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ABSTRACT

The interaction of sedimentary systems with oceanographic processes in

deep-water environments is not well understood yet, despite its importance

for palaeoenvironmental reconstructions, and for a full understanding of

source-to-sink sediment transport. The aim of this study is to improve the

understanding of how contourite moats, elongated depressions formed by

bottom currents associated with contourite drifts, develop and of the link

between moat-drift system morphology and bottom current dynamics. This

study provides a systematic comparison of 185 cross-sections of moat-drift

systems distributed at 39 different locations worldwide, and a detailed anal-

ysis of the morphology of six moats that cover a wide range of typical geo-

logical and hydrodynamic settings. Additionally, in situ measured current

data were analysed to better link hydrodynamics to moat morphology. The

median of all profiles across all moat-drift systems reveals a 50 m relief, a

width of 2.3 km, a relief to width ratio of 0.022, a slope angle of 6°, a drift

angle of 3° and a concave-up shaped morphology. Moats can be over 100 km

long. Some moats are driven by sediment erosion while others are deposi-

tional and primarily exist due to differential sedimentation inside the moat

compared to the drift alongside the moat. A new sub-classification of moat-

drift systems based on their stratigraphy is proposed. This classification dis-

tinguishes moats depending on the degree of erosion versus deposition. No

relation is found between latitude and moat-drift morphology or stratigraphy

in the analysed examples. The combined data indicate that a steeper slope

focuses the current more than a gentle slope, resulting in an increase of the

relief–width ratio and drift angle. Thus, this study provides new insights

into the interaction of ocean currents with sedimentary morphology, which

thereby affects the evolution of a poorly understood deep-water sedimentary

system.

Keywords Bottom current, contourite drift, geomorphology, moats, sedi-
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INTRODUCTION

Contourite moats are elongated depressions
formed by ocean bottom currents and can be
found parallel to the continental slope or other
topographic obstacles (Rebesco et al., 2014; Mir-
amontes et al., 2021). They are channel-like fea-
tures, but in contrast to contourite channels that
show erosion on both flanks, moats are not
purely erosive. Moats are associated with sepa-
rated mounded drifts forming parallel to one of
the moat’s sides (Rebesco et al., 2014; Mira-
montes et al., 2021). Moats are common in a
variety of geological settings like open continen-
tal slopes, around seamounts and carbonate
mounds (Rebesco et al., 2014; Vandorpe
et al., 2014; Hebbeln et al., 2016; Miramontes
et al., 2021). Because there is no moat without
an associated drift, the authors consider them as
one system that is referred to as a moat-drift sys-
tem. Understanding the morphology of a moat
also depends on the associated drift and thus
moats and drifts cannot be studied indepen-
dently. It has been proposed that moats are
pathways for the transport of sediments and
anthropogenic particles (such as microplastic)
due to vigorous bottom currents, while particle
accumulation mainly occurs on their associated
contourite drifts where bottom current speed is
lower (Rebesco et al., 2014; Yin et al., 2019;
Kane et al., 2020; Wilckens et al., 2021). Analys-
ing how sediment is transported within moats is
important for understanding the heterogeneity of
sediment distribution on the seafloor and the
final fate of sediments in source-to-sink systems.
Moats and cold-water coral mounds form due

to bottom currents and are often found next to
one another (Hebbeln et al., 2016). A better
understanding of current behaviour over moats
could also increase our understanding of how
these ecosystems might develop in the future.
This study does not consider a link between
moats and plastered drifts. They do occur in the
same contourite depositional systems and thus
there is a special link, but the current dynamics
are different and thus there is no direct link in
the formation process (Miramontes et al., 2021).
Furthermore, moats and their associated sepa-
rated mounded drifts provide records of past
ocean conditions. The onset of contourite depo-
sitional systems, analysed based on morphologi-
cal and seismic data, has been used in many
different settings to identify large changes in
global ocean circulation patterns, as well as the
formation inside different water masses, and to

understand relative changes in current speed
over several thousands to millions of years
(Hern�andez-Molina et al., 2014; Uenzelmann-
Neben et al., 2017; Paulat et al., 2019; Yin et al.,
2021). For quantitative reconstructions of speed
mainly grain-size analyses have been used
(McCave et al., 1995, 2017; Wu et al., 2021),
with calibrations for quantitative palaeo-
reconstructions for some areas (McCave et al.,
2017). Taking several sediment cores is time-
consuming and expensive, in particular in the
deep sea. Efforts to link contourite morphology
to the currents that formed them have pro-
gressed significantly in recent years due to more
current measurements and high resolution
modelling (Zhang et al., 2016; Miramontes
et al., 2021; Rebesco et al., 2021; Wilckens
et al., 2021). A better integration of the morphol-
ogy in addition to sediment cores for the recon-
struction of current speed could be faster,
cheaper, applicable on larger scales and easier
for reconstructing conditions over several mil-
lion years.
There are different types of contourites, from

which the morphology can be used for ocean
current speed reconstructions, but so far the link
between their morphology and the characteris-
tics of currents is not very clear (McCave &
Tucholke, 1986; Rebesco et al., 2014; Mira-
montes et al., 2019, 2021). It is hypothesized that
moats are located under the main core of the cur-
rent (Yin et al., 2019; Wilckens et al., 2021). This
study intends to advance the understanding of
the sedimentary processes that control moat for-
mation and evolution. For decoding the sedi-
mentary record of ocean currents, it is crucial to
have a good understanding of the morphology
and stratigraphy of the moat and the adjacent
separated mounded drift, as well as the current
conditions. Although moats have been recog-
nized all over the world, there has not yet been a
detailed analysis and comparison of the similari-
ties and differences between them.
The Coriolis force together with the water

pressure gradient determines the flow direction
of a geostrophic current. It has been proposed
that moats can only form on a continental slope
where the Coriolis force deflects the current
against the slope (McCave & Tucholke, 1986;
Faug�eres et al., 1999). The Coriolis force influ-
ences global ocean circulation by forcing the
currents towards the right in the Northern Hemi-
sphere and towards the left in the Southern
Hemisphere. This can result in the formation of
a contourite drift on the right side (looking
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downstream) of the moat in the Northern Hemi-
sphere and on the left side in the Southern
Hemisphere (Faug�eres et al., 1999; Llave
et al., 2001; Rebesco et al., 2014). Thus, the Cor-
iolis force is one parameter that influences
where moats can form. However, it is unknown
whether the Coriolis force also significantly
influences the morphology of the moat. The
Rossby number (Ro) is used to determine how
important the Coriolis force is in a system
(Davarpanah Jazi et al., 2020). The Rossby num-
ber is defined as Ro = U/fL, with mean velocity
U, Coriolis frequency f and length scale L. The
Coriolis frequency f is defined as f = 2x sin(φ),
with angular velocity x and latitude φ. While
the influence of the Coriolis force on moats is
still unknown, its influence on submarine chan-
nels that develop due to downslope flowing tur-
bidity currents has been demonstrated (Cossu
et al., 2010; Wells & Cossu, 2013; Allen
et al., 2022). For submarine channels, field
observations show a latitudinal dependence on
sinuosity (Wells & Cossu, 2013; Allen
et al., 2022). Moats do not meander and thus
sinuosity is not a relevant parameter, but it is
possible that the latitudinal dependence is pre-
served in the aspect ratio.
Contourites not only form due to geostrophic

currents, but also due to other oceanographic
currents that flow near the seafloor (Rebesco
et al., 2014). Around seamounts and other topo-
graphic obstacles moats can form not only on the
side where the current is pushed against the
slope, but also on the side where the Coriolis
force deflects the current away from the slope
(Hern�andez-Molina et al., 2006; Hebbeln
et al., 2016; Chen et al., 2022). It is suggested that
the side where the Coriolis force is pushing the
current towards the seamount is faster and leads
to more erosion compared to the other side
(Hern�andez-Molina et al., 2006; Chen et al.,
2022). It remains unclear whether this concept is
true for all sizes of seamounts. The pre-existing
morphology could also affect the development of
moats, and moat morphology is not only influ-
enced by ocean currents but also by downslope
movement of sediment, for example mud
deposits from mud volcanoes (Vandorpe et al.,
2014). Therefore, understanding the dynamic
feedback between the seafloor morphology and
the bottom currents is of crucial importance in
the study of contourite-moat systems.
This study systematically investigates the

morphology and stratigraphy of moats and asso-
ciated separated mounded drifts distributed

worldwide. Then the measurements from differ-
ent morphological parameters of the moats are
used to test these hypotheses: (i) moat-drift sys-
tems have no specific aspect ratio because they
are influenced by multiple processes; (ii) moat
morphology changes with latitude because the
Rossby number and Coriolis force depend on it;
(iii) moat morphology correlates with water depth
because of the influence of sediment availability
and limited accommodation space; and (iv) moat
aspect ratio and the steepness of the drift depend
on the steepness of the slope at which the moat
forms because the slope influences the hydrody-
namics. Where available, current measurements
from vessel-mounted Acoustic Doppler Current
Profilers (VM-ADCP) were also used to better
understand the link between moat-drift system
morphology and hydrodynamics.

MATERIALS AND METHODS

Measurements of moat parameters

Moats from different locations around the world
(Fig. 1) were analysed to provide a synthesis of
their occurrence in the literature and identify
common characteristics and genetic features.
The location of all moats included in this study,
and the key references of the previous studies in
these areas, can be found together with the ori-
gin of the data sets used in the analysis in the
supplementary material (Table S1). For the com-
parison of different morphologies of moat-drift
systems around the world, the following mor-
phological parameters were measured: width,
relief, slope angle, drift angle and, where possi-
ble, the length of moats (Fig. 2). The moat
trough is the deepest point inside the moat and
the drift crest the shallowest point of the con-
tourite drift. The moat width is defined as the
horizontal distance between the drift crest and
the slope. The relief is defined as the vertical
distance between moat trough and drift crest.
The slope angle and the drift angle are the aver-
age gradient in both flanks of the moat: (i)
between the moat trough and the slope; and (ii)
between the moat trough and the drift crest
(Fig. 2). In total, 45 different stratigraphic sec-
tions were analysed (using seismo-acoustic data)
and 185 cross-sections (from bathymetric data)
of moat-drift systems were measured. For
50 moats, one cross-section was measured and
for 19 moats multiple cross-sections were mea-
sured, that account in total for 126 cross-
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sections. For the statistics presented here, all
datapoints were used, to also account for
changes within one moat-drift system. To check
if there is a bias in the statistics the median
relief, width, ratio, slope angle and drift angle
with all data points and with just one cross-
section from each system were calculated. The
relative deviation for all parameters is below 8%.
The sizes of previously published moats were

measured from the seismic or sub-bottom pro-
filer cross-sections that were published either in

a journal or on the GeoMapApp (www.
geomapapp.org) (Table S1 and PANGAEA data-
base). In cases in which multibeam data are
available, the parameters from the bathymetric
map were measured. The consistency of the
measurements was checked using both methods
(from the bathymetry and from the seismic pro-
files) on the Ewing Terrace Moat 2 (ET Moat 2)
offshore North Argentina and the same results
were found. The authors are therefore confident
that all of the measurements are comparable.
In the statistical analyses, the influence of one

parameter on the morphological moat parame-
ters (relief, width and aspect ratio) is tested. To
understand which parameters are most relevant
for shaping the moat-drift system, they are
tested one at a time. However, this means that
parameters that only have a small influence on
the moat-drift system cannot be identified. One
of the main interests is to determine how the
strength of the Coriolis force influences the moat
morphology, which is why multiple morphologi-
cal parameters were measured and correlated
with the latitude. The Coriolis frequency is
higher at high latitudes and becomes zero at the

Fig. 1. Location of moats considered in this study: 1 – NW Barents Sea; 2 – North Rockall Trough; 3 – Rockall
Trough (Seamount); 4 – Ireland; 5 – Baltic Sea; 6 – Gulf of Biscay; 7 – Galicia; 8–11 – Gulf of Cadiz; 12–13 – Adria-
tic Sea; 14 – Balearic Sea; 15 – Tyrrhenian Sea; 16–17 – Alboran Sea; 18 – Aegean Sea; 19 – Malta; 20 – Lanzarote;
21–22 – Bahamas; 23–24 – Maldives; 25–26 – South China Sea; 28 – Pacific Ocean (Clarion–Clipperton Zone); 29 –
Angola (Anna Ridge); 30 – Mozambique; 31 – Madagascar; 32–34 – Argentina; 35–36 – Patagonia; 37– New Zeal-
and; 38 – Antarctica; 39 – Lago Cardiel (Lake in Argentina). See Table S1 of the supplementary material for refer-
ences. The subduction zones are adapted from van Keken et al. (2011).

Fig. 2. Cross-section of a moat-drift system where the
measured parameters (width, relief, slope angle and
drift angle) are defined.
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equator. Since the hemisphere is relevant for the
directions of the Coriolis force, but not for its
strength, the authors have not distinguished
between the same latitudes on Northern and
Southern Hemisphere.

Bathymetric and seismic data

Bathymetric data were used from nine different
areas. Table 1 summarizes the details of where
the data comes from and the grid cell size.
The seismic data used in this study for the

stratigraphic and morphological analysis of
moats was obtained from previously published
sources (Table S1). This study also shows
unpublished seismic data collected during cruise
SO260 onboard the R/V SONNE in 2018 (Kasten
et al., 2019). Seismic data was acquired during
the SO260 cruise with a 225 m (active length)
long streamer with 96 channels from University
of Bremen, and a SERCEL Mini-GI Gun (Sercel,
Nantes, France) with a chamber volume of
2 9 0.24 l as a seismic source. The data proces-
sing was conducted with the ‘VISTA Desktop
Seismic Data Processing Software’ (Schlumber-
ger) and included bandpass filtering, de-spiking,
common mid-point (CMP) binning, Normal-

Moveout (NMO) correction, CMP stacking, noise
reduction and finite-difference time migration.
‘The Kingdom Software’ (IHS Markit) was used
for interpretation. To convert the travel time of
the seismic waves into depth, a constant velocity
of 1500 m/s was used.

Vessel-Mounted – Acoustic Doppler Current
Profiler data

For four moats, ocean current velocities were
measured with a vessel-mounted Acoustic
Doppler Current Profiler (VM-ADCP). These
quantitative measurements of the characteristics
of ocean currents (strength and direction) at
these locations in recent times, but not at times
of the moat initiations. Two of the moats are car-
bonate moats located in the Santaren Channel in
the Bahamas, and two are siliciclastic moats
located at the open slope offshore north Argen-
tina. The VM-ADCP data from the Argentine
moats were partly described by Steinbrink
et al. (2020) and Wilckens et al. (2021), and
from the Bahamas moats were partly described
in L€udmann et al. (2016). The data from the
Bahamas were reprocessed in a similar way as
described in Wilckens et al. (2021). VM-ADCP

Table 1. Summary of the bathymetry data.

Area Cruise Reference
Grid cell
size

North Argentina (SW Atlantic
Ocean)

Cruise SO260 onboard the R/V
SONNE in 2018

Kasten et al. (2019); Wilckens
et al. (2021)

25 m

Mozambique Basin (SW Indian
Ocean)

Cruise -MOZ2 onboard the
R/V L’Atalante in 2014

Robin & Droz, 2014; C�ecile &
Laurence, 2014; Miramontes
et al., 2021

30 m

Corsica Trough (northern
Tyrrhenian Sea, NW
Mediterranean Sea)

Cruise PRISME2 onboard the
R/V L’Atalante and cruise
PRISME3 onboard the R/V
Pourquoi pas? Survey in 2013

Cattaneo (2013a,b),
Miramontes et al. (2016)

15 m

Offshore Galicia (NW Spain, NE
Atlantic Ocean)

Cruise M84/4 onboard the R/V
Meteor in 2011

Hanebuth et al. (2011),
Hanebuth et al. (2015)

75 m

Offshore the Santaren Channel in
the Bahamas

Cruise M95 onboard the R/V
Meteor in 2013

Betzler et al. (2014a,b),
L€udmann et al. (2016)

200 m

Gulf of Cadiz Cruise CADIPOR 1 + 2 onboard
the R/V Belgica in 2002 and 2005

Van Rensbergen et al. (2005),
Vandorpe et al. (2014)

30 m

Offshore Lanzarote and offshore
north Ireland

– EMONET bathymetry 115 m

Offshore Patagonia (Drake
Passage)

– GEBCO 2021 bathymetry 460 m*

* Due to the relatively low resolution this grid was only used to measure structures above 10 km horizontal
distance.
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data off Argentina were collected during cruise
SO260 between January and February 2018 (Kas-
ten et al., 2019). The instrument parameters led
to 16 m depth cells. VM-ADCP data off the
Bahamas were collected during cruise M95
between March and April 2013 (Betzler
et al., 2014b). The instrument parameters led to
8 m depth cells. Data processing was conducted
with the Cascade V7.2 software. For analyses of
near-bottom currents, the average speed between
150 m and 200 m above the seafloor was calcu-
lated. Data within the deepest 150 m immedi-
ately above the seafloor were not used because
of their poorer quality due to high scattering
from the seafloor. The barotropic tides, obtained
from the TPXO tidal model at the time and loca-
tion of the ADCP acquisition, are below 4 cm/s
in the study area and thus much lower than the
total current speed. They are not removed from
the dataset because they can also transport sedi-
ment and meanwhile contribute to total current
strength.

Moat names

Several moats are referred to by their previously
used name. These names are: Great Bahamas
Bank Moat (GBB Moat) and Cay Sal Bank Moat
(CSB Moat) in the Bahamas (Betzler et al.,
2014a); Ewing Terrace Moat 1 (ET Moat 1) and
Ewing Terrace Moat 2 (ET Moat 2) offshore
Argentina (Wilckens et al., 2021); Beira Moat off-
shore Mozambique (Miramontes et al., 2021);
�Alvarez Cabral Moat in the Gulf of Cadiz (Llave
et al., 2001; Garc�ıa et al., 2009); and Gij�on Moat
offshore northern Spain (Van Rooij et al., 2010;
Liu et al., 2020). The moats that have not been
previously named are a moat near Madagascar
(fig. 3a from Miramontes et al., 2021) that will be
referred to here as the Madagascar Moat; a moat
near Galicia (fig. 1 from Hanebuth et al., 2015)
that will be referred to as the Galicia Moat and a
moat near Corsica (fig. 8 from Miramontes
et al., 2016) that will be referred to as the Corsica
Moat.

RESULTS

Fingerprint of a moat

The moats included in this study are located
between 60 m and 5000 m water depth and
between latitude 75°N and 67°S. Moat size shows
a large variability in terms of width, relief, relief–

width ratio, slope angle, drift angle and length
(Fig. 3). Relief ranges between 4 m and up to sev-
eral hundreds of metres like the Madagascar
Moat (505 m). Most of the measurements (90%)
show a relief below 168 m and the median value
is 50 m (Fig. 3; Table 2). Width is between
100 m, and up to tens of kilometres, like the
Great Bahamas Bank Moat (26 km). Of all mea-
sured moats, 90% are less than 13 km wide, the
median width is 2.3 km, and only 10% are
<0.5 km wide (Fig. 3; Table 2). Furthermore, the
ratio between relief and width varies between
0.001 (for example, Great Bahamas Bank Moat)
and 0.1 (for example, Galicia Moat): 90% of all
measured relief–width ratios in this study are
below 0.056 and the median is 0.022 (Fig. 3;
Table 2). Only 10% of the measured moats have
relief–width ratios below 0.004. The length of
moats is rather difficult to compare since they
are often unknown because they are not entirely
covered by multibeam data. However, six exam-
ples are analysed in section ‘Along-slope mor-
phology and hydrodynamics of moat-drift
systems’.
The angle of the slope on which the moats

form varies between settings and in particular
between open continental slopes and seamounts
or other topographic obstacles. In this study,
slopes with the highest angles of 25° from the
Galicia Moat, located at a topographic obstacle,
and 15° at the eastern slope of the Corsica
Trough are included (Fig. 3; Table 2). Also, the
contourite drift angles vary between settings (see
Methods for definition). It can be below 1°, for
example at the Great Bahamas Bank Moat, but it
can also be up to 11°, for example at the Galicia
Moat or 10° at the Corsica Moat. However, 90%
of the slope angles are below 15° and only 10%
are below 1°: 90% of the drift angles are below
8° and only 10% are below 0.4°. The median
measured slope angle is 6° and the median drift
angle is 3° (Fig. 3; Table 2).

Correlation between parameters of moat-drift
systems

In this chapter, the hypothesized correlations
between moat relief and width, as well as mea-
sured moat parameters and latitude, water depth
and steepness of the slope are tested. A compar-
ison between relief and width shows a weak lin-
ear trend correlation coefficient (R) of 0.38
(Fig. 4A). The correlation is slightly higher for
smaller systems (R = 0.47). Some moat-drift sys-
tems, like the Great Bahamas Bank Moat, are up
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to 26 km wide but only have a maximum relief
of 54 m, while others, like the Madagascar Moat,
have a relief of 505 m but are only 12 km wide.
Neither relief, width or relief–width ratio show
an apparent correlation with latitude (Fig. 4B to
D). A linear fit for relief, width or relief–width
ratio against latitude has in all cases a correla-
tion coefficient below 0.16. Moats in deeper
water mostly have a higher relief (Fig. 4B). A
linear trend is recognized with R = 0.55. How-
ever, it has to be noted that shallow moats have
a low relief but deep moats can have both a low
and a high relief. The width also increases with
water depth but this linear trend is weaker with
R = 0.2 (Fig. 4F). As a consequence, two linear
trends cancel each other out and the relief–
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Fig. 3. Histograms showing the range of (A) relief, (B) width, (C) relief–width ratio, (D) slope angle and (E) drift
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Table 2. 10th percentile, 50th percentile (median),
90th percentile and maximum from the different mea-
sured properties of moats.

Relief
(m)

Width
(km)

Relief–
Width
Ratio

Slope
angle

Drift
angle

Minimum 4 0.1 0.001 0.3° 0.2°

10th

percentile
13 0.5 0.004 1° 0.4°

50th

percentile
50 2.3 0.022 6° 3°

90th

percentile
168 13 0.060 15° 8°

Maximum 505 35 0.1 25° 17°

Fig. 4. Diagrams showing correlations between (A) width and relief, (B) relief and latitude, (C) width and lati-
tude, (D) relief–width ratio and latitude, (E) relief and moat water depth (F) width and moat water depth, (G)
relief–width ratio and moat water depth, (H) relief and slope angle, (I) width and slope angle and (J) relief–width
ratio and slope angle for different latitudes.
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width ratio shows no correlation with water
depth (Fig. 4G).
The relief increases and the width decreases

with a higher slope angle but the linear trend is
only weak with R = 0.29 and R = 0.41 (Fig. 4H
and I). As a consequence, there is a high linear
correlation between slope angle and relief–
width ratio with a correlation coefficient of
R = 0.80 (Fig. 4J). Since this correlation is so
significant, it might overshadow the possibly
small dependence of the moat aspect ratio on
latitude. However, a slope angle–aspect ratio
diagram with colour-coded latitudes also shows
no apparent trend (Fig. 5A). The aspect ratio is
influenced by the steepness of the drift angle.
Accordingly, moat-drift systems that form at the
foot of steep slopes often also have a high angle
at the drift side. The angle of the slope side is
usually 1.6 times higher than the angle of the
drift side (calculated based on the linear fit in
Fig. 5B).

Shape and stratigraphy of moat-drift system

Some moats have a moat trough that is flat in
cross-section with a very low slope gradient (0–
0.5°) and the sides of the moat present a signifi-
cant and abrupt increase of the slope gradient
(2.5–25°). These shapes are here referred to as
flat-base shaped, for example the Beira Moat off-
shore Mozambique or the ET Moat 2 offshore
Argentina (Fig. 6A and B). In contrast, in other
moats, the slope gradient continuously
decreases until the deepest point of the moat
and these moats do not present a flat thalweg in

cross-sections (slope angle >0.5°). These shapes
are here referred to as concave-up shaped.
Concave-up shaped moats are for example the
�Alvarez Cabral Moat or the Gij�on Moat offshore
Spain (Fig. 6C and D). Of all measured moat
cross-sections, 80% are concave-up shaped. The
shape of the cross-section can change along a
moat. For a more detailed comparison (in addi-
tion to the relief and the width at the top of the
moat) the width in the middle of the moat was
also measured, and for flat-base shaped moats
the width at the bottom of the moat was mea-
sured (Fig. 6). A comparison between flat-base
and concave-up shaped moats indicates that the
shape does not significantly depend on the
width or relief of the moat (Figs 4A and 6). The
aspect ratio of flat-base shaped moats is on
average 6% higher than from concave-up
shaped moats.
The stratigraphy of analysed moats differs in

the following ways: (i) some reveal aggrading pat-
terns; (ii) some only migrate laterally; and (iii)
some are more erosive. Examples of the first type
showing an aggrading pattern are the Beira moat-
drift system and the Gij�on moat-drift system
(Fig. 6A and B). The seismic reflections follow
the moat morphology and onlap at the slope side.
These are defined here as ‘Constructional Moats’.
An example of the second type with lateral
migration is the ET moat-drift system 2 (Fig. 6B).
Going from drift to moat, the slope angle of the
seismic reflections increases and reflections
downlap at the bottom of the moat. These are
defined here as ‘Mixed Moats’. An example of
the third type that shows more erosion is the
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�Alvarez Cabral moat-drift system (Fig. 6C). Here,
seismic reflections are truncated at the drift side
and show only a slight dip towards the moat.
These are here defined as ‘Erosional Moats’. It is
possible that some cross-sections from the same
moat show an Erosional Moat while others show
a Constructional Moat. Additionally, moats may
evolve with time from one type of moat to
another. This is for example the case for the
�Alvarez Cabral Moat or the ET Moat 2. A compar-
ison between different internal architectures of
40 classified moat cross-sections indicates that
the stratigraphic differences do not depend on
the width or relief of the moat. From all (40) clas-
sified moat cross-sections in this study 78% are
Constructional Moats, 15% are Mixed Moats and
only 8% are Erosional Moats.

Along-slope morphology and hydrodynamics
of moat-drift systems

Bathymetry
Moats located in six different settings, covering
a wide range of typical geological and hydrody-
namic settings, are further analysed not only in
across-slope direction, but also in along-slope

direction (Figs 7 and 8). Two moats are located
in the Bahamas, two at the Argentine continen-
tal margin, one west of Corsica and one offshore
Galicia. Two over 100 km long moats from the
Santaren Channel in the Bahamas are chosen
(Fig. 7B). Here, the current flows northward
along the Great Bahamas Bank forming the Great
Bahamas Bank Moat (GBB Moat) and southward
along the Cay Sal Bank forming the Cay Sal
Bank Moat (CSB Moat). The drift in the Santaren
Channel (Bahamas) can be classified as a con-
fined drift, due to the mounded drift morphol-
ogy in the centre of the channel and the two
moats on the flanks (Paulat et al., 2019). How-
ever, here the confined drift will simply be
referred to as two separated mounded drifts that
have grown into one another but are still associ-
ated with two moats (Fig. 7B). The eastern half
of the confined drift, which is close to the GBB,
is the drift that is associated with the GBB Moat,
and the western half of the confined drift is
associated with the CSB Moat (Fig. 9). Two over
80 km long moats called Ewing Terrace Moat 1
(ET Moat 1) and Ewing Terrace Moat 2 (ET Moat
1) from the Argentine continental margin are
found where the Malvinas current flows
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C

Fig. 6. Stratigraphy with a Vertical Exaggeration (VE) of 16 of: (A) the Beira Moat (adapted from Thi�eblemont
et al., 2019; Miramontes et al., 2021); (B) the ET Moat 2; (C) the �Alvarez Cabral Moat (adapted from Hern�andez-
Molina et al., 2016); and (D) the Gij�on Moat (adapted from Liu et al., 2020). The moats show examples of flat-base
and concave-up shaped moats as well as three different stratigraphic types. The blue arrow indicates the migra-
tion direction of the moat.
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northward (Fig. 7C and D). The moat west of
Corsica is, with only 2.8 km in length, much
smaller than the other five moats and forms in a
zone of northward current flow (Fig. 7E). The
17 km long moat offshore Galicia represents one
example of a moat that formed at the foot of a
topographical obstacle, where the current flows
northward (Fig. 7E). For the six moats which
were analysed in detail, the current main flow
direction is known from previous studies (refer-
ences listed in Table S1).
The moats are here always analysed in a

downstream direction (Fig. 8). Moat and drift
depth can become deeper (GBB Moat, ET Moats)
or shallower (Corsica and Galicia Moats) in the
downstream direction (Figs 7 and 8). Comparing
the moat depth with the drift crest depth shows
that the relief is sometimes caused by a drastic
deepening of the moat rather than the growing
of a significant mounded drift. This is most sig-
nificant for the Corsica Moat and is also
observed in the ET Moat 2 at 10 to 20 km along-
slope distance (Fig. 8D and E), demonstrating
that the separated mounded drifts that are iden-
tified in the seismic cross-sections do not always
show a pronounced mounded shape in the
bathymetry in the along-slope direction. Only
the GBB drift shows a slight mounded shape at
the beginning at approximately 0 to 20 km dis-
tance (Fig. 8A). The straight moats at the open
slope of the Argentine margin are widening in
the downstream direction (Figs 7C, 7D, 8C and
8D). However, the CSB Moat becomes narrower
and the GBB moat first widens and then gets
narrower (Fig. 8A and B). The Galicia moat,
located at the topographic obstacle, shows no
clear trend regarding the width (Fig. 8F). The
relief–width ratio curve always shows a similar
trend as the relief curve. Generally, the relief–
width ratio at the very gentle slopes of GBB
Moat and CSB Moat is two orders of magnitude
lower compared to the steeper slopes of the Cor-
sica Moat or the Galicia Moat (Fig. 8). When the
slope angle becomes steeper, the drift angle usu-
ally shows the same trend. At the Corsica Moat,
where the slope angle smoothly but significantly

increases from 8° to 15°, the drift is following
the same trend but with slightly lower values
(2° to 9°). While the slope angle starts decreas-
ing again at a distance of 1.8 km, the drift angle
only starts decreasing at 2.2 km distance
(Fig. 8E).

Current measurements
The VM-ADCP data close to the seafloor gener-
ally shows stronger currents above the ET Moat
1, ET Moat 2, GBB Moat and CSB Moat com-
pared to the speed above the associated sepa-
rated mounded drift (Table 3). For the moats
offshore Argentina (Southern Hemisphere; there-
fore the current is pushed towards the left by
the Coriolis force), the difference in the mean
near-bottom speed above the moat and above the
drift is 9 cm/s (32%) for the ET Moat 1 and
14 cm/s (48%) for the ET Moat 2. For the GBB
Moat, the near-bottom speed difference between
moat and drift is slightly lower with 7 cm/s
(20%) and for the CSB Moat the difference is
small with only 1 cm/s (5%).
The ADCP data from the Bahamas (Northern

Hemisphere; therefore the current is pushed
towards the right by the Coriolis force) shows
that the current flowing northward becomes
more focused on the right boundary (the slope
of the GBB) in a downstream direction. At the
first cross-section located at the southern side of
the Santaren channel, the highest speed is situ-
ated in the middle of the channel and at the
slope of the GBB (Fig. 10A and C). A second
cross-section, located further to the north shows
higher speeds near the GBB (Fig. 10B and D).

DISCUSSION

Classification of deep-sea elongated
depressions

Different nomenclatures have been used for the
elongated depressions that are formed by bottom
currents. Faug�eres et al. (1999) introduced the
terms ‘moat channels’ and ‘drift lev�ees’. Later

Fig. 7. Bathymetry of six different moats. (A) Overview map showing location of moats. (B) Santaren Channel in
the Bahamas with the GBB Moat (Great Bahamas Bank Moat) and the CSB Moat (Cay Sal Bank Moat). (C) ET Moat
1: Ewing Terrace Moat 1 and (D) ET Moat 2: Ewing Terrace Moat 2 offshore north Argentina. (E) Corsica Moat east
of Corsica. (F) Galicia Moat at the foot of a topographic obstacle offshore Galicia. The black lines indicate the posi-
tion of the measured topographic profiles.
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Fig. 8. Along-slope measurements of six different moats: (A) GBB Moat – Great Bahamas Bank Moat; (B) CSB
Moat – Cay Sal Bank Moat; (C) ET Moat 1 – Ewing Terrace Moat 1; (D) ET Moat 2 – Ewing Terrace Moat 2; (E) Cor-
sica Moat; and (F) Galicia Moat. R/W ratio stands for relief–width ratio. See Fig. 7 for location.
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Table 3. Mean speed at 150 to 200 m above the seafloor, as well as the standard deviation and maximal speed
above the moats and above the associated drifts. CSB Moat, Cay Sal Bank Moat; ET Moat 1, Ewing Terrace Moat
1; ET Moat 2, Ewing Terrace Moat 2; GBB Moat, Great Bahamas Bank Moat.

Moat speed (cm/s) Drift speed (cm/s)

Difference in mean speed
between moat and drift (%)

Mean
speed

Standard
deviation

Maximum
speed

Mean
speed

Standard
deviation

Maximum
speed

ET Moat 1 28 11 51 19 10 36 32
ET Moat 2 29 17 63 15 6 39 48
GBB Moat 35 13 87 28 14 72 20
CSB Moat 20 14 68 19 11 61 5

Fig. 9. Vessel-mounted Acoustic Doppler Current Profiler (VM-ADCP) data averaged between 150 to 200 m above
seafloor from: (A) GBB Moat – Great Bahamas Bank Moat, and CSB Moat – Cay Sal Bank Moat; (B) ET Moat 1 –
Ewing Terrace Moat 1; and (C) ET Moat 2 – Ewing Terrace Moat 2.
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the terms ‘moat’ and ‘separated elongated
mounded drift’ were widely established
(Rebesco, 2005; Rebesco et al., 2014). From the
stratigraphic analysis herein, the authors suggest
to subclassify three different main types of
moats that can be distinguished based on the
termination location of the drift reflections. For
the first moat stratigraphic type, reflections
onlap at the slope side (Fig. 11A). They are clas-
sified as ‘Constructional Moats’ because they
present an aggrading stacking pattern in the
moat. This moat-drift system can also migrate
up-slope. At this type of moat, the separated

mounded drift has a pronounced drift crest (Bet-
zler et al., 2014a; Zhao et al., 2015; Miramontes
et al., 2016; Yin et al., 2019). However, the form
of the drift crest is affected by the pre-existing
morphology. For example, the drifts associated
with a moat that form at a pre-existing slope
will have a more pronounced drift crest (Mira-
montes et al., 2016) than the associated drifts
that form on a flat surface, such as a terrace or
the basin floor (Miramontes et al., 2019; Wilck-
ens et al., 2021). For the second moat strati-
graphic type, reflections downlap at the bottom
of the moat (Fig. 11B). They are classified as

Fig. 10. Cross-section of the Bahamas showing the measured flow direction at (A) southern part of the channel
and (B) middle part of the channel and the measured flow speed at (C) southern part of the channel and (D) mid-
dle part of the channel. See Fig. 9 for location.

� 2023 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists., Sedimentology, 70, 1472–1495

1486 H. Wilckens et al.

 13653091, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sed.13093 by IFR

E
M

E
R

 C
entre B

retagne B
L

P, W
iley O

nline L
ibrary on [24/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



‘Mixed depositional – erosional Moats’ or in
short ‘Mixed Moats’ because almost the same
amount of sediment that is eroded is also depos-
ited at the bottom of the moat (no erosion and
no deposition occurs on average). Accumulation
dominantly occurs at the drift alongside the
moat. This moat-drift system mainly migrates
laterally and does not show vertical aggradation
at the moat trough. At the third moat strati-
graphic type, reflections are truncated at the
drift side (Fig. 11A). They are classified as ‘Ero-
sional Moats’ because erosion is the dominant
factor shaping the moat morphology. Here, no
pronounced drift crest is present (Hern�andez-
Molina et al., 2016; Miramontes et al., 2021). It
is possible that a moat transitions with time
and/or in downstream direction into another
moat type. Moats occur at erosive slopes
(Hern�andez-Molina et al., 2016; Wilckens
et al., 2021) and non-erosive slopes (Wunsch
et al., 2017).
Previously, moats have often been described

as erosive or non-depositional features (Hern�an-
dez-Molina et al., 2006, 2008; Ercilla
et al., 2016; Yin et al., 2019; Miramontes
et al., 2021; Chen et al., 2022). Miramontes

et al. (2019) suggested that during energetic
periods the sediment inside moats is eroded.
During less energetic periods, the sediment can
be deposited inside the moat. The balance
between erosion and deposition determines the
stratigraphy. This study shows that not all moats
are erosive or non-depositional features. In fact,
most moats (78%) considered in this study are
Constructional Moats, which means that sedi-
ment is not only accumulated at the drift along-
side the moat but also at the bottom of the moat.
Based on these results it is hypothesized that,
on average, most moats at present day are not
erosive but rather formed by differential sedi-
mentation; i.e. less sediment is deposited inside
the moat compared to the separated elongated
mounded drift alongside the moat.
Both moats and contourite channels are formed

by contour currents. The elongated depression is
defined as a moat when the drift reflections bend
towards the deepest point of the moat (Fig. 11A
to C). Alongside contourite channels no drift is
formed and, thus, no drift crest is present (Mira-
montes et al., 2021). Sometimes also other oce-
anic processes can form elongated depressions;
this includes for example internal waves that
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Fig. 11. Nomenclature of elongated depressions in the deep sea based on seismic or sub-bottom profiler data.
Three different stratigraphic types of moats: (A) Constructional Moat – reflections onlap at the slope side; (B)
Mixed Moat – reflections downlap at the bottom of the moat; (C) Erosional Moat – reflections are truncated at the
drift side. (D) Similar to moats contourite channel are also formed due to contour currents, but they are more ero-
sive and no pronounced drift crest is present. Three different stratigraphy types of lev�eed submarine channels
(channel-lev�ee systems) formed by gravity flows: (E) constructional channel-lev�ee system, (F) mixed depositional
– erosional channel-lev�ee system, (G) erosional channel-lev�ee system, (H) Submarine channel with no lev�ees
(adapted from Stow & Mayall, 2000, Mulder, 2011).
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propagate at density boundaries within the water
column (Miramontes et al., 2020); or several
pockmarks that were formed by fluid seepage
and then get eroded and thus elongated by bot-
tom currents (Yu et al., 2021). These channels do
not form alongside a slope break or an escarp-
ment, but they occur on the slope without any
topographic constraints. Similar to ocean driven
currents, downslope flowing turbidity currents
can also form elongated depressions that are
called submarine channels, and if sediment is
overspilled at the channel walls, they form lev�ees
and are classified as channel-lev�ee systems (Clark
et al., 1992; Hiscott et al., 1997; Peakall et al.,
2000; Deptuck & Sylvester, 2018). The channel
forming a channel-lev�ee system is here named
submarine channel because it develops due to
gravity driven flows (Clark et al., 1992; Hiscott
et al., 1997; Peakall et al., 2000; Deptuck & Sylve-
ster, 2018). They are subclassified into construc-
tional (or depositional), mixed and erosional
channel-lev�ee systems based on the balance
between deposition and erosion (Imran et al.,
1998; Stow & Mayall, 2000; Mulder, 2011). Sub-
marine channels that do not have associated
lev�ees are fully erosive submarine channels
(Fig. 11H) similar to contourite channels that do
not have an associated drift (Fig. 11D). Our sug-
gested nomenclature for the contour-current
formed moats is adapted from the established
subclassification for channel-lev�ee systems and
submarine channels (Stow & Mayall, 2000;
Mulder, 2011) (Fig. 11E to H). The resembling
nomenclature defines comparable stacking pat-
terns observed in moats and submarine channels,
despite the fact that the physical drivers behind
the oceanographic and turbidity currents are dif-
ferent. In both cases, the current primarily trans-
ports sediment along the moat or channel and
deposition rates are highest in the associated
drift or lev�ees.

Moat and contourite drift location

Moats are observed in many different settings
distributed over the entire world’s oceans and in
lakes. However, regional studies show that
moats are not observed at all slopes of contour-
ite depositional systems (e.g. Miramontes
et al., 2021; Wilckens et al., 2021). Thus, there
must be additional factors that determine
whether a moat can form at a specific location.
One of these factors is the Coriolis force, which
influences ocean circulation. On continental
margins, moats can form where the Coriolis

force is steering the current towards the slope
(Faug�eres et al., 1999; Llave et al., 2001; Rebesco
et al., 2014). Moats can be located in tectoni-
cally active areas like the Gulf of Cadiz (Llave
et al., 2001; Garc�ıa et al., 2009), the Aegean Sea
(Tripsanas et al., 2016) or offshore north-west
New Zealand (Steinbrink et al., 2020; Bailey
et al., 2021). However, none of the moats ana-
lysed in this study are from a subduction zone
(Fig. 1). One small moat is reported at the active
area of the North Scotia Ridge (Nicholson
et al., 2020). Active margins are shorter, steeper
and contain 15% more canyons than passive
margins, and include shorter, steeper and more
closely spaced submarine channels than passive
margins (Harris & Whiteway, 2011). Further-
more, earthquakes that can trigger mass move-
ments are common at active margins. Therefore,
downslope processes occur more frequently at
active margins and probably tend to overprint
most moats. This might also be the case for Con-
tourite Depositional Systems (CDSs) in general,
which are predominant at passive margins
(Rebesco et al., 2014). The failure that can be
triggered by earthquakes and leads to a mass-
wasting event is more likely to occur in contour-
ites, particularly in plastered drifts, rather than
hemipelagic sediment due to the convex geome-
try with steep slopes, but both types of sedi-
ments have similar mechanical properties
(Miramontes et al., 2018). Nicholson
et al. (2020) suggested that large drifts do also
occur at active margins but are reshaped by
downslope processes, which makes it difficult to
identify them. In summary, only a few studies
on contourites have been performed in active
margins, but bottom currents also influence
them. The resulting morphologies are often can-
nibalized by subduction processes, destroyed by
tectonic processes, or removed or reworked by
gravity-driven processes. This is likely the rea-
son why along active margins a CDS cannot
always be established, or current-related features
are smaller because they are constrained to
small-scale obstacles. More work is needed to
understand the influence of bottom currents on
active margins and to determine the moat-drift
morphologies in these areas.
Moats are not only located along continental

margins but also form around seamounts or
other obstacles (for example, cold-water coral
mounds) in the ocean. Forcing from topographic
barriers that can focus and intensify the current
might also be involved in the moat formation.
Examples are the Madagascar seamount moats
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(Miramontes et al., 2021) or a moat in the Medi-
terranean Sea (Llave et al., 2020). In the case of
the Madagascar moat, the current is flowing
through two seamounts (Miramontes
et al., 2021) and in the case of the Mediterra-
nean Sea moat, it is flowing through the Alboran
Trough (Llave et al., 2020). These moats are
often restricted to a relatively small area
depending on the size of the topographic obsta-
cle. At the Madagascar seamount, with a ca
20 km diameter, the moats are less than 25 km
long. Around this large seamount two distinct
moats form at each side, while around smaller
seamounts (for example, in the Gulf of Cadiz,
with seamounts <5 km in diameter), moats form
all around the seamounts. The dimension of the
seamount, the strength of the current and the
latitude jointly influence sedimentation around
seamount (Zhang et al., 2016). Additionally,
moats that develop all around the seamounts
might be linked to changes in current direction
(for example, driven by tides, mesoscale eddies).
Without long-term current measurements or
numerical modelling, it is difficult to conclude
which process is dominant. At three seamounts
in the Gulf of Cadiz, the moat closest to the
shelf is wider and has a larger relief, while the
moat that is on the side towards the basin is nar-
rower and has a smaller relief. The uneven
moat-drift system size might be related to more
sediment being available on the landward side
of the seamount. Aspect ratio and drift angle are
not affected by this. Previously, the uneven size
of moats at seamounts was linked to the Coriolis
force pushing the current towards one of the
seamount’s sides, which intensifies the current
and leads to more erosion compared to the other
side (Hern�andez-Molina et al., 2006; Chen et al.,
2022). However, both effects can explain all of
the here discussed examples and thus further
data is needed to determine which process is
dominant.

Factors influencing the moat and drift
formation

Moats are formed by ocean currents, thus the
information about the ocean current direction and
speed that formed the moat and associated drift
should be recorded in the morphology and stra-
tigraphy. Untangling this information from other
factors that affect moat development will only
become possible after gaining a better understand-
ing of what factors significantly influence moat
development. The four moats considered in this

study with ADCP data available show that the
speed above the moats is higher compared to
areas above the drift. This could mean that due to
the higher transport capacity of strong currents
more sediment is transported through the moats
compared to the surrounding area. This suggests
that moats also play an important role in sedi-
ment transport. These observations suggest that
neither shape nor stratigraphic type depend only
on the size of the moat. Furthermore, there is a
wide range of aspect ratios for moats (Fig. 4A)
and thus current speed alone cannot explain the
development of moat-drift systems. Presumably,
the development of moats is influenced by: (i) the
steepness of the slope; (ii) the geological and
oceanographic setting; (iii) the current velocity
and velocity changes in time and space, and the
Coriolis force and Rossby number; and (iv) sedi-
ment type and the amount of sediment that is
transported by the currents. Furthermore, the
influence of downslope transported sediment
(Vandorpe et al., 2014; Betzler et al., 2014a) that
can be deposited inside the moats, like turbidites
or mass transport deposits, should also be consid-
ered. An additional influence on moat shape can
come from syn-sedimentary faults in the moat-
drift system (Hern�andez-Molina et al., 2016) or
local eddies (Wilckens et al., 2021). Moats might
also be influenced by internal waves propagating
at density boundaries or by surface fronts in the
ocean (Hern�andez-Molina et al., 2008; Nicholson
& Stow, 2019). Furthermore, the statistical ana-
lyses of moat-drift systems confirm our hypothe-
sis that moat morphology correlates with water
depth. This might be because of the influence of
sediment availability and limited accommodation
space.

1 The statistical analyses indicate that the
aspect ratio of moats correlates with the slope
angle of the slope where the moat forms. More
precisely, the steeper the slope, the larger the
aspect ratio and the higher the drift angle. Thus,
the authors suggest that the slope angle locally
influences the along-slope current dynamics by
affecting the across-slope velocity gradient and
this controls the aspect ratio of moats. This cor-
relation is not only shown by the analyses of
185 cross-sections, but also in the along-slope
analyses of moats. Usually, when the slope
angle changes in the downstream direction, the
aspect ratio also changes. While the current
flows along the slope, it needs time to adapt to
changes in the slope. Thus, the adaptation in
aspect ratio can only occur a couple of
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kilometres downstream (Fig. 7E). The amount of
downslope transported sediment can affect the
aspect ratio of moats but apparently this is usu-
ally not so significant that it overprints the effect
of the slope angle on the moat development.
2 To further understand moat development, it

is necessary to distinguish between three differ-
ent environments: open slope, channel and
topographic obstacle (Fig. 12). Moats can form at
an open slope that is mainly affected by a cur-
rent (for example, Argentine margin). At the
Argentine margin, the moats are widening in a
downstream direction. This might also be com-
mon at other open slopes but currently there is
not enough data available to support and gener-
alize this observation. Moats can form inside a
channel with currents flowing in different direc-
tions (for example, the Santaren Channel). Here,
the shape of the drift is possibly related to the
strength difference of the two currents. In the
case of the Santaren Channel, the drift bends in
the same way as the slope of the Great Bahamas
Bank. This indicates that the northward flowing
current that creates the Great Bahamas Bank
moat is the strongest current and mainly respon-
sible for the drift morphology. The VM-ADCP
data also shows that the northward flowing cur-
rent is stronger compared to the southward flow-
ing current. At the southern side, the drift is
very flat and not very mounded (L€udmann
et al., 2016). This indicates that the flow is not
yet adapted to the morphological changes, and it
is thus not in equilibrium with the morphology.
Downstream, the current becomes more focused,
and the drift gets more mounded (Fig. 10). The
morphology can also be correlated with the

discharge or volumetric flow rate of water
depending on the speed of the current and the
area of the cross-section through which the
water can flow. As described by the continuity
equation, this means that within one moat, the
current velocity changes if the area of the cross-
section changes. This link was shown for the
moats in the Santaren Channel and the morpho-
logical evolution could also be linked to the
Gulf Stream that flows through the Florida Strait
north of the study area (Paulat et al., 2019).
Moats can also form around topographic obsta-
cles. Here, the current has to adapt constantly to
the changes in slope and thus is never in equi-
librium with the morphology.
3 The importance of the Coriolis force in moat
formation has been previously suggested
(Faug�eres et al., 1999). Even though the Coriolis
force strength depends on the latitude, there is
no statistical correlation between latitude and
size or aspect ratio of moat. Moats in very low
latitudes (<20°) are in the presented analyses
narrower and have a smaller relief than moats in
higher latitudes (>20°). However, this is statisti-
cally not significant and should be further tested
by numerical modelling. The Coriolis force also
depends on the current speed, which is rarely
known for moats and thus cannot be included
in the present analyses. The Rossby number
(Ro = U/fL) is used to determine how important
the Coriolis force is in a system (Davarpanah
Jazi et al., 2020). The ADCP current speed mea-
surements in this analysis show that the average
speed above the moat is approximately
U = 0.25 m/s and the average moat width is
2300 m. Assuming that the average moat is at
mid-latitudes (45° North or South) then the Cor-
iolis frequency is f = 10e�4 rad/s and, together
with the average moat width and average speed
above moats, the Rossby number is 1. A small
(<1) Rossby number indicates that the system is
significantly influenced by the Coriolis force
(Wells & Cossu, 2013). Contour currents that are
in a geostrophic balance have, by definition, a
Rossby number of Ro = 1. Thus, the Coriolis
force should play a role in moat development
and moats should thus scale as L ~ Uf. However,
the data do not show a statistical dependence of
moat parameters on the latitude, which indi-
cates that other factors like the steepness of the
slope at which the moat forms or current speed
are so dominant that a small dependence on the
Coriolis frequency cannot be recognized. New
ADCP data can be used to properly scale the
current flowing through the moat, similar to

Fig. 12. Sketches showing in plan view the main set-
tings where moats form. Moats can form at an open
slope that is affected by a current, they can form in a
channel with currents flowing in different directions
and they can form around topographic obstacles. Blue
arrows indicate flow direction.
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previous work about buoyant gravity currents
(Lentz & Helfrich, 2002). As a next step, a multi-
variate analysis that includes current speed mea-
surements inside and adjacent to moats is
necessary to better understand how the Coriolis
force affects moat development.
4 The slope angle only affects the aspect ratio,

but the size and type of the moat is not con-
strained by the slope angle alone. Also, in the
slope angle versus aspect ratio plot (Fig. 4J),
some scattering of data points around a linear
curve was found. Thus, other factors like current
velocity and velocity gradient must be consid-
ered. The authors suggest that the size of the
moat is controlled by the current speed and the
horizontal velocity gradient (Fig. 13). Based on
the ADCP current measurements, the bottom
current is above 10 cm/s and below 1 m/s, but
the exact value cannot be given due to the lim-
ited current measurements above moats. For a
moat to be formed, higher speeds must exist
over the moat and lower speeds over the drift.
One factor that influences this velocity gradient
is the slope angle. Based on the combined
results herein, a new moat formation concept is
introduced that depends on current speed and
slope angle. So far this is only a qualitative

concept. It is suggested that a current with low
speeds (exact current speed depends on seafloor
sediment grain size and composition) at a gentle
slope will not create a moat; while the same cur-
rent at a steeper slope could create a moat. A
fast current at a gentle slope can create a wide
moat with a low aspect ratio (for example, GBB
moat); while the same current at a steeper slope
would create a narrower moat with a higher
aspect ratio. The slope angle is only one factor
influencing the vertical speed gradient, another
factor might be the interaction of two currents
with one another. One example is the interac-
tion of the two currents in the Santaren Channel
flowing in opposite directions.
5 Sediment supply and sediment type are most
likely another important parameter influencing
the moat-drift system stratigraphy. The thickness
of all constructional contouritic elements
including Constructional Moats and the associ-
ated drift must depend on the sediment avail-
ability and current speed. Erosional features or
non-depositional features must be connected to
the absence of sediment availability and/or high
bottom current speeds that allow only bypassing
of the sediment. However, this study could not
quantify this effect. Possibly sediment

slow current fast current

low slope 
angle α

high slope 
angle β

no velocity gradient low velocity gradient

medium velocity gradient high velocity gradient

no moat low drift angle

high drift anglemedium drift angle

α α

β β

current speed

Fig. 13. Conceptual model of how moats form under different slope angles and current velocities. Slope angles
and current velocities together influence the current velocity gradient. The current velocity gradient then deter-
mines the drift angle and thus the shape of the moat.
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consolidation and sediment composition can
affect whether a moat becomes more flat-base or
concave-up shaped.

For future studies, the authors suggest using
moorings with ADCPs and sediment traps to fur-
ther analyse the sediment transport and other
possible oceanographic secondary processes such
as internal waves, tides and vortices/eddies in
moats.

CONCLUSIONS

This study provides a general comparison of 185
cross-sections from moat-drift systems distributed
in 39 different parts of the oceans and lakes, as
well as a detailed analysis of six moat-drift sys-
tems that cover a wide range of typical geological
and hydrodynamic settings. Additionally, mea-
sured current data from four moats were ana-
lysed to better understand the hydrodynamics.
This allows the authors to propose a general con-
ceptual model of moat-drift system morphology
and stratigraphy and suggest what parameters
influence their development. The conclusions
can be summarized as follows:

• Based on the measurements of 185 cross-
sections, the parameters that are common for
moats were determined. The median moat cross-
section has a 50 m relief, 2.3 width, 0.022 relief–
width ratio, 6° slope angle and 3° drift angle.
• Three main types of moat can be distin-

guished based on their stratigraphy: Construc-
tional Moat where reflections onlap at the slope
side; Mixed Moat where reflections downlap at
the bottom of the moat; and Erosional Moat
where reflections are truncated at the drift side.
It is suggested that some moats are driven by
sediment erosion while others primarily exist
due to differential sedimentation, meaning that
less sediment is deposited inside the moat com-
pared to the separated elongated mounded drift
alongside the moat. From this study (at present
day), 78% of the moats are Constructional Moats
and are thus formed due to uneven sedimenta-
tion without erosive features.

• The Coriolis force has a significant control
over the general ocean circulation. Its strength is
dependent on the latitudes and current speed.
However, our statistical analyses show no statis-
tically significant correlation between latitude
and the shape and size of moats. Thus, a

multivariate analysis that includes more current
speed measurements is necessary to determine
better how the Coriolis force affects moat
development.

• Our measurements from moats show a corre-
lation between slope angle (adjacent to the
emplacement of the moat) and drift angle. It is
interpreted that the current is locally focused
and intensified due to the steepness of the adja-
cent slope. This agrees with the measured cur-
rent data. The authors hypothesize that a steeper
slope focuses the current, resulting in a higher
velocity gradient across the moat, which then
leads to a steeper drift. Thus, the slope angle
indirectly controls the drift angle and thereby
the moat morphology. This clearly shows how
the pre-existing morphology affects the ocean
currents and associated sedimentation patterns.
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Additional information may be found in the online
version of this article:

Fig. S1. Diagrams showing correlations between (A)
width and relief, (B) relief and latitude, (C) width and
latitude, (D) relief-width ratio and latitude, (E) relief
and moat water depth (F) width and moat water
depth, (G) relief-width ratio and moat water depth,
(H) relief and and slope angle, (I) width and slope
angle and (J) relief-width ratio and and slope angle.

Table S1. Contourite moats reported in the literature
from locations all over the world considered in this
study (see Fig. 1) and key data used to quantify moat
parameters.
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