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ABSTRACT

Redbourn, L.J., Bull, J.M., Scrutton, R.A. and Stow, D.A.V., 1993. Channels, echo character mapping and tectonics from
3.5 kHz profiles, distal Bengal Fan. Mar. Geol., 114: 155-170.

The distal parts of the Bengal Fan are spectacularly affected by tectonic deformation related to the diffuse plate boundary
between the Indian and Australian plates. Here we use 3.5 kHz and 12 kHz echosounder profiles, seismic reflection profiles
and piston core results to examine sedimentary processes and their relationships to tectonism within an area (78°-82°E, 0°—6°S)
just to the south of Ocean Drilling Program Leg 116 sites.

Echo character mapping was completed using echosounder data in conjunction with results from piston coring, and a total
of five different echo types have been recognised. Four of these fall into the echo character classification scheme developed
by Damuth (1980a), whilst the fifth is believed to represent hemiturbidite deposits. Several types of submarine channel were
also identified from echosounder data and a correlation between echo type and channel location can be seen. Their abundance,
erosional and/or depositional nature together with a complex meandering and bifurcation pattern across a wide region of
average gradient around 1°/km, are all features characteristic of a broad channel termination zone on a large elongate fan. It
is clear, therefore, that the Bengal Fan extends beyond 6°S.

Active faulting in the area has led to the development of an irregular topography of low rounded hillocks that interfere
with incoming turbidity currents. This has resulted in ponding between highs rather than lobe construction, thinning and
pinching out of turbidites against the flanks of local relief, flow lofting and hemiturbidite drape, and common small-scale
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slumping. In some cases uplifted channel segments can be seen abandoned and partially filled.

Introduction

The Bengal Fan (Fig. 1) is one of the world’s
largest elongate submarine fans and has an area
of 2.8-3x10°km? (Curray and Moore, 1971;
Curray et al., 1982; Emmel and Curray, 1984).
Channels up to 2500 km long act as conduits for
turbidity currents flowing the full length of the fan
from its apex in the northern Indian Ocean off the
Ganges Delta until it merges with the central
abyssal plain south of the equator. The distal parts
of this fan complex are spectacularly affected by
deformation associated with the diffuse plate
boundary zone across the northern Indian Ocean.

! Author to whom all correspondence should be addressed

0025-3227/93/$06.00

The objectives of this paper are to characterise the
channel termination zone of the Bengal Fan and
to study the complex interplay between sedimenta-
tion and tectonics in this unique area.

It is now recognised that the zone of diffuse
deformation in the northern Indian Ocean, repre-
senting the plate boundary between the Indian and
Australian plates, extends for thousands of kilome-
tres from the Chagos Bank to the Sumatran Trench
(Gordon et al., 1990). Within the Central Indian
Ocean Basin this deformation manifests itself tec-
tonically with an E-W fabric on two spatial scales:
long wavelength (150-200 km) undulations of
basement and overlying sediments; and faulted
blocks 5-20 km in width which are bounded by
high-angle reverse faults that extend throughout

© 1993 — Elsevier Science Publishers B.V. All rights reserved.
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Fig. 1. Location map showing position of survey area and ODP Leg 116 sites in the Central Indian Ocean. Bathymetry in metres

(after Emmel and Curray, 1984).

the oceanic crust (Weissel et al., 1980; Bull, 1990;
Bull and Scrutton, 1990, 1992).

The distal parts of the western Bengal Fan were
the subject of a recent Ocean Drilling Program
Leg (116) whose objectives were to investigate the
timing and development of the deformation as well

as the sedimentary history of the Bengal Fan. The
principal results of the Leg (Shipboard Scientific
Party, 1989) are briefly discussed here.

The first of the objectives was met by drilling a
pair of companion sites on one of the fault blocks
in the deformation area. One of these sites, 717,

ECHO CHARACTER MAPPING: DISTAL BENGAL FAN

was in the thickest part of the axis of a syncline,
whereas site 719 was partway up the block where
syndeformational sediments are thinner. Sediments
at both sites are fan turbidites with distinctive
turbidite layers correlatable between the two sites.
Reduction in thickness of the section between the
two sites has occurred by pinching out of beds and
thinning of individual turbidites. From the gradual
nature of this reduction together with dating
studies using calcareous nannofossils it was con-
cluded that movement on the fault has been rela-
tively slow and constant, perhaps with a slight
increase with time. The onset of deformation was
7.5-8.0 Ma.

The second objective, the sedimentary history
of the distal Bengal Fan, was met partly by sites
717 and 719 and partly by drilling on the next
block south where the post-Miocene section is
attenuated, thus allowing penetration of older sedi-
ments. At the base of this hole (site 718) fan
sediments of early Miocene age (17 Ma) were still
being penetrated with no evidence for reaching the
base of the Fan. Almost the entire Miocene section
consists of silt and silty mud turbidites.

The best studied area of the deformation zone
is just to the south of the Leg 116 sites where there
is now reasonable data coverage (see Fig.2, for
example). Authors have looked in detail at the
tectonic deformation in this area from seismic
reflection profiles (Neprochnov et al., 1988; Bull,
1990; Bull and Scrutton, 1990, 1992). These studies
have concentrated on the deeper structure of the
deformation. In this paper we use 3.5 khz profiles,
in combination with 12 kHz echograms, seismic
reflection profiles and core data, to study sedi-
mentary processes and their interaction with the
two spatial scales of deformation. The dataset used
in this study was collected by Lamont—Doherty

Geological Observatory and Edinburgh
University.
Seafloor bathymetry

Seafloor bathymetry is constrained by regularly
spaced ship tracks in the south of the area (Fig. 2).
In the north, the ship tracks are clustered around
the ODP drilling sites, so the bathymetry is only
well constrained in this small region. Seafloor
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depths range from 4500 m in the north of the
study area to 5100 m in the south, whilst just to
the east the Afanasy—Nikitin Seamount rises some
2300 m above the surrounding basin. If the effect
of short wavelength bathymetric variations is
ignored, the depth increases from north to south
across the area by 600 m over a distance of nearly
450 km, as would be expected at the distal end of
a sedimentary fan. The most prominent short
wavelength feature is a seafloor high, centred at
80°00’E and 04°15’S, which rises about 400 m
above the surrounding seafloor. Its flanks slope at
an angle of 0.6°. There is a smaller high, centred
at 81°25°E and 04°45’S, which has a height of
about 200 m and flanks which slope at 0.8°.

It is observed that the seafloor bathymetry
closely follows the basement topography, as deter-
mined by Bull (1990), with seafloor undulations,
where present, orientated E-W and apparently
discontinuous across N-S orientated fracture
zones.

Channel characteristics

In the surveyed area, 35 crossings of submarine
channels have been identified from 3.5 kHz and
12 kHz echosounder and from seismic reflection
sections (Fig. 3). The channels can be classified by
their topographic relationship to the local mean
surface of the fan. About 60% of the channels are
incised below the local fan surface representing
erosional or scoured features and the remaining
40% are built up above it representing depositional
features (Normark, 1970). Channel depths range
between 3 and 41 m, with 65% of channels having
depths less than 10 m. As the angle of a ship’s
track across a channel is, in most cases, unknown,
the channel widths calculated from echosounder
profiles are unreliable. However, the maximum
recorded apparent width of 3500 m places an
upper limit on true channel widths. The minimum
recorded width is 180 m. Around the ODP sites,
the high density of ship tracks allows two erosional
channel paths to be traced across a small distance
(approximately 10 km). In this case, true widths
of 750 m and 1090 m were calculated for the two
channels. In general, the wide spacing of ship
tracks relative to the presumed complexities of
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channel pathways (Damuth et al., 1983; Carter,
1988), over most of the area prohibits accurate
channel path determination. However, several
other channel characteristics have been noted. The

channel lettering employed below refers to Figs. 3
and 4.

Channel A is wide and shallow with levees which
are only slightly raised. Over both levees, the
echosounder profile shows a long acoustic return
with a strong bottom echo and no sub-bottom
.reﬂections. The echo length decreases with increas-
ing distance from the channel axis. In the channel

ECHO CHARACTER MAPPING: DISTAL BENGAL FAN
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Fig. 3. Map showing positions of channel crossings on echosounder pro

files, and areas of active faulting. The lettered channels are

described in the text and shown in Fig. 4. Note that areas of active faults correlate with seafloor highs.

itself, the acoustic return is shorter although the
bottom echo is still strong, and the lack of acoustic
penetration and sub-bottom reflections suggest
that the channel is floored by sandy sediments
whose surface is broken up by bedforms produced
by turbidity currents (Damuth, 1975). Active depo-
sitional channels are typically floored by sandy

sediments whose sand content decreases further
away from the channel floor (Normark, 1978), and
given the width and low relief of channel A, it is
interpreted as an active depositional channel with
levees which are just starting to develop.

Channel E is a good example of a more estab-
lished depositional channel. Weak but coherent



160

L.J. REDBOURN ET AL.

Fig. 4. Diagram showing channel
channel, (B) erosional channel bounded to
(E) typical depositional channel, (F) large

reflections are present in the levees and the channel
itself and both levees are built up above the local
mean surface of the fan.

In a small part of the area, centred at 80°50’E
and 03°35’S, three large depositional channels
appear on three different sections of the echosoun-
der profile. Channel F is imaged by one of the
sections. Some incoherent reflections are present
in the levees and the channel floor comprises weak,

profiles recor@ed by 3.5 kHz echosounder with associated line drawin,
the qght by a fault block, (C) infilled channel, (D) typical er
depositional channel, thought to be one of the main distribut

gs. (A) Active depositional
osional or scoured channel,
ary channels in survey area.

prolonged echoes. One of the channel walls appears
to have slumped down to the channel floor, pro-
ducing an asymmetric profile. On the basis of their
s?milar seismic character, their equivalent dimen-
sions and close physical proximity, these three
imaged channels are almost certainly part of the
same system, and this is by far the largest in the
surveyed area with a depth of 41 m. Therefore, it
may be one of the main active distributary channels

ECHO CHARACTER MAPPING: DISTAL BENGAL FAN

of the fan, in this area. The recorded positions of
this channel indicate that it follows a meandering
path, the wavelength of which appears to be 30 km
over this small section.

Channel B is bounded to the right by a 10 m
high fault block which comprises a strong seafloor
echo with several continuous, parallel sub-
bottoms, whereas weaker, prolonged echoes are
returned from the channel floor itself. As the
channel is flush with the base of the fault scarp, it
seems likely that the channel path has been con-
trolled by fault-induced bathymetry. Therefore,
the faulting most likely occurred prior to the
development of this part of the channel.

Within the surveyed area, there are several exam-
ples of channels which have been partly or com-
pletely infilled by younger sediments. In the case
of channel C, the profile is visible as a weak sub-
bottom reflection. The infilling sediments are
acoustically transparent with a strong bottom
echo. Damuth (1980a,b) suggested that this type
of echogram is typical of a mass-wasting process,
such as a debris flow. However, as the channel is
situated at the very distal end of the fan where
regional slopes are minimal, the debris flow was
probably a local event derived from a fault block
high, or the channel has been filled by homogen-
eous fine-grained muds.

The scoured, erosional channels mentioned
earlier are typified by channel D. The echoes over
this channel are weak and prolonged with a strong
bottom return, indicating limited acoustic penetra-
tion. The channel appears “V”-shaped because of
the vertical exaggeration on the echosounder pro-
file. It has no levees and a faint diffraction pattern
extends down from the base of the channel. In the
surveyed area, this type of channel is no more
than 10 m deep and usually has an apparent width
of less than 1000 m. Thus, scoured channels appear
to be narrower than depositional channels, whereas
channel depths are similar for both types.

Most of the channels, including the main distrib-
utary one centred at 80°50’E and 03°35’S, are
located in the deeper, flatter parts of-the area.
However, a partially infilled channel can be seen
located at a point about 100 m below the summit
of the main seafloor high already noted. In this
channel, an acoustically transparent layer has been
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deposited which onlaps onto the levees. The data
quality along this section of 3.5 kHz echosounder
profile is very poor, but several other channels
have been tentatively identified over the summit
of the seafloor high. These indistinct channels are
assumed to be inactive as it is unlikely that active
channels would continue up the inclined side of
the seafloor high. A probable explanation for their
occurrence is that they developed prior to the
uplift of the seafloor high which is coincident with
the crest of a long wavelength basement undula-
tion. This uplift rendered them inactive and
allowed them to become subsequently infilled by
more recent sediments, presumably hemipelagic or
hemiturbidite.

Two almost totally infilled channels have been
identified in the north of the survey area near the
ODP sites (one of them being channel C, which
has been described earlier). In both cases, the old
channel profile remains visible as a sub-bottom
reflection and the infilling material is acoustically
transparent. There are, at least, two major faults
in this region, both of which downthrow towards
the south. It is possible that the faults have
undergone displacement in both a lateral, as well
as vertical sense which may have diverted the paths
of existing channels in the area, thus rendering
some channel sections inactive.

Echo character mapping

Echo character mapping has been completed in
the surveyed area using 3.5 kHz echosounder pro-
files. Five distinct echo types have been identified,
and their nature and distribution throughout the
area are shown in Figs. 2 and 5. The echo type
interpretation follows Damuth (1975, 1980a,b).

Echo type 1 (Fig. 5) comprises a very prolonged
echo with a strong seafloor return. No sub-bottom
reflections are visible. This echo type appears to
be the same as the class IIB echoes in the classifica-
tion scheme developed by Damuth, which are
associated with sediments comprising, on average,
54% silt/sand beds and 46% mud. It has been
suggested that the prolonged echoes and lack of
sub-bottoms, which characterize echo type 1, could
be a result of scattering of acoustic energy either
by erosional/depositional bedforms on the seafloor
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Fig. 5. Diagram showing examples of the five echo types
recorded by 3.5kHz echosounder in the survey area, and
described in the text. Type 1: very prolonged echo with a strong
seafloor return and no sub-bottom reflections, type 2: prolonged
echo with widely-spaced, coherent, parallel sub-bottom reflec-
tions, type 3: slightly prolonged echo with indistinct, discontinu-
ous sub-bottom reflections, type 4: multiple distinct, closely-
spaced, parallel sub-bottom reflections, type S: acoustically
transparent layer with weak seafloor echo. See text for further
discussion.
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and/or by relatively thick sand/silt beds (Damuth,
1975, 1978, 1980a; Damuth and Hayes, 1977;
Embley, 1976). If the acoustic energy is scattered
at the seafloor, then less energy is transmitted and
the prolonged echo from scattering masks sub-
bottom reflections. Damuth suggests that high
velocity turbidity currents are responsible for pro-
ducing the large amounts of silt/sand present in
the sediments, and also for producing erosional/
depositional bedforms. Thus, echo type 1 is inter-
preted as sediments of mainly turbiditic origin.
Echo type 2 (Fig. 5) comprises a prolonged echo
with weak, widely spaced, coherent, parallel sub-
bottom reflections. Although this echo type is not
included in Damuth’s classification scheme, it is
most similar to the class IIB echoes; the differences
being that echo type 2 has a slightly less prolonged
echo with one or two sub-bottoms present. These
differences are thought to indicate that there is less
silt/sand present than in echo type 1 and also that
acoustic energy is still being scattered at the
seafloor, but to a lesser extent than in echo type
1, so the depth to which sub-bottoms are recorded
increases. The reduction in seafloor scattering
implies that there may be fewer erosional/
depositional bedforms present and therefore, the
sediments responsible for echo type 2 may have
been deposited by weaker and/or more muddy
turbidity currents than in the case of type 1 echoes.

Type 3 echoes (Fig. 5) comprise a slightly pro-
longed echo with indistinct, generally discontinu-
ous sub-bottoms of varying lateral extent, and a
clear seafloor reflection. This description fits the
class ITA echoes in Damuth’s classification scheme.
The average bedded silt/sand content of sediments
generating type 3 echoes was found to be 11%
(Damuth, 1980a). The echo type is thought to be
caused by the presence of erosional/depositional
bedforms patchily distributed across the seafloor,
which results in a differential scattering of acoustic
energy and, therefore, semi-prolonged echoes with
intermittent sub-bottoms are recorded.

Echo type 4 (Fig. 5) comprises multiple distinct,
closely spaced, parallel sub-bottom reflections
which are mostly laterally coherent, although they
vary in reflectivity. There are hardly any prolonged
echoes and the seafloor reflection is clear and
continuous. This echo type falls into class IB of

ECHO CHARACTER MAPPING: DISTAL BENGAL FAN

Damuth’s classification scheme, and the associated
sediments have an average bedded silt/sand content
of 3% (Damuth, 1980a). According to Damuth,
echoes can be generated by interference from many
thin layers and also be produced by factors such
as changes in density and CaCOj; content, and
differential sediment compaction and grain size.
Therefore, the sub-bottoms are not directly related
to individual beds. The paucity of silt/sand beds
suggests that sediments generating type 4 echoes
are either less controlled by turbidity currents or,
more likely, are entirely mud-rich turbidites. These
are generally found in the more distal regions of
the fan and adjacent to the main distributary
channel pathways.

It can be seen from the previous descriptions
that echo types 1 and 4 represent the end members
of a continuous sequence. Progressing from type
1 to type 4, the echoes become less prolonged and
sub-bottoms appear and become more closely-
spaced and coherent. These echo variations corre-
spond to a decrease in the bedded silt/sand content
of the sediment and possibly to a reduction in the
number of erosional/depositional bedforms present
on the seafloor, amongst other factors. Thus, the
sequence of echo types from 1 to 4, is interpreted
to represent environments of deposition which are
progressively more mud rich. Turbidity currents
have progressively lost their silt/sand load and
mud turbidites are more interbedded with thick
hemipelagic and hemiturbidite deposits. They are
generally more distal in setting.

Echo type 5 comprises a weak seafloor echo and
is internally acoustically transparent. Along some
parts of the echosounder profile, the acoustically
transparent layer overlies sediments with a
different echo character. Its thickness can be up to
20 m but is usually less than 10 m. The transparent
layer occurs over a small region which is centred
at 79°30’E and 04°15’S and lies immediately west
of the main seafloor high (Fig. 2). The transparent
layer has been recorded in this region by both the
Vema 2902 and Robert Conrad 2706 cruises.

Along two sections of RC2706 echosounder
profile, both of which are orientated approximately
N-S, the transparent layer has accumulated in the
form of a drape deposit, up the north-facing slopes
of fault blocks and small topographic highs only.
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This suggests that the acoustically transparent
sediments were deposited from a southward travel-
ling flow. However, preferentially accumulated
transparent sediments are not seen on any other
sections of profile over the region, so it is possible
that the southward flow was very weak, or that
localized reworking of sediments by bottom cur-
rents is responsible for the observed accumulations.

It is suggested that echo type 5 could be gener-
ated by a series of hemiturbidite deposits, as
described by Stow and Wetzel (1990). They define
a hemiturbidite as a very fine-grained muddy sedi-
ment with no distinct bedding, partly turbiditic,
partly hemipelagic in character that is deposited
from an essentially stationary, dilute suspension
cloud which is formed from, but beyond and above
the dying stages of a large turbidity current.
Hemiturbidites are most likely to occur in distal
turbidite settings and can be deposited over a
period of at least a few months for a unit 1 m
thick. Consequently they are bioturbated through-
out most of their thickness and this bioturbation
causes complete homogenisation of these very fine-
grained sediments rendering them acoustically
transparent internally.

Seismic p-wave velocities were found to be aniso-
tropic at the base of some hemiturbidite beds
(Stow and Wetzel, 1990) which indicates that the
lowermost units of these beds were deposited from
a very dilute turbidity current. The same dilute
nature could explain the accumulations of acousti-
cally transparent sediments up north-facing slopes
that originated from generally southward directed
flows, and also the acoustically transparent fills of
some abandoned channels. However, the con-
finement of the sediment fill to the channel axes
argues against a true hemiturbidite deposit in
this case.

Sediment cores and their relationship to echo
character

Within the surveyed area, the results from three
Ocean Drilling Program sites and eleven piston
cores taken by the Lamont-Doherty Geological
Observatory were available. The sediments reco-
vered from all fourteen sites are dominated by
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turbiditic inputs with only very minor pelagic
intercalation.

The boreholes from the three closely spaced
ODP sites (717, 718 and 719) drilled at approxi-
mately 81°24’E and 01°00°S, all show very compa-
rable lithostratigraphic sections (Stow et al., 1990).
These are dominated by turbidites from four main
sources: thin to very thick-bedded silt/sand and
mud turbidites derived from a Himalayan source;
thin to thick dark mud turbidites derived from the
east Indian continental margin having a marked
Deccan Traps signature; nannofossil mud turbid-
ites from the south Indian and Sri Lankan margin;
and pale foraminiferal-rich turbidites from a local
seamount source. Pelagic intercalations are mini-
mal but thick sections of hemiturbidite deposits
occur in parts. This facies association extends to
the base of each borehole drilled, i.e. to a depth
below seafloor of 961 m in the longest borehole.

The eleven piston cores have a length which
ranges between 48 cm and 964 cm and has an
average value of 472 cm. The core sites are widely
dispersed over the surveyed area and the recovered
sediments can be broadly divided into three cate-
gories (see Table 1). One core in the north of the
area (RC17130) comprises layers of foraminiferal
marl, and interbedded terrigenous clay and fora-
miniferal marl. These sediments appear to be the
product of alternating pelagic and turbiditic inputs.

The second category consists of cores with sand-
ier sediments. Cores VM29037 and VM 19173 are
situated approximately in the middle of the area
and comprise sediments with nearly 100% quartz
sand content overlain by yellow/brown coloured
clay, which is approximately 0.7 m thick, with less
than 1% sand content. Further to the south, core
VM29038 comprises sediments with a slightly
lower quartz sand content (between 70% and
95%), present throughout the core. Also in the
south of the area, core VM19172 consists of
interbedded silt and sand/silt zones which have
sand contents of 30% and 85%, respectively.
Sediments generally have a lower coarse fraction
as they are deposited progressively further away
from their terrigenous source, with the exception
of sediments from core RC 17130, and this is
consistent with the observed decrease in sand
content from the centre of the area southwards.
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TABLE 1

Piston core information

Piston core Location Description

RC17130 80°09°E, 00°56'S  Foraminiferal marl with
some interbedded clay

VMI9172  80°30'E, 05°32’S Interbedded silt and sand
with manganese nodules

VMI19173 80°35°E, 03°15°S Grey quartz sand

VM29010  80°52°E, 01°19'S  Green/grey fine-grained
clay with manganese
nodules

VM29037 79°11°E, 03°00’S Grey clay overlying dark
grey sand

VM29038 78°39’E, 05°43’S Green/grey sand with
manganese nodules

VM33055 81°42’E, 04°44°S Grey/brown radiolarian
clay

VM33057  8I°41'E, 01°30°S  Yellow/grey clay,
laminated in places

VM36057  81°38°E, 02°34'S  Yellow/brown clay with
manganese nodules

VM36058  81°37°E, 02°31'S Brown clay with
manganese nodules and
volcanic mud

VM36059  81°37°E, 02°29°S Brown clay with

manganese nodules and
volcanic mud

The main distributary channel identified in the
area is located near to one of the cores with a high
sand content.

The remainder of the piston cores consist of
clays which have a sand content of between 0%
and 3% and are rarely laminated. The clays con-
tain varying proportions of radiolaria, volcanic
glass shards, sponge spicules, mica and quartz. In
two of these cores, VM36058 and VM36059 situ-
ated in the east of the area near the base of the
Afanasy—-Nikitin seamount, an 18 cm thick layer
of volcanic mud is present at the top of the cores
which could be the result of a recent seamount
eruption, possibly resedimented down the side of
the seamount. However, the rest of the sediments
in this category are mostly terrigenous turbidites,
with predominant micaceous silts and muds that
originated from the Himalayas and reached the
Bengal Fan via the Ganges Delta (Curray and
Moore, 1971; Stow and Cochran, 1989).

Out of the eleven piston cores, seven contained
manganese micronodules, although there does not
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appear to be any pattern in the distribution of
these cores over the surveyed area. The presence
of micronodules is consistent with the findings of
Bannerjee and Mukhopadl‘lyay (1991) who
observed that small (<4 cm diameter) n:anganfase
nodules are most common north of 9°S, which

would include this study area.

Faulting

The recent faults in the survey area, which have
been interpreted from 3.5 kHz and 12 kHz echo-
sounder data, and seismic reflection profiles, fall
into two categories. The majority of .faults”are
expressed at the surface by rounded “hillocks” in
the seafloor bathymetry (Fig.6). In general, the
base of one side of the hillock appears to be almost
continuous with the surrounding seafloor, wherfaas,
on the other side of the hillock, its base is deline-
ated by a diffraction pattern which extenc.ls below
the seafloor. Seismic reflection profiles (Fig. 6, see
Bull and Scrutton, 1992, for more discussion on
their tectonic significance) show that these hillocks
are, in fact, the hanging wall anticlines of the
faults, with the diffraction pattern on the faulted
side. In most cases, little or no structure can be
seen in the hanging wall anticlines on echosounder
profiles, but some display several small, closely
spaced faults over their surface. '

The major faults, which produce the hanging
wall anticlines, have been seen on seismic reflection
profiles to extend throughout the sedimentary
cover and down into the oceanic crust (Bull and
Scrutton, 1990, 1992). Echosounder profiles show
that echoes from over the anticlines are usually
weaker and shorter than echoes from the surround-
ing seafloor. This is possibly a result of slightly
finer sediments being deposited post-faulting on
these relative highs. Some faults only appear as an
offset in seafloor depth on echosounder records,
but coincident reflection profiles demonstrate that
they are real and also extend down to the basement.

Basement faults which have not propagated
upwards through the overlying sediment are
imaged only by seismic reflection profiles and
therefore, in areas surveyed by echosounder only,
undetected basement faults are certainly present.
The maximum displacement of seafloor on either
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side of the fault, or fault block, is found to be 130
m in this area, with an average of about 30 m.
The widths of the fault blocks range between 1 km
and 16 km with an average of about 4 km, and
the fault blocks are tilted up to 5° above horizontal,
the average value being almost 2°. The downthrow
side of each fault is taken to be the side on which
the seafloor is deepest. Within the survey area,
65% of all faults were found to downthrow
towards the south, with the remainder down-
throwing in a northerly direction. Bull (1990)
found, on the basis of a seismic reflection profile
study, that approximately equal numbers of faults
downthrow south as downthrow north in this area.
The discrepancy in these observations may be.a
product of the increased echosounder coverage in
this study affording a more representative sample
of the faults. Alternatively, it may indicate that
faults downthrowing to the south have propagated
further through the sedimentary cover and are
therefore the most recently active and are the ones
recognised preferentially on high-resolution
(3.5 kHz) profiles.

The level of recent activity of the faults has been
roughly assessed following the criteria that the
more recent faults are sharply defined on the
echosounder profiles, with little or no erosion over
the fault block surface and no build up of sedi-
ments against the sides of the fault block. Thfee
regions in which there are high numbers of active
faults have been identified at 81°30’E, 02°50°S,
80°00’E, 04°15’S and 81°25’E, 04°45’S (see Fig. 3).
The latter two regions are situated on the two
seafloor highs described earlier, which correlate
with basement highs. The other region is situated
on the south facing flank of an E-W trending
undulation in the seafloor. .

The number of faults, both active and inactive,
is markedly higher over these three regions and in
general, there is a correlation between higher fault
densities and the shallower parts of the survey
area. Although this correlation is observed over
the peaks of the E-W trending seafloor undu!-
ations in the west of the area, to some extent it
may be a result of recent sediment infilling the
troughs of the undulations, and therefore obscuf-
ing some of the faulting within these troughs. ThlS
is shown to be the case by seismic reflection
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profiles, on which basement faults are imaged
within the troughs. These faults have not affected
overlying sediments and are not seen on echosoun-
der records. However, overall the correlation
between fault activity and seafloor/basement highs
is believed to be real.

Discussion

Although the region surveyed in detail in this
study is like a postage-stamp area at the end of
the world’s largest submarine fan, it nevertheless
covers an area of 150,000-200,000 km?. This is
Jarger than most known modern fans and certainly
far larger than almost all ancient turbidite succes-
sions that have been interpreted as submarine fans
(Bouma et al., 1985a). It is important to bear in
mind these scaling factors when considering the
implications of this research to our understanding
of fans in general (Bouma et al., 1985b). There are
two aspects we wish to discuss further: (1) the
nature of a channel-termination zone on a large
mud-rich, elongate fan, and (2) the influence of
within fan neotectonics on sedimentation.

Channel termination zone

According to previous work (Emmel and
Curray, 1984; Stow and Cochran, 1989), the study
area was beyond the reach of active channels at
the feather edge of the fan where it merges with
the Central Indian Ocean abyssal plain, over
2500 km from its apex in the north off the Ganges
delta. However, this work has shown that the fan
channel system extends further south than pre-
viously recognised and that the region studied is,
in fact, one broad zone of channel termination.

The chief characteristics of this zone are
illustrated in Fig. 7 and include the following:

(a) There is a very low average down-fan gradi-
ent (< 1 m/km), with a locally irregular topography
related to channel margins and structural highs
(see below).

(b) There are a large number of low-relief chan-
nels, mostly <10 m deep but ranging up to 40 m
in depth, with widths varying from <200 m to
>1500 m. A great variety of channel types is
evident, including broad flat-bottomed, narrow
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V-shaped, sediment-filled or unfilled, erosional
and/or constructional. There is a marked lack of
direct continuity of channels from one survey
crossing to another that suggests meandering,
bifurcation and terminations are common.

(c) Channel levees built up above the surround-
ing fan surface, by between 2 m and 25 m, are
found flanking just less than half the channels
surveyed and are typically a few kilometres in
width. In all cases levee heights are equivalent on
left and right banks, attesting to the absence of a
strong Coriolis force influencing deposition at
these equatorial latitudes.

(d) The echocharacter distribution is complex.
Four of the echocharacter types fall into the
classification scheme developed by Damuth
(1980a) and are readily interpreted in terms of
turbidite deposition, ranging from more sand/silt-
rich and higher energy currents (Type 1) to more
mud-rich and lower energy currents (Type 4).
There is a general N-S trend from Types 1-2 to
Types 3-4, and also a topographic control with
Types 1-2 occupying the lower ground. Both of
these observations are consistent with a decrease
in the influence and/or competence of turbidity
currents across the channel termination zone, and
with the fact that turbidity currents preferentially
flow along bathymetric lows. Type 5 echoes are
discussed below.

(¢) The sediments recovered from the three ODP
sites in the north of the area and from the scattered
piston cores to the south are dominantly turbiditic
(Stow et al., 1990), including thin to very thick-
bedded silt/sand and mud turbidites as well as
nannofossil-foraminiferal bioclastic turbidites.
Hemiturbidites were common in parts of the ODP
boreholes (Stow and Wetzel, 1990) but pelagic
sediments extremely rare. Turbidites from at least
three distinct sources have been recognised at the
ODP sites, showing that whatever is fed in the
upper reaches of the fan system finds its way
through to the channel termination zone.

Although the data are sparse regionally, there is
a general southward decrease in sand/silt content
observed in the cores that is consistent with the
downfan change in echocharacter noted
previously.

All the features noted above (a—e) might be
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on larger (elongate) fans the zone is more extended
and the sediments finer grained.

However, there are several characteristics of the
study area that we believe demonstrate the influ-
ence of within-fan neotectonic control on the other-

w1se.n01?mal pattern of deposition in a channel
termination zone.

Neotectonics and sedimentation

The distal parts of the Bengal Fan lie within a
proad area of active intraplate deformation that
1nv91ves both the oceanic crust and overlying
sediments (Bull and Scrutton, 1990, 1992). This
has .resulted in the otherwise “smooth” low-
gradient fan surface being interrupted by a series
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of rounded hillocks that are the surface expression
of recent faulting. These create a local relief of
typically 100-300 m with gradients up to 5° above
the horizontal. The interaction of this irregular
topography with incoming turbidity currents
results in several unique effects.

(a) Channels are diverted around the base of
upstanding hillocks, and this may help contribute
to channel meandering, switching and abandon-
ment, although such processes also occur under
normal conditions (e.g. Kolla and Coumes, 1987).
Channel remnants are left abandoned and now
filled or partially filled on the flanks and crests of
the hillocks, most likely as the direct result of
tectonic uplift. The relative abundance of small
erosional channels may be the result of local
increase in flow velacities due to flow confinement
around and/or over some of the hillocks.

(b) The complete lack of any detectable lobes in
the whole of this channel termination zone is
unusual for such a setting (e.g. Normark et al.,
1983) and we suggest that this results from topo-
graphic interference to incoming flows. Deposition
is concentrated in the low-lying areas and is more
ponded than lobate, with individual turbidites
thinning up onto and pinching out against adja-
cent hillocks.

(c) The thinning and pinching out of turbidites
over highs has been carefully documented in the
region of the ODP sites (Stow et al., 1990), as also
has the occurrence of hemiturbidites (Stow and
Wetzel, 1990). Although flow lofting and upward
mixing of fine-grained sediment into the overlying
water column is most likely a normal process for
far-travelled turbidity currents (Sparks et al.,
1993), the distal Bengal Fan is the first area from
which the resulting hemiturbidite deposits have
been described. We suggest that the presence of
irregular hillocks in this area serves to enhance the
flow lofting process.

Echotype 5 is interpreted as reflecting an accu-
mulation of hemiturbidites that have been depos-
ited on the western flank of the main seafloor high
as a result of flow lofting from southerly flowing
westward diverted dilute turbidity currents. This
inference remains circumstantial until corrobo-
rated by further coring in the area.

(d) There seems to be an abundance of small-
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scale slumping in the area as evidenced by chaotic
reflectors associated with the margins of channels
and with the more prominent hillocks. This local
mass movement will be enhanced both by the
presence of marked relief and by seismic activity
related to fault displacement.

Although none of these features (a—d) are exclu-
sive to zones of within-fan neotectonics, their
relative abundance and co-occurrence are believed
to be significant. The added influence of local relief
and seismic activity to a channel termination zone
will make an already highly varied depositional
system still more complex in nature.
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