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We investigated the active crustal structure in Yogyakarta, Indonesia, using new and denser Global
Positioning System (GPS) data. Deformation rate estimated from five years (2013—2018) of observations
on 22 campaign might record broad deformation after the 2006 Mw?7.8 Java tsunami earthquake and
postseismic transient due to the 2006 Mw6.3 Yogyakarta earthquake. We conducted a decomposition
method to obtain a short wavelength feature by removing those postseismic deformations from the
observation data. The short wavelength pattern revealed active tectonics indicating a combination of E
—W dip-slip motion and N—S left-lateral structure. A large maximum shear strain rate (>0.1 micro-
strain/yr) was estimated along the Opak fault while a large dilatation rate (<-0.1 microstrain/yr) was
estimated around the Bantul Graben. The analysis result indicates important implications for crustal
dynamics and assessing future seismic hazards potential in the Yogyakarta region.

© 2020 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Java Island is a home for the volcano and active fault which are
geologically influenced by tectonic activities from subducted
Australian plate beneath Sundaland block. In general, Java experi-
ences a tremendous compressional strain with postseismic exten-
sional strain due to the 2006 Java Tsunami earthquake [1]. Opak
river fault, which extends in the southwest-northeast trend, is a
major active fault lies in Yogyakarta Special Region, Central Java
(Fig. 1). In the last decade, the Opak fault became a single fault that
identified as a major active tectonic deformation [2]. Mt Merapi,
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which is located in the northern part of Yogyakarta, has a potential
geological disaster while the Opak river fault also defines as a
segment that could potentially break and bring a catastrophic
disaster.

In 2006, a Mw6.3 earthquake struck Yogyakarta city. Although it
was Mwe6.3, the earthquake produced devastated ground shaking
in Bantul graben, which considerably amplified by volcaniclastic
sediments [3]. About 127,000—160,000 houses were destroyed,
50,000 people were wounded, and another more than 5000 people
died mostly found at the southern part of Yogyakarta such as
Bantul, Sewon, Imogiri and eastern Yogyakarta city such as Sleman
and Klaten [4,5].

Before the Yogyakarta earthquake on May 26, 2006, the Opak
river fault was the main fault that should be anticipated [2].
However, the seismic source studies of the 2006 Yogyakarta
earthquake suggested different fault line outside Opak river fault
[6—8]. Those studies proposed left-lateral strike-slip faulting,
which parallels with the Opak river fault but little bit eastward
about 10—20 km. Moreover, the aftershock distribution is clearly
not aligned with the Opak river fault [3,9]. Thus, there might be an
unmapped fault line that active and accumulating stress nowadays.
On the other hand, Tsuji et al. [7] also found a vast subsidence
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Fig. 1. (a) Red square shows the location of Yogyakarta in Java Island. (b) Red square shows the region of this study bounded by Central Java region and the coast of Southern Java. (c)
Tectonic Setting of Yogyakarta region and the epicenter of the 2006 Yogyakarta earthquake are obtained from United States Geological Survey (USGS), National Earthquake In-
formation Center (NEIC) and Harvard Centroid-Moment-Tensor (CMT). Black lines represent identified Opak river fault [3]. Red dots represent relocated aftershock location [9].

region confirmed the Bantul graben in the southward Mt. Merapi
and westward Opak fault river inferred from Interferometric Syn-
thetic Aperture Radar (InSAR) data. Those studies indicate that
active tectonics in the Yogyakarta region remains poorly
understood.

In this study, we present five years of deformation rate based on
recent GPS data across the Yogyakarta region. We estimate local-
ized deformation features that lead to a new active fault and
emphasize the crustal structure in this region. Also, we calculate
strain rate with a denser GPS network since previous studies only
use a few data that shown roughly single compressional dilatation
rate of western Opak river fault [1]. Here, our geodetic data inferred
several unmapped active faults with complex oblique deformation
indicates an E—W dip-slip faulting and N—S strike-slip motion. On
the other hand, the vertical component reveals a clear boundary
between subsidence and uplift on the southwestern Yogyakarta.

2. Data and observation

We analyzed the deformation pattern surrounding the Opak
river fault based on five years of geodetic campaign data. This study
utilized 17 GPS stations from 2013 to 2016 and 5 GPS stations from
2017 to 2018 along the fault and across the Yogyakarta region. A
detailed description of the Opak GPS network in Yogyakarta could
be found in separate publications [10]. The data were processed by
GAMIT/GLOBK 10.6 software [11] concerning the International
Terrestrial Reference Frame 2008 (ITRF2008) [12]. The GLOBK
software calculated the deformation rate using the Kalman
Filtering method. We obtained the velocities and standard errors of
the GPS network from the GLOBK solution, directly.

The GAMIT/GLOBK produces the solution that contained a ve-
locity field with ITRF2008. The estimated velocities were translated
into the Sundaland block reference frame to represent the local
deformation. It translated using the Euler Pole angular velocity
0.336°/Myr and its position (49.0°N, —94.2°E) defined in the
ITRF2000 [13]. In that sense, we transformed our velocity solution
from ITRF2008 into ITRF2000 beforehand [14], as had been
demonstrated in Gunawan et al. [15]. Hence, we obtained the ve-
locities with respect to the Sundaland block, as shown in Fig. 2.

3. Methods

Yogyakarta region experienced repeated natural hazards such as
Mt. Merapi eruptions, shallow damaging Earthquake in 2006 with a
wide range of aftershock followed by postseismic deformation [6].
In addition, Yogyakarta also affected by postseismic deformation
due to the 2006 Java tsunami earthquake and tectonic activity along
the Java subduction zone [16]. The 2012 Indian Ocean earthquake
sequences also was recorded at the GPS network in Java Island
which was opposite sense with the secular motion in Java Island
[17]. Therefore, it may change the deformation pattern in Java Is-
land. Those large and broad range deformation, termed as long-
wavelength deformation, may be recorded in our GPS data.
Therefore, we intended to extract more local deformation due to
inland faults in Yogyakarta. To do so, we applied a moving average
filter to obtain the long-wavelength feature that active in the re-
gion. Hence, we can subtract the long-wavelength pattern from the
original observation. This procedure can be used to detect a short-
wavelength deformation from original observation data by
removing long-wavelength deformation [18].
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Fig. 2. The GNSS Network in this study. Blue arrows represent the horizontal deformation rate with respect to Sundaland block with one sigma standard errors. Red and magenta
bars denote uplift and subsidence, respectively. Black lines indicate the Opak river fault [3].

The moving average filter utilizes the idea of resolving the data
by taking the means with homogenous variance. Arithmetic
means is applied to determine the linear trend. We tested with
several numbers of circular distance from 0.1° to 0.5°. The 0.1°
circular distance in moving average filter produced almost zero
short-wavelength since the estimated long-wavelength will be the
same as original observation in each site. Meanwhile, the 0.5°
circular distance in moving average filter produced homogeneous
value which cannot capture the long-wavelength pattern from
postseismic deformation due to the 2006 Yogyakarta earthquake.
Hence, we assumed the optimum radius for moving average filter
was calculated from the average distance between each GPS site.
The average distance is about 0.24°, thus we performed moving
average filter in a radius of 0.24° (approximately 26.64 km) to
separate long-wavelength deformation and short-wavelength
deformation. The simple equations of moving average can be
written as follows

—7ZN3’11
V== (1

where y is the average of horizontal velocities, y, is the horizontal
velocity at designated radius, and N is the number of stations.

After we obtained the deformation rate with respect to moving
average filter, as shown in Fig. 3, we are ready to analyze the
deformation rate. First, we estimate fault parallel and fault normal
velocity based on our latest solution. The fault parallel and normal
velocities can be the first signal to see a relative motion for each
block assumption. Second, we estimate the strain rate and its de-
rivative to obtain the compression and extensional region. A large
strain rate indicates large deformation that would lead to a specific
geodynamics process.

In this study, we used grid_strain software with Modified Least
Square method to calculate principal strain [19]. Moreover, this
method uses scale factor and distance to the nearest point to

calculate principal strain. The equation of this method can be
written as equation (2) below

L=E+Q (2)
where
o, 1(a, L0,
ox 2\9y ¥ Tox Y
E— 3)
ey, L2 L
2\ay ¥ Tox Y oy Y
and
1/0
° 2 ()
o- (4)
1 gu +3u 0
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where L is a tensor, Q is rotation tensor, E is strain tensor, and u is
displacement. Eigenvalues of strain tensor would give us principal
strain rate consist of maximum and minimum strain rates repre-
sented by A; and A,, respectively.

Strain rate analysis can identify tectonic and volcanic activity in
the Yogyakarta region. Interpolation that considering scale factor
and distance to the nearest point is used to estimate principal strain
rate across this region follows the method by Teza et al. [19]. The
result of interpolation is useful to represent the activity of a
particular area, although it is not the absolute value (e.g. [20]).
Based on the estimated principal strain rate, we determine the
dilatation rate and the maximum shear strain rate using equations
(5) and (6) as follows (e.g. [1,21]).
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Fig. 3. Corrected velocities with respect to moving average filter around the Opak river fault.

with one sigma standard errors. Black lines indicate the Opak river fault.

Edilatation =M + A2 (5)

€max shear strain = (/11 - A2)/2 (6)

where egijgration aNA  Emax shear strain A€ dilatation rate and
maximum shear strain rate, respectively, with 1; is extensional
maximum strain rate, and A, is compressional minimum strain
rate. The dilatation rate is beneficial to identify dip-slip faulting.
Meanwhile, the maximum shear strain rate coincides with strike-
slip faulting [1,21].

4. Results and discussion

The estimated displacement rate shows a significant change
between the Sundaland block reference frame and short-
wavelength pattern after moving average filter (Fig. 3). Most of
the GPS trend is moving toward southeast to northeast. Those di-
rections are consistent with the estimated trend for Java island
counterclockwise deformation [16]. On the other hand, the detailed
quantitative deformation rates (Table 1) show the velocity with
respect to the Sundaland block has a larger rate than short-
wavelength velocities. In addition, the short-wavelength veloc-
ities show heterogeneous motion rather than homogeneous mo-
tion on the long-wavelength pattern.

The estimated short-wavelength velocities with its heteroge-
neity may indicate a multiple fault zone lies across Yogyakarta.
Therefore, we calculate fault parallel and normal fault velocity
concerning some of the fault hypothesis that we derived from
previous studies. First, we suspect a fault on the western Opak river
fault that we termed as F1 fault. Studies of Tsuji et al. [7] utilized
InSAR analysis suggest a boundary between uplift and subsidence
in the southern Yogyakarta region known as Bantul graben.
Although most of the vertical GPS data exhibit higher uncertainties
than horizontal GPS data, most of our vertical campaign data

Blue arrows represent the horizontal deformation rate with respect to Sundaland block

provide good control except for several stations such as the TGD4
station. Since the error of vertical data on TGD4 is larger than its
subsidence rate (Table 1) which may lead to a wrong signal, we do
not include vertical information from TGD4 in further analysis.
Therefore, we suspect a fault lies between stations that experienced
uplift (TGD6, TGDO) and subsidence (TG4E, TGD7) (Fig. 4a). Since
TGD6 was applied as a fixed point, we obtained that TGD4 exhibited
clear opposite sense motion compared to TG4E for both fault par-
allel and fault normal velocities. So as shown in Fig. 4a, we suggest
the F1 fault, which separated TG4E, TGD7 and TGD4, TGD5, TGDS6,
TDGO, as an oblique motion combining normal dip-slip and left-
lateral strike-slip fault.

Second, we also investigate an identified Opak river fault as a
left-lateral strike-slip fault. In Fig. 4c, our GPS data with respect to
SGY1 exhibit an apparent left-lateral strike-slip motion in the
northern part of Opak river fault. Assuming the Opak fault line as it
shows as black lines in Fig. 4c—d, our GPS data shows a consistent
left-lateral strike-slip motion in the northern part of Opak river
fault (Fig. 4c). However, the Opak fault line in the southern part
could be identified as a left-lateral strike-slip motion if we trans-
lated the southern Opak fault line 2—3 km to the southeast from its
original fault line (Fig. 4d). Moreover, the left-lateral strike-slip
motion is more consistent and closer with the focal mechanism of
the 2006 Yogyakarta earthquake (Fig. 1). This result probably in-
dicates that Opak river fault affected by east-west trend of slip-
partitioning accommodated by the Java megathrust [16]. On the
other hand, we obtain a similar normal component movement in
the fault normal velocities except for OPK4 site. However, since the
uncertainty of horizontal component of OPK4 is considerably large
(Fig. 2), we can rule out the probability of dip-slip motion. There-
fore, a left-lateral strike-slip motion remains dominant between
SGY5, TGD2, SGY3 and OP4E.

Our fault line suggestion coincides with the relocated aftershock
distribution of the 2006 Mw6.3 Yogyakarta earthquake [9]. Previ-
ous studies suggest that the aftershock distribution related to the
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Table 1

Detailed location of GPS station, deformation rate with respect to (w.r.t.) Sundaland block and deformation rate with respect to moving average filter.

No. Station Name Longitude Latitude w.r.t Sundaland block (mm/yr) w.r.t. Moving Average filter (mm/yr)
E N §) oU E N
1 OPK3 110.549 —-7.893 15.056 —14.875 0.01 8.71 2.185 -7.412
2 OPK6 110.546 —7.962 15.43 -11.474 0.17 5.57 2.83 —4.226
3 TGD1 110.49 —7.769 7.806 -6.219 17.21 8.15 -5.67 1.169
4 OPK4 110.488 -7.927 5.564 —1.355 15.9 40.81 —~7.664 6.272
5 SGY6 110473 —7.858 9.99 1.264 8.66 5.42 -3.238 8.89
6 OP4E 110.467 -7.94 15.876 —6.844 0.75 23.12 2.649 0.782
7 SG5E 110.458 —7.849 17.299 0.353 5.41 13.04 4.071 7.98
8 OPK7 110.456 —-8.037 8.507 -12.172 -0.22 5.86 —4.827 —4.647
9 TGD2 110.452 —7.882 14.054 —8.646 15.3 5.12 0.826 -1.019
10 SGY5 110.452 —7.857 9.443 -11.316 5.18 10.02 -3.785 —3.69
11 SGY3 110.425 —7.904 13.371 -9.345 14.9 16.92 -0.027 -1.611
12 SGY1 110.424 —7.882 16.77 —5.896 34.07 6.82 3.373 1.838
13 SG3E 110.424 -7.904 13.371 -9.345 149 16.92 —-0.026 -1.611
14 OPK8 110.405 ~7.96 10.865 —5.044 24.98 6.85 -2.533 2.69
15 SGY2 110.402 —7.901 15.994 —6.755 2.67 10.61 2.597 0.978
16 TGDO 110.373 -7.764 14.877 -9.859 18.43 2.31 1.606 —2.447
17 TGD3 110.369 -7.75 15.198 —8.529 -7.71 527 1.927 -1.118
18 TGD7 110.333 -7.932 12.197 —8.294 -30.16 7.24 —0.956 -0.482
19 TGD4 110312 —7.854 12.807 —5.806 -9.93 10.97 -0.137 1.47
20 TG4E 110.308 -7.88 20.08 -12.376 -16.96 14.7 7.137 —5.099
21 TGD5 110.197 ~7.739 8.011 -9.469 118.61 12.22 —6.268 -0.297
22 TGD6 110.196 -7.912 16.788 -9.875 5.24 7.01 2.594 —1.492

postseismic deformation in the shallow depth due to brittle creep
[22]. The hypocenter location frequently coincides with the locking
portion of the fault where the stress drop or decrease occurred. On
the other hand, a postseismic slip would appear in the region with
the stress distribution increase due to an earthquake [23]. There-
fore, the locking portion of the fault may not release an aftershock
during postseismic while surrounded region release aftershock
(Fig. 1). Another study suggests the Baturagung escarpment linea-
ment was derived from remote sensing and fieldwork study based
on outcrops deposit characteristic [24], which is consistent with the
suggested motion of the fault line in this study.

The third hypothesis of an active fault, which termed as F2, is
between OPK6 and OPK3, OPK7 (Fig. 4e). Those three stations
exhibited an opposite trend compared to other GPS stations on the
left side of the Opak fault river. In that sense, we suspect those three
stations may deform affected by another fault. According to OPK3
site as a fixed point, the OPK6 and OPK7 show left-lateral strike-slip
sense (Fig. 4e). However, the fault normal velocity at the OPK7
significantly faster than OPK6, which may be indicating a normal
dip-slip motion. Therefore, our GPS data suggest another fault line
that has similar azimuth of the northern part of the Opak river fault
with an oblique motion consist of normal dip-slip and left-lateral
strike-slip movement.

In the fault normal velocity analysis, most of the GPS sites to-
ward the Opak river fault suggest compression except for the most
western stations (Fig. 4). One possibility is the most western site
(TGD5) moving to the east because the moving average filter cannot
accommodate the TGD5 site due to short circular distance. To
investigate the compression due to fault locking activity, we
conduct strain rate analyses to confirm our fault normal and fault
parallel velocities trend.

We divide the strain rate analyses into three parts. Firstly, the
estimated principal strain rate is shown in Fig. 5. In general, the
result indicates the Yogyakarta region experiences E—W contrac-
tion and N—S extension. The E—W contraction observed in the
whole Yogyakarta region except in the southeastern part exhibits
N—S extension. We speculate that our GPS data using moving
average filter cannot capture the postseismic deformation due to

the 2006 Yogyakarta earthquake resulting in a clear N—S extension
where the earthquake occurred (Fig. 1).

Secondly, the estimated maximum shear strain rate provides a
high-significance estimate within a grey dashed line, which is shown
in Fig. 5a. Although we identified other faults outside the Opak river
fault, and a large compressional region observed and confirmed
ongoing stress accumulation along the Opak river fault. Moreover,
this result coincides with strike-slip motion within fault parallel
velocity analysis, which is supported by the focal mechanism of the
2006 Yogyakarta earthquake [3,6]. Thirdly, the estimated dilatation
rate provides a high-significance estimate within a grey dashed line
shown in Fig. 5b. Its pattern is most likely different from the esti-
mated maximum shear strain where compressional dilatation rate
dominant in the northeast side of the Opak river fault. This result is
in line with the indicated normal dip-slip faulting by fault normal
velocity analysis. Gunawan et al. [1] utilized two GPS data in
Yogyakarta suggests a single large dilatation rate. It means the Opak
river fault is concluded as dip-slip faulting rather than a strike-slip
faulting. However, our denser GPS solution suggests a strike-slip
faulting along the Opak river fault and oblique faulting for F1 and
F2 fault. On the other hand, a high extensional dilatation rate esti-
mated in the southeast of the Opak river fault, which may indicate
the extensional stress due to postseismic deformation of the 2006
Yogyakarta earthquake remains ongoing. Large extension remains
detected after Moving Average filter may indicate our GPS network
not dense enough to extract postseismic and local earthquake.

In comparison with the subsurface structure imaging, the strike
slip faulting along the Opak river fault is consistent with the
tomographic imaging derived from P-wave and S-wave velocity
perturbation [25]. In addition, the P-wave and S-wave imaging
shows different vertical velocity contrast between northern and
southern part of the Opak river fault. Moreover, the tomographic
imaging also infers the oblique anomaly of extended Ngalang fault
which almost align with F2 fault in this study. However, the high
resolution of the tomographic imaging only covers the Opak river
fault since the study conducted seismic survey around the 2006
Mw6.3 Yogyakarta earthquake. Hence, densifying seismic survey is
necessary to investigate the unmapped fault in Yogyakarta region.
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Fig. 4. (a) Each colored frame represents the detailed analysis of fault normal and fault parallel velocity in the next sub-Figure. Red triangles and magenta lines represent GNSS
station and new suggested fault, respectively. (b) Magenta lines denote the F1 fault and the velocities with respect to TGD6. (c) Black lines denote the northern Opak river fault and
the velocities with respect to SGY1. (d) Black and magenta lines denote old and new southern Opak river faults, respectively. The velocities fixed to OPK8. (e) Magenta lines denote

the F2 fault and the velocities with respect to OPK3.

Our finding of the new identified active fault has a strong impli-
cation to the earthquake potential and its mitigation in the Yogyakarta
region. The 2006 Mw®6.3 Yogyakarta earthquake source lies on one
single fault within the Opak fault zone. Therefore, obtaining other
fault lines in this region implies a higher possible future earthquake
occurrence. However, this study is limited to identify active fault
without quantifying the kinematic slip process such as slip rate and
locking depth. Those quantitative analyses should be considered in
further research by increasing GPS observation density.

5. Conclusions

We studied present-day crustal deformation across the Yogya-
karta region based on five years of GPS campaign data. Although

our GPS observation is limited, we observed velocity contrast across
the faults. Hence, we concluded that active fault in Yogyakarta is
not only the Opak river fault. We identified several unmapped
active faults on the left and right side Opak river fault, whereas the
fault motion has oblique faulting. On the other hand, the northern
and southern part of the Opak river fault is consistent with the
previous studies of strike-slip faulting, but the southern part is
shifted to the east which may be affected by E—W slip partitioning
accommodated by the Java subduction process. Finally, these re-
sults clearly emphasize the Opak fault zone instead of single Opak
river fault in Yogyakarta, Indonesia. Furthermore, those new iden-
tified active faults in this region imply the future earthquake po-
tential may increase and need systematic mitigation to prevent
casualties.
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