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1 INTRODUCTION

SUMMARY

We investigated the seismic shear wave velocity structure of the upper crust beneath the Ban-
dung area in West Java, Indonesia, using ambient seismic noise tomography. We installed 60
seismographs to record ambient seismic noise continuously in the city of Bandung and its
surrounding area for 8§ months. After interstation cross-correlation of recordings of ambient
seismic noise, we obtained empirical Green’s functions for Rayleigh waves. Group velocity
dispersion curves for Rayleigh waves between periods of 1 and 8 s were measured on each
interstation path by applying the multiple filter analysis method with phase-matched process-
ing. The spatial variation of group velocities shows a good correlation with the geological
structure of the Bandung Basin. The Rayleigh wave dispersion maps were inverted to obtain
the 1-D shear wave velocity profiles beneath each station, which were interpolated to infer a
pseudo-3-D structure under the study region. The results show that the Bandung Basin has a
thick layer of sediment. Along the northern, eastern and southern mountains surrounding the
Bandung Basin there is high-velocity structure, except to the west of the Tangkuban Parahu
volcano, where a massive low-velocity structure extending throughout the upper crust might
indicate the presence of fluids or partial melts.

Key words: Asia; Basin; Tomography; Crustal Structure.

Saygin & Kennett 2010, 2012; Zulfakriza et al. 2014; Martha et al.
2017, and many others).

Asrecently as a decade ago, ambient seismic noise was regarded as a
nuisance that needed to be removed by signal processing. However,
since seismologists learned how to extract Green’s functions (GFs)
from the cross-correlation of ambient seismic noise, this method
has become a mainstay for estimating seismic velocity structure
beneath Earth’s surface.

Southern California was the first region where a seismic veloc-
ity tomographic map was derived from ambient noise data (Sabra
et al. 2005; Shapiro et al. 2005). Since then many ambient noise
tomography-related studies have been published (e.g. Kang & Shin
2006; Yang et al. 2007; Bensen et al. 2008; Li et al. 2009, 2010;

© The Author(s) 2019. Published by Oxford University Press on behalf of The Royal Astronomical Society.

In this study, we used ambient noise tomography (ANT) to im-
age the subsurface structure of Bandung, West Java and its sur-
roundings. ANT has been often used to estimate subsurface seismic
velocity structure and particularly the thickness of sediment (e.g.
Lin er al. 2008). ANT has also been used previously to estimate
crustal structure at several locations in Indonesia, including Lake
Toba (Stankiewcs et al. 2010), central Java (Zulfakriza et al. 2014)
and East Java and Bali (Martha et al. 2017). Our study closely re-
sembles the Jakarta Basin study of Saygin et al. (2016), where a
relatively close station spacing of a few km is used to image details
of basin structure.
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Figure 1. (a) Map of geological features (modified and compiled from Silitonga 1973, Alzwar ef al. 1992 and Sujatmiko 1972) of the study area, including the
distribution of seismic stations (black triangles) that were operated around the Bandung Basin, and a red triangle that indicates the Tangkuban Parahu volcano.
The sensor type we used is Trillium Compact 120s. The data will be publicly available after this publication. (b) An index map with the location of the study

area indicated by the black box.

2 GEOLOGICAL SETTING

The Bandung Basin area, the focus of this study, is located in West
Java, Indonesia, where the Australian plate is subducting beneath
the Eurasian Plate along the Java Trench. According to Van Bem-
melen (1949), the Bandung Basin is located in the Bandung zone, an
area of low relief surrounded by mountains (an intermontagne de-
pression, see Fig. 1a). This zone has a curved shape from Pelabuhan
Ratu following the continuous Cimandiri Valley to the east through

northern Bandung, and ends at Segara Anakan at the mouth of the
Citanduy River (Fig. 1b), with a zone width of 2040 km. In the
Bandung zone, there are several elevations consisting of Late Ter-
tiary and Quaternary volcanic terrains that appear among young
volcanic deposits. The volcanoes comprise topographic highs along
the edge the Bandung zone, on the border of the Bogor zone and the
Southern Mountains zone. Van Bemmelen (1949) states that many
geological events were dominated by volcanic activity during the
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Figure 2. Interstation correlograms of ambient seismic noise estimates used to estimate point source Green’s functions between station BNA23 on the
northwestern edge of the network and other stations. Waveforms were filtered between 0.125 and 1.0 Hz. The time length of cross-correlation extends from 0
to 100 s. Red line depicts group velocity of ~2.3 kms™!, and used as reference time to window dispersive train segment.

Quaternary, so that the surface geology is dominated by volcanic
products. Van Bemmelen (1949) also suggests that the initiation of
the Lembang Fault, which skirts the northern edge of Bandung, can-
not be separated from the evolution of the Bandung Basin. Suhari &
Siebenhuner (1993) explain the lithology of the Bandung Basin as
dominated by Quaternary volcanic rocks comprised of andesite to
dacitic lava, breccia, agglomerate, tuff, lava and intrusive igneous
rocks (Fig. 1). The western part of the basin is dominated by Ter-
tiary sediments consisting of sandstone, claystone and limestone
with young alluvium and fluvial sediments derived from volcanic
deposits scattered in the middle of the basin.

According to Bronto & Hartono (2006), there are four possible
explanations for the formation of the Bandung Basin, as: (1) a large
intramountain basin formed by exogenous processes as explained
by Dam (1994) and Dam et al. (1996); (2) a graben, that is the
result of tectonic deformation alone; (3) a caldera, i.e. a product of
volcanic processes alone or (4) a volcano-tectonic caldera, resulting
from a combination of tectonic and volcanic processes. However,
other researchers believe that the Bandung Basin is a half-graben
(e.g. Van Bemmelen 1949; Dam 1994).

3 DATA PROCESSING

In this study, we analysed continuous vertical component seismic
waveform data recorded at 60 seismograph stations from the Ban-
dung Seismic Experiment installed from March to October 2014.
The distribution of seismographic station locations in the study area
is shown in Fig. 1(a). We followed the steps outlined in Saygin &
Kennett (2010) in processing the ambient seismic noise signals.
The data were windowed in 2-hr segments and band-pass filtered
between 0.01 and 1 Hz. After that, we arranged each station-pair so
as to regard the first station as the event source and the second sta-
tion as the receiver before waveform cross-correlation and stacking.
We obtained more than 1569 interstation cross-correlations, each

of which is assumed to be dominated by the fundamental-mode
Rayleigh wave.

In order to facilitate estimation of the fundamental-mode
Rayleigh wave group velocity, we conducted manual picking and
windowing of the Rayleigh wave using bandpassed-filtered cross-
correlated signals. Fig. 2 shows an example of such correlograms
filtered between 0.125 and 1 Hz (or period range 1-8 s), arranged
with station BNA23 as a reference to other stations. The cross-
correlogram was measured by cross-correlating the time series data
from a station located to the north relative to most of the other sta-
tions, and showing a prominent arrival which we interpret to be the
Rayleigh wave propagating away from the noise source that appears
to be concentrated in the north relative to the network. This result
is consistent with our previous result using different data set from
Central Java (Yudistira & Widiyantoro 2016). In order to extract
dispersive curves, windowing of the cross-correlated signals was
conducted using a width of 16 s, that is 8 s before and after the
picked time. The picked time is a time estimated as the arrival time
of dispersive wave, in Fig. 2 chosen near the intersection between
the red line and time axis of each cross-correlation. The minimum
distance between stations whose cross correlations give clear dis-
persive wavetrains is 5 km and the maximum distance is 60 km
(BNA23-BNA36). We refer to the windowed cross correlation as
the emperical Green’s functions (EGFs).

We selected and cropped EGFs with the highest signal to noise ra-
tio among either the positive or negative lag. The number of EGFs
that could be picked or windowed was 1546. The next step was
the measurement of group velocity dispersion using the multiple-
filter technique, with a phase-matching process to isolate the
fundamental-mode Rayleigh wave (Herrmann 1973). We manually
checked the quality of all group velocity dispersion curves over a pe-
riod range between 1 and 8 s. We plotted all obtained group velocity
curves to identify the general pattern of a smooth variation in group
velocity with period, and rejected or cropped the frequency band of
curves where they deviated dramatically from the general trend.
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4 GROUP VELOCITY TOMOGRAPHY

We inverted the interstation group delay times to obtain Rayleigh
wave group velocity tomograms, for period range 1-8 s, using the
subspace method of Kennett ez al. (1988), which uses the fast march-
ing method (FMM, Rawlinson & Sambridge 2004a,b) for tracing
the surface wave ray paths. This grid-based eikonal solver is partic-
ularly stable in the kind of strongly heterogeneous media we expect
to encounter in the Bandung Basin. Although the ray bending in the
estimation of the group velocities cannot be exactly computed from
the group velocity maps, it is expected to have some level of correla-
tion between group and phase velocities. Therefore it is acceptable
to use bending rays rather than straight ray approximation. Keep-
ing in mind the limitation of checkerboard tests as introduced by
Lévéque et al. (1993), we conducted these tests to evaluate the lat-
eral resolution of the Rayleigh wave group velocity maps resulting
from tomographic inversion. These checkerboard tests were per-
formed using the ray path coverage obtained with the data from the
Bandung Seismic Experiment at different periods. Fig. 3 shows the
results of checkerboard tests at periods of 1-8 s using a grid size of
0.80° x 0.70° with a maximum velocity perturbation of 1.15 kms™,
a damping value of 200 and a smoothing parameter of 200 (see eq.
2 of Saygin & Kennett 2010). In general, the checkerboard pattern
is recovered where the ray path coverage is good, particularly in the
Bandung Basin. The checkerboard pattern is not as well recovered
outside the basin where the ray path coverage is sparse (Fig. S2
shows the Rayleigh ray path coverage at periods 1-8 s).

Surface waves are dispersive: the longer the period, the deeper
the wave energy penetrates into the subsurface structure. Rayleigh
waves at longer periods therefore have more sensitivity to deeper
structure. The fundamental-mode Rayleigh wave group velocity
maps we obtained at periods 1-8 s are shown in Fig. 4. This period
span (<8 s) of the Rayleigh wave group velocity is most sensitive
to the shear velocity in the upper crust because the Rayleigh wave
energy at these periods is largely concentrated there. In the group
velocity maps, low group velocities were observed clearly under the
Bandung Basin. The area outside the basin is generally characterized
by higher group velocity, except in the northwestern part of the study
area, in which a very low group velocity is observed to the west of
Mt Tangkuban Parahu, an active volcano in the study area.

The tomographic images of Rayleigh wave group velocity corre-
late well with the topography and surface geology. The basin has a
flat topography typical of poorly consolidated sediments with low
shear velocity (Wald & Allen 2007), while the surrounding areas
of higher relief are characterized by higher group velocities. We
note that within the Bandung Basin there are two distinct zones
of low Rayleigh group velocity, that is in the western and eastern
parts of the Bandung Basin, and a small patch of high group ve-
locity divides these two low group velocity zones. As discussed in
more detail below, these likely reflect the different depositional and
erosional processes involved in the development of the landscape.

5 SHEAR WAVE VELOCITY STRUCTURE

The Rayleigh wave group velocity maps estimated as described in
the previous section were used in the inversion for shear velocity
(Vs) structure estimation in and around the Bandung Basin. At each
point of a regular grid covering the study area at 0.05° (~5.5 km)
spacing, the dispersion curve was calculated by interpolating over
the maps covering the period range 1-8 s. The dispersion curve at
each point was then inverted using the Dinver software (Wathelet
et al. 2008) that incorporates the forward modelling algorithm of

Dunkin (1965) and the Neighbourhood Algorithm (NA) of Sam-
bridge (1999a,b) for inversion of the dispersion curves to obtain
1-D profiles.

In the NA inversion, we constrained the deepest layers of each
Vp and Vs model using the AK135 model (Kennett et al. 1995),
so that the maximum limit for Vp and Vs at depths of 0—10 km is
6.0 and 3.4 kms™', respectively. The NA algorithm considered 4-
layer models and variations of the thickness and velocities at the top
and bottom of each of 4-layers, where each layer consists of 5 evenly
spaced sublayers having constant velocity determined by linearly
interpolating the top and bottom velocities of the corresponding
layer. This parametrization can result in depth profiles containing
‘staircase-like’ detail that is not well constrained by the smooth
Rayleigh wave group velocity dispersion curves considered here;
we refrain from interpreting such complex structure and instead
focus on the larger-scale trends in velocity that better reflect the
information content of the data.

In total there are 270 1-D Vs profiles in the study area and these
will be combined to create 3-D Vs distribution. Fig. S4 shows the
positions of these profiles and the inverted Vs profiles for selected
points across the Bandung Basin, for depths down to 10 km. These
1-D profiles have a sharp increase in Vs at about 400 m and 2.2 km
depth, which may indicate the base of sedimentary basin fill and
older volcanic deposits, respectively.

Like the Rayleigh wave group velocity tomograms in Fig. 4, the
Vs tomograms in Fig. S5 show relatively high velocity zones sur-
rounding the Bandung Basin, except to the west of Mt Tangkuban
Parahu. These high velocity zones generally become stronger and
more widespread with increasing depth, with the exception of the
Tangkuban Parahu anomaly, This is most clearly illustrated in the
pseudo-3-D Vs model of the upper crust beneath Bandung gener-
ated by interpolating the 270 1-D Vs profiles. Cross-sections of this
model are shown in Fig. 5, where it can be seen that the western Ban-
dung Basin corresponds to a strong low- Vs anomaly at very shallow
depth (<1 km), while the eastern basin is weaker and more shallow
(Figs 5a and c). The low-Vs anomaly associated with Tangkuban
Parahu, on the other hand, becomes stronger and more pervasive
with depth, dominating the cross-section B-B” in Fig. 6(b). Fig. 6(c)
also shows distinct low-Vs anomalies below the Bandung Basin at
about 5 and 10 km depth.

6 DISCUSSION

In Fig. 6 it is shown that some parts of the study region have a
strong spatial correspondence between the Vs map at shallow depth
(1.0 km) and the surface geology of the Bandung Basin and its
surroundings. Here, we compare three zones indicated by dashed
Ellipses 1-3 in Fig. 6 with the geological features in the study area.
The tomogram clearly depicts the existence of a high velocity zone
extending in the north—south direction (Ellipse 1) that separates
the Bandung Basin into two sub-basins. This high velocity zone
suggests that the basement depth is shallow between the two sub-
basins, which is in agreement with the relatively high topographic
relief. This anomaly is not explained by the surface geological map,
which indicates that most of the area in Ellipse 1 is covered by
sediment. However, the surface geology map shows that the Beser
formation of andesitic breccia of Pliocene-age (Koesmono et al.
1996; see Fig. la, light purple colour) covers most of the region
south of Bandung, including the southern portion of Ellipse 1. A
minor outcrop of the Beser formation also appears on the northern
edge of Ellipse 1 in Fig. 6. We therefore surmise that the Beser
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Figure 3. Checkerboard test at 7 = 1-8 s using damping and smoothing factors of 200. Red triangle depicts the Tangkuban Parahu volcano and red lines
depict the northeastern part of the Cimandiri Fault and the Lembang Fault (bold red). Contours are of topography at intervals of 100 m, with the Bandung
Basin corresponding to a topographic low in the centre-lower half of the figure, surrounded by the topographic highs extending from Tangkuban Parahu east
across the upper part of the figure, as well as along the southern edge of the figure.
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Figure 4. Rayleigh wave group velocity tomograms from subspace inversion of ambient noise at 7= 1-8 s.

formation extends under the sediment cover in Ellipse 1, connecting Our Vs model also reveals the depth and lateral extent of the
the outcrop at its northern and southern ends. This is responsible Bandung Basin, as well as pronounced differences in the character
for the relatively high Vs there at 1 km depth, despite the surface of'its western and eastern parts (Ellipse 2 in Fig. 6, see also Fig. 5d).
geology indicating the presence of sedimentary basin fill. As can be seen in Figs 5(a) and (c), the Vs in the western basin is
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Figure 5. Sections through the 3-D shear wave velocity model of the Bandung Basin: (a) A—A’ across the Tangkuban Parahu volcano and Bandung Basin; (b)
B-B’ across Tangkuban Parahu and (c) C—C’ across the Bandung Basin. (d) Plan view of the 3-D Vs model at 0.5 km depth, with positions of the cross-sections
in (a)—(c) indicated. The two dashed Ellipses denote the extent of the western and eastern parts of the Bandung Basin.

020¢ Iudy /| U0 Josn AJSIoAIUN [BUOIEN UEIenSNY ‘SHY SU} JO SNJisul [BUOREN ‘ISNIA JO [004oS ‘Aeldi 1SN Ad £2201.9G/S101/2/022A0Sqe-ajo1eB/wod dno-olwspeoe)/:sdjy Wouj papeojumoq



1052 B. Pranata et al.

-6.6° -6.6°
-6.7° -6.7°
-6.8° -6.8°
-6.9° -6.9°
-7 7
7. — — 7.1
107.3° 107.4° 107.5° 107.6° 107.7°107.8°107.9° 107.3107.4° 107.5° 107.6° 107.7° 107.8° 107.9°
km/s
0.8 1.6 2.4 3.2

Figure 6. (a) Shear wave velocity map at depth = 1 km versus (b) the surface geological map of the Bandung Basin as shown in Fig. 1(a). Ellipses 1-3 indicate

the features of the Vs tomogram that correlate with the surface geology.

lower than 1 kms™, and its depth is 1 km or less, except in its
central part where it may reach as deep as 1.5 kms ™. In the eastern
basin, the Vs anomaly is much less pronounced. Although Vs in the
eastern basin does not appear to be less than 1.5 kms™, it seems
likely that the lacustrine sediments there actually have much lower
Vs, but that their thickness is less than the resolution of our model,
so that the apparent Vs in the eastern basin is a combination of
sediment and basement Vs. These differences are very consistent
with our understanding of the history of the Bandung Basin, in that
since 105 ka the high relief of the eastern part of the Lembang Fault
(see Figs 5d and 6) has acted as a topographic barrier shielding the
eastern basin from volcaniclastic sediment from Tangkuban Parahu.
Thus, the eastern part of the basin has experienced mainly low-
intensity lacustrine sedimentation. The western basin, by contrast,
has experienced catastrophic volcaniclastic sedimentation that has
flowed unimpeded from Tangkuban Parahu into the western part
of the basin, thereby developing a much thicker accumulation of
basement fill (Dam 1994; Dam et al. 1996; Daryono et al. 2019).
The remaining, very low velocity zone (Ellipse 3) on the upper
western slope of Tangkuban Parahu, is suspected to be a layer of
volcanic eruption products trapped in the valleys on the outskirts of
the Tangkuban Parahu volcano’s summit (¢f. Dam et al. 1996).

In Fig. 7, we show a 3-D representation of our Vs model for the
Bandung area to further explore the spatial relationships among the
Vs anomalies in the model. It can be seen from Fig. 7 just how thin a
feature the Bandung Basin is compared to the other Vs anomalies, in
particular, the massive low Vs anomaly that extends downwards and
westward from the summit of Tangkuban Parahu. We interpret this
large Vs anomaly as being associated with fluids and/or partial melt,
similar to that which has been shown to exist beneath Mt Merapi in
central Java (Liihr ef al. 2013). We also note the existence of two
low-Vs anomalies at around 4 and 10 km depth directly beneath the
Bandung Basin, for which we know of no obvious interpretation.

7 CONCLUDING REMARKS

We have demonstrated that a relatively straightforward application
of ANT to data from a temporary broadband seismic deployment
in an urban environment in Indonesia can image structure in the
upper crust that is of potential interest in further volcanological and
earthquake hazard studies of the Bandung area.

Mt. Tangkuban
Parahu

Depth (km)

km/s
08 10 12 14 16 18 20 22 24 26 28 3.0 32
Shear-wave Velocity

Figure 7. 3-D representation of our Vs model beneath the study region.
Notice the massive low Vs anomaly to the west of the Tangkuban Parahu,
which may be correlated with the Sunda volcano existed during Pleistocene
age, as well as the very thin and very low velocity beneath Bandung City,
which we interpret as basin fill.

Understanding the structure and extent of the Bandung Basin is
critical to understanding seismic hazard because of the potential for
amplification and resonance of seismic waves. While the structure
imaged here may be too coarse to quantify the amplification at fre-
quencies important for low-rise residential structures, it may allow
modelling of basin effects at 1 Hz and below, frequencies that are
important for high-rise buildings, such as has been considered for
Jakarta by Cipta et al. (2018b) and in Mexico City by Cruz-Atienza
et al. (2016). This is especially important given the proximity of
the Lembang Fault, which skirts Bandung to the north. Daryono
et al. (2019) have shown that the Lembang Fault has ruptured in the
prehistoric past as recently as the 15th century, and could host an
earthquake of magnitude 6.5-7.0. Moreover, it may be possible to
combine the ANT used here with techniques such as horizontal-to-
vertical spectral ratio (HVSR) and autocorrelation of seismic noise,
as has been used in Jakarta by Cipta et al. (2018a) & Saygin et al.
(2017), to increase the depth resolution of our Vs model and thereby
extend the frequency range at which seismic waves can be modelled.

0202 1dy /| U Josn AJISISAIUN [BUOHEN UBIeL)SNY ‘SUY 9} JO SJN}iSul [BUOHEN ‘DISNIAl JO [00Y9S ‘A1eidiT dISNN Aq $220195/S0 L /2/022/10BSqe-a[oilelB/woo"dno-olwapeoe//:sdjy oy papeojumoq



Similarly, while our ANT result for Vs structure beneath
Tangkuban Parahu volcano is too coarse to confidently identify
any magma plumbing system, our preliminary Vs model can serve
as a guide to more detailed tomographic studies such as that con-
ducted by Widiyantoro et al. (2018) on Mt Merapi, which was able
to elucidate the plumbing system and explain the explosive potential
of eruptions there. Although Kartadinata et al. (2002) have shown
that the style of eruptions at Tangkuban Parahu changed from mag-
matic/phreatomagmatic to phreatic at about 10000 BP, its current
potential for experience magmatic eruptions is unknown.
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