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Abstract

One of the first steps towards reducing volcanic risk is assessing the area likely to be affected by hazardous phenomena.
This typically involves analysis of a volcano’s past eruptions to forecast the expected size and style of future eruptions and
the spatial extent of the expected hazards. However, there are many active volcanoes worldwide that do not have extensive
eruption records from which to forecast future behaviours; Gede volcano in Indonesia is one example. In this work, we
conducted the first probabilistic volcanic multi-hazard assessment for five different hazards from six eruptive scenarios for
Gede, the closest active volcano to Jakarta city. To supplement Gede’s eruption record, we used analogue volcanoes and
global datasets to develop eruption scenarios and to parameterise hazard models. Our analysis suggests that the major explo-
sive eruption scenario and the Plinian explosive eruption scenario, which have column heights of 10-20 km and 20-30 km
respectively, can deposit sufficient tephra to disrupt airport operations and vital lifelines across Jakarta, while tephra fall from
the continuously explosive or intermittently explosive eruption scenarios may obscure road markings and disrupt agricultural
operations proximal to the volcano. Hazards from effusive scenarios primarily impact the volcano’s northeastern flank; lava
flows are confined to~3 km in this direction while block-and-ash flows are expected to extend up to~ 11 km. Pyroclastic
density currents from a collapsing column from the minor explosive eruption scenario (column height 1-10 km) can extend
up to~ 15 km but could reach up to~20-25 km for major and Plinian eruption scenarios. Through this work, we provide
a probabilistic hazard assessment for Gede and a framework for volcanic hazard assessment in data-limited contexts. This
assessment serves as an essential tool for enhancing risk mitigation through planning and preparedness in one of the most
exposed regions of the world.
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Introduction

Disaster preparedness is a fundamental element of disaster
risk reduction (UNISDR, 2005; 2015). For volcanic hazards,
Editorial responsibility: P. Tierz as with other natural hazards, the first step in preparedness
is to understand the phenomena, their destructive effects,
and their expected spatial extent. This understanding is for-
malised through long-term volcanic hazard assessment that
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data can be used to develop scenarios that describe expected
future eruptions and to model the spatial extent of associ-
ated hazards within a forecasting time window of years to
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education, and land-use management practices (Hayes
et al. 2020; Marti et al. 2022). Furthermore, given renewed
unrest at a volcano, long-term analyses act as foundational
knowledge that can be drawn from and interpreted in light
of monitoring data to produce short-term hazard forecasts
(Marzocchi et al. 2004, 2008; Sandri et al. 2012).

Probabilistic frameworks have become the benchmark in
volcanic hazard assessment, allowing for the quantification
of both aleatory and epistemic uncertainty (Tierz 2020).
When it comes to modelling the spatial extent of volcanic
hazards, this uncertainty quantification is accounted for by
sampling from distributions of model input parameters such
that a wide range of possible credible combinations is simu-
lated. Within existing probabilistic hazard assessment stud-
ies, a variety of approaches exist in terms of:

1) The way that scenarios are defined and the number
of scenarios that are included. Some studies focus on
eruption size described by the VEI (e.g., Sandri et al.
2014; Jiménez et al. 2020; Alcozer-Vargas et al. 2022;
Warwick et al. 2022), while others categorise scenarios
based on eruption style (e.g., Weir et al. 2022; Aravena
et al. 2023; Tadini et al., 2025). The number of scenarios
that are considered generally ranges from 1-4, and the
choice of scenarios is usually based on past eruptions.

2) The number of hazards that are considered, with stud-
ies conducted for single (e.g., Sandri et al. 2018; Clarke
et al. 2020; Lombardi et al. 2020) or multiple hazards
(e.g., Becerril et al. 2014; Sandri et al. 2014; Tierz et al.
2017; Jiménez et al. 2020; Reyes-Hardy et al. 2021;
Alcozer-Vargas et al. 2022; Bertin et al. 2022; Constan-
tinescu et al. 2022; Mead et al. 2022; Weir et al. 2022;
Aravena et al. 2023).

3) The inclusion or absence of temporal analyses. For haz-
ard assessments at volcanoes with extensive eruption
records, long-term eruption recurrence rates have been
quantified by dividing the record length by the num-
ber of recorded eruptions (e.g., Becerril et al. 2014).
This approach can then be extended to calculate a fre-
quency-magnitude relationship for a particular volcano.
However, there is considerable uncertainty in deriving
frequency-magnitude relationships for volcanoes with
limited eruption records (Hayes et al. 2022), and most
published hazard maps are conditional on the occurrence
of an eruption of a specific size and/or style (Lindsay
et al. 2023).

4) The application of more advanced statistical techniques
for hazard assessment such as the incorporation of
Bayesian statistics (e.g., Becerril et al. 2014; Sandri
et al. 2014; Bartolini et al. 2015; Constantinescu et al.
2022), which may be facilitated by software packages
such as HASSET (Sobradelo et al. 2014) and BET_VH
(Marzocchi et al. 2010), or Bayesian belief networks
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(e.g., Hincks et al. 2014; Tierz et al. 2017) or the inclu-
sion of statistical emulators (e.g., Bayarri et al. 2009;
Spiller et al. 2014; Tierz et al. 2024).

Understandably, hazard assessments are often conducted
for frequently active, well-known volcanoes. However,
there are many volcanoes across the world that remain
data-limited (Loughlin et al. 2015). This can be due to long
recurrence intervals between eruptions, insufficient deposit
preservation or study, and/or differences in eruption record-
ing across the world. With limited information available for
forecasting, assessing the expected future hazards at these
volcanoes requires the identification and use of information
from carefully selected analogous volcanoes (Tierz et al.
2019; Burgos et al. 2023), global datasets (Tierz 2020), or
the use of expert elicitation (Jenkins et al. 2024a). With 23
recorded eruptions since 1747 CE, and a large gap between
these historic eruptions and the eruptions preserved in the
geological record, Gede volcano in west Java, Indonesia, is a
potentially dangerous, active volcano that poses a challenge
to robust forecasting of future activity. Due to its proximity
to Indonesia’s highly populated city of Jakarta (~ 11.4 mil-
lion people, World Population Review, 2024), Gede has the
highest number of people living within 100 km out of any
volcano in the world (Small and Naumann 2001). Closer
to the volcano, the number of people is more modest, but
when population exposure is weighted by distance, Gede
has the third highest population exposure index (PEI) out of
Holocene volcanoes in southeast Asia (Jenkins et al. 2022).

Despite Gede’s high-threat status, to our knowledge there
have been just a handful of published works that focus on the
volcano. Field studies conducted by the Volcanological Sur-
vey of Indonesia (now known as the Center for Volcanology
and Geological Hazard Mitigation - CVGHM) in 1992 were
used to compile the official hazard map for Gede (Hadisan-
tono et al. 2008) (shapefiles available at: https://vsi.esdm.
go.id/portalmbg/). The hazard map is deterministic, delin-
eating hazard zones (1, 2, 3) that group multiple hazards,
and is based on the occurrence of a small vulcanian-style
eruption (Hadisantono et al. 2008). Since then, geochemi-
cal studies have been conducted by Handley et al. (2010),
Belousov et al. (2015), and Krimer (2016). Bear-Crozier
et al. (2012) considered tephra fall hazard from a single set
of eruption parameters under a suite of atmospheric condi-
tions, while Winson (2016) generated probabilistic tephra
fall simulations for various VEI scenarios. Tennant et al.
(2021) aimed to reconstruct past eruptions at Gede using
numerical hazard models Titan2D and Tephra2 to better
understand the dynamics of eruptions that produced the
PDC deposits observed in the field and tephra fall that was
reported in Jakarta.

In this work, we build on these previous studies by con-
solidating all available information on past eruptions at


https://vsi.esdm.go.id/portalmbg/
https://vsi.esdm.go.id/portalmbg/

Bulletin of Volcanology (2025) 87:126

Page3of25 126

Gede and using this to conduct the first probabilistic vol-
canic hazard assessment for five different hazards at Gede.
We expanded the limited dataset of Gede’s past eruptions
with data from analogous volcanoes and global datasets.
This allowed us to outline a series of potential eruption
scenarios and model the spatial extent of the associated
hazards. Our assessment considers the hazard from tephra
fall, large clasts (large lapilli sized particles, 16-64 mm
diameter), column collapse style pyroclastic density cur-
rents (PDCs), block-and-ash flows, and lava flows. This
study serves as a case example for conducting hazard
assessments on volcanoes where eruption records are

lacking in detail or quantity and lays the groundwork for
future risk analyses and disaster preparedness strategies
at Gede.

Geological background and eruptive history

Gede is an active stratovolcano (2958 m asl) situated within
the Sunda arc, which delineates the northeastwards subduc-
tion of the Indo-Australian plate beneath the Eurasian plate.
The volcano consists of a main stratocone known as Gumu-
ruh or ‘old Gede’ that is comprised of silica-rich basalt.
Gumuruh grew and collapsed during the Pleistocene leav-
ing a 10 km? debris avalanche deposit that underlies Cianjur
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Fig.1 a The location of Gede showing its proximity to Jakarta and
other densely populated urban areas; the blue circle marks a 20 km
radial distance from the summit for reference; b The topography of
the summit area and the locations of the hiking trails and shelters; ¢
The summit of Gede showing topographic features including past cra-
ters (Kawah [K] in Indonesian); d The location of Gede within South-
east Asia; e A simplified geological map of Gede showing Holocene

(brighter colours) and older deposits (muted colours), adapted from
Belousov et al. (2016) and the official geological map of Gede (Had-
isantono et al. 2008). Spatial data showing densely populated urban
areas is from the Global Human Settlement layer (Pesaresi and Pana-
giotis 2023), and the locations of roads, towns and cities are from
Open Street Map (OSM). For all maps: the coordinate reference sys-
tem is EPSG: 32748, basemap credit: ESRI shaded relief
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town in the southeast (Belousov et al. 2015) (Fig. 1). The
cone was later rebuilt, to form the present-day intra-caldera
cone of Gede. During the Holocene, Gede exhibited pre-
dominantly explosive eruptions, ranging from VEI 1 to 4.
Holocene eruptions generated flow deposits extending up to
15 km away from the summit dated at 10,000, 4,000, 1,200,
and 1,000 years before present (BP) (Belousov et al. 2015).
Deposits are primarily found in the northeast sector of the
volcano due to the topographic constrains imposed by a
northerly breach in the Gede crater wall and the presence
of Gede’s twin, long-dormant volcano Pangrango (Fig. 1b).

During historic times (since 1747), Gede has experi-
enced 23 eruptions (1747, 1761, 1832, 1840, 1843, 1845,
1847, 1848, 1852, 1853, 1866, 1870, 1887, 1888, 1891,
1899, 1900, 1909, 1946, 1947, 1948, 1949, 1957 [phre-
atic]). Except for one VEI 1 eruption (1909) and four VEI
3 eruptions (1747, 1832, 1840, and 1853), these were all
assigned a VEI 2. In the Global Volcanism Program, this
is the default assignation for eruptions that were explosive
but lack detailed information (Siebert et al., 2011). As a
result, there is some uncertainty about whether all VEI 2
assigned eruptions were of that size. Historic eruptions at
Gede have been described by Junghuhn (1853); Kusuma-
dinata (1979); Newmann van Padang (1951); NTNI
(1852, 1859, 1871, 1886, 1887, 1889, 1890, 1891, 1900, 1
902, 1924); Petroeschevsky (1943, 1952); many of these
accounts of earlier eruptions consist of qualitative descrip-
tions that are challenging to infer eruption size or style
from. The later accounts (post 1900) provide more detail
and suggest that eruptions were dominantly explosive,
vulcanian type, with reported plume heights of up to 5 km
above the vent (see Tennant et al. 2021 Appendices A and
B for a compiled eruption history). The extent of tephra fall
produced during historic times is uncertain. During field
studies, Belousov et al. (2015) found no recent tephra fall
outside of the proximal ring plain, while a written account
of the 1948 eruption (Petroeschevsky 1952) suggested that
fallout was reported in Jakarta, which was not reproducible
using numerical modelling of the event and wind conditions
(ECMWF ERA20C) at the time of the eruption (Tennant
et al. 2021). During the 1840 eruption, the crater of Gede
was filled with a blocky andesitic lava dome, which breached
the crater towards the northeast to form a 1.5 km lava flow
(Fig. 1c). Today, there is persistent fumarolic activity at
the summit and since the installation of seismometers by
CVGHM in 1985, seismic swarms have been recorded every
1-2 years (Hidayat et al. 2019).

Exposure
The area surrounding Gede has a permanent population

of ~440,000 people within 10 km of the summit (Schiavina
et al. 2023). The flanks of the volcano are heavily farmed,
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and approximately 70% of this permanent population works
in agriculture (Nurwulan 2016), cultivating tea, rice, vegeta-
bles, and other crops (Tang et al. 2024). In addition to the
permanent population, Gede is situated within the Gede-
Pangrango national park, in an area of high biodiversity
that attracts both geo- and eco-tourists from the nearby cit-
ies of Jakarta (60 km northwest), Bogor (28 km northwest,
population: ~ 800,000, World Population Review, 2024), and
Sukabumi (15 km southwest, population: ~270,000, World
Population Review, 2024) amongst other locations. The park
receives > 70,000 visitors annually (Nurwulan 2016), many
of whom hike to the peaks of Gede and/or Pangrango via
the northeast trail located within the Ci Kundul river chan-
nel (Fig. 1c), often choosing to camp at the summit area.
The national park office, located within Cibodas town ~7 km
to the northeast, is the starting point for hikers and a hub
for tourist activities. Cibodas is a popular choice for sec-
ond homeowners who reside in the local cities and is the
site of the Cipanas presidential palace, a place of cultural
significance.

Defining eruption scenarios
Choosing analogue volcanoes

Given the limited eruption record of Gede, we used ana-
logue volcanoes to help define eruption scenarios and to
parameterise hazard model inputs. The choice of analogue
volcanoes is often based on expert judgement (e.g., Aspi-
nall et al. 2003; Hincks et al. 2014; Bebbington et al. 2018)
and/or qualitative grouping of volcanoes based on: volcano
type, tectonic setting, morphology, and eruption style. How-
ever, recent approaches have been developed to provide a
quantitative and transparent basis for considering volcanoes
analogous (e.g., Tierz et al. 2019; Burgos et al. 2023). To
develop a set of analogue volcanoes for Gede, we compared
the results from three different analogue selection methods:
one semi-quantitative (Whelley et al. 2015) and two quanti-
tative methods (Tierz et al. 2019; Burgos et al. 2023. Whel-
ley et al. (2015) classified volcanoes based on their capac-
ity for shallow or deep buffering of intruded magma using
proxies such as petrological indicators, the size of the larg-
est recorded eruption, and volcano morphology. Tierz et al.
(2019) used GVP and volcano-morphology data (Pike and
Clow, 1981; Grosse et al. 2014) in a method (VOLCANS)
that allows users to weigh different volcanological criteria
to calculate volcano analogy between any volcano listed
in GVP (currently, the method is openly available through
the Python package, PyVOLCANS, Tierz et al. 2021).
Burgos et al. (2023) used similar but expanded datasets
(e.g., magma-geochemistry or tectonic-setting parameters)
in a hierarchical clustering approach that made use of 38
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numerical variables to group volcanoes. To qualify as a suit-
able analogue for Gede, we determined that a volcano should
be classified as a stratovolcano by the Global Volcanism
Program (GVP), appear in at least two of the three analogue
set lists, and have a history of vulcanian-style eruptions in
its record (at least one). These criteria produced an analogue
set of 23 volcanoes located in Indonesia: Kerinci, Lewotobi,
Papandayan, Salak, Sumbing, Bur Ni Telong; Russia: Alaid,
Avanchinsky, Etorofu-Atosanupuri, Fuss Peak, Karymsky,
Kharimkotan, Koryaksky, Sinarka; Chile: Lautaro, San Jose,
Tupungatito; Colombia: Cumbal, Purace; USA: Chiginagak,
Redoubt; Papua New Guinea: Bam; and Peru: Sabancaya.

Scenarios considered

Volcanic eruptions are complex, multi-phase events, where
phases exhibit distinct characteristics and pose unique haz-
ards over different timescales. Recognizing this variability
and the need for increased granularity in hazard assess-
ments to support emergency management (Tierz 2020), in
our assessment we evaluated the hazards associated with
different eruption phases. Bebbington and Jenkins (2019)
disaggregated the eruptions present in the GVP database
into eruptive phases, of which some are prolonged (dura-
tions > 1 day): effusive activity (Eff), continuously explo-
sive activity (Cont-exp), intermittently explosive (Int-exp);
and some are discrete (durations < 1 day): minor (Min-exp),
major (Maj-exp), or Plinian explosive (Plin-exp) eruption
(Bebbington and Jenkins 2019, 2022) (Table 1). The study
also identified three additional phases, a deformation phase,
a combined effusive-explosive phase, and a minor explosion
phase, that were excluded from our analysis for Gede. The
minor explosion phase, characterised by a single explosion
of the intermittently explosive style, was not observed in past
eruptions at these volcanoes and was absent from the Gede
plus analogues dataset. The deformation phase occurred

only once in the dataset and was disregarded since it does
not correspond to eruptive activity. Hazards from the com-
bined effusive-explosive phase were assumed to be similar
to those from individual effusive or intermittently explosive
pulses and were not modelled separately.

We examined the phase sequences from the Bebbington
and Jenkins (2022) dataset combining the seven records
from Gede’s eruption history that were present in the dataset
with 101 records from the 16 analogue volcanoes available
to understand the potential sequences for eruptions at Gede.
Analogue volcanoes that were not included in the Bebbing-
ton and Jenkins (2022) dataset are: Cumbal (Colombia),
Etorofu-Atosanupuri (Russia), Fuss Peak (Russia), Salak
(Indonesia), San Jose (Chile), Sumbing (Indonesia), Telong
Bur ni (Indonesia). The combined Gede plus analogues
dataset consisted of 108 eruptions with 336 phases (Online
Resource 1). Of these eruptions, 40% were single phase and
60% were multiphase (Fig. 2). For single phase eruptions,
activity was typically short lived, with 79% of the single-
phase dataset being of 1 day duration or less. The maximum
duration of a single phase eruption was 729 days (Papan-
dayan, Indonesia [1923-1925]). The most common single
phase was the Min-exp phase (22% of all eruptions) followed
by the Int-exp phase (12% of all eruptions). For multiphase
eruptions, the majority (39%) contained two non-quiescent
phases. The most common (44 %) progression of phases was
Min-exp followed by quiescence and then another Min-exp
phase. Phase durations were longer than in single phase
eruptions (Fig. 2), and total duration for the multiphase erup-
tions was between 2 and 4513 days (> 12 years) (Karymsky,
Russia [1970-1982]).

These statistics show that while nearly two thirds of erup-
tions at Gede and its analogues contain 1 or 2 phases, there
have been eruptions with as many as 15 distinct phases of
activity. Given the practical challenges of modelling all 54
unique sequences present in the dataset and recognising

Table 1 Hazards assigned to each of the eruption phases from Bebbington and Jenkins., 2019, that are considered likely at Gede. Prolonged

phases have durations > 1 day, while discrete phases last for 1 day or less

Scenario ID Description Notes

Hazards

Prolonged phases Eff Effusive

Solely effusive activity: extrusion of lava domes,

Lava flows, PDC- BAF

flows, and fountains

Continuously explosive Explosive activity described as continuous or

Intermittently explosive Explosive activity described as intermittent or

Tephra fall, large clasts

Tephra fall, large clasts

Vulcanian, or with a date range exceeding
2 days without mention of a major explosion

¢. <10 km column height
c. 10-20 km column height. Many VEI 3 and

Tephra fall, large clasts, PDC-CC
Tephra fall, large clasts, PDC-CC

most VEI 4 eruptions will have at least one

Cont-exp
Strombolian
Int-exp
Discrete phases ~ Min-exp Minor explosive
Maj-exp Major explosive
Plin-exp Plinian explosive

¢.>?20 km column height. Most VEI 5 and all

Tephra fall, large clasts, PDC-CC

VEI 6+ eruptions will have at least one
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Fig.2 Schematic showing the
proportions (%) of the differ-
ent phase sequences in the
combined Gede plus analogue
eruption records extracted from
the Bebbington and Jenkins,
(2022) phases dataset along
with the durations of single
and multi-phase eruptions and,
prolonged phases (effusive
[Eff], continuously explosive
[Cont-exp], and intermittently
explosive [Int-exp]). Dashed
lines in the duration plots rep-
resent the 25th, 50th and 75th
percentiles. Note that in the 1
phase plot lines for the 25th, o
50th and 75th percentiles are
overlapping and in the Effusive
plot lines for the 25th and 50th
percentiles are overlapping
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that over 50% of eruptions in the analogue dataset involve
either a single phase or consecutive phases of the same type,
we chose to focus on single-phase eruptions. Nevertheless,
we note that to produce hazard footprints associated with
multi-phase eruptions, where there are limited changes to the
topography or tephra deposit clean-up operations conducted,
single-phase footprints may be aggregated for some hazards.
Alternatively, where the first phase results in changes to the
topography, multi-phase eruptions may be modelled using
our single-phase scenarios as a starting point and adapting
the topography between phases (e.g., Weir et al. 2022). For
simplicity, from here on in we refer to the eruption phases
presented in Table 1 as scenarios.

For each eruption scenario, we assigned the likely haz-
ards (Table 1) and interrogated bulletin reports from the
Global Volcanism Program (https://volcano.si.edu/) along
with available published literature pertaining to our ana-
logue volcanoes for model input parameters (e.g., column
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heights, erupted volumes). In the section that follows, we
describe the hazard models and the input parameters used
for analysis.

Modelling volcanic hazards

We modelled five primary hazards that are possible at Gede:
tephra fall, large clasts, lava flows, and PDCs generated by
two different mechanisms: the collapse of a vertical erup-
tive column and the gravitational collapse of a lava dome
(block-and-ash flows, BAF). Large clasts refer to coarse
lapilli-sized particles (16—64 mm) that sediment from the
margins of the eruption column. Their transport behaviour
is intermediate between wind-advected and purely ballistic
trajectories (Rossi et al. 2019), which is not captured by
models developed for tephra fall or ballistic projectiles. Bal-
listic projectiles often fall within 5 km of the vent, though
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they can extend up to 10 km away (Fitzgerald et al. 2014;
Bertin 2017). Large clasts can travel further than this and fall
with impact energies sufficient to cause harm to people and
infrastructure (e.g., Osman et al. 2019). For small explosive
eruptions such as lava fountains or small vulcanian-style
eruptions where ballistics often fall within 1-2 km from the
vent (Calvari and Pinkerton 2002), large clasts can fall out
more than 10 km away (Andronico et al. 2015).

For all hazards, the hazard models used in this study
were chosen for their applicability in a probabilistic con-
text, which requires sufficiently rapid computational times
to allow for many thousands of simulations. In the sections
that follow, we describe the main inputs used for hazard
models; tables describing the full inputs can be found in
Online Resources 2—6. The outputs produced by the differ-
ent hazard models and their use in the preparation of visual
hazard outputs are described in Sect. "Preparation of hazard
outputs and hazard intensity thresholds".

Tephra fall

To identify the area that is likely to be impacted by tephra
fall, we used Tephra2 (Bonadonna et al. 2005) run within
the MATLAB probabilistic wrapper TephraProb (Biass et al.
2016a). Tephra2 provides analytical solutions to the advec-
tion—diffusion equation across a grid of evenly spaced points
and has been widely utilised to rapidly assess tephra ground
accumulation patterns (e.g., Biass et al.2016b; Gjerlgw et al.
2022; Warwick et al. 2022). For each eruption scenario that
produces tephra fall (five scenarios from Cont-exp through
Plin-exp, see Table 1), we ran 10,000 simulations, each
with an eruption source parameter—wind profile combina-
tion sampled from distributions (described in the following
section and in Online Resource 2).

Model parameterisation

Wind conditions (speed and direction with height) were
acquired from the European Centre for Medium-range
Weather Forecasts (ECMWF) ERAS atmospheric reanal-
ysis dataset (Hersbach et al. 2020) for the 10-year period
2014-2023, which is assumed to be sufficient to capture
the potential natural variability in wind conditions for the
region. The dataset provides hourly profiles at 37 pressure
levels on a global 0.25° grid. We considered four profiles
per day (0:00, 6:00, 12:00, 18:00) from the record closest to
Gede. For each simulation, Tephra2 uses a single wind pro-
file applied directly above the vent. This means the atmos-
phere is considered vertically stratified but horizontally and
temporally homogeneous.

Figure 3 shows the probability of the wind to blow in
each direction at various heights in the atmosphere, dem-
onstrating the seasonality in wind conditions across Java.

Dry season
(April-November)

Rainy season
(December-March)

~ 24 km

~19 km

~15km

~10 km

~5km

2%

Wind Speed (m/s) [_] >=30 [[]20-30 [l 10-20 [l 0-10

Fig.3 Wind roses show the probability of wind speed and direction
(blowing towards) with height in the atmosphere (km above sea level)
at Gede volcano (2958 m asl) during the dry and rainy seasons. Wind
data are sourced from ERAS reanalysis dataset for the time interval
2014-2023 (Hersbach et al. 2020)
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During the dry season (April-November), the wind direction
is predominantly towards the west or southwest at heights
up to~ 15 km, while in the rainy season (December—March),
there is more variation at low levels with winds blowing east
at~5 km. During the dry season, there is more variability at
greater heights, with an east—west split at~ 19 km. Given the
seasonality in the wind conditions, we ran a set of simula-
tions for both the dry season and the rainy season for each
eruptive scenario.

To build distributions for the plume heights associated
with each scenario, we used several sources, the min and
max values from the GVP bulletins describing eruptions in
our Gede plus analogues dataset, values from the modal VEI,
and those in Bebbington and Jenkins, (2019). Plume heights
were sampled on a logarithmic scale to give preference to
the occurrence of smaller values (e.g., Biass and Bonadonna,
2013; Biass et al., 2014; 2017). In the absence of informa-
tion on total erupted mass or total grain size distribution
(TGSD) for Gede or the analogues, we calculated mass from
the plume height after Mastin et al., (2009) using a density
of 935 kg/m? obtained through field work at Gede (Bear-
Crozier et al. 2012). For TGSD we expanded the analogue
search to look at eruptions globally with characteristics that
fit with our eruptive scenarios for Gede, using TGSDs from
eruptions at Etna, Italy, (Cont-exp), Soufriere St Vincent, St
Vincent and the Grenadines (Int-exp and Min-exp), Chaiten,
Chile (Maj-exp) and Pinatubo, Philippines (Plin-exp).

Cont-exp and Int-exp phase eruptions consist of a series of
explosions that can last from days to years. In our analogue
set, phase durations ranged from 1-850 and 1-1605 days
for Cont-exp and Int-exp, respectively. To model these sce-
narios, we used the ‘“Vulcanian’ setting within TephraProb
(Biass et al. 2016a). For the phase duration, we used a uni-
form distribution bounded by the 25th —75th percentile dura-
tions from the Gede plus analogue dataset. For the repose
interval, we used a log-normal distribution between 20 min
and 1 h for Cont-exp and 1 h and 24 h for Int-exp, which
gives preference to the lower repose times (Sandri et al.
2014; Biass et al. 2016b).

Large clasts

To identify the area likely to be impacted by large clasts
(coarse lapilli: 16-64 mm), we used the particle sedimenta-
tion model developed by Rossi et al. (2019) as modified in
Jenkins et al. (2022). In the model, particles are released
from the clast support envelope at the plume margins, and
clast trajectories are calculated by solving the second law
of motion in a windy atmosphere. The model has been cali-
brated and used for probabilistic hazard assessment at Etna
volcano, Italy (Osman et al. 2019). As with the tephra fall
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simulations, we ran 10,000 simulations each for the dry and
rainy seasons for the five explosive scenarios; i.e., 10,000
simulations X 2 seasons X 5 scenarios = 100,000 large clast
simulations in total.

Model parameterisation

The main model inputs are plume height, which is used to
calculate the mass eruption rate after Degruyter and Bona-
donna, (2012), the number of particles simulated, particle
diameter, density, and three-dimensional wind fields. For
the plume height range, we used the same values as for the
tephra fall simulations. In each simulation 500 particles were
modelled, a value found to be appropriate through sensitivity
analysis (Osman et al. 2019). To simplify simulations we
used a fixed particle density of 935 kg/m? in line with the
density of juvenile particles measured in the field at Gede
(Bear-Crozier et al. 2012). We used a particle size range
attributed to coarse lapilli sized particles with diameters
between 16—64 mm (uniform distribution) and the same
wind data range as for tephra fall but with the addition of
relative humidity and air temperature variables. See Online
Resource 3 for the table of input parameters.

Column collapse PDCs

To identify areas at risk of inundation by PDC’s resulting
from a collapsing column, we used the branching energy
cone model: ECMapProb (Aravena et al. 2020). This model
is a three-dimensional manifestation of the energy line con-
cept (Heim 1932), which describes the relationship between
the drop height (AH) and runout length (L) of a flow (AH/L).
While it does not represent the physical processes operat-
ing within a PDC, the energy cone produces results that
are comparable with physics-based mass flow models (Tierz
et al. 2016). In line with previous studies using the ECMap-
Prob model (Bevilacqua et al. 2021; Aravena et al. 2023), for
each of the eruption scenarios, we ran 1,000 simulations, an
appropriate number given the simplicity of energy cone type
models, which require fewer simulations to achieve stable
probability contours compared with more complex models
(Online Resource 4).

Model parameterisation

ECMapProb requires the input of two parameters, the col-
lapse height (Ht) and the mobility metric (AH/L), along with
the topography. For the topography we used the Indonesian
National Digital Elevation Model DEMNAS (Geospatial
Information Agency 2018) which is a composite of IFSAR,
TERRASAR-X, and ALOS data (2010-2015) and has a
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resolution of 8.3 m which we resampled to 10 m. Column
height ranges used in the tephra fall and large clast simula-
tions were converted to collapse heights under the assump-
tion that column collapse occurs at the top of the gas thrust
region (Wilson et al. 1978), which is roughly 10% of the total
column height (Sandri et al. 2018; Tierz et al. 2016). The
flow mobility metric is dependent on the topography and the
dynamics of the flow and should be calibrated and/or tested
using field deposits (e.g., Aravena et al. 2020), and supple-
mented with global datasets as required, so the description of
the aleatory variability in flow mobility ideally covers both
events that have happened in the past as well as events that
could happen in the future (e.g., Tierz et al. 2016). Column
collapse type PDC deposits at Gede are limited to a deposit
dated at~ 1 k years BP (Belousov et al. 2015), the deposit
has a maximum runout of 7 km towards the southwest, and
4.5 km towards the northeast and was attributed to a VEI 2-3
sized eruption. Using a collapse height of 300-500 m in line
with column heights attributed to an eruption of this size,
AH/L is calculated at 0.22-0.25. We extended this to 0.2-0.3
a range that captures flow mobilities reported in the FlowDat
database also for VEI 4-5 eruptions (Ogburn 2012; Tierz
et al. 2016), and drew samples from a Uniform distribu-
tion within that range. The start location was stochastically
sampled from within the Gede crater (Fig. 1c). See Online
Resource 4 for the table of input parameters.

Block-and-ash flow PDCs

Gede has experienced dome-forming eruptions in the past
(e.g., 1840), and so we considered BAF-type PDCs an
important hazard to simulate here; however, there have
been no field deposits attributed to this mechanism (Bel-
ousov et al. 2015). Given the absence of BAFs in Gede’s
eruption and deposit record, and the uncertainty in inferring
flow generation mechanisms from the GVP bulletin records
of analogues, we used the global Flowdat dataset (Ogburn
2012) to parameterise hazard simulations.

To simulate the potential flow paths and inundation areas
of BAFs, we used the numerical hazard model Titan2D
(Patra et al. 2005). The model simulates granular flows oper-
ating over natural terrain, solving the shallow-water equa-
tions for the conservation of mass and momentum. Titan2D
has been widely used to forecast BAF inundation areas
(Sulpizio et al. 2010; Ogburn and Calder 2017; Vazquez
et al. 2019). Using Titan2D, we ran 10,000 simulations for
the effusive scenario to account for variability in the model
inputs. Simulations were carried out as independent, single-
core jobs on the Gekko high-performance computing cluster
at the Asian School of the Environment, Nanyang Techno-
logical University. The mean runtime per simulation was
approximately 2 min, and the maximum runtime was~ 17 h.

The complete set of 10,000 simulations took 350 h of CPU
time.

Model parameterisation

In our simulations, flows were modelled as a single collaps-
ing pile of material with paraboloid geometry. As with the
simulations run for column collapse type PDCs, we used the
DEMNAS digital elevation model (DEM). The DEM was
reformatted into a GRASS Geographic Information System
(GIS) environment for use in Titan2D, which included resa-
mpling the resolution from 8.3 m to 10 m. Internal friction
angles used in Titan2D have ranged between 15-45° (Stinton
et al. 2004; Widiwijayanti et al. 2007; Procter et al. 2009;
Sandri et al. 2014; Ogburn and Calder 2017), with several
studies showing the relative insensitivity of the model to this
parameter within the 15-45° range (Sheridan et al. 2005;
Dalbey 2009; Tennant et al. 2021). In all simulations, the
internal friction was fixed at 25°. Flows were modelled using
the Coulomb rheology.

Titan2D simulations are sensitive to the volume and the
basal friction angle. To define an appropriate distribution for
BAF volume we looked for a distribution that best fit the 188
BAF volumes within the FlowDat dataset. Using the MAT-
LAB ‘fitmethis’ function (de Castro 2025) which compares
the fit of the 20 built in continuous distributions, we found
that the generalised extreme value distribution, where small-
volume flows are much more likely than large-volume flows
(Online Resource 5), was the best solution. We truncated
this distribution to the minimum (0.01 Mm?®) and maximum
(210 M m?) values in FlowDat so that unrealistically high
tail end values were not simulated. Since we do not have the
field evidence at Gede from which to infer flow mobility
we chose a uniform distribution to describe the basal fric-
tion angle (Dalbey 2009; Tierz et al. 2018) between 8§-30
degrees. These values agree with past studies using Titan2D
to simulate flows of this kind (Rupp et al. 2006; Procter et al.
2009; Widiwijayanti et al. 2009; Ogburn and Calder 2017).

For each of the 10,000 simulations, we sampled a vol-
ume and calculated the pile height using a pile radius of
150 m informed by the dimensions of the most recent crater
(Kawah Ratu). We set a minimum acceptable pile height of
20 m and a maximum of 400 m (informed by the GLADIS
database: Harnett et al. 2019). For calculated heights out-
side of this range, the radius was adjusted to fit the height
range. To determine the start location for pile collapse, we
used the 1840 lava dome and the locations of more recent
eruptive centres to construct a polygon within the Gede cra-
ter (radius1 =450 m, radius2 =350 m). Coordinates were
randomly sampled from within this polygon, assuming an
equal probability of flow initiation from any point within.
See Online Resource 5 for the table of input parameters.
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Lava flows

To identify the area that is likely to be impacted by lava
flows, we used the cellular automata lava flow model
MOLASSES (Connor et al. 2012). The model does not
attempt to capture the rheological properties of lava flows.
Instead, lava is “erupted” from a specified location, filling
the local topography (grid cell) to a defined thickness before
moving downslope into adjacent cells. This process con-
tinues until the total erupted volume is distributed across
the terrain (Connor et al. 2012). MOLASSES is capable of
reproducing flow geometries (e.g., Gallant et al. 2018; Tsang
and Lindsay 2020) and has been used for probabilistic lava
flow hazard assessments at multiple volcanoes (e.g., Connor
et al. 2012; Gallant et al. 2018; Verolino et al. 2022). For the
effusive eruption scenario, we ran 10,000 lava flow simula-
tions to account for variability in the model inputs: volume,
thickness, and start location.

Model parameterisation

There has been one known lava flow in Gede’s eruption
history, in 1840 a blocky andesitic flow reached 1.5 km
from the lava dome situated within the Gede crater. In our
analogue dataset andesitic lava flows are relatively infre-
quent with only three recorded instances (Karymsky vol-
cano, 1970; 2002; Lewotobi volcano, 2024). MOLASSES
inputs are distributions for the total flow volume, and resid-
ual thickness which is the minimum thickness that must
be retained in a grid cell before lava is passed onto the
next grid cell, pulse volume—the volume released at one
time (Connor et al. 2012) and the start location. Given the
limited amount of information that can be obtained from
Gede or the analogue dataset, we looked for literature
describing andesitic lava flows globally and consequently
parameterised our lava flow simulations using flow volumes
and thicknesses from eruptions at El Reventador, Ecuador
(Arnold et al. 2019), Colima, Mexico (Carrara et al. 2019),
and Karangetang, Indonesia (Global Volcanism Program
1976). For the residual thickness we set a uniform distribu-
tion between 8.3-30 m, informed by the minimum thick-
ness described in the global analogues and the flow front
thickness of the 1840 flow at Gede (mapped by Belousov
et al. 2015). For the total erupted volume, we measured
the surface area of the erupted material at Gede and used a
homogenous thickness of 30 m, to obtain a volume of 24.9
x 10°m>. This is large when compared to volumes in the
analogue set, therefore we used this as the upper bound of
the distribution, and the lowest value from the analogue set
as the lower bound. We set a uniform distribution for the
volume to reflect maximum uncertainty. For the pulse vol-
ume we used a uniform distribution between 1 x 10*m?3- 1
% 10°m? based on Connor et al. (2012) who suggest this as
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a typical range. For the starting location, we used the same
polygon and sampling strategy as for BAF simulations. See
Online Resource 6 for the table of input parameters.

Preparation of hazard outputs and hazard intensity
thresholds

In this work hazard models were used to produce either
binary hazard inundation footprints (column collapse, lava
flows, block-and-ash flows) or a quantitative measure of
impact severity; mass accumulation (kg/m?) for tephra fall,
impact energy (Joules) for large clasts. For binary outputs,
we contoured probabilistic outputs as probabilities of 1, 5,
10, 25, 50, 75, 95%, where the area enclosed within the 1%
contour has at least 1% probability of being inundated and
the area enclosed with the 95% contour has at least 95%
probability of being inundated.

For tephra fall and large clasts, we produced hazard
curves for the locations relevant to each hazard out of the
nine locations marked in Fig. 1a. Hazard curves show the
probability (y-axis) of exceeding a given hazard intensity
(x-axis). Even though hazard impacts are expected to scale
with the hazard intensity, particularly of dynamic pressure
(e.g., Valentine, 1998; Zuccaro et al. 2008; Jenkins et al.
2013), the former are too complex to be properly captured
with the most widely used PDC models, like TITAN2D.
Hence, we did not produce hazard curves for flow hazards
because the relationship between hazard intensity metric and
impact is not clear; for example, a PDC may leave minimal
deposit and exert very low dynamic pressures at a given
location, yet still cause fatalities (Jenkins et al. 2013; Baxter
et al. 2017; Dellino et al. 2021).

Locations for hazard curve calculations for tephra fall and
large clasts were chosen for their high population densities,
cultural significance (the Cipanas presidential palace located
in Cibodas), or as locations where people are expected to
gather (national park office, hot springs waterfall within
the national park). For tephra fall from prolonged phases
(the Cont-exp and Int-exp scenarios); in addition to the final
accumulation after the full duration of the eruption, we pro-
duced hazard curves showing the exceedance probabilities
of the minimum and maximum mass accumulation from
each explosion within the eruption, and curves showing the
cumulative accumulation over time from consecutive pulses.
Curves for the minimum and maximum mass accumula-
tion represent the lower and upper bounds of accumulation
expected on the ground from individual explosions within a
multi-explosion eruption, while the cumulative accumula-
tion can be used to understand the rate of accumulation for
these prolonged eruptions.

For tephra fall and large clasts we also prepared percen-
tile hazard outputs showing the hazard intensity (tephra
accumulation or impact energy) at the 5th, 50th, and
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95th percentiles. The 5th percentile hazard output indicates
a low hazard intensity situation, i.e., 95% of hazard inten-
sities are greater than this; the 50th is the median hazard
intensity, and the 95th percentile corresponds to a high
hazard intensity, i.e., only 5% of simulations have hazard
intensities greater than this. To contextualise our findings,
we contoured the hazard intensities at impact thresholds that
are relevant for the exposed elements around Gede (Table 2).
Thresholds should be used as a guideline to infer the poten-
tial impacts, which can occur above or below the thresholds
cited. In particular, the susceptibility of exposed elements
to different hazard intensities is challenging to quantify due
to differences within the same asset class; for example, with
buildings, factors such as the quality of construction material
and the age of the building can affect the ability to withstand
tephra fall loading (Jenkins et al. 2015).

Results
Tephra fall

Tephra fall hazard for the three smaller eruptive scenarios
(Cont-exp, Int-exp and Min-exp) is largely influenced by
seasonal wind patterns. For these scenarios, there is a clear
difference between the rainy and dry seasons; the main
dispersion direction is west in the dry season and east in
the rainy season (Fig. 4). For the larger eruption scenarios
(Maj-exp, Plin-exp), this seasonal variation is less pro-
nounced (Fig. 5).

Due to the prevailing wind directions around Gede,
a large eruption (Maj-exp, Plin-exp scenario) is needed
for significant tephra accumulation at Jakarta and its

international airport (Soekarno-Hatta) (Fig. 5). There is
an 80% probability of 0.1 kg/m? (sufficient to disrupt air-
port operations) from a Plin-exp scenario and 50% prob-
ability of the same accumulation from a Maj-exp scenario
(Fig. 6).

Bandung city (~70 km east of Gede) is more likely to
be affected by the prolonged eruption scenarios (Cont-exp,
Int-exp) than Jakarta; however, the probability of exceed-
ing 1 kg/m? is still less than 0.1% (Fig. 6). For the discrete
eruption scenarios which deposit material over the course
of hours rather than days, a Maj-exp or Plin-exp erup-
tion has at least a 2% probability of tephra accumulation
sufficient to obscure road markings and incur significant
clean-up (1 kg/m?) (Fig. 6).

The city of Bogor (~30 km northwest of Gede) is likely
to be affected by tephra fall from all eruption scenarios
excluding the Int-exp scenario. A Cont-exp eruption has a
1% probability of accumulation that is sufficient to obscure
road markings after successions of explosions over the
course of 7 days (Fig. 6). From a Min-exp scenario there
is a 10% probability of accumulations exceeding 0.1 kg/m?
and from a Maj-exp scenario there is a 10% probability of
tephra accumulation that is sufficient to require cleaning of
power lines (5 kg/m?). A Plin-exp scenario has the potential
to cause building damage in Bogor; with a 35% probability
of exceeding 50 kg/m? during the rainy season and 20% dur-
ing the dry season (Fig. 6).

For the locations that lie in the almost continuous high
population density ring that surrounds Gede (Cigombong,
Cianjur, Sukabumi, Cibodas) tephra accumulations that
are sufficient to cause building damage can be expected
from a Maj-exp or Plin-exp eruption scenario (Fig. 6).
Such accumulations are not expected at these locations

Table 2 Hazard intensity thresholds considered for tephra fall and large clast hazards

Hazard intensity Expected impact

Tephra mass accumulation

0.1 kg/m? o Disruption of airport operations (Blake et al. 2017)
1 kg/m? e Road markings obscured (Jenkins et al. 2015)
o Disruption of harvest operations for arable crops and rice paddies (Jenkins et al. 2015)
5 kg/m? e Minor crop productivity loss for trees and ground crops
e Power lines require cleaning (Jenkins et al. 2015)
50 kg/m? o Moderate damage to Indonesian style buildings (Williams et al. 2020)
100 kg/m? e Heavy damage to Indonesian style buildings (Williams et al. 2020)
500 kg/m? e Power lines and airports beyond economic repair (Jenkins et al. 2015)

Large clast impact energy
0.15 Joules
10 Joules

28 Joules

o Penetration of glass skylights or windows that are 2.5-4 mm thick occurs at 0.15-2 Joules (Jenkins et al., 2014)

e Penetration of clay or terracotta roof tiles that are 10—40 mm thick occurs at 10-80 Joules (Jenkins et al., 2014,
after Blong 1981, Pomonis et al., 1999). Roof tiles for buildings around Kelud volcano are 15 mm thick (Wil-

liams et al. 2020)
e Human skull fracture (Yoganandan et al. 1995)
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Fig.4 Hazard outputs showing tephra fall mass accumulation for the
continuously explosive (Cont-exp), intermittently explosive (Int-exp),
and minor explosive (Min-exp) eruption phases. Mass accumulations
are presented as fixed percentiles of 5th, 50th, and 95th for each sce-
nario. Contour values were chosen to reflect important impact thresh-

from the smaller eruption scenarios (<0.1% exceedance
probability), however Fig. 4 shows that the final tephra
accumulation for a continuously explosive eruption is suf-
ficient to cause productivity loss to crops (5 kg/m?) in this
heavily cultivated area.
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olds (Table 2). Tephra was modelled using TephraProb (Biass et al.
2016a). Densely populated urban areas from: Pesaresi and Panagiotis
2023. Base map: ESRI shaded relief and SRTM (2000). Coordinate
reference system: EPSG: 32748

Large clasts

Similarly to the tephra fall hazard, we found that the disper-
sion of large clasts for the Cont-exp, Int-exp, and Min-exp
scenarios is more influenced by the seasonal wind directions
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Fig. 5 Hazard outputs showing tephra fall mass accumulation for the
major explosive (Maj-exp) and Plinian (Plin-exp) explosive erup-
tion phases. Mass accumulations are presented at fixed percentiles of
5th, 50th, and 95th for each scenario. Contour values were chosen to

than for the larger eruption scenarios (Figs. 7, 8, 9). For the
Cont-exp, Int-exp, and Min-exp scenarios, clasts are depos-
ited towards the east during the rainy season and towards
the west during the dry season (Fig. 7). For the Maj-exp and
Plin-exp scenarios, the effect of the seasons is less, and the
dispersion axis is oriented slightly towards the southwest
direction throughout the year (Fig. 8). The Gede-Pangrango
national park is elongated in the southwest direction and
extends up to~ 17 km away from the summit of Gede. The
national park status limits development and means that the
densely populated areas are farther away from the volcano
in the southwest direction.

For the Cont-exp, Int-exp, and Min-exp eruption scenar-
ios, there is a low probability that large clasts with suffi-
cient energy to cause harm will be dispersed farther than a
few km away from the summit. The 95th percentile hazard
output shows that clasts with an impact energy of > 28 J

reflect important impact thresholds (Table 2). Tephra was modelled
using TephraProb (Biass et al. 2016a). Densely populated urban areas
from: Pesaresi and Panagiotis 2023. Base map: ESRI shaded relief
and SRTM (2000). Coordinate reference system: EPSG: 32748

(sufficient to cause human skull fracture) can reach up
to~2 km away for the Cont-exp scenario, ~2.5 km for
the Int-exp scenario, and up to~3 km for the Min-exp
scenario.

Larger eruption scenarios, the Maj-exp (column height
10-20 km) and Plin-exp (column height 20-30 km), can
result in impact energies that are capable of damaging
buildings in the area surrounding the national park. For
a Maj-exp scenario, there is a~ 10% probability of suffi-
cient impact energy to damage glazed openings (> 0.15J)
at Cipanas presidential palace,~1% at Cianjur, and
3% at Sukabumi (Fig. 9). The probability of sufficient
energy for roof tile penetration (10 J) in these locations is
5%,<0.1%, and 0.5%, respectively. For a Pl-exp scenario,
there is a 90% probability of sufficient impact energy to
damage glazed openings at Cipanas presidential palace,
80% at Sukabumi, 10% at Bogor, and 50% at Cigombong.
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«Fig.6 Curves showing the hazard at specific locations around the
volcano marked on Fig. 1. The first three columns plot data from the
prolonged eruption scenarios (duration> 1 day) (Continuously explo-
sive, Intermittently explosive), and the final column plots the discrete
scenarios (duration< 1 day) (Minor explosive, Major explosive, Plin-
ian explosive). a Exceedance probabilities of the final tephra accumu-
lation at the end of multi-explosion eruption for the prolonged sce-
narios; b Exceedance probabilities of tephra accumulation associated
with the smallest and largest explosions from each of the 10,000 sim-
ulated eruptions for both of the prolonged scenarios. These represent
the lower and upper bounds of accumulation expected on the ground
from individual explosions within a multi-explosion eruption. ¢ The
probability that the accumulation from repeated explosions occurring
throughout the course of the eruption for the prolonged scenarios will
exceed 1 kg/m? and 5 kg/m? over time. d Exceedance probabilities
of tephra accumulation from the discrete eruption phases. Grey verti-
cal lines mark impact thresholds that are relevant for the exposed ele-
ments around Gede (Table 2)

In addition to the potential damage to physical assets,
for a Maj-exp eruption scenario there is at least a 3%
probability that clasts will have sufficient energy to cause
skull fracture (>28 J) at Cibodas, and ~0.2% at Suka-
bumi. For a Plin-exp scenario, the probability of this is
30% at the presidential palace, 15% at Cianjur, 20% at
Sukabumi, and 10% at Cigombong (Fig. 9).

Column collapse PDCs

A collapsing column from any of the discrete eruption sce-
narios simulated (Min-exp, Maj-exp, Plin-exp) is likely to
impact Cibodas, the closest town to the volcano at~7 km
distance. For the Min-exp scenario, there is at least a 75%
probability of inundation at Cibodas (Fig. 10). Gede’s crater
is breached towards the north (Fig. 1c); for the Min-exp sce-
nario that features lower column collapse heights than the
Maj-exp and Plin-exp scenarios, this northwards breach and
the lower crater wall height towards the southwest affects
the directionality of flows and results in higher inundation
probabilities in the northeast and southwest flanks of the
volcano (Fig. 10). The maximum extent (within the 1%
probability contour) of PDCs resulting from the Min-exp
scenario is ~ 15 km in the northeast direction. In addition to
the high probability of inundation at Cibodas, there is ~20%
probability that Cianjur and Sukabumi will be affected by
a Min-exp scenario. For the Maj-exp and Plin-exp scenar-
ios, which have maximum column heights of up to 20 km
and 30 km respectively, the inundation distribution is more
radial around the volcano; the maximum extent for a Maj-
exp scenario is ~ 20 km, while for the Plin-exp scenario this
is ~26 km. For both scenarios, there is at least a 95% prob-
ability that Cibodas will be inundated; for the maximum
scenario, this probability contour also includes the edges of
Sukabumi and Cianjur that are more proximal to the volcano
(Fig. 10). For the Plin-exp scenario, approximately half of

Sukabumi and Cianjur are included within the 95% prob-
ability contour.

Block- and-ash flow PDCs

Probabilistic simulations indicate that future block-and-ash
flows at Gede are likely to inundate the northeast sector of
the volcano, although there is a 1-5% probability of inun-
dation of the upper southwest flank (Fig. 11). Block-and-
ash flow travel direction is largely controlled by the summit
topography. The northwards breach in the crater and the
presence of a remnant of the previous crater wall, known as
the Sela rock (Fig. 1c¢), direct the majority of flows towards
the northwest at the summit. Flows are largely channel con-
fined with higher inundation probabilities in the Ci Kundul
and Ci Pendawa drainages (Fig. 11a). The dominant north-
east and southwest travel directions of block-and-ash flows
agree with the work of Tennant et al. (2023), who coupled a
topography-based methodology for forecasting flow direc-
tionality with a recalibrated version of the LaharZ model to
gain insight into flow directions at Gede. Our simulations
show that the maximum expected runout (1% probability)
is~9 km in the Ci Kundul channel and~ 11 km in the Ci
Pendawa channel (Fig. 11). The majority of simulated flows
(90%) had runouts less than 4 km; however, there is a 1-5%
probability that the densely populated town of Cibodas will
be inundated. As shown in Fig. 11, there is a branching of
flows at the summit. Most simulated flows travel around the
Sela rock towards the northwest, entering the Ci Kundul
channel and are subsequently diverted towards the NE by
Pangrango volcano and the northeasterly oriented ridge.

Lava flows

Simulations of blocky andesitic style lava flows at Gede
show that flows are expected to remain within~3 km of
the summit area. Flows follow the summit topography with
the breached crater directing them towards the Ci Kundul
and Ci Pendawa drainages located in the north to northeast
sector of the volcano (Fig. 11). The two northern branches
of the simulated footprint are separated from the northeast
branch by a remnant of the crater wall and topographic high,
Sela ridge. There is a 50% probability that flows will remain
within 1 km of the summit area.

Discussion

In this work, we have produced hazard outputs for five dif-
ferent hazards from six different scenarios that are possible
at Gede. The analysis presented in this work is relevant for
the next eruption at Gede. For future eruptions beyond this,
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Fig. 7 Hazard outputs showing
the impact energy associated
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any topographic changes from the deposition or erosion of
new material would require a reassessment to confirm that
this analysis remains valid.

The produced outputs are contingent on the vent remain-
ing within the (~700 X% 900 m diameter) Gede crater. To
account for potential variations in the vent position within
the Gede crater, we incorporated uncertainty in the starting
locations of lava flows, column collapse PDCs, and BAFs.

@ Springer

For tephra fall and large-clast simulations, the DEM resolu-
tion made this unnecessary. All recorded Holocene activity
at Gede has occurred from within the Gede crater; the 1840
lava dome is punctuated by several younger explosive cen-
tres: Ratu (most recent), Baru, and Lanang craters, which
are located a couple of hundred meters apart (Belousov et al.
2015). We did not consider the potential for vent migra-
tion outside of the Gede crater or the occurrence of flank



Bulletin of Volcanology (2025) 87:126 Page 17 0of 25 126

5t Percentile 50th Percentile BT m—
A TP
N.park N
Air terjun / % offiee P.palace

a2

[0
2
[72]
o
3
o Y
S, §
g g

01

-

712500 720000 727500

o o
= N.park:~ %
Lw) { office \ E
Q 3 q A q 1
X '= a4 %“«.,C Air terjun E
I L .
5 / ) .553
£ ! Cianjur'/ ] e /
o - :
g o ,\/ f 1 Ny \\\Ejﬁépumi
e, e [ e
= — —-— y ~ \
am - )m /700000 ) 2 750000
Impact energy (Joules) -- Rainy season Hiking trail Primary or secondary
— 0154 a Gede summit Densely populated road
— 104 + Volcano urban area @ Shelter
— 28J o Location with Gede-pangrango
— Dry season hazard curve national park

Fig. 8 Hazard outputs showing the impact energy associated with the impact thresholds (Table 2). Large clast deposition was modelled
sedimentation of large clasts (1664 mm in diameter) for the major using the model of Rossi et al. (2019). Densely populated urban areas
explosive (Maj-exp) and Plinian explosive (Plin-exp) eruption sce- from: Pesaresi and Panagiotis (2023). Base map: ESRI shaded relief
narios. Impact energies are presented at the 5th, 50th, 95th percentile and SRTM (2000). Coordinate reference system: EPSG: 32748

for each scenario. Contour values were chosen to reflect important

Air terjun panas (2 km N) National park office (6 km NNE) Cipanas presidential palace (9 km NE) Cianjur (18 km ESE)
~ 100 ——— 100 100
~ =
10h o)== 10
\ N
Q\c, 1 1 1T -
2
3
a 041 0.1 0.1
g o1 1 10 100 0.1 1 10 100 0.1 1 10 100 0.1
§ Sukabumi (15 km SSW) Bogor (29 km NW) Cigombong (20 km WNW)
S 100 100 100 Comop
ont-
% ‘\\ -“—\ In?~exp
o k o e
—\ Plin-exp
Dry
] \\ 1 N \\ 1 - - — Rainy
0.1 e\ 0.1 \ 0.1 \\
1 10

0.1 100 0.1 1 10 100 0.1 1 10 100

Impact energy (Joules)

Fig. 9 Hazard curves show the exceedance probabilities of large clast impact energy for the different eruptive phases at locations around the vol-
cano marked on Fig. 2. Grey vertical lines mark impact thresholds that are relevant for the exposed elements around Gede (Table 2)

@ Springer



126 Page 180f 25

Bulletin of Volcanology (2025) 87:126

Minor explosive

Major explosive

Plinian explosive

"} )4
= 5 ‘
) A > - A BOg\Q(\;fZ\ 5% 1% A

= 9 y 25% g » lgf/ ? 0%

% b L/ =Cibodas //—‘\\:ﬂﬁﬁ

8 : A Cibodas

Cigombong o
‘ A
7 Pl
VA= g Cianjur
Cianjur. § j

N Sukabumi

0 5 2z 0 10 km

— a I

705000 SUkablinl 720000 735000 700000 725000 690000 720000 750000
Probability of — 10% — 95% + Volcano
inundation 25% A Gede summit Primary or
0,
1% — 50% Densely populated secondary road
9 urban area
5% — 75%

Fig. 10 Hazard outputs showing the probability of inundation by
column collapse type pyroclastic density currents for: a) the Minor
explosive (Min-exp) eruption scenario, b) the Major explosive (Maj-
exp) eruption scenario, and c¢) the Plinian (Plin-exp) eruption sce-

Effusive eruption

nario. Inundation was modelled using ECMapProb (Aravena et al.
2020). Densely populated urban areas from: Pesaresi and Panagiotis
(2023). Base map: ESRI shaded relief and SRTM (2000). Coordinate
reference system: EPSG: 32748

Effusive eruption

O P. Palace

9250000

725000

N.park
office O

Air
terjun
panas

9250000

725000

secondary road

A Gede summit Densely populated Probability of inundation Block-and-ash 10%
Hiking trail gbj"_area lavafiows — 25% WS . ggo//"
T Shelter et_e plangLa”QO —_ 1% 50% — 1% 6
Primary or retiona’ par 5% — 75% 5%
10%

Fig. 11 Hazard outputs showing the probability of inundation by
hazards associated with an effusive eruptive scenario; a) inundation
by block-and-ash flows modelled using Titan 2D (Patra et al. 2005),
and b) inundation by andesitic lava flows modelled using MOLAS-

@ Springer

SES (Connor et al. 2012). Densely populated urban areas from: Pesa-
resi and Panagiotis (2023). Base map: ESRI shaded relief and SRTM
(2000). Coordinate reference system: EPSG: 32748
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eruptions. Should monitoring data during renewed unrest
indicate an elevated likelihood of a flank eruption, this haz-
ard assessment would require re-evaluation.

In our characterization of tephra fall hazard, simula-
tions do not account for surface remobilisation of deposits,
which can lead to secondary deposition in areas with strong
winds, sparse vegetation, and low soil moisture (Folch et al.
2014). In the wind data interval analysed (2014-2023), sur-
face winds to~500 m asl at Gede show a dominant north-
northeast direction year-round (Hersbach et al. 2020). This
raises the possibility that remobilised deposits could be
transported towards Jakarta. In the past, tephra fall has in
fact been reported in Jakarta during the 1948 Gede erup-
tion (Petroeschevsky 1952). This eruption is categorised in
the phases dataset as a seven-phase eruption consisting of
five minor explosive phases and two intermittently explosive
phases (Bebbington and Jenkins 2022). Tennant et al. (2021)
found that it was not possible to reconstruct the eruption
using Tephra2 given the wind conditions at the time of the
eruption and the reported column heights. This led to the
suggestion that either the report was incorrect, the resolution
of the meteorological data was insufficient, or that Tephra
2 was unable to resolve the apparently small accumulation.
Remobilisation of material from earlier phases in the erup-
tive sequence is an alternative explanation for this discrep-
ancy and suggests that the city may not be entirely free from
tephra fall following small eruptions. This work might be
extended to consider the potential for surface remobilisation
of deposits. In addition to modelling the ground accumula-
tion with Tephra2, 3D dispersion models such as Fall3D
(Folch et al. 2020) might also be applied to assess airborne
ash concentrations, which are critical for determining safe
flight zones.

Large clasts from the Cont-exp, Int-exp, and Min-exp
eruption scenarios did not travel further than ~3 km from
the source. While these distances are within the Gede-Pan-
grango national park limits and clasts do not travel suffi-
ciently far to reach populated areas, they do pose a threat to
human life for anyone on the hiking trails within the national
park (in addition to the hazard posed by ballistic projectiles).
Shelters with concrete roofs that are positioned along the
trails may be able to withstand impact energies associated
with not only large clasts but also ballistic projectiles. The
ability to withstand penetration depends on the level of rein-
forcement; fibre clad (reinforced) concrete slab 4.5-9.5 mm
thick is penetrated at impact energies between 20-85 J,
which is within the range produced by large clasts, while for
roofs with steel reinforced concrete slabs, larger impact ener-
gies are required for penetration (4,000—12,000 J) (Blong
1981). However, backside peeling/scabbing can occur at
lower impact energies than those typically required for pen-
etration (Williams et al., 2017). Peeled concrete fragments
ejected from the underside of the slab can have velocities of

up to 37% of the ballistic projectile (Williams et al., 2017),
which may cause harm to anyone sheltering inside.

Limitations

e As with any simulation-based hazard assessment, uncer-
tainty arises from the use of models to represent the com-
plex physical processes of volcanic hazards. In this study,
we used straightforward models to forecast the spatial
extent of hazardous phenomena. These were selected
as a trade-off between the ability to reproduce realistic
hazard footprints and the need to run large numbers of
simulations to capture input and output uncertainty. More
advanced models that better reproduce the physical pro-
cesses would require characterization of more extensive
inputs and require more processing power limiting the
number of simulations that could be explored to capture
uncertainty.

e Large clast simulations were the most computationally
demanding out of the five hazards simulated. To facili-
tate the modelling, we did not account for different par-
ticle densities (juveniles and lithics) instead we used the
density associated with the juvenile clasts. This is likely
to have resulted in larger hazard footprints, and lower
impact energies than if higher density lithic fragments
were also simulated.

e Due to limited geological and historical data for Gede,
hazard model input parameters were partly derived from
analogue volcanoes and global datasets. While ana-
logue selection methods were applied systematically,
this approach inevitably influenced the results. Further
research is needed to assess how analogue choice affects
hazard assessment outcomes.

e The use of global datasets introduces potential biases
such as over-representation of specific eruptions that
are well characterised. The use of the Global Volcan-
ism Program data to help define plume heights for some
scenarios also carries uncertainty due to the default VEI
2 assignment, which may not reflect their true intensity.

e For lava flow, column collapse PDC and block-and-ash
flow simulations, starting locations were sampled uni-
formly from within the Gede crater, assuming equal like-
lihood for all points. This could be refined by incorporat-
ing the positions of past eruptive centres within the crater
to better reflect initiation sites.

Future perspectives
Future studies may allow for the extension of this work
through consideration of additional hazards currently not

included, such as debris avalanches, syn- and post-eruptive
lahars, ballistic projectiles, volcanic gases, and fires caused
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by volcanic activity, along with alternative PDC generation
mechanisms (e.g., boiling over, lateral blasts). In addition
to the hazards associated with magmatic eruptions, phreatic
eruptions have been known to occur at Gede; these are par-
ticularly dangerous as they can occur with little precursory
activity (Barberi et al. 1992; Stix and de Moor 2018). In
the absence of additional field data, the continued develop-
ment of open access global datasets (e.g., Mastin et al. 2009;
Ogburn 2012; Bebbington and Jenkins 2022) is vital for sup-
porting volcanic hazard assessment (Tierz 2020).

West Java is very seismically active (Supendi et al. 2018);
the Cimandiri fault is ~ 8 km south of Gede, and the Cianjur
fault is ~7 km towards the east (Supendi et al. 2018). Future
seismic activity close to Gede could result in the collapse of
the unstable remaining section of the northeast crater wall
Sela rock (Belousov et al. 2015) and the generation of a
debris avalanche. Due to the location of Sela rock (Fig. 1c),
this is likely to be directed towards the northeast, though
more work needs to be done to understand the specific con-
ditions that could lead to its collapse along with the expected
inundation area.

This work provides a step towards the assessment of vol-
canic risk from Gede volcano. To move this work further
requires quantification of the relevant exposure and vulner-
ability to the simulated hazards. This includes gathering geo-
spatial information for population, buildings, road, rail, and
power networks and any other relevant assets. The impact
thresholds that are highlighted in this work for tephra fall and
large clasts are based on the available published literature for
assets that are closest to those present in our area. However,
these are often based on limited empirical evidence. The
collection of empirical damage data either through ground
surveys (e.g., Blong 2003; Jenkins et al. 2015; 2024a, b) or
by developing methods for remote data collection (e.g., Wil-
liams et al. 2020; Lerner et al. 2022; Tennant et al. 2024) is
a priority for developing robust vulnerability estimates. The
work might also benefit from the consideration of interac-
tions between cascading hazards, which are currently treated
separately but can affect the vulnerability of exposed assets
(e.g., Zuccaro and De Gregorio, 2013; Williams et al. 2019).

Conclusions

Gede is an active volcano with ~440,000 people living
within 10 km of the summit, and a further ~ 70,000 annual
visitors. As a step towards assessing the risk posed by
this volcano, we have conducted the first fully probabilis-
tic hazard assessment for Gede. Our assessment consisted
of >200,000 unique simulations for five hazardous phenom-
ena from six eruptive scenarios. With 23 confirmed erup-
tions at Gede constrained to the last 277 years, and limited
geological or historical evidence of these eruptions, this

@ Springer

work relied on analogue volcanoes and global datasets to
supplement eruption information and enable a comprehen-
sive forecast of potential future scenarios.

Our findings highlight that tephra fall and large clast sedi-
mentation are strongly controlled by seasonal variation in
wind directions, with a predominant wind direction towards
the east during the rainy season and west during the dry sea-
son at plume heights associated with continuously, intermit-
tently, and minor explosive eruption scenarios. Under these
wind patterns, Jakarta (~60 km from Gede’s summit) is
unlikely to be affected by tephra fall from eruptions of this
size, although remobilisation of deposits could be a poten-
tial source of tephra in the capital. Furthermore, larger sized
eruptions with plume heights greater than 10 km are expected
to impact the city. Closer to the volcano in the densely popu-
lated ring that surrounds the national park, building damage
is possible from both tephra fall and large clasts from a major
or Plinian eruption. All eruption scenarios are expected to
produce sufficient tephra fall accumulation in these areas to
disrupt road markings and incur significant clean-up.

We found that block-and-ash flow type PDCs are expected
to follow the topography. The breached crater at Gede results
in dominant travel directions towards the northeast, with
flow runouts in this direction that are sufficient to reach
Cibodas town, 7 km to the northeast. PDCs from a collaps-
ing column from the minor explosive eruption scenario
(column height 1-10 km) can extend up to~15 km from
the summit, but could reach up to ~20-25 km for major and
Plinian eruptions that have column heights of 10-20 km and
20-30 km, respectively. Blocky andesitic style lava flows are
expected to travel towards the northeast; however, they are
likely to remain within ~3 km of the summit area.

Our work lays a critical foundation for future risk assess-
ment at Gede, emphasizing the need for more detailed local
field data that may be used to refine hazard models and their
assumptions. Such efforts will be crucial in improving the
accuracy of hazard forecasts and ultimately enhancing the
resilience of communities surrounding the volcano.
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