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Secondary flow in contour currents controls the
formation of moat-drift contourite systems
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Ocean currents control seafloor morphology and the transport of sediments, organic carbon,
nutrients, and pollutants in deep-water environments. A better connection between sedi-
mentary deposits formed by bottom currents (contourites) and hydrodynamics is necessary
to improve reconstructions of paleocurrent and sediment transport pathways. Here we use
physical modeling in a three-dimensional flume tank to analyse the morphology and
hydrodynamics of a self-emerging contourite system. The sedimentary features that devel-
oped on a flat surface parallel to a slope are an elongated depression (moat) and an asso-
ciated sediment accumulation (drift). The moat-drift system can only form in the presence of
a secondary flow near the seafloor that transports sediment from the slope toward the drift.
The secondary flow increases with higher speeds and steeper slopes, leading to steeper
adjacent drifts. This study shows how bottom currents shape the morphology of the moat-
drift system and highlights their potential to estimate paleo-ocean current strength.

TFaculty of Geosciences, University of Bremen, Bremen, Germany. 2 MARUM - Center for Marine Environmental Sciences, University of Bremen,

Bremen, Germany. 3 Faculty of Geosciences, Utrecht University, P.O. Box 80021TA Utrecht, Netherlands. 4 Department of Earth Sciences, Royal Holloway
University of London, Egham, Surrey, UK. 5> Marine Geosciences Division, CSIC & UGR, IACT, Armilla Granada, Spain. 6 UMR 6538 GEO-OCEAN, Ifremer,
Univ Brest, CNRS, Univ. Bretagne-Sud, Plouzané, France. ®email: cwilcken@uni-bremen.de

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:316 | https://doi.org/10.1038/543247-023-00978-0 | www.nature.com/commsenv 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00978-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00978-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00978-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00978-0&domain=pdf
http://orcid.org/0000-0002-3365-9528
http://orcid.org/0000-0002-3365-9528
http://orcid.org/0000-0002-3365-9528
http://orcid.org/0000-0002-3365-9528
http://orcid.org/0000-0002-3365-9528
http://orcid.org/0000-0002-7389-9665
http://orcid.org/0000-0002-7389-9665
http://orcid.org/0000-0002-7389-9665
http://orcid.org/0000-0002-7389-9665
http://orcid.org/0000-0002-7389-9665
http://orcid.org/0000-0001-5983-6943
http://orcid.org/0000-0001-5983-6943
http://orcid.org/0000-0001-5983-6943
http://orcid.org/0000-0001-5983-6943
http://orcid.org/0000-0001-5983-6943
http://orcid.org/0000-0001-8541-0671
http://orcid.org/0000-0001-8541-0671
http://orcid.org/0000-0001-8541-0671
http://orcid.org/0000-0001-8541-0671
http://orcid.org/0000-0001-8541-0671
http://orcid.org/0000-0001-5968-9277
http://orcid.org/0000-0001-5968-9277
http://orcid.org/0000-0001-5968-9277
http://orcid.org/0000-0001-5968-9277
http://orcid.org/0000-0001-5968-9277
mailto:cwilcken@uni-bremen.de
www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00978-0

ceanic currents play an important role in climate and

ecosystems and can strongly impact sedimentation and

seafloor morphology in deepwater environments. These
currents transport sediment, microplastics, and organic matter!-2.
Establishing a conceptual model that integrates the current
dynamics and the morphology of a contourite system can help to
understand the sediment transport pathways and how that affects
ecosystems. As ocean currents will be modified under the present
climate change® predicting how these currents evolve under dif-
ferent climatic situations could be improved by understanding
how the ocean system changed in the past. Paleoreconstructions
of ocean currents can be performed by analysing contourites,
which are the sediment accumulations that have been sub-
stantially affected by currents flowing near the seafloor (ie.,
bottom currents)?. Paleocurrent information can be obtained
from grain size analyses of sediment cores and of the internal
sediment architecture using seismic data>-%. However, our poor
understanding of linking hydrodynamic processes with con-
tourite features limits the integration of seismic data for quanti-
tative paleoceanographic reconstructions!?. Thus, current speed
reconstructions are mostly based on grain size of samples from
sediment cores®%!1, or only provide rough estimates depending
on the observed bedforms!2. Sediment cores only provide very
local information and spacing between cores often exceeds the
size of architectural elements within a contourite system. Com-
bining core data with regional data sets, which can be obtained
from bathymetric and seismic data, improves paleoceanographic
interpretations!3. Furthermore, velocity measurements from
bottom currents in the deep sea are very scarce!4, due to the
depth limitations of vessel-mounted acoustic currentmeters
(commonly upper ~1000 m of the ocean)!>1¢ and the logistics
and economic costs of maintaining moorings in deep-water
environments. In contrast, multibeam bathymetric data is
nowadays more frequently collected in the deep sea. Thus, a
stronger understanding of the link between bathymetry and ocean
currents would help to understand today’s current dynamics and
possibly help to suggest where focused measurements are needed
to reveal the spatial variability of bottom currents.

In this study, we analyze the processes that control the devel-
opment of a contourite depositional system which consists of an
elongated depression parallel to a submarine slope, called a ‘moat’,
and an associated sedimentary deposit named an ‘elongated and
separated mounded drift’ that forms seaward and parallel to the
moat®10, They are typically found at slope breaks, which can be the
foot of the continental slope (slope-basin floor transition), the foot
of a seamount, a landslide scar, a fault, a cold-water coral mound, a
contourite terrace, or any other feature creating a strong local per-
turbation on the continental slopel#1%17. These systems show high
variability in terms of width and depth as well as seismic
stratigraphy!”. Moats can be driven by sediment erosion (Fig. 1a), or
they can be more constructional (Fig.1b) due to lower sedimentation
inside the moat compared to the drift alongside the moat!”. Moat-
drift systems provide a clear indication of the dominant bottom
current direction, which is useful for reconstructing bottom
currents>1819. However, the characteristics of the current, in terms
of strength and local hydrodynamics, cannot currently be deduced
from the moat and drift characteristics!%1>20-21. Moats have been
interpreted to have formed at the location of the velocity core of the
current (Fig. 1c)!1%2223, Several authors have hypothesized a heli-
coidal flow structure over the moat, but the suggested spin direction
differs between authors21.24, The helicoidal concept has not been
supported by measurements or theory yet, and it remains unclear
whether such a structure is a necessary condition for the emergence
of moats, or whether it forms as a result of hydrodynamic inter-
action between existing moats and active contour currents. To date,
vessel-mounted acoustic Doppler current profiler data has not been

able to confirm the existence of a helicoidal flow over moats. Yet,
this reality could simply be due to the poor resolution of the data
near the seafloor and the limited amount of data collected over
moats in the first place!.

This study presents the first analysis of a contourite deposi-
tional system developed in a 3D flume tank (EUROTANK) at
Utrecht University (Fig. 2). We focus on a contourite depositional
system that consists of a moat and a separated mounded drift. A
circulation system generates a current flowing parallel to the slope
of the tank, as an analog for a contour current flowing parallel to
a continental margin. For the analysis of the bathymetric evolu-
tion of the contourite system, we calculate the average along-slope
elevation of a 70 cm wide swath in the middle of the tank (Fig. 2)
and plot the data as one cross-section (Fig. 3). This procedure
averages out the bathymetric perturbations of unscaled ripples
(Fig. 2b).

The analyses of the contourite depositional system that
develops in the flume tank test the following hypotheses: (1)
moats and drifts migrate upslope with higher sediment avail-
ability; (2) the morphology of moats and drifts depends on cur-
rent speed; and (3) there is a secondary across-slope flow in the
moat-drift system that depends on the along-slope velocity and
the steepness of the continental slope.

Results

Morphological evolution. All six experiments start with the same
base morphology, comprising a terrace and a slope (with a slope
gradient of 18° or 26°). In all experiments, we distinguish between
two phases. In the sediment input phase (first phase), 80 dm3 of
sediment is added via the sediment feeder. In the reworking
phase (second phase), the sediment is reworked by the flow while
no extra sediment is added to the flume tank.

Experiment 1: Sediment input affects moat-drift migration.
Experiment 1 shows how the morphology evolves in response to
changes in sediment input (Fig. 3). In the first phase, sediment is
added to the tank and transported to the study area by an 18 cm/s
current. This leads to an elongated depression parallel to the 18°
slope (a moat) and an adjacent basinward elongated mounded
drift (Fig. 3a). The moat migrates downslope in the second phase
of the experiment, during which no sediment is supplied (Fig. 3a).
In the third phase, sediment is supplied again, and the moat
migrates upslope due to the formation of a sigmoidal deposit
(Fig. 3b).

Experiments 2-6: Slope angle and current velocity affects moat-
drift morphology. In experiments 2-4, the moat-drift system
develops at an 18° slope with different current velocities. Three
velocities are tested with the same slope-terrace setup. The
experiments consist of one sediment input phase and a sub-
sequent reworking phase. After a moat-drift system is formed, we
measure the width between the drift crest and the slope, relief
(depth between moat trough and drift crest), and drift angle
(slope angle of the drift on the side of the moat) (Table 1). In
experiment 2, with a low speed of 11 cm/s, sediment drapes the
slope and terrace, but no moat develops even after an extra 9 h of
sediment reworking (Fig. 4a). In experiment 3, with a medium
speed of 16 cm/s, a small moat develops with a drift angle of 8°
(Fig. 4b). A faster current speed of 18 cm/s in experiment 4
creates a larger moat with a higher drift angle of 11° (Fig. 4c),
compared to experiments 2 and 3, which have lower current
speeds.

Experiments 5 and 6 are similar to experiments 2-3 with input
and reworking phases but the slope increased to 26°. Here, two
different current speeds are tested (Table 1). In experiment 5,
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Fig. 1 Moat-drift systems show a large variety in morphology and seismic stratigraphy. The figure shows a seismic cross-section of the Alvarez Capral
Moat in the Gulf of Cadiz located (a) upstream and (b) downstream of the bottom current. (¢) Vessel-mounted acoustic Doppler current profiler (VM-
ADCP) data and sub-bottom profiler at the Argentine continental margin show a flow intensification over the moat (modified from'®).
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Fig. 2 Experimental setup. (a) Schematic drawing of the experimental setup (b) Underwater photo of the flume tank floor and the velocimeter. Modified

from>1.

with a low current speed of 11 cm/s, a small moat with a drift
angle of 4° develops (Fig. 4d). In experiment 6, the drift angle
increases to 15° when running the experiment with a stronger
current speed of 16 cm/s (Fig. 4e).

Current velocity measurements. Current velocity is measured at
the base of the slope at the lowest 10 cm above the bed (Fig. 4a-e).
All velocity measurements presented in Fig. 4 are carried out
before the moat-drift system was established. For all experiments,
the velocity is stronger along-slope. For the low current speed
setting with the 18° slope, there is a small secondary flow towards
the slope. For the other settings, with a stronger along-slope
velocity or a steeper slope, the current direction depends on the
distance above the bed. For the secondary flow (vertical plan

across-slope), the velocity at ~5cm above the bed is directed
towards the slope but in the lowest ~5cm above the bed, the
bottom current is flowing away from the slope (Fig. 4b-e).
Across-slope velocity measurements, carried out during the
first hour of the experiment with the fastest current setting and a
slope angle of 18°, show that the along-slope velocity is higher
near the slope and decreases on the terrace (Fig. 5a). At the
beginning of the experiments in the first 5 cm above the bed on
the lower slope, the across-slope velocity is directed away from
the slope and the current is flowing over the terrace towards the
basin (Fig. 5b). At approximately 5-10 cm above the bed, the
across-slope velocity is directed towards the slope (Fig. 5b).
Furthermore, at the lower slope, the vertical velocity is directed
downwards and at the basinward side of the terrace, it is directed
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Fig. 3 Comparison of moat-drift migration without and with sediment input (Experiment 1). Measured cross-sections from moat-drift systems show that
(a) a moat migrates downslope when no sediment is available and (b) a moat can migrate upslope when sediment is supplied. (¢) The moat self-emerges
after the sediment input phase. (d) Stratigraphy of a moat with no sediment input. (e) Stratigraphy of a moat after phases with and without sediment input.
The stratigraphy is compiled from the measured bathymetry.

Table 1 Summary of flume tank experiments with variable slope angles and current velocities (experiments 2-6).

Experiment Figure Slope angle [°] Velocity [cm/s] Moat width [cm] Moat relief [cm] Moat aspect ratio Drift angle [°]

2 4a 18 n - - - -
3 4b 18 16 285 1 0.04 8
4 4c 18 18 42,5 3.8 0.09 n
5 4d 26 n 44,0 11 0.02 4
6 de 26 16 47.0 3.6 0.08 15

a low speed 11 cm/s b medium speed 16 cm/s c high speed 18 cm/s
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Fig. 4 Comparison of moat-drift systems developed at a gentle and a steep slope with different velocities shows that steep slopes and faster currents
lead to a steep drift (Experiment 2-6). (a) Measured cross-sections showing aggradation. (b-e) Measured cross-sections from moat-drift systems show
that the morphology depends on current speed and slope gradient. The graph shows the along-slope and across-slope velocity measured at the lower slope
at the beginning of the experiment (basement morphology, before the sediment deposition and moat-drift system formation). Positive across-slope
velocities correspond to a current flowing away from the slope. (f) Underwater photo of the moat-drift system in the flume tank that developed at a current
speed of 18 cm/s and a slope angle of 18°.
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Fig. 5 Velocity across-slope obtained with the fastest current setting. VVelocity measurements at the beginning of the experiments in (a) along-slope
direction; (b) across-slope direction; (¢) vertical direction. Velocity measurements after moat-drift system emerged in (d) along-slope direction; (e)
across-slope direction; (f) vertical direction. Note: the color scale varies between the plots. The velocimeter location is indicated by black triangles. The

location of the cross-sections is shown in Fig. 2.

upwards (Fig. 5c). After the moat-drift system self-emerged, the
velocity is measured again (Fig. 5d, e). The velocity increased over
the area above the moat compared to the measurements before
the moat formed. The velocity is higher over the moat and
decreases over the drift (Fig. 5d). The across-slope velocity near
the seafloor between the slope and drift crest is directed away
from the slope, but between drift crest and basin, it is directed
toward the slope (Fig. 5¢). On the slope, the velocity is directed
downwards, and everywhere else it is directed upwards (Fig. 5f).

Discussion

Comparison between experiments and natural systems. An
open question in the study of marine natural systems is that the
flow conditions that initially started to create a specific mor-
phology, like a contourite drift, remain unknown because there
are no oceanographic measurements from when the features
started to form. Moreover, these sedimentary features take
thousands to millions of years to form. To overcome this issue, we
created a simple setup in a flume tank in which moat-drift sys-
tems can form, to allow us to investigate their evolution over
time. The setup of the experiment consists of an upper slope and
a terrace representing a continental margin that is, for example,
analogous to the Argentine continental margin®>. However, the
experiments are not limited to this setting and also represent
other settings in which the slope gradient changes. In natural
systems, moats commonly form when there is a break in the slope
gradient®!”. This is for example the case at the edge of the slope
at the Great Bahamas Bank, the Cay Sal Bank29, at the foot of a
topographic obstacle offshore Galicia?’, offshore Mozambique
(Beira Moat)?8, offshore north Spain (Gijén Moat)?® or com-
monly around cold-water coral mounds!. For the experiments, we
chose a slope angle of 18° and 26°, which is steeper than the
average slopes of continental margins, which are often below
10°30. However, local steeper slopes are common in many
environments, they can exist for instance around topographic
obstacles, ridges or seamounts?’-31. Measurements from 38 dif-
ferent locations worldwide show that typical values for moat-drift
systems are a 50 m relief (between 4 m and 505 m), 2.3 km width
(between 200m and up to 35km), 0.022 relief-width ratio
(between 0.003 and 0.1), 6° slope angle (between 0.3° and 25°)
and 3° drift angle (between 0.5° and 17°)17:32. The experiment in

the flume tank thus represents a situation with particularly high
slopes. These do not represent the average continental slope, but
are realistic dimensions. Slopes on which the moats form are
often especially high around seamounts or other topographic
obstacles. For example the Galicia Moat, located at a topographic
obstacle is located at an 25° slope!7-?’. Since these topographic
obstacles are not always covered by sediment and can thus not be
eroded by the current, the slope angle must have been the same
when the moat-drift system formed. Similar to the deep sea, the
drift angle of the moats in the flume tank (4°-15°) is lower than
the slope angle. The moats in the flume tank have a similar aspect
ratio (0.02-0.9) compared to moats in nature (see Supplementary
Note 3).

The experiments demonstrate that the development of a
contourite depositional system depends on sediment input. When
sediment is added to the 18 cm/s strong contour current, the
moat-drift system migrates upslope, similar to some moat-drift
systems in deep-marine environments®10:192931 1n the deep sea,
moat-drift systems can also migrate downslope3®34. In the
experiments, the deposits differ between a current transporting
sediments and the same current not transporting sediments.
Sediment is deposited if the sediment transport capacity is
exceeded. When a current of similar strength has a relatively low
sediment load, it may pick up sediment until its transport
capacity is reached. As a result, the moat-drift system can migrate
downslope by reworking the side of the drift at the moat under
constant contour current speed when no sediment is added to the
contour current. Due to the erosion, the moat becomes wider and
the relief increases. Thus, the migration direction depends on
both current speed and sediment supply. A current with no
sediments can erode, while the same current with more sediments
than its transport capacity will deposit sediment. If the current
speed for the moat-drift system is known, this can be used to
understand sediment availability and how it has changed
over time.

The internal stratigraphic architecture of the drift partly
preserves the evolution of the morphological elements. The
stacking pattern of the moat-drift systems that self-emerged in
the flume tank is comparable to the recorded seismic reflection
profiles from the deep sea. Erosional periods are identified by
truncated reflections and depositional periods show sigmoidal
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reflections. Our results indicate that the sediment supply during
the experiment is high when the constructional moat-drift
systems form. The constructional moat-drift system in the flume
tank (Fig. 3¢) is comparable to the downstream cross-section of
the Alvarez Capral Moat in the Gulf of Cadiz (Fig. 1b). The
erosional moat-drift system (Fig. 3d) shows truncations at the
drift side, which are similar to an upstream cross-section from
the Alvarez Capral Moat (Fig. 1a). In this part of the system, the
current must be intense and/or the sediment supply must be low.
Erosional and depositional periods can vary over time because
ocean current speed and sediment supply change. In our
experiments, variations in sediment supply under constant
current-forcing led to a mixed constructional-erosional moat-
drift system (Fig. 3e) similar to the Ewing Terrace Moat 2 at the
northern Argentine margin!.

Current dynamics and sediment transport pathways over the
slope and terrace. The hydrodynamics of the current when the
moat-drift system initially started to form is so far unknown. Our
experiments show that the current is flowing primarily parallel to
the slope. The current speed is higher near the slope and
decreases over the terrace, already before the formation of a
moat-drift system. This is due to the circular current that has a
higher speed away from the vortex center and becomes zero in
the center of the vortex. Furthermore, the depth decreases above
the slope and thus the centrifugated and thinned water mass
needs to increase its velocity in order to preserve centrifugal
vorticity. Thus, the centripetal pressure gradient depends on the
slope angle and current speed (see Supplementary Note 1).

The velocity measurements in the flume tank show that a
secondary basinward flow can occur before the moat-drift system
is established (Fig. 5a). Because of the rotating current there is a
superelevated surface and an inward directed pressure gradient
(see Supplementary Note 1). The centripetal force required for
radial acceleration is caused by this inward directed pressure
gradient. This centripetal pressure gradient is barotropic (con-
stant in depth), but the velocity decreases towards the bed due to
bed friction. Because of this, the slow-moving particles near the
bed are accelerated away from the slope (inwards of the tank),
while the fast flowing particles higher up in the water column are
flowing toward the slope (outwards), resulting in a secondary flow
near the bottom. Conservation of volume is achieved by the
downward and upward water exchanges between the lateral flows,
which leads to a helix flow over the moat. This current is recorded
by the across-slope velocity measurements and shows that the
secondary flow directed downslope and across the terrace at the
lowest ~5 cm above the seafloor. Furthermore, when the current
velocity is increased, both centrifugal and centripetal force
become higher and the secondary flow increases (Fig. 4c).
Similarly in nature, the bottom boundary Ekman transport also
increases with higher current velocity?®. Cross-shelf Ekman
transport can occur in a rotating frame in the frictional boundary
layer when a current flows over a sloping seabed3°. It can
transport dense water upslope or light water downslope,
depending on the hemisphere and current direction3>-3°, When
the slope gradient is increased, also the horizontal pressure
gradient increases, thereby enhancing the secondary flow®(. As a
result, a steeper slope and a faster current lead to a stronger
secondary flow. When the secondary flow becomes stronger,
more sediment may be transported from the slope towards
the drift.

In all experiments where a secondary flow is recorded, a moat-
drift system later self-emerges. If no secondary flow is recorded,
only aggradation occurs on the terrace and no moat-drift system
is established. This situation occurred at the combination of the
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Fig. 6 Diagram showing the link between current speed, slope angle and
drift angle. Moats in the ocean are obtained from!7:32, Abbreviations: GoC:
Gulf of Cadiz, ET Moat 2: Ewing Terrace Moat 2 offshore Argentina, GBB
Moat: Great Bahamas Bank Moat in the Bahamas.

lowest velocity and lowest slope in our experiments (Fig. 4a). In
natural systems, this occurs for example at the La Plata terrace at
the Argentine margin south of the Mar del Plata canyon?*!. In
summary, we suggest that a current with a velocity that is strong
enough to transport particles together with a secondary flow near
the seabed is necessary for a moat-drift system to develop. This
means that there is a threshold below which no moat-drift system
can form, which agrees with observations®? from many locations
at continental margins where no moat-drift systems form (Fig. 6).

Some authors suggest that the moat formation, or contourite
formation in general, could be also influenced by internal waves
or turbulence at the density contrast between two water
masses®20:22:2742-44 Others suggest that they form in association
with ocean current surface fronts?”#>. Our experiments show that
moat-drift systems can form solely with along-slope currents if
sediment is available to be transported and shaped into a drift
deposit, without any of these additional oceanographic processes.
However, the experiments do not disprove possible contributions
of these other processes in natural systems because the processes
were not tested in the experiments.

Current dynamics and sediment transport pathways of moat-
drift systems. Moats are hypothesized to be related to the highly
energetic cores of the current!>28:46-48  Previous velocity mea-
surements show an intensification in bottom current velocity over
a moat and lower speeds over the drift and terrace offshore north
Argentina (Fig. 1c)!°. This is also observed during the velocity
measurements over the moat-drift system in the flume tank. It
was speculated that the current velocity is increased over the moat
due to the morphology of the moat, which could stabilize and
focus the bottom current by limiting the variability in the cross-
slope direction!®. This hypothesis is supported by the flume tank
experiments.

Several authors hypothesized that there is a secondary flow
with a helicoidal structure over moats, but the suggested direction
differs between authors, and this interpretation has not been
supported by measurements yet®2124  The velocity
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Fig. 7 Conceptual model of current and sediment dynamics over the moat-drift system. (a) At a gentle slope with a low current speed only aggradation
occurs. (b) The moat-drift system forms if there is a secondary flow near the seafloor that transports sediment from the slope toward the drift. In three
dimensions, the current has a helicoidal structure and is confined inside the moat. The secondary flow decreases with lower speeds and more gentle slopes.
The current speed and the slope’s steepness influence the drift's steepness. (€) The type of moat, meaning if it is more depositional or erosional, depends
on the sediment supply and the current speed. a, B, y represent the drift angle.

measurements carried out during the experiments show, for the
first time, the previously suspected secondary flow with a helix-
structure within the moat (Fig. 5e, f). The orientation of the helix
within the moat remains stable upon moat formation: the near-
bottom flow is always directed offshore, and the top of the helix is
always directed towards the slope. This observed spinning
direction of the helix flow within the moat is in agreement with
the previously hypothesized helix flow of some authors?. In our
experiments, the secondary circulation is contained within the
moat by the drift, and it does not continue flowing over the
terrace (Fig. 5e). This enclosure of the helix within the moat
coincides with an increase of the primary along-slope velocity
component, which suggests that moat-drift formation provides a
fundamental mechanism for contour-current strength
enhancement.

Current speed reconstructions based on morphology. The
experiments show that steeper slopes and faster currents lead to
steeper drifts next to a moat (Figs. 4 and 6). The experiments that
only lead to aggradation on the terrace when the velocity and/or
the slope angle are too low for moat-drift formation (Fig. 4)
indicate that for a specific current speed, a minimum slope angle
exists to allow moat-drift system formation.

Plotting the slope angle against the drift angle shows that data
points clustering in the upper left corner (meaning high slope and
low drift angle) are related to low current speeds. The
experimental data exhibit a trend whereby the lowest velocities
plot to the top left of the diagram (steep slope and low drift angle),

and the faster velocities to the bottom right (lower slope and
higher drift angle; Fig. 6). This trend is also observed for moat-
drift systems in the deep sea, but the trend is unclear due to the
limited amount of data and the short velocity recording period.
For example, velocity data shows an average bottom current speed
over the Great Bahamas Bank Moat of 36 cm/s and for the Ewing
Terrace Moat 2 offshore north Argentina of 29 cm/s!>26. We use
this structure to suggest interpretations of natural conditions from
slope-moat-drift architectures. For example, the Galicia Moat?’
and Lanzarote Moat#” have the same slope angle but different drift
angles. Our results suggest that the drift angle from Lanzarote
Moat is higher because the current speed is higher. Our results
also suggest that Ewing Terrace Moat 215, Alvarez Cabral Moat®’,
and Corsica Moat3! are probably formed under similar currents
speeds and the difference in drift angle is likely due to differences
in the slope angle.

Results from topographic obstacles seem to be less reliable for
the current reconstruction because such environments are often
strongly diverted from the trendline, e.g., at the upstream side of
topographic obstacles in the Gulf of Cadiz (Fig. 6). This might be
linked to a less constant current along the slope of seamounts that
could be related to changes in the direction in which the current
hits the slope of the seamount. Whether these systems mainly
react to mean or peak velocity remains unknown. Numerically
modeled bottom currents over moats show high variability in
current speed in the Mozambique channel and at the north-west
Spanish margin, which suggests that moats and drifts are not
necessarily continuously formed but rather more episodic!?-20,
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Future flume tank experiments can test the influence of velocity
variability. The present results from the flume tank experiments
are limited to one range of sediment grain size. Thus, future
experiments can test the influence of different sediment
compositions and grain sizes on contourite development.

Conclusions

This study presents to the best of our knowledge the first
experiments in which a contourite depositional system self-
emerges in a three-dimensional flume tank, with no prior for-
mation of any contourite feature. The experiments demonstrate
the hydrodynamic and morphologic conditions necessary to form
moat-drift systems. Taking into account the influence of current
speed, slope and drift angle, together with the secondary flow
measured in the flume tank, we suggest (Fig. 7):

1. The moat-drift system is only able to form if there is a
secondary flow near the seafloor that transports sediment
from the slope toward the drift (basinward). The secondary
flow increases with higher speeds and steeper slopes.

2. After the moat is formed, the secondary flow is confined in
the moat and has a helicoidal flow structure. The along-
slope velocity becomes more focused and increases.

3. Migration of the moat, and formation of internal strati-
graphic architecture, is a function of current strength in
combination with sediment availability. Low sediment
availability leads to migration towards the terrace, and
truncation of reflectors. High sediment availability leads to
migration towards the slope and formation of sigmoidal
deposits on the terrace-side of the moat.

4. Higher current speeds and steeper slopes lead to a
steeper sediment drift. Thus, current speed reconstructions
from seismic data or bathymetric data are possible but the
slope angle must be taken into account when the current
speed is reconstructed. This shows that moat-drift systems
can be used for paleo-velocity estimates, which allows
reconstructions of current speed and direction over the past
millions of years. This might be an important step forward
for paleocurrent reconstructions.

Materials and methods

The experiments are conducted in a 6 m wide, 11 m long, and 1 m
deep flume tank. The floor morphology consists of a gentle lower
slope (not part of the study area), a flat terrace, and an upper
slope of 18° or 26°. The morphology is built out of sediment and
then covered by artificial grass (grass made out of plastic). The
artificial grass stabilizes the morphology that forms the base of
each experiment. The artificial grass is covered before the first
experiments by a thin 1.5cm layer of walnut shells and for
experiments 2-6 by a 0.5 cm thick layer. Based on this starting
morphology, we conduct different experiments. We removed all
added walnut shells after each experiment.

During the experiments, 3 pumps created a current flowing
clockwise in the tank and parallel to the slope at the study area,
which is an analog to a contour current flowing parallel to a
continental margin (similar to°!). Since the Earth rotates, ocean
currents are affected by the Coriolis force. In the lab, the size of
the experiment is too small for the Coriolis force to have a notable
effect. For gravity-driven currents a rotating flume tank has been
used in previous studies®?3. For contour currents, we use a
current flowing in a circular motion. Run-up against the slope
provides a barotropic pressure gradient that forces the radial
acceleration of the circulation. We consider this as a simplified
analog to the Coriolis effect in a natural system (see Supple-
mentary Note 1). An UDOP 4000 velocimeter measures the

velocity during the experiments. One 1 MHz probe is the emitter,
and three probes are used as receivers to record the velocity in
3D. The UDOP was positioned ~15cm above the bed at the
beginning of the experiment. In the first 5 cm near the emitter,
the data quality is poor, and the data is not usable. The velocity
measurements shown in Fig. 4 were carried out within the first
20 min of the experiments, which is before the moat-drift system
was established. For the across-slope profile, the velocity was
measured every 5-10 cm for 2 min. When the velocity was not
measured, the instrument was positioned in the middle of the
tank to ensure that it does not influence the current- and
morpho-dynamics of the study area.

In the experiments, two phases are distinguished. One is the
sediment input phase where sediment is added and the other is
the sediment reworking phase where no sediment is added. In the
first experiment, the first sediment input phase is 3h, the
reworking phase is 8 h and the second input phase is 7h. In
experiments 2-6, the sediment input phase is 3h, and the
reworking phase is 4h. During the beginning of the sediment
input phase, a pump on the side of the flume tank pumped water
mixed with 80 dm> of crushed walnut shells of a volume con-
centration below 2% for 2 h into the flume tank. This is similar to
sediment entering the ocean by rivers, turbidity currents or
marine production, which are then transported by along-slope
curents®®. The particles are transported to the study site by the
contour current and start to settle there. The contour current
reworks the previously deposited walnut shells. Contourite drifts
are often composed of fine-grained sediments®!0. In previous
studies walnut shells were used as an analog for mud in
estuaries®. The experiments were conducted with crushed walnut
shells with a grain size range of 200-450 um and a density of
1350 kg/m3. According to Stokes’ law, these walnut shells settle
with a velocity of 1.9 cm/s. The calculated flow shear velocity for
the used 11 cm/s, 16 cm/s and 18 cm/s current is 1.1 cm/s, 1.6 cm/
s and 1.8 cm/s, respectively (see Supplementary Note 2). We use
walnut shells as an analog for silt because similar current speeds
transport the particles as bedload. The advantage of the coarse
walnut shell over the fine silt is that the settling velocity is higher
due to the larger diameter, which allows us to run the experi-
ments in a smaller setup. The crushed walnut shells are then
transported as bedload similar to silt because they are coarser but
have a lower density. The non-dimensional bed shear stress
(Shields parameter) is 0.11, 0.22 and 0.28 for the used 11 cm/s,
16 cm/s and 18 cm/s current speeds. These values exceed the
critical threshold of 0.05, meaning sediment is transported.

Before the experiment, and after the experiment, once the tank
is drained, a laser scanner measures the bathymetry in the flume
tank, every 2 mm with a swath width of 50 cm on pre-defined
across-slope profiles. The data result in a bathymetric map with a
grid cell size of 5 mm.

Data availability

All data needed to evaluate the conclusions in the paper are present in the paper and are
available on PANGAEA (https://doi.org/10.1594/PANGAEA.956303). Supplementary
material for this article is available on YouTube (https://youtu.be/JSNhFoTcUQg).
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