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Bottom currents and their margin-shaping character became a central aspect in the research field of

sediment dynamics and paleoceanography during the last decades due to their potential to form large

contourite depositional systems (CDS), consisting of both erosive and depositional features.

A major CDS at the northern Argentine continental margin was studied off the Rio de la Plata

River by means of seismo- and hydro-acoustic methods including conventional and high-resolution

seismic, parametric echosounder and single and swath bathymetry. Additionally, hydrographic data

were considered allowing jointly interpretation of morphosedimentary features and the oceanographic

framework, which is dominated by the presence of the dynamic and highly variable Brazil–Malvinas

Confluence.

We focus on three regional contouritic terraces identified on the slope in the vicinity of the Mar del

Plata Canyon. The shallowest one, the La Plata Terrace (�500 m), is located at the Brazil Current/

Antarctic Intermediate Water interface characterized by its deep and distinct thermocline. In �1200 m

water depth the Ewing Terrace correlates with the Antarctic Intermediate Water/Upper Circumpolar

Deep Water interface. At the foot of the slope in �3500 m the Necochea Terrace marks the transition

between Lower Circumpolar Deep Water and Antarctic Bottom Water during glacial times.

Based on these correlations, a comprehensive conceptual model is proposed, in which the onset and

evolution of contourite terraces is controlled by short- and long-term variations of water mass

interfaces. We suggest that the terrace genesis is strongly connected to the turbulent current pattern

typical for water mass interfaces. Furthermore, the erosive processes necessary for terrace formation

are probably enhanced due to internal waves, which are generated along strong density gradients

typical for water mass interfaces. The terraces widen through time due to locally focused, partly helical

currents along the steep landward slopes and more tabular conditions seaward along the terrace

surface.

Considering this scheme of contourite terrace development, lateral variations of the morphosedi-

mentary features off northern Argentina can be used to derive the evolution of the Brazil–Malvinas

Confluence on geological time scales. We propose that the Brazil–Malvinas Confluence in modern times

is located close to its southernmost position in the Quaternary, while its center was shifted northward

during cold periods.

& 2013 Elsevier Ltd. All rights reserved.
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Fig. 1. Regional map of the NE Argentine continental margin, including its general

ocean circulation pattern; AABW—Antarctic Bottom Water; ACC—Antarctic Cir-

cumpolar Current; BMC—Brazil–Malvinas Confluence; M-F—Malvinas–Falkland;

NADW—North Atlantic Deep Water; GSI: South Georgia; black dashed box marks

the study area.
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1. Introduction

Bottom currents represent a major force shaping ocean mar-
gins (e.g. Heezen, 1959; Heezen and Hollister, 1964; Stow et al.,
2009) through along-slope oceanographic processes, which are
capable of eroding, transporting, and depositing sediments at the
seafloor (Rebesco and Camerlenghi, 2008). Depending on the
bottom relief, local and regional hydrodynamic features (cores,
branches, vortices, helical flows, etc.) might develop, which domi-
nate sedimentary processes (Hernández-Molina et al., 2008a).
A sufficiently strong bottom current acting over an extended time
period will profoundly affect the seabed, ranging from winnowing
of fine-grained sediments to large-scale erosion and deposition
(e.g., Heezen, 1959; Heezen and Hollister, 1964; Stow and Lovell,
1979; Viana and Faug�eres, 1998; Duarte and Viana, 2007; Rebesco
and Camerlenghi, 2008; Stow et al., 2009).

The term ‘contourite’ is now generally accepted for those
sediments deposited or substantially reworked by bottom cur-
rents (Stow et al., 2002; Rebesco, 2005; Rebesco and Camerlenghi,
2008; Faug�eres and Mulder, 2011). Major accumulations of
contourite deposits are referred to as drifts or contourite drifts,
for which several classifications have been proposed based mainly
on their morphological, sedimentological and internal architec-
ture (e.g.,: McCave and Tucholke, 1986; Faug�eres et al., 1993,
1999; Stow et al., 2002; Rebesco, 2005; Rebesco and Camerlenghi,
2008; Faug�eres and Mulder, 2011).

Where currents are strong enough, a variety of erosive features
can develop. Extensive erosion or non-deposition leads to the devel-
opment of widespread hiatuses in the depositional record. Although
erosive features are not as well studied as contourite drifts, several
types have been investigated to date (e.g., Nelson et al., 1993, 1999;
Stow and Mayall, 2000; Hernández-Molina et al., 2003, 2008a, 2009;
Stow et al., 2008, 2009; Garcı́a et al., 2009). The most common are
represented by erosive surfaces associated with contourite terraces.
An association of various drifts and related erosive features is
commonly termed a Contourite Depositional System (CDS), by
analogy with, and of equal importance as, Turbidite Depositional
Systems (e.g., Hernández-Molina et al., 2003, 2008a).

A huge CDS extends along the Argentine margin characterized
by particularly well developed depositional and erosive features
(Hernández-Molina et al., 2009). In regional studies, contourite
features were so far mainly identified in the southernmost sector
of the margin (Hernández-Molina et al., 2009, 2010; Lastras et al.,
2011; Gruetzner et al., 2012). However, recently Violante et al.
(2010), Bozzano et al. (2011), Krastel et al. (2011) and Preu et al.
(2012) have also reported large contourite features along the
northern Argentine margin.

The main objective of this work is to identify and discuss
morphosedimentary features along the northern Argentine margin
(Fig. 1) with special emphasis on contourite terraces, which are
present in different depths along the slope. A regional correlation
with hydrographic features is presented and a new conceptual model
for the onset and evolution of contourite terraces is discussed.
2. Regional setting

2.1. Physiography

The Argentine continental margin (Fig. 1) includes three major
physiographic domains: the shelf, the slope and the rise. All three
margin segments, which were investigated in several regional
studies (e.g., Ewing and Lonardi, 1971; Lonardi and Ewing, 1971;
Parker et al., 1996, 1997; Hernández-Molina et al., 2009) include
morphological features, which are relevant indicators for the
interaction between ocean dynamics, tectonic processes, sea level
fluctuations and partly gravitational processes (e.g., Urien and
Ewing, 1974; Violante and Parker, 2004; Hernández-Molina et al.,
2009, 2010; Henkel et al., 2011; Krastel et al., 2011).

The shelf varies in its width from north to south (Ewing and
Lonardi, 1971; Parker et al., 1996, 1997). The narrowest part of
the shelf in the study area is located near Mar del Plata and
further south where the shelf is �180 km wide (Fig. 1). South of
this area the continental shelf width exceeds 200 km. The eastern
boundary of the shelf is close to a straight line, which runs in SSW
direction along the 130/150 m isobaths in the study area.

The slope strikes in a NE-SW direction in the study area. In this
part of the margin the slope extends over �180 km in width with
a mean slope angle of 2–51. Located off the Rio de la Plata (Fig. 1),
two major terraces result in a step-like slope morphology by the
La Plata Terrace (Urien and Ewing, 1974) and the Ewing Terrace
(Hernández-Molina et al., 2009). The latter encompasses signifi-
cant sediment accumulations (Violante et al., 2010).

2.2. Oceanographic context

Interaction of highly active oceanographic processes with the
seafloor is a ubiquitous characteristic of the Argentine margin,
which is one of the most dynamic regions of the world ocean (e.g.,
Chelton et al., 1990). This margin encompasses the Brazil–Malvinas
Confluence (BMC, Fig. 1), as well as the encounter and interaction
of northward flowing Antarctic water masses (Antarctic Intermedi-
ate Water [AAIW], Upper Circumpolar Deep Water [UCDW], Lower
Circumpolar Deep Water [LCDW] and Antarctic Deep Water
[AABW]), with the southward flowing Brazil Current (BC), which
contains fractions of Tropical Water and South Atlantic Central
Water (SACW), re-circulated AAIW and North Atlantic Deep Water
(NADW, Saunders and King, 1995; Georgi, 1981; Piola and Matano,
2001; Carter and Cortese, 2009) at different depths.



Fig. 2. Map of study area showing the position of the seismic surveys (COPLA,

BGR, R/V Meteor) and the water column data including hydrographic sections

(Fig. 6) and turbidity measurements (RC15-83, Fig. 10).
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The surface circulation along the Argentine margin results from
interaction of the northward flowing Malvinas Current with the
southward flowing Brazil Current, which form the BMC near 381S
(Fig. 1). South of the BMC the intermediate and deep circulation is
conditioned by the northward flow of AAIW, UCDW and LCDW
(Reid et al., 1977; Arhan et al., 2002, 2003). North of the confluence,
the NADW flows southward along the margin. The interfaces
between these water masses are characterized by relatively large
vertical density gradients. At basin scale these interfaces tend to
deepen northward (Reid et al., 1977), and are vertically displaced
by eddies (Piola and Matano, 2001; Arhan et al., 2002, 2003).

The abyssal circulation is dominated by the AABW (Fig. 1),
which is partially trapped in the Argentine basin. This trapping
generates a large, regionally up to 2000 m thick cyclonic gyre,
whose influence is apparent at depths greater than 3500 to
4000 m (Piola and Matano, 2001; Arhan et al., 2002, 2003;
Hernández-Molina et al., 2008b; Carter and Cortese, 2009). These
circulation patterns may play a significant role in controlling
sedimentary processes across the entire ocean basin (Le Pichon
et al., 1971; Klaus and Ledbetter, 1988; Reid, 1989), and particu-
larly on the Argentine margin (Flood and Shor, 1988; Arhan et al.,
2002, 2003; Hernández-Molina et al., 2009).

2.3. Geological context

The northern part of the Argentine margin belongs to the
passive volcanic rifted continental margin of South America
ranging from southern Brazil to northern Patagonia. The tectonic
characteristics of the region are conditioned by deep structures
related to the geodynamic evolution prior to the continental
fragmentation, as well as by sea-floor spreading, magmatic
activity and thermal flux (Ramos, 1999). The margin has been
subdivided into four tectonic segments separated each other by
transfer fracture zones (Hinz et al., 1999; Franke et al., 2007). The
study area comprises the northern part of Segment III and the
southern part of Segment IV, which are separated by the Salado
Transfer Zone (STZ, Supplement 1).

Post-Cretaceous sedimentary sequences display six major units
separated by conspicuous seismic horizons. Sequences between
reflectors indicate the different stages of evolution (Ewing and
Lonardi, 1971; Urien and Zambrano, 1996; Hinz et al.,1999; Parker
et al., 2008; Violante et al., 2010; Preu et al., 2012): (1) a first stage
(Early Cenozoic) characterized by a high vertical accretion of the
slope; (2) a second stage (Eocene-Mid Miocene), when the passive
margin definitively developed, Antarctic water-masses began to
actively influence the region, and prograding–retrograding sedi-
mentary sequences played a significant role in shaping and enlar-
ging the slope with high turbiditic dynamic and formation of
submarine canyons; (3) the third stage (Mid-Late Miocene) com-
prises the time-span when progradation dominated, major regional
tectonic, stratigraphic and paleoceanographic changes took place
and ocean and sediment dynamics gave rise to contouritic sedi-
mentation with the formation of the Ewing Terrace; (4) finally, the
fourth stage (Late Pliocene—Quaternary) represents the definitive
morphosedimentary evolution of the slope towards its present
characteristics, with intense contouritic and turbiditic activity and
the final excavation of the Mar del Plata Submarine Canyon.
3. Methods

3.1. Seismic and hydro-acoustic data sets

Multiple seismo- and hydroacoustic data sets covering a
wide range of frequencies were used in order to analyze small
scale variations in morphology and seismo-acoustic facies of the
shallow subseafloor and to investigate possible links to the recent
oceanographic regime. Conventional and high-resolution multi-
channel seismic (MCS) profiles, single- and multibeam lines and
parametric echosounder data were analyzed and jointly inter-
preted (Fig. 2).

The conventional MCS (10–50 Hz) data were provided by the
Comisión Nacional del Lı́mite Exterior de la Plataforma Continental

(COPLA, Argentina). Partly, the data were acquired and processed
by the Bundesanstalt für Geowissenschaften und Rohstoffe (BGR) to
study the volcanic activity along the Argentine margin during the
continental breakup (Hinz et al., 1999; Franke et al., 2007). The
shooting interval during all BGR cruises (Fig. 2) was 50 m and
data were recorded using a 6000 m long streamer system,
sampled at a rate of 2 ms. The data were reprocessed on behalf
of COPLA by CGG/VERITAS. These data were used in the back-
ground to identify potential structural control on margin physio-
graphy and consequently on morphosedimentary features.

High-resolution MCS (100–500 Hz) profiles were recorded
during R/V Meteor Cruises M49/2 (2001) and M78/3 (2009).
During the first cruise data were acquired using the multichannel
seismic system of the University of Bremen encompassing a
600 m analog streamer with 96 channels. The sampling frequency
was set to 4 kHz (Spieß et al., 2002). In 2009 data were recorded
with the GEOMAR multichannel seismic system using a 200 m-long
digital streamer consisting of 128 channels. Sample frequency
during that cruise was constantly 8 kHz (Krastel and Wefer,
2011). Both data sets were processed with the software package
‘VISTA Seismic Processing 2D/3D’ (GEDCO) following standard
seismic procedures including bandpass filtering, common mid-
point (CMP) sorting and binning, CMP stacking, residual static
correction and post-stack time migration. CMP bin size varies
among profiles between 5 and 10 m depending on data quality
and coverage. Based on these data large scale erosive and
depositional features were identified and mapped within the
study area.

Single beam echosounder data were collected by Argentine
authorities on behalf of COPLA during multiple cruises with R/V
Puerto Deseado during the last decade (not shown in Fig. 2).
This data set was analyzed in conjunction with a dense multi-
beam echosounder data set confined to the Mar del Plata Canyon,
recorded during R/V Meteor Cruise M78/3, in order to deter-
mine large and small-scale morphological features. Additionally,
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parametric sediment echosounder data (PARASOUND P70 with a
lower parametric frequency of 4 kHz) acquired along the multi-
beam tracks were used for detailed morphological and seismo-
acoustic analysis of the uppermost tens of meters (Krastel and
Wefer, 2011).

To discuss the origin, evolution and lateral extent of the
morphosedimentary features, acoustic data sets were jointly
interpreted using the software package ‘The Kingdom Software’
(SMT) and the software ‘GeoMapApp’ created at the Lamont-
Doherty Earth Observatory (Ryan et al., 2009).

Identification of erosive and depositional features related to
CDSs and the related nomenclature are based on previous
comprehensive and reviewing studies carried out by Faug�eres
et al. (1999) and Rebesco (2005). Both publications were recently
summarized and discussed by Rebesco and Camerlenghi (2008).

3.2. Hydrographic data sets

The detailed distribution of water masses down the northern
portion of the Argentine margin is depicted by two full-depth,
high-resolution cross-sections of potential temperature (y), salinity
(S), dissolved oxygen (O2) and neutral density (gn) (location
indicated in Fig. 2). Section 1 was collected close to 381S in 1984
as part of the Marathon Expedition (Camp et al., 1985) and
Section 2, gathered further north during the SAVE-5 Expedition
(Anonymous, 1992), runs southeastwards down the slope inter-
secting the 2000 m isobath near 351S (Fig. 2). Note that the cross-
slope resolution of Section 1 is about 30 km, while that of Section 2
east of the 200 m isobath is quite lower and irregular. Both sections
were used to identify lateral changes in circulation based on
distinct variations in water mass distributions over the study area.

As pointed out above, the abyssal Argentine Basin is subject to
the influence of the circulation of AABW; however, as bottom
depth decreases across the continental margin, various water
masses interact with the seafloor. To understand the role of the
circulation and water mass structure on the sediment redistribu-
tion over the slope it is necessary to determine where each water
mass interacts with the bottom across and along the slope. For
this purpose we analyzed the distribution of near-bottom (within
150 m) water mass properties based on all data available (World
Ocean Database, 2009) in the Argentine Basin. The choice of the
deepest 150 m slab arises from the need to determine the water
mass in contact with the bottom and the need to have enough
observations to depict their horizontal extent along the slope. We
adopted water mass property criteria as shown in Table 1.

To allow detailed analysis of the interplay between the
oceanography and the morphosedimentary features, the hydro-
graphic sections and seismic lines were combined into single
profiles. These seismic/hydrographic intersections were calculated
using the program ‘Ocean Data View 4.0’ (Schlitzer, 2011).
Table 1
Selected criteria used to determine the ranges of the water masses interacting

with the ocean bottom on the western margin of the Argentine Basin. y7 potential

temperature (1C), S: salinity, O2: dissolved oxygen (ml/l), gn: neutral density

(kg/m3).

Water mass Criteria

SACW y48 S434.8

AAIW 33.90oSo34.25

AAIW (recirc.) O2o5.6 ml/l

UCDW 27.75ogno27.90 O2o4.5 ml/l

NADW 27.90ogno28.10 S434.8

LCDW 28.06ogno28.20 So34.8

AABW yo0 1C
Additionally, sea surface temperature (SST) measurements
were used for this study derived from published high-resolution
satellite climatology (Casey and Cornillon, 1999). Based on these
data, SST gradients were calculated and averaged to southern
hemisphere summer (October–March) and winter (April–Septem-
ber) to visualize the seasonal variability of the BMC.
4. Results

4.1. Physiography of the study area

In the study area the continental slope varies in width between
160 and 200 km. It clearly narrows north of the Mar del Plata
Submarine Canyon (Fig. 3), which separates the southern from
the northern part of the study area. The continental slope can be
subdivided into upper, middle and lower slope, which include several
major terraces (Fig. 3): the La Plata Terrace (T1, 500–600 m), the
Ewing Terrace (T2, 1200–1500 m) and the Necochea Terrace (T4,
�3500 m). Although another terrace (T3, 2500 m) has been described
and regionally characterized by Hernández-Molina et al. (2011), this
terrace will not be considered in this study due to its small-scale
appearance in the study area.

The region where the lower slope merges with the continental
rise is sometimes hard to identify due to a constant concave shape
of the continental slope; however, the transition is located close
to �3500 m water depth, where slope angles reach �0.61. The
continental rise covers an extensive area with an overall width of
more than 200 km.

Three major submarine canyons are located in the study area
(Fig. 3): The most prominent is the Mar del Plata Submarine
Canyon, which originates at �1000 m water depth cutting into
the middle slope and reaches toward the foot of the lower slope
(Krastel et al., 2011). The head of the Mar del Plata Canyon is
located in the middle slope, mid-way between the La Plata and
the Ewing Terrace (Fig. 3). The canyon has a length of �130 km
and is almost 18 km wide in the center of the Ewing Terrace.

North of the Mar del Plata Canyon a smaller structure, called
Querandi Submarine Canyon, is incised into the Ewing Terrace
and the lower slope. A much smaller canyon structure originates
from the lower slope south of the Mar del Plata Canyon, called
Punta Mogotes Submarine Canyon (Fig. 3).

4.2. Morphosedimentary features

4.2.1. Erosive features

Sedimentary features in the study area encompass erosive
surfaces, channels and minor slope-parallel incisions located at
the lower slope. Overall these features are very pronounced in the
northern and southern part of the study area (Figs. 3 and 4).

4.2.1.1. Erosive surfaces. Two major large-scale erosional surfaces
were imaged in the northern and southern part of the study area,
one represented by the upper slope landward of the La Plata
Terrace and the other one located along the middle slope located
seaward of the La Plata Terrace (Figs. 3, 4a and b, 5a and b).

The upper slope connects the shelf break located close to the
130/150 m isobaths with the La Plata Terrace and is characterized
by a mean slope angle of �4–61 (Fig. 4). Independent of the width
of the La Plata Terrace the upper slope has a roughly constant
width of �5–10 km reaching its maximum upslope of the Mar del
Plata Canyon. The seismo-acoustic appearance of the subsurface
including truncated reflections points to predominantly erosive
processes, at least in the transition between the upper slope and
La Plata Terrace (Fig. 4a and b).



Fig. 3. Morphosedimentary map of the NE Argentine margin indicating the regional distribution of erosional, depositional, gravitational and mixed morphologies along the

upper, middle, lower slope and continental rise. Seismic profiles GeoB01-135 (Fig. 4a), GeoB01-141 (Fig. 4b) and GeoB01-143 (Fig. 4c) are indicated by dashed lines. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In the transition between the La Plata Terrace and the Ewing
Terrace a mid-slope erosive surface is located (Fig. 3). Its width
varies distinctly in accordance with the spatial variability of both
terraces. While south of the Mar del Plata Canyon the middle
slope has a mean width of �35 km with a slope angle of 3–41,
north of the canyon the middle slope narrows to �6 km with
a slope gradient of �61 (Figs. 3 and 4). Well-defined truncated
reflections dominating the seismofacies (Figs. 4a and b, 5a and b)
mark this area of the margin clearly as erosive surface.
4.2.1.2. Channels. Major slope-parallel incisions representing
channels could be identified north and south of the Mar del
Plata Canyon. The most prominent runs between the Ewing
Terrace and the aforementioned middle slope erosive surface
(Fig. 3). It follows the shape of the overall margin and is cut
into the terrace building strata. In the southern area, the channel
is incised �90 m into the Ewing Terrace and reaches a width of
�5–15 km (Figs. 4a, 5b). The channel widens in the central part of
the southern area, where a second contourite-parallel channel
emerges from the Ewing Terrace. Another major channel runs
across the margin slope at �381S connecting the La Plata Terrace
with the major contourite channel described above (Fig. 3). It is
incised 15–20 m into the margin and only 1–2 km wide.
North of the Mar del Plata Canyon the slope parallel channel is
shifted landward by �25 km and reaches a more or less constant
width of �5 km slightly widening northward with a mean depth
of �35 m (Fig. 3). At last, directly north of the Mar del Plata
Canyon at �541W a narrow and deep contour-parallel incision
(‘slope-parallel channel’ in Fig. 4b) was imaged, which is cut
�260 m deep into the Ewing Terrace with a maximum width of
�350 m (Fig. 3).
4.2.1.3. Minor slope-parallel incisions. In the northern part of the
study area and between the Mar del Plata Canyon and the Punta
Mogotes Canyon minor slope-parallel incisions (furrows) can
be identified along the lower slope in water depths of �2000–
3000 m (Figs. 3, 4b and 5e). The width of the features varies
between 200 and 400 m and they are �90 m incised into the
lower slope. While they are very common in the northern area,
they are less abundant and of smaller dimension in the southern
area �30 km SW of the Mar del Plata Canyon (Figs. 4a and 5f).
4.2.2. Mixed erosive-depositional features—Contourite terraces

The most remarkable morphological features in the study area
are the wide terraces, incised into the continental slope. There are
three major terraces (Fig. 3): The La Plata Terrace (T1) and the



Fig. 4. High-resolution multi-channel seismic (MCS) profiles: (a) GeoB01-135 south of the Mar de Plata Canyon; (b) GeoB01-141 is directly located north of the Mar de

Plata Canyon; (c) GeoB01-143 is located at the northern boundary of the study area. Both the La Plata and Ewing terraces locations are highlighted in the MCS cross

sections. Locations of seismic profiles are indicated in Fig. 3. Black boxes indicate the position of close-ups shown in Fig. 5. VEEvertical exaggeration.

B. Preu et al. / Deep-Sea Research I 75 (2013) 157–174162



Fig. 5. Examples of morphosedimentary features for the northern and southern study area subdivided into erosive and depositional features, including an interaction of

along-slope erosive and gravitational processes; T1—La Plata Terrace; T2—Ewing Terrace. See the location of the examples on Fig. 4.
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Ewing Terrace (T2) on the middle slope, and the Necochea Terrace
(T4) located at the foot of the slope (Fig. 4).

4.2.2.1. La Plata Terrace (T1). The shallowest terrace is the La Plata
Terrace located in 500–600 m water depth with a main NE-SW
orientation and a mean slope angle of 0.5–11. The landward and
seaward boundaries are marked by the upper and middle slope
characterized by steeper slope angles. The terrace distinctly
narrows upslope of the Mar del Plata Canyon from south
(�35 km) to north (�7 km). The seismo-acoustic characteristics
of the T1 strongly depend on the lateral variability of the terrace.
While the terrace shows a clear horizontally layered reflection
pattern of high amplitudes in the southern part of the study area
(Fig. 4a), in the north the seismic facies is hard to determine due
to the limited lateral extent of the terrace; only single reflections
of low amplitude can be observed in this part (Fig. 4b).

4.2.2.2. Ewing Terrace (T2). The Ewing Terrace is located in water
depths of 1100–1400 m and runs almost parallel to the La Plata
Terrace. Characterized by a mean slope angle of �0.5–1.51 the
Ewing Terrace represents the wide area between the erosive
middle slope and the lower slope (Fig. 3). This area widens from
�50 to �80 km north of the Mar del Plata Canyon, where the
upper slope is shifted landward. The Ewing Terrace can be
subdivided into three zones from land to sea: Zone 1 is located
at the upslope boundary of the Ewing Terrace, where truncated
reflections indicate erosive processes next to the contour parallel
channel described above (Figs. 4a and b, 5a and b). While this
zone is quite narrow (100–150 m) in the southern part of the
study area, north of the Mar del Plata Canyon this area widens to
�35 km (marked as relict sediments on Fig. 3).

Zone 2 of the terrace is characterized by nearly horizontal layered
reflections (Fig. 4). Laterally, this part of the terrace drastically varies
in width and shape (Fig. 3) from south (�35 km) to directly north
of the Mar del Plata Canyon (�65 km). Further northward, the width
of the central zone decreases.

Zone 3, located at the seaward boundary of the terrace,
encompasses a major plastered drift in 1200–1400 m water depth
(Figs. 3 and 4). While upslope the drift fades into the central zone,
seaward deposition is terminated at the lower slope. In the center
of the plastered drift a positive relief associated with a sedimen-
tary crest can be identified (Figs. 3, 4a and c, 5c and d).

In the southern part of the study area, the 25–35 km wide
elongated plastered drift with its 75 m crest covers half of the
Ewing Terrace (Figs. 3 and 4a). At �38.31S the orientation of the
crest slightly changes from a NE to a NNE trend following the
general trend of the middle slope (Fig. 3). In the northern part of
the study area, almost no drift deposition occurs close to the Mar
del Plata Canyon. A sedimentary crest within the depositional
zone can only be identified north of the Querandi canyon (Fig. 3).
From there it widens northward toward the Uruguayan margin



Fig. 6. Hydrographic sections (location shown in Fig. 2) of the study area showing lateral variations in potential temperature (1C), salinity and dissolved oxygen (ml/l) from

the southern (Section 1, top) to the northern (Section 2, bottom) sector; BC—Brazil Current; AABW—Antarctic Bottom Water; AAIW—Antarctic Intermediate Water;

LCDW—Lower Circumpolar Deep Water; NADW—North Atlantic Deep Water; UCDW—Upper Circumpolar Deep Water.
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reaching a width of 30 km in the northern boundary of the study
area (Figs. 4c and 5c), encompassing another plastered drift. The
crest of the drift runs parallel to the middle slope and reaches a
height of 35–40 m (Fig. 3).
4.2.2.3. Necochea Terrace (T4). The deepest identified terrace is
the Necochea Terrace in water depths of �3500 m (Fig. 3;
Supplement 2). While landward it is limited by the lower slope,
seaward the limit is hard to identify due to the gradual transition
into the continental rise. In general the width of the terrace seems
to vary from 5 to 35 km from north to south. Since data coverage
in this deep part is sparse and only conventional, low frequency
seismic images the Necochea Terrace, detailed spatial statements
on the seismo-acoustic facies are not possible. However, the
available data indicates an aggradational stacking pattern, repre-
senting a transition from a separated drift with very smooth relief
to a plastered drift. With the given poor data coverage it seems
that this depositional pattern is mostly restricted to the southern
part of the study area. Only directly north of the Mar del Plata
Canyon seismofacies associated with plastered drifts could be
identified in a small, distinct area.
4.2.3. Gravitational features

Mass wasting deposits in the study area are mainly confined to
the lower slope area and the heads and flanks of the submarine
canyons (Fig. 3). As seen in Figs. 4a and b, 5e and f, gravitational
processes are common on both the northern and southern lower
slope in 2600–4000 ms TWT (2000–3000 m water depth) and can
be identified by their chaotic seismic facies (Supplement 3).
In contrast to the southern part of the study area, mass wasting
deposits and their scars are more abundant and of larger dimen-
sion in the north.

Moreover, mass wasting deposits are associated to the head of
the Querandi Canyon and the Punta Mogotes Canyon (Fig. 3).
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4.3. Oceanographic features

4.3.1. Oceanographic Section 1—Mar del Plata Canyon

In the southern section (Section 1, Fig. 6 top) a wedge of cold
(o7 1C) and fresh (So34.3) Subantarctic Waters is observed in
the near-surface region of the upper slope (o550 water depth).
Satellite-derived sea surface temperature data reveal that this
latitude marks the mean northernmost penetration of the Mal-
vinas Current (e.g., Piola and Matano, 2001; Saraceno et al., 2004).
Thus, the warm-salty and relatively low oxygen Tropical Waters
and South Atlantic Central Waters carried within the BC that
characterize the South Atlantic subtropical gyre are displaced
offshore and are not in contact with the bottom in Section 1.
Below the subtropical thermocline the salinity minimum (Smin)
and oxygen maximum of AAIW are well defined, but near the
slope they connect with the slightly warmer and less dense outer
shelf waters (Fig. 6 top). At this latitude the cores of Circumpolar
Deep Waters are split by the southward flowing NADW (Reid
et al., 1977). The cores of these water masses along the slope are
well defined in the 1200–4000 m depth range by the low–high–
low salinity (34.6, 434.8, 34.75) and oxygen (o4.25, 45.25,
o5 ml/l) stratification sequences (Fig. 6 top). The core of UCDW
(O2o4.25 ml/l) is observed at 1700 m and spans the 1500–
2000 m depth range. UCDW also creates a relative potential
temperature minimum matching the O2 minimum. The high
salinity core of NADW (S434.9) is located at 2450 m and appears
to be just separating from the slope while the NADW salinity
range (S434.8, Table 1) is found between 2500 and 3000 m water
depths. At this location LCDW (So34.8, O2o5 ml/l) occupies the
3000–3900 m depth range. Below this layer, most of the abyssal
ocean is covered by AABW (yo0 1C; Fig. 6 top).
4.3.2. Oceanographic Section 2—North of Mar del Plata Canyon

As expected from the general circulation patterns (Fig. 1), we
find a different structure of near-bottom water masses down the
slope further north (Fig. 6 bottom). The upper layer (depths less
than �500 m) is occupied by warm (410 1C), salty (S435)
SACW, which flows southward associated with the Brazil Current.
The salinity minimum of AAIW is clearly defined in the 700–
1200 m depth range (Fig. 6 bottom). The core of AAIW in contact
with the bottom along the slope is thinner than further south and
displays similar salinity and slightly lower O2 values, suggesting it
is still part of a narrow northward flowing branch in contact with
the slope. At Section 2 the UCDW core is still present but the
oxygen minimum layer, where O2 is less than 4.25 ml/l, is about
400 km east of the slope. Similarly, the ymino2.8 1C observed in
Section 1 close to the oxygen minimum is displaced offshore
(Fig. 6). Consequently, in Section 2 the bulk of UCDW appears to
have shifted offshore and occupies a thinner layer interacting
with the bottom in the 1350–1650 m depth range (Fig. 6 bottom).
The potential temperature maximum observed above the NADW
maximum is not displaced vertically, but is now warmer than
3.5 1C, while the salinity maximum (S434.9) has expanded
vertically to the 2150–2800 m depth range. The region with
S434.8, our adopted definition for NADW in the Argentine Basin,
spans the 1700–2900 m depth range, thus is thicker and shal-
lower than observed further south (Fig. 6 bottom).
4.3.3. Near-bottom layers

To understand the role of the circulation and water mass
structure on the described morphosedimentary features we
analyzed the distribution of near-bottom (within 150 m) water
mass properties based on data available in the World Ocean
Database (2009) in the Argentine Basin (Fig. 7).
AAIW is confined to the upper slope, mostly between the 200
and 1000 m isobath and its northernmost location is detected at
311S (Fig. 7). The slope narrows northward considerably and there
are only two stations meeting the AAIW criteria in the narrow
strip between the 200 and 1000 m isobaths in the latitude range
between 341 and 311S. North of 291S we observe a narrow strip of
AAIW along the 1000 m isobath (Fig. 7). This northern core of
AAIW intersects the bottom at somewhat deeper levels than the
southern core (850–1100 m), and flows as recirculated AAIW
southward below the Brazil Current. The offshore limit of near-
bottom UCDW closely follows the 2000 m isobath and the bulk of
this water mass extends northward to about 351S. North of 381S
there is evidence of near-bottom NADW in the depth range 1800–
3000 m (Fig. 7). In the western Argentine Basin LCDW occupies a
narrow near-bottom strip in the 2300–3400 m range. The inter-
action of LCDW with the bottom appears to extend to the
southern flank of the Rio Grande Rise, and a few observations
suggest isolated portions of near-bottom LCDW at depths of
nearly 4000 m north of 361S. As pointed out above, most of
the bottom at depths greater than 4000 m are subjected to the
influence of AABW (Fig. 7).
5. Discussion

5.1. Morphosedimentary and hydrographic features and their

oceanographic and tectonic implications

5.1.1. Margin physiography

The northern Argentine margin physiography is characterized
by peculiar differences in slope angle north and south of the Mar
del Plata Canyon (red marks in Fig. 3). While the northern part of
the study area shows a typical seaward margin inclination
oblique to the upper slope, the slope south of the canyon dips
northeastward and therefore, in an �451 angle to its northern
counterpart. This change in physiography might be related to the
Salado Transfer Zone (STZ), which runs as well perpendicular to
the upper slope in the center of the study area (Fig. 3, Supplement 1).
The STZ was established during the initial opening of the
South Atlantic (Hinz et al., 1999; Franke et al., 2007) and is prob-
ably characterized by non-uniform cooling of adjacent margin
Segments III and IV (Allen and Allen, 1990). Periods of stronger
subsidence were described associated with this structure as, e.g.,
during the middle Miocene (Kennett, 1982; Aceñolaza, 2000;
Potter and Szatmari, 2009). Consequently, the differential tilting
is presumably linked to the STZ, although its effect can mostly be
observed along the La Plata Terrace (Fig. 3). Further down-slope,
uniform margin inclination over the study area indicates the
dominance of erosive and depositional forces, which overprint the
tectonic signature.

5.1.2. Upper slope—La Plata Terrace (T1)

The La Plata Terrace is located at the upper slope in water
depths between 500 and 600 m and deepens toward the north
(Figs. 3 and 8). Its sedimentary style points to a uniform and
continuous forcing (Figs. 5 and 6), which can only be maintained
over long time periods by ocean bottom-currents, and excludes
considerable downslope transport from the shelf.

Analysis of the hydrographic Section 1 (Fig. 6 bottom), which
spans the La Plata Terrace, indicates that the terrace is located close to
the interface between surface waters and the AAIW, which is in
particular well defined in the BC by the steep thermocline in �500 m
water depth north of the Mar del Plata Canyon (Fig. 6 bottom). Such
water mass interfaces, in general, represent zones dominated by
turbulent, energetic current patterns driven by major vertical density
gradients (Reid et al., 1977). Moreover, the high energetic



Fig. 7. Map of the Argentine Basin identifying near bottom layers depending on their physical characteristics; AABW—Antarctic Bottom Water; AAIW—Antarctic

Intermediate Water; AAIW rec. —recirculated AAIW; BC—Brazil Current; LCDW—Lower Circumpolar Deep Water; M-F—Malvinas–Falkland; NADW—North Atlantic Deep

Water; RGR—Rio Grande Rise; UCDW—Upper Circumpolar Deep Water; symbols identify sample location and water mass.
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environment is supported by the presence of the BC and MC, which
span down to the bottom along the La Plata Terrace (Fig. 7). They are
in general driven by wind circulation and large lateral temperature
gradients resulting in high flow velocities and contribute in this way
to the high energetic environment dominating the uppermost 500–
600 m of water depth.

This dynamic environment is well reflected in the sedimen-
tary style of the slope upslope of the La Plata Terrace showing
evidence of erosion (Fig. 4a and b). This remobilization of sediments is
favored by the general turbulent bottom current conditions, which
are locally enforced along a steep slope (McCave, 1982; McCave et al.,
1982). In contrast, due to the lower slope angle terraces are
characterized by more tabular flow conditions and lower flow
velocities (McCave, 1982; McCave et al., 1982; Hernández-Molina
et al., 2008a). Consequently, the influence of bottom-currents will
result in uniform sedimentation along and across contourite terraces
as shown for the La Plata Terrace (Fig. 4a). Even though current
velocities are lower on top of the terrace, the dynamic current



Fig. 8. 3-D map of the northern Argentine continental margin combining morphosedimentary and hydrographic features and their interpretation. Color code is consistent with Fig. 3. AABW—Antarctic Bottom Water;

AAIW—Antarctic Intermediate Water; LCDW—Lower Circumpolar Deep Water; NADW—North Atlantic Deep Water; UCDW—Upper Circumpolar Deep Water.
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Fig. 9. Seismic–hydrographic intersections from the south (a) and north (b) of the Mar del Plata Canyon; location of seismic lines and hydrographic sections is marked in

Figs. 2 and 3; seismic profiles correspond to Fig. 4a and b; color code shows oxygen content in ml/l; isopycnals are indicated by black lines; AAIW—Antarctic Intermediate

Water; BC—Brazil Current; MC—Malvinas Current; (a) vertical exaggeration �20; (b) vertical exaggeration �17.
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conditions are reflected in the deposited sediments, which show a
silty to sandy character (Bozzano et al., 2011). Therefore, combining
sedimentological and oceanographic evidences, we suggest that the
upper slope including the La Plata Terrace and their associated
sedimentary regime is strongly influenced by the surface water/AAIW
interface (Figs. 8 and 9).

The high turbulent energy at this interface might be related to
the presence of the BC, which due to its deep thermocline can
generate large density contrasts at around 500 m depth (Fig. 6).
Accordingly, the BC/AAIW interface might control sedimentary
processes along the La Plata Terrace, although lateral bottom
water distribution shows the offshore detachment of the BC from
the margin at �381S (Goni et al., 2011). The southern area could
in part be controlled by BC eddies, which penetrate into the MC
(Piola and Matano, 2001). Single eddies allow for SACW trans-
ported within the BC to reach this region (Piola and Matano,
2001). Finally, the La Plata terrace terminates a few kilometers
south of the study area (Urien and Ewing, 1974; Violante et al.,
2010), as the BC does not penetrate into the MC at depth.

This circulation pattern becomes obvious comparing the
northern and southern hydrographic/seismic intersections given
in Fig. 9a and b. The northern section is dominated in the
uppermost 500 m by waters depleted in oxygen, which represent
the warm waters of the BC (Fig. 9b). In contrast, the southern
section reveals high oxygen values close to the upper slope
corresponding to the MC, and therefore the weaker influence of
the BC (Fig. 9a).
5.1.3. Middle slope—Ewing Terrace (T2)

The largest terrace in the study area, the Ewing Terrace
(Figs. 3 and 8), is located in mid-slope position in water depths
of 1200–1400 m (Hernández-Molina et al., 2009; Violante et al.,
2010; Krastel et al., 2011). In contrast to the La Plata Terrace, the
Ewing Terrace is not a locally confined feature, but continuous
along the Patagonian margin (c.f. Hernández-Molina et al., 2009),
which is already indicative for a regional control of bottom-
currents on the sedimentary regime.

Similar to the upper slope, there is clear evidence of ocean
currents controlling sediment transport at the middle slope.
Massive erosion of older strata (Fig. 4a and b, Fig. 5a and b)
shapes the middle slope between the La Plata and the Ewing
Terrace (Fig. 8). This erosion is related to the AAIW (Figs. 7–9),
flowing as a fast bottom current favored by the margin morphol-
ogy (McCave, 1982; McCave et al., 1982). This interpretation is
strongly supported by approximated regional flow velocities of
the OCCAM Global Ocean Model (Gwiliam et al., 1995; Gwilliam,
1996), suggesting flow velocities of �15–20 cm/s in 1000 m
water depth, which might locally increase (440–50 cm/s) easily
in the vicinity of obstacles (e.g., changes in the slope trend,
canyons heads, valleys, etc.). Such velocities allow eroding and
transporting fine sand (Niño et al., 2003; McCave, 2005). Asso-
ciated with the dynamic current regime and the strong erosion,
measurements of high turbidity suggest the presence of inter-
mediate nepheloid layers fed by the erosive margin processes
within the AAIW.

The Ewing Terrace is located at the boundary between the
AAIW and the UCDW (Figs. 3, 8 and 9). The turbulent processes
associated with this water mass interface prevent sediment
deposition at least over a wide area of the terrace (Zone 2 in
Fig. 4). In the transition between the middle slope and the Ewing
Terrace, deep contourite channels (Zone 1 in Fig. 4a and b),
running parallel to the margin (Figs. 3 and 8), might indicate
even the formation of helical flow patterns (cf. Hernández-Molina



Fig. 10. Optical scatter measurements from station RC15-83 (Biscaye, 1978) with

indicated water masses (AAIW—Antarctic Intermediate Water; NADW—North

Atlantic Deep Water; UCDW—Upper Circumpolar Deep Water; data source:

Biscaye, 1978).
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et al., 2008a). The dynamics of these channels seem not be linked
to the slope parallel channel in the center of the Ewing Terrace.
Instead, the presence of minor faults beneath this channel
(Fig. 4b) indicates a structural or gravitational control on the
morphological evolution of this feature.

In contrast to the proximal area of the terrace, on its distal
part plastered drift deposition occurs, indicating sedimentation
focused by along-slope processes (Zone 3 in Fig. 4). Since
plastered drift formation occurs under slow to intermediate flow
conditions (Faug�eres et al., 1999), this sedimentary pattern
requires a continuous decrease of flow velocities with increasing
distance from the steep middle slope, which allows major parts of
the upslope eroded material to deposit.

This energetic regime is reflected in the lateral variations in
sedimentary characteristics across the terrace. While in the
transition from the upper slope erosive features are located close
to the helical flow pattern, the central area of the terrace is
characterized by non-deposition or low sedimentation, as sug-
gested by the narrow spacing of horizontal reflectors (Fig. 4). In
turn, at the seaward limit of the Ewing Terrace the plastered drift
sequences indicate the lowest current velocities. This interpreta-
tion is supported by sedimentological data showing a gradient
from gravel rich contourite material located in the contourite
channel to more silty material at the drift’s crest (Bozzano et al.,
2011). Additionally, this scenario as well fits to the observed
turbidity values (Fig. 10). Within the AAIW suspended particle
load is highest, reflecting ongoing erosion of sediments along the
middle slope. The amount of suspended sediments decreases
drastically towards the UCDW, not only indicating the lower
transport capacity of the UCDW, but as well supporting the
formation of a plastered drift through lower energy conditions.
The described conditions at the depth of the terrace are probably
significantly enhanced during glacial times, when the AAIW/UCDW
interface is shifted upward (Preu et al., 2012) and the turbulent
energy of the interface is superseded by calmer conditions char-
acterizing the UCDW. However, the overall sedimentary configura-
tion of the Ewing Terrace indicates that even during glacial times the
steep slope allows for strong enough current velocities to prevent
sedimentation on the seaward half of the terrace.

The most prominent change in slope morphology within the
study area is represented by the narrowing of the middle slope in
close vicinity to the Mar del Plata Canyon and the associated
change in the depositional style (Figs. 3 and 8). One possible
explanation might be offered by the BMC, which might strongly
influence the ocean circulation in greater depth (Preu et al., 2012).
The detachment of NADW from the northern Argentine margin
(Reid et al., 1977), which is associated with the BMC, has a major
effect on vertical water mass stratification (Georgi, 1981; Saunders
and King, 1995; Piola and Matano, 2001; Carter and Cortese, 2009),
and therefore on the position of water mass interfaces in the study
area (cf. Fig. 9a and b). In addition, in this area AAIW flowing
northward along with the MC impinges recirculated AAIW flowing
southward (Piola and Matano, 2001). The resulting high energetic
mixing could be hold responsible for the stronger erosion and the
associated cutting-back of the middle slope north of the Mar del
Plata Canyon resulting in significantly higher slope gradients in
comparison to the southern area (Fig. 5a and b). Furthermore, this
pattern would be strengthened by deep-reaching eddies traveling
within the BC, which would also pass through the BMC. Such
eddies are known to influence sedimentary processes even in
great depth (Hollister and McCave, 1984; Hollister, 1993) and are
capable to erode and transport vast amounts of sediments (Viana
and Faug�eres, 1998) or even shape large-scale terraces as e.g., off
SE Africa (Preu et al., 2011). At last, internal waves originating from
the fast flowing, turbulent oceanographic regime associated with
the BMC might represent an important controlling factor. These
energetic patterns are known to influence sedimentary processes
and might result in massive sediment resuspension (Puig et al.,
2004; Pomar et al., 2012). Consequently, we propose that the
lateral variations in width of the Ewing Terrace are the result of the
massive forces associated with the BMC. However, partly structural
control on the distinct northward constriction of the La Plata
Terrace and the middle slope cannot be excluded completely due
to the presence of the Salado Transfer Zone (STZ), although
satellite-derived gravity measurements (Smith and Sandwell,
1997) determined its position south of this major physiographic
change (Franke et al., 2007).

The change in depositional style along the Ewing Terrace in
close vicinity of the Mar del Plata Canyon cannot be explained by
the large-scale ocean circulation. Whether the canyon or the
overall change in margin physiography disturbs the sedimentary
processes forming the plastered drift will be determined in future
studies (c.f. Preu, 2011).
5.1.4. Lower slope—Furrows and the Necochea Terrace (T4)

The shape of the lower slope differs from the previously
described and discussed shapes of the upper and middle slope.
Figs. 3 and 8 indicate the smooth and regular margin shape in
water depths between 1500 and 2000 m, which is only disturbed
by the presence of the Mar del Plata and Querandi canyons
cutting into the plastered drift strata. This part of the margin is
under the influence of the UCDW (Figs. 7–9), which flows with
relatively low velocities along the northern Argentine margin as
suggested by low turbidity values (Fig. 10) and consequently
favors drift deposition (Fig. 5c and d).



Fig. 11. Schematic model for the southern hemisphere (without scale) explaining

contourite terrace formation considering erosive processes associated to water

mass boundaries. These interfaces force the system to progress from a down-

slope process dominated stage (a) to a stage molded by along-slope processes

((b) and (c)).

B. Preu et al. / Deep-Sea Research I 75 (2013) 157–174170
In �2000 m water depth not only the gradient of the lower
slope changes, but also the margin morphology (Figs. 3 and 8).
The hummocky surface of the lower slope indicates down-
slope processes as indicated by sediment echosounder data
(Supplement 3). These are probably associated with the upslope
drifts building the Ewing Terrace since the middle Miocene
(Hernández-Molina et al., 2009; Preu et al., 2012), which
are susceptible to failure due to locally focused sedimentation
(Laberg et al., 2008.

The minor slope-parallel incisions represent furrows, which
are mainly located along the scars of the former sediment failures
(Figs. 4b, and 5e) and suggest the influence of erosive bottom
currents (Viana, 2008). Consequently, the abundance of furrows
in water depth between 2000 and 3000 m points toward the
NADW, flowing as erosive bottom current (Fig. 8). The link to the
NADW as margin shaping current is strengthened by turbidity
observations, which show relative maxima in the corresponding
water depths (Fig. 10). Therefore, the absence of the furrows
south of the canyon (Figs. 4a and 5f) would be the result of
detaching NADW from the Argentine margin (Fig. 9) As a result,
we propose that the furrows are linked to the presence of the
NADW, which would be locally focused due to seafloor irregula-
rities and minor incisions created by gravitational processes.

In water depths of �3500 m, the Necochea Terrace (T4)
shapes the margin (Figs. 3 and 8, Supplement 2). The prograding
character of strata indicates the influence of the surrounding
oceanographic regime. Fig. 6 shows clearly that the Necochea
Terrace is today under the control of the LCDW core. Similar
terraces were described for the southern Argentine margin
(Valentin Feilberg Terrace), which are as well connected to
Southern Ocean sources of deep water masses (Hernández-Molina
et al., 2009, 2010).

The variations in the sedimentary pattern from north to south
might be linked to the variations in the NADW pattern, since as a
result of detaching NADW from the margin the flow behavior of
the LCDW probably also changes. Confined in space by the NADW,
the LCDW flows faster north of the Mar del Plata Canyon
prohibiting sediment deposition. In contrast, south of the canyon
the drift formation is possible due to lower current activity.
However, this concept of long-term behavior is in conflict with
the recent hydrographic data (Figs. 6 and 7), which suggest no
significant changes in the LCDW and AABW cores within the
study area. This controversy might result from the joint inter-
pretation of results being representative for short (hydrographic
data) and extensive (geological data) periods of time.

An exception from the depositional pattern marks the area
directly north of the Mar del Plata Canyon exit in the centre of the
study area. Exceptionally high sediment accumulation occurs in
the current lee side, hence supporting the hypothesis that the
controlling water mass flows northward (Figs. 3 and 8).

5.2. Genesis of contourite terraces

5.2.1. General concept

Based on our data collection, we propose a concept of forma-
tion of contourite terraces by the interplay between margin
physiography and the local bottom current regime (Fig. 11).
Water mass interfaces and their associated turbulent energy
patterns might result in erosion along regular shaped margins
(Fig. 11a). This energetic pattern is enforced by internal tides and
internal waves, which have a tremendous effect on sediment
dynamics and result in erosion and resuspension (Dickson and
McCave, 1986; van Raaphorst et al., 2001; Bonnin et al., 2002;
Cacchione et al., 2002; Hosegood and van Haren, 2003). Once the
regular margin shape has changed, upslope the slope steepens,
while a smaller terrace-like feature developed along the water
mass interface (Fig. 11b).

The terrace itself will strongly influence the local flow pattern due
to its shape. McCave (1982) described the relation between slope
gradient and potential flow velocities in a case study at the Bermuda
Rise suggesting that steeper slopes favor higher current velocities and
in consequence lead to erosive processes. In contrast, terrace-like
morphologies would result in calmer and more tabular flow condi-
tions. Accordingly, a terrace would be characterized either by a
uniform depositional style or, as the case may be, on extensive
terraces by lateral variation from non-deposition to drift formation.
While this depositional pattern would preserve the overall terrace
shape, the upslope connected slope would concurrently be eroded
due to locally increased current velocities. The erosion might be in
particular enforced in scenarios, where the ocean currents are
deflected towards the margin by the Coriolis force (Faug�eres and
Mulder, 2011). On geological time scales the combination of both
processes will lead to a cutting-back of the slope and a widening of
the terrace (Fig. 11b).

Depending on the overall flow velocities and sediment properties,
the locally confined velocity maximum might lead to enhanced
erosion forming a contour channel at the transition between the
steep slope and the terrace (Fig. 11c). Therefore, a helical flow pattern
can evolve, which in turn continuously deepens the channel due to
enforced erosive processes. The eroded and resuspended material
provided by these processes is transported along the terrace. Once the
terrace reaches a certain extent drift formation at the seaward limit
becomes possible (Fig. 11c; Faug�eres and Mulder, 2011) and results in
sedimentary patterns similar to slope-parallel contouritic mounded
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deposits following the depositional concepts introduced in Faug�eres
et al. (1999).

This model does not require structural control on the original
formation of terraces. However, since terraces might as well be
predetermined by tectonic processes, a tectonic origin must be ruled
out to explain their evolution exclusively from bottom current
activity. Once the terrace was already formed, in both cases sedi-
mentary processes would be similar to the above described (Fig. 11b
and c).
5.2.2. Contourite terraces along the northern Argentine margin

Since structural control on terrace formation can be excluded for
the northern Argentine margin based on deep reaching multichannel
seismic data (Hinz et al., 1999), the evolution of contourite terraces is
most probably related to oceanographic processes.

Considering the above described deep thermocline associated
to the BC/AAIW interface (Figs. 6 and 7), the origin of the La Plata
Terrace can be linked to water mass interface related processes
(Fig. 8). Since changes in temperature go along with changes in
density, the BC/AAIW interface is particular susceptible for inter-
nal wave generation and propagation, which are capable to
initiate or enforce erosive processes (Fig. 9a).

These high energetic patterns might not only influence the La
Plata Terrace but the Ewing Terrace as well. Since the Ewing Terrace
correlates with the AAIW/UCDW interface (Fig. 9), which represents a
convenient surface to reflect and focus internal wave energy, the
initial evolution of the Ewing Terrace might as well be related to
processes in shallower water. Additionally, several studies suggested
that the Ewing Terrace is controlled by the AAIW/UCDW interface
since the middle Miocene (Hernández-Molina et al., 2009; Violante
et al., 2010; Preu et al., 2012). These studies not only suggest a cutting
of the terrace into former strata but also a widening of the Ewing
Terrace due to drift deposition at the seaward limit of the terrace
(Fig. 11c).

Since the Necochea Terrace is located within the LCDW, its
position along the slope seems to exclude the water mass interface
model (Fig. 6). However, this is not completely true considering that
terrace formation is a process acting on longer geological times.
During glacial times for example, the overall influence of Antarctic
water masses on the southern hemisphere increases (Duplessy et al.,
1988; Mulitza et al., 2007). This includes probably an increase in
AABW production (Ninnemann and Charles, 2002; Piotrowski et al.,
2008), which is still under debate (e.g., Curry and Lohmann, 1982;
Weber et al., 1994; Krueger et al., 2012). An overall strengthened
influence of southern sourced water will lead to a thickening of the
AABW layer at the Argentine margin. In contrast, NADW production
is strongly reduced during cold periods (Oppo and Fairbanks, 1987;
McCave et al., 1995; Rasmussen et al., 1996; Venz et al., 1999; Knutz,
2008), which leads to a thinning of the NADW layer in the SW
Atlantic (Kennett, 1982; Viana et al., 2002; Preu et al., 2012). While
the thickening of the AABW displaces the LCDW/AABW-interface
upward, there is no counterforce given by the NADW, which
influence is significantly reduced. This scenario would place the
LCDW/AABW interface close to the Necochea Terrace during glacial
times and therefore suggest that the terrace formation processes are
mainly active during cold periods in this part of the margin.
Consequently, the forcing responsible for the development of the
Necochea Terrace would be highly variable on geological timescales,
which is reflected by its limited extent on the margin.

5.3. Implications on the position of the BMC on geological time scales

Linking of lateral variations in terrace morphology and the
associated erosive features to the regional oceanography
(Figs. 8 and 9) allow not only terrace formation processes, but
also the history of the controlling oceanic regime to be recon-
structed. This is in particular valid for the dynamics of the BMC,
which marks the southernmost influence of the BC and the NADW
along the Argentine margin.

The lateral continuity and shape of the La Plata Terrace is
strongly bound to variations in the BC flow pattern. Since the La
Plata terrace terminates a few kilometers south of the study area
(Urien and Ewing, 1974), this scenario would suggest that the
modern situation of the BMC would be close to its southernmost
position on geological time scales. This might be at least valid for
Quaternary times, when climate is dominated by glacial/inter-
glacial cycles. While the modern position of the BMC would mark
the location during interglacials, the BMC was probably shifted
northward due to a stronger influence of southern-sourced waters
during glacials (Duplessy et al., 1988; Mulitza et al., 2007; Preu
et al., 2012). This northward migration of the BMC can be shown
by its seasonal variation on much shorter time scale. Seasonal
variability of the BMC (Supplement 4) derived from satellite
observations (Saraceno et al., 2004) show a northward migration
from southern hemisphere summer to winter. This interpretation
is in agreement with the location of the seasonal frontal prob-
ability maxima, which was derived from very high-resolution
radiometer data (Saraceno et al., 2004). Following this concept,
the position of the BMC would be located further northward
during cold periods.

This interpretation is supported by the appearance of furrows at
the lower slope mainly in the northern part of the study area (Figs. 3,
4b, 5f and 8). These features are probably produced by the interaction
of NADW with the hummocky seafloor topography, which is the
result of mass wasting processes. The southern limit of the NADW is
marked by the location of the BMC, as well, where it is deflected and
loses its margin constraint (Piola and Matano, 2001). Therefore, the
noticeable disappearance of these slope parallel incisions toward the
south indicates the southernmost influence of the NADW, and in turn
of the BMC on geological timescales.
6. Conclusion

Morphosedimentary analysis of the northern Argentine margin
based on seismo-acoustic and hydro-acoustic data were used to
characterize erosive and depositional features including mass trans-
port deposits and their lateral variability. Three major terraces were
described located in 500–600 m (La Plata Terrace), 1100–1400 m
(Ewing Terrace) and 3500 m (Necochea Terrace) water depth, respec-
tively. The two shallowest are connected upslope to particularly steep
erosional slopes. The margin shape distinctly changes in the center of
the study area close to the Mar del Plata Submarine Canyon. While
the La Plata Terrace narrows from south to north, the Ewing Terrace
widens.

Correlation of the morphosedimentary features with the regional
oceanographic regime revealed a pronounced correlation between
depths of the terraces and the depths of the water masses interfaces.
While the La Plata Terrace reflects the Brazil Current/Antarctic
Intermediate Water interface, the Ewing Terrace is located at the
Antarctic Intermediate Water/Upper Circumpolar Deep Water transi-
tion. The Necochea Terrace was probably located at the Lower
Circumpolar Deep Water/Antarctic Bottom Water interface during
glacial times.

The presence of these terraces along water mass interfaces
suggests turbulent energy associated to these zones as initial
mechanism for terrace formation. Once the first smaller incision is
carved into the margin, the currents will be enforced along the
steeper segments of the slope. Calmer, tabular conditions will
dominate on the seaward parts the terraces. The combination
of both flow patterns results in a cutting-back of the margin. Through
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time the terrace may reach a size that the seaward boundary of the
terrace is outside of the high velocity zone acting at the steeper parts
of the slope, supporting then contourite drift deposition.

Since the lateral variability of erosive features depends
strongly on the surrounding oceanographic regime, our data
indicates that the Brazil–Malvinas Confluence was located in its
modern position or further northward during Quaternary times.

This study represents a clear example for synergies derived
from an interdisciplinary approach combining geological, geo-
physical and oceanographic data sets for characterization of
depositional and erosive features related to alongslope processes
on a, what we think, type location for current-influenced con-
tinental margins. Consequently, the depositional and erosive fea-
tures described here may serve as a guideline for future studies to
identify reliable oceanographic indicators, being useful also for
studies on regional ocean circulation in oceanography.
Acknowledgements

The study was funded through DFG-Research Center/ Cluster of
Excellence ‘‘The Ocean in the Earth System‘‘ and was supported by
the Bremen International Graduate School for Marine Sciences
(GLOMAR) that is funded by the German Research Foundation
(DFG) within the frame of the Excellence Initiative by the German
federal and state governments to promote science and research at
German universities.

The study is related to the CONTOURIBER project (CTM 2008-
06399-C04/MAR) and MOWER projects (CTM 2012-39599-C03).
Further this study is associated to the PICT 2010-0953 project from
the Argentine Ministry of Science and Technology and the IGCP
project 619 (Contourites: geological record of ocean-driven paleocli-
mate, accomplice of submarine landslides and reservoir of marine
geo-resources). Additional support was given by the Inter-American
Institute for Global Change Research (IAI) CRN 2076 which is
supported by the US National Science Foundation (Grant GEO-
0452325).

Acoustic data were processed using ‘Vista 2D/3D Seismic
Processing’, which is a registered trademark of GEDCO. Seismic
interpretation and images were undertaken using ‘Seismic Micro-
Technology KINGDOM Advanced’.

The authors particularly thank the participants of an Argentine
Margin Workshop held at MARUM in January, 2011, including
Dr. D.A.W. Stow (Heriot-Watt Univ., Edinburgh, UK) for fruitful
discussions and support during the improvement of this manu-
script. Constructive comments by an anonymous referees and the
editor significantly improved the quality of this manuscript.

We like to thank Captain Kull, Captain Baschek and the crew of R/
V Meteor cruises M49/2 and M78/3 for their excellent work and
support.
Appendix A. Supplementary materials

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.dsr.2012.12.013.
References

Aceñolaza, F.G., 2000. La Formación Paraná (Mioceno medio): estrati-
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