
1. Introduction
The existence of the Southern Ocean (SO) is possible because of the actual configuration of the continents after 
the opening of the Drake Passage (DP) 50-34 million years ago (Eagles & Jokat, 2014). The low-pressure systems 
found in the latitudes of the SO generate winds from the west that build the strongest current in the world, the 
Antarctic Circumpolar Current (ACC), that isolates Antarctica from the warmer waters in subtropical areas. The 
SO and its complex dynamics play a fundamental role in the global system (e.g., Meredith et al., 2011; Rintoul & 
Sokolov, 2001). This is mainly because of the transport of heat, momentum, carbon and biochemical components 
(e.g., Khatiwala et al., 2009; Marshall & Speer, 2012), as well as the formation of different water masses that are 
major drivers of the meridional overturning circulation (MOC) (e.g., Jacobs, 2004; Orsi et al., 1999).

Abstract Bottom-current related sediments have been commonly used for paleoceanographic 
reconstructions. However, the strength and variability of bottom currents are poorly understood and thus the 
processes that control sedimentation in deep environments are not clear. In this study, we focus on the Drake 
Passage, which is connected to the Antarctic Circumpolar Current, that has a major impact on the global 
climate. We studied the intensity and variability of bottom currents and how they are related to sedimentary 
processes. For this purpose, we used 27-years from GLORYS12 Mercator Ocean reanalysis at high resolution 
to evaluate the bottom current dynamics. Geophysical data and surface grain size measurements were used to 
identify the type of sediment deposits. Our results show that the dynamics of bottom currents is disconnected 
from the sea surface dynamics, and bottom circulation is strongly controlled by the rough topography of the 
Drake Passage. The patterns for the first modes of bottom-current variability are related to the local topography 
and seem to generally control the distribution of contourites. The second and third EOF modes show patterns 
in the bottom currents that differ from the mean field, and they may affect the rate of erosion and deposition 
differently. Time series of bottom currents reveals multiple high-speed current events, but contourite drifts seem 
to accumulate preferentially in zones of slow and stable bottom currents. Our study highlights the potential of 
using ocean reanalysis to better constrain bottom currents in zones of scarce data and to plan future campaigns 
of direct measurements.

Plain Language Summary As a result of its unique geography, the Southern Ocean contains the 
largest ocean current in the world ocean, the Antarctic Circumpolar Current (ACC). The Drake Passage (DP) 
is the major geographic constriction for the ACC and exerts a strong control on the exchange of physical, 
chemical, and biological properties between the ocean basins. Yet, the bottom dynamics and the relation with 
sedimentary processes remain to be studied. We analyzed the currents flowing near the seafloor using a high 
resolution (1°/12°) reanalysis and compared the bottom dynamics with the characteristics of the seafloor 
sediments obtained using geophysical data sets and sediment cores. We found that the complex topography 
of the DP plays an essential role in bottom-current dynamics and that the circulation pattern near the seabed 
is often different from the sea surface circulation. The largest sediment deposits are located in the zones with 
weakest bottom current activity.
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The ACC consists of a number of circumpolar fronts, which correspond to water mass boundaries as well as 
deep-reaching jets of eastward flow (Orsi et al., 1995). Sokolov and Rintoul (2009) showed that these multiple jets 
are aligned along particular streamlines of sea surface height. Park et al. (2019) and Park and Durand (2019) has 
constructed a map of the ACC fronts in based on mean dynamic topography from satellite altimetry (Figure 1).

The seafloor topography in the SO (see Dorschel et al. (2022) for a detailed bathymetry from the SO) presents 
prominent ridge systems (choke points), such as the complex ones in the DP (see Bohoyo et al.  (2019) for a 
detailed bathymetry from the DP), where the ACC is constricted to a narrow geographical region (∼800 km) 
between the southern tip of South America and the northern tip of the Antarctic Peninsula (AP) (Figure  1). 
Klinck (1985) and Klinck and Hofmann (1986) showed that the rugged bottom topography in the DP plays a 
dominant role in the variability of the currents. The variations in topography can alter the current field through 
topographic steering (Pedlosky, 1987). Mesoscale eddies are likely generated by baroclinic instability of the mean 
flow, gaining their energy from the massive potential energy available in the mean circulation (Gill et al., 1974). 
The eddies dominate the oceanic kinetic energy (KE) and, through their effect on transport, play a major role in 
the general circulation (Venaille et al., 2011). Altimetry has shown that there is high eddy kinetic energy (EKE) 
along the path of the ACC, and that the geographical distribution of the mean jets and their variability are strongly 
influenced by local bottom topography (Barré et al., 2011; Chelton et al., 1990).

Sediment deposits formed mainly under the influence of bottom currents (i.e., currents related to oceanographic 
processes flowing near the seafloor) are classified as contourites (Rebesco & Camerlenghi,  2008; Rebesco 
et al., 2014). Local dynamics of bottom currents (i.e., horizontal eddies) and topographic features will also influ-
ence in the formation of the contourites (e.g., Miramontes et al., 2021; Wilkens et al., 2021). Several studies 
show the presence of contourites deposits in the DP and relationship with hydrographic characteristics such as 
water masses to underline bottom current paths (e.g., Lobo et al., 2021; López-Quirós et al., 2020; Maldonado 
et al., 2003, 2005; Pérez et al., 2015). The relation between sediment and current dynamics can be addressed by 
the analysis of sediment grain size. The size of particles that are moved and deposited has been related to the 
speed of the responsible flow (e.g., Ledbetter & Johnson, 1976; McCave & Swift, 1976). The linear function 
between sortable silt means grain sizes (𝐴𝐴 𝑆𝑆𝑆𝑆 , 10–63 μm) and bottom current velocities is typically applied for 
evaluating relative changes in the near-bottom velocities in deep-sea sediments (McCave et al., 1995; McCave 
& Hall, 2006). Under a given stress some grains and aggregates are deposited, while others of smaller settling 
velocity are kept in turbulent suspension and transported further down current (McCave et al., 2017). This proxy 
is controlled by selective deposition and removal of finer material by winnowing (McCave et al., 1995; McCave 
& Hall, 2006) and has been often used for paleoceanographic reconstructions, including to reconstruct the evolu-
tion of the ACC in the DP (e.g., Lamy et al., 2015; Toyos et al., 2020; Wu et al., 2021).

Despite the fact that the DP is the most well-known choke point from the ACC, the bottom dynamics and the rela-
tion with sedimentation is still poorly constrained, especially due to the paucity of direct measurements and the 
complex seafloor topography. General circulation reanalysis, that assimilate satellite altimetric and hydrographic 
data, provide dynamically consistent ocean state estimates (Artana et al., 2021a). They also allow to extend the 
information on bottom circulation in space and time and thus facilitate the comparison with seafloor morphology 
and sedimentation patterns (Miramontes et al., 2019). In this study, we aim to improve our understanding of the 
Antarctic Circumpolar Current dynamics in relation to the sedimentary processes that control seafloor morphol-
ogy and surface sediment distribution in the Drake Passage. For this purpose, we use daily data (27 years) from 
the high-resolution (1°/12°) GLORYS12 reanalysis from Mercator Ocean, to study bottom current dynamics. 
Hydrographic, bathymetric, hydroacoustic, seismic data and sediment cores will complement the analysis. The 
paper is organized as follows: in Section 2 we describe the data and methods used, in Section 3 we present the 
results with focus in each sub region of the Drake Passage and in Section 4 we discuss the results and present 
perspectives.

2. Materials and Methods
2.1. GLORYS 12 Velocity Data

To compute the bottom velocities, we used the GLORYS12 reanalysis. GLORYS12 is a global eddy-resolving 
physical ocean and sea ice reanalysis at 1°/12° horizontal resolution covering the 1993-present altimetry period, 
designed and implemented in the framework of the Copernicus Marine Environment Monitoring Service 
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(CMEMS) (http://marine.copernicus.eu/). Ocean reanalysis aims at providing the most accurate past state of the 
ocean in its four dimensions (Lellouche et al., 2018). GLORYS12 is based on the current real-time global forecast-
ing CMEMS system PSY4V3 (Lellouche et al., 2018). The vertical grid has 50 levels with 22 levels in the upper 
100 m, leading to a vertical resolution of 1 m in the upper levels and 450 m resolution for the deepest levels up to 
a maximum depth of 5,727 m. The reanalysis is performed with a numerical model which physical component is 
the Nucleus for European Modeling of the Ocean (NEMO) (Madec et al., 2008). The model assimilates observa-
tions using a reduced-order Kalman filter with a 3-D multivariate modal decomposition of the background error 
and a 7-day assimilation cycle (Lellouche et al., 2013). Along-track satellite altimetric data from CMEMS (Pujol 
et al., 2016), satellite sea surface temperature from NOAA, sea-ice concentration, and in situ temperature and 
salinity vertical profiles from the latest CORA in situ databases (Cabanes et al., 2013; Szekeley et al., 2016) are 
jointly assimilated. A 3D-VAR scheme provides an additional 3-D correction for the slowly evolving large-scale 
biases in temperature and salinity when enough observations are available (Lellouche et al., 2018). GLORYS 
12 reanalysis has been shown to correctly reproduce hydrography and velocities in the Argentine Basin and the 
DP, as compared with current meter data in the water column and 50 m above the  seafloor (Artana et al., 2018a,  
2018b, 2021a, 2021b).

In this study, we extracted 14 levels from 50 available, that correspond to the depths from 902 to 4,833 m that 
have been chosen to cover the deepest locations in the DP. With a focus on the period since satellite altimetry 
measurements of sea level has provided reliable information on ocean eddies, a daily data set is used that spans 

Figure 1. Drake Passage location and bathymetry derived from IBSCO v2. The location of CTD stations is represented 
with black diamonds and sediment cores with red stars, all collected during cruise PS97. The fronts from the Antarctic 
Circumpolar Current derived from satellite altimetry (Park et al., 2019) and Park and Durand (2019) are represented in purple 
solid lines. From North to South: NB = North Boundary, SAF = Sub Antarctic Front, PF = Polar Front, SACCF = Southern 
Antarctic Circumpolar Current Front; SB = Southern Boundary. White solid lines indicate the location of seismic profiles. 
Yellow solid segments indicate the location of PARASOUND profiles. Major ridges or fracture zones are indicated: 
Shackleton Fracture zone (SFZ); Phoenix Antarctic Ridge (PAR); West Scotia Ridge (WSR); Hero Fracture Zone (HFZ); 
South Shetland Trench (SSTr); Shackleton Gap (SG); Chilean Trench (CHTr); Yaghan Basin (YB) and Ona Basin (OB). 
Depth contours are shown for the 3,000-m isobath.

http://marine.copernicus.eu/
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from 1 January 1993 to 31 December 2019 (27 years eq. to 9,861 days). The longitude was considered from 75° 
W to 55 W (241 values); the latitude from 55° S to 63° S (97 values). With this data, we have built a 4-dimensional 
Data Cube of longitude, latitude, depth and time (241, 97, 14, 9,861). The procedure consists in computing all 14 
levels together to extract the value at each time and from the closest grid to the bottom. We computed the mean 
speed and the mean direction of the bottom current velocity in m/s and the bottom eddy kinetic energy (EKE) in 
m 2/s 2. The statistical analysis used in this work is the Empirical Orthogonal Functions (EOF). The utility of EOF 
analysis is that a small number of patterns may explain most of the variability in a data set. Furthermore, energetic 
events with different temporal structure should appear in different EOF modes, that is, patterns of variability 
can be separated (Klinck, 1985). For this purpose, the monthly mean bottom velocity was computed from daily 
data. The cut-off rule used to select the number of principal components (PC) to retain is the one proposed by 
Cattell (1966), known as the “scree test,” which is based on plotting the eigenvalues as a function of the PC order 
number and looking for the break at which the eigenvalues become approximately constant. In our case we have 
selected the first 3 PC (eq. EOF). The data set was detrended and deseasoned and the EOF technic was performed 
following the method by Greene et al. (2019).

2.2. Hydrographic Survey (CTD)

The main instrumentation used was a SeaBird 911+ CTD (Conductivity, Temperature and Depth), with two 
temperature and conductivity sensors and additional oxygen, fluorescence and Beam Attenuation sensors (WET 
Labs), integrated in the water sampling rosette with 24 Niskin Bottles (Ocean Test Equipment Inc.) fired by an 
SBE32 carousel. The difference between both temperature and conductivity sensors was <0.003, °C and mS/cm, 
respectively. The GPS position at any time during the profile was added to the CTD bins by means of NMEA. The 
raw CTD data were processed with the SeaBird Data processing software according to SeaBird recommendations.

2.2.1. CTD Data Analysis

To determine which water masses are present in the CTD stations performed during cruise PS97, the neutral 
density (γ n) (kg/m 3) was computed (Figure 1). Neutral density is a particularly useful parameter when tracing 
water masses that undergo extreme pressure changes. In contrast to the isopycnals approach based on match-
ing various potential density surfaces with a discrete set of reference pressures, Jackett and MacDougall (1997) 
computed a neutral density variable that is locally referenced: a well-defined function that incorporates all nonlin-
ear terms in the equation of state for seawater, including the one arising from the pressure dependency of the 
thermal expansion coefficient (Orsi et al., 1999). For intermediate and deep-water masses we use the defini-
tion of Antarctic Intermediate Water (AAIW) as 27.10 < γ n < 27.60 kg m 3, Upper Circumpolar Deep Water 
(UCDW) as 27.60 < γ n < 27.90 kg m 3, Middle Circumpolar Deep Water (MCDW) as 27.90 < γ n < 28.10 kg m 3, 
Lower Circumpolar Deep Water (LCDW) as 28.10 < γ n < 28.27 kg m 3 and Antarctic Bottom Water (AABW) as 
γ n > 28.27 kg m 3 (Orsi et al., 1999; Valla et al., 2018; Well et al., 2003).

2.3. Geophysical Data Set (Multibeam Bathymetry, Sub-Bottom Profiler and Seismic Data)

Multibeam bathymetric data were recorded during cruise PS97 with the ATLAS Hydrographic HYDROSWEEP 
DS3 multibeam echo sounder permanently installed on the R/V Polarstern. The grid resolution we used in this 
work was 100 m. To cover most of the DP, we used the International Bathymetric Chart of the Southern Ocean 
Version 2 (IBSCO v2). IBCSO v2 is a regional mapping project of the General Bathymetric Chart of the Ocean 
(GEBCO). IBCSO v2 is a digital bathymetric model (DBM) for the area south of 50° S with special emphasis 
on the bathymetry of the Southern Ocean. IBCSO v2 has a resolution of 500 m × 500 m in a Polar Stereographic 
projection (EPSG: 9,354) (Dorschel et al., 2022).

The sediment echosounder PARASOUND DS III - P70 (Atlas Hydrographic, Bremen, Germany) is a sub-bottom 
profiler permanently installed aboard the R/V Polarstern. It records sea floor and sub-bottom reflection patterns 
and thus characterizes the upper sediment layers according to their acoustic behavior. The PARASOUND system 
makes use of the parametric effect to produce a secondary low frequency based on two primary high frequencies, 
allowing deeper penetration with high resolution (for details, see Grant & Schreiber, 1990). To enhance reflector 
coherency, the envelope was calculated and visualized with “The Kingdom Software” (IHS Markit).

The multichannel seismic reflection data used in this study were obtained from the Antarctic Seismic Data 
Library System for Cooperative Research and accessed through the GeoMapApp (http://www.geomapapp.org) 

http://www.geomapapp.org/
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and the Antarctic Seismic Data Library System (SDLS) (https://sdls.ogs.trieste.it) that is managed by the Istituto 
Nazionale di Oceanografia e Geofisica Sperimentale (OGS). The profiles used cover the southern part of the DP 
and were collected during the SA500, TH-88 and IT90AP cruises.

The SA500 cruise was carried out by Brazil in 1987–1988 using a source of 8 airguns (8.8 L), a 1,800 m long 
streamer with 72 channels and shot intervals of 50  m, with sampling rates of 4  ms. The TH-88 cruise was 
conducted in 1988–1989 by Japan. They used 2 water guns (13.1 L), a 600 m long streamer with 24 channels, the 
shot interval was 50 m and the sampling rate 4 ms. The ITP90AP cruise was performed by Italy in 1989 using an 
airgun array (2 × 18 guns) with a total volume of 45.56 L fired every 50 min with a sampling rate of 4 ms. The 
streamer was 2975 m long.

Sub-bottom profiler and seismic data were used to classify the types of sediments present in the DP and to iden-
tify the sediments affected by bottom currents (i.e., contourites). The identification of contourites is based on the 
morphology and internal architecture of the sediment bodies. We followed the concepts proposed by Faugères 
et al. (1999), Faugères and Stow (2008), Nielsen et al. (2008), and Rebesco et al. (2014), and used the classifica-
tion and terminology proposed by Miramontes et al. (2021). The term “contourite drift” is used in this study to 
classify the main sediment accumulations formed by bottom currents, which commonly have a mounded shape. 
The term “moat” is used to refer to concave incisions that are located adjacent to contourite drifts and parallel 
to the slope of to a topographic obstacle. The moat is considered to host the core of a bottom current, and it can 
be used to interpret the direction of the bottom current along a slope because it forms when the Coriolis force 
forces the current toward the slope (Rebesco et al., 2014; and references therein). The location of contourites in 
the present study is based on our own interpretation and on previous studies in the region (Martos et al., 2013; 
Maldonado et al., 2014; López-Quirós et al., 2020.

2.4. Surface Sediments (Multicorer)

The multicorer permits the recovery of up to 12 surface sediment samples and the uppermost 30–60 cm of sedi-
ment, usually spanning the most recent geological history. A total of 51 seafloor surface samples were recovered 
in the DP region during R/V Polarstern Cruise PS97 in 2016 (Lamy, 2016). Samples were taken by a multi-
corer and, in a few cases, with a giant box Corer within a depth range of ∼650–4,000 m water depth in order to 
obtain undisturbed surface samples of the uppermost centimeter of sediment. In our study, we used the grain size 
analyses of surface sediment samples (0–1 cm below the seafloor) carried out by Wu et al. (2019a, 2019b); in 
particular, the mean sortable silt, which is the mean size between 10 and 63 μm and is a proxy for paleoceano-
graphic reconstructions (McCave et al., 1995). All data are available within the Pangaea data base (https://doi.
org/10.1594/PANGAEA.907140).

3. Results
3.1. Hydrographic Features From Drake Passage

Results from 40 full-depth CTD stations collected during cruise PS97, allow us to track the presence of seven 
water masses due to their thermohaline properties (Figure 2). The range of potential temperature θ (°C) goes 
from close to −2°–10° (Figure 2a). The salinity range varies from 32.6 to 34.725 (Figure 2a). Four water masses 
are present at bottom layers in the study area (Figure 2). A clear division in the water masses of the upper layer, 
south and north of the Polar Front (PF) in agreement with Moore et al. (1999), Dong et al. (2006), and Barré 
et al. (2008), around latitude 59° S, which forms a boundary between Antarctic and sub-Antarctic water masses 
(Figures 2a and 2c). In contrast, this division is not found in the bottom layers (Figures  2a and 2c). Bottom 
layers show a clear isopycnal rise poleward, reaching surface layers close to the Antarctic continent (Figure 2c) 
(e.g., Deacon, 1937; Sverdrup, 1933; Speer et al., 2000; among others). In concordance with Naveira Garabato 
et al. (2002), we found that the Circumpolar Deep Water (CDW) is the most voluminous layer (Figure 2c). CDW 
is compound by UCDW, MCDW and the denser fraction is the LCDW. This last water mass is characterized by 
a salinity maximum (Figure 2) (e.g., Naveira Garabato et al., 2002). The older UCDW is lighter and presents an 
oxygen minimum in deep water masses (Figure 2b). The densest AABW presents an oxygen maximum and is 
fresher than the LCDW (Figure 2b). AABW was found only in the stations located east of the Shackleton Fracture 
Zone (SFZ) (Figures 2a and 2b), in concordance with Orsi et al. (1999). One of these stations is at the intersection 
of the SFZ and WSR and the other one, which has a lightly fresher signal (Figure 2b), is in the proximity of SG. 

https://sdls.ogs.trieste.it/
https://doi.org/10.1594/PANGAEA.907140
https://doi.org/10.1594/PANGAEA.907140
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The observations agree with the simulation of Solodoch et al. (2022) that showed, using a tracer global simulation 
model, that this AABW is mainly formed in the Weddell Sea and in Prydz Bay.

3.2. Bottom Dynamics

3.2.1. Drake Passage

As we specify in Section 2, 14 levels and 27 years (1 January 1993 to 31 December 2019) of data from the 
GLORYS 12 reanalysis were taken in consideration in the present study. Mean velocity distribution (Figure 3) 
ranges from close to 0 m/s to a maximum mean value from about 0.50 m/s located at longitude 66°35′W, latitude 
57°25′S. The maximum value of the whole time series is about 1.25 m/s located at longitude 55°10W, latitude 

Figure 2. (a) Potential Temperature θ (°C)—Salinity plots, represent water masses in the Drake Passage (DP) obtained from CTD profiles measured during the PS97 
cruise. Station locations are represented in (d). AABW = Antarctic Bottom Water; LCDW = Lower Circumpolar Deep Water; MCDW = Middle Circumpolar Deep 
Water; UCDW = Upper Circumpolar Deep Water; AAIW = Antarctic Intermediate Water; AASW = Antarctic Surface Water; SASW = Sub Antarctic Surface Water. 
Color bar represents latitudinal distribution of water masses. Gray solid lines indicate neutral density (γ n) (kg/m 3) boundaries between different water masses. (b) 
Zoom to bottom layers, color bar represents oxygen (μmol/kg). (c) Hydrographic section across the West Drake Passage (red solid line in (d)). The color bar indicates 
potential temperature θ (°C). Isopycnals of neutral density (γ n) (kg/m 3) are shown in solid black lines. Thin vertical black lines represent CTD station locations. 
Antarctic Circumpolar Current front mean locations are indicated on top, from North to South: NB = North Boundary, SAF = Sub Antarctic Front, PF = Polar Front, 
SACCF = Southern Antarctic Circumpolar Current Front; SB = Southern Boundary. Topographic features Hero Fracture Zone (HFZ); South Shetland Trench (SSTr) 
and Chilean Trench (CHTr). (d) Bathymetric map of the Drake Passage showing the location of the CTD stations and the cross section shown in (c).
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55°5′S and the date was 29 of July 2019. The reanalysis can resolve several gyres that are presented in these 
27 years (Figure 3a). The main gyre is a cyclonic circulation in the YB, as was shown by Ferrari et al. (2012). 
Other small gyres are distributed in different locations in the DP (Figure 3a) and will be analyzed more in detail in 
the following sections. In addition, strong jets can be found at the bottom, as the one in the South Shetland Slope 
(SSS) and in the slope from the Chilean Trench (CHTr) (Figure 3a). The YB and Ona Basins (OB) are the most 
energetic regions from DP (Artana et al., 2021a; Ferrari et al., 2014), and present the highest bottom EKE values 
that reach up to 0.028 and 0.035 (m 2/s 2), respectively (Figure 3b).

For the purpose of this study, we separated the DP in different subregions (green boxes in Figure 3a) to make a 
more detailed analysis on the dynamics and sediment features.

3.2.2. Shackleton Fracture Zone—South

The first region to analyze is the Shackleton Fracture Zone South (SFZ_S). The SFZ is the main topographic 
feature in the DP through which the ACC has to pass over. It has a diagonal orientation from the tip of the TDFs to 
the confluence of the OB and the SSS in the south and constitutes the westernmost segment of the Scotia-Antarctic 
Plate boundary (Livermore et al., 2004). The mean velocity map shows a main jet that follow the SSS coming 
through the Shackleton Gap (SG) with strong bottom currents (Figure 4a). East from the SFZ, we observe a 
main stream in NW direction at the fracture slope. Eastwards of the SFZ, at the Ona Basin (OB), an anticyclonic 
recirculation is observed. This eastern region from the SFZ presented high values of EKE (Figure 4b). The region 
South West from the SFZ is dominated by low velocities and low EKE (Figures 4a and 4b).

In order to derive the leading modes of variability, an EOF analysis of bottom velocity was performed with 
27 years of monthly detrended and deseasoned data. The first three modes of variability explain together 45% of 
the total variance (Figure 5). The first mode (28%) is related to local topography and could be considered as a 
monopole (Figure 5a). We extracted the day with the highest correlation (29 October 2010) from the time series 
associated with the first mode (Figure 5b). This day shows a similar pattern to the mean velocity of the whole 
period of study. The maximum velocity for this day was about 0.75 m/s located at longitude 57°25′W, latitude 
59°55′S. But there is a difference east from the SFZ, the mean NW current is absent during this day (see Figures 3 
and 4a). The second mode which represents 10% of the total variance presents a different pattern that could be 
considered as a dipole, between the jet in the SG and the SSS (South Shetland trench Slope) and the basins north 
of it (Figure 5c). Looking at the day with the highest correlation (05-Apr-2014), the strong gyre in the OB is 
absent (Figure 5d). In this case, the gyre located at the entrance of the SG is stronger and the flow into the SSS 

Figure 3. (a) Mean velocity (m/s) at bottom depth in the Drake Passage, calculated during 1993–2019 from reanalysis GLORYS12. The yellow arrows indicate the 
directions and intensities of mean currents. The mean locations of Antarctic Circumpolar Current front are indicated with purple solid lines. The locations of CTD 
stations are represented with black diamonds and sediment cores with red stars, all collected during cruise PS97. The green boxes represent the regions for analysis in 
this work. (b) Bottom eddy kinetic energy (EKE) (m 2/s 2) 1993–2019 from GLORYS12. Depth contours are shown for 3,000 m with black lines.
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is still present. The maximum velocity for this day was about 1.0 m/s located at longitude 55°50′W, latitude 
60°40′S. The basin west from the SFZ is characterized by very low velocities (commonly below 0.22 m/s). The 
third mode, that represents 7% of the total variance, can be considered a dipole between east and west from the 
SFZ (Figure 5e). The day of the highest correlation (16 September 2011) shows a strong event in the basin west 
from the SFZ, that was not evident in the other modes or in the mean velocity field (Figure 5f). The maximum 
velocity for this day was about 0.79 m/s located at longitude 60°25′W, latitude 60°0′S. The flow close to the 
SFZ with SE direction continues and is added into the flow of the SSS. Another feature of this pattern is that no 
flow related to the Weddell Sea was coming from the OB. We observe that there is no flow going through the 
SG (Figure 5f).

To have a better comprehension of the dynamic of this region, a time series plot from the bottom velocity at a 
specific longitude location was extracted (Figure 6). As a way to understand the bottom flow and also the EOF 
analysis (Figure 5), this series shows the time variability of the bottom velocity during the whole period of analy-
sis. At the fixed longitude of 56.5° W between latitudes 60.4° S and 60.8°S (Figure 6a), the presence of a jet can 
be detected in the SG (Figure 4a). This jet is not active at all times, it shows periods when the velocity is close to 
0 m/s, for example, in 1999 and 2002 (Figure 6a white box). There are as well, periods when the jet shows a more 
intense flow at the bottom as the one between 2008 and 2011, and 2014 and 2015 (Figure 6a red box).

North from the jet the eddy is moving and occupying all the space within the basin, this can be seen by the elon-
gated periods of strong velocities (Figure 6a red box). In Figure 6b, crossing the track at longitude 59° W, the 
presence of a NW flowing current in the eastern side of the SFZ (Figure 4a) can be observed. This flow shows 
events of more intense current (e.g., 2015 to 2016 red box Figure 6b) and events when it is slower (e.g., 2009 
white box Figure 6b). In addition, the zone located west of the SFZ corresponds to a very low velocity region, 
which only presents some pulses of non-zero velocities at 60.4°S and 60.6°S that match with the mean location 
of the SACCF (Figures 4a and 6b).

3.2.3. Shackleton Fracture Zone—Center

The mean velocity (m/s) and direction from the Shackleton Fracture Zone Center (SFZ_C) observed in the 
bottom mean velocity field is dominated by the complex seafloor topography (Figure 7a). In the YB region, we 
observe a section from the anticyclonic gyre that has a location south of the main gyre of the YB as described 

Figure 4. (a) Mean velocity (m/s) at bottom depth calculated during 1993–2019 from the GLORYS12 reanalysis at the southern region of the Shackleton fracture zone. 
The yellow arrows indicate the directions and intensities of mean currents. The mean locations of Antarctic Circumpolar Current front are indicated with purple solid 
lines, SACCF = Southern Antarctic Circumpolar Current Front and SB = Southern Boundary. (b) Bottom eddy kinetic energy (m 2/s 2) 1993–2019 from GLORYS12. 
Depth contours are shown with black lines every 1,000 m. The green meridian lines at longitude 59°W and 56.5°W indicate the position for the location of a time series 
(see Figure 6). The locations of CTD stations are represented with black diamonds and sediment cores with red stars, all collected during cruise PS97. Shackleton 
Fracture zone (SFZ); Shackleton Gap (SG); Chilean Trench (CHTr) and Ona Basin (OB).
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Figure 5. Empirical Orthogonal Function (EOF) analysis for the southern region of the Shackleton fracture zone (left panel). Days of the highest correlation with each 
mode for bottom velocity (m/s) (right panel). The mean locations of Antarctic Circumpolar Current front are indicated with purple solid lines, SACCF = Southern 
Antarctic Circumpolar Current Front and SB = Southern Boundary. Depth contours are shown with black lines every 1,000 m. Shackleton Fracture zone (SFZ); 
Shackleton Gap (SG); Chilean Trench (CHTr) and Ona Basin (OB).
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before (Figure 3a). This gyre is limited by the SFZ and the WSR at each western and southern edges (Figure 7a). 
As it is reaches the WSR it matches the position of the PF and as it can be observed in Figure 3a, a train of gyres 
continues toward the east compressed by the main gyre of the YB the SAF and PF. South of the WSR, the velocity 
field shows less intensity (Figure 7a). The most energetic zones within this sub region are the YB and the area 
west from the SFZ (Figure 7b). South from the WSR, the EKE has lower values (Figure 7).

The EOF analysis from this sub region shows that the first three modes of variability explain together 47% of 
total variance (Figure 8). The first mode (Figure 8a) that presents a negative phase monopole dominated by the 
gyre within the YB. It shows that this region is separated from the one west of the SFZ and south of WSR. This 
first mode explains 21% of the total variance (Figure 8a). We extracted the day with the highest correlation (20 
April 1997) from the time series associated with the first mode (Figure 8b). This day shows a similar pattern to 
the mean velocity of the whole period of study. A strong NW flow was found over the SFZ, which has no signal 
in the mean velocity field (see Figures 7a and 8b). The maximum velocity for this day was about 0.8 m/s located 
at longitude 63°15′W, latitude 58°20′S. The second mode explains 16% of the total variance (Figure 8c). This 
pattern shows a weak dipole limited by the PF and the SFZ (Figure 8c). The gyre from the YB is in negative 
phase and the region west from SFZ and south from the location of the PF is in positive phase. Looking at the 
region west from SFZ only, this pattern of negative phase (mode 1) and positive phase (mode 2) can be observed 
in both modes (Figures 8a and 8c). We extracted the day with the highest correlation (26 October 2019) from 
the time series associated with the second mode (Figure 8d). The flow that was in the NW direction on the day 

Figure 6. Time series (1 January 1993 to 31 December 2019, 27 years) of mean bottom velocity (m/s) along track at 
the southern region of the Shackleton fracture zone. (a) Longitude 56.5° W and at (b) longitude 59° W (see location in 
Figure 4a). Positions from flows, jets and fronts with black text and arrows. White boxes represent low velocities, red boxes 
represent high velocities events. The days with the highest correlations from EOF 1, 2 and 3 are shown as green, yellow and 
black lines, respectively.
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of the highest correlation for the first mode is in the SE direction over the SFZ in this second mode (Figures 8b 
and 8d). The maximum velocity for this day was about 0.68 m/s located at longitude 61°55′W, latitude 58°45′S. 
In both the first and second modes, there is flow at the same position of the PF. The third mode explains 10% of 
the total variance (Figure 8e). The pattern shows a dipole between the YB and the basin to the west of the SFZ 
and OB. While looking the day that has the highest correlation (2 March 2019), we can observe that the flow in 
the position of the PF is moved south (Figure 8d). The maximum velocity for this day was about 0.75 m/s located 
at longitude 63°15′W, latitude 58°25′S.

Figure 9 presents the time series extracted at longitude 61.5°W for the SFZ_C between latitudes 58°S and 59°S. 
Between 58.2°S and 58.3°S, the southern part of the gyre explained above (Figure 7a) can be observed, it matches 
the location of the PF at the surface. The edge of this gyre in the YB is not always active with events of quasi-zero 
velocities (m/s) in this region (e.g., 2004) (Figure 9 white box). This flow shows events of more intense current 
(e.g., 1993, 2008 red box Figure 9) It is interesting to note that there is a flow pattern south of 58.6°S that matches 
the possible initiation of a diffuse gyre west from SFZ, as we observe in Figure 3a, that is not completely resolved 
with this time series. This flow pattern, as shown in Figure 9, overpasses the SFZ and is split by a topographic 
feature. The region between 58.3°S and 58.5°S is dominated by slow velocities which can be explained by the 
presence of the WSR acting as a border.

3.2.4. West Drake Passage Zone—Center

Moving to the West from the SFZ, we name this zone as West Drake Passage Zone (WDPZ). This area is domi-
nated by the Hero Fracture Zone in the south and the Phoenix Antarctic Ridge in the center, among other topo-
graphic features (Figure 1). This region can be considered as the entrance to the DP from the Pacific Ocean side.

The West Drake Passage Zone—Centre (WDPZ_C) mean velocity (m/s) field shows the presence of an anticy-
clonic gyre in these 27 years of data (Figure 10a). This bottom gyre is crossed by the SAF at the surface. A jet 
with a northwest direction can be observed coming out from the gyre (Figures 3a and 10a). South of the SAF, 
the mean velocity field is more intense than north of the SAF (Figure 10a). The center of the gyre is dominated 
mainly by low velocities and low EKE values (Figures 8a and 8b).

The first three modes of variability for the WDPZ_C explain together 47% of total variance (Figure 11). The 
first EOF mode shows a monopole in negative phase dominated by the structure of the gyre (Figure 11a). This 

Figure 7. (a) Mean velocity (m/s) at bottom depth calculated during 1993–2019 from the GLORYS12 reanalysis at the center region of the Shackleton fracture zone. 
The yellow arrows indicate the direction and intensities of mean currents. The mean locations of Antarctic Circumpolar Current front are indicated with purple solid 
lines, PF = Polar Front. (b) Bottom eddy kinetic energy (EKE) (m 2/s 2) 1993–2019 from the GLORYS12 reanalysis. Depth contours are shown every 1,000 m with 
black lines. The green meridian line at longitude 61.5°W indicate the position for the location of a time series (see this figure). (c) The locations of CTD stations are 
represented with black diamonds and sediment cores with red stars, all collected during cruise PS97. Shackleton Fracture zone (SFZ); West Scotia Ridge (WSR); 
Yaghan Basin (YB) and Ona Basin (OB).
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Figure 8. Empirical Orthogonal Function (EOF) analysis for the center region of the Shackleton fracture zone (left panel). Days of higher correlation with each mode 
for bottom velocity (m/s) (right panel). The mean locations of Antarctic Circumpolar Current front are indicated with purple solid lines, PF = Polar Front. Depth 
contours are shown every 1,000 m with black lines. Shackleton Fracture zone (SFZ); West Scotia Ridge (WSR); Yaghan Basin (YB) and Ona Basin (OB).
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mode explains 30% of the total variance. We extracted the day with the highest correlation (4 July 2014) from 
the time series associated with the first mode (Figure 8d). This day shows a similar pattern to the mean velocity 
(Figures 10a and 11b). The maximum velocity for this day was about 0.7 m/s located at longitude 70°35'W, lati-
tude 58°45'S. The second mode explains 10% of the total variance and shows a dipole with a clear positive phase 
north of the position of the SAF and a negative phase south of the SAF (Figure 11c). The day with the highest 
correlation (3 December 2017) from the time series associated with the first mode (Figure 11d). The association 

Figure 9. Time series (1 January 1993 to 31 December 2019, 27 years) of mean bottom velocity (m/s) along track for the 
center region of the Shackleton fracture zone. At longitude 61.5°W (see Figure 7a). Positions from flows and fronts with 
black text and arrows. White boxes represent low velocities, red boxes represent high velocities events. West Scotia ridge 
(WSR) locations with black text. The days with the highest correlations from EOF 1, 2 and 3 are shown as green, yellow and 
black lines, respectively.

Figure 10. (a) Mean velocity (m/s) at bottom depth calculated during 1993–2019 from the GLORYS12 reanalysis at the center region of the West Drake Passage zone. 
The yellow arrows indicate the directions and intensities of mean currents. The mean locations of Antarctic Circumpolar Current front are indicated with purple solid 
lines, SAF = Sub Antarctic Front. The locations of CTD stations are represented with black diamonds and sediment cores with red stars, all collected during cruise 
PS97. (b) Bottom eddy kinetic energy (EKE) (m 2/s 2) 1993–2019 from the GLORYS12 reanalysis. Depth contours are shown every 1,000 m with black lines. The 
green meridian line at longitude 68.5°W indicate the position for the location of a time series (see Figure 9). The locations of CTD stations are represented with black 
diamonds and sediment cores with red stars, all collected during cruise PS97.
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Figure 11. Empirical Orthogonal Function (EOF) analysis for the center region of the West Drake Passage zone (left panel). Days of the highest correlation with each 
mode for bottom velocity (m/s) (right panel). The mean locations of Antarctic Circumpolar Current front are indicated with purple solid lines, SAF = Sub Antarctic 
Front. Depth contours are shown every 1,000 m with black lines.
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with the second mode is a strong phase north of the SAF position and a low phase south of it for the bottom 
velocity (Figure 11d). The maximum velocity for this day was about 0.6 m/s located at longitude 69°5′W, latitude 
56°40′S. The third mode explains 7% of the total variance (Figure 11e). This mode shows a strong monopole 
in the center of this area. While exploring the day with the highest correlation (11 February 2007) it shows that 
the gyre passes through the center of the region, where the mean velocity and the days associated with mode 1 
and 2 are characterized by slow velocities (see Figures 10a and 11b, 11d, and 11f). Maximum bottom velocity 
of about 0.74 m/s located at longitude 69°0′W, latitude 59°0′S. Figure 12 shows the time series extracted at 
longitude 68.5°W where the gyre is strong and two prominent topographic features are present (one E and the 
other W from the 68.5°W meridian at 58°40′S Figure 10a). There is a clear pattern of strong bottom velocities 
at around 58.65°S that can be explained by the presence of the gyre (Figures 10a and 12). This pattern was not 
always present during the 27-year study period and there were events when the velocities dropped down to quasi 
zero m/s values (e.g., 2005, 2010 and 2019, white boxes in Figure 9). In contrast, this pattern was intensified in 
other events with velocities stronger than 0.3 m/s (Figure 12, red boxes). South of 58.7°S and up to 59°S, flow 
intensification can be observed that could be explained by gyre movements toward the east. For a particular time 
period, we can observe that there is a full intensification of the flow in this latitudinal gradient for, for example, 
end of 1999 and end of 2016 (Figure 12, red boxes). This is a clear pattern in the region between 58°S and 58.5°S, 
an area dominated by the SAF at the surface (Figure 10a). From 57.5°S to 58°S, a jet can be observed that goes 
out from the gyre in a northwest direction, with similar patterns of more and less intense fluctuations (Figures 10a 
and 12).

3.2.5. West Drake Passage Zone—North

Moving north from the WDPZ_C, we name this region as West Drake Passage Zone—North (WDPZ_N). The NB 
front from the ACC is following the bathymetry and a prominent jet with a southeast direction is observed with 
mean velocities stronger than 0.15 m/s (Figure 13a). In opposite direction, northwest, a jet is detected that goes 
out from the gyre in the WDPZ_C as mentioned above. This jet with a northwest direction seems to turn south 
after the overpass of topographic features and joins the gyre in WDPZ_C at its northwest corner (Figures 10a 
and 13a). The maximum values of EKE occur in the CHTr where these two jets are detected (Figure 13b). At the 
locations of the coring stations, shows a low value of EKE (Figure 13b).

The EOF analysis from this sub region shows that the first three modes of variability explain together 49% of total 
variance (Figure 14). The first mode of variability from the EOF analysis (Figure 14a) is a monopole with a nega-
tive phase in the CHTr and explains 30% of the total variance. The day with the highest correlation extracted from 
the time series of this first mode (01-Jun-2018) differs from the mean velocity pattern (Figures 13a and 14b). 
This day shows a strong NW flow over the CHTr. The maximum velocity for this day was about 0.62  m/s 

Figure 12. Time series (1 January 1993 to 31 December 2019, 27 years) of mean bottom velocity (m/s) along track for the 
center region of the West Drake Passage zone. At longitude 68.5°W (see Figure 8a). Positions from flows and fronts with 
black text and arrows. White boxes represent low velocities, red boxes represent high velocities events. The days with the 
highest correlations from EOF 1, 2 and 3 are shown as green, yellow and black lines, respectively.
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located at longitude 72°0′W, latitude 56°0′S. The second mode of variability explains 12% of the total variance 
(Figure 14c). It presents a dipole with a strong positive phase with northwest and southeast flows and negative 
phase in between them in the CHTr. We extracted the day with the highest correlation (01-Dec-2017) from the 
time series associated with the first mode (Figure 14d). The velocity field for this day shows a SE flow in the N 
slope of the CHTr and a less intense opposite flow S of the CHTr. The maximum velocity for this day was about 
0.64 m/s located at longitude 69°5′W, latitude 56°40′S. The third mode, that represents 7% of the total variance, 
can be considered a dipole between different sections CHTr with the slopes N and S of it (Figure 14e). The day 
with the highest correlation extracted from the time series associated with the third mode (23 November 2001) 
shows a strong current over the CHTr (Figure 14f). The maximum velocity for this day was about 0.51 m/s located 
at longitude 70°0′W, latitude 56°45′S.

The longitude selected to show a time series in WDPZ_N is 70°W (Figure 15). The southeastward flow, with the 
core at latitude 56.5°S, presents a pattern with disruptions (Figure 15 see white and red boxes). Between 2004 
and 2010 a low phase of this particular flow can be observed. The northwest direction flow is located around 
latitude 57°S. The velocity pattern is not so strong as the one in the flow above and presets continues sequence 
of interruptions. The CHTr can be distinguish by a pattern of high and low velocities around latitude 56.75°S 
(Figure 15).

3.3. Current-Related Sedimentation

The largest contourite drifts in the study area have been identified in the southern region of the SFZ (Figure 16). 
In this area, contourite drifts are located on both sides of the fracture zone and are separated from the ridge by a 
moat. The contourite drifts are characterized on the multibeam bathymetry by the presence of a relatively smooth 
seafloor compared to the areas with less sediment accumulation, for instance in the central SFZ (Figures 16a 
and 17b). Based on the bathymetric data, the moat that is located west of the southern SFZ is around 4–6 km 
wide and about 200–300 m deep. It indicates the presence of a bottom current flowing toward the southeast along 
the fracture zone (Figures 16a, 16c, and 16d). The main contourite drift located east of the SFZ is located about 
10–20 km east of the fracture zone and separated by a large irregular moat affected by local topographic highs. 
This moat indicates a main bottom current direction toward the northwest (Figures 16a and 16d). A similar moat 

Figure 13. (a) Mean velocity (m/s) at bottom depth calculated during 1993–2019 from the GLORYS12 reanalysis at the northern region of the West Drake Passage 
zone. The yellow arrows indicate the directions and intensities of mean currents. The mean locations of Antarctic Circumpolar Current front are indicated with purple 
solid lines, NB = North Boundary. (b) Bottom eddy kinetic energy (EKE) (m 2/s 2) 1993–2019 from the GLORYS12 reanalysis. Depth contours are shown every 1,000 m 
with black lines. The green meridian line at longitude 70°W indicate the position for the location of a time series (see Figure 15). Note that no results are show at water 
depths above 900 m. The locations of CTD stations are represented with black diamonds and sediment cores with red stars, all collected during cruise PS97. Chilean 
Trench (CHTr).
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Figure 14. Empirical Orthogonal Function (EOF) analysis for the northern region of the West Drake Passage zone (left panel). Days of the highest correlation with 
each mode for bottom velocity (m/s) (right panel). The mean locations of Antarctic Circumpolar Current front are indicated with purple solid lines, NB = North 
Boundary. Depth contours are shown every 1,000 m with black lines. Chilean Trench (CHTr).
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and contourite drift are located at the foot of the continental slope southeast of the SFZ (Figures 16a and 16b). 
Southwest of the SFZ no contourites have been found at the foot of the slope and this area is characterized by the 
presence of the SSTr. In contrast, north of the trench large contourite drift with moats around circular topographic 
highs are found at the seafloor (Figures 16a and 16e). Similar moats around circular topographic obstacles are 
found in the central SFZ (Figure 17b). Such moats are typically around 250–300 m deep and 8–14 km wide. 
Moats can be also found along elongated isolated topographic highs, such as in the WDPZ_N (Figures  17a 
and 17b). In this area, the sub-bottom profile shows the typical morphology and internal structure of a moat, 
with reflections dipping from the drift side toward the moat and with a decrease in sediment thickness toward the 
slope (Figure 17b).

In the SFZ_C and in the WDPZ_N, the seafloor topography is very irregular and is dominated by abundant topo-
graphic highs. The steep gradients related to this rough topography favors mass wasting processes. Abrupt trunca-
tions on the sediment reflections indicate the presence of scars of submarine landslides (Figure 17e), and chaotic 
and transparent reflections are indicative of mass transport deposits (Figures 17c and 17e). The topographic highs 
in these areas often present continuous reflections on their top. The sediment thickness tends to decrease toward 
the sides of the highs and their flanks often present truncations (Figures 17c and 17d).

Grain size analyses of surface sediments indicate that mean sortable silt values are the highest on the top of the 
topographic highs, with values of around 33 μm east of the central SFZ (Figure 17b). The southern SFZ presents 
the largest contourite drifts of the study area, which are also characterized by comparatively lower sortable silt 
values that oscillate between 20 and 23 μm (Figure 16a). In the WDPZ_N area, mean sortable silt values are 
high at the sample near the moat (32.5 μm) and lower on the top of the topographic high (24.4 μm) (Figure 17a).

4. Discussion and Conclusions
The present study explores the bottom current dynamics of the Antarctic Circumpolar Current (ACC) in the 
Drake Passage (DP), the interaction of bottom currents with the topography and their role in sedimentation. 
The regional variability of ACC dynamics near the seafloor was investigated using results from the GLORYS12 
reanalysis obtained during 27 years. The current dynamics explained by the data from the GLORYS12 reanalysis 
are consistent with in situ data as shown already from the validation done by Artana et al. (2021a). The GLORYS 
12 reanalysis is considered a barotropic model and the baroclinic component is not as well represented (Artana 
et al., 2021a, 2021b). The velocity field was investigated in Ferrari et al.  (2012) and was found to be similar 
to the one described by Inoue (1985) with a dominance of the barotropic and first baroclinic modes. Koenig 
et al. (2014) have shown that the barotropic component is important where velocities are weak, and the baroclinic 

Figure 15. Time series (1 January 1993 to 31 December 2019, 27 years) of mean bottom velocity (m/s) along track for 
the northern region of the West Drake Passage zone. At longitude 70°W (see Figure 13a). Positions from flows and fronts 
with black text and arrows. White boxes represent low velocities, red boxes represent high velocities events. Chilean Trench 
(CHTr). The days with the highest correlations from EOF 1, 2 and 3 are shown as green, yellow and black lines, respectively.
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component is more important where upper layer velocities are strong, at frontal locations. In terms of interannual 
variability, Sallée et al. (2008) investigated the role of the Southern Annular Mode (SAM) and the ENSO index 
(Niño 3.4) and found that both atmospheric forcings produce a substantial oceanic response, but in different 
spectral windows. Koenig et al. (2016) found that the total transport of the ACC at the DP is correlated with 
SAM and ENSO. Koenig et al. (2016) and later Artana et al. (2021a) did not find any systematic relationship, 
at low frequency, between climate indices SAM and ENSO and DP transport variability, but they reported that 
the respective impacts are intermittent and epoch-dependent. There is still a need for studying the variability of 
bottom currents and its response to atmospheric forcing.

In situ hydrographic and sedimentary data from the PS97 Polarstern cruise were considered. We have analyzed 
the bottom current dynamics of four regions in the DP covering the influence of topographic features, ACC 
fronts, and sedimentary characteristics. We summarize next the major results and delineate the corresponding 
conclusions as follows.

Figure 16. (a) Bathymetric map at the southern region of the Shackleton fracture zone (IBCSO_v2 and multibeam bathymetry from the cruise PS97) showing the 
location of current-related sedimentary features and mean sortable silt (𝐴𝐴 𝑆𝑆𝑆𝑆 ) of surface sediments (from Wu et al., 2019b). (b)-(e) Seismic reflection profiles showing 
the presence of moats and contourite drifts. (b) SA500-003, (c) TH88-03B, (d) IT90AP-IT89AW42, (e) TH88-05.
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4.1. Shackleton Fracture Zone

The complex topography of the DP (Figure 18) strongly controls the bottom dynamics and therefore, different 
areas present distinct circulation patterns and variability and are discussed here separately. The zone delimited 
by the Hero Fracture Zone (HFZ), the Phoenix Antarctic Ridge (PAR), the Shackleton Fracture Zone (SFZ) 
and the South Shetland Trench (SSTr) can be defined as a region of weak currents and dominated by relatively 
fine-grained deposits, as indicated by the lowest mean Sortable Silt (𝐴𝐴 SS ) values of the study area (Figures 4, 16, 
and 18). The reason for these characteristics is that the SACCF avoids the HFZ by heading south (Figure 3) and 
then when it reaches the SFZ, it tilts north to cross the fracture, or south to pass through the Shackleton Gap 
(SG) as Provost et al. (2011) and Ferrari et al. (2013) demonstrated. The Polar Front (PF) also avoids this region 
and deflects north from the HFZ, crossing the SFZ in the intersection with the West Scotia Ridge (WSR) (Orsi 
et., 1995; Park et al., 2019). This avoidance from these 2 fronts makes this basin less energetic compared to the 
others in the DP (Figure 3b). The Empirical Orthogonal Function (EOF) analyses for this region (Figures 5a 
and 5c) show that most of the variability in the flow comes through the SG and the gyre in the Ona Basin (OB), 
leaving the region located west of the SFZ as the one with lowest variability. The third mode (Figure 5e) shows a 
different pattern where there is a block in the SG. It is therefore possible to assume that the sediment contribution 

Figure 17. Bathymetric maps and mean sortable silt (𝐴𝐴 𝑆𝑆𝑆𝑆 ) of surface sediments (from Wu et al., 2019b) for the northern region of the West Drake Passage zone (a) and 
the center region of the Shackleton fracture zone (b) (IBCSO_v2 and multibeam bathymetry from the cruise PS97), showing the irregular and rough topography that 
characterizes these areas. (c–e) PARASOUND profiles showing current dominated sedimentation and erosion. The red lines and dots indicate the position of sediment 
cores.
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to the SSTr does not only come from the OB and the pre-Weddell Sea, but also from the north-western region 
of the DP. The anticyclonic gyre in the OB, also observed by Barré et al. (2011), shows a cyclonic phase on the 
day of the highest correlation for the third mode (Figures 5e and 5f). This eddy has a lifetime of around 15 weeks 
(Barré et al., 2011). Mesoscale variability in the DP is considered between 40 hr and 90 days (Nowlin et., 1985; 
Ferrari et al., 2014). In total, 83% of the eddies in the DP are concentrated in the bottom layers and they are 
trapped by bottom topography (Lin et al., 2023). The third mode should be subject of future investigation. Several 
sedimentary structures related to bottom currents, such as contourite drifts and moats, have been identified in this 
area (Figure 16; Maldonado et al., 2003, 2005; Martos et al., 2013; López-Quirós et al., 2020). These features are 
associated with topographic structures, such as ridges and seamounts and probably form due to the acceleration of 
bottom currents along these steep slopes (Figure 16). The largest erosional features and widest moats in the study 
area have been observed east of the SFZ (Figure 16), where bottom currents are fast on average (up to 0.40 m/s) 
and present relatively high bottom EKE (0.0461 m 2/s 2). In our results, the region located SW of the SFZ presents 
low values of eddy kinetic energy (EKE) and mean velocity, which correspond to favorable conditions for sedi-
mentation, in agreement with the observed widespread contourite drifts (Figure 16). Thran et al. (2018) argued 
that contourites are commonly found in zones with high eddy kinetic energy at a global scale when compared 
to other zones of the ocean floor. However, in this study we show that when bottom-current intensity and vari-
ability is analyzed more in detail in zones of contourite depositional systems, it can be observed that muddy 
contourite drifts are mainly found in zones of relatively low energy, where mean current velocity and EKE are 
low, as also observed in other areas such as in the Mediterranean Sea and the Mozambique Channel (Miramontes 
et al., 2019, 2021).

4.2. West Scotia Ridge Confluence

The confluence of the SFZ and the WSR (Figure  7) presents a complex bottom variability in the currents 
and topography (Figure  18). Ferrari et  al.  (2012) showed that the PF branches flow in meanders due to the 
seamounts of the WSR. In our study, we also observe meanders in the bottom currents and high EKE north of 
the WSR. Surface sediments present high 𝐴𝐴 SS values in agreement with strong modeled bottom currents in the 
YB (Figures 17 and 18). Moats and contourites can be found south of the WSR where the flow that came parallel 
to the SFZ deflects to the NNE. The variability of these zone is dominated by the dynamics in the YB and the 

Figure 18. Bathymetric 3D map from Drake Passage (IBCSO_v2) with a schematic representation of circulation near 
the seafloor in black arrows. The fronts from the Antarctic Circumpolar Current derived from satellite altimetry (Park 
et al., 2019), and Park and Durand (2019) are represented with purple solid lines. From North to South: NB = North 
Boundary, SAF = Sub Antarctic Front, PF = Polar Front, SACCF = Southern Antarctic Circumpolar Current Front; 
SB = Southern Boundary. Shackleton Fracture zone (SFZ); Phoenix Antarctic Ridge (PAR); Hero Fracture Zone (HFZ); 
South Shetland Trench (SSTr); Chilean Trench (CHTr).
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confluence of the PF the WSR and the SFZ. PF branches can shift their position (Barré et al., 2011) in this study 
we observe temporal variability that could be related to them.

The SFZ and the WSR confluence zone are the only ones in the study area where the presence of AABW has been 
measured (Figures 2a, 2b, and 2d). This is related to the strong effect of the SFZ, which acts as a topographical 
barrier to westward-flowing water. Only certain gaps over the ridge can allow the East-West over-flow.

4.3. West Drake Passage

The western-most region in this study is the WDPZ, which has been less investigated in previous works. This 
region is crossed by the NB and SAF from the ACC. An anticyclonic gyre that has not been described before was 
examined (Figure 10). It was suggested by Park et al. (2019) that the topographic steering is the major dynamic 
factor controlling the magnitude and direction of the ACC in the chock points regions. This gyre shows the 
influence of the SAF and topography in steering the bottom current at water depths below 3,000 m. The spatial 
structure of this first mode of EOF (30%) (Figure 11a) is related to the topographic structures presented in this 
region. The second mode (10%) (Figure 11c) could be related to the influence of the SAF in the surface or with 
climate modes of variability. Further studies would be necessary to better understand the genesis and dynamic of 
this gyre. The third mode (7%) (Figure 11e) shows that when the gyre is disturbed, the center, previously at low 
velocities, could now have currents that can erode the seafloor or transport sediments around it. Several sedimen-
tary structures associated with bottom currents have been identified in this area. These include contourite drifts 
and moats (Figure 17).

4.4. Final Considerations

The formation of contourite depositional systems is commonly attributed to relatively constant or persistent 
bottom currents (Rebesco et al., 2014; and references therein). But in our study, we found events that completely 
differ from the main flow pattern, as seen in the EOF analysis, and that generate new bottom-current patterns, 
which could also have an important influence in sedimentation. Moreover, another factor to consider is that 
mixing in the DP is intense and widespread, even above the complex seafloor topography (Barré et al., 2008; 
Naveira Garabato et al., 2004, 2007).

As mentioned above, the DP is one of the choke points in the SO within which the ACC flows. The others, the 
Southwest Indian Ridge, the Kerguelen Plateau, the sector south of the Tasman Sea and the Udinese fracture zone/
Eltanin fracture zone in the central South Pacific, could also be explored in the interplay between bottom current 
dynamics and sedimentary processes. The difficulty of reaching such remote locations to carry out specific and 
long-term measurement programs, makes satellite information and reanalysis data extra valuable to explore areas 
where in situ data are sparse or absent.

The variability presented in the three modes of EOF described in this work opens a new insight into the ocean-
ographic processes that control sedimentation in deep-water environments. The mean bottom current field may 
hide other less frequent and different pattern events that could help explain the sedimentation/erosion processes 
observed in these complex areas. The identification of contourite features provides the key for decoding past 
water-mass circulation and the identification of major palaeoceanographic events (Pérez et al., 2015, 2021), this 
statement opens the way to continue doing interdisciplinary works to understand past and future climate.

To conclude, we underline that.

1.  The local topography can significantly affect the hydrodynamic processes near the seafloor, showing a differ-
ent pattern and disconnection from the dynamics in the sea surface. For instance, the gyre located in the West 
Drake Passage Zone is constrained by topographic highs but does not seem to be directly affected by the 
surface front.

2.  At Shackleton Gap, the dynamics of the bottom current show that the flow from the Ona Basin is not always 
constant. Blockages and interruptions can occur. No AABW was found at stations west of the Shackleton 
fracture zone.

3.  The variability in the 27 years of reanalysis can show different patterns in this complex region. The first EOF 
mode is related with the local topography in each zone. The second and third EOF modes show patterns in 
the bottom current that differ from the mean field. They could therefore indicate different patterns affecting 
erosion and sediment deposition.



Journal of Geophysical Research: Oceans

KREPS ET AL.

10.1029/2022JC019623

23 of 26

4.  The sedimentary system is strongly controlled by bottom currents in the DP, resulting in the formation of 
contourites. Moats are related to currents along topographic obstacles that erode and transport the sediments 
depending on the dynamics that surround them and the largest contourite drifts are found in areas with weak 
bottom currents and low bottom EKE.

5.  Future cruises could be benefitted from this method to evaluate possible locations for coring extraction regard-
ing the bottom current dynamics.

Data Availability Statement
The GLORYS12 reanalysis is available at the Copernicus Marine Environment Monitoring Service 
(CMEMS; http://marine.copernicus.eu/) product is: https://doi.org/10.48670/moi-00021. The seismic reflec-
tion data used in this study were obtained from the Antarctic Seismic Data Library System for Cooperative 
Research and accessed through the GeoMapApp (http://www.geomapapp.org). The seismic data are avail-
able at the Antarctic Seismic Data Library System (SDLS) (https://sdls.ogs.trieste.it). The fronts from the 
Antarctic Circumpolar Current can be download from (https://doi.org/10.17882/59800). The data collected 
during the PS97 cruise can be accessed in PANGAEA (https://www.pangaea.de/): PARASOUND profiles 
(Kuhn,  2016, https://doi.org/10.1594/PANGAEA.864950), multibeam bathymetry (Dorschel & Jensen,  2016, 
https://doi.org/10.1594/PANGAEA.864807), and CTD measurements (Lamy & Rohardt,  2016, https://doi.
org/10.1594/PANGAEA.862944). Grain size data can be also accessed in PANGAEA (Wu et  al.,  2019a, 
https://doi.pangaea.de/10.1594/PANGAEA.907140). Also from PANGAEA can be download the International 
Bathymetric Chart of the Southern Ocean Version 2 (IBCSO v2) (Dorschel et al., 2022, https://doi.org/10.1038/
s41597-022-01366-7). Figures and analysis of the GLORYS12 reanalysis were made with MATLAB version: 
9.14.0 (R2023a), The MathWorks Inc. 2023, with the package M_Map version 1.4 m (Pawlowicz, 2020). Also, 
QGIS version 3.28.7 (QGIS Development Team, 2023) was used for bathymetric maps, the IHS Kingdom Soft-
ware 2019 was used to visualize PARASOUND sub-bottom profiles, Ocean Data View was used for hydro-
graphic figures Schlitzer, 2021).
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