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Abstract

Indonesia’s Great Sumatran Fault (GSF) is well known for its destructive capability, having generated many moderate 
to strong earthquakes, causing damage. A  better understanding of GSF characteristics is needed to mitigate future 
geological hazards in Sumatra and prevent unnecessary loss and damages. The present research aims to map the fault 
structure in West Pasaman, Indonesia, using the Topex satellite and global gravity model plus (GGM+). Residual anom-
alies from Bouguer data (50–80 mGal) show a continuous pattern between the confluence of the Angkola, Sumpur and 
Sianok fault segments in the Pasaman. The vertical and horizontal derivatives were also applied in order to clarify fault 
structure, which is demonstrated by high derivative anomalies (0.05–0.08 mGal/m) in the horizontal and 0.1 mGal/m 
in the vertical. Moreover, a cross sectional model from the 3D algorithm (Occam and Singular Value Decomposition) 
may show the presence of several segments/faults in the Pasaman region, such as the Angkola, Barumun and Sumpur 
faults with high-density values of ρ = 2.3–2.4 g/cm3. Based on results obtained, the use of Topex and GGM+ has provid-
ed an overview of the effectiveness of global gravity in mapping faults in the Pasaman region. It is a time-consuming, 
yet inexpensive method that can be applied to other areas, especially those that are difficult to reach.
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1.	 Introduction

Sumatra Island (Indonesia) is located at the con-
fluence of two plates, namely the Eurasian Plate and 
the Indo-Australian Plate, which form a subduction 
zone (McCaffrey, 2009). Geologically speaking, Su-
matra Island is also associated with the Great Suma-
tran Fault (GSF) system, extending over about 1,900 
km from Lampung to India’s Andaman Islands. The 

active subduction zone triggers the GSF, forming 
19 fault segments and 13 separate basins along the 
structures (Dewanto et al., 2022). The Sumatra one, 
situated in a subduction zone, causes the region to 
be very vulnerable to tsunamis and earthquakes that 
may generate very destructive hazards and tecton-
ic movement activation along the GSF, causing the 
Sumatra region to be frequently hit by destructive 
earthquakes (Wirth et al., 2022). On February 25, 



152	 Muhammad Yanis et al.

2022, the West Pasaman area and its surroundings 
were impacted by an earthquake with a magnitude 
of Mw 6.1. This earthquake occurred after a Mw 6.6 
earthquake struck West Java in January 2022. The 
United States Geological Survey (USGS) also report-
ed that the earthquake led to 19 fatalities, 425 injured 
and four missing people, as well as 4,831 houses 
and 125 public buildings damaged. It also triggered 
landslides in West Sumatra, where the Indonesian 
Agency for Meteorological, Climatological and Geo-
physics (BMKG) indicated that the epicentre of the 
Pasaman earthquake was at a  depth of about 10 
km (Dewanto et al., 2022). The events followed the 
general main shock–aftershock sequence. The top-
ographic map of the research area, based on the 30 
m/px Shuttle Radar Topography Mission (SRTM) 
data, also contains the main shock and aftershock 
data from the Pasaman earthquake (Fig. 1).

The main shock of the earthquake examined oc-
curred in the shallow crust along the southern seg-
ment of the Angkola Fault, i.e. an active fault that 
crosses Sumatra Island lengthwise. An analysis con-
ducted by BMKG showed that the foreshock and 
main shock resulted from a strike-slip motion along 
the right-lateral fault, which is consistent with the 
known movement of the GSF. In view of the fact that 
the earthquake occurred on land, it did not have the 

potential to cause a tsunami. However, disaster mit-
igation is needed to reduce casualties and damage, 
and earthquake characteristics need to be studied. 
Several studies have been conducted into the Pasa-
man area, but these have focused only on efforts 
to heal trauma to victims and carry out post-earth-
quake surveys (Kardo et al., 2022). There has yet to 
be a study of the area’s characteristics of faults and 
earthquakes. Therefore, the present study applies 
a  geophysical method using global gravity data, 
i.e. Topex and Global Gravity Model Plus (GGM+) 
data to identify fault structures that can cause earth-
quakes. The data have been successfully used in sev-
eral studies, such as fault mapping at the Geuredong 
volcano (Yanis et al., 2021), analysis of liquefaction 
potential in central Sulawesi (Fauzik et al., 2020), 
identification of earthquake source parameters (Lew-
erissa et al., 2021), mapping of subsurface structure 
of the Al-Ain region, Emirate of Abu Dhabi (Saibi et 
al., 2019), East Antarctic tectonic mapping (Riedel et 
al., 2012) and investigation of structural continuity of 
the central Japan Fault (Wada et al., 2017).

Fault mapping is generally conducted using 
seismological studies requiring field instruments 
(Weller et al., 2012; Muksin et al., 2019; Tiwari & 
Paudyal, 2022). In contrast, gravity surveys over 
a large area such as the Pasaman region will require 

Fig 1. Location map (modified after Bennet et al., 1996). A – Study area in Sumatra, Indonesia; B – Topographical map 
of 30 m/px from SRTM data showing several main shocks and aftershocks of the Pasaman earthquake. WIB – West 
Indonesian Time, when the earthquake occurred.
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a  lot of time and financial resources, thus making 
global gravity data a possible solution (Yanis et al., 
2021). Earthquake mapping in the Pasaman area 
has been conducted using seismicity analysis (Wu-
landari & Chan, 2022), as well as global gravity, 
which is only limited to analysing the distribution 
of Bouguer anomalies above the surface (Dewanto 
et al., 2022). However, 3D gravity modelling may 
provide information on fault structure and depth in 
the Pasaman region.

The present study aims to identify the fault 
structures based on vertical, horizontal and 3D in-
version from the Topex and GGM+ data. Research 
of lateral rock density differences at various depths 
was also associated with fault structures. Gravi-
ty satellite data currently constitute an interesting 
way to study the presence of faults and geological 
objects in the subsurface (Gruber et al., 2011; Rexer 
& Hirt, 2015; Yanis et al., 2023).

2. Geological and tectonic setting

Tectonically, the Sumatra region is strongly in-
fluenced by the convergence of the Indo-Australi-

an and Eurasian plates, which forms a subduction 
zone and moves obliquely at a speed of about 5–6 
cm/year to the north (Mosher et al., 2008; Meltzner 
et al., 2015). It also creates the GSF that stretches 
over 1,900 km from Lampung to the Andaman Sea 
(India). Along this fault, there has been a consider-
able history of seismicity, especially in the south-
ern part of Sumatra (Sieh & Natawidjaja, 2000). The 
most recent significant seismic activity in the north 
was noted 170 years ago. Sumatra Island is char-
acterised by a  tectonic system divided into three 
parts: the oblique subduction zone, the Mentawai 
Fault and the GSF.  The oblique subduction zone 
has a gentle subduction angle stretching from north 
Sumatra to the province of Lampung. This causes 
frequent tectonic earthquakes in the western region 
of Sumatra (Genrich et al., 2000; Hill et al., 2015).

The Mentawai Fault is a strike-slip fault that is 
parallel to the GSF, located between the subduction 
zone and the GSF (Diament et al., 1992). The GSF 
is a strike-slip fault in an area with very high seis-
mic activity, consisting of at least 19 segments (Sieh 
& Natawidjaja, 2000). Frequent earthquakes in the 
fault area, including the Pasaman earthquake with 
a magnitude of Mw 6.1 on 25 February 2022, have 

Fig. 2. Geology and effects of the earthquake studied. A – Geological map depicting rock/sediment formations in the 
Pasaman earthquake area; B, C – Examples of damage to public facilities due to the 6.1 magnitude earthquake on 
February 25, 2022 (from sumbarkita.id and republika.id).
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led to damage to many buildings and the loss of 
many lives (Fig. 2). In addition, prior to the Pasa-
man earthquake, most of the seismic activity was 
detected in the Angkola and Sianok segments of the 
GSF (see Figs. 1B, 2A; Wulandari & Chan, 2022).

The geological map shows that, in general, the 
West Pasaman region is covered by Quaternary 
deposits of the Talamau volcano (Fig. 2A). They 
comprise lava, tuff and alluvium streams, which 
have experienced weathering. Most of these rocks 
are easily detached, soft, decomposed and uncon-
solidated; hence, they will be vulnerable to shocks 
when an earthquake occurs. The younger alluvium 
is located southwest of the fault zone, while the 
andesite of Talamau is in the volcano region. The 
younger alluvium in Sumatra refers to relatively 
recent sediments, composed mainly of sand, silt 
and clay, as transported and deposited by rivers 
and mass movements. All these sediments, which 
result from the island’s tectonic activity that leads 
to frequent earthquakes and volcanism, are of Qua-
ternary age, i.e. younger than 2.6 Ma (Julius et al., 
2022).

The sediments contain essential information on 
the island’s geological history, including its tec-
tonic activity, climate and environmental changes 
(Dewanto et al., 2022). Thus, scientists can investi-
gate the composition and properties of sediments 
to learn more about the past and present geological 
processes on the island. For example, andesite of 
Talamau (Fig. 2A) is an intermediate volcanic rock 
typically composed of plagioclase feldspar, pyrox-
ene and hornblende. It is characterised by a  por-
phyritic texture, which means that it contains large 
crystals of minerals (phenocrysts) within a  more 
finely grained matrix. It provides important infor-
mation on the island’s volcanic history, inclusive of 
the study area (Barber et al., 2005).

3. Material and methods

3.1. Basic theory and data processing

Gravity surveys may be conducted through 
ground surveys, airborne surveys, shipborne sur-
veys and satellites. Although the ground survey of 
gravity data has a high degree of accuracy, it is chal-
lenging to conduct in remote areas and thus limited 
to regional studies. Therefore, it could be done with 
the shipborne and airborne surveys. Unfortunately, 
both surveys are more costly. Hence, satellite data 
may be an alternative for providing global gravity 
data.

3.2.Data set of global gravity

Currently, global gravity data are available at 
various resolutions. This type of data has a much 
lower resolution than field measurements, e.g. 
Earth Gravity Model 2008 (EGM2008) being one of 
the global gravity data that provide free-air anom-
alies and Bouguer anomalies with a grid resolution 
of around 2.5 arc-minutes or 4,625 km per grid data 
(Pavlis et al., 2012). In addition, there are also Grace 
Satellites (Gravity Recovery and Climate Experi-
ment) and GOCE (Gravity Field and Steady-State 
Ocean Circulation Explorer), which provide chang-
es in the Earth’s gravitational field data. Using these 
data, Hirt et al. (2013) developed a high-resolution 
global gravity model, i.e. Global Gravity Model 
Plus (GGM+). However, subsurface geological in-
formation from data is distributed only at a scale of 
10 km. This is because the high resolution of data is 
merely a topography feature and does not correlate 
with the distribution of subsurface anomalies.

The GGM+ provides five data types: gravity dis-
turbance, acceleration, north-south deflection, east-
west deflection and quasi-geoid height. These data 
have been used to study the fracture structure in the 
Andaman Subduction Zone (Rao et al., 2011), the 
fault causing earthquakes in Chile, and to identify 
the liquidation potential in central Sulawesi (Fauzik 
et al., 2020). In addition, Topex provides the topog-
raphy data on the surface of the earth and anoma-
lies of gravitational fields in a grid of 1 arc-minute 
resolution equivalent to 1.85 km/px. Thus, free-air 
anomaly data from Topex and GGM+were com-
pared in the study area (Fig. 3).

In the present study, two different resolutions 
of satellite gravity were used to provide better in-
terpretations than ground-based measurements, 
which did not validate the results obtained. In 
addition, 3D density inversion can only be done 
with Topex data, but GGM+ may provide infor-
mation on the presence of faults based on Bouguer 
anomalies. Thus, a combination of these two glob-
al gravity measurements may properly map the 
presence of faults in the Pasaman area. Anomaly 
from Topex data shows a  smoother contour than 
GGM+ because the Topex resolution is lower. This 
is in contrast to the free-air anomaly from GGM+, 
which offers a  very detailed contour. The free-air 
anomalies from Topex, which offer a more regional 
anomalous response, are easier to use in studies of 
large areas. The identification of regional structures 
(Fig. 3A), and the free-air anomaly from GGM+ 
show very good details. However, it most likely 
contains many topographic details (Fig. 3B). As far 
as published literature sources are concerned, the 
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Topex satellite has been used in many cases, such 
as for analysis of the fault structure in the Geureu-
dong volcano area (Yanis et al., 2022b), and study of 
displacement characteristics of the Anatolian Fault 
using gravity and GPS data (Pamukçu et al., 2015).

Global gravity data have been successfully 
used to examine the existence of faults and geo-
logical structures below surface (van der Meijde 
et al., 2015). Mapping for large areas does not re-
quire comparison to field measurements because 
the resolution of satellite data such as GGM+ and 
Topex is considered effective for describing fault 
anomalies below the surface. In several cases, it has 
been demonstrated that the gravity distribution at 
ground stations has a  lower resolution than satel-
lite data (Nasuti et al., 2012; Lenhart et al., 2019). 
According to Vaish and Pal (2015) and Yanis et al.  
(2021, 2022b), satellite gravity has the same pattern 
as CG5 Autograv data, which is standard equip-
ment in ground gravity surveys, and is also similar 
to the response of shipborne gravity. Therefore, al-
though satellite data are not validated by ground 
measurement; yet, but for regional surveys such as 
the Pasaman region, the data can be used as a low-
cost and fast preliminary method for mapping the 
subsurface fault structure. This technique has also 
been used in other regions of the world regions for 
mapping faults using gravity satellites.

3.3. Data correction

In order to obtain the full Bouguer anomaly, 
unlike ground gravity data, several corrections are 
called for. Satellite data require only two correc-
tions, namely Bouguer and terrain ones. Data ob-
tained from Topex and GGM+ satellites are in the 
form of gravity disturbance or free-air anomalies. 
The difference in gravity acceleration to elevation 
in the surface, with terrain correction to reach the 
complete Bouguer anomaly, was performed by 
Hummer Chart (Yanis et al., 2017, 2022a). In this 
case, the SRTM data with 30 m/px were used as el-
evation data in the study area. Mathematically, the 
Bouguer data from satellite gravity may be calculat-
ed using eq. 1.

	 δgB = 2πGρh = 0.4193 ρh	 (1)

where ρ is a rock density used for 2.67 g/cm3 as rep-
resenting average rock density in the study area, h is 
height difference between two stations, and G is the 
gravitational constant = 6.67384 × 10−11 m3 kg−1 s−2. 
A  spectrum analysis approach can separate resid-
ual anomalies from Bouguer anomalies by trans-
forming spatial domain into frequency or wave 
numbers through 2D Fourier transformation, as 
shown in eq. 2.

Fig. 3. Free-air anomaly from global gravity data. A – Topex data with a resolution of 1.85 km/px; B – GGM+ with 
a high resolution of 200 m/px overlain by faults and distribution of seismic activity from the Pasaman earthquake. 
For explanations see Figure 1.
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∞ ∞ –i(k x + k y)yx∆G(k , k ) = ∫ ∫ ∆g(x, y)e  dxdyx y –∞ –∞ 	 (2)

where ∆G(kx, ky) is an anomaly of gravity in the do-
main of wave numbers and ∆g(x, y) is an anomaly 
of gravity in the directions x and y, while a power 
spectrum graph of ∆G(kx, ky) is obtained for wave 
number kx and ky. The graph shows a straight-line 
equation that can distinguish the distribution of 
regional anomalies, residuals and even noise. To 
obtain residual anomalies, the cut-off of wave num-
bers between regional and residual anomalies is 
used as a cut-off wave length in high-pass filtering.

3.4. Derivative filtering

Bouguer anomaly results from accumulation 
of anomalous mass in the subsurface. This makes 
it possible to determine the boundaries of the 
anomaly in the form of geological boundaries and 
fault structures with data enhancement techniques 
(Pham et al., 2020). There are many such techniques 
for increasing the anomaly boundary resolution, 
including horizontal derivative (Ferreira et al., 
2013; Ghosh, 2019), vertical derivative (Gönenç, 
2014; Vaish & Pal, 2015) and tilt derivative (Oruç, 
2011; Doğru et al., 2017), as well as several develop-
ments of previous techniques (Cooper, 2020; Thanh 
Pham et al., 2021). In the present study, the hori-
zontal derivative method was applied to map the 
geological boundaries and fault structures of the 
Bouguer anomaly data. This technique reveals ge-
ological boundaries based on the maximum value 
of subsurface anomaly sources (Thanh et al., 2019). 
Horizontal derivatives are obtained by calculating 
the anomaly gradient in the direction of and y, as 
shown by eq. 3 following:

	

∂∆g

∂x(
2

( ∂∆g

∂y(
2

(+HD =
	

(3)

However, some small sources of anomalies near 
the surface responded to a weak gradient amplitude 
compared to a large, deep anomaly (Gönenç, 2014). 
Therefore, vertical derivative (VD) techniques can 
be applied to map the boundaries of shallow anom-
alies well, mathematically obtained by eq. 4.
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The VD represents the gradient change rates 
from gravitational anomalies. In turn, the first de-

rivative form is a gradient of gravitational anoma-
lies, which is processed using Potensoft MATLAB 
(Özgü Arisoy & Dikmen, 2011).

3.5. 3D inversion of Bouguer anomaly

The subsurface density model is calculated on 
the basis of the residual anomaly of Topex data 
through inversion modelling. The Grablox 1.6 is 
used to obtain density anomalies from the sub-
surface. The algorithm of this code combines two 
inversion methods, namely Singular Value De-
composition (SVD) and Occam inversion, which 
are processed simultaneously to arrive at a densi-
ty model that matches the subsurface rocks (Pirt-
tijarvi, 2014). This method is also often applied to 
electromagnetic inversions, such as magnetotelluric 
fields (Marwan et al., 2021) and very low-frequency 
fields (Yanis et al., 2017, 2022a). Mathematically, the 
density parameter and depth are obtained by eq.5.

	
∆g(r) = g (r) = Gz ∫v

∂
∂z

ρ(r´)

r – r´ dV´
	

(5)

where:
G as a gravity constant, r = (x–x0)i + (y–y0)j + (z–z0)k
provide the vector position of data measuring, r´ as 
a vector in the integration of volume V, and ρ(r´) is 
the material density at the location r´.

In the present research, the Occam algorithm is 
applied to solve nonlinear geophysical problems 
which is a modification of the Levenberg-Marquardt 
inversion. Compared to the Least Squares inversion, 
the Levenberg-Marquardt inversion is more effec-
tive. It has a more rapid calculation time because it 
runs in two circumstances at once when the misfit 
is too small or too large. In the Occam inversion, the 
Levenberg-Marquardt inversion algorithm is mod-
ified by adding α parameters such as a smoothing 
factor and Tikhonov regulation (L) first order. The 
following equation shows the algorithm used for 
the Occam inversion (Martakusumah & Srigutomo, 
2015).

	
2 T –1m  = [J  J  = a L L]  J  dn + 1 n n n

T

	 (6)

where

	 d = d – g(m ) + J mn n n 	 (7)

mn is a model parameter in the form of density, 
Jn is a Jacobi matrix, d is observation data, namely 
residual anomaly, and g(mn) a kernel function to the 
model. In the inversion process, data are arranged 
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in matrix form. Therefore, the SVD technique is 
also applied in addition to utilising the inversion 
algorithm. This is a  numerical analysis technique 
for diagnosing a matrix kernel as a  forward mod-
elling function in the inversion process using SVD 
(Silvennoinen & Kozlovskaya, 2007). The 3D model 
grid applied to the Pasaman region is presented in 
Figure 4.

The input data used in the modelling process 
is a  residual anomaly with results in a  3D densi-
ty model. The final model has an RMS (root mean 
square) of 0.1 mGal. Besides, the density range used 
in this inversion process is 2.0–2.4 g/cm3, covering 
rock contrast from the study area.  The Occam al-
gorithm can generate a  smoother model than the 
SVD, so in Grablox software, the model results are 
combined based on these two algorithms. Mathe-
matically, the RMS error was obtained by compar-

ing calculated data with observations, which can be 
written as shown by eq. 8 (Pirttijarvi, 2004; Abdel 
Zaher et al., 2018).

	
RMS  = d

1

M

M

i=1

d  – y1 1

2

∆dΣ ( (
	

(8)

where ∆d is gravity anomaly (dmax) a  minimum 
anomaly of gravity observation (dmin) using for scal-
ing data. In order to obtain a 3D model, an input 
matrix was provided with the number of blocks 
nx = 35, ny = 35, and nz = 10, with a total of 1,225 
blocks, where the background density value was set 
from 2.0–2.4 g/cm3 in response to volcanic rocks. 
Due to the high ambiguity of 3D gravity, the earth-
quake epicentre data from USGS/BMKG were used 
as initial depth solution, which is 30 km (Fig. 4B).

Fig. 4. Resolution of the ma-
trix used in 3D inversion: 
A – Plan view of the grid 
3D inversion; the grid 
in the nx = 250 km and 
ny = 300 km that covers 
the Pasaman earthquake 
region; B – Depth slice 
model; the matrix data 
at a depth of nz = 30 km, 
where P1 and P2 are 2D 
cross-sections extracted 
from 3D density model.
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4. Results and interpretation

GGM+ and Topex gravity data with different 
resolutions were used to analyse the presence of 
geological structures, such as faults correlated with 
the Pasaman earthquake. Various analyses were 
used to clarify the presence of these faults, such as 
the separation of regional and local anomalies, de-
rivatives and 3D density (Figs. 5, 6). This technique 
has been widely applied in global gravity studies 
for mapping subsurface geological structures.

4.1. Bouguer anomaly

The Bouguer anomaly obtained from Topex 
data ranges from –125 to 94 mGal (Fig. 5A), from 
GGM+ data from –56 to 98 mGal (Fig. 5B). These 
data have a high resolution of 200 metres/pixel that 
cannot be inversed. This is because these are not 
original satellite gravity data, but artificial gravity 
calculated from several data sets (Hirt et al., 2013; 
Yanis et al., 2021). On the other hand, GGM+ data 
from remote locations cannot be effectively used to 
find regional anomalies either. This is because short 
wave lengths can make it difficult to detect long 
wave lengths as reflections of regional anomalies. 

Therefore, in the present research, only GGM+ data 
are applied in order to find residual and regional 
anomalies, derivatives and subsurface density in-
version in advanced process steps.

The variation of the Bouguer anomaly is strong-
ly influenced by contrasting rock density and ge-
ological structure distribution in the subsurface 
(Reynolds, 2011). In the present study, the differ-
ence between the Bouguer anomaly values from 
two data sets was due to data resolution needing 
to differ (Fig. 5). However, the data may describe 
a  similar pattern of anomalies in the region. The 
high Bouguer anomaly, ≥80 mGal, predominates 
in the northeastern region, with a  mountainous 
morphology dominated by the Maninjau volcan-
ic and Pasaman formations (compare Figs. 1B, 2A 
and 5). The southwestern coastal area, covered by 
young sedimentary rocks of Quaternary age, is 
characterised by a relatively lower anomaly value 
of ≤20 mGal. Their presence/location in combina-
tion with the geologically confirmed fault structure 
is useful here. It allows to obtain a  spatial image 
of the fault that controls seismicity in the Pasaman 
area. Along the GSF segments such as Barumun, 
Sumpur, Sianok and Angkola, low Bouguer anom-
aly values ​​are visible concerning neighbouring ar-
eas (Fig. 5).

Fig. 5. Bouguer anomaly calculated from a satellite gravity with a density contrast of 2.67 g/cm3; A – Topex showing 
several segments of the GSF; B – GGM+ showing the fault area with relatively low values of the Bouguer anomaly. 
For explanations see Figure 1.
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The earthquake epicentre, located in the north-
eastern part of the Talamau volcano, is indicated 
by relatively low Bouguer anomalies. This area is 
controlled by three local segments belonging to the 
GSF: the Angkola Fault in the north, the Sumpu 
Fault in the east and the Sianok Fault in the south 
(Dewanto et al., 2022; Wulandari & Chan, 2022). 
This allows us to establish a  relationship between 
the active fracture zone and low anomaly values in 
the Pasaman area. As presented above, GGM+ data 
can provide more sensitive anomaly contrast than 
Topex, which allows detection of the presence of 
even small anomalies in local faults (Fig. 5). How-
ever, the Bouguer anomaly does not yet allow us to 
distinguish between local and regional geological 
structures (Ribeiro Filho et al., 2018).

4.2. Locale of the Pasaman Fault from 
residual anomaly

The Bouguer anomaly value combines gravita-
tional effects that are widespread and extend deep-
ly into the observation site. Topex data with a 1.85 
km/px resolution were used for advanced data 
analysis. They allow for a better description of the 
fault structure than GGM+ data, which contain ge-
ological information only on a scale of 10 km. In fur-

ther interpretations, the residual anomaly is needed 
to obtain a  contrast response of rock density that 
reflects lithological conditions and shallow geologi-
cal structures (Tong & Guo, 2007; Yanis et al., 2021). 
Thus, the residual anomalies in the Pasaman area 
range from –137 to 82 mGal (Fig. 6A).

The residual anomaly value obtained is then 
superimposed on the geologically identified fault 
systems. Based on these results, it can be conclud-
ed that the fault course is characterised by high and 
low contrast concerning surrounding areas (Fig. 
6A). With regard to areas to the east and west of 
the GSF, they are characterised by a relatively uni-
form value of residual anomaly. In the total Bougu-
er anomaly, a young alluvial lithology is indicated 
by an anomaly value of about 20 to 40 mGal. When 
separated by anomalous regional effects of small-
er magnitude, it may represent rocks of different 
densities. Similarly, a residual anomalous andesite 
body may indicate more clearly the intrusion of the 
Talamau volcano (compare Figs. 2A and 6).

The residual anomalies also show local struc-
tures marked by a  high Bouguer value (50–82 
mGal), such as on the northern side of the Sumpur 
and Barumun segments/faults. This is also shown 
on the southern side of the Angkola and Sianok 
faults with the same NW-SE direction. These local 
anomalies can be clearly seen because the residual 

Fig. 6. Residual and regional anomalies in the study area. A – Residual anomalies calculated from Bouguer Topex data 
showing the contrast between the existence of GSF and Mw 6.1 Pasaman earthquake segments; B – Regional anom-
alies showing a general geological contrast. For explanations see Figure 1.
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filter removes the long wave length regional anom-
alies, making the short wave length local anomalies 
so pronounced (Fig. 6A). On the other hand, region-
al anomalies generally reflect the state of lithology 
and do not clearly describe the local geological 
structure. Their values range from –32 to 90 mGal. 
The highest regional anomalies (≥70 mGal) occur to 
the northeast and southwest of the GSF. In compar-
ison, the lowest anomalies (≥10 mGal) are located in 
the areas of the Talamau volcano, the Sianok Fault 
and the northern part of the Angkola Fault (Fig. 
6B). In contrast to residual anomalies, which can 
spatially define the boundaries of a fault structure, 
regional anomalies are not considered capable of 
providing a detailed description of the subsurface 
geological structure. Therefore, residual anomaly 
data are used in the inversion steps.

4.3. Derivative anomaly of the Pasaman Fault

The accuracy of the interpretation and visual-
isation of geological structures may be improved 
by using several enhancement techniques so as to 
clarify the existence of anomalies from gravity data 
(Fig. 7). Bouguer anomaly data do not allow the de-
termination of faults in several locations where tec-
tonic movements are relatively slower due to depo-
sition or erosion processes (Natawidjaja & Triyoso, 
2007). Thus, it is necessary to enhance the data so 
as to delineate the structures. This approach uses 
an anomaly derivative to map the boundaries of 
density changes and the spatial distribution of fault 
structures beneath the surface (Ferreira et al., 2013). 
The first filter used is the horizontal derivative (Fig. 
7A), which maximises any changes in density in lat-
eral direction below the surface (Cordell & Grauch, 
1982; Wada et al., 2017). This filter is considered to 
minimise noise at the boundaries of internal and 
shallow structures to help interpret further fault 
structures (Yanis et al., 2021).

The horizontal derivative anomaly map ranges 
from 0 to 0.08 mGal/m, where some locations such 
as the Talamau mountain complex, Talamau volcan-
ic formation and Lake Manunjau boundary, show 
a  high anomaly zone of more than 0.03 mGal/m 
(Fig.7A). In addition, the horizontal derivative 
anomalies in local fault zones such as the Barumun, 
Angkola, Sumpur and Sianok faults also show rel-
atively high anomalous contrast compared to the 
surrounding area. This may indicate the existence 
of a regional fault in the GSF segments mentioned. 
The second filter used is the vertical derivative (Fig. 
7B). Despite the weak identified anomaly response, 
this filter is sensitive to shallow structure response. 

It determines fault structures and volcanic mani-
festations (Yanis et al., 2022b). Vertical derivative 
values vary between –0.13 to 0.1 mGal/m, where 
the limit of high and low anomalies dominates the 
area around the GSF zone. In simple terms, it in-
dicates the presence of geological boundaries and 
fault structures (Fig. 7B). The anomaly results cor-
respond to the contact response of geological struc-
tures in the Pasaman area. There is a  continuous 
pattern between the confluence of the Angkola and 
Sianok faults, which shows structural discontinuity. 
Although the main sequence of earthquakes and af-
tershocks occurred in the GSF system. These events 
occurred in ​​the above-mentioned gap between the 
Angkola and Sianok segments. Therefore, it is very 
important and interesting to learn about the con-
nectivity between the faults to reduce the risk of 
disasters in the future (Wulandari & Chan, 2022).

The distribution of the Mw 6.1 main earthquake 
and aftershock in February 2022 could be used as 
evidence that the fault triggered the quake in the 
Talamau volcano area, which has long been inactive 
and not properly mapped (Dewanto et al., 2022). 
Looking at the pattern of earthquakes occurring, 
the increase in seismic activity could lead to (a) 
more severe earthquake(s) in the future. This holds 
especially true for earthquakes in the Pasaman re-
gion, including the GSF system, which is at risk of 
triggering an even more devastating earthquake 
(Sieh & Natawidjaja, 2000). The anomaly produced 
by both techniques shows the same pattern in de-
lineating zones of weakness around the fault area 
(compare Fig. 7A and 7B). Thus, this is considered 
effective in validating the geologically predeter-
mined fault distribution. However, the information 
obtained from the derivative technique is limited 
merely to distribution above the surface. The inver-
sion technique is carried out to obtain a rock density 
variation against depth in the subsurface (Leweris-
sa et al., 2020).

At a  location close to the Pasaman earthquake, 
the horizontal derivative data are similar to the sur-
rounding pattern from the Sumpur and Angkola 
segments (Fig. 7C). However, at the location of the 
earthquake with a  magnitude of Mw 6.1 that oc-
curred in 2022, the horizontal derivative data allow 
the location of the fault structure suspected to be 
the Pasaman Fault. This anomaly is also clearly visi-
ble in the vertical derivative data (Fig. 7D). It should 
be noted that some faults are not reflected in these 
derivative data either, such as the Sianok segment 
on the eastern side of the Pasaman area. This may 
be because the fault is not currently active. Hence, 
no significant differences in topography and deriv-
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atives work by detecting variations in terrain eleva-
tions on the fault flanks (compare Figs. 1B and 7).

4.4. 3D density of the Pasaman Fault

The density slice is presented here for a depth 
of 0–20 km and 20–40 km (Fig. 8). As a  result, it 
may be observed that the surface is dominated 
by low-density rocks in the northern, eastern and 
northeastern areas (Fig. 8A). In the case of a depth 

of 20–40 km, high-density rocks dominate along the 
fault zone forming the GSF (Fig. 8B). The lineament 
pattern of the fault structure (i.e. GSF segments) in 
the first model is generally weakly visible, while in 
the second model it is relatively more pronounced. 
In addition, USGS seismicity data demonstrate that 
the hypocentre of the Pasaman earthquake is locat-
ed in this weak zone of low-density value, meaning 
the presence of the Pasaman Fault below the sur-
face (Fig. 8A). In the second slice model, at a depth 
of 20–40 km, there are high-density rocks located 

Fig. 7. The derivative technique calculated from residual gravity data in order to clarify fault structure of the Pasaman 
earthquake; A – Horizontal derivative of anomalies; B – Vertical derivative of anomalies; C, D – Derivative anoma-
lies focused on the Pasaman earthquake area only. For explanations see Figure 1.
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below low-density ones in the previous slice mod-
el (Fig. 8B). This shows that the deeper you go, the 
greater the density of rocks due to high pressure 
and temperature becomes. The nature of the frac-
ture/fault at a depth of 20–40 km is difficult to in-
terpret. It should be noted, however, that the pro-
jection of the Pasaman earthquake epicentre point 
is located at the mentioned depth, i.e. 20–40 km. It 
may be assumed that this location is very prone to 
earthquake points.

The cross-section 2D runs for 100 km in a SW–
NE direction, crossing the Angkola and Barumun 
faults. It was extracted from 3D density data to 
show the location of faults in the Pasaman area 
(Fig. 9). This cross-section was compared with el-
evation data from Google Earth and rock forma-
tion from the geological map to compensate for 
the high ambiguity of the gravity inversion. The 
results obtained show the presence of five differ-
ent densities in the study area. This is interpreted 
by the complexity of the underground geologi-
cal conditions (e.g. structural features, rock for-
mations, etc.) of the Pasaman territory. Near the 
surface (depth 0–10 km), the density (ρ1) varies 
between 2.0–2.1 g/cm3, which is most likely relat-
ed to the volcanic rocks (andesitic and pyroclastic) 
of the Maninjau mountain. At greater depths the 
density is higher and amounts to 2.2–2.4 g/cm3 
(Fig. 9).

At a depth of 15–30 km, the density value (ρ2) is 
recorded to be 2.4 g/cm3, which is interpreted to be 
related to the scarp of the Angkola Fault. Further-
more, the density value ρ3 = 2.3 g/cm3 is slightly 
lower, which may also be related to the Angkola 
Fault. According to the geological map, the area 
characterised, part of the West Sumatra block, is 
dominated by the Kuantan Formation (compare 
Figs. 2A, 4A and 9), which is composed mainly of 
metamorphic rocks, shales and carbonates. A differ-
ent density value ρ4 = 2.3 g/cm3 was documented 
in the more northeasterly part of the cross-section 
analysed. This density value is interpreted as being 
related to the scarp of the Barumun Fault, where the 
area is composed mainly of young alluvial deposits. 
Finally, the density value was recorded to be ρ5 = 
2.4 g/cm3, which may also be related to the scarp 
of the same fault in the more northeasterly part 
composed of the Maninjau volcanic rocks (compare 
Figs. 2A, 4A and 9). This cross-section (profile 1) 
shows a density contrast that reflects the geometry 
of the Angola and Barumun faults in the study area.

Another cross-section (profile 2) was made to in-
tersect the Angola and Sumpur faults in the Pasaman 
region (compare Figs. 4A and 10). It is 30 km deep, 
80  km long and runs in a  SW–NE direction. The 
density value along this profile 1 is in the range of 
2.0–2.4 g/cm3. At a near-surface depth, 0–15 km, the 
density value is low, i.e., ρ1 = 2.0–2.1 g/cm3, which 

Fig. 8. Density map obtained from 3D inversion in the Pasaman Earthquake area. A – Slice density at a depth of 0–20 
km; B – Slice density at 20–40 km below the surface. For explanations see Figure 1.
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Fig. 10. Cross-section model intersecting the Angkola and Sumpur faults – profile 2. The model compares elevations 
and rock formations from Google Earth and a geological map. For location of profile 2 see Figure 4A.

Fig. 9. Cross-section model intersecting the Angkola and Barumun faults – profile 1. The model compares elevations 
and rock formations from Google Earth and a geological map. For the location of profile 1 see Figure 4A.
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may be related to the volcanic rocks (andesites and 
pyroclastics) of the Maninjau mountain. Meanwhile, 
at greater depths, 15–30 km, the density value ranges 
between ρ3 = 2.2–2.4 g/cm3, which is interpreted as 
fault systems located in the Pasaman area. The same 
is true for the density value of ρ2 = 2.4 g/cm3, which 
is interpreted to be related to the Angkola Fault 
scarp, and this anomaly is similar to the above-char-
acterised profile 1 (compare Figs. 9 and 10).

In summary, the density value mentioned (ρ3 = 
2.4 g/cm3) is interpreted as related to the Sumpur 
Fault scarp. This anomaly on the 3D model can also 
show the contrast between rock formations in the 
Pasaman area (see Fig. 2A). For example, at a dis-
tance of 0–30 km from the start of profile 2 andesites 
dominate, at a distance of 30–50 km the Maninjau 
Formation, at a distance of 50–60 km the Kuantan 
Formation, and at a distance of 70–80 km other rock 
formations dominate (compare Figs. 2A and 10). 
Therefore, although gravity inversion is subject to 
great ambiguity, the results of the present study 
may still be used for analysing the subsurface geo-
logical conditions and characterisng fault systems. 
The results of the present research were obtained 
solely from earthquake epicentre data and the geo-
logical map of the study area. Hence, further inves-
tigations, such as magnetotelluric and tomograph-
ic/seismological ones, are necessary to characterise 
the subsurface condition of the study area better.

5. Conclusions

The Bouguer anomaly obtained from GGM+ 
and Topex satellite illustrates a similar pattern be-
tween the areas with high and low anomalies. This 
is the case for the eastern regions, which lie behind 
the Great Sumatran Fault (GSF), where the resid-
ual anomaly values are relatively uniform. The re-
gional anomalies in the northeast and southwest of 
the study area are of high value, while low regional 
anomalies occur in the Talamau volcano, as well as 
in the Sianok and northern Angola regions.

The horizontal derivative result shows a zone of 
high anomaly with a value of up to 0.03 mGal/m 
at several locations, such as the Talamau moun-
tain, the Talamau volcanic formation and the Lake 
Manunjau boundary. High contrast anomalies are 
also visible on local fault routes such as Barumun, 
Angkola, Sumpur and Sianok. At the same time, the 
value of the vertical derivative varies from –0.13 to 
0.1 mGal along the GSF. The resulting anomalous 
pattern shows continuity between the confluence of 
the Angkola and Sianok faults in the Pasaman re-
gion. Thus, the 6.1 magnitude Pasaman earthquake 

of February 25, 2022, occurred in the gap area be-
tween the Angkola and Sianok faults.

The 3D modelling of Topex data was carried out 
to describe the fault in the West Pasaman region. 
The density model at different depths indicates 
inversion of the residual anomaly data at a 40 km 
depth. In the northeast of the study area, low-densi-
ty rocks dominate, while in the southeast, high-den-
sity rocks are found. The 2D cross-section, obtained 
from the 3D density model cutting the Angkola, 
Barumun and Sumpur faults, shows a large density 
contrast. This is most likely related to the fault ge-
ometry in the Pasaman area.

Finally, the density models also illustrate the 
contrast between rock formations, as confirmed 
by geological maps. Gravity inversion is known to 
be highly ambiguous in interpretation. Neverthe-
less, adding data such as geological information 
and earthquake epicentres seems purposeful. As 
a result, the analysis of density contrast caused by 
different rock formations and faults can help de-
termine the locations of future, devastating earth-
quakes in the Pasaman region.
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