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ABSTRACT

Micro earthquake occurred due to of hydraulic fracturing
process in a geothermal field. Six array seismometers
installed in “ALPHA” geothermal field and during the
period of July 2012 to December 2012 recorded 133 micro
earthquake event’s (MEQ). P and S wave travel time of
MEQ data relocated earthquake simultaneously and
calculated 3-D velocity model. P wave velocity (Vp) and S
wave velocity (Vs) also has been compared to the velocities
through the process of Tomography inversion. Tomography
inversion output are cross section of the velocity model Vp,
Vs and Vp/Vs, then it will be a basis of the analysis to
identify the state of the subsurface in “ALPHA” geothermal
field. Result of inversion model was indicated that
“ALPHA” geothermal field has 10 until 15 layers of rock
with different in Vp and Vs. The elevation range 580 m to
1100 m was interpreted as a zone of cap rock and an
impermeable layer with P wave velocity (Vp) between 2,615
km/s until 3,051 km/s. Another result in order to value of the
ratio Vp/Vs is relatively low between 1,7 until 1,8 at depth
of 1 km until 2 km from velocity model. The ratio value was
analyzed as a layer of low ranging from 1,6 to 1,807 on the
tomogram velocity model, than it is analyzed as a coating
zone associated with gas-saturated rock and “ALPHA”
geothermal field indicated steam dominated of geothermal
filed type.

1. INTRODUCTION

Micro earthquake phenomenon occurred due to of
exploitation and recharge processes in a geothermal field.
The resulting micro earthquake can provide important
information about the state of the reservoir and subsurface
structure, including the P wave and S wave velocity
structure (Vp, Vs and also Vp/Vs). Seismic velocity is one
of the good physical parameters to describe the characteristic
of the subsurface medium caused by the interrelatedness
between the distributions of velocity with subsurface
lithology structure. Modeling of P wave Velocity (Vp), S
wave Velocity (Vs) and ratio between the two wave (Vp/Vs)
of seismic waves using micro earthquake data will be very
useful in the area of geothermal to observe the changes that
occurred in the conditions of the geothermal reservoir
through the description and analysis velocity data on results
of inversion tomography process.

Micro earthquake data used in this study is the results of
field data recording MEQ in “ALPHA” geothermal field
during the period July 2012 to December 2012. From 133
events were recorded during the period, obtained travel time
data with 446 phase P and 448 Phase S. the travel time data
that will be input in the subsequent data processing.

2. BASIC THEORY

Micro earthquake is a low magnitude earthquake caused by
several things, such as hydrocarbons are produced, injection
of fluids into the geothermal reservoir and so on. Generally,
micro earthquake may occur due to weak zones that are open
or shifting of water injected continuously resulting in
increased pressure in the rocks, contact between the cold
water with hot igneous and reduced pore pressure due to
fluid production.

Seismic tomography is a method to reconstruct the structure
of the earth's subsurface using waveform data or travel time
data of seismic waves. This method is used to obtain a
detailed profile of the distribution of physical properties of
rocks such as slowness.

The basic concept of seismic tomography is the data taking
into account the travel time of the wave. Travel time is
shown by the equation:

£ = Ty + Ty v n o (21)

And the travel time between the sources i and j monitoring
stations can be formulated by the equation:

Ty = j s(r)dl .. (2.2)

Where the slowness as a function of position has the
equation:
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With t; is the arrival time at the j observer station, 1; is the
time of the earthquake from source i (origin time), Tj; is the
travel time between the source i and j observer station, s(r) is
the slowness and V is the velocity of seismic waves.

In this study, the algorithm adapted to parameterize the
model used so that the calculation is based on the equation:

n
= Zgﬂ‘qfﬂﬁ w(2.4)

The above equation is decomposed into simultaneous linear
equations parameterization according to the conditions in the
study, so it will form a matrix equation which contains the
travel time, the kernel matrix that contains the ray path
length and matrix containing the slowness parameter, which
is a matrix of parameters that we want to know.



3. METHOD

The research method in this study is a descriptive analytic
study which includes literature, data processing and analysis
and then interpretation. Data processing and tomographic
inversion process performed using the software Local
Tomography Software release 12 (LOTOS 12) made by
(Ilvan Koulakov, 2012). The following flow chart of research
in general:
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Figure 3.1 flow chart of research in general

Table 3.1 velocity model 1-D

layer \'(T(I%C/'St)y Thzﬁ‘%ess
1 2,95 0,5
2 3,20 0,2
3 3,50 0,3
4 3,82 0,5
5 4,50 0,5
6 4,80 0,9
7 5,80 2,5
8 6,70 20,0
9 8,00 30,0

4. RESULTS AND ANALYSIS

4.1 Hypocenter Distribution
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Fig 4.1 hypocenter distribution results in "ALPHA"
geothermal field viewed from the south
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Fig 4.2 hypocenter distribution results in "ALPHA"
geothermal field viewed from the north

4.2 Subsurface Velocity Model

In this research, previous authors make cross-sectional area
surrounding the “ALPHA” geothermal field. The author
makes 4 cross sections that are considered representative of
the entire area covered and the geothermal field. Here is a
Cross section at this research:



Fig 4.3 trajectory sectional area of research. Red and
green dots on the map show the injection wells and
production wells.
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Fig 4.4 horizontal cross-sectional tomogram P wave
velocity (Vp) and S wave (Vs) trajectory 1A-1B. red
dots indicate events recorded by seismometers.
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Fig 4.5 horizontal cross-sectional tomogram P wave
velocity (Vp) and S wave (Vs) trajectory 2A-2B. red
dots indicate events recorded by seismometers.
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Fig 4.6 horizontal cross-sectional tomogram P wave
velocity (Vp) and S wave (Vs) trajectory 3A-3B. red
dots indicate events recorded by seismometers.
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Fig 4.7 horizontal cross-sectional tomogram P wave
velocity (Vp) and S wave (Vs) trajectory 4A-4B. red
dots indicate events recorded by seismometers
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Fig 4.8 tomogram velocity model vertical cross section
ratio Vp / Vs

Tomographic inversion results in LOTOS 12 has two basic
output. The basic output are structure of P wave Velocity
(Vp) and S wave velocity (Vs) and then relocation of the
micro earthquake hypocenter in the study area. Fig 4.5 to 4.7
show relocation of hypocenter (red dots) and tomogram
velocity model (Vp and Vs). Having acquired the structure
velocity (Vp and Vs) results tomographic inversion proses,
further calculation ratio Vp / Vs, as shown in Figure 4.8.
value of the ratio Vp / Vs is used in the analysis process to
interpret “ALPHA” geothermal field conditions

4.3 Analysis

From the results of plotting the distribution of the
hypocenter (fig 4.1 and 4.2) can be interpreted that the
earthquake hypocenter (micro earthquake hypocenter) was at
a depth of 0-2000 m and widely spread around the injection
wells and production wells. it is caused in that area is an area
of the initial formation of micro earthquakes by fluid
injection continuously on injection wells and steam
extraction on production wells.

When fluid is injected at a geothermal field, the fluid will
flow to areas of high-temperature rock. So that the fluid will
fill up the spaces in the rock. And then the fluid injection
volume will be increase so give a significant pressure on the

rock that will ultimately result in the phenomenon of micro-
earthquakes. It is reasonable that the micro earthquake
hypocenter at “ALPHA” geothermal field concentrated
around the injection wells and production wells.

As for the micro earthquake hypocenter located far from the
injection wells and production wells can be caused by
several things like fluid injection activities from the other
geothermal field located around “ALPHA” geothermal field
or seismic activity of Kendal Mountain.

Based on result of Tomographic inversion process using
LOTOS 12 (fig 4.4 to fig 4.7), That “ALPHA” geothermal
field consists of 10 until 15 structure of the rock layers to a
depth 5 km below the surface with different in Vp and Vs.
the P wave velocity (Vp) measured ranged from 2,397 to
5,666 km/s and S wave velocity (Vs) ranged from 1,423 to
3,864 km/s where the deeper the wave velocity was greater.
The micro earthquake events that are more visible in the top
layers of rock between 0-3 km below the surface and
consistent with our previous discussion regarding the
hypocenter distribution of “ALPHA” geothermal fields.
Based on lithology obtained from well data, at a depth of 53
m to 1500 m rock formation layers are generally dominated
by breccia tuff and andesite altered.

Based on tomogram P velocity model trajectory 3A-3B,
there are zones with relatively low Vp values ranging from
2,615 to 3,051 km/s at a depth of -0.5 s / d -1.2, that
analyzed a clay cap layer (up doming structure) and the
authors interpret as a cap rock layer of geothermal reservoir
in “ALPHA” geothermal field.
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Fig 4.9 analysis of cap rock on the vertical cross section 3A-
3B

The existence of zones of clay cap (up doming structure)
that is suitable with a previous research conducted by Anjar
Oktikawati (2013), and then generally has a pattern similar
to the resistivity structure of Magnetotelluric data from the
management company of “ALPHA”geothermal field.

The existence of zones with very high temperatures in the
subsurface layers in a geothermal field will give the effect of
varying the value of Vp and Vs. so that the variation of Vp
and Vs values will give the value varies also on the value of
the ratio Vp/Vs. on the state of the gas-saturated rock Vp
and Vs values liable to decrease with a more significant
decline in Vp compared to Vs decrease, so will result in the
value of the ratio Vp / Vs is relatively low. In contrast to the
state of the water-saturated rock Vp and Vs values liable to
decrease it’s the same thing on the state of the gas-saturated
rock but in these circumstances (water-saturated rock)
decline in Vp values liable to be lower, so will result in the
value of the ratio Vp / Vs are likely to be higher than the
state gas-saturated rock.



The results of the ratio Vp/Vs value from tomographic
inversion process at LOTOS 12 for “ALPHA” geothermal
field tend to be low ranging from 1.6 to 1.807. Based on the
situation the authors interpret that the geothermal reservoir
in “ALPHA” geothermal field contained in the zone
associated with the gas-saturated rock , this indicates that
the geothermal field with this characteristics including steam
geothermal field dominance (steam dominated). And also
this is suitable with previous research conducted by utami
(2000) on “ALPHA” geothermal field.

5. CONCLUSION

Based on the data recording of MEQ in “ALPHA”
geothermal field and process of tomographic inversoin using
LOTOS release 12, produce good tomogram velocity model
for P wave velocity (Vp), S wave velocity(Vs), and
comparison between P wave velocity and S wave velocity
(Vp/Vs) in trajectory 1A-1B, 2A-2B, 3A-3B and 4A-4B.
Based on ratio Vp/Vs Value in this research the authors
interpret that the geothermal reservoir in “ALPHA”
geothermal field contained in the zone associated with the
gas-saturated rock , this indicates that the geothermal field
with this characteristics including steam geothermal field
dominance (steam dominated).

References

Batzle, Michael and Wang, Zhijing. (1992). Seismic
Properties of Pore Fluids. Geophysics, Vol, 57,
No. 11 (November 1992): P, 1396-1408.

Gylfi Pall Herslr and Axel Bjornsson, (1991). Geophysical
Exploration For  Geothemal Resources
Principles and application, UNU Geothermal
Training Programme Reykjavik, Iceland.

Hilyah, Anik. (2010). Studi Gempa Mikro untuk Mendeteksi
Rekahan di area Panas Bumi Kamojang
Kabupaten Garut. Program Studi Geofisika,
Institut Teknologi Sepuluh November.

Iskandar, Akino.( 2010). Tomografi Seismik 3-D Pada
Lapangan Panas Bumi “X”. Program Studi
Geofisika, Universitas Hasanudin.

Koulakov 1., (2009). LOTOS code for local earthquake
tomographic inversion. Benchmarks for testing
tomographic algorithms, Bulletin of the
Seismological Society of America, Vol. 99,
No. 1, pp. 194-214.

Koulakov, Ivan. (2012). Code LOTOS-12 for 3D
tomographic inversion based on passive seismic
data from local and regional events. Institute of
Petroleum Geology and Geophysics, SB RAS.

Nakajima, J., A. Hasegawa, S. Horiuchi, K. Yoshimoto, T.
Yoshida, and N. Umino (2006). Crustal
heterogeneity around the Nagamachi-Rifu
Fault, Northeastern Japan, as inferred from
travel-time tomography: Earth PlanetsSpace,
58, 843-853.

Telford, W.M., Geldart, L.P dan Sheriff, R.E., (1990).
Applied  Geophysics.  Second  Edition.
Cambridge University Press.

Tselentis, G-A. Serpetsidaki, A. Martakis,N. (2007). Local
high-resolution passive seismic tomography and
Kohonen neural networks — Application at the

Rio-Antirio Strait, central Greece,
Geophysics,Vol. 72, No. 4 July-August 2007, P
B93-B106.

Utami, pri. (2000). Characteristics Of The Kamojang
Geothermal Reservoir (West Java) As Revealed
By Its Hydrothermal Alteration Mineralogy.
Proceedings World Geothermal Congress 2000
Kyushu - Tohoku, Japan, May 28 - June 10,
2000.

Van der Sluis, A, and H.A. van der Vorst (1987).
Numerical solution of large, sparse linear
algebraic systems arising from tomographic
problems, in: Seismic tomography, edited by
G.Nolet, pp. 49-83, Reidel, Dortrecht.

Wang, Zhijing. Batzle, Michael and Nur, Amos, (1990).
Effect Of Different Pore Fluids On Seismic
Velocities in Rocks, Canadian Journal Of
Exploration Geophysics, Vol 26, NO 1 & 2
(December 1990), P 104-112.

Yoshikawa, M., and Y. Sudo, (2004). Three dimensional
seismic velocity structure Toward
understanding induced seismicity. Proceedings
Thirty-Sixth Workshop ~ onGeothermal
Reservoir Engineering.



	ABSTRACT

