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Subsurface structures of Sianok
Segment in the GSF (Great
Sumatran Fault) inferred from
magnetic and gravity modeling
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Ulvienin Harlianti®, Itlham Arisbaya’?, Mutiara Qalbi Pebrian?,
Adinda Aisyah Rahman?' and Adibbian Kasendri'

'Faculty of Mining and Petroleum, Institut Teknologi Bandung, Bandung, Indonesia, Faculty of
Mathematics and Natural Sciences, Universitas Negeri Padang, Padang, Indonesia, *Research Center
for Geological Disaster, National Research and Innovation Agency (BRIN), Bandung, Indonesia

Among the 19 segments of the Great Sumatran Fault (GSF), the Sianok segment
is unique due to its proximity to active volcanoes as well as to the sizable
Maninjau Caldera. Located next to the Sumani to its southeast, the Sianok
segment also passes through a relatively densely populated area. To identify
potential disasters in the future, it is imperative to understand the subsurface
structures of the Sianok segment. In this study, ground magnetic measurements
were conducted, and the data were combined with the Bouguer anomaly
map. Hand samples were also collected and measured for magnetic
susceptibility and density. The values were later used as initial parameters for
modeling. Joint forward modeling of magnetic and gravity was then used in the
modeling stage as well as in the interpretation stage. Subsurface models of
20 km in depth were then formulated based on the magnetic and gravity data.
The models show shallow magma chambers beneath Maninjau Caldera, Mount
Marapi, and Mount Singgalang-Tandikat. The models confirm that exposed and
unexposed Permian metamorphic rocks are commonly distributed in the
Sianok segment. The thickness of volcanic deposits such as tuff and
andesites in the Sianok segment were found to be sizable, ranging from
1km for tuff to 3.5 km for andesites of the Maninjau Caldera.
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Introduction

The Sianok segment is one of the segments in the GSF located in West Sumatra
Province. Like the Sumani segment, the Sianok segment is an area that needs to be studied
thoroughly because of the large human population living in the area. However, unlike the
Sumani segment, which is dominated by a pull-apart basin, the Sianok segment is
dominated by volcanic activity. The geomorphology of the Sianok segment is
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characterized by the presence of towering volcanoes and the
second largest caldera lake on the island of Sumatra after Lake
Toba. To analyze the seismic hazard potential of earthquakes
along the GSF, published studies have focused on field
observations of surface ruptures (Daryono et al, 2012;
Daryono and Tohari, 2016), paleoearthquakes (Bellier et al,
1997), active fault mapping (Sieh and Natawidjaja, 2000;
Weller et al., 2012; Natawidjaja et al., 2017; Muksin et al,
2019), fault slip rates (Bellier and Sebrier, 1995; Genrich et al.,
2000; Prawirodirdjo et al., 2000; Ito et al., 2012; Bradley et al,,
2017; Natawidjaja et al., 2017; Tong et al.,, 2018), and source
characteristics of ruptures (Duquesnoy et al., 1996; Prawirodirdjo
et al., 2000; Ito et al., 2016; Gunawan et al., 2018).

The results of the subsurface structure study by Amir et al.
(2021), based on combined magnetic and gravity data, are
important for understanding the earthquake mechanism in
the Sumani segment, which is one of the seismically active
GSF segments that is located on the border of the Sianok
segment. Why is it necessary to study the Sianok subsurface?
The occurrence of the 1926 and 2007 doublet earthquakes
depended on the presence of tectonic stress, the rigidity of the
crust, and the geological structure. Tectonic stress can be
identified based on earthquake analysis and surface
deformation based on GPS data. On the other hand, the
subsurface structure provides the presence of rock types
related to the rigidity and geometry/distribution of subsurface
rocks related to the geological structure. As reported by Amir
et al. (2021), subsurface intrusion may be related to earthquake
events. Natural disasters depend on the rate of deformation of the
ground surface, which depends on the subsurface structure.
Subsurface structures can explain how the GSF is related to
volcanic activity where the Marapi complex is located
1A,B).
subsurface structures, such as the presence of magma

(Figure Volcanic activity certainly depends on
chambers and volcanic rock structures.

A combination of gravity and magnetic methods is
commonly used to identify subsurface geological structures
(see Zubaidah et al., 2014; Jiang et al., 2017; Araffa et al,
2018; Amir et al,, 2021). The combination of gravitational and
magnetic data is often used to overcome the problem of lack of
data or the presence of non-uniqueness in the solution of the
inversion process (Hinze et al., 2012). Zubaidah et al. (2014)
integrated gravitational and magnetic methods in their study on
Lombok Island, Indonesia and succeeded in identifying two
active normal faults (in the quarter) and a magmatic arc
associated with subduction areas. This identification helps
to better of the
1988 Lombok earthquake. Furthermore, the combination of

scientists understand the occurrence
magnetic and gravitational methods carried out by Jiang et al.
(2017) in the Western Pacific Ocean succeeded in identifying
offshore basins and their geodynamic models that are useful in
understanding the evolution of the Western Pacific. A study
using the same method has also been carried out by Araffa et al.
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(2018) in the Sinai Peninsula and identified the main tectonic
deformation sites in the study area. Recently, Amir et al. (2021)
also conducted magnetic and gravitational studies in the Sumani
Segment of the Great Sumatran Fault (GSF) and identified the
presence of unexposed intrusive bodies in the study area,
including under Lake Singkarak. The results of the study by
Amir et al. (2021) are important for understanding the
earthquake mechanism in the Sumani segment, which is one
of the seismically active GSF segments.

Models of subsurface structures help scientists not only to
identify earthquake risks in a particular area but also provide
insight into the interplay between fault development and
volcanism. This insight is important as several segments of
the GSF are associated with volcanism. In this study, models
of subsurface structures near the Sianok segment were
constructed from ground magnetic data combined with
regional gravity data from previous surveys by Buyung et al.
(1992a), Buyung et al. (1992b).

Tectonic setting

Sumatra, the third largest island in Indonesia, was formed in
the Paleozoic to early Mesozoic because of the collision between
Paleozoic crustal blocks brought from the Gondwana continent
and the eastern edge of Sundaland. Sumatran bedrock is thought
to be composed of sedimentary and volcanic rocks that have
undergone partial deformation and metamorphism (Barber,
2000; Barber and Crow, 2005; Setiawan et al., 2017). The GSF
that covers the entire island of Sumatra is a 1650-km-long dextral
strike-slip fault zone that accommodates part of the oblique
convergence of the subduction between the Indo-Australian and
Eurasian plates (Hamilton, 1979; Bellier et al, 1997). This
subduction is responsible for megathrust earthquakes such as
the 2004 Sumatra-Andaman earthquake (Ammon et al., 2005).

McCarthy and Elders (1997) argued that the strike-slip mode
of GSF was initiated in the mid-Miocene. According to
Wesnousky (1988), strike-slip faults such as the GSF consist
of segments, and at the segment boundaries are related to
geological offsets; the strength along the fault plane is a
function of all geological offsets along the fault. Based on the
geomorphic expression of an active fault and on the geological
map, Sieh and Natawidjaja (2000) divided the GSF into
19 segments. Four of these 19 segments (from NW to SE,
Sumpur, Sianok, Sumani, and Suliti) are in the West Sumatra
Province. However, other scientists, like Burton and Hall (2014),
divided the GSF based on seismic clustering into 16 segments.
The slip rate of these nineteen segments varies between 5 and
27 mm/yr (Sieh and Natawidjaja, 2000), averaging 14 and
15 mm/year (Bradley et al., 2017). Furthermore, the Sianok
segment’s minimum slip rate is estimated to be 14.5 +
0.5mm/yr (Bradley et al, 2017). Based on GPS studies,
(2000) and Genrich et (2000)

Prawirodirdjo et al. al.
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FIGURE 1

(A) Geological map of the Sianok segment of GSF showing the fault line, lithologies in the study area (modified from Kastowo et al.,, 1996 and by
Silitonga and Kastowo, 1995), and the six profiles (A-A’, B-B/, C-C’, D-D’, E-E’, and F-F') shown as thick yellow lines; (B) topographic map of the
Sianok segment, including magnetic survey point locations along existing roads and dirt roads. Certain areas, especially near the volcanoes, are not
accessible due to their terrain. Blue circles are new survey points, while red survey points were from Amir et al. (2021).

Frontiers in Earth Science 03 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1012286

Dahrin et al.

determined that the slip rate of the Sianok segment is 23 mm/yr
with a locking depth of 24 km.

Although not as active as the Sumani segment, which borders
on the southeast, the Sianok segment is also classified as
seismically active. Doublet earthquakes occurred in 1926 and
2007 to the northwest of Lake Singkarak at the border between
the Sumani segment and the Sianok segment (Nakano et al.,
2010; Daryono et al, 2012; Salman et al., 2020). In the
1926 doublet earthquake, the first earthquake occurred with a
magnitude of Ms 6.5 in the Sumani segment and was followed
3 hours later by a second earthquake with a magnitude of Ms
6.75 in the Sianok segment (Daryono et al, 2012). In the
2007 doublet earthquake, the first earthquake occurred with a
magnitude of Ms 6.4 in the Sumani segment at a depth of 22 km
and was followed 2 hours later by a second earthquake with a
magnitude of Ms 6.3 in the Sianok segment at a depth of 22.5 km
(Daryono et al., 2012; Salman et al., 2020).

Apart from the extensive fault system, GSF is also home to
extensive volcanic activity, recorded to be the highest in arcs in
terms of magmatic productivity (Acocella, 2014). The Toba
Caldera Complex is the largest magmatic system in the GSF.
The effects of local structures on volcanism in the GSF are not
well understood (Acocella, 2014). Acocella et al. (2018) identified
that some of the volcanoes are likely controlled by GSF
structures, while others are probably and possibly linked to
GSF. Posavec et al. (1973) named seven volcanic centers
(from north to south) as follows: Marapi, Talang, Kerintji,
Hulumajang, Pandan, Kaba, and Dempo after their most
striking or active members. At each volcanic center, there is a
series of active and dormant volcanoes that stretch in the E-W
direction. The line connecting the volcanoes forms an angle of
about 70 in the direction of the GSF (Posavec et al., 1973). The
Marapi Centre, located in the Sianok segment, is one of the more
active centers (Figure 1A). The last known eruption of Mount
Marapi was in 2018 (Smithsonian Institution, 2022). Based on
geothermobarometry and seismic receiver function methods,
Nurfiani et al. (2021) identified two magma chambers beneath
Mount Marapi. According to Acocella et al. (2018), the Marapi
Center is possibly linked to GSF. The Marapi Centre features two
great active cones, namely Marapi and Singgalang-Tandikat, that
rise to about 3000 m near Bukittinggi. The other important
feature of the Marapi Center is Lake Maninjau, a 16 by 7 km
caldera with a maximum depth of 169 m (Wills et al., 2021).
According to Posavec et al. (1973), this caldera is the product of
three major eruptions that generated extensive tuff cover in the
surrounding area. The extent of tuff cover could be appreciated in
the Sianok canyon in Bukittinggi. Based on petrographic analyses
of transparent and non-transparent white pumice from the
Suhendro  (2021)
identified that the shallow magma chamber of the Maninjau
Caldera is located at a depth of about 6 km.

As shown in Figure 1A, the Sianok segment is composed of

Maninjau  caldera-forming  eruption,

various rock units ranging from Permian metamorphic
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(limestone) rocks to Quaternary sedimentary and volcanic
rocks (see Silitonga and Kastowo, 1995; Kastowo et al., 1996).
As described earlier by Amir et al. (2021), the Permian
metamorphic rocks were exposed in areas northwest of Lake
Singkarak or south of Marapi Volcano. The Tertiary-aged rock
units were exposed mainly to the east of GSF in the form of
Eocene-Oligocene andesite basaltic rocks (Ts) and Mid-Miocene
granite (Tmgr). The Quaternary-aged rocks are present in the
forms of alluvium (Qal), hornblende hypersthene pumiceous tuff
(Qhpt) produced by the eruption of Singgalang-Tandikat,
Maninjau tuff (Qpt) produced by the eruption of Maninjau
Caldera, and different andesites produced by the respective
volcanoes, ie., andesites of Marapi (Qama), andesites of
(Qast),
Caldera (Qamj). A combination of fission-track and 14C
dating reveals that the age of Maninjau pyroclastic deposits is
52 + 3 ka (Alloway et al., 2004).

Singgalang-Tandikat and andesites of Maninjau

Data and methods

A ground geomagnetic survey was carried out in the
following districts/municipalities in the West Sumatran
Province: Agam, Padang Pariaman, Bukittinggi, and Padang
Panjang using the GEM Proton Precision Magnetometers type
GSM-19T (GEM System, Markham, Canada). Survey points
(507 in total) were measured along the roads accessible to
motorized vehicles. To minimize magnetic noise, the actual
measurements were carried out up to 200 m from the roads,
avoiding traffic, power lines, houses, and parked vehicles. The
previous magnetic data (shown as red survey points in Figure 1B)
from Amir et al. (2021) were integrated seamlessly with the new
data from the 2021 survey (shown as blue survey points in
Figure 1B). Because all the data was collected by the same
people using the same instruments, it was combined without
any correction. As shown in Figure 1B, the survey area is
mountainous, preventing access to high elevation areas so that
survey points are not uniformly distributed, affecting the quality
of magnetic data.

The distance between two survey points varies between
500 and 1000m. A Garmin GPS system was used to
determine the coordinates of each survey point. The raw
magnetic data was then corrected by diurnal and by IGRF
(International Geomagnetic Reference Field) corrections to
obtain the final magnetic intensity values. Figure 1B shows the
distribution of survey points in the topographic map, combining
the 507 new data points with 72 data points from Amir et al.
(2021). Figure 2A shows the magnetic intensity anomaly map of
the studied area. The magnetic data is displayed in the UTM
coordinate system (metric system) for the 47 S zone to facilitate
quantitative interpretation. Like that of Amir et al. (2021), this
study also digitized all the contour lines in the Bouguer anomaly
maps of Solok and Padang (Buyung et al., 1992a; 1992b) to obtain
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FIGURE 2

(A) The filtered magnetic anomaly map of the Sianok segment along with the six profiles discussed in this study. (B) A gravity anomaly map of the
Sianok segment obtained by digitizing Buyung et al. (1992a; 1992b) Bouguer anomaly maps in the same area as (A). Black circles are magnetic and
gravity survey points.
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the Bouguer anomaly map of the study area. The gravity contours
were digitized as the only available information is in the form of
the Bouguer Anomaly maps. As the surveys were conducted
more than 30 years ago, the respective digital data is no longer
available. Based on the information from the above maps, the
correction density for the Bouguer anomaly is 2.67 gr/cc.
Figure 2B shows the digitized Bouguer anomaly map of the
study area along with the positions of gravity survey points
displayed in the UTM coordinate system for the 47 S.

The Oasis Montaj GM-SYS version 6.4.2 (Geosoft Inc,
Toronto, Canada) was used to incorporate gravity data and
magnetic data so that they could be processed further. Based
on the magnetic anomaly map shown in Figure 2A as well as on
the distribution of measured and observed data, six profile lines
(A-A’, B-B/, C-C', D-D’, E-E', and F-F') were selected for
modeling and analysis. The profiles of A-A’, B-B/, and C-C’
were selected as they cross interesting surface features on the
gravity and magnetic maps. The profiles of D-D’, E-E’, and F-F’
were selected to identify the slivers of Permian metamorphic rock
and unexposed intrusion (if any) that have been reported earlier
by Amir et al. (2021). Such bodies are responsible for magnetic
anomalies in the adjacent Sumani segment (Amir et al., 2021).
Moreover, profiles E-E’ and F-F' pass through outcrops of
Permian metamorphic rocks, mainly in the southeast corner
of the survey area. Despite it passing through a rather
homogeneous rock outcrop, profile D-D’ was chosen as it
passes through several magnetic anomalies.

Interactive 2D magnetic and gravity models were calculated.
As survey points were not distributed evenly in the grid system,
Oasis Montaj extrapolates and interpolates data at any point
250-1000 m from the survey points so that the overall anomaly
maps represent grid points. As magnetic survey points are denser
than gravity survey points, the grid cell size of magnetic data is
250 m while that of gravity data is 500 m. The blanking distance
parameter was set at a value of 5000 m, which was used in the
extrapolation technique for the distribution of measurement
points.

Interactive forward modeling processes were carried out on
both magnetic and gravity data using Oasis Montaj to obtain a

10.3389/feart.2022.1012286

suitable subsurface geological model represented by a series of
polygons. The shape of each polygon was controlled by its
geological structure. Each polygon was given its own values of
magnetic susceptibility and density based on the type of rock. For
each of the six profile lines, the best model of its subsurface
structure is determined by the good match between the observed
and calculated data. Using methods described in Amir et al.
(2021), a total of 24 rock samples were measured for their
magnetic susceptibilities and densities. However, instead of
the MS2 magnetic susceptibility meter, the newer MS3 meter
was used with the MS2B sensor (Bartington Instruments Ltd.,
Oxford, UK). The results of such measurements are listed in
Table 1. Results by Amir et al. (2021) from the nearby Sumani
Segment of GSF were also used to initiate the modelling
processes, especially for the basement rocks. Due to their
proximity, the basement rocks of the Sianok Segment are
similar to those of the Sumani Segment. However, as pointed
out by Barber and Crowe (2005) and by Setiawan et al. (2017),
basement rocks are not homogeneous nor well-defined.
Therefore, to obtain a good fit for the observed anomalies,
lateral variations are acceptable. Potential methods in
geophysics (such as gravity and magnetic methods),
intrinsically, contain non-uniqueness. Therefore, despite all
the efforts to obtain dependable models, the models generated
in this study are not unique.

Results

Results of magnetic susceptibility and density measurements
are presented in Table 1. Although the three andesitic groups
(Marapi, Singgalang-Tandikat, and Maninjau) have similar
average densities, their magnetic susceptibilities vary
significantly, with Singgalang-Tandikat samples having the
highest average susceptibility. Such variations might be due to
variations in Fe content in these igneous rocks. As expected, due
to its high silicate content, the Maninjau tuff (Qpt) has low
average density of only 2.10 g/cm’ and has a low magnetic
susceptibility. The Permian metamorphic rock samples have a

TABLE 1 Magnetic susceptibility and density values of outcrop samples around the Sumani segment. N is number of measured samples while STD is

the standard deviation. See Figure 1 for lithological terms.

Type/Lithology N Susceptibility x 107 cgs-unit Density (g/cm?)

Range Average STD Range Average STD
Igneous (Andesite of Marapi, Qama) 6 67.35-109.64 87.32 16.54 2.45-2.63 2.56 0.06
Igneous (Andesite of Maninjau, Qamyj) 6 1.06-79.71 38.32 36.88 2.55-2.74 2.60 0.06
Igneous (Andesite of Singgalang-Tandikat, Qast) 6 116.30-151.96 130.89 14.46 2.56-2.62 2.59 0.02
Metamorphic (Permian metamorphic, Ps) 3 0.10-0.18 0.15 0.03 2.44-2.55 2.49 0.05
Volcanic Deposit (Maninjau tuff, Qpt) 3 0.16-0.17 0.16 0.01 1.91-2.35 2.10 0.18
N is number of measured samples while STD, is the standard deviation.
Frontiers in Earth Science 06 frontiersin.org
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sizable density averaging 2.49 g/cm’ and much lower magnetic
susceptibility compared to igneous rocks.

Profile A-A’

Figure 3 shows the results of magnetic and gravity modeling
which intersects the middle of Lake Maninjau and the GSF
trending NW-SE. This 48 km section shows the subsurface
structures in the 20 km image and the more detailed 10 km
image. The magnetic anomalies are mainly due to the shallow
magma chamber beneath the Maninjau Caldera, the andesites of
and the
metamorphic rocks. The presence of gravity low in the middle

Maninjau Caldera (Qamj), sliver of Permian
of the profile is associated with the Maninjau Caldera collapse,
whose density is lower than that of basement rocks. The models
in Figure 3 show that the Maninjau tuff deposits (Qpt) as well as
the andesites of Maninjau Caldera (Qamj) are 1 and 3.5 km thick.
The models also show Permian metamorphic rocks (Ps) in some

locations could be as thick as 3.9 km (in vertical dimension).

Profile B-B’

The profile B-B* (Figure 4) is located between the Maninjau
Caldera and Mount Singgalang-Tandikat and shows the GSF and
Maninjau tuff in the northeast. As shown in Figure 4, the magnetic
anomalies in this profile are interpreted as due to the Maninjau tuff
(Qpt), hornblende hypersthene pumiceous tuff (Qhpt), andesites of
Singgalang-Tandikat (Qast), and exposed as well as unexposed
Permian metamorphic rocks. The shallow magma chamber of
Singgalang-Tandikat might also contribute to these magnetic
anomalies. The unexposed metamorphic rocks are located under
Quaternary volcanic deposits. The high gravity in the southwest is
associated with lower basement rocks, while the low gravity in the
middle is associated with Maninjau Caldera collapsed with lower
density. At shallower depths, the metamorphic rocks were exposed
on the SE side of profile B-B’ and extended further to a depth of up to
4km. On the surface, further NE along profile B-B’, there are
deposits of carboniferous carbonate rocks (Cl) on top of the
metamorphic rocks.

Profile C-C’

As shown in Figure 5, the 60 km long profile C-C’ starts in
the southwest in the same area as the B-B’ profile. In the SW-NE
direction, the profile intersects the middle of Mount Singgalang-
Tandikat, GSF, and the north part of Mount Marapi. Based on
modeling in this study, the magnetic anomalies are associated
with two shallow magma bodies (see Figures 1A, 2A), the
of (Qama), the of
Singgalang-Tandikat ~ (Qast), and slivers of Permian

andesites Marapi andesites
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metamorphic rocks. The two shallow magma bodies are
interpreted, subsequently, as the shallow magma chambers of
Marapi and Singgalang-Tandikat. The SW part of profile C-C’ is
marked by high gravity associated with lower basement rocks and
the middle low gravity associated with low density Maninjau
Caldera Structure, while the NE part of this profile is marked by
high gravity associated with denser basement rocks and thick
layers of Permian metamorphic rocks. There are subsequent
layers of basement, metamorphic rocks, and andesite volcanic
rocks of Mount Singgalang-Tandikat and Mount Marapi
deposited at the surface. The geological structure below the
area between Mount Singgalang-Tandikat and Mount Marapi
could be more complicated where the Sianok Segment and

Sumani Segment end.

Profile D-D’

As shown in Figure 6, the 42 km long D-D’ profile is on the
western side of Lake Maninjau in a SE-NW direction. Based on
modeling in this study, the magnetic anomalies are associated
with the presence of Permian metamorphic layers along the
profile (see Figures 1A, 2A) as well as the andesites of Maninjau
(Qamj). The gravity anomaly is higher in the SE part compared to
the middle and high gravity in the NW part. The low gravity in
the middle part is likely to be attributed to the relatively low
density of the Maninjau Caldera Collapse. It is likely that
Maninjau tuff in the SE and in the NW of the Profile D-D’
shows significant thickness.

Profile E-E’

The 60 km long E-E’ profile is located along the west side of
GSF, parallel to profile F-F (see Figures 1A, 2A). Figure 7 shows
the great variation of magnetic anomalies, representing the great
variation of surface rocks. The anomalies are due to andesites of
Marapi (Qama), andesites of Singgalang-Tandikat (Qast),
exposed Permian metamorphic rocks, and Maninjau tuff
(Qpt). These magnetic anomalies might also be attributed to
the shallow magma chamber of Singgalang-Tandikat. Figure 7
shows a negative gravity anomaly at the middle of the profile.
This might have been caused by relatively less dense basement
rocks (close to Maninjau Caldera) and at the surface related to
Andesite of Singgalang-Tandikat and Andesite of Maninjau, and
the lower density of Maninjau tuff compared to that underneath
the SE and NW end of the profile E-E’.

Profile F-F'

The profile F-F' is located along the east side of GSF parallel
to profile E-E' (see Figure 2). As shown in Figure 8, the 44 km
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FIGURE 3

2D modeling of magnetic and gravity data of the A-A’ profile in the Sianok segment of GSF showing the subsurface structures beneath Maninjau
Caldera that include shallow and deep magma chambers. Models are presented in a more general 20 km deep image and a more detailed 10 km
deep image.
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FIGURE 4

2D modeling of magnetic and gravity data of the B-B’ profile in the Sianok segment of GSF shows the subsurface structures beneath Mount
Singgalang-Tandikat that include its shallow and deep magma chambers. This model also shows slivers of Permian metamorphic rocks encased in
the basement rocks. This figure uses the same legend as that in Figure 3.
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FIGURE 5

2D modeling of magnetic and gravity data of the C-C’ profile in the Sianok segment of GSF showing the subsurface structures beneath Mount
Singgalang-Tandikat and beneath Mount Marapi that include their shallow and deep magma chambers. Note that the deep magma chamber of
Marapi is significantly shallower than that of Singgalang-Tandikat. This figure uses the same legend as that in Figure 3.
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FIGURE 6

2D modeling of magnetic and gravity data of the D-D' profile in the Sianok segment of GSF showing slivers of Permian metamorphic rocks
encased in the basement rocks. See the text for details. This figure uses the same legend as that in Figure 3.
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2D modeling of magnetic and gravity data of the E-E’ profile in the Sianok segment of GSF showing the shallow and deep magma chambers of
Mount Singgalang Tandikat. This segment passes different surface lithologies (Qamj, Qpt, Ps, Qast, and Qama), causing variation in the measured
surface magnetic anomalies. As presented in Table 1, these surface lithologies vary in their average magnetic susceptibilities. See the text for details.
This figure uses the same legend as that in Figure 3.
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2D modeling of magnetic and gravity data of the F-F' profile in the Sianok segment of GSF. See the text for details. This figure uses the same
legend as that in Figure 3.
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long profile shows that the magnetic anomalies in this profile are
mainly attributed to the andesites of Marapi (Qama), Maninjau
tuff (Qpt), exposed and unexposed Permian metamorphic rocks,
and Carboniferous carbonate rocks (Cl). As shown in Figure 2B,
this profile passes through an area with a small variation in
gravity anomalies.

Discussion

Based on 2D models of magnetic and gravity data, this study
identifies two magma chambers beneath Mount Merapi and
Singgalang-Tandikat as well as beneath the Maninjau Caldera.
As shown in Figure 3, the relatively small and shallow magma
chamber beneath Maninjau Caldera is located at a depth of about
6 km. This agrees with the proposed depth given by Suhendro
(2021), who argued that the pumice of the 52 ka eruption was
produced partly by a reservoir at a depth of <5.8 km (stable
condition for quartz crystallization) and partly by a reservoir
at >5.8 km (stability limit of hornblende). Figure 5 shows the
shallow magma chambers of Mount Marapi and Mount
Singgalang-Tandikat are located at a depth of about 5km.
The depth of the shallow magma chamber beneath Mount
Marapi agrees with the models of Nurflani et al. (2021)
derived from geothermobarometry and seismic receiver
function methods. The shape or geometry of these shallow
magma chambers, however, is arbitrary and is not yet
constrained by other methods. Both Figures 3, 5 also show
the presence of deep magma chambers beneath the Maninjau
Caldera as well as beneath Mount Marapi and Mount
Singgalang-Tandikat. chambers

These deep magma are

modelled without sufficient constraint by gravity and
magnetic data. Therefore, the depths and shapes of these
magma chambers should not be trusted completely. The
limitations in estimating deep magma chambers are not due
to the models nor the data. Limitation originates from the
physical nature of gravity and magnetic fields. The physics of
magnetic and gravity fields dictate that deep bodies, such as the
deep magma chambers, have lower amplitudes of magnetic and
gravity anomalies. These deep bodies would also have broader
anomalies. In any case, the deep magma chambers of Maninjau
Caldera, Mount Marapi, and Mount Singgalang-Tandikat are
significantly shallower than the depth of the deep magma
chamber beneath Toba Caldera (30-50 km deep) (Koulakov
et al., 2016).

According to Purbo-Hadiwidjoyo et al. (1979), Maninjau’s
eruption produced broad and thick tuff deposits that are
220-250 km® in volume. Suhendro (2021) argued that
Maninjau’s 52 ka eruption is of similar type to that of Toba’s
eruption and Ranau’s eruption but differs from the eruptions of
Krakatau, Samalas, and Tambora. In Maninjau’s 52ka
eruptions, there is no Plinian ash-fall deposit between

paleosoil and ignimbrite deposits (Suhendro, 2021). Early
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theoretical work by Wilson et al. (1980) suggested that the
types of eruption depend not only on magma types and their
volumes but also on the size of conduits. The presence and
activities of GSF near Maninjau, Toba, and Ranau might affect
the size of their conduits. Larger conduits allow high
decompression rates, causing the release of large volumes of
material in a brief time.

How could GSF affect the size of magma conduits beneath
Maninjau? When magma rises through the Earth’s crust, there
is a change in the physical properties of the surrounding crust
with increasing temperature, and part of the crust can change
from solid to liquid (Gill, 2010). Earlier, Costa and Marti
(2016) showed that the sustainable dimension of a dyke
conduit beneath a volcano depends on the extensional far-
field stress. This implies that the area around the intrusion will
be more easily deformed. Due to the strike-slip stress
distribution along the GSF zone, the area around a large
magma intrusion tends to form an extensional stress
similar to that of pull-apart stress. Therefore, stress
extension in the intrusion area might enlarge the conduit
from the deep magma pocket to the surface.

Figure 2B shows a large negative gravity anomaly beneath
Maninjau Caldera caused by the eruption products that collapse
inside the caldera, replacing materials released during the
eruption. Figure 3 shows a sizable deposit (of up to 5-6 km
deep) of Maninjau’s andesite and other eruption products. The
measurement of density in this study shows that the Maninjau
tuff samples have an average density as low as 2.10 gr/cm?’ (see
Table 1). Such a negative gravity anomaly is also observed
beneath Toba’s caldera (Nishimura et al., 1984). In contrast,
Figure 2A shows large positive and negative magnetic
anomalies in the vicinity of the Maninjau Caldera, especially
in its W and SW areas. These anomalies, according to Figure 3,
relate to the subsurface structures located on the west side of the
caldera. Apart from Maninjau’s andesite itself, the other
structure that might be responsible for these anomalies is the
shallow magma chamber. This situation is similar to that in
Toba’s caldera, where the position of the magma chamber is
located beneath the west side of the caldera (Stankiewicz et al.,
2010; Koulakov et al,, 2016). It will be interesting to study
whether the magma chamber of the youngest caldera in the
GSF, ie., Ranau’s caldera, erupted in the late quaternary
(Natawidjaja et al., 2017), is also located beneath the western
part of the caldera. If so, then there is a pattern that the magma
chambers of all major calderas in the vicinity of GSF are all
located not beneath the calderas but rather beneath the western
parts of calderas. Such a pattern might be crucial in
understanding the interplay between fault development and
volcanism in Sumatra.

This study also reveals the presence of encased Permian
metamorphic rocks in the basement rock, as reported earlier by
Amir et al. (2021) in the Sumani segment. The models infer that
these bodies are common in the GSF and explain some localized
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magnetic anomalies. If properly mapped on a regional scale, the
distribution of encased Permian metamorphic rocks would be
invaluable to the tectonic understanding of the GSF. These
Permian metamorphic rocks were remnants of the Sundaland
Continental Margin prior to the Mid-Cretaceous subduction
(Barber, 2000).

The rate of change in tectonic stress along the GSF is certainly
related to the rate of change in stress on the Sumatra subduction
megathrust trough, which continues in arc-parallel sliver
movement or stress change in the sliver plates and then
changes the tectonic stress or strike-slip movement along the
GSF. There are three factors that might affect the rate of change
in tectonic stress along the GSF. The first one is changes in stress
on the arc-parallel to sliver plate. The second one is the variation
of rock rigidity in the GSF, and the third one is the geometry of
geological structures in the GSF. The geology of the Sianok
segment is affected significantly by two kinds of processes,
namely tectonic and volcanic processes. Currently, Mount
Marapi and Mount Singgalang Tandikat show high volcanic
activity. The area between these two volcanoes, where the
Sianok and Sumani segments meet (Sieh and Natawidjaja,
2000), was affected by a major earthquake in 1926 and a
doublet earthquake in 2006 (Daryono et al., 2016).

Can this study identify the subsurface structure beneath the
end of the Sianok segment? The extensive coverage of volcanic
deposits on Mount Marapi and Mount Singgalang-Tandikat
impedes the surface representation of GSF at the end of the
Sianok segment. This coverage of volcanic deposits also makes
accurate subsurface modelling difficult. Surface outcrops, which
are not available in this study area, are often used to facilitate
subsurface modelling. However, the magnetic anomalies in the
range of —70 nT to 130 nT in the SE part of the studied area infer
the high heterogeneity of subsurface structures. Therefore, such
magnetic anomalies could be considered as indicators for the end
of the Sianok segment.

This study serves as the first investigation of subsurface
structures in the volcanic centers of the Central Barisan Fault
identified by Posavec et al. (1973). The Marapi volcanic center
of this study is in the vicinity of the boundary between the
Sianok With the established
segmentations of GSF (see Sieh and Natawidjaja, 2000), the
other volcanic centers could also be identified as boundaries

and Sumani segments.

between GSF segments. Talang’s volcanic center is situated
between the Sumani and Suliti segments; Kerintji is situated
between the Suliti and Siulak segments; Hulumajang is situated
between the Siulak and Dikit segments; Pandan is situated
between the Dikit and Ketaun segments; Kaba is situated
between the Ketaun and Musi segments; and Dempo is
situated between the Musi and Manna segments. This
realization is interesting as well as important as studies
similar to this study might be carried out in the future and
provide fresh information on the interplay between fault
development and volcanism in the GSF.
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Conclusion

Analyses of magnetic and gravity data in this study have
successfully identified the shallow magma chambers beneath the
Maninjau Caldera as well as beneath Mount Marapi and Mount
Singgalang-Tandikat. The magnetic anomalies in the Sianok
segment are mainly due to thick deposits of Maninjau
Caldera’s andesites as well as andesites of Marapi and
Singgalang-Tandikat. Slivers of Permian metamorphic rocks
in the
anomalies. The noticeable negative gravity anomalies in

encased basement rock also contribute to these
Maninjau Caldera are likely associated with the Maninjau
Caldera collapse, where lighter rocks produced during
eruption were accumulated in the caldera. The models also
show that the Maninjau tuff deposits are also quite thick, with
a thickness of about 1 km. This study also reveals that exposed
and unexposed Permian metamorphic rocks are common in the
Sianok segment, similar to those reported earlier in the Sumani
segment. The models corroborate the depth of shallow magma
chambers beneath Mount Marapi (5 km) and beneath Maninjau
Caldera (6km), estimated by previous estimation using
petrographic analyses, geothermobarometry, and seismic
receiver function. Our models also show that the depth and
size of the shallow magma chamber beneath Mount Singgalang-
Tandikat is roughly similar to that of Mount Marapi. Although
this study also modelled deep magma chambers beneath
Maninjau Caldera, Mount Marapi, and Mount Singgalang-
Tandikat, the depth and geometry of these deep magma

chambers cannot be fully constrained Pribadi et al., 2007.
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