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SR Volcanic Dome Hazards and subsequent disaster risks (comparison of Unzen and Merapi Volcanoes)
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e
R. Daikai begun his research career at the SABO laboratory in collaboration with two researchers from
UGM (Universitas Gadja Madah) and UMS (Universitas Muhammadiyah Surakarta) in Indonesia [1].
After publishing his first international paper, he continued to Master, which he is finishing in March 2024,
obtaining the department best presentation award. From April, he will begin his PhD in co-tutelle with UGM
University, and the present collaboration program allowed him to go and meet his future supervision team.
He also went to UMS (Universitas Muhammadiyah Surakarta), where he gave a lecture on the new bulk-
sediment density method based on SfM-MVS photogrammetry, which he is presently perfecting (paper in
preparation for the journal of the Sabou-gakkai).

Both Unzen and Merapi have been considered sister volcanoes, because of the manner the domes collapse into
block and ash pyroclastic density-currents (previously named pyroclastic flows).

Although Unzen Volcano is presenting a dome that is moving as a landslide by a few mm a year (the Master
thesis of Daikai Rikuto, with a submission in preparation for the Journal of Volcanology and Geothermal
Research), the Merapi Volcano, which still has an active feeding column is displaying further explosive activity,
such as phreatomagmatic explosion.

Leveraging the MOU we signed between the faculty of Oceanology and UGM, and the University of Paris
1 Sorbonne in France, the team studied the explosions of the dome of Mt. Merapi [2], and we were able to
make further observations during the field trip that lasted from the 14" to the 17" November 2023.
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Abstract

Landslide dams are less frequent than other landslides, and their very existence is often very-much short-
lived, because the temporary dam tends to collapse rapidly. Because of the resulting lack of evidences, there
has been less research done on this topic, although the potential catastrophe they can be at the origin of needs
assessment. For this purpose, the present contribution aims at differentiating landslides that trigger dams
against those that do not inside a group of valleys of the Kii peninsula in Japan, where landslides occurred
after the typhoon Talas in 2011. Using topographic map before the event and LiDAR data in its aftermath,
the authors have calculated the factor of safety (FS) of different landslides in the same valleys, comparing
the data of landslides that created dams against those that did not. The results show that landslides that
triggered dams seemed to have a higher FS than those that did not. The authors suggest that it is because
larger landslides are needed and thus appear more stable, but also because at the location where the slopes
are stable, the riverbed can incise further instead of growing horizontally, and thus the sediments damming
the channel have more chances to block it (as it is narrow) and stop the river from flowing.

Keywords: landslide predisposition facts, landslide dams.

1. Introduction

Landslides (Hadmoko and di Mauro, 2012) and landslides’ dams are a major threat across moun-
tainous regions of the world, with the potential of sudden dam-breach, which in turn have the
potential to lead to downstream floods. Moreover, recreational mountaineering and climate
change have increased the disaster risk due to mass movements (Purdie et al., 2015).

The largest contemporary landslide dam on Earth is the Usoi dam, produced in 1911 in Tajikistan,
with a lake as deep as 505 m. Other smaller-size landslides can be found in most countries with
mountainous areas: in Turkey, the Tortum dam is 180 million m3 dam, impounding a 6.77 km2
surface lake (Duman, 2009). Across the world, Costa and Schuster (1991) recorded 463 landslide
dams, and more recently Korup (2002) recorded more than 130 for New Zealand only and Yan
(2006) found 388 for China alone, suggesting that the data first provided are very conservative.
More recently, Peng and Zhang (2012) compiled a database with 1,239 landslide dams, demon-
strating the difficulty of working with landslide dams, because they are often temporary features,
which are often drained when possible. Peng and Zhang (2012) have demonstrated that 87% of
landslide dam fails within one year, while 71% within 1 month and a bit more than half within a
week, and that the failure occurs by either overtopping (90%), piping (8%), and slope failure (1%).
Interestingly, they also demonstrated that this distribution does not compare well with the man-
made earth and rockfill dams. Consequently, morphological indices of valley dams (Stefanelli et
al., 2016) and statistical approaches (Shen et al., 2020) are being employed to improve scientific
understanding of the longevity of landslide dams and when they are most likely to break.

Because of the difficulties, Science still faces with fully physical simulations for prediction of
frequency and runout (e.g. Huang et al., 2015; Cama et al., 2015), remote sensing (Gomez and
Purdie, 2016; Lissak et al., 2020) combined with statistical and geostatistical methods has been
widely used (Saputra et al., 2015). These methods have especially led to empirical predictors
relying on geometric factors (e.g., volume, area, runout, and distance to river, H/L ratio, type, and
lithology) and the statistical relations between these parameters (Fan et al., 2014). The relation
between the translated volume of material and the deposition extend has been found to be a power
law relating the area of the landslide A [m2] to the volume V [m3], so that: V = 0.316A1.361,
with a R2 of 0.906 (Chen et al., 2014). In Hokkaido (North Japan), the relation between the width
(W) and the length of the deposit (L) also showed that for earthquake-triggered landslides in the
immediate aftermath of a typhoon. The relation was almost scale-invariant with
L=2.2492W1.0296 (R2=0.89). Moreover, in Hokkaido the runout was exceptionally long (Gomez
and Hotta, 2021), with a H/L ratio between 0.15 and 0.5 for relatively small landslides. This H/L
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ratio - or Fahrboschung - was calculated to be F=0.3521-9*10EXP-06D (Gomez and Hotta, 2021).
By comparison, the Naga landslide (Catane et al., 2019), and the Zhaotong rock avalanche of
1991 (Xing et al., 2020) show Fahrboschung of 0.17 to 0.25, which at equal volume in Hokkaido
would lead to a Fahrboschung of 0.028. It shows that in between locations and events, there are
great disparities, but at the same time the research corpus also suggests that for a single type of
events in homogeneous valleys and lithologies, comparable geometric relations can also be ex-
pected.

To these inherent difficulties, landslide dams add further challenges to their predicting, as it is the
case for secondary- and multi-hazards (Saputra et al., 2021). Indeed, in a geologically “homoge-
neous region”, only a small proportion will block valleys and generate impoundments. For in-
stance, out of the approximately 30,000 landslides generated by the 12 May 2008 Sichuan Earth-
quake, only 257 blocked rivers to form impounded lakes (Cui et al., 2009; Peng and Zhang, 2012).
Moreover, landslide dams generated by rainfall-induced landslides tend to collapse in 82% of
cases, while earthquake-induced landslides tend to be more stable (57% collapse) under the pres-
sure of the impounded water (Kuo et al., 2011), further emphasizing the difficulty in predicting
potential for impoundments and downstream floods.

In the light of this research body, which suggests that in homogeneous terrain, and for a homoge-
neous triggering event, the variability is site specific and eventually linked to the morphology of
the slope, the objective of this work has been to test whether the factor of safety (Fs) could be
used as a factor to determine whether a landslide could turn into a dam or not. Such work would
then allow for pre-event assessment of the slopes from high-resolution topographic data, prior to
further engineering invasive investigation.

2. Research Method

To reach the present objective, the research was conducted at the Kii peninsula, located to the
south-west of Honshu Island, Japan (Figure 1), where a set of landslides have occurred following
the landfall of typhoon 12 or Typhoon Talas, on September 3rd, 2011 (Figure 2). The local to-
pography is characterized by elevation not exceeding 1,500 meters, but with slopes commanding
topographic gradients of 500 m to 800 m locally, with gravel-bed rivers resulting for the tectoni-
cally active area. Erosion is an important shaping factor of these reliefs as they are cut from shale
with blocks of chert and greenstones alternating with sandstones, dating back to 80~90 million
years. This material was generated as part of the Ryujin accretionary prism, created by the sub-
duction of the tectonic plates, and dated to be Middle Miocene in igneous rocks with signs of
remobilization during the late Maastrichtian based on U-Pb dating (Hoshi et al., 2022).

This typhoon was the second catastrophic event after the 1889 typhoon, which brought 17000 mm
of rainfall to the Kii Peninsula (Kharismalatri et al., 2017). The geology belongs to the Miyama
Formation of the Hidakagawa Group, which is part of the Chalk Shimanto Belt and is composed
mainly of chert, greenstones, and alternating sandstone and shale (Kinoshita et al., 2013).

Using 8 landslides, triggered by the typhoon 12 (or Typhoon Talas), four of which became land-
slide dams (Figure 3), the authors reconstructed the topography prior to the landslide using the
1989 topographic maps 1/25,000 and the new topographic profiles in the center of the landslide
scar from LiDAR data, in order to measure the depth of the slide by subtracting one from the
other. The alignment of both dataset was performed using the open-source software Cloud-Com-
pare and QGIS, based on 86 and 99 control points for the two map tiles used in the present study.
In both cases, the alignment error was 3.24-11 and 9.14-12 and deemed to have no significant
effect on the results. The 1989 map were used as a confirmation that the local slope was in con-
tinuation to the surrounding ones that did not collapse. This way the edge of the landslide meas-
ured from the LIDAR data were interpolated to the missing areas from which the pre-landslide
topographic profile was generated (the data are provided in appendix as a csv file).
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Figure 1. Regional Map of the research area (a) map of Japan with the survey region squared in red, (b) Kii
Peninsula located in between Osaka City and Nagoya City.

In order to link the landslide to predisposition factors of stability, the authors have used the infinite
slope model, for which the unit density of material was tested at 20 kN/m3 (y) was used as a
simplification of the local material. The stability of slopes using the infinite slope method is based
on the shear strength equation:

7., =C'+ o'tan¢’ ®

Where t_c is the shear strength, C*' is is the cohesion, ' is the normal stress on the potential
failure surface and ¢' is the angle of friction. If we simplify the concept by omitting the pore
pressure and water intake to compare slopes using the factor of safety (F_s), the equation can be
reduced to:

F = Cr tan ¢/
S yHcos?2ftanB = tanp

(2)

Where H is the depth at which the failure occurs, and B is the slope angle of the failure plane. This
equation was computed in the open-source software Hyrcan, using the method of slice
(http://www.geowizard.org/download_hyrcan.html). Iteratively, Hyrcan tests the potential failure
planes at different depths. The highest probability of failure corresponds to the “lowest” factor of
safety, which once calculated was compared to the landslide failure plane, so that the authors
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could define whether — or not — the location of the simulated failure plane corresponded to the
actual failure plane following the September 2011 rainfall landslides.
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Figure 2. Rainfall Record of the 2011 Talas Typhoon (Typhoon 12) over the Kii Peninsula.

Figure 3. Aerial oblique photographs of the four studied landslides triggered by typhoon 12 in Nara prefec-
ture, on the Kii Peninsula (source: MLIT).
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3. Results and Discussion
3.1. Results

The 8 simulated landslides show depths (H) varying between 0.017 m and 83.160 m. The deepest
simulated landslide found a depth of 83.160 m at AKATANI(2) location. The actual landslide
depths varied between -0.073 m and 76.900 m, and the local discrepancy vary from 0 m to 44.696
m locally, with an underestimation of the sliding plane at AKATANI(1) landslide (Figure 4). At
AKATANI and NAGATONO landslide, the lower part of the sliding plane does not correspond
to the simulation, because accumulation occurred in the valley, and such accumulation could not
be taken into account.

For the landslides that did not trigger a landslide dam, the depths varying between 0.009 m and
45.120 m. The deepest simulated landslide found a depth of 45.120 m at NIGOTANI(1) location.
The actual landslide depths varied between -4.748 m and 58.500 m, and the local discrepancy
vary from 0 m to 35.398 m locally, with an underestimation of the sliding plane at NIGOTANI(2)

landslide (Figure 5).
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Figure 4. Profiles of the landslides that triggered landslide dams, with the simulated landslide and the actual
sliding plane. The orange-coloured slices reveal the slicing method used to solve the factor of safety on the
slope.
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Figure 5. Landslide profiles for which landslide dams did not occur, comparing the simulated landslide
against the actual landslide.

The differentiation in typical depth and sheer size of the landslides that triggered landslide dams
compared to the normal landslide also exists when comparing the factor of safety for all of them
(Table 1). Indeed, the factor of safety of the landslides that triggered landslide dams are comprised
between 0.896 and 1.1, while those for landslides that did not trigger landslides, the FS is lower
and comprised between 0.692 and 0.877. Consequently, predicting the potential of landslide dams
based on soil mechanics and equilibrium approach can be challenging, as the method is not best
suited to predict those.

Table 1. Factor of safety of the 8 different landslides. The landslides that triggered landslide dams have a
higher safety factor than those that did not trigger landslide dams.

Location AKATANI(D)  AKATANI2) NAGATONO(1) NAGATONO(2)
FS 0.859 0.896 0.877 0.852

Location KAWARABI(1) KAWARABI2)  NIGOTANI(Q) NIGOTANI®2)
Fs 0.811 1.1 0.692 1.02

3.2. Discussion

The present investigation of the predisposition factors for a selection of 8 landslides for which
data were accessible, shows that the landslides that trigger temporary dams in river are eventually
larger than their other counterparts, but also that the factor of safety is actually higher. The inter-
pretation of the results suggests that landslides that occur less often are then eventually able to
remobilize a greater amount of material, but also that the valley floor might play an important
control role as well. Indeed, if sediments are continuously supplied to the valley floor, a widening
and an adaptation to this situation occurs in the river network. To the contrary, a zone with no or
less sediment supply will result in more vertical erosion and a potentially narrower channel, which
in turn, during rare events will tend to be more prone to be filled up and to block the valley. Such
characteristics, as well as road cuts are both well-known triggering factors of landslides (Ling and
Chigira, 2020).
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As Cui et al. (2009) expressed, only a few percent of the triggered landslides generate landslide
dams. The present finding is in line with these existing findings, because — based on this limited
study — their Fs is slightly higher. In other words, slopes that are less stable and prone to progres-
sive erosion and small-scale mass movements are despite of their appearance not the most dan-
gerous, they are most likely to not trigger a large-scale event. This is however not always the case
as series of large-scale landslides can also occur and temporarily block rivers (Gomez et al., 2020).

Hadmoko et al. (2010) discusses that qualitative, semi-quantitative and quantitative methods have
been developed to measure hazards and disaster risks, and so using a broad range of datasets that
can characterize the landslides. This logic is based on the concept that previous landslides can be
used as a base to characterize future events. This broad concept is verified in the present case as
well for landslides that are “dam-genic”, because the FS — which is an expression of geometric
parameters of the slope in absence of rainfalls - have shown to be of a higher Fs compared to
landslides that are not dam-genic. This in turn signifies that, within a certain level, there are geo-
metric parameters - besides the influence of rainfalls - that are sufficient to differentiate large vs
small more regular landslides for the Kii peninsula.

The comparison provided in the present contribution however, is based on one single rainfall
events, which, if one disregards the spatial variability of rainfall, and so in one single set of geo-
logical units. But this realm may not hold in complex and very differentiated geological settings
or in the case when rainfalls or earthquake acceleration vary spatially. At present, understanding
how one factor play over another one is often difficult, and scientists have often to resort using
the simple events in the dataset (e.g., extracting the mass movements with deposits that did not
mix with other deposits: Gomez and Hotta, 2021), like it is the case here, but there is still further
work to be done on the role of multiple factors together.

4. Conclusion

In conclusion, we have proven that, before a rainfall event occurs, it was possible for a homoge-
neous catchment to predict landslides that will be more prone to trigger natural dams against those
that have less probability to trigger one. Landslides that can be the source of landslide dams are
of larger amplitude and are more difficult to predict, because of their higher Fs values. The inves-
tigation found that landslides triggering temporary dams in rivers tend to be larger but have a
higher factor of safety, while slopes that are less stable and prone to small-scale movements are
not necessarily the most dangerous. The study suggests that previous landslides can be used to
characterize future events, particularly for "dam-genic" landslides, but further work is needed to
understand the role of multiple factors together in complex geological settings.
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Abstract: Spatial approaches, based on the deformation measurement of volcanic domes and crater
rims, is key in evaluating the activity of a volcano, such as Merapi Volcano, where associated disaster
risk regularly takes lives. Within this framework, this study aims to detect localized topographic
change in the summit area that has occurred concomitantly with the dome growth and explosion
reported. The methodology was focused on two sets of data, one LiDAR-based dataset from 2012 and
one UAV dataset from 2014. The results show that during the period 2012-2014, the crater walls were
100-120 m above the crater floor at its maximum (from the north to the east-southeast sector), while
the west and north sectors present a topographic range of 40-80 m. During the period 2012-2014, the
evolution of the crater rim around the dome was generally stable (no large collapse). The opening
of a new vent on the surface of the dome has displaced an equivalent volume of 2.04 x 10% m3,
corresponding to a maximum —9 m (+/—0.9 m) vertically. The exploded material has partly fallen
within the crater, increasing the accumulated loose material while leaving “hollows” where the
vents are located, although the potential presence of debris inside these vents made it difficult to
determine the exact size of these openings. Despite a measure of the error from the two DEMs, adding
a previously published dataset shows further discrepancies, suggesting that there is also a technical
need to develop point-cloud technologies for active volcanic craters.
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1. Introduction

On stratovolcanoes, domes are a major source of hazards as they often collapse under
the actions of both internal gas pressure [1] and gravity [2], creating hazardous pyroclastic-
density currents [3]. Without gravitational collapses, internal gas pressure can generate
explosive eruptions, eventually propelling ash and other volcanic material into the upper
atmosphere. In addition, chemically stable domes can still explode as a result of phreatic
and phreatomagmatic processes [4]. Even during the more quiescent phase, volcanic domes
are still evolving, eventually sliding away from the top of the volcano [5] and breaking
apart into “smaller pieces”, generating long-runout rockfalls [6]. Environmental factors of
the dome also contribute to the dome instability: for instance, precipitation contributing
to hydrothermal alteration; the general movement of the volcanic structure (uplift and
subsidence); the local and regional seismic activity (from Vazquez et al. after the work
of McGuire [7]). However, as it was recently pointed out, despite a variety of explaining
factors, the contribution of one over another remains scientifically unclear [8]. For disaster
risk management and to avoid catastrophe, dome monitoring is thus essential, even during
more quiescent periods.

In Central Java, Indonesia, a series of dome-collapse pyroclastic-density currents have
been sweeping the flanks of Merapi Volcano during the Holocene period, although larger
eruptions and sector collapses were also found in the earlier Quaternary period, known
since ~360,000 BP [9,10]. The pyroclastic-density currents of the last major eruption in
2010 (VEI4: [11]) covered an area of 22.3 km? [12,13], in turn turning into lahars that have
flooded the valleys towards Yogyakarta City [14,15]; in its aftermath, the growth of the
dome has also generated rockfall hazards [6].

Consequently, the evolution of the dome has attracted the attention of scientists
in different fields of research, e.g., rock geochemistry [16], gas analysis [17], numerical
modeling [18], petrology [19], surface deformation [20,21], and seismology [22]. During the
historical period, the dome of Merapi Volcano has been lodged into a horseshoe crater-rim,
opened towards the south, directing most of the gravity collapse pyroclastic flows and
rockfalls [6], locally called “guguran”, in this same direction (Figure 1).

The present dome was born from the millennial eruption of 2010 [13], which topograph-
ically resembles a 150 m-diameter tabletop, which fractured due to phreatic explosions
between 2012 and 2014 [4]. Monitoring of volcanoes and dome evolution represents sig-
nificant technical challenges and risks for the personnel. Therefore, scientists have been
striving to create models and simulations of dome growth and collapse [8], but field data
and evidence are still essential to support those models. Focusing on the period 2012-2014,
the present contribution proposes the use of high-resolution geodetic measurements from
airborne LiDAR and UAV photographs for photogrammetric purposes, in order to detect
topographic changes that would have occurred in the crater rim during this period of
relative quiescence.
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Figure 1. High-resolution (3 m) image from the PlanetScope satellite for the area of Mount Merapi
and its surroundings displayed with a true color composite. Dwellings and agricultural land as close
as 5 km from the dome translate into high-level disaster risk.

2. Materials and Methods

The present contribution includes two sets of data: one LiDAR-based dataset from
2012 and one UAV dataset from 2014. The 2012 dataset was derived from airborne LiDAR
with a density of >5 point/m?. The LiteMapper 5600 System was installed on a Cessna 402B
Aircraft flying at an altitude of 820 m above the summit, and the photograph’s airspeed
was 259 km/h. The side overlap and the frontal overlap were, respectively, 40% and 60%.
Concomitantly, GPS surveying for LIDAR base station was conducted at Badan Informasi
Geospatial (BIG) from reference points using RTK GPS Trimble R9 with a minimum of
6 satellites. From this dataset, the 2012 data were gridded at a 1 m horizontal resolution,
using the minimum vertical value (elevation) in each square-meter grid.

The 2014 dataset was built using structure from motion from 328 photographs of
3000 x 4000 pixels. The photographs were acquired on 16 October 2014 between 12:30 and
12:50 using a fix-wing UAV mounted with a Canon PowerShot S100 at a focal length of
5 mm, an exposure time of 1/1250 s, and an ISO speed of ISO-80. The photographs were
integrated into the SEIM-MVS (structure-from-motion multiple-view stereophotogramme-
try) software Metashape Pro, commercialized by Agisoft. The process includes point-cloud
reconstruction and its densification. The dense point cloud was then exported to Cloud
Compare, and the point cloud was subsampled at 1 point per square meter to exactly match
the point location of the LiDAR data. Using this process, the next step of comparing the
two datasets limits the importance of the artifacts linked to variable point density and the
horizontal distance between points. The construction and the modalities of the combination
of these two datasets are as follows:

The two point clouds are then aligned in Cloud Compare (open-source software) to
scale the SfM-MVS data and match it to the LiDAR point cloud using the C2C (Cloud to
Cloud) algorithm, from which the distances in the x, y, and z directions are separated.
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The LiDAR was thus used as the “true elevation” to calibrate the UAV photogram-
metry, although errors varying based on the type of surface have been reported to vary
between 18.9 cm for pavement and 25.9 cm for deciduous tree elevation [23]. Moreover,
LiDAR error increases with the slope, and at Mt. Erebus, for instance, for a slope of
20 degrees, where an additional vertical error of 16 cm had to be added, locally reaching
21 cm [24]. In the present case, the authors chose to double those error values and estimate
that the LiDAR was accurate to about 50 cm and that any change below this value may
not be representative (although all values are reported in the article). The choice to double
this value was also motivated by the possibility of sand and ash grains bouncing near the
surface, increasing the potential for error.

It resulted in an RMSE (root mean square error) of 90 cm between the two point clouds
when not taking into account the crater area that was known to have changed. Adding
both the error from the aligned 2014 point cloud to the error assigned to the LiDAR data,
the elevation error for the measurements comparing the two surfaces is about 1.4 m.

The dataset from which the authors have worked is thus made up of an orthophoto-
graph of the summit in 2014 (Figure 2a), and two datasets of the dome in 2012 (Figure 2b)
and 2014 (Figure 2c). From a visual inspection of the hill-shaded representation of the
DEM, one can see the changes that have occurred on the dome (most notably the opening
of vents [4]).

Lo 0% s asoms

Figure 2. Dome of Merapi Volcano in 2012 and 2014: (a) orthophotograph constructed from UAV
imagery in October 2014; (b) surface map of the dome in 2012 from LiDAR and (c) in 2014 from
UAV-SfM-MVS. The captions are (d) dome in transparent red; (v) vent in transparent yellow; (tw) top
of the wall and it corresponds to the blue line; (w) wall and it corresponds to the transparent blue.

3. Results

The comparison of the two topographic data is presented with first the modifications
to the crater rim and the talus, and secondly, a quantification of the volume removed either
from the volcanic explosions or gravitational collapses.
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3.1. The Crater Rim and Its Talus

At the summit of Merapi Volcano, a horseshoe crater rim traps the dome. During
the period 2012-2014, the crater walls were 100-120 m high above the crater floor at its
maximum (from the north to the east-southeast sector), while the west and north sectors
present a topographic range of 40-80 m (Figure 3). The crater is open to the south. During
the period 2012-2014, the evolution of the crater rim around the dome was generally stable
(no large collapse), although the data shows variation in the geometry of the subvertical
walls around the crater rim (b-h, and k in Figure 3). The walls that spread outside of the
crater rim seem to be more stable (a1, and m in Figure 3). At the foot of the crater walls, the
topography from 2012 to 2014 was stable overall, showing no major wall collapses, except
in e, h, and I (Figure 3), where the floor level increased by >2 m locally. Although the walls
seem to show locally large discrepancies between 2012 and 2014 (Figure 3b), the absence of
significant deposits at their toes suggests that those are potential artifacts that are examined
in the discussion.
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Figure 3. Cross-sections of the crater rim. The black line is the topography in 2012 as extracted from
the LIDAR-DEM at 1 m horizontal resolution, and the blue line is the topography in 2014, extracted
from the UAV-based photogrammetric model.

3.2. Dome’s Topographic and Volumic Change with the Localized Explosions

As already reported in the literature, during the period 2012-2014, the dome locally
exploded and split into a set of aligned new vents along a north-west-southeast axis.
Around the dome, surface changes also occurred with an increase in elevation (Figure 4).
The opening of a new vent on the surface of the dome has displaced an equivalent volume
of 2.04 x 10* m3, corresponding to a maximum —9 m (+/—0.9 m) vertically (location 4
in Figure 4). At the two vents generated to the north and south of the dome, the volume
changes are 8.56 x 10* m? at location 1, 2.61 x 10° m3 (location 2), and 4.82 x 103 m?
at location 5 (Figure 4). The variability is mostly controlled by the visual depth of the
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openings (if obstructed by debris, they appear shallower). Therefore, those values need
to be considered as minimal values. Surrounding the plateau created by the dome, loose
material is also displaying topographic change. It has mostly increased this time. For
the period 2012-2014, the rise of material corresponds to a respective volume change of
1.88 x 10* m? at location 3 and 6.22 x 10* m? at location 8. These changes correspond to
changes nearing 18 m (+/— 0.9 m) at location 1 and 11 (+/— 0.9 m) m at location 8. On top
of these major topographic changes, gravitational collapses have also been observed on the
crater rim (location 10) and a small portion to the south of the dome seems to have also
collapsed (location 6 in Figure 4).

4.37 E+05 [M3] (10C 7) e s s wn e ne
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Kreiinnnnennnsnnsnss—— 2 01 E+04 [m?] (loc 4)
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Figure 4. Topographic change from 2012 to 2014. These data show the vents opening and the “split
in two” of the dome, as well as the areas between the crater rim and the dome, where the topography
increased, arguably due to exploded material deposition. These changes emphasize the changes that
are >2.5 m (i.e., in blue on the map), valued above the overall RMSE and the RMSE of the outside
structure. This procedure may erase some of the minor variations, but it is aimed at eliminating the
false positives from the dataset.

4. Discussion

This discussion is organized into two sections, with the first being an interpretation of
the results and what they mean in terms of volcanic processes. Then, it follows a section
that compares the data from the present contribution with a dataset from 2015, and finally
we discuss the implications of the present work for hazards and disaster risk monitoring.

4.1. Surface Deformation and Interpretation

The dome of Merapi Volcano locally exploded during the period 2012-2014, creating a
set of aligned vents [4], which represent an estimated volume of material of 2.01 x 10* m?
for the central elongated vent at the top of the dome, 2.61 x 10> m? to the north (high-value
determined by good visibility at a depth of almost 30 m below the pre-explosive surface),
and one vent to the south, just shy of 1 x 10* m®. The central elongated vent represents
a topographic drop of about 9 m (Figure 5), although it is most likely that the opening
could have been deeper (filled by either ejecta going back to the vent or the full depth being
invisible to the SIM-MVS method due to the narrowness of the vent). The origin of these
explosions is the result of pressure increase from the contact with rainwater [4] as well as
probable material weakening due to hydrothermal alteration, a process that was observed
at the dome summit and its surroundings at a later date [25]. Around the dome, the material
in at least two locations rose topographically (Figure 5), even without having had major
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wall collapses that would match this rise. If we work by analogy, the dome of 2011, which
is visible between 2012 and 2014, may have grown over other extruded material in the
same way that the 2017 dome climbed over the 2011 dome [25]. The exploded material may
have partly escaped the space of the crater rim, but it is most likely that a large portion of it
remained inside the crater, with the largest blocks traveling a shorter distance. Despite a
measure of the visible volume change (Figure 4), it is difficult to link both the post-phreatic
explosion holes to the deposits for the following reasons: (1) Due to decompression and
deposit bulk density changing from that of the dome, the measured volume change does
not reflect a material volume change; (2) Part of the material escaped the crater rim; (3) The
post-explosion holes will have certainly collapsed; (3) For the deepest part of the holes,
ALS or SfM-MVS may not record the real “bottom”. This shows the necessity to develop
a methodological framework that is more adapted to volcanic vent surveying due to the
numerous complexities it holds.

new
vents
opening

m
AOM = breaks
(Accumulation in2
of exploded —

dome material)

+6m

=5 0 +5

Vertical distance from 2012 to 2014 4000

Figure 5. Interpretation figure of the deformation at the dome and near the dome.

4.2. Hazards in Quiescent Time, When the Volcano Acts as a Mountain

Even in periods when the volcano is not magmatically active [25], minor explosions
and other erosion processes can also occur. In the present case, there is an accumulation
of volcanic clasts within the crater and surrounding the volcanic dome. Such low-energy
events can still be a hazard to mountain climbers, as has been seen at Mt. Ontake [26],
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References

where, in 2014, around 340 individuals were located in the surrounding of the summit
when it exploded, creating ballistic for which hazard maps are essential [27]. Based on
the topographic change at Merapi Volcano, a large portion of the large ballistic seems to
have been contained within the crater, as the topographic change from 2012 to 2014 does
not show significant accumulation zones outside the crater. However, even if the material
is contained within the crater and the crater is defined as a “no trespassing zone”, the
material produced usually ranges from fine-grain material to coarser material, and upon
rainfall, the material can also be transformed into a slurry of debris and water, eventually
creating lahars, such as when it did for the Ontake eruption [28]. These “small-scale”
hazards can then be very pervasive because, instead of imposing a “new rhythm” on
the volcano and the valley, they will be highly dependent on other factors, such as a
trigger by an earthquake, or in some cases, the role of seasonal snow cladding [29]. Finally,
unconsolidated material located at the summit of the volcano is a further source of hazard
during long quiescent times, as it has been shown at Unzen Volcano [30], where the gullies
are progressing towards the volcanic dome by regressive erosion, modifying the watershed
geometries [31] and helping the release of material from the summit. In the case of a solid
compact dome, breaking parts may require some “extra-effort”, but if the material is already
unconsolidated, it is a further pool of material that can be released on the slopes.

From a hazard perspective, small-scale explosions of a phreatic type only affect a
small area, but the timing of such an explosion is extremely difficult to predict, and the
fragmentation of material results in a pool of clastic sediments at the top that can then be
remobilized by seasonal events (rain and snow melting) as well as longer-timescale events
such as regressive erosion or eventual seismic acceleration.

5. Conclusions

The main conclusions of the present paper are that (1) during the period 2012-2014
when the dome of Merapi experienced phreatic explosions, the topography around the
dome rose; (2) this rise does not seem to be related to large wall collapses, and it is likely
that the exploded material accumulated in a low-topographic area; and (3) from a technical
perspective, there is a need to develop UAV-imagery-acquisition methods that are fit for
volcanic craters, with step walls (e.g., avoiding NADIR images), in order to reduce the error
due to the lack of data; (4) volcanoes, even during quiescent time, are hazardous and for
this reason, inter-eruption monitoring is essential.
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