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Abstract The nature of incoming sediments defines the locking mechanism on the megathrust, and the
development and evolution of the accretionary wedge. Here we present results from seismic full waveform
inversion of 12 km long offset seismic reflection data within the trench in the 2004 Sumatra earthquake
rupture zone area that provide detailed quantitative information on the incoming oceanic sediments and the
trench-fill sediments. The thickness of sediments in this area is 3–4 km, and P wave velocity is as much
as ~4.5 km/s just above the oceanic crust, suggesting the presence of silica-rich highly compacted and
lithified sediments leading to a strong coupling up to the subduction front. We also find an ~70–80m thick
low-velocity layer, capped by a high-velocity layer, at 0.8 km above the subducting plate. This low-velocity
layer, previously identified as high-amplitude negative polarity reflection, could have porosity of up to 30%
containing overpressured fluids, which could act as a protodécollement seaward from the accretionary prism
and décollement beneath the forearc. This weak protodécollement combined with the high-velocity
indurated sediments above the basement possibly facilitated the rupture propagating up to the front during
the 2004 earthquake and enhancing the tsunami. We also find another low-velocity layer within the
sediments that may act as a secondary décollement observed offshore central Sumatra, forming bivergent
pop-up structures and acting as a conveyer belt in preserving these pop-up structures in the forearc region.

1. Introduction

Prior to the 2011 Tohoku earthquake, it was accepted that the frontal section of a subduction system behaves
aseismically, incapable of storing seismic energy and producing a large slip [Moore and Saffer, 2001], even
though there were suggestions for the rupture propagation to the front during the 2004 great Sumatra earth-
quake [Henstock et al., 2006; Singh et al., 2008; Dean et al., 2010; Gulick et al., 2011]. The nature of the incoming
sediments along with the structural, rheological, or thermal conditions within plates control coupling along a
megathrust. The coupling is defined as the ratio of slip rate over convergence rate during the interseismic
period and is a measure of the degree of locking [e.g., Konca et al., 2008]. For example, strong materials in
the trench would lead to a strong coupling between the two plates, producing large slips during megathrust
earthquakes [Chester et al., 2012]. Furthermore, the properties and evolution of these input materials are
directly linked to forearc structures that relate to the dynamic earthquake process [Wang and Hu, 2006].
Therefore, it is important to characterize the properties of these incoming sediments.

The most direct method to characterize these sediments is drilling, which is very expensive and can only be
carried out on a few locations. An International Ocean Discovery Program drilling took place in August–
October 2016 offshore Sumatra in the west Wharton Basin, near the Ninety East Ridge, about 200 km from
the trench (Figure 1). Although these results would be extremely important, what happens to these sedi-
ments as they get buried beneath thick trench sediments and strongly affected by the subduction process
would require drilling within the trench, which has not been done yet.

Seismic full waveform inversion [Lailly, 1983; Tarantola, 1984, 1986] could be used to determine the elastic
properties of the subsurface. Here we apply full waveform inversion accompanied by some advanced analysis
techniques to a 33 km long portion of a seismic profile near the trench to characterize the nature of these
trench sediments (Figures 1 and S1 in the supporting information). The study area lies seaward of the
Sumatra subduction zone where the maximum slip occurred during the 2004 great Sumatra earthquake
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[Ammon et al., 2005]. The trench in this area consists of ~4 km thick sediments deposited over a 58 to 60Ma
old oceanic crust [Moeremans et al., 2014; Liu et al., 1983]. The sediments originated either by the denudation
of the Himalaya mountain belt or by the erosion of the forearc high structures.

2. Prior Seismic Results

The existing seismic reflection data indicate that the trench off north Sumatra is filled with thick sediments
that thicken toward the frontal slope [e.g., Ghosal et al., 2014; Moeremans et al., 2014; Geersen et al., 2015]
(Figure S1). The seafloor is almost flat, and the sediment layers are laterally coherent, and likely indurated
[Dean et al., 2010; Gulick et al., 2011; Geersen et al., 2013]. Some buried channels as lenticular-shaped bodies
of incoherent reflections have been found offshore northern Sumatra [Mosher et al., 2008]. Geersen et al.
[2015] identified three sedimentary units: Unit 1—the rapidly deposited trench wedge section composed
of Bengal-Nicobar fan and forearc-derived sediments (0–4Ma), Unit 2—a more gradually deposited section
consisting of Nicobar fan sediments (4–40Ma), and Unit 3—the slowly accumulated pelagic sediments at
the bottom prior to the collision of India with Eurasia at ~40Ma ago [Curray et al., 1982]. The accurate ages
of these sediments are pending drilling results. Due to the large thickness of the sediments, the basal sedi-
ments are likely to be subjected to high pressure andmay be partially lithified; hence, theymight be strength-
ened prior to accretion [Dean et al., 2010; Gulick et al., 2011; Geersen et al., 2013]. On the other hand, besides
the plate bending, this area is located in the actively deforming Wharton Basin, where the incoming plate is
also affected by the reactivated fracture zones [e.g.,Deplus et al., 1998; Carton et al., 2014;Qin and Singh, 2015;
Singh et al., 2017] that hosted several great earthquakes in 2012 (Figure 1) [e.g.,Wei et al., 2013]. Near the top
of the basement, a high-amplitude negative polarity reflection packet (HANP) is observed [Dean et al., 2010;
Ghosal et al., 2014] and interpreted as a predécollement that slips landward as a seismogenic décollement
(a detachment fault at the base of the accretionary prism) [e.g., Dean et al., 2010]. At the same time, this
HANP layer could also relate to the frontal landward vergent thrust faults [Moeremans et al., 2014]. Based

Figure 1. Seafloor bathymetry and island topography in the eastern Indian Ocean. The Sunda Trench is marked by a white
line. The yellow dashed lines mark the fracture zones, which have a N9°E azimuth (F2–F8) and have been reactivated as
left-lateral strike-slip faults [Deplus et al., 1998; Carton et al., 2014]. The earthquake sequence in 2012 is marked by the
green beach balls, while the 2004 great Sumatra-Andaman megathrust Mw = 9.2 earthquake and 2005 Nias Mw = 8.7
earthquake off Sumatra are represented by black beach balls. The seismic line WG2 is marked by a red line; the solid part
is our study region. The directions of the subducting plate are shown by yellow arrows. The red star represents the
International Ocean Discovery Program drill site U1480 in August–October 2016.
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Figure 2. P wave velocity updated models during the FWI; the depths here are below sea level. (a) Starting model is
constructed from high-resolution travel time tomographic results. (b) FWI result after step one; the dotted line indicates
the possible diagenetic alteration place. (c) FWI result after step two; the blue dashed box marks the inverted area during
step three, the black ellipse marks a low-velocity anomaly structure, the arrows mark the position of the HANP, and the
white lines indicate the locations for the 1-D profiles in Figure 3. (d) Velocity anomaly section created by subtracting the
starting model from the second step inverted result; the dashed line indicates a potential boundary for Units 1 and 2
sediments, and the arrows mark the position of the HANP.
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on tomographic velocity model, Ghosal et al. [2014] classified three sedimentary layers in the oceanic plate
section of this area down to ~8 kmdepth below the sea surface: an upper layer corresponding to a high-velocity
gradient associated with uncompacted sediments, a low-velocity gradient layer associated with semi-compact
sediments, and a second high-velocity gradient layer of highly compacted or crystalline sediments.

3. Seismic Reflection Data

We used a part of seismic profile WG2 that was acquired by WesternGeco’s marine seismic vessel Geco
Searcher in July 2006 [Singh et al., 2008] (Figures 1 and S1), using a 12 km long Q-Marine [Larsen et al.,
2002] streamer towed at 15m water depth. The seismic source was towed at 15m water depth, which was
composed of six subarrays with eight airguns in each subarray, providing a total array volume of 166.7 cubic
liter. The shot interval was 50m. The individual hydrophone spacing in the Q-Marine streamer was 3.125m,
and after digital noise attenuation and spatial anti-alias filtering [Martin et al., 2000], the digital signals were
spatially resampled to 12.5m. The record length was 20.48 s with a temporal sample interval of 2ms. Vessel
speed varied from 2.2 to 2.5m/s.

4. Inversion Methodologies

Full waveform inversion (FWI) is a powerful method to determine detailed velocity structures from seismic
data. Our FWI scheme is based on the method proposed by Shipp and Singh [2002] to invert P wave velocity.
The thick water layer (4.5 km) in our study area causes the refraction to arrive only at very far offsets in the
original streamer data (at 11–12 km offset), limiting information about near surface velocity. A downward
continuation (DC) technique [Berryhill, 1979, 1984] was used to extrapolate the surface seismic data to a sub-
surface at 200m above the seafloor, allowing the refractions from shallow structures arriving as first arrivals
that can be observed in the offset range of 0–9 km on the DC data [Ghosal et al., 2014]. It also reduced ~6 s of
the record length by removing the water layer, allowing to reduce the computational cost. Based on these
data, we designed a three-step inversion strategy: (1) Step 1: FWI of far offset DC data (4–18Hz; Figure S2)
starting from the result of travel time inversion (Figure 2a), (2) Step 2: FWI of near offset DC reflection data
(4–18Hz; Figure S2), and (3) Step 3: FWI of near offset original surface streamer data (5–30Hz) to obtain
finer-scale information of the subsurface (see the supporting information for details).

The starting model for the inversion was obtained by combing the ray tracing tomographic results of the DC
data [Ghosal et al., 2014] and wide-angle ocean bottom seismometer data [Singh et al., 2012] (Figure 2a).

Before modeling, a 3-D to 2-D correction was applied [Pica et al., 1990] by multiplying the real data by
ffiffi

t
p

and convolving with 1=
ffiffi

t
p

to account for the geometrical spreading and phase adjustment, respectively.
The source wavelet is obtained by stacking the nearest three traces of the seafloor reflector from several
shots [Collier and Singh, 1997] and scaled by the amplitude ratio of the near offset reflectors between the syn-
thetic and real data at the seafloor [Brenders and Pratt, 2007]. More details about the FWI can be found in the
supporting information [Fichtner et al., 2008; Ghosal et al., 2014; Lailly, 1983; Neves and Singh, 1996; Singh et al.,
2012; Tarantola, 1984; Virieux, 1986].

5. Full Waveform Inversion Results

The velocity model obtained by step 1 contains medium-wavelength velocity structures, whereas those after
Steps 2 and 3 provide short-wavelength structures (Figures 2 and 3). The far offset windowed data used in
Step 1 contain the interference of wide-angle reflections and refraction arrivals; hence, the FWI provides a
layered sedimentary model with alternating high and low velocities (Figure 2b) instead of a smooth model
expected from the inversion of only turning ray arrivals. Furthermore, as the data contain reflections from
the sediment-basement interface, the inversion has led to the development of the basement structure.
This step fits most of middle-offset (3–7 km) wavefield (Figure S3). The result from Step 2 contains more
detailed structures on short-wavelength scale (Figure 2c). Most near-offset reflected waves are fitted, particu-
larly in the upper part (Figure S4). Sedimentary layers and the top of basement are clear, as well as the HANP
(Figure 2c). Step 3 only focuses on a 20 km long segment (between 8 km and 28 km). Though the residuals
were reduced by ~80% after the inversion (Figure S5), the final velocity model does not show a very big dif-
ference as compared to the previous model, suggesting that the step 2 results are robust. However, some
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shorter-wavelength scale structures have been included and the deep part is better constrained, which is
evident from the 1-D velocity profiles (Figure 3).

The inversion results show that velocity increases to ~5 km/s at 9 km depth below the sea level (Figures 2
and 3). A low velocity associated with the HANP is present between 7.5 and 8.5 km depths (Figures 2c
and 3). The HANP is ~70–80m thick with a maximum velocity decrease of ~500m/s (~4.0 km/s; Figure 3).
This low-velocity layer is consistent with its negative polarity. The thickness estimation for the HANP is based
on the inversion of seismic reflection data up to 30Hz, but this layer could be thinner and a drilling would be
required to quantify the precise thickness. We also find some low-velocity anomalies especially near
x=20 km at 7.5 km of depth, circled in Figure 2c, which may be due to the presence of fluid or gas since
the velocity values reduce by ~1 km/s. At ~6 km depth, a layer with slightly low-velocity oscillation (~3 km/s;
Figure 3) could be the boundary between different sedimentary units (Units 1 and 2) [Geersen et al., 2015]
formed at different periods. However, the boundary between Units 2 and 3 [Geersen et al., 2015] is not very
easy to be identified in the velocity profile; therefore, we assume that the HANP is the boundary. The high-
velocity gradient at 8.5–9 km depth indicates the boundary between sediments and basalt (Figure 2). The
basement complex topography in the southwest could be due to the presence of fracture zone F6 [Carton
et al., 2014].

We used the whole velocity model after Step 2 to perform Kirchhoff prestack depth migration of surface seis-
mic reflection data. The velocity model and the seismic reflection image fit well in both depth (Figure 4) and
time domains (Figure S6), including the sedimentary layers, the HANP, and the top of the oceanic crust, which
indicates that the results are well constrained by the data. We can identify some high-angle conjugate normal
faults that may be related to the diffuse deformation in Wharton Basin or plate bending.

6. Discussion and Conclusions

Our results provide insight about the sediment properties near the trench, with much higher resolution and
accuracy than the previous velocity results in this [Singh et al., 2012; Ghosal et al., 2014] or nearby areas [Dean
et al., 2010; Dessa et al., 2009; Klingelhoefer et al., 2010]. In particular, we find a large decrease in velocity
associated with the HANP, which could be due to high porosity and overpressured fluids [e.g., Davis et al.,
1983] that might lead to the formation of a protodécollement.

The upper part of the trench deposits (Units 1 and 2) are composed of northeastward gently dipping thick
turbiditic sediments, with thickness increasing from ~3 km in the southwest to ~4 km in the northeast
(Figure 4), corresponding to an average sedimentation rate of ~50–60m/Ma. The shallow sediments could
be affected by the fast deposition near the Bengal fan from late Pleistocene (~0.8Ma) until Present
[Krishna et al., 2016]. Most of the high-angle normal faults lie below Unit 1, end at the boundary of Unit 1/2
(Figure 4), suggesting that the faults are nearly contemporaneous. These faults are probably related to the

Figure 3. 1-D velocity profiles of starting model and inverted results in three steps along the model at different positions marked in Figure 2. The depths here are
below sea level. The black arrows represent the HANP. The red arrows indicate the potential boundary of Units 1 and 2 sedimentary layers. The blue arrows
indicate the possible diagenetic alteration between the low- and high-velocity layers.
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diffuse deformation in the Wharton Basin [e.g., Geersen et al., 2015; Graindorge et al., 2008; Singh et al., 2017],
or due to plate bending, which has also been found ~300 km south of our profile [Franke et al., 2008] and in
other subdution zones [e.g., Ranero et al., 2003, 2005]. The active fault reaching the seafloor above the
bathymetric high structures at the distance ~5 km might be related to the reactivation of fracture zone F6
[Singh et al., 2011; Qin and Singh, 2015] or shear zones [Singh et al., 2017]. In the sedimentary layers, there
are some bright reflectors in the depth range of 6–7 km that correspond to low-velocity anomalies in the
inverted velocity model (Figure 2), which might be related to channels that are caused by the lithology

Figure 4. (a) Kirchhoff prestack depth-migrated image and its interpretation. The depths here are below sea level. The
purple dashed line indicates the boundary between Units 1 and 2, the green lines represent the HANP, the blue dashed
line marks the top of the oceanic crust, and near vertical black lines indicate faults. (b) Overlap of the migrated profile on
the FWI inverted velocity model that is obtained after first two-step inversions. The dark blue dashed line indicates the
possible diagenetic alteration layer that may be related to a second protodécollement. (c) A schematic diagram of our
final model.
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and clay-type variations [Han et al., 1986], or fluid accumulation due to the lithification and subsequent
dehydration from the deeper layers [e.g., Vrolijk et al., 1991]. Since this thick sedimentary layer has been accu-
mulated over a long time period, it should be in thermal equilibrium with high temperature at its base over
the 58Ma old oceanic crust [Jacob et al., 2014]. According to the earth cooling model [McKenzie et al., 2005]
and numerical computation [Geersen et al., 2013], the temperature below ~7 km should be>60°C. This is the
minimum temperature for smectite to illite transformation according to the data from laboratory experi-
ments [Kastner et al., 1991]. During this dewatering process, the normal faults in the sediments can act as
pathways and enhance the transformation process [e.g., Geersen et al., 2013].

The top Unit 1 thickens landward reaching to a thickness of ~2 km at the deformation front (Figure 4) with
P wave velocity of 3.1 km/s at its base. This unit could include potential hemipelagic sediments (fan and
forearc-derived sediments in the subduction environments) and gravity-flow deposits that contain turbidites
[McNeill et al., 2016a]. Unit 2 contains parallel high-amplitude reflections with a thickness of ~2 km at the
deformation front, with the P wave velocity increasing from 3 km/s to ~4.5 km/s. In Unit 2, there are poten-
tially well-drained silt- or sand-rich fan successions [Gulick et al., 2011]. There seems to be a diagenetic altera-
tion boundary at ~7 km depth where the velocity increases abruptly to ~3.8 km/s with a low-velocity layer
above it (Figures 2b and 3). Above this depth, the velocity contours show a slightly upward tilt toward the
deformation front in the northeast side, which is consistent with the first arrival travel time tomography result
[Ghosal et al., 2014], suggesting the effect of increased compaction toward the subduction front. Below the
HANP, a weakly reflective sedimentary layer above the top of the basement (thickness up to ~0.8 km) has
a P wave velocity of ~4.5–5 km/s, suggesting that this potentially clay- and silica-rich pelagic succession
[McNeill et al., 2016b] is highly compacted and lithified. This velocity is close to the velocity of pure clean
quartz (>= 5000m/s) [Rider, 2004], indicating that quartz could be a dominant material near the basement,
which is also one of the subsidiary products during the illitization of smectite [e.g., Niu et al., 2000]. Since we
used turning waves in the inversion, which are sensitive to horizontal velocities, our inverted velocities could
be ~10%–15% higher than the real vertical velocities. This could be due to the presence of anisotropy where
the P wave velocity in the lateral direction is generally higher than that in the vertical direction.

Our results show that the HANP in the north Sumatra trench is a discrete layer, rather than a single interface
between two units with contrasting seismic velocities. Dean et al. [2010] suggested that HANP could be the
seaward extension of the décollement. Based on our 1-D velocity profiles (Figure 3), the HANP has the
highest-velocity contrast within the sedimentary column. The thrust fault at the toe of the accretionary prism
seems to intersect with the HANP (Figure S1), similar to the Simeulue area [Dean et al., 2010]. However, the
expected connected décollement cannot be seen beneath the accretionary wedge (Figure S1) [Ghosal
et al., 2014], which could be related to shearing at the toe of the prism [Brown et al., 1994; Moore et al.,
1998]. The shearing of the décollement could disintegrate the décollement and contribute to the induration.
The downward terminations of the thrust faults at the toe of the prism seem to be near the top of the
basement (Figure S1), which is similar to the results found at ~200–300 km south off our study area [Dean
et al., 2010].

The HANP could be related to a lithological boundary [Dean et al., 2010], the interface between turbiditic sedi-
ments above and pelagic sediments below [Singh et al., 2008, 2011], or thin beds of sand and silt alteration
[Curray et al., 2003]. The pressure at the depth of HANP (3–4 km below seafloor) is more than 1.3MPa
[Hüpers and Kopf, 2012], and the temperature should be high enough (>60°C) for creating dewatering pro-
cess in the deeper sediments [e.g., Vrolijk et al., 1991] or upper crust [Geersen et al., 2013]. Geersen et al.
[2013] found that the base of the input section prior to subduction at northern Sumatra (<100 km north from
our study area) may reach temperatures ≥90°C, which is sufficient to drive basement-related dehydration and
other diagenetic reactions (e.g., clay mineral dehydration such as smectite-illite, grain assemblage alteration
leading to cementation). Furthermore, the reactivated fracture zones F6 and F7 [Carton et al., 2014; Singh
et al., 2017] and serpentinized upper mantle [Qin and Singh, 2015] are present in this area; they may lead
to hydrothermal circulation in the crust and upper mantle providing heat for the smectite-illite transforma-
tion at the base of sediments. This dehydration transformation can supply SiO2 at higher temperatures
(70°C–200°C) [Kameda et al., 2014], requiring some silica-rich succession near the basement [McNeill et al.,
2016b]. Our results show a large velocity drop caused by the HANP. If we assume a background velocity of
4.5 km/s associated with 4% of porosity [Ghosal et al., 2014], then the porosity within the HANP would be
~30% containing overpressured fluid [Taylor and Singh, 2002]. These results are consistent with the drilling
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data from the protodécollements and décollements in Barbados [Moore et al., 1998;Moore, 2000] and Nankai
Trough [e.g., Ienaga et al., 2006]. This layer has also been interpreted as weak and fluid-rich materials in the
dilatant fault zones [Davis et al., 1983; Shipley et al., 1994; Bangs et al., 1999, 2010]. In our results, this fluid-rich
thin layer that is located just above the strong coherent sediments on the basement may be a preferred slip
surface during a megathrust earthquake and may act as a protodécollement.

The top of the HANP has a high velocity, indicating the presence of a strong roof capable of trapping fluid in
this high-porosity layer under high fluid pressure. The overpressured fluid can restrain the velocity weaken-
ing, and thermally pressurized fluids that come from the crust could also contribute to the dynamical weak-
ening in the trench area [Hirono et al., 2016]. The sediments between the HANP and basement have a high
velocity (~4.5 km/s; Figures 3 and 4), suggesting that the sediments are highly compacted and lithified,
and behave as a part of the subducting oceanic crust. During the subduction process, the sediments above
the HANP would be accreted, whereas the indurated part below the HANP would be subducted along
with the basement. The weak HANP could play the role of a subduction channel, acting as a décollement
beneath the forearc. Due to the increasing shear stress and temperature along the megathrust at a certain
depth, the fluid in the subducting channel would be released and migrate toward the subduction front accu-
mulating within the HANP. On the other hand, the potentially quartz at the base of sediments that have been
discussed before can lead to a velocity weakening [e.g., Ikari et al., 2011] and its cementation will cause pro-
gressive lithification of the décollement zone [Byrne, 1998; Moore and Saffer, 2001]. Hence, the deeply buried
décollement could result in the updip extension of velocity weakening rheology up to the front and extend
the coseismic rupture to the front during an earthquake such as the 2004 event as suggested by other studies
[e.g., Gulick et al., 2011]. The thick and strong incoming sediments could efficiently transfer seismic energy
into motion of the overlying seafloor over a large area in the deep water during the coseismic rupture reach-
ing the Sunda Trench, leading to an enhanced tsunami.

Furthermore, we observed two sets of the normal faults in the seismic image (Figure 4). The upward termina-
tions of the first set are close to the Unit 1 base and the second set terminates near the low-velocity layer
above the diagenetic alteration boundary at ~7 km depth. These faults can provide pathways for fluids
moving up from the deep areas, creating low-velocity layers. The boundary between Units 1 and 2 is
~2 km above the basement, where the velocity variation is small as compared to that in the HANP, hence,
currently it is not weak enough to host a major protodécollement. However, the reflections corresponding
to the diagenetic alteration boundary are close to the place where the pop-up structure at the toe of prism
initiates (Figures S1and 4b). Thus, the low-velocity layer could develop a secondary décollement in the accre-
tionary wedge, which has been observed off the central Sumatra [Kuncoro et al., 2015], acting as a conveyer
belt in preserving the pop-up structures. The diagenetic harder materials just below this low-velocity layer
could act as a base sedimentary layer of the pop-up structures beneath the forearc, involved in dehydration
process and gradually indurated. Figure 4c shows a schematic diagram describing our results.

We conclude from the FWI results that the bottom of the thick trench-fill sediments has been highly com-
pacted, overlain by a thin fluid-rich layer HANP, which is the product of joint action of geothermal activities
and shear stress loading along the subduction interface, acting as the protodécollement. The accretionary
wedge with indurated décollement at the plate interface requires a strong coupling, leading to the frontal
rupture during a megathrust earthquake and enhancing the tsunami. The weak layer in the middle of sedi-
mentary layer could develop a second décollement and contribute to the pop-up structures building in
the accretionary wedge.
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