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Abstract: Low-frequency passive seismic (LFPS), discussed
in recent years, has emphasized a strong correlation between
the spectral properties and the presence of hydrocarbon
reservoirs. While the theoretical background supporting
this phenomenon is still debated, its application has been
popular in Indonesia and exposes broad possibilities for
exploration. In this study, we conducted a survey at an oil
field in Central Java, Indonesia, investigating the case of using
this technique as a direct hydrocarbon indicator (DHI). In
spatial and temporal measurements, we examined the hydro-
carbon-related energy above the reservoir boundary based
on several attributes of passive seismic recordings: polariza-
tion, power spectral density (PSD), and vertical-to-horizontal
spectral ratio (VHSR). We address some issues: (1) the anoma-
lies are not always vertically polarized, so the use of VHSR is
unlikely to be reliable; and (2) the anomalies are getting
amplified during days, so in anomalies mapping, normalizing
the amplification requires calibration. Regardless, LFPS is still
applicable in quantifying hydrocarbon-related energy. We
recommend using PSD as a primary spectral attribute
for DHI. In addition, it is also critical to synchronize the
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measurements at different sites to obtain an unbiased
quantification of hydrocarbon-related energy.

Keywords: passive seismic, DHI, spectral anomalies

1 Introduction

The use of low-frequency passive seismic (LFPS) as a direct
hydrocarbon indicator (DHI) has been proposed according
to several empirical studies [1-5]. These studies conclude
by finding a consistent phenomenon showing a strong cor-
relation between spectral properties and the presence
of hydrocarbon reservoirs. The so-called hydrocarbon-
related spectral anomalies can be observed on passive
seismic recordings between 1 and 6 Hz frequencies, with
a peak around 3 Hz. The anomalies become strong above
reservoirs, decrease toward the rims, and are entirely
absent in non-reservoir areas.

In contrast, a growing number of case studies have
doubted the applicability of this technique as an indicator
of hydrocarbon presence [6-10]. They show that the observed
anomalies are not related to the presence of hydrocarbons.
Instead, anthropogenic noises such as production facilities
and traffic greatly influence the so-called anomalies. Studies
also propose that the spectral anomalies may relate to Ray-
leigh wave distortions above the reservoir due to anticline
structure [11,12].

Despite this lively debate in academics, most oil and
gas industries in Indonesia have been calling for applica-
tions of LFPS surveys. Due to its practicality and low cost,
LFPS has become popular and widely used in exploration,
granted by industries. Accordingly, the Indonesian govern-
ment recommends this technique be applied in exploration
and field development, and it also greatly influences the
decision of a well-drilling location. Some have reported its
success stories (e.g., [13-17]). For instance, Haris et al. [16]
improved the analyses by applying time reverse modeling
to identify the source of the spectral anomalies, and
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Sudarmaji et al. [17] denote the observation of a spectral
ratio peak in a poroelastic reservoir based on 2D seismic
wave propagation. In addition, passive seismic study of
ambient noise has been successively utilized to delineate
sediment layers in basins [18,19].

Motivated by the possibility of using LFPS to quantify
hydrocarbon-related energy, we undertook a passive
seismic survey at the Banyubang oil field in Central Java,
Indonesia. Acting as a case study and test site, we investi-
gated the correlation between the spectral properties and
the reservoir location in spatial and temporal measure-
ments. An array geometry consisting of seven seismometers
was deployed to record the data of velocity ground motions.
Concerning the spectral attributes, we analyze power spec-
tral density (PSD) and vertical-to-horizontal spectral ratio
(VHSR) proposed by Lambert et al. [4] and Saenger et al.
[5]. We investigated their spatial variations as DHI above
the known reservoir boundary and their anomalies along
with time. We also analyze their polarization to estimate
wave directions.

This empirical study shows the linear relationship
between the power spectra density - the integral of the Z-
component (PSD-IZ) value in a frequency range of 1-4 Hz
and the indication of a hydrocarbon reservoir in spatial,
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but not so much for VHSR in this case. Meanwhile, for
temporal variations, their hydrocarbon-related anomalies
keep emerging continuously over time in days and nights.
However, significant amplifications on vertical PSD have
been observed during days. Following this investigation,
we denote further recommendations for LFPS surveys,
such as synchronized measurements to normalize the
amplitude of spectral attributes.

2 Data

2.1 Geology of the Banyubang field

Banyubang oil field is located in Central Java, Indonesia,
about 120 km east of Semarang City. Geologically, the field
lies in the North-East Java Basin area [20,21]. Regional tec-
tonic developments in the North-East Java Basin result
from interactions between three continental plates: the
Australian plate in the south, the Eurasian plate in the
north, and the Pacific oceanic plate in the west. The devel-
oping structural pattern generally has a relative west—east

111.500 111.600 111.700

Figure 1: Geological map of the west part of oil fields in the North-East Java Basin (modified from [20]). The red square highlights Banyubang Field.
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Figure 2: Regional stratigraphy in the North-East Java Basin (modified from [21]).

orientation, including the Kendeng (Kendeng zone) anticli-
norium in the south and the Rembang (Rembang zone)
anticlinorium in the north. In between is separated by

Randublatung depression.

Banyubang Field (Figure 1) is an old oil field that was
discovered in 1903, and by 1933, more than 35 wells had
been drilled. However, this field was abandoned in 1933
after reaching a cumulative of 590,000 barrels of oil. The
main object of the reservoir is the clastic limestone layer of
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the Middle Miocene Ngrayong Formation. The stratigraphy
of the North-East Java Basin is shown in Figure 2. The
Banyubang Field has three structures, each in the west,
east, and south. Drilling wells are primarily located in
the eastern structure, reaching 33 old Dutch wells. Mean-
while, after 2010, four new wells were drilled in the wes-
tern structure (we noted one of them as Well-B).

The main oil producer in the west structure is lime-
stone facies. Ngrayong formation at a depth of 510-560 m,
with 25-29% porosity and a water saturation of 31-45%. In
a 720-750 m depth, the reservoir consists of limestone
facies, Ngrayong Formation with porosity of 24-28%, and
water saturation of 50-60%.

2.2 Data acquisition

The LFPS survey was conducted between 13 and 15 July
2018 on Banyubang Field. Three-component (3C) broad-
band seismometers (Figure 3a) were deployed in an array
geometry (Figure 3b) and designed to observe hydro-
carbon-related energy in spatial and temporal measure-
ments. The geometry of the survey consists of an array
(line A) with seven stations deployed simultaneously and
an additional point (station C5) placed outside the array at
different times. Line A extends from North to South with a
proven well of oil reservoir as a center (Well-B). The space
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between stations is around 250 m, and the measurements
were conducted for 48 h continuously during days and nights.
Meanwhile, the additional station C5 was only set for 2 h.
We used Geobit borehole seismometers to record velo-
city ground motions with a sample rate of 100 Hz. The
seismometers have a flat frequency response from 10 s to
98 Hz with a high sensitivity of 1,500 V/m/s. Where possible,
the sensors were covered and buried up to 0.5 m deep for
firm ground contact and to minimize surface noise. In
addition, each sensor was equipped with an internal 32-
bit digitizer (Geobit SRi32L) as a logger and an external
global positioning system receiver to allow precise time
synchronization of the measurements. Figure 3(a) shows
a portable broadband seismometer and setup in a field.
When installing a borehole seismometer, we used a
compass to show the north and a water pass to ensure
the sensor was perpendicular to the bottom of the hole.
We put the battery and digitizer in a plastic box for
security reasons. The box was wrapped using a trash bag
and buried at a depth of 50 cm near the borehole seism-
ometer. The same treatment is given for all stations.

3 Data processing

A single seismometer continuously recorded velocity ground
motions for at least 48 h during days and nights. We analyzed
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Figure 3: (a) Set-up of borehole broadband seismometer in the field. (b) Acquisition layout of LFPS survey: Line A consisted of seven stations and an
additional station C5. The black triangles are stations, and the crossed circle is Well-B.
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the data in time and frequency domains to quantify hydro-
carbon-related anomalies beneath every station. The data
processing was summarized based on the proposed approach
to using the spectral properties of the ground motions as a
DHI [4,5]. First, the time series of clean signals was selected
and windowed. Then, the signals were analyzed in the fre-
quency domain to calculate PSD and vertical-to-horizontal
(V/H) spectral ratio for every station, respectively. In addition,
we analyzed their polarizations to observe wave directions.

3.1 Data selection

The raw data in the time domain recorded hydrocarbon-
related signals and artificial interferences. The first step in
data processing was to select a data window free from any
transient noise signature. This aims to keep clean signals

On the use of low-frequency passive seismic as @ DHI === 5

3.2 Polarization

Principal component analysis of particle motion as a func-
tion [22] is beneficial in this study to give information on
the incoming wave directions [23,24] and their variations
in time. For example, on a signal related to a hydrocarbon
reservoir, the incoming waves are expected to come pre-
dominantly from below the subsurface, represented by dip
and azimuth.

The first step in our polarization procedure is to band-
pass filter the 3-C data in the time domain. We use a band-
pass filter between 1.5 and 4 Hz. Then, we followed the
calculation described by Saenger et al. [5] as polarization
analysis. In short, the dip and azimuth are derived from
the orientation of the largest eigenvector p,, for each
component of east—west (Hgw), north—-south (Hys), and ver-
tical (V). The dip ¢ and azimuth 6 are calculated as follows:

for calculating spectral attributes, represented by several @ = tan™! 4 1(V)\/§ , 1)
data intervals to get stacked later. \/ py(Hew)? + py(Hys)?

This study uses an interval of 80 s in data windowing. p.(Hys)
Figure 4 gives an example of this data selection; every 0= tan‘lm. W)

colored window represents the clean signals used in
further processing steps. Meanwhile, the other windows
contain apparent artificial noise signatures, which were
eliminated. Although this example only shows 20 min of
data, we used all recorded 48 h for data processing. Many
data windows are computed to strengthen hydrocarbon-
related anomalies.

Dip ¢ is 0° for horizontal polarization and goes to 90°
along with a positive vertical axis. Azimuth 6 is measured
counterclockwise from the north. As an example, Figure 5
shows the time variations of dip ¢, azimuth 6, and rectili-
nearity [5] by analyzing 80-s time intervals for station
A2 data.

U-D(t)

4:35 PM 4:40 PM

Time

4:45 PM

4:35 PM 4:40 PM
Time

E-W(t)

4:45 PM

4:40 PM
Time

4:35 PM

4:45 PM

Figure 4: Time series of raw velocity ground motions for the vertical, north-south, and east-west components, respectively. Every colored window

(except the black ones) is an 80-s interval of clean signals.
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Figure 5: Polarization attributes of dip and azimuth for every colored window in Figure 4 and their mean value (red dashed line). In addition,

rectilinearity measures how linearly the incoming wavefield is polarized.

3.3 PSD

The earlier studies [1,2] quantified hydrocarbon-related
spectral anomalies by extracting the peak amplitude of
PSD at the vertical component between 2 and 4 Hz frequen-
cies. They emphasize the linear relationship between the
PSD value and the high indication of a hydrocarbon reser-
voir beneath the observing station. This technique is then
complemented [4,5] by using integration along with a
hydrocarbon-related frequency range. This completion,
so-called by PSD-IZ may better quantify the energy of spec-
tral anomalies.

Figure 6 depicts the calculation of PSD-IZ. First, the PSD
spectra for all windows were stacked to strengthen the
signal (Figure 6a), and then, an averaged PSD spectrum

a)70
60

PSD (arbitrary unit)

1 2 3 4 5 6 7
Frequency (Hz)

(Figure 6b) was obtained. Second, the minimum amplitude
between 1 and 1.5Hz was selected individually from the
average PSD spectrum to consider noise floor variations.
Finally, the integral of spectral amplitudes above the noise
level defines the value of PSD-IZ.

The frequency interval of the integrated spectra must
lie between the ocean wave peak and the anthropogenic
noise peak [2,5]. Hence, the frequency interval may vary
depending on the survey background. For references, Lam-
bert et al. [4] used the interval of 1-5Hz in their study,
while Saenger et al. [5] preferred to calculate PSD-1Z
from 1 to 3.7 Hz. In this study, we used a frequency interval
of 1-4 Hz. Accordingly, we used PSD-IZ to quantify hydro-
carbon-related spectral anomalies rather than restricting
them to peak strength at specific frequencies.

b) 70
60

PSD-1Z= 44.4093

PSD (arbitrary unit)

1 2 3 4 5 6 7
Frequency (Hz)

Figure 6: (a) Spectral attribute of PSD calculated from 11 windows. Each colored line represents the spectra from colored windows in Figure 4,
respectively, while the black line is the mean value. (b) Averaged PSD spectrum with its integral area (gray) calculating PSD-IZ from 1 to 4 Hz by

considering noise level.
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3.4 VHSR

Lambert et al. [4] and Saenger et al. [5] introduced another
independent guidance to quantify hydrocarbon-related spec-
tral anomalies: VHSR. This spectral ratio normalizes spectra
at the vertical component against the horizontal component.
Assuming that waves propagate vertically from below and P-
waves resonance is dominant, the energy of anomalies would
be higher on the vertical component. Therefore, VHSR related
to hydrocarbon indication has a value over 1. Compared to
PSD-IZ, this quantification is more stable in time and may give
fair compensation to surface rock properties in measure-
ments [4,5].

The spectral amplitudes at the horizontal component,
H(f), can be determined by quadratic averaging the spec-
tral amplitudes at both the east-west component Hgw(f)
and the north-south component Hys(f) as follows:

HOD = | 31 P + ). ®

Then, where V(f) is the spectral amplitude at the ver-
tical component, VHSR is given as follows:

V/H(f)=Lf) 4)

H(f)

Figure 7 illustrates the determination of VHSR. First,
the spectral ratios are obtained for every window using
equations (3) and (4). Then, they are stacked to obtain an
averaged VHSR, like what has been done in calculating PSD.
A maximum VHSR is determined between 1 and 5 Hz fre-
quencies (V/H max). Therefore, hydrocarbon-related energy
should make its value lie above 1 [5].

a) 2

1.5

V(f/H(

1 2 3 4 5 6 7

Frequency (Hz)
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4 Results and discussion

4.1 Hydrocarbon-related anomalies

PSD-IZ and VHSR have been described in the previous sec-
tion as tools to quantify the energy of hydrocarbon-related
anomalies. We used synchronized records of seven seism-
ometers at Line A above a known hydrocarbon reservoir.
The depth profile beneath this area (Figure 8) has been
obtained using a seismic reflection study [25] and existing
Well-B that the anticline structure confines the reservoir.
Line A focused on the reservoir boundary to observe the
spatial variation of the anomalies. Meanwhile, station C5 is
located far away and out from the reservoir.

According to the log data obtained in Well-B, the oil is
reserved in the Ngrayong formation (limestone) at 508-560
m, with 28-29% porosity. The reservoir is between LC and L1
(Figure 8) and has ~20% oil content and 30-44% water satura-
tion. Station A4 is the nearest observation to this Well-B.

Figure 9 shows the result regarding the spectral anoma-
lies above the hydrocarbon reservoir. A PSD amplitude
anomaly between 2 and 3Hz is clearly observed above
this reservoir area as a promising DHI. Compared to C5,
its PSD is considered small. The strongest anomalies of the
PSD-IZs are found at stations A2, A3, and A7, and they are not
necessarily related to the thickness of the reservoir beneath
them. These anomalies may also be controlled by the por-
osity percentage varying in spatial. However, we emphasize
the linear relationship between the PSD-IZ value and the
high indication of a hydrocarbon reservoir, which these
seven stations present well.

b) 2
V/H max= 1.1354

1.5

V(f)/H(f)

0.5

1 2 3 4 5 6 7
Frequency (Hz)

Figure 7: (a) VHSR from several windows. Every colored line represents VHSR from colored windows in Figure 3, respectively, while the black line is
their average. (b) Averaged VHSR and its maximum (red star) between 1 and 5 Hz.
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Figure 8: Profile of seismic reflection parallel to Line A, modified from [25]. LC, L1, L4, and L6 represent designated layers. The black triangles

represent stations.

Meanwhile, a more complex pattern is shown for
VHSR. First, their maximum VHSRs (V/H max) are mainly
near to or below 1. The assumption of the dominance of
vertical P-wave resonance [4,5] is not proven here. The
contradictive suggestion regarding this has been proposed
by Vesnaver et al. [26] that ray paths through an anticline
structure should not be vertically polarized. It may be true
in this study, causing the VHSR to get damped and decrease.
Later, we observe it deeper by analyzing their polarizations.

Second, it can be observed that the VHSR gets more
potent at the edge of the anticline structure rather than
being the strongest at the anticline peak (beneath A4).
While it can also be related to the higher hydrocarbon
indication, for instance, at A2 and A7, the pattern is incon-
sistent for all stations. We suggest that the seismic properties
of shallow sediment layers shade the hydrocarbon-
related energy and that a lower VHSR represents the
seismic velocity contrast in this area [27]. This may be
because the lower VHSR represents the thicker sediment
layer, and when the layer gets thinner, it strengthens the
VHSR. In addition, their inconsistency could be influenced
by the scattered effect caused by the geometry of the
anticline.

A similar signature of VHSR is also reported by Ali
et al. [6,8-10] and Hanssen [7]. The topography, shallow
seismic properties, and other near-surface characteristics
may greatly influence VHSR. Even in a low-noise environ-
ment, a random low energy from anywhere can induce a
significant value of VHSR [7]. Moreover, near-surface

geological rocks can give a particular anomaly to spectral
ratio at specific frequencies depending on their geometry
and seismic properties [27]. Therefore, it is highly argu-
able that VHSR can be used individually as a DHI, such
that a higher or lower VHSR does not directly indicate the
existence of a hydrocarbon reservoir. However, as a com-
plimentary of PSD-IZ, it is beneficial, for instance, to
increase the confidence of interpretations or to estimate
the thickness of sediment layers.

4.2 Polarization analyses

Whether the anomalies come directly from beneath the
station is still being discussed. Dangel et al. [1] suggested
that the spectral anomalies they observed are directly
related to the hydrocarbon reservoir beneath the station,
meaning that low-frequency seismic waves dominated by
P-waves come vertically from below. Lambert et al. [4] and
Saenger et al. [5] supported this notion and exposed the use
of VHSR in quantifying vertically polarized anomalies. In
contrast, Ali et al. [6,8-10] found that the so-called hydro-
carbon-related anomalies are dominated by surface waves
and greatly influenced by the activities of production wells.
Furthermore, as emphasized by Vesnaver et al. [26], ray
paths through complex structures (e.g., an anticline) are
bent and scattered, so they are not necessarily vertically
polarized.
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Figure 9: Spectral attributes: PSD and VHSR for seven simultaneous recording stations at Line A and an additional station C5. The bold black lines are
the stacked spectra, while the black dashed lines are their standard deviations. Specifically for PSD, the gray areas represent their integral areas in

calculating PSD-IZ.
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These issues imply that the anomalies observed on sta-
tions may not directly relate to the hydrocarbon beneath
them. The observed anomalies could also be related to
hydrocarbon indication near that site due to scattered
waves. Therefore, immediately pointing out DHI on a
site that displays hydrocarbon-related anomalies could
be deceptive.

We applied polarization analyses on the synchronized
records of seven seismometers at Line A, constricting only
the hydrocarbon-related frequency band. The pointing
arrows shown in Figure 10 depict the particle motions of
the dominant waves observed at every station. If the
assumption is valid that their particle motions are parallel
to their wave directions, such as for P-waves, these arrows
may illustrate the principle of incoming waves.

At stations Al, A2, and A7, the dominant waves come
from the central part of the array, the hydrocarbon reser-
voir area. Meanwhile, A3 and A4 are greatly influenced by
something not directly coming from below. Finally, it
becomes interesting to see stations A5 and A6, which
have short vectors of motion, meaning that their waves
are mixed by destructive interference of incoming waves
from different directions.

Interpreting the anomalies found at Al, A2, and A7
would be fine. They are reliable due to their confirmed
source. Their PSD-IZs and VHSR (Figure 9) dominantly
come from the hydrocarbon reservoir. Unfortunately, they
do not necessarily come vertically from below. The anticline
structure in this field made the ray paths of the so-called

DE GRUYTER

low-frequency waves bent and scattered. Figure 10 also illus-
trates these scattered waves.

4.3 Anomalies continuation

In the practical implementation of LFPS, measuring the
data simultaneously for a long recording duration is not
necessarily required. Such as, if hydrocarbon-related energy
can be measured and observed continuously over time, a
single measurement for a sufficient period, e.g., 2-3h, is
applicable in exploration surveys, as suggested by Saenger
et al. [5]. This practicality makes the LFPS survey much
faster and cheaper, benefiting the oil and gas exploration
industries. However, several studies have pointed out
the low repeatability of these measurements [7,28]. They
reported dissimilar energy of anomalies emerging at dif-
ferent periods of recordings.

That being the case, to observe hydrocarbon-related
spectral anomalies over time, we recorded the velocity
ground motions data at Line A, located within the reservoir
boundary, for 48 h. We used full-duration recordings instead
of applying the data selection described in Section 3.1. We
undertook a short-time Fourier-transform analysis to calculate
the vertical component and VHSR spectrograms. Figure 11
shows the spectrograms of vertical component data for seven
stations above the hydrocarbon reservoir area, while Figure 12
shows the spectrograms of VHSR.

. LELLREP s
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Figure 10: Illustration of the bent and scattered waves through the anticline structure on the south-north profile. The blue arrows depict the dip
direction at each station (black triangle) resulting from particle motions of dominant waves in the frequency band of 1.5-4 Hz.
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Figure 11: Spectrograms of vertical component data for seven simultaneous recording stations at Line A during days and nights. The color scale
represents the amplitudes from 0 to 50 arbitrary units.
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Figure 12: Spectrograms of VHSR for seven simultaneous recording stations at Line A during days and nights. The color scale represents the ratio
from 0 to 2.
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Blatant artificial interferences are observed in the ver-
tical component at several stations, especially during days
(Figure 11). For instance, station A4 records a potent inter-
ference on day 2, extending from 0 to 10 Hz and over. This
noise influences its recording with a broad frequency
width and interrupts the hydrocarbon-related anomalies
around 3 Hz. It may lead to misinterpretation of hydro-
carbon indications. However, the transient noises are pri-
marily temporal, so they can be removed in the time
domain. The windows selection described in Section 3.1 is

PSD (1 am -3 am) PSD (1 pm -3 pm)
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crucial to ensure that our results are clean from any mis-
leading disturbance.

Observing hydrocarbon-related energy represented in the
vertical spectrograms (Figure 11), strong amplitudes around
3Hz emerge continuously over time during days and nights.
There is no continuous signature at other frequencies; even
any different strong amplitude found is temporal. Therefore, it
is true that the anomalies can be measured time after time.

However, it should be noted that the anomalies are
strengthened during days. A possibility that artificial

VHSR (1 am -3 am) VHSR (1 pm =3 pm)
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Figure 13: Spectral attributes obtained using 2 h of data during the night (1 am-3 am) and day (1 pm-3 pm); PSD and VHSR for seven stations at Line
A. The black lines are the stacked spectra and their standard deviations. The gray areas represent PSD-IZ.
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noises strengthen the anomalies is also proposed by sev-
eral studies [6-8]. Although their amplifications are var-
ious, they significantly influence the quantification itself.
For instance, strong amplitudes arise at station A2 during
day 2. Therefore, we will obtain a significantly different
quantification if we compare the PSD-IZ values between
that day and other nights.

Nevertheless, the day and night variations are less
significant in VHSR, especially between so-known hydro-
carbon-related frequencies. Although transient interfer-
ences can also be observed at station A4 during day 2,
they can be removed. Meanwhile, other signatures seem
to have remained smooth over time. For instance, a strong
VHSR ratio appears at station 7 between 1 and 6 Hz time
after time. Moreover, it is well related to the stacked VHSR
shown in Figure 9. This concludes that VHSR is stable over
time, although it contributes less as a DHI.

Figure 13 illustrates the energy of anomalies we may
obtain using the data recorded during quiet time at night
and otherwise at noon. We calculated PSD and VHSR (as
described in Section 3) for the 2-h duration of data in the night
(between 1 am and 3 am) and the middle of the day (from 1 pm
to 3pm). As discussed, amplifications significantly contribute
to the quantification of energy for PSD, while VHSR stays firm.
This implies that a practical single temporal measurement for
building a map of PSD, as suggested by Saenger et al. [5], may
need to be revised in quantifications. Furthermore, con-
fronting and comparing one site to another with a different
measurement time without calibration becomes questionable.
Therefore, normalization is a must to prevent misleading
information in mapping the anomalies. We suggest con-
ducting synchronized measurements using an array geometry
for a few days. This may also be beneficial for the following
ambient noise study to delineate structures and sediment
layers in the study area [18,19].

5 Conclusions

We have shown the hydrocarbon-related spectral anoma-
lies above a known oil reservoir area in Banyubang Field,
Indonesia, represented by PSD-IZ and VHSR. The PSD-IZ
shows a strong indication above the reservoir boundary,
acting as a DHI. Although it does not necessarily relate to
the reservoir thickness, the linear relationship between the
PSD-IZ value and the high indication of a hydrocarbon reser-
voir can be emphasized. Meanwhile, VHSR gives a more
complex pattern that may relate to the sediment thickness
and contrasts around a reservoir area. Therefore, an inde-
pendent interpretation of the VHSR ratio is impudent, while
it may work as a complement for PSD-IZ.

DE GRUYTER

Unfortunately, the spectral anomalies found at an
observing station do not necessarily indicate the reservoir
directly beneath it. The anticline structure may bend and
scatter the ray path so it would not be vertically polarized.
Due to the consequences of scattered waves, the observed
anomalies could also be related to hydrocarbon indication
near that site. Moreover, the distinguishment of dominant
sources is essential to prevent any misinterpretation.

The continuation of hydrocarbon-related anomalies
has been observed. Generally, the anomalies emerge con-
tinuously over time, especially for PSD. However, amplifi-
cation of vertical PSD occurs during days and may mislead
the quantification. Subsequently, mapping anomalies at
different sites should require calibration to normalize the
spectral amplitudes if the measurement times are unsyn-
chronized. We also suggest remeasuring the interest area
using an array geometry for a few days, at least after nar-
rowing it from mapping.

Regardless, there is still a high possibility of LFPS applica-
tions in Indonesia. The important notes from this study should
be taken that PSD-IZ plays a role as the main quantification of
hydrocarbon-related energy, while VHSR acts to support it.
Moreover, we also encourage conducting LFPS surveys in other
fields to investigate the consistency of these findings.
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