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Abstract— The information of dominant polarization direction and the mapping of fracture intensity are among the most important
informations during the monitoring of geothermal field reservoir evaluation, as an effort to develop geothermal energy production. The
appearance of geothermal reservoir fractures caused by fluid injection and the production activity resulting in the decreased pore
pressure and appearance of open weak zone. The micro-earthquake activity around the area can represent these fractures that appear
in the geothermal reservoir. Shear Wave Splitting (SWS) analysis can be done based on the polarization of S wave through the
anisotropy medium recorded by seismograph. There are two parameters related to Shear Wave Splitting: the polarization direction (¢)
related to the micro fracture direction with its delay time (ot), showing the fractures density and its permeability area. The result of
Shear Wave Splitting Analysis of the field X geothermal shows that two dominant polarization directions are NW-SE and NE-SW. It is
caused by the fractures around the X field geothermal with similar fractures direction, and it is compatible with the distribution micro-
earthquake hypocenter of the previous study. Based on the map of fractures intensity, the value range shows a relatively dense intensity
value around 6.6 — 8.0 ms/km. The high value of intensity fractures indicates a high value of anisotropy around the area, and it is also
confirming the presumption of the high permeability potential of the X geothermal field.
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to identify the anisotropy inside the earth [10], [11]. Shear
I. INTRODUCTION Wave Splitting (SWS) is a secondary (S) wave phenomenon,
which has been polarized while entering an anisotropy
medium [12]. When the S wave gets into the anisotropy
medium, the wave's polarization will split in two
perpendicularly, known as Sg and Sgiow [9]. Stast Wave will be
parallel to fracture correlating with the fracture’s strike, while
S«ow Will be parallel with the direction of the fracture [13]. By
using the Shear Wave Splitting method, the parameters of
polarization (@) and delay time (8t) can be identified [9]. The
direction of the S wave polarization (¢)related to the direction
of the microfracture, while the delay time (dt) of the two
waves (Sast and Sgow) shows the density of the fracture and
the permeability area [14].

The study of earthquakes in a geothermal system mainly
focused on the micro-earthquake [1]. Investigation of micro-
earthquake with magnitude < 3 RS on the active tectonic plate
zone and volcanic areas have shown hydrothermal convection
systems characterized by micro-earthquake activity [2]. The
appearance of fractures on the geothermal reservoir is one of
the main causes of micro-earthquakes in the geothermal
system [3]. These fractures occur due to the fluid injection and
the production activity resulting in a decreased pore pressure,
appearance of the weak open zone, and the contiguity of cold
water with hot rocks [3]-[5]. Information about the fractures
in the geothermal field is needed for the development of
geothermal energy production [1]. Shear Wave Splitting is

one of the methods used to identify the direction and structure II. MATERIAL AND METHOD

of fractures [6], [7]. This research is using secondary data which belongs to the

Shear Wave Splitting (SWS) analysis is one of the geothermal field X company. Concerning the company as the
geophysics analyses of waves that can be used to analyze the owner, the confidential data will not be displayed in this study
anisotropy of the medium layer of the earth [8], [9]. Shear (the coordinate point with specific geographic information of
Wave Splitting analysis has been widely used to study seismic the area).
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RAW data (waveform) recorded at the research location
(geothermal field X) is a 3-component seismogram, consist of
one vertical component (Z) and two horizontal components
(N-S and E-W). This study's waveform selection to be
analyzed and processed refers to the distribution of micro-
earthquake hypocenter locations determined using the Geiger
method carried out in a similar research area [15]. S wave
polarization phenomenon can be analyzed by observing the
horizontal component N-S and horizontal component E-W,
where one component will show the appearance of S fast
wave (Sast) and S slow-wave (Sgow) in the other component
[16]. This time differences will result in delay time (5t) data
[17].

This research only uses the seismograms recorded from four
seismic stations in the study area, namely stations with the
initials ULI, ZTO, BUA, and BRK, as shown in Fig. 1.
Seismogram data, especially two horizontal components (N-
S and E-W) of secondary (S) waves, are the primary data,
which are processed using the particle motion method, and
then analyzed using Shear Wave Splitting (SWS) method.

=

g

Fig. 1 The position of the seismic station on geothermal field X

A. Event Selection and Wave Phase Picking

Wave phase picking includes determining the arrival time,
measuring, and determining the types to be used to determine
and classify the location of a seismic event [18]. The
following are the steps performed in manual phase picking:

e Clear phase identification of unfiltered traces (if
applicable).
Identification of primary wave phase (P) in the vertical
component (Z) and secondary wave phase (S) to the
horizontal component (N-S and E-W). The P wave
comes earlier while the S wave comes later with a larger
amplitude value.
Labelling the P and S phases at the first break of the S
wave determination from particle motion (vertical
component (Z)) and the horizontal component (N-S)).
B. Filtering

Analyzing can be done by seeing each component or by
using the frequency limit with the largest amplitude [19]. The
next step is filtering based on the frequency limit with a band-
pass filter [20]. Micro-earthquake data is being carried out

2076

from the frequency spectrum and the spectrogram to
determine the frequency width for the filtering process [21],
[22]. Aside from that, spectrogram analysis is also needed to
identify the variation of harmonic signal frequency towards
the time [23]. This aims to determine the frequency limit,
which will be used in the filtering process [19], [23]. The
filtering uses the Butterwort band-pass filter because it is
specialized for the filtering process (band-pass) [24], [25].
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Fig. 2 Theresult of microseismic event recording of 3 components that have
been sampled for 5 seconds before the filtering process
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Fig. 3 The result of micro seismic event recording of 3 components that
have been sampled for 5 seconds after band-pass filtering process

Fig. 4 Particle motion cutting wave from horizontal component N-S and E-
W for 5 seconds from ZTO station before the filtering process

Fig. 2 is the result of wave recording before the filtering
process. Meanwhile, Fig. 3 shows wave recording after the
filtering process with a frequency limit between 8-10 Hz. The
determination of frequency limit is based on the amplitude
peak, estimating the original signal to be at that frequency.
The predetermined frequency limit will then be used in the
next step, which is the filtering stage.

There is something in common for the result of particle
motion before and after being filtered. Both have a movement
that forms a decreasing polarization direction towards the
center of the axis point [26], [27]. It is marked that the
direction of the particles indicates one particular direction
continually without any interruption, as shown in Fig. 4 and
Fig. 5. If other events occur in one movement, the direction of



the movement itself will be in the form of a big circle, then
decreases and then return to the big circle. In other words, it
is not continuous from the rotation of the decreasing
magnitude.

Fig. 5 Particle motion cutting wave from the horizontal component N-S and
E-W for 5 seconds from ZTO station after filtering process

C. Parameter Shear Wave Splitting (SWS)

Secondary waves (S) passing through the medium with
vertically oriented fractures will result in the separation of SH
and SV components, with SV coming faster (earlier) than SH,
which comes slower. In other words, S waves that propagate
perpendicularly with the fracture will come slower, while the
S wave that is parallel to the fracture will come faster [28].
With further development, delay time (5t) will be bigger if the
S wave propagates perpendicularly to the fracture, and it will
be smaller if it propagates parallel or in line with the fracture
[29].

Shear Wave Splitting (SWS) analysis is a recording
phenomenon of the secondary wave (S) on the horizontal
components of microseismical data, namely N-S and E-W
marked with Sgs recording and then followed by Sqow Wave.
The polarization phenomenon of S wave can be analyzed by
observing the horizontal component of N-S and E-W shown
in Fig. 6. One of the components will show the appearance of
Stast and Sgow Waves on the seismic wave component. The time
difference of the arrival between S wave parameter will
produce d (6t) data [30]. Polarization angle measurement is
done by observing the plot diagram of particle motion
horizontal components of S wave. In Fig. 7 the particle motion
at the S wave's beginning is the Sfast wave's particle motion.
And then, followed by a sudden perpendicular motion with
the previous Sgg particle motion, this motion belongs to the S
wave, which has been polarized and known as Sgow. The S
motion is forming a north-facing direction. To get the azimuth
value, it is assumed that Sgs direction is heading towards the
north [31].

After obtaining the polarization angle and delay time of the
S wave passing through a fracture, a ray path calculation can
be performed from the location of the hypocenter point.
Raypath is the average length of one hypocenter to the micro-
earthquakes recording station and is considered a straight line
[32], [33]. Then, the previously known delay time (dt) is
divided by the previously calculated ray path value to
determine the fracture intensity value.
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Fig. 6 Shear Wave Splitting Phenomenon from the horizontal component N-
S and E-W of ZTO station

Fig. 7 Particle motion cutting wave from horizontal component N-S and E-
W from ZTO station

The distribution of the epicenter points location used in this
study (check Fig. 8) is the distribution of the hypocenter
location of micro-earthquakes determined using the Geiger
method, which was carried out in a similar research area.

The research result in 73 hypocenter coordinates using 11
seismic stations in the same research area. Therefore, after the
processing and calculation stages have been carried out, the
dominant direction interpretation of micro-fractures at one
station to another can be carried out.

Fig. 8 Distribution of micro epicenter earthquakes result using Geiger
method
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III. RESULT AND DISCUSSION

Based on the result data using Shear Wave Splitting (SWS)
method, two parameters are obtained, which are the direction
of polarization (¢) related to the dominant direction of the
micro fracture, and the delay time (8t) which can interpret the
anisotropy medium (micro fracture intensity) passed by the
seismic wave as they propagate. Polarization direction and
delay time can be analysed based on the observation of
particle motion through a particle motion diagram [17].

A. Polarization Direction ()

Identification of the dominant direction of the micro fracture
can be obtained from the observation result of polarization
direction (¢) St wave at each seismic recording station. The
happening polarization shows by the appearance of the wave,
which propagates, perpendicularly to the direction of the
particle motion. St wave direction rotates based on the angle
of the movement of the particles. If the Sfast wave starts
moving in the north direction, the next is determined as the
polarization direction. Each earthquake event will provide a
certain polarization direction, and the diversity of directions
shown in the motion particle diagram for each station and
each event shows that the seismic wave propagation medium
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is an anisotropy medium. Polarization direction from each
event will be accumulated by seismic station; each station has
its dominant direction of polarization value. Based on the
particle motion direction from each event recorded by each
station shown in Table 1, the S polarization data obtained
as follows: The direction of station recording shows various
dominant directions with a quite consistent value. First, ULI
seismic station shows the polarization value (¢p) N 127° E.
Then, ZTO station shows polarization value (¢) N 176° E,
BUA station shows polarization value (¢) N 106° E, and BRK
station shows polarization value (¢) N 149° E.

Even though the polarization direction on each station
shows a dominant value, but the recorded direction is full of
diversity, showing that the seismic wave propagation area is
an anisotropy area. The polarization direction is correlated
with the data of the fault, and it is being correlated with the
seismic station position, which records the micro-earthquake
on the geothermal field X. In Table 1, the result of the particle
motion process shows polarization direction based on the
depth. Table 1 shows the result of the polarization direction
for the depth of 0 to -2000 m on each station (was cut)
vertically. Based on Table 1, it can be concluded that the
polarization direction gained from each station has an angle
directed towards the North and East.



TABLE I
POLARIZATION DIRECTION OF EACH SEISMIC STATION (ULL, ZTO, BUA AND
BRK) IN THE LINEAR POLARIZATION DIAGRAM AT THE DEPTH OF -2000 TO 0

METER
Station Polarization Direction (¢)
ULI
N 127°E
ZTO
N 176°E
BUA
N 106° E
BRK

N 149°E

The previous research [15] determined the distribution of
micro-earthquake hypocenter results using the Geiger method,
at a depth of 2000 to -2000 m spread around the seismic
station. Thus, slicing was carried out in the depth of 2000 to
0 m and 0 to -2000 m. In the depth of 0 to 2000 m shown in
Table 2, deflection appears at each recording station on each
captured layer. The ULI station within depth of -2000 to 0 m
has the polarization value of N 127° E, and deflection value
N 173° E appears at a depth of 0 to 2000 m. In ZTO station
with the depth of -2000 to 0 m has the polarization value of N
176° E while at a depth of 0 to 2000m has the polarization
direction value of N 194° E. For BUA station in the depth of
-2000 to 0 m shows the polarization direction of N 106° E
while at a depth of 0 to 2000 m has the polarization value of
N 173° E. Meanwhile, BRK station has a polarization
direction value of N 149° E in the depth of -2000 to 0 m, and
in the depth of 0 to 2000 m, it has N 137° E value. From the
result of the research, it can be assumed that the polarization
direction of the microseismic event is affected by the
appearance of the hypocenter point parallel to the fracture
direction. Based on that result, it can also be concluded that
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the direction of the wave particles movement for each event

has gone through some changes. It is because the waves

propagate from the hypocenter of the micro-earthquake

through the anisotropic towards the seismic recording station.
TABLE I

THE POLARIZATION DIRECTION OF EACH SEISMIC STATION (ULI, ZTO, BUA
AND BRK) IN THE LINEAR POLARISAZATION DIAGRAM IN THE DEPTH OF 0 TO

2000 METER
Station Polarization Direction (¢)
ULI
ZTO
N 194°E
BUA
N 104.15°E
4
BRK

N 137°E

The research results show that there are two dominant
polarization directions: NW — SE and NE — SW. The
polarization direction of the recording station is integrated
with the presence of local faults below the surface. When the
direction of the polarization is parallel to the local fault, the
recorded anisotropic area is controlled by the surrounding
structure near the recorded event. It can be assumed that the



continuous fractures from the bottom to the surface have a
parallel position to the active fault.

B. Fracture Intensity

The thickness of the anisotropy medium or the intensity of
the micro-fracture can be shown by the delay time between
Stst and Sqow Waves. Delay time is the difference between the
arrival time of Sgg and Sgow Waves passing through the
anisotropic medium recorded by seismogram at the seismic
recording station. The delay time value for shear wave
splitting depends on the material's length and the fracture's
intensity in the anisotropy medium below the surface. It is
because the greater the anisotropy value, the greater the value
of the shear wave splitting delay time parameter. Moreover,
vice versa, the smaller anisotropy value, the delay time

parameter value of the shear-splitting wave will be smaller too.

In order to compare the delay time from different sources
correctly, normalization is needed between the values of delay
time with the length of raypath to recognize the fracture
intensity. Raypath value is the average length from one
hypocenter to the recording station, which records the micro-
earthquake event that is considered straight. In this research,
hypocenter location coordinates is determined using the
previous study [15]. After the value of the delay time and
raypath length obtained, then the value of fracture intensity
can be identified. The result of dividing the delay time with
raypath is a normalization step to obtain the fracture intensity
value. Based on the processing results, the average value of
the delay time and the average length from one hypocenter to
the station (raypath) and the fracture intensity at each
earthquake recording station is obtained. Therefore, based on
the result of this calculation, it can be interpreted in Fig. 10,
which is the delay time contour map, Fig. 11 as the raypath
contour map, and Fig. 12 as the contour map of the fracture
intensity in the research area.

® GBZ

Fig. 10 Delay time contour map for Geothermal Field X

The delay time contour map in each earthquake recording
station represents the spread of the high delay time value
around the area of ULI, BUT, GZM, and BAN station around
the research area. Meanwhile, the lower value of delay time
spread around the other station around the research area: ZPN,
ZTO, ZUI, BRB, BUA, and BRK station.

As a whole, delay time values range from 2 — 9.5 ms as
shown in Fig. 10, the highest value is in the western area of
the research location, while the east-south area shows a
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relatively lower value. The existence of the delay time value
still could not indicate the fracture thickness in the anisotropy
medium in which the wave propagates. The track of raypath
contour map shown in Fig. 11 shows that the low distribution
of raypath values occurs in ZPN, ZTO, ZUI, BRB, BRK,
BUA, and BRK station.

\

S

Fig. 11 Raypath Contour Map for Geothermal Field X

Meanwhile, the higher raypath value spread around the area
of ULIL, BUT, BAN, and GZM station. Lower raypath value
around the area of southeast research location indicates the
number of earthquakes happen around that area, resulting in a
shorter wave’s propagation trajectory. On the other hand, the
opposite result happens in the western area of research
location. It is because the raypath value is getting bigger due
to the bigger distance of epicenter value. The contour map of
fracture intensity provides information regarding the
thickness of the fracture, and the fracture intensity can be
identified after the delay time distribution has been
normalized using the length of the wave path (raypath).

-4

Fig. 12 Fracture Intensity Contour Map of Geothermal Field X

Based on the fracture intensity contour map in Fig. 12, the
fracture intensity with relative dense values in the range of 6.6
— 8.0 ms/km. The higher intensity fracture values can be found
in the southern area of the research location, which is in ZTO,
ZPN, ZUI, BRK, and BRB stations. Meanwhile, the lower
value of fracture intensity can be found in the western and
eastern parts of the research area, which are ULI, GZM, BAN,
GBZ, and BUT stations. The high value of fracture intensity
alongside the high intensity of the structure strengthens the
suspicion of high permeability potential in the area.



IV. CONCLUSIONS

There are two dominant directions of shear wave splitting
polarization at each station: NW — SE and NE— SW. Faults
cause this around the geothermal field with similar fault
direction, which is also under the distribution of micro-
earthquake hypocenter locations in the previous studies.

The contour map of the fracture intensity shows a relatively
dense range of fracture intensity with values ranging from 6.6
— 8.0 ms/km. The distribution of high fracture intensity values
can be found in the southern area of the research location,
which is ZTO, ZPN, ZUI, BRK, and BRB stations.
Meanwhile, low fracture intensity values distribution can be
found in the western and eastern parts of the research location,
which are ULI, GZM, BAN, GBZ, and BUT station. High
values of fracture intensity interpret high anisotropy in that
area, which enhances the suspicion that there is a high
potential of permeability in geothermal field X.
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