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Imaging the Geometry of Cimandiri Fault Zone Based on 2D Audio-Magnetotelluric (AMT)
Model in Nyalindung, Sukabumi-Indonesia

ILHAM ARISBAYA,]’2 LiNna HANDAYANI,l

Abstract—We present an interpretation of newly acquired
audio-magnetotelluric data to reveal the subsurface geometry of
Cimandiri Fault Zone, one of the major active faults in the western
part of Java. The line section is 25 km long in a nearly north—-south
direction across the axes of CFZ with 24 stations of 750-1200 m
spacing intervals. The 2D AMT inversion model shows two con-
ductive zones in the southern part that may be associated to the
Miocene rocks of the Southern Mountains, and a conductive zone
in the northern part that is likely to be associated with Gunung
Walat fold-belt. The subsurface structures of the Southern Moun-
tains are dominated by south-dipping thrusts that may uplift the
shallow marine sediments. Shallow seismicity occurred around
CFZ indicating the activity of these blind thrusts.

Key words: Cimandiri Fault Zone, audio-magnetotelluric,
Indonesia.

1. Introduction

Surface characterization of a fault zone geometry
in humid areas where faults were buried by thick
sediments or soils is challenging (Marliyani et al.
2016). Erosion-sedimentation process, high anthro-
pogenic activity, and intensive agricultural activity
would likely make the surface fault manifestations
hard to be recognized (e.g., Louis et al. 2002).
Moreover, surface rupture is difficult to observe if the
structures are dominated by blind faults where
shortening in the near surface is accommodated by
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folding rather than fault slip (Dolan et al. 2003;
Hubbard and Shaw 2009). The devastating 2011 M
7.1 Van earthquake (Turkey) was sourced from a
blind fault in the Van Fault Zone (Elliott et al. 2013)
and shows us that blind thrusts are such an important
source of major earthquakes.

Active geophysical surveys such as seismic
reflection, electrical resistivity tomography, and
ground penetrating radar have been proven to be
suitable methods for imaging subsurface structures
(Hubbard et al. 2010; Natawidjaja et al. 2017; Pueyo
Anchuela et al. 2016; Syukri and Saad 2017). How-
ever, data acquisition of active-source geophysical
methods in a densely populated area is more com-
plicated (mostly in logistic and human impact).
Therefore, the application of passive geophysical
methods in imaging subsurface structures geometry is
needed in such areas. Gravity and magnetic surveys
can be used as a preliminary study to map the lateral
boundary of changes in physical properties of rocks
(Pueyo Anchuela et al. 2016). However, modeling
these two methods to produce a vertical cross-section
requires a priori model and a depth control as a
constraint to reduce model ambiguity (e.g., Davy
et al. 2013). Electromagnetic methods had been
commonly used to determine the configuration of
subsurface resistivity in a fault zone without a priori
model (Mekkawi and Saleh 2007; Tank 2014; Yam-
aguchi et al. 2010).

Cimandiri Fault Zone (CFZ), one of the major
active faults in western Java, stretches along 100 km
through a densely populated area (Dardji et al. 1994;
Marliyani et al. 2016). This fault zone had been
recognized as east—west trending linear features in
satellite imagery and topographic map along
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Cimandiri valley. The southern block appears to have
been uplifted relative to the northern block (Sudjat-
miko 1972; Sukamto 1975) (Fig. 1). The Southern
Mountain block has been interpreted to have initially
formed farther south of its present position and
developed toward north due to the propagation of
thrust faults (Clements et al. 2009). The frontal limit
of the thrust faults is speculated to be parallel with the
northern boundary of the Jampang Formation along
Cimandiri Valley. This deformation has been inter-
preted to have occurred during the early or middle
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Miocene and the fault has been considered to be no
longer active today.

An offshore extension of this fault zone had been
reported farther southwest based on observation of
seismic reflection data (Malod et al. 1995; Susilohadi
et al. 2005). A paleostress study concluded that the
western part of this fault zone formed a left-lateral
strike-slip fault (Dardji et al. 1994). Regional mag-
netotelluric (MT) model shows different basement
rocks characters between the north and the south side
of the Cimandiri River, thus the western part of the
CFZ has been interpreted as a strike-slip fault zone

Figure 1
CFZ as an active fault is marked by thick black line and divided into six segments (Marliyani et al. 2016). Geological structures are from
Effendi et al. (1998), Koesmono et al. (1996), Sudjatmiko (1972), Sukamto (1975). Historical seismicity around the CFZ are from Marliyani
et al. (2016); Supartoyo et al. (2006); Visser (1922). Dashed Purple Square indicate the blow up map in Fig. 2



Imaging the Geometry of Cimandiri Fault Zone Based on 2D Audio-Magnetotelluric

Figure 2
Regional geological map of research area based on rocks age (simplified from Effendi et al. 1998; Koesmono et al. 1996; Sudjatmiko 1972;
Sukamto 1975). The red reversed triangles (S01-S24) are the location of AMT stations, crossing Cimandiri River and Nyalindung Segment

(Widarto et al. 2000). Recent audio-magnetotelluric
(AMT) model around Pelabuhanratu Bay shows a
discontinuity zone with a slope dipping to the south
(Febriani et al. 2013). Therefore the geometry of the
CFZ is more favorable to be classified as a thrust
fault.

The eastern part of this fault zone that extends
from Cianjur to Padalarang forms a SW-NE trend
thrust-fault belt (Sudjatmiko 1972). Recently
acquired AMT data crossing the eastern part of CFZ
imaged several folds involving Middle Miocene
sediments, and a thrust fault covered by the river

alluvial deposits in Cibeber Segment (Handayani
et al. 2017). Therefore, the two-dimensional (2D)
AMT model around Pelabuhanratu Bay (Febriani
et al. 2013) shows similar result to that of the AMT
model in Cibeber (Handayani et al. 2017), each
associated with the western and eastern part of CFZ
respectively.

A number of studies conducted in CFZ, especially
in the western and eastern part of this fault zone, have
shed new perspectives on neotectonic processes in
this area. However, the central part of CFZ marks the
changes of the fault trending direction, from W-E in
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Figure 3
Plot of skew angle (B) of all AMT Nyalindung measuring points in
all frequency ranges. The vertical axis shows the frequency (in log
scale) and the color scale shows the skew angle (B), which indicates
the dimensionality of the regional conductivity structure

the west to NE-SW in the east. The geometry and
mechanism of the fault in this central part remain
unclear. Therefore, we investigated the subsurface
geometry of the central part of CFZ to understand the
origin of its formative process. In this paper, we
report our 2D AMT data modeling in Nyalindung,
Sukabumi to image the subsurface geometry of the
central part of CFZ.

2. Geological Setting

Java is often cited as an example of the product of
orthogonal subduction along the Sunda active mar-
gin, and structural configuration along this island is
assumed to be a relatively simple structure. The
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physiographic zone proposed by van Bemmelen
(1949), which also represents structural units, is
elongated along the axis of the island parallel to the
trench. In the northern part, the trace of a major
thrust-fold belt of Baribis-Kendeng Fault (BKF) has
been observed along the island that extends farther
east to the Flores Thrust (Clements et al. 2009; Silver
et al. 1986; Simandjuntak and Barber 1996). To the
south, another major fault zone, the Lembang Fault
(LF) is observed as a left-lateral strike-slip fault
(Afnimar et al. 2015; Daryono et al. 2018), nearly
parallel to the BKF (Dam et al. 1996; Katili 1970;
Meilano et al. 2012). In the western part of Java, the
other major fault systems are recognized as SW-
trending Cimandiri Fault Zone (CFZ) and the NW-
trending Citandui Fault Zone (CtFZ), and both have
wrench component of movement (Dardji et al. 1994;
Simandjuntak and Barber 1996). The trace of CFZ
was observed trending E-W direction in the western
part and ENE-WSW in the eastern part. The offshore
extension of this fault zone was observed in a seismic
reflection section farther southwest in Pelabuanratu
Bay (Malod et al. 1995; Susilohadi et al. 2005).

Geological field observations in the fault zone
have suggested that CFZ was developed as a strike-
slip fault. Based on the stratigraphic observation of
Paleogene rocks in the western Java, a regional pet-
roleum geologic study has proposed that CFZ was
likely to develop as a thrust fault that is no longer
active (Clements et al. 2009). A recent active-fault
study showed that CFZ is an active left-lateral reverse
(oblique) fault divided by six segments: Loji, Cida-
dap, Nyalindung, Saguling, and Padalarang
(Marliyani et al. 2016) (see Fig. 1).

A 3-year campaign of GPS survey in CFZ has
revealed that the fault zone experienced horizontal
movement with varying directions and rates ranging
from 0.5 to 1.7 cm/year (Abidin et al. 2009). Based
on an observation of fault scarps in CFZ, the fault
zone was then classified as a low slip-rate fault
(Marliyani et al. 2016) that might be associated with
an extended period of earthquake ruptures. Further
active-fault research in the CFZ is hindered by the
thick volcanic and marine Neogene sediment covers
(van Bemmelen 1949; Effendi et al. 1998; Koesmono
et al. 1996; Sudjatmiko 1972; Sukamto 1975).
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3. Methods

The audio-magnetotelluric (AMT) survey is
appropriate for delineating fault zones, because the
presence of fluid in the fracture zone may cause a
decrease in the resistivity value of the host rock
(Becken et al. 2011; Mekkawi and Saleh 2007,
Yamaguchi et al. 2010). We carried out AMT mea-
surement with a frequency range of 1 Hz—10 kHz to
image the shallow (~ 2 km) subsurface resistivity
configuration.

The survey was conducted using the Phoenix
MTUS5a instrument. The natural electric field was
measured using two pairs of porous-pots as dipoles
with a length of 60 m in N-S/W-E direction (E, and
E,). Each porous-pot was buried in a 30 cm deep hole
to stabilize the contact with the ground which was
maintained below 1000 Qm. The natural magnetic
field was measured by induction coils (Hy and H,)
which were buried in the ground to maintain a
stable position during measurement. Both electric
field and magnetic field sensors were placed about
30 m from the main unit. The electromagnetic (EM)
field was measured simultaneously and coordinated
in universal time systems based on GPS. During our
field campaign in 2016, we did AMT measurement at
a total of 24 stations (S01-S24), with 750-1200 m
interval between stations, in approximately 25 km of
nearly north—south line (Fig. 2). AMT measurement
for each station took a minimum of 1.5 h. The first
station, SO1 was located in the north on the foothill of
Gede-Pangrango volcano, and the last station, S24,
was in a hilly area in the south. The Central part of
the line is a valley where the Cimandiri River is
located.

Field data processing was conducted using
SSMT200 and MT-editor software package. This
initial data processing included calibration process,
time series data transformation into the frequency
domain, robust processing, and cross-power selec-
tion. In the latter, the coherence level of the EM
signal is increased by masking on the noisy data,
leading to a smoother apparent resistivity and phase
curve.

In MT method, the conductivity structure, i.e.
dimensionality, can be studied based on some
parameters of the data, such as skew angle, ellipticity,

and polar diagram analysis (Simpson and Bahr 2005).
Here we used the classical Swift skew angle (B)
method to analyze the dimensionality of the data and
geoelectric strike (Z-strike) direction. The method
uses a value of 0.2 as a cut-off, greater skew values
might be an indication of three-dimensional (3D)
heterogeneity effect or near surface distortion.

The impedance tensor in two-dimensional (2D)
MT modelling should be rotated to the regional
geoelectric strike axis in order to minimize the
diagonal component (Z, and Z,,) prior to inversion
process. CFZ as the object of this research has a
relatively obvious direction, which is almost W—E
(Febriani et al. 2013; Handayani et al. 2017; Mar-
liyani et al. 2016), thus the distribution of measuring
stations has been adjusted to be almost in a N-S line.
The impedance tensor analysis, i.e. rotation, aims to
confirm the geoelectric strike changes along the line.
Therefore, the rose diagram plot is depicted for each
station. After rotation, the apparent resistivity com-
ponent that was obtained with electric field parallel to
the geoelectric strike is referred to as TE mode. The
other one which was obtained with magnetic field
parallel to the geoelectric strike is referred to as TM
mode.

The TE and TM mode apparent resistivity and
phase were then used to perform 2D inverse model-
ing. The inversion was done by using WinGLink
software package, which used the nonlinear conju-
gate gradient (NLCG) algorithm (Rodi and Mackie
2001). The inversion started with an initial model of
uniform half-space of 100 Qm with the horizontal
grid cell size approximately 250 m and error floor of
5%. In the NLCG algorithm, the regularization
parameter is used as a trade-off between the data
misfit and the model smoothness. In this modeling,
the value of three was used for the regularization
parameter.

4. Results

4.1. Skew Angles

Most of the obtained data (70%) exhibit skew
angles below 0.2°, and 27.9% of the data are in the
interval of 0.2°-1° (Fig. 3). High skew values (> 1°)
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<«Figure 4
Rose diagram of Z-strike from all AMT sites at four frequency
ranges (> 1000 Hz, 100-1000 Hz, 10-100 Hz, and < 10 Hz). The
red lines shows the fault interpretation in the regional geological
map, while the black line is active fault interpretation (Marliyani
et al. 2016)

are observed mainly in low frequencies with a
percentage of 2.2% of the total data obtained and
indicates 3D conductivity in the deeper part of the
subsurface. High skew angles are also observed at
higher frequencies of some stations located close to
the residential housing. We speculate that the MT
data quality on these stations were affected by
intensive anthropogenic noises, which then affects
the actual skew angle value. With most of the data
showing a low skew-angle value, and only a small
fraction with high skew-angle value, we concluded
that the AMT data obtained in Nyalindung could be
modeled in 2D, especially at high frequencies.

4.2. Z-Strike

The geoelectric strike analysis determined the
direction of resistivity structure that can be used to
infer geological features that may not be visible on
the surface. The Z-strike angle of the Nyalindung
AMT data varies between measuring stations and
frequencies (Fig. 4). At high frequencies (> 100 Hz),
the rose diagram of Z-strike at most measuring
stations indicates a general trend toward north—south
(N-S) direction. At low frequencies (< 100 Hz), the
Z-strike rose diagram is more varied, but the main
trend can still be observed as north northwest—south
southeast (NNW-SSE) direction. The varied Z-strike
direction at low frequencies implies that the geoelec-
tric structure is 3-D at the deeper part as indicated by
the skew angle. Some measuring stations show
different Z-strike direction which appears in west—
east (W-E) direction. However, the N-S and W-E
directions may depict the same geoelectric strike
feature considering the nature of 90° ambiguity of
Z-strike.

Cimandiri Fault is observed to be curved (or
bend) in Nyalindung segment. However, this N35E
angle surface expression seems to be a more local
feature rather than a regional one. Overall, the

Z-strikes of all data are consistent across all frequen-
cies. We chose WSW-ENE as the structural direction
which is orthogonal to NNW-SSE indicated by
Zstrike considering the 90° ambiguity. Furthermore,
we adopted the general direction of Cimandiri Fault,
which is almost W-E, and take N8OE as the
geoelectric strike angle as did Febriani et al. (2013).

4.3. Apparent Resistivity

The curve of the apparent resistivity and its phase
of some AMT measuring stations are in Fig. 5. Most
of the stations in the northern part of the study area
(S01-S13) show a typical apparent resistivity curve
of which the value keeps increasing, except for SO3
and S04, which decrease to a minimum and return to
increase in the lower frequency. The northern part of
the research area is dominated by high apparent
resistivity, particularly at SO5. The apparent resistiv-
ity at this station shows a value of more than
50,000 Qm. Since it is located close to residential
housing, this extremely high apparent resistivity
value was thought to be affected by intensive
anthropogenic noises. However, the high apparent
resistivity value pattern was confirmed by the adja-
cent measuring stations, S06 and S07, which range up
to 4.000 Om. Low apparent resistivity values were
observed in SO3 and S04, that is < 150 Qm and <
250 Qm respectively, in contrast to the surrounding
measurement stations which reached 1000 Qm. Not-
ing the curve type and apparent resistivity value that
differs from the surrounding stations, these two
stations indicate a localized anomaly and may reflect
narrow subsurface feature.

The southern part (S14-S24) is dominated by
low-value apparent resistivity which increases at a
frequency of 1 Hz. At S16 and S17, the apparent
resistivity curve increases at around 100 Hz, while at
S20 and S21, it increases at 10 Hz. Some stations
data show a large error bar in the lower frequency,
they are SO1, S02, S06, S07, S10, S11, S21, S22, and
S24. Since a large error bar would affect the inversion
process and result, the data span was limited to 1 Hz
for these data.

A qualitative interpretation of subsurface struc-
tures has been performed by analyzing the apparent
resistivity and phase pseudo-Section (Fig. 6). The
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Figure 5
Apparent resistivity and impedance phase curves at SO1, S05, S09, S14, S19, and S24 measuring stations

most striking feature in the pseudo-section is the frequency decreases, while high apparent resistivity
presence of the low apparent resistivity values values (> 1000 Qm) are observed in the northern part
(< 64 Qm) at high frequency in the central part of of the line at low frequency. The intermediate
the line, S06-S16. This low apparent resistivity apparent resistivity value (64—-1000 Qm) is dominant

feature is observed continuously to the south as the in the north and only observed at the high-frequency
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Figure 6
Pseudo-sections of apparent resistivity and impedance phase from measurement (obs.) and model (calc.) for all measuring stations. Black dots
indicate data position at each measuring station

range in the south. The southward dipping pattern is
also observed in the impedance phase pseudo-
section. However, the phase pseudo-section is more
difficult to be correlated with the structure.

4.4. Inversion Modeling

The result from 2D inversion modeling shows
similar feature to the pseudo-Section (Fig. 6). The 2D
inversion model was divided into three groups based
on the resistivity value. The first group has a low
resistivity with the value below 60 Qm (purple-light
blue), the second group has value between 60 and

1000 Qm (light green—dark green), and the third
group has value more than 1000 Qm (yellow-red)
(Fig. 7). This 2D resistivity model appears to be in
good agreement with the geological information,
where Cimandiri valley is largely covered by vol-
canic rocks and fluvial, to shallow marine sediments
(Sukamto 1975). In the near-surface layer, there is a
significant difference between the northern and
southern part of the profile. The southern part is
dominated by a very low resistivity (< 60 Qm) rocks
observed to a depth of about 1 km, here referred to as
K1 and K2. Low resistivity values are commonly
associated with high porosity and high fluid content.
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Figure 7
Subsurface resistivity structures interpretation of Nyalindung segment based on AMT data. K1, K2, K3, and K4 are conductive (low
resistivity) zones

Figure 8
Sketch of the subsurface structural configuration in the central part of CFZ based on the 2D resistivity model results, shows two thrust faults
that uplifted the Miocene-Pliocene shallow marine sediments toward north. The perspective map is from SRTM30 image

Therefore, we interpreted these low resistivity values
as unconsolidated sediments or highly-fractured
rocks.

In the northern part of the profile, the near-surface
resistivity model shows a low to moderate resistivity
value (60-1000 Qm). These values may be associated
with young volcanic rocks overlying the Eocene—
Oligocene fluvial sediments. This medium resistivity
layer seems to be deepened to the south of the profile.
A thin layer with low resistivity value is also
observed in the central part of the line around
Cimandiri River (K3), and it can be associated with
alluvial deposit in the valley morphology. A very low

conductive zone is also observed in the northern part
of the profile between S03 and S04 (K4). The
resistive zone (> 1000 Qm) is interpreted as a
basement at a depth of more than 1000 m from the
surface. The basement shows a relatively undulated
horizon and deepened to the south.

5. Discussion
The conductive zones of K1 and K2 in the

southern part of the section are occupied by the
Miocene shallow marine sediments and volcanics of
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Jampang Formation that were exposed with undu-
lated morphology (Koesmono et al. 1996). The
exposures of these Miocene rocks suggests a Middle-
Late Miocene uplift (Schiller et al. 1991) or a thrust-
fault belt development (Clements et al. 2009). The
intense deformation endured by these rocks might
have enhanced the porosity that generally leads to
lower resistivity values. The conductive zone of K4
in the northern area appears to be more vertically
oriented with the basement in the southern block
being uplifted higher than that of the northern part.
This observation can be attributed to the folds of
Walat Ridges that trend in east—west direction (Ef-
fendi et al. 1998) located to the west of the K4
conductive zone.

If K1 and K2 were interpreted as Jampang For-
mation, then there would be two scenarios of
geological structures that separated the two conduc-
tive bodies. The first scenario is that K1 and K2 were
separated by a southern basement undulation that
appears as a restraining bend that produced “positive
flower structure”. Jampang Formation that was
uplifted at the top of the restraining bend was then
eroded. This structural feature usually appears in the
step-over area between two strike-slip fault segments.
However, our AMT line was located in the Nyalin-
dung Segment, not in the step-over section.

The second scenario is that there are two thrust
faults located beneath the southern part of the line.
The first thrust fault is located in the southern part
that appears to cut and separate conductive bodies K1
and K2. If this reverse fault continued up to the
surface, this fault could be observed between S15 and
S16. At the same location, Marliyani et al. (2016) has
proposed the Nyalindung Segment that stretches
along 19 km in ENE-WSW direction. The second
thrust fault is located in the central part around
Cimandiri valley (K3). This resistivity contrast is
covered by a low resistivity layer, which is inter-
preted as alluvium deposition around Cimandiri
River.

Former AMT surveys near Pelabuhanratu Bay
and across Cibeber Segment (B and C in Fig. 1)
revealed thrust geometry of CFZ (Febriani et al.
2013; Handayani et al. 2017), while regional MT
survey in Cidadap Segment (A Fig. 1) showed
slightly different subsurface models (Widarto et al.

2000). However, if we focus on the features of the
MT model only up to 2 km depth, the model also
shows marine sediments around the CFZ at the near
surface and dipping to the south. Such observation
could also be interpreted as a reverse fault dipping
to the south. The basement in the northern block
shows higher resistivity that can be interpreted as
fluvio-deltaic rocks environment, whereas the rela-
tively lower resistivity layer in the southern block is
associated with deeper marine sedimentary rocks as
hypothesized by Clements et al. (2009). Taking into
account the position of the AMT line, and the
results of previous AMT surveys on the nearby
segments, we argue that the second scenario (there
are two thrust faults located beneath the southern
part of the line) is more likely than the first sce-
nario. Sketch of geological model based on 2D
resistivity model is shown in Fig. 8.

The 2D AMT model of Nyalindung Segment
shows that the basement in the southern part of the
line has a deeper position than the northern part. This
indicates that in the original conditions, the southern
part was in a deeper environment. The model also
showed that the medium resistivity layer is thicken-
ing southward. It can be interpreted that this layer is
formed in a basin environment, which was then
uplifted by the thrust fault. Both thrust faults mapped
in our model accommodated northward deformation
regionally occurred in the area.

Previous work argued that CFZ is not an active
fault because its surface rupture could not be
observed in the SRTM (Shuttle Radar Topography
Mission) image (Clements et al. 2009). Our resis-
tivity model shows the existence of the thrust
faults, one of them is between S10 and S11, which
coincide with CFZ at the surface. The fault’s
continuity to the surface could not be ascertained
due to the thick sediment covers. However, the
occurrence of recent shallow earthquakes around
CFZ (Abidin et al. 2009; Marliyani et al. 2016;
Supartoyo et al. 2006; Visser 1922) indicates the
possibility that these thrusts are active blind faults.
Further research is required at near-surface depth to
obtain a more detailed geometry description of this
active fault.
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6. Conclusions

We have shown the resistivity subsurface model
of Nyalindung Segment of CFZ based on AMT data.
This segment is a central part of the fault zone and
shows the changes in the fault trending direction,
from W-E in the west to NE-SW in the east. The
resistivity model revealed the existence of two thrust
features dipping to the south. These reverse faults
might be related to the deformation that uplifted the
shallow marine sediments to the current elevation.
Both thrusting features are located at a depth of more
than 500 m and do not reach the surface. However,
the historical seismicity in this area can be an indi-
cation that the thrusts are active blind faults.
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