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The relationships between oceanic circulation in the Arabian Sea and Late Cenozoic climate changes, including
variations in monsoon intensity at the million year time-scale, remain poorly investigated. Using multibeam
and seismic data, we provide the first description of a contourite drift in the Arabian Sea, along the south-eastern
Omanmargin. This contourite drift is referred as the “Sawqirah Contourite Drift System”. Late Miocene reactiva-
tion of the south-easternOmanmargin resulted in the formation of a complex anticline system,which shaped the
seafloor topography above which the Sawqirah Drift subsequently developed. The drift resulted from the circu-
lation of bottom currents within the North Intermediate Indian Water. Major seismic unconformities identified
within the Sawqirah Drift were tied to Ocean Drilling Program (ODP) drill holes, and allowed defining distinct
episodes of drift construction. At least two of these unconformities record reorganizations of the oceanic circula-
tion at ~4.5–4.8 Ma and ~2.4 Ma. The 4.5–4.8 Ma-old unconformity is coeval with the onset of upwelling of deep
and coldwaters in the Owen Basin. The 2.4 Ma-old unconformity records a major episode of Indianmonsoon in-
tensification (at the million year time scale) over the Arabian Sea, indicating strong coupling between oceanic
and atmospheric circulation processes.

© 2016 Published by Elsevier B.V.
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1. Introduction

The global oceanic circulation underwent several reorganization
phases during the Late Cenozoic in response to plate tectonics events
and climate-eustatic changes. In the Early Miocene, intermediate and
deep-water masses in the Atlantic and Pacific Oceans all originated
fromwatermasses surrounding Antarctica, and aged towards the Arctic
(Woodruff and Savin, 1989). Several tectonic events contributed to the
development of the thermohaline circulation and the differentiation of
the isotopic signature of water masses (Billups, 2002; Bickert et al.,
2004; Poore et al., 2006): the closure of the Panama Strait beginning
in the Middle Miocene (Montes et al., 2015), the opening of the Gibral-
tar Strait in the Central Atlantic at 5.3 Ma (Hernández-Molina et al.,
2014), and the closure of the Indonesian Seaway in south-east Asia at
~3–4 Ma (Fig. 1; Cane and Molnar, 2001). The sea level drop-down in-
duced by the onset of permanent ice-sheets in the northern hemisphere
around 2.7 Ma (Bailey et al., 2013) also contributed to the emergence of
the straits (Molnar, 2008; Miller et al., 2011).
ez).
Major changes in thermohaline circulation have strong effects on sed-
imentation. Currents generate deposits known as contourite drifts, and
several types of erosive features forming contourite channels, moats or
terraces. The architecture, distribution, and stratigraphy of contourite
drift systems provide strong constraints on long term (105–106 years) in-
termediate and deep-sea circulation changes (Faugères et al., 1999;
Rebesco et al., 2014). Since the onset of the thermohaline circulation, sev-
eral continental margins experienced tectonic reactivation, expressed by
inversion of rifted structures or gravity-driven tectonics that influenced
the build-up of contourite drift systems (for instance in the Alboran Sea,
Ercilla et al., 2016; Juan et al., 2016).

Contourite drifts are poorly documented along the Indian Ocean's
margins (Rebesco et al., 2014). The best-studied area of contourite de-
position is the Maldives carbonate platform (Betzler et al., 2013;
Lüdmann et al., 2013). In the western Indian Ocean, a few preliminary
studies also document contourites in the vicinity of the Amirante
Ridge south to the Seychelles (Damuth and Johnson, 1989), in the Mo-
zambique Basin (Preu et al., 2011), and off South Africa, where the Indi-
an and the Atlantic oceans connect (Ben-Avraham et al., 1994; Niemi et
al., 2000; Uenzelmann-Neben et al., 2011; Wiles et al., 2014; Gruetzner
and Uenzelmann-Neben, 2016). Where available, stratigraphic con-
straints within these contourite drift systems document a Middle
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Fig. 1. a) Regional tectonicmap of the Arabian Sea. The black dashed arrow represents the position of the summer Inter-Tropical Convergence Zone (ITCZ), and the yellow dotted line the
path of the Ras Al Hadd Jet and other local surface currents (for the summer monsoon configuration; Schott and McCreary, 2001). The pink line represents the summer monsoon winds.
AOC: Aden-Owen-Carlsberg triple junction, configuration according to Fournier et al., 2008. b) to d): schematic reconstructions of oceanic circulation in the Indian Ocean since Tortonian
times, modified from Gourlan et al. (2008). Plate reconstructions are from Seton et al. (2012). For more detailed reconstructions of the present-day oceanic circulation, including its
seasonal changes in response to fluctuations in the monsoon regime, see Schott and McCreary, 2001. MIOEJ: Miocene Indian Ocean Equatorial Jet, IS: Indonesian Seaway.
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Miocene change in the oceanic circulation, following the closure of the
Paratethys gateway between Arabia and Eurasia (Fig. 1; Preu et al.,
2011). In the eastern Indian Ocean, a contourite drift is identified at
the Sunda Arc (Sumba Drift, Reed et al., 1987), where connection with
Pacific waters takes place. Contourite drifts are also suspected in the
surroundings of the Bengal Fan (Kolla et al., 1976). Although contourite
drifts may provide a valuable archive of the paleoceanographic changes
a

b

Fig. 2. a) Bathymetricmap of the South East Omanmargin and the Sawqirah Bay at 200m conto
ODP Lines are the ones presented in this study. Inset shows the extent of the different domains o
covering of the Sawqirah Ridge, showing undulated seafloor morphology, as well as gullies an
depths (Flagg and Kim, 1998; Reid, 2003).
of the Indian Ocean in response to the various tectonic and climatic
events that occurred during the Cenozoic (Allen and Armstrong, 2008;
Gourlan et al., 2008; Butzin et al., 2011; Le Houedec et al., 2012), the
seismic imaging of their architecture and the available stratigraphic
constraints are scarce.

This study uses a new dataset composed of multibeam bathymetry
data, high-resolution (3.5 kHz) echosounder data and 24 channels
c

ur interval, with location of ODP drilling sites, and ODP andOWEN seismic lines. Dark blue
f the Sawqirah anticline/drift, white lines indicate multibeam tracks; b) Partial multibeam
d mass failures. c) Present-day mean flow direction of oceanic currents at various water
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seismic data, aswell as seismic data previously collected during theODP
Leg 117 (Shipboard Scientific Party, 1989) to describe Late Cenozoic
contourite deposits along the South-East Oman margin (Figs. 1, 2).
The South-East Oman margin experienced tectonic reactivation during
the Late Miocene (Rodriguez et al., 2014a). It constitutes a good study
area to investigate how interactions between contour currents and tec-
tonics control the evolution of a contourite drift system. Stratigraphic
data from Ocean Drilling Program (ODP) Sites calibrate the seismic
stratigraphic analysis, and locally provide age constraints of the strata
from the Middle Miocene onwards (Shipboard Scientific Party, 1989).

The main objectives of this study are 1) to describe the architecture
of contourite deposits off South-East Oman and their interaction with
local tectonics and gravity-driven, downslope sedimentary processes;
2) to understand how and where contourites accumulated in the tec-
tonic context of the South-East Oman margin (Rodriguez et al., 2014a,
2014b); 3) to identify major seismic stratigraphic features (unconfor-
mities and drift-building sequences) indicative of changes in deep-sea
circulation (i.e. intensity and pathway) or tectonics; and 4) to track
the potential drivers of the circulation changes by investigating the
multi-proxy record of the Indian monsoon intensity (Shipboard
Scientific Party, 1989; Quade et al., 1989; Bloemendal et al., 1993;
Clemens et al., 1996; Molnar, 2005; Huang et al., 2007; Clift et al.,
2008; Sanyal and Sinha, 2010; Sanyal et al., 2010; Molnar et al., 2010;
Zachos et al., 2001; Clift et al., 2014; Kroon et al., 1991).

2. Geological and oceanographic setting of the Owen Basin (Arabian
Sea)

2.1. Geological background

The South-East Omanmargin is a ~600-km-long, 5 to 10°-steep fos-
sil transform margin (Mountain and Prell, 1990; Barton et al., 1990),
which is dissected by turbidite systems (e.g. the Al Batha system;
Bourget, 2009; Bourget et al., 2010). During the Paleogene, the India-
Arabia plate boundary was running at the edge of the South-Eastern
Omanmargin (Rodriguez et al., 2016). The tectonic activity of the Paleo-
gene India-Arabia boundary triggered the uplift of a system of marginal
ridges, including the Sawqirah Ridge in South East Oman (Rodriguez et
al., 2016). The plate-boundary jumped close its present-day location at
the Owen Fracture Zone (Fournier et al., 2011; Rodriguez et al., 2011,
2014b) in response to a plate reorganization affecting the entire Indian
Oceanduring the Late Eocene-Oligocene (Rodriguez, 2013; Rodriguez et
al., 2016). A Late Miocene tectonic episode, beginning at 8.2–8.8 Ma in
response to a major plate reorganization event in the Indian Ocean
(Merkouriev and DeMets, 2006; Delescluse et al., 2008; DeMets et al.,
2015), affected the Owen Basin (Rodriguez et al., 2014a, 2014b). This
episode of deformation reactivated the Oman transform margin, and
triggered the uplift of the Owen Ridge. The Late Miocene reactivation
of the Oman margin formed a large anticline system (or anticlinorium)
in the area of the Sawqirah Bay between ~17°30′ and 18°30′N (Fig. 2,
Rodriguez et al., 2014a), which is hereafter referred as the “Sawqirah
Anticline System”.

2.2. Present-day oceanic circulation in the Arabian Sea

The Oman coast is currently swept by a northward strong surface
current (with a velocity on the order of 1 m·s−1) referred as the Ras
Al Hadd Jet (Fig. 1; Böhmet al., 1999; Shi et al., 1999, 2000). Despite sea-
sonal variations at the scale of the Arabian Sea, the trend of the surface
flow remains oriented SW-NE in the vicinity of the Sawqirah Anticline
System (Fig. 2c; Shi et al., 2000). At intermediate depths (~200–
1500 m), a combination of waters coming from the Somali Basin, the
Persian Gulf, the Red Sea, and the Gulf of Aden forms the North Indian
Intermediate Water (NIIW hereafter, Shipboard Scientific Party, 1989;
You and Tomczak, 1993; Morrison, 1997; Beal et al., 2000; Al Saafani
and Shenoi, 2007), whose upper bound corresponds to the thermocline
(Figs. 2c, 3). The NIIW currently coincides in depth with the Oxygen
Minimum Zone off Oman (Hermelin, 1992). Currents within the NIIW
flow dominantly north-northeastwards at Sawqirah according to mea-
surements performed in the 90′s (Fig. 2c, Flagg and Kim, 1998). Veloci-
ties of currents are on the order of 5–10 cm·s−1 at 400 m water depth
(Flagg and Kim, 1998), nomeasurement being available for deeper cur-
rents. At the Ras Al Hadd, currents within the NIIWdeviate eastwards to
the Qalhat Seamount and the Murray Ridge, and flow back southwards
along the Owen Ridge (Reid, 2003). In the Arabian Sea, transient epi-
sodes of reversing of deep-water circulation occur in response to sea-
sonal monsoon fluctuations, possibly through Rossby waves (Beal et
al., 2000). Intermediate waters are upwelled between the coast and
the area of the Sawqirah anticline (Shi et al., 2000; Schott et al., 2002).
The upwelling is under the control of seasonal, fast monsoon winds
(i.e. Findlater Jet; Böhm et al., 1999). Well-organized and coherent up-
welling circulation is only sporadic and transient in the Arabian Sea
(Muraleedharan andKumar, 1996; Brink et al., 1998; You, 1997). During
the winter monsoon, monsoon winds combined with Ekman pumping
cause the downwelling of high-salinity surface waters east of the
Owen Ridge, and their mixing with intermediate waters (Morrison,
1997; Schott et al., 2002). There is no formation of deep waters in the
Arabian Sea (Morrison, 1998). Deeper water masses (~1500–3800 m)
belong to the Indian DeepWater, which stems from the Lower Circum-
polarWater through theMascarene Basin between Seychelles andMad-
agascar (Johnson et al., 1991a, 1991b). Currents within the Indian Deep
Water flow southwards in the Owen Basin (Fig. 2c; Reid, 2003).

3. Dataset and methods

Partial multibeam bathymetry coverage of the Sawqirah Ridge,
3.5 kHz mud penetrator and 24-channel seismic data were collected
during the OWEN-2 (2012) cruise on board the BHO Beautemps-
Beaupré. The SBP120 sub-bottom profiler was coupled with the
Kongsberg-Simrad EM 120 multibeam echosounder, and provided a
set of high frequency (3.5 kHz), high-resolution profiles with penetra-
tion down to 100 m in fine grained sediments. Seismic reflection pro-
files were acquired at ~10 knots using two GI air-guns (one 105/105
c.i. and one 45/45 c.i. fired every 10 s at 160 bars in harmonic mode,
resulting in frequencies ranging from 15 to 120 Hz) and a 24-channel,
600 m-long streamer, implying a common mid-point spacing of
6.25 m. A sub-surface penetration of about 2 s two-way travel time
(TWT) was achieved throughout the survey. The processing consisted
of geometry setting, water-velocity normal move-out, stacking, water-
velocity F-k domain post-stack time migration, bandpass filtering and
automatic gain control.

The OWEN dataset is completed with seismic lines previously
collected during the pre-site survey for ODP Leg 117 (Shipboard
Scientific Party, 1989). The entire seismic dataset is tied with ODP dril-
lings available in the Arabian Sea (Shipboard Scientific Party, 1989) to
provide the stratigraphic framework. Conversion from two way travel
time (in s TWT) to water depth (in m) was performed using a P wave
velocity of 1550 m·s−1 measured at ODP Site 728 for the uppermost
sediments (~100 m below the seafloor).

4. Results

4.1. The Sawqirah anticline system

The Sawqirah Anticline System (Figs. 4, 5) deformed Early to Late
Miocene turbidites and inter-bedded Mass Transport Deposits (MTD
hereafter; Shipboard Scientific Party, 1989; Rodriguez et al., 2014a). A
series of antiforms and synforms compose the anticline system, with
wavelengths ranging from 12 to 25 km and amplitude varying from
0.1 to 1-km on transverse (Figs. 4, 5) and longitudinal (Figs. 6–8) pro-
files. A dense network of unevenly distributed faults irregularly offsets
the anticline system (maximum offset in the order of 0.1 s TWT, Figs.
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4–8). This fault pattern can be either related to the folding or to fluid cir-
culation, but also to differential compaction within the sediments
(Rodriguez et al., 2014a, 2016).

4.2. Seismic stratigraphy of post-Late Miocene deposits

The Sawqirah Anticline System controls the distribution of the post-
Late Miocene sediments derived from the Oman margin, most of them
being trapped on the western side of the anticlinorium on transverse
sections (Figs. 2, 4, 5). The post-Late Miocene sediments are composed
of silty clays, calcareous ooze and chalk, in variable proportions (Fig. 9,
Shipboard Scientific Party, 1989). Several angular unconformities recog-
nizedwithin the post-LateMiocene strata define stratigraphic units cor-
responding to distinct episodes of sedimentation (Figs. 4–9). Landslides
scars and MTDs are commonly observed, on both seismic and
multibeam data (Figs. 2; 4–8).

ODP Site 728 provides stratigraphic constraints down to the Late
Miocene on the eastern side of the Sawqirah Anticline System (Fig.
9a), but these ages cannot be correlated over the entire anticline sys-
tem. On the western side, the deepest ODP Site 726 only reaches
3.5 Myrs-old sediments (Fig. 9 b, c). All other sites have a limited
penetration, and only document sediments younger than 1.9 Ma. In
the absence of deep-penetrating drillings, the complex pattern of
the Sawqirah Anticline System precludes reliable stratigraphic cor-
relations based on seismic profiles from one flank of the anticline
to another.
4.2.1. Unconformity A
The most recent seismic unconformity is labeled A on seismic and

echosounder data (Figs. 4–10). Toplap truncations of the underlying
strata, well expressed in the vicinity of anticline highs, indicate that
the surface is locally an erosional unconformity (Figs. 4, 9, 10). The A-
unconformity is outlined by erosive truncations in the vicinity of a
slope-sourced canyon (northern section of ODP Line 6, Fig. 7). In some
places, the erosional unconformity becomes conformable with the un-
derlying sedimentary layers (as at ODPSite 724 (Fig. 4c), or in some seg-
ments of ODP Line 6, Fig. 7). The A-unconformity can be correlated over
the entire study area and is therefore of regional extent. The best strat-
igraphic control is provided at ODP Site 728, in the eastern part of the
anticline (Figs. 4, 6). There, the unconformity is located 67.5 m below
the seafloor (mbsf) and is dated at 2.4 Ma by the first appearance in
the sedimentary record of the calcareous nannoplancton Discoaster
surculus. In the western part of the anticline, limited penetration at
ODP Sites 723 and 727 only allows the identification of a 1.9 Myr-old
reflector (Figs. 4, 6). The A-unconformity is observed 0.1–0.2 s (TWT)
below this 1.9 Myr-old reflector (Figs. 4, 6) and can be correlated from
line to line throughout the Sawqirah Bay area, where it is dated at
2.4 Ma at ODP Site 724 (North Eastern part of the Sawqirah Bay, Fig.
9c), consistently with estimates at ODP Site 728. The hiatus related to
the unconformity A is highly variable throughout the Sawqirah area.
Where the erosive surface cuts into the Sawqirah Anticline System,
the hiatus can be as high as ~7.5 Myrs (at ODP Site 730, Figs. 2, 4;
Shipboard Scientific Party, 1989). Where the erosive surface cuts into
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the post-LateMiocene sedimentary cover, thehiatus can be on the order
of ~1 Ma (at ODP Site 726, Fig. 2; Shipboard Scientific Party, 1989).

4.2.2. Stratigraphic Unit 1 (between unconformity A and the seafloor)
Unit 1 is associated with lateral thickness variation and an overall

sigmoid geometry due to strata pinching out against the anticline
highs, on both longitudinal (N-S) and transverse (W-E) sections (Figs.
4-8). Numerous MTD are observed within Unit 1, especially in the
south-western part of the anticline system (Fig. 4). Along the continen-
tal slope, Unit 1 is locally affected by erosional submarine canyons (ODP
Line 6, Fig. 7). There, Unit 1 displays a sigmoid architecture, with
progradation of the reflectors towards the canyon axis (Fig. 7). The
edges of these canyons are locally associated with steep erosional
scars interpreted as the result of mass-wasting processes (Figs. 7 and
8). Unit 1 also shows a conspicuous sediment wave pattern on the
southern part of the anticline (ODP Line 7, Fig. 8), corresponding to an
undulated seafloor or semi-circular depression fields on the multibeam
bathymetry (Fig. 2), here interpreted as sedimentwaves. Sedimentation
rates are highly variable since 1.9 Ma according to the location, and
range from 60 to 130 m·Myr−1 at ODP Site 727, from 130 to
240 m·Myr−1 at ODP Site 723, from 11 and 34 m·Myr−1 at ODP Site
728 (Shipboard Scientific Party, 1989).

4.2.3. Unconformity B
A deeper unconformity is observed in various places of the Sawqirah

Anticline System. The unconformity forms either flat, U-shaped inci-
sions (inset Fig. 6c) or V-shaped incisions (southern flank of the anti-
cline system, Fig. 8). In the eastern part of the Sawqirah Anticline
System, at ODP Site 728, the unconformity is found at ~220 mbsf
(Shipboard Scientific Party, 1989) and dated at 4.7–4.8 Ma
(Solenosphaera omnitubus) (Figs. 4, 9). At ODP Site 728, the hiatus asso-
ciated with unconformity B is of 0.3–0.5 Myrs (Shipboard Scientific
Party, 1989). In the western part of the Sawqirah Anticline System, the
unconformity is recognized between 1.6 and 1.8 s (TWT) on the south-
ern part of ODP line 6 (Fig. 6).

4.2.4. Stratigraphic Unit 2 (between unconformities B and A)
Conformable horizons characterize the uppermost part of the unit,

except in the vicinity of anticline highs, where pinching-out of deposits
occurs (Figs. 4, 6). In the eastern and southern parts of the anticline, Unit
2 is characterized by a broad aggradational sigmoid geometry. Slope in-
cisions within Unit 2 display “V-shaped” erosional patterns outlined by
truncated reflections (Figs. 6, 8). These incisionswere gradually filled-in
by sigmoid-shaped depositional bodies. Sedimentation rates between
unconformities B and A are on the order of 88 m·Myr−1, but were re-
duced to 23 m·Myr−1 at the end of the unit deposition (at ODP Site
728, Shipboard Scientific Party, 1989).

Finally, two additional unconformities are only observed on the east-
ern part of the Sawqirah Anticline System, defining two local strati-
graphic units.

4.2.5. Unconformity C
The unconformity C (Figs. 4, 9a) is 300 mbsf at ODP Site 728, and

marked by downlap terminations of the overlying reflectors. The un-
conformity C is roughly dated around 6.1–6.7 Ma by the occurrence of
Stichocorys delmontensis and Stichocorys pereorina (Shipboard
Scientific Party, 1989), but biostratigraphic constraints are too scarce
(low sampling resolution) to quantify any stratigraphic gap.

4.2.6. Stratigraphic Unit 3 (between unconformities C and B)
The Unit displays downlap terminations over unconformity C and

lateral thickness variations (Figs. 4, 9). Sedimentation rates were on
the order of 28 m·Myr−1.

4.2.7. Unconformity D
The oldest seismic unconformity, labeled D, is recognized at ~2.4–

2.5 s (TWT) at ODP Site 728 (Figs. 4, 9) and is overlaid by a MTD. The
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age of the unconformity D is bracketed between 8.2 Ma (oldest sedi-
ments drilled at ODP Site 728) and 8.8 Ma (age of the youngest folded
sediments at ODP Site 730).

4.2.8. Stratigraphic Unit 4 (between unconformities D and C)
A large MTD is identified at the base of the Unit 4 (Figs. 4, 9). It is

overlaid by conformable and parallel horizons shaping the underlying
morphology. Sedimentation rates are on the order of 28 m·Myr−1

(Shipboard Scientific Party, 1989).

4.3. Interpretation: The Sawqirah contourite drift system
Here we describe several types of drifts (classified according to

Faugères et al., 1999; Rebesco et al., 2014) of different ages, defining
the ‘Sawqirah Contourite Drift system’. We expose the criteria for iden-
tification of the different types of drifts, i.e. the signature of bottom cur-
rents over the architecture of sedimentary deposits. A common
particularity of most of the drifts described hereafter is the fact that
they do not form downlap termination at their base, but onlap instead.
This is due to the steep slopes and the uneven topography of the
Sawqirah Anticline System. The various types of drifts observed within
the Sawqirah Drift System are summarized in Fig. 11.

4.3.1. Elongated separated drift
On the eastern part of the SawqirahAnticline System, large thickness

variations of sedimentary layers are observed, with pinching of sedi-
mentary layers in the vicinity of the anticline highs (Fig. 4). It reflects
lateral variation in current intensity, the weaker the current the thicker
the sedimentary layers. The build-up of the drift at anticline flanks is
characterized by the upslope migration of onlap terminations (Figs. 4,
5), which indicates the predominance of current influence over gravi-
ty-driven, mass wasting processes (Faugères et al., 1999). Along the
eastern side of the anticline, the moat channel shown on the 3.5 kHz
profile is built on the abrupt slope of the Sawqirah marginal ridge to
the east, whereas the levee shows aggradation and migration of de-
posits in direction of the moat (Figs. 4, 10). This pattern of aggradation
of sediments non-parallel to the accumulation surface (i.e. the
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unconformities at the base of the units) characterizes both units 1 and 2.
The moat channel indicates the main axis of the current, where the in-
tensity is maximal, whereas the sigmoid geometry indicates a lateral
weakening of current intensity. In this area, the current does not form
a contouritic levee (no downlap terminations). The moat reflects re-
duced deposition rather than intense erosion after 2.4 Ma. The reflector
corresponding to unconformity A locally displays the characteristics of
an erosive surface (underlain by erosive truncations, see Figs. 4, 6
inset d), but laterally becomes part of a package of conformable, aggra-
dational reflectors. The erosive pattern is observed where the intensity
of the current is strong, whereas the conformable, aggradational pattern
is observed in areas where the current intensity is weaker, allowing de-
position (Faugères et al., 1999). These features are typical of an elongat-
ed, separated drift, where the main bottom current sweeps the
Sawqirah Ridge, and builds a sigmoid levee on its left hand side.

4.3.2. Confined and mounded drift
Within the syncline domains of the Sawqirah fold system (western

part; Figs. 4, 5), the architecture of the sedimentary cover shows an up-
ward decrease of the concavity of reflectors, reflecting the progressive
infill of the syncline. Reflectors become convex once the sedimentary
infill reaches the apex of the anticline. MTDs trapped in the syncline
(Figs. 4, 5) helped to cover-up the fold system, and locally enhanced
the thickness of the stratigraphic units. In the vicinity of anticline
highs, pinching-out of sedimentary layers occurs, as well as upwardmi-
gration of onlap terminations, indicating here again the control of bot-
tom current over deposition. The main axis of the current was
confined in the syncline domain, with a lateral decrease of its intensity
in the vicinity of the anticline highs. Anticline highs limited any lateral
migration of the drift along the E-W direction. The anticline highs
enclosed a confined drift, until there were fully covered by sediments.
Then, the confined drift turned into a mounded drift (Figs. 4, 5).

4.3.3. Multi-processes generated sediment waves
Along the southern side of the Sawqirah Anticline System, a sigmoid

body shows an internal sediment wave pattern above unconformity A
on ODP line 7 (Fig. 8), and a field of subcircular depressions on the
multibeam (Fig. 2). It is unclear whether some discontinuities in reflec-
tors reflect shear planes or steep accumulation surfaces. Thewavelength
of the sediment waves increases downslope. The sediment wave pat-
tern and the subcircular depressions field can result either from interac-
tionswith bottom current, or creepingwithin the sediments in response
to locally steeper slopes, or the combination of both processes. This fea-
ture is classified as a multi-processes generated sediment waves (simi-
lar to configurations described elsewhere by Faugères et al., 2002;
Shillington et al., 2012).

4.3.4. Canyon related drift and contourite infill of slope incisions
Slope incisions (V- or U-shaped incisions) introduce local interac-

tions with bottom currents, and induce second-order complexities in
the seismic architecture of the Sawqirah Drift. V-shaped incisions ob-
served within Unit 2 on the southern and eastern sides of the Sawqirah
Anticline System (Figs. 4, 8) are interpreted as fossil gullies formed by
downslope flowing gravity currents. The buried, flat U-shaped incisions
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identified at the base of Unit 2 on the western side of the Sawqirah An-
ticline System (Fig. 6) show a configuration close to the moat channel
identified on the 3.5 kHz profile (Fig. 10) within Unit 1 on the eastern
side of the Sawqirah Anticline System, which strongly suggests the inci-
sions where the axis of paleocurrents.

Various drift geometries are observed in association with slope inci-
sions. In the northern part of ODP Line 6 (Fig. 7), within Unit 1,
progradation of the sedimentary layers towards the axis of the gully is
observed. There, progradation and sediment deposition preferentially
occur on the southern flank of the gully, which highlights the difference
in current strength from one flank of the gully to the other. The gully
captures the current, which erodes preferentially the northern flank of
the gully, and promotes deposition on the opposite flank, forming the
sigmoid configuration (Fig. 7). The same type of asymmetric sigmoid
bodies commonly filled-in gullies in Unit 2 (Figs. 4, 9) in the eastern
part of the drift. Small patched, sigmoid drifts are commonly observed
at the head of gullies (Figs. 2; 4, 8), and reflect local disturbances of
the bottom current in the vicinity of the slope incision.

5. Discussion

5.1. Formation and evolution of the Sawqirah contourite drift system

The history of the Sawqirah Drift System involves complex interac-
tions between theuplift of the SawqirahAnticline Systemand variations
of the intensity of the bottom current (summarized in Fig. 12). The re-
construction of the tectonic and sedimentary evolution of the Sawqirah
area is limited due to the lack of quantification of uplift rates since the
Late Miocene, the lack of stratigraphic constrains in some parts of the
drift, and the lack of a denser seismic coverage of complex parts of the
drift. Despite these limitations, the dataset allows us to propose a first-
order reconstruction of the evolution of the system.
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The ~8.2–8.8 Ma-old D-unconformity corresponds to the onset of
the tectonic deformation at the Sawqirah Anticline System (Fig. 12,
Rodriguez et al., 2014a). Deformation triggered submarine landslides,
with some MTDs now buried under the sedimentary cover (e.g. the
MTD buried under the separated drift to the east on Fig. 4) and other
landslides still expressed at the seafloor (Figs. 2, 5). The sedimentary se-
quence between C and D unconformities does not display any feature
associated with contourite drifts.

The C-unconformity was dated at 6.1–6.7 Ma (Figs. 4, 9a), which
may correspond to the onset of the influence of bottom currents on sed-
imentation along the eastern flank of the Sawqirah Anticline System
(downlap terminations over unconformity C; Fig. 9a). This unconformi-
ty is hardly identified elsewhere in the drift, making it difficult to assess
whether it corresponds to the onset of contourite build-up at the scale
of the entire Sawqirah area, or just on a narrow part of the anticline sys-
tem. The time gap between the beginning of the deformation around 8–
9Maand the possiblefirst record of contourite at 6.1–6.7Mamay reflect
the time needed to uplift the seafloor to a depth where currents were
strong enough to influence the sedimentary architecture. It is however
difficult to say if the contourite record reflects the activity of currents
within the NIIW or deeper currents at that time. Fig. 12 presents a con-
figurationwhere contourite deposition began at 6.1–6.7Ma in the entire
Sawqirah area.

The B-unconformity (4.7–4.8Ma in ODP site 728)marks a change in
the intensity of the current. Locally, moat channels developed along an-
ticline flanks (ODP Line 6; Fig. 6; ODP Line 7; Fig. 8), indicating intensi-
fication of bottom currents at the beginning of the sequence recorded by
Unit 2. The deposition of Unit 2 was characterized by complex interac-
tions between bottom current and slope incisions.

The A-unconformity (2.4 Ma) corresponds to an uneven
peneplenation surface of the Sawqirah Anticline and Drift system,
interpreted as a result of intensified contour current-driven erosion
(Fig. 12). On the eastern side of the anticline, a new contouritic moat
emplaced immediately above the A-unconformity, pointing out a shift
in the axis of the main current, consistent with a reorganization of the
oceanic circulation pattern at that time (Figs. 4, 10). Along the western
flank of the Sawqirah Anticline System, the confined drift caught-up the
top of the anticline during the Pleistocene, and turned into a
mounded drift (Figs. 4, 5). The A-unconformity has previously
been interpreted as the result of the subaerial exposure of the anti-
cline, but this is not supported by the evidence of unconformity
A being formed and preserved away from the apex of the
anticlinorium (Figs. 4-8). The uplift of the anticline is therefore
~1000 m less than what was previously proposed (Shipboard
Scientific Party, 1989).

5.2. Building of the Sawqirah drift: Interactions between tectonic processes
and oceanic currents

5.2.1. Interplay between the Sawqirah anticline system and the Coriolis
force

The Coriolis force is a major control factor of the evolution of
contourite drifts. However, in the case of the Sawqirah Contourite
Drift System, the uneven topography of the substratum of the drift to-
gether with the local steep slopes, may promote the steering of currents
and locally increase their velocity, so the flow becomes ageostrophic,
and the influence of Coriolis force becomes negligible (especially at lat-
itudes lower than 20°N; Cossu et al., 2014). It is therefore difficult to
highlight the role of the Coriolis force over the development of the
Sawqirah Drift System.

5.2.2. Interplay between the Sawqirah anticline system and the evolution of
the Sawqirah contourite drift system

Although the development of the anticline has ceased, its morphol-
ogy is still a first-order control on the extent of the drifts, their thick-
nesses, and the sedimentary expression of spatial variations of current
intensity. For instance, the configuration of the confined drift trapped
in the syncline (western side of the Sawqirah anticline) highlights that
the current was more intense in the middle of the syncline than on its
flanks, where contouritic levees built-up (Figs. 4, 5). The contouritic
moats (U-shaped incisions) at the base of Unit 2 are localized only in
the syncline parts, whichmay indicate the syncline trapped local eddies
there. The fold system acted as a topographic barrier for the sediments
coming from land, being trapped in the syncline domains, and localizing
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the development of mounded drifts once the syncline has been fully
infilled. The influence of MTDs over the architecture of the drift is
major in syncline areas where they are trapped, and negligible along
the open-slope flanks of the anticline where they are released to the
Owen Basin. The steepness of the flanks of the anticline influences the
distribution of creeping within the sedimentary cover (e.g. southern
side of the anticline, Fig. 8).

However, the anticline does not control the pattern of the ero-
sive unconformity A. At the time of formation of unconformity A
(i.e. ~2.4 Ma), deformation was inactive (no tectonic deformation
is recorded in the Owen Basin since at least the inception of the
Owen Fracture Zone ~3 Ma, Fournier et al., 2011; Rodriguez et al.,
2011; 2013; Rodriguez et al. 2014a,2014b). Current intensification
2.4 Ma induced the widespread erosion of the underlying topogra-
phy. Erosion locally flattened areas that used to be steep parts of
the anticline (Figs. 6, 7, 8). Erosion due to bottom-currents can
therefore reshape the anticline, and cancel its control over the de-
velopment of the contourite.
5.3. The Sawqirah drift and the oceanic circulation in the Arabian Sea

Here we correlate the timing of drift sedimentation with the multi-
proxies paleoclimatic and paleoceanographic records (Fig. 13) to inves-
tigate the possible significances of the twomajor unconformities (A and
B) identified at Sawqirah. We keep in mind that the lack of studies of
contourites in the Indian Ocean makes speculative the discussion of re-
gional circulation changes from a single locality. Although discontinu-
ities may occur within water masses and bottom currents (Lozier,
2010), we consider water mass continuity at the scale of 105–106 years.
5.3.1. Significance of the A-unconformity
TheA-unconformity is synchronouswith the onset of the Early Pleis-

tocene Indianmonsoon intensification at ~2.4 Ma defined by numerous
paleoclimatic proxies (Fig. 13, Bloemendal et al., 1993; An et al., 2001;
DeMenocal, 2004;Wan et al., 2012). This intensification of themonsoon
is interpreted as the shift from strong precessional forcing (23 kyr) to a
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strong obliquity forcing (41 kyr) at the beginning of the Pleistocene
(Bloemendal and DeMenocal, 1989; Clemens et al., 1996). The intensifi-
cation of monsoon winds and the closure of the Indonesian Seaway 3–
4 Ma helped the shoaling of the thermocline (Karas et al., 2009). The
rise of the thermocline allowed the upwelling of the intermediate
waters, which resulted in a net increase of planktonic productivity
since 2.4 Ma recorded by abundances of G. bulloides in the pelagics
of the Owen Ridge (Fig. 13, Huang et al., 2007). The bottom current
shaping the Sawqirah Drift may have intensified in response to the
enhanced coupling between atmospheric and oceanic circulation.
Even if the thermocline is only ~200-m-deep, the intensity of cur-
rents within intermediate waters (200–1500 m) are affected by up-
welling processes, as shown for West Africa (Séranne and Abeigne,
1999).

The A-unconformity is also synchronous with possible indicators of
large-scale changes in the oceanic circulation of the Indian Ocean. Ac-
cording to ODP drilling sites on the South-East Oman margin
(Shipboard Scientific Party, 1989), the NIIW captured waters coming
from the Red Sea, the Persian Gulf and the Gulf of Aden around the
Late Pliocene (Hermelin, 1992), although a precise dating is lacking.
Moreover, geochemical studies based on Neodymium (Nd) isotopes
analysis from various Indian Ocean sediment cores defined a main
paleo-current in the Indian Ocean, referred as the Miocene Indian
Ocean Equatorial Jet (MIOEJ, Fig., 1b, Gourlan et al., 2008). TheMIOEJ ex-
tended from the sea surface to intermediate depths (~1500m) at equa-
torial latitudes, linking the eastern and the western Indian Ocean from
~14 Ma to ~3 Ma (Fig. 1b; Gourlan et al., 2008). A drastic change in
Nd seawater record occurred around 2.5–3 Ma (Gourlan et al., 2008),
which could either reflect a change in the oceanic circulation pattern
following the closure of the Indonesian Seaway (Fig. 13; Cane and
Molnar, 2001), or the increased weathering of the continents following
the intensification of theAsianmonsoon and/or the growth ofmountain
glaciers (Gourlan et al., 2008). The closure of the Indonesian Seaway 3–
4Ma (Cane andMolnar, 2001) helped the shoaling of the thermocline in
the tropical Indian Ocean (Karas et al., 2009), which further disposed
the Arabian Sea to upwelling.
5.3.2. Significance of the B-unconformity
B-unconformity is roughly coeval with an episode of cooling of Sea

Surface Temperature in the Arabian Sea recorded at ~4.5Ma, associated
with a peak of G. bulloides abundances in marine sediments (Fig. 13,
Huang et al., 2007). This episode reflects a transient intensification of
upwelling of intermediate waters in the Arabian Sea (Huang et al.,
2007). Intensification of upwelling may have induced strengthening of
bottom currents at intermediate depths, forming the erosive features
of unconformity B at Sawqirah. The thermocline needs to be shallow
enough (200–300 m deep) for the winds to bring deep or intermediate
cold water to the surface (Philander and Fedorov, 2003; Molnar et al.,
2010). The thermocline of theworld's oceans has gradually risen during
the Cenozoic global cooling, and most of the present-day upwelling
zones were emplaced only in the Late Pliocene–Early Pleistocene
(Philander and Fedorov, 2003). The B-unconformity may thus record
the time at which the thermoclinewas shallow enough to allow the de-
velopment of upwelling along theOmanmargin. The end of the ~4.5Ma
episode of upwelling may correspond to a period where the monsoon
winds became too weak to sustain upwelling, in the context of the pro-
gressive weakening of the Indian monsoon (Clift et al., 2008; Steinke et
al., 2010).

An alternative is to consider a transient episode of monsoon
strengthening is at the origin of the episode of upwelling. The epi-
sode of monsoon strengthening is recorded by the dominance of C4

plants and the lowering of δ18O (−9‰) in the Siwalik paleosoil se-
quence in the Himalayan foreland (Sanyal et al., 2010). The end of
the ~4.5 Ma episode of upwelling may have induced a weakening
of bottom current circulation at intermediate depths, resulting in
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increasing sedimentation rates during the deposition of Unit 2 with-
in the Sawqirah Drift.

However, marine records do not document the expected increase in
sedimentation rates of the Indus turbiditic system that would result
from a monsoon intensification around 4.5 Ma (Fig. 13, Clift, 2002;
Clift and Blusztajn, 2005; Clift et al., 2008), neither do proxies of the
Bengal system (Steinke et al., 2010). Therefore, the link between the
4.5 Ma episode of upwelling and monsoon intensification cannot be
firmly established.

At the global scale, the episode of enhanced upwelling around
4.5 Ma occurred more than 1.3 Myrs earlier than in the Pacific and At-
lantic oceans, where the onset of cold water upwelling is recorded at
~3.2 Ma (Marlow et al., 2000; Dekens et al., 2007). Several studies pro-
pose a shoaling of the thermocline and changes in depth of water
masses starting around 4Ma in the Pacific and Atlantic Oceans (see syn-
thesis in Philander and Fedorov, 2003; Dekens et al., 2007; Filippelli and
Flores, 2009; Molnar, 2008). The shoaling of the thermoclinewas possi-
bly more efficient in the Arabian Sea due to the monsoon winds.
6. Conclusions

The Late Miocene uplift of a large Sawqirah Anticline System off the
Omanmargin favored the buildup of a contourite drift system recording
the activity of bottom currents within the North Intermediate Indian
Water. Contourite sedimentation probably initiated on the Sawqirah
Anticline System after the LateMiocene (6.1–6.7Ma), andmore certain-
ly from 4.7–4.8Ma onwards. This age marks the time at which the anti-
clinewas developed enough to record the circulation of currents within
the North Intermediate Indian Water. A wide range of contourite drift
geometries are identified within the Sawqirah Contourite Drift System,
including separated, confined, patched drifts and sediment waves.
Major seismic unconformities within the Sawqirah Drift are interpreted
as the result of major changes in bottom current activity during the late
Cenozoic, which can be linked with the known climatic and oceanic
changes around the Arabian Sea. For instance, the B-unconformity
marks enhanced erosion and may be coeval with a temporary episode
of upwelling of intermediate, cold waters off Oman at 4.5–5.5 Ma. The
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origin of this oceanographic change remains difficult to determine since
marine and terrestrial paleoclimate proxies contradict. The A-
unconformity recorded another episode of intensification of oceanic cir-
culation at 2.4 Ma, also highlighted by a surface of erosion. This paleo-
current intensification is thought to be the response to the coeval,
well-defined episode of monsoon intensification following the onset
of the Northern Hemisphere Glaciation.
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