively stable flank at FoS of
3.361. As a consequence of the limit applied, there is no any slip surface
displayed on this condition. The lowest FoS on this flank is 0.706 due to the
effect of the magma pressure of 2-17 MPa working on the tilted dyke with
angle of 15° outwards and the contribution of seismic coefficient of 0.185.

This lowest critical FOS detects the potential failure surface on the proximal
unit of this flank (Figure 2.16). The geometry of the potential slip surface can
reach 516.40 m in depth and 1,830 m in length.

Furthermore, the destabilizing area on this flank is on the region which
consists of pyroclastic deposits containing scoria and volcanic ash. In the FoS
calculation, we use UCS ,, ci of 10.40 MPa, GSI of 50, material constant & "Qf
13, and disturbance factor D of 0.

2.4.4 Section 0D in the North flank

The section 0D of Mt Gamalama is a relatively stable flank under static
condition. This condition resulted in the critical FoS of 2,667. Hence, there is
no potential failure surface detected. The FoS only decreases due to
additional factors both internal and external.

In contrast to the three previous sections, this flank has two different locations
of potential failure surfaces. The first location is on the proximal unit (Figure
2.17). The slip surfaces on this area show the critical FOS at 1.344. The
decreased FoS is due to the factor of seismic coefficient of 0.185 and magma
pressure of 2-17 working on tilted dyke with angle of 15° outwards. The slip
surfaces reach 540 m in depth and 1,710 m in length.
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The second location of the potential failure surfaces is on the medial unit
(Figure 2.18). The potential failure surface has a depth of 513.31 m and a
length of 1,395 m. The slip surfaces on this area show the lowest FoS of 1.082
as a result of the combination between the seismic coefficient of 0.185 and
the magma pressure of 2-17 MPa controlling the interface which is directed to
60° outwards.

The potential failure on this flank is in the areas which consist of basaltic
andesite and pyroclastic deposits. The first destabilizing area is in the region
where both units exist, whereas the second contain only pyroclastic deposits.
In the calculation, we use the properties of basaltic andesite, i.e., UCS ,, ci of
24.14 MPa, GSI of 50, material constant & "@f 25, and disturbance factor D of
0, and the properties of pyroclastic deposits, i.e., UCS , ci of 10.40 MPa, GSI
of 50, material constant & "@f 13, and disturbance factor D of 0.

2.5 Sensitivity of Factor of Safety (FoS) to Geotechnical
Input Parameters

The slope stability assessment presented in this study is based on a
systematic exploration of a plausible range of geotechnical input parameters
derived from published literature on volcanic materials. These parameters
were iteratively tested during the modelling process to identify combinations
that produce physically reasonable stability conditions for Mount Gamalama.
Although this exploration was carried out during the analysis, it was not
explicitly documented in earlier sections; the purpose of this sub-section is
therefore to explain the associated uncertainties and their influence on the
calculated factor of safety (FoS).

The parameter values adopted in the final models should be regarded as
representative and potentially destabilizing rather than definitive. Their
selection reflects a hazard-based modelling approach, in which the objective
is to identify conditions under which slope instability may plausibly occur,
rather than to determine exact material properties. All model runs were
performed under gravitational force and were constrained by the requirement
that the resulting slip surfaces satisfy the validity criteria of the limit equilibrium
method. Parameter combinations that produced invalid slip surfaces or
unrealistically low FoS values were excluded, as these outcomes are
inconsistent with the observed persistence of the Mount Gamalama edifice.

Sensitivity testing demonstrates that variations in input parameters have a
direct and measurable influence on both FoS values and the geometry of
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potential failure surfaces. Lower parameter values tend to promote more
extensive and deeper slip surfaces and lead to reduced FoS, while higher
values restrict failure development and increase FoS. However, parameter
values significantly lower than those adopted in this study commonly produce
instability patterns that are incompatible with the current morphology of Mount
Gamalama, whereas substantially higher values result in stability conditions
that are largely insensitive to internal or external triggering factors. The
selected parameter ranges therefore represent a balance between geological
plausibility and mechanical consistency.

The selection of parameters was further informed by the present-day condition
of Mount Gamalama, which remains structurally intact but exhibits ongoing
deformation. Volcanic deformation, expressed as surface inflation or deflation,
reflects internal stress redistribution rather than immediate slope failure. This
behaviour suggests that the edifice is mechanically active but not currently in
a state of wholesale collapse. In this context, the adoption of parameter values
that yield FoS values greater than unity under static conditions, but that
decrease significantly in response to destabilising factors, is considered
appropriate and physically reasonable (Adi, 2018).

The sensitivity analysis highlights that while absolute FoS values are subject
to uncertainty arising from parameter selection, the relative stability behaviour
identified in this study is robust. The results emphasise the importance of
acknowledging uncertainty in geotechnical modelling of volcanic edifices and
reinforce the interpretation of the analysis as a hazard-based assessment
aimed at understanding potential instability scenarios rather than predicting
precise failure thresholds.

2.6 Estimation of Landslide Volume

The calculation of the landslide volume focuses on the eastern flank of Mt.
Gamalama, as this area exhibits the largest geometry for the potential failure
surface compared to the other flanks of the volcano. This choice was made
due to the significant scale of the failure surface in the eastern region, which
provides the most substantial estimate for the potential volume of landslide
material. As illustrated in Figure 2.15, the failure surface dimensions on the
eastern flank are measured at 1,120 m in height and 2,550 m in length. Given
these measurements, the volume of displaced material was estimated using
the half-ellipsoid model, a geometric approximation that is commonly used for
such calculations due to its simplicity and accuracy in representing the shape
of landslide failure surfaces.
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A challenge in conducting this volume calculation arose from the need for a
width parameter, which was not directly available due to the two-dimensional
nature of the failure surface modeling. To address this, a qualitative analysis
was carried out, drawing upon the giant landslide database compiled by
Blahut et al., 2018. This database provided critical insights into the typical
geometries of large-scale landslides, indicating that the width of the landslide-
affected area usually spans between one-third and one-half of the total edifice
of the volcano. This information was crucial in approximating the width for the
current calculation.

For Mt. Gamalama, the width was set at 930 m, which corresponds to half of
the average diameter of the area extending from the central volcanic units to
the medial units (Center for Volcanology and Geological Hazard Mitigation,
2018; Syiko et al., 2013). This choice of width was based on the geometric
characteristics observed in similar volcanic landslide scenarios and was
deemed an appropriate representation for the purposes of the calculation. By
incorporating this width parameter into the half-ellipsoid model, the total
potential volume of landslide material was calculated to be approximately 5.56
km3.

The decision to focus on the eastern flank is supported by its larger failure
surface, which ultimately results in a more conservative and comprehensive
estimation of the landslide volume. This highlights the importance of selecting
the right areas based on geological characteristics when conducting such
complex calculations for disaster preparedness and risk assessment.
Moreover, this estimated volume will be further utilized for the analysis of
potential tsunami generation, as the displaced material from a landslide of this
magnitude could trigger significant coastal wave events, thereby contributing
to tsunami risk assessments for the region.
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Figure 2. 14 Potential failure surface on the west flank of Mt Gamalama. The critical FoS in this section is 1.002 due to by the
seismic coefficient of 0.185 and the magma pressure of 2  -17 MPa working on the tilted dyke with angle of J
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Figure 2. 15 Potential failure surface on the east flank of Mt Gamalama. The critical FoS in this section is 0.701 due to by the
seismic coefficient of 0.185 and the magma pressure of 2  -17 MPa working on the tilted dyke with angle of Joutwards



52

17000.00 kNm2
4

Figure 2. 16 Potential failure surface on the south flank of Mt Gamalama. The critical FoS in this section is 0.706 due to by the
seismic coefficient of 0.185 and the magma pressure of 2  -17 MPa working on the tilted dyke with angle of Joutwards
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Figure 2. 17 The first location of potential failure surface on the north flank of Mt Gamalama. The critical FoS in this section is

1.344 due to by the seismic coefficient of 0.185 and the magma pressure of 2 -17 MPa working on the tilted dyke with angle
of  Joutwards
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Figure 2. 18 The second location of potential failure surface on the north flank of Mt Gamalama. The critical FoS in this section
is 1.082 due to by the seismic coefficient of 0.185 and the magma pressure of 2 -17 MPa working on the tilted dyke with
angle of  Joutwards
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2.7 Discussion and Summary

Under static conditions, in which the volcano is affected only by gravity, every
section on Mt Gamalama is relatively stable (FoS > 1.5). The FoS ranges from
1.945 to 3.361. This infers that the factor of gravity force alone is improbable
to generate a failure on the edifice. The stability analysis using LEM approach
shows the destabilizing process on Mt Gamalama is caused by internal and
external triggering factors, i.e., seismic coefficients, magma pressure, and
direction of dyke intrusion. This can be seen by the decreasing FoS values on
each section.

The involvement of seismic coefficients " in the stability analysis using LEM
significantly decline the FoS. This factor must be considered in the analysis
due to the location of Mt Gamalama in the middle of two subduction zones,
i.e., Sangihe thrust in the west and Halmahera thrust in the east. Triyono
(2019b, 2019a) reported that the earthquake with magnitude of 7.1 shaken
Ternate island in July 2019. This event was then followed by 47 earthquakes
with magnitude range of 3.1 1 4.9.

Based on our results, the addition of the horizontal peak ground acceleration
of 0.37 g or 362.85 cm/s? can decline the FoS up to 1.354 on the east flank.
The effect of this factor to the other sections resulted in FoS of 1.777 on the
west; 2.094 on the south; and 1.754 on the north flank. The FoS decreases
further with increased k.

The other factor applied in the stability analysis is magma pressure of 2-17
MPa. We applied the triangular type of the distribution parameter which means
the minimum magma pressure is on the top and the maximum value is at the
base of the volcanic edifice. We selected this type rather than the constant
one since the constant distribution resulted in unreasonably low FoS.

We applied three values to assess the effect of the constant magma pressure,
i.e., 2, 7,and 10 MPa (lverson, 1995). The magma pressure of 2 MPa resulted
in FoS > 1.5 for section AO, section 0B, and section OD but FoS < 1.5 for
section CO at 1.390. We then increased the magma pressure to 7 MPa. This
gradually decreased the FoS. Section AO and 0D have the FoS of 1.004 and
1.510 respectively. Theoretically, these two sections are in unstable areas.
The other sections, CO and 0B, have the FoS < 1.000. This infers that the
flanks potentially collapse. Furthermore, we increased the magma pressure
to 10 MPa. This value dramatically decreased the FoS in each section.
Section A0, CO, and 0B have the FoS < 1.000 and section 0D at 1.156.
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The potential failure surfaces which are described by the decreasing FoS due
to the magma pressure of 7 MPa and 10 MPa are unlikely. Assuming the dyke
is 2000 m in height and applying the mean magma unit weight [ m of 25.5

k Nm3u, the maxi mum mang mackes BltMPa whighie s sur e

calculated using (Eq. 11). This value is very high compared to the values
applied in the trial of the constant distribution of magma pressure. The
application this value will result in lower FoS. Therefore, the triangular
distribution is more realistic in analysing the stability of Mt Gamalama which
is disrupted by magma pressure.

Assuming the interface is a vertical dyke intrusion from the base to the summit,
magma pressure is the most likely factor triggering the instability on the south
flank of Mt Gamalama. On the other sections, peak ground acceleration is the
main control of destabilizing flanks.

The next parameter which we changed in the stability analysis is the direction
of dyke intrusion as the existence of Tolire Besar and Tolire Kecil lakes which
are caused by the phreatic eruption of Mt Gamalama in September 1775
(Bronto et al., 1982). Since no prior information regarding the direction of the
dyke exists, we tilted the angle outwards following a pressure point source
model (Poppe et al., 2019).

The critical angle destabilizing the edifice is different for each section. The
lowest FoS on the west flank is when the dyke is tilted to the angle of 30°
outward. Both the east and the south flanks have the critical angle at 15°. The
FoS on the north flank reached the lowest point if the dyke is directed outward
at angle of 15° and 60°.

We then attempted to determine the combined effect of these factors, i.e.,
ground acceleration, magma pressure and the tilted dike found the lowest FoS
in each section when the analysis applied the highest seismic coefficient and
the magma pressure of 2-17 MPa working on the tilted dyke at the critical
angle.

Following that, the lowest FoS illustrates the potential failure surfaces on each
section (Figure 2.14-2.18). We then plot the coordinates of the slip surfaces
on the map of landslide hazard on Ternate island which compiled by (Ikgra et
al., 2012) (Figure 1.4). The map describes the likely landslides based on the
slope and elevation analysis. The results of geotechnical approach in
analysing the stability on Mt Gamalama correspond to the map. The potential
failure surfaces are on the high-risk area.
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The unstable geometry reaches up to 1120 m in depth on the east flank of Mt
Gamalama. The depth of the potential failure surfaces on the other flanks
ranges from 513 m to 570 m. Since the height of Mt Gamalama is 1,715 m
m.s.l., the interpretation suggested that the failure potentially occur and could
cause a third to a half of Mt Gamalama collapsed. This preliminary study
regarding the potential landslides on Mt Gamalama is merely based on values
adopted from literature and needs to be followed by further field investigations.

The potential failure surfaces are located within the central units to the medial
units, which are made of pyroclastic airfall deposits. The central unit consist
of basaltic andesite and the medial unit has the composition of scoria and
volcanic ash. The location of the slip surfaces across all sections implies that
a controlling factor destabilizing Mt Gamalama is the pyroclastic deposits as
the slip surfaces do not go beyond this unit. The deposit below this unit is
andesite which is denser. This is similar to the stability analysis of Mt Pacaya,
where the pyroclastic unit plays the important role in controlling the potential
failure surface (Schaefer et al., 2013).

Finally, this chapter reveals the current stability of Mt Gamalama. Although it
currently stnds firmly on Ternate island, the seismicity of two subduction zones
and the pressure from the magma working on the dyke must be considered
as possible mechanisms which can destabilize Mt Gamalama. The next
chapter will deal with the mobility analysis of the potential landslides.
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Chapter 3
Modelling of the potential landslide  -induced tsunamis in
Mount Gamalamads vVvicinity

3.1 Introduction

This chapter presents the application of the numerical modelling framework
Fluidity to simulate potential tsunamis generated by slope instability at Mount
Gamalama. Landslide-induced tsunamis have been widely investigated in
previous studies, encompassing both submarine slope failures (e.g. Horrillo
et al., 2013; Hunt et al., 2021; Smith et al., 2016; Urgeles et al., 2013; Watts
et al., 2005) and subaerial landslides entering the marine environment (e.g.
S. M. Abadie et al.,, 2012; Di Traglia et al., 2021; Dong et al., 2010;
Heidarzadeh et al., 2020; Liu et al., 2021; Wang et al., 2019; Watt et al., 2012).

Some of the most well-documented examples of subaerial landslides
generating extreme waves include the 1958 rockslide in Lituya Bay, Alaska,
and the 1963 Vajont reservoir disaster in Italy (Yavari-Ramshe & Ataie-
Ashtiani, 2019). These events produced exceptionally high run-up values,
reaching approximately 526 m and 235 m, respectively (Fritz et al., 2009;
National Geophysical Data Centre, 2022). In volcanic settings, catastrophic
landslide-induced tsunamis have been recorded at Mount Unzen in Japan
(1792), Stromboli in Italy (2002), and Anak Krakatau in Indonesia (2018)
(Borrero et al., 2020; Grilli et al., 2019; A. Paris et al., 2020; Sassa et al., 2014;
Tinti et al., 2006; Zengaffinen et al., 2020). Numerous studies have
subsequently attempted to reconstruct the tsunami generation mechanisms
associated with sector collapse and flank failure at these volcanoes (Di Traglia
et al., 2021; Fornaciai et al., 2019; Miyamoto, 2010; Sassa et al., 2016; Wang
et al., 2019). These documented cases highlight the significance of assessing
tsunami hazards in volcanic environments with a known history of mass-
wasting processes, such as Mount Gamalama.

In this study, Fluidity is employed to simulate the downslope mobility of
subaerial landslides originating from the flanks of Mount Gamalama, their
interaction with the water column, and the subsequent generation and
propagation of tsunami waves. A key advantage of Fluidity is that explicit pre-
definition of landslide kinematics is not required; instead, the model resolves
the coupled interaction between slide material, water, and air, allowing
tsunami waves to emerge naturally from the landslidei fluid interaction
governed by the underlying conservation equations.
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The landslide source implemented in Fluidity is directly informed by the results
of slope stability analysis through the calculated Factor of Safety (F0S). Areas
characterised by low FoS values are interpreted as mechanically unstable and
therefore susceptible to failure, forming the basis for delineating the spatial
extent and thickness of the potential landslide body. These unstable domains
are translated into a three-dimensional landslide geometry, from which the
landslide volume is estimated and subsequently prescribed as the initial mass
of sliding material in the Fluidity simulations. Rather than prescribing landslide
kinematics explicitly, the volume inferred from the FoS analysis constitutes the
primary parameter linking geotechnical instability to tsunami generation.
Within Fluidity, this volume is introduced as a multiphase material interacting
dynamically with water and air, allowing landslide motion, impact velocity, and
momentum transfer to evolve naturally during the simulation. This approach
ensures a physically consistent coupling between slope stability assessment
and tsunami modelling, whereby lower FoS values correspond to larger or
more extensive unstable volumes and, consequently, a higher potential for
tsunami generation.

While the simulations presented in this chapter focus on a representative
landslide scenario derived from the stability analysis, it is well established that
tsunami generation from landslides is sensitive to a range of controlling
parameters. These include landslide volume, material rheology, effective
viscosity, drag coefficient, initial acceleration and velocity, as well as the
direction and geometry of mass transport relative to local bathymetry and
coastline orientation. Previous studies have shown that variations in these
parameters can produce a wide spectrum of tsunami behaviours, ranging from
highly localised impulsive waves to more efficiently propagating long-period
tsunamis (e.g. Watts et al., 2005; S. M. Abadie et al., 2012; Di Traglia et al.,
2021). Consequently, the scenario modelled here should be viewed as part of
a broader parameter space governing landslide-induced tsunami generation
rather than as a single deterministic outcome.

The simulations carried out in this chapter aim to characterise tsunami waves
generated by potential landslides at Mount Gamalama, focusing on
parameters such as initial wave height at the point of entry and the spatial
extent of wave propagation. To investigate the influence of surrounding
bathymetry, three different water depths are considered while maintaining the
same landslide source characteristics. This approach allows assessment of
how bathymetric variability modulates wave generation and propagation. The
results provide essential insights for tsunami hazard assessment, particularly
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in support of disaster mitigation planning and early warning strategies for
coastal regions surrounding Mount Gamalama.

To conclude, this chapter demonstrates the capability of Fluidity to resolve the
coupled dynamics of subaerial landslides and tsunami generation in a volcanic
setting. Although the present simulations adopt a constrained parameter set
informed by geotechnical stability analysis and geological context, the findings
highlight the sensitivity of tsunami characteristics to key landslide parameters
such as volume, effective viscosity, drag, and transport direction. Variations
in these parameters would be expected to systematically influence wave
amplitude, energy transfer efficiency, and propagation patterns, potentially
leading to asymmetric coastal impacts. By integrating FoS-derived landslide
scenarios with an advanced multiphase numerical model, this study provides
a physically consistent framework that can be extended in future work toward
more comprehensive parametric or probabilistic tsunami hazard assessments
for Mount Gamalama and similar volcanic systems.

3.2 Gamalama Potential Tsunami (GPT) Model

The Gamalama Potential Tsunamis model (GPT) is a multi-material (i.e., air;
mass failure; and sea water) two-dimensional model run in Fluidity to simulate
subaerial landslide dynamics of Mount Gamalama and tsunami generation in
a single simulation. The subaerial landslide potential was indicated by the
stability level of Mount Gamalama which was detected as a factor of safety
(FoS) below 1.5 as explained in Chapter 2. From four flanks which were
examined regarding their stability level, in terms of a risk analysis, the flank
with the highest potential of mass failure was selected for further analysis in
the tsunami modelling. This flank is depicted as section OB or the eastern part
of Mount Gamalama in Figure 2.15.

Fluidity numerically solves the Navier-Stokes equation (Smith, 2016):
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where ” is the bulk density, ¢ is the velocity vector, 0 is the time, 0 is the
pressure, ‘ represents the absolute or dynamic viscosity, and g is gravitational
acceleration in vertical direction . In addition, the simulation runs under the
assumption that the materials are incompressible, hence changes in density
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are considered negligible. This assumption is still valid although all real
materials are compressible since changes in material density due to pressure
and temperature are adequately small in many physical circumstances
(AMCG, 2012).

For the approach of incompressible flows in a multi-material simulation,
Fluidity considers materials as immiscible. Therefore, volume fraction fields,
» , are applied to define the location of each material:

P (3.2)

where ¢ o (air, water, and slide materials). This equation implies that
volume fraction fields for each material differ in [0, 1] and sum to unity
everywhere. In other words, the equation satisfies conservation of mass in
each point.

The GPT simulation solves the advection equation of the order ¢ p to
describe the volume fraction transport of all but one of the materials. The
volume fraction of the remaining material (in this case water) can be obtained

by:

- P . (3.2)

Hence, the volume fraction transport of the other materials (slide material and
air) is given by:
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In addition, by considering the volume fraction fields for each material, * , the
bulk density and viscosity at each point can be written as:

7 "h e (3.4)

where ” and * are the density and viscosity of each material, respectively.
The explanation of values used for each material (slide, air, and water) is
discussed in section 3.3.1.
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3.3 Configuring the Gamalama Potential Tsunami

Fluidity has been used to model tsunami generation both in laboratory and
ocean scale (Hill et al., 2014; Jacobs et al., 2014; Kimura et al., 2013; Nelson
et al., 2011; Smith et al., 2016; Viré et al., 2016; Wang et al., 2021; Wilson,
2009). Fluidity was applied to simulate the tsunami due to submarine slide of
Storegga (Hill et al., 2014) and to reassess the potential of the submarine
landslide-induced tsunami in the Gulf of Mexico (Smith et al., 2020). In
addition, this tool was used to discover the deposition of tephra or volcanic
ash on the seabed in the laboratory experiment (Jacobs et al., 2013) and to
mo d e | the convective flow in the Eartho
(Davies et al., 2011). Fluidity is highly flexible in governing the fundamental
equations of any fluid dynamics in a problem in a wide variety of applications
(Piggott et al., 2008).

The code applies a moving finite element method which allows arbitrary
movement of an unstructured mesh through the specified time of simulation.
A fixed mesh with sizing function of 10 m for all coordinates was used in the
GPT simulation. The sizing function works as the gradation parameter to
facilitate the mesh spacing varying both in the vertical and the horizontal
direction, and to produce a smooth transition among elements (AMCG, 2012).
This is to allow large elements to be used in areas that are not of a high
interest in the model, but in areas where a lot of detail is needed is allows
smaller mesh.

The mesh size of 10 m was found to be the most suitable for the simulation
and resulted in a stable model run within acceptable time constraints. The
trials using mesh sizes greater than 10 m, e.g., 25 and 50 m, generated more
coarse transitions of the moving mesh and resulted in an unrealistic output
(Fig. 3.1). The trials using less than 10 m, i.e., 2 m and 5 m, caused the model
run was not executable as it took too long to run.

While a mesh size of 10 m resulted a smooth output from the moving mesh
and allowed the model runs to complete in an acceptable time frame, with the
individual simulations talking in the region of 5 days to complete, there were
drawbacks to using this sizer of mesh. A mesh of this size has potential to
cause numerical instabilities in some simulations, particularly if the area is in
the boundary of the sea water and air in areas of shallow water. This is due to
a single element of the mesh containing more than one fluid phase (both air
and water) in areas of shallow bathymetry. This can be seen in for example in
Figure 3.2 where point 7, in shallow water, is within an element containing
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both air and water. These instabilities can result in ambiguities in analysing
the physical parameters of the three-material model in that area when the
model is at rest. In particular the interaction between air and sea water will be
difficult to interpret as shown and discussed in Figure 4.8 in Chapter 4. When
looking at the recorded velocity at a point on the model in one of these areas
of shallow water there appears to be an oscillation of the water, this is purely
a numerical artifact and the model velocity on these areas should be ignored
before the arrival of the modelled tsunami. This is discussed further in Chapter
4.

Figure 3. 1 Comparison of applying sizing function of (a) 50, (b) 25, and
(c) 10 in the simulation. Red object represents the slide materials,
the blue is the air, and the grey is the water. The value of 10 shows
the mixture of materials looked more realistic than the other
constants as the mixture is not as coarse as generated by the
other values
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Figure 3. 2 Mesh describing position of point No. 4, 5, 6, and 7 in the
shallow water

3.3.1 Density and viscosity values

Fluidity uses two main physical properties of materials being considered in the
simulation of the Gamalama Potential Tsunamis (GPT) model. The model
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uses three-materials, water (w), slide (s) and air (a), and the parameters of
density” (" ,” and” ) and dynamic viscosity u(* ,* and‘ ) are referred
to accordingly.

The density of water and air are taken as p Tt TETC andpEC
respectively (Smith et al., 2016). Slide density ” is setto¢ v TErC . This
value refers to the density of Rotokawa Andesite which was determined in the
laboratory (Siratovich et al., 2014) which is similar to the andesite composition
that makes up Mt Gamalama.

Defining an appropriate value of viscosity, particularly for the slide and water
material, is a complicated step in the modelling process. Due to the
uncertainty of the material rheology, the viscosity values of each material were
defined by applying a viscous penalty approach (Peskin, 1977, as cited in
Abadie et al., 2010).

Abadie et al. (2010) specified the slide viscosity values ‘ in the range of 10*
- 10*°kgmst in their numerical simulation depending on the mesh size. The
smaller‘ , 10* kgms* was applied to the finer mesh, and 10'° kgm-s-to the
coarser mesh. Furthermore, ¢ of 10°kgmst was used to simulate the slide
mobility in air, and the * of 10° kgm's* was employed for coupling slide and
water.

Since the simulation of the GPT model was set to apply a constant and
prescribed viscosity value for the slide material, the selected value of * is 10’
kgms*twas used. This value was applied to simulate the slide mobility both
in air and water. The detailed explanation of the selection procedure will be
discussed in Section 3.3.3.

The approach of penalty was also applied to determine the viscosity value of
water‘ . Recent experimental work documented seawater properties as a
function of temperature and salinity (Nayar et al., 2016; Shargawy et al., 2010)
and presents values of seawater viscosity of 102 kgms1. However, this value
is too small to affect a reasonable large-scale ocean model (AMCG, 2012).
Thus, the seawater viscosity value © of 10"t kgms* was applied to attain a
stable model.

A list of properties of air depending on temperature is summarized by Cengel
& Cimbala (2006) where viscosity values of air ©  range from 106 kgm-s for
temperatures 'Y  p Tt &to 10°kgms? for warmer temperatures. Since the
hypothesized mechanism of the potential tsunami generation is subaerial
landslides, the air viscosity *  applied in this simulation is 10-° kgms,
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These densities and viscosities are the initial parameters in this GPT model
simulation. These values determine the landslide mobility and the properties
of the generated tsunami.

3.3.2 Drag coefficient Cp

Fluidity has a wide range of boundary conditions to support a tsunami

generation project, such as defining a free surface or basal drag. The free

surface boundary condition made the slide materials rapidly enter the sea at

unrealistic velocities, hence resulted in an unrealistic landslide flow
mechanics. Therefore, a basal drag condition was used on the lower boundary

of the slide. The application of a drag coefficient Cp allows to make the slide
0stickierdé, hence not al/l mat elsaraléfts f | ov
on the flank as would be expected for a slide of this type.

The drag coefficient applied within the fluidity simulation is used to
simulate/account for the resistance of the landslide mobility along the slope
(Smith et al., 2016). The appropriate selection of a drag coefficient will reduce
the velocity of the flow of the slide materials and cause some of the material
to deposit on the flank. This condition affects the runout distance of the
landslide, and the released energy to the sea (Bregoli et al., 2021). In addition,
this parameter can control the landslide velocity (Lovholt et al., 2015; Smith et
al., 2016; Watts, 2000).

As well as density and viscosity, the drag coefficient is a user-defined input
parameter. There are many studies which have been conducted to analyze
the involvement of the drag coefficient in tsunami simulations. A coefficient of
0.05 and 0.08 is suggested for subaerial and subaqueous volcanic landslides.
These two values correspond to the minimum and maximum limit for landslide
generations, respectively (Cacho et al., 1994; Hurlimann et al., 2000; Ui et al.,
1986). Hurlimann et al. (2000) applied these constants to analyze the mobility
of landslides in Tenerife. The higher coefficient applied in the simulation, the
shorter is the runout distance of the landslides.

0 values of 0.20 (S. Abadie et al., 2010b) and 1.00 (Watts et al., 2003; Watts
et al., 2005) were considered in numerical simulations. Abadie et al. (2010)
applied the coefficient of 0.20 to numerically simulate the wave generation
using Navier-Stokes model. In contrast, Watts et al. (2003; 2005) used the
coefficient of 1.00 in the rigid submarine mass failure simulation using a
Boussinesq model.
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The value of 1.26 is used as the optimized parameter in an experimental and
numerical model of the deformable landslide-induced tsunamis by Bregoli et
al., (2021). The other references of 0 include 1.67 + 0.19 and 1.70 + 0.19
which were applied for the solid block underwater landslides. These two latter
values were obtained by the terminal velocity approach (Watts, 1998; 2000).

In order to find a range of parameters which are reliable in modelling the
potential subaerial landslide-induced tsunamis, a range of coefficients were
tested in the simulation and are discussed in the following section.

3.3.3 Configuration of Input Parameters

This section discusses the configuration applied to obtain credible input
parameters for the GPT simulation. In this configuration, the viscosity of slide
‘s and the drag coefficients 6 are independent, while the other parameters (
“, ' hand ” ;) were kept constant. The values tested are for
10°,10°,107,108,10°, and 10° kgm' 5" *and 6 of 0.05, 0.20, 1.26, 1.70, 2.00,
5.00 and 10.00. The last three coefficients are outside the referred value range
from the literature. Higher 6 values were applied to demonstrate the change
in generation mechanism if the coefficient is gradually higher. Following this,
plausible parameters were examined through four constraints: (1) the runout
distance, (2) the proportion of material remaining on the flank when the slides
enter the sea, (3) the speed of landslide flow, and (4) the height of the
generated wave.

In order to get the reliable values for the viscosity of slide * and the drag
coefficient, those were paired each other. The * values were made constant.
Following that, the model was run by changing the drag coefficient from 0.05
until 10.00. Hence, the simulation can show the impact of the change in drag
coefficient from the smallest to the highest value for each * value. A * value
has seven iterations. Ultimately, there are 35 model-run in total which are
further analyzed based on the four constraints.

The slide viscosity values * of pm p mMEC O characterize the mass
failure as deformable landslides, * ofpm pm EC O -causethe mass
failure as a rigid landslide, and * of p TEC O shows the transition
between these two types of landslides (Fig. 3.3). These simulations were run
with the highest 6 of 10.00. This value resulted in the similar landslide
character to the lowest 6 but it slows the flows. The use of this 6 of 10.00 in
this simulation is to discover whether the viscosity * ofpm pm EC O

will be applicable and produce deformable landslides when the drag
coefficient is increased to the maximum limit. Unfortunately, no change
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happened. Based on these results, further combinations in these defining
parameters were tested.
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Figure 3. 3 Different character of slide caused different viscosity values
when the slide materials reach the sea (a) initial condition, (b)
deformable slide formed by viscosity values of 105 -107 kgm-1s-1,
(c) deformable slide formed by viscosity values of 108 kgm -1s-1 and
(d) rigid block landslide formed by viscosity values of 109 -1010
kgm-1s-1.
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3.3.3.1 Runout distance

Regarding landslide mobility, Legros (2002) studied the relationship between
maximum runout distance and material volume of subaerial volcanic
landslides (Fig. 3.4). The plot infers that the larger landslide volume does not
significantly affect the increase of runout distance. Based on the dataset,
landslides on Mt. St. Helens in Washington, US and Peteroa, Chile produce 1
km?3 and 16 km?3 of materials and travel for 16 km and 85 km, respectively.
However, the slide material of 28 km? on Popocatepetl in Mexico reached only
33 km. The runout distance depends not only on the slide volume, but also
the height and the rheology of landslides. While the relationship is more
complecated than a simple volume vs run out correlation, the plot can be used
to estimate the potential runout distance of the Mt Gamalama landslides.
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Figure 3. 4 Relationship between maximum runout distance and volume
of subaerial volcanic landslides (Legros, 2002). The area covered
by red dashed -line describes the potential runout distance from the
Mt Gamalama landslides. As the potential volume of landslides can
reach up to 5.56 km 2, the maximum potential runout distance is 25
km

As discussed in Chapter 2, the volume of the potential landslides could reach
up to 5.56 km®. Based on the scatter plot in Figure 3.4, the landslides could
reach a distance of 25 km. As mentioned in the previous paragraph, the
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rheology of the materials plays a considerable role in the landslide mobility (Legros, 2002). In the case of the GPT simulation using
Fluidity, the viscosity of the landslide material * is the main factor and determines the amount of material remaining on the flanks as
well.

The slide viscosity * of 10°kgms™ caused the material travel to a distance of 26-28 km from the source. The slide viscosity ‘ of 108
kgm-1stand 10" kgms? affected the slide materials reaching distances of 11-17 km and 9.5-16.0 km from the source, respectively (Fig.
3.5). The value range of the runout distance for each viscosity value was affected by the addition of a drag coefficient 6 where the
lower 6 value resulted in the longer distance.
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Figure 3. 5 The estimated runout distance of 25 km is as the result of the potential volume of 5.56 km 3. The simulated runout
distance applying Hyof I v mighttravel 28 km, Hyof B0 v mightreach 17 km,and Hyof | B
up to 16 km.
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3.3.3.2 Proportion of remaining materials on the flanks

The remaining slide material on the flanks varies with each event, and making
an assumption that the thickness of material is similar throughout eh slide
deposit the ratio of material remaining on a volcanic island flank compared to
the run-out distance can also be used to help define the model parameters.
An indicative proportion was calculated from the ratio between deposit runout
areas which stay on the volcanic edifice and which extend to the sea based
on the data of the gigantic landslides on volcanic islands by Blahut et al.
(2018). The remaining areas were measured using the tool of area calculation
on Google Earth and the extending area to the sea using two data sources,
the database (Blahut et al., 2018) and the result of calculation on Google Earth
(Table 3.1). From the hundreds of events in the database (Blahut et al., 2018),
the selected events have a clear slide scar and deposit area starting from the
aerial edifice and continuing to the sea. (Fig. 3.6).

The different sources of the sub aqueous runt out area resulted in differences
of the percentage of remaining aerial area on the flanks, although they are not
significant. The variation was caused by the pixel size of Google Earth when
the areas were recalculated. Therefore, in order to minimize the bias, the
percentage comparing the same source, remaining and extending area which
were measured by Google Earth (Fig. 3.6), is selected instead of the database
as the source. Further, this selection is used as the estimation of remaining
materials from the potential Mt Gamalama landslides.

The slide deposit areas extending offshore (Fig. 3.6) for the volcanic
landslides on Santo Antao, El Hierro, and Tristan da Cunha expanded very
widely on the sea bed and ocean currents might spread the materials. In
contrast to the landslides on the Roguo Nublo, the extending areas are in line
with the aerial areas. In addition, the morphology of Roquo Nublo as a volcanic
island is similar to Mount Gamalama with a circular shape. These two facts
are the basis for assumption of the remaining materials on the Mt Gamalama
flanks range 12.50 1 35.25% of the total mass failure. This value range helps
define the model parameters by allowing the selection of material viscosity
and drag coefficients that result in this proportion of material being left on the
flanks of the GPT simulation.
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Table 3. 1 The ratio between the total landslide area and the aerial area on the flank. The area was measured using Google
Earth. The list of landslides are referred to the dataset of the giant landslides on volcanic island

(Blahut et al., 2018)

No Area Name Island Volume Total Area (km?) Area on the flank
(km?3) Dataset (A) Measurement (B) Area (km?) % Over A % Over B

1 Agaete Gran Canaria 50 723 663.10 82.9 11.47 12.50
2 Galdar Gran Canaria 60 1,265 972.48 132.29 10.46 13.60
3 Horgazales basin Gran Canaria 80 1,086 932.70 175.56 16.17 18.82
4 Roque Nublo Gran Canaria 34 797 625.54 220.5 27.67 35.25
6 Topede Coroa2 Sao Antao 150 631 580.00 33.9 5.37 5.84
7 Sao Antao NE Sao Antao 591 544.82 21.75 3.68 3.99
8 ElGolfo A Hierro 84 1,186 1031.56 37.64 3.17 3.65
9 ElJulan Hierro 130 2,044 1814.46 31.79 1.56 1.75
10 Las Playas I Hierro 50 1,151 907.60 10.44 0.91 1.15
11 Tristan da Cunha Tristan da Cunha 150 2,092 1736.04 19.26 0.92 1.11
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Figure 3. 6 Landslide area on the aerial flanks and the extension to the sea. The runout area entering the sea in Gran Canari
(a) does not expand as wide as in Sao Antao (b), El Hierro Island (c), and Tristan da Cunha (d)
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In addition, by considering this range, the simulation can aid in determining
the duration of the landslide events . In the GPT simulation using Fluidity, the
landslide materials move continuously along the time period te which is set up
in advance. This causes all the slides entering the sea and no material left on
the flank, even if this occurs very slowly as it is purely a viscous model. As an
example, if the end time of simulation is set to 250 s, the simulation will
continuously run and stop only at 250 s. Consequently, after the completion
of the simulation, the possibilities are either all materials are deposited on the
sea bed or some materials remaining on the flanks. This results in additional
material entering the sea compared to an actual landslide event where there
are frictional forces that was cause a slide mass to stop.

The lower the viscosity of slide and the lower the drag coefficient, the shorter
is the simulation. The simulation applying * of 10°and 108 kgm-s? only spent
250 second and 350 second for the actual slide material to reach Halmahera
Island which is 27 km from the landslides source. These results show
unrealistic parameters since the speed exceeds acceptable velocities of
landslide events which are discussed in the following section. However, the
simulation applying‘ of 107 kgms? needed longer time of 540 s i 700 s.
This parameter can be counted as an acceptable input, but it must meet the
other constraints.

As discussed the simulation is not ale not capture the exact amount of
remaining materials that is left on the flanks of the volcanic edifice as there
are no frictional forces. However, the output of the simulation which was saved
as VTK (Visualization Toolkit) files enables to analyze the landslide mobility in
a certain time, i.e., after 60 s, 90 s, 120 s, or at the end time of the simulation.
Further, the simulation can be ended when the quantity of the materials left
on the flanks reaches 12.50 1 35.25%.

The consequence of applying this value range makes the landslide simulation
went as is as realistic as possible since an amount of materials remains on
the flanks rather than all materials enter the sea. By considering this range,
the mobility of landslides in the water, regarding the runout distance and the
deposit thickness, can be calculated well. In addition, the percentage implies
how much materials enter the sea which becomes the key factor of the wave
generation.
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3.3.3.3 Landslide flow velocity

In terms of landslide velocity, Havens et al. (2014) concluded from several
references that the velocity of dry and wet avalanche calculated through
seismic methods is 5-57 ms™*. Highland & Bobrowsky (2008) suggested debris
avalanche flows with velocity up to 100 ms? This value is a theoretical
maximum value but does not suggest any clear method of calculation.
Therefore, in this study, the maximum velocity was referred to as 57 ms
where the travel time of the landslide to reach the coastal area was taken into
account. The landslides reached the shoreline at different times depending on
the parameter configuration applied in the simulation. The distance is 4300 m
from the tip of the potential landslide to shoreline, and the maximum velocity
is 57 mst, the slide flow will take 75 s as a minimum.

The velocity was recorded when the 6 ¢ h @ankd(see Fig. 3.7) was in the
center of slide mass. This was chosen to avoid the air blast which was
produced by the landslides since it could show an extremely high velocity
reaching 220 ms. The travel time to the shoreline was documented when the
front of the sliding mass hit point 6 (Fig. 3.7).
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Figure 3. 7 Position of check points (yellow) in which the velocity of
landslides was recorded

The simulation that used lower slide viscosity values and lower drag
coefficients resulted in higher velocity and exceeded the limit of 57 ms™ (Table
3.2). The two parameters play a role in slowing the landslide flows and
prolonging the travel time to reach the shoreline. In order to select a reliable
parameter for the GPT simulation, ¢ of 10°kgm*stand 6 of 0.05 and 0.20
have to be discounted.

Table 3. 2 Results of the Fluidity input configuration to select reliable input

parameter in modelling the potential subaerial landslide -induced
tsunamis
] V] in several points on the flanks (m/s) 5 to
] .
(Pas) 1 2 3 4 5 6 7 shoreline (s)

10° 0.05 2779 6590 8450 84.45 115.03 84.24 108.29 60
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0.20 26.35 6343 83.75 83.07 93.76 93.86 105.61 60

1.26 25.07 6483 72.00 7529 9577 78.16 84.46 60

1.70 25.00 56.25 78.12 96.61 102.30 84.56 94.79 60

2.00 26.21 61.88 58.48 76.23 116.05 80.20 83.81 60

5.00 23.72 5384 7094 9534 115.07 90.28 91.65 60

10.00 25,52 5528 79.08 71.88 97.04 112.78 106.03 60

0.05 2420 60.62 6196 81.17 80.96 84.82 84.24 65

0.20 22.73 53.85 5436 61.85 57.62 4433 65.59 70

1.26 18.15 51.75 4388 52.86 40.32 3194 38.18 75

10° 1.70 19.78 4390 32.05 4852 43.88 3048 26.02 75
2.00 20.50 43.40 39.15 36.54 46.26 4422 3791 75

5.00 16.50 41.24 30.86 29.33 4421 4371 2231 75

10.00 14.05 4455 31.37 3583 36.58 29.92 14.77 75

0.05 2220 2761 6365 77.02 6112 4120 38.19 65

0.20 21.30 4735 4988 4467 2261 2483 23.13 90

1.26 19.65 3228 19.15 1743 1236 1284 12.01 170

107 1.70 1743 2639 1655 1575 10.05 12.88 7.22 180
2.00 16.81 31.08 17.05 1431 11.21 9.13 7.79 185

5.00 16.51 2590 1242 11.07 8.21 8.26 7.22 235

10.00 11.84 19.00 7.67 9.69 541 5.46 5.28 250

3.3.3.4 The Height of Waves Generated

The highest recorded sea-waves of 500 m was triggered by the eruption of
Krakatoa in Indonesia in 1930 (National Geophysical Data Centre; 2022). A
dataset of tsunami height due to volcanic activities, landslides, and volcanic

landslides is listed in Table 3.3. Subsequently, the height of wave generated

by the simulations was compared to the dataset of maximum tsunami height

and used as an additional constraint to identify the appropriate parameter

range.

Table 3. 3 Maximum height of tsunamis generated by several mechanisms
(landslides, volcanic activities, and volcanic landslides) in worldwide

(National Geophysical Data Centre; 2022)

Maximum Water

No Location Mechanism , Year
Height (m)
1 Krakatau, Indonesia  Volcanism 500.00 1930
2 Washington Volcanism 250.00 1980
3 Hokkaido, Japan Volcanism 90.00 1741
4 Karrat Fjord, Greenland Landslide 90.00 2017
5 Bureya, Russia Landslide 90.00 2018
6 Krakatau, Indonesia  Volcanic landslide 85.00 2018
7 Lake Nyos, Cameroon Volcanism 75.00 1986
8 Loen, Norway Landslide 74.00 1936
9 Tafjord, Norway Landslide 62.30 1934
10 Southern Chile, Chile Volcanic Landslide 60.00 1965
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11 Grewingk, USA Landslide 60.00 1967
12 Askja Lake, Iceland Landslide 60.00 2014
13 Shimabara Bay, Japan Volcanic 55.00 1792
14 Paatuut, Greenland Landslide 50.00 2000
15 Dayangtang, China Landslide 50.00 2007
16 Krakatau, Indonesia  Volcanism 41.00 1883

The simulation resulted in various heights for the sea wave elevation
depending on the parameters used (Fig 3.8). The increase of slide viscosity
and drag coefficients gradually affect the sea wave elevation. The model run
applying slide viscosity values * of p mhp mhand p TEC O hand the
lowest drag coefficient 6 of 0.05 could result in the maximum wave height of
320 m. The height decreases with the increase of drag coefficient 6 applied
in the simulation. Comparison with the data in Table 3.3 suggests that the
elevation of tsunami waves simulated for Mt Gamalama is in a realistic and
acceptable range.
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Figure 3. 8 Initial sea waves generated by different slide viscosities and
drag coefficient. The waves were captured shortly after the
landslides entering the sea

Taken together these considerations, i.e., the runout distance of 25 km from
the top of the landslides, the proportion of 35% from the total mass failure
remaining on the flanks, the maximum landslide velocity of 57 ms™, and the
travel time to reach the shoreline, the reliable input parameters for the further
GPT simulation are * of p TEC O with & of 1.26, 1.70, and 2.00. The
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lower 6 did not meet the qualification of the landslide velocity and the travel
time to reach the shoreline, whereas the higher 0 caused the remaining
materials more than 35% on the flanks at the end of simulation. In addition,
the higher 6 values of 5.00 and 10.00 is relatively safer than the hazard
posed by the other simulation.

The lower slide viscosity values, * ofp TAT AEC O , were discounted
as well. The outputs from the simulation applying * ofp TEC O and all
the 6 values show the velocity values are much higher than the limit of 57
ms1, the travel time to enter the sea is only 60 s, the runout distance reaches
Halmahera Island which exceeded 3 km from the estimated distance, and the
materials tend not to remain on the flanks. Several simulations using *
ofp TEC O metthe proportion of remaining materials, and the landslide
velocity, but the travel time to enter the sea is very close to the limit. Hence,
this parameter is not considered for the further simulation although the runout
distance is in the range of the estimated value.

Ultimately, the input parameters applied in the GPT simulations for the
viscosity values are’ pmEC O pmEC O and’
pmm EC O ; the density values are ” pmrEM h” ¢vu e
and” pE C , and the drag coefficients 6 are 1.26, 1.70, and 2.00.

3.4 Mechanism of Potential Tsunamis Generation

Mount Gamalama is a relatively small volcanic island with radius of 5.8 km
and area of 40 km? (Center for Volcanology and Geological Hazard Mitigation,
2018). In addition, the vicinity of this volcano is surrounded by sea with
different bathymetry. Therefore, the effect of the landslides inducing tsunami
waves was modelled for two different bathymetries representing a shallow and
a deep case. The depths are 360 m (for Model A) and 1500 m (for Model B)
which are in the east and west part of Mt Gamalama, respectively (Fig. 3.9).
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Figure 3. 9 Bathymetry modelled in the GPT simulation.
The upper picture is 360 m deep in the west of Mt Gamalama
and the lower one is 1500 m in depth in the west of Mt
Gamalama. The red dot shows the estimated location of the
submarine cable.

: The picture beside shows the position of Mt Gamalama (the
Tidore dashed yellow square), the bathymetry depth modelled (the
red line) and the submarine cables (the black line)
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Both models applied the same fixed mesh resolutions with a mesh size of 10
m. The physical parameters (density and viscosity) for the three materials and
the value of drag coefficient are the ones derived above. While the end times
of the simulations are different, the geometry distances of 32 km are set to the
same length. The Model A simulations were run for a longer end time, while
the simulations for Model B were aborted when the waves reached the model
boundary and were reflected back.

3.4.1 Tsunami waves in depth of 360 m (Model A)

The wave generation for the largest depth of 360 m was simulated in the
eastern part of Mount Gamalama. This area is the Halmahera Strait which
separates Ternate Island (Gamalama) and Halmahera Island (Fig. 3.9). As
stated in the previous section, the three results shown refer to the simulations
applying three different drag coefficients.

The various values resulted in differences in times for the mass failure to reach
the shorelines and to enter Halmahera Strait. As mentioned in Table 3.2, the
landslides needed 170 s, 180 s, and 185 s to reach the eastern coastal area
of Ternate Island for the simulation using 6 of 1.26, 1.70, and 2.00,
respectively.

Figure 3. 10 The different wave height generated by different drag
coefficients in 4 minutes after the simulation started for Model A:
(a) the simulation applying  f_ of 1.26, (b) the simulation applying
F of 1.70, and (c ) the simulation applying  r_ of 2.00
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Figure 3.10 shows the wave height generated when the landslides enter the
sea. These results describe the wave height generated by the different
coefficients after 4 minutes in running the simulation. However, the 6 of 1.26
caused the materials flowing faster as the landslides entering the sea in 3
minutes after the run started and generated a wave height of 48 m. After 4
minutes of simulations, the waves can reach 55 m, 50 m, and 45 m high for
0 of 1.26, 1.70, and 2.00, respectively.
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Figure 3. 11 Wave height generated for model A by different drag
coefficients in different times (a) Fr of 1.26, (b) Fr of 1.70, and (c)
F, of 2.00

The wave propagation during the simulation (Fig. 3.11) shows the generated
wave height increases at a distance of 18 km along the model profile. In this
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position, the bathymetry begins to shallows and rises to Halmahera Island
(Fig. 3.9). At the distance of 20.6 km, the waves reach the maximum records.
This area is very close to the coastline of Halmahera Island at the distance of
22.7 km where the depth is 61 m. The wave heights are 65 m for 6 of 1.26,
and 52.5 m for the other simulations. Following that, the height decreases
significantly.

The simulation period for this model A is limited to 10 minutes. At this time,
the waves have reached Halmahera Island with different elevation and then
reflected back to the strait. The detailed explanation regarding the resulting
hazards and risks on the coastal area in Halmahera Island is discussed in the
Chapter 4.

The sudden influx of mass into Halmahera Strait caused crest-leading waves
hence a significant increase of sea water will be detected in Halmahera Island
in the short time. All simulations suggest the waves reaching the coastal area
within 7 minutes of the simulation. Following that, one minute after, at the
distance of 23.1 km the wave heights are 47.5 m, 45.0 m, and 35.0 m for 0
of 1.26, 1.70, and 2.00, respectively. At this position, the elevation is 2.5 m
a.s.l. As Fluidity includes this elevation in calculating the wave height, a
correction must be applied. Hence, the real wave height is the difference
between the calculated wave height by Fluidity and the elevation. Therefore,
the respective wave heights are 45.5 m, 42.5 m, and 32.5 m.

The longest, simulated run-out distances are not the same for each simulation.
After 10 minutes of the simulations started, the run-out distances are 28.1 km
with an elevation of 18 m, 27.5 km with elevation of 6.2 m, and 26.8 km with
elevation of 4.5 m for 6 of 1.26, 1.70, and 2.00, respectively. The simulated
wave heights are 22.5, 10.0, and 15.0. However, due to the elevation
correction the real wave heights are 4.5 m, 3.8 m, and 11.0 m.

In addition, Fluidity showed the material deposition on the seafloor (Fig. 3.12,
3.13, and 3.14). Although this tool does not tell the real time when the
landslides stop flowing, the finish time can be set up in advance. As discussed
in the section regarding the parameter configuration, the deposition for all
simulations meets the constraint of 12.50 - 35.25% of materials remaining on
the flanks.
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Figure 3. 12 Material deposition in different times for model A. This

simulation applied a slide viscosity of 107 Pa s and a drag
coefficient of 1.26.
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Figure 3. 13 Material deposition in different times for model A. This

simulation applied a slide viscosity of 10 7 Pa s and a drag
coefficient of 1.70
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Figure 3. 14 Material deposition in different times for model A. This
simulation applied a slide viscosity of 10 7 Pa s and a drag
coefficient of 2.00.

3.4.2 Tsunami wave in depth of 1500 m (Model B)

The bathymetry in the west part of Ternate Island is categorized as deep
ocean which could reach thousands meter in depth. Model B has the
maximum depth of 1500 m because the distance is limited to 32 km to be
comparable to Model A. However, the sea-depth continuously increases to
the west and can reach 3000 km.
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Figure 3. 15 The different wave height generated by different drag
coefficients in 4 minutes after the simulation started for Model B:
(a) the simulation applying . of 1.26, (b) the simulation applying
F, of 1.70, and (c ) the simulation applying . of 2.00.

Both models applied the same landslide source for the tsunami generation.
The bathymetry profile in Model A was replaced with the deeper bathymetry
profile. This similarity resulted in the same times for landslides to get to the
shorelines (Fig. 3.15). The difference in profile bathymetry caused the
generated wave heights to be lower than in the previous model.

The limitation to the distance of 32 km is to have the similar model limit to
Model A. Hence, this project can discover the effect of landslides inducing
tsunamis in different depths. Unfortunately, the period of the simulation for this
model is shorter than Model A. The wave propagation displayed in Figure 3.16
is only up to 6 minutes. This is because the waves propagate and reach the
outer boundary within 7 minutes of the simulation. As the result, the waves
were reflected and directed back to the source.
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Figure 3. 16 Wave height generated for model B by different drag
coefficients in different times (a) Fr of 1.26, (b) f, of 1.70, and (c)
F, of 2.00

Figure 3.16 shows the wave height at particular times. The simulation applying
a 0 of 1.26 caused the materials entering the sea at the 3 minute and
generated waves of 40 m in height. At that time, the materials are still on the
flank for the other simulations. The landslides enter the sea at the 4™ minute.
The maximum wave height captured within that time is 50 m for 6 of 1.26,
and 40 m for 6 of 1.70 and 2.00. The wave height continuously decreases
along the time and distance.

3.5 Discussion and Summary

This chapter has examined the generation and propagation of landslide-
induced tsunamis originating from potential subaerial slope failures on the
flanks of Mount Gamalama using a fully coupled multiphase numerical
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framework. By integrating slope stability analysis with tsunami modelling in
Fluidity, the simulations provide a physically consistent representation of how
mechanically unstable volcanic slopes may evolve into hazardous coastal
waves. The discussion focuses on how landslide rheology, drag resistance,
and surrounding bathymetry collectively control tsunami characteristics,
including wave height, propagation pattern, and coastal amplification.

A key outcome of the simulations is the clear contrast between tsunami
behaviour in shallow bathymetry (Model A) and deep bathymetry (Model B).
Despite using the same landslide source geometry and material properties,
the two bathymetric settings produce markedly different wave evolution. This
highlights bathymetry as a first-order control on tsunami amplification,
confirming that tsunami hazard cannot be assessed solely based on landslide
magnitude but must also account for local seafloor morphology.

In Model A, representing the Halmahera Strait with a maximum depth of
approximately 360 m, the generated waves exhibit significant amplification as
they propagate eastward toward Halmahera Island. The wave height profiles
show a pronounced increase beginning at distances of approximately 18 km
from the source, corresponding to the onset of bathymetric shallowing. This
behaviour is consistent with classical shoaling theory, where decreasing water
depth causes wave energy to be compressed vertically, resulting in increased
wave amplitude.

The temporal evolution of wave height in Model A further indicates that the
tsunami reaches the opposite coastline within a very short time frame, typically
within 61 7 minutes after initiation. This rapid arrival reflects both the proximity
of Halmahera Island to Mount Gamalama and the efficient transmission of
energy through the shallow strait. The resulting crest-leading waves imply a
sudden rise in sea level along the Halmahera coast, which poses a serious
hazard given the limited time available for evacuation.

In contrast, Model B, which represents deep-water conditions with depths
reaching 1500 m, shows a progressive decay of wave height with increasing
distance from the source. Although the initial wave heights generated at the
point of entry are comparable to those in Model A, the deeper bathymetry
allows wave energy to disperse more efficiently over the water column. As a
result, wave amplitudes decrease steadily, and no significant amplification is
observed along the propagation path.

The comparison between Models A and B demonstrates that bathymetric
shallowing plays a dominant role in controlling tsunami impact, even when
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landslide characteristics remain unchanged. In deep-water settings, the
tsunami energy is distributed over greater depths, reducing surface
expression. Conversely, in confined and shallow straits such as the
Halmahera Strait, the same energy leads to substantial wave growth,
highlighting the elevated vulnerability of narrow coastal passages adjacent to
volcanic islands.

The influence of landslide rheology and drag coefficient is evident in both
models. Lower drag coefficients result in faster landslide motion and earlier
wave generation, producing higher initial wave amplitudes. Increasing the
drag coefficient reduces landslide velocity, prolongs the time required for the
mass to enter the sea, and decreases the efficiency of momentum transfer to
the water column. Nevertheless, even for the highest tested drag coefficients,
the resulting waves in Model A remain significant, indicating that tsunami
hazard persists across a realistic range of parameter values.

The selected parameter combination ( = 1 0 @ dddguithd = 1.26i 2.00)
successfully balances physical realism and numerical stability. These values
satisfy independent constraints on runout distance, remaining material on the
flanks, landslide velocity, and tsunami height. Importantly, the resulting wave
heights fall within the range documented for historical volcanic and landslide-
generated tsunamis worldwide, reinforcing the plausibility of the simulated
scenarios.

The wave height profiles shown in Figures 3.16 illustrate how tsunami
characteristics evolve over time and distance for different drag coefficients. In
Model A, wave amplification near the Halmahera coast is consistently
observed regardless of parameter variation, whereas in Model B the wave
heights diminish rapidly with distance. This contrast underscores that local
bathymetric configuration can outweigh uncertainties in landslide rheology
when assessing coastal tsunami hazard.

In summary, this chapter demonstrates that potential subaerial landslides at
Mount Gamalama are capable of generating hazardous tsunamis, particularly
toward the Halmahera Strait where shallow bathymetry promotes wave
amplification. The integration of Factor of Safetyi derived landslide volumes
with multiphase tsunami modelling provides a robust framework for assessing
volcanic tsunami hazards. While uncertainties remain in landslide material
properties and failure dynamics, the results clearly indicate that coastal
regions adjacent to shallow straits face significantly higher risk than those
bordering deep-water environments. These findings form a critical foundation
for the hazard and risk analyses presented in the following chapter.
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Figure 3. 17 The difference of wave height for model A (the straight line)
and B (the dashed line) (a) F, of 1.26, (b) f, of 1.70, and (¢ ) f, of
2.00
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Chapter 4
Risk Analysis of The Gamalama Landslide -Induced
Tsunamis

4.1 Introduction

Ternate Island, where Mount Gamalama is located, constitutes one of the
most important economic and transportation hubs in eastern Indonesia.
Although the provincial capital of North Maluku was relocated from Ternate to
Sofifi on Halmahera Island, Ternate remains the primary centre for commerce,
logistics, and population concentration within the province. Its strategic
location and well-developed infrastructure continue to support regional
connectivity across the archipelagic setting of North Maluku.

Despite its relatively small size, with a diameter of approximately 11 km,
Ternate Island hosts critical regional infrastructure, including Sultan Babullah
Airport and Ahmad Yani Harbour, which serve as the main gateways
connecting North Maluku with other parts of Indonesia. In addition to Ahmad
Yani Harbour, three other major portsd Armada Semut, Bastiong, and Dufa-
Dufad play a vital role in passenger transportation and the distribution of
goods across the province. This concentration of transport infrastructure along
the coastline inherently increases
including tsunamis.

Ternate is also the most densely populated area in North Maluku Province.
As a stratovolcanic island, human settlements are predominantly distributed
across the medial and distal zones of Mount Gamalama, extending toward the
coastal fringe (Figure 4.1). This settlement pattern reflects both historical
development and topographic constraints but also places a large proportion
of the population within zones potentially affected by volcanic and tsunami-
related hazards. The spatial distribution of the population and its exposure to
hazards associated with Mount Gamalama are further examined in Section
4.2.1.

Figure 4.1 illustrates the settlement conditions of inhabitants on Ternate
Island, where residential areas are densely developed across the medial and
distal zones of Mount Gamalama. The stratovolcano dominates the
landscape, while extensive urban development occupies the lower flanks and
extends continuously toward the coastline. This spatial configuration reflects
the limited availability of flat land on the island and has resulted in a high

t

he
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concentration of population within geomorphological zones that are directly
influenced by volcanic processes.

Figure 4. 1 Condition of Inhabitants of Ternate Island living in medial and
distal zones of Mt Gamalama. This condition shows how dense the
population in Ternate is

From a spatial perspective, the highest settlement density is observed along
the coastal belt and the transitional zone between the lower volcanic slopes
and the shoreline. The medial and distal zones of Mount Gamalama, which
are geomorphologically associated with the potential pathways of volcanic
products and landslide materials, have become the primary areas of
habitation. This pattern highlights the demographic pressure on Ternate
Island, where population growth and economic activities have expanded into
areas that are inherently exposed to volcanic and coastal hazards.

Thi s condition demonstrates t hat
population resides in close proximity to the source of natural hazards. The
juxtaposition of dense settlements, steep volcanic slopes, and the surrounding
marine environment significantly increases community vulnerability to
cascading hazards, particularly landslide-induced tsunamis. The high
population density, coupled with limited evacuation space and short warning
times, underscores the elevated risk faced by inhabitants living in the medial
and distal zones of Mount Gamalama.

This chapter focuses on assessing the potential risks posed by landslide-
induced tsunamis generated by slope instability at Mount Gamalama. While
volcanic eruptions present multiple hazards to the island, the direct impacts of
eruptive processes such as pyroclastic flows, ash fall, and lava flows are
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beyond the scope of this chapter. Instead, the analysis concentrates on
tsunamis triggered by large-scale subaerial landslides entering the
surrounding marine environment, which represent a distinct and potentially
devastating hazard due to their rapid onset and limited warning time.

The primary aim of this chapter is to analyse and assess the risks associated
with tsunamis generated by potential landslides on the flanks of Mount
Gamalama. Specifically, this includes evaluating the spatial extent of tsunami
inundation, quantifying the exposure of coastal populations, and identifying
critical infrastructures at risk. Particular attention is given to coastal facilities
such as ports, urban areas, and submarine communication cables within the
Halmahera Strait, where tsunami amplification was shown to be significant in
the preceding modelling chapter. The specific objectives of this chapter are to
(1) delineate tsunami run-up and inundation extents, (2) estimate the number
and spatial distribution of people potentially affected, (3) identify vulnerable
infrastructures both onshore and offshore, and (4) provide scientifically
grounded recommendations for mitigation and disaster preparedness.

The risk analysis presented in this chapter builds directly upon the physical
parameters of potential tsunamis derived from the slope stability and tsunami
generation modelling. The instability analysis indicates that the most critical
failure geometry occurs on the eastern flank of Mount Gamalama, where the
depth of the potential failure surface reaches approximately 1120 m. On the
other flanks, the inferred depths of potential failure surfaces range between
513 m and 570 m. Given that Mount Gamalama rises to an elevation of 1715
m above mean sea level, these geometries imply that a potential collapse
could involve approximately one-third to one-half of the volcanic edifice. Such
a large-scale mass failure would generate substantial landslide volumes
capable of producing high-energy tsunamis upon entering the sea.

The physical characteristics of the potential tsunamisd such as wave height,
arrival time, run-up, and propagation directiond are therefore intrinsically
linked to the magnitude and geometry of the unstable slopes. These
parameters, derived from Fluidity simulations, form the basis for the
subsequent risk assessment. In particular, the short travel time of the tsunami
waves toward the Halmahera Strait, combined with wave amplification due to
shallow bathymetry, underscores the severity of the hazard for coastal
communities and infrastructure in the region.
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To achieve the objectives of this chapter, a combination of numerical
modelling and spatial analysis is employed. Landslide volumes and failure
geometries are constrained using the Generalized Hoeki Brown criterion,
while tsunami characteristics are simulated using the multiphase
hydrodynamic model Fluidity. Geographic Information Systems (GIS) are then
used to integrate model outputs with spatial data on population distribution,
land use, and infrastructure. Where available, field observations and
secondary datasets are incorporated to ground the analysis in real-world
conditions and to improve the reliability of the risk estimates.

The outcomes of this chapter provide a comprehensive assessment of the
potential impacts of landslide-induced tsunamis on Ternate Island and its
surrounding waters. By linking physical tsunami parameters with spatial
exposure and vulnerability, the analysis offers critical insights for disaster risk
reduction planning. The findings are intended to support local governments,
emergency managers, and infrastructure operators in identifying high-risk
zones, prioritising mitigation measures, and strengthening early warning and
preparedness strategies. Furthermore, the evaluation of submarine
communication cables highlights the importance of resilient lifeline
infrastructure in archipelagic regions such as North Maluku, where disruptions
can have widespread socio-economic conseguences.

4.2 Potential Risks

Mount Gamalama poses significant threats to human populations and
livestock living on and around the volcanic edifice. Both primary volcanic
processes and secondary hazards, including large-scale landslides and
landslide-induced tsunamis, represent substantial sources of risk not only to
life but also to critical infrastructure. Given the steep morphology of the
volcano and the proximity of densely populated coastal areas, such hazards
have the potential to occur with limited warning time, thereby increasing their
destructive potential.

As Ternate Island functions as the principal gateway to North Maluku
Province, disruptions to transportation infrastructure would have far-reaching
regional consequences. The Sultan Babullah Airport and the main harbours
on Ternate Island serve as essential nodes for passenger movement, goods
distribution, and emergency logistics across the archipelagic province.
Tsunami inundation or coastal damage affecting these facilities could severely
impair accessibility to North Maluku, isolate smaller islands, and delay
emergency response and recovery operations.
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Figure 4. 2 The longest runout distance of simulated tsunami using Fluidity. The simulation applied a drag coefficient of 1.26.
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In addition to surface infrastructure, regional communication systems are also
highly vulnerable. Submarine telecommunication cables connecting Ternate
and Halmahera traverse the surrounding seafloor and are exposed to potential
damage from submarine sediment remobilisation, debris flows, and strong
tsunami-induced currents (Fig. 4.2). Damage to these underwater cables
would disrupt communication networks across the province, exacerbating the
impacts of a disaster by limiting information flow, early warning dissemination,
and coordination among emergency management agencies.

The cascading impacts of volcanic instability at Mount Gamalama extend
beyond localized physical damage and pose systemic risks to transportation,
communication, and regional connectivity. These interdependencies highlight
the importance of incorporating critical infrastructure vulnerability into tsunami
risk assessments, particularly in island settings where redundancy is limited
and recovery depends strongly on external support.

4.2.1 Population

Ternate Island is one of regencies in North Maluku province, adjacent to
Tidore Island in the south and Halmahera Island in the east (Fig. 4.3). Ternate
Island has the highest population in North Maluku Province. Based on data
from the Statistical Office, the number of inhabitants in Ternate has reached
186,480 people in 2022. The number of people living in the vicinity of Ternate
can be seenin Table 4.1.

Table 4. 1 Number of inhabitants living in Ternate Island and its vicinity
(BPS-Statistik Kota Ternate, 2022; BPS Kabupaten Halmahera
Barat, 2022; BPS Kota Tidore Kepulauan, 2022)

No  Sub-Distcrict Population (People)

1 Ternate Island 8,810
2 Hiri Island 2,920
3 North Ternate 49,060
4 Central Ternate 53,800
5 South Ternate 74,810
6 North Oba 20,110
7 East Tidore 9,730
8 Tidore 23,250
9 South Tidore 14,700
10 North Tidore 17,420
11 Jailolo 35,203

12 South Jailolo 24,954
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The instability modelling in previous chapters described potential landslides
on four flanks of Mt Gamalama. Although the model considers the depth and
the length of the potential landslides, the landslide volume can be estimated.
Moreover, as Mt Gamalama is a strato-volcano with steep flanks (Fig. 4.2),
lifes in Ternate Island is directly threatened by potential landslides, as well as
the resulting tsunamis.

These risks concern not only the people in Ternate, but also in Tidore and
Halmahera (Fig. 4.3). In terms of tsunami risks caused by the Mt Gamalama
landslides, Halmahera and Tidore Island are affected in different ways
dependent on their distance to Mt Gamalama. The closest distances are about
13 km and 2.5 km from Ternate Island to Halmahera and Tidore Island,
respectively.
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Figure 4. 3 Territories in the vicinity of Ternate Island which are
potentially affected by Mt Gamalama . The colour difference
represents the different regencies. The green is the regency of
Ternate Island, the light green is the regency of West Halmahera,
and purple is Tidore Island.

Figure 4.4 describes the potential areas exposed to tsunamis. The areas
which have elevation less than 20 m (red contour) in Halmahera Island are at
risk being hit by the tsunami. The area of Sidangoli (yellow dashed-square) is
a centre of economic activities and is considered in the tsunami simulation. It
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has a ferry port, settlements, farms, and several public building (schools,
market, mosques, and church).

Figure 4. 4 Potential area hit by tsunamis. Red contour describes the
area with elevation less than 20 m and potentially hit by tsunamis.
The dark blue dashed -line is the cross section of the tsunami
modelling, and the yellow dashed -square is Sidangoli. The blue
areas are farms and the brown ones are settlement and public
buildings (4 .4a).

Based on the administrative map (Fig. 4.2), South Jailolo and North Oba are
the territories in Halmahera Island facing the Halmahera Strait and are
potentially hit by tsunamis. There are 24,954 and 20,110 people living in South
Jailolo and North Oba (Table 4.1), respectively.

A similar approach was applied to qualitatively analyse the tsunami risk in
Tidore Island as this territory is very close to the source. The tsunami
generation to Tidore was not simulated in this project because: the runout
distance is very short and the bathymetry depth of 160 m is much shallower
than in the Halmahera Strait. However, the tsunami risk in Tidore Island can
be estimated by assuming the same landslide source and the same tsunami
generation in Halmahera strait.

The condition of potential tsunamis hitting Tidore Island is similar to the
event of the landslide-induced wave in Lituya Bay, Alaska on July 9" 1958,


















































































































