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Abstract

The magma plumbing system of Merapi
volcano is a key for understanding its eruptive
activity and thus has received scientific inter-
est for a considerable time. First detailed
attempts to resolve the volcano’s internal
structure and alleged magma reservoir were
carried out at the beginning of the 1990s and
included measurements of electrical conduc-
tivity, material density, seismic velocities as
well as geodetic parameters and surface
deformations. Major questions addressed
were: (1) where do the fluids and magmas
come from; (2) what are the magma ascent
paths; (3) where are fluids and partial melts
stored; and (4) what is the size and geometry
of the magma and fluid reservoirs and the
volcanic conduit? Here we review experi-

ments and findings we made during various
stages of investigation at Merapi volcano, and
also discuss selected projects by other teams
and projects. By using seismic methods dif-
ferent crustal zones could be identified with
low-velocity values and high Vp/Vs ratios,
which can be explained as fluid- and
melt-hosting zones. Large-scale joint seismic
experiments (MERAPI, MERAMEX and
DOMERAPI) displayed seismic attenuation
and scattering effects seen in the shallow
portion of the edifice, revealed the presence of
fluid percolation and subvertical fluid-magma
transfer zones, and identified crustal and
near-Moho magma reservoirs that are being
off-centred to the north. The complementary
results of these projects contributed to a new
structural image and understanding of the
deep structure of Merapi over a depth range of
more than 100 km. These results are valid not
only for Merapi but now serve as an important
example of the crustal structure considered for
subduction volcanoes elsewhere.
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5.1 Introduction

To understand a volcanic system like Merapi,
unravelling the internal structures at crustal and
mantle depths is important. However, investi-
gating the internal geophysical and geochemical
structure of an active stratovolcano with a suffi-
ciently high resolution is challenging because of
its heterogeneous construction. The alternation of
lava beds, block-and ash-flow layers, surge and
lahar deposits as well as igneous intrusions, all
overprinted by erosion, leads to a heterogeneous
mixture of materials with contrasting physical
properties, which makes them challenging for
many geophysical investigations. Seismological
investigations significantly contributed to the
understanding of the internal and physical
structure of the Merapi edifice (Ratdomopurbo
1995; Ratdomopurbo and Poupinet 1995).
Specifically, the localisation of seismic events
and the first classification of different seismic
signals that could be distinguished from each
other led to the detection of a zone with very low
seismicity and anomalously high attenuation of
seismic waves at depths of 1–2 km below the
summit. This zone was interpreted as a shallow
magma reservoir within the edifice, while the
main magma reservoir was supposed to start at
4–5 km depth, where the volcanic seismicity
fades out again (Ratdomopurbo 1995; Ratdo-
mopurbo and Poupinet 1995). In this chapter, we
provide an overview of selected major projects
with a contribution from German institutions,
highlighting a decade-long Indonesian-German
collaboration, student graduation and exchange.
These projects are also considered in context
with other collaborators, laboratories, partners,
and projects from several other countries.

One of the first systematic structural investi-
gations of the Merapi cone were carried out
during the Indonesian-German MERAPI project
(Mechanism Evaluation, Risk Assessment, and
Prediction Improvement) in the years 1997–2002
(Zschau et al. 2003) and complementing research
activities of scientists from France, Japan, and
the USA. In the framework of the MERAPI
project, comprehensive geophysical structure

investigations were carried out to determine:
(1) the density structure and mass distribution
using gravity measurements; (2) volume changes
based on tilt and GPS measurements; (3) the
electrical conductivity structure using magne-
totelluric (MT), long offset time-domain elec-
tromagnetic (LOTEM) and geoelectrical
measurements; and (4) the seismic structure of
Merapi using active and passive seismological
experiments.

During the MERAPI project and later until
2004, efforts to resolve the crustal structure
beneath Merapi were able to determine details of
the physical parameters and information about
the complex geological architecture of the vol-
cano. Nevertheless, important questions related
to the volcanic system with its supposed magma
reservoir, the ascent path of fluids and partial
melts, and the way Merapi is embedded in the
subduction process remained poorly constrained.
The finding that Merapi as a volcano at a sub-
duction zone—the Sunda Arc—is fed through a
complex ‘plumbing’ system, which involves not
only shallow structures beneath the volcanic
edifice but also deep structures and processes
within the underlying crust and upper mantle, led
to the design of the larger seismic experiment
MERAMEX (MERapi AMphibious EXperi-
ment) (Bohm et al. 2005). Essential scientific and
logistical support, and an important student and
scientific exchange programme, was realised
together with the Volcanological Survey of
Indonesia (VSI) in Bandung, the Volcanological
Technology Research Centre (BPPTK) in
Yogyakarta, the Gadjah Mada University
(UGM) in Yogyakarta, the Institut Teknologi
Bandung (ITB) and the Indonesian Meteorology,
Climatology and Geophysical Agency (BMKG)
in Jakarta.

During the MERAMEX project period from
2004 to 2007, we could image strong seismic
velocity anomalies and interpret the fluid and
magma ascent paths and storage regions down
to >100 km depths. However, the final 10 kms to
the surface could not be resolved in detail. This
shallower portion was investigated in detail by
the interdisciplinary DOMERAPI project (Budi-
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Santoso and Lesage 2016; Byrdina et al. 2017;
Widiyantoro et al. 2018). DOMERAPI com-
menced in 2013 as a four-year-long international
scientific research project led by French scientists
at the Institut de Physique du Globe de Paris
(IPGP), with support from the Institut des Sci-
ences de la Terre (ISTerre) at the Université
Grenoble Alpes and in partnership with the
Laboratoire Magmas et Volcans (LMV) at the
Université Clermont-Auvergne, the Institut des
Sciences de la Terre d'Orléans (ISTO), the
Indonesian Center for Volcanology and Geo-
logical Hazard Mitigation (CVGHM), Badan
Geologi (VSI), the Institut Teknologi Bandung
(ITB), GFZ Potsdam (Germany) and the United
States Geological Survey (USA). In the frame-
work of DOMERAPI, a dense network of seis-
mographs was installed from October 2013 to
mid-April 2015, the collected data of which were
combined with data from the permanent seismic
network of BMKG.

While the data analysis of these three major
projects (MERAPI, MERAMEX, DOMERAPI)
continues, the results have already led to an
advanced and fundamentally more comprehen-
sive understanding of Merapi as a volcano-
magma system within the Sunda arc subduction
system. In the following sections, the different
geophysical efforts from the outlined research
projects and their key scientific achievements are
described in further detail.

5.2 GPS, Tilt and Gravity
Measurements

Volcano geodesy includes the basic techniques
and key parameters of volcano activity monitor-
ing, providing information about its status,
structure and dynamical processes (e.g., Dzurisin
2007). Some twenty years ago, Indonesian
researchers in cooperation with scientists from
France, Japan and the United States focused
deformation experiments mainly on the summit
area of Merapi, recognising mass and volume
changes related to the dynamic behaviour of the
Merapi lava dome. Various methods and tech-
niques were tested and applied, including:

(1) visual observations of the dome with a tele-
scope camera located at an observation post in
12 km distance (Purbawinata et al. 1996);
(2) remote sensing techniques such as
stereophotogrammetry using a kite (Kelfoun
1999); (3) electronic distance measurements on a
trilateration network (Young et al. 2000); (4) first
attempts with InSAR technology using corner
reflectors and campaign GPS surveys (Nandaka
1999); and (5) the operation of uniaxial hori-
zontal platform tiltmeters (Subandriyo et al.
1997). At two flank sites uniaxial horizontal
platform tiltmeters were installed; one location
with a single instrument and the other with 5
instruments installed within an area of about
20 � 30 m (Beauducel and Cornet 1999).

Within the MERAPI project several flank sites
were chosen for permanent multiparameter sta-
tions equipped with GPS receivers, tiltmeters and
seismometers to observe edifice changes related
to dynamic internal processes. Seismic studies by
Ratdomopurbo and Poupinet (1995) suggested
that a small shallow magma reservoir is indicated
by an aseismic zone within the edifice. The
multiparameter stations were installed at altitudes
of 1280–2020 m as a ring-profile-constellation in
respect to Merapi, aiming to capture the largest
flank deformation rates at these sites. Another
aim was to observe displacements caused by
inflation or deflation with continuous precise
vertical tilt measurements by applying a new
array technique with borehole tiltmeters in
combination with a Differential Global Posi-
tioning System (DGPS) (Rebscher et al. 2000a).
A variety of further sensors were added as sup-
plements and, therefore, the stations were acting
as multi-parameter stations. Horizontal and ver-
tical displacements were observed by using four
permanent deformation measurement sites at the
flanks of Merapi. A fifth receiver served as a
reference station located at BPPTK in Yogya-
karta (100 m asl). This local differential GPS
network was tethered in the regional GEODYS-
SEA net (Wilson et al. 1998) via the GPS-point
Butuh at 30 km distance to Merapi’s summit and
27 km to Yogyakarta.

Tilt measurements were conducted at the four
flank stations with arrays of three shallow biaxial
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borehole tiltmeters (Applied Geomechanics
TM722A and TM722B). The instruments of an
array at each site had a nominal resolution of 0.1
lrad and 1.0 lrad, respectively, installed in
boreholes at 3–4 m depths and distances of 50–
90 m (Westerhaus et al. 1998; Rebscher et al.
2000a). The array technique provided the possi-
bility to distinguish between local and regional
tilt signals, and the installation in boreholes
allowed the reduction of near-surface disturbances
and biaxial quasi-continuous measurements with
sampling intervals of 5 min, allowing adequate
time resolution. This effort was required to
recognise the relatively small volcanic tilt changes
on the flanks compared to those obtained at the
summit of Merapi. Unfortunately, soon after the
project ended, the stations stopped functioning
due to vandalism, theft and a lack of maintenance.

Because meteorological and hydrological
records were required for the correct interpreta-
tion of the high precision deformation data, a
variety of auxiliary sensors were installed to
record local environmental parameters. These
allowed the detection and correction of local
disturbances in the recorded data (Westerhaus
et al. 1998; Rebscher et al. 2000a), and provided
meteorological data required for the interpreta-
tion of other measured parameters such as seis-
micity, electrical conductivity, chemistry and
temperature of fumarole gases and hydrology.

Surprisingly, the GPS and tilt data collected
on the mid and lower flanks of Merapi did not
record any significant changes in horizontal or
vertical axis or displacements (Rebscher et al.
2000b). During the volcanic crisis in January
1997 (eruptions on 14 and 17 January) and July
1998 (eruptions on 11 and 19 July) only minor
tilt anomalies could be identified, with a tilt
signal of maximum 1 lrad associated with the 14
January 1997 explosive event (Westerhaus et al.
1998). The loading of pyroclastic flows in 1998
produced a static tilt anomaly of *8 lrad in all
tiltmeters. The lack of relatively large flank
deformations associated with the volcanic activ-
ity did not support the existence of a large shal-
low magma reservoir inside the Merapi edifice.
Accordingly, later related projects and

monitoring approaches concentrated on the
notably deforming summit region (e.g., Budi-
Santoso et al. 2023, Chap. 13).

In the summer of 1997, a gravity repetition
network was established around Merapi (Gerste-
necker et al. 1998a). The network consisted of 23
stations forming three loops around Merapi at
different altitudes. The first loop connected alti-
tudes of 100–500 m asl and the second one con-
nected all stations at medium altitudes (1000–
2000 m asl). The third loop was located at the
crater rim at 2900–2970 m. All three loops were
connected to each other along a gravity profile at
the north flank of Merapi (Gerstenecker et al.
1998a). Gravity observations were carried out
alongside GPS measurements, using geodetic 2-
frequency receivers (Trimble 4000 SSE/SSI and
Leica C322/RS299) to determine vertical crustal
movements at the stations that influence secular
gravity changes directly via the free air- or
Bouguer-gradient. Gravity changes due to vertical
crustal movement were eliminated for the esti-
mation of the gravitational effect of mass move-
ments in and outside of the volcano (Gerstenecker
et al. 1998a). In each measurement campaign, four
LaCoste&Romberg spring gravity metres were
used. The calibration functions of the instruments
and their changes in time were �5� 10�5.
A change of the scale factor of 5 � 10–5 generates
a virtual gravity change of about 38 � 10–
8 m/sec2 (Gerstenecker et al. 1998a). The largest
gravity difference amounted to * 751 � 10–
5 m/s2. Gravity differences at the installed network
were observed four times at Merapi. Due to all
limitations, the mean standard deviations of ver-
tical crustal movements were �50 mm (Gerste-
necker et al. 1998a). The measured gravity and
vertical crustal changes were, however, much
smaller than expected before observed volcanic
activity. Only near the crater rim, at altitudes of
2000–2970 m asl, a significant gravity increase
(up to 100 � 10–8 m/s2) was detected and found
to be associatedwith significant crustal subsidence
in a range of up to -180 mm (Gerstenecker et al.
1998a). Gravity changes around the summit of
Merapi increased during the campaign by *80
10–8 m/s2 (80 lgal), whichmay have been caused
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by mass movements in- and outside of the vol-
cano. Especially the changing topography of the
dome in the immediate neighbourhood of the
summit stations was thought to be responsible for
these changes, further supported by observations
from synthetic aperture radar (SAR) and pho-
togrammetric images (Gerstenecker et al. 1998b).
Gravity data inversion gave a mean density of
2241 kg/m3 and an estimated porosity range of
10–20% (Tiede et al. 2005). Based on this mean
density, Tiede et al. (2005) derived a subsurface 3-
D density model of the Merapi and Merbabu
region by the analysis of 443 campaign gravity
points. Using a least-squares inversion approach,
maximal density anomalies between -242 kg/m3

and + 264 kg/m3 were found relative to the mean
density (Fig. 5.1), confirming relatively high
rock porosities in the Merapi region (Tiede et al.
2005).

5.3 Electrical Resistivity Structure

The resistivity structure of Merapi was investi-
gated using different electromagnetic methods.
Applied methods, such as direct current electrical
resistivity tomography (DC) and magnetotellurics
(MT), were used to determine the spatial distri-
bution of the electrical conductivity from natural
geomagnetic and geoelectric field variations. Of
these, the DC method has the highest spatial res-
olution but the smallest penetration depth, while
MT has the largest penetration. The long-offset
transient electromagnetic (LOTEM) method fills
the gap between DC andMT (Telford et al. 1990).

The DC survey comprised two different
approaches (Friedel et al. 1998), where bench-
marks of resistivity were derived for pyroclastic
material varying in saturation with air, meteoric
water and solfataric water. These measurements

Fig. 5.1 Horizontal and vertical cross-sections of the 3-D
anomalous density model (right) and gravity sensitivity
distribution of the model (left). The vertical SE-NW
profiles follow the 152oN course of an intrusive body. The
sensitivity pattern corresponds to the station distribution

and the relative size and position of 20,000 cells. Maps
are in UTM coordinates (after Tiede et al. 2005). The
summit area of Merapi is marked on the right map by a
white star and gravity measuring points are marked by
black dots
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were taken in quasi-homogeneous conditions at
selected flank locations and at the Woro fumarole
field near the summit, which was later destroyed
by the 2006 and 2010 eruptions. LOTEM, which
measures voltage decay curves with electric and
magnetic receivers after a polarity reversion of a
current (DC) in an electric dipole transmitter at
several kilometres distance (Strack 1992), was
used to resolve the structure of Merapi down to a
depth of 800–1000 m below the surface by
recording LOTEM data at 41 receiver locations
on a 10 km W-E profile and a 15 km S-E profile.
Signals were transmitted from a transmitter on
the northern flank in SELO, two transmitters on
the western flank (AGLI, BABA) and one
transmitter on the southern flank (KINA) (Müller
et al. 2002). Three dipole–dipole profiles with
lengths of 2.3 km, 2.6 km and 3.6 km and dipole
widths of 200 m were conducted along the west,
north and south flanks, respectively (Müller et al.
2002).

Large scale MT measurements, which use
natural time-varying electromagnetic fields that
originated in the Earth’s magnetosphere (Vozoff
1991), were carried out along a profile crossing
Central Java with the aim to determine geo-
magnetic induction vectors (Müller and Haak
2004), recognise good conductors and detect
striking faults. MT recordings were made at a
total of 65 sites in a period range of 0.001–
1000 s. The measurements took place at two
different scales: 20 sites were set up to obtain
information about the regional electric conduc-
tivity distribution (10 of them at a 130 km pro-
file) (Ritter et al 1998), while 40 locations were
selected in the vicinity (i.e. within a 15 km
radius) of Merapi. The best data quality was
obtained at a site 50 km north of Java on an
uninhabited island of the Karimunjawa
archipelago.

At Merapi, the general resistivity structure
was derived from LOTEM 1-D inversion and 3-
D modelling (Müller et al. 1998; Müller 2000;
Commer et al. 2005, 2006), DC 2-D inversion
(Friedel et al. 1998, 2000; Byrdina et al. 2017)
and MT 1-D inversion and the 3-D modelling
(Müller 2004). For the northern part, a four-layer
model could fit the data while for the southern

part a six-layer model best fitted the measured
data curve (Fig. 5.2).

The main features of the combined model are
as follows: on the western and southern flank, the
soundings show electrical resistivities >10,000
Xm within the first 200–300 m beneath the sur-
face, which drop rapidly to values <100 Xm and
10 Xm, respectively, to a resolved depth of
800 m. DC results show that the top layer
decreases in resistivity down the flanks of Mer-
api. The resistive layer is underlain by a con-
ductive layer with resistivities of 10–30 Xm. The
conductor was identified by all three methods,
and geometrically follows the topography of the
volcano, as derived from induction vectors of the
MT measurements (Müller 2004) and by the
LOTEM data (Müller 2000). Further, a conduc-
tive feature was found 9 km south of the summit.
A reanalysis of the LOTEM data (Kalscheuer
et al. 2007) depicted again a layering that follows
the topography of Merapi. At a depth range of
500–1000 m, the resistivity of the outward dip-
ping layers decreases rapidly downwards into a
good conductor with resistivities <10 Xm. For
the deepest layer, the authors determined a
resistivity of 0.4 Xm, which is quantitatively
explained with a combination of ion and electron
conductivity caused by saline fluids and
hydrothermally altered minerals. Furthermore,
the final model supports a hypothesis from the
interpretation of central-loop transient electro-
magnetic (TEM) data of an E-W oriented fault
structure below Merapi’s southern flank,
*7.3 km south of the summit. To the north of
this structure, the top of this conductor is located
at a shallow depth of 500–1000 m. Kalscheuer
et al. (2007) hypothesised that this fault structure
coincides with an ancient avalanche caldera rim
or, alternatively, may be a structure generated on
the slope by gravitational spreading caused by a
flow of flank material on weak substrata due to
volcanic loading (Delcamp et al. 2008).

Friedel et al. (2000) suggested that the
increase of conductivity above values of 20
mS/m might indicate the contact zone of a
hydrothermal system beneath the summit, rather
than freshwater saturation of porous pyroclastic
deposits. In the framework of the more recent
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DOMERAPI project, Byrdina et al. (2017)
investigated the hydrothermal system of Merapi
using electrical resistivity tomography (ERT),
self-potential measurements and CO2 flux map-
ping. Distinct low-resistivity bodies were inter-
preted as part of an interconnected hydrothermal
system at the base of the south flank and in the
summit area (Byrdina et al. 2017). In the summit
area, a sharp resistivity contrast at the ancient
crater rim of Pasarbubar separated a conductive
hydrothermal system (20–50 Xm) from the
resistive andesite lava flows and pyroclastic
deposits (2000–50,000 Xm). The existence of
preferential fluid circulation along this ancient
crater rim was also indicated by self-potential
data. In the vicinity of the active crater rim and
close to the ancient crater rim of Pasarbubar,
diffuse CO2 degassing was observed with a
median value of 400 g/m2d. The total CO2

degassing mass rate across the accessible summit
area with a surface of 140,000 m2 was around 20
t/d, which equals to *10% of the volume of

CO2 estimated to have degassed before the 2010
eruption (Toutain et al. 2009).

On the southern flank of Merapi, the resis-
tivity model shows a pronounced stratification.
While recent andesite lava flows are charac-
terised at the surface by resistivity val-
ues >100,000 Xm, resistivity values as low as 10
Xm have been encountered at a depth of 200 m
at the base of the south flank, interpreted as
reflecting the presence of the hydrothermal sys-
tem (Byrdina et al. 2017). However, no hints for
such a hydrothermal system were found on
Merapi’s northern flank, which might be caused
by the asymmetry of the heat supplying source of
Merapi, whose activity is moving south, and/or
by the asymmetry in topography caused by the
presence of Merbabu volcano to the north. Thus,
Byrdina et al. (2017) suggested that lithological
layers on the south flank of Merapi separate the
hydrothermal fluids with gaseous fluids rising
through the crater rims, while liquids flow
downwards to the base of the edifice.

Fig. 5.2 Comparison of the resistivity structure at north and
south flanks. Vertical elevation scale is common for north
(A) and south (B) flanks. Conductive structures ‘HS’ with
resistivity < 10 Xm and ‘F’ with resistivities of 40–80 Xm,
probably representing a hydrothermal altered fluid-saturated
layer or a hydrothermal system below the west and south

flank at a depth of 1000 m. At the surface, recent andesite
lava flows below the south flank (unit ‘C’) are characterised
by extremely high resistivities exceeding 100,000Xm.Units
‘A’, ‘C1’ and ‘E’ with resistivities of 1500–5000 Xm
represent pyroclastic flow deposits of Old Merapi as well as
lahar and airfall deposits (Byrdina et al. 2017)
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At greater depth of *1.5 km bsl, very low
resistivity values of <1–3 Xm were detected
through MT data, extending as far as 15 km from
the summit of Merapi. Results from a first
regional campaign in 1997 (Hoffmann-Rothe
et al. 1998; Ritter et al. 1998) showed that such
low values can be found in the crust beneath
Central Java but that partial melts are not likely
to explain the conductive layers at Merapi at
depths of *1 km. The moderately conductive
layer (10–30 Xm) covers a region of several 10
km3, while the high conductivity bottom layer
(<1–3 Xm) could also be identified by MT
measurements outside the area covered by Mer-
api down to 1800 m bsl (Ritter et al. 1998).
Lloyd et al. (2007) investigated the hydrogeo-
logical situation in Central Java and described
the presence of at least two aquifers, with the
lower one often confined and saline. Commer
et al. (2006) estimated a salinity range for the
pore filling by applying conductivity measure-
ments of NaCl solutions as a function of tem-
perature and concentration (Keller 1988). For
their model layers 1 and 2 (Commer et al. 2006),
the maximal salinities of 0.2 and 0.7 eq. wt.%
indicate a rather dilute solution. A low degree of
salinity agrees with isotopic investigations at the
summit of Merapi, showing that fumarolic water
is mainly of meteoric origin, with only a small
contribution of magmatic water (Zimmer et al.
2000). The deeper layers 3 and 4 (Commer et al.
2006) show increased salinities, and, while the
salinity of seawater with a value of around
3.5 eq. wt.% falls well within the range of layer
3, the estimates for the bottom layer show a
much higher concentration. Van Bemmelen
(1949) pointed out earlier that the young Qua-
ternary volcanoes of East Java are built upon a
basement of plastic and not yet fully consolidated
marine sediments. For weakly cemented marine
rocks, usually Tertiary in age, the electrical
conductivity can be very high because of a
combination of ion and electron conductivity in
claystones and micaceous clay. In this case, the
low basement resistivities may well be explained
by the intrusion of seawater beneath Java.

5.4 Active Seismic Measurements
Explain Complex Earthquake
Signals of a Stratovolcano

The influence of topography, the heterogeneous
medium for propagating seismic waves and
almost unknown source mechanisms lead to
manifold difficulties in analysing and interpreting
volcano-seismic signals. For locating and ana-
lysing natural seismic events within and beneath
the edifice of Merapi—particularly for the sepa-
ration of source, path and site effects—the seismic
structure information is indispensable. Therefore,
seismic profiles (Fig. 5.3) were already recorded
through up to 30 three-component seismometers
aligned radially to the volcano summit using a
receiver spacing of 100 m in the framework of the
MERAPI project in the late 1990s. Nearly 5 km
away from the summit, in a radial fashion and at
an altitude of about 1000 m asl, water basins were
installed at three locations, and each filled with 40
m3 water. In these basins, a 2.5 l mud gun was
fired by an air pressure of 80–100 bar to generate
well defined seismic source signals with high
repeatability necessary to increase the signal
energy by stacking up to 100 single shots and to
improve the signal–noise ratio (Wegler et al.
1999).

Surprisingly, the recorded seismograms were
characterised by unusually complicated wave
fields that were difficult to explain by common
standard seismic methods. Records near the
source location showed a short and pulse-shaped
waveform, while at greater distances, the signals
spread out to longer wave trains. Only the p-
phases showed, in traces, clear coherency,
whereas later phases were mostly shear wave
energy incoherent along the profile. Some of the
coherent onsets were recognised with negative
apparent velocities. They could be interpreted as
refracted waves reflected at steeply dipping
reflectors, while others may be backscattered
surface waves, with some out of the profile lines
(Luehr et al. 1998; Maercklin et al. 2000). Such
complexity was later also identified at other
volcanoes (Wegler 2003).
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Observed linear, coherent phases contained
information on larger scale structures. To
enhance these types of waves, all three spatial
components were jointly processed using polar-
isation analysis (Maercklin et al. 2000). After
processing, the first arrivals were recognisable up
to 7.5 km distance, not far enough for penetrat-
ing the volcanic cone to the opposite side.
Therefore, these records could not be applied for
a travel time tomographic analysis. Direct S-
waves were superimposed by the P-wave coda
and only observable up to 1 km distance from
the seismic source. 2-D ray-tracing supported the
interpretation of first and later onsets. The
resulting model is based on a layered 1-D depth
profile of the P-wave velocity derived from first
break travel times. The velocities range from
some hundred m/s close to the surface to more
than 3000 m/s at a maximum depth of * 300 m.
As each model layer likely corresponded to

numerous different geological units, only an
effective velocity was defined. With reflectors
vertical to these layers, it was possible to fit the
travel time curves of selected onsets. The model
shown in Fig. 5.4 assumes a p- to s-wave con-
version at reflector A, located * 3 km away
from the source, to explain the lower apparent
velocity of the reflected onsets A and B
(Fig. 5.4).

The high impedance contrasts at both mod-
elled reflectors were explained by structural
heterogeneities (Maercklin et al. 2000). These
fracture or weakness zones were mapped at
Merapi using observed reflections on lines BEB
and BAB (Fig. 5.3). The most prominent fracture
zones on both profiles seem to be equidistant to
the summit of Merapi and may belong to a larger,
approximately circular zone of weakness with a
diameter of *4 km, which agrees well with the
low resistivity zone found by electromagnetic

Fig. 5.3 Location of seismic lines measured in the frame
of the MERAPI project in 1997, source points and
mapped fracture zones. Profiles shown as dotted lines

were not interpreted. Two circles mark the extent of
possible weakness zones
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measurements. White-coloured rocks and debris
led to the speculation that the high-conductive
anomaly detected at Merapi and the circular
feature of low seismic velocity could be due to a
hydrothermally altered zone surrounding the
inner core or conduit of the volcano. Soil tem-
perature and CO2 gas flux measurements carried
out at the summit from 2002 to 2007 (Toutain
et al. 2009) support this idea. This study found
degassing anomalies that appear to be controlled
by structures identified as concentric historical
crater rims (1768, 1872 and 1932), which may
have undergone a hydrothermal self-sealing
process that lowered permeability and porosity.
Heap et al. (2019) showed that acid-sulphate
alteration, common at Merapi and other volca-
noes, can reduce the permeability at rock sample
scale by up to four orders of magnitude as a
result of pore- and micro-fracture filling mineral
precipitation. Using these petrophysical data,

their calculations demonstrated that intense pro-
gressive alteration can reduce the equivalent
permeability of a dome by two orders of mag-
nitude, which is sufficient to increase pore pres-
sure inside and beneath a dome such as that at
Merapi.

A surprising observation in the recorded
seismograms (Wegler and Luehr 2001a) was that
the amplitude of the first onset decreases rapidly
with increasing source-receiver distance, while
the main part of seismic energy is included in the
coda of the seismograms and shifted towards
later travel times. The maximum energy of the
coda waves moved with a group velocity of 200–
400 m/s along the profiles. The coda waves were
polarised horizontally but showed no preferred
azimuths. This strange effect on the seismic sig-
nals can be explained physically by the inner
structure of the volcanic cone, which is built up
by alternating material of pyroclastic flow, lahar

Fig. 5.4 Modelled ray paths
and travel time curves for
selected onsets of line BEB.
The model is based on a
simple 1-D velocity-depth
function and reflectors
perpendicular to the layers.
Letters A and B denote
reflectors and corresponding
time curves; black boxes
indicate measured travel
times. The depth is defined as
in metres below the surface
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and ash deposits. Big blocks and compact lava
banks alternate with less intensively consolidated
material. Layers vary in thickness and extension
and were cut by erosion processes. These inho-
mogeneities with high acoustic impedance con-
trasts produce strong scattering effects which
reduce the energy from the first onset so that it
fades out after a distance of 7.5 km. For applying
a travel time tomographic analysis, the first onset
would have had to be detected up to 12 km
distance. As this was not the case, the experiment
was eventually discontinued.

Assuming that most of the energy in the
seismograms was associated with multiple scat-
tering and that S-waves dominated the coda, the
observed waveform envelope was explained by
the diffusion model (Dainty and Toksöz 1981).
According to this model, the energy density as a
function of time and space included the attenu-
ation coefficients hs and hi as geophysical for-
mation parameters. The parameter hi described
the energy loss of a seismic wave due to con-
version to other forms of energy (e.g., heat)
called intrinsic attenuation, while hs denoted the
energy loss due to scattering (Wegler et al. 2000;
Wegler and Luehr 2001a, b). Interestingly, it was
found that the resulting scattering attenuation
was at least one order of magnitude larger than
the intrinsic value. The frequency dependence of
hs was proportional to f0.0, whereas hi was pro-
portional to f1.6. At Merapi, the derived mean
free path for generated airgun signals with an
energy maximum of * 7–8 Hz was as low as
hs

−1 = 100 m. This means that multiple scatter-
ing effects had to be considered for source-
receiver distances greater than 100 m at Merapi,
justifying the use of the diffusion model for
source-receiver distances greater than several
hundreds of metres. This result also explains the
bad coherency of seismic traces with a chosen
seismometer spacing of 100 m. No significant
differences were found for the three different
profiles in hs. However, hi of BAB on the west
flank was 0.5 times smaller than hi of BEB on the
south flank and of BIB on the northeast flank,
which might be correlated with the local geology
(Wegler et al. 1999).

The natural seismicity of Merapi, particularly
events located in the upper part of the volcano
cone and called multiphase (MP) events, showed
similar characteristics compared to airgun shot
records. First onsets were weak and often diffi-
cult to recognise. The maximum energy of the
wave trains was shifted by distance to later
arrival times compared to small first onsets.
Shear waves as body waves were nearly
invisible.

5.5 Merapi’s Magma Reservoir
and Ascent Paths of Fluids
and Partial Melts

After the first interpretation of the seismicity
distribution, the main magma reservoir of Merapi
was thought to be located at a depth of 4–5 km
(Ratdomopurbo and Poupinet 1995), extending
to a depth of 10 km or more because of the fade-
out of the volcanic seismicity beneath 5 km
below the summit. Later, the hypothesis of a
main magma reservoir was supported by petro-
logical data (Purbawinata et al. 1997). However,
more recent petrological studies have shown that
Merapi magmas are stored at multiple levels,
ranging from the shallow conduit down to *30
km (e.g. Chadwick et al. 2007, 2013; Costa et al.
2013; Preece et al. 2013; Deegan et al. 2016;
Troll and Deegan 2023, Chap. 8).

Gossler (2000) analysed teleseismic event
records at seismic monitoring stations located on
the flanks of Merapi. Receiver functions (Yuan
et al. 1997; Gossler et al. 1999) based on the
analyses of P–S converted shear waves revealed
structures in the crust, the Moho and the subsiding
lithosphere plate. The application of the Receiver
functions method allowed the properties and
constitution of the deeper parts beneath Merapi
down to the subducting slab to be inferred. How-
ever, the occurrence of strong multiple phases in
the seismograms, interpreted as reverberations of
the incoming waves between the down-going
plate and the surface, impeded a detailed resolu-
tion of deeper structures. Moreover, a large
magma reservoir could not be detected.
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Besides, investigation of the polarisation of
incident teleseismic waves showed an interesting
effect depending on the analysed frequency band.
Long-period waves above 10 s yield no signifi-
cant differences between observed and theoreti-
cal calculated azimuths or incident angles,
respectively, in which the incident angle repre-
sents a measure of the distance between a
hypocentre of an earthquake and the receiver
location. For higher frequencies with periods
below 5 s, this changes dramatically. As a result
of the polarisation analysis, the determined azi-
muths and incident angles of the incoming waves
point towards the centre of Merapi, independent
of the true location of an earthquake. This sug-
gests that the hypocentres of the analysed earth-
quakes were located inside Merapi, a result
interpreted as a topographic effect caused by the
geometry of the cone-shaped volcanic edifice of
Merapi (Gossler 2000).

Despite these geophysical studies, questions
about the hypothesised magma reservoir, ascent
paths of fluids and partial melts, and how Merapi
is embedded in the subduction process, could not
be answered. One reason for this was that all
investigations were concentrated mainly on the
edifice of Merapi, where, for instance, the small
aperture of seismic stations in combination with
the complex structure limited the retrieved
information. The magma storage and complex
feeding and plumbing system, which not only
involves the shallow structures beneath the vol-
canic edifice but also deep structures and pro-
cesses within the underlying crust and upper
mantle, led to the design of the larger MER-
AMEX seismic experiment, which is further
detailed below.

5.5.1 Deeper Structure Beneath
Central Java

Regional-scale seismic tomography and the dis-
tribution of the Wadati-Benioff seismicity from
the revised International Seismological Centre
(ISC) bulletin constrains the subducting slab at
the Sunda arc down to 1000 km depth (Luehr
et al. 2013). A lack of robust data at shallow

depth can be compensated by using local earth-
quake data, which also provide more detailed
information about the crustal structure and the
volcanic plumbing system above the slab-related
Wadati-Benioff zone beneath Central Java and
Merapi. Results of the regional tomography
suggest that the subducting slab cannot be rep-
resented by an oversimplified conveyor-type 2-D
model. Considerable lateral and vertical varia-
tions in the slab thickness probably have effects
upon the surface tectonics. In particular, the
peculiar character of Merapi might be caused by
a slab window that formed in the contact zone
between two autonomously subducting oceanic
plates (Koulakov et al. 2007).

Between May and October 2004, combined
amphibious seismological investigations at 110°E
were thus performed as part of the MERAMEX
project (Reichert and Luehr 2005). A temporarily
installed seismic network of 134 continuously
recording stations (triangles in Fig. 5.5), 106
short-period Mark L4 seismometers, 14 broad-
band Guralp seismometers, 8 ocean bottom
hydrophones (OBH) and 6 ocean bottom seis-
mometers (OBS), covered a region of about
150 � 200 km. OBHs and OBSs were deployed
during the RV SONNE cruise SO176 to extend
the land network offshore to the south of Central
Java. The average onshore station spacing
was *20 km. The spacing of ocean bottom
instruments was *40–90 km. The seismic
instruments recorded both the natural local
earthquakes as well as airgun-generated shots, the
latter generated during a second cruise (SO179) in
September and October 2004. The interpreted
amphibious data consisted of 50,060 first arrival
travel-time picks of airgun shots fired along three
seismic wide-angle profiles and recorded also
with the onshore MERAMEX network. Four to
five local earthquake events could be recorded per
day, in addition to regional and teleseismic
events. The clearest signals were observed in the
southern and northern coastal areas. In Central
Java, north of Merapi and Lawu, the recorded
shear wave phases were strongly attenuated.
Thus, even a preliminary qualitative evaluation of
the seismograms showed that there is a significant
seismic anomaly located beneath Central Java.
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For the earthquake data analysis, a total of
13,800 phases (8000 P- and 5800 S-phases) were
selected for a simultaneous iterative source
location and tomographic inversion. A detailed
description of this study can be found in Kou-
lakov et al. (2007, 2009b). The P velocity ref-
erence model down to a depth of 20 km was
estimated based on results of an active seismic
experiment performed in the offshore part of
MERAMEX (Wagner et al. 2007a, b; Wittwer
et al. 2010). For deeper parts, the velocity model
was defined based on the global AK135 model

(Kennett et al. 1995) because no reliable con-
straints were available for the range below 20 km
depth. Derived final earthquake locations line up
along the Wadati-Benioff Zone, but the events
depict variable dipping angles of the slab.
Looking to the north, for the first 150 km dis-
tance from the trench, the slab appears to be
almost horizontal. From 250 to 450 km along
profile P1–P2, the dip angle of the slab is about
45°, while in the depth interval from 250 to
600 km, the slab steepens to *70° (Koulakov
et al. 2007).

Fig. 5.5 Study area of the MERAMEX project, includ-
ing the tectonic regime of the region. Triangles mark the
temporary seismological network installed in 2004. Dots
are recorded earthquakes collected in the MERAMEX
catalogue. Red lines indicate seismic airgun profiles. The
red coloured area in Central Java marks the area covered
by passive seismic data, while the light blue and grey
areas are covered by active seismic data and both data

sets, respectively, in the uppermost 10 km depth layer.
These areas are identified as areas with satisfactory
recovery of 30 km size checkerboard anomalies at a depth
of 5 km. The dotted line marks the current track of the
Java trench, which is retreating northward from the
normal curvature trend (dashed line) in front of Central
Java (Wagner et al. 2007a)
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We developed new models of the anisotropic
structure beneath central Java based on the local
earthquake tomography (Koulakov et al. 2009b)
(Figs. 5.6 and 5.7). Relative P (Vp) and S
(Vs) velocity anomalies are illustrated in hori-
zontal and vertical sections. The reconstruction
of relative anomalies even in highly heteroge-
neous areas was fairly stable and found not to be
significantly dependent on the chosen reference
model (Koulakov et al. 2007). An interpretable
spatial resolution could be achieved down to a
depth of 150 km.

The first striking feature in the derived tomo-
graphic images is an almost perfect correlation of
P and S wave anomalies in the crust. The most
prominent feature in the crust is a strong low-
velocity anomaly. This low-velocity anomaly is
named Merapi-Lawu Anomaly (MLA), with a
reduction in velocity up to 30% for the P-model,
and up to 36% in case of the S-model. The MLA
fills the areas within the main volcanic complexes

in Central Java. The largest part of this anomaly is
located close to the volcanoes Merapi and Mer-
babu (briefly called “Merapi complex”), and
extends to Lawu volcano at the eastern border of
the investigation area. The second, smaller part
lies between the Merapi complex and the volca-
noes Sumbing, Sundoro and Dieng (briefly called
“Sumbing complex”). Interestingly, these active
volcanoes are not located above the central part of
the anomaly but appear to be arranged sur-
rounding it. In other words, the active volcanoes
are found just above the contact region between
the low-velocity anomaly and the high-velocity
forearc. In vertical sections (Fig. 5.7), it is
recognisable that the MLA is inclined southwards
towards the subducting slab, extending into the
upper mantle with decreasing intensity. The reli-
ability of these models was tested comprehen-
sively by Koulakov et al. (2007, 2009b).

Furthermore, the obtained seismic anomalies
were compared with Bouguer gravity anomalies

Fig. 5.6 Results of the anisotropic inversion after five
iterations in horizontal sections. Colours indicate the
isotropic velocity perturbations which are computed as an
average of four anisotropic parameters in each point. Bars
show directions of fast horizontal P velocities. The length
of the bars reflects the difference between the fastest and

slowest horizontal velocities. The reference bar (10% of
anisotropy) is shown in the right-bottom corner. Positions
of two cross sections presented in Fig. 5.7 are marked in
maps corresponding to 15 km depth. The star shows the
hypocentre of the Bantul Mw = 6.4 earthquake on 26
May 2006 (UTC)
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(Sato 1978; Smith and Sandwell 1997), as illus-
trated in Fig. 5.8. It can be seen that the main
features of gravity and seismic velocity models
are consistent with each other. For example, the
strong negative seismic anomaly located north of

the MLA corresponds to a negative gravity
anomaly in the back-arc. Dominantly positive
seismic anomalies in the forearc correspond to
positive gravity anomalies. To quantify this link,
we performed gravity modelling intended to

Fig. 5.7 Resulting anisotropic P and isotropic S models
after five iterations in vertical sections. Positions of
sections are shown in the map related to 15 km depth
(Fig. 5.6). The anisotropy bars for the P model are
vertical, if the vertical velocity variations are larger than

the average horizontal perturbations, and horizontal in the
opposite case. The reference bar (6% of anisotropy) is
shown in the left-bottom corner. The star shows the
hypocentre of the Bantul Mw = 6.4 earthquake on 26
May 2006 (UTC)

Fig. 5.8 Result of optimisation for dq/dv coefficients in
the crust. The gravity map after Smith and Sandwell
(1997) on the left and the calculated gravity values
derived from Vp and Vs velocities (on the right) indicate a

strong negative gravity anomaly in Central Java, extend-
ing to the east. The gravity anomaly fits well with the
Merapi-Lawu seismic velocity anomaly (centred at
approximately 7°S, 111°E)
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estimate values of dq/dv coefficients (anomalies
of density over anomalies of seismic velocity) for
different crustal zones.

For the gravity modelling, the crust was
divided into several zones, representing main
geological and geophysical features (Koulakov
et al. 2007). The final computed gravity fields
derived from the P- or S-velocity anomalies are
shown in Fig. 5.8b, c. Although the derived
coefficients determined by this modelling are not
expected to be highly accurate, they provide
semi-quantitative information concerning geo-
logical processes in the crust of Central Java. For
the arc anomalies and the MLA, the calculated
dq/dv values are found to be rather low (Kou-
lakov et al. 2007, 2009b; Luehr et al. 2013).

Syracuse and Abers (2006) analysed the
variations in vertical distance between arc vol-
canoes at the surface and the subducted slab at
depth for nearly all subduction zones. They
found that at subduction volcanoes, the average
slab surface distance is *100 km. Discrepancies
were found only in a few cases, such as in
Central Java, where the vertical distance from the
surface to the slab is *150km. The authors
attempted to explain such deviations from the
average depth by calling on specific physical
conditions. Another common feature of a sub-
duction zone is that the earthquake hypocentre
distributions show two maxima in depth. A shal-
low clustering at *20–50 km is interpreted to be
related to tectonic stress release. Another
increase in the frequency of earthquakes can be
detected at a depth range of *100 km on aver-
age (International Seismological Centre 2001).
These peaks in seismicity are also observable in
the same depth ranges in the Sunda arc (Luehr
et al. 2013; Halpaap et al. 2019).

The increase in seismicity in the range of
100 km depth can be explained by mineralogical
phase transitions resulting in dehydration pro-
cesses (e.g., Paulatto et al. 2017; Cooper et al.
2020) caused by de-serpentinisation, which leads
to a volume decrease expressed by earthquakes
(Davey and Ristau 2011).

Mineralogical investigations of Mierdel et al.
(2007) demonstrated that the ratio of water sat-
uration versus depth has a pronounced minimum

at depths between 100 and 200 km (Bolfan-
Casanova 2007). Depending on the tectonic
environment and temperature, the minimum
solubility may be shallow, as in the case of the
oceanic mantle, but deeper in the case of cold
continental lithosphere. We propose that in the
case of Central Java at a depth range near
100 km, where seismicity is increased, fluids
(mainly water) are released from the subducted
slab and begin to ascend into the overlying
mantle wedge, leading to a reduction in melting
temperature of the mantle rock (e.g., Poli and
Schmidt 1995). The ascent path of upward
migrating fluids released from the slab is imaged
tomographically as a zone of low seismic
velocity (Koulakov et al. 2007). In the case of
Central Java, this path is not vertical but inclined
at 45° and oriented towards the trench (Fig. 5.7).
The ascending fluids cause decreasing viscosity
and partial melting of the mantle. The melts then
penetrate the arc crust and form magma reser-
voirs in the lower and middle crust and, in some
cases, rise to the surface and cause volcanic
eruptions.

As shown above, the most important feature
of the MERAMEX tomographic models is an
unusually strong low-velocity anomaly located in
the backarc crust just north of the volcanoes
Sumbing, Merapi and Lawu (Figs. 5.6 and 5.7).
The main part of this anomaly extends for *80
km from east to west and *30 km from north to
south, and to a depth of >50 km, from where it
further extends as an inclined tongue with
decreasing amplitude towards the slab pointing at
a depth of *100 km. The active volcanoes are
located at the edge of this anomaly between high
and low-velocity regions. Considering this
geometry, it can be estimated that the low-
velocity body has a volume of >50,000 km3

characterised by a reduction in velocity of up to
20% for the seismic P-wave model and up to
25% for the S-wave model (Koulakov et al.
2007, 2009b). Shear wave signals recorded
above this zone are strongly attenuated compared
to areas outside the anomaly volume. Further-
more, there is a good correlation between the
distribution of velocity anomalies in the crust and
gravity anomalies. High-velocity seismic
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anomalies in the forearc correspond to gravity
highs and the low-velocity MLA matches well
with a distinct gravity low corresponding to the
Kendeng Basin, which is located north of the
MLA and parallel to the volcanic front of Central
and East Java (Koulakov et al. 2007). The Ken-
deng Basin succession is not well exposed but
contains much volcanic debris (see Harijoko
et al. 2023, Chap. 4). The deposits have an
estimated thickness of up to 10 km based on
gravity modelling (Waltham et al. 2008). Con-
sequently, we interpret this behind-the-volcanic-
front anomaly as the combined product of a thick
package of low-velocity sediments in the upper
crust, and increased temperatures and magmatic
fluids in the middle and lower crust. The very
low P- and S-velocities within the shallowest part
of the MLA could in part result from a high fluid
(gas and liquid) content in the sediment layers.
Mud volcanoes in northern Central Java (Satyana
and Asnidar 2008), which actively release
methane, favour this hypothesis. Synthetic tests
(Koulakov et al. 2007) confirmed that the MLA
cannot be explained simply and requires that the
lower crust must also have low velocities, as
confirmed by active seismic studies (Wagner
et al. 2007b).

The velocity perturbations, attenuation of P-
and S-waves, and high Vp/Vs ratio of the MLA,
indicating a high Poisson’s ratio of 0.3 and
matching with a gravity low, suggest an area of
increased temperature and reduced shear strength
in the crust. Depending on the elastic modulus, a
fluid and partial melt amount of 13–25% can be
estimated for the MLA volume. Assuming that
the region of the MLA beneath the sedimentary
basin consists of a rigid matrix with cells filled
with a magmatic crystal mush or near-molten
material, the sediments may act as a seal for
fluids from the mantle wedge just beneath the
MLA to move vertically towards the surface.
This hypothesis is indirectly supported by rela-
tively strong, randomly looking travel time
residuals after inversion (Koulakov et al. 2007).
An explanation for this noise could be the exis-
tence of relatively small bodies of contrasting
material, causing scattering (Luehr et al. 2013).
These may affect the travel times of seismic rays

but cannot be resolved by the tomographic
inversion. Considering realistic frequencies of
seismic signals from natural sources, a significant
scattering-induced effect on the travel time can
be expected only for anomalies of a minimum
diameter of 1–2 km. Anomalies of 15–20 km
extension, for instance, would be resolved in the
images clearly and would lead to more coherent
signals. Therefore, the lower part of the MLA
can be interpreted as a zone composed of a solid
matrix or may be a ‘reservoir’ similar to a sponge
structure that contains cells or sheeted sill struc-
tures of 2–15 km diameter filled with molten or
partially molten material. This hypothesis is
supported by petrological findings of magma
storage and crystallisation at Merapi (e.g.,
Chadwick et al. 2013; Costa et al. 2013; Deegan
et al. 2016; Preece et al. 2016; Peters et al. 2017;
Troll and Deegan 2023, Chap. 8). Furthermore,
Merapi magmas are contaminated by carbonates
from the subvolcanic basement derived from
depth of 3–11 km (e.g., Chadwick et al. 2007,
2013; Deegan et al. 2010, 2023; Chap. 10;
Whitley et al. 2020). A significant contribution to
the magmatic volatile budget via limestone
assimilation may therefore influence the driving
mechanism of eruptions at Merapi and other
volcanoes sited on carbonate crust (e.g., Troll
et al. 2012; Blythe et al. 2015; Deegan et al.
2023; Chap. 10).

The degree of velocity anomalies found
beneath Central Java is exceptional, when com-
pared to anomalies found at other subduction
zones and large volcanic systems. For example,
Toba volcano in northern Sumatra is the source
of the largest eruption on Earth within the last
two million years. The resulting caldera is
30 � 100 km wide and has a total relief of
1700 m. In one eruptive phase 75,000 year ago,
Toba produced the Youngest Toba Tuff, which
has an estimated volume of 2800 km3 (e.g.,
Chesner and Rose 1991). Tomographic investi-
gations of the Toba area (Koulakov et al. 2009a)
derived a model that images patches of negative
anomalies beneath Toba with velocity reduction
values of no more than 15%. Such a velocity
reduction appears to be typical for volcanic areas
at subduction zones and is comparable to
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anomalies found in the Andes (Schurr et al.
2003; Koulakov et al. 2005) and Kamchatka
(Koulakov et al. 2011).

5.5.2 Shallower Structure Beneath
Merapi

The resolution of our local earthquake tomogra-
phy method using P- and S-body waves decrea-
ses with decreasing crustal depth. To improve the
resolution in the shallower crust, especially in the
uppermost 5 km, a tomographic inversion might
be realised from the analysis of ambient noise
data. Different levels of anomalies, which were
previously blurred and indistinguishable in the
Local Earthquake Tomography (LET) results
(Koulakov et al. 2009b), can now be separated
by applying the Ambient Noise Tomography
(ANT) modelling method.

Results of ANT modelling for the MER-
AMEX data in the Central Java area by Koula-
kov et al. (2016) show strong variations in the S-
wave velocity, especially at shallow depths.
Between the coastline and the volcanoes Merapi
and Lawu, the authors found a strong high-
velocity anomaly with an amplitude exceeding
25%. Beneath and to the south of Merapi, strong
negative anomalies were revealed with ampli-
tudes that reached −25%. Thus, the variations
derived with this tomographic method are of the
same order of magnitude as those of previous
tomographic studies based on travel time
tomography (Koulakov et al. 2007, 2009b). In
Fig. 5.9, the ANT modelling results are com-
pared with the results of the model derived from
LET (Koulakov et al. 2009b). The main features,
such as the high-velocity forearc and low-
velocity anomalies surrounded by the volcanoes
in Central Java, appear similar in both models.
However, there are subtle differences. For
example, in the LET results, the most prominent
low-velocity anomaly has a high magnitude
across the entire area between Merapi and Lawu,
whereas in the ANT model, the eastern part of
the anomaly in the vicinity of Lawu volcano is
less pronounced. This difference can be partly
explained by the lower resolution of the ANT

model in the eastern area of investigation and by
some leakage of the amplitude of anomalies
(Koulakov et al. 2016). Also, it has to be noted
that the LET results were affected by significant
vertical smearing, which suggests that some
differences between the models may be caused
by the projection of anomalies from different
depths. For the vertical section (Fig. 5.9b, d), an
overall fit of the main anomalies is observable in
both the LET and ANT models. In the ANT
model, an anomaly beneath the Merapi cone is
apparent, whereas in the LET model, this shallow
anomaly is not apparent. Interestingly, a large
anomaly at the bottom-left corner of the ANT
section is consistent with the inclined low-
velocity anomaly in the LET model that links
the volcano-related structures with the subduct-
ing slab. According to the results of the ANT
model, the low-velocity anomaly beneath the
northern flank of Merapi (section A1–B1;
Fig. 5.9b) seems to be separated into two parts.
Koulakov et al. (2016) suggested that the upper
portion of this anomaly represents a thick layer
of volcaniclastic sediments accumulated over a
long period of time. Based on this model, the
thickness of this layer may be greater than 1 km.
A second strong low-velocity anomaly, detected
at depths between 4 and 8 km beneath this vol-
caniclastic sediment layer, may be associated
with a large, shallow felsic magma reservoir, as
proposed by Koulakov et al. (2009b) based on
the results of the LET model, and demonstrated
by horizontally oriented anisotropy that may
indicate a sill structure of this reservoir. A similar
sill structure for a felsic magma reservoir at a
similar depth range was identified beneath the
Toba caldera (Jaxybulatov et al. 2014). However,
it is notable that this structure appears to be
separated from the upper crustal anomalies,
although the ANT model tends to shift the deep
boundaries higher. Consequently, the real loca-
tion of this anomaly may be deeper than is
indicated by these particular results.

A separation of two low-velocity layers is also
found by the latest larger structure investigation
project DOMERAPI. Within this project, a much
denser seismic network of 46 broad-band seis-
mometers was installed around Merapi between
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October 2013 and mid-April 2015 (Widiyantoro
et al. 2018). The stations were deployed with an
inter-station distance of *4 km and the
DOMERAPI data were combined with data of
the permanent BMKG. All detected seismic
events were relocated using a double-difference
earthquake location algorithm. The jointly pro-
cessed data produced a new, high-quality cata-
logue comprising 358 events for imaging the Vp
and Vp/Vs structure below Merapi in exceptional
detail, from below the volcano’s summit to a
depth of *20 km below sea level. The P- and S-
wave arrival time data with similar path coverage
reveal a high Vp/Vs structure extending verti-
cally from a depth of � 20 km bsl up to the
summit of Merapi. As mentioned by Koulakov
et al. (2016) and Widiyantoro et al. (2018), their
tomographic inversions reveal two pronounced
anomalies beneath Merapi. One anomaly located

at <4 km depth was demonstrated by low Vp and
very low Vs values as well as high Vp/Vs ratios.
A second anomaly was found at *10–20 km
depth, with high Vp, very low Vs values and
very high Vp/Vs ratios. Interestingly, their
Vp/Vs tomograms suggests that another deeper
anomaly may exist near the MOHO at � 25 km
depth with low Vp and low Vs values as well as
high Vp/Vs ratios that match the findings of the
MERAMEX project of a very large anomaly in
Central Java with an estimated volume of more
than 50,000 km3 (Koulakov et al. 2007; Luehr
et al. 2013). However, the most denoting feature
in their tomographic images is a distinct sub-
vertical high Vp/Vs anomaly. If this finding is
correct, this subvertical, high Vp/Vs anomaly
outlines a fluid-rich zone and, therefore, the last
part of the magma ascent path from a depth
of *20 km up to the surface.

Fig. 5.9 Comparison of the ambient noise tomography
(ANT) with the body wave local earthquake tomography
model (LET). a and c are horizontal sections at 5 km
depth of the ANT and LET model, respectively. Contour
lines of topography at 1000 m altitude are shown with
black lines. b and d are the vertical sections of the ANT
and LET models along the profiles indicated in figures

a and b. In b, the vertical scale is twice exaggerated for
positive altitudes. Blue points in d show earthquake
hypocentres. The dotted line in d depicts the area
corresponding to the section in b. The exaggerated
topography for positive altitudes along the profiles is
presented in images b and d
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It is noteworthy that volcano edifices are
typically associated with higher seismic veloci-
ties at the shallowest depths, representing the
rigid properties of highly consolidated igneous
rocks, whereas in areas between volcanoes,
shallow seismic anomalies are generally nega-
tive. These negative anomalies can be explained
by volcaniclastic deposits, eroded and trans-
ported down the volcano flanks by lahars and
rivers. During the Bantul earthquake in May
2006, such deposits showed devastating effects,
when strong resonant shaking with relatively
high frequencies led to severe destruction of
mainly smaller buildings and caused >5700
fatalities (e.g., Walter et al. 2008).

5.6 Summary

The past 25 years of investigation of the vol-
canism and magmatism of Merapi and the sur-
rounding area in Central Java have brought
geological and geophysical advances that greatly
helped define the structure of the magma
plumbing system and underlying magmatic pro-
cesses. Direct current electrical resistivity
(DC) tomography and magnetotelluric (MT,
LOTEM) investigations as well as gravity mea-
surements revealed the highly complex resistivity
and density structure of the Merapi edifice and
have provided many geophysical parameters that
led to an improved understanding of the vol-
cano’s hydrological and hydrothermal system
and its dynamics. The highly sensitive borehole
tiltmeter array measurements on the flanks
showed very small signal values related to Mer-
api’s activity in 1997 and 1998 only, with a tilt
signal of maximum 1 lrad associated with the 14
January 1997 explosive event. Many of the
results obtained pertain to the large area between
the subducting slab and the summit area and are
not only valid for Merapi, but may also apply to
other subduction zone volcanoes. A schematic
cartoon illustrating the processes taking place
beneath Central Java is shown in Fig. 5.10. As
proposed by Luehr et al. (2013), an increased

level of subducted slab-related seismicity in
Central Java can be observed at *100 km depth,
which likely represents dehydration and the
release of hydrous volatiles from the slab (e.g.,
Peacock 1990; Maruyama and Okamoto 2007).
When these volatiles pass through the mantle
wedge, they react with the mantle rock and lower
its melting temperature (e.g., Poli and Schmidt
1995) and the seismic velocity. In the case of
Central Java, the ascent of fluids and partial melts
is not vertical but inclined to the north. At the
base of the crust at a depth of *38 km (Wölbern
and Rümpker 2016), an remarkable large nega-
tive velocity anomaly was detected by tomo-
graphic imaging, hinting at a large amount of
partially molten rock and volatiles. Volcanoes at
the surface in Central Java are located at the
boundary of this anomaly. As suggested by
Shapiro and Koulakov (2015), the continental
crust may become a barrier for magmas from the
mantle. Magma may ascend through the lower
mafic crust but cannot propagate further into the
upper felsic crust because of insufficient buoy-
ancy. The low-velocity anomaly at *20 km
depth, which is separated from anomalies in the
upper crust, may represent the top of the mafic
magma pathway at the boundary between the
lower and upper crust. Meanwhile, volatiles may
continue to rise, providing substantial heat, par-
tial melts and fluids from the mantle wedge, and
may cause crustal assimilation in the upper crust
(e.g., Deegan et al. 2023, Chap. 10). Fluids and
partially molten material are inferred to form a
complex system of reservoirs that feed Merapi’s
eruptions, as imaged by Vp/Vs ratio anomalies at
depths <4 km and between 10 and 20 km. This
derived geophysical image of the plumbing sys-
tem of Merapi, with three main reservoirs along
the magma ascent path is still simplified but
consistent with petrological findings recorded in
minerals as well as plutonic and crustal inclu-
sions for the same depth ranges (Troll and Dee-
gan 2023, Chap. 8) that also suggest the presence
of significant portions of crystal mush.

For the Merapi edifice, a surprising result has
been that seismic signals are affected by a strong

130 B. G. Lühr et al.



scattering effect, caused by the heterogeneous
construction of such a volcano. At Merapi, the
mean free pathway for higher frequent signals is
statistically only 100 m. This means that a gen-
erated signal will be affected by multiple scat-
tering after travelling a distance of 100 m and,
particularly, that the first onset amplitude is
fading. Before the recent findings, seismic sig-
nals such as multiphase events were commonly
explained by a complex seismic source mecha-
nism of these volcanic earthquakes. However, as
a result of this recent work, an alternative model
has been established, highlighting those complex
signals of volcanic earthquakes can also be
explained by multiple scattering effects on their
path within a stratovolcano. This effect on seis-
mic waves is probably valid for many similar
active volcanoes at subduction zones elsewhere.
Moreover, inside this uppermost part of the
Merapi edifice, a hydrothermal zone could be
detected that surrounds the shallow volcanic
conduit. The permeability of this zone up to the
summit lava dome is not constant in time as
recently shown by Heap et al. (2019). Highly
mineralised fluids and gases that pass through

this zone lead to precipitation of sulphur and
other minerals in pores and fractures that reduce
the permeability of the host rock. This may result
in a pressure increase in the conduit system with
important implications for the eruptive activity
and hazard assessment.
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