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[1] We present the interpretation of newly acquired high-quality industry-standard deep seismic reflection
and swath bathymetry data to provide insight into the structural style and evolution of the Mentawai Fault
Zone (MFZ). The MFZ lies along the boundary between the accretionary wedge and the proposed continen-
tal backstop. This zone exhibits arcuate ridges on the seafloor, convex toward the east. Beneath these ridges
the structures developed as landward-vergent imbricated backthrusts in the inner part of the accretionary
wedge and higher-angle backthrusts that deformed the forearc basin sediments. In the forearc high, anticli-
nes were developed due to the seaward-vergent forearc high thrusts originating in the accretionary wedge.
The imbricated backthrusts may have initiated during the Early-Middle Miocene contemporaneously with
the slide and back-rotation of forearc high thrusts. In the Late Miocene, the higher-angle backthrusts were
initiated. Continuous contraction induced the frontal higher-angle backthrusts and formed a fold-thrust belt
toward the east during the Pliocene. The folds and thrusts were disturbed by diapirs and mud volcanoes.
Backthrusting and fold-thrust belts developed in the MFZ may explain the compressional features observed
at the boundary between the accretionary wedge and continental backstop along the southern Sumatra mar-
gin. The backthrusts along the MFZ are waning in activity and hence the risk of a large earthquake and
associated tsunami at the present time should be small.
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1. Introduction

[2] Present-day subduction along offshore Sumatra
represents a classical example of oblique subduc-
tion, with a convergence rate varying from 60 mm/yr
in the south to 52 mm/yr in northern Sumatra
[Prawirodirdjo and Bock, 2004]. Deformation in
such an oblique convergence setting is characterized
by slip partitioning between the orthogonal and the
arc parallel components, which are accommodated
along the megathrust and Sumatra Fault, respec-
tively [McCaffrey et al., 2000]. It has been inter-
preted that slip partitioning of the arc parallel
components was also accommodated by the Men-
tawai Fault (MF) and West Andaman Fault (WAF)
[Malod and Kemal, 1996;Mosher et al., 2008]. The
MF has developed as a linear NW-SE trending fea-
ture along the western margin of the forearc basin
from Nias Island to Sunda Strait [Diament et al.,
1992] (Figure 1).

[3] Uncertainties remain as to the origin of Mentawai
Fault Zone (MFZ) [Milsom, 2005]. This zone was
previously interpreted as a strike-slip fault system
based on various features that resembled positive
flower structures on the seismic profiles and its line-
arity on structure maps [Diament et al., 1992;
Berglar et al., 2010; Malod and Kemal, 1996].
However, no strike-slip earthquakes were recorded in
this region over the last 30 years [Natawidjaja et al.,
2006]. This fault zone was interpreted as overturned
bedding cut by reverse faults [Karig et al., 1979].
Furthermore,Samuel and Harbury[1996] suggested
that the MFZ developed by inversion of originally
extensional faults. Recent results based on shallow
seismic reflection and bathymetry data suggest that
the MFZ consists of a set of backthrusts in front of
Siberut Island [Singh et al., 2010]. Deep seismic
reflection data have imaged a dipping reflector to
20 km depth that was interpreted to be a regionally
extensive backthrust [Singh et al., 2011]; this pos-
sible backthrust might be related to the MFZ.
Moderate-earthquake clusters in 2005 and 2009
could involve displacement along this structure
[Wiseman et al., 2011]. A cluster of activity has
been observed at the MFZ to the east of Pagai
Island, with focal mechanisms of these events indi-
cating thrusting [Collings et al., 2012].

[4] Since the previous seismic data have limited
resolution at depth, better subsurface imaging is
crucial to reveal the complete structure and under-
stand its kinematics. We had access to high-quality
deep seismic reflection data along a significant
portion of the MFZ [Singh et al., 2009], 2D seismic
data, and high-resolution swath bathymetry along a
900 km segment of the Mentawai forearc basin
(Figure 1). We present images of the MFZ and
interpret these for the structural style and distribu-
tion of the fault zone along the Mentawai Basin,
and discuss the possible mechanism of major
structures in the eastern margin of the accretionary
wedge. The previous shallow seismic profiles were
unable to image the complete structure in the MFZ.
The new seismic reflection and swath bathymetry
data provide evidence of compression structures
developed within the accretionary wedge and fore-
arc basin sediments.

2. Data and Methods

[5] In order to study the seismic and tsunami risks in
the Mentawai locked zone [Chlieh et al., 2008], a set
of deep seismic reflection profiles were acquired by
CGGVeritas. The CGGVeritas marine vessel Geo-
wave Champion towed three streamers: One streamer
was 15 km long towed at 22.5 m water depth, the
longest streamer ever used, and two 6-km-long
streamers were towed at 7.5 m and 15 m water
depths. An array of air guns with a total volume of
9600 cubic inches, deployed at 15 m depth, was used
as the seismic source [Singh et al., 2009]. The shot
spacing was 50 m and the record length was 20 s.
The data were resampled to 4 ms and processed using
2–90 Hz anti-alias filter. An iterative velocity analy-
sis was used in combination with 4–6 passes of radon
multiple removal technique. The data from all three
streamers were combined to obtain broadband seis-
mic response [Singh et al., 1996], and then processed
using pre-stack Kirchhoff depth migration technique.
The deep seismic profiles were about 260 km long
but, here we only show the images around the forearc
high and forearc basin. These lines were 220 km
apart and hence allow mapping of only large-scale
features.

[6] Independently, TGS had acquired seismic
reflection data with a line spacing of 20 km. We
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had access to 36 lines crossing the forearc basin
along with 6 basin-parallel lines. These data were
acquired using a 7.95 km-long streamer towed at
7 m depth and a 3940 cubic-inch air gun source
towed at 5 m depth. The shot spacing was 37.5 m
and the record length 12 s. The data were resampled
to 4 ms and processed using a Kirchhoff pre-stack
time migration technique.

[7] The surface expression of faults in the defor-
mation zone was provided by the high-resolution
swath bathymetric data and the global bathymetry
of GEBCO [British Oceanographic Data Centre,
2003]. The high-resolution swath bathymetric data
in this area is a compilation of German data set
[Ladage et al., 2006] recorded during the SeaCause
cruises. The data sets were ping edited and pro-
vided as grid data in xyz-ASCII format. Gridding
was performed with a grid spacing of 100 m and

plotted in maps with the Generic Mapping Tool
(GMT) software [Wessel and Smith, 1991].

[8] The seismic reflection and bathymetry data
were interpreted along with accurately relocated
earthquakes using the double-difference method
[Pesicek et al., 2010] to determine the location of
active faults. The focal mechanisms from GCMT
catalog (1976–2010) helped us constrain the
geometry of the structures.

[9] The structural interpretation of seismic reflec-
tion data is constrained by the growth strata, which,
where imaged, record the time of development of
the structures. Deformation of the folds and thrusts
is investigated by analyzing the growth strata
architecture preserved on the structure fold limbs
[e.g., Poblet et al., 1997]. The stratigraphic inter-
vals are divided into seismic units that are bounded
by major seismically defined stratigraphic surfaces,

Figure 1. Shaded bathymetric map of Mentawai forearc. Blue and yellow lines indicate the location of all seismic
profiles and red for the data shown in this paper. Black rectangles with numbers show blowup of features along
MFZ (Figures 2 and 11). Shaded green and orange represents the MFZ. White arrow is the convergence vector after
Prawirodirdjo and Bock[2004]. The regional bathymetry is fromBritish Oceanographic Data Centre[2003], com-
plemented by high-resolution swath bathymetry. Inset is the tectonic setting of Sumatra, MFZ = Mentawai Fault Zone,
SFZ = Sumatra Fault Zone, BF = Batee Fault, WAF = West Andaman Fault, IFZ = Investigator Fracture Zone,
WR = Wharton Ridge.
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which often correlate with important geological
events. The horizons at the top of seismic units are
picked as chrono-stratigraphically significant surfaces
based on onlap relationships, truncated reflections,
and contrasts between seismic facies reflectivity.

[10] The seismic horizons can be correlated to the
top of megasequences interpreted from a seismic
line in the shallow part of forearc basin, which
includes the area from the present shelf landward.
Age dating of the megasequences were constrained
by the Arwana-1 well data [Hall et al., 1993], which
is located� 0.7 km to the north of the northeast tip of
one of the profile. The Arwana-1 exploration well,
which was drilled to a total depth of 4,175 m,
reached the upper part of the oldest megasequence.
The seismic units have been divided into 4 mega-
sequences constrained by biostratigraphic analyses
of the well data [Hall et al., 1993]. The megasequences

show a relatively complete Cenozoic section from
the Early Oligocene or possibly Late Eocene.

[11] In the deeper part of the present forearc basin,
the basin fill can be divided into 6 units that can be
correlated to the megasequences determined in the
shallow part (Figure 2). Unit A represents the Lower
Miocene sediments (Figure 3). There are several
horizons beneath Unit A that can be correlated with
the Upper Eocene to Lower Miocene sediments in
the inner forearc basin (Figure 2) [Hall et al., 1993].
Unit A correlates with a package of high-amplitude,
low-frequency reflectors with a progradational pat-
tern dipping toward the west. At depth, the reflectors
become less clear. This unit may correlated with the
upper part of the Middle Oligocene-Lower Miocene
Oyo and Gawo Formations in Nias Island [Samuel
et al., 1997]. The base of these sediments is not
mappable beneath the top of the accretionary

Figure 2. Correlation of well and outcrop data from study area and their megasequences: 1 = Stratigraphic column of
Nias Island and part of Siberut afterSamuel et al.[1997]; 2 = seismic line in this study; 3 = seismic line in the inner
forearc basin afterHall et al. [1993]. Structural events are interpreted from this study.
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wedge. The exposures of Gawo Formation in Nias
show intense deformation compared to the overly-
ing sediments [Samuel et al., 1997]. Such defor-
mation could be the cause of the chaotic seismic
facies character beneath the top of the accretionary
wedge (Figure 3). Within the MFZ, the top of
Unit A seems to correlate with the top of a cha-
otic to non-reflective zone, possibly indicating
intense deformation (Figure 3). This horizon can be
traced farther west, and was interpreted as the top
of the accretionary wedge [Schlüter et al., 2002;
Susilohadi et al., 2005]. However, it is not possible
to map the base of Unit A and the horizons of older
sediments beneath the accretionary wedge.

[12] Unit B corresponds to Middle Miocene sedi-
ments, and to the west this unit shows thinning to the
top of accretionary wedge. Units C and D are Upper
Miocene sediments, and these units show thinning to
the forearc high. Units E and F represent Lower Pli-
ocene-Recent sediments. Units B to F were deposited
overlying the accretionary wedge sediments, and are

here referred to as the Middle Miocene-Recent fore-
arc basin sediments (Figure 3).

[13] The landward portion of the accretionary
wedge is characterized by landward dipping wedge
(Figure 3, CMP 6000–8800), here referred to as the
inner wedge ofWang and Hu[2006] (Figure 3). To
the west, the accretionary wedge is characterized by
development of seaward-vergent imbricated-thrusts
(Figure 3, CMP 3100–6000), here referred to as the
forearc high. The outer wedge, or the seaward por-
tion of the accretionary wedge, which dips toward
the southwest is not discussed here.

3. Deformation in the Forearc

[14] Based on structures on the seafloor along the
MFZ and their relationship with the deeper struc-
tures, the study area can be divided into two seg-
ments; (1) the Enggano Segment, where the MFZ is
aligned along an azimuth of 309� from the north of
Enggano Island (4.5� S) to near the Sunda strait

Figure 3. (a) Uninterpreted seismic section and (b) interpreted seismic section of line SSS-135 showing the struc-
tures in the MFZ and forearc high: AR = anticlinal ridge; MBT = imbricated backthrust; MBT� = higher-angle back-
thrust; FBT = frontal higher-angle backthrust; FHT = forearc high thrust; BSR = Bottom Simulating Reflectors. Units
A – F represent megasequences of the Middle Miocene-Recent forearc basin sediments. Small black arrows indicate
termination of reflectors.
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(7.5� S), and (2) the Siberut-Pagai Segment, where
the MFZ trends at an azimuth of 321� , from north
of Siberut (0.5� S) to north of Enggano Island
(Figure 1). In the Siberut-Pagai Segment, the MFZ
develops along the eastern margin of the forearc
high. The fault zone starts to bend� 11� counter-
clockwise in the northern Enggano Segment
(4.5� S) and turns toward the basin in the southeast.
In both regions, the MFZ mimics the trend of the
subduction front and alignment of the present
forearc basins, although the distance between the
MFZ and subduction front is different in the two
segments. The distance between the subduction
front and the MFZ increases from 120 km in the
north to 170 km in the south.

3.1. Enggano Segment
[15] In the Enggano Segment, positive features
on the seafloor are aligned in a NW-SE trend for
340 km (Figure 1). These are arcuate-shape ridges
that are convex toward the NE (Figure 4). There are
at least two ridges observed on the seafloor and in
the subsurface, which here defined as Anticlinal

Ridges 1 (AR1) and Anticlinal Ridge 2 (AR2)
(Figure 3). The former structure has a wider area than
the latter: AR1 has a� 200 m high relief and is
� 9 km wide, and to the east, AR2 is� 150 m high
and� 4.5 km wide. AR1 is continuous along the NW
trending alignment, developed in the center of the
basin in the south of Enggano and close to the forearc
high in the southeast of Pagai (Figures 1 and 4). AR2
formed as discontinuous ridges, and locally some of
these ridges are covered by young sediments
(Figure 4b). Spacing between these ridges is up to
8 km. A single ridge on the surface can reach 100 km
in length. A 4.6-km wide headwall scarp can be
observed on the NE limb of AR 1 (Figure 4a, 6� 7� S).
This escarpment is concave toward NE, which may
indicate the direction of the sliding.

[16] Beneath these ridges, folding and faulting are
interpreted to have deformed the thick (4 s TWT)
forearc basin sediments (Figure 3). Offset sedi-
mentary reflectors can be observed beneath AR1.
These structures can be interpreted as a set of high-
angle thrusts that deformed the sediments of units B
to D (Figures 3 and 5). Reflectors of the upper part

Figure 4. Bathymetric features of MFZ along the Enggano Segment in the (a) southeastern and (b) northwestern
part. AR = anticlinal ridge. FHT = forearc high thrust. Solid thick black line is the axis of the anticlines. Dashed tick
line marks the extent of anticline observed on the seismic profiles. Dashed thin black line represents the limb of the
anticlinal ridges. Thin highlighted gray lines represent the seismic lines, and red lines for the data shown in this paper.
Note slide escarpment on the NW limb of the ridge. Solid thick blue line is the axis of anticlines in the forearc high.
Dashed thin blue line represents the limb of the anticlines. Fold and seaward-vergent thrust developed in the Enggano
Island.
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of Unit D or Unit D2 show onlap to the limbs of
anticline formed by the lower part of D, or Unit D1.
The growth of Units E and F shows thinning to the
forearc high and to the limbs of the anticline. Unit F
is flat and diverges toward the anticline.

[17] Dipping reflectors are observed beneath the top
of the inner wedge. We interpreted these to be
imbricated backthrusts that have deformed sedi-
ments up to Unit A (Figures 3 and 5). Beneath AR2,
a set of thrusts have folded sediments up to Unit E.
Onlap reflectors of Unit F can be observed to the top
of Unit E. Unit B shows thinning to the forearc high.

These thrusts appear to continue at depth into a
horizon of high amplitude reflectors that are inter-
preted as a fault surface dipping to the west.

[18] To the west of the MFZ, a zone of NW trending
elevated features can be observed on the seafloor
along a � 40 km wide forearc high (Figure 4a).
Seismic profiles show the features that are here
referred to Anticlinal Ridge 3 (AR3), which involve
� 1.3 s TWT thick sediments (Figure 6). These
anticlines have formed above thrusts that can be
differentiated into two types, (1) the thrusts that
deformed the forearc basin sediments deposited in

Figure 5. (top) Uninterpreted seismic section and (bottom) interpreted seismic section of line SSS-135 across the
MFZ. See caption in Figure 3 for the abbreviations.
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the piggyback depressions, and (2) the seaward-
vergent imbricated thrusts that can be observed
beneath the top of the accretionary wedge (Figure 6).
The thrusts that developed in the piggyback depres-
sions have folded sediments up to Unit C. Onlap of
reflectors of Unit D to the folded Unit C can be
observed. Unit D shows thicker sediments in the area
between the anticlines and thinning to the margin of
the piggyback depression. The seaward-vergent
imbricated-thrusts can be observed cut through the
accretionary wedge sediments from the depocenter
of the piggyback depressions down to� 5 s TWTT.
Unit B is thicker in the depocenter of the piggyback
depression, and shows thinning to the margin of the
depression.

[19] Structural highs can be observed in the inner
wedge, between the MFZ and the forearc high
(Figure 3). These structures formed by folding of the
sediments of the accretionary wedge, here referred
to as Anticlinal Ridge 4 (AR4). Unit B shows thin-
ning onto the anticlines, indicating that the struc-
tures may have developed prior to deposition of
Unit B (Figure 5). There is no offset of reflectors
beneath the top of the accretionary wedge, indicat-
ing that these structures might have formed as

buckle folding due to compression. Another possi-
bility is that these structures could simply reflect the
mechanical properties of weak materials surround-
ing the structure with little overburden.

[20] To the northwest, we interpret AR1 as the sur-
face expression of thrusts that can be observed in the
overlying thick forearc basin sediments up to Unit D
(Figure S1 in the auxiliary material).1 Units D-E
show thinning onto the limbs of this anticline. The
top of Unit F is flat, but shows higher elevation in the
area to the west of the anticline compared to the area
in the east. Reflectors of Unit F show onlap termi-
nation to the limbs of the anticline. Dipping reflectors
can be observed beneath the top of the accretionary
wedge. We interpret these features as landward-
vergent imbricated thrusts. These structures show a
similar pattern with those in the SE. Normal faults
have developed on top of AR1 that deformed the
forearc sediments up to Unit D. Chaotic reflectors
seem to dominate the core of the anticline.

[21] Folded sediments up to Unit E can be observed
to the east of AR1 (Figure S1). The pattern of these

Figure 6. (top) Uninterpreted seismic section and (bottom) interpreted seismic section of line SSS-135 across the
forearc high. FHT = forearc high thrust; FHT� = higher-angle forearc high thrust.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GC004199.
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sedimentary units indicates that this anticline (AR2)
formed after the formation of AR1. Unit F shows
thinning to the limbs of the anticline. Beneath the
anticline, a landward-vergent thrust has developed
and seems to continue to the landward-vergent
imbricated thrusts beneath the accretionary wedge.
A headwall scarp (2.5 km wide) has formed on the
NE limb of AR2 (5� 36�S), suggesting mass-wasting
on the slope of ridge (Figure 4a).

[22] To the north of Enggano Island, a pre-stack
depth migrated image of CGGV040 shows a similar
seismic character of structures to those developed in
the south (Figure 7). The forearc basin sediments
deposited on the slope to basin in the southeast side
and accretionary wedge to southwest. In the MFZ,
AR1 is 6 km wide but is asymmetric, and exhibits
complex small-scale folding bounded by thrusting
dipping at 40–50� (Figure 8). These thrusts deformed
the forearc basin sediments up to Unit D. The growth
of Unit E shows thinning to the top of accretionary
wedge and to the limbs of AR1. The top of Unit F is
flat, and this unit shows thinning toward the limbs of
anticline. Dipping reflectors are observed beneath the

top of the accretionary wedge that dip 30–35�

(Figure 8); we interpret these as imbricated back-
thrusts. Packages of reflectors within Unit B show
thinning in the area of these thrusts. Beneath the
forearc high, the dipping reflectors that are inter-
preted as backthrusts seem to continue at depth along
a reflective surface. We interpret this reflective sur-
face as a higher-angle fault that terminates at the top
of the subducting oceanic crust (Figure 7).

[23] To the east, folded reflectors within Unit E1
and older sediments are observed and formed anti-
cline (Figure 8). Units of E2 and F show thinning
toward AR2. Beneath the structures, seaward dip-
ping reflectors (� 70� and� 25� ) are observed. We
interpret these reflectors as landward-vergent
thrusts that seem to have developed and rooted on
to the imbricated thrusts beneath the inner wedge.
In the area between CMP 18400–18600, displace-
ments of Unit C and D1 are observed over a fault
ramp of about 250–130 m wide (Figure 8). These
landward-vergent thrusts are interpreted to have
merged in to the gentle dipping (� 5� ) fault and
seems rooted at depth on to the imbricated thrusts.

Figure 7. (top) Uninterpreted seismic section and (bottom) interpreted seismic section of line CGGV040 showing
structures in the MFZ and forearc high. Note the deeper extent of MBT to the top of oceanic crust along the continental
backstop.

Geochemistry
Geophysics
Geosystems G3G3 MUKTI ET AL.: MENTAWAI FOREARC DEFORMATION 10.1029/2012GC004199

9 of 21



[24] To the west of the MFZ, multiple low angle
thrusts (23–30� ) can also be observed beneath the
eroded forearc high to the north of Enggano Island
(Figure 9), similar to those observed in the south of
Enggano. The forearc high seems to have been tilted
toward the NE, as indicated by the dip of the flat
younger sediments deposited over the unconformity.
Based on their stratigraphic position, these flat sedi-
ments can be correlated with the Pleistocene lime-
stones exposed in Enggano Island [Amin et al., 1993].

3.2. Siberut-Pagai Segment
[25] In the 600-km-long Siberut-Pagai Segment,
AR1 reaches 500 m high and is up to 8 km wide.
AR2 is� 250 m high and� 4.5 km wide. The spacing
between these ridges is up to 13 km (Figure 10). Each
of these ridges exhibits an arcuate shape that is con-
vex toward the east and up to 20 km long. Dipping
reflectors can be observed beneath AR1. We interpret
these reflectors as backthrusts that have deformed the
forearc basin sediments (Figure 11). The backthrusts
have folded sediments up to Unit D (Figure 12).

A truncation surface can be recognized within Unit E
and continues toward the forearc high (Figures 12
and S2). Units E and F shows thinning to the forearc
high and around the limbs of anticline (Figure 11).
To the east, anticlines have formed by folding sedi-
ments up to Unit E (Figures 12 and S2). The top of
Unit F is flat and the reflectors show onlap to the
limbs of anticlines. Dipping reflector can be found
beneath AR2 and we interpret this as a higher-angle
backthrust.

[26] Anticlines can be observed to the west of AR1
(Figures 12 and S2). Offset sedimentary reflectors
can be recognized within these anticlines. We inter-
pret these structures as higher angle thrusts. There is a
subhorizontal reflector above the top of the accre-
tionary wedge, whereas there is no obvious offset of
sedimentary reflectors beneath the accretionary
wedge. We suggest that these higher angle thrusts
have developed within a detachment surface along
the top of the accretionary wedge.

[27] A conical feature on the seafloor can be rec-
ognized within the fold-thrust belt with a 1.5-km-

Figure 8. (top) Uninterpreted seismic section and (bottom) interpreted seismic section of line CGV040 across the
MFZ. Unit F is flat, show thinning to AR1. Reflectors of Units D and E show onlap to the anticline.
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Figure 9. (top) Uninterpreted seismic section and (bottom) interpreted seismic section of line CGGV040 across the
forearc high. Note truncation of accretionary wedge and forearc basin sediments.

Figure 10. Bathymetric features of MFZ in the (a) southeastern part and (b) northwestern part of the Siberut-Pagai
Segment. Red lines are the seismic profiles shown in this paper. Folds and thrusts developed in Siberut Island.
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diameter (Figure 10a). The seismic profile across the
eastern limb of this feature shows that normal faults
have deformed the sedimentary reflectors down to
Unit E (Figure 13). Furthermore, the reflectors of
Units C to E are convex upward with internal chaotic
reflectors. These observations may indicate a diapiric
process, where injected materials from a deeper part
penetrated the younger sediments.

[28] Seaward dip