. quaternary

Article

The 2022 Mw 6.1 Pasaman Barat, Indonesia Earthquake,
Confirmed the Existence of the Talamau Segment Fault Based
on Teleseismic and Satellite Gravity Data

Bondan Galih Dewanto 123, Ramadhan Priadi 4, Leni Sophia Heliani 1.3,% Al Shida Natul 5,

Muhammad Yanis ©

check for
updates

Citation: Dewanto, B.G.; Priadi, R.;
Heliani, L.S.; Natul, A.S.; Yanis, M.;
Suhendro, I.; Julius, A.M. The 2022
Mw 6.1 Pasaman Barat, Indonesia
Earthquake, Confirmed the Existence
of the Talamau Segment Fault Based
on Teleseismic and Satellite Gravity
Data. Quaternary 2022, 5,45. https://
doi.org/10.3390/quat5040045

Academic Editor: Jef Vandenberghe

Received: 13 July 2022
Accepted: 15 October 2022
Published: 2 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Indranova Suhendro 27 and Admiral Musa Julius 8

Department of Geodetic Engineering, Universitas Gadjah Mada, J1. Grafika No.2 Bulaksumur,

Yogyakarta 55281, Indonesia

Center for Disaster Studies, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia

Hazard and Risk Management Center of Excellent, Faculty of Engineering, Universitas Gadjah Mada,
Yogyakarta 55281, Indonesia

Gowa Geophysical Station, Agency for Meteorology Climatology and Geophysics (BMKG), JI. Poros Malino,
Sungguminasa 92112, Indonesia

Master Program in Geomatics Engineering, Department of Geodetic Engineering, Universitas Gadjah Mada,
J1. Grafika No.2 Bulaksumur, Yogyakarta 55281, Indonesia

Geophysical Engineering Department, Universitas Syiah Kuala, Banda Aceh 23111, Indonesia

Department of Environmental Geography, Faculty of Geography, Universitas Gadjah Mada, Sekip Utara JL.
Kaliurang, Bulaksumur, Yogyakarta 55281, Indonesia

Earthquake and Tsunami Center, Agency for Meteorology Climatology and Geophysics (BMKG),

J1. Angkasa 1 No.2, Kemayoran, Jakarta 10610, Indonesia

Correspondence: lheliani@ugm.ac.id

Abstract: A Mw 6.1 earthquake on 25 February 2022, at around 8:39 a.m. local time, struck Pasaman
Barat Regency, West Sumatra, Indonesia, and was felt in Singapore and Malaysia. The hypocenter of
this earthquake was 12 km deep and preceded by an Mw 4.9 foreshock a few minutes earlier. The
earthquakes originated on a blind fault and triggered a landslide at Mount Talamau. Herein, the slip
distribution and asperities along the plane fault during the earthquake were examined by teleseismic
inversion and the fault location was identified by Global Gravity Model plus (GGMPlus) satellite
gravity data. The slip distribution was calculated from the source parameters (strike: 136°; dip: 70°;
rake: 174°) by inversion techniques based on teleseismic data. Based on the slip distribution, the
earthquake was generated by stress from the Sianok fault that spread to the north and reached the
uncertain fault segment in the Talamau area. In addition, the results of the First Horizontal Derivative
and Second Vertical Derivative from the GGMplus data revealed a straight Simple Bouguer Anomaly
pattern, confirming the existence of the uncertain Talamau fault as part of the Great Sumatra Fault.
This work shows the potential application of the combination of teleseismic and gravity observation
for delineating the fault structure that caused the 2022 Mw 6.1 Pasaman earthquake, which can also
be applied to other locations of similar geological backgrounds.

Keywords: Pasaman earthquake; teleseismic; satellite gravity; Sumatra Fault Zone

1. Introduction

Sumatra Island, Indonesia, is a geologically complex region that includes the Great
Sumatra Fault (GSF) in the middle of the island, the Mentawai Fault Zone between Sumatra
Island and the Mentawai Islands, and a subduction zone created by the interaction of
the Eurasian continental and Indo-Australian Ocean plates. The GSF is a 1650 km-long
strike-slip fault, running along from Banda Aceh to Semangko Bay, which lies above
the subduction between Eurasian and Indo-Australian plates [1,2]. Such highly active
subduction on the western side (52-60 mm/y) combined with an intense spreading activity
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of the Andaman Sea on the northern side (38 mm/y) are, therefore, responsible for the
formation of 19 fault segments along the GSF and causing the GSF to move in a dextral
fashion at varying rates, 23-27, 11-23, and 6.8-11 mm/y for the north, middle, and south
segments of Sumatra Island, respectively (Figure 1) [3,4]. The intense movement of the
GSF is, therefore, responsible for the formation of £13 pull-apart basins along the GSF [5],
as the length of each fault segment increases as fault displacement decreases under an
extensional regime [6]. As a consequence, earthquakes become the most significant threats
along the GSF. More than a dozen earthquakes have occurred along the GSF over the past
200 years [7]. Seven of 19 segments in the GSF are located in West Sumatra Province [8],
namely, Siulak (2.25-1.7° S), Suliti (1.75-1.0° S), Sumani (1.0-0.5° S), Sianok (0.7° S-0.1° N),
Sumpur (0.1-0.3° N), Barumun (0.3-1.2° N), and Angkola (0.3-1.2° N). In addition, many
densely populated settlements have been built around the West Sumatra segments (i.e.,
Padang sidempuan, Bukittinggi, Solok), making the vulnerability high [7].
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Figure 1. Study area and earthquake location map. White-blue and white-red beach balls show the
earthquake that occurred at 08:35 and 08:39 local time, respectively, while the blue and red stars are
the epicenter locations. The black triangle is the location of Talamau Volcano.

On 25 February 2022, the Pasaman earthquake (Mw = 6.1) caused landslides around
the vicinity of Talamau Volcano (Figure 2), claiming 27 lives and destroying 6627 houses.
This event was preceded by an Mw 4.9 foreshock and ended with 201 aftershocks that
were felt until 4 March 2022. From the seismic activities, BMKG stated that the source of
the earthquake was triggered by the movement of a possible new Talamau fault segment,
confirmed by the geological map to be an uncertain fault [9]. Hence, the cause of the major
earthquake that struck Pasaman is still unknown.
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Figure 2. Damage of the Pasaman earthquake: (a) landslide, (b) road damage, and (c,d) building
structural damage.

Geodetic and geophysical data have been widely used to understand earthquake
and crustal deformation characteristics [10-15]. The source mechanism is one of the
geophysical methods for understanding the causes of earthquakes. Rupture mechanism
analyses applying teleseismic body waves are widely used to get temporal and spatial
variations within coseismic slip patterns. Classical teleseismic body wave inversion that
uses the global wideband seismic network can be analyzed immediately after significant
earthquakes [16]. On the other hand, as a geodetic method, gravity data can be gathered by
the satellite technique [17-20]. The gravity method, notably with the Global Gravity Model
plus (GGMPlus) data [20-22], is a high accuracy, promising, quick, economical, and simple
methodology to identify the fault structure distribution [23-25], as applied to pinpoint the
GSF in Aceh Province [26].

A few studies on the 2022 Pasaman earthquake have been published, including
Julius et al. (2022) [27] and Kardo et al. (2022) [28]; however, they focused on the report
of field observation and trauma healing for the victims. In addition to that, in Pasaman
City, comprehensive fault distribution maps are not yet available to decrease hazard risks.
Hence, there is still a lack of understanding of the activities of the Talamau segment and
its role in the 2022 Pasaman earthquake. In this contribution, we combine teleseismic and
satellite gravity data with the aim of better understanding the coseismic source model of
the 2022 Mw 6.1 Pasaman earthquake and its fault structure.

2. Study Area
2.1. Focus of Study Area

Pasaman City is a regency in West Sumatra, Indonesia, situated between the latitudes
of 00°33’ N and 00°11’ S and the longitudes of 99°10’ and 100°04’ E (Figure 1). The
regency has diverse topography such as flat, wavy, hilly, and mountainous terrain ranges
between 0 and 2912 m above sea level [29]. The topographical conditions of Pasaman
City are as follows: (1) “coastal land/flat land” that extends from the tidal line to the
mainland on a slope of 0-3% at 5 m above sea level (the Sasak, Muara Bingung, and Air
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Bangis localities and other communities along the coast are made up of coastal alluvial
deposits that produce lowlands and muddy swamps), (2) “low land” with undulating land
elevations more significant than 15 m above sea level and a 3-8% slope to the foothills
free of tidal zones, (3) “middle land” that is an undulating territory extending from the
highest point of low land to a hilly area with a height of 50 feet above sea level and a slope
of 8-15%, and (4) “upland” refers to hilly terrain with a maximum elevation of 2912 m
above sea level, the majority of which are protected areas [30].

2.2. Geological Setting

The subduction in Sumatra has continued since the Late Jurassic (160 Ma) [31]. In
such a time, numerous collisions between continental blocks occurred, including the East
Malaya, Sibumasu, East Sumatra, West Sumatra, and Woyla Nappe blocks, which mainly in-
clude granitic intrusions, basaltic-andesitic volcanic rocks, volcaniclastic sedimentary rocks,
limestones, and high-grade and low-grade metamorphic rocks [32] (Figure 3). Meanwhile,
the spreading of the Andaman ridge is considerably young; the Andaman Sea began to
spread in the late Miocene (10 Ma) when India and Asia were about to collide (see Figures
35 and 36 in Hall 2012). Coincidently, the GSF has started to develop since the Pliocene
(4 Ma onward) [33], implying that the origin of the GSF may be related to the presence
of the Andaman spreading center, as well as the subduction. Since then, there has been
a rapid increase in volcanic intensity in Sumatra [33], as indicated by the dense volcano
distribution [34] and the occurrence of significant caldera-forming eruptions such as the
840 ka Oldest Toba Tuff, 500 ka Middle Toba Tuff, and 74 ka Youngest Toba Tuff eruptions
(erupted volumes are estimated to be approximately 500-2300, 60, and 2800-5300 km?,
respectively; volcano explosivity index (VEI) 8), the 52 ka Maninjau eruption (220-250 km?,
VEI 7), and the 33 ka Ranau eruption (>100 km?, VEI 7) [35-40]. Tt is interesting that most of
the Quarternary volcanism in Sumatra occurs inside and adjacent (<10 km distance) to the
GSE, including the Talamau Volcano (Figure 1). However, Acocella et al. (2018) suggested a
weak relationship between tectonism and magmatism in Sumatra. That is, the presence of
Sumatran volcanoes is not controlled by the GSF activity, but is more controlled by slab
depth, as partial melting dominantly occurs at =130 km slab depth [4]. The GSF tends to
control the formation of pull-apart basins [5].
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Figure 3. Geological map of Pasaman (Indonesia Geological Agency).
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The Pasaman area is constructed by a complex variation of rocks [9,41] (Figure 3).
This area is crossed by the Central Sumatra Fault Zone (consisting of Barumun, Angkola,
Sumpur, Sianok, Sumani, Suliti, and Siulak segments) as part of the GSF (Figure 4). Particu-
larly, the oldest stage (Permian—Cretaceous) is represented by intrusive and metamorphic
rocks (from diorite to granite and low-grade to high-grade, respectively). The middle
stage (Eocene-Pliocene) predominantly consists of intrusive (i.e., harzburgite, pyroxenite,
dunite, diorite, granite) and volcanic rocks (i.e., lava and pyroclastic deposits), volcaniclas-
tic and pelagic sedimentary rocks (i.e., breccia, sandstone, shale stone), and limestones. The
youngest stage (Pleistocene-Holocene) mainly includes alluvial and volcanic deposits (from
basaltic andesite to rhyolite), originating from the Talamau, Malintang, and Sorikmarapi
Volcanoes. Most of these rocks are cut by (at least) three fault segments of the GSF, namely,
the Angkola, Barumun, and Sumpur segments. By contrast, there has been no report on
fault segments around the vicinity of the Talamau Volcano.
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Figure 4. Central Sumatra Fault Zone. The 2022 Pasaman earthquake took place in an area where the
existence of the fault is still uncertain.
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3. Materials and Methods
3.1. Teleseismic Data

The displacement field observed around the fault is heavily impacted by the dimen-
sional and temporal patterns of earthquake moment release. Seismologists have been
able to depict the time-space genesis of earthquake ruptures documented by neighboring
detectors in astonishing detail [42,43]. Long-period teleseismic body waves that exhibit
complex waveforms can be used for understanding the displacement field near the fault [44].
Pacheo et al. (1989) [45] investigated the features of the sourcing process in the 1988 Ar-
menian earthquake using wideband and long-duration teleseismic records. We used a
developed multiple-event deconvolution technique to examine teleseismic body waves
due to source variety that may have an immense impact on the dangerous power of an
earthquake and the nature of coseismic deformation in a diverse tectonic context. We used
teleseismic wave data to look deeper at the rupture process of the 2022 Mw 6.1 Pasaman
earthquake, which started with an M4.9 foreshock followed by 201 aftershocks (Figure 5).
The Data Management Center of the Incorporated Research Institutions for Seismology
(IRIS) was used to connect 54 broadband stations in the Global Seismographic Network
and the Federation of Digital Seismograph Networks. As far as azimuthal exposure is
concerned, the observatories” epicentral distances are between 30° and 90° kilometers
(Figure 6).
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Figure 5. Earthquake activity during the Pasaman event. The main event was preceded by a
magnitude 4.9 foreshock followed by 201 aftershocks.

The P and SH wave arrival times were obtained using the Jeffreys—Bullen (1958) [46]
travel time chart. The start periods were adjusted within several seconds to account for
lateral inhomogeneities in Earth’s travel times. At all seismic stations used, power spectral
calculations were performed [44]. Afterward, the attenuation difference between the phases
of the P wave and SH wave is multiplied by the factor

exp [ZHf(t;‘ — t;)} (1)

in this factor, where t} and t;; are the attenuation constants for the P and S waves, re-
spectively. There are several parameter criteria used for the calculation of the waveform
inversion. These parameters include a clear P wave phase with minimal noise, station selec-
tion between 300 and 900 from the earthquake, and there is no data gap in the waveform.
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Figure 6. The selected station was used in the inversion. The green circle represents epicenter
distances between 30° and 90° from the Mw 6.1 Pasaman earthquake. The red-white beach ball
shows the earthquake location and the fault type as the earthquake souce.

In Green’s functions, source and receiver functions were computed using Haskell’s
propagator matrix [47-49]. The fault plane is assumed to have a temporal and spatial
distribution of slip in each direction of each fault plane, which is spatially extended by

Aty(x,t) = YLy paj(1) 2T (x) f1(x, 1) @)

where the unit vector describing the slip direction is denoted by @} (t), the slip direction is
always parallel to the fault plane and is a function of time, @/(x) is a function of the spatial
basis, and f/(x, t) is a function of slip time. Integrating Equation (2) for ¢ = co gives the final
slip distribution to be

o I . . .
Aty (x) =) Plojel (x) 3)
ﬁi = v}coséj + v%sinéj 4)

the notation ﬁ]t indicates the rake direction in the final slip distribution, described in
Equation (2). The fault plane uses two perpendicular vector units to determine the final

slip distribution, namely, v} and v?. The rake angle is denoted as &’ measured from o} and
Ulz. The slip distribution is determined based on Ty (start time) and Ts; (rupture start time).
Tp determines the initial data used for inversion, while Ty; determines the start of rupture.
The start time of the data to be used is selected at — Ty a few seconds before the arrival time
of the P wave.

3.2. Satellite Gravity Data

The gravitational field and fluctuations underneath and beyond Earth’s surface are
detected by gravity sensors acquired from watercraft, boreholes, aircraft, and spacecraft as
a combination of time and location [50,51]. Presently, the gravity anomaly of a region is
commonly acquired by gravity measurements from satellites [52]. In 2000, gravity satellite
missions were launched and focused on gathering data on a wide range, with a high spatial
resolution and a large observation area. The Geodetic Satellite (GeoSat) by US Navy [53],
European Remote Sensing (ERS) from Europen Space Agency (ESA), Gravity Recovery
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and Climate Experiment (GRACE) from collaboration of US and German Space Agencies
(NASA and DLR) [54], and Gravity Field and Steady-State Ocean Circulation Explorer
(GOCE) by ESA [55] are altimetry and gravity satellites for deriving gravity information.

Herein, we used the GOCE, GGMplus, and SGG-UGM-2 data, which cover the study
area of latitude —2.1° to 0.2° and longitude 119.5° to 120.5°. GGMplus [20] is a global
gravity model with a spatial resolution of 200 m/px developed by combining GRACE,
GOCE, SRTM, EGM 2008, and terrestrial measurement. SGG-UGM-2 is another global
gravity model that combines satellite gravimetry, satellite altimetry, and Earth Gravitational
Model 2008 (EGM2008). In this gravity method, the Simple Bouguer Anomaly (SBA) was
used, as its value indicates the distribution of geological rocks and geological structures in
general terms [56]. The SBA was calculated based on the gravity disturbance from each
data and Bouguer plate correction using a mean density of 2.67 g/cm? [57].

The GGMplus processing blended the GOCE and GRACE data with the EGM 2008
surface gravity data using a full normal equation [20], as expressed in Equation (5). The
EGM 2008 is treated as a set of predetermined constants fed into a least-squares algorithm.

(wleut + wy Z(XEGM)_l) X = Winsar + W2 Y _(XEGM)  XEGM ©)

in this equation, Ng; and ng, are products of the GOCE and GRACE combination and x is
the ideally merged collection of SHCs from EGM 2008, GOCE, and GRACE.

The original dataset of GGMplus was extracted and produced four crucial data: grav-
ity disturbance, gravity acceleration, the vertical component of the satellite sensor, and
geoid undulation. The SBA was calculated from GGMplus gravity disturbance. Meanwhile,
gravity disturbances of GOCE and SGG-UGM-2 data were received from the Interna-
tional Center for Global Gravity Field Models (http:/ /icgem.gfz-potsdam.de (accessed on
1 April 2022)) and processed using the GOCE User Toolbox 3.2.0 program to produce the
SBA value.

Various filtering techniques have been widely used in gravity interpretation to detect-
ing the boundary in the gravity anomaly generated by geological structures and tectonic
activity below the surface. This study used the First Horizontal Derivative (FHD) and Sec-
ond Vertical Derivative (SVD) methods. FHD is a technique for horizontally determining
the density contrast limit by adjusting the anomalous value [58], and it is calculated using
Equation (6). The geological structure in the form of a fault is represented by changes in
the FHD anomaly, shown by the greatest value on the FHD graph [59].

_ {28\, ()’
o= (%) (%) ©

in the equation, g—i is the horizontal derivative of gravity anomaly in x and g—g is the

horizontal derivative of gravity anomaly in y.

The SVD emphasizes near-surface effects at the expense of deeper and shallow anoma-
lies with considerable curvature. The size of the curvature is related to the anomaly depth.
The larger the curvature size, the shallower the anomalies [60]. The SVD is calculated using
the derivative of the Laplace equation:

9’g  9%g
SVD = — <8x2 + ayz) (7)
Derivative analysis of the gravity anomaly is to expose the shallow bodies and mini-
mize the regional effect and the deeper structures [60]. The FHD and SVD maps were sliced
for helping the anomaly contrast’s response analysis to indicate the fault’s location. Also,
the Bouguer anomaly, FHD, and SVD analyses use information on geological background,
volcanoes, and faults in the study area to reduce ambiguity.
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4. Results
4.1. Coseismic Source Model Based on Teleseismic Data

The fault plane slip distribution is calculated using the inversion result and assuming
that the fault plane is a grid. Each grid box represents a subfault with a strike length and a
dip width. The value and slip direction of each subfault are different.

The inversion method uses a band-pass filter frequency of 0.064-0.12 Hz based on trial
and error with the smallest variance value. To resolve the earthquake’s source characteris-
tics, it is essential to do a point source inversion before performing a finite-fault inversion.
The point source inversion results for the Pasaman M 6.1 earthquake (01:39:28 UTC) were
strike 136°, dip 74°, and rake —178°. Figure 7 presents the waveform fitting and point
source inversion for the Pasaman earthquake. A variance difference of 0.5740 was calcu-
lated between the observed and synthetic signals. A desirable variance value is less than
1.0, which reduces the discrepancy between observed and synthetic data.
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Figure 7. Moment rate function, focal mechanism, and comparison of observation data (black line)
and synthesis data (red line) at seismic stations used in the Pasaman earthquake inversion analysis.
The small ball on focal mechanism shows the number of recorded seismic stations, red for the
compression zone and white for the dilation zone.
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A seismic moment M of 0.627 x 10'° Nm is calculated, which updates the magnitude
of the moment by Mw 6.2. As shown in the inversion analysis, the fault seems to be a
strike-slip fault using a source time of 36 s. Teleseismic body wave inversion produces
identical results to those achieved by several associated organizations. A comparison
of the focal mechanism results with the other agencies is listed in Table 1. Apart from
the outcomes of waveform fits, these results can be used to determine whether the study
modeling results are correct.

Table 1. Comparison of the focal mechanism outcomes between this work and various agencies.

Source Parameter

N Agenc
° geney Strike Dip Rake Focal Mechanism Fault Type

1 IRIS 136° 70° 174° “’@E Strike-Slip

2 GFZ 133° 76° 175°

3 BMKG 132° 89° 174° ” Strike-Slip

Strike-Slip

4 CMT 1360 70° 174° Strike-Slip
5 USGS 139° 88° 155° | W ] Strike-Slip

6 This Study 136° 74° 178° Strike-Slip

After establishing the source, the data are used in the finite-fault inversion. The
slip points are assumed to be spatially relative to the fault plane. Figure 8 shows the
two-dimensional (2D) spatial distribution of the Pasaman earthquake displacement. The
inversion fault plane is predicted to be 24 km-long in the strike direction and 10 km
broad in the dip direction. In the strike-and-dip directions, the fault region is split into
12 x 5 subfault grid boxes of 2 km x 2 km dimensions each. The initial break is at 0 km
strike direction and 0 km dip direction, indicating the location of the hypocenter (red star).

The asperity zone is indicated by the contour size and the length of the slip direction,
of which the largest is at 16 km strike direction and 0 km dip direction. The hypocenter
is not in the largest asperity zone. A large asperity zone indicates a locked area with a
significant possibility of releasing energy. From Figure 8, the greatest energy released is at
16 km in the strike direction and 0 km in the dip direction. The 2D inversion results are
then projected using orthogonal projections so that they can spatially map the results. The
fault’s length and breadth in kilometers are translated to degrees, and the resulting length
and width are projected to the surface. This projection guarantees the even distribution of
the slip throughout the surface, as shown in Figure 9.
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Figure 8. 2D spatial slip distribution of the inversion results (arrows indicate the direction of the slip
distribution, and the magnitude indicates the magnitude of the displacement). The color from green
to dark yellow means the increase of energy release by the Pasaman earthquake.
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Figure 9. Finite-fault model of teleseismic body wave inversion. The red star represents the epicenter
(M = 6.1). The red line represents fault segments, while the dashed red line represents the possibility
of fault segments generating earthquakes with a strike-slip mechanism.

The results reveal that the greatest slip at the source is 1.01 m. The slip vector is
downward in the slip distribution, with the biggest slip in the largest asperity zone. The
hypocenter is the point or line in the lithosphere where an earthquake occurs. In Figure 9,
the asperity is to the southeast of the earthquake hypocenter on the down-dip section.
The fault’s plane’s first rupture occurs at the initial break (or the hypocenter). The most
significant energy release of an earthquake occurs in the area of greatest asperity, not in the
first rupture of the earthquake [61].

The biggest asperity in the location of the inverted fault is not in the first break. Hence,
the maximum energy release occurs to the southeast of the original breach at the fault
area’s highest asperity. In the strike direction, the asperity forms as a single in the range of
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6-18 km. There is an asperity on the subfault —4 km on strike and 2 km-long in the initial
break, but it is not as significant as the asperity that forms on the southeast of the original
break. Aside from the fact that this earthquake is a shallow crustal earthquake, the asperity
that forms is also a single asperity with the potential to cause significant surface shaking.
As demonstrated by the slip distribution’s direction leading to a down-dip, the strike-slip
source mechanism in the Pasaman earthquake has a slight downhill motion. The asperity
distribution is closely related to the magnitude of earthquakes and seismicity patterns in
each region [62].

4.2. Fault Detection from Satellite Gravity Data
4.2.1. Simple Bouguer Anomaly (SBA)

Figure 10a—c shows the SBA derived from processing GGMplus, GOCE, and SGG-
UGM-2 gravity disturbance data. GGMplus SBA values are in the range of —105 to 35 mGal,
whereas GOCE and SGG-UGM SBA anomaly values are in the range of —90 to 70 mGal
and —80 to 145 mGal, respectively. The three SBA results share the same color spectrum,
from red to blue, corresponding to high- to low-density values. SBA SGG-UGM-2 displays
a distinct anomaly pattern from SBA GGMplus and GOCE. For example, in Mount Marapi,
the SGG-UGM-2 has a high anomaly value (about 100 mGal), but SBA GGMplus and
GOCE have a low anomaly value (around —85 mGal). Because the SGG-UGM-2 has high
geographical resolution compared to the other two satellite gravity data, more accurate
estimates of anomalies in mountainous and volcanic areas are possible.

Sediment (Pliocene-Eocene and Holocene—Pleistocene) and East Sumatra Block (Lower
Permian) dominate the northeastern region. In this region, the anomaly values in the SBA
GGMplus, GOCE SBA, and SBA SGG-UGM-2 maps are 5 to 30, 10 to 60, and —5 to
35 mGal, respectively. In the southwest region, the values shown by SBA GGMplus, GOCE,
and SGG-UGM-2 are —10 to 25, 10 to 35, and —35 to 10 mGal, respectively. Sediments
(Holocene-Pleistocene) comprise the southwest part. This shows that the southwest has a
lower average value of anomalies than the northeast. The part is produced by the Young
Sedimentary Rock (Holocene-Pleistocene) located near the coastline. By contrast, the
sediments (Pliocene-Eocene and Holocene-Pleistocene) and East Sumatra Block generally
have higher density values and are located at a higher elevation.

A low anomaly value with a straightness pattern on the SBA map can give a rough
estimation of the GSF position. However, the GSF that is shown by the straightness pattern
is located in the high value of the anomaly contrast, confirmed by the geological data from
the Pasaman region. In Figure 10, the Barumun, Sumpur, and Sianok segments can be
discovered in the GGMplus, GOCE, and SGG-UGM-2 SBA contrast anomalies. On the
other hand, the Angkola and possible Talamau segments are only discernible in the contrast
anomaly observed on the GGMplus. The Barumun, Sumpur, and Sianok segments have
large anomalous contrast values compared to the Angkola and possible Talamau segments.
This is attributable to the fact that the Barumun, Sumpur, and Sianok segments are the
main segments of the GSF. Meanwhile, the Angkola segment is a branch from the Northern
Barumun segment, so the anomaly contrast becomes lower and splits, and the Talamau
segment is predicted as an extension from Angkola to Sianok segments, shown by low
anomaly contrast straightness. We found that the SBA GGMplus, GOCE, and SGG-UGM-2
can clearly identify the locations of the main segments of the GSF, as shown by a high
anomaly contrast between them. In addition, GGMplus is also more sensitive, so it is able
to detect the existence of a fault segment with a low contrast anomaly compared to that
presented for the Angkola and Talamau segments.
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Figure 10. (a) GGMplus SBA, (b) GOCE SBA, and (c) SGG-UGM-2 SBA. Faults are symbolized by a
black straight line, volcanoes are represented by a black triangle, a red dotted line symbolizes the
inferred Talamau fault, and red dots illustrates aftershocks distribution.

About the 2022 Pasaman earthquake, aftershock distribution can be used as evidence
for this earthquake not generated by the Barumun, Angkola, Sumpur, and Sianok segments,
which are more accurately defined as active fault segments. However, it is more likely
generated by the Talamau fault, which has been inactive for an extended period. The
aftershock distribution took place in the same place as the anomalous contrast of the
Talamau fault segment. Nevertheless, fault location prediction from the SBA still has
residual and regional abnormalities; hence, it is important to filter it through the analysis of
the FHD and SVD to get a clear picture of the fault pattern (SVD).

4.2.2. Data Transformation

Figure 11a shows the FHD gravity anomaly of GGMplus in the range of 0-160 mGal.
Several places, such as the Marapi Volcano, the Sago Volcano, the border between Lake
Maninjau and the land around it, the Volcanic Formations, and the West Sumatra Block,
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are shown with high anomalous zones. On the other hand, the GSF, in the FHD anomaly,
shows a low anomaly pattern, which extends from north to south, ranging from 0-25 mGal.
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Figure 11. (a) FHD anomaly and (b) SVD anomaly. Faults are symbolized by a black straight line,
volcanoes are represented by a black triangle, the alleged Talamau fault is symbolized by a orange
dotted line, Lake Singkarak is symbolized by a blue ellipse, and slicing is symbolized by a black
straight line.

As shown in Figure 11b presents the GGMplus SVD gravity anomaly in the range
of —1050 to 350 mGal. In contrast to the FHD, the Marapi Volcano, Sago Volcano, Lake
Maninjau border, and nearby areas indicate low SVD anomaly values. The SVD analysis
shows that there is a zero-value anomaly near the boundary between the West Sumatra
Block and Volcanics Formations and in the GSE.

To better understand the location of the segment faults, a cross-sectional analysis of
the FHD and SVD data was performed, shown with AA’, BB/, and CC’ sections, as well as
the red box (referring to the predicted existence of the Talamau segment) and black box
(the location of the GSF in the Pasaman region, consisting of the Barumun, Sumpur, and
Sianok segments) (Figure 12).

The AA’ and BB’ slices are positioned perpendicular to the supposed Talamau segment
until they cross through the Sumpur segment as part of the GSF. In the red box, the estimated
area of the Talamau segment on slice AA’ is about 0.3-0.33° away, with a maximum FHD
anomaly value of approximately 25 mGal. For the slice BB/, it is nearly 0.21-0.24° away,
with a maximum value of nearly 15 mGal. On the other hand, in the black box, the slice
AA’ is placed at a distance of 0.4-0.44° with a maximum anomaly value of ~16 mGal.
The slice BB’ is positioned at a distance of 0.28-0.33° with a maximum anomaly value
of approximately 14 mGal. The slice CC’ is perpendicular to the Sianok segment. The
black box slice CC’ defines the region indicating the presence of the Sianok segment, which
is 0.28-0.34° away and has a maximum value of approximately 85 mGal, as it is located
between two volcanoes. The segment distance between Sianok on the CC’ slice and Sumpur
on the BB slice is nearly identical. The cross-section shows that the slice with the highest
FHD value shows a geological feature in the form of a fault segment.
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Figure 12. Results of AA’ FHD, BB’ FHD, CC’ FHD, AA’ SVD, BB’ SVD, and CC’ SVD is symbolized
by dark blue, orange, gray, yellow, blue, and green lines. Red rectangles show the new fault segment,
the Talamau segment, while the black rectangles show the old segment.

The analysis of the SVD value reveals that the fault segment indicator is on the low
anomaly graph with a curvature of less than 0 mGal. The SVD values demonstrate it in
slices AA’ and BB/, which are around —10 and —60 mGal in the region of the supposed
Talamau segment (red box). However, in the Sumpur segment, slice AA’ has an SVD value
of around —60 mGal, while slice BB’ has a value of approximately —20 mGal. The detection
of Talamau and Sumpur segments in the SVD analysis corresponds to the same region as
the FHD analysis, as indicated by the AA’ slice between 0.33° and 0.33° and the BB’ slice
between 0.21° and 0.21°. In the Sianok segment (black box), the CC’ slice has an SVD value
of —50 mGal at the same distance as the CC’ FHD slice, which is between 0.28° and 0.34°.

SVD analysis can also be seen in terms of curvature size. This study focuses on
Talamau, Sumpur, and Sianok for curvature investigation. In the Talamau and Sumpur
segments, AA’s slice curvature is larger than BB’s. The Talamau and Sumpur segments on
the AA’ slice are located at a shallow depth compared to those on the BB’ slice. In addition,
the CC’ slice of the Sianok segment has a small curvature compared to the BB’ slice of the
Talamau segment. By contrast, the curvature of the CC’ Sianok segment is small when
compared to the BB’ Sumpur segment slice. When the Sianok segment is compared to the
Talamau and Sumpur segments, it is clear that the Sianok segment is the deepest.

5. Discussion

The Pasaman area has four main active fault segments, namely, Barumun, Angkola,
Sumpur, and Sianok. Moreover, there is also a Talamau segment that is categorized as
an uncertain fault by the Geological Map produced by Rock, N. M. S. et al. (1983) [40].
The slip rates of fault segments covering the Pasaman are 23 £ 4 mm/y [7]. The Sumatra
subduction zone is responsible for the high slip rate in the Pasaman area, including the
activities of the Barumun, Angkola, Sianok, and Sumpur segments. Because of such
complex tectonic conditions, the Pasaman area experienced earthquakes in 1977 and 2022.
The 1977 earthquake (magnitude 6.1) occurred near the Angkola segment [63], while
the 2022 earthquake (magnitude 6.2) was in close proximity to the Sianok, Sumpur, and
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Angkola segment faults. On the other hand, the BMKG catalog shows that the Talamau
uncertain fault did not have any seismic activity before the 2022 Pasaman earthquake.

It is interesting that, from the teleseismic result, the 2022 earthquake in Pasaman
originated from an uncertain fault segment, that is, the Talamau segment. We tried to
compare our source parameter result with the other institutions. From Table 1, the source
parameter, which is produced in this study (strike: 136°; dip: 74°; rake: 178°) is slightly
different from the other institutions, such as IRIS (strike: 136°; dip: 70°; rake: 174°), GFZ
(strike: 133°; dip: 76°; rake: 175°), BMKG (strike: 132°; dip: 89°; rake: 174°), CMT (strike:
136°; dip: 70°; rake: 174°), and USGS (strike: 139°; dip: 88°; rake: 155°). According to
the teleseismic inversion and its asperity zone, the 2022 Pasaman earthquake originating
from the Sianok fault segment was pushed to the north and reached the uncertain fault
segment in the Talamau area. As evidenced by the asperity caused by the M 6.2 Pasaman
earthquake, the southeastern region of the hypocenter has a single major asperity. These
results imply that the fragile area [64] is responsible for activating the Talamau segment.

The SBA GGMplus satellite gravity data could explain the existence of the Tala-
mau fault segment. This technique was used to detect the GSF fault location in Aceh
Province [26]. To ensure the existence of the Talamau fault segment, we also used the
FHD and SVD methods [60] and then analyzed the pattern. Using the pattern and the
cross-section analysis of the GGMplus FHD and SVD, the Talamau fault segment becomes
more clear. Also, the curvature size from the SVD cross-sections also shows the depth
of each segment in the Pasaman area, which exposes the Sianok segment as the deepest
segment compared to the Talamau and Sumpur segments.

6. Conclusions

From the results, it can be concluded that a combined teleseismic and gravity observa-
tion methodology is potentially useful for delineating the fault structure that caused the
2022 Pasaman earthquake. The combination of these two methods can mutually reinforce
the findings of coseismic deformation from the event. Based on the teleseismic inversion
data, the type of fault is strike-slip with a slight decrease and a source period of 36 s and
the magnitude of this earthquake was 6.2.

The hypocenter is not in the maximum asperity zone, which is located at 16 km in
the dip direction and 0 km in the strike direction from the hypocenter. The length of the
line shows it from the slip point, with its size reaching 1.01 m. The major asperity in the
inverted fault’s position is not in the initial break. As a result, the most significant energy
release occurs near the fault area’s highest asperity, which is located in the southern part of
the original break. According to the teleseismic inversion results, the coseismic deformation
of the 2022 Pasaman earthquake was generated by regional tectonism, which was localized
along the Sianok fault and then spread to the north and reached the uncertain fault segment
in the Talamau area.

The Talamau segment could be detected from SBA maps (still including the regional
effect) from the GGMplus data, which overlapped with the aftershock distribution. The
SBA GGMplus has a stronger pattern than the SBA from the GOCE and SGG-UGM-2
satellite gravity data. After the regional effect was deleted using the FHD and SVD analysis,
the straightness pattern of the Talamau faults was clearer. Also, the cross-section analysis
of FHD and SVD from the GGMplus analysis confirmed the existence of the Talamau
segment fault.
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