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Abstract - A detailed active fault study in Tarutung-Sarulla-Sipirok-Padangsidempuan was conducted based on
their tectonic-morphological features using SRTM-30, 3D-visualization, and LIDAR data, combined with field and
shallow geophysical surveys using the GPR method. Sumatran Fault Zone is bifurcated from the single major Sianok
fault segment into two major branches: Angkola and Barumun-Toru Faults that run (sub) parallel to each other. In the
studied area, they are merged gradually to become the Renun Fault. The total slip rates from Sianok to Renun segments
are constant at about ~ 14 mm/year (13.8 + 0.3 mm/yr on Renun and 13.7 + 1.6 mm/yr on Sianok segments). In the
bifurcation zone, it is partitioned into 9.3 £ 1.8 mm/yr slip on Toru, and about 4 - 5 mm/yr on Angkola segments.
Based on field evidence supported by the seismicity and historical record, the Toru Fault appears to move continuously
(creeping). This is crucial for understanding tectonics and its significance to hazard mitigations. Further investigations
on Angkola and Toru Faults are crucial for mega installations of Sarulla Geothermal Power Plant, which is located
in between Angkola and Toru Fault zones.
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INTRODUCTION

Regional Tectonic

Convergence along Sumatra is highly oblique
where tectonic strain is strongly partitioned into
a dip-slip on the subduction interface or the
megathrust and a dextral slip component on the
Sumatran Fault Zone that bisect the Sumatra
Island (Fitch, 1972; McCaffrey, 1991; Sieh and
Natawidjaja, 2000). With this high relative plate
motions and all active fault arrays accomodating
the movements, Sumatra rank is considered as

one of the most active seismic region on Earth
(Natawidjaja, 2003, 2005, 2012; Natawidjaja et
al., 2004; Natawidjaja et al., 2006; Natawidjaja
et al., 2007a; ; Natawidjaja et al., 2007b).

Dozens of major destructive earthquakes have
occurred in both the megathrust and Sumatran
Fault Zone system in the past two centuries.
Following the 2004 Aceh-Andaman tsunami-
earthquake, seismic activities in Sumatra are
unusually hightened, both on the megathrust and
along the Sumatran Fault Zone (Nalbant et al.,
2006; Sieh et al., 2008).
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Sumatran Fault Zone (SFZ) and Purpose of
Study

The 1900-km long Sumatran Fault Zone (SFZ)
traverses the back-bone of Sumatra within or near
the active volcanic arc (Bellier et al., 1997; Katili
and Hehuwat, 1967; Natawidjaja et al., 2001; Sich
and Natawidjaja, 2000). The substantial portion
of the dextral component of the Sumatran oblique
convergence is accommodated by SFZ. At its
northern terminus, the SFZ transforms into the
spreading centres of the Andaman Sea (Curray,
2005; Curray et al., 1979). At its southern end,
around the Sunda Strait, the fault curves south-
ward toward and possibly intersect the Sunda
Trench (Diament et al., 1992; Huchon and Pichon,
1984; Sieh and Natawidjaja, 2000) (Figure 1).
Sieh and Natawidjaja (2000) mapped the Suma-
tran Fault Zone using mostly the 1:100,000-scale
aerial photographs and the 1:50,000-scale
topographic maps. The results of their works are
digitized and put into a GIS database. Sumatran
fault map created by Sieh and Natawidjaja (2000)
has a large-enough scale to enable discrimination

of fault segmentations. Thus, it can be used for
a seismic hazard evaluation. The SFZ is highly
segmented, and composed of twenty major geo-
metrically defined segments, which vary in length
from about 35 to 200 km. The segments are
separated by major fault discontinuities, mostly
dilational jogs, expressed as valleys and lakes.
These segment lengths influenced seismic source
dimensions and have limited the magnitudes of
large historical fault ruptures to between M 6.5
and about 7.7 (Natawidjaja and Triyoso, 2007).
In the past two years, based on current avail-
ability of modern digital elevation maps of
SRTM-30m and TERRASAR World-30m data,
coupled with high-resolution satellite images,
Natawidjaja (2017) previously relocated identi-
fied active fault strands and identified new fault
strands to updated Sieh and Natawidjaja map.
New fault strands are particularly added in the
northern and southern parts of SFZ where they
run toward the Andaman spreading centre and the
Sunda Strait grabens respectively (Natawidjaja,
2017; Natawidjaja et al., 2017) (Figure 1). This
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Figure 1. Updated map of the Sumatran Fault Zone (after Natawidjaja, 2017). The bracket marks the central Sumatra region

for this study.
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study is related to the geological working group
activities of the National Team for updating seis-
mic hazard map of Indonesia. The revised seismic
hazard maps of 2017 are recently published online
at website: http://puskim.pu.go.id/6901-2/.

This study presents the latest detailed study on
the Sumatran Fault Zone in the central Sumatra
region, particularly in Tarutung- Sipirok- Padang-
sidempuan Area (location marked in Figure 1).
The study includes a detailed active fault mapping
using high-resolution digital topography with
GIS and 3-D imaging technique together with
field geological observations of outcrops and
landscapes related to active fault movements.
Furthermore, it was coupled with geophysical
survey using Ground Penetration Radar to im-
age underground structures of suspected active
fault zones. The results of this study describe in
detailed geometry and kinematics of this fault
merging as well as their characteristics and sig-
nificances to seismic hazards.

SFZ in Central Sumatra
General Structures

The SFZ in central Sumatra is characterized
by a major fault bifurcation, where Sianok seg-
ment in the equatorial region splits northward into
two major strands: Angkola and Barumun-Toru
Fault segments, which then they merge into one
single major segment, Renun Fault Zone (Figure
2) (Sieh and Natawidjaja, 2000; Natawidjaja,
2003). The Tarutung-Sipirok-Padangsidempuan

area is right on the spot where the fault merging
occurs. In general, the Angkola and Toru Faults
are not simple, but breaking into smaller fault
segments. The previous active fault map by Sieh
and Natawidjaja (2000) did not sufficiently depict
details of these active fault strands. Hence, this is
one of the primary goals of this study.

METHODS AND MATERIALS

Basic Principles of Active-Fault Mapping

A fault is a discontinuity or fracture on the earth
crust that shows relative movements of the two
separated blocks of rock assemblages. Displace-
ments or slips on active fault movements produce
earthquake events. A fault is generally considered
active if it shows evidence of movements or seis-
mic activities in Holocene or in the past 11,000
years and in historical-instrumentally recorded
period (McClymont, 2001; Kerr and Nathan, 2003;
Becker and Saunders, 2005). It can be mapped
and studied as it is often illuminated by the earth
topographic/landscape or bathymetric expressions,
generally as structural lineaments, fault scarps,
stream offsets, morphological or geological offsets,
and others morphotectonic evidences as well as
may serve as a (tectonic) boundary between two
different rock formations (Yeats et al., 1997).

The active fault strands can be recognized in
the field as they show the following evidences
(Yeats et al., 1997):
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Figure 2. a. Example of SRTM-30m grid DEM data used in this study. b. Example of display for 3-D visualization using “blue

and red” eye glasses, located in the Renun Fault Zone.
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1. Active fault strands that cut young geologi-
cal deposits, such as Quaternary volcanic
deposits or young alluvium.

2. Fine-scale morphological expressions of
fresh fault scarps, linear ridges and valleys,
associated morpho-tectonic features such
as anticlines, synclines, pressure ridges,
hanging valleys.

3. Indication of Quaternary-Recent move-
ments from offsets or deflections of geo-
logical or morphological elements such
as streams and terraces or human-made
features, like fences, roads, etc.

Determination of activity of faults in old-pre-
Quaternary rock environment is not easy since it
cannot be observed whether they cut or deformed
Quaternary and Holocene-Recent deposits. An
active fault identification based on morphology
is also limited by a competition between a rate of
movements of a fault and a rate of erosions and
depositions. If a fault slip-rate or a rate of move-
ments is very low, lower than rates of deposition
and/or erosion, then one may not be able to see
as surface-landscape expressions of faults since
they will be erased by erosion or buried under
geological deposits. The fault zones may still
be seen, even when the slip rates are low, if they
bound two different rocks with a contrast hard-
ness. Thus, differential erosion rates will highlight
the fault. An accuracy of an active fault mapping
is also limited by a scale of the base map used.
The higher the resolution (i.e. the larger the scale)
of the base map, the more accurate the mapping,
because smaller morpho-tectonic features will be
able to be inspected.

Major Tasks
This study has conducted three major tasks,
which are:

1. Remote sensing analysis using high resolu-
tion topographic data and available satellite
images,

2. Geological field survey,

3. Shallow-subsurface geophysical imaging
using Ground Penetration Radar survey
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to ensure the locations of suspected active
fault traces and image their underground
structures.

Remote-sensing Analysis for Active Fault Studies

High-resolution digital topographic data base of

Sumatra is utilized, including:

. SRTM 30m grids with 3-D visualization
software,

. High resolution satellite images from the
Google maps,

. Very-high resolution digital topographic
LIDAR map (1-m grid) for limited areas
along Toru River.

An analysis was conducted using GIS (Geo-
graphical Information System) for identifications
of active faults, including the use different colour
spectrums for changes in elevations, hill shades,
and perform contouring analysis for inspecting
more detailed relief. In addition, 3-D visualization
technique was also used (Katayanagi, 2014) to
further identify and map suspected fault strands
(Figure 3). The previous active fault map devel-
oped by Sieh and Natawidjaja (2000) was revised
and modified.

A very high resolution LIDAR (Light Detec-
tion and Ranging) digital topography was used
for Batang Toru River areas. LIDAR, also called
laser scanner, can be conducted with terrestrial or
airborne methods. It is a surveying method that
measures distance to a target by illuminating the
target with pulsed laser light and measuring the
reflected pulses with a sensor. Differences in laser
return times and wavelengths can then be used
to make digital 3-D representation of the target.
In particular, at Aek Paya stream, a branch of
Batang Toru River, a fresh fault scarp is clearly
identified on LIDAR crossing the young alluvial
deposits. This has been checked in the field and
1s confirmed not to be an alluvial terrace, but a
linear fault scarp with up to 2 m high rising the
north-east block up (Figure 3). Southward from
the NW-SE trending fault scarp, the fault line
runs across the Aek Paya stream causing a series
of small water falls.
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Figure 3. a. LIDAR used to identify small-scale morphological features — fault scarps, an example at Aek Paya, b. Photo of
fault scarps at Site 18 Aek Paya, c. Small water-fall steps when fault line across the stream.

Geological Field Survey

The field survey was conducted within four-
teen days from 13 to 26 January 2017. It focuses
on identifying and characterizing suspected ac-
tive fault strands in the area between Tarutung-
Sipirok-Padangsidempuan where the Angkola
and Tarutung Fault zones merged into one.

Ground Penetration Radar (GPR) Survey
To confirm suspected active fault strands and

to further investigate their underground fault
structures as well as their relations to geologi-
cal strata, Ground Penetration Radar (GPR) was
conducted in selected locations of fault lines that
have been identified from remote-sensing inspec-
tions and geological fieldworks.

GPR is a geophysical method that uses radar
(electromagnetic-wave) pulses to image the
subsurface structures. GPR uses microwave
band (UHF/VHF) of the high frequency radio
spectrum in the range 10 MHz to 2 GHZ to detect
the reflected and/or refracted signals from sub-
surface structures/objects/features based on the
differences in permittivities (similar to electrical/
resistivity properties). The depth of the objects/
refractors (usually a boundary contrast betweeen
two layers/materials) can be estimated from time
travels of related waves. GPR can also map plan-
view, profiles, or 3D images of features, layers,

and structures. In principle, one-point shoot cre-
ates one single electromagnetic waveform that
identifies the underground layers characterized by
their response of reflecting the waves (Figure 4).
Then, many single waveforms along the survey
lines are stacked together to create a radargram
image. This principle is very similar to the seismic
reflection method that is widely used in oil and
gas explorations.

A GPR equipment has a main unit that is con-
nected to an antenna, which has a couple set of
a source and a receiver. SIR-3000 system from
GSSI USA was used and equipped with several
kinds of antennas using variety of frequency.
Higher frequency provides higher spatial
resolution but in the cost of less depth of penetra-
tion. Vice versa, deeper penetration can only be
achieved by lowering frequency that affects lower
resolution. Hence, as most geophysical methods,
there is always a trade between resolution and
maximum penetration depth. Thus, one always
has to set the equipment properly according to
targets/goals and site conditions. For this study,
the MLF antenna (Figure 4) was used and can be
set on the frequency of 15, 40, and 80 MHz to get
radargram profiles of moderate to deep subsurface
structures from several meters up to 50 m. How-
ever, the 40 MHz MLF was mostly used since it
gives the best results for this purpose.
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Figure 4. Principles of GPR Suvey using SIR-3000 main unit with MLF Antenna.

If the survey line is not in the flat area, then
measuring topographic profile is crucial for topo-
graphic correction. Here, the Zip level equipment
was used to measure relative elevations using the
water-pass principle (Figure 5). Zip level has the
accuracy of submillimeter that is comparable to
geodetic total station. The advantage of Zip Level
is that it is very easy to carry in the field, simple,
and it measures fast.

Figure 5. Zip Level for measuring topographic profile along
the survey line.
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RESULTS AND ANALYSIS

Active Fault Mapping

The surface geology in the studied area is
dominated by volcanic products, including the
Old-Quaternary and the young Late Quater-
nary volcanics. The most widespread one is
the product of the latest paroxysmal eruption
of Toba around 74 Ka, called the Young Toba
Tuff (YTT). The tuff occupies most of the north
side of Sipirok (Aspden et al., 1982), whilst the
southeast side is occupied by the Quaternary
Sibual-buali and Lubuk Rata volcanic products.
Underlying these Quaternary volcanic products
there are dominant Tertiary sedimentary rocks
and igneous rocks.

In Padangsidempuan area, the Toru Fault Zone
is running parallel to the Angkola Fault Zone,
separated about 8 km by the mountainous range
that also aligned NW-SE with the SFZ trend
(Figure 6). West of the mountainous range, the
Angkola Fault Zone is clearly marked by some
linear alignments of elongated ridges and longi-
tudinal depressions trending NW-SE across the



Major Bifurcations, Slip Rates, and A Creeping Segment of Sumatran Fault Zone in Tarutung-Sarulla-Sipirok-
Padangsidempuan, Central Sumatra, Indonesia (D.H. Natawidjaja)

98°55'0"E

99°0'0"E

99°5'0"E

1°30'0"N 135'0"N 1°40'0"N 1°45'0"N 1°50'0"N 1°55'0"N 2°0'0"N 2°5'0"N

125'0"N

98°55'0"E 99°0'0"E 99°5'0"E

99°10'0"E

99°10'0"E

99°15'0"E 99°20'0"E 99°25'0"E

130'0"N 135'0"N 140'0"N 145'0"N 1°50'0"N 1°55'0"N 200"N 250'N

1°25'0"N

99°15'0"E 9920'0"E 99725'0"E

Figure 6. Results of active fault mapping of SFZ between Padangsidempuan and Tarutung areas.

broad valley. The rock exposures at the quarry on
the north side of bypass road reveal the Angkola
Fault Zone cutting the Quaternary volcanic rock
layers and juxtaposed against the sedimentary
rock beds (Figure 7).

Along the east side of this mountainous range,
from Sipirok southwards to Sibolangit Airport,
the Toru Fault Zone generally runs as a single
major strand, characterized by linear ridges, linear
scarps, and linear valleys. In a few locations, the
fault strands are also marked by the appearances
of small lakes or ponds indicating segmentations
or pull-apart stepover along the fault. The largest

depression is Tasik Lake, located about 5 km west
from the Sibolangit Airport. The Lake is about
600 m long and 400 m wide (Figure 8). The shape
of the lake clearly indicates that it is formed as a
pull-apart basin (Figure 13).

The Angkola Fault runs northward cutting
the southwestern side of Sibualbuali Volcano,
and then it is broken into smaller segments
forming a series of normal faults enveloping the
NW-SE elongated Sarulla Graben (Figure 6).
From Sarulla northward approaching Tarutung,
the Angkola Fault gradually merges onto the
Toru Fault before it bounds the southern edge
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Figure 7. The Angkola Fault Zone is exposed on the rock
quarry at the coordinate of 1.804324 S, 99.10611E at the
north side of the bypass road.

Figure 8. Lake Tasik pull-apart depression. Photo faces
northwestward, situated 5 km westwards from Sibolangit
Airport.

of the pull-apart Tarutung Graben as the northern
termination of the Toru fault with the Renun fault
segments in the north side.

A very large Early Quaternary Caldera with a
diameter of about 9 km, called the Hopong caldera
(Hickman et al., 2004), is spectacularly truncated
along the SFZ or the eastern edge of Sarulla Gra-
ben between Sipirok and Sarulla (Figure 6). The
Hopong Caldera, based on *“Ar/*’Ar dating of a
plagioclase mineral separated from welded rhyo-
dacite ash-flow tuff, was formed during a major
volcanic eruption about 1.46 + 0.12 Ma (Hickman
et al., 2004). Large parts of this ancient caldera
and its products have been covered by the 0.73
Ma Young Toba Tuff (YTT) layer.

Outcrops of the Toru Fault Zones are exposed
in several places along the main road between
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Tarutung and Sipirok. Exposures on the new-road
cliff reveal a series of normal faulting associated
with Toru Fault Zone indicating a significant frac-
tion of extensional deformation (Figure 9). Near
the intersection between the new and old roads,
a few kilometers north of Sipirok, the main Toru
strike-slip Fault Zone is clearly exposed on the
road-cut cliff and it obviously cut and deformed
the road asphalt (Figures and 10 a, b, ¢). This road
is repaired repeatedly. Another excellent exposure
is on the road from Sipirok southwestwards along
the Toru River, where the asphalt road is also cut
and deformed by the Toru Fault Zone (Figure
10 d). These evidences strongly indicate that the
Toru Fault is creeping, or continuously moving
(aseismically).

Figure 9. Exposure of extensional faulting associated with
Toru Fault Zone along the new-road cliff near Sipirok (Site
8 - location marked at Figure 13).

Geothermal Features

There are many geothermal activities in the
region of the dam site, including hot springs and
fumaroles (Gunderson, 1995, 2000; Hickman
et al., 2004). Based on field investigations and
mapping, locations of geothermal occurrences
are mostly, if not all, related to the fault zones.
Hence, they can be used as markers for identify-
ing active fault strands.

A large part of geothermal fields appears
to have occurred along the boundary between
Renun and Toru Fault segments. The largest and
most beautiful site is the Simolohon hot spring
in the town of Tarutung, which is located at the
southern end of Renun Fault, where it bounds
the east-side edge of the Toru depression, an
extensional stepover between Renun and Toru
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Figure 10. Exposures showing deformed asphalt roads due to creeping fault zones. a, b, and c are at Site 9 - new road route
near Sipirok; d. is at Site 5 - on the road from from Ikan Bakar Restaurant in Sipirok going southwest along Toru River.

Location of Site 9 and Site 5 are marked in Figure 15.

Fault segments (Figure 11a). Near Sipirok, the
geothermal field is also observed next to the
main road at Site-2 (location marked in Figure
12). Here, geothermal fluids come to the surface
through the Toru main fault, burning the soils
and trees that becomes black coloured. A large
geothermal field, especially hot springs, occur at
Ack Nabara (in local language it means a burning
river) (Figure 11b). It is located at the southern
end of the Angkola Fault.

GPR Survey

To locate exact locations of fault lines and
to explore their underground structures in rela-
tion with stratigraphy, GPR surveys have been
conducted in selected sites, where the locations
of the fault lines have been estimated from a
tectonic-landscape analysis (Figure 14). Below
are the results of GPR surveys together with their
geological field observations.

Site 3

Site-3 is located at the major Toru Fault, about
2 km north of the Sarulla Town near the northern
edge of the truncated Hopong Caldera (north of
Site 4 in Figure 12). Here, the fault zone is charac-
terized by a linear valley about 200 - 250 m wide,
now occupied by rice fields (Figure 14a). GPR
was conducted across the valley to investigate the
precise location of the fault zone. The results reveal
two major strands of the fault in both sides of the
valley (Figure 15a). This indicates that this longitu-
dinal valley formed as a graben structure between
two faults with significant normal movements. The
faults cutting through young Holocene sediments
confirm that this is a very active fault zone.

Site 7

Site 7 is situated in Purbatua Village. This
ground-check point is to investigate the fault that
is a continuation of the Aek Paya Fault, shown in

145



Indonesian Journal on Geoscience, Vol. 5 No. 2 August 2018: 137-160
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Figure 11. Examples of geothermal exposures associated with the fault zone; a. Simolohon hot spring in the town of Tarutung
associated with Toru Fault; b. Aek Nabara hotspring associated with Angkola Fault (location marked in Figure12).
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Figure 12. Active fault and site index map for Sipirok-Sarulla region.

Figure 12. Morphologically, the site is a depres-  is about perpendicular to the fault line. The
sion, now occupied with rice field, in between  radargram or the result of the GPR survey shows
the two linear ridges (Figure 14b). Hence, the  clearly the existence of the active fault that cut
fault line is expected to lies somewhere in the  the young alluvial deposits beneath the rice field
rice field. The GPR survey across this rice field  (Figure 15b).
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Figure 13. Active fault and site-Index map of Padangsidempuan region.

Figure 14. Photos of GPR surveys at selected locations. Black dash-lines are estimated locations of fault line based on a
morphology analysis. a. Site 3; b. Site 7; c. Site 8; d. Site 6; e. Site 10-11 .
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Figure 15. GPR Profiles (radargram) from: a. Site 7; b. Site 9; c. Site §; d. Site 5; e. Site 6; f. Site 3; g. Site 10-11.

Site 9

Site-9 is on the new road, south of Sipirok,
which is continuously deformed due to slow
ground movements (Figure 12). Our mapping
shows that this site is located on the main fault
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strand of the Toru Fault Zone. The fault zone is
exposed on the road cliff right near the deformed
asphalt road. The fault clearly juxtaposed the
rock breccia layer and the tuffaceous sand layer
(Figures 10 a, b, c). Thus, the Toru Fault is ac-
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tive moving slowly in an aseismic mode (i.e. not
producing earthquake).

The GPR survey runs by passing through the
fault line crossing the road. The underground
structures revealed on GPR profile showing that
the fault strand cuts through the soil and rock
strata beneath the road (Figure 15¢). Hence, it
confirms the location of the Toru Fault and its
recent movements.

Site 8

Site 8 is about 1 km eastward from Site 9.
There is a new road construction made a cut
through the hill, exposing the rock layers and
structures on the road cliffs on both sides along
the road cut (Figure 12). The rock strata appear
to be folded, forming an anticline, and is cut by
a fault zone near the crest line dragging and de-
forming the layers on both sides. The layers on
its east flank are cut by a series of normal faults
that steeply dipping toward the main fault (Figure
14c). Hence, it indicates that it is a negative flower
structure, which is part of the Toru Fault Zone.
The GPR survey runs along the road crossing the
anticline and the fault zone. The result illuminates
the subsurface structures of the fault zone that cut
the layers into the deep (Figure 15d).

Site 5

Site-5 is located at an asphalt road from the
Ikan Bakar Restaurant in Sipirok, southwestward
along the east side of Batang Toru River (Figure
12). The asphalt road at site-5 is also continuously
deformed along the fault (Figure 10d). The GPR
survey along the road passed through this fault line,
marked by the large crack crossing the road. The
result confirms that this surface crack associated
with several parallel fault strands that cuts the soil
and rock strata underlying the road (Figure 15¢).
These faults are part of the secondary normal fault-
ing that deviates from the main Toru Fault Zone.

Site 6

Site-6 is situated on the same road, about 2 km
towards east from Site-5, and only about 800 m
to the west from the entry point at the main road
near the Ikan Bakar Restaurant (Figure 12). This

site is at the main Toru Fault Zone, characterized
by a linear ridge along the east side of the fault
strand. The fault line cuts the road at a low angle
(Figure 14d). Indications of fault creeping are
not observed at this location (Figure 15d). The
GPR survey at this site reveals two fault strands
beneath the road (Figure 18f).

Site-11

From Toru River, the Angkola Fault which
runs southwards mostly as a single major fault
line bisecting the saddle area between Lubukrata
and Sibualbuali Volcanoes (Figure 13). Site-11 is
selected at this major fault line about 5 km east
from the city centre of Padangsidempuan. The
fault zone can clearly be identified from linear
ridges and fault escarpments, and longitudinal
valleys. In some spots, it is also marked by ponds
that are associated with fault segmentations.
Sites-10 and 11 are located at a straight narrow
depression between a linear ridge and the linear
escarpments of the highland along the east side,
which is now occupied by rice fields (Figure 14¢).

A GPR survey was conducted to scan the pre-
cise location and detailed subsurface structures
of the fault beneath the valley or rice field. The
result of GPR profiling displays two main fault
strands at both east and west-end sides of the
survey line, indicating that the linear valley are
bound at both sides by faults (Figure 15g). Thus,
it is a graben-like structure. The fault zone cuts/
deforms the young alluvial deposits that are akin
to its recent fault movements/activities.

Fault Slip Rates

Kinematics and level of activity of active
faults are primarily measured by their slip rates
or how fast they move. For this purpose, slip rates
were evaluated on three principle locations, which
were on: 1. Renun Fault at the northern side of the
fault bifurcation, 2. Sianok Fault at the southern
side of the fault bifurcation, 3. The Fault bifurca-
tions: Toru and Angkola fault segments.

Slip Rates on Renun Fault, Toba Lake
The Renun fault traverses from 3.55°N
southwards to 2.0°N along the western flank

149



Indonesian Journal on Geoscience, Vol. 5 No. 2 August 2018: 137-160

of the 80-km-long Toba Caldera (Figure 16),
alleged to be the largest Quaternary caldera on
earth (Chesner et al., 1991). Much of the fault
traces deeply entrenched the thick pyroclastic
flow deposit of the 74,000-year-old Toba erup-
tion (Figure 17). Renun Fault length is measured
about 220 km long, the longest segment of the
SFZ. Therefore, it is considered to be capable
of generating earthquakes up to magnitude Mw
7.8 if the entire fault length is ruptured during a
single major earthquake.

It is clear that the Young Toba Tuff (YTT)
flow sheet reset the previous landscape by effec-
tively buried the pre-existing topography upon
emplacement. Then, this instantaneous burial of

tens of square km of territory followed by the fast
creation of a new network of drainages across
the trace of the SFZ. Thus, the wide-spread YTT
where the faults cut through the new drainage sys-
tem gives unique opportunity for conducting slip
rate measurements by finding good fault offset of
drainange channels, and then divided by the age
of YTT that was emplaced from the latest super
volcano eruption.

The age of YTT eruption has been very well
defined by multiple analyses from previous stud-
ies. Ninkovich et al. (1978) dated sanidine and
biotite in welded tuffs using K-Ar dating yields
73.5+3 kaand 74.9 + 12 ka respectively. Chesner
etal. (1991) also dated sanidine of YTT by using
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by the fault movement. It yields a slip rate of 13.7 1.6 mm/yr.

40A1r/39Ar method and they yielded 73 + 8 ka.
Mark et al. (2014) also using 40Ar/39 Ar method
on sanidines separated from pumices of the proxi-
mal YTT obtained an eruption age of 74.2 £ 1.8
ka. They also used the same method, but on a
very fine-grained biotite separated from ash beds
exposed on Peninsular Malaysia, and they obtain
eruption ages of 73.9 = 8.8 ka and 72.7 + 8.2 ka.
Storey et al. (2012) also used 40Ar/39Ar method
on sanidine grains separated from a Malaysian
ash bed, obtaining a 73.88 + 0.64 ka, although
Mark et al. (2013) suggested revision of this age
to 74.2+-0.8 ka using a different astronomical
calibration of the 40Ar/39Ar geochronometer.

Hence, a nonweighted average of those ages is
73.8 £ 0.4 ka (20) (Bradley et al., 2017).

The southeastern part of the Renun Fault seg-
ment exhibits excellent isochronous river offsets
along the major fault strand. Sieh ef al. (1994)
measured about 2-km offsets of several river
channels that deeply incised the ~74,000-year-old
Young Toba Tuff (YTT), which they have used
to determine a 27 mm/yr geological slip rate for
the fault.

The previous GPS-campaign measurements
that across the southern portion of this segment
suggest geodetic slip rates of 24 £ 1 mm/yr
(at about N 2.7°). Another one that across the

151



Indonesian Journal on Geoscience, Vol. 5 No. 2 August 2018: 137-160

northern portion of the Renun segment yields a
geodetic rates of 26 + 2 mm/yr. (at about N 2.2°)
(Genrich et al., 2000). Hence, the geodetic and
the geological slip rates seem to be concurred.

However, Bradley et al. (2017) re-analyzed
the isochronous river-channel offsets along
the southern portion of the Renun Fault and
concluded that the most likely case is ~1-km
pairs of offsets, not the 2-km offsets that were
previously suggested. Bradley et al. (2017)
results show that the average offset of five chan-
nels incised into the tuff along the southern and
northern parts of this fault segment is 1043 £ 36
m. This yields a post-eruption right-lateral slip
rate of 14.1 = 0.5 mm/yr.

This study results also suggest a very similar
average offset of river channels of 1022 £ 23 m
(Figure 16). Hence, considering the estimated
average age of YTT about 73.8 = 0.4 Ka as the
approximated time of the initial incision of the
YTT after the eruption, and taking into account
error propagation due to uncorrelated and random
uncertainties of the offset measurement (6d) and
time of initial incision (Jt), the slip rate, v, can be
calculated as follow:

v = d/t, and uncertainty in slip rate,

Sv = v * [ (5d/d)? + (5t/1)°] 03

Where: d = 1022 m; t = 73.8 ka; dd: £23m; ot =
+0.4 ka (ka = thousand years ago).

Hence, slip rate on the Renun segment is 13.8 +
0.3 mm/yr. Thus, this suggests only about half as
much as the slip rate value that was previously
suggested by Sieh ez al. (1994), and is very similar
to that of Bradley et al. (2017).

Bradley ef al. (2017) also developed a new
kinematic model for Sumatra and recalculated
geodetic slip rates along the SFZ. They use the
latest available kinematic data from GPS cam-
paign measurements, continuous GPS network
SuGAr (Sumatran GPS Array), and also from
coral-paleodetic data. Their results estimated
slip rates for purely strike-slip segments of the
Sumatran Fault vary between 14.8 and 16.9 mm/
yr, with locally lower rates that coincide with
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large restraining or releasing bends where signifi-
cant across-fault motion is expected. At latitude
around Toba, the crustal-motion geodetic model
and the 2D geodetic-elastic model across Toba
yields the best-fit geodetic slip rates suggest a
slip rate at approximately 14.7 mm/yr. Thus, these
re-modelled geodetic slip rates are also in favour
with the new geological slip rate measurements.

The key point to this discrepancy is that the
previous geodetic studies, which yielded higher
slip rate values on Sumatran strike-slip fault
(Genrich et al., 2000), appear to have neglected
the trench-parallel motion of the fore-arc islands
arising from oblique loading of the Sunda mega-
thrust. In other words, since the latest kinematic
model that takes into account trench-parallel slip
motion on the megathrust, it yields lower slip
motion on the Sumatran Fault.

Slip Rates on Sianok Fault, Maninjau Lake
In West Sumatra around Bukittinggi, the

Sianok segment of the Sumatran Fault traverses
the Maninjau Tuff that was erupted during the
formation of Maninjau Caldera and subsequently
incised by the Sianok and Palupuh Rivers (Sieh
and Natawidjaja, 2000). The Maninjau Tuff has
been dated by a combination of “C and glass
fission track (GFT) techniques (Alloway et al.,
2004). Bradley et al. (2017) estimated an eruption
age of 51.1£0.9 ka, calculated as a non-weighted
mean of the *C and GFT ages.

East of the Maninjau Caldera, the sinuous Sia-
nok River crosses the Sumatran Fault at moderate
to high angle at seven separate locations (Figure
17). The amount of the offsets ranges between
650 m and 830 m. The uncertainty for each offset
measurement was estimated as approximately the
width of the offset river channels, which is on the
order of 160 to 350 m. Hence, applying statistical
calculation, the average value of the offset is 700
+ 80 m. Using the similar mathematical formula
above, the slip rate calculated from these seven
isochronous river-channel offsets is 13.7 &+ 1.6
mm/yr. This is very similar to that which has
been calculated by Bradley et al. (2017), that is
about 14 mm/yr.
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Slip Rates at the Bifurcation Structure: Toru And
Angkola Faults

Hickman et al. (2004), based on a detailed
geological mapping, observed that Tor-Sibohi
Rhyodacite dome with a diameter of about 3.5
km, a few kilometer southwest of Sipirok, was
dextrally offset along the major Toru Fault (or the
Tor-Sibohi Fault as they called it) about 2.1 t0 2.9
km (or ~ 2.5 £0.4 km) (Figure 18). The age of
the rhyodacite dome, based on incremental heat-
ing “Ar/*Ar dating method on biotite mineral,
is 0.27 £ 0.03Ma (Hickman et al., 2004). Using
a similar calculation as above, this yielded a slip
rate of 9.3 + 1.8 mm/yr. Since the fault slip rates
on the south and the north sides of the bifurca-
tion are similar, which are 13.8 £+ 0.3 mm/yr and

13.7 £ 1.6 mm/yr for the Renun and Sianok Fault
segments, then the total slip rate across Toru and
Angkola segments must also be about ~13 - 14
mm/yr. Thus, the slip rate on the Angkola Fault
is about ~4 - 5 mm/yr.

Earthquakes
Historical Seismicity

There are several major historical earthquakes
occurring in the central Sumatra region. Hurukawa
(2014) relocated these earthquakes including those
pre-1960 events from old analog seismogram data.
The relocated epicentres and magnitudes of these
earthquakes are shown in Figure 19. The largest
historical earthquake event ruptured the Angkola
Fault with estimated magnitude of up to M7.7 in
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Figure 18. The 0.27 Ma (=270 ka) rhyolitic dome is dextrally offset about ~2.5 km along the Tor-Sibohi Fault or Toru Fault
segment. Map of the offset rhyolitic dome is re-drawn from Hickman et a/. (2004) and plotted on SRTM 30 in this study.
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Figure 19. SFZ in Central Sumatra region with slip rates from this study. The black stars are relocated epicentres of past
earthquakes along the Sumatran Fault Zone (Hurukawa, 2014).

AD 1892 based on the damaged area or earthquake
intensity, and data of fault slip displacement was
recorded by surveying the old geodetic triangula-
tion networks (Prawirodirdjo et al., 1999). Other
major earthquakes occurred along the Renun seg-
mentin 1916 and 1921 (~ M7). Note that the Toru
Fault has not produced earthquake with magnitude
of larger than M6.5. The largest earthquake here
occurred in 1984 (M6.4) around the town of Ta-
rutung. More recent earthquake occurred around
Sarulla Basin in 2008 (M6). In the south, the 1926
(M6.5 and M 6.8) - twin earthquake event ruptured
Suliki and Sumani segments around Singkarak
Lake. In 2007, the twin events occurred again on
the similar segments like the 1926 event (Daryono
etal., 2012).

Instrumental Seismicity

Seismic activities on the Renun, Toru, Ang-
kola, Barumun, and Suliti-Sianok Fault segments
are shown by plots of earthquake epicentres from
EHDL catalog from 1964 to 2009 (Engdahl,
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2007) (Figure 20a). For the highlight, a cluster
of small earthquakes occurred on Toru seg-
ment. Weller et al. (2012) had recorded micro-
seismicity with the magnitude from M1 to M3.5
between 2008 and 2009 from their temporary
seismic networks along SFZ from Toba Lake
to South Sumatra (Figure 20b). On this higher
accuracy of seismic observation, a cluster of
earthquake or earthquake swarms occurred along
a narrow zone right on Toru Fault indicating that
this fault segment is probably creeping. Another
important aspect, there is a widely distributed
micro-seismicity on a highland sandwiched be-
tween Angkola and Barumun Fault Zones. This
may imply that the block is broadly deforming
due to movements of the two major faults. An-
other cluster of swarm earthquake occurred in the
area between the Sianok and Suliti segments in
the vicinity of Singkarak Lake. This earthquake
swarm is post seismic activities after the 2007
earthquake doublet that ruptured both Suliti and
Sianok segments (Daryono et al., 2012).
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Figure 20. Plots of earthquake events with depth up to 30 km from: a. EHDL catalog (1964 - 2009) and b. recorded by a
temporary seismic network, deployed from 2008 to 2009 from Weller ez al. (2012).

DiscussION

One crucial observations, Toru Fault around
Sarulla - Sipirok area is strongly indicated to have
been creeping. This may be supported by the fact
that in the historical record, the ~100-km-long Toru
Fault segment did not produce some comparable
large earthquakes (Magnitude 7 or larger) but
only M6 earthquakes. In contrast, the adjacent
SFZ segments, Renun and Angkola segments,
did produced large earthquakes. Fault creeping
segments has been known worldwide. The most
famous fault creeping segment is the Park field

section of the San Andreas Fault in California (Ben-
Zion and Malin, 1993). Park field fault section had
also produced earthquakes with magnitudes only
M6 since 1800s with an average regular interval
of every 22 years, while the adjacent segments
had produced M8 earthquakes with much greater
recurrent interval (Bakun and Lindh, 1985; Bakun
and McEvilly, 1984). This creeping aspect is critical
for understanding the kinematics and tectonics as
well as its significant to fault and seismic hazards.

Speaking of seismic hazards, the Sarulla
geothermal power plant facilities are built right
on the zone, sandwiched by the two major Toru
and Angkola Fault Zones (Figure 21). Thus, this
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Figure 21. Plots of active faults and the location of the Sarulla Geothermal power plan on the Google-Map satellite images.

power plant has a very high seismic risks, not just
from severe shaking during a major earthquake
event but possibly also from ground deformations
due to fault surface ruptures. Hence, future much
details study on the locations and characteristics
of the Angkola and Toru Fault Zones is crucial
for the safety of this mega installation and people
live in this area.

CONCLUSION AND RECCOMENDATION

This study has demonstrated the method to
study active faults. It shows that active fault
strands in the region are recognizable on SRTM
30 from their morphological features. Advanced
technique, such as using 3D imaging of SRTM 30
also helps to visualize morpho-tectonic features.
Very high resolution DEM, such as LIDAR is
indeed very useful for identifying and mapping
small-scale active tectonic features, such as up-
to-2m fault scarp at Aek Paya. The GPR survey
that has been used in this study is proven to be
effective in identifying and localizing accurate
location of active fault lines/zones.
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The results of this study has mapped in great
details the active faults in the region of Tarutung
- Sarulla - Sipirok - Padangsidempuan where
the SFZ two major strands: Barumun-Toru and
Angkola segments are runs (sub) parallel and then
merging slowly into one zone at Tarutung pull-
apart depression, and then becomes one major
Renun Fault Zone in Toba-lake area. There are
few major features observed:

*  The block area between Angkola and Taru-
tung is somewhat complexly deformed,
dominated by extensional deformations in the
study area. These includes the formations of
large Sarulla and Tarutung pull-apart basins.

* The Angkola Fault Zone from Padang-
sidempuan northwards becomes broken into
smaller segments and exhibit more dominant
extensional/normal faulting component
approaching the Sarulla pull-apart basin.

Analysis on geological slip rates of the Renun
and Sianok Fault segments shows that slip rates
of both ends of the major fault bifurcation are
identical, which is about ~14 mm/yr. Thus, total
slip rates across the Toru and Angkola Fault
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Zones should also be about 14 mm/yr. The slip
rate on Toru segment is 9.3 + 1.8 mm/yr.; hence
the slip rate on Angkola is about 4 - 5 mm/yr.
However, further study is encouraged to measure
the slip rate on Angkola Fault directly.

Field observations strongly suggests that (at
least part of) Toru Fault segment is creeping.
In other word, it moves continuously on the
order of several millimetres per year. This is
the first actual evidence of fault creeping along
the Sumatran Fault Zone. Hence, it is necessary
to investigate further this aspect by conducting
detailed paleoseismological investigations in
order to evaluate how much of fault movement
is being accommodated by creeping, or whether
there are still significant amount of movement is
being accommodated by stick-slip mechanisms,
therefore still capable of generating large
earthquakes.
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