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Abstract

and Rembang zones can be identified by low Vs.

The complex geological structures in East Java and Bali provide important opportunities for natural resource exploita-
tion, but also harbor perils associated with natural disasters. Such a condition makes the East Java region an important
area for exploration of the subsurface seismic wave velocity structure, especially in its upper crust. We employed the
ambient noise tomography method to image the upper crustal structure under this study area. We used seismic data
recorded at 24 seismographs of BMKG spread over East Java and Bali. In addition, we installed 28 portable seismo-
graphs in East Java from April 2013 to January 2014 for 2-8 weeks, and we installed an additional 28 seismographs
simultaneously throughout East Java from August 2015 to April 2016. We constructed inter-station Rayleigh wave
Green's functions through cross-correlations of the vertical component of seismic noise recordings at 1500 pairs of
stations. We used the Neighborhood Algorithm to construct depth profiles of shear wave velocity (Vs). The main
result obtained from this study is the thickness of sediment cover. East Java's southern mountain zone is dominated
by higher Vs, the Kendeng basin in the center is dominated by very low Vs, and the Rembang zone (to the North of
Kendeng zone) is associated with medium Vs. The existence of structures with oil and gas potential in the Kendeng
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Background

The eastern part of Java is an area with complex geology.
Physiographically (Fig. 10b), the study area is divided into
six zones: (a) quaternary volcanoes, (b) alluvial plains
of Northern Java, (c) Rembang—Madura anticlinorium,
(d) Bogor, North Serayu, and Kendeng anticlinorium,
(e) central depression zone of Java and Randublatung,
and (f) Southern Mountains (Bemmelen 1949). Based
on structure and stratigraphy, the eastern part of Java is
divided into four tectonostratigraphic zones from south
to north: the Southern Mountains zone, present-day vol-
canic arc, Kendeng zone, and Rembang zone. Based on
the character of its bedrock, the eastern part of Java is
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divided into three zones, i.e., the Southern Mountains,
Kendeng, and Rembang zones (Smyth et al. 2005). Since
it is the character of the bedrock that appears to be best
reflected in our tomography results, we mainly focus on
this characterization in our interpretation of the results.

The Southern Mountains, Kendeng, and Rembang
zones have characteristics that are quite striking. The
Southern Mountains zone on land in the southern part
of the research area has a positive gravity anomaly that
is quite high. The Kendeng zone which is located in the
north part of the Southern Mountains zone has a nega-
tive Bouguer anomaly, and the Rembang zone which is
located in the northern area of the Kendeng zone has a
positive Bouguer anomaly. These Bouguer anomalies are
associated with the condition of the lithosphere and the
depth of bedrock in each zone.

To image the subsurface structure of the research area,
we used ambient noise tomography (ANT), a geophysical
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method that is often used to estimate subsurface seismic
velocity structure and particularly the thickness of sedi-
ment (Lin et al. 2007). ANT has been used previously at
several locations in Indonesia, including Lake Toba
(Stankiewcs et al. 2010), Central Java (Zulfakriza et al.
2014), the Jakarta Basin (Saygin et al. 2016), the western
part of East Java (Martha et al. 2015), and East Java and
Bali (Martha et al. 2016).

We followed the steps taken by Saygin and Kennett
(2012) in processing of the ambient seismic noise sig-
nal data to obtain maps of Rayleigh wave group veloc-
ity. The group velocity dispersion curves obtained from
these maps at each point in a regular grid covering the
study area were inverted to obtain Vs—depth profiles
using the Neighborhood Algorithm (NA) (Sambridge
1999a, b).
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Data and method
Data
In this paper, we used seismic waveform data recorded by
24 seismograph stations operated by BMKG and 28 port-
able seismographs installed independently for 14—60 days
in 2014. The seismographic sensors that we used in this
research were Trillium Compact 20 s, Lennartz 3D Lite,
BBVS, CMG-3T, and STS-2. Noise recorded by these
stations was used to image the group velocity under the
research area (Martha et al. 2016). We further installed
28 seismographs from August 2015 until April 2016,
which were used to increase the inter-station path cover-
age and thereby obtain better imaging results. The inter-
station distances range from ~5 to ~400 km.

Figure 1 illustrates the distribution of seismographic
station locations in the research area. It includes some
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Fig. 1 Map of seismographic stations used in this research overlaid on a geological map [modified from Gafoer and Ratman (1999); Purbo-Hadiwid-
joyo et al. (1998)]. The crustal character [modified from Smyth et al. (2008)] and the approximate location (red square) of the research are shown in
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regions of Central Java, East Java, and Bali. The seismo-
graph sensors used in this research are of various types,
so we removed the instrument response in each seismo-
gram. The vertical component seismograms obtained
following instrument removal were used to construct
Rayleigh wave Green’s functions.

Ambient noise correlation

Cross-correlation of noise on the surface of the earth
began to be developed by Rickett and Claerbout (1999),
the results of this study presented in helioseismol-
ogy. Lobkis and Weaver (2001) and Weaver and Lobkis
(2001) demonstrated in laboratory experiments. Ritz-
woller et al. (2002) Comparing group-velocity charts of
calculation periods from cross-correlation of two differ-
ent seismograph stations with the predicted dispersion
curve of ray-tracing in the structure of ballistic surface
waves (Shapiro and Campillo 2004). Campillo and Paul
(2003), Shapiro and Campillo (2004), and Sabra et al.
(2005) demonstrated empirical cross-correlation cal-
culations of seismic noise wavefield recorded on two
seismographs.

Sabra et al. (2005) constructed the time derivative of
the ambient noise cross-correlation Ci/ (1, 2, t) between
two different seismograph stations, station 1 (located
at r1 recording component i) and station 2 (located at rp
recording component j) to the time domain Green’s func-
tion (TDGF) Gj;(r1; 12, t).

dCij
dt

The TDGF G;j(ry; r2,t) relates a unit concentrated
impulse displacement in direction i at rj to the displace-
ment response in direction j at receiver ro. The TDGF

which comes from random noises that propagate from
station 1 to 2 produces a positive correlation time delay

~ —Gij(r1; ra, t) + Gji(ra; 11, —t) (H
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¢t and the time-reversed TDGF produces a negative cor-
relation time delay —t (Sabra et al. 2005).

Figure 2 shows the cross-correlation processing
schemes in this research, for A and B pair stations. We
obtained more than 1500 inter-station cross-correlations
from the 2000 available station pairs (some were dropped
because Rayleigh wave signals were not well represented
in the cross-correlations). Figure 3 illustrates the results
of cross-correlation between station PCJI and other sta-
tions, showing average Rayleigh wave group velocities
of about 3 km/s. This relatively high velocity may be
due to the area around PCJI being dominated by igne-
ous rocks. The quality of Green’s functions produced by
the cross-correlations at each pair of seismographic sta-
tions depends on the time length of the waveform used,
the condition of the subsurface structure surface waves
have passed through, the distance between the stations in
each pair, and the degree of human activity around the
stations.

Tomographic inversion
The group velocities were generated from the Green’s
function results of cross-correlated time series in the
research area using multiple filter technique (MFT) of
Dziewomski et al. (1969). This research used fast march-
ing surface tomography (FMST) scheme to obtain tomo-
graphic images, which was developed by Rawlinson
(2005). FMST implements forward and inverse prob-
lems using fast marching method (FMM) (Sethian 1996;
Sethian and Popovici 1999; Rawlinson and Sambridge
2005) and subspace (Kenneth et al. 1988), respectively.
Fast marching method constructs wave fronts from
phase delays with eikonal equations using finite differ-
ences within predefined grids (Rawlinson and Sambridge
2005). Inversion subspace is used to obtain optimal mod-
eling perturbation on each iteration (Kenneth et al. 1988).
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Fig. 3 Rayleigh wave Green’s functions between a permanent station

(PCJI) on the southwestern edge of the network and other stations.

Waveforms were filtered between 0.08 and 0.3 Hz. The time length of

cross-correlation starts from 0 to 300 s. Red lines show group veloci-

ties of 3 km/s

This inversion method follows a recurring linear schema,
and ray paths are recalculated after each model update.
The FMM and subspace combinations provide stable and
robust results on highly diverse media (Rawlinson et al.
2010). The inversion allows smoothing and damping reg-
ulation to be used to solve non-uniqueness problems.

The inversion problem is formulated as an optimization
problem where it is necessary to minimize the objective
function S(m) given by

S(m) = (g(m) — dobs) " Cy (g(m) — dops)
+ e(m — mo)TC;l1 (m —mp) + anDTDm,

@)

where m is the unknown vector of the model parameter,
d,,s represent the data of group delay observation, g(m)
contains the prediction of travel time, m is the reference
model, Cq represent the data of covariance matrix, Cy, is
the model of covariance matrix, ¢ is the damping variable,
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n is the smoothing variable, and D is the smoothness
matrix.

Results and discussion

Checkerboard test

Several “checkerboard tests” have been conducted to
ascertain the resolution of the Rayleigh wave group
velocity maps produced in the tomographic inversion
for each period. These tests have been conducted using
the configuration of ray paths from the source to the
receiver that resulted from the seismometer deployments
described above.

Figure 4 shows the results of checkerboard tests at dif-
ferent periods using a grid size of 0.25° x 0.25°, approxi-
mately 27.8 km x 27.8 km with a maximum velocity
perturbation of 1 km/s. We selected values for the damp-
ing and smoothing parameters from a range of 500-5000
to obtain the optimum values and found the optimum
values of 1800 and 1800, respectively. The results indi-
cate that the southeastern portion of the research area is
not as well resolved as the other areas, so we expect that
the results of the tomographic inversion may not recover
the details of Rayleigh wave group velocities in this area
well.

Group velocity

The ray path distributions associated with the group
velocity models resulting from our tomographic inver-
sions for different periods are shown in Fig. 5. There are
various numbers of ray paths at different periods, due to
the decreasing number of available station pairs for long
periods and the decreasing signal-to-noise ratio at short
periods. Figure 4 shows that the ray paths exhibit pro-
nounced bending due to the strong variations in group
velocity. The ANT inversion results (Fig. 6) illustrate
the variation of Rayleigh wave group velocity beneath
the surface of the research area in the period range
from 0.8 to 12 s. They show a strong contrast between
group velocities of the Southern Mountains zone and
those of the Kendeng and Rembang zones. The South-
ern Mountain zone, which is associated with intrusive
Oligo—Miocene age volcanic rocks and middle Miocene
carbonates, is dominated by relatively high group veloc-
ity (1.8-3.2 km/s). The Kendeng zone, which is composed
of sedimentary basin fill, is dominated by very low group
velocity (0.2-1 km/s). The Rembang zone, which is asso-
ciated with modern volcanic and alluvial deposits and
carbonate rocks, is dominated by medium group veloc-
ity (1-1.8 km/s), but its most northern part is associated
with middle Miocene carbonates having higher Vs (1.8—
2.5 km/s). Bali Island, which is associated with modern
volcanics, was dominated by high group velocity, but
the southwestern part of Bali, which is associated with
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Fig. 4 Checkerboard test using damping and smoothing factors of 1800 and 1800, respectively

modern volcanic and alluvial deposits, is dominated by
low group velocity.

Inversion of group velocity curves

In this work, we used the Neighborhood Algorithm (NA)
developed by Sambridge (1999a, b), to invert the ANT
group velocity dispersion curves for Vs—depth profiles
at each point in a regular grid covering the study area.
Using a grid spacing of 0.125° we took 469 sample points
of group velocity results in the period range from 0.5 to
12.2 s in the research area. The dispersion curve at each

of these points was inverted to obtain the profile of Vs as
a function of depth.

Figure 7 shows two examples of dispersion curve inver-
sions using the NA. Points 33, 139, and 226 are located at
the Rembang, Kendeng, and Southern Mountains zones,
respectively. The red curves indicate the 1D Vs—depth
profiles corresponding to the minimum misfit among the
models sampled by NA at each point. As expected, point
226 in the Southern Mountains zone has generally higher
shear wave velocity than points 33 and 139 in the Rem-
bang and Kendeng Zone, respectively.
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Figure 8 shows the NA inversion results for shear wave
velocity throughout the study area, which included the
Southern Mountains, Kendeng, and Rembang zones
(Fig. 1). The Southern Mountains Zone is dominated
by high shear wave velocity. Velocities of 2.0-3.1 km/s
are evident at depths as shallow as 0.8 km, and this
indicates that the bedrock is fairly shallow in this zone.
The tomography results show that the boundary zone
between the Southern Mountains zone and Kendeng
zone is clearly defined. There is a continuous low-veloc-
ity anomaly to the north that merges with the Kendeng
zone in the depth range of 0.8-4.4 km in the southern
part of the study area. The highest Vs are to the south
of the arc of active volcanoes. In general, the deeper the
higher velocity extends, the clearer it can be seen in the
Vs maps.

The tomographic image of the Kendeng zone is domi-
nated by a strong low-velocity anomaly. This result
indicates that this area is an area with thick sedimen-
tary basin fill. The lowest velocity can be seen in Ngawi,
Lamongan, Madura Sea, and Bojonegoro, where veloci-
ties as low as 1 km/s extend to depths as great as 6.0 km.
The location of the mud volcano disaster in Sidoarjo was
associated with Vs <1.0 km/s ranging from 0.8 to 4.4 km
depth.

The shear wave velocity structure of the Rembang
Zone is characterized by moderate Vs on average, but
it includes relatively high Vs in the southern part of this
zone and middle part of Madura Island. These regions
are areas of limestone excavation at the surface so that
its appearance is that of high cliffs. In the Bojonegoro
and Cepu regions, which are well known for exploitation
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Fig. 6 Rayleigh wave group velocity tomograms from subspace inversion of ambient noise tomography data between 0.8 and 12.0' s

of oil and gas, the results are dominated by low-Vs
anomalies.

Cross-sections

Figure 9 shows the variation of Vs in W-E (West—East)
cross-sectional images across the study area. Cross-sec-
tion 1 transects the Rembang zone which has varying
sediment thickness. The imaging results of the Vs struc-
ture beneath cross-section 1 shows low (Vs < 2.0 km/s)
velocity throughout the upper crust, but particularly in
its central portion, where Vs below 1.0 km/s extends to
depths >10 km.

Cross-section 2 that cuts W-E through land to the
Madura Sea is in the Kendeng zone. The Vs structure
under cross-section 2 also exhibits low (Vs < 2.0 km/s)
velocity throughout the upper crust. There is a pro-
nounced low-velocity zone beneath the Sidoarjo mud
volcano at 112.50°-112.75° longitude that extends from
the surface to about 4 km depth which may be related
to the source of the massive mud eruption that has been
ongoing there since 2006.

Cross-section 3 is another W-E section in the South-
ern Mountains zone. This cross-section shows that this
entire zone is underlain by relatively normal crustal
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velocities of 1.8-3.1 km/s. Cross-section 3 crosses sev-
eral volcanoes, including Semeru, Argopuro, Raung, and
[jen mountains. On this cross-section, the existence of
volcanoes seems correlated with relatively low velocity.
This could be caused the age of these volcanic rocks is
younger than that of the southern part of volcanoes.

The cross-sections in Fig. 10 are in the S—N (South—
North) direction and cuts through the three different
zones. These cross-sections show the boundary of the
three zones—Rembang, Kendeng, and Southern Moun-
tains—very clearly. Cross-sections 4—6 are all dominated
by higher shear wave velocities (2—3.0 km/s) at the South-
ern, lower shear wave velocity (0.4—1.5 km/s) in the mid-
dle and intermediate (1.5-3 km/s) in the northern part of
the cross-sections. Cross-sections 4 and 5 show that the
Kendeng Basin depth is in the range of 10-11 km.

Comparison of results with geology and oil and gas fields

The comparison between imaging results of this research
and of previous research (Fig. 11) shows correlations
of the Vs structure with surface geology and oil and
gas fields. In the Southern Mountains zone, which was

dominated by high Vs, high Bouguer anomalies corre-
late with the presence of igneous and carbonate rocks.
The very low average Vs in the upper crust of the Kend-
eng zone correlates well with low Bouguer anomalies
and the presence of basins and thick sedimentation. The
Madura Sea, which is also dominated by very low Vs, also
correlates with very low Bouguer anomalies. The middle
part of Madura Island, which is dominated by medium
shear wave velocity, corresponds to a medium Bouguer
anomaly. The low Vs in the Rembang and Kendeng zones
also correlate well with the existence of oil and gas fields.
Relatively high Vs beneath the southern part of Bali
Island, on the other hand, correlate with a high Bouguer
anomaly.

Conclusions

Seismic ambient noise tomography by cross-correlation
of seismic ambient noise using seismographic data of
BMKG as well as data from several portable seismograph
deployments describes the condition of the subsurface
structure of the eastern Java—Bali region. Low shear wave
velocity is associated with basins and sedimentary layers,
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while high-velocity anomaly is associated with igne-
ous rocks and carbonates. The Kendeng basin thickness
reaches 8—10 km, but the Madura Sea has even thicker
sediment. The Kendeng and Southern Mountains zones

are bounded by active volcanoes. The existences of vol-
canoes in the eastern Java region are associated with
moderately low-velocity structures. The results of tomo-
graphic imaging indicate a correlation with the results
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of previous studies (geology, physiography, and Bouguer
anomalies). The presence of oil and gas fields in this
research area correlates well with low-velocity anomalies.
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