3.4 Emergence of Anak Krakatau

After a quiescence of less than half century the post collapse cone of Anak Krakatau,
also called child of Krakatau, was constructed in strong disequilibrium on the edge of
the steep NE wall of the 1883 caldera at a point between the old cones of Danan and
Perbuwatan (Camus et al., 1983b; Description from Smithsonian Institute). The birth
of Anak Krakatau was noticed for the first time on December 29t 1927, grew as a
submarine cone and between 1928 — 1930 receded and reappeared three times until
it established itself permanently above sea level. The crater edge appeared for the
first time above the sea level on January 28" 1928; thereafter, periods of intense
surtseyan activity alternated with intervals of rest, up to Febuary 28" 1929. The result
of this two-year period of activity was a sickle-shaped island, reaching 38 m a.s.l., and
275 m in length (Stehn, 1929; Camus et al., 1987, Giacchetti et al., 2012).

Figure 25: The history of the volcano Krakatau, as sketched by (Escher, 1931b); IA,
The hypothetical big original volcano; IB, Three small islands, remnants of the foot of
the original volcano, remained on the border of a large caldera; I, A basaltic volcano,
Rakata, originated on the southern border of the caldera; IlIA, North of Rakata, the
andesitic volcanoes Danan and Perboewatan originated; IlIB, Situation after the
catastrophic eruption of 1883, showing the sea above the new caldera; IV, This figure
was added in 1930 after the origin of the eruption center Anak Krakatau in the middle

of the caldera.
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This was followed between 1930 and 1959 by a new stage characterized by
development of a complete 152 m high hyaloclastic tuff-ring in which a lake developed
within its crater (Sudradjat, 1982).

During the 1959-1960 activity an inner cone began to grow at the place of the crater
lake; by that time, Anak Krakatau was a definite subaerial vent (Decker and
Hadikusumo, 1961). The eruption style from Surtseyan become Vulcanian until 1960
and then shifting to Strombolian explosions that created a cone reaching 200 m a.s.|
on 1981 (Oba et al., 1982). In 1981, a Vulcanian eruption marked a southwestward
shift of Anak Krakatau activity (Sudrajat, 1982) with more differentiated volcanic
products (acid andesites, dacites) than previously erupted (mainly basalts and
andesites) (Camus et al., 1987) and resulting in further growth of the edifice over the

cliff and toward the deep submarine caldera basin (Self et al., 1981).

(Sudradjat, 1982) emphasized a shift of activity towards the southwest possibly related
to the sea-floor configuration and (Giacchetti et al., 2012) proposed that this shift of
the volcanic activity could bring a possible landslide from the south-western side of
the island and the corresponding generation of a tsunami. After 1981, the volcano
remained active with intermittent ash and lava flows events and strombolian
explosions until the recent activity beginning on October 2007 which is still ongoing
intermittently (Smithsonian Institute). At the time of writing, the latest eruption, reported
by (Smithsonian Institute), started from February with Intermittent Surtseyan

explosions increased in frequency and continued through July 2019.
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4 Anak Krakatau

Anak Krakatau is located in the center of the Krakatau volcanic complex at a latitude

of 6.102° S and a longitude of 105.423° E. It is actually one of the most active

volcanoes in Indonesia with 45 eruptions (explosive and effusive) from its emersion

with VEI values between 1 and 3 (Smithsonian Institute). The birth and evolution of

Anak Krakatau (reported before) underlines that this volcano is only a part of the

cyclical nature of the growth and destruction of Krakatau volcano.

(Abdurrachman et al., 2018) is the author who shows the most recent geological map

of Anak and reported that the volcano is constructed of alternating layers of 18 lava

flows and 18 pyroclastic deposits that have been built since 1927.
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Figure 26: Geological map and stratigraphy

(Abdurrachman et al., 2018).
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Considering Anak Krakatau products, (Camus et al., 1987) made an accurate
analysis; Products in the tuff-ring and lava flows are basic andesite, without noticeable
variation between 1927 and 1979. The rocks are highly porphyritic with 35% of
phenocrysts and microphenocrysts. The distribution of ferro-magnesian phases is
varied: olivine phenocrysts are found in bombs of the tuff-ring (2.5%), while it can be
nearly absent in some lava flows. Either clinopyroxene or orthopyroxene can be

dominant, but the amounts of pyroxene phenocrysts do not exceed 3%.

Products of the 1981 vulcanian eruption are more differentiated; Plagioclase is the
main constituent as phenocrysts (23%) and microlites. Pyroxene phenocrysts are well
represented as cpx (3%) and opx (3.5%), Oxides (2%) are both Magnetite and
liImenite. Olivine is exceptional and destabilized (Camus et al., 1987). The same

authors note also the absence of hydrous minerals in all recent Krakatau products.

(Van Bemmelen, 1942) suggested a cyclic activity for Krakatau (valid also for Anak-
Krakatau), with the succession of each cycle being: basalt, basic andesite, acid
andesite, dacite. The last of these corresponds to the cataclysmic eruptions. For (Bani

et al., 2015), the birth of Anak Krakatau marked the onset of a new eruptive cycle.
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Figure 27: SiO: content of the eruption products by (Van Bemmelen, 1942).
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From the chemical point of view, the Anak lavas (Oba et al., 1982, 1983a, b; Camus
et al., 1987) constitute two groups separated by a gap (Figure 28): (a) The basalts and
andesites with an SiO2 content <567.5% are characteristic of the 1927-1980 period; (b)
The differentiated lavas that are characteristic of the 1981 eruption. Thus, the Anak

cycle is representative of the cyclicity of the entire volcano.
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Figure 28: K>0 + Naz0 versus SiO; diagrams; Anak lavas (Camus et al., 1987).

This evolution trend is also confirmed by (Allard et al., 1981; Gardner et al., 2012);
they reported that the composition of Anak Krakatau erupted products evolved from
initial basalts, similar to Krakatau basalts to more differentiated products as basaltic
andesites, andesite and occasionally dacites. For these authors this evolution implying

crystal fractionation in a relatively shallow and/or small magma reservoir.

Recently (Jaxybulatov et al., 2011), through seismic tomography, proposed a complex
feeding system underlies Krakatau complex, system that feed also Anak Krakatau.
The most interesting result of their study is the distribution of Vp/Vs ratios in the vertical

section (figure 29).
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Beneath the Krakatau complex they observed a highly heterogeneous structure with
two clearly distinguished zones of extremely high Vp/Vs ratio; this fits with an idea of

several levels of chambers/reservoirs beneath Krakatau.
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Figure 29: Vertical sections of the distributions of Vp/Vs ratio obtained from real data
inversion; Blue triangles, seismic stations; Yellow dots, final locations of the sources.
Zones of anomalously high Vp/Vs ratios are indicated by the white contour line
(Jaxybulatov et al., 2011).

This study was also supported through recent petrological studies by (Dahrén, 2010;
Dahrén et al.,, 2010); they analyzed the mineral chemistry of clinopyroxene and
plagioclase in basaltic-andesites erupted from Anak Krakatau. The clinopyroxene-melt
and plagioclase-melt geobarometers resulted in two separated sets of depth estimates
with very little overlap in-between. This is indicative of at least two broad, but distinct
magma crystallization (storage) regions. Considering also the computed depths of
plagioclase and clinopyroxene crystallization by (Jaxybulatov et al., 2011), the system
appears to consist of two magma reservoirs, one at only 4—6 km depth and a deeper
one at 8-12 km. The upper reservoir is made up of multiple discrete and small magma

bodies in which crystal fractionation could rapidly occur and influence the composition
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of erupted products (Gardner et al., 2012). For (Oemaiya et al., 2019), multi magma-
chambers may been created because Krakatau is located in the intersection of frontal
subduction collision of Java and oblique collision of Sumatra, then it may made

numerous significant fractures.
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Figure 30: Interpretation cartoon for the distribution of magma chambers beneath the
Krakatau complex. Location of the caldera and the active Anak Krakatau is
schematically shown. The background is the distribution of Vp/Vs ratio in the vertical

section; Red dots depict the seismicity around the section (Jaxybulatov et al., 2011).

The depth calculated for plagioclase crystallization (4—6 km) fits well with previously
calculated plagioclase crystallization depths (Camus et al., 1987; Mandeville et al.,
1996a) and the zone of clinopyroxene crystallization (8—12 km), coincide with the
findings of the microseismic study in (Harjono et al., 1989), which identified a magma
chamber system at a depth of 9 km. These zones agree remarkably well with
lithological crustal boundaries inferred for the bedrock below Anak Krakatau based on
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evidence from drill holes (see above), xenoliths and micro-seismic studies (Camus et
al., 1987; Hamilton, 1979; Oba et al., 1982; Harjono et al., 1989; Harjono et al., 1991;
Mandeville et al., 1996b; Dahrén, 2010; Gardner et al., 2007).

The micro-seismic study by (Harjono et al., 1989) identified three boundaries in the
crust below the Anak Krakatau, therefore valid also for the Krakatau complex, with
unique crustal velocities which should correspond with lithological boundaries. The
upper boundary at 4 km represents the sedimentary-plutonic transition. The boundary
at 9 km represents a density contrast that implies a change in lithology from low
density (granite) to a higher density plutonic rock (diorite or gabbro) and the lowermost

boundary at 22 km represents the Moho.
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Figure 31: Stratigraphy and cross-section of Anak Krakatau; (a), Inferred stratigraphy
of the bedrock below Anak Krakatau. The lithologies are constrained by data obtained
from xenoliths (Oba et al. 1982, Camus et al. 1987; Mandeville et al. 1996b; Gardner
et al.,, 2012), drill holes, and seismic studies (Harjono et al. 1989; Kopp et al. 2001);
(b), Cross-section through the crust shows seismic attenuation zones detected below
Anak Krakatau (redrawn from Harjono et al. 1989); Circles represent earthquake with
(open circles) and without (filled circles) S-wave attenuation. The inferred magma

storage regions are represented by the grey shapes (Dahrén et al., 2012).

36



(Dahren et al., 2012), considering their work and the results obtained by (Camus et al.
1987; Harjono et al., 1989; Mandeville et al., 1996a; Gardner et al., 2007; Gardner et
al., 2012; Jaxybulatov et al., 2011), confirmed that magma emplacement and storage
at Anak Krakatau volcano coincides with the major lateral lithological boundaries in
the crust at 4, 9 and 22 km depth. Density contrasts between the different lithologies
is likely a controlling parameter, causing ascending dense magma to stall. Below each
of these lithological boundaries, lateral transport will cause magma pockets to grow

and evolve further.

The same authors proposed also five steps to explain the Anak Krakatau magmatic

plumbing system:

1) Partial melting of the mantle wedge producing a primary basaltic magma, followed
by transport of magma to the mantle — crust boundary (22 km depth). For (Harjono et
al., 1989), the initial melt composition may be influenced by decompressional melting,
due to the extensional character of the Sunda Strait. At this level, crystallization of high

anorthite plagioclase and olivine takes place.

2) Ascent of basalt takes place when the density of the magma decreases due to
fractionation and became less dense of the lower crust or when there is a new injection

of fresh basaltic magma which release volatile in the chambers.

3) The ascending magma then stalls at a mid-crustal level (9 km depth) when it finds
the next major density contrast (Granite — diorite transition). At this level, the dominant
phase of crystallization of clinopyroxene takes place and all clinopyroxenes analyzed
by (Dahren et al., 2012) shown euhedral habitus and homogenous composition; for
the authors this indicate a sizeable and stable storage region with a semi-continuous

supply of magma.

4) Subsequence ascent of magma is triggered by continued crystal fractionation and
possibly also assimilation/mixing with felsic crust/magmas. This leads to a new
magma density decreases until it became less dense than a density of the middle

crust. After this, magma will begin to rise again.
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5) At a depth of 4 km, the magma ascent is stalled once more, this time at the granite-
sedimentary lithological boundary. At this level, a major phase of An56-76 plagioclase

crystallization takes place.

This shallow storage is made up by small and interconnected pockets of magma
dispersed in the crust and this pattern is confirmed by (Jaxybulatov et al., 2011)
results. For (Dahren et al., 2012), at this level that magma evolves to its final pre-

eruptive composition.

Depth (km)

Figure 32: Schematic illustration of the magma plumbing system at Anak Krakatau

based on thermobarometric and geophysical data (Dahren et al., 2012).

All this additional information confirm that the magma storage regions detected
beneath Anak Krakatau coincide with major lithological boundaries in the crust and
this is implying that magma ascent at Anak Krakatau is in part controlled by crustal

discontinuities (Dahrén et al., 2012).
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4.1 2018 flank collapse

The recent eruption of Anak Krakatau started on 23 October 2007 with minor eruptions
that created ash clouds and Plumes and continued with variable eruptive activity until
October 2018 when the volcano became more active with strombolian and explosive
events (Smithsonian Institute). Satellite monitoring and ground observations reveal
that Anak Krakatau was in an elevated stage of activity throughout 2018; an analysis
of infrared data recorded by MODIS indicates that a new intense eruptive phase
initiated at Anak Krakatau on 30 June 2018. This eruptive phase continued for 175
days until 22 December 2018, when the activity suddenly evolved into a sector
collapse and destroyed most of the edifice (Walter et al., 2019). This flank collapse
happened at 13:56 (UTC), 115 seconds after the high frequency seismic even (2-8
Hz) recorded by seismic stations and it generated a volcanogenic tsunami with wave
propagated in all directions. (Smithsonian Institute; JRC Emergency reporting —

European commission, 2018; Walter et al., 2019).

Figure 33: Anak Krakatau before and after the 2018 sector collapse; (a), before; (b),

after. (Smithsonian Institute).
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The flank collapse was captured in unprecedented detail by remote sensing satellites.
The first observation of Anak Krakatau following the flank failure was made by the
Sentinel-1A Synthetic Aperture Radar (SAR) satellite, which imaged the volcano at
05:33 on 23 December 2018 (22:33, 22 December 2018 UTC), only 8 hours after the

tsunami impacted the coast (Williams et al., 2019).
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Figure 34: Satellite imagery shows the evolving geomorphology of Anak Krakatau due
to the December-January eruptive activity and the 22 December 2018 tsunami; (A-B),
island morphology before the flank failure; (C), 8 hours after the tsunami, flank failure
and collapse of the summit; (D), destruction of the summit; (E), subsequent regrowth
of the island; (F), changes in island surface area through this period. (A-F), are
Sentinel-2A true colour images; (B-E), are Sentinel-1A and -1B SAR backscatter

images; Arrows show the radar looking direction (Williams et al., 2019).
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The aerial photographs showed a sharp, steep-sided cut of the coastal lava deltas to
the NW and SE of the pre-collapse vent site. These breaks in the coast constrain the
margins of the primary collapse scar on the Sentinel-1A satellite radar images from
December 23 (Grilli et al., 2019). The same authors, thanks to the interpretations of
radar images, proposed that the opening angle of the headwall scar was very wide,
defining a broadly linear collapse that cut behind the vent and, considering the
photographs and radar images, they also proposed that to produce such a dramatic
change in the volume and shape of the island (reduced area by 49%), the collapse
plane evidently extended below sea level. The full extent of the sector collapse initially
remained hidden owing to intense post-collapse eruptive activity but became visible
when the eruption intensity decreased by 27 December 2018. As a result, a new and
steep amphitheater enclosing a deep valley became visible on the southwestern side
of the island (Walter et al., 2019).
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Figure 35: Terra SAR-X satellite radar images in high-resolution spotlight mode
showing the 2018 sector collapse (Walter et al., 2019).

Profound changes continued to occur in the weeks following the catastrophic event.
Numerous small slumps deposited material into the landslide amphitheater and an
explosion tuff ring formed inside the decapitated volcano conduit area. The eruption
site appears slightly shifted to the SW, hosting a new 400-m-wide water-filled crater
(Walter et al., 2019).
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(Walter et al., 2019) estimated the erupted volume from thermal data and they
obtained that the eruption phase produced 25.5 + 8.4Mm3 of deposits, implying a
mean output rate of 1.7 £ 0.8m?3 s—1 from June 2018 to just prior to the collapse event;
Thus, the load on the summit and especially on the southern flanks of the island,
progressively increased over this time by ~ 54 million tons (assuming a mean density
of 2110 kgm=3). Instead, considering the volume of the lateral collapse, it is possible

to observe that there are several recent works that tried to obtain it.

(Giacchetti et al., 2012) modeled a failure of 0.28 km? of the western flank. This value
was calculated on 2012 considering only a hypothetical flank collapse directed
southwestward. (Grilli et al., 2019) performed a model of the collapse obtaining a
volume of 0.27 km?3. This value was calculated considering their best-estimated failure
surface. Instead, (Williams et al., 2019) estimated that the flank failure was much
smaller in volume; They calculated volumes of 0.004 km? (range 0.003 to 0.0045 km3)
for the subaerial failure and in the order of 0.1 km3 (range 0.086 - 0.093 km3) for the
submarine failure. Finally, (Walter et al., 2019) estimated also a collapse volume of
1.02x10 m?3 (0.102 km?3). For these authors this value is a minimum estimate because
was not consider the volume gained by new eruptive deposits which may exceed
another 1x10% m3 (0.1 km3).

Considering all these data, it is possible to observe that the event occurred is not yet
clear. With this work, we will try to clarify the lateral collapse occurred and we will try
to understand the trigger/triggers of the event through numerical models and

interpretation of satellite images.
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5 Methods

The procedures adopted to collect the data and the programs used for the

development of this thesis project will be explained in detail in this chapter.

5.1 Acquisition of the volcanic activity data

In order to obtain detailed information regarding the activity of Anak Krakatau,
therefore regarding its evolution and its morphological changes, different types of data
were used. The decision to analyze different types of data is due to the strong activity
of the volcano which often obscured the satellite images or made them unclear,
preventing the acquisition of the data necessary to understand the occurred events
and therefore necessary to build an accurate temporal evolution of the activity of Anak

Krakatau before and after the 2018 sector collapse.

In this phase of work to collect the data were used high-resolution satellite images
obtained from Planet Labs and Google Earth, satellite instruments based on the use
of different sensors able to acquiring thermal emission data or sulfur dioxide emission
data (SO2) which were obtained from MODIS and OMI and it was also used the Global
Volcanism Program (GVP). The use of the sensors allowed to acquire data also when
the images were obscured. This permitted to collect a large and detailed dataset that
was used for the subsequent work phases. All the data used in this thesis project were
obtained within the time window between 01/01/2016 to 02/28/2019 which includes
the pre and post collapse periods. Methods, software and satellite sensors used will

be explained in detail below.

5.1.1 MODIS - MODVOLC

MODIS (Moderate Resolution Imaging Spectroradiometer) sensors are the base of
the space-based system for autonomously searching the surface of the Earth for
thermal emissions from erupting volcanoes using data acquired from NASA’s EOS
platforms. MODIS flown onboard the first two EOS platforms, Terra and Aqua,
respectively launched in 1999 and in 2002. MODIS can provide 24 h of ‘always on’
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multi-spectral 16-bit, orthorectified 3-band visual only 8-bit or not orthorectified multi-
spectral 16-bit). In this phase of work we selected only the image segments that
covered Anak Krakatau island, we set up the whole interval of cloud cover as to have
all available images, we left as by default all other parameters and we downloaded
only images in the orthorectified multi-spectral 16-bit form. This procedure was
performed for each image selected for a total of 26 orthorectified images which were
considered significant for understanding the activity and the evolution of Anak

Krakatau.

5.1.4 Google Earth

Google Earth is a program that renders a 3D representation of Earth based primarily
on satellite imagery. The program maps the Earth by superimposing satellite
images, aerial photography, and GIS data onto a 3D globe. Google Earth's imagery is
displayed on a digital globe, which displays the planet's surface using a single
composited image from a far distance. After zooming in far enough, the imagery
transitions into different imagery of the same area with finer detail, which varies in date
and time from one area to the next. The imagery are obtained
from satellites or aircraft. Before the launch of the USGS's Landsat 8 satellite, Google
relied partially on imagery from Landsat 7, which suffered from a hardware malfunction
that left diagonal gaps in images. Google now uses Landsat 8 to provide imagery in
higher quality and with greater frequency. Imagery resolution ranges from 15 meters
to 15 centimeters. For much of the Earth, Google Earth uses digital elevation
model data (DEM) collected by NASA's Shuttle Radar Topography Mission
(https://www.google.com/earth/).

In this thesis project, Google Earth was used to obtain information on the activity and
evolution of the volcano when Planet showed obscured or insufficiently clear images.
A tool present in the software was used to observe the historical images of a specific
area and therefore it guarantees to observe the changes and the events that have
occurred over time. This method permits to obtain information on the activity of the

Anak Krakatau during the analyzed period.
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