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Abstract Although global thermohaline circulation pathways
are fairly well known, the same cannot be said for local
circulation pathways. Within the southwest Indian Ocean
specifically there is little consensus regarding the finer point
of thermohaline circulation. We present recently collected
multibeam bathymetry and PARASOUND data from the
northern Natal Valley and Mozambique Ridge, southwest
Indian Ocean. These data show the Ariel Graben, a prominent
feature in this region, creates a deep saddle across the Mo-
zambique Ridge at ca. 28°S connecting the northern Natal
Valley with the Mozambique Basin. Results show a west to
east change in bathymetric and echo character across the
northern flank of the Ariel Graben. Whereby eroded plastered
sediment drifts in the west give way to aggrading plastered
sediment drift in the midgraben, terminating in a field of
seafloor undulations in the east. In contrast, the southern flank
of the Ariel Graben exhibits an overall rugged character with
sediments ponding in bathymetric depressions in between
rugged sub/outcrop. It is postulated that this change in sea-
floor character is the manifestation of deep water flow through
the Ariel Graben. Current flow stripping, due to increased
curvature of the graben axis, results in preferential deposition
of suspended load in an area of limited accommodation space
consequently developing an over-steepened plastered drift.
These deposited sediments overcome the necessary shear
stresses, resulting in soft sediment deformation in the form
of down-slope growth faulting (creep) and generation of
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undulating sea-floor morphology. Contrary to previous views,
our works suggests that water flows from west to east across
the Mozambique Ridge via the Ariel Graben.

Introduction

The global transfer of heat and nutrients is driven by thermoha-
line circulation (THC) within the ocean basins. The THC system
comprises a network of bottom, deep and surface currents that
conserve mass and energy in the World’s oceans by the creation
of a complex system of circulation cells. The southwest Indian
Ocean (SWIO) is a dynamic region of ocean exchange between
the Indian, Atlantic and Southern Oceans representing a pivotal
component of the THC system. In general, both bottom and deep
water circulation pathways around the globe and within the
SWIO are well known and constrained. The residence times of
these deep and bottom waters have significant implications for
long-term climate state as well as CO, sequestration (Martin
1981a; Martin 1981b; Ben-Avraham et al. 1994; Srinivasan
et al. 2009). As a result, the greater THC system has garnered
increased attention over the past two decades, particularly in light
of their potential roles driving both palaco and future climate
change (Martin 1981a; Martin 1981b; Raymo et al. 1990; Winter
and Martin 1990; Raymo et al. 1997; Schmieder et al. 2000;
Srinivasan et al. 2009; Gutjahr et al. 2010). However, at a more
localised scale, THC pathways are often poorly constrained.
Many factors, including the Earth’s rotation (Coriolis Effect),
ocean basin macrotopography, ocean gateways, prevailing
winds, and glacial/ inter-glacial cycles have a direct impact on
THC circulation and transport volumes. This research examines
deep water bottom currents in the context of seafloor
macrotopography and interprets these in light of several possible
deep water circulation systems in the Natal Valley, SWIO.
Since the initial research thrust in the Natal Valley (cf. Martin
1981a; Martin 1981b; Dingle et al. 1978; Dingle et al. 1987,
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Winter and Martin 1990), little additional research associated
with the Natal Valley has been undertaken; this is especially true
for the deep, northern portions of the Natal Valley. Notable
exceptions include studies on the interactions between bottom
water currents (those deep currents in contact with the seafloor)
and sediments from the Natal Valley (Niemi et al. 2000; Wiles
et al. 2013), and submarine canyons of the upper slope (Green
et al. 2007; Green and Uken 2008; Green 201 1a).

This paper presents a new, higher resolution dataset of the area,
highlighting several key seafloor and subsurface features that
reveal a potential new deep water pathway across the Mozam-
bique Ridge (via the Ariel Graben) to the Mozambique Basin, as
described by new multibeam bathymetry and high frequency
seismic data from the Natal Valley, SWIO. The aim of this paper
is to reconcile this with the major THC systems in the area.

Physical setting
Geology and physiography

Bound to the west by the south-east African continental mar-
gin and to the east by the Mozambique Ridge, the Natal Valley
is a north—south orientated basin located in the SWIO (Fig. 1).
To the south the Natal Valley merges (below 4000 m) with the
Transkei Basin. Shoaling northward, the Natal Valley extends
toward the extensive low-lying coastal plains of southern
Mozambique (Dingle et al. 1978; Goodlad 1986). The Natal
Valley, divided in to a northern and southern portion at 30°S,
is the product of two distinct spreading centres. The northern
portion of the basin opened ca. 183-158 Ma (Leinweber and
Jokat 2011), while the southern portion was the result of
spreading from 138.9-130.3 Ma (Leinweber and Jokat
2012). The basin was fully developed by 90 Ma (Martin and
Hartnady 1986; Ben-Avraham et al. 1994).

The western margin of the Natal Valley exhibits an anoma-
lously narrow, 4-15 km wide, coast-parallel shelf (Dingle and
Robson 1985; Green 2011a; Green 2011b; Cawthra et al. 2012).
Departure from the narrow shelf is observed offshore of the
Limpopo and Thukela rivers where sediment cones prograde
into the Natal Valley (Dingle et al. 1978; Martin 1981a; Martin
1981b; Martin 1987). Over the past 65 Ma, sediment input into
the Natal Valley has been estimated at ca. 23 m’/km*/yr; the
Limpopo and Thukela rivers delivering the bulk of sediment to
the basin, amounting to the deposition of an 800 m thick layer of
sediment within the basin (Flemming 1980). Oligocene to pres-
ent day sedimentation is characterised by erosion and redistribu-
tion throughout the Natal Valley and Transkei Basin (Martin
1981a; Martin 1981b; Niemi et al. 2000).

Bathymetric features pertinent to this study are the Central
Terrace, Naudé Ridge, Mozambique Ridge (Dana Plateau in
particular), Ariel Graben, Tugela cone and Limpopo cone
(Fig. 1). The Central Terrace is a north—south orientated
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Fig. 1 The general bathymetry (The GEBCO 08 Grid, version
20091120) of the southwest Indian Ocean (modified after Wiles et al.
2013). Presently known THC pathways are shown; black arrow illustrates
the Agulhas Current, red—the North Atlantic Deep Water, and grey—the
Antarctic Bottom Water (after Bang and Pearce 1976; Casal et al. 2006;
Dingle et al. 1987; Toole and Warren 1993; Schliiter and Uenzelmann-
Neben 2008; van Aken et al. 2004). Eddies associated with the Mozam-
bique and East Madagascar Currents are shown by dashed circular arrows
(Quartly and Srokosz 2004). The Tugela Cone (TC), Limpopo Cone (LC)
and Central Terrace (CT) are located west of the study area (white box),
which is enlarged to show the ship tracks. The Dana (DP) and Galathea
Plateaus (GP) of the northern Mozambique Ridge are indicated by dashed
circles. North of the Dana Plateau lies the Ariel Graben (AG), a west/east
saddle across the Mozambique Ridge The most prominent rivers flowing
in to this Natal Valley region are the Thukela River (TR) in South Africa,
and the Limpopo River (LR) in Mozambique. The Naudé Ridge (NR) is a
buried basement high. A more detailed overview of the study area is
provided in Fig. 2

basement high that provides the northern bathymetric depth
constraint within the northern Natal Valley (Figs. 1 and 2).
The Central Terrace has a smooth convex surface flanked to
the east and west by prominent valleys, whereas the southern
flank comprises a steep, smooth slope that extends down to
the deep central northern Natal Valley (Dingle et al. 1978).
The steep southern slope is the topographic expression of the
Naudé Ridge, a prominent basement high now overlain by
sediment (thickness of 1 s TTWT) (Dingle et al. 1978). The
Tugela and Limpopo cones represent fan shaped features
prograding into the Natal Valley from offshore of the Thukela
and Limpopo rivers respectively (Fig. 1). The Tugela cone
exhibits a steep, west to east southern flank, while the eastern
flank has a more moderate gradient and hummocky surface.
Numerous terraces create complex bathymetry over the sur-
face of the cone, which is crosscut by the Tugela canyon
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Fig.2 An overview of the northern Natal Valley and northern Mozambique Ridge. Note the 2000 m isobaths to the NW (Central Terrace) and SE (Dana
Plateau), as well as the saddle created by the Ariel Graben. Boxes a, b, and ¢ show areas enlarged in Figs. 3, 4, 5 and 6, and are referred to in text

(Dingle et al. 1978). The Pleistocene age Tugela canyon
delivers what little sediment crosses the sediment starved shelf
to the Tugela fan which has been winnowed and modified by
sweeping of the NADW (Wiles et al. 2013). The Limpopo
cone lies north of the Tugela cone, and northwest of the
Central Terrace, extending 300 km south of the Limpopo
River (Martin 1981a). This sedimentary cone is separated
from the continental shelf of southern Mozambique by a
narrow valley, similar to that of the Central Terrace to the
southeast (Dingle et al. 1978). To the east of the Natal Valley
the north/south orientated Mozambique Ridge provides fur-
ther bathymetric constraint in the form of numerous subma-
rine plateaus. Of importance in this study are the northern
Dana and Galathea plateaus (Fig. 1). The northern Dana
Plateau is the larger or the two, measuring 120130 km in
dimension, and rising to a depth of 1795 m below the sea
surface. The northern flanks of the Dana Plateau deepen into
the Ariel Graben (comprising the southern flank of the Ariel
Graben), a west/east orientated 12 km wide saddle that crosses
the Mozambique Ridge at 28°30°S (Figs. 1 and 2). South of
the Dana Plateau the Galathea Plateau rises to shallower
depths (1600 m) extending 150 km in an east/west orientation,
and 80 km north/south.

Current state of knowledge regarding circulation in the Natal
Valley

Circulation within the Natal Valley, and surrounding SWIO, is
complex owing to the macrotopography of the basins and the

adjacent narrow continental shelf (Fig. 1). Two main circula-
tion systems are recognised, The Agulhas Current and the
North Atlantic Deep Water (NADW).

The Agulhas Current is a fast (4 knots), poleward flowing,
wide (ca. 100 km) geostrophic current that dominates the
upper ocean flow along the western boundary of the Natal
Valley (Bang and Pearce 1976; Dingle et al. 1987, Martin
1981a; Martin 1981b; Donohue and Toole 2003; Lutjeharms
2007, McDonagh et al. 2008) (Fig. 1). The precise source area
for the Agulhas Current is unknown; however sedimentolog-
ical studies suggest this source area lies between 26°S and
30°S offshore the east African coast (Flemming 1980; Martin
1981a; Martin 1981b; Lutjeharms 2006a, 2006b). This is a
dynamic region influenced by several water masses. South-
ward flowing eddies from the Mozambique Channel meet
with eddies of the East Madagascar Current, with additional
input from the Agulhas Return Current (Stramma and
Lutjeharms 1997; de Ruijter et al. 2003; Quartly and Srokosz
2004; Quartly and Srokosz 2004; Lutjeharms 2007). A deep-
reaching current, the Agulhas Current is considered by some
to progressively extend to depths of as much as 2500 m by
32°S along South Africa’s southeast coast (Bang and Pearce
1976; Pearce 1977; Dingle et al. 1987; Beal and Bryden 1999;
Donohue and Toole 2003). However, in some instances it has
only been the upper 500 m of the Agulhas Current that was
intensely studied (Pearce 1977), whereas the structure below
1000 m was estimated or shown to be shallower than the sea
bottom (Donohue et al. 2000). As such a complete under-
standing of the variability of depth changes and the
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influencing factors of the Agulhas Current remains elusive
(Lutjeharms 2006a).

The northern section of the current system is remark-
ably stable, owing to the steep, linear continental shelf
of northern South African margin that steers the current
flow (de Ruijter et al. 1999; Lutjeharms 2006a;
Lutjeharms 2007). A consequence of this stable linear
flow path is that the southward flow associated with the
Agulhas Current terminates ca. 200 km offshore
(Lutjeharms 2006b). Inshore of this northern Agulhas
Current, Beal and Bryden (1997) describe an undercur-
rent at ca. 31°S flowing northward along the continental
slope at 1200 m depth, and directly beneath the surface
core of the Agulhas Current. Numerical models have
produced comparable flows at ca. 34°S, with the depth
of the undercurrent varying from 300-2500 m (see
Lutjeharms 2006a).

Other authors consider the bottom water circulation within
the Natal Valley to be governed by the northeasterly
flowing NADW, a deep western boundary current. Two
possibly contemporancous pathways have been proposed
to describe the passage of NADW (ca. 1.2x10° ms™"
into the Natal Valley (Fig. 1). The first (southern) path-
way is facilitated by the South Atlantic Current. This
pathway is envisaged as transporting NADW around the
southern tip of Africa. The NADW core then bifurcates;
the northern branch (confined to a depth of 2000-—
3500 m, and salinity of 34.83 %) continuing northeast-
ward, via the Agulhas and Transkei basins, into the
Natal Valley. In contrast, the southern branch of NADW
continues eastward beneath the meandering Agulhas Re-
turn Current and does not enter the Natal Valley (Toole
and Warren 1993; van Aken et al. 2004).

The second (northern) NADW pathway is considered
to flow along the African continental slope at depths
between 2000 and 2500 m. This NADW core passes,
via the Agulhas Passage, into the Transkei Basin on its
pathway into the Natal Valley (Toole and Warren 1993;
van Aken et al. 2004; Schliiter and Uenzelmann-Neben
2008). Confined by shoaling bathymetry within the Na-
tal Valley, the NADW is believed to return southward
along the eastern boundary of the Natal Valley
(constrained by the western slopes of the Mozambique
Ridge) (Dingle et al. 1987; McDonagh et al. 2008). Van
Aken et al. (2004) considered some leakage across a
saddle in the Mozambique Ridge at ca. 31°S and at
depths of 2500-3000 m.

Within the southern Natal Valley a net northeastward flow
of NADW, west of 32°E was confirmed (Beal and Bryden
1999; Donohue et al. 2000; Donohue and Toole 2003,
McDonagh et al. 2008). It is this deep northward flow of the
NADW which is likely responsible for winnowing of the
Tugela fan in the mid-western Natal Valley (Wiles et al. 2013).
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Further north, hydrographic observations from the Mozam-
bique Channel showed a variable northward flowing under-
current along the western channel at 1500-2400 m depth,
inshore of the southward migrating Mozambique Current
eddies (de Ruijter et al. 2002; DiMarco et al. 2002; Ullgren
et al. 2012). The deep core of this undercurrent comprises
NADW (flowing at 4x10°m> s~') which, at 2000 m, is able to
cross the shallowing sill of the Mozambique Channel
(2500 m) and continue into the Somali Basin (Donohue and
Toole 2003; van Aken et al. 2004). The NADW that does not
cross this sill is considered to return southward along the
eastern side of the Mozambique Channel and Basin (Donohue
and Toole 2003).

Seafloor/current interactions

In the northernmost and shallowest portions of the Natal
Valley, seafloor/current interactions were recorded as areas
of non-deposition on the Limpopo Cone and Central Terrace
(Martin 1981a, 1981b; Preu et al. 2011). This interaction
between the Agulhas Current and the northernmost Natal
Valley has a minimum age of Early/Middle Miocene (Martin
1981a; Preu et al. 2011). Although initially variable, the
Agulhas Current pathways were thus fairly stable following
the Early Miocene. Erosion and redistribution of sediment on
the Limpopo cone and Central Terrace, between depths of
400-1500 m, can therefore be attributed to the net southward
flow of the Agulhas Current.

Deeper into the Natal Valley (ca. 2500-3000 m) and
further south (ca. 33°S), Dingle et al. (1987) recognise
recirculation of NADW within the Natal Valley based
on the location, orientation, depth and character of
sediment drifts in the basin. Through interactions with
the seafloor sediments, the NADW has developed two
elongate, north/south orientated, sediment drifts. The
western drift and eastern drift associated with northward
and southward flow respectively since the Late Eocene
(Dingle et al. 1987).

Material and methods

A portion of data from two recent research cruises, AISTEK I1
(20th of May-7th of July, 2005) aboard the R/V Sonne (Jokat
2006) and AISTEK III (9th of April-1st June, 2009) aboard
the R/V Pelagia (Jokat 2009), are used in this study. AISTEK
II investigated the Mozambique Basin and Ridge using a
SIMRAD EM120 multibeam echosounder. A Kongsberg
EM300 multibeam echosounder was used to acquire bathym-
etry data over the Mozambique Ridge and Natal Valley during
the AISTEK III survey. Both multibeam data sets were proc-
essed onboard using CARIS HIPS and exported as xyz ASCII
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files. Interactive Visualization Systems’ DMagic (version
7.3.1a) was used to grid the data, which were then displayed
in Fledermaus (version 7.3.1a) for interpretation. The final
bathymetry data have an output matrix of ~35 m, providing
a relatively high resolution dataset. Specific portions of these
data are presented in this study to illustrate the results and
discussion graphically.

A 3.5 kHz (AISTEK III) and a parametric ATLAS
PARASOUND echosounder (AISTEK II) were used to collect
seafloor and sub-bottom data during the respective cruises.
These data sets provide very high frequency seismic data with
a vertical resolution ca. 1 m. Due to technical difficulties,
complete seismic coverage along track was in some instances
not achievable. In-house designed software, in addition to
SEISEE (version 2.17.1.), were used to process the data.
These data were incorporated into SEISEE for visualization
and interpretation of the echo character. Band pass filter
adjustments and colour gains were applied to the data.

Results

A wide, channel-like feature is evident in the multibeam
bathymetric data, leading from the mid-Natal Valley across
the Mozambique Ridge toward the Mozambique Basin
(Fig. 2). Confined to the north—west by the Central Terrace,
and the south—east by the Dana Plateau (Mozambique Ridge),
the channel is located in the bathymetric depression associated
with the Ariel Graben (Fig. 2). Rugged bathymetry is more
common on the northern flanks of the Dana Plateau (i.e.,
southern flank of the Ariel Graben) than on the Central Ter-
race, where seafloor is smooth (Fig. 2). This rugged bathym-
etry is confined to depths of 2000-3000 m on the northern
flank of the Dana Plateau where there is a significant amount

of basement control on topography. Evidence of this is man-
ifest in the highly irregular, rugged bathymetry, and seismic
character presented in Figs. 3 and 4. Although the Ariel
Graben has created an overall west to east orientated saddle,
the actual depression follows a curved path (Fig. 2). The
degree of change in channel axis orientation increases more
rapidly in the west in the vicinity of box c (Fig. 2).

Boxes a and b (Fig. 2.) are enlarged in Figs. 3 and 4
respectively. These figures illustrate in detail the bathymetry
and shallow seismic character of this portion of the Mozam-
bique Ridge. The northern flanks of the channel return distinct
bottom echoes, with several discontinuous sub-bottom echoes
(profile A—A’ in Fig. 3, and profile B—B’ in Fig. 4). The
seafloor is smooth, with no apparent basement outcrop or
subcrop visible within the limit of penetration (20 m) and
coverage. The gradient of the northern flank is variable,
(0.3°-2.1°, total slope average is 1°), typically increasing with
depth (north to south toward the channel) to a maximum of
5.7° nearest the channel. Steepest gradients (5°—6°) are noted
in the central region of the saddle across the Mozambique
Ridge (Figs. 3 and 4).

The channel floor ranges in width from 4385 m to 5100 m
with a variable echo character. In the western portions of the
channel, hyperbolic reflectors are evident in the 3.5 kHz pro-
file (profile A—A’ in Fig. 3). The hyperbolae are of a similar
height above the seafloor, and vary from individual to over-
lapping in organisation. Bathymetric data show this area to be
rough / undulating. Smooth seafloor in the bathymetry is
associated with distinct seafloor returns and continuous and
sub-parallel sub-bottom reflector packages (profile B—B’ in
Fig. 4). An elongate terrace, orientated parallel to the base of
the southern flank, is evident in both the bathymetry and
shallow seismic data suggesting some degree of lateral and
vertical erosion (profile B—B’ in Fig. 4).
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Fig. 3 Enlarged bathymetry of box a in Fig. 2. The contrast between the
smooth seafloor (Sm) of the northern flank and the rugged seafloor (Bs),
reflecting some basement control, of the southern flank is evident in the

multibeam bathymetry (bottom) and high frequency seismic record (pro-
file A—A’, top). Note the apparent scouring (Sc) around basement
outcrop in the saddle floor
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Fig. 4 Enlarged bathymetry of box b in Fig. 2. The contrast between the
smooth seafloor (Sm) of the northern flank and the rugged seafloor (Bs)
of the southern flank of the Ariel Graben is clear in the multibeam

The southern flanks of the channel are distinct from the
northern flanks in both bathymetric and seismic character.
Large, irregular, hyperbolae, ranging in size, amplitude and
spacing (over-lapping to 1 km) dominate the seismic profiles
(Figs. 3 and 4). Intense overlapping is focused on the more
rugged areas, while individual hyperbolae are observed where
the bathymetry is less complex. Rugged bathymetry associat-
ed with such echoes, exhibit highly variable gradients (0.3°—
19.6°). Overall, the channel floor is relatively flat, while the
profile of the channel is “U”-shaped. Scouring has modified
this “U” shape in certain areas of the lower channel flanks
suggesting sustained reworking and removal of sediment
(Fig. 3).

There is a notable eastward change in character of the
seafloor on the northern flanks of the channel (Fig. 5). At
depths between 2100 m and 3000 m, the seafloor displays an
undulating morphology (Fig. 5 and profile C—C’ in Fig. 6).
These undulations are straight crested and parallel/sub-parallel
to the local isobaths, with crest long axes orientated west to
east. Spacing between the crests is variable. The middle zone
(2330-2677 m) is typified by undulations with 600-900 m
wavelengths, whereas the upper and lower zones have dis-
tances of 1000—-1200 m between crests. Cross- sectional sym-
metry of these features varies from symmetrical to asymmet-
rical, with broad crests and narrow troughs (Fig. 5). When
asymmetrical, the down-slope (south-facing) limb is longer
(511.76 m average) than the up-slope (north-facing) limb
(323.53 m average) (Table 1). The lower limbs are also steeper
than the upper limbs; calculated averages being 3.80° and
1.55°, respectively (Table 1). Overall the total slope on which
the undulations are found is south-facing with a gradient of

@ Springer

3.25'60.0€,5€

bathymetry (botfom) and high frequency seismic record (profile B—B’,
top). Note the change in character of the floor of the saddle. A terrace (Tr)
is apparent at the base of the southern flank

1.54°, however, the area affected by undulations is slightly
steeper with an average slope of 1.75°. Beyond 3000 m (the
lower limit of the undulations), the gradient increases to 4.71°
at the flank/channel floor transition. North of the undulations
(above 2100 m) the seafloor becomes smooth once more,
reflecting similar characteristics to that of the western portion
of'the study area (Fig. 5 and profile D—D’ in Fig. 6). The total
slope average in this eastern region is 0.54°, thus steeper than
to the west. The channel floor, no longer flat, is ca. 440 m wide
at 3160 m depth. The profile now has a more “V”-shaped
section.

The southern flank of the channel is more rugged than the
northern flank (Fig. 5). Hyperbolic echoes (from the 3.5 kHz
echo trace) are associated with rugged bathymetry (profile
E—E’ in Fig. 6). Distinct bottom echoes, with several sub-
parallel sub-bottom reflector packages are noted in areas of
flat lying bathymetry (profile E—E’ in Fig. 6). These pack-
ages onlap the rugged subcrop, showing varied package thick-
ness and amplitude. The lowermost packages comprise low
amplitude, transparent packages that thicken from south to
north, while toward the seafloor surface, high amplitude pack-
ages of uniform thickness are evident. The gradient of the
southern flank is highly variable, reaching a maximum of
10.5° in the rugged areas, whereas areas of subdued bathym-
etry exhibit low gradients (0.18°). The total gradient is 1.34°
but is a poor indicator of the seafloor character due to marked
variability in the gradient of the area (Fig. 7). The variation of
the rugged southern flank is far greater and widespread than
that of the north (Fig. 7). Only in the eastern portions of the
study area, on the northern flank, does the gradient begin to
vary as the undulation field is encountered (Fig. 7).
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Fig. 5 The eastern region of the Ariel Graben revealed in the multibeam
data (See Fig. 2, Box c for location). Note elements of basement control
(Bs), smooth seafloor (Sm), and undulation field (Sw). The channel floor
(Ch) is now narrower than in the west toward the Natal Valley. Profiles
C—C’, D—D’, and E—FE’ shown in Fig. 6

Discussion
Echo character contrasts

There is distinct contrast in the echo character of the Ariel
Graben’s northern and southern flanks. The northern flank
(western area) shows distinct, high amplitude, bottom echoes
with several discontinuous parallel/sub-parallel sub-bottom
reflectors. This echo character is synonymous with the devel-
opment of crude plastered drifts, as described from other
regions (cf. Damuth 1975; Damuth 1980; Jacobi 1982;
Faugeres et al. 1999; Stow and Mayall 2000; Masson et al.
2002; Maldonado et al. 2003; Stow et al. 1996), and the same
deposit is envisioned in this study (Figs. 3, 4 and 6). This is
further demonstrated by the areas of smooth seafloor (Sm in

Figs. 3, 4 and 5) where current-plastering has created a uni-
form surface relief. This seafloor character has similar associ-
ations to plastered drifts, discussed from other regions by
multiple authors (Damuth 1975; Damuth 1980; Jacobi 1982;
Faugeres et al. 1999; Stow and Mayall 2000; Masson et al.
2002; Maldonado et al. 2003; Stow et al. 1996). Along the
northern flanks of the eastern Ariel Graben, seafloor undula-
tions (Fig. 5) are associated with large, individual hyperbolic
echoes (Fig. 6) that approach the IIB-2 character of Damuth
(1975) scheme. The origin of this echo character is said to be
varied; bottom current and gravity-driven processes are pos-
tulated as possible formative processes, with setting being an
important consideration. In the case presented by Damuth
(1975) 1IB-2 echoes are located adjacent to levees and distrib-
utary channels of the Amazon cone. However; more consol-
idated gravity controlled flows and mass movements may also
result in type IIB-2 echoes being recorded from the respective
deposits.

The floor of the Ariel Graben (Ch in Figs. 3, 4, and 5) has a
varied echo character. In the west it is rough, with small
overlapping hyperbolae (IIIC of Damuth 1975) showing evi-
dence of erosional/depositional bedforms. Such bedforms
from other basins have been ascribed to erosion in the bottom
boundary layer (Flood 1980) and syndeposition (Tucholke
1979) related to bottom water circulation or gravity driven
processes (Damuth 1975) depending on the setting.

The southern flank of the Ariel Graben is rugged, domi-
nated by large hyperbolae. Such a strongly reflective, hyper-
bolic echo character typifies basement highs or outcrop
(Damuth and Hayes 1977; Damuth 1980; Lee et al. 2002).
In this case, the lower northern flank of the Dana Plateau is
cropping out due to an overall lack of sediment deposition on
the southern flank. As shown in Fig. 6 (profile E—E’), ponds
of sediment (discontinuous sub-parallel reflectors) are present
in troughs and depressions of the southern flank. This suggests
a sediment starved environment on the southern flank of the
Ariel Graben, and implies differential deposition within the
study area.

Interpretation of bathymetric and 3.5 kHz data

The development of a crude plastered sediment drift in the
west (on the northern flank) gives way to soft sediment
deformation fields in the east of the northern flank of the Ariel
Graben. This demonstrates changes in the depositional/
erosional setting from west to east through the Ariel Graben
along the northern flank. The plastered drifts are typical of
depositional features associated with bottom water current
circulation (Stow et al. 1996), yet the transition to the field
of undulations is atypical and requires that others factors be
involved in their formation.

The presence of these undulations could be explained by
several processes including contour current/seafloor

@ Springer



532

Geo-Mar Lett (2014) 34:525-540

— 2200 —

Fig. 6 Seismic character of Y ]
profiles C—C’, D—D’, and E— c ‘«\’fzjc c Hyperbolic M
E’ (see Fig. 2, Box ¢, and Fig. 5 maAagsL I AT re¥|ect0rM -
for location). Undulating sea floor Aty ' Q/
is associated with hyperbolic 2 — 2500 — Indistinct
echoes with indistinct sub-bottom 1 sub-bottom
returns. This is in contrast to the reflectors
discontinuous sub-parallel M
reflectors of profile D—D’, which — 2800 —Sw ” NE
is associated with smooth sea — 1940 —
floor. On the southern flank of the D /\
Ariel Graben, hyperbolic echoes
are similarly associated with /
rugged seafloor (Bs in Fig. 5), \
while horizontal, discontinuous — 1995 —
sub-parallel echoes are evident in Discontinuous
troughs adjacent to the rugged sea / sub-parallel
floor / reflectors
4— 2050 —/ -
E Rugged £~ 2790 - E |n<fj|\st|tnct hyperbolic E
sea-floor &% reflec orsf
o ¥ & ~
o e
Smooth ’;"'\.},7[ : — 2840 — Discontinuous
. sea-floor ; A sub-parallel /A
o “» 55 o Al Low ‘amplitude reflectors
| I ¢ packages
| o i 2890 — ~—
R b ; m
SyV : i‘ i SwW NE

interactions, turbidity current activity and mass-wasting/soft
sediment deformation. Although the undulation dimensions

Table 1 Length and gradient characteristics of undulations

ID Upslope Downslope Upslope Downslope
limb (m) limb (m) limb (°) limb (°)
1 550 650 1.66 —3.88
2 500 550 0.86 —5.64
3 400 600 2.81 =3.17
4 500 700 0.54 -3.15
5 400 600 2.11 —4.66
6 400 600 1.71 —2.80
7 400 450 0.65 —4.25
8 200 450 0.86 —5.09
9 200 400 1.18 —4.62
10 300 300 1.79 —3.28
11 300 400 041 —3.98
12 150 350 421 —5.59
13 200 350 0.26 —2.87
14 200 350 0.16 —-3.15
15 200 800 3.04 —3.48
16 200 400 226 —5.46
17 200 750 1.78 —5.84
Average 32353 511.76 1.55 —3.80

@ Springer

are similar to features created by turbidity currents (see Table 2
for a comparison). In the setting presented here, the formative
process associated with 1IB-2 echoes is potentially related to
deposition by turbidity currents. However, the undulation field
is not associated with any deep sea canyon/channel/fan sys-
tem. The nearest continental shelf that could shed sediment
directly to the Ariel Graben is 380 km to the west. Apart from
being sediment starved (Green 2009; Flemming 1980), this
margin is separated from the Ariel Graben by the Central
Terrace, disrupting the pathway of sediment by turbidity cur-
rent. The Mozambique Ridge is obviously a feature which
could play host to turbidity currents, however, in the setting of
the Ariel Graben this is unlikely. There is no suitable staging
area/source, directly to the north of the Ariel Graben, for the
generation of turbidity driven flows. Hence, given the location
of the undulation field of this study, deposits associated with
turbidity currents are highly improbable.

Furthermore, from a morphological perspective, the char-
acter of the undulations is atypical of the surface expression of
turbidites (Faugéres et al. 2002; Wynn and Stow 2002). The
wave-form (i.e., the general morphology of the undulations)
dimensions of the undulations are larger in the upslope and
downslope areas, decreasing in dimension toward the middle
of the flank as opposed to the general decrease in wave
dimension downslope (i.e., with distance from the source)
expected of turbidity current-fed bedforms.
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Fig.7 3D perspective view slope map for the Ariel Graben looking south
to north from the Dana plateau across the Ariel Graben. The strips of data
reflect the slope of the seafloor as calculated from the bathymetry data
from the same area. Note the difference in slope and relief between the
northern and southern flanks of the Ariel Graben. The northern flank is

With regards the genesis of sediment waves by bottom
current interaction, the dimensions of the wave-forms ob-
served in this study are similar to those of fine-grained bottom
sediment waves (cf. Wynn and Stow 2002; Table 2 this study).
Such fine-grained bottom sediment waves are found in sedi-
ment drift environments on the basin floor, lower slope and
rise. At odds with this interpretation are the general orienta-
tions of the wave-form crests themselves. Typically, the crests
of fine-grained bottom current sediment wave systems are
oblique to the slope, or perpendicular to the flow direction
of the current, with evidence of upslope and up-current mi-
gration of bedforms. In this study, the crests are parallel/sub-
parallel to the maximum slope, orientated west—east; ~90° to
the expected orientation (north—south) had they been directly
developed by a current flowing west to east through the
graben. As with a turbidity current-induced setting, the de-
crease then increase of the wave-form dimensions is in con-
trast to that of a bottom current sediment wave setting that
generally produces decreasing wave-form dimensions with
increased transport distance (Faugeres et al. 2002; Wynn and
Stow 2002).

The final alternative of downslope creep appears to be a
viable option for the genesis of these features. There has been
much discussion concerning the distinction between current
generated sediment waves and undulations generated by
creep/soft sediment deformation (Dillon et al. 1993; Gardner
et al. 1999; Holbrook 2001; Lee and Chough 2001; Holbrook
et al. 2002; Lee et al. 2002; Trincardi et al. 2004; Schwehr
etal. 2007; Shillington et al. 2012). The debate stems from the
similarities in bathymetry and seismic characteristics of these
features. However, having excluded generation by bottom or

relatively uniform, the exception being the undulations to the east which
exhibit regular variance in gradient over short distances. In contrast, the
southern flank exhibits varied gradients throughout the study area
reflecting an irregular seafloor relief. The change in the orientation of
the Ariel Graben (from west to east) is shown by the black arrow

turbidity current, soft sediment deformation is a likely forma-
tive process. In addition, the dimensions and characteristics of
the seafloor undulations in this study (Table 2) are comparable
to those associated with creep as described by Wynn and Stow
(2002).

In keeping with the discussion in section Echo character
contrasts and in the context of the bathymetry signatures
discussed above, it is clear that the northern flank of the Ariel
Graben is dominated by sediment cover, whereas the southern
flank of the Ariel Graben exhibits basement control on sedi-
mentation in a sediment starved setting with ponds of sedi-
ment filling low lying areas amidst the rugged bathymetry of
the Dana Plateau’s northern flank. The local outcrop of base-
ment is likely to increase turbulence and promote the resus-
pension and redistribution of sediment rather than deposition.
The net result is preferential deposition on the northern, rather
than southern flank of the Ariel Graben. The resultant uneven
depositional regime is at odds with the uniform distribution of
sediment thicknesses attributed to pelagic deposition. Prefer-
ential drift deposition on the northern flank of the Ariel
Graben is thus the likely driver of downslope creep here.

Significance of creep

Seafloor undulations generated by soft sediment deformation
are often related to seismic activity. Examples from the
Adriatic and Californian continental slopes describe such
occurrences of seismically induced soft sediment deformation.
However, such settings are far removed from the deep Ariel
Graben of the Mozambique Ridge. The former two regions
have recent and sustained seismic histories accounting for

@ Springer
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extensive soft sediment deformation fields (cf. Dengler et al.
1993; Tinti et al. 1995), whereas the Mozambique Ridge is
comparatively stable (Leinweber and Jokat 2012). Recent
findings suggest that there may be some tectonic activity
associated with the southward propagation of the East African
Rift System (Saria et al. 2014; Wiles et al. 2014). However,
seismically induced deformation seems unlikely at this loca-
tion as the soft sediment deformation is restricted to a specific
area within the region rather than a wide-spread occurrence in
line with seismically-induced deformation fields. High sedi-
mentation rates, storm waves, and biological processes may
also induce downslope movements through the increase of
applied shear stress or reduction of the critical shear strength
of sediments (Stow et al. 1996). At the depth of the undula-
tions, storm waves are not considered, while biological activ-
ity is an unknown variable. A high sedimentation rate is
therefore suggested as the most prominent factor in this in-
stance, likely delivered by deep water bottom-interacting cur-
rents in the area.

Sediment redistribution via the Agulhas current or NADW?

In the northernmost Natal Valley, sediment redistribution at
depths of between 400 and 1500 m on the Central Terrace,
Limpopo Cone and adjacent continental shelf has been attrib-
uted to action of the Agulhas Current (Flemming and Hay
1988; Martin 1981a, 1981b; Preu et al. 2011). However, it is
unlikely that the Agulhas Current at 27°S is as deep seated as
it is to the south (32°S), where it reaches depths of 2500 m
(Bang and Pearce 1976; Dingle et al. 1987, Beal and Bryden
1997; Donohue and Toole 2003). We attribute this to three
reasons. Firstly, in this source region the Agulhas Current is
still forming from the amalgamation of eddies from the north
and east (Preu et al. 2011). Secondly, the Central Terrace lies
in ca. 1500 m of water, so a deeper extension of the current to
2500 m is not possible. Thirdly, the observation by previous
authors of a northerly flowing NADW in the west and a
southerly flowing NADW in the east of the Natal Valley
implies recirculation of this current system whereby NADW
passes beneath the Agulhas Current at a deeper level. On this
basis we consider the alternative hypothesis, bottom current
activity and sediment re-organisation by the NADW.

Oceanographic constraints to potential NADW flow
and a revised pathway

As a deep western boundary current plastered up against the
east coast of South Africa by the Coriolis Effect, it is unlikely
that its northward passage would be impeded until obstacles to
that flow are encountered (Dingle et al. 1987; van Aken et al.
2004; Martinez-Méndez et al. 2008; McDonagh et al. 2008).
The shoaling of the northern Natal Valley provides the neces-
sary bathymetric restriction to change the pathway of the

NADW. However this restriction within the known depth
range of NADW is gradual and asymmetrical. The northern
Natal Valley does not terminate in a horseshoe between 2000
3500 m (Fig. 8), but rather the Tugela cone and Central
Terrace (fronted by the Naude’ Ridge) provide initial restric-
tions from the west and northwest respectively (Fig. 8). These
restrictions would force the NADW to shift from its original
north northeast flow direction towards the northeast. The
2000 m isobath marks the shallow edge of the central terrace,
and consequently the northward limit of NADW flow in the
northern Natal Valley. Continuing to the northeast, the 2000 m
isobaths of the Central Terrace merges with the top of the Ariel
Graben’s northern flank (Figs. 2 and 8). The Dana Plateau,
located south east of the Central Terrace, rises to a minimum
depth of 1795 m and consequently restricts the direct eastward
flow of NADW into the Mozambique Basin (Fig. 8). The
Dana Plateau thus offers a potential point divergence for
NADW flow whereby a portion of the water mass can con-
tinue northeast into the Ariel Graben, while the remainder
recirculates southward along the eastern margin of the Natal
Valley.

Once the NADW enters the Ariel Graben its passage is
likely defined by the graben long-axis; the orientation of
which is not constant. From west to east the axis migrates in
a clockwise manner, not confined to the orientation of the
saddle axis. The average gradient of the graben flanks, partic-
ularly the northern flank, typically increases from west to east
with the steepest gradient found where the saddle axis changes
direction to the east (Fig. 7). It is in the east that the maximum
axis curvature takes place and it is here that the upper portion
of the NADW is likely to over-spill on to the northern flank,
effectively over-shooting the bend in the graben axis. This
over-spilling results in reduced velocity, and deposition of
suspended load on the northern flank. Coriolis Effect is likely
to also play a role. Deflection to the left (north in this case)
further promotes preferential deposition of the northern flank
of the Ariel Graben thereby compounding the result of over-
spilling in the region of undulations. Such rapid sedimentation
is said elevate pore pressure, and create weak planes within
the deposited sediments (Shillington et al. 2012). Subsequent
slow gravity-driven downslope motion and deformation gen-
erates the region of seafloor undulations on the northern flank
of the Ariel Graben. Hence, this area represents an over-
steepened plastered drift, developed in response to over-
spilling of NADW in the Ariel Graben, the failure of which
is manifest as seafloor undulations generated by down slope
creep (Fig. 8).

The relevance of a revised deep water pathway
The complex macrotopography of the southwest Indian Ocean

(SWIO), as demonstrated by Dingle et al. (1987), van Aken
et al. (2004) and Casal et al. (2006), represents a significant
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Fig. 8 Schematic of the study area (refer to Figs. 1 and 2) illustrating the
proposed NADW pathway through the Ariel Graben. Once the water
mass has entered the Ariel Graben its passage is determined by the axis of

factor in the control of deep THC flow (Donohue and Toole
2003). In this study, a previously unrecognised northern-most
pathway for deep water exchange between the Natal Valley
and the Mozambique Basin at 28°S is proposed (Fig. 9). The
recognition of this pathway means the Natal Valley system
and its effect on the SWIO region should be re-evaluated as
the THC system and global climate are strongly linked
(Martin 1981b; Martin 1987; Flemming and Hay 1988; Winter
and Martin 1990; Martinez-méndez et al. 2008; Blome et al.
2012; Li et al. 2013; Menary and Scaife 2014).

With respect to NADW circulation interglacial periods
typically see increased flow of NADW, while glacial periods
are associated with reduced flow (Ben-Avraham et al. 1994;
Alley et al. 1999; Rutberg et al. 2000). Increased flow, espe-
cially the proposed northern incursion of NADW, has impli-
cations for the ocean basins in which this water body is found,
affecting deep water exchange between sub-basins within the
SWIO (Fig. 9). The forcing of this deep water mass into
rugged regions of shoaling bathymetry of the northern Natal
Valley and Mozambique Ridge has the potential to increase
upwelling in these regions, resulting in increased diapycnal
mixing between water masses (Polzin et al. 1997).

As long-lived CO, sinks, such diapycnal mixing could be
of ecological and climatological significance. It is suggested
that CO, flushing from deep water masses is a step-wise
process that includes elevated nutrient supply to the mid-
depths, subsequently resulting rapid rage expansion of spe-
cies, increased productivity and CO, sequestration within the
mid-Ocean (Galbraith et al. 2007; Henry et al. 2014). These

@ Springer

the graben. Proximally northeast orientated, the graben axis changes to
east-southeast towards the distal areas in the east

have important ramifications for the east coast of Africa’s
future fishery potentials.

15°S

20°S—

25°S|

TMB
\

35°S /' \/'
\\J o
— 1,
20°E 25°E 30°E 35°E 40°E 45°E
Fig.9 The postulated passage of deep water (2000—-3000 m), in this case
NADW, through the SWIO is shown by black arrows, after van Aken
et al. (2004). The 2000 m isobaths are shown for reference by the solid
black line. The inset shows the study area, where the Ariel Graben creates
a saddle across the Mozambique Ridge. The suggested NADW pathway
across this saddle, through the Ariel Graben, is illustrated by the black
dot-dash line. Abbreviations in insert: CT Central Terrace, AG Ariel
Graben, DP Dana Plateau, NV Natal Valley
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Conclusion

The Ariel Graben creates a deep west to east saddle across the
Mozambique Ridge at ca. 28°S. This deep saddle in the
Mozambique Ridge provides the potential for deep water
exchange between the northern Natal Valley, and Mozam-
bique Basin. A west to east change in character in the Ariel
Graben is recorded in the sub-surface and expressed in the
morphology of the seafloor and linked to deep water sediment
trasnport. Evidence of this transport is manifest as crudely
developed plastered drifts in the west and a field soft sediment
deformation, of limited extent, in the east of the study area.
Here current flow stripping due to increased curvature of the
graben axis, results in preferential deposition of suspended
load in accordance of reduced current velocity in an area of
limited accommodation space. This results in an over-
steepened plastered drift. Deposited sediments overcome the
necessary shear stresses, resulting in soft sediment deforma-
tion in the form of down-slope growth faulting (creep) and
generation of undulating seafloor morphology. The observed
seafloor and subseafloor characteristics are considered to be
associated with a newly postulated NADW passage through
the Ariel Graben, as opposed to influence by deep-reaching
Agulhas Current activity.
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