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Our understanding of seismic risk in Java has been focused primarily on the subduction zone, where the
seismic records during the last century have shown the occurrence of a number of tsunami earthquakes.
However, the potential of the existence of active crustal structures within the island of Java itself is less
well known. Historical archives show the occurrence of several devastating earthquake ruptures north of
the volcanic arc in west Java during the 18th and the 19th centuries, suggesting the existence of active
faults that need to be identified in order to guide seismic hazard assessment. Here we use geodetic
constraints from the Global Positioning System (GPS) to quantify the present day crustal deformation in
Java. The GPS velocities reveal a homogeneous counterclockwise rotation of the Java Block independent
of Sunda Block, consistent with a NE-SW convergence between the Australian Plate and southeast Asia.
Continuous GPS observations show a time-dependent change in the linear rate of surface motion in
west Java, which we interpret as an ongoing long-term post-seismic deformation following the 2006
My 7.7 Java earthquake. We use an elastic block model in combination with a viscoelastic model to
correct for this post-seismic transient and derive the long-term inter-seismic velocity, which we interpret
as a combination of tectonic block motions and crustal faults strain related deformation. There is a
north-south gradient in the resulting velocity field with a decrease in the magnitude towards the
North across the Kendeng Thrust in the east and the Baribis Thrust in the west. We suggest that
the Baribis Thrust is active and accommodating a slow relative motion between Java and the Sunda
Block at about 5+ 0.2 mm/yr. We propose a kinematic model of convergence of the Australian Plate
and the Sunda Block, involving a slip partitioning between the Java Trench and a left-lateral structure
extending E-W along Java with most of the convergence being accommodated by the Java megathrust,
and a much smaller parallel motion accommodated along the Baribis (~5 + 0.2 mm/yr) and Kendeng
(~2.3 £0.7 mm/yr) Thrusts. Our study highlights a correlation between the geodetically inferred active
faults and historical seismic catalogs, emphasizing the importance of considering crustal fault activity
within Java in future seismic assessments.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Most of the great earthquakes in the world have occurred

of tectonic plates, signatures of elastic strain energy accumulation
on subduction megathrusts, where areas of high coupling dur-
ing inter-seismic periods have been used to reveal stress build-up

in subduction zone environments, where significant events larger
than M,, 8 have ruptured areas extending hundreds of kilome-
ters from the main epicenter (Lay, 2015). An extensive scientific
effort has been dedicated to understand the setting of the occur-
rence of these events in the context of plate tectonics. Geodetic
observations have shown, in addition to the long term rotation

* Corresponding author.
E-mail address: achraf.koulali@anu.edu.au (A. Koulali).

http://dx.doi.org/10.1016/j.epsl.2016.10.039
0012-821X/© 2016 Elsevier B.V. All rights reserved.

where seismic ruptures are likely to occur (Biirgmann et al., 2005;
McCaffrey, 2005; Loveless and Meade, 2010). On the other hand,
slip on subduction zones can also be accommodated aseismically
on creeping areas within the seismogenic zone and/or the tran-
sition zone below the top ~40 km (e.g. Perfettini et al., 2010;
Wallace and Beavan, 2010).

The Java subduction zone is one of the most tectonically ac-
tive plate boundaries in the world, extending ~1700 km from the
Sunda Strait to eastern Indonesia. A distinctive feature of this sub-
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Fig. 1. Regional tectonic map of the study area, showing major faults in Java. The colored circles represent the seismicity from the ISC catalog for events of M,, > 5.5 and
depth <80 km. Focal mechanisms for the 1994 and 2006 earthquakes are from the GCMT catalog (Ekstrém et al., 2012). (b) is a N-S schematic cross-section (the black
dashed line in (a)) modified from Simandjuntak and Barber (1996). Abbreviations are Citandui Fault (Ct), Cimandiri Fault (Cm), Central Java Fault (CJF), Opak river fault (ORF).
(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

duction is the absence of great megathrust earthquakes (M, >
7.8). Historical records indicate that few if any large earthquakes
have occurred on the Java megathrust (Newcomb and McCann,
1987). The largest earthquakes recorded offshore Java island, dur-
ing the entire instrumental seismological period, were the 1994
M, 7.8 and 2006 M,, 7.7 events, which were classified by different
studies as classical tsunami earthquakes (Abercrombie et al., 2001;
Bilek and Engdahl, 2007). This suggests that either the slip on
the Java megathrust is dominantly aseismic and there is insuffi-
cient elastic strain accumulation to generate significant megathrust
earthquakes, or that the earthquakes in this boundary have re-
currence times beyond the span of the observational period. The
lessons learned from the Sumatra 2004 and Tohoku 2011 earth-
quakes show that the lack of recognized large earthquakes in a
subduction zone does not preclude the possibility of future large
earthquakes.

On the other hand, historical records of earthquakes on Java
Island show the occurrence of a series of earthquakes onshore,
not related to the megathrust. Harris and Major (2016) reported
at least 8 major earthquakes in northwest and central Java. Geo-
morphological and tectonic studies also support the existence of
active faults in the island of Java (Simandjuntak and Barber, 1996;
Dardji et al.,, 1994; Malod et al., 1995). However, the rarity of sig-
nificant earthquakes in the last century has limited the precise
identification of these active structures. Recently, Nguyen et al.
(2015) attempted to develop a database of earthquake scenarios
based on historical events in Jakarta and showed that the region
has experienced devastating earthquakes in the past.

The convergence direction across the Java subduction zone is
almost orthogonal to the plate boundary, unlike in Sumatra where

the oblique plate convergence has been successfully used to ex-
plain the slip partitioning between a trench-normal component
and an arc-parallel shear into the Great Sumatran Fault (Fitch,
1972; McCaffrey, 1992). For slip partitioning across the Java Trench,
it remains unclear as to whether the parallel component of dis-
placement is taken up by the trench or is absorbed by the overrid-
ing plate. McCaffrey (1991) showed that a pole of rotation that fits
earthquake slip vectors south of Java predicts higher slip rates in
Sumatra than those observed and he provided three hypotheses to
explain this discrepancy including (i) the inadequacy of earthquake
slip vectors to represent the upper plate deformation; (ii) the ex-
istence of faults other than the Sumatra Fault that accommodate
forearc deformation off Sumatra or (iii) the presence of a left-
lateral shear zone through Java.

To date, very little is known about the tectonics of Java. Re-
cent studies were focused on imaging the structures offshore Java
using seismic reflection data and understanding the dynamics of
the frontal accretion along the western Java margin (Kopp et al.,
2006, 2009; Schliiter et al., 2002). However, details of crustal struc-
tures onshore of Java are not known. Simandjuntak and Barber
(1996) mapped a major thrust system including the Baribis and
Kendeng thrusts that runs East-West through Java and suggested
that some segments are still active. At a high angle to this struc-
ture, two strike-slip faults (Cimandiri and Citandui faults) cutting
across the volcanic arc were identified in West Java forming a v-
shaped geometry bounding the Southern Mountains (Fig. 1). While
very little is known about the Citandui Fault, the NE-SW trend-
ing Cimandiri Fault was proposed as an active sinistral strike-slip
fault forming the conjugate of the NW-SE prolongation of the
Great Sumatran Fault in the forearc domain (Malod et al., 1995;
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Schliiter et al., 2002). However, the lack of a clear trend of seis-
micity makes it difficult to identify the active deformation patterns
related to this fault. Hall et al. (2007) indicated that the Cimandiri
Fault does not have the sharp surface character of a strike-slip
fault and suggested that it is more likely a thrust structure that
is not active. Further to the east, the Central Java Fault (CJF) is an-
other strike-slip fault trending NE-SW, marking the transition from
central Java to the eastern Kendeng Basin (Hoffmann-Rothe et al.,
2001). The 2006 M,, 6.3 Yogyakarta earthquake was related to the
Opak River Fault (Tsuji et al., 2009), a lineament parallel to the
main CJF, which might suggest that the CJF is a laterally segmented
system. Nevertheless, there is no conclusive evidence of activity
along this boundary. More recently, Koulali et al. (2016) identi-
fied an active westward extension of the Flores back-arc thrust for
300 km onshore into East Java along the Kendeng Thrust. However,
the western termination of this structure is not yet understood and
this system might continue even further westward to link with the
Baribis Thrust (~25 km south of Jakarta) (Fig. 1).

Initial geodetic investigations of the present-day crustal defor-
mation in Java were either focused on a local spatial extent using
observation networks in the vicinity of potential sources of activity
(Abidin et al., 2009; Meilano et al., 2012), or concerned with deriv-
ing the pattern of inter-seismic coupling along the Java Trench by
inverting GPS inter-seismic velocities (Hanifa et al., 2014). Gaining
more knowledge on the rate of strain accumulation and partition-
ing on this plate boundary is essential to understand the seismic
hazard in Java. Here we present a new GPS velocity field cov-
ering the entire Java Island, including a combination of existing
and newly acquired observations from continuous as well as cam-
paign sites. We identify a post-seismic contribution to the present
horizontal surface velocities following the 2006 M,, 7.7 Java earth-
quake and we propose an approach to correct for this transient. We
use the corrected velocity field to constrain the tectonic motion of
the Java forearc and to identify the distribution of the deformation
within the continental Java forearc. We quantify, for the first time,
the kinematics of the present-day surface deformation on Java Is-
land and discuss the seismic hazard implications.

2. GPS observations and analysis

GPS observations used in our study were obtained from the
continuous network of Badan Informasi Geospasial (BIG), supple-
mented with few campaign stations surveyed between 2000 and
2008 (Table S1). The continuous network includes 63 stations de-
ployed in two stages. The first sub-network started collecting data
from 2008 until 2011 and was mainly concentrated in west Java.
These stations were densified later with a larger network extend-
ing across all of Java in 2011. In the present study, we derived hor-
izontal velocities using data between 2008 and 2014. Fig. 2 shows
velocities in the Sunda Block reference frame plotted with different
colors indicating the span of time series used in our processing.

We analyzed GPS data using GAMIT-GLOBK software (Herring
et al.,, 2010). We have used a classical two-step approach to derive
the velocity field (e.g. Reilinger et al., 2006; Koulali et al., 2015). In
the first stage, we estimated the loosely-constrained positions from
two sub-networks, by including a set of 70 globally distributed
IGS stations (Tregoning and Watson, 2009). In the second stage,
we combined the two obtained solutions using the Kalman Filter
(GLOBK) to derive a consistent set of positions and velocities. To
estimate realistic uncertainties and account for the temporally cor-
related noise in the GPS time series, we have used a first-order
Gauss Markov extrapolation (FOGMEX) algorithm (Herring et al.,
2010).

During the last decade, the Sunda Arc has known a sequence
of great earthquakes (>M, 8), which not only caused large co-
seismic offsets in GPS time series but also induced spatially and

temporally significant post-seismic transients. These effects are
considered as a limitation to the assumption of the linear veloci-
ties. Tregoning et al. (2013) showed that the cumulative co-seismic
displacements induced from far-field large earthquakes can bias
the estimation of linear velocities by up to 0.3 mm)/yr, influenc-
ing significantly the consistency of the realization of the reference
frame. Similarly, DeMets et al. (2014) have shown that viscoelas-
tic deformation triggered by large earthquakes can potentially
also induce significant inconsistencies in the estimation of plate
motion velocities. In our case, we have corrected for co-seismic
offsets by manually inspecting the GPS time series. In Java the
only long-spanning GPS time series (i.e. >10 years) is the IGS site
of BAKO. We found that this site was affected by at least three
far-field earthquakes: the 2000 M,, 7.9 Enggano earthquake, the
2004 My, 9.1 Sumatra earthquake, and the 2012 M,, 8.6 Whar-
ton Basin earthquake. We have estimated a co-seismic offset for
each of these events when calculating the velocities of BAKO and
the neighboring sites on the Australian Plate (COCO, DARW). As
the BIG continuous GPS network in Java started operating in the
beginning of 2008, the only significant co-seismic displacements
detected in our time series are related to the 2012 M,, 8.6 Whar-
ton Basin earthquakes (Hill et al., 2015). We have corrected all the
sites in West Java where we observed an offset. However, we have
not observed any non-linear behavior in our time series due to
this earthquake.

Unlike the co-seismic displacement, viscoelastic relaxation in-
duces surface deformation that occurs over a long-term temporal
scale which can persist decades after the earthquake. The empiri-
cal correction of this type of transient, made by fitting exponential
or logarithmic functions, can be trivial if enough data are available
before and after the earthquake to constrain the curvature in the
displacements. Characterizing the long-term behavior of this sig-
nal becomes more critical, mainly due to its spatial coherence. In
this situation, the time series show very small changes in slope,
which can be detected only with long-term continuous time series
(Ergintav et al., 2009). The Java 2006 M,, 7.7 earthquake ruptured
along ~200 km at shallow depth offshore of the western part of
Java (Fig. 1). The absence of continuous GPS sites at that time
means that we cannot measure the co-seismic displacement. The
only site operating in Java at that time was BAKO, for which we
fitted a logarithmic function to its time series after the earthquake
and the only campaign observations we have before 2006 are from
3 sites in southwest Java (Figs. S1-S3). These sites were not used
in the present study because of the large uncertainty in their ve-
locities. The effect of the post-seismic deformation on the rest of
the observations cannot be modeled with the empirical fitting ap-
proach, since two years separate the time of the earthquake and
the start of the observations and thus the bulk of the post-seismic
signal was not observed. Hence, a physical model is required to
predict the spatial and the temporal evolution of this transient.
The modeling and the signature of post-seismic deformation treat-
ment are considered in Section 4.3 of this paper.

During the Kalman filter step, we treat the sites affected by the
post-seismic deformation using a spatially dependent noise model
with standard deviation defined as: o;.(D/dist)? (Herring et al.,
2010), where o; is the specified spatial standard deviation, D is
the depth of the earthquake and dist is the distance of the GPS
site from the epicenter location. This simple model allows a proper
scaling of the velocity covariance matrix during the block model
inversion.

One of the challenges associated with the calculation of sur-
face velocities from GPS in Java is the groundwater subsidence
signal observed mainly in the coastal areas. Interferometric syn-
thetic aperture radar (InSAR) time-series analysis shows significant
signal related to land subsidence up to 22 mm/yr (Chaussard et al.,
2013). Although this signal affects mainly the vertical component

Planet. Sci. Lett. (2016), http://dx.doi.org/10.1016/j.epsl.2016.10.039

Please cite this article in press as: Koulali, A., et al. The kinematics of crustal deformation in Java from GPS observations: Implications for fault slip partitioning. Earth




EPSL:14144

4 A. Koulali et al. / Earth and Planetary Science Letters eee (esee) soo—ooe

10MM/Yr s—

, v 2011-2014 =
a I 2008-2011 ==
P oo D -1998-2014 —> | -
© cm"m 2002-2006 ==>>
QRO 2008-2014 = 10mm/yr=> -
i | ] ‘
112° 114° 116°

-8°

\ ‘ \ ‘
106° 108°

Fig. 2. GPS velocities determined in this study with respect to the Sunda Block. Uncertainty ellipses represent 95% confidence levels. The inset (bottom left) figure shows the
time span of each derived velocity in West Java. The dashed red line in the regional map (top right) corresponds to the study area (main figure outline). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

of the positions, it can potentially bias the horizontal velocity es-
timates. Fortunately, the subsidence signal is much more localized
and observed mainly near cities. However, we have excluded from
our solution two sites with subsidence rates >20 mm)/yr in an at-
tempt to mitigate contaminating our tectonic interpretation with
local hydrology effects.

3. GPS velocities in Java

We present the velocities in the Sunda reference frame defined
in the same manner as in Koulali et al. (2016). We use only stable
continuous sites within the Sunda Block, where we have available
data before the Sumatra-Andaman 2004 earthquake. We then es-
timate the Sunda Block Euler vector using the linear velocities and
their covariances. The obtained velocity field shows a dominant
counterclockwise rotation of the whole Java forearc with a rate
increasing towards the east (Fig. 2). The magnitude of the veloc-
ities vary from ~3 mm/yr in west Java to ~7 mm/yr in the East.
This motion is consistent with the convergence direction between
the Australian Plate and southeast Asia (Tregoning et al., 1994;
Simons et al., 2007). Another feature apparent in our velocity field
is the northward decrease of velocities towards the Baribis thrust,
indicating that the Java forearc is presently moving relative to
Sunda Block. This correlates with geological observations where
Paleogene arc rocks have been thrusted northwards towards the
Sunda Shelf (Hall et al., 2007).

One of the most striking features of the GPS velocity field in
west Java is the coherent anomalous southeastward site motions.
Hanifa et al. (2014) showed an even more southward motion of the
CLDO, CSGT, CPTN, CTVI, and CUJG sites in their analysis, which
they interpreted as an indication of a north-south shortening in
West Java. Their velocities with respect to Sunda Block were de-
rived using the Euler pole definition of Simons et al. (2007), which
included BAKO as part of the stable Sunda Block. However, in our

realization we consider that BAKO is part of the Java Block which
moves independently from the Sunda Block. Moreover, the site
BAKO has been affected by the 2006 M,, 7.7 Java earthquake as
we will show later; therefore, a linear velocity from a time series
after 2006 includes a significant post-seismic effect (Fig. S6) which
we correct for using a viscoelastic model discussed in section 4.3.

In addition to the sites above, our solution includes new sites
in the same region, observed between 2011 and 2014 (CMIS, CTAN,
CANG, CJUR, CPTU in Fig. 2). These sites show a somewhat differ-
ent motion, with a more eastward velocity than observed between
2008 and 2011. Furthermore, the inset of Fig. 2 shows a case of
two co-located stations BCLP and CCLP observed in two different
intervals before and after the 2006 earthquake. While the velocity
of the BCLP (2002-2006) station is consistent with the expected
NE motion of the forearc, CCLP shows a more southeastward mo-
tion similar in direction to the other velocities observed during
the same time interval. The only GPS observations obtained be-
fore and after the 2006 M,, 7.7 earthquake in west Java were from
three campaign observations (BRTU, LIPI and GLSK, Figs. S1-S3).
The time series at these stations show a clear logarithmic decay
that continues for at least 4 yrs following the 2006 earthquake.
Therefore, a plausible explanation for the divergence in motion
we see in the continuous GPS velocities results from the persis-
tence of a long-term post-seismic transient following the 2006 M,,
7.7 Java earthquake, which leads to a small change in the appar-
ent linear rate through time. This means that time series sampled
close in time following the earthquake would produce velocities
with directions similar to the co-seismic displacement pattern. This
postseismic transient would influence velocities measured over
2008-2011 more strongly than those averaged over 2011-2014,
yet even the 2011-2014 velocities are likely biased relative to
those measured before 2006. This implies that the observed ve-
locities are the combination of the inter-seismic deformation re-
lated to block rotations and fault locking as well as post-seismic
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Fig. 3. Checkerboard resolution test using the existing GPS locations used in this study. (a) shows the synthetic input locking pattern. The discretized patches are approximately
125 km x 50 km. (b) shows the recovered locking after adding observed formal uncertainties to the simulated velocity field generated from the input locking shown in (a).
The transparent gray area shows the unresolved patches of the slab, for which the estimated locking uncertainty is 100%. Phi: The coupling coefficient, where 0 is creeping

and 1 is fully locked.

transient deformation following the 2006 M,, 7.7 earthquake. We
address this issue in Section 4.3.

4. Methods and interpretation of the velocity field
4.1. Interseismic locking on the Java megathrust

The major limitation in inferring elastic coupling along subduc-
tion zones from geodetic observations is the lack of resolution in
the up-dip shallowest part of the megathrust interface, where seis-
mogenic processes occur. The case of the Java subduction zone is
a typical example, where the Java coastline sits on the transition
between 60 and 80 km contours of the slab depth (Hayes et al,,
2012). We have conducted a classical checkerboard resolution test
to verify the extent to which our GPS network can resolve the
slip deficit variation. We have used a down-dip varying geome-
try of the interface using the Slab 1.0 model (Hayes et al., 2012),
then we discretized the slab into patches with 125 km along strike
length by 50 km along dip width. We prescribed a regular grid
alternating between fully and freely coupled patches to generate
the synthetic surface velocities. We then added a Gaussian noise
to the synthetic velocities using the mean and standard devia-
tion of the formal uncertainties from our calculated velocity field
(Fig. 3-a). Our inversion of the synthetic velocities (Fig. 3-b) in-
dicates an insensibility to the locking on the Java megathrust in
the top 50 km (~200 km from the Trench), where inter-seismic
coupling is more likely to occur. Hanifa et al. (2014) conducted
a similar resolution test and showed that the resolution for the
shallowest part (less than 30 km depth) of the megathrust is very

limited and opted for enlarging the shallow patch to 250 x 100 km
patches instead. Despite the fact that the existence of an asper-
ity of this size is unrealistic, the noise assumed in their inversion
was derived from GPS displacement formal uncertainties assum-
ing a white noise model only, while neglecting correlated noise
due to systematic errors in the position estimates, implying that
their uncertainties are likely to be underestimated (Williams et al.,
2004). This means that if realistic uncertainties were adopted, their
signal-to-noise ratio would be larger and, therefore, their coupling
recoverable wavelength would be even bigger than 250 km in the
shallowest part of the megathrust.

4.2. Kinematic model

To interpret our GPS velocity field and describe the kinemat-
ics and active structures in Java we have applied an elastic block
modeling approach using the program DEFNODE (McCaffrey, 2005).
In addition to block rotations, DEFNODE solves for strain accumu-
lation on block-bounding faults. Our aim is to estimate fault slip
rates and Euler vectors simultaneously by minimizing the residu-
als between the observed and the calculated velocities. As men-
tioned previously, our knowledge of active faults in Java is very
limited and, to date, there is no compilation of surface active
lineation traces available. In this situation, observations from his-
torical earthquakes can provide some insight into the location of
ruptured segments in the past and, therefore, of potential active
faults. For instance, the modeled ground shaking scenarios of his-
torical seismic events (>M,, 7) proposed by Nguyen et al. (2015)
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Fig. 4. Map showing the two investigated block models in this study. Red thick lines represent the adopted active faults where locking was applied and black dashed lines
represent free-slip block boundaries. Full-dots represent the distribution of the observed MMI based on historical seismicity and the blue rectangles show the best-fit faults
planes used to model ground motion shaking from Nguyen et al. (2015). The four upper-case character codes refer to the Blocks used in each model: JAVA: Java Block,
WMAK: West Makassar Block, SUND: Sunda Block, SUMB: Sumba Block; In Model B we split the Java Block into West Java Block (WJAV) and East Java Block (EJAV). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

show that the ruptured segments of the 1780 and 1834 align along
the Baribis thrust.

We compiled two possible block model geometries (Fig. 4).
Model A was prescribed based on simple geometry, where the Java
forearc was considered as a uniform block between the Java Trench
and the Kendeng-Baribis thrust and separated from the Sumba
Block by an eastern NE-SW strike fault as proposed by Koulali
et al. (2016). The second geometry is simply a subdivision of the
Java forearc into two separate blocks by a segment striking NE-SW
along the Central Java Fault and the Opak River Fault segment that
ruptured during the M,, 6.3 earthquake. Because of the insensi-
tivity of our GPS network to the coupling on the up-dip portion
of the Java megathrust, we prescribed a parametrization similar to
that proposed by McCaffrey et al. (2007), where we set up a full
coupling from the deformation front down-dip to 5 km depth, then
a transition zone between 5 and 10 km depths where the coupling
coefficient decreases linearly to become zero at 10 km and be-
low, allowing the interface to be freely slipping at the full relative
plate motion. We performed similar inversions by fully locking the
first 10 and 15 km and the results were similar (Fig. S4). For the
Baribis and Kendeng Thrusts, we allowed the nodes to be indepen-
dent along the strike and parametrized a full coupling for depths
shallower than 5 km, with locking linearly decreasing to depths of
between 10 km and 15 km, which we inverted for along with the
rest of parameters in our block model (McCaffrey, 2005). All the
active faults in the fore-arc were assigned a 30° dip, except the
NE-SW boundary between Sumba and Java which was defined to
be sub-vertical.

4.3. Post-seismic effect

Our motivation for using the geometry of Model A was to
keep the simplest model parametrization possible to capture the
first-order plate tectonic kinematics and to drive any non-mod-
eled signal into the residuals. Interestingly, our inversion resulted
in systematic, coherent velocity residuals of the stations in south-
western Java (observed between 2008-2011) (Fig. 5). The disagree-
ment between the model and the observations appears mostly in
the area between 106°E and 109°E (Fig. 5, b-c). A similar pat-
tern of velocity residuals is observed in the rest of the network
stations, although with smaller magnitude and with a spatially
pattern decaying with distance from the main rupture area of the
2006 M,, 7.7 earthquake towards east and west Java. This sug-
gests that a correction for the post-seismic long-wavelength signal
in our velocity field is critical in order to identify the background
secular inter-seismic deformation signal.

Although, there are different physical mechanisms that can ex-
plain the non-linear post-seismic signals, such as poroelastic re-
bound and after-slip, the mechanism of post-seismic deformation
is less important than the need to account for the transient ef-
fect. We have opted to use a viscoelastic relaxation model mainly
because of the spatially broad-scale character of the deformation.
The transient is observed in the far-field GPS sites located more
than 230 km from the rupture area and persisted more than
2 yrs after the earthquake, suggesting a contribution from viscous
flow in the lower crust and/or upper mantle (Hearn et al., 2009;
Pollitz and Thatcher, 2010).

Planet. Sci. Lett. (2016), http://dx.doi.org/10.1016/j.epsl.2016.10.039

Please cite this article in press as: Koulali, A., et al. The kinematics of crustal deformation in Java from GPS observations: Implications for fault slip partitioning. Earth




EPSL:14144

A. Koulali et al. / Earth and Planetary Science Letters eee (esee) soo—oee 7

longitude

0— 117
. Em
- 105

GPS (mm/yr)
T

longitude

117 |—
Em -
105 |-

5 10
Model (mm/yr)

5 10
Model (mm/yr)

Fig. 5. (a) Residual velocities of Model A using the observed velocities without correcting for the post-seismic deformation. Red vectors correspond to GPS sites observed
between 2008 and 2011. Ellipses are 1-sigma confidence. Colors and contours are for the co-seismic slip used in our post-seismic modeling (from Yagi and Fukahata, 2011).
(b-c) are the corresponding scatter plots for the East and the North components. The color scale is function of the longitudes of the GPS locations, where a systematic misfit
is observed in West Java, north of the rupture area of the 2006 M,, 7.7 earthquake. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Our approach consists of assuming that the systematic model
residuals observed between 2008 and 2011 are the result of the
viscoelastic relaxation and we use them to infer the viscosity
structure using a layered viscoelastic model, which would allow
us to calculate the cumulative displacement since the earthquake.
We used the program VISCO1D-v3 (Pollitz, 1997) to predict the
cumulated displacement following the Java 2006 earthquake and
adopted a layered model for oceanic lithosphere and mantle as
suggested by Pollitz et al. (2006). It consists of a Maxwell rheol-
ogy in the lower (670-2891 km) and upper mantle (220-670 km),
with viscosities of 102! and 102 Pas, respectively. We used the
co-seismic slip model of Yagi and Fukahata (2011).

We varied the thickness of the lithosphere (30-70 km) and
the viscosity of the asthenosphere (10'7-10%! Pas) using a grid
search. For each iteration, we evaluated the velocity at each epoch
of our observed velocities, and measured the agreement with
the horizontal block-model residuals using the normalized root-
mean-square misfit function as defined in Pollitz and Thatcher
(2010). We have limited the search range of the lithospheric
depth based on seismic studies, which showed that the average
crustal thickness in Java is about 33 km (Wdlbern and Riimpker,
2016).

The best-fit model has a 30 km thick lithosphere and an as-
thenosphere viscosity of 2 - 10!® Pas (Fig. 6). This seems to be
within the range of asthenospheric viscosity (10'8-10!° Pas) val-
ues in backarc regions inferred from dynamic modeling and geode-

Lithospheric thickness (km)

] 0.41

N 0.38

0.35

o7 “10%8 1019 10

7 (Pa.s)

Fig. 6. The misfit NRMS as a function of the lithospheric thickness and the upper
mantle viscosity (1) for the sites with velocities derived using observations between
2008 and 2011. The red star indicates the best fit model with n =3-10'® Pas and
He =30 km. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

tic inversions (Biirgmann and Dresen, 2008; Billen and Gurnis,
2001). The usage of vertical displacement rates could potentially
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Fig. 7. Residual velocities of Models A and B after correcting for the post-seismic deformation. Ellipses are 1-sigma confidence. The results are quite similar from both models
and the addition of the NE/SW fault cutting Java into two blocks does not provide an improvement in the fit (2(A) = 2.4 vs x2(B) =2.6).

improve the resolution of the viscosity structure, however they are
noisier than the horizontal component and likely to contain non-
tectonic signals. Therefore, we decided not to include them in our
inversion. The best-fit model was used to predict the viscoelastic
relaxation correction, which we subtracted from all of our signif-
icant GPS observed velocities including both epochs of velocities
(2008-2011 and 2011-2014).

4.4. Inversion results

Fig. 7-a shows the residuals of the block Model A inversion af-
ter applying the post-seismic corrections. We obtained a reduction
of the misfit 2 from 2.7 to 2.4 and we noticed a decrease in the
magnitude of the systematic southeastern motion detected previ-
ously in the original velocity field. Although the anomalous signal
did not completely vanish from all of the sites, the obtained resid-
uals are within the measurement uncertainties. This unresolved
signal might be related to heterogeneities in the rheological struc-
ture, which are not taken into account in our 1D layered model.
Therefore, the investigation of the usage of 3D postseismic de-
formation models could be a better approach to represent lateral
variations in mantle viscosities (Freed et al., 2006). Alternatively,
the co-seismic model might be not accurate enough to capture the
details in slip distribution due to uncertainties in the source pa-
rameters.

Finally, we ran an inversion using Model B to test the hypoth-
esis of whether the data requires the splitting of the Java Block
along the central Java Fault, using the corrected velocities. The ob-
tained fit is very similar to Model A with a 2 =2.6 and an F-test
shows that there is no significant difference between the models

using the two geometries. In the absence of the evidence of the
separation of east Java as a separate block we preferred to use the
simple Model A in our discussion since it captures the main kine-
matics of the plate boundary interactions.

We also ran an inversion using earthquake slip vector azimuths
(Table S2) along with GPS velocities. We used azimuths from
McCaffrey (1994) as well as from GCMT earthquakes, while as-
suming 20° uncertainties. We obtained a onf of 2.35, slightly less

than our preferred model (Xdzof = 2.4) without a significant im-
provement in the fit. Therefore we chose not to use slip vectors in
the rest of this study.

5. Discussion

The northern boundary of the Java forearc is considered to be
the margin of the Sunda Shelf, a tectonic entity encompassing
southeast Asia and moving independently from the Eurasian Plate
(McCaffrey, 1991; Bock et al., 2003; Hall et al., 2007; Simons et al.,
2007). However, the present-day active expression of this boundary
is equivocal and not uniquely defined. Previous geodetic-derived
surface velocities in Java did not provide good constraints on the
location of this boundary, mainly because of the limited number
of sites used within Java. Bock et al. (2003) considered the Java
Trench as the southern boundary of the Sunda Block. In contrast,
Simons et al. (2007) proposed a boundary that runs along the Cen-
tral Java Fault. Both studies had a limited number of sites within
Java, and BAKO was the only site present in western Java in their
solutions, so that any definition of the Sunda Block margin was
speculative. However, based on the velocity field presented in this
study, a clear N-S smooth gradient across the Baribis Thrust can be
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Fig. 8. Fault slip rate components computed at the middle of each segment. The trench-parallel (right-lateral positive) component is indicated by colored dots. The values in
blue indicate the trench-perpendicular (extension positive) slip rate component. Purple arrows show the relative slip vectors across the Java Trench, derived from our best fit
model (Model A), indicating the motion of the foot-wall relative to the hanging wall; Black arrows represent the motion of the Java Block relative to Sunda Block, computed
from our preferred model. Continuous black line represents active faults where coupling was assigned and dashed black lines are free-slip Block boundaries. The white boxes
contain the estimates fault-parallel (red) and fault-normal (blue) slip rate component at the two segments of the 1780 and 1834 M,, 7.7 earthquakes. The inset graph shows
the ratio of the total over the parallel slip rate at Java Trench as a function of the obliquity angle; the black dots are from Model A and the red dots are derived from
earthquake slip vectors from McCaffrey (1994). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

detected, with a pattern of strain accumulation (Fig. S5). A change
in the velocity within this distance range cannot be explained by
variable coupling on the subduction interface because the top of
the slab is substantially more than 100 km deep in this vicinity.
Therefore, we attribute this gradient to activity along the Baribis
Thrust. We modeled this fault as a boundary in the block model
by prolonging westward the boundary of the Kendeng Thrust fol-
lowing Simandjuntak and Barber (1996). Fault slip rates shown
in Fig. 8 are the results of decomposing the relative motion on
block boundaries derived from our inversion into fault-parallel and
fault-normal motions. The obtained fault-normal convergence rates
across Java show an increase from ~58.3 £0.5 mm/yr in the west-
ern section to ~65 =+ 0.4 mm/yr south of Bali. These estimates are
generally consistent with previous studies (Tregoning et al., 1994;
Simons et al., 2007) considering their level of uncertainties, even
though our model suggests that part of the convergence is ac-
commodated on the Kendeng-Baribis Thrust. This structure takes
up a sinistral shear component with an average rate of ~5.6 &
0.9 mm/yr across the Baribis Thrust and which varies between 2.3
and 4.1 mm/yr on the Kendeng Thrust. At the same time, we pre-
dict a parallel component of motion on the western segment of
the Java Trench, which decreases from 21.7 mm/yr to 0.7 mm/yr at
~108.5°E, with right-lateral sense, then increases up to 1.9 mm/yr
between 109°E and 115°E in an opposite left-lateral motion. The
change in the sense of the trench-parallel component of motion is
consistent with the change in obliquity of the convergence relative
to the trench-normal as well as the counterclockwise rotation of
the Java Block. The mode of deformation partitioning in this area is
a consequence of the geometrical configuration of the Java Trench
with respect to the Kendeng-Baribis Thrust system. Although the
two fault systems might appear parallel, the Java Trench develops
a slight concavity west of 108.5°E, producing a condition where

the change in obliquity favors an inversion of the trench-parallel
motion sense to right-lateral (Fig. 8-inset). Conversely to the clas-
sic model of parallel thrust and strike-slip as suggested by Fitch
(1972), this situation shows how geometrical variations of the
plate margin might change the small-scale strain partitioning. On
the other hand, the prediction of a parallel component of motion
along the Java Trench proves that a full partitioning of deformation
is not achieved, in agreement with the McCaffrey (1992)’s model
which suggests that obtaining a complete partitioning is difficult
in situations of low obliquity angles below 45°.

The assumption of the long-term elasticity of the Java Block can
be tested by estimating an internal uniform strain rate tensor as
suggested by McCaffrey (2005), which might represent any unac-
counted deformation within the Block. We tested this hypothesis
for the Java Block and did not find any significant improvement
in the x2 misfit. However, the estimated permanent strain rate
within the block is ~13.5 & 5.1 ns/yr of approximately NNW-SSE
extension, in contrast to an expected trench-parallel extension as
a result of the increase in the convergence obliquity as suggest by
McCaffrey (1991) and Lallemand et al. (1999) in similar situations.
Although there is a reduction of an average of 1 mmy/yr in the par-
allel component of slip rate along the Baribis Thrust, we think that
the strain rate tensor is not well constrained and it might absorb
some of the unmodeled residuals resulting from uncorrected post-
seismic effects or from an incorrect geometry of the faults used.
On the other hand, to rule out the possibility of a trade-off be-
tween the localized strain due to coupling along the Java Trench
and the estimation of the strain rate tensor, we have tested differ-
ent locking depths from 5 to 15 km, and we found no significant
correlation between the two parameters. Hence, we preferred not
to include a uniform strain tensor in our best-fit model. Only the
addition of spatially dense GPS stations with a long time span will
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allow small-strain distributed deformation to be resolved. For in-
stance, the shallow and intermediate earthquakes observed in the
Cimandiri Valley (Dardji et al., 1994) could be the expression of a
widely distributed low strain zone in the Cimandiri Valley. In any
case, the long-term post-seismic relaxation residuals hamper our
ability to discern the long-term deformation.

We have identified a zone of active convergence stretching east-
to-west across northern Java, which may have significant seismic
hazard implications for Java’s very large and vulnerable population.
A slip rate of 4-5 mm/yr could result in significant earthquake
activity, but the only three crustal earthquakes resulting in 100
or more deaths in Java since instrumental recording began in the
early 20th century occurred farther south in central Java (Untang et
al.,, 1985). On the other hand, there are historical accounts of sev-
eral large earthquakes having occurred in Java. The 1780 and 1834
crustal earthquakes in west Java are some of the most destruc-
tive earthquakes known to have occurred there, with estimated
magnitudes of 8.5 and 7.0-7.7, respectively (Albini et al., 2014;
Nguyen et al., 2015; Harris and Major, 2016). Other large events
not cited in the present study occurred in Java during the colo-
nial period, but there is less clear evidence as to whether they
were intraslab or mega-thrust related (Harris and Major, 2016;
Nguyen et al., 2015). Assuming that the 1780 M,, 7 earthquake
completely ruptured a segment of 41 km length (Nguyen et al,
2015), and using a scaling law as proposed by McCaffrey (2008),
the average slip during this earthquake is 112.5 cm. Using the ap-
proach of Molnar (1979), and considering our average estimated
slip rate of 5 mm/yr along the Baribis Thrust, the recurrence inter-
val would then be equal to ~600 yrs, which is in agreement with
the lack of recent earthquakes in the area if the earthquake activity
is episodic - i.e. if a series of earthquakes during or preceding the
colonial period (when the historical record began) relieved stress
along the whole length of the convergence zone. An alternative
explanation would be that strain release occurs aseismically. Only
further, more refined geodetic and/or seismic studies can distin-
guish between these two hypotheses.

6. Conclusion

The multi-epoch continuous GPS observations in Java (2008-
2011 and 2011-2014) reveal a long-term post-seismic transient
deformation following the Java 2006 M,, 7.7 earthquake. After the
correction for this transient using a physically-based post-seismic
relaxation model, we show that the Java forearc is moving inde-
pendently from the Sunda Block in a counterclockwise direction
consistent with the NE-SW convergence between the Australian
Plate and the Sunda Block. Rates of motion associated with this
rotation increase towards East Java. The velocity field presented
in this study also showed a N-S gradient across the Kendeng
and Baribis Thrusts in Java, indicating that this boundary is ac-
cumulating strain at a rate of between 2.3 and 5.6 mm/yr. This
low deformation zone correlates well with the historical records
of ruptured segments. In order to provide estimates of slip rates
along active faults, we have developed a simple block model on
the basis of the interpretation of GPS velocities as well as seis-
mic and geological observations. Our results suggest a model of
slip partitioning between the Java Trench and the Baribis-Kendeng
Thrust system, controlled by the convergence obliquity. We predict
a convergence across the Java Trench decreasing from 65 mm/yr to
58 mm/yr towards the western section of Java Trench. As the con-
vergence obliquity starts to increase westward of ~108°E, the rate
of slip partitioning becomes significant and we estimate an aver-
age of ~5.6 mm/yr of fault parallel relative motion on the Baribis
Thrust. The rest of the parallel motion is accommodated as oblique
right-lateral slip on the Java trench in a sense opposite to that of
the Baribis Thrust.

Although the Java subduction zone has always been consid-
ered a candidate for generating a megathrust earthquake, little
attention has been paid to the seismogenic structures within the
island. The 1780 and 1834 earthquakes require special attention
because of the proximity of the ruptured segments to Jakarta, one
of the world’s largest cities. More detailed geomorphological in-
vestigations are needed to accurately map the fault traces and to
constrain the slip deficit along the Baribis Thrust. On the other
hand, our results show that the inland GPS measurements do not
provide sufficient information about the strain accumulation on
the megathrust and emphasize the need for conducting seafloor
geodetic investigations in order to understand the seismogenesis
on the shallowest portion of the megathrust.
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