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Abstract

Analysis of gravity changes to altitude changes from gravity measurements at Merapi
Volcano and Kelud Volcano was carried out to determine the characteristics of the
two mountains based on the gravity method. Merapi Volcano and Kelud Volcano are
two very active mountains in Indonesia and have different physiography, especially
at the top of Kelud there is a crater filled with water. Repeated gravity surveys will be
useful for studying deformation in volcanoes and providing information about
changes in subsurface mass. The gravity data on Merapi Volcano is secondary data
from BPPTKG (Research and Development Center for Geological Disaster
Technology), and data on Kelud Volcano is obtained from the 2019 data collection
survey. Volcanic monitoring using the gravity method is carried out by observing
changes in gravity (Ag) with changes in alfitude (Ak) to study deformation in the
volcano and providing information about changes in subsurface mass using a
polynomial equation approach of Ag to Ak . The findings indicate that there was little
variation in the gravity anomaly within Merapi Volcano between 2018 and 2019. The
highest coefficient of defermination, at 96%, was observed in the gravity anomaly
data from inside the Kelud Volcano in 2019, after applying Bouguer corrections in the
form of spherical effects. Additionally, the coefficients of the second and third order
polynomials of the Merapi Volcano data had opposite signs to those of Kelud Volcano,
suggesting that the internal source of the gravity anomaly within Merapi Volcano is
distinct from that within Kelud Volcano.

Keywords: Gravity changes, altitude changes, infinity slab, spherical effect, coefficient
of defermination
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1.0 INTRODUCTION

Volcanoes are geological features on the earth's
surface associated with magma chambers below the

earth's surface. Volcanic craters at the time of an
eruption become a place for liquid and gas magma
fo escape. Double-phase fluid magma with a
temperature of about 1000° C varies in viscosity and
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gas content. Volcanic craters are connected by
magma pipes with magma chambers. The internal
dynamics of the volcano must be monitored for its
physical parameters continuously so that early
sympfoms of an eruption can be detected, during
and after the eruptfion. Due fto the presence of
magma pipes and chambers beneath the earth, their
physical parameters can give rise to a measurable
potfential field at the earth's surface. Pipes and
magma chambers do not have o be cylindrical pipes
and spherical pockets but can form of dykes with
many branches. The infernal structure of a volcano
can be modeled using a combination of gravitational,
magnetic, electromagnetic, and seismic methods.

The combination of gravitational acceleration

measurements with a gravity measuring instruments

and accurate positioning with DGPS around volcanic
areas is repeated from year to year. Correlation
analysis will produce four types of combination results:

- If gravity rises and the position of the observation
point rises, it can be interpreted as increasing
magma.

- If gravity increases and the position of the
observation point -significantly decreases can be
interpreted as a fixed mass and position of magma
and slopes of descending volcanoes or
subsidence.

- If gravity goes down and the position of the
obsession point goes up, it can be interpreted that
the mass and position of the magma are fixed, and
the slopes of the volcano are expanding up.

- If gravity decreases and the position of the
observation point decreases, it can be interpreted
as a decrease in magma mass accompanied by
the collapse of the mountain slopes.

Repeated gravity surveys will be useful for studying

deformation in volcanoes and have the added

advantage of providing information about changes in
subsurface mass. Volcanic monitoring using the
gravity method is carried out by observing changes in
gravity (Ag) fo changes in altitude (Ak) at observation
points on gravity data for Merapi Volcano in 2018 and

2019. conducted by the team from the Center for

Research and Development of Geological Disaster

Technology (BPPTKG) Yogyakarta and Kelud Volcano

gravity data for the 2019 survey. In the late 20th and

early 21st centuries, Mount Merapi erupted every 2-5

years. Most eruptions have low to moderate explosive

power with Volcanic Explosivity Index (VEl). Based on
the history of the merapi eruption [1], the eruption
occurred on 11 May 2018 which produced an
eruptive column 5.5 km above the summit (Venzke,

2018). This pyroclastic flow descends the slope at a

speed of 200-300 km/h and has a temperature of 200-

300°C [1], [2]. Volcano systems generally consist of

four zones, including supply system, storage system,

fransport system, and eruptive system [3].

The lift caused by the addition of an infinitely flat
horizontal slab with material density and thickness h is
called the gravitational slab effect given by: g =
2ntGph. In this case, the ratio of the change in gravity
to the change in altiftude at a given station Ag/Ah is

the combination of the free air effect and the Bouguer
effect [4]:

Ag

i (—3.08672 + 2mpG) uGal/cm (1)
Ag = change in gravity, An = change in height , p =
density, G = of universal gravity constant = 6.67x10-11
kg'm3s2? in the field of volcanology the infinite
horizontal slab model is suitable for infrusion, while for
spherical may be more suitable for shallow magma
reservoirs. In this case, the Bouguer gradient is given by
[3]. [6]:

i—i = <—3.08672 + @) uGal/cm (2)
The method used to estimate the internal activity of a
volcano is to use a graph of g against h (Figure 1),
which illustrates the relationship between changes in
gravity and changes in altitude for several source
models. Lines with negative gradients correspond to
the gradient of free air, -3.086 Gal/cm, which is frue in
the case of no change in mass, and fo plates or
spheres with: p = 2.3gr/cm3. The line with a positive
gradient represents the change in the corrected
gravity of free air (Ag')., which is the difference
between the change in gravity measured and the
gravitational gradient of free air [7], [8]:
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Figure 1 The relationship between gravity changes and
elevation changes for several models [9]

2.0 METHODOLOGY

The research location is in the top of Merapi Volcano
(Figure 2) and the top of Kelud Volcano area to the
slopes (Figure 3). The Merapi gravity data used is the
gravity data of the Geological Disaster Technology
Research and Development Center (BPPTKG),
Yogyakarta [6]. The measurement of gravity values
was carried out in April 2018 and March 2019 in the
Merapi area as many as nine measurement points.
The data consists of the observed gravity value, the
coordinates of the measurement point and the
altitude data. For the measurement of the height of
the observation point, only the first measurement was
carried out (April 2018). The measurement point is in
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the form of a profiing in the NS direction with a
distance between points of £ 500 m.

In the process of migrating from the magma source
to the surface, the magma enters the reservoir zone.
In Merapi, there are two zones of magma chamber,
including shallow and deep magma chamber. The
existence of shallow reservoirs is present at depths of
1.5-2.5 km based on seismic modeling [10], [11], and
and 0.8-1.8 km from the peak based on gravitational
modeling [12].
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Figure 2 Location of the gravity measurement points (red
point) at the fop of Merapi Volcano
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Figure 3 Location of gravity measurement points (red point)
at the top of Kelud Volcano [13]-[15]

The base station used is at the BPPTKG Yogyakarta
office with the international number g 114072 at
coordinates 7.8 °S 110.405 °E. In addition, this study
also uses the National Digital Elevation Model
(DEMNAS) data with a spatial resolution of 0.27 arc-

sec or 8.158 m. This DEM data can be downloaded on
the website of the Geospatial Information Agency
(www.tides.big.go.id). The data on the gravity and
height of Kelud Volcano were taken on July 15-16
2019, there are ten measurement points with a base
station at the Kelud Volcano Observation Post,
Margomulyo Village, Wates District, Kediri, at
coordinates 08° 55' 40.14" South Lafitude and 112° 14'
45.48 " East Longitude, elevation 675 above sea level
[16].

2.1 Data Proccessing

Gravity observations are obtained after correcting
tool height, correcting tides, and correcting drift.
Complete Bouguer Anomaly Gravity values were
obtained after correcting for Iatitude, free air,
Bouguer (infinity slab and spherical) and terrain
effects. Each observation point is calculated the
difference in the value of the complete Bouguer
anomaly g to the reference point (top of station),
which is stated in equation 3 [17].

Ag; = AgABL; — AgABLreference (3)

Where Ag; is the complete Bouguer anomaly
difference at the i-th point, AgABL;is the complete
Bouguer anomaly value at the ith point,
AGABLreference is the complete Bouguer anomaly at
the reference point (top of station). Similar process is
done for the elevation of the observation point. The
obtained elevation value is calculated by calculating
the elevation difference h, including [18]:

Ah = h; - hreference

where 4h; Ah; is the difference between the elevation
of the i-th point and the reference point, h;is the
elevation of the i-th point, Areference is the elevation of
the reference point (top of station). Then the values of
Ag and Ah will be plotted on the Ag versus Ag graph
[19].

2.2 Data Analysis

The complete Bouguer anomaly changes with
altitude are caused by internal effects occurring
within the body of the volcano. The mathematical
pattern approach of these changes can characterize
the internal activity of the volcano. The analysis of the
slope or gradient of the regression line Ag,ps/Ah is done
by comparing the regression values obtained. In
Turcotte and Schubert (2014), it is explained that the
change in the slope of the regression line shows a
change in the density value to the value of the
theoretical free air gradient line. If the line gradient is
getting bigger then the density value is getfting smaller
but if the gradient value is getting smaller then the
density value is gefting bigger. The regression line
changes refer to the theoretical regression lines of FAG

(4)
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(Free air gradient) and BCFAG (Bouguer Correction-
Free Air Gradient).

3.0 RESULTS AND DISCUSSION

3.1 Graph of Agobs against h

Each g,,s value and elevation h of the observation
point is subtracted from the value at the highest

observation point (Peak station). The difference is
called g,ps and h (Figure 4).
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Figure 4 Graph of Ag,,s against Ah of Mount Merapi Volcano
in 2018 and 2019

The results of the processing of the observed
gravitational field are further processed to determine
the gradient of g,ps/Ah. A significant change in
Ag,ps/AR occurred at New Selo Atas (NSELOATAS)
station. The analysis was carried out by observing the
change in the position of the 2018 and 2019 regression
lines against the theoretical lines of FAG and BCFAG,
so it can be described as in Figure 4. In this study, the
FAG value used is the theoretical FAG value, which is
—0.308673 mGal/m (red line). The Bouguer effect used
is the Bouguer infinity slab and the spherical Bouguer
effect. For the Merapi areq, if the density is assumed
to be p = 2,4 gr/cm? [8] then the theoretical gradient
value for the effect of free air + infinity slab Bouguer
(black line) is Ag/Ah = —0.208 mGal/m; while the
theoretical gradient value of free air + spherical
Bouguer effect (yellow Iline) is obtained af
Ag/Ah = —0.242 mGal/m. From the processing resulfs,
the gradient value is obtained from the regression line
equation Ag,ps/Ahin 2018 and 2019. The regression line
equation Agy,s/ARin 2018 is obtained A4g =
—0,2727 Ah — 17,584, while for 2019 the regression line
equation 4g = —0,2706 Ah — 17,754. The gradient value
of Ag,ps/ARIn 2018 is greater than the gradient in 2019
with a very small difference value of 0.002 mGal/m.
This shows that there is a very small change in density

caused by the volcanic activity of Merapi for the
period 2018-2019.

In the case of volcanoes, [19] stated that the
Bouguer spherical effect is more precise and realistic
than the Bouguer infinity slab. Based on Figure 4, it can
be seen that the gradients in 2018 and 2019 are closer
to the theoretical gradient of the free air + spherical
Bouguer effect.

Kelud Volcano:

With the similar process for Mount Kelud shown in

Figure 5.
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Figure 5 Graph of Ag,ps against Ah Kelud Volcano 2019

From the processing results obtained A4g =
—0,1932 4h — 6,4505. As in the case of Merapi Volano,
Kelud Volcano shows that the gradient is closer to the
theoretical gradient of the free air + spherical Bouguer
effect.

3.1 The Complete Bouguer Anomaly

The simple Bouguer effect correction is carried out
without taking info account the topographic surface
around the observation point. In reality, the surface
around the observation point is not flat, but
undulating. The existence of hills and valleys has not
been taken into account in the simple Bouguer
anomaly so it needs to be added. The process of
adding the effects of the presence of hills and valleys
can be done with terrain correction. A simple terrain-
corrected Bouguer anomaly will produce a complete
Bouguer anomaly.

Mount Merapi:

The complete Bouguer anomaly graph with the
value of = Ag,,s + free air effect - infinity slab effect +
Terrain effect and the value of = Ag,,s - free air effect
+ spherical effect + terrain effect with a first-order
polynomial line equation approach can be seen in
Figures 6 and 7; while the second-order line equation
approach can be seen in Figures 8 and 9; and the
third-order line equation approach can be seen in
Figures 10 and 11.
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Figure 6 Complete Bouguer anomaly graph = Agobs + free

air effect - infinity slab effect + terrain effect with a first-order
polynomial line equation approach
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Figure 7 Complete Bouguer anomaly graph = Agobs - free

air effect + spherical effect + terrain effect with a first-order
polynomial line equation approach
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Figure 8 Complete Bouguer graph = Agobs + free air effect -

infinity slab effect + terrain effect with a second order
polynomial line equation approach
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Figure 9 Complete Bouguer graph = Agobs - free air effect +

spherical effect + terrain effect with a second order
polynomial line equation approach

By analyzing the complete Bouguer anomaly, we
assume that the resulting anomaly originates from
within the body of Merapi Volcano. With a first-order
or second-order polynomial approach, the
coefficient of determination (R2) is less than 50%, so it
is not used to analyze only the third-order polynomial
approach is used tfo analyze data on Merapi Volcano.
The complete Bouguer Anomaly data for 2018 and
2019 with Bouguer correction in the form of an infinity
slab has almost the same coefficient of determination
of around 71.5%; while with Bouguer correction in the
form of spherical effect the coefficient of
determination is 59%.
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Figure 10 Complete Bouguer graph = Agobs + free air effect

- infinity slab effect + terrain effect with a third-order
polynomial line equation approach

The polynomial coefficients Ah; and Ah,, both
corrected by the infinity slab and the spherical effect,
show the same value. In this case, the gravity anomaly
data from within the body of Merapi Volcano in 2018
and 2019 did not experience much change.
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Figure 11 Complete Bouguer graph = Agobs - free air effect

+ spherical effect + terrain effect with a third-order
polynomial line equation approach

Kelud Volcano:

The complete Bouguer anomaly graph with value =
Ag,ps + ree air effect - infinity slab + terrain and value
=Ag.ps Hiree air effect - spherical effect) + terrain with
a first order polynomial line equation approach can
be seen in Figures 12 and 13; while the second-order
line equation approach can be seen in Figures 14 and
15; and the third-order line equation approach can
be seen in Figures 16 and 17.
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Figure 12 Complete Bouguer anomaly graph = Agobs + free

air effect - infinity slab + terrain effect with a first-order line
equation approach
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Figure 13 Complete Bouguer graph = Agobs + free air effect

- spherical effect + terrain effect with a first order line
equation approach

By analyzing the complete Bouguer anomaly like
the analysis of Merapi Volcano, we assume that the

anomaly caused originates from within the body of
Kelud Volcano. The first-order polynomial approach to
third-order polynomial has a coefficient of
determination (R2) of more than 50%, so all of them
are used to analyze Kelud Volcano data.
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Figure 14 Complete Bouguer graph = Agobs + free air effect

- infinity slab + terrain effect with a second order line equation
approach
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Figure 15 Complete Bouguer graph = Agobs + free air effect

- spherical effect + terrain effect with a second order line
equation approach

By approaching:

The first order polynomial equation, the complete
Bouguer anomaly, the 2019 data with the Bouguer
correction in the form of an infinity slab, has a
coefficient of determination of 62%; while with
Bouguer correction in the form of spherical effect the
coefficient of determination is 94%. The polynomial
coefficient h and the corrected constant with the
infinity slab and the spherical effect are different.

The second order polynomial line equation, the
complete Bouguer anomaly, the 2019 data with the
Bouguer correction in the form of an infinity slab, has
a coefficient of determination of 68 %; while with
Bouguer correction in the form of spherical effect the
coefficient of determination is 95%. The polynomial
coefficient h2 and the constant corrected by the
infinity slab and the spherical effect show the same
value.
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Figure 17 Complete Bouguer graph = Agobs + free air effect

- spherical effect + terrain effect with a third-order line
equation approach

The third order polynomial line equation, the
complete Bouguer anomaly, the 2019 data with a
Bouguer correction in the form of an infinity slab
having a coefficient of determination of 71%; while
with Bouguer correction in the form of spherical effect
the coefficient of determination is 96%. The polynomial
coefficients hy and h, the constants, both corrected by
the infinity slab and the spherical effect, show the
same values. The coefficient of determination for the
complete Bouguer anomaly data for Kelud Volcano
in 2019 with the Bouguer correction in the form of a
spherical effect has a higher coefficient of
determination (about 95%) compared to that
corrected by the infinity slab (about 67%).

4.0 CONCLUSION

In this case, the gravity anomaly data from within the
body of Merapi Volcano in 2018 and 2019 did not
experience much change. The highest coefficient of
determination (96%) for gravity anomaly data from
inside the body of Kelud Volcano in 2019 is the
Bouguer correction in the form of a spherical effect.
Based on the equations of second order and third
order polynomials, there are differences in the sign of
the polynomial coefficients, for the data of Merapi
Volcano the coefficient is opposite in sign to the data

of Kelud Volcano, this indicates that the internal
source of the gravity anomaly from within the body of
Merapi Volcano is different from the gravity anomaly
from within the body of Kelud Volcano.
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