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Abstract
We propose a vast area in the middle of Lombok, Indonesia, dominated by hummock hills, is a debris avalanche deposit 
(DAD). We define this > 500  km2 area as Kalibabak DAD that may originate from Samalas volcano. No descriptions of the 
morphology, stratigraphy, mechanism, and age of this DAD have yet been reported; this contribution bridges this research 
gap. Here we present morphological and internal architecture analysis, radiocarbon dating, paleotopographic modeling, and 
numerical simulation of the DAD. We also present geospatial data e.g., topographical and geological maps, digital elevation 
models (DEMs), satellite imagery – in combination with stratigraphic data constructed from field surveys, archived data, 
and electrical resistivity data. Results show that the DAD was formed by a sector-collapse of Samalas volcano and covers 
an area of 535  km2, with a deposit width of 41 km and a runout distance up to 39 km from the source. The average deposit 
thickness is 28 m, reaching a measured local maximum of 58 m and a calculated volume of ~ 15  km3. Andesitic breccia 
boulders and a sandy matrix dominate the deposit. Using ShapeVolc, we reconstructed the pre-DAD paleotopography and 
then used the reconstructed DEM to model the debris avalanche using VolcFlow. The model provides an estimate of the flow 
characteristics, but the extent of the modelled deposit does not match the present-day deposit, for at least two reasons: (i) the 
lack of information on the previous edifice topography that collapsed, and (ii) limited understanding of how DADs translate 
across the landscape. Fourteen radiocarbon dating samples indicate that the DAD was emplaced between 7,000–2,600 BCE. 
The DAD's enormous volume, vast extent and poorly weathered facies strongly suggest that it was not triggered by a Bandai-
type debris avalanche (solely phreatic eruption), but more likely by a Bezymianny-type (magmatic eruption). This event 
was potentially triggered by a sub-Plinian or Plinian eruption (high eruption column with umbrella-like cloud) dated ~ 3,500 
BCE, which produced the Propok pumice fall deposits.

Keywords Debris avalanche · Paleotopography · Landscape evolution · Samalas volcano

Introduction

Volcanic sector collapse and associated debris avalanches 
transform whole volcanic structures, generating typical 
hummocky structures (Siebert 1984; Hunt et  al. 2018). 
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Examples of significant volcanic sector collapses due to a 
lateral eruption include the eruption of Bezymianny (Russia) 
in 1956 (Siebert et al. 1987; Belousov et al. 2007), Mount St. 
Helens (USA) in 1980 (Voight et al. 1985; Glicken 1996), 
and Soufrière Hills (Montserrat) in 1997 (Belousov et al. 
2007). Furthermore, debris avalanches can create cascading 
hazards, particularly when entering a lake or the sea (Camus 
et al. 1992; Capra et al. 2002), such as the tsunami gener-
ated on 22 December 2018 following the Krakatoa sector 
collapse (Grilli et al. 2019). The global inventory of debris 
avalanches has registered 1001 events from 594 volcanoes 
in 52 countries (Dufresne et al. 2021). Indonesia has over 
130 volcanoes and 70 cases of debris avalanches have been 
inventoried (MacLeod 1989; Dufresne et al. 2021), but only 
a few studies have attempted to provide the detailed charac-
teristics of their deposits. Some historical debris avalanche 
events left massive deposits covering wide areas emanating 
from the volcano, such as Gede (MacLeod 1989), Galung-
gung (Bronto 1989), Raung (Siebert 2002; Moktikanana 
et al. 2021), Merapi (Bronto et al. 2014), and Papandayan 
in 1772 CE (Pratomo 2006; Siebert & Roverato 2021). 
This last event is believed to have caused 2,957 fatalities 
(Dufresne et al. 2021).

Dome intrusions and phreatic explosions are examples 
of the main triggers of debris avalanches as they can cause 
structural instability that may lead to the collapse of vol-
canic structures. More rarely debris avalanches can also be 
triggered by earthquakes, heavy rain, or snowmelt (Siebert 
1984; Voight et al. 1983). The velocity of a debris avalanche 
can reach ~ 50 to-150 m/s, and the distance covered tens of 
kilometers from the source (Ui et al. 1986; Lomoschitz 
et al. 2008; van Wyk de Vries and Davies 2015). Debris 
avalanches can significantly modify the volcanic landscape 
and surroundings (Cortés et al. 2010). On the volcano, the 
sector collapse generally leaves a horseshoe-shaped scar, 
which can lead to the total collapse of the volcano or be of 
smaller amplitude and can even disappear with the growth 
of a new cone (Bronto et al. 2014). In the surrounding areas, 
the transported material usually creates a hummocky ter-
rain in the medial to distal area (Siebert 1984; Lomoschitz 
et al. 2008; Vezzoli et al. 2017). Hummocks have a distinc-
tive hilly morphology that is easily differentiated from the 
surrounding land, thus becoming the signature of a debris 
avalanche deposit (DAD) (Ui 1989); Paguican et al. 2014; 
Hayakawa et al. 2018).

The spatial distribution of DADs and the formation of 
hummocks are influenced by the material composition (Ber-
nard et al. 2009; Salinas & López-Blanco 2010). The deposit 
is formed of mainly breccia and unconsolidated materials of 
various sizes, such as sand, gravel, pebbles, and large boul-
ders (Roverato et al. 2011). Depending on its lithofacies, a 
DAD can be divided into three types: syn-eruptive, hybrid 
(gravitational flows, coarsely stratified, poorly sorted); and 

lahar-transform (rapid flows and hyperconcentrated flows) 
(Bernard et al. 2019). The classical parameter H/L can be 
used to illustrate debris avalanche mobility, where H value 
represents the maximum elevation source or drop height 
of the displaced mass, and L is the run-out distance (Ui 
et al. 1986; Siebert et al. 1995). The H/L ratio will gener-
ally decrease when the volume of deposits is large (Ui et al. 
1986). The shape of the hummocks can also be used to infer 
the direction of the flow, especially the elongated hummocks 
that are parallel to the direction of flow (Dufresne & Davies 
2009). A group of aligned hummocks that coincide with the 
flow direction is called a hummock train (Shea et al. 2008).

The center of Lombok Island (Indonesia) is covered by a 
widespread hilly landscape (> 500  km2). Despite its extent, 
very limited research on it has been carried out and prelimi-
nary investigation has not provided a detailed analysis of the 
morphology, lithology, age, nor depositional process (Mala-
wani et al. 2020). It has been shown that the hummocky hill 
on the center of Lombok played an essential role in the dis-
tribution of the 1257 CE pyroclastic density current (PDC), 
as well as the geomorphologic evolution of the island (Vidal 
et al. 2015; Mutaqin et al. 2019). Although previous work 
has tentatively interpreted this hilly area as a DAD, a typical 
horseshoe-shaped scar is missing and warrants additional 
study. This present study aims to: a) confirm that a vast area 
of hummocky hill is a DAD emanating from Samalas vol-
cano, b) analyze the internal structure and stratigraphy of the 
deposit, and c) reconstruct pre-event topography and flowing 
mechanism, as well as to date this event.

Geological Setting

The Samalas volcano is part of the Rinjani Volcanic Com-
plex, located on Lombok Island (Fig. 1). Samalas volcano 
erupted in 1257 CE, leaving a ~ 6 km wide caldera (Lavi-
gne et al. 2013; Vidal et al. 2015). This caldera is filled 
by the Segara Anak lake and a rising volcano called the 
Barujari, which was formed from lava ejected from a new 
vent in the eastern part of the lake (Rachmat et al. 2016). 
Six main lava flows were recorded following several effusive 
eruptions of Barujari in 1944, 1966, 1994, 2004, 2009, and 
2015 (Solikhin et al. 2010; Abdul-Jabbar et al. 2019). The 
geological map of Indonesia (1:100,000) displays a large 
volcaniclastic deposit called Kalibabak Formation (TQb), 
which is characterized by volcanic breccia rocks (Mangga 
et al. 1994) (Fig. 1) in the southern part of this volcanic com-
plex. The deposit is poorly sorted, with a random fabric, and 
contains angular-shaped rock fragments (Maryanto 2009). 
This formation is predominantly composed of andesitic 
materials, such as porphyry andesite, basaltic andesite, and 
basalt (Maryanto et al. 2009). However, the Kalibabak For-
mation (TQb) is present in two parts in the west and in the 
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central part of the island. Despite having the same geologic 
name, these two formations have a distinct morphology and 
likely different origins. This formation in the western part 
forms a strongly eroded mountainous complex, whereas in 
the central part it covers a larger area, with numerous small 
hills. The subsequent description will focus on TQb in the 
central part of Lombok Island.

The outcrops along the riverbanks and on the road-side 
show that the Kalibabak Formation is composed of hetero-
genic lithic fragments, dominated by pebbles (5–50 cm) 
and boulders (up to 2.5 m). Data gathered from previous 
studies of the Kalibabak Formation (Maryanto 2009) show 
that the grain size of breccia matrices of this formation is 
poorly sorted with a matrix of sandy gravel (71%). The clay 

Fig. 1  Geological Map of Lombok. This map shows that Lombok is composed of volcanic complexes in the north, sedimentary materials in the 
middle, and uplifted tertiary mountain ranges in the south
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content is very low (< 5%), suggesting that the water content 
was limited during deposition (Maryanto 2009). Resistivity 
investigations of the Kalibabak Formation revealed that it is 
up to 21 m thick, with no significant water content (Sukandi 
2017).

The shape of the Kalibabak Formation is wider in the 
middle and lobate at the distal area (Fig. 1). To the north 
of the Kalibabak, the younger Lekopiko Formation (Fig. 1) 
is made of a mixture of pyroclastic materials from lahars 
and pumiceous tuffs (Mangga et al. 1994). The Lekopiko 
Formation was formed by the syn- and post-eruptive mate-
rials of the 1257 CE eruption of Samalas and its limit on 
the geological map corresponds to the limit of the Samalas 
deposit map provided by Lavigne et al. (2013) and Vidal 
et al. (2015). Both formations have been attributed to the 
Samalas volcano. The characteristics of Kalibabak Forma-
tion, both the surface and subsurface structure strongly sug-
gest that this formation is a DAD of a single event and has 
no connection with the TQb in the west. Since it is identified 
as Kalibabak Formation on the geological map, we called 
this massive deposit originating from Samalas volcano the 
Kalibabak DAD.

Methodology

Morphological Analysis

The morphological analysis of the whole DAD and indi-
vidual hummocks was performed. First, we acquired a set 
of satellite imagery and the digital elevation model (DEM). 
Two imageries from Sentinel-2 (https:// apps. senti nel- hub. 
com/ eo- brows er/) and World Imagery from ESRI in ArcMap 
have been used. The DEMs data used in this research is the 
DEMNAS (DEM Nasional) from the Geospatial Informa-
tion Agency of Indonesia (https:// tanah air. indon esia. go. id/ 
demnas/#/) and SRTM (Shuttle Radar Topography Mission) 
derived from https:// earth explo rer. usgs. gov. DEMNAS has 
been developed from several data sources: IFSAR (5 m res-
olution), TERRASAR-X (5 m resampling resolution), and 
ALOS PALSAR (11.25 m resolution) using the EGM2008 
vertical datum. The spatial resolution of DEMNAS is 0.27 
arc-seconds (~8 m). Completing this dataset, the (12.5 m 
line-intervals) topographic map of Indonesia (Rupa Bumi 
Indonesia) has also been used.

The hummocks were mapped to calculate their spatial 
distribution and classify them according to morphological 
parameters. These parameters are the hummock shape in 2D 
and 3D (Bernard et al. 2021), the distance of each hummock 
from the present caldera (Siebert 1984; Hayakawa et al. 
2018), and the area/size ratio of each hummock (Yoshida 
2014). A plot of the relationship between the hummock size 
and distance from the source was also constructed to analyse 

the spatial distribution of morphology, as hummock size has 
shown to decrease with distance from the source (Yoshida 
2013).

After completing the identification of individual hum-
mocks, the next step was to delineate the DAD boundary 
(Fig. 2) using the outermost hummocks and considering the 
outer limit of the Kalibabak Formation as the maximum 
extent of the DAD. Site surveys encircling the edges of the 
Kalibabak Formation suggested that the geologic boundary 
of this formation differs from the actual boundary across the 
field, particularly in the east. The revised boundary, which 
is then defined as the DAD boundary, is extended to the 
coastline in the east. The morphological characteristics also 
relied on the profile line, slope, aspect, and drainage accu-
mulation, as they are commonly used to characterize the 
morphology of landforms (Garajeh et al. 2022). In the DAD 
area, spatial differentiation based on of hummock density 
was calculated within the DAD boundaries, to identify the 
clustering of hummocks (hummock train) that are parallel to 
the flow direction (Procter et al. 2021; Shea et al. 2008). The 
deposit domains (toreva, hummock, and piedmont domains) 
were also mapped based on the morphological characteris-
tics (Andrade and van Wyk de Vries 2010; Paguican et al. 
2014; Norini et al. 2020).

Subsurface Analysis

A. Stratigraphic Survey

Stratigraphic data from 26 sites were collected from field 
surveys in exposed areas of open-cuts sections (from min-
ing activity and road construction) and riverbanks (Fig. 2). 
Visual observation on the outcrop is helpful in identifying 
DAD facies (Valverde et al. 2021). To complement the out-
crops, data from 10 sediment cores supplied by the Energy 
and Mineral Resources Agency (ESDM) of West Nusa 
Tenggara Province were collected (Maryanto 2009; Mary-
anto et al. 2009). Stratigraphic data were used to measure 
the thickness of the DAD, which is crucial for calculating 
the volume and reconstructing the topography of the former 
Samalas’s edifice.

B. Resistivity Measurement

A resistivity measurement campaign was carried out in 
conjunction with LIPI (now BRIN, National Research and 
Innovation Agency) and UNRAM (University of Mataram). 
Measurements using a Dipole-Dipole configuration were 
conducted with a span of ~1000 m in total at Surabaya-
Lepak, East Lombok (Fig. 2). The locations were chosen 
to study subsurface conditions in the distal part of the DAD 
which is not covered by core or outcrop data and to verify 
the DAD boundary. Measurements were carried out using 

https://apps.sentinel-hub.com/eo-browser/
https://apps.sentinel-hub.com/eo-browser/
https://tanahair.indonesia.go.id/demnas/
https://tanahair.indonesia.go.id/demnas/
https://earthexplorer.usgs.gov
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the SuperSting R8/IP with 56 swift electrodes. This configu-
ration used 10 m spacing between electrodes, allowing us to 
observe the subsurface condition down to ~142 m deep. The 
data were then inverted into a 2D resistivity profile.

Resistivity measurements using a Wenner configuration 
were also carried out on eight lines (150-300 m), includ-
ing three at Jenggik (the upper DAD zone), three at Kwang 
Wai (in the hummocky hills), and two at Janapria (the distal 
zone) (Supplementary Material: Table S1). All resistivity 
results were interpreted to delineate the DAD layer bound-
ary on the basis of a resistivity value corresponding to the 
stratigraphic layers of two cores referenced at Jenggik and 
Janapria and in comparison with previous measurements 
within the Kalibabak Formation boundary (Wiranata et al. 
2018). The resistivity measurement helps to characterize the 
depositional pattern and reconstruct the paleosurface (Mala-
wani et al. 2023).

Paleo‑topographic modeling

To reconstruct the morphology of Samalas volcano before 
the debris avalanche, the pre-collapse topography was mod-
eled using the ShapeVolc model (Lahitte et al. 2012; Dibacto 

et al. 2020). For this reconstruction, we first identified and 
separated the volcanic sectors of Samalas volcano that were 
part of the “Old Samalas” (< 1257 CE) from those of the 
Young Samalas (Fig. 3a). From this division, the ridges of 
the Old Samalas were used as constraining points (CPs) to 
model the pre-collapse edifice (Fig. 3b: red point), as they 
are relatively stable compared to the other features more 
prone to erosion and deposition (Dibacto et al. 2020). Low-
land CPs (tallow point) were generated by subtracting the 
deposit thickness (field data) from the current DAD topog-
raphy, based on stratigraphic analysis (Fig. 3b).

Metrics calculation

DAD metrics (Table 1 and Fig. 4) were calculated from 
the 11 parameters summarized by Bernard et al. (2021), 
using a combination of the topographic data and pre-DAD 
topography (Fig. 4). Although most parameters can be cal-
culated directly from the topographic map, the calculated 
DAD volume may be subject to considerable error (Ber-
nard et al. 2021). To overcome this issue, we applied two 
methods to calculate the volume: firstly, by using the cal-
culation formula shown in Table 1, and secondly, using a 

Fig. 2  Map of sampling sites: outcrop, core, resistivity, and dating. Photos of field survey: the outermost hummock (1), opencut hummocks (2 
and 3), escarpment in the river valley (4), and resistivity measurement (5)
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DEM subtraction method employing the current DEM and 
the pre-avalanche DEM (PDEM) (Malawani et al. 2023). 
The PDEM represents the topography before the DAD, 
which was created by kriging interpolation of the pre-DAD 
points (CPs in Fig. 3). The volume difference between 
the current DEM and the PDEM within the area of DAD 
defines the volume of Kalibabak DAD. A similar method 
to calculate volume using the subtraction method was 
applied to the debris avalanche deposit of the Milo Lahar 
sequence and the opening of the Valle del Bove on the 
Etna volcano (Italy) (Calvari et al. 2004). In the case of the 

Kalibabak DAD, although the pre-avalanche topography 
is a result of reconstruction and data of DAD thickness is 
also limited, the average volume from these two measure-
ments is the best estimation we can obtain. However, due 
to the limited number of cores used to calculate the DAD 
thickness, an uncertainty value needs to be considered. 
Since cores were extracted at every 1 meter depth, we set 
this value as the uncertainty of the DAD thickness. The 
volume uncertainty calculation is then defined by multi-
plying the uncertainty of depth (±1 m) with the DAD area.

Fig. 3  Topography differen-
tiation of the Samalas edifice 
between Old and Young Sama-
las (a) to generate constraining 
points (CPs) for reconstructing 
the pre-collapse topography 
(b). Red points are CPs in the 
Samalas edifice, yellow are CPs 
in the DAD, and grey-shaded 
section is the reconstructed 
Samalas’s pre-collapse topog-
raphy
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Debris Avalanche Modeling

To explore the shape, location and orientation of the ava-
lanche caldera, we used VolcFlow numerical modeling 
(Kelfoun & Druitt 2005; Kelfoun 2011) to reproduce the 
observed DAD. VolcFlow has been designed to simulate 
volcanic flows including debris avalanches on land or 
underwater (Kelfoun & Druitt 2005; Kelfoun et al. 2010; 
Paris et al. 2017). VolcFlow needs the pre-collapse topog-
raphy, the topography of the sliding surface, as well as 
the rheological parameters of the avalanche. VolcFlow 
simulations used the paleotopography reconstructed using 
ShapeVolc, where the Samalas summit was fully restored 
and the DAD deposit in the lower part was removed. 

Several shapes and orientations of the sliding surface were 
explored using a spoon-like morphology defined by:

In the Eq. 1, r is the radial distance and θ the tangential 
distance. The parameters a, b and zmin define the depth and 
the width of the avalanche caldera and its elevation. We var-
ied them while imposing a destabilised volume compatible 
with the field observations (~15  km3). We also varied the 
orientation of the radial distance from N180 to N210. Based 
on previous studies (e.g., Kelfoun & Druitt 2005; Kelfoun 
et al. 2010; Paris et al. 2017), we have used a rheology made 
by a yield strength T and a turbulent stress ξρu2 where ρ is 
the avalanche density and u its velocity (Kelfoun 2011). For 

(1)zs = e
−a×r

+ b�
2
+ z

min

Table 1  Description and 
calculation formula of debris 
avalanche metrics (Bernard 
et al. 2021)

No Parameter / Acronym Description

1 Deposit length /  LD Distance from the front to the tail
2 Deposit width /  WD Maximum distance between the margins
3 Deposit area /  AD Surface area in plain view
4 Deposit height /  HD Altitude difference between the tail and the front
5 Deposit declivity / <D Average slope (<D =  HD /  LD)
6 Deposit thickness /  TD Average thickness
7 Deposit volume /  VD Volume calculation  (VD =  AD /  TD)
8 Deposit aspect ratio /  ARD Ratio between the average thickness and the 

radius of circle area  (ARD =  TD /  AD/☐)
9 Runout distance / L Distance from the head (scar) to the front
10 Drop height / H Altitude difference between the maximum pre-

landslide topography and the front
11 Friction coefficient / H/L Ratio between the drop height and runout distance

Fig. 4  Sketch and cross-section 
of debris avalanche metrics
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debris avalanche previously studied, the value of T is about 
50 kPa and the value of ξ (Voellmy coefficient) lower than 
0.01.

Radiocarbon Dating

Paleosols and detritus sediments above and below the DAD 
were sampled for dating the debris avalanche event (Fig. 2). 
We collected samples of paleosols below the DAD to esti-
mate the maximum age of the event, and above the DAD 
to estimate the minimum age. This bracketing method is 
based on the method applied at the Antuco volcano (Chile) 
(Romero et al. 2022), because dating of past debris ava-
lanches is particularly challenging when no charcoals are 
found (Grosse et al. 2022), as it was the case in this research.

Dating was performed on ten samples from four differ-
ent sites, consisting of four paleosols above the DAD, as 
well as four paleosols and two detritus sediments below the 
DAD. The paleosols above the DAD layer are buried by 
the syn-eruptive deposits of the 1257 CE Samalas eruption 
and have formed relatively thick soil (~1 m). Two paleo-
sols below DAD at a distance of ~300 m one from another 
were collected from Kali Dalam river valley (Fig. 2). Paleo-
sol samples from Kwang Wai beach were collected on the 
marine notches (hummock cliff). The outermost hummock in 
Kwang Wai beach was chosen as the sampling site because 
this location is predicted to have minimum paleosol ero-
sion. Two detritus sediments were collected from Kali 
Palung river valley and exposed beach-floor at Kwang Wai 
beach (Fig. 2). The results of laboratory analysis are given 
as age BP (Before Present-before 1950 CE). These ages 
were then calibrated using Calib 8.2 (http:// calib. org/ calib/) 
(Stuiver and Reimer 1993) employing the mixed curve 
of IntCal20 and SHCal20 because Indonesia is located in 
the area between two seasonal Inter-Tropical Convergence 
Zone (ITCZ) (Hogg et al. 2020) (Supplementary Material: 
Table S4). The calibrated ages were then correlated to the 
previous dating of Rinjani Volcanic Complex eruption chro-
nology since the Holocene (Nasution et al. 2004; Métrich 
et al. 2017).

Results

Morphological Characteristics

To describe the morphological characteristics of DAD in 
Lombok, we initially present the morphological data of 
individual hummocks. The two-dimensional (2D) shape 
of hummocks is defined by the circular form of individual 
hummock boundaries: elongated, rectangular, polygonal, 
and rounded hummocks. A total of 1704 hummocks have 
been identified. Rounded hummocks dominate the study 

area, with 771 (Fig. 5a). Elongated hummocks that indicate 
the mass flow direction comprise 16% of the total (265 hum-
mocks). The three-dimensional (3D) form of hummocks in 
conical and ridge has an almost similar distribution, com-
prising 41% and 43% of the total, whereas the pyramidal 
hummock is only 3% (44 hummocks) (Fig. 5b). The mapping 
results show that the hummock shape is not related to the 
sliding distance. All hummock shapes are well distributed 
across the DAD body. However, rounded hummocks have 
the farthest coverage compared to the other shapes. Simi-
larly, all hummock forms are well distributed in the DAD 
body, except for the pyramidal form, which is only present 
in the middle area.

The farthest hummock is 39.5 km from the present cal-
dera, whereas the nearest is 18.6 km. The majority of hum-
mocks are distributed around 30-31 km from the present 
caldera rim (Fig. 6a). The outermost hummock was identi-
fied in the Kwang Wai beach, which formed a ~3 m high 
cliff. In this location nearly half of the hummock hill has 
been eroded by the sea waves. At distances below 23 km, 
the number of hummocks is relatively low, whereas further 
than 23 km from the caldera rim, the distribution gradually 
increases to a maximum distribution at 31 km. After reach-
ing this distance, the hummocks’ density rapidly decreases 
(Fig. 5c, d). Large hummocks with an area >8 ha are dis-
tributed across a distance of 22-23 km, whereas the average 
size of hummocks (2 ha) is distributed along the entire DAD 
body (Fig. 6b). According to their distribution, hummocks 
of the Kalibabak DAD do not follow the general pattern of 
hummock distribution, i.e., hummocks size decreases with 
increasing distance from the source. The hummocks with 
above-average size were found at a maximum distance of 
30 km. The linear correlation also suggests that the relation-
ship between area and distance is very low, with R-squared 
value of 0.02.

The next characterization is the surface morphology of 
the area within the DAD boundary. The entire DAD is domi-
nated by relatively flat slopes, indicating the intra-hummock 
zone. Steep slopes are scattered throughout the river val-
leys, such as Kali Dalam to the west and Kali Palung to the 
east (Fig. 7a). Slope information indicates that river valleys 
have the steepest slope, due to the intense erosion in this 
area. The post-collapse deposition process can be detected 
by analyzing the flow accumulation. This parameter shows 
that the drainage system is centered on three river valleys, 
namely Kali Dalam to the west, Kali Dodokan to the mid-
dle, and Kali Palung to the east (Fig. 7b). Three dominant 
aspects (azimuth of terrain surface) are also present in the 
study area: southeast, south, and southwest. (Figure 7c). We 
infer that the mass flow was mainly oriented southward, and 
as the paleo-slope gradually turns gentler, it then spreads 
towards the southeast and southwest. This suggestion is 
also supported by the characteristic of hummock density 

http://calib.org/calib/
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that clustered in the middle-south area (Fig. 7d). This area 
is proposed as the centroid of the DAD, where the distribu-
tion of hummocks is the densest (18/km2, with an average 
of 3/km2)

Three main domains of the DAD can be distinguished: 
toreva, hummock, and piedmont (Fig. 8a). Toreva occu-
pies a small part of the upper area of the DAD with ~3 km 
along a linear transect (Fig. 8b). The hummock domain 
is the largest unit in the DAD of Samalas with ~18 km 

span. The piedmont domain is smaller, covering ~5 km 
long in the distal part of DAD. Two colluvial fans have 
been identified in the southern area, characterized by 
redelivery of debris avalanche deposits, involving mass 
wasting and fluvial transport. Other profile lines in the 
W-E (line CD) and the N-S (line EF) directions show 
the configuration of the densest area of the hummock. 
In both topographic profiles, “h” marks the peak of each 
hummock. On the profile CD (Fig. 8c), nine hummocks 

Fig. 5  Map of morphological characteristics of individual hummocks: shape (a), form (b), area (c), distance (d). Pie charts indicate the percent-
age of hummock shape (left) and hummock form (right)
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have been identified, with an average distance of 350 m 
between each. A wider space separates hummocks on 
profile EF (Fig. 8d), with an average of 450 m between 
identified hummocks. Across both profiles, most hum-
mocks are 7 m high and can reach a maximum of 20 m.

Hummock trains (HTs) are distributed in the middle 
and lower parts of the hummock domain. HTs in Kaliba-
bak DAD generally point three directions: the west part 
indicates a southwesterly direction, the central part indi-
cates a southerly direction, and the eastern part indicates 
a southeasterly direction. The extension of the HTs (dark-
brown arrows in Fig. 8a) can be used to portray the possi-
ble direction of the avalanche flow. Other morphological 
characteristics, such as aspect and hummock density, have 
also supported this suggested flow direction.

Structure of DAD

Two types of deposits were found along the river channels: 
(a) large boulder and (b) blocky-matrix textures. In the mid-
dle stream of the Kali Palung river (26 km from the caldera 
rim, Fig. 9a), large boulders are scattered along the river 
channel. These large boulders, visible at low water-stage, are 
the result of erosion processes along the Kali Palung valley. 
In the distal part of the DAD, 35 km from the caldera rim, 
rivers are dominated by boulders of a smaller size mixed 
with a sandy matrix (e.g., in the Perampung river). On this 
DAD deposit, fluvial material composed of sandy silt covers 
the DAD layer (Fig. 9b). In another part of the Kali Palung 
valley, 35 km from the caldera, the DAD has a blocky texture 
with occasional boulder-sized blocks and is up to 10 m thick 

Fig. 6  Histogram of hummocks 
distribution (a) and chart of area 
vs. distance from the source (b)
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(Fig. 9c). Here, the DAD is in direct contact with an older 
weathered layer, identified as a calcareous breccia formation 
called Kali Palung (Mangga et al. 1994).

Twenty-nine kilometers to the south of the caldera rim, 
nearly homogeneous DAD structures can be observed, with 
sheeted lava (Fig. 9d) including jigsaw cracks (Fig. 9e). 
Another hummock located at 28 km south of the caldera rim, 
has a matrix comprising 75% sand. Many medium boulders 
are also visible, along with meter-sized boulders (Fig. 9f). 
In this sector of the flank, no pyroclastic material from 
recent eruptions of Samalas could be observed, while in the 
southwestern sector, 23 km from the caldera rim, a mantle 
of pumice-fall from the 1257 CE Samalas eruption can be 
observed. In locations where the pumice layers were found, 
a relatively thick (~1.5 m) paleosol developed in between the 
Samalas 1257 CE eruption and the DAD, showing that the 
two events were not concomitant (Fig. 9g).

Completing the outcrop observations, 10 cores were 
collected from ESDM (Fig. 10). Based on these data, the 
lithological type of the DAD was confirmed as a mixture of 
breccia, lava, boulders, and consolidated tuff-gravelly sand, 

overlain by recent soil of variable thickness. The forma-
tions underneath the DAD have similar characteristics in 
most cores, characterised by weathered tuff-lapilli, calcare-
ous breccia, and gravelly sand with boulders, and can be 
linked to the Kali Palung rock formation (Geological Map; 
Mangga et al. 1994). The minimum thickness (12 m) of the 
DAD is located at the Janapria core (Fig. 10a), and the maxi-
mum thickness (58 m) is found from the Peresak Daye core 
(Fig. 10b), and from the Suwangi core (55m). Correlation 
between cores in the NS direction (Jenggik-Janapria) shows 
that the DAD thickness significantly decreases according to 
the flow direction (Fig. 10a), whereas in the WE direction 
(Sapit-Tanak Kaken), the DAD's thickness increases in the 
center and decreases towards the margins (Fig. 10b).

To provide an overview of the internal structure of DAD 
that is not covered by core or outcrop data, 2D electric resis-
tivity transects were acquired at Lepak, East Lombok, and 
are 550 m long each, providing a spatial window on the 
deposit (Fig. 11). The DAD in Lombok is characterized by 
resistivity values in the range of 30-300 ohm-m, defined 
from the resistivity measurements that are referenced to the 

Fig. 7  Map of morphological characteristics of DAD: slope (a), flow accumulation (b), aspect (c), hummock density (d)
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Janapria and Jenggik cores. Two measured lines AB and CD 
show that the DAD layer has contrasting boundaries with the 
basal material, which has a lower resistivity value (a small 
value indicates a high-water content or highly saturated 
layer). The boundary between the DAD and older material 
along the line AB forms a continuous boundary (black line) 
at a depth of 20-30 m. The upper layer of the line AB dis-
plays two layers of low resistivity that can be interpreted as 
a fluvial deposit covering the DAD. A chopped hummock 
due to anthropogenic activity is also identified at a distance 
of 250-370 m from point A (Fig. 11). On the line CD, the 
limit of the DAD is more irregular in depth, indicating either 

that (1) the paleo-topography is irregular, or (2) the DAD 
has eroded the paleo-topography. The paleo-topography of 
this location may be composed of weak materials that are 
not resistant to erosion. Similar to the line AB, small fluvial 
infills are also found on the line CD. Other resistivity meas-
urements in various locations of the DAD are presented in 
the Supplementary Material (Table S1).

Paleo‑topography

Field observations combined with DEM data were used to 
reconstruct the pre-collapse topography of Samalas volcano 

Fig. 8  Map of the DAD extent in Lombok, (a) showing the delinea-
tion of DAD domain and suggested mass flow directions. (b) Profile 
line AB displays the topography from upper to lower area of DAD 
along N-S axis. Sudden break of slope indicates the boundary of 

DAD area. Profile lines CD (c) and EF (d) in the densest area of hum-
mock indicate the configuration of peak, valley, and flat areas of hum-
mocks
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(Fig. 12a). Based on our morphological reconstruction, the 
pre-avalanche summit was located at ~3.6 km from the cur-
rent summit of Rinjani and adjacent to the current Barujari 
vent (~500 m). The reconstructed summit cone has an aver-
age slope of 35%. In comparison to the Rinjani crater, the 
Samalas has a larger circular body (Fig. 12a). Best estima-
tion using ShapeVolc indicates that former (pre-avalanche) 
Samalas has a maximum height of 4207 m, higher ~480 
m than the current Rinjani. The topographic profile A-B 
(Fig. 12b) of the DAD demonstrates that the stratocone of 
the former Samalas was ~1,500 m higher than the caldera 
rim. The pre-avalanche and the present topographic pro-
files intersect at ~8 km from the simulated former summit. 
According to the reconstructed profile line, the possible 
collapsed edifice that released the debris avalanche has a 
maximum length of ~8 km and an average depth of ~1.5 km 
(Fig. 12b: blue-shaded area). These dimensions provide the 
maximum constraint of the collapsed volcanic sector that 

produced the Kalibabak debris avalanche. Therefore, the size 
of the horseshoe scar is smaller than those estimated length 
and depth.

Metrics of the DAD

Based on the calculated metrics (Table 2), the length  (LD) 
of the DAD is smaller than its width  (WD), displaying a 
stretching-fan shape. The thickness of the DAD was then 
calculated to be approximately 28.5 m on average. Accord-
ing to the classic geometrical formula (Table 2), the vol-
ume of the DAD can be estimated to be 15.3  km3, which 
compares well with the DEM subtraction method, which 
yields 14.9  km3, or 15.1 ± 0.5  km3 if we average both 
results and apply the estimated uncertainty. The measure-
ments also show that the tail of the flow is at 685 m a.s.l., 
while the front traveled to a final altitude of 114 m a.s.l. 
This gives an  HD value of 581 m. By comparing  HD and 

Fig. 9  Structure of the DA in various locations. a Scattered boulders 
along the river channel in the middle stream of Kali Palung. b DAD 
covered by fluvial deposits in Perampung riverbanks. c Blocky tex-
ture dominating an escarpment in the Kali Palung valley. Sheeted lava 
d with jigsaw cracks e observed in an opencut hummock. f Opencut 

hummock composed of blocky texture “b”, boulders “B”, and matrix. 
g Complex outcrop in the western part of the study area that records 
pumice fall deposit from the 1257 CE eruption, paleosol, and DAD 
facies (boulder and matrix)
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 LD values, we get an average slope of 2%. Although the 
overall slope has been mapped (Fig. 7a), this metric is 
important for characterizing DAD in Lombok that can be 
used for comparison with other DADs. The length (L) of 

the debris avalanche from the source to the front is 39.3 
km, with a maximum drop height of 4 km. Comparison 
of these two metrics results in the H/L value of debris 
avalanche in Lombok being 0.1.

Fig. 10  Lithological informa-
tion of the DAD from sediment 
core data. Correlations between 
deposits associated with the 
DAD demonstrate the variety of 
thicknesses
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Modeling of the Debris Avalanche

The debris avalanche was further simulated using VolcFlow. 
We conducted four simulations to evaluate the debris ava-
lanche propagation from Samalas volcano (Supplementary 
Material: Table S2). The first simulation used a volume of 
~15  km3 and a yield strength of 50 kPa to determine the ava-
lanche propagation and area of coverage for a dense material. 
Results show that the simulated deposition poorly matches 
the actual deposit (Fig. 13a). However, the maximum deposit 
depth of this simulation (60 m) is nearly similar to the maxi-
mum measured depth from the outcrop (58 m).

The second simulation was conducted with the same 
volume with moderate yield strength (20 kPa). The result 
of this simulation has further and broader coverage but did 
not reach the most distal part of the deposit (Fig. 13b). The 
third simulation used a lower value of yield strength (7 kPa), 
indicating a less compacted material. The result of the third 
simulation is most similar to the original DAD in shape and 
coverage (Fig. 13c). In the distal southern part, the front 
limit is relatively similar, as well as in the southeastern part, 
where the avalanche reached the coastline.

The last simulation used a standard yield strength that is 
generally applied for simulating DAD propagation, which is 
50 kPa, similar to the first simulation. However, this simula-
tion used double the calculated volume (i.e., ~30  km3). The 
result shows that the final propagation of DAD reaches the 
outer boundary of the original DAD, although the final form 

is not identical (Fig. 13d). The resulting maximum deposit 
thickness also reached twice the measured maximum DAD 
depth. Based on this fourth simulation, it can be assumed 
that the Kalibabak DAD may be characterized by lower yield 
strength. The simulation might be more accurate if the scar 
of the caldera avalanche is visible since the volume between 
the caldera avalanche and the deposit can be compared, as 
well as the starting point of the emplaced material can be 
determined.

Age of Debris Avalanche

The results of radiocarbon dating of the soil between the 
DAD and the 1257 eruptive material display ages ranging 
from 2,600 BCE to 1,300 BCE, with one younger date of 
464 CE (Table 3). This supports the thesis that the DAD 
is much older than the Samalas 1257 CE eruption. The 
oldest age constraint of the Kalibabak DAD is determined 
based on the dated material below the DAD. The results 
are more diversified, with a range of ~10,000 years. The 
oldest calibrated age obtained from a paleosol in the Kali 
Dalam Valley is 17,935 BCE. Nearby, in the same valley, 
another paleosol sample yielded a calibrated age of 15,790 
BCE. A sample from Kali Palung, which has a similar strati-
graphic sequence to Kali Dalam, but is located in the distal 
part of the DAD, yielded a calibrated age of 11,495 BCE. 
At Kwang Wai beach, in the edge (front) of the DAD, two 
materials below the coastal hummock yielded a calibrated 

Fig. 11  Interpretation of the 
resistivity profiles in the eastern 
part of DAD
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age of 7,000-7,600 BCE. At this site, the exposed seafloor 
(KW2) is dated at 10,158 BCE. Located closer to the cal-
dera rim (27 km), the paleosol covered by the DAD at Kali 

Dalam may have undergone significant erosion during the 
flow; therefore, the sampled paleosol is likely much older 
than the avalanche event. In contrast, the exposed materials 
beneath the DAD at Kali Palung and Kwang Wai beach, 
which are located 34 km and 39 km from the caldera rim 
respectively, are much younger because erosion may have 
decreased. Based on our dating of the paleosols above and 
below the DAD, the age of the Kalibabak DAD is estimated 
within the range 7,000 and 2,600 BCE.

Discussion

A gigantic debris avalanche in Indonesia

A previous study reported that at least 70 volcanic sector 
collapses were identified in Indonesia (MacLeod 1989). 
Since these data were developed by the interpretation of 

Fig. 12  a Comparison of the paleo- and present-day DEMs of the Samalas summit. b Profile line from the summit to the distal area shows topo-
graphic differences between the paleo- and present-topography

Table 2  Metrics of the 
Kalibabak debris avalanche 
from Samalas volcano, Lombok

No Parameter Value

1 LD (km) 25
2 WD (km) 41
3 AD  (km2) 535.7
4 HD (m) 581
5 <D (%) 2
6 TD (m) 28.5
7 VD  (km3) 15.1 ± 0.5
8 ARD 2.1
9 L (km) 39
10 H (km) 4.1
11 H/L 0.10
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Fig. 13  Comparison of the simulated and original DADs; ~ 15  km3 and 50 kPa (a); ~ 15  km3 and 20 kPa (b); ~ 15  km3 and 7 kPa (c); ~ 30 km.3 
and 50 kPa (d)

Table 3  Radiocarbon ages of the paleosols and sediments related to the Kalibabak DAD

No Site Type Age BP Calibrated age (BCE) Median 
probability 
(BCE)

1 Selebung (DAD 1) Paleosol above DAD 3,080 ± 30 1,413–1,254 1,326
2 Selebung (DAD 2) Paleosol above DAD 4,100 ± 50 2,708–2,474 2,647
3 Selebung (DAD 3) Paleosol above DAD 3,120 ± 50 1,456–1,222 1,352
4 Selebung (DAD 4) Paleosol above DAD 1,635 ± 30 404–540 (CE) 464 (CE)
5 Kali Dalam 1 (KD1) Paleosol below DAD 14,490 ± 60 15,826–15,540 15,790
6 Kali Dalam 2 (KD2) Paleosol below DAD 16,490 ± 50 18,052–17,874 17,935
7 Kali Palung (KP) Detritus sediment 11,580 ± 230 11,938–11,118 11,495
8 Kwang wai 1 (KW1) Paleosol below DAD 8,620 ± 330 8,020–7,339 7,699
9 Kwang wai 2 (KW2) Compacted detrital sediment 10,380 ± 300 10,836–9,274 10,158
10 Kwang wai 3 (KW3) Paleosol below DAD 8070 ± 500 8,251–5,986 7,029



 Bulletin of Volcanology (2024) 86:2424 Page 18 of 25

aerial imagery, 54 were considered probable events, while 
the remaining 16 were possible events. These numbers are 
used to rank Indonesia in the global inventory of volcanic 
debris avalanches (Dufresne et al. 2021). However, only 11 
DADs from this list have been subjected to morphometric 
measurements, and only four were successfully dated, e.g., 
Galunggung, Papandayan, Raung, and Ili Werung (Siebert 
et al. 1987). Our work provides a new case study to add 
the current database. In Indonesia, most DAD volumes vary 
from 1 to 5  km3, with an area of 50-250  km2 (MacLeod 
1989). The largest known DAD in Indonesia is located at the 
foot of Raung volcano in East Java, with a travel distance up 
to ~80 km, and an area of ~650  km2 (Siebert 1984; MacLeod 
1989). Based on the inventoried data, the Kalibabak DAD 
(~15  km3) ranks third in Indonesia in terms of volume, 
below the DAD from Raung (25  km3) and Galunggung (16 
 km3) (Siebert 2002).

To determine its position at a global scale, the metrics 
of DAD in Lombok need to be compared with other DADs 
worldwide. In the East Asian region, Japan is among the 
countries with the largest number of DADs (Ui et al. 1986; 
Siebert et al. 1987). From all the debris avalanches that 
have occurred in Japan, no significant DAD has a volume 
of >10  km3, and the farthest travel distance (L) reaches 32 
km. Similarly, compared to the Philippines, New Zealand, 
Melanesia, and Kuriles-Kamachatka regions, the Kalibabak 
DAD is significantly bigger than all DADs in those regions. 
In Europe, a Holocene debris avalanche on the eastern flank 
of Etna volcano, known as the Valle del Bove DAD, has 
roughly the same volume as the DAD at Samalas volcano 
(~14  km3) (Calvari et al. 2004). However, several Holocene 
DADs worldwide are comparable in volume to the one pro-
duced by Samalas, e.g., Meru, Tanzania (10-20  km3), Fuego, 
Guatemala (15  km3), and Antuco, Chile (15  km3) (Siebert 
2002). Based on this inventory (Siebert 2002), the Kalibabak 
DAD from Samalas volcano ranks eighth among the largest 
(>5  km3) Holocene DADs worldwide.

Triggering mechanism and dating of the event

Identification of the triggering factors that cause a volcanic 
collapse is challenging, especially when it occurred in the 
past and when no direct observations are available (Özdemir 
et al. 2016; Valverde et al. 2021). Several factors can trigger 
a collapse of a volcano, such as earthquake or fault activity, 
volcanic eruption, or dyke intrusion (Tibaldi 2001; Belousov 
et al. 2007). It can be triggered by single or multiple factors. 
There are no fault lines beneath the Rinjani volcanic com-
plex that are likely to cause significant earthquakes (Fig. 1b). 
The major earthquake source zones are located in the north 
(Flores Thrust) and south of Lombok (Indo-Australian 
subduction) (Harsuko et al. 2020). A series of recent earth-
quakes in the northern region of Lombok Island in 2018 (6.9 

Mw) caused significant damages and landslides in Lombok. 
Identification using satellite images provided data of 9,319 
minor landslides with a total area of 10.39  km2, predomi-
nantly located in the mountainous areas (Ferrario 2019). 
Although the epicenter is located on the northern slope of 
the Samalas-Rinjani complex and has affected ground defor-
mation, the volcanic activity in Samalas-Rinjani remains 
normal without significant escalation (Wibowo et al. 2021) 
(Wibowo et al. 2021). Earthquakes and fault activity may be 
possible triggering factors in other locations, but not for a 
large volcanic avalanche in Lombok.

The regional stratigraphic frameworks that have been 
established (Nasution et al. 2004; Vidal et al. 2015; Métrich 
et al. 2017) can be used as benchmarks for establishing the 
relationship between eruptions and the Kalibabak DAD 
(Fig. 14). Correlation between the age of DAD and strati-
graphic framework was also demonstrated in Shiveluch vol-
cano (Russia) to determine the association between debris 
avalanches and eruptive events (Belousov et al. 1999; Pon-
omareva et al. 1998). Holocene activity in the Rinjani-Sama-
las complex was dominated by basaltic explosive activity 
that produced scoria fall and PDC deposits between 11,000 
and 5,300 BCE. Large explosive eruptions were absent dur-
ing this period. The subsequent period (~5,300-800 BCE) 
was characterized by effusive and explosive volcanic events. 
For example, the Rinjani volcano expelled the Lembar tra-
chy-dacite lava flow. Scoria fall, which is a typical product 
of explosive basaltic eruption, were also identified on the 
northern slope of Samalas. The radiocarbon dating of two 
charcoals in this deposit yielded 4,700-5,000 BCE (Métrich 
et al. 2017). Lastly, a younger pumice deposit overlying 
the scoria fall deposit, i.e., the Propok pumice, was dated 
between ~5,000 and 800 BCE (Nasution et al. 2004; Métrich 
et al. 2017). It was ejected eastward during an assumed sub-
Plinian eruption of Samalas, with an estimated volume of 
0.1  km3 (dense rock equivalent-DRE) (Nasution et al. 2004).

Based on the age range of the DAD (7,000–2,600 BCE) 
obtained from our radiocarbon dating (Table 3), we argue 
that the debris avalanche event was likely triggered by the 
eruptive event that expelled the Propok pumice. To deter-
mine a more precise age of the Propok pumice, we obtained 
four additional dating from two outcrops on the northeast 
slope of Samalas-Rinjani consisting of three paleosols below 
and above the pumice deposits, as well as a charcoal within 
70 cm thick pumiceous PDC layer (Table 4). These outcrops 
are on the same slope segment, one on the upper side (BBG) 
and the other on the lower side near the break of slope (BB) 
(Supplementary Material: Figure S2). The paleosol below 
the pumice layer and the charcoal within the PDC deposit 
yield an age of 3,506-3,430 BCE and 3,637-3,508 BCE, 
respectively. Considering that (i) these ages fall within the 
range of those attributed to the Propok pumice, and (ii) the 
thickness of the deposit falls within the isopach of the same 
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Fig. 14  Stratigraphic framework and chronology of the landscape dynamics in Samalas volcano

Table 4  Radiocarbon ages 
of the paleosols and charcoal 
related to the Propok pumice

No Site Type Age BP Calibrated age (BCE) Median prob-
ability (BCE)

1 Bumbu 1 (BB 1) Paleosol below Propok 4,676 ± 24 3,506–3,430 3,454
2 Bumbu 3 (BB 3) Paleosol above Propok 4,417 ± 28 3,102–2,911 3,014
3 Bumbung 1

(BBG 1)
Paleosol 5,799 ± 28 4,714–4,544 4,635

4 Bumbung 2
(BBG 2)

Charcoal 4,779 ± 31 3,637–3,508 3,570
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eruption, we infer that the Propok pumice and the associated 
debris avalanche occurred ca. 3,500 BCE (Fig. 14).

Emplacement Dynamics

The long runout distance of the Kalibabak debris avalanche 
deposit is not due to the massive presence of water or a 
lahar-transform mechanism. The unusual runout distance of 
39 km, with a H/L ratio of 0.1, is predominantly caused by 
the intense rock fragmentation in the deposit. This H/L ratio 
is placed near to Chimborazo and Meru (Fig. 15a). In the 
case of Kalibabak DAD, the rock fragmentation process is a 
significant factor in the peculiar and long runout mass distri-
bution. Rock fragmentation produces high-speed fragments 
moving in all directions, which generate isotropic dispersive 
stress within the moving mass, as indicated by the jigsaw 
crack in the deposit (Davies et al. 1999). However, a longi-
tudinal dispersive stress acts in the direction of reducing the 
mass depth. As a result, the rear part of the moving mass 
tends to decelerate, and contrary, the front of the moving 
mass tends to accelerate (Davies et al. 1999).

The comparison of the four simulations with the original 
boundary of the DAD suggests that the Kalibabak debris 
avalanche is complex to simulate. However, VolcFlow mod-
els assisted in better understanding the dynamics of DAD 
emplacement in Lombok. The third simulation may be the 
best approximation (Fig. 13c). However, field conditions 
indicate that the structure of the DAD is not composed of 
fluid materials such as lahars or highly saturated materials. 
Therefore, we suspect that two sequences occurred during 
the DAD emplacement (Fig. 15b); Zone I is freely spreading 
material emplacement type, while Zone II is channelised 
or valley-filling (Yoshida 2014). The simulation also dem-
onstrates that the area of original deposit may be bigger 
than the actual delineated boundary. The intersection area 
between the simulated DADs and the original DAD could be 
suggested as part of Kalibabak DAD. This area is occupied 
by material that remained near the source, which may be in 
the form of toreva or slumped blocks. However, due to the 
enormous PDCs in 1257 CE and the subsequent lahars, this 
area was buried and is not visible as a DAD area. The pre-
dicted avalanche caldera at Samalas volcano has a maximum 
length of 7 km and a width of 5 km. Based on its volume 
(~15 ± 0.5  km3), the average depth of the avalanche caldera 
would be ~430 m. The former scar of this caldera is not rec-
ognizable in the present topography. In the post-avalanche 
period, the scar was probably fully or partially covered by 
a new dome structure, which subsequently comprised the 
~40  km3 volcano edifice that collapsed during the 1257 CE 
eruption (Lavigne et al. 2013).

Although all VolcFlow simulations failed to enclose 
the original deposit, several factors may explain these dis-
crepancies. The primary factor is attributed to the volume 

of removed material being larger than the calculated vol-
ume. The lack of stratigraphic data in the DAD region 
increases the uncertainty in calculating the volume (Bernard 
et al. 2021). The original volume of emplaced materials may 
exceed 20  km3.

The second factor relates to the triggering mechanism. 
The occurrence of a directed blast may have influenced the 
widespread avalanche propagation. A Bandai-type eruption 
(Siebert et al. 1987), which is solely phreatic is unlikely to 
be the main cause of the debris avalanche at Samalas. We 
argue that the vast runout of Kalibabak DAD was possibly 
due to a Bezymianny-type eruption (a magmatic eruption) 
(Siebert et al. 1987) and likely accompanied by a lateral blast 
such as at Mount St. Helens in 1980 (Belousov et al. 2007; 
Siebert et al. 1987; Glicken 1996). However, it uncertain 
that a blast could have triggered the avalanche at Samalas 
volcano since no blast deposits have been found yet. Infor-
mation on the Propok pumice and associated eruption that 
likely triggered the Kalibabak DAD also remain limited 
(Nasution et al. 2004; Métrich et al. 2017). Therefore, even 
if this eruption has been previously considered sub-Plinian, 
it is not impossible that it was of Plinian type.

The last factor is related to the paleo-topography of the 
south-eastern part of Lombok, which differs from the recon-
structed DEM. The pre-collapse topography of this region 
may be more complex, with various valley forms. A chan-
nelised or valley-filling flow mechanism (Yoshida 2014) is 
proposed to involve the far-reaching deposition in the south-
eastern part of the island. The morphological characteristics 
of DAD (Fig. 8a) and VolcFlow simulation results (Fig. 13) 
have supported this suggestion. The ancient valley of Kali 
Palung may have helped the DAD flow to be extended and 
channelised, resulting in a further runout towards this direc-
tion. An example of valley-filling DAD in Indonesia with a 
significant runout distance is the DAD from Raung volcano, 
which propagated through a broad valley between Iyang-
Argapura Volcanic Complex and Meru Betiri Mountain (~10 
km) (Moktikanana et al. 2021). Another example of chan-
nelised DAD is from Antocu volcano (Chile), which traveled 
through a relatively narrow (~6 km) river valley (Laja river) 
(Romero et al. 2022).

Landform evolution

Volcanic activity has occurred in Lombok since the Plio-
cene (Zubaidah 2010). However, the stratigraphic frame-
work in this region provides chronology since the Holo-
cene (Nasution et al. 2004; Métrich et al. 2017). Volcanism 
was initiated by the stratocone building stage at 11 ka with 
predominantly effusive eruptions (Fig. 14), which then 
evolved into explosive eruptions. The climax occurred 
when a sub-Plinian (possibly Plinian) eruption likely led 
to a debris avalanche that mantled the southern flank and 
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distal area of the volcano. The debris avalanche buried 
an area of 500-700  km2 with a maximum runout distance 
of deposition of up to ~39 km. Although the modelling 
from VolcFlow produced an estimated velocity, the model 
failed to enclose the present deposit. Therefore, the runout 
velocity has been estimated using the friction loss and 

potential energy of avalanche run-up formula (Naranjo & 
Francis 1987) (Supplementary Material: Table S3). The 
calculation suggests the velocity of the debris avalanche 
was ~65 m/s, which results in a duration of about 10 min-
utes. With this high velocity, it is expected that significant 
erosion occurred during downstream travel. The triggering 

Fig. 15  a Comparison of fric-
tion coefficient (H/L) for vari-
ous debris avalanches world-
wide (data from Siebert et al. 
1987). b Emplacement dynamic 
of the Kalibabak debris ava-
lanche from Samalas volcano
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mechanism and its velocity illustrate how large boulders 
can be dispersed over long distances.

After the complete deposition of the DAD, it is entered 
the post-avalanche stage, where erosion and resedimentation 
processes were initiated. Probably only a few lahars were 
generated during this stage due to the absence of abundant 
pyroclastic material. A fluvial modifying stage may have 
created new river channels (Manville et al. 2009), and slow 
mass-wasting likely occurred on the front lobes. The river 
channel stabilization continued to develop (Gran et al. 2011) 
and the volcano entered the new stratocone-building stage 
after the sector collapse.

A Plinian eruption attributed to Rinjani by Nasution et al. 
(2004) occurred between 800-500 BCE, which produced 
significant pumice dispersal (Rinjani pumice). Following 
this eruption, magma amalgamation occurred beneath the 
Samalas-Rinjani complex for ~2 kyr (Métrich et al. 2017). 
The large magma reservoir then sustained the Plinian erup-
tion of 1257 CE through the Samalas vent resulting in the 
large caldera (~6 km) and voluminous PDC deposit (Lavigne 
et al. 2013). The PDCs mantled the wide area of Lombok in 
the SW, NW, N, NE, and SE directions (Vidal et al. 2015; 
Mutaqin et al. 2019). Similar to the DAD, PDCs aggraded 
the topography up to ~50 m. The dynamics of formation-
destruction of the volcanic edifice in Samalas volcano may 
be similar to Usu volcano, Japan, which was destroyed by 
sector collapse and followed by Plinian eruption after a thou-
sand-year gap (Goto et al. 2019). This sequence of volcanic 
activity demonstrates the dynamics of landscape following 
explosive eruptions, starting from landscape forming, man-
tling, and modifying (Manville et al. 2009). Lombok is an 
example of a region that significantly experienced abrupt 
landform evolution due to volcanic eruptions, particularly 
caused by sector collapse leading to a gigantic DAD and 
caldera-forming eruption leading to voluminous PDC. A 
similar explosive event that may cause voluminous PDCs 
or a gigantic DAD is possible associated with the strato-
cone adjacent to Samalas, namely Rinjani. Given that an 
active magma reservoir lies beneath Rinjani and Barujari 
vent, there is a risk of an explosive event (Metrich et al. 
2017). However, for the moment, the activity of Rinjani 
is considered stable and the volcano has not any signal of 
destructive eruptions. The 2018 earthquake sequence also 
has no significant effect on the unrest of Rinjani volcano 
(Zhao et al. 2022).

Conclusion

The present analysis of the Holocene Kalibabak debris ava-
lanche of Samalas volcano shows that the observed DAD is 
one of the largest in the Asian region with a measured area 
of 535  km2 and a volume of ~ 15  km3. This fan-shaped DAD 

widened in the center (41 km) and had a runout distance up 
to 39 km from the source. The long runout distance of this 
DAD is attributed to the valley-filling distribution controlled 
by pre-avalanche topography, particularly in the south-east-
ern part of Lombok Island. The proposed age of this gigantic 
DAD is ~ 3,500 BCE. The Kalibabak DAD from Samalas 
volcano provides an example of the complexity in recon-
structing past debris avalanche when the source-caldera has 
been completely erased (in the present case due to the 1257 
CE caldera-forming eruption). It is challenging to determine 
the possible triggering factor of the debris avalanche because 
various juvenile and pyroclastic deposits above, below, or 
incorporated within the DAD were absent from the outcrops. 
A sub-Plinian eruption of the Samalas volcano may have 
been responsible for triggering the massive debris avalanche 
in Lombok Island.
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