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Abstract

The southern sector of the northern Argentine continental margin (NACM), extending from 40 to
41° S, corresponds to a previously unmapped area of the South Atlantic Ocean in term of high-
resolution bathymetry. Newly acquired high resolution data in the slope sector of the NACM
between 900 and 5000 meters allowed us to carry out a geomorphological analysis by combining
novel multibeam data with a very high-resolution 3D seismic-derived bathymetry. The resultant
digital elevation model revealed the presence of a wide variety of seafloor features and allowed us
to characterize them by a geomorphometric analysis. Along slope processes, produced by the

interaction of contour currents with the seafloor, make up a large array of erosional and
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depositional elements on the slope, including a contourite terrace, scours, drift bodies and sediment
waves, that as a whole form part of a Contourite Depositional System (CDS). Additionally, across
slope processes are also present, and give origin to four deeply incised submarine canyons that
intersect the CDS. Overall, this work reveals the geomorphological complexity of this sector of the
NACM and serves as a reference point for further studies regarding the sedimentary processes and

oceanographic dynamics acting in the continental slope.

Keywords

Seafloor mapping, Marine geomorphology, Submarine canyon, Sediment waves, Contourite drifts,

SW Atlantic, Argentine Continental Margin.

1 Introduction

The study of seafloor morphology is crucial for various scientific aspects, including the
comprehension of geological and oceanographic processes that impact our planet. Moreover, this
knowledge holds great value for practical applications such as the creation of precise hydrographic
charts, the development of submarine infrastructure, and the assessment of sites for seafloor
mining. In this regard, the acquisition of high-resolution multibeam bathymetry has emerged as a
vital step in seafloor mapping, enabling the accurate characterization of seafloor geometry with the
necessary spatial resolution for detailed geomorphometric analyses (Gavazzi, 2019). Nevertheless,

80% of our oceans are still unmapped at high resolution.

In this context, the northern Argentine continental margin (NACM), is still a poorly explored region
of the South Atlantic Ocean. This subsector spans from the northern boundary of the Argentine
continental margin at 36°S up to 42°S; laterally, it extends from the inner edge of the shelf at 10 m
depth up to the beginning of with the abyssal plan at 5000 m depth. It can be further divided into

northern and southern regions (Figure 1 A), which are marked by the presence of two submarine
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canyon systems (SCS, Ewing and Lonardi, 1971; Hernandez-Molina et al., 2009): the Mar del Plata

SCS (36-39°S) and the Bahia Blanca SCS (39-42°S).

These submarine canyons are important elements of the seafloor landscape (Ewing and Lonardi,
1971) that play a key role in shaping marine dynamics by transporting sediment and organic matter
from shallow water to deeper water, serving as hotspots for benthic and pelagic communities, and
hosting cold-water coral mounds (Daly, 1936; Fernandez-Arcaya et al., 2017; Shepard, 1981, 1972).
Nevertheless, the morphology and geometry of these canyons, as well as their interplay with the
local bottom currents are still virtually unknown. In this region, active, along-slope oceanic
processes interact with the seafloor forming a large Contouritic Depositional System (CDS,
Hernandez-Molina et al., 2009) that coexists with down-slope sedimentary processes associated to
the numerous submarine canyons and to the continental slope instability. This scenario makes the
NACM a natural laboratory for studying deep-sea sedimentary processes (Preu et al., 2013; Warratz
etal., 2017). Previous studies have addressed some of these topics in the northern part of the NACM
(~38°S, Figure 1), using high-resolution bathymetric and seismic profiles (Preu et al.,, 2013;
Steinmann et al., 2020; Warratz et al., 2017; Wilckens et al., 2021). On the contrary, in the southern
part of the NACM, between 40 and 41° S, high-resolution bathymetric information is missing, and
investigations have been restricted to low-frequency seismic methods (Ercilla et al., 2019; Gruetzner
etal., 2016; Loegering et al., 2013, Figure 1). Thus, much of the continental slope morphology of the

southern NACM remains unexplored so far.

This work presents the first high-resolution mapping and geomorphometric analysis of the southern
sector of the NACM, using a combination of newly acquired multibeam data with bathymetry
derived from reflection seismics. The resultant geomorphological map provides new insights into
the seafloor morphology along with some hint about past and present sedimentary and

oceanographic processes in this sector of the Western South Atlantic Ocean.

3
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2 Geological and oceanographic setting of the study area

The NACM (Figure 1 A) is part of a passive rifted margin, developed during the early Cretaceous
following the break-up of Gondwana supercontinent and seafloor spreading of the South Atlantic
(Ramos, 1996). It stretches from the continental shelf to the abyssal plain and hosts the Salado and

Colorado sedimentary offshore basins.

This region is part of a major CDS, which extends along the entire Argentine continental slope and
rise (Herndndez-Molina et al., 2009) shaped by the interaction of bottom water masses with the
seafloor. The NACM is swept by three water masses of southern origin: Antarctic Intermediate
Water (AAIW), Circumpolar Deep Water (CDW) and Antarctic Bottom Deep Water (AABW). The
North Atlantic Deep Water (NADW), of northern origin, divides the CDW into two branches, the
Upper Circumpolar Deep Water (UCDW) and the Lower Circumpolar Deep Water (LCDW; Reid et al.,

1977, Figure 1 B).

In the southern NACM, the CDS is characterized by contouritic drifts, sediment waves and terraces
(Ercilla et al., 2019; Gruetzner et al., 2016) and is interrupted by the Bahia Blanca SCS (Bozzano et
al., 2017; Hernandez-Molina et al., 2009) which is composed of several main and tributary canyons
(Ewing and Lonardi, 1971). Additionally, downslope gravitational processes affect the area,
disrupting the seafloor in the form of fault scarps and sliding blocks (Gruetzner et al., 2016)

originated by slumping episodes (Anka et al., 2014; Loegering et al., 2013) .
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Figure 1: A: Location map of the study area in the NACM. The GEBCO bathymetric model is displayed with a grayscale as a
background map. The bathymetric grid used in this work is colored inside the black rectangle, along with the seismic profiles
from the literature used for the correlation with the bathymetry. Dashed lines represent the near bottom water masses of
the Western South Atlantic (Adapted from Preu et al. 2013). B: Generalized schematic oceanographic section (A-B) along
the northern Argentine continental margin (adapted from Hernadndez-Molina et al., 2010 and Piola and Matano, 2001).
NADW: North Atlantic Deep Water; AAIW: Antarctic Intermediate Water, UCDW: Upper Circumpolar Deep Water; LCDW:
Lower Circumpolar Deep Water; AABW: Antarctic Bottom Water
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3 Data and Methods

3.1 Multibeam bathymetry processing

High resolution multibeam bathymetric (MBB) data was acquired in 2019 during the YTEC-GTGM-
04 survey onboard the R/V Austral (Figure 1). The acquisition was carried out with a hull-mounted

Kongsberg EM122 deep sea echosounder, operating at 12 kHz with an opening angle of 1409.

The grid utilized in this study covers an area of 11,000 km? and encompasses water depths ranging
from 1000 to 5000 meters below sea level (mbsl, Figure 1 A). The processing of the raw data involved
georeferencing the files and eliminating any abnormal soundings using Caris HIPS and SIPS v.11.2.
This software was also used to generate a 70 x 70m digital elevation model (DEM) using the CUBE
gridding algorithm. The resulting DEM was saved as a TIF file and imported into Qgis V3.22 for
interpretation. To further refine the DEM, a smoothing algorithm was applied using the r.neighbors

module (Shapiro et al., 2019) in GRASS GIS v.7.8.

3.2 Derivation of 3D seismic bathymetry

To enhance the resolution of the existing multibeam bathymetry grid and fill in some of the data
gaps, a high-resolution bathymetry was generated using a 3D seismic cube provided by the Ministry
of Energy of Argentina. The usage of seismic-derived bathymetry has shown potential in increasing
the spatial coverage of high-resolution bathymetric datasets (Power and Clarke, 2019). The seismic
data, known as "Colorado 3D", was acquired in 2006 with an inline spacing of 25 m and a crossline
spacing of 12.5 m, sampled at intervals of 4 milliseconds. The seismic-derived bathymetry (SDB) was
obtained by extracting the first reflection from the seismic data using IHS Kingdom v.2017 software.
The resulting seafloor horizon was exported as an XYZ file, which underwent a time-to-depth
conversion. Since regional water column velocity profiles were not available, an average velocity of

1500 m/s was utilized to convert the horizon from two-way travel time to depth in meters. The
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converted XYZ file was then gridded and merged with the existing multibeam bathymetry grid using
a B-Spline interpolation. This process resulted in a final merged grid with a resolution of 70 x 70 m
(Figure 2) that was additionally used to derive a slope gradient map (Figure 3). Areas lacking high-

resolution data were filled using the GEBCO grid (GEBCO Bathymetric Compilation Group 2021).
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Figure 2: A: Merged bathymetric map of the study area. Black rectangles show the zoom areas of canyons in subsequent
figures 4-7. B: profile across the continental margin, showing the physiographic domains of the study area.
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Figure 3: Slope map derived from the merged grid with the four canyons recognized in the study area, labelled C1 to C4. CO
is a partially imaged canyon in the southern sector that is not included in this study.

3.3 Geomorphological analysis

The geomorphological elements were mapped at a 1:125000 scale, using the merged grid in the
World Mercator projected coordinate system. We considered the minimum mapping unit to be
around 0.5 km?, which corresponds to 10 contiguous pixels in size. The interpretation was carried
out by a combination of visual analysis, calculation of geomorphometric parameters and the

creation of bathymetric and slope profiles. To genetically identify the morphological elements
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within the study area, we rely on previous interpretations based on 2D multichannel seismics (Ercilla
et al., 2019; Gruetzner et al.,, 2016; Loegering et al., 2013, Figure 1 A). To establish a physical
correlation between the seismic profiles and the bathymetry, the seismic images were
georeferenced into the SEG-Y standard format using the Image2segy software (Farran, 2008). The
georeferenced seismic data, along with the merged grid, were incorporated into IHS Kingdom
software, enabling the three-dimensional representation of the previously identified features. This
integration facilitated a more detailed classification of the features based on their morphological
characteristics. The contouritic features and seafloor depressions observed were classified
according to the nomenclature proposed by Rebesco et al. (2014) and to the geomorphometric
parameters and indices derived from the studies of Isola et al. (2021), Michel et al. (2017) and
Schattner (2016). In particular, the depressions were classified based on their ellipticity index, a ratio
that quantifies the shape of morphological features by comparing their long axis (the larger
diameter along the primary orientation) to their short axis (the smaller diameter perpendicular to
the long axis). Submarine canyons of the study area are described based on their cross-sectional
profiles, thalweg length, depth, and width range, as well as their orientation changes. To quantify
their degree of sinuosity, we employed the sinuosity index (Sl), a dimensionless ratio calculated by
dividing the canyon length measured along its thalweg and the straight distance between the
canyon start and endpoint. A Sl of 1 indicates a perfectly straight channel, while moderate (1.3-1.5)

and high (>1.5) values indicate increasing degrees of sinuosity (Charlton, 2007).
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4 Results

4.1 Physiography
The study area spans from approximately 900 to 5000 mbsl and includes the continental slope and
the upper rise of the NACM (Figure 2 A). The main physiographic domains within this area were
determined based on variations in slope gradient and water depth values (Figure 2 B). Specifically,
the slope can be divided into three sections: the upper slope, the middle slope (also referred to as
“Ewing Terrace”), and the lower slope. The upper slope (~25 km wide) is depicted by relatively high
values of the slope gradient (~1-2°) and extends up to 900 mbsl. Here, the upper slope gives rise to
the gently dipping (<1°) middle slope. This is the widest of the three domains (~ 70 km), and extends
from 900 to 1600 m water depth, covering an area of 6500 km?. East of the Ewing Terrace, a gradual
increase in the topographic gradient (~>1°) marks the progressive transition to the lower slope,
which is about 65 km wide. It can be further subdivided into two areas: a shallower sector (shallow
lower slope), between 1600 and 2000 mbsl with a ~2° gradient; and a deeper sector, between 2000
and ~4000 mbsl, with a complex slope morphology (here named escarpment). This escarpment
displays an irregular topography with variable slope values that fluctuate between 1° to 6°. The
upper continental rise, starting beyond 4000 mbsl| at the foot of the lower continental slope, is

characterized by low relief values (< 1°) and extends eastwards until it merges with the abyssal plain.

4.2 Geomorphological features

The geomorphological analysis allowed us to identify and map the distribution of various features
based on their morphological expression, extension, size, orientation and geomorphometric
characteristics. Some of these morphologies, such as submarine canyons, are found in different
physiographic domains, while others are confined to specific sectors of the continental slope. The

following sections provide a detailed description of these identified features, including the

11
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aforementioned submarine canyons, as well as terraces, scarps, elongated and subcircular

depressions, and depositional features.

4.2.1 Submarine canyons
The studied segment of the Bahia Blanca SCS includes four submarine canyons, named here C1-4
(Figure 2 and Figure 3). The southernmost canyon (CO0) is not here described since it is marginally

imaged by the bathymetric data.

4.2.1.1 Canyon C1

C1 develops between 1300 and 3300 mbsl, spanning the middle and lower slope. It has a thalweg
length of 103 kilometers and displays a highly sinuous (sinuosity index of 1.37) main axis with
multiple directional changes. Starting from the middle slope, C1 initially follows a E-W trajectory
before encountering a sharp bend at 1500 mbsl (Figure 4 A), where it deviates almost SW-NE for 15
kilometers before returning to its original orientation. On the shallow lower slope, the thalweg
exhibits a meandering axis with a minor N-S bend near 1800 mbsl (Figure 4 B), and it becomes
completely straight in the northeast-southwest direction as it approaches the escarpment (Figure 4

C).

Furthermore, the canyon’s cross section displays variations along the thalweg. In the middle slope
(Figure 4 A) the valley exhibits a U-shaped profile that is 3 km wide and 250 m deep (A-A'). It has
terraces with relative heights ranging from 100 to 200 m and well-developed arcuate scarps. Several
knickpoints, can be observed along the main axis in this sector, which are points where a sudden
change in the longitudinal gradient occurs. Additionally, a separate, less-incised proto-canyon is
observed on the northern interfluve, although it is not connected to C1. The meandering segment
of the shallow lower slope (Figure 4 B) displays a U-shaped profile that is 300 m deep and 3.5 km

wide (B-B'). It is characterized by well-developed asymmetrical terraces. As the canyon reaches the

12
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escarpment (Figure 4 C), it significantly widens and deepens (profile C-C'), reaching widths and

depths of up to 4 km and 500 m, respectively.

Beyond the high-resolution data area, below 3200 mbsl, the morphology of the canyon can only be
inferred from the coarser GEBCO data. In this region, a branch oriented in the west-east direction

potentially connects to the northern wall of C1 (Br in Figure 4 C).

Shallow
[Lovyer
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|y -1700 i -2300
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& -1750 8 -2000 0 2500

Figure 4: Bathymetric map of C1 and cross-sectional profiles along the thalweg. PC: Proto canyon. AS: Arcuate scarp. KP:
Knickpoint. SB: Sharp bend. ED: Elongated depression. BC: Bedforms crests. Tr: Canyon terrace. Br: Canyon branch. The
location of these figures is shown in Figure 2.

4.2.1.2 Canyon C2

C2 extends from 1322 to 4500 mbsl. It is characterized by a 125 km long thalweg, with a low sinuosity
index (1.14). The canyon head cuts the middle slope with a valley that runs in a WNW-ESE direction
(Figure 5 A) until ~1800 mbsl (Figure 5 B). Here, C2 makes a subtle bend, turning SW-NE for 10 km,

and then changes again to a NW-SE direction, which it maintains until the escarpment (Figure 5 C).

C2 displays several cross-sectional changes along its thalweg. In the middle slope (Figure 5 A), the
canyon valley is 70 m high with a wide (~5 km) U-shaped cross section and terraces (profile A-A’). At
1500 mbsl, two knickpoints mark the deepening and narrowing of the canyon to a 4 m wide and

>200 m high valley (Figure 5 A). In the shallow lower slope, between 1600 and 1800 m (Figure 5 B),

13
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the canyon widens into a broad 7 km valley and bends to the SW-NE direction. The main valley
recovers its previous orientation further deep water, displaying and a terraced morphology on the
southeastern flank (B-B’). At the escarpment (Figure 5 C) the valley is 3 km wide and 200 m deep
with a U-shaped profile (C-C’). This canyon shows the particularity of exhibiting a series of 20 and
60 m deep over-excavation ponds, subcircular depressions developed at the canyon floor not found
in the other canyons here described. Downslope, at about 2800-3000 mbsl, the morphology of the
canyon valley appears to be partially disrupted and only recovers a defined shape at water depths

above 3000 m.
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Figure 5: Bathymetric map of C2 and cross-sectional profiles along the thalweg. KP: Knickpoint. BC: Bedforms crests. ED:
Elongated depression. Tr: Canyon terrace. OP: Over-excavation Pond. VD: Valley interruption/disruption. The location of
these figures is shown in Figure 2.

4.2.1.3 Canyon C3

C3 extends over the entire continental slope, ranging from approximately 1000 to 5000 mbsl, with
a total length of 239 km and a high sinuosity index of 1.39. In the upper and middle slope, the canyon
predominantly follows a NW-SE orientation (Figure 6 A). However, its most distinctive feature is the

14
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sharp bend that occurs in the shallow lower slope at approximately 1800 m. At this water depth,
the valley turns to the NE, aligning with the regional isobaths for 21 km, before returning to a NW-
SE orientation (Figure 6 B). When the escarpment merges with the upper continental rise, at 3500
m water depth, the canyon axis undergoes another bend, this time in a NE-SW direction (6 C). At
1500 mbsl, a large, irregularly shaped scarp runs along the transition from the Ewing Terrace to the
lower slope (Figure 6 B). This scarp extends for 35 km following a SW-NE strike, which is parallel to
the regional isobaths and the orientation assumed by the canyon in the same sector. The scarp

stands at a height of 60 m and exhibits a dip of 22¢.

Regarding its cross-sectional profiles, C3 exhibits two primary branches in the middle slope (Figure
6 A), each approximately 150 m deep and 2 km wide, featuring U-shaped profiles and a well-
developed terrace on the southern walls (profile A-A'). These branches converge at 1400 mbsl,
coinciding with two knickpoints situated upstream of the junction. In the shallow lower slope (Figure
6 B), the along-slope canyon valley shows an asymmetrical profile that spans 4 km in width and
reaches a depth of 250 m (profile B-B'). In the escarpment, the canyon deepens and widens, forming

a symmetrical V-shaped valley 8 km wide and 500 m deep (profile C-C').
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Figure 6: Bathymetric map of C3 and cross-sectional profiles along the thalweg. KP: Knickpoint. PC: Proto canyon. BC:
Bedforms crests. ED: Elongated depression. Tr: Canyon terrace. Sc: Scarp. SB: Sharp bend. The location of these figures is
shown in Figure 2.

4.2.1.4 Canyon C4

C4 develops between 900 and 3300 mbsl, spanning from the upper slope to the escarpment (Figure
7). It has a thalweg length of 129 km, a low sinuosity index (1.12) and runs mostly in the NW-SE
direction, except for a subtle bend to the NE at 1500 m water depth. C4 has two main branches. The
southern tributary, although only partially covered by the data, seems to originate in the upper
slope as a single 1.5 km wide and 100 m deep valley (A-A’). In the middle slope, a 70 m high obstacle,
located at 1300 mbsl, divides the canyon thalweg, which rejoins again 4 km further east.
Downstream this bifurcation, the 120 m deep canyon displays an asymmetrical V-shaped profile
with a very entrenched thalweg and a 7 km wide terrace developed on the southern wall (B-B’).
Most of the northern branch lies outside the surveyed area and seems to be originated at the lower
slope (C-C’). At 1800 mbsl it merges with the southern tributary forming a unique 1 km wide and

100 m deep channel that runs downslope until the escarpment (C-C’).
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4.2.2 Depressions
Two categories of depressions can be distinguished according to their ellipticity index (El). Of the
total of 176 depressions identified in the study area, 114 are elongated (El > 2) and 62 are subcircular

(EI' < 2).

The elongated depressions are oriented in the SW-NE NE with their major axis parallel to the
bathymetric contours. These depressions display a broad spectrum of sizes, ranging from smaller
ones with surface areas of 20 m?, internal depths of 20 m, and elongated axis of 200 m, to much
larger depressions covering extensive areas up to 35 km?, internal depths of 160 m, and elongated

axis stretching 16 km in length.

Some of them are situated between 1500 and 1800 mbsl and are connected to the walls of the
canyons C1, C2 and C3 (Figure 4 B, Figure 5 B, Figure 6 B), while most of them are concentrated in

the escarpment, between 2000 and 4200 m depth, giving this sector a rugged morphology. They can
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be easily distinguished in the slope map by their regularly spaced stripes, featuring slope values

greater than 109 (Figure 3).

The subcircular depressions have an average surface area of 2 km? (ranging from 0.5 to 3.5 km?) and
internal depth of 50 m (ranging from 10 to 150 m). They are predominantly observed in the middle

slope area between the location of canyons C3 and C4 at 1400 mbsl (Figure 7).

4.2.3 Depositional features

Two distinct types of depositional bedforms with contrasting orientations can be observed in the

study area.

The first type consists of extensive fields of longitudinal bedforms (LBF), with their crests oriented
in the NW-SE direction, perpendicular to the bathymetric contours and the regional bottom currents
(Figure 8). These bedforms are predominantly concentrated in the middle slope, ranging from 900

to 2000 mbsl. Table 1 represents a summary of their main morphometric parameters.

LBF1 (Figure 8 A) is located at the foot of the upper slope, between 900 and 1000 mbsl, and while it
is not completely covered by the high-resolution data, it likely extends over an area of at least 2000
km?, involving the entire inter-canyon area. It has wavelengths between 1800 and 3100 m and
heights between 2.5 and 6.4 m, with slightly sinuous parallel crests. The cross profile shows an

asymmetrical wave geometry, with their stoss side more developed than the lee side.

LBF2 (Figure 8 B) is located near the sharp bend of C1 with a profile that exhibits a downslope
asymmetry toward the NE, wavelengths between 1060 and 1650 m and a mean height of 1.8 m.
LBF3 (Figure 8 B) is a larger field associated with C2, that covers an area of 400 km?Z. It displays a
wide range of heights, from 0.5 to 4.5 m, and wavelengths between 1185 and 2100 m. LBF4 (Figure
8 C) is located downstream of the proto-canyon of the middle slope. It exhibits mostly symmetric

crests with height values of up to 11 m and wavelengths that reach a maximum of 1491 m. LBF5
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313 (Figure 8 C) extends over a wide area of at least 500 km? beyond the northern wall of C4 and
314 represents a field with slightly asymmetric sinuous crests of small dimensions (1288 m and 2.7 mean

315 wavelength and height respectively).

316 In the lower slope, these bedforms are only found at around 2000 mbsl in the vicinity of C2. LBF6
317 (Figure 8 D) is found near the sharp bend of C2 and displays the greatest crest heights the area,
318  reaching values of up to 22.8 m. LBF7 (Figure 8 D) develops over a small area of 60 km? down water
319 of C2, displaying downslope asymmetric sinuous crests towards the ENE direction, wavelengths

320 between 1336 and 2209 m, and heights in the 3.9-6.4 m range.

LBF1 900-1000 2.5 6.4 5.4 1800 3100 2477 2000
LBF2 1200-1400 1 4.9 1.8 1060 1650 1385 400
LBF3 1200-1400 0.5 4.5 1.8 1185 2100 1567 400
LBF4 1200-1600 4.3 11 8.1 1286 1491 1405 600
LBF5 1200-1600 0.1 5.8 2.7 948 2006 1288 500
LBF6 1900-2100 3.1 22.8 15.4 1495 2392 1971 150
LBF7 1900-2100 3.9 6.4 5.3 1336 2209 1872 60

321

322 Table 1: Morphometric parameters of the longitudinal bedforms represented in Figure 8

323

324

325

326
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Figure 8: Zoomed bathymetric sections of the different longitudinal bedform fields (LBF) of the study area (Vertical
exaggeration: ~15). Profile LBF1 also shows the geometric parameters taken from the grid to calculate the wavelength and
height of the waves. Cross sections depict the profiles at representative locations.
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The second type of depositional bedforms are found exclusively in the lower slope, where they
follow a SW-NE direction, with their crests aligned parallel to the bathymetric contours and regional
bottom currents, giving this domain a morphology characterized by a highly undulating topography
(Figure 9 A). In the shallow lower slope, between 1500 and 2000 mbsl, these wavy bedforms cover
the entire inter-canyon area. They exhibit an asymmetrical profile and reach an average height of
10 m, with wavelengths ranging from 1000 to 4000 m. At about 1900 mbsl, they interact with LBF6
and 7 (Figure 9 A). In the escarpment region, between 2000 and 4000 meters, on the contrary, the
morphology of the waves shows a highly asymmetrical profile with prominent crests that reach
heights between 20 and 40 m (Figure 9 A). The wavelengths are shorter than those observed on the

shallow lower slope, ranging from 500 to 2000 m (Figure 9 B).
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Figure 9: A: 3D perspective image of a sector of the escarpment, showing the interaction of the two types of wavy bedforms.
The rose diagram represents their contrasting orientation. The black line denotes the profile of Sub-figure B. B: Double plot

of water depth and slope along the slope parallel wavy bedforms.
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5 Discussion

The bathymetric distribution of the geomorphological elements identified in the southern sector of
the northern Argentinean continental slope reveals a complex present-day landscape (Figure 10).
The principal factors that have been shaping this sector of the margin can be classify in two groups:
1) across-slope processes, characterized mainly by the presence of submarine canyons, and 2) along-
slope processes, represented by erosive and depositional bedforms associated with the action of
bottom current. By analyzing the high-resolution bathymetry, we gained an accurate
comprehension of how these two processes interplay on the continental slope, a topic that will be

discussed further in subsequent sections.

5.1 Processes affecting canyon morphology.

Based on the geometry and morphological characteristics of the four canyons examined in this
study, we can draw some interpretations regarding the processes responsible for their evolution.
The mechanisms acting behind the formation of submarine is a matter of debate, although most
authors agree that their genesis is generally driven by two factors: 1) Slope failure, retrogressive
erosion, and other mass wasting events. 2) Erosive turbidity flows originating from fluvial, shelf, and

upper-slope (Farre et al., 1983; Harris and Whiteway, 2011; Pratson and Coakley, 1996).

The dominant processes in canyon formation are ultimately linked to their maturity state and their
connection with external sources of sediment supply. According to the evolutionary model
proposed by Farre et al. (1983) and Puga-Bernabéu et al. (2011) the formation of submarine canyons
undergoes three distinct phases, involving the interaction of downslope and upslope processes.

Remarkably, the study area presents visible examples of these phases.

In the initial youthful stages, canyons begin to take shape as minor incisions confined to the

continental slope, often referred to as "proto-canyons". Various pre-conditioning factors can trigger
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these initial stages, such as low sediment strength, differential compaction, sediment permeability,
oversteepening, and the presence of faults and tectonic structures (de Almeida et al., 2015). These
factors lead to localized slope failures and further retrogressive erosion (de Almeida et al., 2015; Lo
lacono et al.,, 2014; Puga-Bernabéu et al.,, 2011). In the escarpment sector, where failure and
slumping events are frequent (Gruetzner et al., 2016) some of these processes appear to be actively
shaping the development of proto-canyons (Figure 4 and Figure 10). On the middle slope, different
formation processes seem to be at play, as several closely spaced depressions appear to

amalgamate giving rise to a distinct type of proto-canyon (Figure 6B and Figure 7).

Over time, these incipient submarine canyons can progress into a transitional phase, evolving to
connect and form a single channel, while the valley widens and deepens due to progressive slope
failures and retrogressive erosion. These transitional canyons, referred to as "blind" and slope-
confined canyons (Harris and Whiteway, 2011) remain disconnected from the shelf and typically
exhibit low sinuosity (Farre et al., 1983). Examples of this transitional phase in canyon evolution can
be seen in C2 and C4 (Figure 5 and Figure 7). Particularly, C2 appears to consist of three straight
segments (Figure 5). The connection between the middle and lower slope segments seems to occur
through an irregular and wide SW-NE section featuring several terraces (Figure 5B). The deepest
sector of the canyon (Figure 5C) appears disconnected from its upslope segment, further indicating

its youthful stage of evolution.

Despite being confined to the slope and lacking direct shelf sediment input, these canyons have the
capacity to transport sediment along their channels. The frequent mass wasting processes during
their evolution transform into turbiditic flows as they are channeled along the canyon axes (Talling,
2014). Consequently, these erosive currents could lead to the formation of over-excavated ponds
within C2, similar to depressions observed in other submarine canyons of the Argentine Continental

Margin (Lastras et al., 2011; Palma et al., 2021). These depressions likely result from the action of
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vigorous along-canyon turbidity currents, which can effectively erode sediment from the canyon
floor (Lastras et al., 2007). Moreover, C4 also appears to be in a transitional phase, characterized by
a less incised bended portion that connects two straight and narrow segments, one upslope and the

other downslope.

The mature stage involves a change in the erosion style of canyons that may reach the shelf edge
(de Almeida et al., 2015) as is the case of C3 in the study area (Figure 6). Although these canyons
have no direct connection with fluvial systems, sediment from the continental shelf can be delivered
to canyons head and generate turbiditic flows that leave characteristic morphological imprints in
the canyon morphology, like a highly sinuous thalweg (Farre et al., 1983). The morphological imprint
of this erosive action exhibits variation across the slope, with cross-sectional profiles transitioning
from V-shaped valleys on the middle slope to U-shaped profiles on the lower slope and escarpment
sectors. These morphological changes likely indicate a predominant influence of erosive processes
near the canyon head compared to the lower sector (Gerber et al., 2009; Mitchell, 2006; Palma et

al., 2021).

Another frequent characteristic observed within the middle slope sector of C3 (Figure 6) is the
presence of changes in the longitudinal gradient of the canyon floor, commonly known as
knickpoints (Mitchell, 2006). These knickpoints result from changes in base level, tectonic uplift,
lithological resistance (Mitchell, 2006) or the action of turbidity currents (Toniolo and Cantelli,
2007). They represent transitory states of equilibrium between canyon sectors (Tubau et al., 2015)
suggesting that canyons within the middle slope are in a stage of adjustment to the new base level,
possibly due to increasing turbidity current activity. Additionally, the observation of terraces, flat
structures located several meters to tens of meters above the thalweg, provides additional evidence
of significant changes in base level within the canyons (Mulder, 2011). Although the connection of

C1 with the shelf is not visible in the study area (Figure 4), it shares the characteristics of a mature
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canyon, similar to C3, exhibiting a high sinuosity index, variations in cross-sectional profiles across

the slope, and evidence of enhanced erosion towards the canyon head.

Furthermore, the most distinctive characteristic of these canyons system are their changes in
orientation across the slope (Figure 2 and Figure 3). While most canyons typically align with the
slope gradient, C2 and C3 exhibit oblique segments that run parallel to the SW-NE bathymetric
contours (Figure 5 B and Figure 6 B). Similar morphologies have been observed in the Ameghino and
Almirante Brown canyons located in the Patagonian margin (Bozzano et al., 2017; Ewing and
Lonardi, 1971; Herndndez-Molina et al., 2009). These patterns have been attributed to
discontinuities inherited from Andean tectonics (Rossello et al., 2005), deflection of the main valleys
by bottom currents (Herndandez-Molina et al., 2009; Lastras et al., 2011), or a combination of both
(Ewing and Lonardi, 1971). In the case of the canyons of the NACM, the morphological evidence
suggests that the bends may be influenced by the action of along-slope currents, in line with the
model proposed by Lastras et al. (2011) for the Patagonian Margin Canyons. These bends
predominantly occur in the 1700-1800 m depth range, which coincides with the boundary layer
between UCDW and LCDW. Water mass boundary layers are associated with enhanced bottom
currents (Rebesco et al., 2014), which could contribute to the formation of the elongated
depressions connected to the canyon walls (Figure 4 B). Over time, these depressions have the
potential to evolve and expand in size under the influence of bottom currents and ultimately leading
to directional changes in the canyon axes through the amalgamation of the elongated depressions

with the canyon branches.

5.2 Morphological evidence of along-slope processes

The presence of a significant CDS along the NACM has been extensively documented in the recent
literature of the study area (Ercilla et al., 2019; Gruetzner, 2014; Gruetzner et al., 2016, 2012;

Hernandez-Molina et al., 2009; Preu et al., 2013, 2012). Although a detailed analysis of the
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morphosedimentary characteristics is beyond the scope of this work, some interesting features have
been identified through this morpho bathymetric analysis that have enhanced previous

interpretations that could be explored in further studies to understand the dynamics of this CDS.

One of them are the bedforms located mostly downstream of submarine canyons in the middle
slope between 900 and 2000 mbsl, displaying crests aligned NW-SE, perpendicular to the slope trend
and parallel to the axis of the canyons (Figure 8 and Figure 10). Their morphology and orientation
are consistent with bottom current sediment waves, which often form large-scale fields covering
extensive areas of the seafloor (Wynn and Stow 2002; Wynn and Masson 2008). The development
of sediment waves, formed by the along slope action of the upper circumpolar deep water (UCDW)
in the Ewing Terrace, has been documented in the study area (Ercilla et al., 2019) and other sectors

of the NACM (Wilckens et al., 2021) through seismic data analysis.

An interesting aspect of these bedforms is their distribution along the downstream flank of
submarine canyons. This observation suggests a potential interaction between the canyons and the
bottom current, a common occurrence in mixed contourite-turbidite depositional systems (
Rodrigues et al., 2022). In such systems, turbidity plumes from the submarine valleys are captured
by bottom currents, leading to the redeposition of sediment waves on the downstream flank
(Fonnesu et al., 2020; Mulder et al., 2008). At the water depths where these landforms occur,
submarine canyons do not exceed a few hundred meters, which is a condition for the overspilling
of turbiditic currents (Azpiroz-Zabala et al. 2017; Paull et al. 2018; Li et al. 2021), and further
development of mixed deposits (Mencaroni et al., 2021). However, while the morphological
characteristics suggest a potentially similar dynamic, a comprehensive sedimentological and seismic

analysis is necessary to confirm this hypothesis.
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Another type of depositional features are the wavy bedforms, which develop along the lower slope
(Figure 9). These features form elongated bodies with their crests aligned SW-NE, parallel to the
regional direction of the contour currents, located seaward of the boundary between the Upper
Circumpolar Deep Water (UCDW) and Lower Circumpolar Deep Water (LCDW) water masses.
Similar wavy bedforms have been found worldwide in marine settings. In the Mediterranean margin,
comparable seafloor undulations in a prodeltaic environment were interpreted either as a product
of the interaction of bottom currents with hyperpycnal flows (Urgeles et al., 2007) or as result of
downslope sediment deformation (Urgeles et al., 1999). Different interpretations can be found in
other settings characterized by strong bottom currents. Tallobre et al. (2016) for example, described
similar along-slope parallel bedforms on the Demerara Plateau and interpreted them as longitudinal
waves formed by the along-slope flow associated with the North Atlantic Deep Water Current. On
the other hand, Wilckens et al. (2021) considered these types of landforms as contouritic sediment

waves influenced by internal waves propagating at the interfaces of different water masses.

In this work, these features are interpreted as contourite drifts according to the model proposed by
Preu et al. (2013) for this region, where plastered drifts develop seaward of contouritic terraces due
to processes associated with water mass interfaces. Other authors have also identified the presence
of contourites at these water depths (Herndandez-Molina et al., 2009; Kirby et al., 2021; Rodrigues
etal., 2022). Furthermore, Ercilla et al. (2019) have described these features in the study area using
multichannel seismic profiles, and interpreted them as a complex drift, which can have locally a
single or multi-crested morphology. Therefore, we refer to them as "multi-crested drifts" due to
their widespread wavy morphology, which is similar to other contouritic bodies described in the

literature (Haberkern, 2017; Miramontes et al., 2019, 2016).

Furthermore, the bathymetry reveals the presence of several depressions that may be associated

with the erosive action of bottom currents. Some of these depressions, observed in the Ewing
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Terrace (Figure 7), appear to merge, forming more complex crescent shapes. Such scouring patterns
are indicative of marine environments with strong bottom-current activity, as documented in the
Iberian Peninsula (Glazkova et al., 2022), the Sete canyon (Lastras et al., 2007) and the Patagonian

Margin (Lastras et al., 2011; Mufioz et al., 2013).

The concentration of elongated depressions between 2000 and 4000 mbsl is likely not coincidental.
Previous studies have identified a subsurface fault system of gravitational origin at these water
depths (Anka et al., 2014; Loegering et al., 2013, figure 2), that affects the majority of tertiary
sedimentary column and results in a disrupted seafloor featuring several scarps identified in seismic
profiles (Gruetzner et al., 2016). Although these seaward dipping faults do not appear to outcrop,
these buried structures seem to play a substantial role in shaping the rugged topography of the
escarpment, marked by its steep slope. It has been proposed that bottom current flow may
concentrate along linear features like fault scarps, thereby enhancing erosion and broadening the
pre-existing topography (Krastel et al., 2011), and forming contour parallel elongated depressions
as those described in this work. These types of scouring are typically associated with erosional
contourite environments and are considered high-energy ambient bedforms, with flow velocities
ranging from tens of decimeters to meters per second, depending on the seafloor lithology (Stow et

al., 2009; Wynn and Masson, 2008).

Although direct measurements of bottom current velocity are lacking, the identification of these
current-derived features provides valuable clues about the different flow regimes in the study area.
These observations could serve as a promising starting point for reconstructing the bottom-current

flow in this sector of the slope.
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6 Conclusions

This study represents a significant advancement in understanding the geomorphological
characteristics of the previously unmapped southern sector of the northern Argentine continental
margin (NACM). By utilizing high-resolution multibeam data and 3D seismic-derived bathymetry, we
conducted a detailed analysis of the seafloor features in this region. Our findings revealed a diverse
array of seafloor features, providing evidence of different sedimentary processes shaping the

continental slope, that can be summarized as follows:

We identified four complex submarine canyons extending through the whole study area
between 900 and 5000 mbsl. that display excellent examples of different stages of evolution.
The young stages are represented by the minor incisions found in the middle slope and
escarpment, which are interpreted as proto-canyons; the blind canyons C2 and C4,
approximately 100 km long, represent transitional phases of evolution; finally, the mature stage
is exemplified by canyon C3, a large 239 km long canyon connected to the continental shelf.
Erosive features, such as sub-circular and elongated depressions, were also observed, indicating
periods of enhanced bottom current activity, and scouring of the slope. Some coalescent sub-
circular depressions appear to be actively interacting with the submarine canyons, favoring the
formation of proto-canyons in the middle slope at 1400 mbsl, while those with an elongated
morphology appear to give rise to the bended sections further deep water between 1500 and
1800 mbsl in the transition to the lower slope.

Two types of depositional bedforms were identified in the study area. Sediment waves are
concentrated in the middle slope in water depths ranging from 900 to 2000 mbsl, forming
extensive fields of 400-500 km? along the downstream flank of the canyons Their preferential
location as well as their crest alignment perpendicular to the regional current, suggests a

possible interplay between bottom currents and the dynamics related to the submarine
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canyons. Additionally, multicrested contourite drifts, with their crest parallel to the bathymetric
contours, were found covering the inter-canyon area in the lower slope between 1500 and 4000
mbsl. These bedforms contribute to the overall wavy morphology of the lower slope and appear

to be a product of the interaction between bottom currents and seafloor morphology.

Finally, the insights gained from this research contribute to a better understanding of the geological
and oceanographic processes in the region and serve as a reference point for future studies
regarding the Quaternary evolution of the continental slope, paleoceanographic history of the

western South Atlantic and deep-sea sedimentary processes.
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Highlights:
eGeomorphology of a previously unmapped sector of the Argentine continental margin

eCombination of multibeam and 3D seismic-derived bathymetry for high resolution
morphometric analysis.

eDescription of diverse seafloor bedforms, current derived features and submarine canyons.
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