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Abstract

Gravity signals were recorded during volcanic activity of Merapi volcano between 1993 and 1995. First we repeated
measurements of gravity (with Scintrex CG3-M) and of elevation (with GPS receivers) on a network. Within this period,
we observed little deformation (less than 5 cm), but significant gravity changes (up to almost1 400mGal and2270mGal).
The growth of the dome explains most of the gravity signal. However, a residual gravity change is interpreted as an increase of
4 × 108 kg of the volcano mass, under the northwestern part of the summit. We consider and discuss several models, including
non-volcanic effects (e.g. water table level change), and magmatic processes, such as the intrusion of magma, or the effect of
crystallisation of implaced magma. Secondly, we installed a gravity meter in Babadan observatory, located at 4 km from the
summit, which has been recording continuously since 1993. The analysis of these records leads to a precise Earth tide model for
the Merapi area with an accuracy of 1.3mGal for M2. We consider both the continuous monitoring of the mass movement
within the volcano and the response of the volcano to the tidal potential. A correlation exists between residual drift and seismic
and volcanic activity. For example, a decrease of the residual drift corresponds to intensive seismic activity (LF event) and the
occurrence of nue´es ardentes, whereas no remarkable activity is associated with increases of the residual drift. The admittance
variations, a combination of the meter sensitivity (which is tilt-dependent) and the mechanical response of the ground to tidal
forces, are also correlated to volcanic events. We propose that during 1993–1995, oscillations of the internal pressure (a few
MPa) due to crystallisation and degassing magma lead to direct summit activity.q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Volcanic eruptions are related to complex
magmatic processes, the understanding of which

requires both monitoring and modelling of physical
and chemical aspects of these systems. Discriminating
between processes is not straightforward, despite
modelling (e.g. Jaupart and Alle`gre, 1991; Jaupart
and Tait, 1995) and the many observations accumu-
lated over the years. For example, the intrusion of new
magma or the exsolution of gas within magma both
imply an increase in the volume of the magma

Journal of Volcanology and Geothermal Research 100 (2000) 289–320

0377-0273/00/$ - see front matterq 2000 Elsevier Science B.V. All rights reserved.
PII: S0377-0273(00)00141-4

www.elsevier.nl/locate/jvolgeores

* Corresponding author. Tel.:1 33-1-6469-4918; fax:1 33-1-
6469-4935.

E-mail address:jousset@geophy.ensmp.fr (P. Jousset).



chamber, which may lead to the same pattern of
ground deformation at surface. Models have been
built (e.g. Mogi, 1958; Hagiwara, 1977a; Davis,
1986; Bonafede, 1990; Bonafede and Olivieri, 1995;
Dowden et al., 1995), but they do not allow these
cases to be distinguished. One variable that can
allow us to discriminate between these processes is
density. In addition, density variations may be in some
cases the only suitable parameter to detect internal
processes (like magma displacement without seis-
micity, Rymer et al., 1993).

Gravity and microgravity techniques give infor-
mation about the underground density distribution
and its variation with time. The Bouguer anomaly
gives information on the internal density distribution
and thus leads to the inner structure of the volcano
(e.g. Rymer and Brown, 1986; Brown et al., 1987;
Rousset et al., 1989; Barberi et al., 1991; Camacho
et al., 1991; Froger et al., 1992; Deplus et al., 1995).
Temporal microgravity studies consist of monitoring
and interpreting temporal variations of the gravity
field and simultaneous vertical elevation change.
Moreover, microgravity also addresses the measure-
ment of the vertical gradient of the gravity field. Basic
ideas are summarised for example in Eggers (1987).
Considering that data reduction removes both instru-
mental and tidal effects, the remaining temporal
gravity changes on volcanoes are caused by the effect
of elevation changes, mass redistribution and change
of density, acting in concert (Fig. 1). This is
summarised in the equation:

Dgobserved� DgTopography change1 DgFree-air deformation

1 DgVolume change1 DgDensity change

�1�
where:

DgTopography changeis the gravity effect of the mass added/
removed on the ground surface due to extrusion/
collapse of material in the surroundings of the points;
DgFree-air deformation is the gravity effect of elevation
changes of the observation point;
DgVolume changeis the gravity effect of the global volume
variation, at the observation point, generated by an
increase/decrease of the volume of the volcano from
an internal process, excluding added/removed mass at
surface; and

DgDensity changethe gravity effect due to the change of
global mass inside the edifice, internal density change
(e.g. groundwater level change, volcanic process) or
inner mass displacement.

Two methods may be used to investigate the vol-
canic processes disturbing the gravity field with time:

(1) Measurements are repeated at different times at
manypoints. The repetition network should extend from
areas where the gravity field is expected to vary to areas
where it is expected to be constant (Fig. 1).

(2) Continuous recording of the gravity field over a
long period of time; ideally, at least two continuously
recording stations are needed in order to obtain differ-
ential measures.

Previous studies have shown that microgravity
changes are detectable before, during or after volcanic
crises (see e.g. Jachens and Eaton, 1980; Yokoyama,
1989; Brown et al., 1987). These changes may or may
not be associated with height variations and volcanic
eruptions with their amplitude varying from a few to
several hundred microgal�1 mGal� 1028 ms22�:
Moreover, the discrepancy between the theoretical
value of the vertical gradient (2306.8mGal/m) and
the measured values may be large (Poas:2420mGal/
m; Etna: 2365mGal/m; Breiddalur:2201mGal/m,
all in Rymer, 1994). These measurements may enable
interpretation of the magma transfer process for the
inflation–deflation–inflation sequence (Rundle, 1978;
Eggers, 1983; Berrino et al., 1992; Rymer and Trygg-
vason, 1993) or magma migration (Johnsen et al.,
1980; Sanderson, 1982; Rymer et al., 1993). Other
phenomena may also be involved, such as water
table level change (Jachens and Roberts, 1985; Good-
kind, 1986; Hunt and Kissling, 1994) and tectonic or
seismic activity (Barnes, 1966; Lambert and Beau-
mont, 1977; Hagiwara, 1977b; Jachens et al., 1983;
De la Cruz-Reyna et al., 1986). Rymer’s (1994)
exhaustive synthesis of the published data shows
that the smallest residual gravity changes are asso-
ciated with eruptions from volatile-poor basaltic
magma at sites such as Kilauea (Dzurisin et al.,
1980), Krafla (Torge, 1981), Etna (Sanderson, 1982;
Rymer et al., 1993), Miakejima or Mihara (Iida et al.,
1952; Yokoyama, 1989), whereas the largest residual
values occur at explosive, subduction related strato-
cones built from volatile-rich andesitic magma such
as Mt Baker (Malone and Frank, 1975), Pacaya
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(Eggers, 1983), Mt St Helens (Jachens et al., 1984),
Usu or Sakurajima (Yokoyama, 1989), Poas (Rymer
and Brown, 1989) or Mayon (Jahr et al., 1995).
Evidence for gravity variations at calderas has been
obtained at Yellowstone (Smith et al., 1989), Rabaul
Caldera (McKee et al., 1989), Campi Flegrei (Berrino et
al., 1992), Askja (Brown et al., 1991; Rymer and
Tryggvason, 1993) and Masaya (Bonvalot et al., 1995).

One of the main drawbacks of repeated network
monitoring is that it gives only instantaneous states
of the mass distribution for continuously active
systems. The interval between repetition given in

published papers is about several months to more
than a year. One of the smallest repeat intervals was
carried out at Poas by Rymer and Brown (1987), but
only for a period of several days. A promising tech-
nique to derive better information on mass transfer is
continuous gravity monitoring (Goodkind, 1986) as
currently tested in Timanfaya (Van Ruymbeke et al.,
1994) and Etna (De Meyer et al., 1995).

Because these studies are devoted to tiny gravity
variations with time, they require attention to the
accuracy of the measurements and to the data reduc-
tion (Tilling, 1989).
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Fig. 1. Schematic temporal evolution of an active volcano. Possibilities to produce gravity changes are reported in the figure. From an initial
state (state 1), where black dots represent the location of measurements point, the gravity variation at the second state (state 2) may change due
to the surface movement (which involves free-air elevation change and volume change of the volcano), mass redistribution of the topography at
surface (extrusions) and internal mass redistribution.



1. Accurate equipment is required, both for gravity
and deformation measurements.

2. An accurate Earth tide model is required, because tidal
effects are the same size as expected gravity changes.

3. Deformation data are required, especially elevation
changes.

4. The value of the vertical gravity gradient is needed to
remove properly the effect of the vertical displace-
ment.

5. The gravitational effect of topography change is
important on those volcanoes where eruptions change
the topography.

6. External parameters like temperature or pressure
variations, and rainfall may influence gravity data.

In this paper, we address Merapi volcano,
Indonesia, an andesitic volcano belonging to a
subduction arc (Fig. 2). Merapi is very active, and
UNESCO declared it a Decade Volcano in 1995. It
is intensively monitored by the Merapi Volcano
Observatory (MVO), a department of the Volcanolo-
gical Survey of Indonesia (VSI) whose objective is to
mitigate its eruptions (Tjetjep, 1995). Up to now, the
seismicity level and the location of earthquakes are
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Fig. 2. Location of the repetition network points on Merapi volcano and of the continuously recording station at Babadan. Inset shows location
of the Merapi volcano in Indonesia.



the main parameters used to estimate the probability
of an eruption (Ratdomopurbo and Poupinet, 2000 –
this volume). The only gravity studies reported so far
have been for purposes of structural interpretation
(Yokoyama et al., 1970; Utung and Sato, 1978;
Dvorak et al., 1982; Wawan, 1985; Wahyudi, 1986;
Sidik, 1989; Dwipa et al., 1994; Laesanpura, 1994;
Arsadi, 1995; Jousset, 1996).

The aim of this paper is to present and interpret the
results of a microgravity study carried out on Merapi
volcano that involved both a network with a repeat
period of one year, and continuous gravity recording,
between 1993 and 1995. On the basis of this work, a
model for the evolution of Merapi volcano over the
two years is proposed.

2. Geological setting

Merapi volcano is one of the andesitic volcanoes of
the Sunda arc, which extends 3000 km from North
Sumatra to the Sunda islands of East Indonesia. This
subduction arc results from convergence between the
Indian plate and the Asian plate (Lee and Lawver,
1995). In Java, the convergence is frontal with a
speed of 6.5 cm/year (De Mets et al., 1990), although
speed and direction vary along the arc (Zen, 1993).
The Sunda arc is located in an area where subduction
has been going on since Upper Palaeozoic (Katili,
1974). Merapi is located about 300 km from the
trench and the depth of the Benioff zone is around
170 km (Hutchison, 1976).

The history of the Merapi volcano is rather complex
(Berthommier, 1990; Berthommier et al., 1990;
Camus et al., 2000 – this volume; Newhall et al.,
2000 – this volume). Three main divisions are seen.
“Ancient Merapi” (more than 60 000–8000 years
b.p.) is the basement of the edifice, made principally
of various andesitic breccias. “Middle Aged Merapi”
(from 8000 to 2000 years b.p.) involved alternating
andesitic lava flows and breccia deposits. A Mount
St. Helens-type edifice collapse (Christiansen and
Peterson, 1981) probably occurred during this period
(Camus et al., 2000 – this volume; Newhall et al.,
2000 – this volume). “Recent Merapi” (from 2000
to 600 years b.p.) is made of three main kinds of
deposits: large andesite flows, nue´es ardentes
deposits, and deposits from phreato-sub-plinian and

sub-plinian eruptions. Merapi volcano is at present
one of the most active and dangerous volcanoes in
the world. The present main threat from the volcano
is the collapse of an andesite dome growing at the
3000 m high summit, in a 200 m wide horse shoe-
crater open towards the southwest. Collapse of the
domes produces nue´es ardentes (McDonald, 1972;
Young et al., 1994), such as those of the 22 November
1994 eruption (Sukhyar, 1995; Abdurachman et al.,
2000 – this volume).

3. An accurate Earth tide model for Merapi
volcano

3.1. Objectives

Earth tides are due to the direct gravitational effect
of the Moon and the Sun, combined with the defor-
mation of Earth they induce. In Indonesia, gravity
records show that the diurnal tides have low ampli-
tudes (theoretically zero at equator), while the semi-
diurnal tides reach their maximum, i.e. 90mGal for
the main lunar tide M2 (thus 180mGal peak to peak)
(P. Melchior, pers. commun., 1994). Simple models
such as Longman’s (1959) are not best suited for
microgravity studies because they do not take into
account the gravity effect of oceanic tides (attraction
and loading effects), which may exceed 15mGal,
especially on islands. The available Earth tide data
for South–East Asia are not well understood despite
numerous temporary tidal gravity stations established
in South–East Asia for almost 20 years. According to
Melchior et al. (1995), the tidal gravity effects in
South–East Asia for the principal semi-diurnal M2

tide are modelled with a precision of only 2.5mGal.
Thus we wished to establish a tidal station close to
Merapi for two tasks: to establish an accurate local
Earth tide model for microgravity studies; and to
address the question of whether the volcano itself
can introduce a perturbation of the Earth tide model.

3.2. Data acquisition

We installed the station in November 1993 at
Babadan observatory post, located 4 km from the
summit (Fig. 2), and recorded more than 2 years of
data at 1 min interval. The recording meter must be
close enough to the volcano in order to get a valid
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model for the study area, but at the same time not so
close that volcanic activity disturbs the recording.
Moreover, the station should be installed on an
heavy pillar in a seismically quiet place and in a ther-
mostatized room (less than 18C of temperature vari-
ation over the year). At the Babadan observatory post,
the bunker built during Dutch colony for protecting
observers from nue´es ardentes meets these require-
ments.

The station records the signals of the LaCoste–
Romberg D131 gravity meter (belonging to VSI),
two thermometers, one barometer and one hygro-
meter. We also record the local rainfall signal
provided by the observatory. The gravity meter is
enclosed in a protective box to further reduce external
temperature variations. Data are stored on a PC
through an Environmental Data Acquisition System
designed at the Observatoire Royal de Belgique
(Beauducel, 1991; Van Ruymbeke et al., 1997). A
double solar panel and two batteries supply electrical
power.

The records may be divided into two periods: the
first from November 1993 to July 1994 and the second
from October 1994 to October 1995. In the first
period, the meter did not have electrostatic feedback
nulling, so that instrumental phase lags need to be
corrected (Rydelek et al., 1991). Analysis of the
early data showed that the station had to be improved.
In August 1994, this feedback nulling was fitted to the
meter. According to Van Ruymbeke (1991), it reduces
the tilt effects on the gravimeter sensitivity and the

instrumental phase lags are reduced. Moreover, the
loss of data due to strong earthquakes is reduced to
several hours (previously several days). Before rein-
stalling it at Babadan in October 1994, we validated
this equipment at ORB (Jousset, 1996). To improve its
stability, we fastened the meter onto a large, heavy
baseplate. After installation, first month of data should
be interpreted carefully, because of instrument stabi-
lisation in temperature. The resulting noise on the
records then appeared to be within 0.3–0.9mGal.

3.3. Data processing

Data processing consists of calibration and
reducing the effects of external parameters (pressure,
temperature,…). Calibration converts the reading first
to dial turns by linear regression (York, 1966) and
then to microgal by the LaCoste–Romberg calibration
factor. The latter slightly varies as a function of the
dial turns and is 1.12296 at Babadan for meter D131.
The results (Table 1) show the net calibration factor
for both acquisition periods. At Babadan, it has been
determined with an average uncertainty of 0.8% with
no significant variation for 1995. For comparison, the
results of some calibration tests carried out at Brussels
are also indicated.

Data provided by two thermometers, one inside and
the other outside the protecting box, show that the
diurnal temperature oscillations inside the box are
reduced in amplitude to 20–30%, and for shorter
term variations to 45%. The temperature variation
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Table 1
Results of gravity meter dial calibrations. We compute the linear regression (York, 1966) between the records (in Hz) against the screw dial
value. The result of the regression is then multiplied by the dial calibration table factor, which gives the factora and the constantb, following the
equation: calibrated sample�mGal� � S× �uncalibrated sample�Hz��1 b: The RMS of the regression factor are given in brackets. The varia-
tions of the admittance factor are less than 1%. The zero method increases the stability of the calibration factor.S is different between the
feedback and the non-feedback mode because the frequency of the gravity signal of the meter is different for the two modes

Date Place of calibration S Regression

Without zero method
17 November 1993 Babadan 379.80 (0.95) 0.999912
06 August 1994 Brussels 413.76 (1.87) 0.999795

With zero method
15 September 1994 Brussels 0.006194�2:0 × 1025� 0.999928
19 October 1994 Babadan 0.006188�0:5 × 1025� 0.999989
14 February 1995 Babadan 0.006255�1:2 × 1025� 0.999958
21 October 1995 Babadan 0.006195�1:7 × 1025� 0.99988
Average (1994–1995) Babadan 0.006213�5:2 × 1025�



inside the protecting box of the meter does not exceed
0.2–0.38C for diurnal oscillations and 18C for annual
oscillations; their influence are thus negligible (P.
Melchior, pers. commun., 1994). The pressure effect
was corrected following the many theoretical studies
on atmospheric pressure variations (Niebauer, 1988:
20.43mGal/mbar; Merriam, 1992:20.356mGal/
mbar, Sun et al., 1995:20.36mGal/mbar). We chose
an average value of20.4mGal/mbar. The recording
barometer has an accuracy better than 20mbar.
From our pressure records, the gravity effect of pres-
sure at Babadan can be up to 10mGal, but not more.

As an indication of the quality of a station, Chueca
et al. (1985) identified a quality factorQ, which takes
into account the mean square errors in the diurnal and
semi-diurnal bands, and the number of interruptions in
the recording. For the period going from November
1994 to February 1995, the factorQ is 5.3 for M2 and
11.5 for O1, which are good values according to
Melchior (1995), compared to other temporary tidal
stations world-wide.

3.4. Analysis of the records and results

The improvement of the recording conditions of the
station yielded 4 months of good data for analysis
(November 1994–February 1995). After calibration
and the pressure reduction, the digital records were
analysed by Venedikov (1966) filters and a standard
tidal potential development with 505 waves
(Cartwright and Tayler, 1971). Melchior (1989)
described the method of analysis using the Earth
model of Molodensky (1961) and indirect effects of
ocean tides (Farrell, 1972; Schwiderski, 1980; Francis
and Dehant, 1987; Le Provost and Lyard, 1993). The
tide value at Merapi may be predicted at any given
moment with an accuracy better than 1.3mGal for all
components, the worst prediction being for M2.

The question whether the volcano itself could intro-
duce a perturbation of the Earth tide is addressed in
the last part of this paper. The conclusion here is that
the records of the Babadan station provide a local
Earth tide model more than accurate enough to correct
our microgravity surveys.

4. Repeated network results

Figs. 2 and 3 show the location of the measurement

points, located on concrete benchmarks from the foot
of the Merapi to its summit. A higher density of points
encircle the active dome. In November 1993, October
1994 and October 1995, we measured the gravity and
its vertical gradient at these points (JRA, PAR, SEA,
SEB, GAM, PUS, PEB, PEH, NWP, DOZ, LIL, LUL,
TRI, MAR-GPS, NUR, AYI, IPO, PUN). We also
measured the accurate location of twelve of these
points (JRA, SEA, PUS, DOZ, LIL, LUL, TRI,
MAR-GPS, NUR, AYI, IPO, PUN). Tables 2 and 3
give observed gravity and elevation data.

4.1. Gravity data acquisition and processing

Most former studies used LaCoste–Romberg G or
D meters whose final accuracy is about 10–20mGal
(Rymer, 1994). In the recent years, Scintrex CG3-M
meters (Hugill, 1984; Seigel et al., 1990) have been
used at Masaya volcano (Metaxian, 1994; Bonvalot et
al., 1995), at Piton de la Fournaise (Bonvalot et al.,
1996), at Etna (Budetta and Carbonne, 1997) and at
Hokkaido volcanoes (Jousset et al., 1997). For all the
surveys at Merapi, we used the Scintrex CG3-M
gravity meter capable of measuring small gravity
differences with a repeatability of about 5mGal
(Jousset et al., 1995).

Completing the measurements (gravity and its
vertical gradient) at all the points of this large-range
network (difference of gravity between extreme points
around 420 mGal) requires four full days, over which
time we assume that volcano activity does not change
the gravity field. One full day is devoted to measuring
the points of the profile (JRA, PAR, SEB, SEA, GAM,
PUS, PEB, PEH, NWP and PUN) using a go-and-back
loop (profile method, Watermann, 1957), for drift
reduction. Two to three overnights at the summit
area are required for completing measurements at
summit stations (PUN, DOZ, LIL, LUL, TRI, MAR-
GPS, NUR, AYI, IPO). Moreover, while climbing
and/or going down we measured gravity vertical
gradients. Our technique for measuring the vertical
gradient consists of measuring gravity on the ground
and on a tripod one meter above the ground (Jousset et
al., 1995). Finally, each point is occupied at least three
times with the exception of JRA, PAR and SEB in
1995.

We used the calibration factor obtained from the
calibration line of Se`vres (Becker et al., 1995) after
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validation in Indonesia. Yokoyama and Hidikusumo
(1969) and Dvorak et al. (1982, unpublished data)
measured the gravity difference (about 330 mGal)
between two points of the indonesian gravity network
(Ambarukmo Hotel and MVO) and two points located
at the foot of the volcano (Babadan and JRA). We
measured in 1994 the gravity at these points with the
Scintrex meter in a further loop to get a “indonesian”
calibration factor. The difference between the Se`vres
and Indonesian calibration factors is less than 1025.

After the reduction for Earth tides (given by our
new local model), the reduction for the instrumental
drift was carried out. The drift is a complex function,
which is at the first order linear with time and also
depending on temperature for Scintrex meter
(Naozaki et al., 1990). The Scintrex meter allows
gravity data to be compensated for the temperature
change measured very close to the gravity sensor
(Hugill, 1984), but this compensation is imperfect
(Naozaki et al., 1990; Jousset et al., 1995). In further

controlled laboratory studies, with a room where
temperature change is less than 0.18C, tests showed
that the temperature compensation of the meter
strongly depends on the room’s pressure with a linear
admittance value of about24.5× 1024 K/bar
(Jousset, 1996). This effect is not negligible on
Merapi, because of the large range in the altitude of
the network (about 1400 m). With a standard atmos-
pheric model (Merriam, 1992), this corresponds to
about 280 mbar.

Using the go-and-back method (or “profile
method”, Watermann, 1957) and in order to remove
simultaneously the time and temperature effects, we
used a bilinear regression of the gravity data against
time and temperature compensation value. This
procedure improves the standard deviation of the
results by a factor of about 1.5, compared with the
single regression against time only.

The final standard error (RMS) is about 15–
20mGal for most of the points of the network, except
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Fig. 3. Location of the points at the summit area. Note that there are more points around the active area. Values give elevation changes, above
1993–1994, below 1994–1995.
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Table 2
Gravity data in 1993, 1994 and 1995. Reference is taken at SEA. First column gives the name of the point. For each year, the first column gives
relative gravity (mGal) and second column standard error, ste (mGal)

Point Gravity 93
(mGal)

ste
(mGal)

Gravity 94
(mGal)

ste
(mGal)

Gravity 95
(mGal)

ste
(mGal)

JRA 294.756 0.017 294.740 0.008 294.628 0.090
PAR 192.131 0.010 192.089 0.010 191.844 0.127
SEB 61.900 0.025 61.851 0.018 61.902 0.042
SEA 0.000 0.001 0.000 0.014 0.000 0.015
GAM 233.516 0.004 233.493 0.005 233.527 0.018
PEB 243.981 0.021 244.051 0.006 244.011 0.011
PEH 281.490 0.012 281.557 0.002 281.526 0.007
PUS 243.616 0.001 243.605 0.001 243.468? 0.016
NWP 2100.093 0.002 2100.123 0.024
PUN 2127.894 0.005 2127.700 0.007 2127.863 0.010
LIL 2121.832 0.006 2121.671 0.027 2121.841 0.014
NUR 2115.380 0.004 2115.265 0.001 2115.410 0.020
TRI 2108.297 0.011 2108.186 0.025 2108.333 0.020
LUL 2123.824 0.006 2123.709 0.034 2123.858 0.012
MAG 2113.544 0.010 2113.447 0.001 2113.549 0.004
MAE 2112.651 0.011 2112.528 0.002 2112.685 0.011
IPU 2113.227 0.005 2113.110 0.003 2113.243 0.004
AIY 2106.088 0.002 2106.232 0.004
DOZ 297.414 0.005 297.022 0.005 297.288 0.009

Table 3
Elevation data in 1993, 1994 and 1995. Reference is taken at SEA. First column gives the name of the point. For each year, the first column gives
elevation (m) of the point and second column, standard deviation (m)

Point Elev. 93
(m)

std
(m)

Elev. 94
(m)

std
(m)

Elev. 95
(m)

std
(m)

JRA 1335.426 0.003 1335.548 0.033
PAR
SEB
SEA 2570.413 , 0.01 2570.413 , 0.01 2570.413 , 0.01
GAM
PEB
PEH
PUS 2734.017 0.01 2734.014 0.003 2734.060? 0.003
NWP
PUN 2986.723 0.009 2986.754 0.004 2986.702 0.012
LIL 2971.492 0.009 2971.506 0.005 2971.476 0.012
NUR 2953.162 0.009 2953.202 0.005 2953.180 0.012
TRI 2927.375 0.009 2927.426 0.005 2927.478 0.013
LUL 2976.776 0.009 2976.792 0.004 2976.758 0.011
MAG 2949.909 0.009 2949.925 0.006 2949.933 0.012
MAE
IPU 2949.648 0.009 2949.677 0.007 2949.684 0.012
AIY 2927.851 0.004 2927.864 0.012
DOZ 2893.799 0.009 2983.742 0.004 2893.754 0.013



in 1995 at JRA, PAR and SEB, where only two repeti-
tion measurements were done, with more than 3 days
of interval.

4.2. Elevation data acquisition and processing

Studies for which only gravity measurements are
carried out are of limited use. Independent defor-
mation data are also required, especially elevation
changes. Unless the horizontal displacement is very
large, as at Usu volcano in 1977 (Yokoyama, 1989),
gravity variations due to horizontal displacement are
negligible because the horizontal gradient of the
Bouguer anomaly is small (less than 10mGal/m in
the surroundings of Merapi). With the accuracy of
gravity available (more than 10mGal) and from the
measured vertical gradient values (about2500mGal/
m at the summit points), the accuracy needed to
correct elevation variations is about 2 cm. We used
the Global Positioning System, which has the advan-
tage for volcanic studies of needing no visibility
between observation points, and of being able to oper-
ate under any weather condition. The basic principle
of differential GPS is to measure the distance between
all satellites in view (four at least), with the receiver
antennas installed above a minimum of two of the
benchmarks.

The Merapi GPS network consists of 12 bench-
marks set up by Voight (pers. comm.) between 1988
and 1992 for EDM geodetic monitoring. Our team
measured this network in September 1993 with two
SERCEL receivers (single-frequency), in September
1994 with three ASHTECH receivers (dual-
frequency) and in September 1995 with two SERCEL
receivers. Data were first converted to a single RINEX
format, then processed with BERNESE software
(Rothacher et al., 1993). The absolute positions of
network points are resolved by adjusting all vectors
in space and fixing them to a known reference point.
We used the AG3D program (Ruegg and Bougault,
1992), which resolves the overdetermined equation
system by the least square generalised method (Taran-
tola and Valette, 1982). In order to reduce possible
errors due to mislocation of the antenna phase-centre
with respect to the benchmark, points are measured
several times by permutation of the baselines. Summit
point baselines (less than 500 m long) were measured

for only 1 h, but at least 3 h were necessary for PUS,
SEA and JRA baselines.

Because the baselines do not exceed a few kilo-
metres, it is possible to use single-frequency receivers
that do not correct ionospheric effects. Even for the
1994 data set (ASHTECH), we did not use the second
frequency L2 in baseline computations. However, for
elevation differences larger than hundreds of meters,
tropospheric effects have to be corrected, at least with
a simple meteorological model. For 1993 and 1994
sessions, the theoretical meteorological model
included in the BERNESE program was applied; for
1995, we used a model based on recorded meteor-
ological data (pressure, wet and dry temperature)
from the Jrakah post.

Final error estimations (standard deviation) are
almost homogeneously distributed on all the network
points, with an average of about 5 mm East, 7 mm
North and 15 mm in elevation. The 1994 errors are
smaller than 1993 and 1995 ones because of the use of
three receivers simultaneously, thus a best redun-
dancy of baselines in the adjustment processing. In
this paper, we present only vertical deformations
applied for elevation gravity estimation, with the
ellipsoidic errors projected on a South–North vertical
plan (Fig. 4).

4.3. Results

Technical problems during the GPS data acqui-
sition in 1993 at JRA forced us to choose the above
point SEA as the reference station for deformation.
This station is well up on the mountain, preventing
us to interpret any large-scale change. To get consis-
tency with deformation data, we also choose the
gravity reference at SEA.

There are small displacements (a few cm) within
1993–1995 period (Fig. 4). Largest displacement
occured at DOZ in 1993–1994 period (25 cm).
Comparable displacements are shown in 1993–1994
for IPU, PUN, TRI, NUR. In 1993–1994, the pattern
of DOZ is opposite to those of other points. The
pattern of PUN, LIL, NUR and to a lesser extent
LUL, are similar, up in 1993–1994 period and down
in 1994–1995 period. TRI exhibit a different pattern:
up for both 1993–1994 and 1994–1995 periods. In
1994–1995, the pattern of LUL, LIL, NUR is similar
to PUN pattern, with a smaller displacement, 3 cm.
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Significant gravity changes were recorded (Table 2
and Fig. 5). At the summit area, an increase occurred
in 1993–1994 (up to 370mGal) and a decrease (up to
2270mGal) occurred in 1994–1995. At the lower
points PAR, SEB and with a less extend JRA, a
small decrease of about 20–50mGal occurred in
1993–1994. At these lower points, the variations in
1994–1995 are not well constrained due to the poor
accuracy of measurements in 1995.

4.4. Reducing gravity changes

Observed gravity changes (Table 2) can be
explained by the terms of Eq. (1)

4.4.1.DgTopography change: the attraction effect due to
changes of the topography in the neighbourhood of
the gravity stations

This occurred mainly at the summit area, where
dome extrusion occurred between 1993 and 1994
and partial dome collapse occurred 3 weeks after the
1994 measurements, followed by partial resumption
of dome extrusion through 1995. We computed the
gravitational attraction of the topography change of
the dome.

We first obtained a Digital Elevation Model with
5 m data spacing built from two unpublished (1984
and 1993) summit-area topographic maps (unknown
accuracy), obtained from MVO. The accuracy of the
DEM peripherical to the dome is roughly estimated
from differences between the altitude given by the
GPS data and the altitude of the corresponding point
on the MVO map (nine points were used: TRI, NUR,
LIL, LUL, PUN, MAR-GPS, IPO, AYI, DOZ). In
average, the standard error of these differences is
less than 5 m. We used this DEM as an approximation
of the summit topography in 1993.

Then, we estimated the shape of the topographical
changes between 1993 and 1994 (Fig. 6), using the
basis of this DEM, photographs of the active dome
(Ratdomopurbo, 1995) and ourselves and a volume of
the dome of 2:6^ 0:3 × 106 m3 (Ratdomopurbo,
1995).

The change of the dome shape is much less
constrained for 1994–1995 period. The eruption of
22 November 1994 (Sukhyar, 1995; Abdurachman
et al., 2000 – this volume) destroyed virtually the
entire 1994 dome, and was followed by renewed

dome growth. Despite the existence of the MVO topo-
graphical map for 1995, it was not possible to find a
good agreement with previous maps, at areas where
no topographical changes occurred. It was thus hazar-
dous to model gravity due to the change of the dome
shape for 1994–1995.

For 1993–1994 period, the gravity effect of the
dome computed on the basis of these DEM (Fig. 6)
and assuming a density of 2400 kg m23 explains most
of the observed changes in gravity with time.

To get an idea of the uncertainties arising from the
poor knowledge of the dome characteristics change
(shape, volume and density), we computed for
1993–1994 the theoretical effect for different shapes,
volumes and density (Fig. 5a). The uncertainties
strongly depend on the location of the point, for the
further the point is from the dome, the lower its
gravity effect is. For dome volume and shape, two
computations were carried out using the initial DEM
and adding or removing 3 m at the dome elevations
data. The discrepancy may rise up tô70mGal for
the point DOZ. The effect of different dome densities
(2400^ 300 kg m23) is not large (less than 15mGal),
except for the points very close to the dome, e.g. DOZ
(^50mGal), PUN (̂ 30mGal). As the dome effect
for DOZ is not accurately constrained, we will
consider the result for this point very cautiously.

4.4.2.DgFree-air deformation: the vertical movement of the
gravity station (free-air deformation)

Because the elevation changes are small, the grav-
itational effect of the uplift does not exceed several
mGal, and thus the value of the vertical gradient is not
crucial for the free-air reduction. For 5 cm of eleva-
tion change at the summit, the difference between the
results obtained by using the theoretical gradient or
the measured one is less than 10mGal.

However, after reducing the large and poorly
constrained dome attraction and the small and accu-
rate elevation free-air effect, a significant signal is still
present at the summit area (Fig. 7). We define this
signal as the residual gravity variations (gravity vari-
ations corrected for dome attraction and elevation
change effect). For this period, the largest resi-
dual gravity change (Fig. 7a) and the largest
elevation change (Fig. 7b) occurred on the
north-western part of the summit. A positive
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correlation exists between areas of gravity and
elevation changes.

4.4.3.DgVolume change: the change of volcano edifice
volume, excluding “external” domes effect and free-
air deformation

The change of volume of Merapi involves a super-
position of inflation/deflation displacements due to
internal processes, and a depression of the edifice
due to the weight of the extruded dome. As usually
done in this kind of studies (Rymer, 1994), the gravity
effect of the volume change may be evaluated either
by the Bouguer model, for which the volume is repre-
sented as an infinite horizontal plate of thickness the
value of the elevation change (e.g. Rymer, 1994), or
the Mogi (1958) model, for which the volume vari-
ation is due to an inflating/deflating spherical point in
an halfspace elastic medium (Hagiwara, 1977a;
Dzurisin et al., 1984; Ishihara, 1990; Wong and
Walsh, 1991). Because the shape of the volcano is

neither a plate or a half-space, these modelling over-
estimates the effect; as the volume change is small, no
matter which of these models is chosen, the local
change in gravity is found to be proportional to the
local elevation change. The plot of the residual gravity
variations (corrected for external dome gravitational
attraction and free-air deformation) versus the eleva-
tion change should be linear (Eggers, 1987).

Our residual gravity variations for 1993–1994
period versus elevation change is effectively linear
as shown in Fig. 8. The gradientDg=Dh�
1200 ^ mGal=m is much larger that inferred from
Bouguer and Mogi theories. We hence conclude that
some internal effect must be invoked. Our gradient
Dg=Dh is also smaller than reported for Long Valley:
6400mGal/m (Jachens and Roberts, 1985) and
Kilauea: 29 000mGal/m (Johnson, 1987).

4.5. Discussion for the 1993–1994 period

We now discussDgDensity change, the gravity effect due
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Fig. 4. Elevation changes from GPS data for 1993–1994, 1994–1995 and 1993–1995 periods in (a), (b) and (c), respectively. Small deformation
occurred within these periods despite the extrusion of a dome of 2:4 × 106 m3 and its collapse on 22 November 1994.
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to the change of global mass inside the edifice. We
estimated the net mass influx into the edificeDM from
the surface integral of the gravity changeDg (Fig. 7a):

DM � 1
2pG

ZZ
S
Dg dS �2�

The results imply that the Merapi increased its mass
by about 4× 108 kg between 1993 and 1994. This
value is very rough, because of the small size of the
network at the summit, compared to the (largely
unconstrained) contoured area. However, possibly
the order of magnitude is correct, apparently closer
to 4× 108 kg than to 0:4 × 108 kg or 40× 108 kg:
Several processes may explain this apparent mass
increase: (1) rise in the summit water table; or (2)
magmatic processes.

4.5.1. Water level change
If due only to water, the mass increase implies a

volume on the order of 0:3 × 106 m3 of pure water,
distributed in the cracks and pores of the surrounding
rocks. This could be represented by a few meters of
water, distributed as water level change. We believe
that a rise in the water table is not responsible for the
gravity increase for at least three reasons. First, the
repetitions of the network were all carried out before

the rainy season (from November/December to April/
May). Second, using rain gauge data from the flank
observatories around Merapi and assuming that
summit rain fall was at least as large (3 m for the
period), we estimate an annual rain water volume of
about 106 m3 falling over the summit catchment area
of about 3× 105 m2

: Explaining the gravity change as
a water table effect would mean that on the order of a
third of the total rain fall (not just the difference
1993–1994) would have to be stored in a reservoir
at the summit, which is not probable. Third, as the
topography is steep and the volcano is hot (superficial
temperature may exceed 8308C in the fumarolic areas
and the temperature at 30–50 cm depth is generally
more than 508C), most of the summit rain should
either run off or evaporate soon after it falls.

4.5.2. Magmatic processes
We address two questions: (a) what could be

magmatic processes leading to apparent mass
increase? (b) could the involved processes explain
the dome growth?

(a) Before the material of the dome was extruded, it
occupied a certain volume within the edifice. Once
extruded, this volume must have replaced by void
space or by new material rising from depth. The first
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Fig. 5. Observed gravity variations for 1993–1994, 1994–1995, and 1993–1995 periods in (a), (b) and (c), respectively. Despite the small
deformation (Fig. 4), large gravity variations occurred at the summit area, whereas no changes occurred far from the volcano summit. This effect
is mainly due to the dome activity (see text). Error bars reflect the standard deviation of measured gravity data. In (a), the open squares indicate
the theoretical attraction of the extruded dome, computed from the estimations shown in Fig. 6 and using a density of 2400 kg/m3. The error bars
associated to these squares reflect the range of the possible theoretical attractions computed from different cases of domes, including shape,
volume and density.
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Fig. 6. 3D evolution of the dome for 1993–1994 deduced from the maps and photographs of the summit (see text). In (b), the grey shading
represents the estimated dome.



hypothesis leads to a gravity decrease and probably,
also deflation of the volcano; both contradict our data.
Transfer of magma may occur without seismicity
(Rymer et al., 1993); at Merapi, only one significant
earthquake is reported which may be linked to this
process, a volcano-tectonic event, type B (Voight et
al., 1995; Ratdomopurbo and Poupinet, 1995). Hence,
new magma probably rose at depth because gravity
(corrected for dome attraction) did not decrease when
the dome was extruded.

Density changes may be within a range of 50–
200 kg/m3 (Williams and McBirney, 1979); taking
the value of 100 kg/m3 the calculated increase of
mass at Merapi corresponds to a volume of the
order ofDV � 4 × 106 m3; this volume is comparable
to the volume of the dome. In order to obtain the depth
of the source that could produce the observed residual
gravity signal at surface, we compute for different
depths the gravity field produced by either a sphere
or a cylinder. The radius of the corresponding sphere,
constrained by the mass increase, is about 100 m. The
depth of the centre of mass of the sphere, for which the
theoretical computation of the gravity effect at surface
fits the data well is about 500–600 m. With a vertical
cylinder of different radii (25–50 m), the centre-of-
mass depth is less than 1000 m. Given the gross uncer-
tainties of this modelling, these results are consistent
with the depths of the roof of the magma chamber
according to seismic data (Ratdomopurbo, 1995;
Ratdomopurbo and Poupinet, 2000 – this volume)
or above.

Replacement of mass extruded is not sufficient to
explain the extra mass required for increasing gravity.
Possibilities for explaining the extra-mass include
adding magma of high density, magma intrusion
volume into chamber in excess of volume extruded
to surface (expansion of magma chamber) or
crystallisation.

New magma could be of higher density. This ques-
tion is important because it is related to the mixing of
magma, which can produce very explosive associated
eruptions (e.g. Pinatubo). Density is a complex func-
tion of both the temperature and composition of the
magma and varies when crystallisation occurs, mostly
because of the change of phase. Merapi is charac-
terised by high temperature fumarolic zones (up to
8308C) from which degassing occurs. Gas analysis
reveals that their composition has been stable for

years (Allard et al., 1995). The gas temperature, moni-
tored monthly by the MVO staff (Yustinus, 1995,
pers. comm.), remained approximately constant at
the surface over the 1993–1994 period. The analysis
of the lava of Merapi shows variations in the past
(Bahar, 1984) but petrological observations reveal
that the glass composition of the recent domes (1992
and 1994) is constant (Hammer and Cashmann, 1995;
Hammer et al., 2000 – this volume). Hence, we discard
the hypothesis of an intrusion of magma with higher
density.

Crystallisation in a magma chamber is accompa-
nied by crystal contraction and the release of gas
species, depending on the amount of crystallisation
(Tait et al., 1989). In a closed system, crystallisation
would not change the mass, but with a system partially
open as at Merapi, outgassing reduces the mass. At
Merapi, as little deformation occurred, we assume that
the chamber was volume constant. New inflow of
magma may have exactly balanced volume loss due
to contraction of crystals and degassing. This mass
would come from depth and rise together with the
steady-flow magma. The higher density of the crystal-
lised magma would explain the increase of gravity.

(b) As a magmatic process is involved, it should be
able to explain the growth of the dome. Two main
processes could have triggered the dome extrusion.
First, the eruption could be triggered by a magma
added to the chamber from a deeper level within the
volcanic system (Blake, 1984). The input of new
magma causes compression of the existing liquid in
the chamber, and the extrusion results, provided that
the system is open. Another triggering process is
crystallisation of the magma causing it to become
saturated with respect to the volatile species, leading
to the formation of gas bubbles and hence to a volu-
metric change and extrusion (Burnham, 1979; Tait et
al., 1989). For Merapi, both processes could simul-
taneously occur (Ratdomopurbo and Poupinet,
1995).

Could the dome extrusion be a result of
crystallisation? Crystallisation may create either
under-pressure or over-pressure within the magma
chamber (Tait et al., 1989), depending on the relative
importance of crystals contraction and of release of
gas. At Merapi, the gas discharge reflects the under-
ground degassing of non-erupted magma (Allard et
al., 1995). Textural analyses of Merapi lavas indicates
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Fig. 7. Map of changes of residual gravity (a) and elevation (b) variations within 1993–1994. Values of the changes are indicated in brackets.
The topography contours are dashed lines. Grey area corresponds to the thickness of the new dome and rock falls approximately. Density of
2400 kg/m3 is assumed; in (a), solid lines represent the residual gravity variations (mGal); in (b), solid lines represent the elevation variations
(cm). The north–west side of the summit is characterised by uplift and gravity increase. Computation of contours were made using the command
“surface” of GMT 3.0 (Smith and Wessel, 1990), with a tension factor of 0.75 for (a) and 0.25 for (b).



rapid nucleation and growth crystallisation resulting
from high supersaturation (Hammer and Cashman,
1995; Hammer et al., 2000 – this volume). Thus,
the growth of crystals may have occurred with over-
pressure conditions. For the end-member case in

which the magma chamber is crystallising in a closed
system, we can deduce the pressure increase within
the magma chamber (Tait et al., 1989) from the mass
crystallised ratio (ratio of the crystals mass to the
magma chamber mass). Assuming that crystallisation
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occurs in a spherical magma chamber (radius 600–
800 m and density 2200–2400 kg/m3), the ratio of
new mass (from our gravity data) to the mass of the
spherical magma chamber would be less than 1023,
leading to a pressure increase of about 0.2–0.4 MPa.
This result is obtained assuming that the contraction
due to crystallisation is small, that the initial pressure
in the magma chamber is at least 50 MPa and taking
an initial mass fraction of gas of 0:5–1 × 1022

: This
overpressure leads to a small volume increase of the
magma chamber (less than 2× 103 m3�; in agreement
with the small deformation observed at surface. Using
this value in Eq. (23) in Tait et al. (1989), the extruded
dome would be between 1 and 6× 106 m3

; which is
the same order than the observed extruded volume.
From seismology (Ratdomopurbo, 1995) and
deformation monitoring (Voight et al., 1994;
Young et al, 1994; Young and Voight, 1995),

the 1990–1992 period was characterised by intru-
sion at depth, with concomitant cooling.

Hence, a combination of steady-continued magma
influx and crystallising in the magma chamber could
explain the gravity change and the small vertical
deformation observed at Merapi. Furthermore, the
amount of new crystals consistent with gravity obser-
vations, is also consistent with overpressure required
for the growth of the dome. We suggest that the mass
was added within the north-western side of the edifice,
increasing gravity in this area at surface.

4.6. 1994–1995 period

The analysis conducted for the 1993–1994 period
is not as straight-forward for the 1994–1995 period,
because the dome height and volume are not as well
known as for the first period. Due to the collapse of the
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Fig. 8. Residual gravity changes versus elevation changes for the 1993–1994 period. The gravity effect of a dome volume of 2:4 × 106 m3 and
density 2400 kg/m3 has been taken into account. Errors bars include the uncertainty on the dome volume, shape and density. If no volcanic effect
was involved, the observed residuals should follow the Mogi or Bouguer lines. Since this is not the case, this plot shows that a mass and density
redistribution occurred inside Merapi during the given period.



dome, the accuracy of the digital elevation model is
not as good as it could be. The error introduced by the
poor 1995 topography knowledge is much larger than
the initial gravity signal, so that the residual gravity
may have no meaning.

5. Correlation between gravity and volcanic
activity from continuous records at Babadan

5.1. Position of the problem

Volcanic activity can affect continuous gravity
recordings in two ways:

(1) a direct gravitational effect due to mass move-
ment or density change;

(2) an indirect effect through the change in the
mechanical response of the edifice to the tidal forces.

With regard to (2), can a change of volcano struc-
ture (e.g. a rheology change due to an intrusion or a
release of gas within the chamber) modify its response
to the tidal forces with time? To answer this question,
we must determine whether the amplitude and/or the
phase of records change with time, relative to the
theoretical response of the Earth. This ratio between
the records and the theoretical response of the Earth,
i.e. the tides, is what we call admittance. Assuming
pure gravitational effect has been removed, the
recorded signal depends upon: (1) the gravity meter
sensitivity (a purely instrumental effect); and (2) the
response of the Earth to the tidal force. We are looking
for changes in the response of the Earth to tidal force,
hoping that the sensitivity of the meter is constant. As
the latter may vary, the admittance of the gravity
meter is controlled by the combination of the response
of the Earth and the sensitivity of the meter.

5.2. Analysis of the records

For determining the admittance of the meter at
Babadan station (a combination of the sensitivity of
the meter and the response of local ground to tidal
forces), we used a linear regression of, on the one
hand, the derivative of the records against, on the
other hand, the derivative of the theoretical model
for Earth tides, over a sample window of a short
period of time, typically less than 3 days (Van Ruym-
beke, pers. comm., see Appendix A). Over this short
period of time, this regression gives two results: (1)

the linear drift value of the meter; and (2) the admit-
tance of the meter at Babadan. By sliding the sample
window, this method is being able to follow continu-
ously the variation with time of the meter admittance
and of the linear drift. Non-tidal effects are assessed
by computing the difference of the gravity record
(calibrated using the value of the admittance) and
the Earth tide model. We finally get the admittance
and the residual drift (non-tidal effect corrected for
pressure).

For Babadan data, we analyse data of 1993–1994
period and 1994–1995 period separately, because the
meter acquisition system was different for the two
periods, regarding the feedback nulling (see Section
3). No data are available between June 1994 and Octo-
ber 1994, because we transformed the acquisition
system of the gravity meter. For both periods, we
obtain the variations of the meter admittance and the
residual drift with time (Figs. 9–12). Data gaps reflect
large earthquakes (the sensor is very unstable) or tech-
nical problems.

For each period, we normalised the admittance with
its average value, so that the normalised admittance
curves (Figs. 9a and 10a) oscillate around one. Before
normalisation, the values of the admittance computed
with the new method are consistent with the calibration
values of Table 1. We calibrated the records using the
average value of the admittances obtained from the
sample windows regressions. After the pressure effect
reduction, we removed from data an average value of
the linear drifts (8.5mGal/day), obtained from the
sample windows regression, to get the residual drift.
We do not interpret this average linear drift as a volca-
nic effect, but as the long-term drift of the gravity
meter.

In the residual drift curves, most of the short-term
spikes are due to earthquakes. When the level of the
residual drift changes abruptly after earthquakes (less
than 30mGal), we adjusted the curves in order to
present a continuous global shape, assuming that the
jumps were only due to instrumental effects.

5.3. Correlation of the results with the volcanic and
seismic activity

Several types of earthquakes characterise the seis-
mic activity of the Merapi volcano (Ratdomopurbo,
1995; Voight et al., 1995): volcano-tectonic type A
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(VTA), earthquakes occur at depth greater than 2 km;
volcano-tectonic type B (VTB), earthquakes are
shallow, within a radius of 1 km around the active
crater; multiphase (MP) events are superficial and
occur when the dome is growing; low frequency
(LF) events and tremors seem to be associated with
shallow fluid movement. Moreover, nue´es ardentes
occur when a part of the dome collapses; their occur-
rence commonly indicates dome growth, which in
turn suggests overpressure conditions inside the
volcano (Young et al., 1994).

Comparison of both normalised admittance and
residual drift variations with volcanic and seismic
activity shows clear correlations, both at long term
and short term (Figs. 9–12).

5.3.1. 1993–1994
The normalised admittance varies more than 20%

for 1993–1994 period (Fig. 9a), with a high level
(about 1.2) from January 1994 to April 1994, with
a relative lower level in March 1994. A sudden
drop (almost 20%) occurs in the third week of
April, corresponding to the beginning of a series
of MP events. These are linked to the new phase
of dome extrusion, which began on 26 April. The
residual drift (Fig. 9b) shows a long decrease
(about 200mGal) until March 1994, followed by
a steady large increase of about 150mGal, and
then stabilisation in June 1994. In March and
April 1994, many nue´es ardentes occurred, corre-
lated with both a low and declining level of the
admittance, and the minimum in the residual drift.
Moreover, there appears to be a jump in the resi-
dual drift at the time nue´es ardentes initiated. Both
curves are stable after May 1994, correlating with
no strong activity.
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Fig. 9. Variations of the normalised meter admittance (a) and of the residual drift (b) for 1993–1994 period. The normalised admittance values
are obtained by the ratio of each admittance value by the average of all admittance values. Vertical bars indicate seismic and volcanic events. In
(a) a clear correlation exists between the beginning of the MP events, corresponding to the start of vigorous dome extrusion (April 26th) and the
drop of the meter admittance. In (b) the minimum of the residual drift is correlated with the occurrence of the nue´es ardentes of March 1994.



5.3.2. 1994–1995
During this period, when the station had been

improved (see Section 3.2), the normalised admit-
tance remains about one with low amplitude fluctu-
ations of about 3% (Fig. 10a). The period for which
the admittance is slightly lower than one (e.g. from
mid-February to the end of April) apparently
corresponds to the occurrence of LF activity, whereas
when admittance.1, no strong activity is observed.
In July 1995, a relative decrease of about 1.5%
occurred, correlated to an increase in the seismic
activity.

The residual drift (Fig. 10b) decreases until the end

of November 1994 and then exhibits oscillations (30–
40mGal) of long period (3–5 months), modulated by
non-periodic variations of smaller wavelength (7–
40 days) and lower amplitude (10–20mGal). Gener-
ally, decreases of residual drift are correlated with a
significant level of LF events and/or nue´es ardentes
(e.g. January–April 1995 or August 1995). On the
other hand, the residual drift increases when few LF
events and nue´es ardentes occur (May–July).
Residual gravity decreases sharply before the
eruption of November 22, and slowly increases
afterwards.

An example of a short-term correlation is shown in
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Fig. 11. The residual drift decreases until the occur-
rence of three LF events on 20, 21 and 22 October and
then increases. The dome collapse of 22 November
1994 (Fig. 12) corresponds to a change in the ampli-
tude of the residual oscillations, from̂1 mGal before
the collapse, to ^2–3mGal afterwards. The
frequency of the residual also changes with time;
the residual gravity power spectrum peaks at 23–
25 h for 3 days before the dome collapse, and shifts
to 11–13 h afterwards. The residual drift also shows
small oscillations of about 1–2mGal, due to the poor
modelling of the wave M2.

5.4. Interpretation and discussion

De Meyer et al. (1995) showed at Etna that humid-
ity may have a long-term effect on gravity data, but we
have not observed such an effect at Merapi. Likewise,

rainfall has apparently no correlation with residual
gravity. Three hypotheses may thus be invoked: a
direct gravitational effect, tilt or elevation variation
effects. A direct gravitational effect should be very
small, because the Babadan meter is located 4 km to
the summit area (direct attraction of the dome is less
than 1mGal at Babadan) and 3 km from magma
chamber (approximately at the same elevation). We
thus interpret the residual gravity variations in terms
of either tilt and/or elevation change. Unfortunately,
continuous data for neither elevation nor tilt are avail-
able to enable discrimination of one from the other.
Long term variations of the gravity data would give an
indication that Babadan either tilts or inflates by an
amount of^50 to 150mrad (computed from gravity
variations due to instrument tilting) or 5–15 cm
(computed using the measured vertical gradient of
gravity at Babadan, i.e.2279mGal/m), respectively.
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Fig. 10. Variations of the normalised admittance of the gravity meter (a) and of the residual drift (b) for 1994–1995 period. The normalised
admittance values are obtained by the ratio of each admittance value by the average of all admittance values. There is a correlation between the
residual gravity and seismicity.

Fig. 11. Detailed residual gravity variations for several days in 1994, showing an apparent correlation between the residual drift of the meter and
the LF seismicity.



It is much more difficult to interpret the admittance
variation, although data suggest that it is not only due
to instrumental effects, because of the correlations
with the volcanic activity and seismicity.

We presented above (Section 4) a crystallisation
model for explaining the Merapi activity during
1993–1994. With further crystallisation, the pressure
may have increased in March–April 1994, causing a
decline in the residual gravity, the gas indirectly caus-
ing surface movements and nue´es ardentes. Then, the
pressure may have decreased, while the dome was
growing. We assume that this process may have
continued in 1994–1995 and suggest that the residual
gravity variations are due to pressure variations within
the volcano. Brandeis and Jaupart (1987) show that
temperature oscillations and composition changes
occur when crystallisation proceeds explaining zonal
composition within minerals. Oscillatory zoning of
plagioclase phenocrysts (Hammer and Cashman,
1995) could indicate oscillating pressures due to gas
escape episodes and gas pressure building.

Seismological data indicate that LF events are gener-
ally related to superficial activity. They are, however,
correlated to gravity variations recorded at 4 km west of

the summit. Pressure increases as residual gravity
declines (Fig. 9a). Then the overpressure causes release
of gas (and superheated steam). Flow of these
pressurised fluids causes LF events, pressure declines
and residual gravity rises, 4 km from summit.

There is no evidence from gravity data that the dome
collapse of 22 November 1994 is due to an internal
process. The large decrease of the residual drift may
be partially due to the time for the station to stabilise,
which usually takes about one month. This time is
exceeded as the gravity still decreases before the erup-
tion. Moreover, it seems to have modified the response
of the volcano to the tidal potential as seen in the ampli-
tude and frequency of the residuals and admittance.

6. Summary and conclusions

During 1993–1995, we carried out several
microgravity and GPS measurements on a repetition
network and we recorded the continuous gravity
variations at Babadan observatory.

From repeated measurements:
(1) We observed significant gravity variations (up
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Fig. 12. Detailed residual gravity variations, showing a correlation of the change of amplitude with the 22 November 1994 eruption. Moreover, a
change in the frequencies of the record can be evidenced (see text).



to 370mGal), but small deformation (less than a few
centimeters).

(2) A large part of the gravity signal is explained by
the topographical variations due to the dome growth
and collapse. However, positive residual gravity
changes remain, implying that the mass of the
extruded dome and of the released gas must have
been at least replaced inside the volcano.

(3) In order to explain the positive residual gravity
in 1993–1994, we suggest a partial crystallisation
model involving earlier intruded magma (in 1990–
1992) and additional material supplying in 1993–
1994. The increase of pressure resulting from
crystallisation, together with the buoyancy of the resi-
dual liquid is sufficient to drive further dome growth.

From the continuous records:
(4) An accurate Earth tide model for the Merapi

volcano is now available, with an accuracy of
1.3mGal for M2.

(5) We also show that both the residual drift and the
admittance are correlated with the volcanic activity.

(6) Assuming that crystallisation continued in
1994–1995, the oscillations of the pressure release,
increasing due to crystallisation and decreasing due
to gas release to the surface, could explain the
variations of the residual drift observed at Babadan
via instrumental tilt. The correlation of the admittance
with the volcanic activity is not straightforward and
must be discussed further.

We also have shown that the continuous recording
and the repetition network results are consistent with
other data. Our results confirms that repetition networks
and continuous gravity recording are promising tech-
niques for studying and monitoring volcanoes. Finally,
there may be a hope for possible forecasting of
nuées ardentes, dome collapse, from the variations
of the continuous gravity monitoring.
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Appendix A. Computing the admittance and the
linear drift of a continuous recording meter

A.1. Method

The object of this method is to obtain the variation
of the admittance (combination of instrumental sensi-
tivity and local earth tide response) and the linear drift
of the meter with time.

Calibration consists of multiplying the reading by a
constantC (in mGal/reading unit) to get calibrated
data inmGal. One may calibrate the records against
the accurate Earth tide model, by a linear regression
between data and model:

Cgrecord� gEarth tide1 at 1 b 1 … �A1�
where:

grecord is the uncalibrated reading (reading unit);
gEarth tidethe gravity effect due to Earth tide, modelled
by an accurate model (mGal);
a the linear drift of the meter (mGal/time unit);
t the time (time unit); and
b the constant of the relative gravity meter.

The direct regression between two short arcs of raw
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data and of the corresponding model is limited by the
drift of the meter, which changes with time due to
instrumental and external parameters effects (e.g.
pressure). In order to remove the linear component
of the drift, a regression through the derivative of
both inputs (raw records and model) is more
appropriate:

C
dgrecord

dt
� dgEarth tide

dt
1 a 1 error �A2�

Two main results are then obtained:
(1) The intercept of the regression line with they-

axis gives the linear drift valuea, with an error
containing the temporal variations of the calibration
coefficient with time and the effect of the variations of
the external parameters.

(2) The regression coefficientC gives the admit-
tance for a given period. A value ofC � 1 indicate
that the meter records the theoretical gravity effect,
with no phase lag.

A.2. Mathematical formulation

Let us consider a sampling window
[X(0),X(1),…,X(i),…,X(N)] of a record withX(i) the
record value at timei of the recorded parameterX and
N the total number of the samples; consider the
corresponding theoretical modelling forX values
[M(0),M(1),…,M(i),…,M(N)] with M(i) the value of
modelM, computed at the same timei. The approx-
imation of the derivative is based on the underlying
idea of the Newton’s method for finding the zeros of a
function (Kreyszig, 1988). As data and model are
known at discrete time, two first order finite difference
series are generated by computing, simultaneously:

Dt�i� � X�i 1 t�2 X�i�
Tt�i� � M�i 1 t�2 M�i�

�A3�

with: t time difference between the two values ofX
and M. If divided by t , these differences are an
approximation of the derivative ofX and D. The
computation of the linear regression through these
differences leads to the apparent admittance
Tt=Dt between data and model for the time differ-
ence t and the value of the apparent linear drift
at for the durationt .

Computing this linear regression for several values

of t , the zero-drift admittance is obtained by the
computation of the limit, fort tending towards 0:

CN � lim�Tt=Dt� �A4�
of the apparent admittance fort going towards 0.
Computing identically the regression between the
different apparent linear drift valuesat and t itself
leads to the drifta per unit of time.

By shifting the sampling window by an amount of
time, it is possible to follow the meter sensitivity
continuously with time.

The two parameterst and N must be properly
chosen. The regression computation must imply
enough oscillations to obtain an accurate slope value
and to increase the signal to noise ratio for eacht . The
value oft cannot to be too small, because the signal/
noise ratio decreases with a decrease oft . Both of
them depend on the amplitude and the period of the
main signal.

The value of the calibration factor is not perfectly
accurate, if there is a phase lag between records and
the theoretical model. The phase lag is given by the
ratio between the ellipse axis lengths, by drawing the
Lissajou’s plot for computing the calibration factor
(Jousset, 1996).

A.3. Application to Earth tides

For Earth tides the M2 wave controlst andN. The
period of the tides being 12 h, values oft are chosen
to be from 1 h to more than the half of the period, say
8 h. We use a sampling window of lengthN � 3000
points, i.e. 2–3 days, involving 5–6 semi-diurnal and
2–3 diurnal oscillations.

Before we applied this method to the Babadan data,
we tested this method using synthetic signal of the
gravity field and the corresponding theoretical Earth
tide (Jousset, 1996). The synthetic gravity signals are
generated by the theoretical model, disturbed with a
linear drift or a quadratic drift, or a sudden change of
drift. Tests conducted for various values ofN reveals
that this parameter has no strong effect on theCN

solutions. The strongest effects arise when introducing
a constant phase lag between synthetic signal and
theoretical one. In such a case, the plot of the differ-
encesT versusD shows an ellipse, of which the ratio
between long and short axes is a function of the phase
lag.
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More generally, this method may be used for
computing the admittance between any input signal
and a theoretical model of its variations, but also for
computing the admittance between two signals. The
difficulty arises when a large phase lag exists, for
example the residual of the gravity variations after
Earth tide correction and the pressure, because it
may affect the values of the amplitude. Possible
phase lags of M2 between data and model may alter
the true value of the regression coefficients.
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