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Abstract

Since 2018, the research team has been investigating and developing a prototype sensor for recording seismic activity. An
upgrade has been developed and must be evaluated, primarily to monitor ambient noise activities in the geothermal
environment. This study aims to determine the group velocity of Rayleigh waves using ambient noise tomography (ANT)
analysis in the Way Ratai geothermal region utilising four PiGraf seismograph prototypes. The acquisition method de-
ploys a stationary inter-station around 5 kilometres (km) apart for seven consecutive days, with 100 samples per second
(SPS). Fast marching surface tomography (FMST) has been utilised to generate group velocity from a cross-correlated
time series, which produces tomographic images. The results showed that the ambient noise energy distribution origi-
nated from the northwest to the southeast, most likely from the sea. At the same time, the group velocity from the
Green’s function group in the period range 0.2 s to 0.5s, 0.5sto1s, and 1s to 5 s are 0.337 km/s, 0.415 km/s, and 0.427
km/s, respectively. These values are aligned within the dispersion curve’s velocity range of 0.3-0.8 km/s. The group veloc-
ity modelling of Rayleigh waves in the period range of 0.5 s to 1s also identified a pattern corresponding with the geother-
mal potential area, confirming prior findings. However, the clarity of the cross-correlogram of the Green’s function group
was identified as a topic for further investigation, suggesting adding more stations and longer measurement times.
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1. Introduction

The Way Ratai geothermal field is a geothermal en-
ergy potential located on Mount Ratai, Pesawaran (Kar-
yanto, 2003; Karyanto et al., 2020). However, there
has been no significant improvement in the work status
at Way Ratai. This condition certainly illustrates the
slow development of geothermal power plants in Way
Ratai. Academics can make efforts to increase investor
confidence in the potential of geothermal resources in
Way Ratai. Improved data analysis and modelling is one
solution to increase the chances of success and reduce
risks in well targeting to optimise drilling costs (Abiyu-
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do et al., 2021; Daud et al., 2017; Irfan and Daud,
2019). Geothermal exploration efforts necessitate sev-
eral data collection methods, one is microseismic re-
cordings using the ambient noise tomography (ANT)
methodology to describe subsurface structures in the
geothermal region.

ANT has been utilised to discover information about
subsurface features, basins, and upper crustal structures,
including volcanic complexes (Martha et al., 2017;
Pranata et al., 2020; Rosalia et al., 2022; Zulfakriza
et al., 2014, 2020). Furthermore, the ANT approach has
now become widely used for geothermal exploration ac-
tivities (Amoroso et al., 2018; Calo et al., 2013; Lehu-
jeur et al., 2015; Martins et al., 2020; Sanchez-Pastor
et al., 2021; Wahida et al., 2018). The ANT approach
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uses empirical Green’s functions surface waves extract-
ed from cross-correlated ambient noise waveforms ob-
tained from pairs of seismic stations (Sarjan et al.,
2021). Bensen et al. (2007) present an ANT processing
approach that includes four primary stages: single data
preparation, cross-correlation and stacking, group veloc-
ity measurements using the dispersion curve, and sur-
face wave tomography.

ANT data acquisition is generally carried out using a
network of seismograph stations. Each station has sen-
sors, GPS, a power supply, and a data logger. The local
scale network of ANT metering stations is generally
temporary, although some stations are permanent (Le-
hujeur et al., 2017; Martha et al., 2017; Sarjan et al.,
2021). Several types of seismograph instruments used in
microseismic measurements include Trillium, Lennartz,
Guralp, Far Field Nodal, Geobit, BBVS, CMG-3T, STS-
2, L4C, and others. These instruments consist of short-
period and broadband seismographs (Sarjan et al.,
2021). The need for this instrument prompted the re-
search team to develop a seismograph by utilising the
accelerometer instrument that had been previously de-
veloped (Darmawan et al., 2021; Karyanto et al.,
2022). The upgrade is done by replacing the accelerom-
eter sensor with a geophone. The increase in bandwidth
is also achieved by upgrading the Analogue to Digital
Converter (ADC) module to 24-bit.

This study aims to investigate the seismograph proto-
type response in detecting the area of geothermal fluid
activity connected with geological formations via the
ANT approach. The data is processed using the cross-
correlation method until the dispersion extract is utilised
for tomographic inversion, yielding a group velocity
map. Group velocity maps are used to identify subsur-
face characteristics, such as fluid circulation zones or
porous structures. As a result, in 2018, the research team
created a prototype upgrade from an accelerometer
(Karyanto et al., 2022) to a seismograph termed PiGraf.
This upgrade is necessary to capture lower-frequency
seismic waves using 4.5 Hz geophone sensors. In addi-
tion, the ADC system upgrade from 16-bit to 24-bit was
also carried out to overcome the weaknesses of the pre-
vious prototype (Akselino v1) which was not yet able to
properly record frequencies below 1 Hz (Amiruddin et
al., 2020; Darmawan et al., 2021) and Akselino v2 is
only able to characterise near-surface features based on
shallow shear wave velocities (Karyanto et al., 2022,
2024b). With the addition of a 24-bit ADC and a mini-
mum of 100 samples per second (SPS), it is hoped that
this PiGraf seismograph prototype will be able to in-
crease sensitivity and signal-to-noise ratio, especially in
recording ambient noise so that it can be used in identi-
fying deeper structures, especially in geothermal fields.

2. Methods and material

Four seismograph prototypes (PiGraf) were installed
on fixed measuring stations for seven days in a row. The

station is located surrounding the Way Ratai geothermal
reservoir potential site, with one station near the mani-
festation site for an interstation distance of 5 km on aver-
age. This arrangement is based on previous studies iden-
tifying the reservoir potential in Way Ratai around 9 km
with a depth of 0.5 - 1.5 km (Karyanto et al., 2021;
Karyanto et al., 2024a). In addition, the distance be-
tween these stations also considers several seismograph
station models used in other studies for ANT measure-
ments in geothermal environments (Gaucher et al.,
2019; Granados-Chavarria et al., 2022; Lehujeur et
al., 2017; Matzel et al., 2017; Muksin et al., 2013;
Nayak et al., 2018; Patlan et al., 2013; Zhou et al.,
2021). PiGraf is a seismograph prototype developed by
aresearch team (Amiruddin et al., 2020; Darmawan et
al., 2021). The development of PiGraf has successfully
passed several stages of laboratory and field testing with
the REFTEK Accelerograph as a comparative instru-
ment (Karyanto et al., 2022). The results indicated a
considerable improvement in the sensitivity and data
logging system. Previous test results demonstrated the
viability of constructing a 24-bit data system with a 4.5
Hz geophone sensor. Based on this change’s results,
tests were conducted in the Way Ratai geothermal field
(Karyanto et al., 2024b). Before data acquisition in the
field, the PiGraf prototype successfully validated the
suitability of time and the first break in an array with the
comparative seismograph GAMADU Seismometer (for-
merly known as AMADU) (Meilinda et al., 2023). The
seismograph prototype (PiGraf) has been erected at an
acquisition station with three axes: one vertical and two
horizontals oriented north-south and west-east, respec-
tively. All four stations share a single time parameter
based on the GPS time associated with each seismo-
graph. The acquisition mode is recorded continuously
for 24 hours daily at a sample rate of 100 SPS. Daily
seismograph battery replacement and data download
were conducted to avoid battery power depletion or loss.

2.1. Geological condition

The geological properties of Way Ratai and the pres-
ence of geothermal manifestations influence the selec-
tion of the station location (see Figure 1). Geologically,
the PGO3 station is placed on the Quarternary Volcanic
Lava rock formation (in the geological map given the
symbol Qhv) close to the Mount Ratai peak (Mangga et
al., 1993). Ambient noise measurements at this location
approach the heat source zone estimated to be below the
summit of Mount Ratai (Karyanto et al., 2021). Mean-
while, the PGO1 station is located adjacent to the mani-
festation area. It is in the Tertiary Period of the Hulusim-
pang Formation (Tomh), composed of andesite-basalt
lava rocks, tuff, and volcanic breccia (Mangga et al.,
1993). This formation is considered where the Way Ratai
geothermal reservoir is located (Karyanto et al., 2021).
The formation also has a relatively thick layer of altered
clay identified as caprock (Karyanto et al., 2024a). The
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Figure 1: Location of PiGraf station for ANT measurement on the regional geological map of the research area

next station is placed in another formation, namely
PGO04, in the Cretaceous Period of Menanga Formation
(Km), consisting of shale and clay rocks with reed and
limestone inserts (Mangga et al., 1993). Meanwhile,
station PGO2 is placed at the southernmost point and
closest to the sea during the Holocene Epoch of Alluvi-
um Formation (Qa).

The Way Ratai geothermal region is distinguished by
volcanic activity and structural characteristics that en-
hance its geothermal potential. The region consists of vol-
canic units, including lava domes, flows, and pyroclastic
products, which erupted throughout the Pleistocene to
Holocene (Al-Hassan and Igbal, 2022). The region’s
structural lineaments, notably the Lampung-Panjang
Fault, follow northwest-southeast and northeast-south-
west tendencies (Sulandari et al., 2023). These structures
impact geothermal manifestations and seismic activity in
the surrounding environment. Lampung’s geology is
complicated, with sedimentary formations like the Sabu
Formation coming from the collision between the Woyla
volcanic arc and the West Sumatra Plate during the Paleo-
gene (Widiatama et al., 2022). Geophysical studies, par-
ticularly gravity techniques, have explored the region’s
underlying structure and geothermal potential (Sarkowi
et al., 2021; Taufiq, 2020). The area has northwest-south-
east and southwest-northeast trending fault structures
compatible with the significant regional fault patterns.
Similar structural tendencies have been seen in the neigh-
bouring Natar geothermal area, implying a link with the
Great Sumatran Fault system (Juliarka and Igbal, 2020).
These findings highlight intriguing geothermal opportuni-

ties in the Way Ratai region, which merit additional re-
search and development.

2.2. Ambient Noise Cross-correlation

Ambient noise employs the technique of seismic in-
terferometry between two signals to investigate their
propagation medium (Cankurtaranlar and Demirbag,
2023; Verdel et al., 2019). Ambient noise tomography
(ANT) uses the cross-correlation of two seismic signals
to create an impulse response between them (Rosalia et
al., 2020; X. Yang et al., 2023). The cross-correlation of
two signals produces Green’s function for the medium
through which the wave propagates. Green’s function is
the reaction of the wave propagation medium to the
source impulse (Barmin et al., 2011; Denolle et al.,
2014; Viens et al., 2016). In general, ANT is a time-
based correlation of signals captured simultaneously at
two stations, leading to an impulse response between
them. Consequently, one station functions as the source
and the other as the receiver, assuming the adjacent sta-
tion has sufficient ambient noise sources. In such a situ-
ation, the cross-correlation between the two stations will
be able to construct Green’s function (Ikeda et al., 2021;
Larose et al., 2015; Wang et al., 2019). Preparing data
is required before cross-correlation, especially if the raw
data would emphasise ambient noise. This method elim-
inates undesirable signals, such as instrument aberra-
tions and earthquakes, which can mask ambient noise
data (da Silva et al., 2021). The stages of this process
include data sampling reduction, instrument correction,
data detrend and demean, temporal normalisation, and
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Figure 2: Snapshot of data preprocessing per 2 hours at PGoz station

frequency whitening (Anshori et al., 2018; Bensen et
al., 2007).

Preprocessing in the current study has been carried
out in multiple stages, including sampling rate reduc-
tion, instrument correction, detrend and demean data,
one-bit normalisation, frequency bleaching, and band-
pass filtering (see Figure 2). However, no instrument
adjustment was performed in this case because the uti-
lised tool was the same sort of seismometer. The entire
preprocessing process has been carried out using the
Ambient Noise Cross-correlation for Daily Long pro-
gram by Yao (2015). The selection of the maximum pe-
riod in the period range is given by Bensen et al. (2007),
where the distance between stations (A) is at least 2-3
times the wavelength (A). Equations 1-3 approximate
the Rayleigh wave group velocity (U) (Bensen et al.
2007).

U=\/T (1)
min 27\’ (2)
T, =A/20 3)

where 7'is the period, and the maximum period equation
(T,,) s obtained in Equation 3.

In the process of preprocessing ambient noise data, it
is necessary to resample the data to save processing
time. Generally, the new frequency is 1 Hz (Seichter et
al., 2017; Xia et al., 2023). However, the new data sam-
pling method is 5 Hz, which is appropriate given that the
data processed is just seven days long. Then, using Mar-
tha et al.’s (2017) processing scheme, the data segment
for cross-correlation is two hours. The data output to be
obtained is a cross-correlation function. The processed
cross-correlation data can display the data group of
cross-correlation functions on the correlogram. The
cross-correlation is calculated using Equation 4 (Liu et
al., 2018).

n

Clz(t)zj.v1 (7)v, (t+7)dz @)

0

where C(7) is a function of ambient noise cross-correla-
tion in the time domain, v () and v (?) is broadband data
that has been preprocessed at stations 1 and 2. While #
and 7 is a time lag between v (¢) and v,(?) and the length
of the data used for cross-correlation, respectively.

Green’s function in the time domain can be calculated
by taking the derivative of the noise cross-correlation’s
time function. For station pairs 1 and 2, the relationship
between the ambient noise cross-correlation, the empiri-
cal Green’s function, and the original Green’s function
are shown using Equation 5 (Liu et al., 2018).

%:_éu (t)+ézl (t)z_GIZ (t)""GZl (t) ()

where dC ,(1))/dt is the first derivative of the cross-corre-
lation of ambient noise in the time domain dC (1)),
while G(7) and G(¢) are the empirical and the original
Green’s function, respectively.

2.3. Energy distribution and dispersion curve

The primary source of ambient noise is ocean gravity
waves, especially ocean waves with a frequency range
below 1 Hz (Li et al., 2022; Nishida, 2017). The ampli-
tude of ambient noise is also generally higher in coastal
areas than in continental areas (Nishida, 2017). In a
study conducted in Japan, Rayleigh waves from second-
ary microseisms were sensitive to local ocean wave ac-
tivity, showing seasonal directional variations correlated
with the source region of ocean stress. This directional
bias can cause variations in the recorded seismic signal,
depending on its proximity to the coastline (Nishida et
al., 2024; Takagi et al., 2018). In addition, the depth and
homogeneous distribution of sources play a role in re-
covering surface waves (Halliday and Curtis, 2008).
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This study employs Yao and van der Hilst’s (2009)
plane wave modelling technique to disperse ambient
noise energy by calculating the average amplitude of a
collection of cross-correlation functions in the signal
window at each azimuth angle interval. To get the final
cross-correlation function, sum the cross-correlation
functions for all waves with azimuth angles ranging
from 0 to 2x. The relationship between the cross-corre-
lation functions of C;, (@, ) with ambient noise energy is
given in Equation 6 (Yao and van der Hilst, 2009).

Cpo(@.1) =" E,(@.0)cos[aXt 60| H (1.51)d6 (6)

where E, is an ambient noise energy, and H (¢,6t) is a
taper function. Then, a pie chart showing the azimuthal
direction of ambient noise is obtained. It shows where
the direction of ambient noise comes from by looking at
the highest normalised amplitude (Takagi et al., 2018).

The next stage of processing the Rayleigh wave ve-
locity dispersion curve is carried out using the Disper-
sion Analysis Matlab GUI software by Yao (2015). The
required data input is a station list file, a waveform file in
the form of a cross-correlation function, or an empirical
Green’s function. The setup parameters are the width of
the dispersion curve window, including the velocity
range (km/s) and the period range (s), the period range
value for the filter in the time domain, selecting the
group velocity or phase velocity to be selected to be cap-
tured and stored, the data to be processed, and the selec-
tion of the Rayleigh wave velocity or Love wave veloc-
ity (Yao, 2015; Yao et al., 2006, 2008, 2011). After-
wards, the dispersion curve obtained can be picked to
get the velocity value for each period.

Meanwhile, ambient noise tomography was carried
out by making a Rayleigh wave velocity map using the
fmst v1.1 program by Rawlinson (2005). In this pro-
gram, inversion is carried out by inverting the time of
waves between stations for each period. In carrying out
this inversion, the Fast-Marching Method (FMM) ap-
proach tracks the wavefront on a heterogeneous medium
(Rawlinson et al., 2006; Rawlinson and Sambridge,
2005). The assumption that the inversion step is linear
makes this technique non-linear. However, the repetitive
use of FMM enables a non-linear connection between
velocity and travel time (Saygin and Kennett, 2012).
The line connecting the two stations is continually up-
dated during iterative inversion. FMM employs a grid-
based numerical technique that propagates from a point
to a parallel direction as much as feasible (Amiri et al.,
2023; Dahiya and Baskar, 2015; Rawlinson and Sam-
bridge, 2004; Xu et al., 2023). FMM is used to perform
travel time calculations and raypath direction tracking
(Guan and Niu, 2018; Wu et al., 2022). Using two
methods, most numerical approaches consider travel
time and beam direction (Fang et al., 2015; van Hal et
al., 2023). The first method is to solve the ray kinetic
equation using the ray-based method. The second tech-
nique is to solve the eikonal equation or calculate the

time travelled by the surface wave gradient to identify
the quickest path between two places (Ritzwoller et al.,
2011; White et al., 2020).

3. Results and discussion

The average Rayleigh wave group velocity is often
calculated by plotting the group of green functions from
one station to another in a cross-correlogram (see Figure
3), where the arrival time of the waves is proportional to
the distance between stations. As a result, the average
Rayleigh wave group velocity may be calculated using
the high amplitude provided by the group of Green’s
functions. However, in this study, it is not easy to discern
the link between the distance and the arrival duration of
the Rayleigh wave since the resultant Green’s function
does not accurately predict the Rayleigh wave’s posi-
tion. Nevertheless, the average velocity can still be seen
by looking at the continuous high amplitude contained
in the Green’s function group. The group of Green’s
functions used to pick up signals has a travel time of up
to 40 seconds and a distance between stations of up to 14
km, considering that the farthest distance between sta-
tions is about 12 km. The velocity window of the Ray-
leigh wave group utilised is 0.2—1 km/s, as illustrated by
the red dotted line in Figure 3. The gradient of the con-
tinuous line revealed that the average group velocity was
0.337 km/s for the period of 0.2—0.5 seconds, 0.415 km/s
for the period of 0.5-1 second, and 0.427 km/s for 1-5
seconds.

Based on the dispersion curve (see Figure 3), it is clear
that there is a waveform gap at a distance between stations
of less than 5 km and a distance of 7-10 km. This gap is
caused by the absence of measurement stations at that dis-
tance. Optimal seismograph network geometry can in-
crease resolution and minimise uncertainty in seismic pa-
rameter estimates (Rabinowitz and Steinberg, 2000;
Uhrhammer, 1980). So, adding seismograph stations
will increase spatial resolution and data quality, thereby
increasing the clarity of the cross-correlogram. Adding at
least two to four additional stations also supports the re-
sults of previous studies, which state that it can signifi-
cantly increase data clarity (Halim et al., 2022; Trnkoczy
et al., 2009). In addition, other factors, such as environ-
mental influences including wind and sea waves, can af-
fect noise measurements (Lynch et al., 1993). In this
study, the influence of rainy weather and human activities
also affected the recording quality. However, several tech-
niques have been developed to reduce these effects and
improve the signal-to-noise ratio (Tian and Ritzwoller,
2017), one of which is by using long-duration recordings
(e.g. 1 year) that can amplify strong ambient noise coming
from most directions and ensure the accuracy of the em-
pirical Green’s function and ambient noise tomography
(Yang and Ritzwoller, 2008).

This investigation uses the azimuth angle interval of
20 degrees and cross-correlation function in the range of
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0.2-0.5 seconds, 0.5-1 second, and 1-5 seconds (see
Figure 4). As a result, the energy distribution has a value
range of 0—1, where the higher value indicates that more
ambient noise is recorded from the azimuth angle. The
predominant direction of the source of ambient noise in
the research area is northwest-southeast, namely at the
azimuth of 110°-150° and 290°-330°. Those three differ-
ent period ranges obtained similar results, namely the
dominant ambient noise energy source in the northwest-
southeast direction. In the research area, the west-south-
east direction is ambient noise from the sea direction,
namely Ratai Gulf, which is also part of Lampung Bay
(see Figure 1). This source of ambient noise is most
dominant in 1-5 seconds. It is in line with previous re-

search, which states that the primary source of ambient
noise is the interaction of ocean waves with the land
(Yao and van der Hilst, 2009).

3.1. Group velocity of dispersion curve

The Green’s function can be analysed further by ob-
taining a dispersion curve. Analysis of the dispersion
curve results in a function of the velocity of each wave
period. In this study, the dispersion curve was carried out
to obtain the group velocity per wave period on each sta-
tion pair (see Figure 5). The wave period taken is from
0.2 seconds to the maximum period of the station pair
cross-correlation function. This maximum period is cal-
culated using Equation 3. The vertical red line in some
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Period: 0.2-0.5s

Period: 0.5-1s

Period: 1-5 s

Figure 4: Ambient noise energy distribution of each period

of the dispersion curve images is the maximum period of
the limit for picking group velocity. The dispersion
curve of almost all station pairs is relatively poor, where-
fore the input of Green’s function is also inadequate in
terms of quality. The station pairs considered passable at
displaying the dispersion curve are the PG0O1-PG02,
PGO01-PGO03, and PG03-PG04.

To calculate the signal-to-noise ratio (SNR), divide
the signal window’s high amplitude by the noise win-
dow’s average amplitude. A blue waveform indicates the
signal window, and a red waveform indicates the noise
window (SNR) as a data-picking parameter. The trend of
SNR decreases with the increase in periods. The separa-
tion across stations influences SNR trends. The more
significant the gap between the separating stations, the
longer the period might be. Therefore, SNR in pairs of
stations with a longer distance, such as PG02-PG03 and
PGO02-PG04, has higher values. This result follows
Fichtner’s (2015) opinion regarding source-structure
exchange due to decreased sensitivity with increasing
distance from the receiver. However, these two stations
do not have an excellent continuous dispersion curve.
The picking velocity values are plotted into scatter plots
to compare the velocity per period in each station pair, as
shown in Figure 6. The inter-station velocity dispersion
curve PG03-PG04 has the lowest velocity. In contrast,
the interstation group velocity PGO1-PGO3 is the fastest.
The velocity range for the dispersion curve is 0.3 - 0.8
km/s. These results reflect differences in the lithological
conditions of rocks and subsurface characteristics passed
by seismic waves, including the possibility of geother-
mal reservoirs at low surface wave velocities (Wahida
et al., 2018).

3.2. Rayleigh wave group velocity map

The velocity of the Rayleigh wave group is obtained
through repeated iterations. The input needed is the trav-
el time between stations in a period of 1 second, which
can be obtained from Green’s function and the disper-
sion curve. The initial model uses a velocity of 0.415
km/s taken from the average group velocity in 0.5 — 1

second, with a grid dimension of 7x10 and a grid spac-
ing of 2 km. The grid dimensions and spacing are ad-
justed to the desired number of raypaths and resolutions.
In this study, because it is still in the experimental stage
of the PiGraf prototype, only six raypaths can be used.
Hence, the grid has been adjusted to skip the existing
raypath. Modelling iterations were carried out seven
times with a Root Meas Square (RMS) value of 0.38 s
and a data variation of 0.14 s. This value is considered
sufficient, considering the decline in RMS value in itera-
tions is not too significant. The Rayleigh wave group
velocity map modelled is shown in Figure 7.

The dominant velocity on the map (see Figure 7) is
the average velocity in the initial model. Low-velocity
patterns appear near geothermal manifestations and on
the slopes of Mount Ratai, which is in line with previous
research and has the potential to be the location of geo-
thermal reservoirs (Haerudin et al., 2016; Karyanto et
al., 2020, 2021; Karyanto et al., 2024a; Suryadi et al.,
2017). These results also align with previous research
that shows that geothermal reservoirs have low-velocity
anomalies compared to their surrounding areas. It is be-
cause rocks in geothermal reservoirs generally have
natural fractures (Sanchez-Pastor et al., 2021) and con-
tain water as a critical aspect of sustainability (Utama et
al., 2024). In addition, seismic velocity is directly pro-
portional to density and inversely proportional to tem-
perature (Ali et al., 2023; Roth et al., 2000). These re-
sults support previous studies that in geothermal envi-
ronments, low-velocity ranges (typically less than 0.6
km/s) are often associated with geothermal reservoir
potential (Janssen et al., 2021; Tavip Dwikorianto et
al., 2023; Wahida et al., 2018). While higher velocity
ranges can indicate dense magma chambers or dense
rock formations. In geothermal systems, these high-ve-
locity areas can represent cap rocks containing geother-
mal fluids beneath, effectively sealing the reservoir
(Janssen et al., 2021; Wahida et al., 2018). Seismic
velocity variations can also indicate transitions between
rock types or structural features, such as volcanic sys-
tems influencing geothermal activity (Fukushima et al.,
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2024; Tryggvason et al., 2002). Thus, in this study, the
low-velocity area of less than 0.6 km/s shown in Figure
7 can be associated with the geothermal reservoir zone
and is positively correlated with previous studies, which
found that the reservoir zone is on the slopes of Mount
Ratai (Karyanto et al., 2021). In addition, the area near
the manifestation with low velocity is also in line with
the thick alteration clay layer from previous studies
(Haerudin et al., 2016; Karyanto et al., 2024b). This
thick clay layer is considered to affect the characteristics

of the spectral response period and peak ground accel-
eration (PGA) (Li and Li, 2023).

The Rayleigh wave group velocity map from ANT is
arguably underrepresented due to the limited number of
raypaths, especially for areas outside the raypath. In
contrast, the velocity expansion beyond the raypath is
the grid bearing required by the program. The FSMT al-
gorithm is vital in generating group velocity maps that
provide detailed insight into how different frequencies
travel through different geological layers beneath the
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Figure 7: Rayleigh wave group velocity map with ANT o.5 - 1 second

surface (Amiri et al.,, 2023; Paulatto et al., 2022).
However, this method cannot overcome the decreasing
trend of Signal to Noise Ratio (SNR) at increasing sta-
tion distances. In contrast, this method can perform
anomalous solid contrasts in areas with good track cov-
erage. Therefore, further research can consider other al-
ternative methods, such as surface wave eikonal tomog-
raphy, which offers advantages in heterogeneous media
and requires less a priori information, although they re-
quire accurate phase arrival time measurements and suf-
ficient source coverage (Dahiya and Baskar, 2015;
Gouédard et al., 2012; Guan and Niu, 2018; White et
al., 2020). Nevertheless, considering that this study is
the initial stage of directly testing the PiGraf prototype
in the field, it can be said that these results are adequate.
PiGraf can identify ambient noise energy sources in a
period range of 0.2-5 seconds and produce a dispersion
curve and velocity map of the Rayleigh wave group that
conforms with the geothermal potential area of the pre-
vious study (Karyanto et al., 2021; Karyanto et al.,
2024a; Karyanto et al., 2024b).

5. Conclusions

In order to study the response of the PiGraf seismo-
graph prototype in a geothermal environment, we per-
formed microseismic data acquisition and processing us-
ing the ANT method. With the enhancement of the 4.5 Hz
geophone sensor and 24-bit ADC system, this prototype

successfully performed acquisition with 100 SPS for 7
days spread across 4 measurement stations. The resulting
data were then processed using the ambient noise cross-
correlation technique to produce a velocity set based on
Green’s function with a period of 0.2 s to 5 s. Dispersion
curve analysis was also performed to obtain a Rayleigh
wave velocity map with the same period range.

This study identified the source of ambient noise from
the northwest-southeast ocean. This study also obtained
the average wave velocity from the Green’s function set,
namely 0.377 km/s in the period 0.2 to 0.5 s, 0.415 km/s
in the period 0.5 to 1 s, and 0.427 km/s in the period 1 to
5 s. Meanwhile, the Rayleigh wave velocity group map
ranging from 0.3 to 0.8 km/s also identified the potential
reservoir zone and geothermal geological features on the
slopes of Mount Ratai and around the manifestation.
This finding also aligns with several previous research
results related to the geothermal potential zone in Way
Ratai, including the presence of a thick clay caprock
layer on the low-velocity map.

Despite these successes, this study also managed to
identify several weaknesses and constraints, such as un-
clear Green’s function velocity curves and a decrease in
signal-to-noise ratio at further station distances. The
presence of waveform gaps at station distances of less
than 5 km and distances between 7-10 km is suspected to
cause the unclear amplitude of the velocity curve disper-
sion. In addition, environmental disturbances such as
weather and human activities near the station can wors-
en data quality. Therefore, we suggest adding the num-
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ber of measurement stations to overcome waveform
gaps and measuring time to increase the number of
stackings in order to increase the resolution of Green’s
function velocity dispersion curve and Rayleigh wave
velocity. Furthermore, from these results, it can be con-
cluded that the PiGraf prototype can record microseis-
mic waves quite well, including ambient noise at lower
frequencies, so it has the opportunity to continue to be
developed, especially related to its sensitivity and vali-
dation tests.
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Mapiranje Rayleighevih valnih grupa iz ambijentalnoga Suma
u geotermalnome polju Way Ratai pomocu prototipova seizmografa PiGraf

Od 2018. istrazivacki tim istrazuje i razvija prototip senzora za biljeZenje seizmicke aktivnosti. Nadogradnja je razvijena
i mora se potvrditi, ponajprije za pracenje aktivnosti ambijentalnoga Suma u geotermalnome okruzenju. Cilj je ove stu-
dije odrediti grupnu brzinu Rayleighevih valova kori§tenjem analize tomografije ambijentalnoga $uma (ANT) u geoter-
malnoj regiji Way Ratai primjenjujudi Cetiri PiGraf prototipa seizmografa. Metoda prikupljanja podataka jest postavlja-
nje stacionarne medustanice udaljene oko 5 kilometara (km) sedam uzastopnih dana, sa 100 uzoraka u sekundi (SPS).
Brza povrsinska tomografija (FMST) koriStena je za generiranje grupne brzine iz popre¢no koreliranih vremenskih nizo-
va, $to proizvodi tomografske slike. Rezultati su pokazali da distribucija energije ambijentalnoga Suma potjece od sjeve-
rozapada prema jugoistoku, najvjerojatnije s mora. U isto vrijeme grupna brzina iz Greenove funkcionalne skupine u
rasponu perioda od 0,2sdo0 0,5 s, 0,5 sdo1si1sdo 5 s iznosi redom 0,337 km/s, 0,415 km/s i 0,427 km/s. Ove su vrijed-
nosti uskladene unutar raspona brzina disperzijske krivulje od 0,3 do 0,8 km/s. Modeliranje grupne brzine Rayleighevih
valova u rasponu perioda od 0,5 s do 1 s takoder je identificiralo obrazac koji odgovara geotermalnom potencijalnom
podrudju potvrdujudi prethodne nalaze. Medutim, jasnoca popre¢noga korelograma Greenove funkcionalne skupine
identificirana je kao tema za daljnje istrazivanje s viSe postaja i duljim vremenima mjerenja.

Kljucne rijeci:
tomografija ambijentalnoga Suma, geotermalnost, PiGraf prototip, grupna brzina Rayleighevih valova, Way Ratai
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