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Abstract: Spatial approach based on the deformation measurement of volcanic dome and crater rim
is key to evaluate the activity of a volcano, such as Merapi volcano where associated disaster risk is
regularly taking lives. Within this framework, this study aime to detect localized deformation and
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 of 2012 and
one UAV-dataset of 2014. The results show that during the period 2012-2014, the crater walls are
100 m to 120 m high above the crater floor at its maximum (North to East-South-East sector), while
the West and North sector presents a topographic range of 40 to 80 m. During the period 2012 —
2014, the evolution of the crater rim around the dome is 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 E+04
m? corresponding to a maximum -9 m (+/- 0.9 m) vertically. This concludes that during the period
2012 - 2014 when the dome of Merapi experienced phreatic or phreatomagmatic explosions, the
topography around the dome rose. This rise does not seem to be related to large wall collapses, and
it is likely that modification in the subsurface have triggered those changes.
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1. Introduction
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On stratovolcanoes, domes are a major source of hazards as they often collapse under
both the action of internal gas pressure [1] and gravity [2], to create hazardous pyroclastic-
density currents [3]. Without gravitational collapses, internal gas pressure can generate
explosive eruptions eventually propelling ash and other volcanic material up in the upper
atmosphere, in addition to which, chemically stable domes can still explode by 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 con-
tributing to hydrothermal alteration; the general movement of the volcanic structure (up-
lift and subsidence) as well as the local and regional seismic activity (from Vazquez et al.
after the work of McGuire [7]). But, as it was recently pointed out, despite a variety of
explaining factors, the contribution of one over another still remains scientifically unclear
[8]. For the purpose of disaster risk management, and to avoid catastrophe, dome moni-
toring is thus essential, even during periods that are more quiescent.

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 are 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]) have covered an area of 22.3 km? [12,13], in turn turning into lahars
that have flooded the valleys towards Yogyakarta City [14,15], and in its aftermath the
growth of the dome 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], gaz analysis [17], numerical mod-
eling [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).

110°22'0"E 110°24'0"E 110°26'0"E 110°28'0"E 110°30'0"E
1

R\ L %‘ e AT

O ---'%'-;‘7__-_-..; '\3\{

110°22'0"E 110°24'0"E 110°26'0"E 110°28'0"E 110°30'0"E

Figure 1. High resolution (3 m) image from the PlanetScope satellite for the area of Mount Merapi
and its surroundings displayed with true color composite. Dwellings and agricultural land as close
as 5 km from the dome translates in high-level disaster-risk.


https://doi.org/10.20944/preprints202208.0477.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2022 d0i:10.20944/preprints202208.0477.v1

30f10

The present dome was born from the millennial eruption of 2010 [13], which is topo-
graphically resembling a 150 m diameter table-top, which fractured due to phreatic explo-
sions between 2012 and 2014 [4]. Monitoring of volcanoes and dome evolution represents
significant technical challenges and risks for the personnel, consequently scientists have
been striving to create models and simulations of dome growth and collapses [8], but
field-data and evidences are still essential to support those models. Focusing on the period
2012 - 2014, the present contribution proposes to use high-resolution geodetic measure-
ment from airborne LiDAR and from UAV photographs for photogrammetric purposes,
in order to detect whether localized deformation and change in the summit area has oc-
curred concomitantly with the dome growth and explosion reported, especially because
repeated strain on the crater rim could be the source of volcanic landslide.

2. Materials and Methods

The present contribution includes two sets of data, one LiDAR-based dataset of 2012
and one UAV-dataset of 2014. The 2012 dataset was derived from the airborne LiDAR
with a density > 5 point/m2. The LiteMapper 5600 System was installed on Cessna 402B
Aircraft flying at an altitude of 820 m above the summit and the photograph airspeed was
259 km/h. The side-overlap and the frontal-overlap were consecutively 40 % and 60%. GPS
surveying for LiDAR base station were concomitantly conducted at Badan Informasi Ge-
ospatial (BIG) from reference points using RTK GPS Trimble R9 with minimum 6 satel-
lites. From this dataset, the 2012 data was 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
3000x4000 pixels. The photographs were acquired the 16t October 2014 between 12:30 and
12:50 using a fix-wing UAV mounted with a Canon PowerShot 5100 of focal length 5 mm
and exposure time of 1/1250 seconds and ISO speed of ISO-80. The photographs were
integrated into the StM-MVS (Structure-from-Motion Multiple-View Stereophotograp-
mmetry) software Metashape-Pro commercialized by Agisoft. The process includes the
point-cloud reconstruction and its densification. The dense point-cloud was then exported
to Cloud Compare, and the point-cloud was subsample 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 dataset limits the importance of the artefacts linked to variable point
density, and also horizontal distance between points. The construction and the modalities
of combination of these two datasets are as follows:

The two pointclouds are then aligned in Cloud Compare (Open-source software) to
scale the SEM-MVS data and match it to the LIiDAR point-cloud using the C2C (Cloud to
Cloud) algorithm, from which the distances in the x,y and z directions were separated.

The LiDAR was thus used as the “true elevation”, to calibrate the UAV photogram-
metry, although error varying based on the type of surface have been reported to vary
between 18.9 cm for pavement to 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’ additional vertical error of 16 cm had to be added, reaching locally 21 cm error
[24]. In the present case, the authors chose to double those error value 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 sur-
face, increasing the potential for error.

It resulted in a RMSE (Root Mean Square Error) of 90 cm between the two pointcloud
when not taking into account the crater area that is 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 of an orthophoto-
graphs of the summit in 2014 (Figure 2-a), and two datasets of the dome in 2012 (Figure
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2-b) and in 2014 (Figure 2-c). From visual inspection of the hillshaded representation of
the DEM one can see the changes that have occurred on the dome (most notably the open-
ing of vents [4]).

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 are presented with first the modifica-
tions to the crater rim and the talus and secondly a quantification of the volume removed
either from the volcanic explosions or gravitational collapses.

3.1. The crater rim and its talus

At the summit of Mt. Merapi Volcano, a horseshoe crater rim traps the dome. During
the period 2012-2014, the crater walls are 100 m to 120 m high above the crater floor at its
maximum (North to East-South-East sector), while the West and North sector presents a
topographic range of 40 to 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 is generally stable (no
large collapse), although the data shows variation in the geometry of the subvertical walls
around the crater rim (b,c,d,e,f,h, and k in figure 3). The walls that spreads outside of the
crater rim seem to be more stable (a,l and m in figure 3). At the foot of the crater walls, the
topography from 2012 to 2014 is overall stable, showing no major wall collapses, except
in e,h and I (figure 3) where the floor level has increased by > 2 m locally. Although the
walls seem to show locally large discrepancies between 2012 and 2014 (figure 3-b), the
absence of significant deposit at their foot suggest that those are potential artefacts which
are examined in the discussion.
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Figure 3. This is a figure. Schemes follow the same formatting (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 topog-
raphy 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 — South-East 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 E+04 m?3 corresponding to a maximum -9 m (+/- 0.9 m) vertically (location 4 on
figure 4). At the two vents generated to the North and South of the dome, the volume
changes are 2.61 E+05 m? (location 2 on figure 4) and 4.82 E+03 m? at location 5 (Figure 4).
The variability is mostly controlled by the visual depth of the openings (if obstructed by
debris, it appears shallows), therefore those values need to be considered as minimal val-
ues. Surrounding the plateau created by the dome, loose material is also displaying topo-
graphic change. It is mostly increase this time. For the period 2012 to 2014, the rise of
material corresponds to respective volume change of 8.56 E+04 m3 at location 1, 1.88 E+04
m3 at location 3 and 6.22 E+04 m3 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 deformations, gravitational collapses have also been observed on the crater rim (lo-
cation 10) and a small portion to the South of the dome seem to have also collapsed (loca-
tion 6 on figure 4).
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Figure 4. DEM of Difference between the 2012 and 2014 topographic data showing the vents open-
ing and the split in two of the dome, as well as the areas between the crater rim and the dome, where
the material was risen. These changes emphasize the changes that are > 2.5 m (i.e. in blue on the
map), value 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 articulated in two sections, with first an interpretation of the re-
sults, and what they mean in term of volcanic process, then it follows a section that com-
pares the data of the present contribution with a dataset from 2015, and finally the authors
are discussing the implication of the present work for hazards and disaster risk monitor-
ing.

4.1. Surface deformation and interpretation

The dome of Mt. Merapi locally exploded during the period 2012-2014, creating a set
of align vents [4], which represents estimated volume of material 2.01 E+04 m? for the
central elongated vent at the top of the dome, 2.61 E+05 m? to the North (high-value de-
termined by a good visibility at a depth of almost 30 m below the pre-explosive surface
and one vent to the south, just shy of 1 E+04 m3. The central elongated vent then represents
a topographic drop of about 9 m (Figure 5) although it is most likely that the opening can
have been deeper (filled by either ejecta going back to the vent or the full depth being
invisible to the SEM-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 the hydrothermal alteration, a processed that was
evidence at the dome summit and its surrounding at a later date [25]. Around the dome,
the material, in at least two locations have risen topographically (Figure 5), even without
having major wall collapses that would match this rise. If we work by analogy, the dome
of 2011, which is visible in 2012 and 2014 may have grown over other extruded material,
in the same way 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 por-
tion of it remained inside the crater, with the largest blocks travelling less distance. De-
spite a measure of the visible volume change (Figure 4), it is difficult to link both the post-
phreatic explosion holes to the deposits, because (1) due to decompression and deposit
bulk density changing from the one of the dome, the measured volume change does not
reflect a material volume change, (2) part of the material escaped the crater rim, and (3)
the post-explosion holes will have certainly collapse and (3) for the deepest part of it ALS
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or SfM-MVS may not record the real “bottom” of those. This shows the necessity to de-
velop methodological framework that are more adapted to volcanic vents surveying, due
to the numerous complexities it holds. That's why the authors have also added a third
existing dataset to try comparing whether “trends” could be seen or whether a visible
change may be an artefact.

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

4.2. Comparison of the 2012-2014 dataset with the 2015 TLS and SfM-MV'S acquired data

Combining laser-scanner and photogrammetric methods, a 3D pointcloud of the
dome was generated in 2015 was compared to the 2012 and 2014 dataset presented in this
study (Figure 6). Looking at the dome in the center, the topography of 2012 and 2014 is
overall slightly higher than the value of 2015, which could be either a general shrinking
as it happens between different eruptive phases or a generalized error, the two being dif-
ficult to separate from one another, because of the difficult conditions of data acquisition.
A similar pattern can also be seen on the outer area of the crater rim, but as it represents
the periphery of the 2015 dataset and as the 2012 and 2014 are well-aligned, it is likely that
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error emerged in the outer part of the crater rim on the 2015 dataset. Mindful of the po-
tential error, there are however topographic trends that emerge. For instance, at 80 de-
grees’ direction (Figure 6), the topographic wall is moving inward with large blocks with
a crack in its center appearing. This large portion of the subvertical wall is likely to col-
lapse onto the crater floor and the dome. In areas that are difficult to access, repeating the
same measure several times (for instance using a drone) is certainly one way to reduce the
uncertainty due to the data acquisition and processing process (which in photogrammetry
is directly linked to the photographs and their characteristics).

E gzrthward 50 degrees 100 degrees
egrees
8 29 3 29 29
3
23 N
3
2 28 28 28
g 10 degrees 60 degrees 2.84( 110 degrees
o
2209 29
X,
- 28
@
E
= 28 2.8
< i . - I : : )
g 20 degrees 70 degrees 5.g3| 260 degrees
8 29 29
=
z 2.8
g
=2 28 28
=
< . L L L
E
= 30 degrees 80 degrees 284 \Nestward
S 2.9 270 degrees
= 29
© 28
[
E
£ 28 2.8
E 1 L 'S L a1 L il '
,E 2.84
= 40 degrees 29 Eastward 280 degrees
8_ 29 ’ 90 degrees
X
v 2.8
©
g 28
=1 .
= 28 2.77
=< 1 H i . . L L L
0 100 200 260 0 100 200 260 0 100 200 260

Distance [m] Distance [m] Distance [m]

Figure 6. Comparison of the data from the present research with the data of Damarawan et al., 2018,
provided as supplementary data [26]. The degrees represent transect orientation rotating from the
center of the dome in a clockwise direction, starting at 0 degrees being the North. The main cardinal
orientations are also provided (the southern opening is not represented). The black lines represent
the 2012 topography, the blue line, the 2014 topography and the red line is the 2015 topography.
The orange arrows show a significant difference in topography between 2014 and 2015, and the
green arrows between 2012 and 2015 (so that 2014 is in a transition phase between the two surfaces
or moved during the 2012-2014 period).
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5. Conclusion

The main conclusions of the present paper are that (1) during the period 2012 - 2014
when the dome of Merapi experienced phreatic or phreatomagmatic explosions, the to-
pography around the dome rose; (2) this rise does not seem to be related to large wall
collapses, and it is likely that modification in the subsurface have triggered those changes;
(3) from a technical perspective, there is aneed to develop UAV imagery acquisition meth-
ods 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 notably.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: title; Table Sl: title; Video SI. title.
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