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Contourite drifts are anomalously high sediment accumulations that form due to reworking by bottom
currents. Due to the lack of a comprehensive contourite database, the link between vigorous bottom
water activity and drift occurrence has yet to be demonstrated on a global scale. Using an eddy-
resolving ocean model and a new georeferenced database of 267 contourites, we show that the global
distribution of modern contourite drifts strongly depends on the configuration of the world’'s most
powerful bottom currents. Bathymetric obstacles frequently modify flow direction and intensity, imposing
additional finer-scale control on drift occurrence. Mean bottom current speed over contourite-covered
areas is only slightly higher (2.2 cm/s) than the rest of the global ocean (1.1 cm/s), falling below proposed
thresholds deemed necessary to re-suspend and redistribute sediments (10-15 cm/s). However, currents
fluctuate more frequently and intensely over areas with drifts, highlighting the role of intermittent,
high-energy bottom current events in sediment erosion, transport, and subsequent drift accumulation.
We identify eddies as a major driver of these bottom current fluctuations, and we find that simulated
bottom eddy kinetic energy is over three times higher in contourite-covered areas in comparison to
the rest of the ocean. Our work supports previous hypotheses which suggest that contourite deposition
predominantly occurs due to repeated acute events as opposed to continuous reworking under average-
intensity background flow conditions. This suggests that the contourite record should be interpreted in
terms of a bottom current’s susceptibility to experiencing periodic, high-speed current events. Our results
also highlight the potential role of upper ocean dynamics in contourite sedimentation through its direct
influence on deep eddy circulation.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

between bottom current activity and contourite drift occurrence
can be difficult to demonstrate in situ for all cases; these fea-

Contourite drifts (or “sediment drifts”) are anomalously high
accumulations of deep-sea sediment that are largely found around
prominent bathymetric obstacles. These features have become fre-
quent ocean drilling targets, as they can preserve high-resolution
sedimentological evidence of major paleoceanographic and/or pa-
leoclimatic change (Rebesco et al., 2014). In a series of seminal
papers, Heezen et al. (1966) were among the first to propose
bottom currents as the main driver for their formation, and the
link between contourite drifts and the world’s most powerful bot-
tom currents steadily became apparent as more contourite drifts
were discovered (Hollister and Heezen, 1972). However, causality
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tures are often highly inaccessible, and investigators have had to
rely on sparse current meter measurements or oceanographic tran-
sects to gauge the regional hydrodynamic setting of their survey
area (Rebesco et al., 2014). Such methods, though essential for
ground-truthing, may not adequately represent the oceanographic
processes that lead to drift formation. The use of ocean circula-
tion models can help address these shortcomings, as they simulate
these processes on larger scales while abiding by the physical re-
strictions imposed by fluid dynamics.

In bridging the gap between physical oceanography and the
deep-sea sedimentological record, it is becoming more com-
mon to present simulation results in tandem with site survey
data (e.g., seismic reflection profiling, core analyses, bathymetry
data, backscatter intensities, current meter measurements, etc.)
as an additional independent line of evidence used to demon-
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strate a given contourite’s formation mechanisms (Chen et al.,
2016; Hanebuth et al., 2015; Hernandez-Molina et al., 2011;
Uenzelmann-Neben et al, 2016). Interestingly, numerical simu-
lations have been used to resolve and investigate lesser-known
oceanographic processes (e.g., internal waves and dense shelf wa-
ter cascading) that could be responsible for the formation of many
shallow-water, smaller-scale drifts and their associated bedforms
(Bonaldo et al., 2016; Droghei et al., 2016; Martorelli et al., 2010;
Stow et al., 2009). Nevertheless, a numerical approach to drift oc-
currence has only been implemented on a regional scale (Bonaldo
et al., 2016; Chen et al., 2016; Droghei et al., 2016; Hanebuth
et al, 2015; Haupt et al., 1994; Hernandez-Molina et al., 2011;
Martorelli et al., 2010; Salles et al., 2010), and regional simula-
tions are accompanied by their own set of limitations. Regional
computational domains can produce boundary artefacts (Haupt et
al.,, 1994) and generally have trouble realistically representing crit-
ical global-scale processes (e.g., Atlantic meridional overturning
circulation - AMOC) that are thought to exert first-order con-
trol on contourite drift distribution throughout the world’s oceans
(Rebesco et al., 2014). To date, the absence of a global, cohesive
contourite database has prevented the link between large-scale
ocean circulation patterns and contourite drift occurrence to be
demonstrated. In this paper, we present a census of the world’s
known contourite features and use the database to assess the rela-
tionship between simulated bottom current activity and contourite
distribution throughout the ocean. This work represents one part
of a growing effort to unite numerical methods with observations
from the geological record.

2. Methods
2.1. Distribution of modern contourites

An exhaustive review of the literature was conducted to assess
and refine the known coverage of modern sediment drifts. Two
major existing databases were used as a basis for compiling the
distribution of contourites used in this study. The first database
was presented by Rebesco et al. (2014) in their recent review of
contourites, and this was merged with a second online database
curated by the Flanders Marine Institute (Claus et al., 2017). Ad-
ditionally, more recently reported features were added to these
merged databases (see Supplementary Table S1). The spatial ex-
tent of each feature was carefully re-assessed and modified by
georeferencing maps provided in the original |sources, as a partic-
ularly high level of granularity was required for the application of
a high resolution, eddy-resolving ocean circulation model. We re-
lied heavily upon the interpretations of the original authors, where
distinct contourite geometries and morphologies (e.g., asymmet-
rical mounds, moats, sediment waves, erosional bedforms) were
interpreted from sub-bottom profiles, multibeam and side-scan
sonar data, backscatter data, and seafloor photographs. Features
were omitted if they were identified solely based on core descrip-
tions or if they are presently buried beneath turbidites or uniform
hemipelagic drapes. Although aimed to be exhaustive, this com-
pilation of known sediment drifts is a work in progress as we
anticipate that many more features will be reported in the future.

2.2. Global ocean sea-ice model

To simulate present-day bottom current activity, we use a
global ocean-sea ice model (MOMOT1) that is based on the Geo-
physical Fluid Dynamics Laboratory (GFDL) CM2.6 coupled climate
model (Griffies et al., 2015). The model has a mesoscale eddy re-
solving 0.1° Mercator horizontal resolution with 75 vertical levels,
where the vertical grid was engineered to resolve deep ocean ed-
dies (Stewart et al., 2017). The model was equilibrated for 70 years

to reach a dynamically steady state. The atmospheric forcing is
prescribed from version 2 of the Coordinated Ocean-ice Reference
Experiments (CORE) data (Griffies et al., 2009). The model accu-
rately represents global bathymetric features and realistically sim-
ulates the critical drivers of bottom flows (e.g., global meridional
overturning circulation - MOC, wind-driven shallow-water circula-
tion, leddy transport, etc.) associated with sediment drift formation
(Rebesco et al., 2014).

Simulated bottom current metrics (e.g., time-mean and max-
imum current speeds, and speed standard deviation) were then
examined in relation to the distribution of contourite drifts. Sim-
ulated eddy kinetic energy in the model’s bottom layer was also
considered, where eddy kinetic energy was computed by decom-
posing daily velocity field outputs into their mean and eddy com-
ponents, following the methods of Stewart et al. (2017). For each
metric, values were extracted from all contourite-covered areas
(i.e., points that lie within the bounds of the contourite polygons)
using a Hierarchical Equal Area isoLatitude Pixelization (HEALPix)
mesh of similar resolution to the computational domain at the
equator (Gorski et al., 2005). Extraction of these bottom current
metrics was repeated for all points that comprise the global ocean.

When discussing modelled bottom currents, where possible we
provide the current name or alternatively specify the large-scale
water mass classification on the basis of previous work. Identify-
ing regional-scale intermediate and deep-water masses requires a
rigorous examination of the computed vertical stratification of the
water column, and thus lies beyond the scope of the study.

3. Results
3.1. Bottom current activity and global contourite distribution

The most energetic bottom currents are simulated along the
western boundaries of ocean basins, near deep water creation sites,
and in areas that are tightly constricted by topography. Such re-
gions are associated with higher computed bottom current metrics
(i.e., mean and maximum annual bottom current speed and bottom
current speed standard deviation). There is substantial overlap be-
tween these metrics; generally, areas of the ocean with the highest
mean annual bottom current speeds (Umean; Fig. 1A) also exhibit
the highest maximum simulated speeds (Upqy; Fig. 1B) and stan-
dard deviation values (Ugy; Fig. 1C).

Areas with stronger simulated bottom current activity closely
correspond to the global distribution of 267 contourite features
compiled from published literature (Fig. 1, see Supplementary Ta-
ble S1). The average mean annual bottom current speed computed
for all contourites (130,685 total computed points, ~6.3 km resolu-
tion) is 2.2 cm/s. This double that of the total global ocean, where
mean annual bottom current speeds are 1.1 cm/s on average (based
on 8,789,594 total computed points). Violin plots show similar
kernel density distributions for computed mean annual speeds in
both contourite-covered areas and the total global ocean (Fig. 2A).
There is variation between the kernel density distributions when
contourite coverage is grouped by region. Naturally, regions with
particularly intense bottom currents exhibit a wider range of mean
annual current speeds. Southwest Pacific contourites experience
the highest speeds on average (Umesn = 2.7 cm/s) while con-
tourites in the eastern North Atlantic (i.e., the Iberian Peninsula)
experience the lowest (Umeqn = 0.7 cmy/s). Overall, contourites are
found in areas of the seafloor where simulated mean annual bot-
tom currents speeds are less than 10 cm/s.

In contrast to the mean annual bottom current speed, simu-
lated maximum annual bottom current speeds achieve higher val-
ues in contourite-covered areas as compared to the global ocean
(Fig. 2B). On average, maximum speeds in contourite-covered areas
reach 15 cm/s, whereas the global ocean experiences maximum
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Fig. 1. Global distribution of modern contourite drifts overlying simulated mean annual (A), maximum annual (B), and annual standard deviation (C) for bottom current
speeds. Smaller contourites are represented as points. Warmer colours are indicative of shallow (typically shelf-confined) bottom currents (depth <200 m) whereas cooler
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Fig. 2. Violin plots showing kernel density distributions of computed average annual bottom current speed (A), maximum annual speed (B), the standard deviation (C) for
contourite coverage in their respective regions, total contourite coverage, and the global ocean. Note the markedly different distributions between contourite-covered areas
and the global ocean for the maximum speed and standard deviation metrics 2B and C). Contourites in the eastern Pacific were excluded from this plot due to scarce
coverage. Plots were truncated where outliers comprised less than 0.01% of all computed points.

speeds of 7.3 cm/s on average. Violin plots of the frequency distri- whereas the Northwest Pacific has the lowest. Bottom current
bution of computed maxima show markedly different distributions speed standard deviations follow a similar trend (Fig. 2C), where
for contourite-covered areas, where the range of maximum speeds the contourite average is 2.9 cm/s, double the global average of

found over contourites is larger than that of the global ocean. Sim- 1.4 cm/s, and the kernel density distribution covers a wider range
ulated maximum bottom current speeds typically do not exceed of standard deviations for contourite-covered areas.
50 cm/s in areas with contourites. On average by region, the west- When grouped on an individual feature basis, a wider range of

ern South Atlantic exhibits the highest computed currents speeds mean annual computed bottom current speeds are computed for

Please cite this article in press as: Thran, A.C., et al. Controls on the global distribution of contourite drifts: Insights from an eddy-resolving ocean model. Earth Planet. Sci.
Lett. (2018), https://doi.org/10.1016/j.epsl.2018.02.044

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132


mandithran
change from: "covers"
to: "indicates"


© 0O N O oA W N =

-
-

JID:EPSL  AID:14933 /SCO

[m5G; v1.232; Prn:5/03/2018; 11:04] P.5 (1-13)

A.C. Thran et al. / Earth and Planetary Science Letters eee (esee) soo—oee 5

10 A ?
_e
25,
&3 o 8
13 +
b _
Ex o
g8 o —
§341 0 -
>
EE | 8
wgg_
04 g 1IN i - =S
clay mud sand silt
(o)
60 4 B
£l S
ET
3340-
E§ —
© S
E £30 7
Es20
S .
25
@ 810
o ol [ o
clay mud sand silt
4 (0]
- 8TC
® o
ES o T -T- £
5§41 ©
£8
$3 3 n
so
QP
o8
QT 2
2]
511
clay mud sand silt

Fig. 3. Boxplots depicting computed mean annual bottom current speeds (A), max-
imum annual bottom current speeds (B), and bottom current speed standard devi-
ation (C) for individual contourite features, grouped by principle grain size classifi-
cation (see Supplementary Table S1). Circles indicate features that are outliers.

contourites that are principally composed of sand (Fig. 3A), where
ranges narrow as grain size decreases. Notably, clayey contourites
occupy a tight range of bottom current speeds and are absent from
areas that experience mean annual values >4 cmy/s. Similar trends
are obtained for computed maximum speeds (Fig. 3B), although
silty contourites exhibit a slightly higher computed median and
a wider range than the other principle grain-size categories. Fi-
nally, the range of standard deviation values (Fig. 3C) computed for
predominantly sandy and muddy contourites are widest with the
highest medians. Silty contourites have a similar size range and a
slightly lower median, and clayey contourites have the lowest me-
dian and range.

Global contourite coverage appears to correspond to high simu-
lated mean bottom eddy kinetic energy (EKE; Fig. 4A). On average,
eddy kinetic energy is 17.5 cm?s~2 for contourite-covered areas
and 5.3 cm?s~2 for the global ocean. Additionally, violin plots in-
dicate a wider range of eddy kinetic energy values extracted from
contourite-covered areas compared to the global ocean (Fig. 4B).
Eddy kinetic energy for contourite-covered areas varies depending
on region, with western South Atlantic contourites exhibiting the
highest computed eddy kinetic energies (EKE = 29.2 cm?s~2) and
the eastern North Atlantic experiencing the lowest eddy kinetic en-
ergies on average (EKE =2.3 cm?s~2).

To summarize a few main findings from the database, com-
puted drift areas range from 1 to > 1 x 10 km? and exhibit
a diverse range of morphologies (see Table S1). Of all the con-
tourites with valid maximum age estimates (218 features), one
is Palaeocene (<1%), six are Eocene (~2.8%), 10 formed at the
Eocene-Oligocene transition (~4.6%), 21 are Oligocene (~9.8%), 80
are Miocene (~37%), 30 are Pliocene (~14%), four formed at the
Plio-Pleistocene transition (~1.8%), and 64 are Quaternary (~29%).

3.2. Regions of interest

A regional plot of the bottom layer’s velocity field and standard
deviation in the northern North Atlantic (Fig. 5A) reveals the me-
andering, topographically-regulated trajectory of the AMOC, where
the Iceland-Scotland Overflow Water (ISOW) and the Deep West-
ern Boundary Current (DWBC) transport recently formed North
Atlantic Deep Water (NADW) southward (Hunter et al., 2007). The
simulated currents with the higher standard deviation values coin-
cide with a series of well-known, prominent North Atlantic drifts,
many of which have long been associated with AMOC transport
(Heezen et al., 1966; McCave and Tucholke, 1986; Rebesco et al.,
2014; Wold, 1994). The shallow Norwegian Current, which travels
northward and branches into the West Spitsbergen Current, flows
over young, smaller, slope-confined and infill drifts along the Nor-
wegian continental slope and the larger Spitsbergen drift complex
(Rebesco et al., 2013). The area covered by the Gloria Drift (Fig. 5A
- #31; Egloff and Johnson, 1975) yields notably slow computed
bottom current speeds (Usg = 1.3 cm/s).

Further southwest in the Western North Atlantic (Fig. 5B), the
simulated DWBC continues its path along the Canadian continental
margin and flows over the smaller drifts that rim the Flemish Cap.
The DWBC (or more commonly in this region, the Western Bound-
ary Undercurrent), which entrains NADW, then travels southwest
along the Canadian and eastern United States continental margin,
where it is overlaid by the intense poleward flowing Gulf Stream.
In this region (Fig. 4B - #38-40), Gulf Stream meanders spawn
cyclonic and anticyclonic eddies that affect both the NADW and
the Antarctic Bottom Water (AABW) that lies directly beneath it
(Gardner et al, 2017), inciting highly variable bottom currents
over the Hatteras wave field (Fig. 5B - #39) and other expan-
sive bottom-reworked sediments that reside on the abyssal plain
(McCave and Tucholke, 1986). A northwest-flowing intrusion of
Antarctic Bottom Water (AABW) is thought to interact with NADW
along the northeast South American continental margin (Mauritzen
et al., 2002), where there are drift complexes on the Demerara Rise
(Fig. 5B - #51) and the Greater Antilles Outer Ridge (Fig. 5B -
#42). Further west towards the continents, the Loop Current, along
with its associated rings, produces vigorous bottom current activ-
ity in the Gulf of Mexico and funnels surface waters through the
Straits of Florida (propelling the Antilles Current and Florida Cur-
rent) past a cluster of carbonate drifts (Upgx =~ 40 cm/s).

In the Mediterranean region (Fig. 5C), contourite deposition is
well-documented and often predominantly tied to the production
and subsequent departure of the intermediate Mediterranean Out-
flow Water (MOW) through the narrow Strait of Gibraltar and into
the Gulf of Cadiz, where they extensively line the Iberian Penin-
sula’s continental slope (Hernandez-Molina et al., 2011). In and
around the Strait of Gibraltar, currents deviate considerably from
the mean and coincide with contourite coverage (Umax =~ 65 cm/s).
Drifts are found in the Adriatic Sea and the Gulf of Lion, where
various dense water masses (e.g., North Adriatic Dense Water -
NAdDW) are created and influence the bottom current regime
(Millot, 1999). The Strait of Sicily accentuates the flow of dense
water masses created towards the east in the Levantine Sea and
is inhabited by many contourites (e.g., Fig. 5C - #111). Simulated
surface currents (e.g., Levant Jet) similarly coincide with shallow
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Fig. 4. (A) Simulated mean annual eddy kinetic energy distribution in the bottom layer of the model. Also annotated are regions that potentially contain presently-
undiscovered modern drift coverage (see Section 4.5). (B) Violin plots showing kernel density distributions of eddy kinetic energy values extracted from respective contourite
regions, all contourite-covered areas, and the global ocean. Plots were truncated where outliers comprised less than 0.01% of all computed points.

contourite formation throughout the Mediterranean (Schattner et
al,, 2015).

Vigorous bottom currents are simulated in the Western South
Atlantic (Fig. 6A), which hosts a series of well-studied contourite
depositional systems. Along the South American continental mar-
gin, the simulated shallow Brazil Current and the Falkland Cur-
rent flow over a series of drifts on the continental slope and
rise (Hernandez-Molina et al., 2009). Highly energetic bottom cur-
rents are simulated at the Brazil-Malvinas Confluence and into the
deep Argentine Basin, which houses the Zapiola sediment wave
field (Fig. 6A - #157, Flood and Shor, 1988). Broadly speaking,
high simulated current speeds in the deeper parts of this region
likely reflect the local intensification of a handful of intermedi-
ate and deep-water masses originating from Antarctica (princi-
pally, AABW), along with a southward-flowing branch of the NADW

(Flood and Shor, 1988; Hernandez-Molina et al., 2009). Addition-
ally, a strand of AABW (also seen in the western North Atlantic -
Fig. 5B) flows northeast over a series of drifts that lie further from
the margin (Faugéres et al., 2002).

Simulated current speeds in the eastern South Atlantic (Fig. 6B)
are generally low and contourite drift occurrence is almost ex-
clusively confined to southern Africa, where the Agulhas Current
and its associated rings are simulated. Flow is slightly constricted
through the Mozambique Channel and leads to relatively high
speeds, where various sediment wave fields and erosional bed-
forms have been mapped in this area (Breitzke et al., 2017).

Circulation in the Southern Ocean (Fig. 6C) is highly com-
plex and involves various water masses. Generally speaking, en-
ergetic bottom currents simulated throughout the Southern Ocean
demonstrate the activity of the ACC, which is largely steered by
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Fig. 5. Regional-scale distribution of contourite drifts for the northern North Atlantic (A), western North Atlantic (B), Mediterranean (C). Contourites are overlying standard
deviation of annual computed bottom current speeds (Ugyq), with quivers indicating the computed mean annual velocity field. Number labels correspond to the index given
in Supplementary Table S1. Principle currents and/or water masses include: DWBC = Deep Western Boundary Current, WSC = West Spitsbergen Current, NC = Norwegian
Current, ISOW = Iceland-Scotland Overflow Water, WBUC = Western Boundary Undercurrent, LC = Loop Current, FC = Florida Current, AABW = Antarctic Bottom Water,
MOW = Mediterranean Outflow Water, NAdDW = Northern Adriatic Dense Water, L] = Levant Jet. All plots presented using a Lambert Conformal Conic projection.

bathymetry (Orsi et al., 1995). AABW, which originates along the
Wilkes Land Margin, in the Ross Sea, and in the Weddell Sea
(where it is referred to as Weddell Sea Deep Water), flows equa-
torward via a series of deep boundary currents. Several drifts rim
the Antarctic margin, with a large concentration of features in and
around the Drake Passage (Pérez et al., 2015). The Drake Passage
is one of the world’s most important ocean gateways and accen-
tuates the flow of the ACC (Umax =~ 90 cm/s), leading to locally
high and variable bottom current speeds (Orsi et al., 1995). West
of the Antarctic Peninsula, a SW-flowing countercurrent is repro-

duced over a series of well-known drifts (#174-#185; Hillenbrand
et al., 2008).

The majority of large, deep sediment drifts in the Oceania re-
gion (Fig. 7A) are concentrated to the east of New Zealand in the
Southwest Pacific gateway (Carter et al., 2004), where the Pacific
DWABC is simulated. Other shallow-water drifts are found rimming
the NW Australian continental margin beneath simulated shelf cur-
rents and in the Sumba Basin (#217, Fig. 7A). In the Northwest
Pacific (Fig. 7B), relatively mild bottom currents are simulated over
a large cluster of small contourite drifts in the South China Sea
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Fig. 6. Regional-scale distribution of contourite drifts for western South Atlantic (A), eastern South Atlantic (B), Southern Ocean (C). Contourites are overlying standard
deviation of annual computed bottom current speeds (Ugyg), With quivers indicating the computed mean annual velocity field. Number labels correspond to the index
given in Supplementary Table S1. Plots presented using Lambert Conformal Conic (A), Mercator (B), and Polar Stereographic (C) projections. Principle currents and/or water
masses include: AABW = Antarctic Bottom Water; BC = Brazil Current, BMC = Brazil-Malvinas Confluence, FC = Falkland Current, AC = Agulhas Current, ACC = Antarctic
Circumpolar Current.
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Fig. 7. Regional-scale distribution of contourite drifts for Oceania (A), and the Northwest Pacific (B). Contourites are overlying standard deviation of annual computed bottom
current speeds (Usq), with quivers indicating the computed mean annual velocity field. Number labels correspond to the index given in Supplementary Table S1. Both plots
presented using a Lambert Conformal Conic projection. Principle water mass includes: DWBC = Deep Western Boundary Current.

(Li et al, 2013), though strong surface currents are simulated on
the shelf. Standard deviations are high over a large drift in the Sea
of Okhotsk (#265, Fig. 7B), which is thought to be a site of Sea of
Okhotsk Intermediate Water formation (Wong et al., 2003).

4. Discussion
4.1. Global outlook

The close overlap between global modern contourite distribu-
tion and vigorous simulated bottom current activity (Fig. 1) reaf-
firms the widely-held view that the global MOC exerts a first-
order control on contourite distribution (Rebesco et al., 2014).
Contourites are disproportionately common on the western sides
of ocean basins, which is consistent with the modern configu-
ration of the most vigorous currents. Western intensification of

wind-driven currents encourages higher speeds in shallow areas,
whereas the Coriolis effect deflects water masses against the to-
pographic boundaries imposed by the continents in deep areas,
resulting in intense western boundary undercurrents (McCave and
Tucholke, 1986). Bathymetric obstacles (e.g., seamounts, channels,
ridges) locally redirect and accentuate flow, resulting in smaller-
scale drift features. While topography strongly regulates the oc-
currence and configuration of powerful bottom currents (and, by
extension, contourites), our simulations demonstrate that vigorous
bottom current activity can occur in areas that are relatively un-
constrained by obstacles (e.g., the Argentine Basin), where these
areas often coincide with major sediment wave fields (e.g., the
Zapiola and Hatteras wave fields). We note that while sediment
wave fields are not contourites in the strictest sense (Rebesco et
al., 2014), sediment waves nonetheless fall under the continuum
of surficial “bottom-reworked bedforms” that are often recognized
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in studies of drift formation and occurrence (Rebesco et al., 2014;
Stow et al., 2009), and thus have been included in the present as-
sessment. We also note that contourite coverage suggests a strong
sampling bias in the Atlantic and Mediterranean in comparison
to other areas with considerably high bottom current activity and
fewer reported features.

Regional velocity fields reveal that average mean flow rarely
manifests as extensive, continuous, unidirectional stream with the
exception of a few notable cases (e.g. the DWBC; Fig. 5). In most
scenarios, flow is frequently interrupted and reoriented. While par-
tially due to bathymetric obstacles, this also reflects the meander-
ing behaviour of currents and the interaction of transient eddies
(Fukamachi et al., 2010; Spence et al., 2012).

4.2. The potential role of eddies in contourite sedimentation

Our results suggest that temporally-persistent ambient current
flow may not be the most important driver of contourite for-
mation. Mean annual bottom current speeds, which better rep-
resent predominant background flow, are marginally higher for
contourite-covered areas (2.2 cm/s) in comparison to the global
ocean (1.1 cm/s; Fig. 2A). Numerically simulated mean values from
this model, though slightly lower, echo mean current speed mea-
surements for the DWBU at subtropical latitudes (e.g. Bower and
Hunt, 2000), where contourites are known to form. Both simulated
and measured mean values fall below proposed velocity thresholds
required for reworking silt-sized grains (i.e., ~10-15 cm/s; McCave
and Hall, 2006), suggesting that contourite formation should not
occur under such conditions. This echoes the findings of Gardner
et al. (2017), who propose that mean flows in the DWBC are rarely
sufficiently high to entrain sediment and cause the generation of
dense nepheloid layers observed in this area.

On the other hand, contourite covered areas begin to differ-
entiate from the global ocean when the maxima and standard
deviations for computed bottom current speeds are considered
(Fig. 2B and 2C). On average, the maximum speeds over con-
tourites surpass proposed thresholds necessary for sediment re-
mobilisation (15 cm/s) and are much higher than for the rest
of the seafloor (7.3 cm/s). Additionally, violin plots indicate that
bottom current speeds in contourite-covered areas fluctuate sig-
nificantly more than those in the global ocean (Fig. 2C). These
metrics better reflect the occurrence of transient, more extreme
fluctuations in bottom current intensity, which are thought to
play a critical role in creating dense nepheloid layers that re-
suspend sediments (i.e., benthic storms; Gardner et al, 2017;
Hollister and McCave, 1984). Our findings support previous hy-
potheses which propose that contourite formation occurs predom-
inantly due to acute, high-energy bursts of bottom water activ-
ity followed by subsequent deposition under relatively low am-
bient flow conditions (Bonaldo et al., 2016; Breitzke et al., 2017;
Hanebuth et al., 2015; Hollister and McCave, 1984).

The high-resolution ocean-sea ice model used in this study was
engineered so that both the vertical and horizontal grids fully re-
solve the first order baroclinic mode in the deep ocean. In par-
ticular, this ensured that the vertical grid is capable of resolving
mesoscale increases in eddy kinetic energy throughout the wa-
ter column (up to 200% increase on and surrounding the Antarctic
continental shelf and slopes; Stewart et al., 2017). Consequently,
eddy-driven horizontal flows in the bottom layer are better cap-
tured in the model, owing to the large fluctuations in bottom
current velocities. Field measurements beneath the Gulf Stream
have confirmed the vertical coherence of such flows to the base
of the abyssal plain (depth >5000 m), which surpasses the max-
imum depth range for the DWBC (Andres et al., 2016). Globally,
high eddy kinetic energy in the bottom layer appears to closely
correspond to contourite coverage (Fig. 4A), wherein values are

three times larger on average (EKE = 17.5 cm?s~2) in comparison
to the rest of the ocean (EKE = 5.3 cm? s~2). We therefore identify
high eddy kinetic energy as a potential control on the global dis-
tribution of contourites. Previous regional studies that utilize both
wave tanks, current measurements, and eddy-resolving numerical
models have also identified meso-scale or sub-meso-scale eddies
as a major cause of intermittent high near-bed current speeds,
and thus, sediment erosion and subsequent re-deposition in the
form of contourite drifts and other bedforms (Gardner et al., 2017;
Hanebuth et al.,, 2015; Martorelli et al., 2010; Stow et al., 2002;
Zhang et al., 2016). The role of eddies was also strongly advocated
by Gardner et al. (2017) in their study of benthic storms.

4.3. Implications for interpreting the deep sea sedimentological record

The results from our study carry implications for how bottom
current intensity should be interpreted from contourites. Firstly,
field data indicate that benthic storms occur frequently (~10 times
per year) and operate on short temporal scales, with the period of
significant re-suspension lasting several days to weeks (Gardner et
al., 2017; Gross and Williams, 1991). Such evidence suggests that
the majority of deep-sea sediment reworking throughout the year
occurs during relatively short-lived events. The highest sedimen-
tation rates for Quaternary-age contourite drifts are in the order
of >100 cm/kyr (e.g., the Nyk Drift; Laberg et al., 2001). There-
fore, the ability of the sedimentological record to resolve individual
events, especially given the deleterious effect of bioturbation on
laminated beds (Rebesco et al., 2014), remains an open question.
However, this work demonstrates that large-scale ocean currents
have a greater propensity for more variable fluctuations in current
speed (and higher bottom eddy kinetic energy) in comparison to
the global ocean (Fig. 1). Therefore, it is reasonable to surmise that
shifts in /general bottom current intensity occur over geological
timescales, and that such shifts can still be gleaned from geological
record through traditional techniques such as seismic imaging and
sediment core analysis. Nevertheless, it may be more precise (and
perhaps overly-precise) to conclude that a given current system
has undergone a shift in susceptibility to acute, high-speed current
events. In other words, a drift is a sedimentological manifestation
of repeated instances where critical speed thresholds have been
surpassed and sediment has been consequently redeposited.

Secondly, a number of contourite-covered areas are associated
with the eddy rich western boundary currents (i.e the Gulf Stream,
the Agulhas Current, the Brazil-Malvinas Confluence over the Ar-
gentine Basin), and the ACC (Fig. 4) that all have vigorous bottom
current fluctuations. A link between these intense surface currents,
deep reaching eddy activity and abyssal sediment transport is sup-
ported by field evidence. Gardner et al. (2018) found that high
surface eddy kinetic energy, mean near-bottom kinetic energy, and
benthic energy dissipation all overlap with areas containing dense
nepheloid layers, many of which were mapped at depths greater
than 4000 m. This, in addition to other field studies linking sur-
face current meanders to deep ocean eddies (Andres et al., 2016;
Watts et al., 2001), suggests that deep and bottom water masses
may be coupled with the activity of overlying surface currents. We
hypothesize that some deep contourites will a preserve a signature
of upper ocean dynamics in addition to the signature of deep and
bottom water masses. The role of energetic surface currents in af-
fecting contourite deposition should be considered along with the
configuration of the deep and bottom water masses.

4.4. Discrepancies between numerical simulations and observed
features

Regional-scale plots demonstrate that the link between modern
contourite occurrence and variable bottom current speeds remains
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robust at smaller scales (Fig. 5), where drifts frequently appear
beneath shallow currents (e.g., the Florida Current, Fig. 5B), wind-
driven currents (e.g., the ACC, Fig. 6C) and density-driven deep
western boundary currents (e.g., the Atlantic and Pacific DWBCs,
Fig. 5A, Fig. 7A). Additionally, drifts are present in areas known
to experience dense-shelf cascading of newly-formed deep water
masses (e.g., the NAADW in the Adriatic Sea, Fig. 5C). We reiterate
the importance of local topography in the redirection and mod-
ification of current intensities in all regions, where smaller-scale
features can be present. However, our numerical simulations are
inconsistent with a small number of contourite occurrences.

The widely-known Gloria Drift in the Northern North At-
lantic experiences markedly low simulated current activity (#31
- Fig. 5A). Current meter measurements in the area confirm this
relatively quiescent setting (Egloff and Johnson, 1975). While very
little is known regarding the drift’s recent (<1 Ma) depositional
history, Egloff and Johnson (1975) suggest that the Gloria Drift
may be a surficial but relict feature of paleocirculation pathways
in the North Atlantic, and is no longer undergoing deposition.
Therefore, there are drifts within our compilation that could still
manifest surficially with minor on-going accumulation (i.e., in a
more mature “drift maintenance” stage), with their main drift-
building stage reflecting an extinct configuration of paleocurrent
routes. This also appears to be the case for a cluster of drifts lo-
cated east of New Zealand (Fig. 7A), some of which are thought to
have been more active during glacial periods (McCave and Carter,
1997).

In addition, our model produces lower than expected current
activity over a cluster of small drifts on the northern slope of
the South China Sea (Fig. 7B). Other regional numerical models
indicate that while lateral unidirectional currents may be less ener-
getic, tidal flows may produce bottom current speeds that surpass
the necessary threshold for re-mobilising sediment in this area
(i.e, 15 cm/s; Chen et al, 2016). Tidal flows are not explicitly
resolved in the MOMO1 ocean model, with tidal mixing effects pa-
rameterized.

4.5. Notable regions for future investigation

Given the paleoceanographic and paleoclimatic significance of
contourite drifts (Rebesco et al., 2014), this work presents a new
opportunity to identify new drilling targets for as-of-yet undis-
covered modern drifts. There are numerous areas globally where
vigorous bottom current activity is simulated and contourites have
not been documented. We briefly highlight a few main regions.

A standout region is the Kerguelen Plateau, a Large Igneous
Province that obstructs and redirects bottom water flow (Fig. 4A;
Fukamachi et al., 2010). Sparse ocean drilling data at this location
suggest the presence of drifts on the eastern side of the plateau
(Joseph et al., 2002) and on the Southeast Indian Ridge (Dezileau
et al,, 2000), though this requires confirmation from sub-bottom
profiling. Contourites in this region could provide high-resolution
records that contain new insights into the paleoceanographic his-
tory of the ACC and AABW, as the majority of knowledge of these
water masses stems from surveys in the South Atlantic.

Another area which could host modern sediment drifts is the
Indonesian Archipelago (Fig. 4A), a region of profound oceano-
graphic and climatic significance as the principle site for Indone-
sian Throughflow. Neogene tectonic and paleobathymetric recon-
structions suggest that this region operated as an important ocean
gateway that allowed deep water exchange between the western
Pacific and eastern Indian oceans (Gaina and Miiller, 2007). Poten-
tial contourite drifts in this area would similarly help inform and
refine the history of paleo-throughflow.

Other areas of note which show high eddy kinetic energy and
lie within relatively close proximity to terrestrial or volcanic sed-

iment sources include the Bering Sea, Southwest Greenland, the
southern Caribbean Sea, the Barents Sea, the East African conti-
nental margin, Cooperation Sea, the Shatsky Rise, and the Torres
Strait in northern Australia (Fig. 4A). Some of the areas exhibit-
ing vigorous bottom current activity in the Southern Ocean have
been attributed to present-day unconformity fields (Dutkiewicz et
al,, 2016), though these regions could potentially be interspersed
with areas of modern deposition of pelagic sediment.

4.6. Recommendations for areas of future work on contourite drifts

Future work would greatly benefit from the implementation of
partial or fully-coupled sediment-transport models, which would
help to more firmly establish robust causal mechanisms. Regional
drift-modelling studies that incorporate sediment transport dy-
namics reveal model sensitivities to supply factors such as downs-
lope transport of shelf-derived material and particle parameters
such as density and grain size, which affect suspended load flux
(Haupt et al., 1994; Salles et al., 2010). Additional fieldwork high-
lights the importance of “sediment-laden” water in the construc-
tion and maintenance of sediment drifts (Hollister and McCave,
1984; Hunter et al., 2007). Our preliminary results are promis-
ing, as they demonstrate a clear, directly proportional relationship
between current intensity and principle grain sizes of the drifts
(Fig. 3). However, such relationships between critical bed shear,
suspended load transport, and selective deposition may not be
as clear-cut as previously thought and might require site-specific
calibration (McCave et al., 2017). This will be particularly impor-
tant in understanding the delicate balance between constructive
and deleterious impacts on the deep-sea sedimentological record
(Dutkiewicz et al., 2016). Future work would require a more thor-
ough examination of sediment properties and at feature-specific
scales, along with a more rigorous quantification of sediment
sources and sinks in areas with known contouritic deposition.

Additionally, our results help to illustrate the importance of
eddies in instigating vigorous bottom activity. However, regional
violin plots suggest that they might not be as important for some
areas (e.g. the Eastern North Atlantic) as they are for others (e.g.
the Western South Atlantic; Fig. 4B). This may be due to a bias of
model resolution. Contourites in areas of low simulated eddy ki-
netic energy, such as the Northwest Pacific (i.e., the South China
Sea) and the Eastern North Atlantic (i.e., the Iberian Peninsula)
tend to be comparatively small (see Supplementary Table S1 for
computed areas), and the model jmight not permit eddies to be
captured at those scales. Nevertheless, it is also possible that other
mechanisms are simply more influential in these areas, and fu-
ture work should continue to investigate and numerically capture
the myriad of oceanographic processes that are believed to trig-
ger high-intensity fluctuations in current flow. Of the lesser-known
phenomena, internal waves and “pulse-like” ocean density fronts,
arise from instabilities at the interface between highly stratified
layers and are hypothesized to play a role in localised drift sedi-
mentation (Droghei et al., 2016; Hanebuth et al., 2015). On a larger
scale, identifying factors that drive long-term alterations to the
intensity and configuration of global MOC, which provides a neces-
sary backdrop for fluctuations in mean flow, will be equally impor-
tant. Finally, there is enormous potential for the implementation of
paleo-ocean circulation models in identifying relict/buried features
that could provide invaluable insight into past paleoceanographic
and paleoclimatic changes. Such challenges can only be achieved
via an interdisciplinary approach to reconstructing contourite de-
positional histories and disentangling the various processes that
control their formation (Rebesco et al., 2014).
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5. Conclusions

This study demonstrates a robust link between contourite oc-
currence and vigorous bottom current activity through the use of
newly-updated contourite coverage and high-performance numer-
ical ocean modelling. We show that global MOC exerts first-order
control on the global distribution of drifts. Bathymetry addition-
ally regulates and modifies flow, resulting in contourite deposition
on a wide range of spatial scales. On average, areas with con-
tourite coverage do not achieve speeds that are capable of con-
tinuously re-entraining sediment throughout the year (2.2 cm/s).
However, contourite-covered areas experience much higher maxi-
mum speeds and degrees of fluctuation than the rest of the ocean.
This suggests that high-energy, intermittent events interspersed
with low ambient flow are responsible for building drifts, where
such bursts in speed in the present model are principally caused
by the transient flow of eddies. Care must be taken when inter-
preting the deep-sea sedimentological record, as contourite drift
development might not reflect an overall increase in background
current flow, but rather an overall increase in susceptibility to re-
peated, exceptional events. We also note the potential influence of
surface currents in mediating abyssal sediment transport processes
through the action of deep eddy circulation. Future work should
quantitatively explore the associated sediment transport dynam-
ics that may influence drift sedimentation, and should continue to
investigate the role of eddies and other mechanisms in triggering
high-speed current events.
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Appendix A. Supplementary material

The following is the Supplementary material related to this article.

begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent

Label: MMC 1
caption: Contourite attributes.
link: APPLICATION : mmc1

end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent

begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent

Label: MMC 2
caption: Supplementary References for Table S1.
link: APPLICATION : mmc2

end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent

Google maps

The following KML file contains the Google map of the most important areas described in this article.

begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent begin ecomponent

Label: Map

caption: Contourite polygons used to extract various modelled bottom current metrics. Features were compiled from an online
database curated by the Flanders Marine Institute (Claus et al., 2017; marine regions.org), a recent review of contourites
(Rebesco et al., 2014), and an additional review of the literature. Coverage of each feature was delineated and/or verified
using georeferenced figures from their relevant publications. More attributes for each feature (e.g., maximum age,
morphological characteristics, principle grain size, area, and computed bottom current metrics), along with their key
references, may be found in Supplementary Table S1. Features were omitted if they were identified solely on the basis of
sediment cores or if they are presently buried.

link: APPLICATION : mmc3

end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent end ecomponent
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Highlights

Western boundary currents and MOC dictate global contourite distribution.

Mean bottom current speeds fall below proposed thresholds for entraining sediment.
Bottom currents reach higher maximum speeds and fluctuate more over contourites.
Fluctuations in bottom current speeds are principally caused by eddies.

Contourites may preserve a signature of upper ocean dynamics.
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