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ABSTRACT

We present a morphotectonic study of the offshore northern Sumatra fore-arc high and fore-arc basin and an
evolutionary model of the area based on high-resolution marine geophysical datasets. We show that the land-
ward slope of the fore-arc high and the western edge of the Aceh fore-arc basin host a set of deeply-rooted,
seaward-dipping backthrusts: main backthrust (MBT) and frontal backthrust (FBT), which we call north Suma-
tra backthrust system (NSBS). The FBT is imaged reaching the seafloor throughout the study area, whereas the
MBT is imaged as a blind fault. Many landward-dipping imbricated thrusts (fore-arc high thrusts-FHT) are also
observed below the fore-arc high, which along with the system of backthrusts have been responsible for uplifting
the fore-arc high, shortening the Aceh Basin. On the landward slope of the fore-arc high, a strike-slip fault zone is
imaged (termed West Andaman Fault - WAF - in accordance with previous studies), is readily interpreted as the
product of the slip-partitioning at this oblique convergent margin, with a fraction of the arc-parallel slip local-
izing at the boundary between fore-arc high and fore-arc basin. Our results allow us to establish the evolutionary
history of the thrust faults, strike-slip fault zone and the fore-arc basin. We suggest that the major structural
features including backthrusts (MBT, FBT), fore-thrusts (FHTs) and the fore-arc high were developed during the
Miocene, and that the growth of the fore-arc high accelerated in the Pliocene onwards owing to a sudden increase

in sediment volume provided by the Nicobar fan.

1. Introduction

Most convergent margins have a conspicuous history of tectonic
erosion and/or accretion (Moore and Silver, 1987) in which the growth
of the fore-arc, i.e., the domain extending between the deformation front
and the magmatic arc (Dickinson and Rich, 1972; Dickinson, 1995), is
directly linked with accretionary wedge mechanics. Many numerical
(Willett et al., 1993; Mannu et al., 2017) and experimental (Byrne et al.,
1993; Larroque et al., 1995) studies have been carried out and marine
geophysical field datasets have been acquired to understand the evolu-
tion fore-arc basins, for instance the San Blas Basin (Silver & Reed,
1988), Tobago Trough (Torrini et al., 1985; Westbrook et al., 1988;
Torrini & Speed, 1989), Hikurangi fore-arc Basin (Lewis and Petinga,
1993), central Aleutian fore-arc Basin (Ryan and Scholl, 1989), Man-
glares Basin (Marcaillou & Collot, 2008), Kumano fore-arc basin (Martin
et al., 2010) and eastern Sunda fore-arc Basin (Liischen et al., 2011).
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In this study, we focus on the Sumatra subduction system, which is
the site of oblique convergence of the Indo-Australian plate beneath the
Eurasian continental lithosphere at a varying rate ranging from 63 to 43
mm/yr (Gahalaut et al, 2006) from south Sumatra to
Andaman-Nicobar, respectively (Fig. 1a). The obliquity increases to-
wards northern Sumatra causing slip partitioning between arc-parallel
direction, resulting in the development of the strike-slip Great Suma-
tra Fault (GSF) on mainland Sumatra, and arc-normal direction
responsible for slip on the megathrust. Aside from the GSF, two other
faults have been suggested to accommodate a fraction of the arc-parallel
motion in the western Sumatra fore-arc: the West Andaman Fault (WAF)
and the Mentawai Fault (MF). The nature of the WAF, which borders the
southwestern margin of the Aceh fore-arc basin, has been highly debated
as different types of faulting are observed in the area. This fault has been
commonly interpreted as a right-lateral strike-slip fault system based on
bathymetry data and the presence of positive flower structures on
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Fig. 1. (a) Tectonic map of Sumatra-Andaman subduction system. Major earthquakes are shown by red stars. Location of the hole U1481 from the expedition IODP
362 is marked by a red solid circle. EMF: Eastern Margin Fault, DF: Diligent Fault, ANF: Andaman-Nicobar Fault, WAF: West Andaman Fault, SaF: Sagaing Fault, GSF:
Great Sumatra Fault, ASSC: Andaman Sea Spreading Center. Yellow rectangle marks the region shown in Fig. 1b. (b) Blow up of the study area. Bathymetry data were
compiled from the French surveys (Singh et al., 2008) with GEBCO data set in the background. Seismic lines (WG2 and TGS) are marked by black lines. Seismic
images shown in Fig. 4 and Figs. 5-8 are marked with blue boxes and red lines, respectively, and. Red dotted box indicates the region enclosed in Fig. 9.

shallow seismic data (Martin et al., 2014), possibly accommodating
arc-parallel slip (Curray, 2005; Mosher et al., 2008; Berglar et al., 2010).
Using deep seismic reflection and multibeam bathymetry datasets,
Chauhan (2010) showed instead that the main tectonic structures

consist of a set of backthrusts, originating at the subduction interface
(Singh et al., 2012) at ~ 20 km depth, separating the accretionary wedge
fore-arc sediments in the southwest from the continental block in the
northeast, and emerging at the southwest boundary of the Aceh fore-arc
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Fig. 2. Time migrated seismic image of C107 (TGS); (a) uninterpreted and (b) interpreted. FHT: Fore-arc high thrust; MBT: Main backthrust, FBT: Frontal backthrust.
Different sedimentary units (U1, U2, U3) are marked in green; basal unconformity (purple), ES2 (blue), faults (black).
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Fig. 3. (a-d) Travel time tomography inversion results; (a) Starting model (b) Best-fit model (c) Difference between starting and best-fit model (d) Vertical velocity
gradient (e) Uninterpreted prestack depth migrated section (f) Superimposition of interpreted prestack depth migrated section and best-fit model. MBT: Main
backthrust, FBT: Frontal backthrust, FHT: fore-arc high thrust. U3: unit 3 deposits.

basin.

The Mentawai Fault Zone in the central and southern Sumatra was
initially interpreted as a flexural bulge or backthrust (Karig et al., 1979),
then as a strike-slip fault (Diament et al., 1992). Positive flower struc-
tures, typical of strike-slip or transpressional systems, have been
observed in seismic reflection profiles offshore southern Sumatra
(Schliiter et al., 2002). It was suggested that the MF and the WAF con-
nect offshore Sumatra near Nias Island (Malod and Kamal, 1996; Mosher
et al., 2008). Using industry high-resolution multichannel seismic data,
Mukti et al. (2012) concluded that the MF is a backthrust, which is
consistent with the presence of relocated thrust earthquakes observed
along the seaward margin of the Sumatra fore-arc basin between Nias
Island and Sunda Strait.

Here, we aim to characterize the nature of the complex fault system
located at the boundary between the fore-arc high of the north Sumatra
accretionary wedge and the Aceh fore-arc basin and to provide an
evolutionary model of the Aceh fore-arc basin. We use a grid of eleven
unpublished industry multi-channel seismic reflection profiles covering
the whole of the Aceh Basin and adjacent fore-arc high, a portion of a
long-offset multi-channel seismic profile already presented in a different
processed form by Chauhan et al. (2009) and Singh et al. (2012), and
multibeam swath bathymetry data compiled from a variety of marine
surveys.

2. Study area

The study area, located offshore NW Sumatra, contains a broad
accretionary wedge, a distinct fore-arc high, and a wide fore-arc basin
(Aceh Basin) (Figs. 1 and 2). The triangular-shaped, ~ 260 km long Aceh
Basin, is bordered in the east by the Sumatra platform and in the west by
the fore-arc high of the inner accretionary wedge. It extends between
Nicobar Island in the north and Tuba ridge in the south, which separates
it from the Simeulue Basin. The Aceh Basin, with a maximum water
depth of 2500 m and consisting of thick well-stratified sedimentary
deposits, has developed on top of a high-velocity crystalline backstop at
depth (Singh et al., 2012) (Fig. 1b). West of the Aceh Basin, the land-
ward slope of the fore-arc high has been identified as hosting a strike-slip
fault, the West Andaman fault (WAF). The WAF has been suggested to

originate adjacent to the Andaman Islands, proceeding southwards west
of the Aceh Basin and merging with the Mentawai Fault (MF) in the
south (Diament et al., 1992; Berglar et al., 2010). The Great Sumatra
Fault (GSF) lies farther arcward; its submarine portion, offshore the
northern tip of Sumatra, was the subject of a previous study (Ghosal
et al., 2012). North of our study area (Fig. 1a) three more faults
accommodate strike-slip and compressional deformation: the Andaman-
Nicobar Fault (ANF), Eastern Margin Fault (EMF), and the Diligent Fault
(DF) (Singh et al., 2013). The ANF is primarily strike-slip in nature and
connects the GSF on the Sumatra mainland to the Sagaing fault (SaF) in
Myanmar, passing through a series of spreading centers in the Andaman
Sea (Fig. 1a) (Curray 2005; Singh et al., 2013; Singh and Moeremans,
2017). The EMF and DF are reported as normal and thrust faults (Singh
and Moeremans, 2017; Moeremans and Singh, 2014), respectively, and
extend northward through the Andaman region. The oceanic plate
seaward of the study area carries the 6000 km long, 120 km wide and 15
km thick Ninety-East Ridge (NER) (Grevemeyer et al., 2001), which
impinges on the deformation front of the Andaman-Nicobar segment at
8N (Singh and Moeremans, 2017), as well as a series of N-S trending
reactivated fracture zones.

3. Data and methodology

In this study we use high-resolution bathymetry data, one deep
seismic reflection profile (WG2) and eleven industry-standard high-
resolution seismic profiles.

3.1. WG2 data

During July-August 2006, coincident deep seismic refraction and
reflection profiles were shot using the French R/V Marion Dufresne and
the WesternGeco M/V Geco Searcher vessels carrying 8,260 cubic inch
and 10,170 cubic inch airgun array sources, respectively. The WG2
profile (Fig. 3) was oriented 20° anticlockwise from a direction
orthogonal to the trench (Fig. 1b). It was instrumented with 56 ocean-
bottom seismometers (OBS) spaced at 8.1 km, and shots were fired at
150 m intervals (Chauhan et al., 2009). A 12 km long Q-marine streamer
was deployed at 15 m water depth to record deep seismic reflection



D. Ghosal et al.

a) sw
15

Distance (km)

NE (e} SW

(@) 3

2 (h) 27 34 41 .. A8

TWT (s)
|

3.08

Journal of Asian Earth Sciences 216 (2021) 104814

Distance (km) NE

Piggy back ES1
basin

Fig. 4. Seismic images of the fore-arc high: (a-d) uninterpreted and (e-h) interpreted. Green: sedimentary deposits, black: compact accretionary wedge. ES1:
erosional surface; Erosional surface ES3 is marked by double headed arrow; FHT: Fore-arc high thrust.

energy at 50 m shot interval (Singh et al., 2012). The streamer contained
3,832 individual hydrophones spaced at 3.125 m, with individual hy-
drophone signals later grouped at 12.5 m after application of a digital
filter (Martin et al., 2000). The WG2 profile covers the trench deposits,
accretionary wedge, fore-arc basin, Sumatra platform, and arc-related
basins. The detailed architecture of the trench deposits and that of
arc-related basins have been previously investigated by Ghosal et al.
(2014, 2012, 2009). This study focuses on the 125 km long segment that
covers the part of the accretionary wedge and fore-arc basin (Fig. 1b and
Fig. 2).

The refracted phases in the 12 km streamer data are crucial to obtain
a high resolution velocity-depth model of the subsurface. We downward
continue (Ghosal et al., 2012, 2014) all the shot gathers from the
streamer data to the seafloor to bring the refracted arrivals at the near
offset as first arrivals. Downward-continued gathers are then picked
using a semi-automatic technique and first arrival picks are used as input
for the travel time tomography method (Van Avendonk et al., 2004). A
2D velocity-depth model, adapted from the coincident OBS tomography
results (Chauhan et al., 2009), is used as a starting model (Fig. 3a) in
which the grid interval is kept as 50 m. In forward modelling, the syn-
thetic travel times are computed using the shortest path method (Moser,
1991) and the ray coverage is computed by the Derivative Weight Sum
(DWS) (Scales, 1987). We use the least squares method to carry out the
inverse modelling, in which the misfit between the observed and syn-
thetic travel time is minimized iteratively, leading to the best-fit model
(Fig. 3b). The model smoothness/roughness are controlled by tuning the
roughness matrix, which contains both first and second-order spatial
derivative matrices, whereas the model artifacts during inversion are
suppressed by a proper choice of the damping constant (Van Avendonk
et al., 2004). Further details of the methodology and parameter esti-
mation for the travel time tomography are described in S1.

Fig. 3c shows the difference between the starting velocity model and
the best-fit model (here we present only the part of the model which is
sampled by the rays - the rest is masked). The depth extent of ray
coverage is high (3—4 km below seafloor) below the fore-arc high and
reduces to 2 km below the NE fore-arc slope, and again increases to 3-4
km below the Aceh Basin. It is lowest farther east below the continental
slope. This is reasonable since the bathymetry along the WG2 profile

varies significantly from the fore-arc high to Aceh Basin, the nature of
the ray paths varies laterally. Small wavelength structures are recovered
by our tomographic inversion below the fore-arc high, Aceh Basin and
continental slope (Fig. 3b-d). The tomographic velocity-depth model is
further used for prestack depth migration (Fig. 3e) and the final depth-
migrated image is used for interpretation (Fig. 3f). The details of the pre-
stack depth migration are provided in the supporting material.

3.2. Industry seismic reflection data

In 2010, a total of 11 high-resolution multi-channel seismic (MCS)
lines were acquired by TGS Nopec across (C101, C105, C107, C109,
C111,C113,C115, C117) and along (C100, C102, C104, C106) the strike
of the Aceh fore-arc basin, with a line spacing of 20 km (Fig. 1b). A 7.95
km long streamer towed at 7 m water depth and a 3,940 cubic inch
source towed at 5 m water depth, with a shot interval of 37.5 m, were
used for the acquisition. The dip profiles traverse the fore-arc high, fore-
arc slope, Aceh Basin and shelf deposits. In this study we only show
selected portions of the seismic profiles which are used to discuss the
features of interest in this study (the fault system, fore-arc high, fore-arc
slope and Aceh Basin). Although the recorded data were 12 s long, we
have used only the first 8 s TWT and their blow ups to describe the
salient structural features. The datasets are resampled to 4 ms and time
migrated using a Kirchhoff pre-stack migration technique (Fowler,
1997).

4. Results
4.1. Aceh Basin and continental slope

The triangular-shaped Aceh Basin is ~ 10 km wide in the north near
Nicobar Island and becomes ~ 50 km wide near the Tuba ridge in the
south (Fig. 1b). The basin is filled with different sedimentary units
ranging in thickness from ~ 1-1.5 s TWT in the north to ~ 4 s TWT in the
south near the Tuba ridge. Three major units can be distinguished: the
top most parallel laminated deposits (unit 3 - U3), the semi-transparent
to transparent, sub-parallel westward dipping and deformed sedimen-
tary unit (unit 2 - U2) and the bottommost sediments (unit 1 - U1), which
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Fig. 5. Time migrated sections of C105: (a) uninterpreted and (b) interpreted. MBT: Main backthrust, FBT: Frontal backthrust, PFBT: paleo FBT, RFBT: Recent FBT;
WAF: West Andaman Fault. Different deposits (U2, U3) are marked. Cross-over with profile C106 is marked by a dashed line. WAF cross-cuts the MBT and FBT and
forms push-up structure. Erosional surfaces (ES1, ES2 and ES3) are marked; (c) C106, C105 and WG2 locations are shown on the bathymetry.

are also deformed with a distinctly higher reflection strength. Ul is
underlain by older basement rocks (Fig. 2). The velocity of U3 and U2
deposits ranges from 2 to 3 km/s whereas Ul deposits contain high
velocity materials (~3.5-4 km/s) (Fig. 3). A sudden increase (~5.5 km/
s) in velocity occurs below the Aceh Basin, confirming the crystalline
origin of basement rock, flooring the Aceh Basin (Fig. 3). U3 onlaps U2
below the continental slope, which contains several mass transport de-
posits indicating gravity slumping or earthquake induced landslide de-
posits (Fig. 2). U1-U2 and U2-U3 are separated by an irregular, basal
erosional unconformity (purple in Fig. 2) and an angular unconformity
(blue in Fig. 2), respectively. The basal unconformity is irregular in
shape and a mound is present in it. The eastern flank of the Aceh Basin at
depth show subsidence-associated normal faulting (Fig. 3f), but the
folding in the U1 suggests compression and possibly reverse faulting and
re-activation of normal faults. The western flank of the basin is bounded
by the frontal backthrust (FBT).

4.2. Fore-arc high, Fore-arc high sedimentation and Fore-arc high thrusts
(FHT)

The fore-arc high is well developed in most of the across-strike
profiles acquired in the northern part of the basin (Fig. 1b). At the

western (seaward) end of profile C107 (Fig. 2), the fore-arc high starts
with a thinly sedimented basin, intersected by a small ridge-like struc-
ture, followed farther east by highly folded and faulted shallow sedi-
mentary deposits with a thickness ranging between 1 and 1.5 s TWT
(Figs. 2-5). The reflectivity of these fore-arc sedimentary deposits re-
sembles the reflectivity of the U2 observed (Fig. 5) in the Aceh Basin.
The local erosional surface is marked by ES3. The degree of erosion
increases southeastward as is evident from the profile C113 (Fig. 4c and
4 g) where the U2 deposits are almost eroded and tilted south-westward.
The tilt angle of these deposits confirms that they have undergone a
severe uplift either before erosion initiated or during the erosion pro-
cess. In profile C117, the fore-arc high is overlain by horizontal layers,
which may be carbonate deposits as observed in Aubert and Droxier
(1996); on this profile the U2 deposits are completely eroded. The
velocity-depth model (Fig. 3b) shows the presence of a low-velocity
(~2.5 km/s) region associated with U2 deposits (Fig. 3b and f) at a
very shallow depth (~100-200 m depth below seafloor), which further
indicates that these deposits are less compacted. Although the reflec-
tivity below the seafloor in the fore-arc high is very poor, a number of
landward-dipping, imbricated fore-arc high thrusts (FHT) are clearly
observed in the accretionary wedge down to a depth ranging between
1.5 and 3.5 s TWT (Fig. 4). A NE-dipping velocity low (Fig. 3c) is
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observed at 25 km distance from west along the FHTs, indicating these
faults acted as pathways to the fluids coming from the deep accretionary
wedge under the effect of compression. At the Sumatra subduction zone,
the presence of fluids along the accretionary wedge backthrust has been
reported in the Mentawai region (Singh et al., 2011a), but the possible
presence of fluids along imbricated thrusts would be a new observation.
The base of the unit U2 is marked by an erosional surface ES1 (Fig. 5).
The fore-arc high is well developed between profiles C101 and C107 in
the north, followed by the absence of a high south of profile C107 in the
area of profile C109 (area that we refer to as a “depression” later on);
then in the south, between profiles C109 and C115 (Fig. 1b), the high is
present again (but less prominent than in the north). We call these highs
northern and southern fore-arc high, respectively (Fig. 9).

4.3. North-eastern Fore-arc slope and associated fault systems

The landward slope of the fore-arc high connects the fore-arc high
with the Aceh Basin. Two major fault systems are encountered in this
area: backthrusts and strike-slip faults. We distinguish two types of
backthrusts: frontal backthrust (FBT) and main backthrust (MBT), which
together form the north Sumatra back-thrust system (NSBS). The salient
features of each of these faults are described in the following sections.

4.3.1. Main backthrust (MBT)

The main backthrust (MBT) is a seaward dipping thrust, observed
from ~ 6 s TWT beneath the fore-arc high up to the near-seafloor
(Figs. 2, 3 and 5). The MBT is well imaged below the northern (Figs. 5
and 6) and southern fore-arc highs (Fig. 7). From the across-strike pro-
files - C105 and C107 (Figs. 5 and 6), one can notice that the MBT does
not reach the surface, i.e. it is a blind thrust; in some places it lies
beneath a small basin. Because the MBT does not reach the surface, it is

possibly inactive. The high velocity (~3-4 km/s) (Fig. 3b and c) sedi-
ments lying on the hanging wall side of the MBT from 25 to 45 km
distance at ~ 4 km depth suggest these deposits are highly compacted
(similarly to what was observed by Huot and Singh, (2018) in the
Mentawai region). Moreover, we notice an uplift of the fore-arc high by
~ 3.0 km with respect to the base of the Aceh Basin (Fig. 3b). The strike-
parallel profile C106 (Fig. 1b and Fig. 8) shows a reflection extending
over a distance of ~ 120 km, which is not a seafloor multiple and
matches the top of MBTs observed in the across strike profiles, indicating
that this reflection is the MBT. From the northern fore-arc high to the
central depression, the shape of the MBT reflector in two-way travel time
mimics the bathymetry. The reflection along this fault shows negative
polarity with respect to the seafloor, suggesting that it could be due to
the presence of fluid along the MBT. At some locations, for instance at ~
120-130 km distance from the SE (Fig. 8), the MBT consists of two re-
flections, which might correspond to the top and bottom of a damaged
zone associated with this fault. The deepening of the MBT towards SE is
clearly observed (Fig. 1b). Thus, the absence of MBT farther SE (between
75 and 90 km distance) could be due to limited penetration of the
seismic energy at a greater depth.

4.3.2. Frontal backthrust (FBT)

The seaward-dipping frontal backthrusts (FBTs) separate the land-
ward slope of the fore-arc high from the Aceh Basin. The sedimentary
deposits observed below the fore-arc slope and in the unit U2 (Fig. 5) at
~ 55-59 km distance and at 4-4.5 s TWT at the SW edge of the Aceh
Basin are folded and deformed by a sequence of FBTs - paleo FBT (PFBT)
and recent FBT (RFBT); the FBTs are younger than those deposits
(Figs. 5, 6). The top of the sedimentary deposits is marked by an
erosional surface (ES2), which separates the overlying recent U3 de-
posits from the underlying deformed sedimentary units. Fig. 3c shows a
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velocity low along the FBTs indicating either a lower degree of
compaction associated with the hanging wall deposits or the fact that
these deposits might be saturated with fluid. In the northern part of the
Aceh Basin, the recent FBT reaches the seafloor indicating that it is
active (Figs. 5 and 6), whereas in the south (Fig. 7) it does not come to
the seafloor, but it deforms the unit U3 syntectonically which is evident
from the thinning of this unit at ~ 60-61 km distance and at ~ 3.5-4 s
TWT (Fig. 7b, d and f) at the SW end of the Aceh Basin. This indicates
that the FBT is active throughout the northern and southern fore-arc. We
can also notice that the distance between the MBT and FBT increases
southward (Fig. 9) and the separation reaches its maximum at the
southern end of the Aceh Basin (Fig. 9).

4.3.3. Strike-slip faults

A set of shallow strike-slip faults is also identified on the landward
slope of the fore-arc high as a sharp, mostly linear fault trace in the
bathymetry with the presence of right-stepping en echelon scarps
(bounding graben-type structures) in the bathymetry (Fig. 1b and
Fig. 9), and showing the presence of positive flower structures on the
seismic profiles (Figs. 5 and 7). The “en echelon” faulting is well
developed in the depression between northern and southern fore-arc
highs (Fig. 9). We refer to this strike-slip fault as WAF in accordance
with earlier studies (e.g. Berglar et al., 2010; Martin et al., 2014). The
WAF cross-cuts the preexisting FBTs and ES2 (Fig. 5), and are origi-
nating from the top of the FBT plane, inferring that the strike-slip faults
are younger than the FBTs and ES2, and accommodate transpressional
deformation. From the bathymetry (Fig. 1b and Fig. 9 it is clear that the
strike-slip WAF runs very close to the MBT except in the depression
region where the MBT displays a step and the WAF displays two
branches-WAF1 and WAF2 (Fig. 9b).

5. Discussion
5.1. Age estimation of different tectonic units

Due to the lack of drilling results in the basin, we have estimated the
age of the sedimentary units from existing literature (Beaudry and
Moore, 1985; Izart et al., 1994; Berglar et al., 2010; Samuel et al., 1997)
and found that the U3 is of Pliocene to Recent deposits whereas U2 is of
the Mid-Late Miocene and the bottommost U1 is of Pre-Neogene. Using
drilling datasets from the Simeulue Basin, Berglar et al. (2010) docu-
mented that the age of the basal unconformity (between Ul and U2)
below the Aceh Basin is of base Neogene age. Therefore, the age of the
unit Ul in the basin must be older than that of the basal unconformity.
We identified three sets of erosional surfaces (ES1, ES2 and ES3) in the
accretionary wedge in Figs. 5 and 6 in which the erosion surface ES1 in
the wedge (Figs. 5, and 10) and the basal unconformity in the Aceh Basin
are marked as the truncated top of U1 (Figs. 5-6 and 10). The irregular
shape of the basal unconformity and the presence of a mound (Fig. 2) on
it suggest that the basement experienced severe lateral compression
during the subduction process and had undergone erosion in the course
of time. It is difficult to comment whether these two erosional events
started simultaneously or not, but it is certain that they exist and the
deposition stopped for a very long time making the top surface of the
accretionary wedge exposed and eventually eroded. The top surface of
U2 marked as another erosional surface (ES2) must be younger than that
of ES1 but older than that of the ES3.

5.2. Evolution of the fore-arc high and associated fault systems

Deposited sequences and main tectonic features observed in the fore-
arc basin constrain the tectonic evolution of the study area. A simplified
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sequence of major tectonic events is described in Fig. 10.

5.2.1. Initiation of Aceh Basin formation

In the pre-Neogene period there was local subsidence associated with
the Aceh Basin region producing the accommodation space for sediment
deposition (Fig. 10a). The OBS tomography results and gravity datasets
(Singh et al., 2012) indicated the possible presence of crystalline base-
ment, which is further confirmed by results from high resolution multi-
channel seismic tomography of downward continued streamer data
(Fig. 3b). Based on field datasets, Samuel et al. (1997) reported that
extension affecting basement materials and initiation of basin formation
in Nias and adjacent areas took place in mid-Oligocene time. One can
argue that the episode of basement extension in our study area could be
contemporaneous to that on and near Nias. Normal faulting of the
acoustic basement along the NE flank of the Aceh Basin suggests basin
subsidence (Fig. 3). The basin was supported in the east by the backstop
and in the west by the accretionary wedge of that time (Fig. 10a).
Seismic velocities of ~ 6 km/s suggest the backstop of continental origin
that has also been inferred in Central and Southern Sumatra (Kopp et al.,
2001; Kopp and Kukowski, 2003; Mukti, 2013).

The unit U1 then accumulated on the basin floor in pre-Neogene time
by terrigenous materials resulting from the erosion of the continents and
the accretionary wedge. The erosional (basal) unconformity marked in
purple color in Figs. 2 and 10 indicates that top of Ul was exposed for a
very long time and underwent erosion. In pre-Neogene, the fore-arc high
was not as topographically elevated as it is at present.

5.2.2. Development of accretionary wedge, MBT and FHT

Evidence of highly folded and faulted sedimentary deposits, presence
of high-velocity sedimentary deposits (Fig. 3) with lack of stratified
sedimentary structures in the fore-arc (Figs. 2, 4 and 5) indicate that
these deposits must be very old and underwent severe stages of defor-
mation and thus suggestive of lateral compression associated with the
subduction process (Fisher et al., 2007). It is difficult to comment when
exactly the MBT started to develop. Hall (2012) estimated that the
subduction process in Sumatra started from middle Eocene time. Mukti
(2013) reported an age of the Bengkulu fault zone of middle Eocene,
whereas the backthrusts developed in early to middle Miocene time in
the Mentawai region (Mukti et al. 2012). Backthrusting is also observed
in the Andaman region and Singh and Moeremans (2017) reported that
the development of backthrusts also took place in early Miocene time.
Samuel et al. (1997) reported an uplift phase in Nias in early Miocene.
As our study area lies between the aforesaid regions, the MBT in our
study area might have also started developing in early Miocene time.
Another important development in this time is the initiation of the
frontal high thrusts (FHTs), which are imbricated thrusts and conjugate
to the MBT. These two thrusts acted like two reverse kink bands (Mukti
et al., 2012) of sandbox models (Davis et al., 1983; McClay et al., 2004).

After the development of MBT and FHT, the early to middle Miocene
period was crucial for the development of the accretionary wedge in the
study area. Many important tectonic events took place during this
period. Core data recovered from the IODP expedition 362 (McNeill
et al., 2017) reported that the Paleocene to middle Miocene period
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experienced many hiatuses which caused several phases of erosions in
the accretionary wedge, Aceh Basin deposits and the exposed basement
rock during this period. From Late Miocene onwards, the FHTs actively
took part in the development of the fore-arc structure and uplift of the
unit U2 which eventually deformed and tilted. The similarity in the
reflectivity of U2 deposits in Aceh basin and the sediments on the fore-
arc high (Fig. 5) indicate that U2 formed in a fore-arc basin environ-
ment, but have since been folded, faulted and uplifted. An increase in the
degree of contraction rotated the FHTs landward and deformed the U2
sediments that reside on top of the fore-arc high.

5.2.3. Development of FBT

The deformation of U2 sediments and the growth of the accretionary
wedge continued during late Miocene-Pliocene period. Evidence of fol-
ded and deformed sedimentary sequences along with FBTs below fore-
arc slope and in the U2 deposits (Fig. 5) indicate that the formation of
the FBT initiated a landward migration of the accretionary wedge during
late Miocene reducing the accommodation space in the Aceh basin
(Fig. 10). This further infers that the original Aceh fore-arc basin was
located in the area of the current fore-arc high, and moved farther NE
due to landward migration of FBT. The top of the deposits in the fore-arc
high has also been eroded (Figs. 4 and 5), which could have been caused
by either a tectonic uplift of the high or a sea-level fall. The combined
effect of slip on the MBT, FHT and newly formed FBTs contributed to
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further uplift of the fore-arc high. Lee and Lawver (1995) reported that
the obliquity of plate convergence decreases by ~ 18° during lower to
upper Miocene time which again eventually increased the trench normal
component of slip increasing intensity of the backthrusting in this re-
gion. Syntectonic development of U3 over the fore-arc high and Aceh
Basin onlaping the north-eastern continental slope deposits indicates
that the development of the FBT and deposition of U3 were contempo-
raneous (Figs. 7, 10).

5.2.4. Landward migration of FBT and development of WAF

As motion on the FBT continued, the wedge and fore-arc high started
to grow more landward reducing the accommodation space of the Aceh
Basin. During Pliocene to Recent times, the obliquity of the plate
convergence increased (Lee and Lawver, 1995) and thus a part of the slip
along the FBT might have partitioned along the arc-parallel direction
forming the strike-slip fault on the fore-arc, which we refer to here -
similarly to earlier studies - as West Andaman Fault (WAF). As Singh
et al., (2012) showed a seismic image of the FBT/MBT system below the
fore-arc high down to ~ 20 km depth, we suggest that slip partitioning
occurs above the FBT. The development of the WAF was influenced by
the development of the GSF on mainland Sumatra and that of the ANF
farther north (Fig. 1b), both of which are dextral strike-slip faults. The
age of WAF is uncertain. Curray (2005) reported that WAF could be
older than Pliocene but he did not have any evidence to support that.
Berglar et al., (2010) reported that the strike-slip faulting in the
Simuelue basin was initiated in late Miocene and affected the upper
sedimentary sequences in the Aceh basin. WAF in our study area
crosscuts the PFBTs and thus one can speculate that the development of
the WAF took place in late Pliocene onwards as the strike-slip system in
the Sumatran region is very young and initiated ~ 2 Ma onwards (Hall,
2012, Sieh and Natawidjaja, 2000). As the uplift continued in Pliocene
onwards and a rapid uplift is recorded in Nias area (Samuel et al., 1997)
in the latest Pliocene-Pleistocene time, the fore-arc high either reached
sea level or exposed to the surface causing erosion of U3 (ES2) and a part
of U2 from the top of the accretionary wedge, forming the erosional
surface marked as ES3 (Figs. 5 and 10). The effect of this uplift is
observed throughout the fore-arc in our study area but is more severe in
the southern part of the fore-arc, where U2 is mostly eroded and only a
remnant of U2 is visible in profile C113 (Fig. 4). The effect of the uplift is
evident from the westward tilting of U2 on profile C113.

5.2.5. Contribution of Nicobar fan on backthrusting

Analyzing sediment core datasets from the IODP expedition 362,
McNeill et al., (2017) reported that the sedimentation rate on the sub-
ducting oceanic plate offshore northern Sumatra was very high,
~250-300 m/Ma in the late Miocene-Pliocene (9.5-2 Ma) interval,
which was suggested to be linked to the interplay of tectonic and cli-
matic processes associated with the Himalayan mountain range. The
oldest sediment deposited in Bengal fan, eroded from the Himalaya, is
dated back to Oligocene (~23-28 Ma). Silts of early Miocene age,
originated from the Himalaya, are observed in Bengal and Nicobar fan
deposits. Both the Bengal and Nicobar fans started to grow prior to late
Miocene, but the sedimentation rate started to increase from late
Miocene (9-9.5 Ma) onwards in the Nicobar fan (McNeill et al., 2017).
However, the fan deposits switched the route between Bengal fan and
Nicobar fan, across the NER, during mid-Miocene to Recent times. The
increase in sediment supply took place due to the inversion of the Bengal
Basin related to tectonic shortening and exhumation of the Shilong
Plateau (Bilham and England, 2001); and the main phase of surface
uplift took place in late Pliocene (<3.5 Ma) increasing the sediment
supply significantly (Najman et al., 2016). Moreover, the southern
monsoon was also severe during mid-late Miocene, increasing the rate of
erosion of the uplifted eastern plateaus. Since the sediment supply was
very high in the Nicobar fan during the late Miocene-early Quaternary
(9.5-2 Ma) period, it led to the development of a wide accretionary
wedge offshore northern Sumatra. This very large supply of sediments
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not only affected the growth of the prism near the subduction front but
also affected the development of the backthrusts and pushed the FBTs
more landward in the Aceh Basin, widening the accretionary wedge. The
width of the wedge is about ~ 170 km in our study area and is about ~
100 km in southern Sumatra (McNeill and Henstock, 2013, McNeill and
Henstock, 2014), where the sediment supply is less. The development of
the FBT was initiated in late Miocene-Pliocene period and continued
until the recent time (Fig. 10), which is temporally coincident with an
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increased sediment supply in the Bengal and Nicobar fan area. There-
fore, one can argue that the growth of the FBT in the fore-arc might have
been influenced by the higher sediment supply in the Sumatran trench.

5.3. Interaction among backthrusts, strike-slip faulting (WAF), and
sedimentation

In contrast with several previous studies (Chauhan, 2010; Martin
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etal., 2014; Berglar et al., 2010) that documented the presence of either
strike-slip or backthrust faulting in the area, our observations confirm
the coexistence of both types of faulting at the seaward side of the Aceh
Basin, in which the MBT and some paleo-FBTs are intersected by a
strike-slip fault zone (Figs. 9 and 10). The major part of this fault
assemblage consists of thrust faults (MBT and FBT), forming the north
Sumatra backthrust system (NSBS) (Fig. 9). The recent FBT is active
throughout the fore-arc in our study area. Although in most of the
seismic images the MBT is mapped as a blind fault, we are not certain
whether it is still active. Earlier studies (Martin et al., 2014; Berglar
et al., 2010) suggested that the WAF developed as the result of slip
partitioning in response to oblique plate convergence. However, the
northern part of the Aceh Basin is very narrow where the GSF connects
with the ANF, which might have led to the development of a trans-
pressional regime in the fore-arc Aceh Basin in the south. Moreover,
slightly different movements on WAF1 and WAF2 might have contrib-
uted in forming the depression observed between the northern and
southern fore-arc highs at 5°N (Fig. 9). However, this depression could
also be linked with the passage of a high bathymetric feature on the
downgoing plate (Singh et al., 2011b).

The growth of strike-slip faults in the accretionary wedge has been
observed in an oblique subduction system. Along the Sumatran fore-arc
high islands, a set of trench-subparallel strike-slip faults dissected the
fore-arc high, and overprinted the older trench-parallel fold and thrust
fault system (Samuel and Harbury, 1996). However, as detailed above it
is clear that the backthrust system observed in the current fore-arc
domain is very old compared to the strike-slip faults (WAF) and has
played a central role in the development of the fore-arc. 3D sandbox
modelling results indicate that backthrusts form a boundary between the
accretionary wedge complex and fore-arc basin, even in a highly oblique
subduction setting (McClay et al., 2004). Furthermore, these results
show that strike-slip faults develop subsequently above the thrust faults
rooted at the backstop. Therefore, contrary to the earlier observations
that strike-slip fault plays as a crustal boundary separating the fore-arc
basin and forearc high in oblique subduction system (e.g. Diament
et al., 1992; Izart et al., 1994; Malod and Kamal, 1996; Martin et al.,
2014), we suggest that despite the obliquity in a convergent margin,
backthrust system is a major tectonic feature that marked the boundary
between fore-arc basin and accretionary wedge complex.

The U3 sediments in Aceh Basin are mostly undeformed, which
might be due to the development of a stress shadow in the basin linked
with the presence of backthrusts, whereas the older units U2 and U1 are
deformed. Byrne et al. (1993) reported that the trenchward edge of the
fore-arc basin might experience some uplift, landward tilting and in-
ternal deformation with the growth of the accretionary wedge and uplift
of the fore-arc high (Figs. 6 and 7). Such deformation of the sedimentary
sequence trapped in the fore-arc basin might also be affected by the
variation of the basal friction developed at the plate interface (Larroque
et al., 1995), which balances the migration of the frontal thrusts near the
trench and the backthrusts propagation through the wedge and onlap-
ping pattern of the sedimentary deposits in the fore-arc basin (Noda,
2018) as evidenced in the Kumano fore-arc basin (Mannu et al., 2017).

Besides the current study, the importance of slip on backthrust in
shaping the fore-arc domain is also observed farther south adjacent to
the Nias and Simeulue Islands (Vita-Finzi, 2008) and in some other
sections of the Sunda Arc (Silver and Reeds, 1988) including Java. The
backthrust branches near the Simeulue Island are reported to be inactive
at present (Singh et al., 2008). Furthermore, projection of relocated
hypocenters of the 1976 event near the location of the 2004 earthquake
in the northern Sumatran forearc suggests that the 1976 event may have
initiated in the forearc basement as backthrust or a reactivated fault in
the basement (Pesicek et al., 2010). A similar backthrust has also been
observed in the Andaman region (Singh et al., 2013). Backthrusts have
also been observed in other subduction margins, for instance in the
Lesser Antilles (Torrini and Speed, 1989; Westbrook et al., 1988),
southern Colombia (Meyer et al., 1976) and the Panama Trench (Silver
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et al., 1990).
6. Conclusions

Based on our observations using the high-resolution geophysical
datasets we draw the following conclusions:

1) Major structural development associated with the northern Sumatra
fore-arc domain took place in the Miocene. Both MBT and FHT were
active in the early Miocene and took part in the uplift of the fore-arc
high and eventually in the evolution of the Aceh Basin. Later on, the
FBT started to become active from late Miocene onwards and the
landward migration of the FBT might have been influenced by the
very large sediment supply from eastern Himalaya in the Nicobar
Fan. The identification of several phases of erosion in the sedimen-
tary deposits implies that the fore-arc has experienced several phases
of uplift. Further uplift over these highs may develop fore-arc islands
in the future.

The FBT is active throughout the fore-arc in the study area but the
MBT is imaged as a blind fault. A velocity low associated with the
FBT suggests that the sediments associated with this fault zone are
fluid saturated. Backthrusts (MBT and FBT) and a strike-slip fault
zone (WAF) coexist at SW to the Aceh Basin below the north-eastern
fore-arc slope. As the backthrusts are older, slip partitioning on the
plane of FBT might have contributed in the development of the
younger strike-slip fault.
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