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ABSTRACT

Timor Island, located in the eastern Indonesian archipelago, has a complex tectonic evolution causing complex
geological structures. Many hypothetical tectonic models are proposed mainly based on regional geological and
geophysical data. Available geophysical data to support geological study at a more detailed scale are still very
limited. Therefore, this study aimed to map the sub-regional subsurface geology in Atambua, West Timor, and its
surroundings by using the magnetotelluric (MT) method. The estimated geo-electrical strike direction from the phase
tensor analysis confirmed the regional Southwest - Northeast general structural orientation. The dimensionality
analysis also showed the validity for 2D approximation in that direction. The subsurface resistivity models from 2D
inversion of the MT data at representative lines perpendicular to the regional structural direction delineate the primary
sequences and their boundaries from their resistivities. They are, from top to bottom, Viqueque and Bobonaro
sequences, Kolbano sequence, Kekneno sequence, and the basement dominated by rocks with Australian affinity.
These main rock formations represent the regional sedimentary depositional fill resulting from the major tectonic
events on Timor Island.

Keywords: Atambua, West Timor, 2D magnetotellurics, geoelectrical strike, phase tensor.

1. Introduction (Berry and McDougall, 1986; Harris and
Long, 2000; Hall and Wilson, 2000). Various
existing tectonic and geological models for
Timor Island indicate that the area is
interesting to study. They are also open to
discussion on which concepts or models are
most in line with the actual data (Harris, 1991;
2011; Audley-Charles, 2011). The complexity
of Timor Island's tectonics has been the main

The complex geology of Timor Island,
Indonesia, and its surroundings (Fig. 1) is
mainly influenced by the collision between
the Northwest Australian Continental Plate
and the Banda Island Arc due to the relative
movement of the Australian Continent to the
North. The tectonic activity has caused

complicated geological and structural styles subject of various publications, especially

(Qharlton et al,, 1991; Ngu yen et al., 2013) related to its hydrocarbon prospectivity, e.g.,
with the presence of a variety of rocks of  ~p.ion (2001); Lelono et al. (2016);
various ages that are in contact with structures  Shaylendra et al. (2017), among others.

Generally, more quantitative subsurface
*Corresponding author, Email: grandis@geoph.itb.ac.id information based on geophysical data 1is
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unavailable or poorly documented. Seismic
surveys near Atambua and southwestern
offshore West Timor were performed for
hydrocarbon exploration (Jones et al., 2011;
Bailie and Milne, 2014). The onshore seismic
data are very limited in both lateral and depth
coverage. The data are of poor quality, most
probably due to strongly damped seismic
waves by the near-surface layer, so the energy
cannot probe into deeper subsurface layers.
This led to difficulties in interpreting

information on the study area's sedimentary
layers and geological structures. The seismic
reflection method usually produces a low
signal-to-noise ratio in rough terrain areas
formed by complex tectonics often manifested
as overthrust faults (Mansfield et al., 2015). A
previous gravity study around Atambua was
carried out by Wijanarko et al. (2022) with the
finding of Southwest - Northeast trending
basins and the main sedimentary sequences
filling the basins.
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Figure 1. Location of Timor Island within the regional tectonics and hydrocarbon prospectivity context

(after Charlton, 2001). The red box outlines approximately the study area.

This paper presents the results of a
magnetotellurics (MT) study for subsurface
geological mapping in the western part of the
island, particularly near Atambua. The MT
method employs natural electromagnetic
(EM) fields to probe the subsurface and to
infer rock formations based on their
resistivity. The MT method has relatively
good accuracy in predicting the depth and
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thickness of the subsurface layers, including
the underlying basement and possibly
structures that are generally more difficult to
identify. The MT method can resolve complex
structures in volcanic or limestone-covered
and overthrust belt areas, where the seismic
method is problematic (Patro, 2020; Xu et al.,
2020; Palshin et al., 2020). The MT 2D
modeling results are interpreted to infer the
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subsurface geology of the study area, more
particularly to delineate layer boundaries and
the basement based on the resistivity models.

2. Geological Setting

Within the tectonic framework, Timor
Island is located in the Outer Banda Arc (see
Fig. 1). There are juxtaposing rocks affected
by tectonic events. The oldest exposed
sedimentary rocks in Timor Island are the
Early Permian indicating the syn-rift phase. In
general, many authors conclude that the oldest
sedimentary rocks were deposited in a marine
environment (Charlton et al., 1991; Harris,
2011; Audley-Charles, 2011; Charlton, 2001;
Villeneuve et al., 2013; Sawyer et al., 1993).
However, Lelono et al. (2016) consider the
lacustrine setting. Even so, they agree that the
origin of Timor Island comes from the
Gondwana mega-continent. The syn-rift phase
in Timor Island deposited very fine grain
materials of shale to fine sandstone,
carbonaceous rock clastic or reef, and
volcanic rock during rifting. The final stage of
syn-rift ~is  indicated by  changing
environmental deposition to deep water
marine and a hiatus of unconformity overlying
post-rift sequence in the Upper Jurassic. The
unconformity was affected by the break-up of
Timor Island from the Gondwana mega-
continent in 155 Ma (Hall and Wilson, 2000).

The depositional products after syn-rift are
post-rift or Kolbano sequences that began in
Cretaceous to Early Miocene. Tectonic events
at this stage were relatively more stable than
at the other phases. The post-rift sequence,
generally, has sedimentation patterns
shallowing upward sedimentation patterns that
are changing the depositional environment
from a distal area, ie., a deep-sea
sedimentation environment, to a proximal
depositional environment, consisting of
transition to the terrestrial area. This can be
seen from the deposition of the Nakfunu

Formation, which appears as chalky and
calculative, underlying the Ofu Formation,
which consists of calcarenite (Charlton,
2001). At the end of the post-rift phase, Timor
Island moves toward the North of Gondwana
mega-continent.

The final stage of tectonic events in Timor
Island is a collision. This phase consists of
syn-orogeny and post-orogeny with identical
lithologies. The exposed rocks constitute
gravel, calcareous rock, and alluvial. These
rocks were deposited during Late Tertiary to
Pleistocene, commonly in a shallow marine
setting. The tectonic events at this phase are
very active, resulting in massive deformations
in Timor Island, such as thrusting, folding,
inversion structure, mud diapirism, and
obduction (see Fig. 2). The massive tectonics
controls basin configuration in different ways
at West Timor and East Timor. The
characteristics of West Timor basins are wide
and circular, while the East Timor basins are
narrower and more elongated (Charlton et al.,
1991; Charlton, 2001).

Based on the rifting process described
earlier, the regional stratigraphy in Atambua,
West Timor, and its surrounding can be
grouped into three sequences, namely the
Kekneno sequence, the Kolbano sequence,
and the Viqueque sequence. Sawyer et al.
(1993) divided the Kekneno sequence into
various rock formations, namely: Bisane
(Atahoc and Cribas), Maubisse, Niof, Aitutu,
Babulu, and Wailuli formations. The Kolbano
sequence consists of the Oebaat, Nakfunu,
Menu, and Ofu formations. The Viqueque
sequence is composed of Viqueque (Batuputih
and Naole) and coral limestone, and alluvium
formations. The other rock that exists there
comes from Banda-Arc, so-called
allochthonous referred to as its sedimentary
rock and Banda terrane in terms of the whole
rocks.
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Figure 2. Simplified structural map and metamorphic complexes of Timor Island from Charlton (2001)
overlaid with magnetotelluric (MT) data acquisition stations distributed along traverse lines. The 2D MT
modeling was performed for three main profiles, A, B, and C.

3. Magnetotelluric (MT) Method

The magnetotelluric (MT) method is a
passive geophysical technique that uses natural
electromagnetic (EM) fields to infer the
subsurface  electrical ~ conductivity  (or
resistivity) distribution. The transient variations
of the Earth's magnetic field are due to its
interaction with the solar wind and
thunderstorms that mostly occur in equatorial
regions. The induced electric field in the
Earth's interior depends largely on the electrical
properties of the lithosphere (Simpson and
Bahr, 2005). One of the advantages of the MT
method is its deep investigation depth, related
to the wide frequency band of the EM
induction phenomenon, mostly from 0.0001 Hz
to 1000 Hz. The resistivity variations of rocks
cover a broad range, although many of them
overlap. Therefore, MT primarily applies to
regional and sub-regional scale subsurface
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investigations associated with basin and
prospect scale studies, respectively (Patro,
2020).

During a typical MT sounding, electric and
magnetic field components are measured from
electrode pairs and magnetic induction coils,
respectively. The raw time series data are
recorded digitally in the main unit of the data
acquisition system. In the frequency domain,
horizontal components of the electric (E,, E,)
and magnetic (H,, H,) fields are related
through the impedance tensor, while the
vertical magnetic component (H,) is related to
its horizontal counterparts (/,, H,) by the-so-
called tipper vector. In MT data processing,
the time series data are first transformed into
the Fourier domain to calculate their power
spectra, then the transfer functions between
measured field components are estimated
(Simpson and Bahr, 2005; Epishkin, 2016).
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The transfer functions contain information
on the subsurface resistivity distribution.
However, further analysis is needed before
such information can be extracted.
Conventional analysis of the impedance
tensor usually consists of a simple rotation of
the tensor's coordinate system to obtain
principal tensor components typical of a 2D
structure. A more robust method includes
phase tensor analysis (Caldwell et al., 2004)
to infer the dimensionality of the subsurface
conductivity structure, 1i.e., geo-electrical
strike, and whether the data can be of 2D or
more complex 3D structures. The major axis
(a0 - B) of the phase tensor of MT data
determines the regional strike, while low skew
angle values, i.e., typically -3° < B < 3°,
indicate that the subsurface can be considered
as 2D. Hence, the 2D MT inversion modeling
is applicable.

The real subsurface structures are rarely
2D. Nevertheless, 3D MT inversion modeling
to obtain realistic 3D resistivity distribution of
the subsurface is relatively costly and time-
consuming. Therefore, 2D MT modeling is
still  routinely performed, despite the
availability of 3D modeling codes practically
free for academic purposes. The lack of
computational resources often hinders 3D MT
modeling on a routine basis. In 2D MT
modeling, careful data analysis and selection
may result in reliable 2D resistivity models
describing the geology of the study area. In
this paper, we used the non-linear conjugate
gradient (NLCG) algorithm (Rodi and
Mackie, 2001) performed within the well-
known WinGLink software from Geosystem
(Geosystem Ltd, 2008) to obtain a resistivity
model at three main sections perpendicular to
the regional strike (Charlton et al., 1991;
Charlton, 2001). The modeling starts with an
initial homogeneous model that is updated
iteratively while minimizing an objective
function containing misfit and model
"roughness" terms. The latter is intended to

obtain a smooth resistivity model of the
subsurface. We chose the regularization
parameter such that there is a good balance
between low misfit and model smoothness,
which is geologically feasible and consistently
explains the observed data.

4. Results

The magnetotelluric (MT) survey was
done at 90 sounding sites with 0.5 to 1 km
intervals between stations along traverse lines,
as well as farther spacings at the profiles' ends
as shown in Fig. 2. At each MT station, the
time series data were recorded for at least 12
hours by using MTU-5A Phoenix Geophysics
data acquisition system. The duration was
more than adequate to ensure relatively good
quality data for low-frequency MT. For the
audio-frequency band MT (AMT), the data
recording was only about 1 hour before
overnight measurement for lower frequency
bands. The broadband MT data covered a
frequency range of 0.001-10000 Hz, sufficient
to probe approximately up to 10 km depth.
The Differential Global Positioning System

(DGPS) measurements position all MT
sounding stations.
The recorded time series data were

processed to obtain power spectra of all
channels associated with components of
electric and magnetic fields. We used a
spectral coherency threshold value greater
than 0.75 to ensure reliable data, followed by
a selection of power spectra and combination
AMT-MT frequency bands. The MT data
processing was performed by using the
software provided by the equipment's
manufacturer, i.e., SSMT-2000 and MT-
Editor from Phoenix-Geophysics (Phoenix-
Geophysics Inc, 2005). The transfer functions
obtained from the data processing were
subjected to further directional and
dimensional analyses.

The results of the phase tensor analysis
(Caldwell et al., 2004) for all MT data show
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that the major axis (a - B) associated with the
geo-electrical strike has a wide spread
between N60°W and N60°E for a short period
range from 0.0001 to 10 sec. The absence of a
dominant geo-electrical strike direction is due
to layered structures that usually prevail in the
shallower parts of the basin. For the longer
period range from 10 sec. or more, the geo-
electrical strike is more definitive as N30°W,
indicating the influence of the deeper parts of
the basin (Fig. 3). However, the geo-electrical
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strike always has + 90° ambiguity that can be
resolved by the tipper strike (Simpson and
Bahr, 2005). The latter shows that the
structural direction may also be around N60°E
which is in good agreement with the regional
geology having NE-SW trends (Charlton et
al., 1991; Charlton, 2001). Therefore, the MT
impedance tensor was rotated to N60°E, and
the off-diagonal principal components
obtained were used in the 2D MT modeling.
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Figure 3. Rose diagrams summarizing the geoelectrical strike estimation from phase tensor analysis for
the period range (a) 0.0001 to 10 sec. (b) 10 to 1000 sec. and rose diagrams showing tipper strike
estimation for the period range (c) 0.0001 to 10 sec. (d) 10 to 1000 sec.

Another fundamental parameter from the
impedance tensor analysis using phase tensor
analysis is the skew angle () which indicates
the dimensionality of the conductivity
structure. The structure is considered to be 2D
when -3° < B < 3° (Caldwell et al., 2004),
which is the case for the MT data, especially
at three main traverse lines, designated as line
AA'(A), BB'(B) and CC' (C) (see Fig. 2), that
will be further modeled. There are exceptions
at some very short periods, probably due to
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local superficial distortions, and also at
periods longer than 200 sec. that may be
related to the low signal-to-noise ratio of the
long-period EM fields (Fig. 4). Nevertheless,
from the remaining period range valid for 2D
modeling, i.e., 0.0001 to 100 sec., we expect
that the MT data would be beneficial in
obtaining overall subsurface resistivity
structure of the area at a regional or sub-
regional scale as was proven in another
similar case with less dense MT stations
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Fig. 5. Along with the geological map of
Atambua, mud volcano, and oil and gas seeps

are also shown in Fig. 5.

bution (e.g. Irawati et al., 2022). Rose

istri

d

diagrams and skew angle B for MT stations at

lines AA', BB', and CC' are summarized in
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Figure 4. Phase tensor analysis results show principal directions as ellipses and skew angle f in colors for

three main profiles AA', BB' and CC' in (a), (b), and (c), respectively.
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Figure 5. Rose diagrams for the period range 10 to 1000 sec. and skew angle  for 1 sec. Estimated from
phase tensor analysis of MT stations at three main profiles AA', BB' and CC' overlaid on the geological
map of the Atambua area.

In 2D MT inversion modeling, a 2D mesh
was created with a combination of fine and
coarser meshes at denser (around 500 meters)
and at sparse (more than 1000 meters)
sounding station areas. We used the default
100 Ohm.m homogeneous medium as the
starting model. It is well-known that
geophysical modeling is generally unstable,
and the solution is non-unique. Additional
constraints are used in the search for an
optimal model. Therefore, minimizing the
objective function consists of the misfit
function and a regularization term. The latter
is a spatial variation of the model parameters
such that the model would be smooth. To find
an appropriate regularization parameter t for
trade-off between misfit and model
smoothness, we carried out an inversion of
MT data with different t values. The resulting
L-shaped trade-off curve was used to choose
the optimal t parameter (Hansen, 2001). The
regularization parameter T = 15 was selected
as the appropriate value for all inversions
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(Fig. 6). In addition, we used horizontal
smoothing a = 3 to emphasize layering, while
B=1 for parameters that govern the
smoothing factor (Geosystem Ltd, 2008). The
final inverse models were derived after a
minimum of 30 iterations for joint inversion
of TE-mode and TM-mode data.

4.5

T =1000

Normalized RMS Misfit
)
o

1500 2000 2500 3000

Roughness
Figure 6. The L-shaped trade-off curve plots of
RMS errors against model roughness for different
values of regularization parameter .

The iterative model adjustments resulted in
sufficiently smooth resistivity models while
maintaining their discrimination to delineate
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the main subsurface formations based on their
resistivity contrasts. The 2D MT inversion
modeling results for line AA', BB', and CC'
perpendicular to the regional strike are
presented in Fig. 7. At all profiles, the
superficial layer up to 2-3 km depth is
characterized by very low resistivity values,

i.e., less than 5 Ohm.m. Underneath is a
moderately low resistivity layer between 10 to
50 Ohm.m at 2 to 4 km depth. The transition
layer to a more resistive basement (more than
500 Ohm.m at 5 to 6 km depth) is a relatively
thin layer, especially at line AA' with a
resistivity of 100 to 300 Ohm.m (see Fig. 7).
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Figure 7. Resistivity sections from 2D MT inversion modeling for three main profiles AA', BB' and CC'
in (a), (b), and (c), respectively. White continuous lines are sequence boundaries and black dashed lines
are interpreted faults (see Discussion for more details)

The RMS error between observed and
calculated data for models at line AA', BB'
and CC' are 2.63, 2.46, and 1.82, respectively.
They can be considered as acceptable given
the typical noise of MT data from equatorial
regions (Padilla, 1999; Chave and Jones,

2012). In general, there is a good agreement
between observed and calculated data
presented as apparent resistivity and pseudo
phase sections, as shown in Fig. 8, Fig. 9, and
Fig. 10 for line AA'' BB, and CC,;
respectively.
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differences between measured and calculated data shown in (a), (¢) Sounding curves of measured (circle)
and calculated data (line) for the best match (left panel, station A-8) and the worst match (right panel,
station A-19), TE-mode (red) and TM-mode (blue)
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5. Discussions

The subsurface resistivity models from MT
data at line AA', BB', and CC' shown in Fig. 7
represent the regional and sub-regional
sedimentary depositional fill resulting from
the main tectonic events that occurred on
Timor Island. The uppermost very conductive
layer (less than 5 Ohm.m) is heterogeneous,
especially at line AA' with non-continuous
layering appearance. This less compact layer
represents the Viqueque sequence (Tertiary to
Quaternary) and  Bobonaro  mélanges
(Tertiary) dominating the surface of the study
area. The Viqueque sequence is dominated by
coral-limestone, conglomerates, and alluvium
deposits which are mostly exposed in the
central area or Central basin and the East-
Northeast area, while the Bobonaro mélanges
consist of various matrices of clay and shale
(Harris, 2011; Audley-Charles, 2011).

The second (around 10 to 50 Ohm.m) and
third (about 100 to 300 Ohm.m) layers which
are moderately conductive, can be associated
with Kolbano and Kekneno sequences, i.c.,
post-rift (Cretaceous-Tertiary) and syn-rift
(Permian-Jurassic) sequences, respectively.
Carbonaceous rocks dominate the Kolbano
sequence from calcilutite, calcarenite, and
calcirudite. The Kekneno sequence combines
shale and carbonaceous rocks with additional
members having lithologies from shale to
sandstone, calcareous and volcanic rocks
(Harris, 2011; Sawyer et al., 1993). Lastly, the
lowermost resistive layer is interpreted as the
basement (more than 500 Ohm.m). For line
AA' (see Fig. 7a), there is a minor resistivity
difference in the basement, where the
Northwestern part is slightly more resistive
than the southeastern part. This discontinuity
may indicate the position the Tectonic
Inversion Zone (TIZ) that separates the
basement from two different provenances, i.e.
the Northwestern part is Banda terrane, while
the southeastern part is the Australian
basement (Harris, 2011).

The interpretation for the resistivity section
at line BB' is quite similar to that of line AA'
with minor exceptions concerning the
continuity of the layers. The superficial,

shallow resistivity layer appears more
continuous at line BB', especially in the
Central basin area.  Although  with

insignificantly lower resistivity, the resistive
basement is also more continuous than line
AA' (see Fig. 7b). In this area, the layer
representing the basement is associated with
Australian  affinity (Harris, 2011). The
resistivity model for line CC' and its
interpretation are similar to those of line BB'.
However, some features are geometrically
different. The uppermost very conductive
layer representing the basin is more extensive
and more profound than the Central basin in
line AA' and line BB'. In this area the basin is
associated with the Atambua basin.
Consequently, the basement is also deeper,
extending to 6 km depth (see Fig 7c). The
development of the basins is controlled by the
trans-tension force associated with the left-
lateral strike-slip fault (see Fig. 2) (Charlton et
al., 1991).

The average thickness of the para-
autochthons (syn- and post-rift sequences) at
line CC' is about 4 Km, while at line BB' and
line AA' they are about 3 Km. There is a
possibility that a hydrocarbon system exists in
the Atambua area, West Timor, and its
surroundings. This refers to the Aitutu
Formation, which has been proven to produce
hydrocarbons and can release oil and gas
(Shaylendra et al., 2017), and Charlton (2001)
identified the Wailuli Formation (shale
dominance) as a regional seal on the island of
Timor. Those Mesozoic sediments can form a
petroleum system play as many carbonates or
sandstone of Kekneno, and Kolbano
sequences can be reservoir rocks. There is
also an anticline structure as a trap of
hydrocarbon.

Additionally, the Mesozoic sediment has
the most significant thickness compared to the
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Paleozoic and Cenozoic sediments. The
presence of hydrocarbons in the Mesozoic
play is probably at the crest and limp of the
anticline and the anticline that experienced
inversion. The area is located in the Central
and eastern parts of line AA', line BB' and line
ccC.

6. Conclusions

The magnetotellurics (MT) study at
Atambua and its surroundings show that the
main sequences and their boundaries can be
clearly recognized based on their resistivities.
In general, there are four sequences identified,
i.e. the pre-rift representing the Australian
basement, the syn-rift associated with the
Kekneno sequence, the post-rift depicting the
Kolbano sequence, and the orogeny phase
revealed by the Viqueque sequence. In
addition to the Australian basement, there is
also a juxtaposed Banda terrane with an
overlying allochthonous layer recognized in
the Northwestern part of the area. The
existence of the two main basins in the study
area is also emphasized, i.e., the Central basin
and the Atambua basin. However, their
geometry might be different from those
previously revealed by geological data (see
Fig. 2) (Charlton, 2001).

This paper focuses more on the existing
subsurface formations rather than the tectonic
process that might produce those features. The
extension of our results to explain the tectonic
activities that have occurred is beyond this
paper's scope. Nonetheless, our results with
MT data corroborate the main results from
gravity data (Wijanarko et al., 2022). Hence,
it can be concluded that the thick sediments
from the pre-collisional events can be
associated with the former Northwestern part
of the Australian passive margin. The latter
has been identified from previous surface
geological data as good petroleum system
elements, i.e., source and reservoir rocks
(Charlton, 2001; Shaylendra et al., 2017,

Surjono et al., 2017). This research provides a
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location where prospect areas for hydrocarbon
potential should be further explored, i.e., the
Central basin and Atambua basin. Integrated
analysis of 3D gravity and MT 2D modeling
is ongoing to obtain more comprehensive and
confident results.
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