Eksplorium
Volume 44 No. 1, May 2023: 1-12

p-ISSN 0854-1418
€-1SSN 2503-426X

Tectonic Structures of Northern Sumatra Region Based on Seismic
Tomography of P and S Wave Velocity

Betrix Elisabet Silitonga®, Iman Suardi?, Akmal Firmansyah®, Muhammad Hanif*, Mohamad
Ramdhan**, Andry Syaly Sembiring®
'Geophysics Station of Gunung Sitoli-BMKG,
Meteorologi St., Gunung Sitoli, Sumatera Utara, 22811, Indonesia
2Study Program of Geophysics, School of Meteorology, Climatology, and Geophysics of Indonesia
(STMKG), Pondok Betung, Pondok Aren, Tangerang Selatan, Banten, 15221, Indonesia
$Center for Earthquake and Tsunami-BMKG,
Angkasa | St., Kemayoran, Jakarta, 10610, Indonesia
*Research Center for Geological Disaster-BRIN,
KST Samaun Samadikun, Sangkuriang St., Cisitu, Bandung, 40135, Indonesia
*E-mail: mohamad.ramdhan@brin.go.id

Avrticle received: 11 January 2023, revised: 25 May 2023, accepted: 29 May 2023
DOI: 10.55981/eksplorium.2023.6784

ABSTRACT

The tectonic setting of Sumatra Island is strongly influenced by the oblique subduction of the Indo-
Australian Plate, which subducts the Eurasian Plate at a speed of 52-60 mm/year. The movement of these plates
resulted in the Northern Sumatra region having seismic sources from tectonic and volcanic activity. The data used
in this study is in the form of seismic wave travel-time recorded by numerous seismic stations in the research area
from January 2012 to December 2020. The data comes from 5,003 earthquakes recorded by the BMKG seismic
network. The inversion is a simultaneous inversion between seismic velocity models (Vp and Vs) and hypocenter
parameters by applying a double-difference seismic tomography algorithm. Tomogram results in parts of Aceh
(Singkil and Subulussalam) and North Sumatra (Pakpak Bharat and Dairi) at a depth of 0 km show negative
perturbations in Vp and Vs values and high Vp/Vs values. The anomaly is most likely related to cracks in fluid-
saturated rocks. The tomograms in the south of Lake Toba at depths of 30 km and 40 km have high Vp and Vs
perturbation values and low Vp/Vs values. This anomaly indicates a magma supply line that is no longer active or
has cooled for a long time. Based on the seismic tomography modeling results, the subducted Indo-Australian
Plate to the Eurasian Plate is visible in the study area.
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INTRODUCTION Volcanic activity, which is relatively

Northern Sumatra is one of the areas in
Indonesia with high seismic activity. This
activity  originates  from the island's
subduction zones, active faults, and volcanic
activity. These three seismic sources are
strongly influenced by the movement of the
Indo-Australian Plate, which tilts downward
underneath the Eurasian Plate. The active
Sumatran fault stretches for 1,900 km and
comprises 19 segments [1].

high on the island of Sumatra, occurs on
Mount Sinabung. Eruptions on the mountain
have been recorded at least eight times since
2010. The last eruption activity occurred on 8
August 2020. Previously, the last eruption of
Mount Sinabung was recorded in 1600. On 27
August 2010, it became active again with the
eruption of Mount Sinabung recorded by the
Center for Volcanology and Geological
Hazard Mitigation (PVMBG) [2],[3]. In
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addition, the most volcanic activity on the
island occurred 74,000 years ago in the form
of an eruption of Mount Toba, which
produced the Toba Caldera [4].

Research on tectonic diversity in
Northern Sumatra needs to be carried out to
mitigate earthquake disasters by knowing and
understanding the  subsurface tectonic
structure. Tectonic studies of a region can be
carried out by applying the seismic
tomography method to earthquakes recorded
at seismic stations around the study area. The
method used in this study is the double
difference seismic tomography (tomoDD)
method. The inversion is a simultaneous
inversion between P wave velocity (Vp), S
wave velocity (Vs), and hypocenter
parameters [5]. The Vp/Vs ratio value results
from dividing the inversion Vp against the
inversion Vs. These three parameters interpret
the tectonic conditions under the Northern
Sumatra region and its surroundings.

The input to the tomoDD application is
the travel time for the propagation of
earthquake waves that have been paired with
other earthquakes using the ph2dt program
[6]. In addition to earthquake travel-time data,
an initial velocity model is also needed for the
seismic tomographic inversion process. The
quality of the modeling results depends on the
quantity and quality of the earthquake data
used. The more earthquake data and the
denser the seismic stations used, the better the
subsurface structure information obtained.

DATA AND METHODS

The research area is located in the
northern part of Sumatra with coordinate
boundaries of 92.6798° E, 1.1809° N;
99.3817° E, 5.9013° N; 102.0592° E, 2.0491°
N; and 95.3604° E, 2.6713° S. Seismic wave
arrival time data comes from 5,003
earthquakes for the period January 2012-

December 2020 which were obtained from
the earthquake catalog repository of the
Meteorology, Climatology, and Geophysics
Agency (BMKG).

The original data format is converted by
a Python-based program into the *.pha file
extension as input to the ph2dt program. This
program performs pre-processing by pairing
an earthquake with the surrounding
earthquakes [6]. Then, the resulting output
becomes an input to the tomoDD program
[5].

The stages of model parameterization,
which include determining nodes and velocity
models, must be carried out before processing
data in tomoDD. As shown in Figure 1, this
study uses 15 x and z-axes nodes and nine y-
axis nodes with an axis rotation of -35°. The
distance between nodes on the x and y axes is
65 km with tie points at coordinates 97.37 °E
and 1.616° N.

8. Subulussalam
9. Pakpak Bharat
10. Aceh Singkil
11. Tapanuli Utara

1. Naga Raya

2. Gayoluess

3. Aceh Barat Daya
4. Aceh Tenggara
5. Aceh Selatan

6. Karo

7. Dairi

15. Binjai

16. Deli Serdang
17. Batu Bara

18. Pematangsiantar
19. Simalungun

20. Asahan

21. Toba Samosir

12. Tapanuli Selatan
13. Nias Island
14. Langkat

Figure 1. Distribution of nodes (black circles) used in
the seismic tomographic inversion process. The red
triangles indicate volcanoes. The red rectangle in the
inset figure shows the position of the research area
covered by grid nodes. Yellow circles represent
regencies or cities in the study area. The subduction
zone line and fault lines are taken from [7].
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As shown in Table 1, the initial velocity
model used is AK135 [8]. The inversion
process on the model continues to be iterated
until the final velocity model is reached, the
state when the iteration process stops. The
calculated seismic travel-time for the
tomoDD application is formulated using the
pseudo-bending method. According to
Fermat's Principle, this method uses the
fastest path from the earthquake source to the
seismic station [9].

Table 1. AK135 velocity model [8].

Depth (km) Vp (m/s) Vs (m/s)

0.0 5.800 3.460
20.0 5.800 3.460
20.0 6.500 3.850
35.0 6.500 3.850
35.0 8.040 4.480
775 8.045 4.490
120.0 8.050 4.500
165.0 8.175 4.509
210.0 8.300 4518

The inversion process produces several
quantities: hypocenter parameters before
relocation, hypocenter parameters after
relocation, velocity models (Vp and Vs),
residual travel-time for each station, and
processing time. These results require
validation, which can be done by looking at
the conditional number of damping (CND)
and root mean square (RMS) values. In
addition, the inversion results can be
validated by looking at the residual travel-
time parameters. The seismic velocity results
(Vp and Vs) obtained from the inversion
process are mapped using perturbation values
relative to the initial velocity input. In
contrast, the value of Vp/Vs is plotted in
absolute value. The seismic velocity inversion
results were validated using the Derivative
Weight Sum (DWS) method [10]. Previous
studies have concluded that areas that can be

interpreted correlate well with DWS scores of
more than 500 [11].

RESULTS AND DISCUSSION

The pre-processing results with the ph2dt
module show that 69% of the P phase and
72% of the S phase of the total data can be
used as input in the tomoDD application.
Validation of the hypocenter relocation
results can be seen in Figure 2.
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Figure 2. The trade-off curve to determine optimum
damping (a). Comparison of RMS before and after
relocation (b). Comparison of residual travel-time
before and after hypocenter relocation (c).
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Previous studies have shown that an
excellent conditional amount of damping
(CND) is between 40-80 [6],12]. This value
indicates that the utilized damping value is
not under or over-damping. This study
obtained optimum results using a damping
value of 450, resulting in a CND value of 62
(Figure 2a). On the other hand, compared to
before relocation, the RMS after relocation
result looks excellent, closer to 0 (zero) with
the increasing number of earthquakes (Figure
2b). The validation of the residual inversion
results of the travel-time of the earthquake
wave phases (P and S phases) can also be
categorized as good because there are more
and more earthquake phases close to zero, as
shown in Figure 2c. Thus, the earthquakes
successfully relocated were 4,862 with their
seismicity, as shown in Figure 3.
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Ifigure 3. Earthquake distribution after hypocentér
relocation.

Profile slicing was carried out on sections
A-A, B-B, C-C, D-D, and E-E'
perpendicular to the trench to see the vertical
distribution of earthquakes (Figure 4).
Changes in the hypocenter distribution after
relocation are visible, especially in
earthquakes with the same accumulation of
depth to become more scattered (Figure 5).
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Figure 4. Cross sections A-A' to E-E', whose vertical
sections can be seen in Figures 5 and 8.

The station density, the quantity of P and
S wave phases, and the quality of the
earthquake parameter results in the catalog
affect the tomography results. The denser the
stations and the more phases pass through a
node, the better the resulting modeling. The
quantity and quality of the P and S phase data
will significantly affect the tomogram results
produced [13]. The results of the horizontal
tomogram and the Derivative Weight Sum
(DWS) are shown in Figure 6 and Figure 7,
while the results of the vertical tomogram of
the slices and the DWS are shown in Figure 8
and Figure 9.
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Figure 5. Vertical cross-section A-A' to E-E' before (left) and after hypocenter relocation (right). The red and

yellow circles indicate hypocenter depths of less than and more than 60 km. The distance from the hypocenter (D)

to the vertical cross-section line is -15 km <D < 15 km.
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Figure 6. Horizontal tomograms at depths of 0-80 km for Vp (left), Vs (middle), and Vp/Vs (right). The dashed
black line shows the interpretation of the anomaly indicated by the sequence of numbers. The DWS in Figure 7
represents areas that can be interpreted well, correlating with DWS values of more than 500 [11].
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Figure 7. Derivative Weight Sum (DWS) at depths of 0-80 km for Vp (left) and Vs (right).

Anomaly Interpretation

We interpret the three anomalies at a
depth of 0 km, as shown in Figure 6. The first
interpretation (anomaly number 1) covers the

Aceh region (Nagan Raya Regency,
Southwest Aceh Regency, Gayo Lues
Regency, South Aceh Regency, and

Southeast Aceh Regency) and the North

Sumatra region (Langkat Regency, Karo
Regency, Binjai City, Deli Serdang Regency,
Simalungun Regency, Pematangsiantar City,
Batu Bara Regency, and Asahan Regency)
which show high Vp and Vs perturbation
values and low Vp/Vs. The anomaly indicates
the presence of compact rock. The second
interpretation (anomaly number 2) covers

L7
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some parts of the Aceh region (Aceh Singkil
Regency and Subulussalam City) and North
Sumatra (Pakpak Bharat Regency and Dairi
Regency), which have low perturbation
values of Vp and Vs and high Vp/Vs. This
anomaly indicates the presence of sediment
with a reasonably high fluid content [14]. The
third interpretation is that in the south to
southeast of Lake Toba (anomaly number 3),
it has high Vp, low Vs, and high Vp/Vs
perturbation values. The anomaly most likely
indicates a crack in water-saturated rock [14].

The tomogram at a depth of 10 km is
shown in Figure 6. Anomaly number 4
indicates an area with low Vp and Vs
perturbation values and high Vp/Vs. This
feature indicates the presence of fractures or
weak zones filled with hot fluids [15]. At a
depth of 20 km, the anomaly shows low
perturbation values of Vp, Vs, and Vp/Vs on
Nias Island (anomaly number 5). Nias Island
results from sediment accumulation in the
accretionary prism zone, causing a slowdown
in the values of Vp and Vs [16].

High Vp and Vs perturbation values and
low Vp/Vs values indicate a magma supply
line that is no longer active and has cooled for
a long time. High Vp and Vs perturbation
values and low Vp/Vs can also indicate the
presence of igneous intrusion [17]. The
tomograms at 30 km and 40 km depth show
structures with high Vp and Vs perturbation
values and low Vp/Vs values. The anomaly is
most likely related to the freezing of the
magma path of Mount Toba (anomaly
number 6). In addition, there are also rock
structures filled with fluid, namely in South
Tapanuli Regency, where the Vp and Vs
perturbation values are low while the Vp/Vs
is high (anomaly number 7).

Figure 8 shows the vertical section A-A'
subduction zone model across Mount Leuser.
Anomalies of high Vp and Vs and low Vp/Vs

at a depth of 0-10 km around the mountain
indicate the presence of bedrock structures in
the area. The concentration of the earthquake
hypocenter to the east of Mount Leuseur
(black dashed line) on the vertical cross-
section is thought to originate from the
activity of the Tripa Segment, a segment of
the Sumatran Fault.

The B-B' vertical cross-section in Figure
8 shows the accumulation of earthquake
hypocenters underneath Mount Sinabung and
Sibayak (circle dashed line). In addition, the
cross-section passes through the Sumatra
Fault in the Renun Segment. This hypocenter
concentration is related to Mount Sinabung
and the fault activities because the location of
the two geological features is adjacent [1].

The hypocenter concentration on the C-
C' section, marked by a black circle with a
dashed line, originates from the Toru
Segment activity (Figure 8). The hypocenter
group, marked with a black circle with a
dashed line on the D-D' section, is related to
the Sumatran Fault segment originating from
the Toru, Angkola, and Barumun Segments
confluence. The D-D' cross-section also
passes through Mount Sibualbuali. The E-E'
section passes through the Sumatra Fault,
which is identified as originating from the
movement of the Angkola and Barumun
Segments (black circle with dashed line). The
entire cross-section shows that the Sumatran
Fault zone is in a low Vp zone associated
with an unstable zone [18].

Subduction zone modeling based on the
tomogram of sections A-A'to E-E' (Figure 8)
showed the steeper slab angle towards the
south. This feature is related to the depth of
the slab, which is deeper in that direction.
Slab slopes are shown with high Vp and Vs
anomalies associated with high density.

L8]
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Figure 8. Vertical tomograms of Vp (left), Vs (right), and Vp/Vs (right) on the A-A' to E-E' sections. The Indo-
Australian slab subducting the Eurasian Plate underneath the Northern Sumatra region and its surroundings is
interpreted with dashed black lines. The black circles show the distribution of hypocenters, and circles with
dashed black lines show the anomalies in the five sections. The areas that can be interpreted are depicted with the

DWS scale in Figure 9.
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CONCLUSION

Modeling Northern Sumatra's tectonic
structure using seismic tomography has
yielded good results. Compact/rigid rock
structures are mapped in Aceh and North
Sumatra. Less compact structures, such as
sediments, can be identified in the Aceh
region  (Aceh  Singkil Regency and
Subulussalam City) and North Sumatra
(Pakpak Bharat Regency and Dairi Regency
and Nias Island). The existence of low-
velocity anomalies (low Vp and low Vs) and
high Vp/Vs associated with fluids underneath
Mount Sinabung, Mount Sibayak, and South
Tapanuli Regency. Meanwhile, the rock
structure with cracks saturated with water is
modeled from the south to the southeastern
part of Lake Toba. This study also showed
clear subduction of the slab where the Indo-
Australian Plate subducts under the Eurasian
Plate, characterized by high values of Vp and
Vs.
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