
Bathymetry and Shallow Seismic
Imaging of the 2018 Flank Collapse
of Anak Krakatau
Wisnu S. Priyanto1*, James E. Hunt2, Muhammad Hanif 1, David R. Tappin3,4,
Haryadi Permana1, Susilohadi 5, Michael Cassidy6 and Eko Yulianto1

1Research Center for Geotechnology, Indonesian Institute of Sciences (LIPI), Bandung, Indonesia, 2National Oceanography
Centre, Southampton, Southampton, United Kingdom, 3British Geological Survey, Kingsley Dunham Centre, Nottingham,
United Kingdom, 4Department of Earth Sciences, University College, London, United Kingdom, 5Marine Geological Institute
(P3GL), Indonesian Ministry of Energy and Mineral Resources, Bandung, Indonesia, 6Department of Earth Sciences, University of
Oxford, Oxford, United Kingdom

The flank failure and collapse of Anak Krakatau on December 22nd, 2018 triggered a
destructive tsunami. Whether the prior activity of the volcano led to this collapse, or it was
triggered by another means, remains a challenge to understand. This study seeks to
investigate the recent volcano submarine mass-landslide deposit and emplacement
processes, including the seafloor morphology of the flank collapse and the landslide
deposit extent. Bathymetry and sparker seismic data were used during this study.
Bathymetry data collected in August, 2019 shows the run-out area and the seafloor
landslide deposit morphology. Bathymetry data acquired in May, 2017, is used as the
base limit of the collapse to estimate the volume of the flank collapse. Comparisons
between seismic data acquired in 2017 and 2019 provide an insight into the landslide
emplacement processes, the deposit sequence, and structure below the seafloor. From
these results we highlight two areas of the submarine-mass landslide deposit, one
proximal to Anak Krakatau island (∼1.6 km) and one distal (∼1.4 km). The resulting
analysis suggests that the submarine-mass landslide deposit might be produced by a
frontally compressional, faulted, landslide, triggered by the critical stability slope, and due
to the recent volcanic activity. Blocky seabed features clearly lie to the southwest of Anak
Krakatau, and may represent the collapse blocks of the landslide. The seismic analysis of
the data acquired in August, 2019 reveals that the blocky facies extends to ∼1.62 km in the
width around Anak Krakatau, and the block thicknesses vary up to 70.4 m. The marine
data provides a new insight into the landslide run out and extent, together with the
landslide deposit morphology and structure that are not available from satellite imagery
or subaerial surveys. We conclude that the landslide run out area southwest of the
recent collapse, is ∼7.02 ± 0.21 km2.
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INTRODUCTION

The SW flank of the volcanic island Anak Krakatau, Indonesia
collapsed on December 22nd, 2018, after six months of volcanic
activity. The collapse occurred at 20:55 WIB (UTC+7) and
generated a tsunami that began impacting the coastline of the
surrounding Sunda Strait from 21:27 local time (Grilli et al., 2019;
Walter et al., 2019). According to the Indonesian National
Disaster Management Authority, the tsunami caused 437
fatalities, 14,509 injuries, and significant destruction (BNPB,
2019). Seismometer records from the Indonesian Agency for
Meteorology, Climatology and Geophysics (BMKG) show
1–2 min of a signal frequency thought to be attributed to the
flank failure, followed by 5 min of high-frequency energy
attributed to the flank failure (Walter et al., 2019).

Flank collapse volcanic landslides is considered to be among
the largest-volume mass movements in the world (Moore et al.,
1989; Masson et al., 2002; Le Friant et al., 2003). The collapses, if
adjacent to water bodies, can generate destructive hazards
including tsunamis, such as those of Montagne Pelee,
Martinique, Lesser Antilles and Nisyros volcano, Greece
(Keating, 2000; Tibaldi et al., 2008; Le Friant et al., 2003). For
Anak Krakatau, this scenario was previously investigated by
Giachetti et al. (2012), who modeled a tsunami resulting from
the partial destabilization of the southwest volcanic flank.

During the 2018 Anak Krakatau activity, a tsunami with run
ups up to 13 m struck the coastal areas of Banten and Lampung

(Figure 1) (Muhari et al., 2019; Putra et al., 2020). Tsunami
modeling suggests a landslide from the SW volcanic flank can
generate a far field tsunami with focused directions of run up
(Grilli et al., 2019; Zengaffinen et al., 2020). This focusing results
from the influence of the Krakatau islands. There is evidence of
tsunami interaction with these islands, which are the 40 m run
ups on southern Sertung, and 50 m on Rakata (Muhari et al.,
2019; Heidarzadeh et al., 2020). Muhari et al., (2019) concluded
that the short-period tsunami waves were caused by the landslide.
Ye et al. (2020), confirmed a seismic magnitude of Mw 5.1 from
seismic data. Walter et al. (2019), suggest from Synthetic
Aperture Radar (SAR) satellite images, that the collapse from
the SW volcanic flank is due to magma-tectonic processes. The
SAR data shows that the present-day cone, and a significant part
of the island, failed into the sea (Grilli et al., 2019; Walter et al.,
2019; Williams et al., 2019; Perttu et al., 2020) (Figure 2).

Previous studies of submarine mass-movements on volcanic
islands discovered phenomena such as erosion, volcanic debris
avalanche, overrunning volcanic debris flow, and down-slope
propagating seafloor failures (Watt et al., 2012a;Watt et al. 2012b;
Watt et al. 2014). Significant volcanic activity is known to
precondition slope instability, or even to directly trigger
precursory collapses (Moore et al., 1989; Watt et al., 2012a;
Hunt and Jarvis 2017; Clare et al., 2018; Hunt et al., 2018).
The role of these precursor and failure mechanisms in triggering
the flank collapse of Anak Krakatau on December 22nd has been
discussed in several studies (Grilli et al., 2019; Walter et al., 2019;

FIGURE 1 | Bathymetric and DEM map of study area setting. Fault name abbreviations: ESF�East Tabuan Fault, WTF�West Tabuan Fault, WKF�West Krakatau
Fault, SFZ�Sumatran Fault Zone (From BATNAS and DEMNAS, http://tides.big.go.id/DEMNAS/).
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Williams et al., 2019). The recent flank collapse and volcanic
edifice deposit in the offshore of the December 22nd, 2018 AK
flank collapse, however, has not yet been studied. Here, we
investigate this collapse from pre and post-event deposits of
December 22nd Anak Krakatau, based on pre and post-event
submarine data. In order to study the collapse, we use bathymetry
acquired in August, 2019 and May, 2017. Then, we compare
seismic data acquired in 2019 with data from 2017. The main
objectives of this study are addressed from the following
questions. First, what is the nature of the landslide deposit, is
it a blocky landslide, a debris flow, or somewhere in between?
Secondly, if collapse blocks are present, what is their orientation?
Thirdly, what does the interior structure of the blocks reveal
about their transportation and deformation history? We explore
the acoustic heterogeneity and reflection pattern from seismic
profiles to trace the structure within the landslide deposit and
seafloor morphology onto which it was emplaced. Moreover, we
look into how the landslide (and the blocks in particular)
interacted with the seafloor during transport. Finally, we
outline the nature of the landslide deposit, the run out onto
the seafloor, quantify an approximate landslide volume and the
landslide emplacement processes. The study has implications for
global volcanic island hazard assessments in the future, and also
for the validation of tsunami modeling that can be applied to
other scenarios to develop or test mitigation strategies.

Geological Background
Anak Krakatau lies in the Sunda Straits, between Java and
Sumatra, Indonesia. It is in the transitional zone between
frontal subduction of Indo-Australian plate beneath Java and
oblique subduction beneath Sumatra (Hamilton, 1979; Huchon
and Pichon, 1984; Malod et al., 1995; Susilohadi et al., 2009). It is
located in a volcanic complex at N20°E, which extends from Mt.
Rajabasa to Panaitan Island, and includes the Krakatau Islands
(Harjono et al., 1991; Deplus et al., 1995). The magmatic activity
at Anak Krakatau is hypothesized to be controlled by the
activation of a NW–SE trending fault system (Susilohadi

et al., 2009). History tells us that it is one the most active
volcanoes in the world, with numerous eruptions and landslides
over the last century (Zen, 1970; Deplus et al., 1995; Jaxybulatov
et al., 2011; Giachetti et al., 2012). The most notable eruption
was the 1883 explosive, caldera-forming, event, which led to a
destructive tsunami killing 36,000 people (Auker et al., 2013).
During its evolution, Anak Krakatau experienced periods of
strong activity with notable eruptions in 1883, 1929, 2007, 2008
and 2018 (Self and Rampino, 1981; Agustan et al., 2012; Grilli
et al., 2019).

Deplus et al. (1995) proposed two models for past caldera
collapse at Krakatau (e.g. 1883). Firstly, by the propagation of
pyroclastic flows from gravitational collapse of the eruption
column, followed by unroofing of the magma chamber, which
triggered a tsunami when the pyroclastic flows entered the sea.
Secondly, from debris flows oriented toward the intersection of
prehistoric caldera, located in northwest Rakata, with a, giant,
landslide generating the major tsunami. On the other hand, based
on tomography imaging, the shallow and deepmagmamelt lenses
below Anak Krakatau are suggested as residing at several levels
within the crust (Jaxybulatov et al., 2011).

MATERIALS AND METHODS

In August 2019, a collaboration between the Indonesian Institute
of Sciences, the Marine Geological Research and Development
Centre, the National Oceanography Centre, Southampton, and
the British Geological Survey completed a marine survey of Anak
Krakatau. The survey utilized single-channel seismic and
multibeam bathymetry in order to image the marine
subsurface conditions of Anak Krakatau after the catastrophe.
We use seismic and single beam bathymetry data acquired inMay
2017 to interpret the pre-2018 event seafloor condition and
investigate the dynamic change in between years. A further
consideration is the changes during the six month time
interval between the 2018 collapse and the acquisition of the

FIGURE 2 | Google satellite imagery before and after 2018 eruption.
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seismic data in 2019, which we cannot take into account with our
data set.

The bathymetry data from the 2019 survey had a 5 m grid over
a total area of around 39.5 km2. Teledyne Reson T20-P
multibeam echosounder (10–160° swaths) and R2Sonic 2026
bottom detection range finder (6 mm resolution) were used to
image the seafloor of the basins to the SW and NE of Anak
Krakatau volcano. The survey utilized single-channel seismic to
image the subseabed characteristics of the landslide deposits. To
minimize the effects of heave, a Teledyne TSS-DMS 05 was
installed on the multibeam echosounder transducers.
Navigation was recorded from a Trimble SPS 462 GPS and
data logger in a Hydropro data format. Trackline artefacts were
removed or smoothed in CARIS software and tidally corrected.
The bathymetry data acquired in 2017 is single beam with
frequency 50/77/200 kHz CHIRP resulted in a 25 m grid.
These bathymetry data were tidally corrected using the
Matlab script tide which is reduce the tidal effect up to ±5 m.
Then the bathymetry data analyzed using Oasis montaj, ArcGIS
and Qgis software. To calculate the total approximate volume of

the post collapsed blocks, we estimated the difference between
the two bathymetry data.

We utilized sparker seismic reflection profiles from 2017, and
sparker seismic data acquired in 2019, 6°months after the
catastrophe. The 2019 seismic acquisition used a sparker fired
at a 500°millisecond rate with 250°millisecond sweep rate and
1200°KVA power generator as the source. The receiver sensor was
a 24 m length hydrophone with a frequency range
300–10,000 Hz, connected to Khron Hite bandpass filter
(30–3,000 Hz). The record length was 500°millisecond, 375°m,
converted to depth using a seawater velocity of 1500 m/s. Data
from 2017 has a 360°millisecond record length, around 260°m in
depth, with the other parameters the same as those of August,
2019. The vertical resolution of the seismic profiles is about
4–6°m, and the lateral resolution is about 2°m, with the speed
of the boat maintained at 4°knots. The seismic profiles were
processed and plotted using Seismic Unix.

The raw seismic data includes artefacts such as noise and
short-long multiples. To increase the signal-to-noise ratio, and
avoid misinterpretation, advanced processing was necessary.

FIGURE 3 | Seismic Processing section from Profile SKC-05A 2019. (A) Raw data with spectrum amplitude. (B) Data applied bandpass filter with window 180,
200, 1800, and 2000 Hz. (C) Deconvolution and spherical divergence applied.
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First observations of the raw seismic data indicate seawater and
swell noise (Figure 3A). We applied a bandpass filter to reduce
this noise by the design and application of a boxcar filter (180,
200, 1800 and 2000 Hz). We analyzed the amplitude spectrum
distribution in order to design the bandpass filter (Figure 3B). A
spherical divergence correction was applied to reduce the
spherical Earth effect. Another process, predictive
deconvolution, was applied to decrease reverberation
(Figure 3C). To calculate the depth conversion, we refer to
the study of P-wave velocity measurement in materials deposit
in the Nankai trough, which gives a range of the natural

compressional wave velocity about 1,600–2000°m/s
(Schumann et al., 2014). If we use this range of the natural
P-wave velocity, this would affect the resultant thickness by
nearly 10% (Deplus et al., 2001). Here, our study assumed
P-wave velocity of 1760 km/s, based on the average deposit
velocity of unconsolidated sand deposits from the Ritter
volcanic Island (Karstens et al., 2019). A further
consideration is that the landslide blocks from Anak
Krakatau are coherent masses of interbedded basalts, which
have higher P-wave velocities.

FIGURE 4 | Bathymetry map shows the collapse block result from 22nd December 2018 AK eruption. (A) Single-beam bathymetry maps acquired in 2017. (B)
Multi-beam bathymetry maps acquired in 2019. (C)Bathymetry maps 2019with interpretation of seafloor morphology post-event of the flank collapse (The white-striped
line interpreted margin of the collapse, the red-striped line is the estimation of the coverage area of the landslide, the yellow-rounded considered as small-blocks deposit).
(D) Bathymetry maps 2019 with blow up the limit of the landslide. (E) The volume area resulted from the subtraction between bathymetry acquired in 2019 and
acquired in 2017.
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RESULTS

Bathymetry
The bathymetry acquired in 2017 is much lower resolution
(25°m) than that from 2019 (5°m), but it does show the broad
seafloor morphology before the collapse. There is a deep caldera
southwest of Anak Krakatau (Figure 4A), and a steep seafloor
slope close to the island where it changes from zero at the coast, to
250 m depths within a 750 m lateral distance. The high resolution
bathymetry from 2019, shows a much more detailed morphology
of the flank collapse deposits to the southwest of Anak Krakatau
(Figure 4B). The rough surfaces that make up the submarine
volcanic debris-avalanche deposits are clearly different from the
surrounding smoother-surfaced seafloor, as seen in the southern
Lesser Antilles and western Canary Islands (Deplus et al., 2001;
Masson et al., 2002; Watt et al., 2014). The extent of the
submarine-mass landslide deposit, from the margin of the
rough seafloor bathymetry (white dotted line on Figures
4C,D), is approximately 1.5 km southwest of Anak Krakatau.
The area of the submarine-mass landslide deposit, or blocky
facies in the southwest region, is approximately 7.02 ± 0.21 km2

(shown by a red dotted line in Figure 4C). We quantify the
volume and distribution of flank collapse by calculating the
difference between the two bathymetry data sets, which
resulted in an approximate total volume of the flank collapse
of about 0.298 ± 0.04 km3 and has been distributed arbitrarily on
the southwest of Anak Krakatau, indicated by the black to white
color scale (Figure 4E). This estimate, however, does not include
sedimentation between 2017 and the collapse of December 2019,
the erosion of material via the flank collapse, and sedimentation
during the subsequent post-collapse period of enhanced
volcanism; all factors that would reduce this estimate.

On the 2019 data, there is a difference in thickness between the
large blocky region close to Anak Krakatau, and the more distal,
smooth-surface region. The large blocky features are interpreted
as collapse blocks from the volcano. There are at least five large
blocks which are hundreds of meters in size and dimensions
(Table 1). The low-resolution of 2017 bathymetry data allowed us
to only estimate each block’s geometry in terms of height, weight,
and length but not the volume. In addition, there are not only the
large blocks, but also with other materials, such as boulder-sized
and disaggregated small fragments (Figure 4C). Submarine
channels define the outer margins of the landslide deposit
where density currents bypass the landslide deposits and flow
into the deeper basin floor. The gully features in the bathymetry
are difficult to trace due to the subsequent volcanism and mass
wasting from the volcanic edifice.

Sparker Seismic Reflection 2017 and 2019
Profiles
On seismic profiles from 2017 there is a featureless seafloor with a
depositional sequence highlighted by the contrast of the high
amplitude reflections between the different layers (Figure 5B). At
least three parallel layers are discerned, based on the contrast
amplitudes of the reflectors (Figure 5A). The uppermost
sediment layer has thickness of about 15°milliseconds (two-
way travel time), which approximates to 13.2 m. The
underlying second and third layers, have thicknesses of up to
20 and 17°milliseconds or 17.6 and 14.9 m. The basal reflector is
clearly defined, and is approximately 50°milliseconds, or 44°m,
below the seafloor surface. The profile also shows an undulation
reflector near Sertung Island, away from the coast of Anak
Krakatau (Figure 5A). This undulation is hard to interpret but
could be an intrusion or a collapsed block.

The 2019 seismic data contrast markedly with the seismic
from 2017 (Figure 6). There is the blocky facies seen on the
bathymetry, a variation in layer thickness in the subsurface,
backfill sediment, compressional faults, and base of the older
stratigraphy. Because of the 6°months time interval between the
collapse and the acquisition of the seismic data, there are changes
that we cannot account for with our data set. From seismic line
SKC_03, we identify a sequence of deposits resulting from the
flank collapse of December 22nd, 2018 (Figure 6). As a
consequence of the emplacement process, the submarine-mass
landslide deposit comprises two areas; a proximal one located
close to Anak Krakatau and a more distal one (Figure 6A). The
proximal versus distal areas were defined from the internal
reflection characteristics of chaotic, disturbed, undisturbed, or
well-layered seismic reflections (Brunet et al., 2016). The
proximal area is correlated to the collapse of the volcanic
blocks and hummocky surface morphology that incise the
seafloor (Watt et al., 2012b). This area is characterized by
chaotic reflections that are disrupted, discontinuous and low
amplitude. The distal area is associated with the deposition far
away from the center which appears in single landslide deposit in
seismic profile (Watt et al., 2012a). This area display well-layered
reflections of high-amplitude, which are continuous and parallel.

The Proximal Area
The proximal area is characterized by the collapse blocks, infilled
with backfilled deposits (Figures 6A, 7A). The lateral extent of
the proximal units is ∼1.6 km. In general, the internal seismic
reflections of the proximal units show a chaotic and disturbed
seismic amplitude. In the profile SKC_03, the proximal units
closest to the coast, comprise a backfilled deposit, which overlies a
blocky seabed, that we interpret as landslide blocks and debris

TABLE 1 | The large collapse blocks’ dimension as a result of December, 22nd 2020 Anak Krakatau event.

No. Large Collapse Blocks Length (meters) Width (meters) Height (meters) Volume (km3)

1. Collapse Block 1 870 480 45 3,362 × 10−3

2. Collapse Block 2 510 210 25 8,434 × 10−4

3. Collapse Block 3 485 215 30 3,127 × 10−4

4. Collapse Block 4 300 290 40 1,275 × 10−4

5. Collapse Block 5 165 160 15 1,511 × 10−4
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FIGURE 5 | Seismic Profile SS_11C (2017 Data) with 3:1 exaggeration (The black striped line is basement, yellow striped line is consider as young deposit,
meanwhile pink and sky light-brown striped line are older deposit). (A) Interpreted of the Seismic Profile SS_11C. (B) Un interpreted of Seismic Profile SS_11C. (C) The
Seismic Profile SS_11C location.
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FIGURE 6 | Seismic Profile SKC-03 (2019 Data) with 5:1 exaggeration (The light-brown striped line is consider as basal collapse block). (A) Interpreted of the
Seismic Profile SKC-03. (B) Un interpreted of Seismic Profile SKC-03. (C) The Seismic Profile SKC-03 location.

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 5774488

Priyanto et al. Offshore Emplacement Processes of Flank Collapse in the Volcanic Island

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


FIGURE 7 | Seismic Profile SKS-05A (2019 Data) with 2:1 exaggeration (The light-brown striped line is consider as basal collapse block). (A) Interpreted of the
Seismic Profile SKC-03. (B) Uninterpreted of Seismic Profile SKC-03. (C) The Seismic Profile SKC-03 location.
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avalanche deposits above the base of older stratigraphy
(Figure 6A). The backfilled deposits are up to 32°milliseconds
(two-way travel times) or ∼28.1 m in thickness. The base of the
collapse blocks on the seismic profile is difficult to identify as the
base of older stratigraphy, due to the low resolution of the seismic
at this depth. The bottom limit of collapse blocks is recognized
from the semi-flat seismic reflectors, from which we estimate a
thickness of about 80 millisecond, or around 70.4 m (Figure 6A).
Additionally, the collapse blocks on the seismic profile are similar
to the collapse blocks 2 and 3 identified on the bathymetry
(Figure 4C). The blocky facies extent almost 1.62 km along
seismic profile SKC_03 (Figure 6A). The seismic reflections
also show several diffractions from point-source reflectors with
sharp edges, which identify the hanging wall and footwall of the
collapse blocks. The hanging wall position is lower relative to the
footwall, and indicates the faults to be compressional.

Seismic SKS-05A profile crosses the proximal unit and is
characterized by an irregular top reflection and minimal
internal structure (Figure 7A). The irregular top shows a very
rough seafloor comprising numerous small blocks, which are
interpreted as the remnants of Anak Krakatau’s volcanic edifice.
The blocky features on the seafloor are partly buried by the
overlying deposits (Figure 7A). The lateral spread of the proximal
area varies from east to west, and has an average thickness of
18°millisecond, or about 15.8 m. The large block 1 is centered in
the eastern part of the profile, while the western part is filled by
well-bedded and smaller-blocky features. There is a side-swipe
(ghost echo), which is due to the rough seafloor (Figure 7A).

The Distal Area
The distal units extend from the southwest limit of the landslide
block area to the very rough edge of the preexisting caldera basin
in the south west. The lateral extent of the distal units is nearly
1.4 km. On seismic profile SKC_03 (Figure 6A) reflections in the
distal unit are continuous and well-layered reflections. The flank
collapse deposit does not fully reach to the limit of the distal unit,
except on some lines the underlying sediment is a deformed
package rather than debris flow, which may have failed in situ as

seen in Montserrat, Lesser Antilles (Watt et al., 2012b; Watt et al.,
2014). The thickness of the lower, well-layered debris flow is up to
16°millisecond (two-way travel times) or 14.1°m, while the
overlying, younger deposit thickness is up to 15°millisecond or
around 13.2 m. The younger deposit displays sub-parallel
bedding, with high amplitude reflectors, with the absence of
volcanic blocks or specific structures, indicating that it was
deposited as a turbidity current. The underlying units (green
dotted lines on Figure 6A), are deeper, buried, debris flows,
which are probably from older collapses. A sketch of the distal
and proximal units is summarized in Figure 8.

DISCUSSION

From Grilli et al. (2019) and Walter et al. (2019), the flank
collapse of December 22nd resulted from 6 months of slope
destabilization before eventual failure. In this paper, we show the
products of the flank collapse from hydroacoustic data. The
interpretation of seismic profile SKC_03 is a blocky facies
seabed above an older stratigraphy, showing that the volcanic
edifice was partly disaggregated when it entered the sea
(Figure 8). From the bathymetry data acquired in August,
2019 we see large blocks and boulders in the southwest of
Anak Krakatau, not present in the 2017 bathymetry, while on
the subaerial imagery there is also a significant change in the
morphology of Anak Krakatau (Grilli et al., 2019; Walter et al.,
2019; Williams et al., 2019; Perttu et al., 2020).

Previous investigations suggest two possible failure
mechanisms to account for the collapse of Anak Krakatau
(Grilli et al., 2019; Walter et al., 2019; Williams et al., 2019).
Firstly, a multi-stage collapse of the volcanic flank, with the
products distributed on the southwest of Anak Krakatau. This
scenario was suggested by Williams et al. (2019) who concluded
that the cone of Anak Krakatau was not removed during the flank
collapse, but during subsequent volcanic activity. Their study
proposed a submarine failure at around 9°pm local time (UTC+7)
with a collapse volume of ∼0.1 km3 that generated the tsunami,

FIGURE 8 | Interpretations model of seismic Profile SKC-03 distance vs. depth (m) shows the collapse blocks and eroded sediment layers during 22nd December
2018 Anak Krakatau Event (The depth conversion using constant velocity of 1760 km/s).
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with later smaller edifice collapse following, with volume of
0.004 km3. The problem with this interpretation is that, from
the numerical modeling of Grilli et al. (2019), even if combined,
these volumes are too small to explain the recorded Tsunami.

The second failure mechanism proposed is that the flank
collapse was one event, with a larger volume than proposed by
Williams et al. (2019) (Grilli et al., 2019; Zengaffinen et al., 2020).
The failure mechanism in this instance may have resulted from
the steep gradient of the southwest Anak Krakatau slope, and the
growth of significant lava flows in this region. Giachetti et al.
(2012) simulated a failure mechanism of Anak Krakatau in 2012
with a volume of 0.28°km3, which is similar to our approximate
estimation of the 2018 event. Grilli et al. (2019) used numerical
modeling to show that a single main failure was sufficiently rapid
to generate the tsunami. Paris et al. (2020), presents a preliminary
model of the volcanic collapse based on coupled granular
rheology and coulomb friction. In addition, Zengaffinen et al.
(2020), modeled the Anak Krakatau flank collapse using a depth-
averaged visco-plastic with BingClaw landslide model. From this,
the authors were able to reproduce the tsunami elevation
amplitudes recorded in the field surveys. Both Paris et al.
(2020), and Zengaffinen et al. (2020) conclude that the
uncertainty in their models results from the effects of sea
currents and the (unknown) seafloor surface in their models,
that is required before a final failure mechanism can be
identified.

Our approximate volume results, from submarine data, shows
a larger than expected volume involved in the flank collapse
(0.298 ± 0.04 km3), compared to William et al., (2019), who
proposed ∼0.1 km3 which is less than half that of Grilli et al.
(2019). Whether the emplacement of the flank collapse deposit
occurred as single or multi-stage process remains a question,
considering the aspect related to resolution and sedimentation
between 2017 and 2019, the erosion due to 2018 collapse and the
deposition of volcanic tephra as a result of the intense volcanism
that followed the collapse. Due to a low resolution in bathymetry
data acquired in 2017, the aspect cannot be addressed any further
to estimate the flank collapse’s total minimum volume. However,
it allows us to calculate the approximate maximum volume of the
flank collapse. In this study, we show that the emplacement of the
flank collapse, produced disaggregated blocks that display
internal dipping faults caused by compressional forces
resulting from failure (Figure 8). As a result of failure, and as
shown in the bathymetry and seismic (Figures 4, 6), the flank
collapse is distributed into several blocks and boulders with
various dimensions. The distribution of the blocky facies
covers an area of about 7.02 ± 0.21 km2. Finally, the backfill
sediment deposited on top of the collapse blocks has a variable
thickness.

CONCLUSION

We present bathymetry and seismic data acquired 6°months after
the 2018 Anak Krakatau eruption. The evidence of the flank
collapse is found within two areas of the submarine-mass
landslide deposits, which we separate into proximal and distal

regions. Our submarine-mass landslide deposit analysis suggests
that it is typical of a frontally compressional faulted landslide,
triggered by critical instability due to the ongoing volcanic
activity. The margins of the landslide are recognized by a
smooth-seabed surfaced area interpreted as a debris flow
resulting from the emplacement of a volcanic debris
avalanche. From analysis of the seismic profiles, we conclude
that the blocky facies extent is nearly 1.6 km and the thickness of
the blocks are up 70 m. The blocky features southwest of Anak
Krakatau are recognized as collapse blocks from the 2018 flank
failure. The flank collapse itself is fan-shaped and its distribution
is southwest of Anak Krakatau, with a surface coverage of about
7.02 ± 0.21 km2. From a comparison of before and after
bathymetry, this study finds the volume of the collapsed mass
to be 0.298 ± 0.04 km3. However, this volume should be
considered a maximum, as it does not allow for sedimentation
in the landslide area between 2017 and data acquisition in 2019,
the erosion of material from the flank collapse, and sediments
deposited during the post 2018 collapse period of enhanced
volcanism before the 2019 data were acquired; all factors that
would reduce it. Our discussion has developed two scenarios for
the mechanism of this the tsunami, with the most likely that the
main phase of failure caused critical instability of the slope, which
culminated in a frontally compressional fault landslide. This
scenario agrees with the study of Grilli et al. (2019) in that
our flank collapse volume is sufficient to generate the recorded
Tsunami.
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