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Seismic evidence of continental margin influence
on the NinetyEast Ridge in the Bay of Bengal
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Abstract The NinetyEast Ridge (NER), one of the most enigmatic features in the Indian Ocean, is covered by
thick Bengal Fan sediment north of 9°N. We present seismic reflection data on the eastern flank of the NER, at
10°N, that show the presence of 4-5 km thick sediments beneath the Bengal Fan sediments. These sediments can
be imaged up to 60 km beneath the Andaman fore-arc accretionary wedge, suggesting that the décollement
lies above these sediments. The presence of thick sediments above the northernmost segment of the NER
suggests that this segment was close to a continental margin during its emplacement. We propose that these
sediments were deposited soon after the breakup of India and Antarctica, between 130 and 100 Ma, and might
act as source rocks for oil and gas generation beneath recent Bengal Fan sediments. Furthermore, subducting
thick sediments can significantly change the seismogenic behavior of the Andaman subduction zone.

1. Introduction

Extending for ~6000 km, the NinetyEast Ridge (NER) is the longest linear bathymetric feature in the Indian
Ocean (Figure 1a). The NER intersects with the Broken Ridge in the south at 30°S. It is oriented NNE-SSW, roughly
following the 90°E meridian, between 34°S and 18°N [Krishna et al., 1999]. Its presence is further revealed by
seismic reflection and gravity data up to 20°N [Maurin and Rangin, 2009]. Because the NER is buried under thick
Bengal Fan sediments in the north, little is known about its emplacement history and nature north of 5°N.

The NER seems to have formed from hot spot volcanism at the Kerguelen hot spot, now located beneath the
Kerguelen Plateau, and its interaction with the Wharton spreading center (WSC) near which the hot spot was
often located [Sager et al., 2010]. Initial activity at the Kerguelen hot spot (118-119 Ma [Frey et al., 2003])
coincides with the breakup of eastern Gondwanaland into Australia-Antarctica and Greater India in the Early
Cretaceous [Curray et al., 1982; Gopala Rao et al., 1997]. The NER followed the northward motion of the Indian
Plate over the Kerguelen hot spot from the Late Cretaceous to the early Oligocene and ages northward
[Coffin et al., 2000; Krishna et al., 1999]. Based on paleomagnetic data [Pierce, 1978; Krishna et al., 2012], it was
suggested that the NER was attached to the Indian Plate and both drifted rapidly northward, reaching a
velocity of up to 20 cm/yr [Jurdy and Gordon, 1984; Cande and Stegman, 2011]. The formation of the NER
ceased around ~42 Ma, when the large-scale reorganization of spreading centers moved the Kerguelen hot
spot permanently beneath the Antarctica Plate.

The exposed portion of the NER between 30°S and 9°N has been divided into three morphologically distinct
segments [e.g., Royer et al., 1991; Tiwari et al., 2003], mostly visible in gravity anomalies (Figure 1b). These
different morphological expressions seem to be related to different geological settings during emplacement,
more specifically to variations in the distance between the hot spot and the WSC, with the northern part
having formed off ridge and the southern part near ridge [Sager et al., 2010; Royer et al., 1991]. Free-air gravity
maps (Figure 1b) show a positive free-air gravity anomaly oriented N10E over the entire ridge until ~9°N,
after which the anomaly shows a different character and is oriented slightly more to the east (N20E) up to ~18°N.
The NER is suggested to be at an early stage of collision with the Andaman-Nicobar subduction system but may
not have gone down beneath the fore arc yet [Subrahmanyam et al., 2008].

The northernmost segment of the NER indents the Andaman-Nicobar segment of the Sumatra subduction
zone around 8°N. The Andaman-Nicobar segment is an area of high seismic risk, as its entirety ruptured
during the 26 December 2004 event (M,, ~9.3). Subducting bathymetric highs, such as the NER, can significantly
modify seismogenic behavior [e.g., Cloos, 1993; Singh et al., 2011], as well as affect spreading processes in the
back-arc basin. We use seismic reflection data from the northeastern flank of the NER, which is least studied,
and beneath the Andaman fore-arc region, which we analyze to shed light upon the possible origin of the NER
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Figure 1. (a) High-resolution General Bathymetric Chart of the Oceans bathymetric map showing the NinetyEast Ridge (NER),
the Andaman-Sumatra subduction zone, the Wharton Basin (WB), and the major features in the Central Indian Basin (CIB).
IODP and DSDP drilling sites are shown by black and white squares. Five DSDP sites were drilled along the ridge (sites DSDP
213-DSDP 217). Three IODP sites also sample the crest of the ridge (IODP 756-758). Our two seismic reflection profiles are
indicated by thick red lines. The locations of (A) Samajdar et al. [2013] and (B) Maurin and Rangin [2009] are marked by black
and white circles. ANT = Antarctica, BR = Broken Ridge, EB = Elan Bank, END = Enderby Basin, KP = Kerguelen Plateau,
SEIR = Southeast Indian Ridge, WB = Wharton Basin, and WSC = Wharton spreading center. (b) Gravity anomaly of the NER
from Sandwell et al. [2013]. The three major morphological segments (1-3) are marked. The location of our seismic reflection
profiles is marked by white lines. The plate motion vectors are shown by black arrows [Prawirodirdjo and Bock, 2004; Gahalaut
et al., 2006]. The black box in Figure 1a is the area shown in Figure 1b.

and its role in the subduction process. We provide a new interpretation for the origin of this segment of the
NER, which has significant implications for the subduction processes in the area. The focus of this paper is on
(1) identifying the nature of the layering observed on the subducting plate on the eastern flank of the NER and
(2) proposing a process of emplacement by integrating the results of our interpretation with models for the
evolution of the Indian Ocean Basin.

2. Seismic Data and Results

We present images from two seismic reflection profiles (Figures 2 and 3 and Figures S1 and S2 in the
supporting information) across the deformation front of the Andaman-Sumatra subduction zone, from the
subducting oceanic plate to the fore-arc high, around 10°N (Figure 1a). The data were acquired by Petroleum
Geo-Services (PGS) in 2008, using an 8 km long streamer towed at 7.5 m water depth. The shot interval
was 25 m, and the recording length was 9s. The data were processed up to pre-stack-time migration,
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Figure 2. Seismic reflection profile PGS08-11 (a) in the time domain, (b) in depth domain, and (c) interpreted depth
domain. The black box encloses the area shown in Figure 3b.

using conventional processing techniques [Singh et al., 2013; Moeremans et al., 2014]. Both profiles PGS08-11
(Figure 2 and Figure S1 in the supporting information) and PGS08-12 (Figure S2 in the supporting information)
were shot orthogonally to the trench near 10°N and are 28 km apart. We also show a line drawing of a seismic
profile shot over the NER at 13°N [Samajdar et al., 2013] (Figure 3c).

Figure 2 shows the seismic images in both time and depth domains. The depth image was obtained by using a
smoothed version of the interval velocity (Figure 4) estimated from the root-mean-square (RMS) stacking velocities
provided by PGS, as well as the time images. Most of the images are therefore shown in the time domain, as one
has to be cautious when interpreting the depth images alone, since the purpose of the velocities used was
to produce the stacked time section. The seafloor of the oceanic plate on profile PGS08-11 is flat, at ~3.3 km
(Figure 2b). A high-amplitude reflection at ~6 s separates the more recent Bengal Fan sediments above from the
~3 s thick subhorizontal reflections beneath. This high-amplitude reflection can be imaged for ~60 km beneath
the accretionary prism and lies at the base of deformed accretionary sediments. A similar reflector is imaged
on profile PGS08-12 (Figure 3a and Figure S2 in the supporting information), suggesting that these reflectors are
at the top of the subducting plate, similarly to other areas of the Andaman-Sumatra subduction zone [Moeremans
et al., 2014]. These high-amplitude reflectors, visible seaward of the trench and up to 60 km beneath the
accretionary wedge, mark an unconformity that seems to control the location of the subduction décollement.

These reflections are not multiples, as the multiple would arrive at ~9 s two-way time (TWT), and they do not
mimic the seafloor, particularly beneath the frontal thrust. On profile PGS08-12 (Figure 3a), these reflectors
onlap onto a convex crustal structure, visible right below the top of the subducting plate at 15 km from the start
of the profile. On profile PGS08-11 (Figure 2 and Figure 3b and Figure S1 in the supporting information), this
sequence of subhorizontal reflectors could be up to 5 km thick. Their character is very similar to the Bengal Fan
sediments above but with higher amplitudes.

Figure 3c shows a line drawing of a seismic image over the NER at ~13°N. Similarly to the PGS profiles, we
observe a strong reflector, similar in character to the top of the oceanic plate on the PGS profiles. Beneath this
strong reflector is a thick (>2s) sequence of reflections, which may correspond to the reflections observed
along profile PGS08-11.

3. Discussion

The sequences of continuous linear reflections, observed below the high-amplitude reflectors on profiles
PGS08-11 and PGS08-12, could either result from basaltic lava flows/sills associated with the NER or could be
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Figure 3. Blowups of the oceanic part of (a) PGS08-12 and (b) PGS08-11. The orange arrows indicate the high-amplitude
unconformity, which controls the position of the subduction décollement. The black arrows in Figure 3a show the

igneous body on which the reflectors onlap. (c) Line drawing of an E-W seismic
from Samajdar et al. [2013].

reflection profile around 13°N modified

old compacted sediments. Extensive basaltic lava flows are often produced during continental breakup.
Basalt flows are, however, difficult to image using seismic methods [e.g., Fliedner and White, 2001] because
(1) the highly reflective top of the basalt scatters a significant part of the incident seismic energy and

(2) basalt layers preferentially absorb higher frequencies in the incident wave and degrade the image at

depth. Additionally, large-volume extrusive basaltic formations can have

different morphologies and seismic

properties depending on the eruption type and emplacement environment. Our observations from profiles
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Figure 4. Interval velocities for the oceanic part of PGS08-11 used to produce
the depth-converted image shown in Figure 2b.

PGS08-11 and PGS08-12 could be
landward flows [Planke et al., 2000],
which are characterized by a strong,
fairly smooth top reflection and
internal and disrupted subparallel
internal reflections. The basal
boundary may be identified as a
negative-polarity reflection on high-
resolution data, but frequently, no
reflectors are identified below.

Drilling of the landward flows off
Western Australia, and in the north
Atlantic, recovered subaerially
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emplaced flood basalts, with no or thin interbedded sediment layers [Planke et al., 2000]. Similarly, offshore
the Osa Peninsula, observed upper crustal layering of the Cocos Ridge flank has been interpreted to consists
of 2 km thick basaltic flows [von Huene et al., 2000]. An average velocity of 4.4 km/s, correlating with seismic
reflection data, indicates flow basalts with interbedded sediments [Walther, 2003].

Therefore, although basement layering and some seaward dipping reflections associated with basaltic lava
intrusions have been imaged [Joppen and White, 1990; Planke et al., 2000; von Huene et al., 2000], it would
be difficult to image a 5 km thick lava flow sequence over a distance of 100 km using seismic methods
[Masoomzadeh et al., 2010], specifically beneath 10-15 km thick accretionary wedge sediments (Figure 2a).

From the interval velocities, which we computed from the RMS stacking velocities (Figure 4), it is difficult to
discriminate between these two possible interpretations, as the velocities (5-7 km/s) are consistent with both
igneous rocks and highly compacted sediments. These velocities are, however, poorly constrained and may
contain a large component of error particularly at depth, as their purpose was to produce the stacked time
section. Typical velocities for igneous crust are ~5-8 km/s [e.g., Spudich and Orcutt, 1980], but Minshull and White
[1989] find velocities of up to 5 km/s in compacted sediments at depths within the sediments of 4-5 km.
Velocities at greater depths could thus be higher, as observed in our profiles at 6-8 km depth.

We thus interpret these reflections as a thick section of old compacted sediments, and the high-amplitude
reflector that represents the top of the subducting oceanic plate at ~6 s TWT as an unconformity between the
Bengal Fan sediments above and thick paleosediments below. Such unconformities have been observed
elsewhere in the Indian Ocean Basin [Gopala Rao et al., 1994] and could correspond to the deposition of
pelagic sediments between the older sediments (100 Ma) and the Bengal Fan (~42 Ma). Alternatively, this
sequence of reflection may represent a thick early breakup basaltic flow [Planke et al., 2000]. In both cases, the
paleosediments or early breakup lava flows could be lie above either thinned continental crust or oceanic
crust, which has strong implications for subduction processes and back-arc volcanism.

Other seismic studies further north along the NER near 16°N [Maurin and Rangin, 2009] and 13°N [Samajdar
et al., 2013] (Figure 3c) have noted the presence of thick paleosediments on the top and on the flanks of
the northern segment of the NER. Samajdar et al. [2013] identified a major unconformity between the Bengal
Fan sediments and the underlying paleosediments in E-W seismic reflection profiles acquired between 13°N and
15°N and 90 and 92°E (Figure 3c), which they interpret as the Cretaceous/Tertiary boundary. The combination
of these observations suggests that a large portion of the northern segment of the NER is covered and
flanked by thick paleosediments, over hundreds of kilometers, along the ridge in the N-S direction. In order
to have 5 to 6 km (Figure 2¢; obtained from 3s TWT (Figure 2a) and the velocities shown in Figure 4) of
deposited sediment, this segment of the ridge must have been emplaced close to a continent rather than in the
deep ocean. The sediments we image at 10°N, and the ones visible in other studies up to 16°N, are expected
to be older than the Late Cretaceous ones found in Deep Sea Drilling Project (DSDP) and International Ocean
Discovery Program (IODP) sites further to the south (Figure 1a).

Plate reconstruction models can help better constrain the location and timing of deposition for these
paleosediments. The northern segment of the NER must have been emplaced during the rifting and northward
drifting of India before ~84 Ma, because magnetic anomaly 34 has been observed in both the Central Indian
Basin (CIB) and the Wharton Basin (WB), but so far, no consensus has been reached regarding the breakup of
India and Antarctica due to the absence of clear and continuous magnetic anomalies off eastern India. Indeed,
the subduction of the Neothethyan and Proto-Indian Ocean lithosphere destroyed information about the drift
path of the Indian continental block before chron C34 (~83.5 Ma) [e.g., Seton et al., 2012]. Some models associate
the breakup with the first occurrence of the Kerguelen Plateau at 118-119 Ma (Figure S3b in the supporting
information) [Royer and Coffin, 1992; Banerjee et al., 1995; Jokat et al., 2010], while others associate it with older
identified magnetic anomalies off of Antarctica, MO-M4, and up to M10 at ~133 Ma (Figure S3b in the supporting
information) [Ramana et al., 2001; Desa et al., 2006; Gaina et al., 2007; Gibbons et al., 2013]. Seafloor spreading
anomalies from M9 to MO (130 Ma to 120.4 Ma) were identified in the eastern Enderby Basin, which is the
conjugate margin of the Bay of Bengal basin [Gaina et al.,, 2007]. An alternative interpretation establishes seafloor
spreading at ~127 Ma, after identifying magnetic anomalies M4 to MO (~126.7-120.4 Ma) [Gibbons et al., 2013].
In both cases, opening between India and Antarctica occurred around 130 Ma. Because of this, we suggest
~130 Ma as the upper limit of crustal age in the northern segment of the NER. Magnetic anomalies document a
major change in direction of spreading along western Australian margin at 100 Ma, leading to a change in
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Figure 5. Block diagram summarizing the emplacement setting of the northernmost segment of the NER.

motion of the Indian Plate, and establishing spreading in the WB, and suggest that from this time onward,

India started to move rapidly northward [Miller et al., 1997; Heine et al., 2004]. At this point, India would have
been too far from a continental margin, and we thus take 100 Ma to correspond to the lower limit of crustal age.
We therefore propose that the northern segment of the NER was emplaced between ~130 and 100 Ma.

Figure S3 in the supporting information summarizes the evolution of the NER and rifting of India. Seafloor
spreading separating Greater India from Australia-Antarctica started at ~136 Ma northwest of Australia, reaching
southern India at ~127 Ma [Gibbons et al., 2013]. The hot spot formed a large portion of the Kerguelen Plateau
during the mid-Cretaceous near the intersection of the Indian, Antarctica, and Australian continental blocks,
when they were still close to their Gondwanaland positions. The northern segment of the NER started to form
over the hot spot during the initiation of rifting. The hot spot emplaced basalts forming the NER on the
northward migrating Indian Plate and the Kerguelen Plateau on the Antarctic Plate. Some Cretaceous basalts of
the Kerguelen Plateau have a continental signature [Frey et al., 2002], which is not observed on basalts collected
on the NER [Frey and Weis, 1995]. However, no basalts have been collected on the NER north of 9°N, and the
basalts in its northern segment could have a similar continental influence. Furthermore, Ocean Dirilling Program
Leg 183 drilled the Elan Bank, on the western side of the south Kerguelen Plateau (Figure 1), proving it to be
continental with a minimum age of 108 Ma [Frey et al., 2003]. Gaina et al. [2007] showed that this microcontinent
was detached from India and transferred to the Antarctic crust ~120 Ma. Such an emplacement setting has
implications for oil and gas production, as oceanic anaerobic events have been reported globally during the
Cretaceous period. In addition, the concentrations of high terrigenous organic carbon black beds have been
reported in the Cretaceous sections of ocean basins, including the Indian Ocean [Samajdar et al., 2013].

The presence of thick sediments over rough NER basement topography would have a significant effect on the
friction coefficient at the plate interface and hence the coupling. The sediment-sediment plate interface would
increase the area of the stable part of the wedge. The rupture areas of large events, such as the 2010 M,,,

8.8 Maule earthquake, generally coincide with the stable areas of the fore arc. The presence of low effective
friction material due to the sediment-sediment megathrust interface that extends up to 60 km beneath the fore
arc (Figure 2b) could explain the updip extension and large northward propagation of the coseismic rupture of
the 2004 Sumatra—-Andaman event.

Based on a seismic reflection and refraction study, Rangin et al. [2013] suggested the presence of thick oceanic
crust or thinned continental crust beneath the Bay of Bengal. Surface wave studies also indicated the possible
presence of thinned Indian continental crust in the northern part of the Bengal Basin [Brune and Singh, 1986;
Mitra et al., 2005]. It is therefore possible that the northern segment of the NER was emplaced on the Indian
continental crust, similarly to other continental fragments that were later transferred to the Antarctic Plate,
and the thick Creataceous sediments on the flank and above the NER were deposited over this thinned
continental crust during the early breakup of India and Antarctica. Buoyant thinned continental crust would
result in a shallower dip of the first segment of the slab and inhibit the subduction process. The steep dip of
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the subducting slab [Shapiro et al., 2008] beneath the Andaman Sea might be due to a tear in the subducted
oceanic lithosphere at depth due to buoyant shallow-dipping sedimented crust beneath the fore arc.

4, Conclusions

We have imaged a thick layered sequence below the Bengal Fan sediments on the eastern flank of the NER that
we interpret as Early Cretaceous paleosediments. The thickness of these paleosediments suggests that the
northern segment of the NER was emplaced close to a continental margin setting (Figure 5) between 130 and
100 Ma. The thick Cretaceous sediments beneath the Bengal Fan sediments could act as source rocks for oil
and gas generation. Additionally, these sediments over thinned continental crust could alter the frictional
properties at the décollement and thus the coupling at the subduction interface. Sedimented, buoyant thinned
continental crust would also inhibit the subduction.
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