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ALONG AND ACROSS STRIKE VARIATIONS IN THE STRUCTURE, MATERIAL
AND FAULT PROPERTIES OF THE SUMATRAN SUBDUCTION ZONE
By Becky Joanna Cook
Earthquake ruptures offshore of north-central Sumatra in 2004 (Sumatra-Andaman
segment) and 2005 (Nias segment) exhibited variable shallow slip behaviour that is well resolved
by tsunami, seismologic, and geodetic observations. Closely spaced 2D MCS profiles collected
covering these rupture segments, the segment to the south (Mentawai segment), and the
segment boundaries allow an unprecedented opportunity to study the detailed along- and acrossstrike variation in the structure and properties of the wedge and plate boundary that may be
related to the variable shallow slip behaviour. The large tsunami generated by the 2004
earthquake is thought to have been the result of unexpected shallow slip on the shallow plate
boundary of the southern Sumatra-Andaman segment; whereas in the Nias segment the shallow
plate boundary showed evidence of significant afterslip and the 2005 earthquake did not
generate a significant tsunami. In the northern Mentawai segment, Batu Segment Boundary Zone,
and southern Nias segment the shallow plate boundary is relatively weak and the weakened
plate boundary is likely related to dehydration reaction occurring below the frontal prism and
potential fluid flow focussing on basement topographic highs. In these areas, imbricate faulting in
the frontal prism occurs along landward and/or seaward dipping faults. At the mid-slope break,
the slip rate along these imbricate faults, formed in the frontal prism, decreases and they are
potentially crosscut by out-of-sequence faults. In the southern Sumatra-Andaman segment, our
findings of a relatively strong plate boundary fault are consistent with increased compaction and
early dehydration of material within the thick incoming section which strengthens the incoming
section and results in a potentially seismogenic shallow plate boundary. The accretionary prism
here is characterised by an unusual prism profile with a narrow steep toe and broad flat plateau.
We propose that the steep prism toe is built up by coeval faulting on both seaward and landward
dipping faults. At the break in slope, underplating becomes the dominant prism and the
transition from frontal accretion to underplating contributes to the development of the unusual
prism geometry. Within our study area, we find that there is significant variability in the frictional
strength of the shallow plate boundary and mechanisms of accretion, which can be correlated
with the geometry and faulting within the prism. We show that these changes are related to a
combination of subducting plate topography, trench sedimentation rates, overall sediment
thickness and sediment/fault permeability.
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CHAPTER 1. INTRODUCTION
1.1. Opening statement
Subduction zones are found along convergent plate boundaries where
an oceanic plate is subducted below an oceanic or continental plate.
Subduction zones have been the focus of many studies since their recognition
in the 1960’s, and they are important areas of study because 1) they are sites
of crustal recycling and the generation of new continental crust, 2) they
account for a large proportion of global seismic moment release and
earthquake hazard (Figure 1.1), and 3) subduction megathrust earthquakes
can generate extremely large tsunamis which can cause significant loss of life
and property damage at locations away from the origin.
In the past half century we have come a long way in our understanding
of plate boundary earthquakes. At subduction zones specifically, ocean drilling
and advances in marine seismic data collection have allowed scientists to
probe deeper into the subduction zone building a picture of the complex
processes that material undergoes as it is subducted and/or accreted. Yet
scientists did not anticipate the shallow earthquake ruptures along the north
Sumatran margin in December 2004 (e.g., Chlieh et al., 2007) and northeast
Japan margin in March 2011 (e.g., Fujiwara et al., 2011). These tsunami

Figure 1.1. Map of global seismicity, earthquakes with M ≥ 4 and depth <70
km from 1964–1998, are shown as red circles (Engdahl et al., 1998) and very
great M8.5 subduction earthquakes are shown as green diamonds (Engdahl
and Villaseñor, 2002; Lay et al., 2005). From Gutscher and Westbrook (2009).
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generating earthquake ruptures highlighted our lack of understanding and the
potential variability of the slip behaviour of the shallow subduction plate
boundary. They also indicate that we do not fully understand the controls on
megathrust seismicity and have introduced new questions regarding the
complexity of the subduction system.
The large-scale structure of subduction zones includes 1) the outer rise
or swell of the subducting plate seaward of the plate boundary, 2) a large
depression or trench where the plate boundary outcrops, 3) a deformed wedge
of material forming the hanging wall in the overriding plate which is often
overlain by undeformed sediments of the forearc basin at the landward edge,
4) a volcanic island arc and 5) a back arc basin often associated with active
extension or rifting (Figure 1.2.; e.g., Karig, 1974). The work included in this
thesis is focused on the structure, reflection characteristics and physical
properties of the incoming sediment (i.e., in the trench) and the hanging wall
wedge. The aim is to understand the growth of the accretionary prism and to
highlight processes that may be related to the onset of seismogenesis, the
updip limit of coseismic slip and/or tsunami generation.

Figure 1.2. Typical cross section of an a) accretionary type margin and b)
erosional type margin modified from Clift and Vannucchi (2004).
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1.2. Classification of subduction zones
Subduction zones are often divided based on their seismicity into high
stress Chilean- and low stress Mariana-type (Uyeda and Kanamori, 1979;
Uyeda, 1984). The original classification was based on the presence of active
rifting in the back-arc and the stress state (Uyeda and Kanamori, 1979; Uyeda,
1984) and is somewhat outdated. More recent use of the Chilean/Mariana
classification is largely based on the seismicity of the plate boundary; and
margins that have had, or have the potential for, great earthquakes are often
referred to as Chilean-type, whereas margins dominated by aseismic creep and
smaller earthquake ruptures are often referred to as Mariana-type (e.g.,
Kanamori, 1986; Cloos and Shreve, 1996). Uyeda and Kanamori (1979) also
note that the development of an accretionary prism is common at Chilean-type
margins, whereas it is commonly absent at Mariana-type margins. This
observation suggests that there may be some overlap between the Chilean vs.
Mariana and the accretionary vs. erosional (e.g., von Huene and Scholl, 1991)
classifications of subduction zones. These classification systems are both
based on regional observations and do not account for any internal variability
of the subduction system, but more importantly, they do not address the
specific processes taking place along the subduction margin that may
contribute to the differences in slip behaviour. Nonetheless, I describe these
classification systems here because they provide an interesting first order
perspective on the relationship between large-scale subduction zone structure
and seismicity.
At Chilean-type subduction zones, plate boundary coupling is generally
high and megathrust earthquakes typically occur in a narrow depth range
between ~5-60 km depth (e.g., Kanamori, 1986; Moore et al., 2007). To the
first order, the seismogenic zone, or the zone of earthquake nucleation, can be
identified by temperature (i.e., between ~125-350°C) and we can map the
limits of the seismogenic zone using thermal models (e.g., Hyndman et al.,
1997). The limits of the seismogenic zone can help assess earthquake and
tsunami hazard; the width of the seismogenic zone provides an upper limit of
the width of megathrust earthquakes and may limit earthquake magnitude.
Additionally, a shallow updip limit of the seismogenic zone may increase
tsunami risk along a particular margin.
At Marianas-type margins, seismicity is subdued, plate boundary
coupling is apparently low and the simplified definition of the seismogenic zone
3

based on temperature is not strictly applicable. Reduced seismicity at Marianatype margins is often associated with a fluid-rich subsurface, for example at the
Mariana margin, mantle serpentinisation limits the depth of the seismogenic
zone (e.g., Hyndman et al., 1997). At the southeast Nicoya Peninsula (Costa
Rica) and Gisborne area of the Hikurangi margin (New Zealand), where large
earthquakes are also rare or absent, slow slip events predominate in areas
associated with rough incoming plate topography and high fluid content around
the plate boundary (e.g., Bell et al., 2010; Audet and Schwartz, 2013).
Alternatively, the lack of great earthquakes at Marianas-type margins may be
related to the frictional heterogeneity of the plate boundary resulting from
rough downgoing plate topography (Emry et al., 2011).
Subduction zones can also be divided into accretionary and erosive
type margins based on the transfer of material between the plates (e.g., von
Huene and Scholl, 1991). These processes ultimately control the growth or
destruction of the wedge, and are potentially related to the physical properties
of the plate boundary and the incoming plate (e.g., von Huene and Ranero,
2003). At an actively accreting margin, material is scraped off the subducting
plate or underplated and incorporated into the overriding plate forming an
accretionary prism or wedge (e.g., Karig, 1974; Seely et al., 1974). Conversely,
landward migration of the trench and subsidence of the wedge at some
margins suggests that material is being removed from the wedge either at the
deformation front or at the base of the wedge (e.g., Scholl et al., 1980).
Accretion preferentially occurs at convergent margins with a slow
convergence rate (<76 mm/yr) or a thick incoming sediment section; accretion
rarely occurs at margin with less than 1 km of incoming sediment (Clift and
Vannucchi, 2004). A décollement layer commonly forms within the sediment
section, separating the frontally accreted material above the décollement from
the material below which is subducted below the frontal prism (e.g., Cloos and
Shreve, 1988). Velocity analysis of seismic reflection data at the Barbados and
Nankai margins indicate that the décollement localises in a relatively weak,
fluid overpressured layer; as material is subducted deeper below the wedge
water is expelled, the décollement friction increases and the subducted
material may be underplated (e.g., Bangs et al., 1999; Bangs et al., 2004).
Erosional margins are recognised by landward migration of the trench
and/or subsidence of the wedge as a result of material being removed from the
wedge either at the deformation front or at the base of the wedge (e.g., Scholl
4
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et al., 1980). Most studies suggest that subduction erosion is associated with a
weak plate boundary (e.g., von Huene and Scholl, 1991; von Huene et al.,
2000; Sage et al., 2006) and erosion occurs due to abrasion of the wedge by
subducting plate topography (e.g., Dominguez et al., 2000; von Huene et al.,
2000) or hydrofracturing of the lower wedge (e.g., Sage et al., 2006), although
some do suggest erosion occurs due to high friction abrasion (e.g., Hilde,
1983). As the plate boundary properties evolve with varying inputs and as they
are transported deeper in the subduction zone, the dominant process acting
along the boundary may change and at any particular margin, both accretion
and erosion can occur (e.g., Sage et al., 2006; Clift and Hartley, 2007; Remitti
et al., 2011).
1.3. Recognised controls on subduction zone seismicity
Recent unexpected shallow ruptures along the Sumatran-Andaman
margin in December 2004 (e.g., Chlieh et al., 2007) and Japan Trench margin
in March 2011 (e.g., Fujiwara et al., 2011) have highlighted our lack of
understanding of the slip behaviour of the shallow plate boundary, and controls
on plate boundary seismicity in general. Offshore northern Sumatra, studies
suggest that the plate boundary may be strong (i.e., high friction) near to the
trench due to increased consolidation and dewatering within the thick (~5 km)
incoming section (Gulick et al., 2011; Geersen et al., 2013; Chapter 3).
Conversely, offshore northeast Japan the shallow plate boundary is weak and
velocity-weakening (Fulton et al., 2013; Ujiie et al., 2013). These results
indicate that coseismic earthquake slip may occur over a larger range of
frictional properties than previously thought, and that we do not fully
understand the factors which control the updip limits of seismogenesis and
coseismic slip.
The updip limit of the seismogenic zone may be controlled by a variety
of factors including decreasing fluid content, increasing cementation, and
mineral transitions all increasing the rigidity of the upper plate and megathrust
coupling or friction allowing for storage of elastic strain energy and stick-slip
behaviour (e.g., Brace and Byerlee, 1966; Moore et al., 2007). How these
different factors interact and the relative importance of each factor in
determining fault slip behaviour is still an unanswered question. Additionally,
geodetic studies of upper plate deformation often equate a non-slipping plate
boundary to a high friction or well coupled plate boundary which is not always
the case (Wang and Dixon, 2004). Alternatively, the constitutive law of rock
5

friction suggests that the dynamic strengthening or weakening behaviour of
faults during slip controls aseismic and seismogenic faulting, respectively
(Scholz, 1998), although more recent studies focusing on the velocity
dependence of friction indicate that at seismic slip velocities most materials
become velocity weakening (e.g., Hirose and Bystricky, 2007; Faulkner et al.,
2011). In the following work, we use the terms (low-velocity or aseismic) friction
and plate boundary coupling interchangeably but recognise that geodeticallyderived estimates of coupling are not always representative of the true plate
boundary properties.
There are a growing number of studies that suggest fluids are a
significant factor influencing subduction zone seismicity (e.g., Hubbert and
Rubey, 1959; Davis et al., 1983; Rogers and Dragert, 2003; Ito and Obara,
2006; Vannucchi and Leoni, 2007; Bell et al., 2010; Saffer and Tobin, 2011;
Audet and Schwartz, 2013; Sibson, 2013; Tanikawa et al., 2013; Moreno et al.,
2014). It has long been recognised that the addition of fluids can lower the
effective normal stress on a fault, which lowers the shear stress required to
cause failure (Hubbert and Rubey, 1959). Relatively recent recognition of
episodic slip and tremor near the base of the seismogenic zone at the
southwest Japan and northern Cascadia margins are thought to be caused by
dynamic lowering of the threshold shear stress by the addition of fluids to the
system (Obara, 2002; Rogers and Dragert, 2003). In southwest Japan very low
frequency earthquakes are observed within the shallow accretionary prism in
an area of estimated high fluid pressure (Ito and Obara, 2006; Bangs et al.,
2009); and slow slip at the Costa Rica (Audet and Schwartz, 2013) and
Hikurangi (Bell et al., 2010) margins has also been linked to high fluid content.
Along the Chilean margin, the coincidence of high Vp/Vs (indicative of high fluid
content) and low (geodetically-derived) coupling suggest that the weaker
coupling is caused by increased fluid content (Moreno et al., 2014). These
observations strongly suggest that fluid content may be a key factor affecting
the rupture characteristics and seismogenesis of the plate boundary.
Other studies have illuminated changes in the velocity structure around
the plate boundary zone following major plate boundary earthquakes
suggesting that earthquakes can trigger changes in the fluid content near to
the plate boundary (Husen and Kissling, 2001). Studies of ancient exhumed
subduction zone materials show evidence of deformation cycles consisting of
alternating compression and fluid-related extension (Vannucchi et al., 2008)
6
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and support the potential for fluid driven seismogenesis and fault valving (e.g.,
Sibson, 1992, 2013).
Subducting plate topography has been cited as a potential control on
seismicity and coseismic slip by many studies (see Das and Watts, 2009 and
references therein). Some studies suggest that elevated topography on the
downgoing plate increases coupling by increasing the normal stress acting on
the plate boundary and resulting in a localised asperity (i.e., strongly-coupled
patch; Cloos, 1992; Zhao et al., 2011) or introducing a mechanical barrier to
rupture (e.g., Robinson et al., 2006). Conversely, there is evidence that
elevated plateaus and rough seafloor topography are associated with creeping
areas of the plate boundary (e.g., Wang and Bilek, 2014). Explanations for
decreased coupling range from the entrainment of fluid-rich sediments around
the topographic highs (e.g., Mochizuki et al., 2008; Bell et al., 2010) to
dehydration of a hydrothermally altered subducting fracture zone (Moreno et
al., 2014). The two camps are not mutually exclusive and localised areas
associated with the highest ‘peaks’ can be strongly coupled, while areas
adjacent to the ‘peaks’ are weakly-coupled as a result of high fluid content
(e.g., Zhao et al., 2011). Additionally, complex faulting patterns around
subducting plate topographic highs may limit the maximum magnitude of
earthquakes (e.g., Wang and Bilek, 2011).
The prerequisites required to investigate the potential controls on
seaward limit of plate boundary seismogenesis and/or coseismic slip at a
particular margin include 1) a study area that exhibits variable slip behaviour,
2) well defined slip behaviour and distribution, and 3) a small enough
sampling/survey interval to identify variations in the potential controlling
factors across zones of variable slip behaviour. The aforementioned
prerequisites are all available along the north-central Sumatran margin, and in
the following thesis I use a series of closely spaced multi channel seismic
(MCS) lines along with swath bathymetry data, to investigate the relationship
between the margin structure and earthquake ruptures.
1.4. Sumatran-Andaman margin regional geologic setting
The Sumatran-Andaman margin is composed of a series of earthquake
rupture zones and segment boundaries exhibiting variable slip characteristics.
The modern records of ruptures spanning 2004-2010 (e.g., Lay et al., 2005;
Hsu et al., 2006; Bilek et al., 2011), along with historical accounts (Newcomb
7

Figure 1.3. Bathymetric map (Smith and Sandwell, 1997) of the Sunda Arc
showing the three plate boundary segments of the plate boundary of the
Sumatra-Andaman margin. Thick yellow lines indicate the position of the
Wharton Fossil Ridge and thin yellow lines indicate fracture zones (from Jacob
et al., 2014).
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and McCann, 1987) and paleogeodetic (coral uplift) data (e.g., Natawidjaja et
al., 2004; Natawidjaja et al., 2006), have allowed us to define three major
segments of the margin (Figure 1.3). The Mw 9.2 December 2004 earthquake
ruptured the ~1300 km long Sumatra-Andaman segment, which exhibits
internal variability in rupture speed and the potential for shallow earthquake
slip (Lay et al., 2005). In the Nias segment, which ruptured during the Mw 8.7
March 2005 and historic 1861 earthquakes, the shallow megathrust slips
aseismically and earthquake slip is concentrated below the outer forearc high
(Hsu et al., 2006). The Mentawai segment, extending from the Batu Islands to
Enggano Island, may have ruptured completely in 1833 (Newcomb and
McCann, 1987), but the majority of earthquake ruptures within this segment
are smaller and sometimes tsunamigenic (Newcomb and McCann, 1987;
Natawidjaja et al., 2004; Natawidjaja et al., 2006; Bilek et al., 2011).
Along the Sumatra-Andaman margin, the Australian-Indian Plate is
being obliquely subducted beneath the Sundaland Plate at a rate of ~70
mm/yr (Simons et al., 2007). Earthquake focal mechanisms of plate boundary
earthquakes offshore Sumatra are dominantly dip-slip suggesting plate motion
is partitioned into nearly perpendicular convergence accommodated across the
trench and strike-slip motion along the Great Sumatran Fault and other strike
slip faults in the forearc (Fitch, 1972; McCaffrey et al., 2000; Bock et al.,
2003). The perpendicular component of convergence varies from ~40-45
mm/yr offshore central Sumatra to ~20 mm/yr offshore of the Andaman
Islands in the north (McCaffrey, 2009; McNeill and Henstock, 2014).
Offshore north-central Sumatra, the youngest oceanic plate, approx. 45
Ma, is found at E-W trending segments of the Wharton Fossil Ridge (Figure
1.3); plate age increases north and south of the ridge to approximately 70 Ma
offshore of the Nicobar Islands (Jacob et al., 2014). The Wharton Fossil Ridge
is recognised as broad high in the oceanic basement topography and is offset
by N-S trending fracture zones also associated with basement highs (yellow
lines on Figure 1.3). Previous studies of the 2004 and 2005 earthquakes along
the central Sumatran margin have noted apparent correlations between
earthquake segment boundaries, patterns of aftershock seismicity, and
fracture zones in the subducting plate suggesting that there may be a
relationship between rupture behaviour and the subducting plate structure in
this area (e.g., Lange et al., 2010; Tilmann et al., 2010).
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The incoming Australian-Indian plate is overlain by a thick sedimentary
section composed of pre-fan pelagic and Bengal-Nicobar fan sediments
overlain by trench wedge deposits (Moore and Curray, 1980). The thickness of
sediments on the incoming plate is regionally controlled by proximity to the
Bengal-Nicobar fan source and locally by oceanic basement topography.
Sediment thickness varies from no cover on highs associated with the Wharton
Fossil Ridge and associated fractures zones (yellow lines on Figure 1.3), to > 5
km in the Wharton Basin west of northern Sumatra (Moore and Curray, 1974;
Dean et al., 2010; Gulick et al., 2011; Singh et al., 2011; Geersen et al.,
2013).
Margin-scale geophysical studies have constrained variations in overall
prism morphology and structure of the Sunda Subduction Zone, and have
noted along strike changes in seafloor prism morphology and vergence sense
among and within the different segments (Moore et al., 1980; Henstock et al.,
2006; Kopp et al., 2008; Shulgin et al., 2013; McNeill and Henstock, 2014;
Moeremans et al., 2014). Additionally, the boundaries between the segments
seem to be coincident with morphologic features of the subducting and
overlying plates; a projection of the Investigator Fracture Zone lines up well with
the boundary between the Mentawai and Nias segments (Lange et al., 2010)
and a landward step in the forearc island chain at the Batu Islands. The
boundary between the Nias and Sumatra-Andaman segments is associated
with a landward curving of the local earthquake distribution in the outer forearc
(following the 2005 earthquake, Tilmann et al., 2010) and a thickening of the
oceanic crust (Shulgin et al., 2013; Tang et al., 2013).
To date there is no body of work that definitively relates the apparent
change in coupling associated with large-scale structural features to variations
in lithologic/physical properties that influence seismogenesis (as discussed in
Section 1.1 and 1.2). Several explanations have been proposed, such as,
compositional changes associated with topographic highs on the subducting
plate (e.g., Pacheco et al., 1993); enhanced fluid migration through fractured
basement resulting in overpressure and decreased effective normal stress and
coupling (e.g., Tilmann et al., 2010); or distributed deformation over highly
fractured rocks and heterogeneous stress distribution (e.g., Wang and Bilek,
2011).
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1.5. Chapter synopsis
The following thesis examines the shallow structure (<~10 km depth)
and reflection characteristics of the accretionary prism offshore north and
central Sumatra. I use a series of closely spaced MCS lines (Figure 1.4), along
with swath bathymetry data, to investigate the along and across strike variation
from the southern rupture area of the 26 December 2004 Mw~9.2 earthquake
(Sumatra-Andaman segment), through the 2005 rupture (Nias segment) and
Batu Segment Boundary Zone (defined within), into the northern Mentawai
segment. By integrating the well defined coseismic and postseismic slip
distributions for the 2004 and 2005 earthquakes (e.g., Hsu et al., 2006; Chlieh
et al., 2007) with the structural interpretation I gain insight into the factors
controlling the changes in the slip behaviour of the shallow plate boundary. The
results are found in Chapters 2 to 4, which were prepared as separate, selfcontained manuscripts for publication in peer reviewed journals, and are
outlined below. I confirm that I, Becky J. Cook, am the primary author and have
conducted the majority of the work within each chapter, the secondary authors
have contributed data and/or provided guidance throughout the drafting
process.
Chapter 2 is entitled ‘Controls on spatial and temporal evolution of
prism faulting and relationships to plate boundary slip offshore north-central
Sumatra’ and was published in the Journal of Geophysical Research (doi:
10.1002/2013JB010834). This chapter examines the internal structure of the
accretionary prism imaged in a subset of the MCS data collected offshore Nias
and Batu Islands (~1.5°S to 1°N, including the southern Nias segment, the
defined Batu Segment Boundary Zone and the northernmost Mentawai
segment) and proposes a model for the evolution of prism faulting. It also links
along strike variations in fault vergence direction to the subducting Wharton
Fossil Ridge and suggests this change in vergence arises from a decrease in
plate boundary strength that may extend to the area south of the 2005
earthquake rupture.
Chapter 3 is entitled ‘Quantifying along strike variations in shallow plate
boundary strength offshore north-central Sumatra’. This chapter uses the
coulomb failure criteria and the wedge stress field defined in critical coulomb
wedge theory to estimate the frictional properties of the shallow wedge and
décollement at nine locations along the length of our study area (~1.5°S to
3°N). The results show a relatively strong wedge and plate boundary in the
11

Figure 1.4. Map of study area showing the MCS coverage (black lines) used in
this thesis and the coseismic slip contours (1 m) for the 2004 (blue, from
Chlieh et al., 2007) and 2005 (red, from Hsu et al., 2006) earthquakes.
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north (the southern Sumatra-Andaman segment) and decreasing plate
boundary friction to the south (Nias segment and the defined Batu Segment
Boundary Zone). The results suggest that the shallow coseismic slip during the
2004 earthquake was related to a strong and potentially seismogenic shallow
plate boundary.
Chapter 4 is entitled ‘Structural development and mass balance of the
outer accretionary prism offshore northern Sumatra’. In this chapter we present
a balanced interpretation of a MCS line representative of the prism structure
offshore northern Sumatra in the southern Sumatra-Andaman segment as well
as a model for prism development. We use our structural interpretation and
balancing techniques to estimate the décollement level, and the amounts of
eroded, subducted and underplated material. Comparison of our structural
interpretation and prism building model with analogue modelling shows that
the prism structure is consistent with a relatively strong décollement and a
thick, potentially cohesive, input section.
The combined results from the three results chapters characterise the
shallow plate boundary strength along the north and central Sumatran margin.
The observed variations correlate well with, and are potentially the cause of,
variations in the slip behaviour across the segments determined from
seismological and geodetic studies (e.g., Hsu et al., 2006; Chlieh et al., 2007).
We also find that variations in the subducting plate topography, overall
sediment thickness and permeability are likely the key controls on the plate
boundary strength offshore north and central Sumatra. We provide two models
for prism development that illustrate the variation in prism faulting style from
the southern Sumatra-Andaman segment to the Nias segment and Batu
Segment Boundary Zone. The variation in deformation style and modes of
accretion presented in this thesis are likely related to changes in plate
boundary strength and provide an explanation of the variation in the large scale
prism geometry observed offshore north and central Sumatra.
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CHAPTER 2. CONTROLS ON SPATIAL AND TEMPORAL
EVOLUTION OF PRISM FAULTING AND RELATIONSHIPS TO
PLATE BOUNDARY SLIP OFFSHORE NORTH-CENTRAL
SUMATRA
Abstract
Across and along strike variations in the morphology and structure of
the north-central Sumatran forearc (~1.5°S to 1°N) are broadly coincident with
subducting plate topography and an earthquake segment boundary zone below
the Batu Islands. We present a detailed interpretation of multi channel
streamer seismic reflection data collected offshore north-central Sumatra, to
better characterise morphological and structural variations, provide insight into
fault development, and relate structure to plate boundary rupture and
seismicity patterns. We interpret two relatively continuous, major fault
structures that divide the prism into three strike-parallel belts that can be
characterised by the relative fault slip rates along major and minor fault
structures. The mid slope break fault(s) and upper slope bounding fault(s) are
major, potentially out-of-sequence, thrusts accommodating a significant
component of the compressional strain. We propose the upper slope bounding
fault represents the more mature end member of an evolving fault system.
Landward-vergent structures are associated with a relatively thin sedimentary
section near the deformation front in the centre of our study area and suggest
a potentially weak shallow plate boundary associated with the subducting
Wharton Fossil Ridge.
2.1.1. Introduction
The Sumatran-Andaman margin is composed of a series of earthquake
rupture zones and segment boundaries exhibiting variable slip characteristics.
The modern records of ruptures spanning 2004-2010, along with historical
accounts and paleogeodetic (coral uplift) data, have allowed scientists to
define three major segments of the margin (Figure 2.1). The Mw 9.2 December
2004 earthquake ruptured the ~1300 km long north Sumatra-Andaman
segment, which exhibits internal variability in rupture speed and the potential
for shallow earthquake slip (Lay et al., 2005). In the Nias segment, which
ruptured during the Mw 8.7 March 2005 and historic 1861 earthquakes, the
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Figure 2.1. Bathymetric map of study area offshore north-central Sumatra
showing Australian-Sundaland relative plate motion (white arrow), the incoming
Wharton Fossil Ridge (dashed red lines) and associated fracture zones (solid
red lines), all MCS seismic lines (black) and MCS lines shown in Figs. 2.3-2.4
and 2.6-2.8 (white). Inset: Regional map with the three major segments of the
Sunda Subduction Zone.
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shallow megathrust slips aseismically and earthquake slip is concentrated
below the outer forearc high (Hsu et al., 2006). The Mentawai segment,
extending from the Batu Islands to Enggano Island, ruptured completely in
1833, but more recently in smaller, sometimes tsunamigenic earthquake
ruptures (Newcomb and McCann, 1987; Natawidjaja et al., 2004; Natawidjaja
et al., 2006; Bilek et al., 2011).
Margin-scale geophysical studies have constrained variations in overall
prism morphology and structure of the Sunda Subduction Zone, and have
noted along strike changes in seafloor prism profiles and vergence sense
among the different segments (Moore et al., 1980; Kopp et al., 2008; McNeill
and Henstock, 2014; Moeremans et al., 2014) but a detailed comparison of
the structure and seismicity is lacking, particularly for the margin offshore
north-central Sumatra. In addition, although detailed studies interpreting dense
2D seismic reflection data covering several 100’s of kilometres are relatively
uncommon, those that are available show that prism structure can change
rapidly along strike (e.g., MacKay et al., 1992; Smith et al., 2012).
Here we present a detailed interpretation of multi channel seismic
(MCS) data to provide insight into the development and evolution of the outer
forearc accretionary prism structure and morphology. We focus on ~10-100
km-scale along and across strike, variations in structure observed across the
segment boundary separating the Nias and Mentawai segments. We define the
Batu Segment Boundary Zone as the low coupling region below the Batu
Islands identified by Chlieh et al. (2008) and we compare observed changes in
the structure and morphology to earthquake slip, coupling models, and locally
recorded aftershocks to highlight possible relationships between structure and
seismicity.
2.1.2. Background
Megathrust earthquake nucleation is often concentrated below the
forearc basin, and the outer forearc high typically marks the transition from an
updip aseismic zone (outer wedge) into the seismogenic inner wedge (e.g.,
Byrne et al., 1988; Wells et al., 2003; Wang and Hu, 2006). Weak,
unconsolidated sediments of the outer wedge undergo internal deformation;
and the weak (steady-state, low velocity), presumably velocity-strengthening
underlying plate boundary is thought to be unable to accumulate the necessary
stress required for earthquake rupture initiation (Scholz, 1998; Marone and
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Saffer, 2007). However, coseismic rupture can potentially propagate into the
outer wedge following a deeper rupture if enough energy is released to
overcome the fracture energy (Kanamori, 2001) which can lead to runaway slip
if the outer wedge material is also velocity-weakening (Faulkner et al., 2011;
Ide et al., 2011; Ujiie et al., 2013). Conversely, material comprising the inner
wedge and underlying plate boundary is stronger resulting from near complete
compaction and dewatering of sediments or the presence of a continental
backstop and identified by a stable taper angle, and deforms in elastic-brittle
(stick-slip) cycles (e.g., Byrne et al., 1988; Fuller et al., 2006; Moore et al.,
2007).
The outer wedge structure at accretionary margins typically comprises a
sequence of seaward propagating and vergent imbricate thrust sheets (e.g.,
Moore et al., 2009; Smith et al., 2012). Some margins deviate from this model
and are characterised by mixed or landward vergence and/or more complex
faulting/deformation patterns (Seely, 1977; Moore et al., 1980; e.g., Gulick et
al., 1998). At the outer-arc high the structural style changes and minimal
internal deformation occurs within the older prism underlying the forearc basin.
This change in deformation style is commonly coincident with the inner/outer
wedge transition and the plate boundary underlying the forearc basin
considered seismogenic (e.g., Byrne et al., 1988).
Seaward dipping thrusts (and related landward-vergent folds) are
relatively uncommon globally but are observed in parts of several prisms,
including offshore Washington-Oregon-N California (Cascadia), northern
Panama, southern Chile, and Sumatra; and in fossil prisms in Alaska and Japan
(Seely, 1977; Reed et al., 1990; MacKay et al., 1992; Gulick et al., 1998;
Henstock et al., 2006; Polonia and Torelli, 2007; McNeill and Henstock, 2014;
Moeremans et al., 2014). The development of landward-vergent structures at
the prism toe is not well understood, but low basal shear stress is a commonly
cited pre-requisite (Seely, 1977; MacKay et al., 1992; Gutscher et al., 2001),
and sandbox models with varied basal friction highlight increased backthrust
deformation and symmetry of structures in models with decreased basal
friction (Huiqi et al., 1992).
Out-of-sequence thrusts are commonly found near, and contribute to,
uplift of the outer forearc high (e.g., Barnes et al., 2002; Gulick et al., 2010).
Others are observed in a mid slope position and may indicate a dynamic
backstop composed of lithified, accreted sediments (Kopp and Kukowski,
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2003). Out-of-sequence thrusts are often associated with negative polarity
reflections (Collot et al., 2008; e.g., Bangs et al., 2009) and are thought to be
important conduits for fluid-flow within accretionary prisms (Saffer and Tobin,
2011). Coseismic slip along major out-of-sequence thrusts (or megasplay
faults) may be an important mechanism in tsunami generation (e.g., Park et al.,
2002).
Along strike changes in coupling are thought to be responsible for lack
of (fast) seismic rupture at some subduction margins and varied slip behaviour
at others (e.g., Chlieh et al., 2008; Scholz and Campos, 2012). Gaps in the
seismic record can be grouped into two categories: 1) areas that are well
coupled with significant future rupture potential and are considered ‘gaps’ due
to the limited earthquake record (e.g., Loveless and Meade, 2011; Smith et al.,
2013); and 2) areas where decreased effective friction along the plate
boundary (i.e., a weakened plate boundary) promotes aseismic or slow slip
events (e.g., Chlieh et al., 2008; Bell et al., 2010).
Decreased effective friction along the subduction plate boundary is
often associated with excess fluid pressures which lower the effective normal
stress (e.g., Davis et al., 1983). Increased fluid pressures outboard of the
deformation front, in proto-décollement horizons, may build up where
sedimentation rates are high and rapid burial traps fluids, thick sediments and
increased temperatures lead to early dewatering reactions, or continuous
recharge by deeper fluids is occurring (Bangs et al., 1999; Geersen et al.,
2013). Landward of the deformation front, high fluid pressures develop as a
result of dewatering and compaction reactions and/or underthrusting of fluidrich, undercompacted sediments (Moore et al., 2001; Bangs et al., 2009;
Saffer and Tobin, 2011). Fluid-rich zones capped by low porosity sedimentary
horizons or faults are often recognised on seismic reflection profiles as
negative polarity reflectors and have been drilled and sampled at the Barbados
(Bangs et al., 1999); Cascadia (Moore et al., 1995); and Nankai margins
(Moore and Shipley, 1993).
2.1.3. Regional geologic setting
At the Sunda Subduction Zone, the Australian-Indian Plate is being
obliquely subducted beneath the Sundaland Plate at a rate of ~60 mm/yr
(DeMets et al., 2010). Earthquake slip along the north-central Sumatran
subduction plate boundary is dominantly dip-slip suggesting plate motion is
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partitioned into nearly perpendicular convergence accommodated across the
trench and strike-slip motion along the Great Sumatran Fault and other strike
slip faults in the forearc (Fitch, 1972; McCaffrey et al., 2000; Bock et al.,
2003). The perpendicular component of convergence varies from ~40-45
mm/yr offshore central Sumatra to ~20 mm/yr offshore of the Andaman
Islands in the north (McCaffrey, 2009; McNeill and Henstock, 2014).
Offshore north-central Sumatra, the youngest oceanic plate, approx. 45
Ma, is found at E-W trending segments of the Wharton Fossil Ridge (WFR);
plate age increases north and south of the ridge to approximately 70 Ma
offshore of the Nicobar Islands (Liu et al., 1983). The WFR is recognised as
broad high in the oceanic basement topography and is offset by highs
associated with N-S trending FZs at ~98°E (the Investigator Fracture Zone, IFZ)
and at 96.5°E in our study area (Figure 2.1). Previous studies of the Sumatran
margin have noted apparent correlations between patterns of plate boundary
seismicity and coupling, subducting plate structures and seafloor morphology
suggesting that there may be a relationship between rupture behaviour and the
subducting plate structure in this area (Chlieh et al., 2008; Lange et al., 2010).
The incoming plate sedimentary sequence is composed of pre-fan
pelagic and Bengal-Nicobar fan sediments overlain by trench wedge deposits
(Moore and Curray, 1980). The thickness of sediments on the incoming plate is
regionally controlled by proximity to the Bengal-Nicobar fan source and locally
by oceanic basement topography. Sediment thickness at the trench varies from
~1-3 km near the Batu Segment Boundary Zone, to > 4 km northwest of
Sumatra (Dean et al., 2010; Gulick et al., 2011; Geersen et al., 2013; McNeill
and Henstock, 2014).
In the north Sumatra-Andaman segment, the outer forearc is typically
characterised by a relatively narrow and steep outermost slope which
transitions to a broad plateau farther arcward (Moore et al., 1980; Cochran,
2010; McNeill and Henstock, 2014). Landward verging folds and seaward
dipping faults are relatively common at the prism toe (Henstock et al., 2006;
McNeill and Henstock, 2014; Moeremans et al., 2014) and a strong negative
polarity reflector, interpreted as a proto-décollement surface is observed in the
thick (4.0-4.5 km) incoming sedimentary section (Dean et al., 2010). In the
Nias segment, the prism width is narrow with a steep outermost slope resulting
from surface erosion (Kopp et al., 2008). Near the Batu Segment Boundary
Zone, the outermost slope is variable and the deformation front has an
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irregular trend due to the subduction of the WFR and IFZ (Kopp et al., 2008). In
the Mentawai segment, the overall prism broadens and shallows relative to the
Nias segment (Kopp et al., 2008), the downgoing plate is characterized by
variable basement topography which commonly outcrops at the seafloor, and
mixed vergence structures are observed near the deformation front (Singh et
al., 2011).
2.2. Data acquisition and processing
Following the Sumatran megathrust earthquakes in December 2004
and March 2005, data were collected in an effort to understand the different
rupture characteristics, the segmentation of the plate boundary and the details
of the forearc structure. Data pertinent to this study are swath bathymetric
data collected on various cruises by UK- and German- funded studies; and MCS
seismic data collected onboard the UK-funded R/V Sonne in 2008 (cruise
SO198) and 2009 (cruise SO200).
The swath bathymetric data were collected onboard the R/V Sonne
using a Simrad EM120, with a 1 degree beam width resulting in a minimum
horizontal resolution of ~100 m near the trench. The swath bathymetric data
were combined to produce a 0.002° x 0.002° grid and supplemented with
GEBCO bathymetry (Smith and Sandwell, 1997). The resultant grid is shown
with illumination from the SW in Figure 2.1.
MCS seismic data collected offshore central Sumatra during SO198
used a 5420 cu. in., 2000 psi source, shot at 20 second (~50 m) intervals and
a 192-channel, 2.4 km long fluid-filled digital streamer to record the data. The
data are a series of dip sections, with line spacing of approx. 20-30 km, and
adjoining strike lines covering ~250 km along strike between Siberut and Nias
Islands (Figure 2.1). Data collected during SO200 used a smaller source (1400
cu. in.) and a shorter streamer (24-channel, 300 m); they form a series of
trench oblique profiles, with an average spacing of approx. 5 km and along
strike coverage of ~150 km (Figure 2.1).
All MCS data are shown as pre-stack time migrations with varying
degrees of pre-processing (details shown in Table 2.1). The relatively short
streamer and complex prism structure presents a challenge for imaging
structures greater than ~2.0 ms below the seafloor, and the interpretations
presented are dotted on Figures 2.2-2.4 and 2.6-2.8 where they are uncertain.
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Table 2.1. Summary of the different processing flows applied to MCS seismic
lines interpreted in this study.
Processing steps
bandpass filter
predictive decon
F-K filter
multiple removal
velocity analysis
Pre-stack time mig.
Post-mig stack
top mute
F-K filter
AGC (1000 ms)

SUMD lines
3-5-50-62.5
Y
Y
N
Y
Y
Y
Y
N
Y

SUMD03
3-5-50-80
Y
Y
Y
with DMO
Y
Y
Y
Y
Y

Our interpretation is based on combined observations from the data at
various stages of processing including the CDP gathers, stacked sections and
pre-stack time migrated sections. Where approximate depth values are given
they are based on a simple three layer velocity model composed of a 1500 m/s
water layer; a 1.0 km thick, upper sediment layer with interval velocity of 2000
m/s; and a lower sediment/rock layer with interval velocity of 4000 m/s
(Kieckhefer et al., 1980). Incoming sediment section thicknesses are
calculated using an average sediment velocity of 2500 m/s and slope
sediment thicknesses are calculated using an average sediment velocity of
2000 m/s.
2.3. Results
In the following description, we have defined an along strike distance
axis approximately parallel to the trench with the zero point located at ~1.5°S
(Figure 2.1). Distances along individual seismic profiles are given as distance
from the deformation front (DF) and are marked on all profiles. The
accretionary prism is complexly faulted, and for ease of description, faults
coincident with major bathymetric ridges were named numerically from the DF
landward. Along strike equivalent faults have the same number but can be
identified as a different fault by the alphabetical suffix. Faults appended with
‘a’s are the southernmost, and as new faults are identified along strike they are
named with the subsequent letter suffix, i.e., 1a, 1b, 1c, etc. The
comprehensive interpretation of the outer forearc incorporates analysis of all
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profiles shown in Figure 2.1; three representative profiles are described in the
following sections.
2.3.1. Incoming plate structure
The incoming plate has variable oceanic basement topography across
the study area; the oceanic basement outcrops on the seafloor along ~N-S
oriented FZs at ~96.5°E and 98°E (Figure 2.1). The sediment thickness on the
incoming plate varies rapidly both along and across strike from no cover on the
incoming FZs outboard of the trench to ~3 km in the deepest trench sections.
At the deformation front, the thinnest sedimentary section (~1 km thick) is
observed ~100 km along strike, where the WFR intersects the trench; here the
outer prism bulges upward and the deformation front steps seaward producing
a trench salient from ~80 to 160 km along strike (Figure 2.1). The thickest
input sedimentary section (~3 km thick) is found between ~160 and 190 km
along strike, in a trench re-entrant north of the salient (Figure 2.1). Other more
localized variations in sediment thickness are also controlled by topography of
the oceanic basement. There is no high-amplitude negative polarity reflector
within the deepest sediments as observed offshore north Sumatra (Dean et al.,
2010; Geersen et al., 2013). Normal faults offsetting the incoming sediment
section, observed on the bathymetric data outboard of the trench wedge, are
largely trench parallel but are rotated to a ~N-S trend near FZs (Figure 2.1).
These faults cut the entire section to the seafloor seaward of the trench wedge,
whereas nearer to the deformation front the faults are buried by trench wedge
deposits.
2.3.2. SUMD03
Line SUMD03 is located in the south of our study area (~30 km along
strike) and extends from 4 km seaward of the DF to 68 km landward into the
outer forearc wedge. The incoming sedimentary section is ~2.0 km thick at the
trench and the top of the oceanic basement is imaged for ~45 km below the
prism. The imaged wedge is cut by a series of landward dipping imbricate
thrusts resulting in a series of bathymetric ridges with spacing of 6-11 km and
numerous smaller thrusts with variable dip-direction (Figure 2.2).
The outermost wedge (0-33 km from DF) is characterized by a rugose
seafloor which results in pull-up and out-of-plane reflections that obscure the
subsurface structure and seafloor respectively. The seafloor roughness reflects
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a combination of recent fault activity, limited slope sedimentation and erosion.
The frontal structure asymmetry and the bulk of compressional deformation
accommodated across it are landward-vergent but there is no offset observed
along any potential seaward dipping fault planes. Offset is observed along Fault
1a, which is landward dipping, has a negative polarity fault plane reflection and
soles into the top of oceanic basement. The fault planes of Faults 2a and 3a
are poorly imaged and we interpret the faults based on discontinuities in the
sediment reflections. Sedimentary reflections also define hanging wall
anticlines which are deformed by minor faults and eroded at the surface. Fault
4a has a negative polarity fault plane reflection that shallows in dip and
decreases in amplitude at depth (> ~6 km). The Fault 4a hanging wall block is
characterized by chaotic seismic character and the locally steepest seafloor
slope (23°) is coincident with seafloor collapse on the seaward edge (of the
hanging wall block). Between 34 and 39 km from the deformation front,
several km scale horse blocks are imaged below a thin cover of slope
sediments (100-200 m vertical thickness) which suggests that the chaotic
character of the landward limb is the result of extensive internal deformation.
Fault 5a is located ~40 km from the DF and marks a change to a more
uniform seafloor slope. It has a negative polarity and variable strength fault
plane reflection, and the hanging wall contains several shorter wavelength (2-5
km) faults and folds. The seafloor landward of Fault 5a is smoother due to
increased draping by forearc high-derived sediment and presumed reduced
activity of prism thrusts. The prism seismic character is dominantly chaotic and
is obscured by residual multiple noise. A relatively undeformed slope sediment
package (up to 400 m thick) drapes the wedge from Fault 5a to the end of the
line.

Figure 2.2. Seismic line SUMD03 showing the imbricate thrust structure of the
frontal prism and belt bounding major faults. a) interpreted and b)
uninterpreted, data are 1:1 at 4 km/s. Yellow lines represent sedimentary
layering/lithologic boundaries, yellow shaded polygons are packages of slope
sediment and black lines are faults. The horizontal distance is measured from
the deformation front which is marked DF.
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2.3.3. SUMD14
Line SUMD14 is located near the middle of our study area (~115 km
along strike); we show a section of the line extending from 3.5 km seaward of
the DF to 74.5 km landward into the outer forearc wedge (Figure 2.3). The
incoming sedimentary section is 1.8 km thick at the trench and the top of the
oceanic basement is imaged much farther landward (~70 km) below the prism
than on the other lines. The prism structure is dominated by cross-cutting
landward and seaward dipping faults producing a complex deformation
pattern. The thrust faults coincident with the primary bathymetric ridges have a
spacing of 4-12 km and are labelled on Figure 2.3.
The outermost 10 km of the wedge is cut by two seaward dipping faults
(1f and 1.5f) which sole into the top of oceanic basement and have a spacing
of ~4 km. A possible negative polarity fault plane reflection is observed along
Fault 1f, whereas Fault 1.5f is apparently non-reflective. The hanging wall
anticlines associated with Faults 1f and 1.5f are well imaged and consistent
with landward-vergent deformation.
From 10 to 25 km landward of the DF, the prism faulting pattern is
complex and both landward and seaward dipping faults are observed. Faults
2d, 3c and 4b are coincident with significant bathymetric ridges and a
thickening of the prism, and are interpreted as major faults. The major faults
are shown as landward dipping based on the orientation of deeper reflector
packages interpreted as blocks of coherent sediment. Seaward dipping faults
in the hanging wall(s) of the major Faults 2d and 3c appear to be cross-cut by
the major landward dipping faults (i.e., Fault 2d cuts a seaward dipping fault in
the footwall at ~12 km, and Fault 3c cuts a seaward dipping fault in the
hanging wall at ~19 km).

Figure 2.3. Seismic line SUMD14 showing the dominantly landward-vergent
imbricate thrust structure of the frontal prism which is cross-cut by the out-ofsequence mid slope break fault. The wide mid slope terrace is underlain by an
apparently increased reflectivity oceanic basement. a) interpreted and b)
uninterpreted, data are 1:1 at 4 km/s. Symbology used is the same as in Figure
2.2.
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Between 25 and 50 km from the DF the seafloor is fairly flat with three
~7 km wide terraces overlain by thin slope sediments (up to 200 m thick), and
separated by gentle, fault-related ridges. Fault 4a can be traced on the
bathymetry from SUMD03 and outcrops on the seafloor at 39 km from the DF;
along SUMD14 the fault is much less prominent and there is no obvious fault
plane reflection. From 53 km landward, the seafloor slope increases and
becomes more uniform, and the slope sediment package (vertical) thickness
increases to ~0.3-1 km.
2.3.4. SUMD19
Line SUMD19 is the northernmost line in our study area (~245 km
along strike) and extends from 5 km seaward of the DF to 55 km landward into
the outer forearc wedge (Figure 2.4). The incoming sedimentary section is 2.8
km thick at the trench and the top of the oceanic basement is imaged for ~35
km below the prism. The complex fault structures are composed of several
landward dipping faults and associated folds with a spacing of 8-16 km (Figure
2.4).
The outermost 20 km of the wedge is cut by two named fault structures
with a spacing of ~8 km. These two fault structures (2g and 3d) are both
composed of several landward dipping faults which sole into the oceanic
basement. The frontal thrust (2g) appears to have a negative polarity fault
plane; whereas the other, more landward, fault planes are non-reflective or
poorly imaged. The seafloor surface in the outer 20 km of the prism is gently
folded and has little to no slope sediment cover. From 20 to 36 km landward of
the DF, increased erosion results in a much more rugose seafloor and the
underlying prism structure is obscured by major out-of-plane and multiple
reflections making the interpretation uncertain in this area. An undisturbed
slope basin extends from 36 to 46 km, and at the landward edge of the basin
the seafloor begins to gently slope upward. The prism underlying the landward

Figure 2.4. Seismic line SUMD19 showing the complex structure of the frontal
prism and the poor imaging of the mid slope break and upper slope bounding
faults. a) interpreted and b) uninterpreted, data are 1:1 at 4 km/s. Symbology
used is the same as in Figure 2.2.
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Figure 2.5. a) Interpreted faults shown on bathymetry, (red: landward dipping,
yellow: seaward dipping, pink: normal), fault labels correspond to seismic lines
shown in Figs. 2.2-2.4 and 2.6-2.8, major faults are indicated by a thicker fault
trace and the green arrows indicate extent of Zones A-C. b) Extent of defined
belts and zones (frontal prism: dark shading, mid slope break and terrace: light
shading, and upper slope: medium shading) with the incoming Wharton Fossil
Ridge (dashed red lines) and associated fracture zones (solid red lines), and
seismicity information including (blue) slip contours of the 2005 earthquake
(Hsu et al., 2006), approximate slip area (blue rectangle) of the 1797
earthquake (Natawidjaja et al., 2006), area of the Batu segment boundary
zone (yellow ellipse), and local network aftershocks from Lange et al. [2010]
(red circles) and Tilmann et al. [2010] (red squares). c) Depth to top of oceanic
basement calculated with 3-layer velocity model (see text for details) and the
incoming Wharton Fossil Ridge and associated fracture zones.
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portion of the line is dominated by chaotic seismic reflections with intermittent
landward dipping reflections overlain by up to ~1 km of slope sediment.
2.3.5. Across and along strike variability of prism structure
The accretionary prism offshore central Sumatra is characterized by
complex deformation structures which vary rapidly along and across strike
(Figure 2.5A). We identify and use two relatively continuous morphological
features coincident with major faults, the mid slope break and upper slope
bounding fault, to subdivide the prism into three strike-parallel belts: the frontal
prism; mid slope break and terrace; and upper slope (Figure 2.5B). The frontal
prism typically comprises a series of imbricate thrusts which appear to sole into
the sediment-oceanic basement interface and vary considerably along and
across strike (Figure 2.6). The landward termination of the frontal prism is
marked by a relatively high offset fault or fault network which produces a clear
mid slope break (Figure 2.7). We define the upper slope as the portion of the
wedge between the mid slope terrace and crest of the outer forearc high
(forearc island chain). The seaward boundary is marked by the upper slope
bounding fault, a variably reflective fault reaching the seafloor at the base of
this upper slope (Figure 2.8). The upper slope bounding fault typically lacks a
hanging wall scarp but coincides with a thickening of the wedge. The prism
underlying the upper slope is typically composed of weak landward dipping or
chaotic accreted sediment layer reflections that are truncated at the base of
the slope sediment section or at the seafloor. The upper slope seafloor shows
little variation in morphology and is relatively smooth.
Along strike variation in the dominant vergence sense of the frontal
prism thrust folds and the seafloor morphology are used to further subdivide
the prism into three along strike zones: Zone A, Zone B and Zone C (Figure
2.5B). The variation within and between each belt and zone is described below
in more detail.
2.3.5.1. Frontal prism structure
The frontal prism contains a series of imbricate thrust structures in a
10-25 km wide belt. The trend of the deformation front is locally variable and a
trench salient (~80-160 km along strike) and re-entrant (~160-190 km) are
observed on the bathymetric data (Figure 2.1). The frontal thrusts typically
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extend less than 25 km along strike; have seaward, landward or variable
dip/fold vergence direction; and, where clearly defined by offset stratigraphy,
have negative polarity or non-reflective fault plane reflections. Landward of the
frontal thrust, increasing fault displacement results in the linking of faults with
similar orientations and increasing the along strike continuity of bathymetric
ridges (Figure 2.5A). Seismic image quality decreases with distance landward
of the deformation front and fault plane reflections landward of the frontal
thrust are not always resolved.
In Zone A, deformation within the frontal prism is distributed over a
series of landward dipping thrusts with minor active deformation on seaward
dipping faults and landward vergent folds. Seaward dipping faults and
landward vergent folds typically occur together but we also observe some
examples of seaward dipping faults with poorly developed (landward vergent)
hanging wall anticlines (e.g., Figure 2.3, ~7 km); and landward vergent folds
with little to no observable displacement on seaward dipping faults (Figure
2.6C).
Zone B is coincident with the trench salient (~80-160 km) and an
increase in the occurrence of seaward dipping faults and landward vergent
folds results in dominantly landward vergent (Figure 2.3) and/or symmetric
structures (Figure 2.6B). In the northern half of Zone B, the seaward dipping
faults are present with poorly developed landward vergent hanging wall
anticlines.
In Zone C, the frontal prism faults are dominantly landward dipping and
produce prominent hanging wall structures (Figure 2.5A; Figure 2.6A). The
frontal structures are more complex than those to the south, and are
composed of multiple faults and complexly folded structures (Figure 2.4; Figure
2.6A). The southern half of Zone C is coincident with the trench re-entrant
(~160-190 km) and the thickest incoming sedimentary section within our study
area (~3.1 km, Figure 2.6A).
2.3.5.2. Mid slope break and terrace structure
In Zone A, the mid slope break is a prominent morphological feature
and results from displacement along a single fault (Fault 4a) that can be traced
along strike for ~70 km. Shallow hanging-wall reflectors underlying the terraced
area are intensely faulted and folded; whereas the deeper hanging wall has a
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Figure 2.7. Seismic examples of the mid slope break fault(s), a) SUMD03, b)
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seabed and fault waveforms from the indicated locations, trace length is 100
ms and amplitudes are scaled to be comparable. Symbology used is the same
as in Figure 2.2.
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chaotic seismic reflection character (Figure 2.7C). The mid slope break fault is
coincident with a negative polarity reflector which is imaged on SUMD05 and
SUMD03 (Figure 2.7B, C, respectively).
In Zone B, the trace of the southern mid slope break, Fault 4a,
decreases in prominence and bends landward. The seafloor traces of Faults
2d, 3c and 4b resemble a horsetail pattern suggesting they are splaying from
Fault 4a just south of SUMD14 and resulting in a seaward shift of the
morphologic mid slope break (Figure 2.5A, B). The mid slope break faults in
Zone B do not have obvious fault plane reflections and the hanging wall
anticlines produce relatively smooth (i.e., minimal erosion) bathymetric ridges.
In Zone C, the MCS data do not image the faulting producing the mid
slope break well; the bathymetry suggests that the structure is complex and
involves several faults. The presence of the mid slope break faults (4c and 5d)
is inferred from the thickened prism under the terrace (Figure 2.4) and the
seafloor ridge geometry (Figure 2.5). The Zone C mid slope break is presumed
to be the result of displacement on several faults and is a prominent feature
resulting in a shallower terrace level than observed to the south. Seafloor
traces of Faults 4a, 4b, 4c, 5c, 5d, 6b and 6c indicate a major change in faultrelated strain distribution near the Zone B-C boundary. Faults 4b, 4a and 5c
are overthrust by Faults 4c, 5d and 6b, respectively (Figure 2.5A).
Throughout our study area, the mid slope terrace is overlain by flat-lying
or very gently folded slope sediments indicating that the wedge is not presently
undergoing significant internal deformation below the terrace. One exception is
in Zone B where mid slope break associated faulting extends over a broader
zone, into the terrace. In Zone B, we also note potentially increased reflectivity
of the plate boundary reflection, which is well imaged beneath the mid slope
terrace and into the upper slope belt, to ~65-70 km (~15 km depth, Figure
2.3). Within Zone A, minor normal faulting below the mid slope terrace has
resulted in the formation of a shallow graben (Figure 2.5A, pink faults).
2.3.5.3. Upper slope bounding fault and upper slope structure
The upper slope bounding fault coincides with a thickening of the
wedge section and the transition to a relatively uniform/smooth upper slope.
The upper slope bounding fault(s) lack a prominent hanging wall scarp and
sedimentary reflectors in the hanging wall are truncated at the base of the
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slope sediment section (Figure 2.8A, B) indicating a decreased fault slip rate
and/or increased erosion of the hanging wall. In the north of our study area,
the upper slope bounding fault steps landward (to Fault 6c), placing it on the
edge of our seismic coverage where the fault plane is obscured by the seabed
multiple.
The individual segments of the upper slope bounding fault exhibit
variable seismic character. In Zone A, a weak to negative polarity fault plane
reflection is observed on SUMD03 (Figure 2.2) and on SUMD01, a fault zone
composed of a package of reflections is imaged (Figure 2.8B). On SUMD12 in
Zone B, a relatively strong positive polarity fault plane reflection is imaged ~17
km landward of its seafloor expression beneath the upper slope (~6 km depth,
Figure 2.8A).
2.4. Discussion
2.4.1. Along strike variability of frontal prism structures
The only active seaward dipping faults and landward-vergent folds are
within the frontal prism belt of our study area. Seaward dipping faults and
landward-vergent folds imaged within the mid slope break and terrace and
upper slope belts are inactive, minor structures; or present as backthrusts in
the hanging walls of major structures. The nature of frontal prism structures
(i.e., vergence sense, fault dip direction and fault zone complexity) often
changes from line to line (~20-30 km spacing) within the frontal prism belt.
Fault dip direction does not seem to vary systematically along strike, although
we do recognise increased deformation associated with seaward dipping faults
and landward-vergent folds in the Zone B frontal prism.
Seaward dipping faults and landward-vergent folds are occasionally
observed in the frontal prism of Zone A (Figure 2.5A). On SUMD03, the frontal
structure is a landward-vergent fold crosscut by a negative polarity landward
dipping reflector (Figure 2.6C) suggesting that deformation has recently
transferred to a newly initiated landward dipping fault (i.e., the negative polarity
reflector). The minor occurrences of landward-vergent structures in Zone A
suggest that the temporal extent of landward-vergent deformation is shorter
(i.e., landward-vergent structures are younger or currently inactive), landwardvergent structures have lower strain rates (relative to seaward-vergent
structures), or both.

37

In Zone B, seaward dipping faults/landward-vergent folds are welldeveloped in the frontal prism (Figure 2.5A; Figure 2.6B). The imbricate
sequence of seaward dipping thrusts/landward-vergent folds which comprise
the frontal prism is crosscut by a landward dipping fault(s) at the mid slope
break. The increased occurrence of seaward dipping thrusts and landwardvergent folds in the frontal prism suggests landward-vergent deformation is
dominant in early prism development in Zone B, and persists until material
reaches the mid slope break.
In Zone C, the frontal structures are complex and include both seaward
and landward dipping faults and the dominant faults are typically landward
dipping (Figure 2.6A). The bathymetric relief of the Zone C frontal structures are
greater than those in Zones A and B to the south indicating higher net
displacement, either due to a longer period of activity and/or higher slip rates.
Seaward dipping faults and landward-vergent folds are also observed in
accretionary prisms offshore Washington-northern Oregon-northern California
(Cascadia), northern Sumatra-Nicobar-Andaman, southern Chile and northern
Panama (Seely, 1977; Reed et al., 1990; MacKay et al., 1992; Gulick et al.,
1998; Henstock et al., 2006; Polonia and Torelli, 2007; McNeill and Henstock,
2014; Moeremans et al., 2014). Offshore northern Sumatra, the Andaman
Islands, southern Chile and northern Panama landward and mixed vergence
structures in the prism toe are often associated with wide sections of the prism
and relatively low overall slope values (Reed et al., 1990; Gulick et al., 1998;
Polonia and Torelli, 2007; McNeill and Henstock, 2014). On the Cascadia
margin, landward and mixed vergence in the prism toe is generally
concentrated in areas with high sediment input from the Astoria, Nitinat and
Eel River fans (Seely, 1977; MacKay et al., 1992; Gulick et al., 1998).
Models for the development of landward vergence in the frontal prism
require a weak basal detachment, and at Cascadia margin, it is suggested that
an apparently overpressured horizon near the base of a thick incoming
sedimentary section acts as the plate boundary décollement (Seely, 1977;
MacKay, 1995; Gutscher et al., 2001). Similarly, offshore northern Sumatra
landward vergence is associated with a thick incoming section and a potentially
overpressured sediment layer (Henstock et al., 2006; Dean et al., 2010;
McNeill and Henstock, 2014). In contrast to much of the Cascadia and north
Sumatran margins, landward vergence in our study area is most common in
Zone B where the sedimentary section is thinnest, and the majority of trench
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sediments are diverted off the basement high associated with the WFR to
adjacent trench depocentres. Therefore, it is unlikely that an overpressured
horizon is present within the sediment section, if the development of landward
vergence in our study area is associated with a weak basal detachment, we
need a different model to explain its occurrence.
Along SUMD14 (Zone B) a relatively well imaged plate boundary
reflection can be traced up to 70 km landward of the DF, below the
accretionary prism (Figure 2.3). On the other lines in our study area, the plate
boundary can typically be traced ~35-50 km landward of the DF. This
difference in plate boundary imaging/reflectivity suggests that there may be a
change in the physical properties or along strike variations in wave
transmission/attenuation and/or signal to noise ratio. If there is a change in
the physical properties of the plate boundary, it may be similar to the increased
plate boundary reflectivity observed along the Hikurangi margin associated with
excess fluids (Bell et al., 2010) and general increases in reflectivity associated
with fluid-rich zones observed at Nankai and Barbados (Moore and Shipley,
1993; Bangs et al., 1999).
In our study area, we observe scattered negative polarity fault plane
reflections and discordant (cross-cutting sedimentary reflections) negative
polarity reflections throughout the prism (Figure 2.6C; Figure 2.7A, B, C). The
discordant reflectors resemble low offset faults observed in other areas but
with no seismically resolvable offset and we interpret these as low offsetfaults/fractures. Structural inversion can be ruled out as a cause of the
negative polarity discordant reflections and the negative polarity character may
be indicative of enhanced porosity supported by fluid-flow. A likely fluid source
is diagenetic dehydration reactions that are probably occurring at the base of
the incoming sediment section offshore north Sumatra (Geersen et al., 2013)
resulting in a high-amplitude negative polarity reflector within the incoming
section (Dean et al., 2010). In Zone B (and to some extent in Zone A), the
topographic relief of the oceanic basement (Figure 2.5C) results in a thinner
sediment section, likely delaying the onset of the diagenetic dehydration
reactions until after the material is subducted/accreted. If the plate boundary
fault acts as a permeability barrier, focussing of fluid-flow by the topographic
relief of the WFR could potentially result in the observed increased plate
boundary reflectivity and the localised area of increased landward vergence in
the frontal prism in Zone B.
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Along strike changes in frontal prism vergence and plate boundary
reflectivity suggest spatial changes in the physical properties of the frontal
prism and/or the underlying plate boundary on the ~10-100 km scale.
Although there is some uncertainty about the exact mechanisms, the data
suggest that oceanic basement topography, incoming sediment thickness, and
the location of onset of diagenetic dehydration reactions are all key factors
controlling the nature of deformation within the frontal prism.
4.2. Out-of-sequence thrusting and activity of major thrust faults
In our interpretation of the prism structure we identified two major
thrust faults, the mid slope break fault and upper slope bounding fault, which
separate the prism into three belts. These faults tend to have larger net
displacement than the adjacent faults and are associated with prominent
seafloor ridges and/or significant thickening of the wedge. The lack of
sediment age data, and variable sedimentation and erosion rates limits our
ability to precisely determine fault slip rates, we attempt to constrain relative
fault activity and potentially slip rates by identifying hanging wall fault scarps
and/or deformation of the shallowest slope sediment cover. By utilising these
techniques we interpret a progressive decrease in ongoing deformation within
the intervening belts from the deformation front to the outer forearc high. In
this section we examine the characteristics of the major mid slope break and
upper slope bounding faults and propose a model for their evolution.
The mid slope break is typically characterised by high net slip on one or
more faults which produces a prominent morphological slope-break within the
prism and suggests significant ongoing (present-day) slip. Conversely, the
upper slope bounding fault is not associated with a significant slope break or
seafloor scarp, instead we typically observe a decrease in seafloor roughness
and an increase in the seafloor slope leading to a significant increase in wedge
thickness across the upper slope. The significant increase in wedge thickness
indicates the upper slope bounding fault(s) are major structures that have
accommodated relatively high net slip. Within the hanging wall of the upper
slope bounding faults we commonly observe truncated sedimentary reflectors
underlying thin slope sediments (<100 m thickness, Figure 2.8A, B) indicating
significant erosion may be responsible for the lack of the prominent hanging
wall scarp. The decreased prominence of the hanging wall scarp of the upper
slope bounding fault(s) suggests a lower rate of present-day slip, increased
erosion or both.
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The structure of the mid slope break, and displacement distribution
across controlling faults, varies from relatively large displacement along a
single major fault producing a prominent slope break in Zone A to lower total
displacement on multiple faults in Zone B. The lower total displacement along
the mid slope break fault(s) in Zone B suggests that the mid slope break
fault(s) in Zone B are less mature than in Zone A (or Zone C). In Zone B, the
most seaward mid slope break fault (2d) appears to cross-cut the seaward
dipping faults of the inner frontal prism (Figure 2.7A) suggesting that the mid
slope break faults in this zone are initiated out-of-sequence. Within Zones A
and C, the mid slope break is more prominent due to higher net displacement
along individual fault(s), and there is no clear cross-cutting relationship with the
frontal prism faults and the mid slope break faults may be in- or out-ofsequence.
The geometry of the Zone A mid slope break fault (4a) resembles that
of the megasplay or out-of-sequence thrust observed on the Kumano transect
of the Nankai margin (Park et al., 2002; Bangs et al., 2009; Gulick et al.,
2010). Both faults have seafloor outcrops located ~20-25 km from the
deformation front; are steeply dipping near the seafloor, shallow in dip with
depth; and are associated with a strong negative polarity fault plane reflection
(Park et al., 2002). In Nankai, the negative polarity reflection along the
megasplay fault plane is attributed to an underthrust underconsolidated and
overpressured layer between the fault and the underlying oceanic basement
and/or active fluid-flow sourced from diagenetic dehydration reactions taking
place at deeper levels (Bangs et al., 2009; Saffer and Tobin, 2011). Along
SUMD03, we roughly estimate a depth of ~6 km for the change in fault plane
reflectivity using a simple two-layer velocity model (see Section 2). Diagenetic
dehydration reactions associated with the updip limit of seismogenesis are
often taken to start at roughly ~5 km depth, although this can be modified by
the local thermal regime (Moore et al., 2007). The fluid released at a depth of
~5 km may become trapped along the fault plane, or it may migrate updip
along the fault contributing to the negative polarity of the shallower fault plane
reflection. We interpret the negative polarity mid slope break fault plane
observed in Zone A to be a result of a combination of structural inversion
across a thrust fault and excess fluids derived from dehydration reactions
occurring at ~5 km depth.
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The fault plane of the upper slope bounding fault has variable
character, including sections of positive polarity fault plane reflections (Figure
2.8A), and thicker reflective sections that have distinct seismic character from
the footwall and hanging wall blocks (Figure 2.8B). Positive polarity fault planes
are unusual in accretionary prisms where significant thrust displacement in
mature fault systems typically generates an impedance decrease across faults
expressed as negative polarity fault planes. Outcrops of fossil out-of-sequence
thrusts in Japan and Alaska juxtapose rocks with varying thermal histories
indicating displacements >10 km; these faults are associated with footwall
shear zones or melanges that vary in thickness from 10s of metres to several
kilometres and are characterised by intense shearing, and quartz- and
carbonate- cementation that decreases in intensity away from the fault zone
(Kondo et al., 2005; Rowe et al., 2009). Extensive cementation decreases
porosity and increases crystallinity (rigidity/shear-modulus) resulting in
increased velocity, density and therefore impedance. The presence of a similar
type of asymmetric deformation around the mature upper slope bounding fault
could be a possible explanation for the observed positive polarity fault plane
reflections. Similar processes are thought to be responsible for the decrease in
amplitude with depth observed along the Nankai-Muroto décollement reflection
(Bangs et al., 2004).
We interpret the mid slope break and upper slope bounding faults as
major fault zones accommodating a significant component of convergence
within the prism. In Zone B, the immature mid slope break fault cross-cuts
older frontal prism faults indicating that, in this area of the prism, the major
faults are out-of-sequence. The Zone A mid slope break fault (4a) is a high net
slip structure with apparently high current slip rate and is characterised by a
strong negative polarity fault plane reflection at shallow (<7-8 km) depths. The
upper slope bounding fault in Zones A and B (5a and 6b) is also a high net slip
structure, but in contrast to the mid slope break fault, it has apparently low to
nil present-day slip rate and variable fault plane reflectivity including positive
polarity sections. The phases of development of these major faults are
captured at different stages of maturity on individual MCS seismic profiles and
we use their characteristics to model major prism fault development, and
development of the accretionary prism as a whole.
In our proposed model of formation, we represent fault initiation and
development at different time stages and locations across the prism (Figure
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Figure 2.9. Schematic model of the spatiotemporal development of major
faults within the north-central Sumatran accretionary prism. T1: Fault initiation
at the deformation front. T2: Major fault initiated out-of-sequence cross cutting
earlier structures. T3: Increasing net slip and relatively high slip rate on major
structure results in significant structural thickening of the wedge and a
prominent seafloor scarp. Underthrust sediments undergo diagenetic
dehydration reactions introducing fluids to system which either migrate up dip
or become trapped along the plate boundary or major prism faults. T4:
Decreasing slip rate on major fault and/or increasing erosion of hanging wall
reduces prominence of hanging-wall scarp.

2.9). Faulting initially occurs at the deformation front (Figure 2.9, T1), and
although only seaward dipping faults are shown in this schematic model,
landward dipping faults may also form at this stage. At T2 (Figure 2.9), the
immature mid slope break fault(s) are formed out-of-sequence, cross-cutting
the older seaward dipping frontal prism faults (e.g., Faults 2d, 3c and 4b,
Figure 2.7A). The mature mid slope break fault develops through slip
localization either on one of these out-of-sequence thrusts, or possibly along
pre-existing in-sequence landward dipping faults. At T3 (Figure 2.9)
temperatures and pressures increase, and material underthrust along the now
more mature mid slope break fault undergoes diagenetic dehydration
reactions. As fluids are liberated they may flow upward along the fault plane or
become trapped along the fault plane decreasing the effective normal stress
and effective fault friction (e.g., Fault 4a, Figure 2.7B, C). Continued fault
displacement and progression into the interior of the wedge results in
significant uplift and erosion of the hanging wall (Figure 2.9, T4) producing the
observed upper slope bounding fault structure and morphology (i.e., Faults 5a
and 6b, Figure 2.8A, B). Eventually, fault displacement ceases on this major
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fault and is transferred to the underlying plate boundary décollement and/or a
younger (seaward) major structure.
2.4.3. Relationship to seismicity
To examine the relationship between the observed structure and
morphology of the outer prism (observed across the Zones A, B and C) to the
seismicity observations it is useful to project the Zone boundaries downdip.
There are three potential methods for projection: 1) parallel to the AustralianSundaland plate relative motion (no slip partitioning), 2) perpendicular to the
trench and parallel to the Australian-Sumatran sliver plate relative motion (fully
slip-partitioned model), or 3) along the WFR trend. In Figure 2.5 we use method
(3) and project along the WFR, because our data suggest it may be partially
controlling variations in the plate boundary physical properties which relate to
the Zone boundaries (i.e., decreased effective normal stress/friction and
frontal prism landward vergence).
Zone C of our study area is coincident with the Nias segment, where the
updip limit of the seismogenic zone is apparently defined by a concentration of
locally recorded earthquakes west of Nias Island that are roughly coincident
with the plate boundary below the 500 m bathymetry contour (Lange et al.,
2010; Tilmann et al., 2010). This band of earthquakes is located below the
upper slope as defined in this study (Figure 2.5B) suggesting that the upper
slope may be coincident with the onset of seismogenesis. Models of coseismic
slip for the 2005 earthquake indicate that coseismic slip extended farther
seaward (i.e., into the mid slope terrace) than the updip limit of seismogenesis
as defined by aftershocks (e.g., Hsu et al., 2006). In this area, the increased
energy release on the high slip patch beneath Nias could cause rupture to
propagate farther into the potentially velocity-strengthening shallow plate
boundary.
In the Batu Segment Boundary Zone, there is limited information on
seismicity from earthquake ruptures but GPS deformation suggests the area
has lower coupling than the adjacent Nias and Mentawai segments (Chlieh et
al., 2008). The downdip projection of Zone B along the WFR is roughly
coincident with the area of decreased coupling below Batu (Figure 2.5B). It may
be that the mechanisms responsible for weakening the plate boundary below
the frontal prism (i.e., delayed diagenetic dehydration reactions and fluid-flow
focussing by oceanic basement topography) are also occurring at deeper levels.
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In the Mentawai segment, there is limited information on the updip
limits of coseismic slip and seismogenesis. Coral geodetic records primarily
constrain the along strike extent of 1797 earthquake rupture (Natawidjaja et
al., 2006) and there is little current seismicity to define the updip limit of the
seismogenic zone (Lange et al., 2010). If the relationship between the updip
limit of seismogenesis and the upper slope bounding fault observed in the Nias
segment (Zone C) holds in the Mentawai segment (Zone A), we can estimate
the updip limit of the seismogenic zone. In this case, the estimated updip limit
of seismogenic zone in Zone A (i.e., the upper slope bounding fault) would be
located slightly closer to the trench (~30-40 km, Figure 2.2, Figure 2.5B) than
observed in Zone C (~40-45 km, Figure 2.4, Figure 2.5B).
Tsunamigenesis in the Mentawai segment could potentially be related
to the shallower updip limit of seismogenesis, the presence of major splay
faults, and/or potentially varying plate boundary properties. The southern
extension of Fault 4a is located near areas inundated by the 1797 tsunami
(Newcomb and McCann, 1987) and slip along this fault could potentially have
contributed to tsunami generation as suggested for the 1944 Tonankai
tsunami (Park et al., 2002). Alternatively, the occurrence of landward and
mixed vergence structures suggest that there may be a relatively weak shallow
plate boundary (below the frontal prism and mid slope break and terrace belts)
in the Mentawai segment and Batu segment boundary zone which may
increase tsunami amplitude by allowing slip to easily propagate to shallower
levels of the plate boundary (Kanamori, 2001).
2.5. Conclusions
Our examination of the north-central Sumatran margin (~1.5°S to 1°N)
indicates oceanic basement topography, incoming sediment thickness and
fluid content are key factors contributing to the development of the
accretionary prism structures and, potentially, the nature of seismicity. Key
observations and results are: 1) The accretionary prism is characterised by
complex deformation structures which vary along and across strike on the
scale of 10s to 100s of kilometers. 2) Changes in the dominant frontal prism
fault dip/fold vergence and seafloor morphology divide the prism into along
strike Zones, A, B and C. 3) The mid slope break and upper slope bounding
faults are significant, high net slip structures that accommodate a significant
amount of convergence-related strain. They subdivide the prism into three
strike-parallel belts: the frontal prism; mid slope break and terrace; and upper
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slope. 4) The negative polarity fault plane reflections observed along sections
of the mid slope break fault are attributed to fluids derived from diagenetic
dewatering of underthrust sediments. The presence of fluids may lower the
effective fault friction. 5) The positive polarity fault plane reflections observed
along sections of the upper slope bounding fault are attributed to cementation
of the more mature fault zone. 6) A model has been developed that describes
the stages of major prism fault development. The major faults can be initiated
in- or out-of-sequence; are potentially important conduits for fluid-flow within
the prism; and the upper slope bounding fault is more mature than the mid
slope break fault. 7) In the 2005 earthquake rupture segment, the upper slope
bounding fault coincides in map view with the updip limit of seismogenesis (as
defined by aftershocks). 8) If the major mid slope break fault slips
coseismically, tsunami risk may be increased. 9) Landward-vergent structures
in the frontal prism of Zone B and increased reflectivity of the top of the
downgoing plate suggest a fluid weakened plate boundary associated with the
subducting Wharton Fossil Ridge. 10) Tsunamigenesis in the Batu Segment
Boundary Zone and Mentawai segment may be amplified by shallow slip of a
weak plate boundary.
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CHAPTER 3. QUANTIFYING ALONG STRIKE VARIATIONS IN
SHALLOW PLATE BOUNDARY STRENGTH OFFSHORE NORTH
AND CENTRAL SUMATRA
Abstract
The physical properties of the wedge and décollement are a key control
on the structural and seismogenic evolution of convergent margins. We
quantify the frictional properties of the frontal prism and décollement along a
~500 km section of the north and central Sumatran margin from the southern
2004 earthquake rupture (southern Sumatra-Andaman segment) to south of
the 2005 rupture (through the Nias segment into the northernmost Mentawai
segment). We apply the coulomb failure criteria to conjugate shear faults in the
incoming section and accretionary prism observed on multi channel seismic
data along the margin, using the wedge stress field defined in critical coulomb
wedge theory. High effective wedge and décollement friction within the
southern 2004 rupture area indicate a relatively strong shallow plate boundary,
consistent with observed coseismic slip in 2004. South of the 2004 rupture
area, the effective wedge and décollement friction is lower, consistent with a
predominantly aseismic shallow plate boundary. The variable effective friction
on the shallow décollement can be explained by along strike variability of
basement topography, sedimentation rates, sediment thickness and
permeability.
3.1. Introduction
Understanding fault coupling and friction, and their relationship to
earthquake rupture nucleation and slip, is key to understanding earthquake
hazard and has been the focus of many studies over the years (e.g., Brace and
Byerlee, 1966; Ruff and Kanamori, 1983; Scholz, 1998). The plate boundary
megathrust is commonly divided into three zones based on the nucleation
depths of earthquakes: the updip aseismic zone; the seismogenic zone; and
the downdip aseismic zone (e.g., Hyndman et al., 1997). The zone boundaries
can be defined in terms of temperature, mineralogy or frictional stability of the
plate boundary (e.g., Hyndman et al., 1997; Scholz, 1998; Moore et al., 2007).
The updip aseismic to seismic transition is controlled by a variety of factors
including decreasing fluid content, increasing cementation, and mineral
transitions (e.g., Moore et al., 2007), all increasing the rigidity of the upper
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plate and megathrust coupling allowing for storage of elastic strain energy and
stick-slip behaviour (Brace and Byerlee, 1966).
Quantifying fault friction is difficult since it varies with slip velocity, but
is also strongly dependent on slip distance, mineralogy, rock fabric and fluid
pressure (e.g., Hubbert and Rubey, 1959; Collettini et al., 2009; Faulkner et al.,
2011). Byerlee (1978) determined rock friction for crustal rocks as μ~0.6-0.85,
although low-velocity laboratory friction experiments of various clay-rich
samples and fault gouges indicate fault friction may range from μ~0.1-0.8 (e.g.,
Morrow et al., 1982; Faulkner et al., 2011), where the lowest friction values are
from wet samples with high percentages of talc- and/or smectite-group
minerals.
We use the dips of unrotated conjugate shear faults to quantify the
properties of the incoming sediment section, frontal wedge and décollement
along the north-central Sumatra subduction zone where along strike variations
in shallow slip behaviour and forearc structure are observed (Figure 3.1). We
assume the conjugate faults are initiated in response to aseismic loading and
the calculated values of friction represent interseismic, low-velocity plate
boundary friction.
3.2. Geologic background
In late 2004 and early 2005 a large portion of the Sunda subduction
zone megathrust ruptured in two major earthquakes. The first, a Mw 9.2
earthquake on 26 December 2004, was the third largest earthquake in recent
history rupturing ~1300 km of the Sunda plate boundary from northern
Sumatra to the Andaman Islands and triggering a tsunami that inundated
coastlines around the Indian Ocean (e.g., Lay et al., 2005). On 28 March 2005,
a Mw 8.7 earthquake ruptured the plate boundary immediately to the south;
this earthquake did not produce a very large tsunami and significant postseismic afterslip was noted on the shallow megathrust updip of the earthquake
rupture (Hsu et al., 2006).
The north Sumatran margin is characterised by a thick input sediment
section (up to ~5.4 km at the deformation front), a smooth, un-eroded
landward-vergent frontal structure and an unusual prism geometry with a steep
toe and broad plateau (e.g., Moore et al., 1980; Henstock et al., 2006; Fisher
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Figure 3.1. Map showing locations of conjugate faults (red stars) used to
calculate frontal prism properties, the MCS coverage (black lines), the
boundaries of the northern, central and southern sections of our study area,
and coseismic slip contours (1 m) for the 2004 (blue, Chlieh et al., 2007) and
2005 (red, Hsu et al., 2006) earthquakes. Inset shows regional map of study
area.
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et al., 2007; McNeill and Henstock, 2014). Seismic velocities up to 4.5 km/s
and a high amplitude negative polarity (HANP) reflector near the base of the
incoming sediments indicate significant compaction, dewatering and potential
discrete zones of overpressure outboard of the deformation front (Dean et al.,
2010; Gulick et al., 2011; Geersen et al., 2013). Shallow coseismic slip
beneath the north Sumatran prism (e.g., Chlieh et al., 2007; Fujii and Satake,
2007) may result from a thick, diagenetically dehydrated and strengthened
input section (Gulick et al., 2011; Geersen et al., 2013). In the 2005 rupture
area, incoming sediments are thinner at the deformation front (~3-4 km thick),
and the smooth frontal thrust, unusual prism geometry and the HANP reflector
are absent (Dean et al., 2010; McNeill and Henstock, 2014; Cook et al., 2014).
South of the 2005 rupture area, the incoming sediment thickness varies from
~1-3 km, mixed vergence is common within the frontal prism and potential outof-sequence thrusts result in a mid-slope break (Cook et al., 2014). The along
strike changes in the incoming section and prism morphology indicate real
physical property variations that may control shallow coseismic slip, but these
variations have not previously been quantified.
3.3. Data acquisition and processing
We use multi channel seismic (MCS) data collected onboard the R/V
Sonne in 2008 (Figure 3.1) using a 5420 cu. in., 2000 psi source array, shot at
20 second (~50 m) intervals and recorded on a 192-channel, 2.4 km long
streamer. All lines have been pre-stack depth migrated using the 2-D Kirchoff
Migration algorithm in ProMAX, with a pre-processing sequence consisting of
bandpass filter (3-5-60-120), t-squared true amplitude recovery, predictive
deconvolution, F-K filtering (arbitrary polygon) and velocity analysis. Postmigration, another F-K filter (arbitrary polygon) is applied prior to stacking. The
final depth migrated MCS sections shown in this paper have all had AGC (1000
ms window) applied to emphasise structural features.
3.4. Method
We determine variations in effective rock friction (µeff) along the north
and central Sumatran margin, and identify variations that may relate to the
variable slip behaviour of the shallow plate boundary observed along the
margin. The effective internal friction of the incoming sediment section and
frontal prism is determined by measuring the angles between conjugate shear
fractures that form in the respective areas. Conjugate failure planes will be
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oriented parallel to the intermediate principle stress and at angles of +/-(45°φeff/2) to the maximum principle stress (Davis and Reynolds, 1996), where φeff
is the effective angle of internal friction and is related to the effective friction
(µeff) by
𝜇 𝑒𝑓𝑓 = 𝑡𝑎𝑛𝜑𝑒𝑓𝑓 .

(1)

The effective angle of internal friction (φeff) can be calculated from the
dip angles of any conjugate shear pair with dips of Δf and Δb. For a near vertical
maximum principle stress axis
𝜑𝑒𝑓𝑓 = −90 + |Δ𝑓 | + Δ𝑏 .

(2)

and for a near horizontal maximum principle stress axis
𝜑𝑒𝑓𝑓 = 90 − |Δ𝑓 | − |Δ𝑏 |.

(3)

We estimate the dry rock friction (µ) from normal fault orientations on
the incoming plate assuming that the faulting occurs under hydrostatic pore
fluid pressure conditions and an average rock density of 2500 kg/m3 (λ~0.4).
Our method incorporates the modified Mohr-Coulomb failure criterion of
Hubbert and Rubey (1959), and assumes follows that failure planes within
submerged rock are related to the effective internal friction (µeff) which is
related to the dry rock friction by
𝜇 𝑒𝑓𝑓 = 𝜇(1 − 𝜆).

(4)

where λ is the pore fluid pressure ratio.
Using the dry rock friction calculated for the incoming section and
assuming the observed friction variations arise solely from variable pore fluid
pressures, we can calculate the corresponding pore fluid pressure ratio for
each frontal prism transect.
To estimate the décollement properties we use the modified MohrCoulomb failure criterion (Hubbert and Rubey, 1959), the definition of wedge
stresses and formulations presented in Critical Coulomb Wedge Theory (Davis
et al., 1983; Dahlen et al., 1984), and the estimate of dry rock friction derived
from the incoming plate normal fault orientations.
Dahlen et al. (1984) show that the Mohr-Coulomb failure criteria (in a
cohesionless wedge) can be alternately expressed as
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1 + 𝜇2

𝜇 1 − 𝜆 𝑠𝑖𝑛2𝜓𝑏 = 𝜇𝑏 1 − 𝜆𝑏

1

2

− 𝜇𝑐𝑜𝑠2𝜓𝑏 .

(5)

which can be rearranged to solve for the effective basal friction (µbeff) in terms
of the wedge friction (µ), wedge pore fluid pressure ratio (λ) and the angle
between the σ1 axis and the basal detachment (ψb)
𝑒𝑓𝑓

𝜇𝑏

𝜇 1−𝜆 𝑠𝑖𝑛 2𝜓 𝑏

= 𝜇𝑏 1 − 𝜆𝑏 =

1+𝜇 2

1

2 −𝜇𝑐𝑜𝑠 2𝜓 𝑏

.

(6)

Where the angle between the σ1 axis and the décollement (ψb) is determined
from the angle between the frontal thrust and décollement (δf) and the angle
between the backthrust and décollement (δb).
𝜓𝑏 =

𝛿 𝑏 −𝛿 𝑓
2

.

(7)

Note that our μbeff is consistent with the modified Mohr-Coulomb failure
criterion and varies from the μb’ defined in Critical Coulomb Wedge Theory by a
factor of (1-λ).
3.5. Fault dips and material properties
We have measured fault dips in the plane of pre-stack depth migrated
seismic profiles within the incoming section and the frontal accretionary prism.
The seismic lines are all within 10° of perpendicular to the deformation front
and the dominant trend of both prism and oceanic plate faults observed on the
swath bathymetry, so a correction for the three-dimensional dip will be <0.5°
and is thus unnecessary.
Our lines image numerous conjugate faults up to ~40 km outboard of
the deformation front along the entire strike length of our study area (Figure
3.2A). From eighteen conjugate pairs, we calculate an average effective friction
of µiceff~0.99 for the incoming section using equations 2 and 3 (Table 3.1).
Using the average effective friction derived from the incoming section normal
faults, and assuming hydrostatic conditions during faulting (λ~0.4), we
calculate a dry rock friction of µic~1.7 for the incoming section using equation
4.
Within the frontal prism we observe two types of compressional
structures: Type (1) are characterised by steeply dipping faults (>45°)
producing smooth, low-relief (<~750 m) bathymetric ridges; and Type (2) by
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Figure 3.2. True scale seismic images of a) the incoming section and b) the
northern section (transect 3). Dashed red lines are faults, black lines indicate
the plate boundary dip, arrows indicate the maximum principle stress (ó1)
orientation and the angles äf, äb, and â are the input angles for the wedge and
décollement property estimates.
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Table 3.1. Effective internal friction values for the incoming and frontal prism
conjugate fault pairs.
Line name
SUME17
SUME17
SUME17
SUME29
SUME13
SUME07
SUME05
SUME03
SUME03
SUME03
SUME01
SUME01
SUMD19
SUMD12
SUMD12
SUMD09
SUMD07
SUMD01
SUME15
SUME35
SUME31
SUME17
SUME29
SUME27
SUME05
SUMD12
SUMD03

Line location
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
incoming section
prism, transect 1
prism, transect 2
prism, transect 3
prism, transect 4
prism, transect 5
prism, transect 6
prism, transect 7
prism, transect 8
prism, transect 9

Δf
75
73
70
66
79
58
66
57
59
71
58
58
65
71
66
71
66
74
23
22
17
21
19
21
34
35
27

Δb
-59
-56
-66
-75
-75
-69
-62
-58
-67
-58
-62
-78
-71
-69
-64
-64
-67
-74
-37
-53
-45
-38
-47
-45
-36
-40
-45

ϕeff
44
39
46
51
64
37
38
25
36
39
30
46
46
50
40
45
43
58
30
15
28
31
24
24
20
15
18

μeff
0.97
0.81
1.0
1.2
2.1
0.75
0.78
0.47
0.73
0.81
0.58
1.0
1.0
1.2
0.84
1.0
0.93
1.6
0.58
0.27
0.53
0.60
0.45
0.45
0.36
0.27
0.32

shallower landward/NE dipping faults associated with extensive bathymetric
ridges causing major uplift of the section (Figure 3.2B). The Type 1 frontal
structures are typically landward-vergent similar to Morphology A of Henstock
et al.(2006). Where Type 1 structures have conjugate fault sets, their
orientation suggests that these are reactivated extensional structures (i.e. the
acute angle between conjugates includes the vertical axis). We also observe
transitional structures along some areas of the margin where relatively
shallowly (landward/NE) dipping faults (<45°) crosscut steeper Type 1
structures, but there is no significant uplift of the section. To ensure our
calculated properties represent the present compressional stress state, we
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only use conjugate fault pairs whose acute angle includes the horizontal axis.
This includes faults associated with Type 2 and transitional structures where
we are confident the backthrusts are not reactivated faults. We identify nine
fault pairs in the frontal prism (Figure 3.2B, Appendix 1, Figure A1.1) as newly
formed based on the observed displacement, fault orientation and/or fault
reflectivity.
In the northern section of our study area (southern Sumatra-Andaman
segment, Figure 3.1), the second fault ridge is a Type 2 structure; within it we
clearly image conjugate shear faults with relatively low displacement and
reflective fault planes (Figure 3.2B). These are the best examples of
(compressional) conjugate shear faults along the margin and we identify six
suitable pairs within the ~110 km long northern section. In the ~340 km long
central section (Nias segment) frontal prism faults tend to have higher
displacement and fewer backthrusts are observed than to the north. We
identify two conjugate pairs for analysis (transects 7 and 8) based on offset
stratigraphy and/or fault plane reflections. Within the southern section (~80
km long, Batu Segment Boundary Zone and northernmost Mentawai segment)
we identify only one potentially suitable conjugate pair, 5-7 km landward of the
deformation front. In this case the conjugates are non-reflective but can be
identified by offset of sedimentary reflectors (transect 9, Appendix 1, Figure
A1.1H). The tilted seafloor (~6°SW) suggests that the pair may have been
rotated; we therefore calculate the décollement properties assuming 6° of
rotation, as well as the unrotated case.
The calculated effective internal friction (µeff) for the frontal prism pairs
are shown in Table 3.1. The calculated wedge pore fluid pressure ratio (λ),
effective décollement (µbeff) friction, and basal pore fluid pressure ratio (λb) for
each frontal prism transect (calculated from equations 4 and 6) are shown in
Table 3.2. The effective friction values for the wedge and décollement show a
wide range (0.25-0.60) but are within the range of laboratory- derived values
(e.g., Byerlee, 1978; Morrow et al., 1982; Faulkner et al., 2011) and are
generally similar for each transect. The highest friction coefficients (>0.43) are
observed along 5 of 6 lines in the northern section (Transects 1 and 3-6), with
a decrease to μeff~0.3 in the southern section (Transect 9).
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Table 3.2. Estimated wedge and décollement properties for nine transects
offshore north-central Sumatra, numbered from north to south with locations
indicated by red stars on Figure 3.1.
Transect
1
2
3
4
5
6
7
8
9 (rotated)
9 (unrotated)

µweff
0.58
0.27
0.53
0.60
0.45
0.45
0.38
0.29
0.32
0.32

λw
0.63
0.83
0.66
0.62
0.72
0.72
0.75
0.82
0.79
0.79

ψb
9
18
18
13
20
17
7
10
9
15

µbeff
0.48
0.27
0.53
0.58
0.43
0.44
0.26
0.25
0.27
0.32

λb
0.69
0.83
0.66
0.63
0.72
0.72
0.83
0.84
0.83
0.79

We estimate the pore fluid pressure values (λw and λb) using the value
of dry rock friction calculated for the incoming section; because we assume
frictional strength variations are caused by pore fluid pressure variations, the
pore fluid pressure trend is opposite to the effective friction (Table 3.2).
3.6. Discussion
We observe two trends in the friction coefficients for the within our
study area: the effective friction of the frontal prism is lower than the incoming
section (Table 3.1), and the effective friction of the frontal prism and
décollement are higher (>0.43) along the northern section of the margin (~22.5°N) than in the central and southern sections (Table 3.2). The first trend is
somewhat paradoxical because as material is transported into the trench we
would expect increased compaction and loading by trench sedimentation to
increase the strength of the sediments. We explore potential explanations for a
decrease in strength as material is transported into the trench and
incorporated into the frontal prism below, although we recognise that the
paradox may also arise due to an error in our assumptions.
As the subducting plate is transported to the deformation front
sedimentation rates increase adding less consolidated, water-rich sediments to
the trench wedge which may decrease the overall effective friction of the
frontal prism. However, offshore Sumatra the trench wedge is thickest in the
northern section (Appendix 1, Table A1.1) where the effective wedge and
décollement friction values are highest. This is opposite to the expected trend
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and therefore it is unlikely that increased trench sedimentation causes the
observed decrease in effective friction.
Dewatering and diagenetic mineral reactions occur as material is
subjected to increasing pressures and temperatures within accretionary prisms
(e.g., Saffer and Tobin, 2011) and generally increase the internal friction of a
rock (e.g., Hubbert and Rubey, 1959; Morrow et al., 2000; Faulkner et al.,
2011). Offshore northern Sumatra (our northern section) it has been suggested
that these processes occur outboard of the prism strengthening the input
section and releasing fluids that become trapped leading to a discrete
overpressured horizon that may develop into the décollement (Dean et al.,
2010; Gulick et al., 2011; Geersen et al., 2013). If these conditions both
persist into the frontal prism, the overall effect would be a stronger wedge with
a potentially weak décollement. We observe similar effective wedge and
décollement friction (<0.02 difference) along five of the six transects in the
north (transects 2-6) indicating the intrinsic (i.e. dry) basal friction is not
significantly lower than the intrinsic internal wedge friction. This result also
suggests that the pore fluid pressure ratios of the wedge and décollement are
similar, and that the discrete overpressured horizon does not extend far into
the frontal prism, consistent with seismic observations (Dean et al., 2010). The
transition from an incoming section with an discrete overpressured horizon, to
a frontal prism (and décollement) with homogenous fluid pressure suggests
that the frontal thrust acts as a fluid conduit allowing some of the fluids
trapped along the overpressured horizon to drain. Overall low wedge
permeability would allow elevated fluid pressures to be maintained within the
wedge and along the décollement and cause the decrease in internal rock
friction from the incoming section.
The second trend or observed along strike variation highlights a
dominantly high friction northern section with effective wedge and décollement
friction μeff>0.43 on all lines but one (transect 2, μeff~0.27). In the central and
southern sections, lower effective wedge and décollement friction (μeff~0.250.36) can be related to a lower level of dewatering and compaction reactions in
the thinner incoming section prior to accretion. These processes instead take
place within the wedge and the later fluid release may contribute to the lower
effective friction and potentially higher pore fluid pressure ratios in the wedge
and décollement. We also note that there is a larger difference between the
effective friction of the wedge and décollement on transects 1, 6, 7 and
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potentially transect 9. If the wedge and décollement have the same dry rock
friction, this difference suggests that there is a permeability barrier associated
with the décollement and fluids are either trapped or flowing along the
décollement at these transects.
We also calculated the wedge properties for a lower dry rock friction
estimate (µ~1.1 and 0.8). The effect of using a lower the dry rock friction is to
decrease the décollement friction and both pore fluid pressure ratios but when
comparing the modified values, the along strike trends in the wedge and
décollement properties remain the same. That is, regardless of the dry rock
friction value we use, we still observe the highest values of effective internal
and décollement friction in the northern section.
Transect 2 in the northern section has a much lower effective wedge
and décollement friction than the adjacent transects but has similar incoming
sediment thickness (~5 km). Local fluctuations in the permeability of the
incoming section and wedge and/or mineral dehydration reaction rates may
vary the fluid input into the frontal prism and potentially cause the observed
small-scale variations in the effective friction and fluid pressure. Similar
smaller-scale variations are likely within the central and southern sections as
well, but the lack of conjugate faults to analyse limits the resolution of such
along strike heterogeneity.
Similar calculations to ours have been done previously for a transect
offshore of the Sunda Strait, ~1000 km south of our study area and found
μbeff*=μbeff/(1-λ)~0.132; the same study also determined λ~0.46 and λ~0.47
from analysis of a velocity-derived porosity depth curve (Kopp and Kukowski,
2003). The above study uses an effective wedge height in their friction
calculation whereas we do not (i.e., Dahlen et al., 1984 eq'n 30 versus eq'n
29), therefore to directly compare to our results we remove this effect which
gives μeff~0.31 and μbeff~0.07 for the Sunda Strait transect. The effective
wedge friction matches well with our results for the central and southern
sections whereas the effective décollement friction is much lower. The Sunda
Strait analysis suggests much lower dry rock friction values (μ~0.57 and
μb~0.135) and lower overall pore fluid pressures in the wedge. If we use a
similar dry rock friction for our Transects 7-9 (we do not consider the northern
transects because some of our effective friction values are >0.57) we find
décollement friction values of ~0.15-0.25. This suggests that our results from
the central and southern sections are compatible with the Kopp and Kukowski
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(2003) results despite the uncertainty about the abosolute dry rock friction
values, and the trend of decreasing décollement friction from north to south we
observe in our study area may extend as far south as the Sunda Strait.
If the frontal prism conjugate shear fractures are formed in response to
aseismic loading, our estimates of effective décollement friction represent
steady-state low-velocity friction and may be used as a proxy for plate-boundary
coupling. In such a case, the relatively high values (μbeff>0.43) estimated in the
north indicate higher coupling along the shallow plate boundary; this deviates
from typical subduction zone models but is consistent with evidence of
anomalous shallow rupture. The lower effective décollement friction (μbeff<0.3)
in the central and southern sections is consistent with observed predominantly
aseismic slip along the shallow plate boundary (Hsu et al., 2006).
3.7. Conclusions
We have estimated effective wedge and décollement friction at 9
transects along the north and central Sumatran margin. Our results highlight
two trends, the effective friction of the frontal prism is lower than in the
incoming section, and the effective friction of the frontal prism and
décollement are higher along the northern section of the margin than in the
central and southern sections. The observed across strike trend of decreasing
sediment strength as material is transported from the incoming sedimentary
section (i.e., outer rise) to the frontal prism is unexpected. We suggest that this
trend may be due to increasing fluid pressures resulting from dehydration
reactions and overall low permeability in the frontal prism, although this
unexpected trend could also arise from an error in our assumptions. The
observed along strike trend indicates a stronger wedge and décollement in the
southern 2004 rupture area, and further supports differences between the
2004 and 2005 rupture zones (e.g., McNeill and Henstock, 2014) as well as
suggestions that sediment-strengthening processes are significantly underway
before material reaches the deformation front in the southern 2004 rupture
area (e.g., Geersen et al., 2013).
The high effective décollement friction (μbeff>0.43) along the northern
transect explains the shallow plate boundary slip during the 2004 earthquake.
Within and south of the 2005 segment, where the shallow plate boundary is
predominantly aseismic (Hsu et al., 2006), the effective décollement friction is
lower (μbeff<~0.3). The variations in effective friction along strike of the margin
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can be explained by changes in the compaction state of the frontal prism input,
which is a function of basement topography, incoming sediment thickness,
trench sedimentation rates and permeability.
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CHAPTER 4. STRUCTURAL DEVELOPMENT AND MASS
BALANCE OF THE OUTER ACCRETIONARY PRISM OFFSHORE
NORTHERN SUMATRA
Abstract
The accretionary prism offshore north Sumatra is characterised by an
unusual prism profile with a narrow steep toe and broad flat plateau and
predominantly landward-vergent thrusts at the deformation front. These
unusual combined characteristics are coincident with the area of unexpectedly
shallow plate boundary earthquake rupture generating the 2004 Indian Ocean
tsunami. To shed light on the prism building mechanisms and their relationship
to prism material properties and earthquake slip we interpret and balance the
deformation generating the frontal prism from transects offshore northern
Sumatra and compare with analytical, numerical and analogue models. Our
balanced structural interpretation includes ~24% eroded material, removed by
local erosion, and subduction of up to ~30% of the input sedimentary section
below the prism toe. The reconstruction implies that the frontal prism is
relatively young (~1.5 Ma). We present a model to explain the unusual prism
characteristics based on our structural interpretation, which is consistent with
analogue and numerical models that include a strong wedge and décollement,
and a thick incoming section.
4.1.1 Introduction
The typical accretionary prism model has a triangular prism or wedge
shaped geometry, with the thickening accommodated along a series of
seaward-propagating, and seaward-vergent imbricate thrusts in the frontal
prism (e.g., Karig, 1974; Chapple, 1978). The accretionary prism offshore north
Sumatra diverges from the typical model; it is characterised by a steep toe and
broad plateau containing relatively undeformed blocks of accreted sediment,
and predominantly landward-vergent thrusts at the deformation front
(Henstock et al., 2006; Fisher et al., 2007; Graindorge et al., 2008; Mosher et
al., 2008; Gulick et al., 2011; McNeill and Henstock, 2014). The plate
boundary offshore northern Sumatra exhibited unexpectedly shallow rupture
during the 26 December 2004 Mw~9.2 earthquake generating the Indian
Ocean tsunami (e.g., Lay et al., 2005; Song et al., 2005; Fujii and Satake,
2007) and it has been suggested that the potentially seismogenic shallow
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plate boundary, the unusual prism geometry, and coherent blocks on the prism
plateau are related to an anomalously strong wedge and décollement (Gulick et
al., 2011; Chapter 3).
Identification of an unequivocal décollement has not so far been
possible offshore northern Sumatra since published seismic lines have not
provided a clear image of the fault geometry beneath the entire accretionary
prism. Singh et al. (2008) suggest that thrust faults cut through the entire
oceanic crust and sole into the upper mantle. Other studies suggest that a
potentially overpressured layer ~500 m above the oceanic basement resulting
from early clay dehydration in the incoming section (Geersen et al., 2013) may
develop into the décollement below the outer prism (Dean et al., 2010).
However, estimates of the wedge and décollement friction suggest that trapped
fluids contributing to fluid overpressures in the incoming section may escape
prior to accretion (Chapter 3).
Analytical, analogue and numerical modeling studies help to relate field
observations to the properties of material in the subduction system. Such
studies have shown that prism taper angles (sum of surface slope and
décollement dip) increase with increasing basal friction (e.g., Chapple, 1978;
Davis et al., 1983; Dahlen et al., 1984; Mulugeta, 1988; Huiqi et al., 1992;
Willett, 1992; Gutscher et al., 1996; Mourgues and Cobbold, 2006; Haq,
2012). Additionally, analytical predictions and analogue models indicate that
stronger wedge material will result in lower taper angles (e.g., Davis et al.,
1983; Dahlen et al., 1984; Gutscher et al., 1996; Haq, 2012). Landward
vergence or the development of box folds in modeling studies (i.e., symmetric
deformation) have been most frequently associated with the presence of a low
effective friction (i.e., high contrast in wedge to décollement strength) or
viscous décollement (e.g., Seely, 1977; Mulugeta, 1988; Huiqi et al., 1992;
MacKay, 1995; Gutscher et al., 2001; Mourgues and Cobbold, 2006).
However, backthrusting and box folding has also been observed in experiments
with increased sediment cohesion and/or thickness (e.g., Mulugeta, 1988;
Huiqi et al., 1992) and the precise origin of landward vergence in accretionary
prisms remains inconclusive. Additionally, models with relatively high basal
friction (i.e., a low contrast in wedge to décollement strength) are prone to
increased underthrusting, and a relatively narrow zone of horizontal
compression in the frontal prism, landward of the narrow compressional zone
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vertical uplift of the prism is the dominant deformation mechanism (e.g.,
Willett, 1992; Gutscher et al., 1996).
We have examined thirteen multi channel seismic (MCS) lines covering
the north Sumatran accretionary prism in the 2004 earthquake rupture area
(Figure 4.1) and present a balanced structural interpretation of a
representative profile across the outer prism. We use the balanced crosssection to estimate the age of the minimum age of the prism and to quantify
the degree of surface erosion and of material underthrust beyond the prism
toe. We use area balancing techniques to estimate the décollement level, and
the amount of material subsequently accreted to the base of the prism. Our
results indicate that the décollement level within the frontal prism must be
significantly shallower than previously thought. Our interpretation suggests that
the unusual prism geometry develops from the balance between frontal
accretion and underplating. It also explains the presence of coherent blocks of
sediment on the prism plateau, and is consistent with observations from
numerical and analogue models with a thick input section and relatively high
décollement friction.
4.1.2 Wharton Basin (Indo-Australian oceanic plate) stratigraphy
The basaltic basement of the incoming plate was formed at the
Wharton Fossil Ridge (WFR) and the plate age at the trench varies from late
Cretaceous (~70 Mya) at the northern tip of Sumatra (~6oN) to late Eocene
(~35 Mya) at ~1oS where the WFR intersects the trench (Liu et al., 1983; Jacob
et al., 2014). The basement outcrops at the seafloor in places along the WFR
and associated fractures zones (Kopp et al., 2008; Cook et al., 2014). Away
from the ridge and fracture zones, older oceanic crust is overlain by a thick
sedimentary section composed of three units at the trench, a lower pelagic
unit, a Bengal-Nicobar Fan unit and an upper trench wedge unit (Moore and
Curray, 1974; Bowles et al., 1978; Curray et al., 2002).
The lowermost pelagic unit predates Bengal Fan initiation and
progradation to this latitude and is characterised by high (e.g., Vp~4-5 km/s,
Moore and Curray, 1974) seismic velocities and contains a potential predécollement layer (Dean et al., 2010; Gulick et al., 2011). This potentially weak
and overpressured layer is represented as a high amplitude negative polarity
reflector on MCS data that develops ~100 km outboard of the trench (Geersen
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Figure 4.1. a) Bathymetric map of study area showing coseismic slip contours
(blue, 1 m contour interval) for the 2004 earthquake from Chlieh et al. (2008)
and MCS seismic coverage (black). The bathymetric profiles (red) and MCS
lines (white) shown in Figures 4.2 and 4.3 are indicated. The white square
indicates the location of b). b) Zoomed bathymetric map with compressional
(red) and normal (pink) faults, channel/canyon systems (yellow arrows) and
numbered fault ridges within frontal prism.
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et al., 2013) but is not clearly imaged landward of the very outermost prism toe
(Dean et al., 2010). Compaction faults and blanking of sub-seafloor reflections
observed near the deformation front in the incoming section suggest that fluids
generated from compaction and dewatering processes may be expelled from
the section prior to subduction (Mosher et al., 2008; Gulick et al., 2011) which
is consistent with studies of the prism toe indicating similar strength of the
wedge and basal décollement (Chapter 3).
Distal sedimentation of the Bengal-Nicobar fan offshore north Sumatra
is not well constrained but likely began at about early Oligocene time and
terminated in the mid-Pleistocene when the feeder channel was cut off as the
Ninety-east ridge neared the trench to the north (Moore and Curray, 1974;
Bowles et al., 1978; Curray et al., 2002). Along the trench axis, trench wedge
deposits overlie and are likely interbedded with the Bengal-Nicobar fan
deposits (Figures 4.2 and 4.3, Moore and Curray, 1980). The trench wedge is
thin <0.5 km where the WFR and/or fracture zones intersect the trench
(Appendix 1, Table A1.1, Transects 8 and 9). Offshore northern Sumatra the
trench wedge is much thicker and is interbedded with the underlying BengalNicobar Fan deposits and the combined thickness is ~3 km at the deformation
front (Dean et al., 2010).
4.1.3. Accretionary prism characteristics
The frontal thrust of the north Sumatran margin is often characterized
by landward-vergent asymmetry (Henstock et al., 2006; Mosher et al., 2008;
McNeill and Henstock, 2014; Moeremans et al., 2014). The landward-vergent
frontal structures are smooth, relatively low relief and are formed by slip along
steep (45-85o), predominantly seaward-dipping, faults (Henstock et al., 2006;
Mosher et al., 2008; Chapter 3). These structures typically have less than 750
m of vertical uplift and do not seem to contribute to major uplift of the prism
toe (Henstock et al., 2006; Mosher et al., 2008; Chapter 3). Although these
frontal structures are relatively well imaged it is difficult to identify if there is a
common décollement level within the incoming sediments based on the
published MCS seismic examples (e.g., Mosher et al., 2008; Dean et al., 2010;
Klingelhoefer et al., 2010; Gulick et al., 2011; Moeremans et al., 2014).
The accretionary prism offshore northern Sumatra is also characterised
by an unusual geometry, with a steep toe (5-6° in outer ~30km) and broad flat
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plateau (Figures 2 and 3; Moore et al., 1980; Henstock et al., 2006; Fisher et
al., 2007; Graindorge et al., 2008; Mosher et al., 2008; Gulick et al., 2011;
McNeill and Henstock, 2014). Below the steep outer slope, horizontal
compression is accommodated along both landward and seaward dipping
conjugate faults (Mosher et al., 2008; Chapter 3). Landward of the prism toe
(~30 km from the deformation front), the seafloor slope decreases and a wide
plateau containing coherent blocks of accreted sediment extends to the forearc
basin edge (Moore et al., 1980; Henstock et al., 2006; Fisher et al., 2007;
Graindorge et al., 2008; Mosher et al., 2008; Gulick et al., 2011; McNeill and
Henstock, 2014).
4.1.4. Cross-section and area balancing
Balancing techniques can be used to validate a geologic interpretation
in fold and thrust belts, estimate the amount of shortening and provide an
estimate of décollement depth (Dahlstrom, 1969; Gwinn, 1970; Hossack,
1979). Line-length balancing of a 2D cross-section assumes there is no
movement out of the plane of the cross-section (i.e., plane strain), and faulting
and layer-parallel shear are the dominant deformation mechanisms. When the
deformation of the interpreted strata is reversed, the bed lengths of the
different geologic units should be the same for a geologically reasonable
interpretation (Dahlstrom, 1969). Cross-sectional area is typically assumed to
be conserved throughout the deformation process and lithification compaction
is assumed to occur before material is incorporated into the compressional belt
(Dahlstrom, 1969). Following from these assumptions, the original
(undeformed) length of the section, lo, can be estimated from the crosssectional area, A, and the original section (i.e., input) thickness, to, using the
equation
𝑙𝑜 = 𝐴 𝑡𝑜 .

(1)

Figure 4.2. a) Bathymetric profile located near BGR06-105 showing unusual
prism geometry. The red box indicates the extent of 4.2B. b) Pre-stack time
migrated MCS line BGR06-105 showing the character of the incoming section
and internal structure of the frontal prism. The dotted line indicates the base of
the trench wedge unit. The locations are shown on Figure 4.1A.
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Additionally, if the amount of shortening is known, the excess area (i.e., area
above the original ground or seafloor surface, Ax) can be used to estimate the
sediment thickness above the décollement, td (Gwinn, 1970)
𝑡𝑑 = (𝑙

𝐴𝑥

.

𝑜 −𝑙 1 )

(2)

where l1 is the length of the deformed section.
Some studies suggest strike-slip motion is occurring in the prism
offshore northern Sumatra (Graindorge et al., 2008) but the only direct
evidence for out of plane motion we observe near to our balanced section is
related to slope failure and we account for this in our interpretation. Any
component of strike-slip motion is likely to be small across the outermost
prism, with the majority of margin-parallel motion taken up by the Sumatran
fault and potentially by outer-arc structures at the rear of the prism (e.g.,
McCaffrey et al., 2000). Previous studies of the north Sumatran prism also
suggest that significant compaction and diagenetic dehydration reactions take
place before material is subducted (Gulick et al., 2011; Geersen et al., 2013;
Chapter 3). Additionally, the differential porosity between porosity-depth curves
from various basins and prisms is estimated to be ~0-10% above 4 km depth
(Bray and Karig, 1985) so the assumption of conservation of area is
reasonable, although we discuss the implications of compaction related
volume loss in Section 4.4.1.
4.2. Data and Methods
We examine thirteen MCS lines covering the accretionary prism
offshore northern Sumatra (Figure 4.1) collected during research cruises

Figure 4.3. a) Bathymetric profile coincident with SUME15 showing unusual
prism geometry. The red box indicates the extent of 4.3B. b) Pre-stack depth
migrated MCS line SUME15 showing the character of the incoming section and
internal structure of the frontal prism. The red boxes indicate the extent of
Figures 4.4A and 4.4D, the dotted line indicates the base of the trench wedge
unit and the coloured arrows indicate the stratigraphic position of the
interpreted horizons. The locations are shown on Figure 4.1A.
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SO186-2 and SO198-2. The northernmost line, BGR06-105, was collected
during SO186-2, using a 3100 cu. in. tuned air-gun array source and a 240channel, 3.0 km long streamer to record the data. Processing included
predictive deconvolution and a bandpass filter (6-12-60-120 Hz) prior to prestack time migration. To estimate the incoming sediment thickness on this line
we use a simple three layer velocity model composed of a water layer, a trench
wedge layer with average Vp~2.1 km/s and a lower rock layer with average
Vp~3.5 km/s (Dean et al., 2010; Klingelhoefer et al., 2010; Singh et al., 2011).
The more southerly lines (with SUME prefix), were collected during SO198-2
using a 5420 cu. in. tuned air gun array source and a 192-channel, 2.4 km
long streamer. Processing included bandpass filtering (3-5-60-120 Hz),
predictive deconvolution, F-K filtering, and t-squared true amplitude recovery
amplitude recovery prior to pre-stack depth migration and an additional F-K
filter applied to the common image gathers prior to the final stack. All data
shown here have had AGC applied to highlight the deeper structure.
We use one of the depth migrated MCS profiles which cross the frontal
prism for our detailed interpretation and cross-section balancing. The
interpreted horizons have variable reflection character across the length of the
section and we use the larger scale stratigraphy, which is characterised by
deposition of alternating packages of higher and lower reflectivity, to correlate
across the thrusts. We assume constant bed thickness within the steep frontal
prism to guide our interpretation in areas of poor imaging. The deeper structure
is inferred where necessary by projecting bedding and faults to depth and by
maintaining bed thickness between the interpreted horizons. The structural
restoration was done in 2DMove by unfolding the interpretion of the depth
migrated section (Figure 4.4). The unfolded strata within each fault block were
aligned to show the unfolded geometry (Figure 4.5) and the unfolded line
lengths were measured using the length tool in 2DMove.
4.3. Results
4.3.1. Seismic interpretation
In this paper we present two seismic examples which show the
characteristic prism structure and coincident bathymetry profiles showing the
large scale prism geometry (Figures 4.2 and 4.3). On both lines we observe the
steep toe and broad plateau (Figures 4.2A and 4.3A), the low-relief frontal
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structure (<~750 m seafloor relief) and conjugate faulting below the steeper
outer prism (Figures 4.2B and 4.3B).
The incoming section thickness at the deformation front is ~4.6 km and
~5.2 km on BGR06-105 and SUME15, respectively. Elsewhere along this part
of the margin, the maximum thickness observed at the deformation front is
~5.4 km. Thicker sediments (~5.0 km and ~5.7 km on BGR06-105 and
SUME15, respectively) are observed landward of the deformation front in
undeformed sediment sections between the first and second thrust ridges
suggesting that sedimentation is ongoing landward of the deformation front
and the assumption of constant bed thickness may not apply to the upper unit.
We have interpreted four arbitrary horizons in the section which we use for our
structural reconstruction, the unconformable contact between the Bengal-Fan
and lower pelagic unit lies just above the yellow horizon (Figure 4.3B). The
sedimentary reflectors throughout the incoming section have variable reflection
character and the larger scale stratigraphy is characterised by deposition of
alternating packages of higher and lower reflectivity.
On both of the lines we identify coherent blocks of accreted sediment
near the slope break between the steep outer prism and plateau (31-37 km on
Figure 4.2B and 40-45 km on Figure 4.3B), that resemble the blocks described
by Gulick et al. (2011). These blocks are triangular and vary in stratigraphic
thickness from ~2.0-3.6 km. The majority of the blocks show surprisingly little
internal deformation; although some are folded and/or cut by relatively small
offset faults (e.g., ~32-37 km, Figure 4.2B). Conversely, the material adjacent
to the blocks is commonly seismically transparent and/or poorly imaged with
weak layering (e.g., Figure 4.4D).
Figure 4.4A shows the true scale depth migrated MCS profile across the
north Sumatran frontal prism that we use for our detailed interpretation and
cross-section balancing. The subsurface structure is well imaged to the top of
oceanic basement (~10 km below sea level) on the incoming plate and across
the frontal/first thrust ridge; farther landward into the prism the depth of
imaging ranges from ~8 km below sea level at the second thrust ridge (~15 km
from the deformation front) to ~4 km below sea level at the landward end of
the section (Figure 4.3B). Within the incoming section and across the frontal
thrust, we observe some variation in bed thickness of the shallower interpreted
packages related to the growth of thrusts and variations in slope sedimentation
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rates across the section whereas within the lower section bed thicknesses are
relatively consistent (Figure 4.4A).
In our study area, erosion occurs mainly as a result of incising
submarine canyon systems which cut through the fault ridges particularly in the
outermost forearc (Figure 4.1B). The localised erosion along our line of section
allows us to confidently project our stratigraphic interpretation above the
seafloor to estimate the amount of eroded prism material (grey shaded area in
Figure 4.4A, ~24 km2). Several canyon-channel systems, both parallel and
perpendicular to our interpreted section, are observed on the bathymetry
(Figure 4.1B). The channels cutting across the second to fifth thrust ridges are
associated with a larger degree of erosion (i.e., incision) than the channels
running parallel to the first, sixth and seventh thrust ridges (Figure 4.1B). We
identify an area where slope failure has occurred on the seaward slope of the
second thrust ridge (Figure 4.1B, Figure 4.4A, ~6-12 km) potentially resulting in
out-of-plane failure; in this area, our interpretation reflects the original in-plane
fault geometry and stratigraphy (Figure 4.4A), based on the in plane reflector
geometry and maintaining the bed-length balance, thus accounting for any
potential out-of-plane movement.
Major uplift of the prism toe is associated with both landward and

Figure 4.4. a) True scale section showing our preferred interpretation of the
frontal prism along SUME15. Cyan, green, yellow and blue lines are
sedimentary reflectors, the black line is the top of oceanic basement, red lines
are faults. The dotted red line indicates the interpreted décollement level,
dashed lines indicate the projection of reflectors and faults above the seafloor
or into plane of section and grey shading indicate estimated eroded area. The
numbers correspond to the thrust ridges labelled in Figure 4.1B. b) Zoom of
first thrust ridge deep structure, sedimentary reflectors and horizons are
dashed to show underlying seismic character, dotted red line is the
décollement level. c) Zoom of second thrust ridge, symbology is the same as
4.4B. d) Zoom of a coherent block of accreted sediment observed on the prism
plateau, symbology is the same as 4.4B.
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seaward dipping thrusts in the second thrust ridge and landward. Four first
order landward dipping thrusts separate the prism into major thrust sheets on
the interpreted line (2 to 5 on Figure 4.4A). The thrust sheets do not exhibit
classical seaward-vergent hanging wall anticlines; instead internal deformation
within the sheets is predominantly accommodated by seaward-dipping
backthrusts and landward-vergent folds, some of which may be pre-existing
structures. The deformation style results in triangular fault-bounded blocks that
vary in maximum stratigraphic thickness from ~1.5-4.3 km (e.g. Figure 4.4C,
4.4D). Deformation within the triangular blocks alternates from little internal
deformation (e.g., between 12-16 km & 22-27 km, Figure 4.4A), to intense
folding and faulting (e.g, between 16-22 km & 27-33 km, Figure 4.4A,).
The interpreted décollement level at ~1.7 km above the oceanic
basement is based on the structure observed underlying the first and second
thrust ridges (Figures 4.4B, 4.4C). In Figure 4.4B, we image the frontal thrust
soling into our proposed décollement level ~270 m below the blue horizon; the
beds below the décollement are slightly obscured by poor image quality but
appear to be parallel-bedded. In Figure 4.4C, within the hanging wall of the
major landward-dipping thrust, the blue (lowermost) horizon rotates to parallel
the fault plane near to its truncation point and the stratigraphic thickness
above the fault plane is ~ 250 m indicating the décollement level is ~ 250 m
below the blue horizon. We considered an interpretation with a décollement
~500 m above basement (Appendix 2, Figure A2.1), but the result involved a
more complex deep fault geometry required to explain the well imaged hanging
wall bedding geometry underlying the first and second thrust ridges (Figure
A2.1); unrealistic deep fault geometry of the thrust separating thrust sheets
four and five in the restored section (Appendix 2, Figure A2.2B); and larger
discrepancies in the line-length balance (Figure A2.2B, Table 4.1). We see no
evidence of thrust faulting extending into the oceanic basement on our
interpreted line and do not consider a décollement within the upper mantle,
although a deeper décollement may be present at other locations along the
margin.
4.3.2. Cross-section restoration and balancing
Our detailed interpretation used for the restoration extends from 1.1
km seaward of the deformation front to 35.6 km landward (Figure 4.5A). Our
interpretation was unfolded in 2D Move and the restored section is shown in
Figure 4.5B. The restoration assumes that there is no transfer of material in or
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Table 4.1. Total line length in kilometres measured for different structural
interpretations.
Interpretation
Preferred
No underplating
Deeper décollement

Cyan
57.2
57.2
52.4

Green
57.6
62.2
57.0

Yellow
56.9
59.9
57.6

Blue
57.3
60.5
54.7

Average
57.3
59.9
55.4

out of the line of section (with the exception of the second thrust sheet where
we have attempted to restore the inferred original in-plane geometry), that we
have accurately accounted for the amount of eroded material, and that there is
no compaction of material from the deformation front to 35.6 km landward of
the deformation front. In Section 4.4.1 we consider the implications of
deviations from our aforementioned assumptions.
In Table 4.1, we give the line lengths for our preferred interpretation
(which includes underplating near the slope break between the outer prism
and plateau), and alternative interpretations without underplating and with a
deeper décollement. Our preferred interpretation is balanced to within ~0.7 km
and the total unfolded line lengths are 57.2, 57.6, 56.9 and 57.3 km for the
cyan, green, yellow and blue horizons respectively. The average line length for
the restored section is ~57.3 km and the frontal prism has been shortened by
56.2-35.6 km = 20.6 km or ~37%. Using a subduction rate of ~37 mm/yr
(McNeill and Henstock, 2014) we calculate an age for the frontal prism of ~1.5
Ma.
For the area balancing, we estimated the unfolded length (equation 1)
for three different scenarios. For the first, we measured the total area of
sediments above the oceanic basement on our balanced section (287 km2)
and included an estimate of the amount of material subducted beyond our line
of section (lo-l1)*(to-td)~35 km2, less the interpreted underplated material (~8
km2). We also add the estimated eroded area: the total amount of accreted
material (measured + eroded + subducted beyond section) corresponds to an
input of 337 km2. Using an undeformed section thickness of to~5.7 km (Figure
4.3B), we calculate an undeformed length for the section of lo~59 km. The
second scenario only includes the equivalent area of material above the
décollement (~225 km2) and the eroded material. The total area is ~249 km2
and we calculate an undeformed length of 62 km, assuming td~4.0 km. If we
balance the area above the décollement accounting for the underplated
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Figure 4.5. a) Our preferred interpretation, symbology is the same as Figure 4.4A, and b) the restored section, the grey polygon represents extra
eroded material not shown in Figures 4.4A and 4.5A.
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material (measured + eroded - underplated), the undeformed line length is ~60
km.
We can also use the area balance assumption to estimate the
décollement depth (equation 2). We do this separately for the frontal thrust
ridge, and for the steep prism toe located landward of the second thrust. For
the frontal thrust ridge we measured an excess area of ~1.2 km2 above the 5.2
km incoming section. The horizontal shortening across the frontal thrust is
~0.33 km which gives an estimated décollement depth of td~3.7 km or ~1.5
km above the basement. For the steep prism toe area we assumed the original
seafloor surface was at the top of the 5.7 km section and measured an excess
area of ~100 km2. The horizontal shortening of the steep prism area is ~ 20.1
km, giving an estimated décollement depth of td ~4.5 km or ~1.2 km above the
basement.
4.4. Discussion
4.4.1. Interpretation and balancing
Our interpretation and area balance calculations provide two estimates
of the horizontal shortening across the frontal prism offshore northern
Sumatra. Our interpreted line length is reasonably close to the line lengths
estimated from the area balance calculations, although the area balance
suggests a slightly longer original section. Several explanations are possible for
the small line length discrepancy relating to either errors in our assumptions
and the input parameters for the area balance calculations or our
interpretation.
There is limited evidence of slope sedimentation and therefore we have
not accounted for it in our area balance calculations, but the excess
(measured) area of the prism may represent slope sediments in part. If we
assume a thicker average incoming section in our area balance calculations
(~5.9 km), which may arise from variations in incoming thickness over time, we
get better line length agreement. Increasing our estimate of underplated
material (input into the area balance) to ~20 km2 (57% of that subducted at
the deformation front) also results in better agreement between the line
lengths.
We also assume that there is no compaction of material as it is
deformed within the frontal prism, although estimates suggest that up to ~10%
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compaction of material may occur in the shallower sediments (Bray and Karig,
1985). If we add a compaction factor to our area balance calculations the
prism area above basement (337*1.1 = 371 km2) and the resulting line length
estimate both increase (371/5.7 = 65 km), which result in increased amounts
of shortening and an older age estimate for the frontal prism (44% and ~1.7
Ma, respectively). A similar effect could potentially arise if we have
underestimated the amount of erosion of the prism material.
Additionally, our seismic interpretation may be oversimplified in some
areas and may not capture the full extent of shortening. We note areas with
chaotic seismic character, at similar depths to well imaged areas (e.g. Figure
4.2A, 22-26 km from deformation front, ~6-8 km depth) and at depth that may
be the result of intense deformation. In these areas we have assumed a
relatively simple structural interpretation here (Figure 4.2B) which may not fully
capture the extent of deformation. Therefore our estimates of the amount of
shortening and the age of the prism, which are based on the simplified
structural interpretation and include the assumption of no compaction within
the frontal prism, represent minimum values for the frontal prism.
4.4.2. Décollement depth
Our area balance calculations suggests that the décollement depth is
~1.2-1.5 km above the basement, which is consistent with the thickest
coherent packages observed within the prism (~4.3 km stratigraphic thickness,
consistent with a décollement 1.4 km above the basement). Based on the
observed structure below the first and second thrust ridges, we place our
interpretated décollement slightly shallower, at ~1.7 km above the basement.
These potential décollement levels are reasonably consistent with one another
but are shallower than the previously suggested décollement levels (Singh et
al., 2008; Dean et al., 2010). Other studies indicate that the prism material is
relatively strong and the décollement has similar frictional properties to the
prism material (Gulick et al., 2011; Chapter 3). In such a case, the stratigraphy
would not exert a strong control on the décollement level and the level may be
variable in space and time.
A décollement 1.7 km above the basement suggests that up to ~30%
(1.7 km/5.7 km) of the input section is initially subducted beyond the prism
toe. In our preferred structural interpretation we include ~8 km2 of underplated
material (~23% of the subducted material) while the area balance suggests
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that up to ~57% of the material subducted at the deformation front may be
underplated landward of the prism toe. Our interpretation and balancing only
consider the outer 35.6 km of the prism and landward of this point more
material may be underplated or, conversely, subsequent erosion may occur.
4.4.3. Prism building model
In our proposed model (Figure 4.6) we suggest that the horizontal
compression and uplift in the steep prism toe is accommodated by both
seaward and landward dipping faults. This deformation style is similar to that
observed in analogue models with thick and potentially cohesive input
sediment sections (Mulugeta, 1988; Huiqi et al., 1992). Landward of the
narrow prism toe, active faulting (solid red, Figure 4.6) within the accretionary
prism and horizontal compression decrease. Particle displacement (black
arrows, Figure 4.6) changes to vertical driven by underplating of the subducted
section near the landward edge of the prism toe. A narrow zone of horizontal
compression near the deformation front, underplating and a quick transition to
vertical particle motion are also observed in modeling studies where the
décollement friction is high and/or wedge to décollement friction contrast is
low (Willett, 1992; Gutscher et al., 1998).
In our interpretation of the wedge structure we favour a relatively strong
décollement (i.e. with frictional strength similar to the wedge material) which is
consistent with previous studies suggesting that fluids are liberated before
subduction and the potentially overpressured horizon identified by Dean et al.
(2010) does not remain overpressured below the accretionary prism (Dean et
al., 2010; Gulick et al., 2011; Chapter 3). A strong décollement allows the
steep prism toe slope to develop and is consistent with the steeply-dipping
(>~40o) landward-vergent faults observed offshore northern Sumatra (Mosher
et al., 2008; Chapter 3). The narrow zone of horizontal compression is
coincident with the steep and narrow prism toe and likely limits the height to
which the prism initially builds. In our model of prism development underplating
of the material initially subducted beyond the prism toe begins near the slope
break between the narrow, steep prism toe and the plateau, allowing for
continued uplift of the prism landward of the prism toe. We suggest that the
coherent blocks of sediment on the plateau are analogous to the triangular
fault bounded blocks observed in the prism toe. The preservation of blocks is
aided by the narrow zone of horizontal compression, and their emplacement on
the plateau is directly related to vertical uplift driven by underplating.
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Figure 4.6. Schematic model of prism evolution. In the prism toe, horizontal
compression is accommodated along both seaward and landward dipping
faults in a narrow zone (solid red indicates active faults). Landward of the prism
toe horizontal compression ceases and vertical uplift of material is driven by
underplating. Black arrows indicate the dominant direction of material
transport.
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4.5. Conclusions
We propose that the unusual prism geometry observed offshore
northern Sumatra is related to a thick and potentially cohesive incoming
sediment section, and a strong wédge and decollement, respectively. Our prism
model includes a décollement at 1.7 km above the basement which is
shallower than previously suggested décollements at ~500 m above the
basement (Dean et al., 2010) and within the uppermost mantle (Singh et al.,
2008). We suggest that the décollement below the frontal prism is relatively
strong consistent with previous studies (Chapter 3), in such a case the
stratigraphy would not exert a strong control on décollement level and the level
may vary along-strike. Our interpretation of the outer 35.6 km of the
accretionary prism suggests that it has been shortened by a minimum of ~37%
and has a minimum age of ~1.5 Ma. Our balanced structural interpretation
includes ~24% eroded material, removed by local erosion related to incision of
slope canyon systems. Up to 30% of the incoming section may be underthrust
and we estimate that 23-57% of the underthrust material is subsequently
underplated, with 13-23% of the input material sediment being subducted
beyond the rear of the frontal prism. The unusual prism geometry results from
a combination of frontal accretion and basal underplating near the rear of the
prism toe. The narrow zone of horizontal compression in the toe and transition
to vertical particle motion allows coherent blocks of sediment to be emplaced
below the prism plateau.
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CHAPTER 5. CONCLUSIONS
5.1. Summary of results
Subduction zones are important areas of study because they account
for a large proportion of global seismic moment release and large subduction
zone megathrust earthquakes can generate extremely large tsunamis.
Subduction zones are also important sites of crustal recycling and/or crustal
generation. In the past half century we have come a long way in our
understanding of plate boundary earthquakes, yet scientists did not anticipate
the shallow earthquake ruptures along the north Sumatran margin in
December 2004 (e.g., Chlieh et al., 2007) and northeast Japan margin in
March 2011 (e.g., Fujiwara et al., 2011). These tsunami generating earthquake
ruptures highlighted our lack of understanding and the potential variability of
the slip behaviour of the shallow subduction plate boundary. The Sumatran
margin exhibits along strike variations in shallow slip behaviour and provides
an excellent study area to improve our understanding of the processes which
may affect the seismicity of the shallow plate boundary.
Major earthquake ruptures in 2004 and 2005, and areas of
subsequent afterslip, are well resolved by seismological and geodetic
observations (e.g., Hsu et al., 2006; Chlieh et al., 2007). The main tsunami
source of the 2004 earthquake was coseismic slip on the shallow plate
boundary offshore of north Sumatra (e.g., Fujii and Satake, 2007), in the
southern Sumatra-Andaman segment (Figure 5.1). In the Nias segment, slip
during the 2005 earthquake did not produce a significant tsunami, and
postseismic afterslip was the main mode of slip on the shallow plate boundary
(e.g., Hsu et al., 2006). The closely spaced 2D MCS profiles presented in this
thesis allow us to identify along and across strike variations in the structure
and reflective properties of the accretionary prism from ~1.5°S to ~5°N
(southern Sumatra-Andaman segment to northern Mentawai segment) that
may be related to the variable slip behaviour.
In Chapter 2 we propose a model for the evolution of prism faulting
offshore north-central Sumatra (southern Nias segment to northern Mentawai
segment, Figure 5.1). The prism geometry is characterised by imbricate faulting
in the frontal prism, a potentially out-of-sequence fault at the mid-slope break,
a terrace area of variable width landward of the slope break, and a smooth
upper slope bounded at the base by the upper slope bounding fault and
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Figure 5.1. Bathymetric map (Smith and Sandwell, 1997) of the Sunda Arc
showing the three plate boundary segments of the plate boundary of the
Sumatra-Andaman margin. Thick yellow lines indicate the position of the
Wharton Fossil Ridge and thin yellow lines indicate fracture zones (from Jacob
et al., 2014).
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characterised by a relatively smooth seafloor with an increased slope.
Landward-vergent structures are associated with a relatively thin sedimentary
section near the deformation front in the centre of our study area and suggest
a potentially weak shallow plate boundary associated with the subducting
Wharton Fossil Ridge. Across strike the prism can be divided into three strikeparallel belts (frontal prism, mid-slope break and terrace, and upper-slope) that
are characterised by the relative fault slip rates along major and minor fault
structures. Major faults coincident with the belt boundaries (mid-slope break
fault and upper-slope bounding fault) can be initiated in- or out-of-sequence;
are potentially important conduits for fluid-flow within the prism; and the upperslope bounding fault is more mature than the mid-slope break fault. In the Nias
segment, the upper slope bounding fault coincides in map view with the updip
limit of seismogenesis (as defined by aftershocks). In the Batu Segment
Boundary Zone (between the Nias and Menatawai segments) and northern
Menatwai segment, where the shallow plate boundary is potentially weak,
tsunami risk may be increased if coseismic slip extends farther seaward.
In Chapter 3 we quantify the along strike variation in the shallow plate
boundary strength along the length of our study area. Our results further
support differences between the southern Sumatra-Andaman segment and the
Nias segment (e.g., McNeill and Henstock, 2014), and provide further evidence
that sediment-strengthening processes are significantly underway before
material reaches the deformation front in the southern 2004 rupture area (e.g.,
Geersen et al., 2013). We find a relatively strong plate boundary offshore
northern Sumatra in the southern Sumatra-Andaman segment and decreasing
plate boundary friction to the south in the area offshore Nias and Batu Islands
(Nias segment and Batu Segment Boundary Zone respectively). The high
effective décollement friction in the southern Sumatra-Andaman segment
explains the shallow plate boundary slip during the 2004 earthquake (e.g.,
Chlieh et al., 2007; Fujii and Satake, 2007) and the lower effective friction in
the Nias segment is consistent with predominantly aseismic slip (Hsu et al.,
2006). The variations in effective friction along strike of the margin can be
explained by changes in the compaction state of the frontal prism input, which
is a function of basement topography, incoming sediment thickness, trench
sedimentation rates and permeability.
Chapter 4 provides a model for the development of the unusual
geometry (i.e., steep narrow prism toe and flat plateau landward) of the
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accretionary prism in the southern Sumatra-Andaman segment that has
features similar to analogue models with a relatively strong décollement and a
thick, potentially cohesive, input section. We suggest that the landward-vergent
structures at the deformation front do not contribute significantly to uplift of the
prism. Within the steep frontal prism horizontal compression is accommodated
by faulting along both landward and seaward dipping faults related to a thick
and potentially cohesive incoming sediment section. Our interpretation
suggests that underplating may be occurring near the transition to the flat
plateau. Our prism model includes a décollement level at 1.7 km above the
basement which is shallower than previously suggested décollement levels at
0.5 km above basement (Dean et al., 2010) and within the forearc mantle
(Singh et al., 2008). Although, the similarity of the wedge and décollement
strength indicates that stratigraphy does not exert a strong control on
décollement level and we suggest it may be variable along-strike. Our balanced
structural interpretation of the outer 35.6 km of the accretionary prism
suggests that it has been shortened by ~63% and is ~1.8 Ma. Our
interpretation includes ~24% eroded material, removed by localised erosion
related to slope canyons systems. Up to 30% of the incoming section may be
underthrust and we estimate 23-57% of the underthrust material is
subsequently underplated. The unusual prism geometry results from a
combination of frontal accretion and basal underplating near the rear of the
prism toe. The narrow zone of horizontal compression in the toe and quick
transition to vertical particle motion allows coherent blocks of sediment to be
emplaced below the prism plateau.
The combined results from Chapters 2 to 4 characterise along-strike
changes in the shallow plate boundary strength from the northern Mentawai
segment to the southern Sumatra-Andaman segment of the north-central
Sumatran margin (Figure 5.1). In the northern Mentawai segment, Batu
Segment Boundary Zone, and southern Nias segment the shallow plate
boundary is relatively weak and the weakened plate boundary is likely related
to dehydration reaction occurring below the frontal prism and potential fluid
flow focussing on basement topographic highs (Cook et al., 2014). Conversely,
in the southern Sumatra-Andaman segment, dehydration reactions occur within
the thick incoming section (Geersen et al., 2013), decreasing the fluid input
into the prism resulting in a relatively strong shallow plate boundary and wedge
(Chapter 3). The relatively weak shallow plate boundary within the Batu
Segment Boundary Zone and southern Nias segment is consistent with
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observations of postseismic afterslip on the shallow plate boundary of the Nias
segment and the Batu Segment Boundary Zone (Hsu et al., 2006). Additionally,
the increased fluid content inferred near the subducting Wharton Fossil Ridge
is consistent with previous studies linking fluids and/or rough incoming plate
topography to limited plate boundary seismicity (e.g., Bell et al., 2010; Audet
and Schwartz, 2013; Wang and Bilek, 2014).
There are also marked changes in the prism faulting style and geometry
from the north to south. The structural variations between our proposed prism
development models for the southern Nias segment-Batu Segment Boundary
Zone-northern Mentawai segment (Chapter 2) and southern Sumatra-Andaman
segment (Chapter 4) are related to along strike variations of the plate boundary
and incoming plate characteristics. We also note that within the southern Nias
segment-Batu Segment Boundary Zone-northern Mentawai segment the plate
boundary décollement is located at the boundary the oceanic basement and
overlying sedimentary section. Whereas in the southern Sumatra-Andaman
segment it is located within the sedimentary section and may be variable.
The work contained within this thesis shows that there is significant
along-strike variability in the geometry, faulting and frictional strength of the
wedge and décollement within the frontal prism. The along-strike variation in
structure and frictional strength result from a combination of subducting plate
topography, trench sedimentation rates, overall sediment thickness and
sediment/fault permeability. Additionally, along-strike variations in the
décollement level and the amounts of accretion and/or underplating contribute
to the observed structural variation and may be related to changes in the
frictional properties of the incoming section/frontal prism.
5.2. Results in a global framework
The 2004 Indian Ocean tsunami was largely generated by slip along the
southern Sumatra-Andaman segment (Fujii and Satake, 2007) an area of the
rupture that did not generate significant long period waves (Lay et al., 2005)
contrasting with the definition of a tsunami earthquake (Kanamori, 1972).
Long-period wave generation during ‘tsunami earthquakes’ is linked to the
rupture of low rigidity shallow sediments (Kanamori, 1972; Bilek and Lay,
1999) and the lack of long-period wave generation in the southern SumatraAndaman segment can be explained by increased compaction and early
dehydration of material within the thick incoming section (Gulick et al., 2011;
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Geersen et al., 2013). These early dehydration reactions increase the rigidity of
the input material and result in a potentially seismogenic shallow plate
boundary (Chapter 3). Similar processes may be taking place at the Makran
margin where thermal modeling suggests that the temperature at the
deformation front is high, and early dehydration may be occurring in the deeper
incoming section, potentially contributing to tsunami generation during the
1945 Mw~8.1 earthquake (Smith et al., 2013).
Conversely, true ‘tsunami earthquakes’ may have occurred at several
locations along the north-central Sumatran margin, including near the northern
Nias segment in 1907 (Kanamori et al., 2010), near the Batu Segment
Boundary Zone and/or northern Mentawai segment in 1797 (Newcomb and
McCann, 1987) and within the Mentawai segment in 2010 (Bilek et al., 2011).
The 1907 and 2010 earthquakes were relatively low magnitude (Mw<8) and
generated significant long-period energy (Kanamori et al., 2010; Bilek et al.,
2011) consistent with the definition of a tsunami earthquake (Kanamori,
1972). The 1797 earthquake was not seismologically recorded but limited
accounts of ground shaking (Newcomb and McCann, 1987) over the ~370 km
long large rupture area (Natawidjaja et al., 2006) suggest that it was also a
‘tsunami earthquake’. These ‘tsunami earthquakes’ would have ruptured
through low rigidity (i.e., unconsolidated) material consistent with our findings
of a relatively weak shallow plate boundary in these areas. The shallow portion
of the plate boundary in the Nias segment is somewhat enigmatic because it
slipped largely aseismically following the 2005 earthquake but also
coseismically slipped in 1907 (Newcomb and McCann, 1987; Kanamori et al.,
2010). Kanamori et al. (2010) suggest that the lack of coseismic slip in the
2005 earthquake results from a lack of stress build-up following the shallow
tsunamigenic rupture in 1907. Alternatively, the variable slip behaviour may be
the result of temporal variations in the plate boundary frictional characteristics;
or the 1907 earthquake location may have been nearer to the boundary
between the Sumatra-Andaman and Nias segments (Kanamori et al., 2010;
Bilek et al., 2011) where there is a potential fracture zone being subducted
(Jacob et al., 2014). In either case, ‘tsunami earthquakes’ in the along the
Sumatran margin (Nias segment, Batu Segment Boundary Zone, and Mentawai
segment) are contrasting to the tsunami-generating 2004 earthquake, and
appear to be associated with areas of rough subducting plate topography
and/or a relatively weak shallow plate boundary.
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Along the Northeast Japan margin, the Mw~9.0, March 2011 Tohoku
earthquake also generated a devastating tsunami and the subduction zone
characteristics here are also contrasting to the properties observed along the
shallow plate boundary of the southern Sumatra-Andaman segment (2004
tsunami-generating area). The complex rupture of the Tohoku earthquake
included a component of ‘tsunami earthquake’-like rupture (Koper et al., 2011)
and occurred along a section of the Northeast Japan margin where the
incoming plate is characterised by a rough horst and graben structure overlain
by a thin incoming sediment section (e.g., Nakamura et al., 2013). Additionally,
IODP Exp. 343 drilling results show that the extremely large coseismic slip
along the shallow plate boundary (e.g., Fujiwara et al., 2011) was
accommodated by a weak and velocity-weakening plate boundary (e.g., Ujiie et
al., 2013). The contrasting properties between the Tohoku and northern
Sumatra margins, and the internal variability of the Sumatran margin, indicate
that shallow coseismic slip can occur by more than one mechanism and may
be more common than previously thought.
In the northern Mentawai segment, Batu Segment Boundary Zone, and
southern Nias segment imbricate faulting in the frontal prism occurs along
landward and/or seaward dipping faults and resembles the typical model of an
accretionary subduction zone (e.g., Karig, 1974). At the mid slope break, the
slip rate along most imbricate faults formed in the frontal prism decreases and
they are potentially crosscut by out-of-sequence faults similar to observations
along the Nankai margin (Park et al., 2002). At the Nankai margin, fluid
overpressures along the megasplay or out-of-sequence thrust result from
underthrusting of underconsolidated material (Bangs et al., 2009). Similarly,
we suggest that increased fluid content along the mid-slope break may result
from dehydration reactions of underthrust sediment.
In the southern Sumatra-Andaman segment, the accretionary prism
offshore north Sumatra diverges from the typical model and is characterised by
an unusual prism profile with a narrow steep toe and broad flat plateau. We
propose that the steep prism toe is built up by coeval faulting on both seaward
and landward dipping faults which are consistent with analogue models with
thick and potentially cohesive incoming sediments (e.g., Mulugeta, 1988; Huiqi
et al., 1992). At the break in slope, underplating becomes the dominant prism
building mechanism consistent with analogue models with a relatively strong
decollement (e.g., Willett, 1992; Gutscher et al., 1996). This transition from
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frontal accretion to underplating contributes to the development of the unusual
prism geometry and aids the emplacement of coherent blocks of accreted
sediment on the wide prism plateau.
Landward-vergence within the Batu Segment Boundary Zone and
Mentawai segment of the Sumatran margin apparently conform to Cascadia
model (e.g., MacKay, 1995; Gutscher et al., 2001) with respect to plate
boundary strength. Kopp and Kukowski (2003) suggest that there is a
landward-dipping dynamic backstop (i.e., resulting from increased compaction
of accretionary material) coincident with out-of-sequence thrusts offshore the
Sunda Strait, south of Sumatra. Structural inversion across out-of-sequence
thrusts in the Batu Segment Boundary Zone and northern Mentawai segment
could result in a similar landward-dipping dynamic backstop which diverges
from the Cascadia model of landward-vergence (e.g., MacKay, 1995; Gutscher
et al., 2001). Landward-vergence in the southern Sumatra-Andaman segment
is associated with a relatively strong shallow plate boundary and is inconsistent
with the Cascadia model. In this area, landward-vergence may be related to
reactivation of incoming plate normal faults which have a similar orientation to
the seaward-dipping planes of shear failure.
Décollement level also varies along strike of the north-central Sumatran
margin. In the southern Sumatra-Andaman segment we identify a décollement
at 1.7 km above the basement although similar strength of the wedge and
décollement may lead to a variable décollement level in this area. Thick input
sediments and a variable décollement level are also observed along the
Cascadia margin, here seaward vergent thrusts sole into the sedimentary
section at a shallower level than the landward-vergent thrusts (MacKay et al.,
1992), and the controls on décollement level are unclear. Additionally, the
décollement in the southern Nias segment, Batu Segment Boundary Zone and
northern Mentawai segment is apparently located at the base of the
sedimentary section. The along-strike variation of the décollement level
between segments could potentially contribute to the variable plate boundary
strength along the margin and directly controls the amount of material
subducted below frontal prism and any potential underplating.
The Sumatran margin is recognised as an accretionary type margin,
although, the rough downgoing plate topography in the Batu Segment
Boundary Zone and Mentawai segment could potentially cause local erosion.
The Batu Segment Boundary Zone and Mentawai segment have been linked to
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aseismic zones (Singh et al., 2011b), zones of decreased coupling (Chlieh et
al., 2008), and slow slip events. This types of seismicity is often observed in
Marianas-type (Uyeda and Kanamori, 1979; Uyeda, 1984) and the rough
incoming plate topography results in a thin input sediment section similar to an
erosional margins (Clift and Vannucchi, 2004). MCS data collected in these
areas (Batu Segment Boundary Zone and Mentawai segment) suggest that
incoming plate material is still being frontally accreted (Kopp et al., 2008;
Singh et al., 2011a; Singh et al., 2011b). Basal erosion of the plate boundary is
hard to recognise on the MCS data and GPS and coral geodetic studies do not
indicate any long-term subsidence along the Sumatran margin (Natawidjaja et
al., 2004). The recent earthquake history in the Batu Segment Boundary Zone
and Mentawai segment includes earthquake ruptures of limited extent (Konca
et al., 2008; Bilek et al., 2011) and these sections of the margin may represent
a transitional type of subduction zone with intermediate coupling and/or
heterogeneous stress distribution related to the rough downgoing plate
topography and relatively thin sediment cover.
5.3. Future Work
In this thesis we have inferred the wedge and plate boundary
characteristics from several different methods. A clear next step in the
characterisation of the Sumatra margin is to collect rock samples. Drilling at
the Sumatran margin is planned for International Ocean Discovery Program
(IODP) Expedition 362; the expedition will collect in situ and core
measurements that will constrain the properties of the incoming sediment
section and will help to better constrain estimates of the wedge and
décollement strength offshore northern Sumatra.
Previous studies (e.g., Dean et al., 2010; Gulick et al., 2011; Geersen
et al., 2013) and the work in this thesis have shown that fluid production and
drainage may be key controls on the potential for shallow slip offshore northern
Sumatra. Characterisation of the fluid sources and flow pathways along the
margin through detailed mapping of fluid related structures (i.e., reflective
faults/fractures, fluid escape structures, bottom simulating reflections, seafloor
vents and/or carbonate buildups) observed on the MCS, bathymetry and deeptowed sidescan sonar (TOBI) data covering the incoming section and prism will
be an important next step in understanding the slip behaviour and properties of
the shallow plate boundary along the Sumatran margin.
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The work in this thesis has also highlighted the potential for a variable
and shallow décollement level (relative to previous studies of this area) within
the sediment section in the southern Sumatra-Andaman segment offshore
northern Sumatra. Conversely, offshore north-central Sumatra in the Nias
segment, Batu Segment Boundary Zone and northern Mentawai segment the
décollement is apparently located at the sediment basement interface.
Changes in the décollement level may contribute to physical property variations
along the plate boundary (resulting from changing lithology) and/or impose a
mechanical barrier to rupture by introducing fault bends or more complicated
fault geometry (i.e., Wang and Bilek, 2011). Reprocessing of MCS data so that
the décollement level of all prism thrusts can be identified and detailed
mapping of décollement level changes along and across strike, will be required
to fully understand the rupture behaviour of the Sumatran margin. Such a
project would focus on identifying areas where frictional properties changes
related to lithologic variations may occur, and potential geometrical barriers to
rupture along the plate boundary thrust.
Analogue and/or numerical modeling studies with a thick incoming
sediment section and a relatively strong décollment can be used to test our
hypotheses regarding the prism development in the southern SumatraAndaman segment and can provide a relatively inexpensive test of the theories
presented in this work.
The results presented here suggest that the mechanisms leading to the
shallow slip, and frictional properties of the shallow plate boundary, in Sumatra
are contrasting to those at the Japan Trench margin (i.e., high vs. low friction,
Ujiie et al., 2013). A global comparison of tsunamigenic margins will help to
understand the processes that lead to these devastating events and potentially
aid in identifying other margins that may have the potential for generating large
tsunamis. Such a study should draw from coring and in situ measurements
from drilling projects, active and passive seismic studies, bathymetric mapping
and geodetic studies. Providing a link between the physical properties of the
margin and how these affect, and interact with, earthquake rupture dynamics.
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APPENDIX 1. SUPPLEMENTARY INFORMATION FOR CHAPTER 3.

This Appendix includes the supplementary tables and figures listed below:
Table A1.1. Summary of along-strike variation in sediment thickness.
Figure A1.1. Seismic images of all frontal prism conjugate pairs.

Table A1.1. Summary of along-strike variation in sediment thickness.
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Figure A1.1. Seismic images of all frontal prism conjugate pairs observed on transects 1-2 and 4-9. Dashed red lines
highlight the fault orientations and the solid black line represents the plate boundary dip used in the frictional
property calculations.
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Figure A1.1 (con’t)
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Figure A1.1 (con’t)
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APPENDIX 2. SUPPLEMENTARY INFORMATION FOR CHAPTER 4.

This Appendix includes the supplementary tables and figures listed below:
Figure A2.1. Alternative interpretation with décollement located 500 m above
the basement.
Figure A2.2. a) The alternative interpretation and b) the restored section.
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Figure A2.1. Alternative interpretation with décollement located 500 m above the basement.
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Figure A2.2. a) Alternative structural interpretation with décollement located 500 m above basement and b) the restored section, symbology is the

B

A

4

