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Abstract

The VEI 4 eruption in 2010 was the worst
volcanic disaster at Merapi in 80 years.The
unusual size and dynamics of the eruption, the

rapid acceleration of events and the large
number of evacuees posed significant chal-
lenges for the management of the volcanic
crisis and post-eruption recovery. The first
indications of Merapi’s reawakening were
observed in the seismic monitoring record
about one year before the eruption. The erup-
tion commenced on 26 October 2010, with
initial explosions and associated pyroclastic
density currents (PDCs) directed towards the
south flank of Merapi. Subsequently, the
intensity of the eruption accelerated with rapid
lava dome growth and increasing PDC runout,
culminating in a climactic eruption phase on 5
November, where blast-like, high-energy
PDCs destroyed areas on Merapi’s south flank
and PDCs reached *16 km in the Gendol
valley. After 5 November, the eruption waned,
leading to reductions of the exclusion zone
from mid-November 2010 and successive
lowering of the alert level from early December
2010. The 2010 eruption was fed by basaltic
andesite magma similar to other recent Merapi
eruptions, but was driven by a larger than
normal influx of deep, volatile-rich magma that
replenished the shallower magma system
within the carbonate-dominated upper crust
beneath Merapi at relatively short timescales.
During and after the eruption, lahars swept
down almost all major valleys, causing con-
siderably larger impact than after previous
eruptions. As a result of the eruption, nearly
400,000 people were displaced from their
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homes and accommodated in temporary or
permanent residences. Tourist activities and
sand quarrying of PDC and lahar deposits
facilitated post-eruption recovery. Mitigation
measures, including strengthening of the vol-
cano monitoring system, establishment of a
disaster risk reduction forum, strengthening of
community capacity, and preparation of con-
tingency plans for local governments based on
hazard scenarios, were all part of the disaster
risk reduction strategy that saved many lives
during the 2010 eruption crisis.
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12.1 Introduction

With a Volcano Explosivity Index (VEI) of 4, the
catastrophic eruption in 2010 was the largest
eruption of Merapi since 1872 and the deadliest
since 1930 (Siebert et al. 2011; Surono et al.
2012; Jousset et al. 2013a), causing 398 casual-
ties. The eruption had a significant impact on the
natural environment, built infrastructures and the
population in the vicinity of Merapi (Fig. 12.1),
and posed major challenges during crisis man-
agement and post-disaster recovery. Compared
with Merapi’s activity in the past few decades
(e.g. Voight et al. 2000), the 2010 eruption was
unusual in many respects. Following a rapid
increase in seismicity and ground deformation,
the eruption began on 26 October with partially
laterally directed explosions at the summit. These
were not preceded by lava dome extrusion, which
frequently characterised previous Merapi erup-
tions. A few days later, a dome extruded within
the newly formed summit crater over a period of
less than a week, growing at unprecedented rates
of 25 m3 s−1 (Surono et al. 2012; Pallister et al.
2013). During the climactic eruption phase on 5

November, this dome was rapidly destroyed in a
series of explosions generating blast-like, high-
energy pyroclastic density currents (PDCs) and
contemporaneous valley-confined PDCs, of
which at least one travelled *16 km beyond the
summit along the Gendol valley, more than twice
the distance of the largest flows in 2006 and other
recent eruptions (Voight et al. 2000; Charbonnier
and Gertisser 2008; Charbonnier et al. 2013;
Komorowski et al. 2013). Both phenomena, as
well as associated valley-derived, unconfined
(overbank) flows and accompanying ash-cloud
surges, caused widespread devastation on Mer-
api’s south flank and the large number of casu-
alties (Surono et al. 2012; Charbonnier et al.
2013; Cronin et al. 2013; Jenkins et al. 2013;
Komorowski et al. 2013; Lerner et al. 2021). In a
later phase on 5 November, collapse of a sub-
plinian convective eruption column produced
PDCs rich in pumice and scoria. This was fol-
lowed by renewed lava dome extrusion, at a rate
of 35 m3 s−1 (Pallister et al. 2013), exceeding the
already unusually high rates of the previous (pre-
climax) dome extrusion phase. The eruption
intensity declined on 8 November (Surono et al.
2012; Komorowski et al. 2013; Pallister et al.
2013).

This chapter provides an overview of the 2010
eruption compiled by an international team of
experts who worked on various aspects of the
eruption and its crisis management. After a
summary of the chronology of the 2010 eruption
crisis (Sect. 12.2), the chapter reviews the vol-
cano monitoring record (Sect. 12.3) and the vol-
canic deposits of the eruption (Sect. 12.4). The
petrology and geochemistry of the eruptive
products are described in Sect. 12.5 and used to
shed light on the pre-eruptive magma plumbing
system and the magmatic processes leading up to
the eruption. This is followed by a description of
the eruption's impact on the environment, infras-
tructures and population as well as the recovery
after the disaster (Sect. 12.6). The management
and disaster risk reduction strategy of the 2010
volcanic crisis is covered in Sect. 12.7, followed
by a conclusion section (Sect. 12.8).
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Fig. 12.1 Map of Merapi volcano and its surroundings,
showing some of the larger towns and villages (grey
circles), the city of Yogyakarta (grey area) and Adisucipto
Interntional Airport, the BPPTKG head office in Yogya-
karta (black square), volcano observation posts (labelled
black squares: K = Kaliurang; N = Ngepos; B = Baba-
dan; J = Jrakah; S = Selo), main river valleys (blue), and
major roads (light grey). Permanent short-period seismic

stations are shown by orange triangles (PUS; DEL; PLA;
KLA) and temporary broadband seismic stations are
indicated by green triangles (LBH; GMR; GRW; PAS;
WOR/L56). The red arcs at distances of 10, 15 and 20 km
from the summit of Merapi show evacuation zones in
effect at different times during the 2010 eruption crisis.
See text for details. After Surono et al. (2012) and Jousset
et al. (2013a)
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12.2 Eruption Chronology

For the purpose of this chapter, the chronology
and main phenomena of the 2010 eruption are
grouped into four phases: (1) Reawakening of
Merapi and volcanic unrest, (2) Beginning of the
eruption and pre-climactic activity, (3) Climactic
eruption phase, and (4) Post-climactic activity
and end of the eruption (Fig. 12.2). These are
closely aligned with the eruption phases pro-
posed by Surono et al. (2012) and the eruption
stages put forward by Komorowski et al. (2013)
(Fig. 12.2). The latter provides a detailed
framework for linking the volcanic deposits to
eruption chronology (see Sect. 12.4).

12.2.1 Reawakening of Merapi
and Volcanic Unrest

After the 2006 eruption, Merapi stayed in a
resting phase for 42 months until signs of
renewed activity began in October 2009
(Fig. 12.2). As in previous eruptions, the first
substantial indication of Merapi’s reawakening
and continuing unrest was increased seismic
activity, with various seismic signals, as previ-
ously identified at Merapi, associated with dif-
ferent processes and events, including
(1) volcano-tectonic (VT—VTA = deeper VT
earthquakes, 2.5–5 km below the summit;
VTB = shallower VT earthquakes, <1.5 km
below the summit), (2) multiphase (MP), (3) low-
frequency (LF) or long period (LP), (4) very-long
period (VLP), (5) tremor, (6) rockfall (RF), and
(7) pyroclastic flow (PF) types (e.g. Ratdomop-
urbo 1995; Ratdomopurbo and Poupinet 2000;
Jousset et al. 2013b). The rise in activity leading
up to the 2010 eruption was signalled by the
appearance of a swarm of shallow VT earth-
quakes (<1 km depth) on 31 October 2009. The
largest VT events had a magnitude of 3.0 on the
Richter Scale and were felt by the inhabitants
around Merapi; further VT earthquakes were
detected on 31 October 2009, 9 December 2009,
1 February 2010, and 10 June 2010 (Fig. 12.2).
In September 2010, the seismic activity

increased significantly, marking the start of the
2010 eruption crisis phase (Fig. 12.2). The
increase in VT earthquakes was accompanied by
shortening of the slope distances (i.e. the distance
between a base station on the lower slopes of the
volcano and a reflector at the summit, as deter-
mined by electronic distance measurements
(EDM)), particularly on the southern baselines
from Kaliurang (see Aisyah et al. 2018). Felt VT
earthquakes with a magnitude 2.5 and 2.2 on the
Richter scale occurred on 12 and 13 September
2010, respectively. The first of the two earth-
quakes was followed by a large rockfall that was
heard from several volcano observation posts.
The daily number of MP and VT earthquakes
increased sharply on 19 September 2010, and
shortening of the southern baselines reached up to
0.5 m from 3 April 2009 to 19 September 2010,
and 3 cm on 20 September alone. Considering the
increase in seismicity and the gradual shortening
of the slope distance, the alert level was upgraded
on 21 September 2010 from level I (NORMAL)
to level II (WASPADA; Engl.: Advisory) on the
four-level alert system (Fig. 12.2).

From mid-October 2010, all monitoring data
revealed a significant increase in volcanic activ-
ity. The daily numbers of VT andMP earthquakes
increased to 56 and 579, respectively on 17
October, while the cumulative energy of both
types of earthquakes reached 27.9 � 109 J on 20
October. On that day, rockfall activity increased
to 87 events per day. This number was still rela-
tively low compared to earlier eruptions between
the 1990s and 2006, which involved rockfalls
from the destruction of older domes. By 21
October, the southern baselines had contracted by
up to 1.643 m since 3 April 2009. The concen-
tration of CO2 gas in the summit fumaroles also
increased significantly, reflecting accumulation of
high magmatic pressure in the upper conduit, and
raising the possibility that the expected eruption
could be explosive and not preceded by lava
dome extrusion. The further increase in volcanic
unrest prompted the Center of Volcanology and
Geological Hazard Mitigation (CVGHM) to raise
the alert level to level III (SIAGA; Engl.: Watch)
on 21 October 2010 (Fig. 12.2).
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Fig. 12.2 Chronology and main phenomena of the 2010
eruption from the first signs of reawakening in October
2009 to September 2011, when the alert level was

lowered to level I (NORMAL). Also shown are the
eruption phases and stages proposed by Surono et al.
(2012) and Komorowski et al. (2013)
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On 24 October, the number of VT and MP
earthquakes significantly increased to 80 and 588,
respectively, and the cumulative energy of VT and
MP earthquakes reached 62.5 � 109 J. Rockfalls
occurred frequently, with 194 events recorded,
suggesting that the old 2006 lava dome became
unstable. The concentration of CO2 gas in the
summit fumaroles also continued to increase. The
following day, on 25 October, the numbers of VT,
MP and rock-fall events continued to increase to
222, 624 and 454, respectively, and the cumulative
seismic energy ofVT andMP earthquakes reached
75.8 � 109 J. The southern baselines shortened
by up to 0.551 m in only one day since 24October,
suggesting that at this point, the activity of Merapi
was at a critical phase where an eruption could
occur any time. Therefore, at 06:00 local time
(WIB) on 25 October, CVGHM decided to raise
the alert to the highest level IV (AWAS; Engl.:
Warning). A restricted zonewith a radius of 10 km
from the summit was recommended, and 70,000
residents had to be evacuated from the restricted
zone (Figs. 12.1, and 12.2).

High seismicity and rapid shortening of the
southern baselines continued on 26 October. The
number of VT, MP and rockfall events were 232,
397 and 269, respectively, and the total energy
reached 94.8 � 109 J until the onset of the
eruption. The shortening of the southern baseli-
nes was rapid at up to 0.744 m in only 4 h.

12.2.2 Beginning of the Eruption
and Pre-Climactic
Activity

The eruption began at 17:02 (local time
(WIB) = UTC + 7 h) on 26 October (Fig. 12.1).
The initial explosive phase, which was cate-
gorised as a magmatic eruption, lasted for about
two hours (Table 12.1). It destroyed the 2006
lava dome and the southern rim of the summit,
forming a large crater open to the south
(Fig. 12.3a, b). Pyroclastic density currents from
laterally directed explosions reached up to
6.8 km in Kali Gendol and Kali Kuning and
caused as many as 35 casualties in the restricted
zone in Kinahrejo, including Mbah Marijan, a
local traditional figure.

The number of VT and MP events decreased
after the initial explosions, and the quiescence
continued until 28 October. As all the EDM
reflectors were broken as a result of the 26
October events, ground deformation data could
no longer be obtained along the established
baselines. Further smaller eruptions occurred on
29 October, 31 October and 1 November.
Incandescence, signalling arrival of magma at the
surface, was initially observed on 29 October
(Komorowski et al. 2013). Growth of a new lava
dome within the 26 October summit crater was
first detected by Interferometry Satellite Aperture

Table 12.1 Eruptive activity and phenomena observed at the beginning of the 2010 eruption on 26 October

Time (WIB) Eruptive activity and phenomena Duration

17:02 Pyroclastic flow (PDCa) 9 min

17:18 Pyroclastic flow (PDC) 4 min

17:23 Pyroclastic flow (PDC) 5 min

17:30 Pyroclastic flow (PDC) 2 min

17:37 Pyroclastic flow (PDC) 2 min

17:42 Large pyroclastic flow (PDC) 33 min

18:00–18:45 Loud noise heard at the Jrakah and Selo volcano observation posts 45 min

18:10, 18:15, 18:25 Thumping sounds occurred 3 times < 1 min

18:16 Pyroclastic flow (PDC) 5 min

18:21 Large pyroclastic flow (PDC); ‘flames’ and an ash column up to 1.5 km
above Merapi observed from the Selo volcano observation post

33 min

18:54 Activity begins to decline –

a PDC—Pyroclastic density current
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Radar (InSAR) on 1 November (Pallister et al.
2013; Kubanek et al. 2015; Kelfoun et al. 2017).
Partial collapse of the growing dome led to
several PDCs over the next few days.

At 11:00 local time (WIB) on 3 November,
the amplitude of seismic tremors suddenly
increased, marking the beginning of a short sub-
Plinian eruption phase. With PDCs reaching
more than 10 km runout distance, the restricted
zone was enlarged to 15 km radius from the
summit at 16:05 (WIB) on that day (Figs. 12.1,
and 12.2). At 18:46 (WIB), further large PDCs
occurred in the Gendol valley, reaching 9 km
from the summit. At that time, the KLA (Kla-
takan) seismic station, located 2 km west of
Merapi’s summit (Fig. 12.1), was damaged by
PDCs or falling rocks and stopped transmitting a
signal. With PDCs reaching distances of up to
12 km in Kali Gendol on 4 November, CVGHM
expanded the radius of the danger zone to 20 km
that evening (Figs. 12.1 and 12.2). At that time,
the volume of the lava dome had increased
to *5 million m3 (Fig. 12.3c), suggesting a
time-averaged growth rate of *25 m3 s−1

(2.160 � 106 m3/day) since 1 November (Sur-
ono et al. 2012; Pallister et al. 2013). This sig-
nificantly exceeded the highest extrusion rates
observed during the previous dome-forming
eruption in 2006 (0.285 � 106 m3/day) (Ratdo-
mopurbo et al. 2013) and Merapi's long-term
(100 year) average (0.003 � 106 m3/day (Sis-
wowidjoyo et al. 1995).

12.2.3 Climactic Eruption Phase

The eruptive activity reached its peak on 5
November (Fig. 12.2). The largest pyroclastic
events occurred at 00:01 (WIB) and lasted for
about 27 min. It included a sequence of several
laterally directed dome explosions that produced
high-energy PDCs and retrogressive gravitational
dome collapses that removed the growing and
older lava domes at the summit, and generated
PDCs reaching a distance of *16 km in the
Gendol valley (Surono et al. 2012; Budi-Santoso
et al. 2013; Charbonnier et al. 2013; Komor-
owski et al. 2013) (Fig. 12.3d). An unsustained

convective column reached a height of 17 km
above the summit, producing PDCs rich in scoria
and pumice clasts. A cumulative SO2 emission
of *0.44 Tg (Surono et al. 2012), obtained by
satellite observation, was used to estimate a
volume of *120 million m3 of degassing
magma at depth. The events at the peak of the
eruption caused damage to the DEL (Deles) and
PUS (Pusunglondon) seismic stations
(Fig. 12.1). Due to the magnitude of the eruption
and seismic energy, the vibrations were also
recorded by the IMG (Imogiri) seismic sta-
tion *40 km south of Merapi (see Budi-Santoso
et al. 2023, Chap. 13). The sound of the eruption
could be heard more than 60 km away.

12.2.4 Post-Climactic Activity
and End of the 2010
Eruption

The eruptive activity gradually decreased after 5
November (Fig. 12.2). Rapid lava dome extru-
sion resumed over a period of *11 h on 6–7
November at an unprecedented rate of 35 m3 s−1

and was accompanied by minor explosive
activity. When dome growth ceased on 8
November, the new lava dome had a volume
of *1.5 � 106 m3 (Pallister et al. 2013)
(Fig. 12.3e). Subsequent activity was charac-
terised by dome subsidence, and minor vulcanian
explosions and ash emissions.

On 15 November, CVGHM recommended
reducing the radius of the restricted zone to
15 km from the summit in the Magelang district
and to 10 km in the Klaten and Boyolali districts,
while the zone for the Sleman district, as the
most impacted area, was kept at 20 km radius
from the summit (Fig. 12.2). Reduction of the
radius of the restricted zone continued on 19
November, with the hazard zone reduced to
10 km from the summit in the Sleman, Magelang
and Klaten districts, and to 5 km in the Boyolali
district (Fig. 12.2). With continued waning of the
eruptive activity, as indicated by decreasing
seismicity, the alert level was downgraded to
level III on 3 December 2010, and subsequently
to level II on 30 December 2010 (Fig. 12.2).
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These decisions were crucial, given that the large
number of refugees reached nearly 400,000
people (Mei and Lavigne 2013; Mei et al. 2013).
After lowering of the alert level, some of the

refugees were able to return to their homes,
except for people whose houses were severely
damaged by the eruption. Lahars occurred con-
tinuously in all of the rivers around the flanks

Fig. 12.3 a RADARSAT-2 Synthetic Aperture Radar
(SAR) base reflectivity image of 12 October 2009 at
5:11 (WIB), with arrow indicating the remnants of the
2006 lava dome and ‘G’ denoting Kali Gendol.
b TerraSAR-X image from 27 October 2010 at 5:21
(WIB), with arrow showing the deepened summit crater
produced by the initial explosions of the 2010 eruption
on 26 October. ‘G’ indicates Kali Gendol. c TerraSAR-
X image from 4 November 2010. ‘D’ marks the large
(*5 � 106 m3) lava dome, first detected on 1 Novem-
ber, ‘PF’ denotes pyroclastic flow (PDC) deposits from
the 26 October to 4 November activity, and ‘Kj’ shows
the location of Kinahrejo. d RADARSAT-2 SAR base

reflectivity image from 6 November 2010. ‘C’ indicates
the empty summit crater, ‘PF’ shows channelised and
overbank pyroclastic flow (PDC) deposits and ‘S’ are
dilute PDC (surge) deposits in and around Kali Gendol
(‘G’), both formed during the climactic eruption phase
on 5 November. ‘K’ shows the location of Kali Kuning.
e RADARSAT-2 SAR base reflectivity image from 7
November 2010 at 5:07 (WIB), showing the new lava
dome that had grown to *1.5 � 106 m3 in the previous
11 h. In each image, the scale bar (yellow) is 2 km; the
north direction is indicated by the position of ‘N’
relative to the scale bar. After Surono et al. (2012) and
Pallister et al. (2013)
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during the rainy season from November 2010 to
April 2011 (de Bélizal et al. 2013). The alert
level was downgraded to level I on 12 September
2011 after most of the lahar events had finished
(Fig. 12.2). This means that from the first early
warning issued on 20 September 2010 to the
return to normal conditions, the 2010 Merapi
disaster crisis lasted for about 1 year.

12.3 The Volcano Monitoring
Record of the 2010 Eruption

As outlined in the previous section, indications
of the eruption were clearly shown by the mon-
itoring data. The daily seismicity gradually
increased and was accompanied by felt earth-
quakes from 8 months prior to the eruption on 26
October 2010. The deformation of the summit
area, which had been monitored by EDM,
showed shortening of the slope distance for one
year prior to eruption, and significantly acceler-
ated about 2 weeks before the eruption. About
five days before the eruption, volcanic gas con-
centrations increased. Below, the main charac-
teristics of the seismic, deformation and gas-
geochemical monitoring data of the 2010 erup-
tion are presented and discussed.

12.3.1 Seismicity

Themost prominent seismic features leading up to
the 2010 eruption were the high seismic intensity
and energy (Fig. 12.4). The maximum daily
number of VT, MP, and RF earthquakes reached
242, 624 and 454, respectively. Excluding RF
earthquakes, these numbers exceeded what
occurred during previous eruptions. Leading up to
the 2010 eruption, the maximum number of VT
earthquakes was around 6 times higher, and the
number of MP earthquakes was around 3 times
higher, compared to the period prior to the 2006
eruption. Similarly, the value of seismic energy of
the 2010 eruption was greater than the previous
eruption in 2006 (Fig. 12.5). The cumulative
seismic energy released through VT and MP
earthquakes during the year prior to the 2010

eruption reached 7.5 � 1010 J. Compared to pre-
vious eruptions, the energy from 1992 to 2006
never exceeded 2.5 � 1010 J. This considerably
higher amount of energy was the most important
seismic feature of the 2010 eruption, consistent
with its highly explosive character. Along with
deformation and gas emission measurements, this
observation gave an early identification of the
impending large eruption and underpinned the
decisionmaking for the evacuation of a larger than
usual area. An increase was also observed in the
continuous seismic signals (Fig. 12.4). The
accelerated rate of seismic energy was clearly
reflected in the RSAMandMRSAMvalues for the
frequency bands other than 1–3 Hz, and offered an
opportunity to test the Failure ForecastingMethod
(Voight 1988) used to predict volcanic eruptions.
MRSAM values of the 3–5 Hz frequency band
gave the best results, where during the six days
before the onset of eruption, the model consis-
tently pointed to the eruption time with an accu-
racy of *4 h (Budi-Santoso et al. 2013).

Rapid magma migration from depth was a
further important feature in the lead-up to the
eruption. Most deep VT events with focal depths
from 2.5 to 5 km occurred before 17 October
2010, the date when VLP events were also
recorded at the summit and at several distal
broadband seismic stations and linked to inertial
displacement of material such as magma or gas
(Jousset et al. 2013b). After this date, deep VT
events diminished, while shallow activity
(<1.5 km) increased (Fig. 12.6). This indicated
migration of magma towards the surface, with
calculated ascent rates of 1 mm/s or 86 m/day
during deep intrusion, 6 mm/s or 520 m/day
during aseismic intrusion, and 3 mm/s or
260 m/day during shallow intrusion. These val-
ues were considered plausible given the different
stress constraints corresponding to these different
zones. According to Hidayat et al. (2000), the
average magma ascent velocity ranged from 0.2
to 0.5 mm/s or 17 to 43 m/day during pre-
eruptive activity of Merapi in the 1990s.

An additional important feature of the 2010
seismic data was the emergence of large LF
earthquakes at a depth of several hundred metres
below the summit on 23–24 October, about three
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days before the eruption (Figs. 12.4 and 12.6),
which confirmed that a large bulk volume of gas
was involved in the eruption. However, these

events were saturated on the short period stations
and therefore not considered as LF events by the
observers at the time.

Fig. 12.4 Seismicity at Merapi from September to
December 2010. a Volcano-tectonic (VT) earthquakes.
b Multiphase (MP) earthquakes. c Low-frequency

(LF) earthquakes. d Rockfalls (RF). e Pyroclastic flows
(PF). f Real-time seismic amplitude measurements
(RSAM). After Surono et al. (2012)
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Fig. 12.5 Comparison of the cumulative energy release of VT and MP earthquakes in the year prior to the eruptions
from 1992–2010. After Budi-Santoso et al. (2013)

Fig. 12.6 Daily number of
events for each group of
earthquake clusters during
September and October 2010.
The values (left axis) are
normalised by their
maximum. The deformation
rate of reflector RK4 obtained
by EDM is superimposed as a
black line. The rapid increase
in the deformation rate
approximately on 18 October
2010 corresponds to the
strong increase of shallow
earthquake events and the
vanishing of deep earthquakes
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12.3.2 Ground Deformation

Ground deformation prior to the 2010 eruption
was characterised by uniaxial displacement and
long-term creep (Aisyah et al. 2018). A large
change of slope distance was detected by daily
distance measurements using EDM only from the
southern volcano observation post (Kaliurang) to
the south summit area; changes of slope distance
from the other directions were minimal (Surono
et al. 2012; Aisyah et al. 2018). The rate of
contraction of the southern baselines accelerated
up to the first explosions on 26 October.

Changes of slope distance of the baselines
from April 2009 are shown in Fig. 12.7. The
change of slope distance data was divided into 11
(T1 to T11) periods based on the contraction rate
of the southern baseline Rk4-KAL (Kaliurang)
(Fig. 12.7a), the slope distance of which
decreased by 1.64 m from April 2009 to 21
October 2010. By contrast, shortening of base-
lines from the Babadan post (BAB) amounted to
only 0.02 to 0.05 m for the same period
(Fig. 12.7a, b). Larger contractions were
observed using the reflectors closer to the sum-
mit, with a much larger contraction of baseline
Rk4-KAL, compared to the other flanks. Base-
lines Rk1-KAL, Rk2-KAL, and Rk3-KAL on the
south flank also exhibited significant contractions
(−1.43 m, −0.58 m, and −0.59 m, respectively).
Contractions of EDM lines accelerated from 21
to 26 October 2010, when baseline Rk4-KAL
was shortened by 3.73 m on 26 October, while
baselines Rk3-KAL, Rk2-KAL, and Rk1-KAL
decreased by 3.23 m, 2.07 m, and 1.10 m,
respectively. Unlike the contraction of the
southern and north-western baselines, baselines
Rj1-JRK (Jrakah) and Rb5-BAB were shortened
only from April 2009 to August 2010 (T1 and
T2), changing to extension from August to
October 2010 (T3 to T7; Fig. 12.7b). Measure-
ments at the Rs1-SEL (Selo) baseline indicated
shortening until April 2010, after which no
measurements were documented (Fig. 12.7b).

The contraction rate increased linearly during
periods T4 to T6, from 0.03 m/day between 24
September and 15 October (T4 and T5) to
0.05 m/day between 15 and 20 October (T6)

(Fig. 12.7). On 20 October, the contraction rate
increased exponentially, reaching 0.95 m/day on
26 October, the start date of the eruption. As
before, the contraction of the north-western
baseline Rb5-BAB was considerably less than
that of the southern baseline Rk4-KAL, although
the contraction rate gradually increased from T2
to T7 (Fig. 12.7). The CVGHM upgraded the
alert level from level II to level III on 21 October
and distance measurements of the north-western
and northern baselines using EDM were dis-
continued. The dominant contraction of the
southern baselines indicated surface deformation
in an asymmetrical pattern, with a large move-
ment of the summit area towards the south flank
and minor movement of the summit area in other
directions.

12.3.3 Gas Geochemistry

One of the manifestations of the activity of
Merapi is the presence of solfataras or fumaroles
in the summit area. The concentration of solfa-
tara or fumarole gas emissions changes during an
increase in activity. Merapi is a H2O-rich vol-
cano, with the volcanic gases mainly composed
of H2O—a typical feature of subduction zone
volcanoes (Shinohara et al. 2008)—followed by
CO2, SO2, H2S and the minor gaseous compo-
nents hydrogen (H2), carbon monoxide (CO),
hydrogen chloride (HCl), hydrogen fluoride
(HF), and helium (He) (Le Guern et al. 1982;
Sumarti and Suryono 1994; Delmelle and Stix
2000). The characteristics of the volcanic gas
emissions of the explosive 2010 eruption were
different from previous effusive eruptions, with
the most significant changes prior to the 2010
eruption observed in the volcanic gas concen-
trations of H2O and CO2 (Fig. 12.8). During the
repose period between the 2006 eruption and
2009, volcanic gas compositions fluctuated. In
November 2007, the concentration of H2O
dropped to 75 mol.% from >90 mol.% and was
accompanied by increases in other gas species,
such as CO2 and SO2, which reached concen-
trations of 19.2 mol.% and 3.0 mol.%, respec-
tively. After 2009, the composition returned to
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normal (background) levels until March 2010. In
April 2010, the concentration of H2O decreased,
and CO2 increased, before the gas emissions
returned to normal levels in March 2010. In June
2010, H2O levels decreased again to 77.7 mol.%
and CO2 rose to 14.2 mol.%, and gas concen-
trations remained at a higher-than-normal level
afterwards. Significant changes in gas concen-
trations were observed in October 2010, when
H2O concentrations were as low as 59 mol.%,

and CO2 and H2S increased to 35 mol.% and
2.5 mol.%, respectively (Fig. 12.8).

During the 2010 eruption, explosive eruption
phases were characterised by a significant
increase in H2S/H2O ratios, which were not
detected during the effusive eruption phase. This
observation was due to the dominance of H2S
among the sulphur compounds (Fig. 12.9a). As
H2S is a stable sulphur compound at
higher pressure and temperature (Delmelle and
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Fig. 12.7 a Change of slope distance (i.e. the distance
between a base station on the lower slopes of the volcano
and a reflector (R) at the summit, as determined by EDM)
at the southern baselines (Rk1/Rk2/Rk3/Rk4-KAL), and
the north-western baseline (Rb3-BAB) between April
2009 and October 2010. b Change of slope distance at the
north-western (Rb5-BAB), northern (Rj1-JRK) and north-
eastern (Rs1-SEL) baselines. For the configuration of the
EDM network in 2010, see Aisyah et al. (2018).

Deformation changes, observed since the beginning of
2009, were divided into 11 (T1 through T11) periods
based on the contraction rate of the Rk4-KAL baseline.
The volcano-tectonic (VT) earthquake swarm on 31
October 2009 and the dates of alert level changes are
also shown. Abbreviations: BAB = Babadan; JRK = Jra-
kah; KAL = Kaliurang; SEL = Selo. After Aisyah et al.
(2018)

12 An Overview of the Large-Magnitude (VEI 4) Eruption … 365



Stix 2000), the higher observed H2S/H2O ratios
during explosive eruption phases likely reflects
fresh magma input from depth characterised by
higher H2S (and CO2) concentrations (relative to
SO2, HCl and H2O) compared to magma stored
in a shallower part of the magma plumb-
ing system. The large variation in SO2/H2O may
have been due to different gas sources in general
(Shinohara et al. 2011), including deep as well as
shallow magma sources, which release gas gen-
erally dominated by SO2 (Delmelle and Stix
2000). Emitted CO2/H2O ratios, which are pro-
portional to the bubble fraction in the melt (e.g.
Botcharnikov et al. 2004), also significantly
increased during the 2010 explosive eruption
compared to the effusive eruptions in 2001 and
2006. The strong increase in the CO2 emission
prior to the 2010 eruption is distinctly negatively
correlated with the emission of H2O and a CO2/
H2O ratio of 0.83, while the effusive eruptions in

2001 and 2006 were characterised by CO2/H2O
ratios of 0.14 and 0.11, respectively (Fig. 12.9b).

Changes in gas ratios leading up to the 2010
eruption were observed from August/September
2010 to October 2010. CO2/SO2 increased from
9.4–19.0 to 24.1–115.6, CO2/HCl from 20.8–
31.0 to 52.8–115.7, and CO2/H2O from 0.1–0.2
to 0.6–2.7. Combined, these changes in gas
concentrations indicated migration of magmatic
fluid to shallower levels in October 2010. Such
an interpretation is in line with seismic, particu-
larly LP, events (Jousset et al. 2013b) and
decreasing CO2/H2S ratios from 16.8–26.4 to
13.4–13.9, which suggested that the new magma
from depth carried a volatile-rich phase of CO2

and H2S (relative to SO2 and HCl) that was
rapidly released at the surface.

During the effusive eruption phase in 2010,
the growth rate of the lava dome showed a pos-
itive correlation with the CO2/H2O ratio and HCl

Fig. 12.8 Changes in gas composition at the Woro fumarole field at Merapi’s summit prior the 2001 and 2006 effusive
eruptions and the explosive eruption of 2010
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Fig. 12.9 a Merapi gas H2S and SO2 concentrations
(mol.%) prior to the 2001 and 2006 effusive eruptions,
and the explosive eruption in 2010. b Concentrations

(mol.%) of CO2 and H2O prior to the 2001, 2006 and
2010 eruptions
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concentration of the emitted gases. Typically, the
HCl concentration during dome extrusion is
higher than during explosive eruptions or erup-
tion phases due to the complexity of the Cl
degassing behaviour of the melt as magma rises
towards to the surface, and other factors,
including differentiation of the magma, melt
composition, temperature and pressure (e.g.
Carroll and Webster 1994).

SO2 emissions and their variations that have
been routinely measured at Merapi provide
insights into the behaviour of the volcano over
longer periods of time. Since 1991, monitoring of
SO2 emissions was conducted from the fumaroles
in the summit area and the former Gendol and
Woro fumarole fields, using a correlation spec-
trometer (COSPEC) and differential optical
absorption spectroscopy (DOAS), complemented
by satellite remote sensing during explosive
activity. Measurements were made almost daily
when the weather permitted, especially in the dry
season. Results indicate that SO2 emissions aver-
aging >100 tons/day coincide with an increase of
activity at Merapi and that before every eruption,
the SO2 gas emission of Merapi increases
(Fig. 12.10). Prior to the eruption in early 1992, a
sharp increase from an average of 50 tons/day
to >200 tons/day was observed, with a maximum
SO2 gas emission >300 tons/day, similar to the

eruptions in November 1994, January 1997 and
July 1998. Long-term variations in the SO2 con-
centration at Merapi are noticed, for example,
between 1991 and 1998, when the SO2 concen-
tration decreased slightly. By contrast, from 1999
to 2010, the trend changed to a significant increase
of the SO2 concentration in the emitted gases
(Fig. 12.10).

12.3.4 Physical Processes Prior
to the Eruption

The topography of the summit area of Merapi
prior to the 2010 eruption was dominated by the
lava dome that extruded after the large dome
collapse events in June 2006 (Ratdomopurbo
et al. 2013). Therefore, the state of a shallow part
of the conduit allowed higher pressure to build
up than during the 2006 eruption (Aisyah et al.
2018). The location of the pressure source was
estimated at 2 km beneath the crater (see Aisyah
et al. 2018). Magma began to inject into the
shallow reservoir at a depth of 2 km below the
summit in April 2009, and the pressure of the
reservoir increased to 150–200 MPa on 15
October 2010 (Fig. 12.11a). VT earthquakes
were clustered (Budi-Santoso et al. 2013) below
and above the shallow magma reservoir. The

Fig. 12.10 SO2 emissions of
Merapi from 1991 to 2010
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increase in VT earthquakes was reflected by an
increase in pressure of the shallow reservoir,
causing inflation of the ground around the sum-
mit and movement of a block south-eastward.
The block corresponds to one of the biggest lava
domes which filled the east part of the large
Mesdjidanlama crater in 1911 (East Dome).
Inflation of the shallow reservoir increased the
instability of the East Dome, the base of which
corresponded to a deeper discontinuity.

Magma injection continued on 15 to 20
October 2010, increasing the pressure of the
shallow reservoir to 200–250 MPa (Fig. 12.11b),
and causing inflation of the ground around the
summit and south-eastward movement of the
1911 lava dome. Magma injection accelerated on
20 October 2010 resulting in an estimated
increase in pressure to 400–450 MPa
(Fig. 12.11c). The acceleration continued until
immediately before the onset of the explosive
eruption on 26 October (Fig. 12.11d), when the
pressure reached 450–500 MPa, about 4 times
higher than in 2006. The explosivity of the 26
October events at the onset of the eruption, with
ballistic bombs ejected up to 2 km and PDCs
reaching 6.8 km from the summit, is there-
fore inferred to have been caused by a highly
pressurised shallow magma reservoir (Aisyah
et al. 2018).

12.4 Volcanic Deposits of the 2010
Eruption

During the multistage 2010 eruption, distinct
volcanic deposit types were formed as the erup-
tion progressed (Fig. 12.12). Following a
description of types, volume and distribution of
the 2010 volcanic deposits, we use the detailed
framework of eruption stages proposed by
Komorowski et al. (2013) to link the volcanic
deposits to the eruption chronology, before dis-
cussing the generation, dynamics and signifi-
cance of high-energy PDCs, which may well
represent the first, well-documented examples of
blast-like PDCs at Merapi (Komorowski et al.
2013; see Gertisser et al. 2023a, Chap. 1).

12.4.1 Types, Volume
and Distribution
of the 2010 Volcanic
Deposits

Volcanic deposits of the 2010 eruption were
associated with a range of volcanic phenomena,
including vertical and directed explosions, erup-
tion column or fountain collapse, lava dome
extrusion, dome explosion, dome collapse,
rockfalls and tephra (ash) fall (Surono et al.

Fig. 12.11 Ascent and storage of magma and block
movement prior to the 2010 eruption. Dots represent
hypocentres of volcano-tectonic (VT) earthquakes, light
blue vectors show displacement caused by a spherical
pressure source and black vectors display southward

block movement. The thick dark red arrow shows the
southward directed explosions on 26 October 2010, while
the thinner red arrows indicate explosive eruption phases
between 26 October and 5 November 2010
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2012; Charbonnier et al. 2013; Cronin et al.
2013; Komorowski et al. 2013; Preece 2014;
Preece et al. 2016). Lahars occurred during and
immediately after the eruption from remobilisa-
tion of primary pyroclastic deposits mainly dur-
ing Indonesia’s rainy season and continued for
several years (de Bélizal 2013).

As during other recent Merapi eruptions,
generation of PDCs was ubiquitous, with PDCs
having been produced during all eruption stages
(Charbonnier et al. 2013; Cronin et al. 2013;
Komorowski et al. 2013; Preece 2014; Preece
et al. 2016). However, due to the complexity of
the 2010 eruption, the PDCs were characterised
by marked differences in deposit characteristics,
distribution and dynamics, and included:
(1) massive, concentrated and block-rich valley-
confined PDCs or block-and-ash flows (BAFs)
that formed by gravitational lava dome failure,
(2) lobate overbank PDC deposits resulting from
overspilling of the massive, concentrated and
block-rich valley-confined PDCs onto interfluve
areas and into adjacent valleys (fast and slow
overspill flows; Lerner et al. 2021), (3) dilute
unconfined PDCs or surges that formed by
detachment from valley-confined massive, con-
centrated and block-rich PDCs and by laterally
directed explosions from a gas-rich, shallow
intrusion or cryptodome (low-energy detached
surges; Lerner et al. 2021), (4) pumice-rich PDCs
generated by the collapse of explosive, pumice-
rich eruption columns, and (5) unconfined, tur-
bulent high-energy PDCs, distinct from the dilute
unconfined PDCs or surges described above,
which were among the most striking volcanic
phenomena of the eruption (high-energy surges;
Lerner et al. 2021).

The 2010 eruption was considerably larger
than other recent and historical Merapi eruptions.
Initial estimates (Surono et al. 2012) suggested a
bulk deposit volume of *40–80 � 106 m3,
consisting of *30–60 � 106 m3 of juvenile
material and an additional *10–20 � 106 m3 of
non-juvenile material derived from the summit.
Based on field studies and a multi-temporal
dataset of high-resolution satellite imagery,
Charbonnier et al. (2013) determined a bulk PDC
deposit volume of *36.3 � 106 m3, which is at

the lower end of the range proposed by Surono
et al. (2012) and similar to the *40 � 106 m3

estimated by Bignami et al. (2013), based on
synthetic aperture radar (SAR) data. Both esti-
mates do not include deposits other than those on
the south flank and must therefore be regarded as
minimum values. They are slightly lower than
the PDC bulk volume estimates of *41 � 106

m3 (Komorowski et al. 2013) and 48.6 � 106 m3

(Cronin et al. 2013). According to Charbonnier
et al. (2013), the total volume is distributed
between valley-confined deposits (50.2%),
overbank deposits (39.3%), as well as surges and
fallout tephra (10.5%). An estimated >70% of
the deposits were generated on 4–5 November,
and only 28.1% and 0.9% formed prior to and
after 5 November, respectively. Solikhin et al.
(2015) proposed a bulk PDC deposit volume
of *45 � 106 m3 in the south, south-west, west
and north-west sectors, and a bulk tephra-fall
deposit volume of *18–21 � 106 m3. The
authors estimated that the Gendol and Opak
catchments on the south flank contained about
10–15% of the total tephra-fall and 65–70% of
the PDC deposit bulk volume. Overall, the pub-
lished estimates of the bulk volume of the 2010
deposits range from *36.3–80 � 106 m3. These
estimates indicate a bulk deposit volume at
least *4 times (and possibly up to *9 times)
larger than, for example, that of the preceding
eruption in 2006 (*8.7 � 106 m3; Charbonnier
and Gertisser 2011). About 5 � 106 m3 of the
juvenile material erupted in 2010 was derived
from the main 2010 lava dome that formed over
several days prior to its destruction on 5
November (Surono et al. 2012; Komorowski
et al. 2013; Pallister et al. 2013).

With the significantly larger bulk deposit
volume compared to previous eruptions has
come a much wider distribution of the 2010
pyroclastic deposits (Fig. 12.13). The 2010 PDC
deposits covered an estimated area
between *22.3 km2 (Charbonnier et al. 2013)
and *33.9 km2 (Cronin et al. 2013) or, when
areas outside the south flank are consid-
ered, *35 km2 (Solikhin et al. 2015). The high-
energy PDCs generated on 5 November spread
over *22 km2 with a runout distance of *8.4
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km (Komorowski et al. 2013), while tephra fall
deposits covered an area of 1300 km2 (Solikhin
et al. 2015). The majority of the PDC deposits
inundated areas on Merapi's south flank, where
they reached a runout distance of *15.5 to
16.1 km in Kali Gendol on 5 November (Char-
bonnier et al. 2013; Cronin et al. 2013; Komor-
owski et al. 2013), approximately twice as long
as during the previous eruption in 2006 (Char-
bonnier and Gertisser 2008). In other valleys,
such as Kali Opak, PDC runout distances were
typically <10 km. The large volume, signifi-
cantly exceeding that of previous recent and
historical Merapi BAFs, has been regarded as
one of the controlling factors explaining the long
runout distances reached by the 2010 PDCs
(Cronin et al. 2013), although other causes, such
as previous valley infilling and reduction in
channel capacity, PDC generation mechanisms at
the source or the transport regime, where currents

produce a near-frictionless basal region by air
lubrication (Lube et al. 2019), may have also
played a role.

12.4.2 Volcanic Deposits Linked
to Eruption Chronology

Most of the deposits described in this section are
from the most affected area on Merapi’s south
flank. Correlated stratigraphic sections of the
2010 deposits, linked to the eruption stages of
Komorowski et al. (2013) (Fig. 12.12), are
shown in Fig. 12.14.

The first eruption deposits were related to
partially laterally (southward) directed explo-
sions on 26 October, which generated dilute
PDCs (surges) that spilled over the upper Gendol
valley and propagated towards Kinahrejo (Ger-
tisser et al. 2011; Charbonnier et al. 2013; Cronin

Fig. 12.13 Areas covered by PDC deposits from the
2010 and other recent Merapi eruptions since 1994 as well
as from the most devastating historical eruption in 1930.

Circles mark areas within 5, 10 and 15 km radius from the
summit of Merapi. The map coordinates are in UTM
metres. After Gertisser et al. (2011)
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Fig. 12.14 a Correlated stratigraphic sections of the
2010 eruption deposits in the Gendol river valley (Kali
Gendol), arranged from N (locality 40) to S (locality 33).
Stratigraphic sections on interfluve areas adjacent to the
main valley are indicated in italics. b Correlated strati-
graphic sections of predominantly unconfined 2010

Merapi deposits in the southwestern and southern sector
of the volcano, arranged from W (locality 49) to E
(locality 22). Eruption stages (e.g. S4) after Komorowski
et al. (2013). Detailed descriptions of the stratigraphic
sections (including individual units; U) can be found in
Preece (2014). After Preece et al. (2016)
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et al. 2013; Komorowski et al. 2013), and to
subsequent explosive activity and partial lava
dome collapse prior to the eruption climax on 5
November that affected a similar area (eruption
stages 2 and 3; Komorowski et al. 2013). In and
around Kinahrejo, up to 5 dilute PDCs occurred
during these two stages, with each of these
emplacing a unit consisting of two layers
(Fig. 12.15). Typically, the lower layer is com-
posed of massive, grey-coloured or ‘salt and
pepper’ coarse ash to fine lapilli, comprised of
scoriaceous, pumiceous or dense clasts (Char-
bonnier et al. 2013; Cronin et al. 2013; Komor-
owski et al. 2013; Preece 2014; Drignon et al.

2016; Preece et al. 2016). The upper layer is
usually a brown-orange or grey coloured fine
ash, which is often stratified. The coarser basal
layer is interpreted to have formed via emplace-
ment of the dilute PDC, with the upper fine ash
layer emplaced due to ash settling from the
accompanying ash cloud. Although valley-
confined stage 2 and stage 3 PDCs or BAFs,
such as those in the Gendol river valley (Kali
Gendol), were buried by subsequent flows, some
were already exposed a few weeks after the
eruption due to fluvial erosion (Fig. 12.16).
Correlation between valley-confined and uncon-
fined PDC deposits (Fig. 12.14) was aided by

Fig. 12.14 (continued)
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stratigraphic position and comparable clast
componentry, including the presence of non-
juvenile, hydrothermally altered and accidental
lithics, as well as light grey dense crystalline
clasts, abundant grey scoria and occasional white
pumice. The presence of scoriaceous and
pumiceous clasts in at least two depositional
units related to the 26 October deposits and
pumice levees in unconfined and valley-confined
PDC deposits near the base of the 2010 eruption
sequence (Charbonnier et al. 2013; Komorowski
et al. 2013; Preece 2014; Drignon et al. 2016;
Preece et al. 2016), and the energetic nature of
the surges (Cronin et al. 2013), suggests that
fresh (juvenile) magma had already been
involved in the initial explosions.

At the climax of the eruption, a series of
deposits was produced over a period of a few
hours in the early hours (local time; WIB) of 5
November (eruption stages 4, 5 and 6; Komor-
owski et al. 2013). During the most intense erup-
tion phase, corresponding to eruption stage 4
(Komorowski et al. 2013), a series of paroxysmal
dome explosions and collapses occurred in a
matter of minutes (Fig. 12.12). These produced
high-energy, dilute PDC (surge) deposits, valley-
confined BAFs and associated overbank deposits
(Fig. 12.16), which were generated via the

breakout of confined flows onto interfluve areas
(Charbonnier et al. 2013; Cronin et al. 2013;
Komorowski et al. 2013). The high-energy PDC
deposits have bi-partite layering (Fig. 12.17a),
with the lower layer coarser than the upper one.
The lower layer is clast-supported, fines-depleted,
consisting mostly of lapilli, but may also contain
blocks or bombs, sometimes up to *20 cm in
diameter, replaced distally by coarse ash. The
upper unit is composed offine to coarse ash, which
sometimes has wavy cross- and planar-
stratification (Fig. 12.17b). Lapilli pipes are
often present, originating from the top of the lower
unit (Preece 2014). Komorowski et al. (2013)
identified two high-energy PDC units (termed U1
and U2) produced by two paroxysmal explosions,
both with bi-partite layering (U1-L1, U1-L2, U2-
L1 and U2-L2). Both units are similar and were
distributed over a similar area, although Unit 2 is
typically finer grained, thinner, and outcrops are
less abundant. While the two paroxysmal explo-
sions generated these unconfined dilute PDC
deposits, channelling of the basal, high particle
concentration portion of the PDCs resulted in
emplacement of valley-confined BAFs and
unconfined (overbank) flows. The valley-confined
BAFs are massive, poorly sorted and often
reversely graded (Charbonnier et al. 2013). They

Fig. 12.15 Section on
Merapi’s south flank north of
Kinahrejo (see Fig. 12.13)
composed of 5 surge units
formed during stages 2 and 3,
all with a coarser lower layer
and a fine ash upper layer.
Above the surges is the stage
4 high energy PDC unit,
topped by stage 5 accretionary
lapilli-bearing ash. Scraper for
scale (length: 35 cm). See text
for further details. After
Preece (2014)
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Fig. 12.16 Valley-confined and overbank PDC (block-
and-ash flow; BAF) deposits and some of their features.
a BAF deposits filling the Gendol river valley (Kali
Gendol); view north from Kaliadem towards Merapi.
b Buried by subsequent flows from stage 4/5, stage 2 and
stage 3 BAF deposits were already exposed in Kali
Gendol a few weeks after the eruption due to fluvial
erosion. The valley side is approximately 15 m high.
Photograph taken near Kaliadem. c Partly eroded and still
hot BAF deposits in the medial reaches of Kali Gendol
around Kepuharjo. d Fumarole pipe at the surface of a
BAF deposit, formed from continued degassing of the hot

deposit following emplacement. Hammer for scale.
e Reversely graded BAF deposit from stage 4/5 near
Kopeng. f Randomly orientated friction marks (Sch-
warzkopf et al. 2001) on a block within the 2010 BAF
deposits, resulting from tumbling and sliding of blocks
during flow transport. Field of view is 40 cm wide. g Vast
area on the western side of Kali Gendol near Kepuharjo
covered by overbank PDC deposits. h Close-up of
overbank PDC deposits near Kepuharjo, illustrating their
poorly sorted nature, with clasts up to a few decimetres in
size. For locations, see Fig. 12.14. Photo credit R.
Gertisser, K. Preece
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may contain lapilli pipes formed via post-
depositional gas escape, carbonised plant mate-
rial, are frequently encrusted with sublimates, and
may be oxidised towards the top. The deposits
from the climactic phase of the eruption are almost

monolithological, in that their componentry is
dominated by dark grey to black, dense fragments
of the fast growing, pre-climax lava dome
(Fig. 12.18a) that was destroyed by the cata-
clysmic explosions (stage 4; Komorowski et al.

b

a

Stage 4
‘blast’ unit

Stage 5 acc. lapilli layer

U1-L2

U1-L1

U1-L2

Fig. 12.17 a Stage 4 high-energy PDC unit with bi-partite
layering, characterised by a coarse lower layer and a finer
grained upper layer. The lower and upper layers correspond
to units U1-L1 and U1-L2 of Komorowski et al. 2013. The
unit is overlain by stage 5 accretionary lapilli-bearing ash.

Pen for scale (length: 15 cm). b Upper layer of high-energy
PDCdeposit (unit U1-L2;Komorowski et al. 2013) showing
cross stratification. Photo scale (length: 12 cm). Both
photographs were taken around Kinahrejo. For location,
see Figs. 12.1 and 12.14. Photo credit K. Preece
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2013) on 5 November. Dark grey to black scori-
aceous fragments and rare blocks with breadcrust
texture from the same lava dome also occur within
the stage 4 PDC deposits, along with blocks (up to
several metres in diameter) of light grey dense
rock fragments (Fig. 12.18b, c). Many of the latter

are prismatically jointed, signifying that they were
hot at the time of eruption, and therefore originate
from the eruption (Fig. 12.18d). Light grey dense
crystalline material has also been found as abun-
dant inclusions within the juvenile dome material
(Fig. 12.18e). These inclusions range in size from

Fig. 12.18 Characteristic lithologies of stage 4 deposits
in Kali Gendol and adjacent areas (see Fig. 12.14). a Dark
dense fragment of the main 2010 lava dome, the principal
component of stage 4 PDC deposits. Hammer for scale
(length: 28 cm). b Rare lava dome block with breadcrust
texture. Scraper for scale (length: 35 cm). c Highly
crystalline block of light grey dense basaltic andesite.
Hammer for scale (length: 40 cm). d Prismatically jointed

block of light grey dense basaltic andesite. Pen for scale
(length: 15 cm). The light grey dense basaltic andesite
also occurs as e inclusions (LG-I), and f streaks or bands
within the 2010 dome lava, along with inclusions of
e plutonic xenoliths (magmatic cumulates; MC) and
g crustal carbonate (calc-silicate) xenoliths. Coin for scale
(diameter: 2 cm). Photo credit R. Gertisser, K. Preece
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a fewmillimetres to a several centimetres and have
angular shapes, indicating brittle deformation of
the light grey material, although occasionally it
forms wavy bands through the dome material,
indicating ductile behaviour (Fig. 12.18f). The
light grey dense material has been interpreted to
originate from a ‘plug’ of cooled, rigidmagma that
resided at shallow depth within the magmatic
system and was partially re-heated, fragmented
and incorporated the juvenile 2010 magma (Pre-
ece 2014; Preece et al. 2016). Other inclusions
within the 2010 dome rocks comprise plutonic
xenoliths or magmatic cumulates (Fig. 12.18e),
which are composed of coarse-grained plagio-
clase, amphibole and clinopyroxene and inter-
preted to originate deep within the Merapi system
(see Troll and Deegan 2023, Chap. 8), along with
calc-silicate xenoliths (e.g. Preece 2014; Whitley
et al. 2019, 2020; Deegan et al. 2023, Chap. 10).
Formed by interaction of the 2010magmawith the

surrounding crustal carbonate rocks underlying
the volcano, the calc-silicate inclusions are dom-
inated by wollastonite and diopside, giving them a
characteristic green and white colour
(Fig. 12.18g).

Later on 5 November, during eruption stage 5
of Komorowski et al. (2013), the volcanic activity
consisted of a series of retrogressive summit
dome collapses followed by a brief eruptive lull
of less than 15 min (Fig. 12.12). The summit
collapses produced BAFs consisting of variable
components, including dense and scoriaceous
2010 lava dome clasts, light grey dense clasts, as
well as variable non-juvenile lithics (Fig. 12.19a,
b). The deposits often have a distinctive reddish-
pink colour. The eruptive lull at the end of stage 5
allowed for the deposition of a layer consisting of
orange-pink coloured fine ash with abundant
accretionary lapilli (Fig. 12.19b, c). This accre-
tionary lapilli layer formed a distinctive marker

Fig. 12.19 Stage 5 and 6 deposits and their lithological
characteristics. a Stage 5 and 6 deposits, emplaced
stratigraphically above stage 4 flows around Kinahrejo.
Scraper for scale (length: 35 cm). b Overbank deposits
around Kinahrejo, including stage 5 red-pink PDC and
accretionary lapilli-bearing ash layer below stage 6 PDC
(scoriaceous and pumiceous flow) deposits. Trowel for
scale (length: 20 cm). c Close-up of the distinctive orange

accretionary lapilli-bearing ash layer stratigraphically
above the stage 4 high-energy PDC deposits north of
Kinahrejo. Bottle lid for scale (diameter: 4 cm). d Dilute
PDC (surge) layers north of Gunung Kendil containing
poorly vesicular pumice lapilli. Pen for scale (length:
15 cm). For locations, see Figs. 12.1, 12.12 and 12.14.
Photo credit K. Preece
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horizon across the southern flanks of Merapi
either stratigraphically above the stage 5 BAFs in
the valleys or above the stage 4 ‘directed blast’
deposits on interfluve areas.

The last phase at the eruption climax on 5
November 2010 consisted of ash venting and
recurrent fountain collapses (stage 6; Komor-
owski et al. 2013) (Fig. 12.12), generating PDCs
rich in grey scoriaceous or white pumiceous
clasts, deposited stratigraphically above stage 5
deposits in Kali Gendol and the adjacent inter-
fluve areas (Fig. 12.19a, b) (Komorowski et al.
2013; Preece 2014; Preece et al. 2016). Stage 6
deposits related to fountain collapse also contain
minor amounts of juvenile lava dome fragments
as well as various non-juvenile lithics. Where the
stage 5 orange-pink accretionary lapilli-rich ash
layer had been preserved, stage 6 deposits were
readily identified in the field above this distinct
marker horizon. Scattered on the surface of the
scoria-rich flow deposits in and around Kali
Gendol are abundant conspicuous juvenile white
pumice clasts, interpreted to be associated with
stage 6 Vulcanian to sub-Plinian fountain-
collapse pumice-rich PDCs on 5 November,
some of which may have reached distances of up
to *16 km in the Gendol valley (Komorowski
et al. 2013). Juvenile white pumice lapilli were
also found on the ridges north of Kinahrejo,
where it was dispersed on the surface of the stage
5 accretionary lapilli-rich ash layer, scattered
around the surface near to the Kinahrejo ‘Forest
Gate’, as well as being found in reworked
deposits in Kali Putih on the southwest flank of
Merapi. Another type of poorly vesicular and
low-K (see below) white pumice lapilli were
discovered distributed on top of proximal dilute
PDC deposits on a ridge north of Gunung Kendil
and in Kali Putih (Preece 2014) (Fig. 12.19d).

After the climactic eruption phase on 5
November, the activity was characterised by ash
venting, sporadic explosions and lava fountains
(eruption stages 7 and 8; Komorowski et al. 2013).
Renewed rapid lava dome growth in less than 12 h
on 6 November was associated with occasional
valley-confined PDCs with runout distances up to
5 km, directed towards Kali Gendol (Komor-
owski et al. 2013). Declining ash venting,

intermittent explosions and lava fountains, defla-
tion of the new dome, and a few valley-confined
PDCs with runout distances of less than 3 km in
Kali Gendol continued until 23 November
(Komorowski et al. 2013). Rain-triggered, syn-
eruptive lahars also occurred during this period.

12.4.3 Generation, Dynamics
and Significance
of High-Energy
Pyroclastic Density
Currents

The recognition of high-energy PDCs is regarded
as one of the most significant findings related to
the 2010 volcanic deposits of Merapi. Interpreted
as blast-like PDCs (Komorowski et al. 2013), the
deposits of the high-energy PDCs generated
during the peak of the eruption on 5 November
and their impact on infrastructures, buildings and
trees are strikingly similar to those from histori-
cal ‘directed blasts’ from Montagne Pelée, Mar-
tinique (1902), Mount Lamington, Papua New
Guinea (1951), Bezymianny, Russia (1956),
Mount St. Helens, USA (1980) and Soufrière
Hills, Montserrat (1997) (e.g. Taylor 1958;
Tanguy 1994, 2004; Clarke and Voight 2000;
Sparks et al. 2002; Belousov et al. 2007, 2020).
However, both the volume of magma (>5 � 106

m3) and the devastated area of the Merapi high-
energy PDCs (Fig. 12.20) were smaller than
those of these historical volcanic blasts
(Komorowski et al. 2013).

While the exact generation mechanism of the
2010 high-energy PDCs has been discussed
controversially (Cronin et al. 2013; Komorowski
et al. 2013), there is agreement that the high-
energy PDCs on 5 November 2020 formed by
explosive disintegration of a rapidly growing,
unstable lava dome, favoured by rapid ascent of
deeper, volatile-rich magma underneath a plug-
ged conduit which limited degassing and induced
significant pressurisation in the upper conduit
prior to 5 November (Surono et al. 2012; Costa
et al. 2013; Cronin et al. 2013; Jousset et al.
2013b; Komorowski et al. 2013; Preece 2014;
Drignon et al. 2016; Kushnir et al. 2016, 2017;
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Preece et al. 2016; Carr et al. 2020). According to
Komorowski et al. (2013), the asymmetric col-
lapse phase of the blast was short-lived and
transformed into a channelised blast phase
downslope, where the dynamics of the unsteady,
stratified, gravity-driven currents was strongly
influenced by the topography along the flow path.
The currents reached heights of *330 m and
travelled at velocities of *100 m/s within the
first 3 km from the summit. Flow momentum was
maintained by the morphology of the upper
southeastern slopes, which led to channelling of
the currents into a deep valley (Kali Gendol)
towards a major constriction downslope leading
to a venturi effect after the currents were deflected
by the Gunung Kendil ridge (Fig. 12.12). This
resulted in increased current velocities and high
particle concentrations, promoting avulsion of the
currents across ridges and interfluve areas into
adjacent valleys, and generating high dynamic
pressures (Jenkins et al. 2013; Komorowski et al.
2013). In total, a *3–4 km wide area between
Kali Kuning and Kali Woro, extending to the
Merapi Golf course *8.4 km from the summit,
was affected by the 2010 high-energy PDCs
(Komorowski et al. 2013).

The occurrence of high-energy PDCs related
to directed explosions or blasts at the source are
uncommon at Merapi. Grandjean (1931a, b, c)

suggested that such currents, referred to as
Peléean-type, occurred during the 1930 eruption,
which wiped out villages on the volcano's
western slopes and caused about 1369 fatalities
(Siebert et al. 2011). The idea of directed blast-
generated PDCs was not accepted indisputably
though at the time (Kemmerling 1932; Escher;
1933; Neumann van Padang 1933) and, as such,
the 2010 eruption is the first, where unequivocal
blast-like, high-energy PDC deposits were
identified in Merapi's recent history (Komor-
owski et al. 2013). Moreover, the 2010 high-
energy PDC deposits were the first to be studied
comprehensively immediately after deposition
using a modern volcanological approach, pro-
viding unparalleled insights into generation,
transport and depositional mechanisms as well
as their impact on the surrounding area and
environment (Jenkins et al. 2013; Komorowski
et al. 2013). High-energy PDCs generated by
laterally directed dome explosions, as observed
in 2010, may be a hitherto underestimated haz-
ard of future eruptions at Merapi that pose
challenges for eruption forecasts and prediction.
The events in 2010 have highlighted that such
currents can be associated with rapidly growing
or pressurised domes and may occur repeatedly
during multistage eruptions (Komorowski et al.
2013).

Fig. 12.20 Areas devastated
by the 2010 Merapi high-
energy PDCs, other historical
directed blasts and a smaller
directed lava dome explosion
at Soufrière Hills volcano,
Montserrat. After
Komorowski et al. (2013)
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12.5 Geochemistry and Petrology
of the 2010 Eruptive Products

In this section, we classify the 2010 eruptive
products based on bulk rock geochemistry, doc-
ument their petrography and mineral chemistry,
and discuss magma storage and the pre-eruptive
magmatic processes and their timescales, based
on a range of petrological, geochemical and
isotopic data.

12.5.1 Rock Types and Classification

The 2010 deposits contain a range of juvenile
lithologies, which formed at different stages of
the eruption and include clasts of grey scoria
lapilli, white pumice lapilli, volcanic ash and
dark lapilli to block-size clasts of dense to sco-
riaceous dome rock of the pre-5 November lava
dome (Charbonnier et al. 2013; Komorowski
et al. 2013; Preece 2014; Drignon et al. 2016;
Preece et al. 2016). The volumetrically most
significant juvenile component in the 2010
deposits from the pre-5 November lava dome is
macroscopically similar to other recent Merapi
domes (Fig. 12.18a) and contains inclusions of
various lithologies (Fig. 12.18e, g).

In the total alkali versus silica (TAS) diagram
(Fig. 12.21a), the 2010 rocks are classed as
basaltic trachyandesite and trachyandesite, while
in the K2O versus SiO2 classification diagram
(Fig. 12.21b), they fall into the high-K basaltic
andesite and andesite fields. All 2010 eruptive
products contain between 52.6 and 58.1 wt.%
SiO2, on a volatile-free basis (Preece 2014; Pre-
ece et al. 2016) (Fig. 12.21c). Most juvenile
components have *54.5–55.7 wt.% SiO2, simi-
lar to the 2006 products and those from other
twentieth century dome eruptions (Gertisser et al.
2012b) and fall within the high-K group that has
dominated the eruptive products of Merapi
since *1900 14C y BP (Gertisser and Keller
2003; Gertisser et al. 2012b, 2023b, Chap. 6).
The light grey dense inclusions in the dome rocks
generally have less SiO2-rich compositions
(*52.6–55.0 wt% SiO2) and the ash sampled
from surge and fall deposits is generally more

SiO2-rich (55.1–58.1 wt.% SiO2), extending into
the trachyandesite and high-K andesite field,
respectively (Fig. 12.21a). Selected bulk-rock
major element analyses of the 2010 eruptive
products are presented in Table 12.2.

12.5.2 Petrography and Mineral
Chemistry

The magmatic products of the 2010 eruption,
including the 2010 dome lava and light grey
dense inclusions, are seriate to porphyritic, with
phenocrysts (2000–500 µm; size range following
Preece 2014) and microphenocrysts (500–50 µm)
set in a groundmass that may be predominantly
crystalline (microlites <50 µm) or contain abun-
dant glass (Fig. 12.22a–c). The mineral cargo
typically includes plagioclase (and alkali) feld-
spar, clinopyroxene, orthopyroxene, amphibole,
which may be megacrystic, Fe-Ti oxides and
accessory apatite. Coarse-grained plutonic xeno-
liths (magmatic cumulates) in the pre-5 Novem-
ber dome are dominated by plagioclase,
clinopyroxene and amphibole (Fig. 12.22d).
Additionally, cristobalite and biotite are present
in the light grey inclusions in the 2010 lava dome
(Fig. 12.22e, f) (Costa et al. 2013; Preece 2014).
There are large variations in mineral size, textures
and compositions as summarised below from
Preece (2014), with additional data from Costa
et al. (2013) and Li et al. (2021), as indicated.

Feldspar is always present as phenocrysts,
microphenocrysts and microlites. Phenocrysts
and microphenocrysts are wide ranging in
composition between An25Ab70Or5 and
An91Ab9Or<1 (Fig. 12.23a-I). Phenocrysts may
be normally, reversely or oscillatory zoned, have
sieve-textured cores or have very high-An (up to
An91) unzoned cores, with lower-An rims. Rims
often contain *40–50 mol.% An. Microlites are
generally more albitic but may contain up
to *84 mol.% An. Plagioclase microlites are
often mantled by alkali element-rich rims of
anorthoclase and more K-rich alkali feldspar
(sanidine). Microlite compositions range from
An1Ab41Or58 (alkali feldspar) to An84Ab16Or<1
(plagioclase) (Fig. 12.23a-II). Microlites from all
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lithologies possess a similar overall range of
compositions, however white pumice microlites
are generally more albitic and those from the
light grey inclusions are predominantly alkali-
rich.

Clinopyroxene is present as phenocrysts,
microphenocrysts and microlites in all 2010
products, and orthopyroxene is a common
microphenocryst and microlite phase. Crystals of
anhedral to subhedral orthopyroxene are

Fig. 12.21 a Total alkali
versus SiO2 (TAS) and b K2O
versus SiO2 classification
diagrams (Le Maitre et al.
2002) for the 2010 eruptive
products. The dashed outline
in b denotes the
compositional field of the
Merapi high-K series, as
defined by Gertisser et al.
(2012b). c SiO2 range of the
different lithologies erupted in
2010. All analyses are
recalculated to 100 wt%, free
of volatiles. Data sources
2010 eruption (Preece 2014;
Preece et al. 2014); 2006 and
twentieth century eruptions
(Gertisser et al. 2012b; Preece
et al. 2013)
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sometimes rimmed by clinopyroxene. Pheno-
crysts may be zoned, commonly with oscillatory
or sectoral zoning (Costa et al. 2013; Li et al.
2021) or unzoned and often host silicate melt
inclusions, as well as inclusions of magnetite,
plagioclase and apatite. Clinopyroxene phe-
nocrysts are classed as augite and diopside
(Wo39-50En36-46Fs10-19), following the scheme of
Morimoto (1988) (Fig. 12.23b-I), with between
0.4 and 8.9 wt% Al2O3, although the majority
contain between 1.5 and 2.5 wt% and have Mg#
61–85, with most between 75 and 85 (Mg# =
100 � Mg / (Mg + Fe2+). Orthopyroxene phe-
nocrysts are classed as enstatite (Wo0.2-0.3En57-
70Fs27-39) (Fig. 12.23b-I). Microphenocrysts and
microlites generally have more variable compo-
sitions compared to the phenocrysts. They are
usually augite and diopside (Wo40-50En35-45Fs13-
21) (Fig. 12.23b-II), with 0.8–7.6 wt% Al2O3 and
Mg# 65–81, with most between Mg# 70–80.
Less common pigeonite, and crystals with higher
Fe content, classed as hedenbergite (Wo49-50En8-
21Fs29-41) and containing 1.2–2.6 wt% Al2O3 and
Mg# 19–47, also occur (Fig. 12.23b-II). Heden-
bergite crystals were exclusively found in the
dome lava, near a calc-silicate xenolith and were
bright green when viewed in plane-polarised

light. Orthopyroxene microlites (Wo0.5-9En45-
81Fs16-53) are enstatite and ferrosilite
(Fig. 12.23b-II). Orthopyroxene microphe-
nocrysts and microlites contain between 0.2 and
3.6 wt% Al2O3 and have Mg# from 54 to 94,
although the majority have Mg# *65–75. The
crystals with orthopyroxene cores and clinopy-
roxene rims plot within the same Wo-En-Fs
space as the other pyroxene crystals.

Amphibole is present in all samples as phe-
nocrysts (Fig. 12.23c-I) and microphenocrysts
(Fig. 12.23c-II) but is absent as groundmass
microlites. Amphibole is titanian magnesiohast-
ingsite, following the classification of Leake
et al. (1997), based on 23 oxygens with with Fe2
+/Fe3+ estimation assuming 13 cations except Ca,
Na and K. Crystals may be homogeneous in
composition or zoned, often with rims of higher
Al2O3 and MgO, and lower SiO2, K2O and FeO
compared to the cores (see also Costa et al.
2013). The overall range of Al2O3 content is
10.0–14.9 wt%, with Mg# ranging between 49
and 58, with a cluster at *62–68. Of the crystals
with Mg# >68, 70% are phenocrysts from the
white pumice, with the rest being phenocrysts
from the light grey inclusions. More than 55% of
the crystals with Mg# <62 are dense dome

Table 12.2 Selected whole-rock major element analyses of the 2010 eruptive products. Compiled from Preece (2014)

Sample M11-80 M13-41 M11-130 M13-29 M13-23 M13-43 M11-85 M13-7

Typea A B C D E F G H

SiO2 54.87 54.67 53.38 55.43 54.84 55.45 53.81 56.41

TiO2 0.71 0.74 0.79 0.72 0.72 0.70 0.79 0.54

Al2O3 18.98 19.19 19.14 19.22 19.35 19.24 18.60 19.72

Fe2O3
T 7.41 8.03 8.48 7.76 7.77 7.62 8.33 6.01

MnO 0.19 0.19 0.20 0.19 0.19 0.19 0.18 0.14

MgO 2.31 2.50 2.80 2.37 2.38 2.33 2.99 1.63

CaO 7.86 8.15 8.70 7.88 8.03 7.84 8.18 7.16

Na2O 3.89 4.04 3.62 3.94 3.99 4.04 3.49 4.08

K2O 2.12 2.08 2.00 2.16 2.07 2.16 1.67 2.39

P2O5 0.32 0.31 0.30 0.30 0.32 0.30 0.28 0.30

LOI 0.02 0.40 -0.26 0.33 0.01 0.27 0.78 1.55

Total 98.68 100.30 99.15 100.30 99.67 100.14 99.10 99.93
a Sample type: A = 2010 dome—dense; B = 2010 dome—scoriaceous; C—Light grey dense inclusions; D = Grey
scoria—pre-5 November; E = Grey scoria—5 November; F = White pumice; G = White pumice (low-K); H = Ash
fall/surge
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Fig. 12.22 Photomicrographs and backscattered electron
(BSE) images of Merapi 2010 eruptive products.
a Basaltic andesite of the 2010 lava dome, characterised
by plagioclase, pyroxene (both clino- and orthopyroxene,
Ti-magnetite and amphibole (both fresh and with break-
down rims) in a moderately crystalline groundmass (PPL).
b Light-grey dense basaltic andesite inclusion containing
complexly zoned plagioclase crystals, amphibole (rare
and always with pronounced breakdown rims) and coarse
grained, crystalline groundmass (X Nicols). c Contact
relationship between light-grey dense inclusion (lower

left) and 2010 dome lava (upper right) (X Nicols).
d Coarse-grained plutonic xenolith (magmatic cumulate)
consisting of plagioclase, clinopyroxene and amphibole
(X Nicols). e–f BSE images of the light-grey dense
inclusions in the 2010 lava dome: e Highly crystalline,
micro-vesicular groundmass with plagioclase, pyroxene,
Ti-magnetite and abundant cristobalite. f Late-stage
biotite. Abbreviations used: am = amphibole, pl = pla-
gioclase, px = pyroxene, ox = oxide (Ti-magnetite),
c = cristobalite, bio = biotite, gm = groundmass,
v = vesicles
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microphenocrysts. Amphiboles may be sur-
rounded by breakdown reaction rims, composed
of anhydrous minerals plagioclase, pyroxene (or
olivine) and Fe-Ti oxides. However, amphiboles
from 2010 frequently do not possess breakdown
reaction rims.

Fe-Ti oxides are present in all samples as
anhedral and irregularly shaped microphe-
nocrysts (Fig. 12.23d-I) and microlites
(Fig. 12.23d-II), as well as inclusions within
clinopyroxene phenocrysts. All Fe-Ti oxides are
titanomagnetite. Crystals range in ulvöspinel

Fig. 12.23 Mineral compositions of phenocrysts,
microphenocrysts and microlites from various 2010
eruptive products. a (I) Feldspar phenocrysts and
microphenocrysts; (II) feldspar microlites. b (I) Pyroxene
phenocrysts; (II) pyroxene microphenocrysts, microlites

and crystals with opx cores/cpx rims. c (I) Amphibole
phenocrysts; (II) amphibole microphenocrysts. d (I) Fe-Ti
oxide microphenocrysts; (II) Fe-Ti oxide microlites.
e Ternary OH-F-Cl plot of apatite compositions. Data
source Preece (2014)
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content from 18–59 mol.%, although most range
from *22 to 35 mol.% (Fig. 12.23d). Titano-
magnetite is often exsolved to various extents
showing trellis-type exsolution, consisting of
ilmenite lamellae parallel to the {111} planes of
the titanomagnetite host (Buddington and Lind-
sley 1964; Haggerty 1993). Rare pyrrhotite
inclusions have also been observed within mag-
netite, amphibole and clinopyroxene hosts.

Apatite crystals occur in trace amounts (<1
vol.%) as inclusions within clinopyroxene, pla-
gioclase and amphibole phenocrysts or as
microphenocrysts or groundmass microlites.
Crystals are F-rich (2.8–5.4 wt% F, with the
majority containing *3–4 wt% F) and contain
0.6–1.4 wt% Cl (Fig. 12.23e). Data obtained by
Li et al. (2021) also suggest the presence of
apatite crystals with lower F contents (1.1–2.3 wt
%), a similar range of Cl concentrations (0.4–1.2
wt%), and H2O concentrations of 0.4–1.0 wt%.
Some CO2-rich apatite inclusions in amphibole,
with concentrations up to 1.6 wt%, were also
found.

The presence of biotite in the 2010 eruption
products—a mineral that has not previously been
observed at Merapi—was noted by Costa et al.
(2013) and Preece (2014). Preece (2014) docu-
mented biotite within the light grey inclusions
(Fig. 12.22f), alongside a crystalline silica phase,
cristobalite. Biotite contains 0.5–3.8 wt% F, 0.1–
0.3 wt% Cl, between 11.9 and 15.6 wt% FeO,
with Mg# 63–70, and has been interpreted as a
late-stage magmatic phase that crystallised from
highly evolved residual melt resulting from
extensive groundmass crystallisation in the light
grey inclusions (Preece 2014). Cristobalite is
observed to fill small vesicles and is pervasive
within the groundmass, often with ‘fish-scale’
cracked morphology or a microbotryoidal texture
(Fig. 12.22e).

12.5.3 Magma Storage and Magmatic
Processes

The crystallisation depths of magma involved in
the 2010 eruption were determined using multi-
ple approaches, including thermobarometry,

thermodynamic modelling, volatiles in melt
inclusions, pumice glass and apatite crystals,
experimental petrology and fluid inclusion
barometry (Costa et al. 2013; Erdmann et al.
2014, 2016; Preece 2014; Preece et al. 2014;
Drignon et al. 2016; Whitley et al. 2020; Li et al.
2021) that complemented geophysical investi-
gations (Budi-Santoso et al. 2013; Saepuloh et al.
2013). Further insights into the pre-eruptive
processes operating in the magma plumbing
system were gleaned from mineral-scale ele-
mental and oxygen isotopic variations (Borisova
et al. 2013, 2016; Costa et al. 2013; Preece 2014;
Preece et al. 2014; Erdmann et al. 2014) and
major element, trace element and volatile con-
centrations in melt inclusions (Preece 2014;
Preece et al. 2014) and apatite crystals (Li et al.
2021) that document a complex interplay of
closed-system and open-system magmatic pro-
cesses, including magma replenishment and
mingling/mixing, assimilation of limestone and
magmatic degassing. Bulk rock major element,
trace element, and isotope (Sr, Nd, Pb, O, U-
series) geochemistry have highlighted the simi-
larity between the 2010 rock compositions and
those of previous eruptions (Borisova et al. 2013;
Preece 2014; Drignon et al. 2016; Preece et al.
2016; Handley et al. 2018), suggesting that
similar processes and magma types drive erup-
tions at Merapi and that most Merapi magmas are
potentially capable of producing explosive
eruptions (Costa et al. 2013). Groundmass tex-
tures, glass and microlite compositions of the
2010 eruptive products (Preece 2014; Drignon
et al. 2016; Preece et al. 2016) record the tapping
of magma from depths of several kilometres, the
final stages of magma ascent towards the surface,
and the processes closest to the onset of and
during eruption, as described in Preece et al.
(2023, Chap. 9).

Based on application of different geothermo-
barometry and MELTS modelling, Costa et al.
(2013) proposed at least three crystallisation
zones at depths of (1) 30 ± 3 km, as evidenced
by some amphibole compositions and high-Al
clinopyroxene as well as by the presence of H2O-
and CO2-rich apatite in amphibole and geobaro-
metrical calculations that indicate comparable
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crystallisation depths (Li et al. 2021),
(2) 13 ± 2 km, where other amphiboles, high-Al
clinopyroxene and high-An plagioclase crys-
tallised, with very An-rich plagioclase linked to
assimilation of limestone or, alternatively, to
crystallisation from hydrous mafic magma (Pre-
ece 2014; Borisova et al. 2016), and (3) less than
10 km, where extensive crystallisation produced
low-Al clinopyroxene, orthopyroxene and more
Ab-rich plagioclase. Erdmann et al. (2014) con-
cluded that amphibole crystallised at pressures of
200–800 MPa, corresponding to depths
between *9 and 28 km, assuming crustal den-
sities of 2.242 and 2.9 g/cm3 at depths above and
below 10 km (Widiyantoro et al. 2018). Preece
et al. (2014) presented geobarometrical calcula-
tions that show that clinopyroxene crystallised at
depths of up to *20 km, with the greatest depths
associated with phenocrysts from white pumice.
This is consistent with results from amphibole
barometry (Preece 2014), which also indicated
that the greatest amphibole crystallisation depths
are from white pumice samples. Preece et al.
(2014) further suggested that melt inclusions
equilibrated during shallower storage and/or
ascent, at depths of *0.6–9.7 km, based on
H2O and CO2 contents (see also Li et al. 2021).
H2O concentrations range from up to 3.94 wt% in
grey scoria and up to 3.91 wt% in white pumice
to <3.62 wt% in dense dome clasts, while CO2

concentrations are generally <200 ppm but reach
up to 695 ppm and, in some cases, up to
3000 ppm in white pumice. The presence of an
exsolved brine phase was proposed based on the
occurrence of melt inclusions enriched in Li and
B, that show uniform buffered Cl concentrations
(Preece et al. 2014). In a subsequent study, Erd-
mann et al. (2016) presented phase equilibrium
experiments to infer crystallisation at more than
100–200 (± 75) MPa in a shallow magma storage
zone, corresponding to depths of more than 4.5
to *9 (± 3) km. This is broadly consistent with
results from pumice glass water concentration
measurements (Drignon et al. 2016) that indicate
tapping of magma from depths of several kilo-
metres. Fluid inclusion barometry in calc-silicate
xenoliths also record low pressures of less
than *100 MPa, indicating that the fluid

inclusions formed at shallow crustal depths or re-
equilibrated during ascent (Whitley et al. 2020).

Despite the variations in the published models,
there is an emerging consensus of the existence of
multiple distinct or more continuous interlinked
magma storage and crystallisation zones
throughout the entire crust beneath Merapi prior
to the 2010 eruption. Deeper and mid-crustal
crystallisation were dominated by distinct types
of amphiboles, high-Al clinopyroxene, and high-
An plagioclase, while a more feldspar-dominated
crystallisation regime existed at shallow crustal
levels, where more Ab-rich plagioclase crys-
tallised alongside low-Al clinopyroxene and,
possibly, orthopyroxene. The shallow, uppermost
crystallisation region at 10 km or less is thought
to have consisted of a largely degassed and highly
crystalline mush (Costa et al. 2013). This region
is also located within the carbonate dominated
upper crust beneath Merapi, where crustal car-
bonate assimilation plays an important role
(Deegan et al. 2023, Chap. 10), although this
process may extend to slightly deeper levels in the
model of Costa et al. (2013). There have been
suggestions that there were higher than usual rates
of crustal carbonate assimilation and associated
CO2 addition to the volcanic system that may
have contributed to the unusual explosivity of the
2010 eruption (Borisova et al. 2013; Costa et al.
2013), although U-series and radiogenic isotopic
data (Handley et al. 2018) did not support such an
interpretation. Multiple lines of evidence point
towards interaction between degassed magma
stored at shallower levels and hotter, deeper, more
volatile-rich magma during the 2010 eruption
(Surono et al. 2012; Costa et al. 2013; Preece
2014; Preece et al. 2014). In a general model, it
may be envisaged that interaction between
magma stored in various parts of the plumbing
system plays a fundamental role in determining
the eruptive behaviour of Merapi. Typical dome
forming eruptions may predominantly be fed by
the shallower crystal-rich or mush zones, in
which magmas may have reacted intensively with
carbonate country rock. Crystal mush rejuvena-
tion may be triggered by reheating and remelting
that result from small volumes of ascending hotter
magma from depth that are partially or fully
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stalled by the crystal-rich or mush zones that
formed during previous intrusions into the shal-
low plumbing system (Costa et al. 2013). By
contrast, a larger influx of deep magma that
replenishes the shallower magma system at rela-
tively short timescales and associated CO2 flux-
ing (e.g. Caricchi et al. 2018) may be a controlling
factor driving larger scale, explosive eruptions as
in 2010. In such a scenario, the shallower crystal-
rich magma system may get disrupted and even-
tually overwhelmed by the arrival of deep
magma. This process may be capable of intensi-
fying limestone assimilation (Costa et al. 2013),
although there is little isotopic evidence for the
latter when comparing the 2006 and 2010 erup-
tions (Handley et al. 2018). Subsequent processes
include rapid magma ascent, accompanying
closed-system degassing and, as inferred for the
2010 eruption, accumulation of ascending magma
beneath a plugged conduit that builds up pressure
in the uppermost conduit (Costa et al. 2013;
Komorowski et al. 2013; Preece 2014; Preece
et al. 2016). The light grey dense material in the
2010 dome rocks has been interpreted to originate
from such a plug of cooled, rigid magma that
resided at very shallow depth within the mag-
matic system and was partially reheated, frag-
mented and incorporated into the 2010 magma
(Preece 2014; Preece et al. 2016, 2023, Chap. 9).
If such a model is correct, magma replenishment
and interaction with shallower crystal mush may
exert important control on the continuum of
eruption styles at Merapi that range from effusive,
dome-forming eruptions to larger magnitude
explosive eruptions.

12.5.4 Timescales of Magmatic
Processes

An understanding of the timescales associated
with the dynamic processes in the pre-and syn-
eruptive 2010 magma system is fundamental to
improved hazard assessment and interpretation of
geophysical and geochemical monitoring signals.
Based on Fe–Mg diffusion zoning in clinopy-
roxene, Costa et al. (2013) suggested that the
inferred influx of hot and volatile-rich magma

from depth into the shallower magma storage
zones occurred up to 1.6–2.7 years before the
eruption, while Borisova et al. (2016) presented
18O diffusion data in plagioclase to propose a time
span for plagioclase crystallisation prior to the
2010 eruption of up to 34 years. These results are
broadly in line with those of a detailed study of U-
series disequilibrium (Handley et al. 2018), where
226Ra and 210Pb excesses ((226Ra/230Th) and
(210Pb/226Ra) > 1) observed in plagioclase sepa-
rates from the 2010 eruption indicate that a pro-
portion of the plagioclase grew within the
decades before the eruption. However, none of
these processes, which may have significantly
predated the eruption, left an obvious signal in the
monitoring record and, in the latter cases, may
partly record processes associated with previous
eruptive events. At the time of eruption, the 2010
samples were depleted in 210Po, a nuclide that
partitions efficiently into an exsolving volatile
phase and is almost completely lost during erup-
tion, relative to 210Pb ((210Po/210Pb) < 1), but
variably degassed, with the degree of degassing
strongly related to sample texture and eruption
phase (Handley et al. 2018). 210Po ingrowth cal-
culations (Handley et al. 2018) suggested that
initial intrusion into the shallower magma system
occurred several weeks to a few months prior to
the initial explosions on 26 October 2010, which
broadly coincides with the increase of various
monitoring parameters (see Fig. 12.1).

The 2010 samples show a wide range in initial
(210Pb/226Ra) activity ratios within a single
eruption at Merapi, comparable to the range of
ratios of the preceding eruption in 2006 and those
reported for the time between 1981 and 1995
(Gauthier and Condomines 1999). They are lar-
gely characterised by 210Pb deficits
((210Pb/226Ra) < 1) that have been interpreted to
result from degassing of the intermediate nuclide
222Rn over * 0–3 years before eruption, a time
span that is slightly less than for samples from
the dome-forming 2006 eruption (Handley et al.
2018). A rock sample representing the onset of
the 2010 eruption on 26 October (Stage 2) shows
a significant 210Pb deficit ((210Pb/226Ra)0 =
0.79). This is followed by a change to near
equilibrium (210Pb/226Ra)0 values for samples
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extruded during the rapid dome growth and
destruction period between the 29 October to 4
November (stage 3) and emplaced in stage 4,
which includes a sample of the light grey dense
inclusions in the main 2010 lava dome. The
white pumice sample erupted during the latest
stages of the climactic phase of 5 November
(stage 6) lies within uncertainty of the stage 4
emplaced samples with a 210Pb deficit of 0.92.
Samples from the climactic phase of the eruption
therefore have smaller 210Pb deficits than the
analysed light grey dense crystalline inclusion
(‘plug’) sample and the samples from the 2006
eruption, which also supports faster ascent and
less time for degassing during the main phases of
the 2010 eruption. The longer-term magma
degassing processes described here, caused by
changes in the subsurface conditions, may
potentially be detectable through soil radon
emission monitoring.

12.6 Eruption Effects, Impact
and Recovery

The 2010 eruption had profound effects on the
natural environment, built infrastructures and
population, as well as all aspects of community
livelihood (see also Lavigne et al. 2023, Chap. 2).

The morphology of the summit area of Merapi
has seen continuous changes over the past years,
decades and centuries. Explosive activity has
produced craters and deep depressions, or brea-
ches, at the top of the volcano or in the crater
walls, which formed repeatedly by explosive
activity or partial edifice collapses. Collapses
have removed portions of the uppermost, often
hydrothermally altered and weakened volcanic
edifice, and have been promoted by dome growth
and associated phenomena which may exert
strain on the summit crater walls (e.g. Beauducel
et al. 2000; Voight et al. 2000; Ratdomopurbo
et al. 2013; Solikhin et al. 2015).

The 2010 eruption produced a large summit
crater open to the SE (Fig. 12.24a), towards the
headwaters of Kali Gendol, in an area previously
occupied by the pre-2010 dome area and the
remains of the 2006 lava dome, removing and

incising lava domes and flows that were
emplaced during the twentieth century (Solikhin
et al. 2015). The initial explosions on 26 October
produced a 200 m wide and 100 m deep crater
with a horseshoe-shaped morphology, which was
enlarged (350 � 400 m wide) during the 5
November paroxysm (Surono et al. 2012;
Komorowski et al. 2013; Solikhin et al. 2015). In
total, the summit area of Merapi lost some 10–
19 � 106 m3 of material (Kubanek et al. 2015;
Solikhin et al. 2015). New lava domes grew
rapidly inside the newly formed and enlarged
crater. The earlier, pre-5 November dome was
completely destroyed by laterally directed dome
explosions and retrogressive gravitational col-
lapse on 5 November (Komorowski et al. 2013),
while the later lava extrusion on 6 November
produced a dome *200 m in diameter that,
since then, has seen further morphological
changes by subsequent lava extrusion and short
explosive events (e.g. Darmawan et al. 2023,
Chap. 15). The downslope extension of the cra-
ter, the Gendol breach (Fig. 12.24a), is a SE-NW
trending summit scar that originally formed
during the 1872 eruption (Ratdomopurbo et al.
2013) and opens the upper SE slope of Merapi
towards Kali Gendol. The canyon of the Gendol
breach was notably lengthened and deepened
during the 2010 eruption, forming a major
pathway for future dome related PDCs (Gertisser
et al. 2011; Solikhin et al. 2015). Since 2010, the
steep, hydrothermally altered and unstable crater
and canyon walls have been subject to rockfalls
and landslides, while the unconsolidated eruption
deposits and the exposed hydrothermally altered
wall rocks have continued to feed lahars (Soli-
khin et al. 2015).

The PDCs generated throughout the 2010
eruption were highly destructive, devastating an
area of 22 km2 on the densely populated southern
flank of Merapi (Jenkins et al. 2013; Komorowski
et al. 2013). The ground was scoured, and vege-
tation and soil stripped by PDCs down to 1300 m
elevation (Solikhin et al. 2015). Trees were felled
and uprooted, splintered, abraded on the upstream
side and lightly charred up to distances of *6 to
7 km by the passage of the high-energy PDC of 5
November. North of Kinahrejo, the orientation of
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blown down trees indicates flow direction from
Kali Gendol towards Kinahrejo (Fig. 12.24b).
Unburnt vegetation frequently occurred at the

base of the 5 November deposits (Komorowski
et al. 2013). PDCs damaged or destroyed more
than 2200 buildings along their flow paths up

Fig. 12.24 Impact of the 2010 eruption. a Summit crater,
open to the SE, formed during the 2010 eruption, with its
downslope extension, the Gendol breach. b Ridges north
of Kinahrejo with scoured soil and blown down trees.
Tree orientation indicates flow direction from Kali Gendol
towards Kinahrejo. c Remnants of house in Kinahrejo,
destroyed by Stage 4 ‘blasts’. Walls remained partly

standing as they were partially protected by local
topography. d House destroyed by overbank deposits in
Wukirsari near Bakalan, Lower K. Gendol. e Overturned
and burnt car in Kinahrejo, covered by Stage 4 lapilli and
blocks. f Bridge over Kali Opak on Merapi’s south flank
destroyed by lahars. For locations, see Figs. 12.1 and
12.14. Photo credit R. Gertisser, K. Preece

12 An Overview of the Large-Magnitude (VEI 4) Eruption … 391



to *16 km from the source (Jenkins et al. 2013;
Komorowski et al. 2013). About 150 buildings
(and other objects) were damaged by PDCs
associated with the early phases of the eruption;
with most buildings destroyed by high-energy
and overbank PDCs of 5 November (Jenkins et al.
2013) (Fig. 12.24c–e).

Using empirical damage data and calculations
of material and structural resistance to lateral
force, Jenkins et al. (2013) estimated dynamic
pressures associated with the 5 November high-
energy PDCs that exceeded 15 kPa at more than
6 km from the source and rapidly decreased
towards the end of the PDC runout over a dis-
tance of less than 1 km. Temperatures of the
high-energy PDCs were low, reaching *200–
300 °C, based on observed thermal damage to
buildings and vegetation as well as medical
observations (Jenkins et al. 2013; Komorowski
et al. 2013; Baxter et al. 2017). This temperature
range was subsequently confirmed by charcoal
surface reflectance, which suggested a minimum
temperature of 240–320 °C; a few charcoal
fragments yielded temperatures up to 450 °C
(Trolese et al. 2018). Charring temperatures were
similar in proximal and distal high-energy PDC
deposits, and significantly lower than those of the
destroyed dome rock at source, indicating a rapid
decrease in PDC temperature soon after its
inception (Trolese et al. 2018).

Fatalities were caused over the entire length of
the 2010 PDC runouts. Few people were killed
directly by high-energy PDCs in proximal areas,
due to the evacuation efforts by the Indonesian
authorities (Surono et al. 2012; Komorowski
et al. 2013). Most fatalities occurred more than
12 km from the volcano, as people were evacu-
ating and caught in overbank PDCs and surges
that spilled into villages after they were dis-
charged from nearby Kali Gendol (Jenkins et al.
2013; Komorowski et al. 2013). At these dis-
tances, PDC dynamic pressures and temperatures
were relatively low, causing little structural
damage, apart from the village of Bakalan that
was completely buried and destroyed by the
overbank PDCs (e.g. Charbonnier et al. 2013).
Fatalities occurred both outside and inside of
buildings, partly because of building design that

allowed PDCs to rapidly enter buildings (Jenkins
et al. 2013; Komorowski et al. 2013).

At a greater distance from Merapi, the 2010
eruption led to major air traffic disruptions due to
ash emissions (Picquout et al. 2013; Lavigne
et al. 2023, Chap. 2). Adisucipto International
Airport in Yogyakarta closed for a period of
15 days between 5 and 20 November, followed
by a period of one month during which air traffic
operations returned to pre-eruption levels. Other
airports in Java, including Jakarta’s Soekarno-
Hatta International Airport were also affected by
air traffic disturbances. Consequently, several
airlines suspended their flights from and into
Yogyakarta, while others adapted to the situation
by transferring their flights to other airports. The
Merapi crisis in 2010 revealed that, at the time,
Indonesia had no suitable alternative means of
transport to deal with airport closure during
volcanic eruptions (Picquout et al. 2013).

Impact on the physical environment, built
infrastructures and population continued for sev-
eral years after the eruption (de Bélizal et al. 2013;
Thouret et al. 2023, Chap. 17). Rain-induced
lahars, including hyperconcentrated stream and
debris flows, became a major hazard, with lahar
occurrences in almost all major drainages. Lahar
impact after the 2010 eruption was considerably
larger than after previous eruptions due to the
significantly larger volume of pyroclastic deposits
(*36.3–80 � 106 m3) on the flanks of the vol-
cano. The first lahars associated with the 2010
eruptionwere syn-eruptive and hot, with 45 events
recorded between 27 October and 3 December
2010. During the 2010–2011 rainy season, a total
of 240 lahar occurrences were recorded (de Bélizal
et al. 2013), notably in the Putih, Gendol, Boyong,
Ladon and Apu river valleys, increasing to 429
events by March 2014. Lahar runouts exceeded
15 km and even reached Yogyakarta *25 km
south ofMerapi on three occasions. Laharfilling of
downstream river channels, followed by overbank
flow into surroundingfields and villages, aswell as
riverbed and riverbank erosion, caused consider-
able damage. In total, 14Sabo dams and 21bridges
were destroyed (Fig. 12.24f), affecting the road
network on Merapi’s southern and western flanks
(de Bélizal et al. 2013). 860 houses were damaged
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by burial with sediment, failure of walls and lahar
infiltration into buildings, with the scale of damage
related to building quality (de Bélizal et al. 2013;
Jenkins et al. 2015). Weak masonry houses were
destroyed by dilute lahars that travelled at low
velocities (<3 m/s) and generated low dynamic
pressures (<5 kPa), while stronger rubble stone
buildings were able to resist higher lahar velocities
(<6 m/s) and dynamic pressures (<20 kPa)
(Jenkins et al. 2015). The number of direct fatali-
ties remained very low, but more than 3000 people
lost their home after the first rainy season follow-
ing the eruption due to the damaging effects of
lahars (Global Volcanism Program 2013).

Many areas on Merapi’s south flank that were
affected by PDCs have remained largely unin-
habitable. Nearly 400,000 people were displaced
from their homes as a result of the eruption (Mei
et al. 2013; Lavigne et al. 2023, Chap. 2). After
the eruption, temporary dwellings (Indon. =
huntara) were constructed outside the danger
zone, supported by the Indonesian government,
NGOs and the private sector, among others. The
largest of these settlements contained more than
1000 households (Maly and Nareswari 2015).
Although some residents stayed in these tempo-
rary settlements, the launch of a housing recon-
struction programme (Rekompak—REhabilitasi
dan ReKOnstruksi Masyarakat dan Permukiman
berbAsis Komunitas; Engl.: Community-Based
Settlement Rehabilitation and Reconstruction) led
to building of permanent homes, particularly in
collective resettlement areas (Indon. = huntap).
After completion in 2014, more than 80% of the
2000 new houses built within the framework of
the Rekompak project in the most affected
Cangkringan District, Slemen Regency were
constructed in these collective resettlement areas
(Maly and Nareswari 2015; Mei et al. 2016). The
existing houses, infrastructures and facilities in
two of these settlements, Huntap Kuwang and
Huntap Plosokerep, were still in decent condi-
tions, meeting the needs of the local community
(Mei et al. 2016). While most residents appeared
to be satisfied with their living conditions (Mei
et al. 2016), further research is required to
understand more fully understand the perception
of residents in different settlements regarding their

ability to complete or extend their homes, support
of community livelihood and continued occupa-
tion of the sites (Maly and Nareswari 2015).

In the Kaliadem-Kinahrejo area, facilities and
activities for attracting day-trippers and visitors to
the area sprang up soon after the eruption and
currently still exist there (see also Lavigne et al.
2023, Chap. 2). These include food stalls and
souvenir shops, a small museum, displays of
items damaged during the 2010 eruption, desig-
nated visitor sites, such as the bunker in Kaliadem
where two people perished during the 2006
eruption, and activities including guided adven-
ture tours across the area destroyed by the 2010
eruption (Fig. 12.25a–e). As after every eruption
of Merapi, sand quarrying activities of PDC and
lahar deposits have increased in the valleys
around the volcano after the 2010 eruption, par-
ticularly in, but not limited to the Gendol valley
(Fig. 12.25f). Such deposits have been a sub-
stantial natural resource that has supported the
local economy and regional development (e.g. de
Bélizal et al. 2011, 2013; Lavigne et al. 2023,
Chap. 2). The Sleman District alone had mining
tax revenues of 63 and 600 million IDR in 1999
and 2007, respectively (Ikhsan et al. 2010). At the
same time, sand quarrying puts the people who
mine the deposits at risk (de Bélizal et al. 2011),
as demonstrated in 2016 and 2017, when several
trucks were swept down Kali Bebeng onMerapi’s
south-west flank, and at least eight miners were
killed, and eight others injured following a land-
slide. It also has negative environmental and
ecological effects, and necessitates sediment dis-
aster management efforts, together with regulated
sustainable sediment resource management and
measures to stabilise riverbeds to reduce riverbed
degradation (Ikhsan et al. 2010). By contrast,
riverbed exploitation by sand extraction may, at
least initially, reduce the probability of lahar
events and reduce the potential for PDCs to spill
over valley margins due to increased channel
capacity. This, however, is offset by morpholog-
ical changes to the generally steep riverbanks that
may allow PDCs to spread over wider areas and
the potential hazards associated with the failure of
Sabo dams, triggered by uncontrolled sand
extraction near to such structures.
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Fig. 12.25 Recovery after the 2010 eruption. a Food
stalls and souvenir shops catering for visitors in Kaliadem
in February 2011. b The bunker in Kaliadem, where two
people died during the Merapi eruption in 2006, has
attracted visitors ever since. c Display of a damaged
minivan in Kinahrejo. d’Batu Alien ‘ (Alien Rock), one of
the tourist attractions on Merapi’s south flank following

the 2010 eruption. e Adventure tour using off-road
vehicles for tourists in Kaliadem. f Block and sand
mining of the 2010 PDC and lahar deposits in Kali
Gendol has turned into a profitable post-disaster business.
For locations, see Figs. 12.1 and 12.14. Photo credit R.
Gertisser, K. Preece
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12.7 Managing the 2010 Volcanic
Crisis

12.7.1 The Role of the National
Disaster Management
System in Indonesia

After the earthquake and tsunami disaster in
Aceh in 2004, Indonesia considered it important
to manage disasters with a new paradigm that
prioritised risk management. Consequently, Law
No. 24/2007 on Disaster Management was issued
and, subsequently, the Indonesian National
Board for Disaster Management (Badan Nasional
Penanggulangan Bencana; BNPB) was formed
based on Presidential Regulation No. 8/2008.
Consisting of an organisational structure that
includes a chairperson, a steering committee, and
a disaster management implementer element,
BNPB has the function of coordinating the
implementation of disaster management in a
planned, integrated, and comprehensive manner.
As one of the steering elements in the National
Disaster Management System, CVGHM under
the Geological Agency of the Indonesian Min-
istry of Energy and Mineral Resources has been
authorised to provide recommendations related to
geological hazard mitigation at national, provin-
cial and district/city level. Formally, BNPB has
been a focal point of government agencies at the
central level. Meanwhile, the disaster manage-
ment focal point at the provincial and district/city
level has been the Regional Disaster Manage-
ment Agency. To strengthen the implementation
of disaster management in Indonesia, forums for
disaster risk reduction were formed at the
national and local level. At a national level, a
National Platform was formed, which consists of
elements of civil society, the business world,
universities, the media, and international institu-
tions. At a local level, these included the Merapi
Forum, the Yogyakarta Disaster Risk Reduction
Forum, and the East Nusa Tenggara Disaster
Risk Reduction Forum. A strategic step related to
the 2010 Merapi eruption was the decision of
BNPB to declare the eruption crisis as a national
disaster because of its wide-ranging impact,

covering both the Central Java Province and the
Yogyakarta Special Region. This meant that the
central government took responsibility for all
impacts of the eruption.

12.7.2 Vulnerability Before the 2010
Eruption

In 2006, two disasters struck the Central Java
Province and the Yogyakarta Special Region; the
27 May 2006 Bantul earthquake and the eruption
of Merapi that peaked on 14 June 2006. Both
disasters provided important lessons for the
community and stakeholders in disaster man-
agement. For example, the public became more
rational in understanding geological disasters and
government officials were able to increase their
knowledge and skills in disaster management.
Participation of non-governmental organisations
(NGOs) seemingly became more real and an
important factor in disaster management. These
aspects were important factors of strength when
facing the threat of the impending 2010 eruption.
During the 2006 eruption crisis, the status of
activity was lowered from alert level IV to alert
level III on 12 June 2006, two days before the
peak of the eruption on 14 June, when a large
PDC reached as far as 7 km in Kali Gendol (e.g.
Charbonnier and Gertisser 2008), highlighting
the challenges not only of raising but also of
lowering alert levels related to volcanic activity.
Coincidentally, the traditional leader, Mbah
Marijan, whose house was located a few hundred
metres west of the Gendol valley in Kinahrejo,
survived and was not affected by the large 14
June PDC. However, Mbah Marijan’s refusal to
be evacuated during the 2006 eruption crisis,
which attracted widespread media interest, criti-
cally influenced the peoples’ perception of the
incident and understanding of the volcano.
Accordingly, inhabitants on Merapi’s southern
slopes, particularly in Kinahrejo, believed more
in the supernatural power associated with the
eruption than the scientists. This led to further
challenges four years later, when faced with the
2010 eruption crisis.
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With the issuance of Law No. 24/2007 on
Disaster Management, there has been a strong
legal basis in Indonesia to carry out disaster
management, alongside the implementation of
effective and sustainable planning to facilitate
efforts to reduce disaster risk at Merapi. In these
disaster risk reduction efforts, the adopted threat
factor is routinely assumed to be a larger than
predicted future eruption, based on the assess-
ment of volcanic and related hazards. Moreover,
to this day, the settlements on the slopes of
Merapi are characterised by a high population
density of 900–1900 inhabitants/km2, with
60,000 inhabitants living in the most vulnerable
disaster-prone area III (Indon.: Kawasan Rawan
Bencana (KRB) III), which is located closest to
the summit of Merapi and frequently affected by
PDCs (CVGHM 2002, 2011). Inhabitants on the
slopes of Merapi are socially, economically and
culturally vulnerable (e.g. Mei and Lavigne
2012; Bakkour et al. 2015; Lavigne et al. 2015),
and a strong bond between the volcanic envi-
ronment and social life exists because Merapi,
like other volcanoes, is regarded as a place full of
blessings of natural resources, which encourages
people to live near the volcano (e.g. Kelman and
Mather 2008; Holmberg 2023, Chap. 3). Mysti-
cal beliefs (e.g. Schlehe 1996; Dove 2008) con-
tinue to be held by some people around Merapi,
as shown by traditional ceremonies that take
place at a certain time every year, even though
they are considered as touristic events by some.
Social, economic and cultural vulnerability of
people living in disaster-prone areas have been
important challenges or threat factors for risk
reduction efforts, and mystical beliefs were, at
times, an impediment for evacuations at critical
points in time.

12.7.3 Disaster Risk Reduction
Strategy

Successful volcanic disaster mitigation requires
long-term hazard assessment, short-term predic-
tion for early warning, and refugee management
in times of crises. Appropriate early warning can
only be achieved through various volcano

monitoring data. Early warnings and recommen-
dations issued by CVGHM must be understood
by decision makers and the population, and
implemented with concrete actions for disaster
risk reduction. Therefore, the disaster risk
reduction strategy before the 2010 eruption
comprised four pillars: (1) Strengthening of the
volcano monitoring system, (2) Formation of a
disaster risk reduction (DRR) forum,
(3) Strengthening of community capacity through
disaster management training and information
dissemination, and (4) Preparation of contingency
plans for local governments based on hazard
assessment as a threat scenario. This strategy
continues to be applied up to the present time.

12.7.3.1 Strengthening of the Volcano
Monitoring System
During the 2010
Eruption Crisis

Before 2010, the Merapi volcano monitoring
system consisted of seismic, deformation and
geochemical monitoring, meeting the volcanic
monitoring standards recommended by the
International Association of Volcanology and
Chemistry of the Earth’s Interior (IAVCEI) (see
Budi-Santoso et al. 2023, Chap. 13). In the face
of the 2010 eruption, additional monitoring was
carried out through the volcano observation posts
around Merapi that had also been equipped with
meteorological instruments to measure rainfall,
wind speed, humidity and air temperature. Fur-
thermore, visual monitoring was conducted using
CCTV cameras installed at Gunung Plawangan,
Kaliurang and Deles on the south to southeast
slopes (see Budi-Santoso et al. 2023, Chap. 13).

The seismic monitoring system at Merapi in
2010 consisted of nine seismic stations
(Fig. 12.1). These included four permanent Mark
Products L-4 short-period stations (DEL, KLA,
PLA, PUS) and five additional temporary
broadband seismic stations. The latter comprised
one Streckeisen STS-2 seismometer installed at
station LBH, and four Güralp CMG-40 T seis-
mometers installed prior to 2010 at stations
GMR, GRW, PAS and WOR (Fig. 12.1), as part
of the EU-funded MIAVITA (MItigate and
Assess risk from Volcanic Impact on Terrain and
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human Activities) project (Thierry et al. 2008;
Surono et al. 2012; Budi-Santoso et al. 2013;
Jousset et al. 2013b) This broadband seismic
network operated from July 2009; station L56
(Fig. 12.1) was installed in September 2010.
A broadband station installed *40 km south of
Merapi at Imogiri, used as a reference for
regional seismic activity, was replaced prior to
the 2010 eruption by a short-period seismic sta-
tion (CRM), as part of the MIAVITA project
(Surono et al. 2012; Budi-Santoso et al. 2013;
Jousset et al. 2013b). All seismic data were sent
in real-time to BPPTKG (Balai Penyelidikan dan
Pengembangan Teknologi Kebencanaan Geo-
logi) in Yogyakarta (Fig. 12.1) using wireless
transmission. During the peak of the 2010 erup-
tion, three of the broadband stations (GMR, PAS,
L56) and three of the four short-period stations
(DEL, KLA, PUS) were destroyed and, there-
fore, the remaining broadband stations were
included in the routine monitoring at the time.
The remaining short-period station (PLA) was
saturated on 4–5 November and individual
events were indistinguishable. Therefore, seismic
activity recorded at the distal seismic station
(CRM) was crucial during the peak of the erup-
tion, illustrating the importance of both proximal
and distal seismic stations in the volcano moni-
toring network of Merapi (Surono et al. 2012;
Budi-Santoso et al. 2013; Jousset et al. 2013b).

Deformation monitoring at Merapi was con-
ducted via temporal measurements using EDM,
and real-time measurements, using a tiltmeter
platform consisting of three electronic tiltmeter
stations at the summit and data acquisition using
digital telemetry (e.g. Surono et al. 2012). EDM
was used to measure the slope distance between
several benchmarks, located at the Kaliurang,
Babadan, Jrakah and Selo volcano observation
posts as well as Deles (Fig. 12.1), and fixed
targets (reflectors) around the summit of Merapi
(Budi-Santoso et al. 2013; Aisyah et al. 2018).
The reflectors south of the summit used in 2010
were moved to a lower elevation of 2400–
2600 m on the 1911 lava flow, following the
destruction of reflectors installed near Geger
Buaya during the 2006 eruption. During the main
eruption phases, ground-based geodetic

measurements were complemented by satellite
data, providing insights into morphological
changes at the summit, lava dome growth and
PDC distribution, although cloud cover restricted
data exploitation from optical satellite-based
sensors (e.g. Surono et al. 2012; Pallister et al.
2013).

Geochemical monitoring prior to the 2010
eruption was carried out by regular measure-
ments of gas composition from several fixed
points of the solfatara in the Woro crater area.
Gas samples were taken using the Giggenbach
sampling method (Giggenbach 1975), followed
by spectrophotometric and volumetrical analysis.
In 2009, a mini-DOAS instrument was also
installed through the MIAVITA collaboration to
measure gas emissions remotely from the Baba-
dan observation post, although measurements
carried out during the 2010 eruption from
Babadan as well as from Ketep and Yogyakarta
were challenging (Surono et al. 2012). Ground-
based gas monitoring during the 2010 eruption
was complemented by satellite data, which were
particularly useful for the provision of real-time
SO2 emission measurements and ash cloud dis-
persal (Surono et al. 2012).

12.7.3.2 Formation of a Disaster Risk
Reduction Forum: The
Merapi Forum

In order to implement disaster risk reduction
measures, the strategy for Merapi has been to
establish a Disaster Risk Reduction (DRR) fo-
rum, the so-called Merapi Forum (see also Lav-
igne et al. 2023, Chap. 2). Since its inception in
2006, the Merapi Forum has been a collaborative
forum between CVHGM and four local govern-
ments, supported by local and international
NGOs, including the Early Recovery Assistance
United Nations Development Programme (ERA-
UNDP) and the Center for Disaster Management
Study at the Universitas Pembangunan Nasional
Veteran Yogyakarta in the framework of disaster
risk reduction at Merapi. The five objectives of
the cooperation have been (1) the application of
Merapi risk analysis and maps, (2) the develop-
ment of an early warning system, (3) the con-
struction of a radio and web communication
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system, (4) the preparation of contingency plans
in each district, and (5) the strengthening of
community capacity through disaster manage-
ment training programmes. Used for the devel-
opment of an early warning system, sirens were
installed successfully in four locations, namely at
the Kaliurang, Ngepos, Babadan and Jrakah
volcano observation posts, and sounded as an
order for evacuation for residents who live in the
disaster-prone areas of Merapi. This was in
addition to sirens that have been used since at
least the early 1990s to warn people in the fields
or in river valleys of impending danger. As not
all public communication equipment around
Merapi was covered by the mobile phone net-
work, radio communication, which had long
been used to connect the Yogyakarta headquar-
ters with the villages on the slopes of Merapi,
was still required. In 2008, the Merapi Forum
established a VHF radio communication network
that could reach all disaster-prone areas simul-
taneously. Additionally, standard procedures for
the delivery of information through radio com-
munication were formulated as a reference for
the delivery of information on Merapi hazards.

12.7.3.3 Strengthening of Community
Capacity Through
Disaster Management
Training
and Information
Dissemination

To reduce the risk from a future eruption of
Merapi as in 2010, a disaster management
training programme, aiming at strengthening the
capacity of the community to overcome the
socio-cultural vulnerability on the slopes of
Merapi, has been a top priority. Implementation
of the programme has been two-fold; under
normal circumstances, disaster management
training is carried out, while during a volcanic
crisis, dissemination is done directly in the
community. Disaster management training tar-
gets comprise aspects of knowledge, awareness
and behaviour of the community in order to be
safe from disasters. Subjects covered include
knowledge of the sources of threats, early
warning systems, understanding maps of

disaster-prone areas, and simulations of evacua-
tion. In a volcanic crisis, dissemination is carried
out for people living in disaster-prone areas,
covering aspects such as the latest developments
in the activity of Merapi, hazard estimation, and
recommendations related to disaster risk reduc-
tion. Typically, a dissemination session lasts for
about 2 h and is attended by 50–100 people.

After the volcanic earthquake swarm in
October 2009 (Fig. 12.2), CVGHM held a dis-
aster management training event on 16–17
December 2009 funded by ERA-UNDP. Among
the 35 participants were the heads and commu-
nity leaders of villages in disaster-prone areas in
the Boyolali and Klaten regencies. Similar
training events were held in the Magelang and
Sleman districts on 22–23 December 2009. The
trainees were chosen by the village heads and
community leaders based on their involvement
and responsibility for the community in case of
an evacuation. Based on a survey of refugees
during the 2010 eruption crisis, people received
direct evacuation orders from the village head
(54%), sirens (16%), radio/telephone communi-
cation equipment (19%) or neighbours (11%)
(Mei et al. 2013).

With the beginning of the 2010 eruption and
the shift to alert level II on 21 September 2010
(Fig. 12.2), dissemination of information in the
disaster-prone area began. Between 29 Septem-
ber and 24 October 2010, people living in the
most vulnerable areas, spread over 21 villages,
were targeted. The last information dissemination
event, which was attended by 35 residents, was
held in Kinahrejo at the home of Mbah Marijan
on 24 October 2010. The session failed to
influence the participants to evacuate immedi-
ately, as they followed the orders of Mbah
Marijan who refused to evacuate. Eventually
they all fell victim to the first PDC at 17.02 WIB
on 26 October 2010 (Fig. 12.2). In the aftermath
of the eruption, Sri Sultan Hamengku
Buwono X, the Sultan of the historic Yogyakarta
Sultanate, appointed Mbah Marijan’s son, Mas
Asih, as Mbah Marijan’s successor as caretaker
of Merapi. This change may be regarded as the
end of the era where a charismatic figure had
been the mystical symbol of Merapi and the

398 Subandriyo et al.



beginning of an era in which the new caretaker is
required to communicate with official institutions
that observe the volcano’s activity and in which
the public is encouraged to accept science-based
explanations rather than interpretations of dreams
or irrational theories (Pajar Hatma 2012). The
appointment of the new caretaker is symbolically
interpreted as support for a modern mindset as
opposed to support for a traditional mystical
perspective.

12.7.3.4 Preparation of Contingency
Plans

Contingency plans are important for local gov-
ernments dealing with disasters in their regions
and used to detect any gaps between the capacity
and the magnitude of the threat, so that the
appropriate strategy can be determined. The
preparation of contingency plans for local gov-
ernments has become a programme for the
Merapi Forum involving various NGOs. Prior to
the 2010 eruption crisis, contingency planning
was carried out in four districts around Merapi
(Sleman, Magelang, Klaten and Boyolali regen-
cies) and completed in 2009. As a basis for the
contingency plan, a scenario of a large eruption
of Merapi directed towards the south was used,
similar to the VEI 3 eruption in 1961. Following
the guidelines, the eruption hazard scenario pre-
pared on 8 June 2008 was based on (1) a maxi-
mum threat scenario to achieve optimal
preparedness, (2) the history of Merapi eruptions,
and (3) the experience and intuition of those
involved in dealing with disasters at Merapi. In
the completed scenario, the approximate runout
distances and directions of the PDCs in the
southern sector were estimated at 12 km in Kali
Gendol, 10 km in Kali Woro, and 8 km in Kali
Kuning and Kali Boyong. In addition, based on
the history of the eruptions from 1872 to 2001, it
was inferred that 90% of the PDCs followed the
direction of the crater opening, which, since the
2006 eruption, was open to the south. Further-
more, it was estimated that 12,660 people in the
Sleman Regency, 32,987 people in the Magelang
Regency, 4420 people in the Klaten Regency,
and 2540 people in the Boyolali Regency would
have to be evacuated. When the 2010 eruption

eventually happened, it caused 398 victims due
to PDCs and evacuation of nearly 400,000 peo-
ple, the largest ever evacuation at Merapi
because of an eruption that is thought to have
saved 10,000—20,000 lives (Surono et al. 2012).

12.7.4 International Collaboration

The role of international cooperation was
important to reduce the disaster risk at Merapi in
2010. For example, within the framework of the
EU-funded MIAVITA project (2008–2012),
coordinated by BRGM (Bureau de Recherches
Géologiques et Minières—Risks Division,
France), several broadband seismic stations were
installed at Merapi (Sect. 12.7.3.1) and a pro-
gramme of disaster management training was
implemented for residents in the village of Tlo-
golele (Boyolali Regency) in the disaster-prone
area on 2–4 July 2009. Following the issue of
alert level III on 21 October 2010 (Fig. 12.2), the
World Organization of Volcano Observatories
(WOVO) at Nanyang Technological University
(Singapore), offered to aid hazard assessment by
modelling PDCs using the Titan2D Geophysical
Mass-Flow Simulation Software developed at the
State University of New York at Buffalo, and
analysed SO2 exposure in the atmosphere based
on OMNI satellite imagery. Close collaboration
with the Volcano Disaster Assistance Program
(VDAP) of the United States Geological Survey
(USGS) began when the activity of Merapi
entered a critical phase on 25 October 2010 and
the alert level was raised to level IV (Fig. 12.2).
A crucial role of this cooperation was the pro-
vision of satellite imagery information to monitor
the growing lava dome following the initial
eruptions on 26 October 2010. The rapid growth
of the lava dome before the peak of the eruption
on 5 November 2010, was an important piece of
information that formed the basis for the decision
to expand the danger area from 10 to 15 km and,
subsequently, to 20 km from the summit of
Merapi (Figs. 12.1 and 12.2). This decision was
of strategic importance to reduce the possibility
of casualties caused by PDCs. Collaboration with
the Sakurajima Volcano Observatory (SVO),
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Japan began on 9 November 2010 and included
petrological analysis and prediction, installation
of infrasonic stations to detect explosive erup-
tions, and sampling and analysis of volcanic ash.

12.7.5 Reflection and Lessons
Learned

Mitigation of volcanic risk depends on the ability
of short-term predictions for early warning, rapid
evacuation of people from hazardous areas, and
land-use planning to reduce the risk of impending
eruptions. A fundamental question related to vol-
canic hazard assessment and risk reduction is the
long-term estimation of volcanic activity, which is
critical for preparing contingency plans, disaster
preparedness plans and land use planning strate-
gies (e.g. Blong 1984; Scott 1989; Tilling 1989;
MIAVITA Team 2012; MartíMolist 2017).

The disaster risk reduction strategy for the
2010 Merapi eruption was implemented precisely
and comprehensively. Strengthening of the
monitoring systems, data analysis, and accurate
short-term predictions allowed early warnings in
a manageable time window for preparedness and
evacuation during the critical 35-day-long period
between 20 September 2010, when the alert level
was raised to level II, and 25 October 2010,
when the alert level was raised to the highest
level (level IV) (Fig. 12.2).

A mid-term assessment, which was repre-
sented in the eruption hazard scenario, proved
helpful in preparing contingency plans for each
district around Merapi. As a minimum, local
governments were able to assess the resources
they have and the magnitude of the threats they
might face. However, the 2010 eruption excee-
ded the estimated danger as described in the
eruption hazard scenario, which was based on a
VEI 3 eruption and PDCs travelling as far as
12 km towards Kali Gendol. With a VEI of 4, the
2010 eruption was significantly larger than
anticipated and PDC reached distances of *16
km in Kali Gendol.

Even though the early warning given was
relatively accurate and the disaster risk reduction
strategy before the eruption was considered

appropriate, there were still many direct casu-
alties (398) related to PDCs, total losses of >40
trillion IDR (>4.5 billion US$) due to damage to
infrastructures, livestock, agriculture and hous-
ing, and nearly 400,000 refugees.

Several factors caused casualties by PDCs
during the 2010 eruption, which occurred in two
stages. At the immediate onset of the eruption on
26 October, as many as 35 casualties were
caused when residents refused to be evacuated,
even though the alert level was at the highest
level (level IV). The refusal of people to evacuate
was due to strong local beliefs, exemplified by
Mbah Marijan's attitude as a local figure, and the
fact that they had remained unharmed during the
previous eruption in 2006, which affected the
same area. Further victims occurred when the
eruption peaked on 5 November 2010. During a
1.5-h-long period of continuous PDCs on 3
November, the danger zone was expanded to a
radius of 15 km, and on 5 November, the danger
zone was expanded further to a radius of 20 km.
Based on information from the government of
the Sleman Regency, some people did not
believe that the PDCs could reach more than
10 km. Further casualties were caused by con-
fusion among the people as to where to go fol-
lowing a sudden evacuation order.

Along Kali Gendol, several Sabo dams were
built to control lahars and volcanic sediment, and
to inhibit PDCs. However, when PDCs hit a
Sabo dam, additional hazards may result from
rapid valley infilling by pyroclastic material or
detachment of the hot ash cloud from the denser
basal avalanche of the current (e.g. Charbonnier
and Gertisser 2008, 2011; Lube et al. 2011;
Gertisser et al. 2012a). Several people were
unaware that to avoid the PDCs, they had to
move away from the riverbank. This resulted in
49 deaths on both sides of the Sabo dam in
Bronggang, *15 km south of Merapi
(Fig. 12.1). Overall, the fast changes in threats,
which led to rapid changes of the size of the
danger zone, was the main cause of the large
number of casualties. These sudden changes did
not give the community and the government
enough time to prepare all matters related to
massive evacuations.
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The main reason for the number of refugees
reaching 400,000 people was the increased dis-
placement after the expansion of the danger zone
to a radius of 20 km on 5 November 2010, based
on refugee development data from BNPB. On 6
November 2010, there were additional 100,000
refugees in the western sector, namely in the
Magelang Regency, which were mainly due to
ash fall that affected this area because of the
prevailing winds at the time. In the Boyolali
(north), Klaten (east) and Sleman regencies
(south), the number of refugees increased by
60,000. Refugee numbers continued to increase
sharply until they reached a peak of 399,403
people, spread over more than 600 refugee bar-
racks on 14 November 2010. Unplanned refu-
gees contributed to this increase due to panic that
was triggered by news issued by spiritual figures
through television media stating that Merapi
would erupt even more severely, affecting areas
as far as 35 km away from the volcano, and that
the Palace of Yogyakarta (Kraton) would disap-
pear. To address this issue, BNPB held a closed
emergency meeting at the Center for Disaster
Management and Operations for Mt. Merapi,
Yogyakarta on 15 November 2010, which was
attended by all stakeholders. On this occasion,
BNPB reported that the seismic activity had
declined since 5 November and that a larger
eruption was unlikely based on the amount of
tephra already produced and on a comparison
with historical eruption records. This was key
to reducing public panic and controlling
evacuations.

With the implemented strategic approach,
there was an unavoidable risk of loss, including
damage to immovable infrastructures and settle-
ment sites and ecological losses in disaster-prone
areas. Therefore, to reduce the risk of an
impending eruption of Merapi, the Geological
Agency issued the several recommendations in
its rehabilitation and reconstruction programme:

• A map of the hazardous areas around Merapi
should be used as a reference for spatial plan-
ning policies based on disaster mitigation.
Subsequently, the Ministry of Public Works
proposed Merapi as a National Strategic Area

(Indon.: Kawasan Strategis Nasional; KSN) to
guide spatial planning, establishing Mount
Merapi National Park through Presidential
Regulation No. 70/2013. This step is regarded
as a law enforcement map of the disaster-prone
areas at Merapi that forms the basis for
changing land use plans. When preparing
detailed land use plans, local governments are
required to refer to this Presidential Regulation.

• The area directly affected by the 2010 erup-
tion was declared a restricted area for settle-
ment. Utilisation of the area can be by
cultivation such as plantations, agriculture,
animal husbandry and tourism, as long as
there are no accommodation facilities.

• People who were victims of the Merapi
eruption in 2010, and whose homes were
directly affected, had to be relocated to safer
places. For people who still reside in parts of
disaster-prone area (KRB) III that were not
directly affected by the 2010 eruption, risk
reduction efforts should be undertaken
through social engineering (i.e. sustainable
disaster management training) within a con-
ceptual framework of living in harmony with
Merapi.

12.8 Summary

The 2010 eruption of Merapi was the volcano’s
largest since 1872, differing markedly from other
eruptions in the recent past. The eruption had
clear precursors in the seismic, deformation and
volcanic gas monitoring record. The earliest
indications of renewed activity were observed
about one year before the beginning of the
eruption on 26 October 2010, demonstrated by a
volcanic earthquake swarm and an increase in the
rate of summit deformation. The 2010 eruption
crisis lasted for about 3 months between
September and November 2010. Early warning
levels were gradually increased from alert level II
on 20 September to alert level IV on 25 October,
allowing about 35 days for mitigation measures
to reduce disaster risk and save human lives. The
runout distances of PDCs exceeded estimates
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based on anticipated hazard scenarios, leading to
crucial decisions to expand the danger area to a
radius of 15 km on 3 November and to 20 km on
4 November 2010 before the climax of the
eruption on 5 November, when PDCs propa-
gated *16 km down Kali Gendol. Despite the
impact of the eruption that caused 398 casualties
and considerable damage to infrastructures, it is
estimated that the early warnings issued saved
tens of thousands of lives. Apart from the
remarkably long PDC runout, notable and in
many respects unusual volcanic phenomena of
the 2010 eruption included: (1) the lack of lava
dome extrusion at the onset of the eruption,
(2) the occurrence of powerful explosions that
were directed laterally and focused to the south
on 26 October and, particularly, during the
paroxysmal phase on 5 November, when high-
energy PDCs destroyed an area of up to 8.4 km
from source on Merapi’s south flank, (3) excep-
tionally high rates of lava dome extrusion and
growth prior to and after the 5 November
paroxysm, and (4) the generation of pumice-rich
PDCs from collapse of short but sustained
eruption columns. The 2010 eruption was driven
by essentially the same basaltic andesite magma
type as other recent Merapi eruptions. Multiple
lines of evidence suggest that the exceptional
magnitude of the eruption might have been
caused by the arrival of deep, volatile-rich
magma that disrupted and overwhelmed a shal-
lower crystal-rich magma system, followed by
rapid ascent, accompanying closed-system
degassing and accumulation of ascending
magma beneath a plugged conduit that builds up
pressure in the uppermost conduit.
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