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Geomorphic indices have widely been applied to assess relative tectonic

activity. The relative tectonic activity is mainly associated with relative uplift

and long-term tectonic deformation. By considering this, the strike-slip basins

along the Northern Sumatran Fault become suitable locations for the

assessment. This study aims to evaluate the relative tectonic activity of the

Northern Sumatran Fault with the focus on its strike-slip basins using

geomorphic indices. This study utilized the Indonesian national digital

elevation model (DEMNAS) with spatial resolution at 8.25-m. Here are the

six geomorphic indices applied in this study along with the average values of the

results: mountain front sinuosity (1.14–1.94), valley width-to-height ratio

(0.58–1.93), stream length-gradient index (93.81–599.70), index of basin

shape (1.66–3.16), asymmetric factor (7.45–19.93), and hypsometric integral

(0.41–0.59). These results were used to generate the index of relative tectonic

activity. The Northern Sumatran Fault exhibits, generally, alternating moderate

and high tectonic activities and there is a northward decrease from very high to

moderate tectonic activity in its northern part. The variation of relative tectonic

activity of the fault coincides with the distribution of seismicity. This may

suggest that the long-term tectonic deformation of the Northern Sumatran

Fault has persisted to recent time.
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Introduction

The increased availability of digital elevation models (DEM) and Geographic

Information System (GIS) based interpretation software has supported the

applications of relative tectonic activity assessment using geomorphic indices, as

reflected by the growing number of studies on this topic approximately in the last

20 years worldwide (Koukouvelas et al., 2018). These two aspects enable the extraction

and analysis of landscape information in great detail. Relative tectonic activity assessment

from geomorphic indices represents relative uplift rates and long-term tectonic
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deformation (Bull, 2007; Frankel and Owen, 2013). This

assessment has been widely applied in varying tectonic

settings and scales: extensional regime (Ramírez-Herrera,

1998; Özkaymak and Sözbilir, 2012; Özkaymak, 2015; Tepe

and Sözbilir, 2017), compressional regime (Wells et al., 1988;

Selçuk, 2016; Mishra, 2019; Rimando and Schoenbohm, 2020),

and strike-slip regime (Gürbüz and Gürer, 2008; Sarp and

Düzgün, 2012; Sarp et al., 2013; Selim et al., 2013; Sarp, 2015;

Khalifa et al., 2018; Saber et al., 2018; Elias et al., 2019). Wide

applications of the relative tectonic activity assessment using

geomorphic indices have demonstrated the reliability of this

approach in addressing the distribution of tectonic activity in

an area.

The Sumatran Fault is a 1900-km long right-lateral fault and

is seismically-active. The Sumatran Fault traverses the Barisan

Mountains with lazy-Z geometry and is located in close

proximity with arc volcanoes (Figure 1A). Previous studies on

the geomorphic expressions and seismicity clustering divided the

Sumatran Fault into 16–19 segments (Bellier et al., 1997; Sieh and

Natawidjaja, 2000; Burton and Hall, 2014; Natawidjaja, 2018).

Since the Sumatran Fault is highly-segmented and most of the

segments are arranged in right-stepping manner, this fault is

related to more than a dozen of strike-slip basins along its length

(Muraoka et al., 2010; Sutrisno et al., 2019). The occurrences of

strike-slip basins along its length make the Sumatran Fault a

suitable tectonic feature for the assessment of relative tectonic

activity. Although, this study is focused on strike-slip basins, the

results from this study can be applied to other tectonic basins.

This study is focused on the assessment of relative tectonic

activity by using geomorphic indices in the Northern Sumatran

Fault (Figure 1B). In terms of earthquake history, the northern

part of the Northern Sumatran Fault is considered as seismic gap

of earthquake equal to or greater than 7.0 (Hurukawa et al.,

2014). Large earthquakes were related to the southern part of the

Northern Sumatran Fault and occurred in 1935 and 1936.

Moreover, four paleoseismic events were documented in the

northern section of this fault with recurrence interval of

130–210 years (Tsutsumi et al., 2020) and it shows absence of

FIGURE 1
Map of: (A) tectonic features of Sumatra showing the locations of Singkel Basin (a), Sunda Strait (b), and the epicentres of 2004 and
2005 megathrust earthquakes. The convergence rates and directions are referring to Delescluse and Chamote-Rooke (2007). (B) Regional map of
the Northern Sumatran Fault and the study locations. The analyzed basins are indicated in the blue rectangles. The main faults in this region are the
Aceh (a), Seulimeum (b), Tripa (c), and Batee (d) Faults. Focal mechanisms are fromGlobal Centroid Moment Tensor database (Dziewonski et al.,
1981; Ekström et al., 2012).
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large earthquake, at least, in about 130 years (Hurukawa et al.,

2014). On the other hand, the 2004 Mw 9.2 Sumatra-Andaman

and 2005Mw Nias Earthquakes (Figure 1A) increased the seismic

hazard of this fault due to the stress changes (Cattin et al., 2009).

With this earthquake history, there is a need to assess the relative

tectonic activity of the Northern Sumatran Fault in long-term

period through geomorphic indices.

The assessment of relative tectonic activity from geomorphic

indices is applicable to evaluate relative uplift rates, thus, strike-

slip basin is a suitable tectonic feature. Not only does the fault-

bounded area in a strike-slip basin undergoes subsidence, but

also the basin flanks experience uplift based on numerical models

(e.g., van Wijk et al., 2017; Nabavi et al., 2018). Moreover,

previous studies on the tectonic activity of the Northern

Sumatran Fault mainly focused on the strike-slip motion of

the fault (e.g., Ito et al., 2012; Muksin et al., 2018;

Simanjuntak et al., 2018; Tong et al., 2018; Muksin et al.,

2019). Hence, it is necessary to evaluate the tectonic activity

of the Northern Sumatran Fault based on vertical motion and to

under the possible relationship between different indices and

geomorphological features in the study area.

Nine strike-slip basins along the Northern Sumatran Fault

were evaluated in this study (Figure 1B). The purpose of this

study is to assess the relative tectonic activity of the Northern

Sumatran Fault with the focus on its strike-slip basins using

geomorphic indices. Mountain-front sinuosity (Smf), valley

width-to-height ratio (Vf), stream length-gradient index (SL),

index of basin shape (Bs), asymmetric factor (AF), and

hypsometric integral (HI) were applied in this study. Index of

relative tectonic activity (Iat) was generated by combining the

analyzed geomorphic indices and was employed to show the

relative uplift along the Northern Sumatran Fault.

Tectonic setting of the Sumatran
Fault

Sumatra is situated in oblique subduction setting which is

responsible in the generation of trench-parallel strike-slip fault and

arc volcanism. As a trench-parallel strike-slip fault, the Sumatran

Fault is interpreted to be driven by slip partitioning (McCaffrey

et al., 2000; McCaffrey, 2009; Cao and Neubauer, 2016; Bradley

et al., 2017). Based on the slip partitioning interpretations, most of

dip-slip motion is accommodated by the accretionary prism, while

the strike-slip motion is taken by the Sumatran Fault. In this case,

the fore-arc sliver block moves rigidly to the northwest while the

subducting plate undergoes diffuse internal deformation (Bradley

et al., 2017). This interpretation is based on the consistent geodetic

and geological slip-rates of about 14–15 mm/yr along the

Sumatran Fault and the northward decrease of plate

convergence rate (Bradley et al., 2017).

The onset of the Sumatran Fault should be examined by

considering the tectonic events in the Singkel Basin, Sunda Strait,

and the Barisan Mountains. The Batee Fault, a branch of the

Sumatran Fault (Figure 1B), continued to the offshore and was

interpreted to cause right-lateral offset of the Paleogene

continental margin in the Late Oligocene (Karig et al., 1980).

Moreover, the Singkel Basin is a N-S elongated basin bounded to

the west by the Batee Fault (Matson and Moore, 1992), while

pull-apart basins developed due to the Sumatran Fault in the

Sunda Strait (Susilohadi et al., 2009). Both the Singkel Basin and

the pull-apart basins in the Sunda Strait showed opening of the

basin in the Late Miocene (Matson and Moore, 1992; Susilohadi

et al., 2009). In the Pliocene, the depocenter of the Singkel Basin

migrated southwards and the graben system in the Sunda Strait

became increasingly well-developed (Matson and Moore, 1992;

Susilohadi et al., 2009). The Barisan Mountains reached its peak

uplift in the Late Pliocene and this event must have been related

to major activity of the Sumatran Fault (de Smet and Barber,

2005). Thus, Late Miocene and Late Pliocene could be important

periods for the development of the Sumatran Fault. For further

reading on this topic, schematic illustration on the evolution of

the Sumatran Fault since Late Oligocene is provided by Sutrisno

et al. (2021).

The Northern Sumatran Fault consists of four segments

based on geomorphic expression (Sieh and Natawidjaja, 2000;

Natawidjaja, 2018): the Aceh, Seulimeum, Tripa, and Batee

Faults. The Northern Sumatran Fault displays mainly right-

lateral strike-slip focal mechanisms along its length

(Figure 1B). Using local seismicity network, Muksin et al.

(2019) found that the Northern Sumatran Fault can be

detected to the depth of about 16 km and the most active

section of this fault approximately stretches from about 4.4oN

to 5.1oN. Fernández-Blanco et al. (2015) found that the

maximum principal stress is oriented in NNE-SSW from field

evidence in the northern section of this fault.

The Aceh and Seulimeum Faults are located in the northern

part of the study area and merge at about 5oN (Figure 1B). The

Aceh Fault forms the mountain-piedmont boundary in the

northern part of its section before continuing southward to

the mountainous area (Figure 1B). Sieh and Natawidjaja

(2000) reported right-lateral stream offset of about 20 km due

to the Aceh Fault in the mountainous area. Moreover, Ito et al.

(2012) and Tong et al. (2018) revealed that the Aceh Fault

displays creeping segment. The creeping segment extends

from about 4.2oN to 5.0oN (Tong et al., 2018). Ito et al.

(2012) yielded geodetic slip-rate of about 20 ± 6 mm/yr from

Global Positioning System (GPS), while Tong et al. (2018)

concluded maximum slip-rate of about 22 mm/yr based on

interferometric synthetic aperture radar (InSAR).

Furthermore, the Aceh Fault was related to the 2013 Mw

6.1 earthquake which took place near the Tangse and

Geumpang Basins (Ito et al., 2016). The earthquake showed

right-lateral movement in NW-SE direction and it caused

maximum horizontal co-seismic offset of 7.4 cm near the

Geumpang Basin (Ito et al., 2016).
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The Seulimeum Fault has dilatational stepover and part of its

section crosses Pliocene sedimentary unit and Quaternary

volcanic deposit (Bennett et al., 1981; Sieh and Natawidjaja,

2000). Previous studies found that Seulimeum Fault shows

higher recent tectonic activity than the Aceh Fault in their

northern section based on the geomorphic expression (Tabei

et al., 2015; Natawidjaja 2018; Tsutsumi et al., 2020). In terms of

earthquake history, the Seulimeum Fault has four surface-

rupturing events that occurred between 1,265–1365 AD and

1892 AD (Tsutsumi et al., 2020). This fault was also related to

an earthquake with magnitude of 6.7 in 1964 (Hurukawa et al.,

2014). Regarding the distribution of seismicity, greater numbers

of earthquake occur at the junction of the Aceh and Seulimeum

Faults (Muksin et al., 2018). The Seulimeum Fault coincides with

the occurrences of earthquake along its length until the Krueng

Raya Basin, while the northern section of the Aceh Fault displays

the absence of earthquake (Muksin et al., 2018).

Tripa and Batee Faults are major strike-slip faults in the

southern part of the study area and they diverge at about 4.5oN.

The Tripa Fault is characterized by restraining bend and graben

valley in the northwest and southeast, respectively (Sieh and

Natawidjaja, 2000). The activity of the Tripa Fault is shown by

the stream offset of about 21 km in the Kuala Tripa and

Meureubo Rivers (Sieh and Natawidjaja, 2000). The Tripa

Fault is related to the large earthquakes in 1935 and

1936 with magnitude of 7.0 and 7.2, respectively (Hurukawa

et al., 2014). Ito et al. (2012) reported geodetic slip-rate of 16 ±

6 mm/yr related to this fault. In addition, the Batee Fault shows

minor tectonic activity based on geomorphic expression (Sieh

and Natawidjaja, 2000) and negligible geodetic slip-rate (Ito et al.,

2012).

Materials and methods

This study focuses on the nine strike-slip basins along the

Northern Sumatran Fault (Figure 1B). The 8.25-m digital

elevation model (DEM) of DEMNAS, provided by the Geospatial

Information Agency, the Republic of Indonesia, was used in this

study. DEMNAS is considered as a suitable data source for

geomorphic study due to better resolution compared to other

data source (e.g., Koukouvelas et al., 2018). DEMNAS is the

result of combining trusted mass-point data with Interferometric

Synthetic Aperture Radar (IFSAR 5-m spatial resolution),

TerraSAR-X (5-m spatial resolution), and Advanced Land

Observing Satellite Phased Array Type L-band Synthetic

Aperture Radar (ALOS PALSAR; 11.25-m spatial resolution)

(Geospatial Information Agency, 2018). In addition, EGM2008 is

used as the vertical datum (Geospatial Information Agency, 2018).

The data were imported and analyzed within ArcGIS

10.8.1 software package. This study used the main segments of

the Sumatran Fault from Sieh and Natawidjaja (2000) and

Natawidjaja (2018) to outline the fault zone. To identify the

occurrences of strike-slip basins, the DEM was used to generate

shaded relief models and slope maps. The distinguishing feature of

a strike-slip basin is the basin-bounding fault which is represented

by mountain front. The mountain front can be delineated on the

shaded relief models and it is marked by the break in slope.

The drainage basins and streams were extracted using Spatial

Analyst and Conversion toolboxes in ArcGIS 10.8.1 giving

accurate basin geometry and stream length. The drainage

basins analyzed in this study are representative to the tectonic

activity of the basin-bounding fault. It is because the drainage

basins host the transverse streams that cross the mountain fronts

and the mountain fronts act as the pour points of the drainage

basins. The drainage basins with area equal to or greater than

0.25 km2 were analyzed in this study, adapted from Rimando and

Schoenbohm (2020). Threshold value on the area of drainage

basins is needed to prevent small basins that are unrelated to

fluvial activity (Rimando and Schoenbohm, 2020). Drainage

basins and streams that fulfilled this criterion were then selected.

In order to investigate the relative tectonic activity of the

strike-slip basins along the Northern Sumatran Fault, six

geomorphic indices were performed and the results were

grouped into classes. Measurement procedures of the

geomorphic indices in this study are presented in Figure 2. A

single index of relative tectonic activity (Iat) was then calculated

from the six indices in each of the basin-bounding fault.

Mountain front sinuosity

Mountain front sinuosity (Smf) is defined as the ratio between

the length of the mountain front (Lmf) and the length of the

structure (Ls) (Figure 2). The Smf is used to assess the interplay

between erosional processes tending to erode mountain front

making it more sinuous and active vertical tectonics leading to

a straight mountain front (Bull, 2007; El-Hamdouni et al., 2008).

Smf values approaching 1.0 suggest the most tectonically-active

mountain fronts. Smf values increase when the uplift of tectonic

activity is reduced and erosional process increases in mountain

front (El-Hamdouni et al., 2008). For the classification of Smf

values, this study assigns Smf Class 1 to range from 1.0 to 1.5

(highly-active structure), Smf Class 2 from 1.5 to 3.0 (moderately-

active structure), and Smf Class 3 for Smf values greater than 3.0

(inactive structure) based on Bull (2007).

Valley width-to-height ratio

The valley width-to-height ratio (Vf) is described as the ratio

between the width of the valley and the mean height of the divide

(Figure 2). This ratio involves the width of the valley (V),

elevation of the channel floor (Esc), and elevation of the

drainage divides (Eld and Erd; elevation of the drainage divides

to the left and right of the main stream, respectively). Vf is
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implemented to assess the balance between tectonic activity and

the downcutting of stream. Vf values less than 1.0 indicate

V-shaped valley and active faulting, while Vf values greater

than 1.0 are related to U-shaped valley and greater role of

erosion (Silva et al., 2003).

Measurements for Vf values in this study were conducted at a

distance of about 250–500 m from the mountain front, depending

on the drainage basin area. The measurements were applied in a

cross-section approximately perpendicular to the stream flow. The

measurements were implemented onmain streams in the drainage

basins. The classification of Vf values in this study is adapted from

El-Hamdouni et al. (2008) as following: Vf Class 1 (Vf<0.5; narrow
V-shaped valley), Vf Class 2 (0.5≤Vf<1.0; V-shaped valley), and Vf
Class 3 (Vf≥1.0; U-shaped valley).

Stream length-gradient index

This study implemented the stream length-gradient index of

Hack (1973). The stream length-gradient index (SL) incorporates

the gradient of a channel reach (ΔH/ΔL; ΔH: difference in

elevation; ΔL: length of the channel reach) and the distance

from the divide to the midpoint of the stream being evaluated (L)

(Figure 2). SL values along the streamline demonstrate the stream

power (Keller and Pinter, 2002). If the stream has reached its

equilibrium, the SL values become constant or gently change

(Burbank and Anderson, 2012). High SL values may be caused by

resistant underlying formation or tectonic effect (Keller and

Pinter, 2002; Burbank and Anderson, 2012).

In this study, SL values were determined along the transverse

streams until they reached the mountain fronts. To obtain the

gradient, this study used ΔL of 200 m. The SL values of the

transverse streams developing in each basin-bounding fault block

were averaged for the purpose of classification. SL values are

modified from Tarı and Tüyüz (2016) and grouped into three

classes including SL Class 1 (SL>400; high stream power), SL

Class 2 (100<SL≤400; moderate stream power), and SL Class 3

(SL≤100; low stream power). On the other hand, the SL values

were interpolated into maps using kriging method to show the

spatial variation of the stream power.

FIGURE 2
Measurement procedures of the geomorphic indices used in this study. Explanations on the abbreviations are provided in the text.
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Index of basin shape

The index of basin shape (Bs) is applied to describe the plan-

view geometry of the drainage basin. This index involves the

planimetric length (Bl) and width (Bw) of the drainage basins

(Figure 2). This index compares elongated drainage basins with

high Bs values with those more circular with lower Bs values

(Ramírez-Herrera, 1998). Elongated basin (high Bs values)

during high tectonic activity becomes to circular basin (low Bs

values) through constant topographic development during low

tectonic activity (Kumar et al., 2022).

In this study, Bl was measured from the river mouth to the

farthest point in the drainage basin, while Bw was determined at

the widest portion of the drainage basin. The Bs values classified

from previous studies are differently applied for several study

areas. For example, El-Hamdouni et al. (2008) divided Bs values

to three classes: Bs Class 1 (Bs≥4), Bs Class 2 (3≤Bs<4), and Bs

Class 3 (Bs<3), while Elias (2015) divided Bs values as Bs Class 1

(2.93<Bs<4.37), Bs Class 2 (1.8<Bs<2.47), and Bs Class 3

(1.24<Bs<1.70). In this study, Bs values are categorized in

three classes: Bs Class 1 (Bs≥3.0; highly-elongated drainage

basin), Bs Class 2 (1.5≤Bs<3.0; elongated drainage basin), and

Bs Class 3 (Bs<1.5; less elongated drainage basin).

Asymmetric factor

The asymmetric factor (AF) is used to evaluate tectonic effect

on the tilting of the drainage basins (Keller and Pinter, 2002; El-

Hamdouni et al., 2008). The AF value is generated by making the

ratio between the area of the drainage basin to the right of the

main stream (Ar; relative to the streamflow direction) and the

total area of the drainage basin (At) (Figure 2). AF values that

approach 0 indicate that the drainage basins are symmetric, while

greater AF values indicate asymmetric basins and tectonic tilting

has developed. The AF values are modified from Pérez-Peña et al.

(2010) and grouped into three classes including AF Class 1

(AF>15; highly-asymmetric drainage basin), AF Class 2

(5<AF≤15, asymmetric drainage basin), and AF Class 3

(AF≤5; symmetric drainage basin).

Hypsometric integral

The hypsometric integral (HI) describes the distribution of

elevation in a given basin and represents the area below

hypsometric curve or the volume of the basin that has been

uneroded (Strahler, 1952; Keller and Pinter, 2002). Parameters

used in the calculation of HI included maximum elevation

(hmax), minimum elevation (hmin), and average elevation

(hmean) of the drainage basin (Figure 2). El-Hamdouni et al.

(2008) used HI values to indicate erosional stage of the

watershed. Meanwhile, Sarp et al. (2013) demonstrated the

use of HI values to indicate the relative dominance between

tectonics and erosion. HI values are also related to tectonic uplift

rates as exemplified by Gao et al. (2013) and Khalifa et al. (2018).

In this study, HI values were grouped into three classes according

to El-Hamdouni et al. (2008): HI Class 1 (HI>0.5; youthful
morphology), HI Class 2 (0.4≤HI≤0.5; mature morphology),

and HI Class 3 (HI<0.4; old morphology). By considering the

uses of HI values from previous authors, youthful morphology

tends to relate to active tectonics, while mature morphology may

represent the balance between tectonics and erosion. Old

morphology may develop with the dominance of erosional

processes.

Index of relative tectonic activity

The values of geomorphic indices are commonly categorized

into classes to help the recognition of low, moderate, and high

tectonic activity (e.g., El-Hamdouni et al., 2008; Sarp et al., 2013;

Saber et al., 2018). El-Hamdouni et al. (2008) summarized the

geomorphic indices into the index of relative tectonic activity

(Iat). Iat is calculated by combining all the classes of the

geomorphic indices used in this study, and then the combing

value is divided by the number of the used geomorphic indices

for each basin-bounding fault (El-Hamdouni et al., 2008). Hence,

the basin-bounding faults in this study are classified based on Iat

values to define the degree of tectonic activity. In this study, Iat

classification is adapted from El-Hamdouni et al. (2008): Iat Class

1 (Iat<1.5; very high tectonic activity), Iat Class 2 (1.5≤Iat<2.0;
high tectonic activity), and Iat Class 3 (2.0≤Iat<2.5; moderate

tectonic activity). The spatial variation of the Iat values along the

Northern Sumatran Fault will be addressed in this study.

Results

The assessment of the relative tectonic activity of the

Northern Sumatran Fault is focused on the strike-slip basins

as indicated in Figure 1B. The geomorphic indices were evaluated

in the basin-bounding faults of the strike-slip basins. Summary

on the results of the geomorphic indices is provided in Figure 3.

Banda Aceh Basin

The Banda Aceh Basin is bounded to the west by the Aceh

Fault (Figures 1B, 4A). The Aceh Fault is expressed as two

segments in the north and south, namely the western basin-

bounding fault 1 and 2, respectively (Figure 4A). The western

basin-bounding fault 1 has Smf values ranging from 1.44 to

2.54 with average Smf value of 1.94 (Figure 3). The western basin-

bounding fault 2 shows Smf value of 1.23 (Figure 3). The Smf

values in the western basin-bounding fault 1 are dominated by
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Smf Class 2, while the western basin-bounding fault 2 only has

the Smf Class 1 (Figure 4B). The Vf values of the western basin-

bounding fault 1 range from 0.34 to 9.81 with average value of

1.74. The western basin-bounding fault 2 possesses Vf values

spanning from 0.53 to 1.83 and the average Vf value is 1.23. As

illustrated in Figures 4B,Vf Class 3 dominates both of the basin-

bounding faults and the proportion decreases towards Vf Class 1.

The western basin-bounding fault 2 shows the absence of Vf

Class 1.

The western basin-bounding fault 1 and 2 have average SL

values of 294.84 and 359.47, respectively (Figure 3). The SL Class

2 dominates both in the western basin-bounding fault 1 and 2

(Figure 4B). However, the western basin-bounding fault 1 has

similar proportion of SL Class 1 and 3 while the western basin-

bounding fault 2 has SL Class 1 far larger than the SL Class 3.

Regarding the spatial variation of the SL values, the western

basin-bounding fault 1 shows less developed downstream

increase in SL values compared to the western basin-bounding

fault 2 (Figure 4C).

The western basin-bounding fault 1 and 2 have 30 and

11 drainage basins, respectively. The average Bs values of the

western basin-bounding fault 1 and 2 are 2.09 and 2.48. The Bs

values of the western basin-bounding fault 1 range from 0.70 to

6.05, while the western basin-bounding fault 2 has Bs values from

0.71 to 3.75. As shown in Figure 4B, both basin-bounding faults

show the dominance of Bs Class 2. However, Bs Class 3 takes

greater proportion than Bs Class 1 in the western basin-bounding

fault 1 and the western basin-bounding fault 2 has the opposite

distribution. In terms of drainage basin asymmetry, the average

AF values of the western basin-bounding fault 1 and 2 are

13.66 and 11.45, respectively. The AF values range from

0.19 to 37.40 in the western basin-bounding fault 1, while the

western basin-bounding fault 2 has AF values from 0.03 to 21.54.

The western basin-bounding fault 1 and 2 display similar pattern

and the AF Class 2 dominate in both faults (Figure 4B).

Moreover, the average HI values of 0.41 and 0.42 are owned

by the western basin-bounding fault 1 and 2, respectively. The

western basin-bounding fault 1 shows HI values starting from

0.24 to 0.60. The HI values ranging from 0.31 to 0.48 can be

observed in the western basin-bounding fault 2. The HI values in

western basin-bounding fault 1 are dominated by HI Class 3 and

followed by the HI Class 1 and HI Class 2. For the western basin-

bounding fault 2, the HI Class 2 holds greater proportion

(Figure 4B) and the HI Class 3 takes smaller part, while the

HI Class 1 is absent.

Krueng Raya Basin

The Krueng Raya Basin is situated within the zone of the

Seulimeum Fault (Figures 1B, 5A). The geomorphic indices were

measured in the eastern and western basin-bounding faults. The

Smf values of the eastern basin-bounding faults are 1.12 and 1.15,

thus yielding average Smf value of 1.14. The western basin-

bounding fault possesses Smf values of 1.15 and 1.21 with average

Smf value of 1.18. Smf values in both of the basin-bounding faults

are classified as Smf Class 1 (Figure 5B). The Vf values in the

eastern basin-bounding fault range from 0.35 to 1.19 with

average of 0.70. The western basin-bounding fault has Vf

values from 0.32 to 1.67 and the average Vf value is 0.92.

FIGURE 3
Geomorphic indices of the strike-slip basins along the Northern Sumatran Fault: Smf, mountain front sinuosity; Vf, valley width-to-height ratio;
SL, stream length-gradient index; Bs, index of basin shape; AF, asymmetric factor; HI, hypsometric integral. The average values and classes of the
geomorphic indices measured from the eastern (triangle shapes) and western (circular shapes) basin-bounding faults. The Jagong Jeget Basin is
measured from the main basin-bounding fault (rectangle shapes). Numbers at the base of the chart correspond to the names of the strike-slip
basins and they follow the order in the result section.
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Both of the basin-bounding faults are dominated with Vf Class

2 as shown in Figure 5B. The eastern basin-bounding fault has

the Vf Class 1 as the second highest proportion, while the western

basin-bounding fault possesses the Vf Class 2 followed by Vf

Class 3 and 1 (Figure 5B).

The eastern and western basin-bounding faults of the Krueng

Raya Basin have similar average SL values of 141.28 and 146.09,

respectively. Both of the basin-bounding faults have similar

classification of SL values where the SL Class 2 takes the

largest proportion followed by the SL Class 3. The SL Class

1 constitutes small proportion in both of the basin-bounding

faults. The SL values in both basin-bounding faults, generally,

increase downstream (Figure 5C), demonstrating the evidence of

active deformation. In the western basin-bounding fault block,

higher SL values coincide with the inferred strike-slip fault

(Figure 5C).

The Krueng Raya Basin has 9 and 8 drainage basins in the

east and west, respectively. The drainage basins in the eastern

basin-bounding fault block show Bs values spanning from 1.05 to

2.89 with Bs average value of 1.90. The western basin-bounding

fault has Bs values from 1.19 to 3.52 and the average Bs value is

2.01. The eastern basin-bounding fault is dominated by Bs Class

2 and followed by Bs Class 3 with the absence of Bs Class 1

(Figure 5B). On the other hand, the western basin-bounding fault

has Bs Class 3 as the highest proportion and the Bs Class 1 and

2 with the same proportion. Furthermore, the average AF values

for the eastern and western basin-bounding faults are 8.88 and

11.45, respectively. The AF values in the eastern basin-bounding

FIGURE 4
The Banda Aceh Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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fault stretch from 0.52 to 27.22, while the western basin-

bounding fault has AF values from 0.98 to 26.02. Both of the

basin-bounding faults are dominated with AF Class 2, but the AF

Class 1 and 3 show opposite pattern in the two basin-bounding

faults (Figure 5B). Moreover, the average HI values of the eastern

and western basin-bounding faults, are 0.59 and 0.56,

respectively. The HI values in the eastern basin-bounding

fault range from 0.55 to 0.64. The western basin-bounding

fault has HI values ranging from 0.48 to 0.64. The two basin-

bounding faults are dominated by HI Class 1 as shown in

Figure 5B.

Lam Kubu Basin

The Lam Kubu Basin is formed by the Seulimeum Fault

(Figures 1B, 6A). The eastern basin-bounding faults of this basin

has Smf values from 1.13 to 1.41 and the average Smf value is

1.24. The Smf values of the western basin-bounding faults are

from 1.04 to 1.42 with the average Smf value of 1.20. All of the

Smf values in the eastern and western basin-bounding faults are

grouped into the Smf Class 1 (Figure 6B). The eastern basin-

bounding fault has the highest average Vf value in the study area

with 1.93. The Vf values range from 0.72 to 3.09 in the eastern

FIGURE 5
The Krueng Raya Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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basin-bounding fault. Meanwhile, the western basin-bounding

fault has Vf values from 0.44 to 2.21 with the average Vf value of

1.19. As shown in Figure 6B, the eastern and western basin-

bounding faults show that the proportion decreases from Vf

Class 3 to Vf Class 1.

The eastern basin-bounding fault possesses average SL

value of 119.61, while the western basin-bounding fault has

the lowest average SL value in the study area with 93.81

(Figure 3). The eastern basin-bounding fault has SL values

dominated by SL Class 3, while the western basin-bounding

fault has SL Class 2 with the highest proportion. As shown in

the Figure 6C, the SL values in both basin-bounding faults,

generally, increase downstream, becoming an indication of

active deformation.

The LamKubu Basin has 5 and 8 drainage basins in the east and

west, respectively. The eastern basin bounding fault has Bs values

from 1.55 to 3.00 with average Bs value of 1.97. The Bs values range

from 0.74 to 2.31 in the western basin-bounding fault with the

average Bs value of 1.66, the lowest in the study area (Figure 3). As

depicted in Figure 6B, the Bs Class 2 dominates in both of the basin-

bounding faults. Furthermore, the eastern basin-bounding fault has

AF values from 9.33 to 18.54 with AF average value of 12.27. The

highest average AF value of 19.93 can be found in the western basin-

bounding fault of this basin (Figure 3). The AF values span from

FIGURE 6
The Lam Kubu Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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1.69 to 31.25 in the western basin-bounding fault. For this index, the

eastern basin-bounding fault has AF Class 2 taking most of the

proportion, while the western basin-bounding fault is dominated by

AF Class 1. Regarding the geomorphic stage, the average HI values

of the eastern and western basin-bounding fault are 0.51 and 0.46,

respectively. The HI values are from 0.43 to 0.60 for the eastern

basin-bounding fault. For the western basin-bounding fault, the HI

values span from0.35 to 0.71. As shown in Figure 6B, the both basin-

bounding faults are dominated by HI Class 2.

Alue Calong Basin

The Alue Calong Basin is bounded by the Seulimeum Fault

and is located at higher elevation compared to the Krueng Raya

and Lam Kubu Basins (Figures 1B, 7A). The Smf values of the

eastern basin-bounding fault of this basin range from 1.05 to

1.30 with average Smf value of 1.14. The western basin-bounding

fault shows Smf values from 1.05 to 1.48 and the average Smf

value is 1.19. Smf values from the eastern and western basin-

bounding faults are categorized into Smf Class 1 (Figure 7B). The

average Vf value of the eastern bounding fault is 1.13 with the Vf

values ranging from 0.36 to 2.94. The average Vf value of the

western basin-bounding fault is 0.68 and the Vf values span from

0.21 to 1.69. As shown in Figure 7B, the proportion increases

from Vf Class 1 to Vf Class 3 in the eastern basin-bounding fault.

The western basin-bounding fault displays decreasing proportion

from Vf Class 1 to Vf Class 3 (Figure 7B).

The average SL values of the eastern and western basin-

bounding faults are 229.99 and 366.05, respectively. The SL Class

2 occupies most of the SL values of both basin-bounding faults.

The difference is that the SL Class 3 is the second highest in the

FIGURE 7
The Alue Calong Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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eastern basin-bounding fault, while the SL Class 1 is the second

highest in the western basin-bounding fault (Figure 7B). The SL

map on Figure 7C shows that the SL values in both basin-

bounding faults, generally, increase towards the mountain fronts.

The Alue Calong Basin has 14 and 16 drainage basins in the

east and west, respectively. The Bs values of the eastern basin-

bounding fault are from 1.45 to 3.68 with average Bs value of 2.51.

The western basin-bounding fault has average Bs value of

1.99 and the Bs values range from 0.99 to 3.68. The Bs values

in both basin-bounding faults are dominated by Bs Class 2

(Figure 7B). On the other hand, the average AF values of the

eastern and western basin-bounding faults are 8.18 and 14.19,

respectively. The AF values span from 0.86 to 18.95 in the eastern

basin-bounding fault and they range from 0.63 to 27.77 in the

western basin-bounding fault. The AF values in the eastern

basin-bounding fault are mostly classified as AF Class 2, while

the AF values of the western basin-bounding fault are mostly

categorized as AF Class 1 (Figure 7B). Moreover, the average HI

values of the eastern and western basin-bounding faults are

0.48 and 0.47, respectively. The range of HI values for the

eastern basin-bounding fault is from 0.34 to 0.65. The HI

values of the western basin-bounding fault are from 0.37 to

0.58. The HI values in the eastern basin-bounding fault show

decreasing proportion from HI Class 1 to HI Class 3. The HI

values in the western basin-bounding fault are mostly classified as

HI Class 2 and followed by HI Class 1 (Figure 7B).

Tangse Basin

The Tangse Basin is bounded to the east by the Seulimeum

Fault and to the west by the Aceh Fault (Figures 1B, 8A). The

eastern basin-bounding fault has Smf values of 1.21 and 1.28 with

average Smf value of 1.24, while the western basin-bounding fault

FIGURE 8
The Tangse Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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shows Smf value of 1.42. Smf Class 1 dominates in this strike-slip

basin (Figure 8B). The Vf values of the eastern basin-bounding

fault range from 0.27 to 1.17 with average Vf value of 0.63. The

western basin-bounding fault has average Vf value of 0.99 with

the Vf values spanning from 0.29 to 2.21. As illustrated in

Figure 8B, the Vf values of the eastern basin-bounding fault

are dominated by Vf Class 2 and Vf Class 1. The western basin-

bounding fault is dominated by Vf Class 3 and is followed by Vf

Class 1 (Figure 8B).

The average SL values of the eastern and western basin-

bounding faults differ significantly with 189.30 and 389.28,

respectively. The SL values in both basin-bounding faults are

mostly classified as SL Class 2. However, the SL Class 1 holds the

second highest proportion in the western basin-bounding fault

and the SL Class 3 becomes the second highest proportion in the

eastern basin-bounding fault (Figure 8B). The SL map on

Figure 8C shows that there is general downstream increase in

SL values in both of the basin-bounding faults.

The eastern and western basin-bounding faults of the Tangse

Basin have 13 and 8 drainage basins, respectively. The average Bs

value of the eastern basin-bounding fault is 2.56 with the Bs

values ranging from 1.48 to 3.93. The western basin-bounding

fault has the highest average Bs values in the study area with

3.16 and the Bs values span from 1.87 to 5.43. The eastern basin-

bounding fault is dominated by Bs Class 2, while the western

basin-bounding fault has Bs Class 1 and 2 with the same

proportion (Figure 8B). On the other hand, the average AF

values of the eastern and western basin-bounding faults are

10.60 and 16.30, respectively. The AF values in the eastern

basin-bounding fault range from 0.96 to 19.60, while the AF

values in the western basin-bounding fault span from 0.59 to

23.97. The AF values of the eastern basin-bounding fault are

mostly classified as AF Class 2 and the western basin-bounding

fault is dominated by AF Class 1 (Figure 8B). Furthermore, the

eastern and western basin-bounding faults have average HI

values of 0.50 and 0.52, respectively. The HI values in the

eastern basin-bounding fault range from 0.35 to 0.58, while

the western basin-bounding fault has HI values from 0.36 to

0.66. Both eastern and western basin bounding-faults are

dominated by HI Class 1 (Figure 8B).

Geumpang Basin

The Geumpang Basin is bounded to the west by the Aceh

Fault and to the east by a subsidiary fault (Figures 1B, 9A). The

eastern basin-bounding fault has Smf value of 1.17, while the

western basin-bounding fault possesses Smf values ranging from

1.10 to 1.44 with average Smf value of 1.24. The eastern and

western basin-bounding faults show the dominance of Smf Class

1 (Figure 9B). The Vf values of the eastern basin-bounding fault

span from 0.03 to 3.38 with average Vf value of 0.88. The western

basin-bounding fault has average Vf value of 0.95 with the Vf

values ranging from 0.27 to 3.73. The eastern basin-bounding

fault displays the same proportion of Vf Class 1 and 3, while the

western basin-bounding fault is dominated by Vf Class 2

(Figure 9B).

The eastern and western basin-bounding faults have average

SL values of 281.13 and 242.91, respectively. The SL Class 2 and

3 are equally dominate in the eastern basin-bounding fault, while

the SL Class 2 is dominated in the western basin-bounding fault

(Figure 9B). Regarding the spatial variation of SL values, both

eastern and western basin-bounding faults display general trend

of increasing SL values towards downstream (Figure 9C).

The Geumpang Basin has 10 and 19 drainage basins in the

east and west, respectively. The eastern basin-bounding fault has

average Bs value of 2.45, while the western basin-bounding fault

has average Bs value of 2.08. The Bs values range from 1.60 to

3.98 in the eastern basin-bounding fault. The western basin-

bounding fault has Bs values from 1.11 to 4.17. The Bs Class

2 takes the largest proportion in both eastern and western basin-

bounding faults (Figure 9B). Moreover, the eastern basin-

bounding fault displays AF values from 0.07 to 18.02 with

average AF value of 7.45. The AF values in the western basin-

bounding fault range from 1.46 to 25.81 with average AF value of

13.39. The eastern basin-bounding fault is dominated by the AF

Class 2 and 3, while the AF Class 1 dominates the western basin-

bounding fault (Figure 9B). Regarding the degree of landform

dissection, the eastern and western basin-bounding faults have

average HI values of 0.56 and 0.53, respectively. The eastern

basin-bounding fault has HI values from 0.43 to 0.74. The HI

values of the western basin-bounding fault range from 0.42 to

0.63. Both eastern and western basin-bounding faults have

similar classification of HI values as illustrated in Figure 9B.

Jagong Jeget Basin

The Jagong Jeget Basin is formed at the foot of push-up ridge

due to the bend of the Tripa Fault (Figures 1B, 10A). The Smf value

of the basin-bounding fault is 1.72 and is categorized as Smf Class 2

(Figure 10B). The basin-bounding fault has Vf values spanning

from 0.34 to 4.21 with average Vf value of 1.41. The Vf values are

mostly categorized as Vf Class 2. The Vf Class 3 takes the largest

proportion and it is followed by Vf Class 1 (Figure 10B).

The basin-bounding fault of the Jagong Jeget Basin shows

average SL values of 351.87. The SL Class 2 takes majority of the

proportion and is followed by the SL Class 1 (Figure 10B). As

expressed on the SL map (Figure 10C), the SL values increase

towards downstream.

The Jagong Jeget Basin has 16 drainage basins. The Bs values

of the basin-bounding fault are observed from 1.42 to 5.0 with

average Bs value of 2.64. The Bs values of this basin-bounding

fault are dominated by the Bs Class 1 and 2 (Figure 10B). On the

other hand, the AF values range from 0.65 to 20.06 with average

AF value of 10.65. The AF values of this basin-bounding fault
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show decreasing proportion from AF Class 1 to AF Class 3. The

average HI value of the basin-bounding fault is 0.54 with the HI

values from 0.31 to 0.68. The HI values of this basin-bounding

fault are dominantly categorized as HI Class 1 (Figure 10B).

Blangkejeren Basin

The Blangkejeren Basin is bounded to the east and west by the

Tripa Fault (Figures 1B, 11A). The eastern and western basin-

bounding faults have average Smf values of 1.14 and 1.34,

respectively. The eastern basin-bounding fault has Smf values

ranging from 1.06 to 1.27, while the western basin-bounding fault

has Smf values from 1.28 to 1.39. With these Smf values, the eastern

and western basin-bounding faults show dominance of the Smf Class

1 (Figure 11B). The eastern basin-bounding fault has Vf values from

0.08 to 1.68 with average Vf value of 0.58. The Vf values of the

western basin-bounding fault range from 0.30 to 2.95 with averageVf

value of 0.91. As illustrated in Figure 11B, the eastern basin-bounding

fault shows decreasing proportion fromVf Class 1 to Vf Class 3. The

western basin-bounding fault displays that the Vf Class 1 takes the

largest proportion, followed by Vf Class 3 and 2 (Figure 11B).

The eastern basin-bounding fault has average SL value of

437.09 and the western basin-bounding fault has the highest

average SL value in the study area with 599.70 (Figure 3). The SL

values in the eastern basin-bounding fault are grouped mainly

into SL Class 1 and 2. Meanwhile, the SL Class 1 takes the largest

proportion in the western basin-bounding fault. The SL values in

the eastern and western basin-bounding faults show an

increasing pattern to downstream direction (Figure 11C).

The eastern and western basin-bounding faults of the

Blangkejeren Basin have 24 and 13 drainage basins,

respectively. The Bs values in the eastern basin-bounding fault

range from 0.94 to 3.81 with average Bs value of 2.09. The western

FIGURE 9
The Geumpang Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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basin-bounding fault has Bs values from 1.50 to 3.15 with average

Bs value of 2.22. The AF values in the eastern basin-bounding

fault span from 0.15 to 30.16, while the western basin-bounding

fault has the AF values from 2.73 to 23.46. The average AF values

of the eastern and western basin-bounding faults are 10.08 and

11.47, respectively. The Bs and AF values of the eastern and

western basin-bounding faults have a similar classification

pattern (Figure 11B). Moreover, the HI values in the eastern

basin-bounding fault are from 0.35 to 0.61 with average HI value

of 0.47. The western basin-bounding fault possesses HI values

from 0.36 to 0.59 with average HI value of 0.45. The HI values in

the eastern basin-bounding fault are dominated by HI Class

2 which is followed by HI Class 1 (Figure 11B). The western

basin-bounding fault shows a similar proportion of the HI Class

1 and 2, while the HI Class 3 has a slightly higher proportion

(Figure 11B).

Kutacane Basin

The Tripa Fault bounds the Kutacane Basin in the east and

west (Figures 1B, 12A). The eastern basin-bounding fault of this

basin displays Smf values from 1.06 to 1.78, while the western

basin-bounding fault has Smf values from 1.33 to 1.95. The

average Smf values of the eastern and western basin-bounding

faults are 1.40 and 1.61, respectively. The eastern basin-bounding

fault shows greater proportion of Smf Class 1 than Smf Class 2,

while the western basin-bounding fault displays the opposite

pattern (Figure 12B). The Vf values of the eastern basin-

bounding fault range from 0.07 to 3.47, while the western

basin-bounding fault has Vf values from 0.12 to 6.96. The

average Vf values of the eastern and western basin-bounding

faults are 0.71 and 1.15, respectively. The eastern western basin-

bounding fault shows decreasing proportion from Vf Class 1 to

Vf Class 3, while the western basin-bounding fault exhibits

similar proportion for Vf Class 1 and 3 (Figure 12B).

The average SL values of the eastern and western basin-

bounding faults are 535.80 and 492.47, respectively. The eastern

basin-bounding fault is dominated by the SL Class 1, while the

western basin-bounding fault has the SL Class 2 holding the

largest proportion (Figure 12B). In terms of spatial variation, the

SL values in both basin-bounding faults increase downstream,

but the pattern is less developed in the western basin-bounding

fault (Figure 12C).

The eastern basin-bounding fault of the Kutacane Basin has

50 drainage basins, while the western basin-bounding fault has

33 drainage basins. The average Bs values of the eastern and

western basin-bounding faults are 2.46 and 2.24, respectively.

FIGURE 10
The Jagong Jeget Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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The Bs values span from 0.99 to 5.26 in the eastern basin-

bounding fault. Meanwhile, the western basin-bounding fault

has Bs values from 0.69 to 6.64. Both of the basin-bounding faults

have the Bs Class 2 holding the highest proportion (Figure 12B).

The AF values of the eastern basin-bounding fault range from

0.38 to 29.62 with AF average value of 10.90. The western basin-

bounding fault shows AF values from 0.16 to 39.31 with average

AF value of 12.85. The AF Class 1 and 2 take a large proportion in

both eastern and western basin-bounding faults (Figure 12B).

The eastern and western basin-bounding faults have average HI

values of 0.46 and 0.43, respectively. The HI values span from

0.34 to 0.64 in the eastern basin-bounding fault and from 0.24 to

0.60 in the western basin-bounding fault. The HI Class

2 dominates in both basin-bounding faults. However, the HI

Class 1 has greater proportion than the HI Class 3 in the eastern

basin-bounding fault, while the western basin-bounding fault has

an opposite pattern (Figure 12B).

Index of relative tectonic activity

The index of relative tectonic activity (Iat) was applied to

summarize the results from different geomorphic indices and to

illustrate the spatial variation of the relative tectonic activity of

the strike-slip basins along the Northern Sumatran Fault. Lower

Iat values correspond to higher tectonic activity. The results of

the Iat values will be explained according to the main segments

governing the strike-slip basins (Figure 13).

FIGURE 11
The Blangkejeren Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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The Aceh Fault takes the role in the formation of the Banda

Aceh, Tangse, and the Geumpang Basins. The western basin-

bounding fault 1 of the Banda Aceh Basin has the lowest tectonic

activity with Iat value of 2.17, while the western basin-bounding fault

2 shows Iat value of 2.00 (Figure 13). The Aceh Fault in the Tangse

Basin shows the highest tectonic activity in the area with Iat value of

1.33 (Figure 13). The Geumpang Basin displays Iat values of 1.67 for

its eastern and western basin-bounding faults (Figure 13).

The Seulimeum Fault is responsible in the formation of the

Krueng Raya, Lam Kubu, Alue Calong, and Tangse Basins. The

Krueng Raya Basin has Iat values of 1.67 for its eastern and

western basin-bounding faults. The Lam Kubu Basin shows Iat

values of 1.83 and 2.00 for its eastern and western basin-

bounding faults, respectively. The eastern and western basin-

bounding faults of the Alue Calong Basin possess Iat values of

2.00 and 1.83, respectively. The Iat value of the Seulimeum Fault

in the Tangse Basin is 1.83 (Figure 13).

The Tripa Fault creates the basin-bounding faults for the

Jagong Jeget, Blangkejeren, and Kutacane Basins. The basin-

bounding faults of the Blangkejeren Basin and the eastern basin-

bounding fault of the Kutacane Basin possess Iat value of 1.67

(Figure 13). Meanwhile, the basin-bounding fault of the Jagong

Jeget Basin and the western basin-bounding fault of the Kutacane

Basin have Iat values of 2.00 (Figure 13).

FIGURE 12
The Kutacane Basin: (A) the mountain fronts, faults, and drainage basins, (B) classification of geomorphic indices, and (C) stream length-
gradient map.
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Discussions

Geomorphic indices and relative tectonic
activity of the Northern Sumatran Fault

The Smf and Vf were applied to assess the tectonic activity

operating at the mountain front and the nearby main valley. The

Smf captures the sum of on-going uplift and the erosional

processes, while the Vf is related to the response of streams

(Bull, 2007). In this study area, the mountain-fronts of the strike-

slip basins are mostly classified as highly-active structures (Smf

Class 1; Figure 3). The western basin-bounding fault 1 of the

Banda Aceh Basin, the basin-bounding fault of the Jagong Jeget

Basin, and the western basin-bounding fault of the Kutacane

Basin were observed to be moderately-active structures

(Figure 3). Regarding the response of streams to uplift, the

average Vf values suggest that the Northern Sumatran Fault

displays the combination of V-shaped and U-shaped valleys

(Figure 3). The Smf and Vf values of the Northern Sumatran

Fault suggest that active tectonic deformation operates in the

area. This interpretation is consistent with the previous studies

finding that the Northern Sumatran Fault is tectonically-active

(Bellier et al., 1997; Sieh and Natawidjaja, 2000; Natawidjaja,

2018; Hady and Marliyani, 2020; Tsutsumi et al., 2020).

The SL was implemented to evaluate the stream power of the

transverse streams in the basin-bounding fault blocks. As noted

earlier, increasing stream power may be attributed to tectonic

effects or the stream crosses resistant underlying rock formation

(Keller and Pinter, 2002; Burbank and Anderson, 2012; Mishra,

2019). The Northern Sumatran Fault exhibits a consistent

pattern which the stream power generally increases towards

the mountain front (Figure 4C to 12C). Only the western

basin-bounding fault 1 of the Banda Aceh Basin and the

western basin-bounding fault of the Kutacane Basin where

such pattern is less developed. The Northern Sumatran Fault

also shows southward increase of stream power (Figure 3). This

pattern appears to be correlated to the generally increasing relief

of the elevation (Figure 1B). In the case of the Northern Sumatran

Fault, the SL values are representative to tectonic activity since

the values are generally increasing towards mountain fronts and

changes in SL values are often accompanied by faults (Figure 4C

to 12C).

The geometric development of the drainage basins is the

topic addressed by the application of Bs and AF. The Bs

represents the effects of tectonics to the planimetric drainage

basin shape, while the AF helps to assess the tilting of the

drainage basins (Ramírez-Herrera, 1998; Keller and Pinter,

2002; El-Hamdouni et al., 2008). In this study area, the Bs

values generally represent the elongated and highly-elongated

drainage basins (Figures 3, 4B–12B). The AF values also point to

the same direction that the asymmetric and highly-asymmetric

drainage basins take large proportion in the strike-slip basins of

the Northern Sumatran Fault (Figures 3, 4B–12B). The active

tectonic deformation of the Northern Sumatran Fault obviously

governs the development of the drainage basins based on these

geomorphic indices.

The HI was intended to provide evidence on the geomorphic

stage of the drainage basins in this study area. It is found that the

drainage basins in this study are predominantly categorized as

youthful and mature morphologies (Figures 3,4B,12B). Youthful

morphology may have been maintained by continuing uplift,

while the mature morphologies may relate to tectonic uplift

accompanied by increasing degree of erosion. As

demonstrated by previous authors (Gao et al., 2013; Sarp

et al., 2013; Khalifa et al., 2018) that HI values are indicative

to relative dominance between tectonics and erosion, these

evidences further explain the active tectonic deformation of

the Northern Sumatran Fault.

The Northern Sumatran Fault, generally, demonstrates

alternating occurrences of high and moderate tectonic

FIGURE 13
The index of relative tectonic activity of the strike-slip basins along the Northern Sumatran Fault. The triangle, circular, and rectangle shapes are
the eastern, western, and main basin-bounding faults, respectively.

Frontiers in Earth Science frontiersin.org18

Putra and Chenrai 10.3389/feart.2022.969170

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.969170


activities and it shows a northward decrease from very high to

moderate tectonic activity in its northern section (Figures

13,14A,14B). The distribution of seismicity along the

Northern Sumatran Fault also shows variation (Muksin et al.,

2018; Natawidjaja, 2018; Muksin et al., 2019). Moreover,

variation in the relative tectonic activity along a strike-slip

fault is also exemplified by the western section of the North

Anatolian Fault (Sarp et al., 2013), East Anatolian Fault (Khalifa

et al., 2018), North Bozgush Fault (Saber et al., 2018), and the

Ovacık Fault (Yazıcı et al., 2018).

This study utilizes DEMNAS due to its high spatial

resolution and accuracy for the assessment of relative

tectonic activity using geomorphic indices. DEMNAS, with

its 8.25-m spatial resolution, contributes significantly in this

study. The high resolution DEM can reveal more details of

stream networks and watersheds compared to coarser

resolution DEM. Since the stream networks and watersheds

reflect geomorphologic indices, the difference between high and

coarser resolution DEMs can affect geomorphic indices. For

example, small channels can be extracted from high resolution

DEM and affect several geomorphic indices such as Smf, Bs and

Af. Moreover, terrain slope is underestimated from coarser

resolution DEM due to the threshold characteristic of the DEM

resolution. This problem becomes worse when DEM gets

coarser resolution or smooth surface. Hence, high resolution

of DEM is essential to the assessment of relative tectonic activity

with geomorphic indices (e.g., Bull, 2007; Keller and Rockwell,

2022). However, the wider availability and lesser computation

demand of coarser resolution DEM, compared with high

resolution DEM are preferred for relative tectonic activity

study in all regions. The recommended resolution for

geomorphic index study is less than 30-m resolution DEM.

Short-term and long-term tectonic
deformation of the Northern Sumatran
Fault

There is a need to discuss the short-term and long-term

tectonic deformation of the Northern Sumatran Fault. Frankel

and Owen (2013) suggested that the comparison of short-term

and long-term tectonic deformation will provide idea on the

spatial and temporal changes related to the structural

development. In this discussion, the short-term tectonic

deformation refers to the previous studies on the distribution

of seismicity and GPS velocities. The relative tectonic activity

derived from geomorphic indices represent long-term tectonic

deformation.

The relative tectonic activity of the Aceh Fault ranges from

moderate to very high tectonic activities, while the Seulimeum

Fault shows moderate and high tectonic activities (Figure 14A).

In terms of seismicity distribution, greater occurrences of

earthquakes were observed towards the junction of the Aceh

and Seulimeum Faults (Muksin et al., 2018; Natawidjaja, 2018).

Such greater occurrences of earthquakes coincide with very high

tectonic activity of the Aceh Fault and high tectonic activity of the

Seulimeum Fault (Figure 14A). Furthermore, Muksin et al.

(2018) showed that the Seulimeum Fault is related to the

occurrences of earthquakes along its strike. The case is

different with the western basin-bounding faults of the Banda

FIGURE 14
Index of relative tectonic activity in: (A) the northern part of the Northern Sumatran Fault; (B) the southern part of the Northern Sumatran Fault.
Fault segments are modified after Sieh and Natawidjaja (2000) and Natawidjaja (2018).
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Aceh Basin that have moderate tectonic activity (Figure 14A) and

lack of earthquake (Muksin et al., 2018). This study agrees with

previous studies considering that the Seulimeum Fault may

accommodate greater tectonic activity than the Aceh Fault in

the northern section and some of the right-lateral movement may

be shifted northward (Tabei et al., 2015; Natawidjaja, 2018;

Tsutsumi et al., 2020). It is because the western basin-

bounding faults of the Banda Aceh Basin may develop earlier

than the Seulimeum Fault due to their higher topographic relief

(Figures 1B,4A,5A). If the Aceh Fault is followed north-

westwards to the offshore, Ghosal et al. (2012) revealed that

the fault is active based on the formation of push-up ridge

involving recent sediments.

The Tripa Fault displays moderate and high tectonic

activities in the strike-slip basins (Figure 14B). Moderate

tectonic activity is observed in the basin-bounding fault of the

Jagong Jeget Basin and in the western basin-bounding fault of the

Kutacane Basin. The basin-bounding faults of the Blangkejeren

Basin and the eastern basin-bounding fault of the Kutacane Basin

show high tectonic activity (Figure 14B). This study agrees with

Natawidjaja (2018) that the faults bounding the three basins are

active. However, Natawidjaja (2018) did not consider that the

western basin-bounding fault of the Kutacane Basin to be active

and this study finds such fault showing moderate tectonic

activity. Furthermore, the relative tectonic activity assessment

in the Kutacane Basin is supported by Simanjuntak et al. (2018).

It was found that the lineaments of the basin-bounding faults

coincided with the distribution of seismicity (Simanjuntak et al.,

2018). The eastern-basin bounding fault of the Kutacane Basin

was also related to an earthquake with magnitude of 6.2 in 1996

(Hurukawa et al., 2014). There was also an earthquake to the

northwest of the Jagong Jeget Basin withmagnitude of 6.0 in 1997

(Hurukawa et al., 2014). Moreover, since the Tripa Fault is

related to large earthquakes based on Hurukawa et al. (2014),

it can be inferred that, in this study area, the fault segments with

moderate or high tectonic activities from geomorphic indices

may be capable of producing large earthquakes.

Furthermore, in the northern part of the Northern Sumatran

Fault, basin-bounding faults with high and very high tectonic

activities (Figure 14A) coincide with geodetic slip-rate of 20 ±

6 mm/yr from Ito et al. (2012). On the other hand, another

evaluation conducted in the central part of the Northern

Sumatran Fault, which was near by the Jagong Jeget Basin of

moderate tectonic activity, yielded geodetic slip-rate of 16 ±

6 mm/yr (Ito et al., 2012). The increase in relative uplift rates in

the Northern Sumatran Fault is followed by the increase in

geodetic slip-rates. Another case coming from the

Precordillera and Sierras Pampeanas of Central Andes

demonstrates similar pattern. Rimando and Schoenbohm

(2020) discovered that uniform average values of geomorphic

indices in the Precordillera match with the GPS gradients in the

area. It was also observed that the westward increase in tectonic

activity from geomorphic indices in Sierras Pampeanas was

followed by the increase in GPS slip-rates (Rimando and

Schoenbohm, 2020). The cases in the Northern Sumatran

Fault and the Precordillera and Sierras Pampeanas of Central

Andes exemplify that long-term tectonic deformation rate has

persisted and represented by the short-term observation.

Comparison of the relative tectonic activity derived from

geomorphic indices with the distribution of seismicity and GPS

velocities brings three insights on the Northern Sumatran Fault.

First, fault sections with very high and high tectonic activities are

related to higher occurrences of earthquakes. Second, although the

fault section is associated with less occurrences or absence of

earthquakes, the fault may show moderate until high tectonic

activity from geomorphic point of view. Third, the Northern

Sumatran Fault demonstrates the case that the relative tectonic

activity derived from geomorphic indices generally point to the

same direction as the distribution of seismicity and GPS velocities.

Conclusion

This study demonstrates the application of geomorphic indices to

study relative tectonic activity of basin-bounding faults in the

Northern Sumatran Fault. This study implemented six geomorphic

indices: mountain front sinuosity (Smf), valley width-to-height ratio

(Vf), stream length-gradient (SL), index of basin shape (Bs),

asymmetric factor (AF), and hypsometric integral (HI). The results

of geomorphic indices show active tectonic deformation in the strike-

slip basins of the Northern Sumatran Fault. The index of relative

tectonic activity (Iat) was produced based on the results of the

geomorphic indices. The Northern Sumatran Fault, generally,

displays alternating moderate and high tectonic activities,

accompanied by a northward decrease in its northern part from

very high to moderate tectonic activity. The spatial variation of the

tectonic activity from geomorphic indices in the Northern Sumatran

Fault also coincides with the distribution of seismicity and GPS

velocities. This is the first attempt to apply geomorphic indices for

relative tectonic assessment in the Northern Sumatran Fault and the

same approach could be implemented to study other strike-slip basins.
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