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a b s t r a c t

Partially buried giant drifts are located in the southern-most sector of the Argentine continental margin,
generating a bathymetric jump at the base of the slope. They are characterised as giant, asymmetrical
elongated, mounded contourite drifts, and are described in detail here for the first time. This description
is mainly based on the bathymetric and multichannel seismic reflection profiles data. Their origin and
evolution in the Argentine Basin are decoded and their implications in an area crucial for geologic and
palaeoceanographic reconstruction between the Atlantic and Antarctica are discussed. The buried giant
drifts are divided into two zones by a large seamount. The major giant-drift (50 km wide, 300 km long,
and having a sedimentary thickness of nearly 1 km) is located to the south of this seamount and oriented
to the north, where its summit outcrops at present seafloor. Here, its asymmetric external shape is
characterised by a steep, western side and a gently dipping, smooth eastern side, with internal reflections
prograding eastward. Based on its position, morphology and internal characteristics, it has been deduced
that this giant-drift was generated in the Argentine Basin by the southward branch of a confined large
loop of the Antarctic Bottom Deep Water, from the Eocene-Oligocene boundary (coevally with the Drake
Passage opening) until the middle Miocene. However, after a major palaeoceanographic change in the
mid-to-late Miocene a new oceanographic scenario was established that fossilised these giant drifts.
These changes produced a new depositional style in the margin, resulting in initiation of the present
contourite depositional system and morphologic features over the slope. Extension of North Atlantic
Deep Water circulation into the Southern Hemisphere and deepening of Antarctic Bottom Water circu-
lation in the Argentine Basin are herein postulated as the factors that controlled said changes. These giant
drifts show strong seismic evidence of hydrates and free gas that are ripe for energy resources explo-
ration, thus demonstrating the economic potential of contourite deposits in deep marine environments.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Contour-following currents generated by the thermohaline
circulation (THC) are particularly marked on continental margins
and abyssal plains, and are sometimes strong enough to profoundly
affect sedimentation, from winnowing of fine deposits to devel-
opment of large-scale depositional or erosive features (Kennett,
-Molina).

All rights reserved.
1982; Stow, 1994; Stow et al., 2002a; Rebesco and Camerlenghi,
2008; Stow et al., 2009). The deposits generated by such along-
slope currents are known as contourites or contourite drifts and have
recently been classified by several authors (McCave and Tucholke,
1986; Faugères and Stow, 1993; Faugères et al., 1993, 1999;
Rebesco and Stow, 2001; Stow et al., 2002a; Rebesco, 2005;
Rebesco and Camerlenghi, 2008). Various erosive features (e.g.
terraces, abraded surfaces, contourite channels, contourite moats,
and furrows) are locally developed in the areas in which the
currents are generally stronger, and are often associated to
the contourite drifts. Extensive erosion or non-deposition leads to
the development of widespread hiatuses in the depositional
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records (Van Andel et al., 1977; Laberg et al., 2005; Stoker et al.,
2005; Maldonado et al., 2006). Although erosive features in con-
tourites have been studied (see, for example: Nelson et al., 1993,
1999; Evans et al., 1998; Stow and Mayall, 2000; Masson, 2001;
Hernández-Molina et al., 2006, 2008a; García et al., 2009), they
have yet to be classified into a single system that incorporates
standard drift categories.

Whilst interaction between down-slope and along-slope sedi-
mentary processes is common over continental margins when
along-slope processes dominate, a Contourite Depositional System
(CDS) may develop as an association of various depositional
features (drifts) and erosive features (Hernández-Molina et al.,
2008a,b). The interaction of one or more water masses with
a smooth-morphologymarginmay cause large drifts, but a complex
physiography can create multiple vortices associated with each
water mass, and both the erosive and depositional features can
become difficult to decipher (Faugères et al., 1999; Stow et al.,
2002a; Hernández-Molina et al., 2008a; Rebesco and
Camerlenghi, 2008). Some contourite deposits represent giant,
mounded elongated contourite drifts (hereafter, giant drifts)
extending along large distances (Faugères et al., 1999; Hernández-
Molina et al., 2008b; Stow et al., 2008), such as those described in
the Weddell and Scotia Basins (Maldonado et al., 2003, 2006),
south-westernmost Indian Ocean (Niemi et al., 2000; Uenzelmann-
Neben, 2001, 2002) and Greenland margin (Hunter et al., 2007).
These giant drifts are generated during a long period of relatively
stable hydrological conditions that lead to long-term bottomwater
flows. Onset of many of these drifts is related to a gateway opening
or deepening, owing to long-term plate-tectonic evolution, and/or
large-scale palaeoceanographic changes associated with climatic
changes. In fact, the onset of many of those located in ocean basins
began in the Eocene/Oligocene boundary and became re-activated
by the Middle Miocene, with the establishment of the present
global THC (Kennett, 1982; Niemi et al., 2000; Flood and Giosan,
2002; Pfuhl and McCave, 2005; Knutz, 2008). Therefore, an
understanding of giant drifts is essential to understanding major
tectonic or palaeoceanographic changes, and consequently, to
understand how the THC and climate were in the past. Moreover,
they have great potential for mineral and energy resource explo-
ration, since they are often amenable to generation of poly-metallic
nodules and to accumulation of hydrates and free gas (Kennett,
1982; Viana et al., 2007; Viana, 2008).

This paper describes in detail, for the first time ever, giant drifts
located on the extensional Argentine Continental Margin (Fig. 1), in
the southern portion of the South Atlantic Ocean, in an area crucial
for geologic and palaeoceanographic reconstruction between the
Atlantic and Antarctica. Its genesis and evolution in the Argentine
Basin are explained, and its global implications are discussed.

2. The oceanographic scenario

Interaction of highly active oceanographic processes with the
seafloor is an essential characteristic of the Argentine margin,
which is one of the most dynamic of the world’s oceans (e.g.
Chelton et al., 1990) (Fig. 1). This margin encompasses the Brazil/
Malvinas Confluence (BMC), as well as the interaction of Antarctic
water masses (Antarctic Intermediate Water [AAIW], Circumpolar
Deep Water [CDW] and Antarctic BottomWater [AABW]), with the
Brazil Current, re-circulated AAIW and North Atlantic Deep Water
(NADW) (Georgi, 1981b; Saunders and King, 1995; Piola and
Matano, 2001; Carter et al., 2009) at different depths (Fig. 1). The
surface circulation around the Argentine margin results from
interaction of the Malvinas Current toward the north-northeast
with the Brazil Current toward the south-southwest, both of which
determine the BMC. The BMC strongly conditions the sedimentary
processes and the margin’s morphology (Lonardi and Ewing, 1971;
Piola and Rivas, 1997). The intermediate circulation south of this
confluence is conditioned by the circulation toward the north of the
Antarctic Intermediate Water (AAIW), and of the two CDW frac-
tions: Upper Circumpolar Deep Water (UCDW) and Lower
Circumpolar Deep Water (LCDW) (Arhan et al., 2002a,b). South of
the BMC, the LCDW is divided into two high-velocity cores (1 and 2)
at approximately 2500 m water depth, and the South Pacific Deep
Water (SPDW) is identified below the LCDW (Arhan et al., 2002a).
Northward of the confluence, apart from the aforementioned water
masses, the NADW develops, circulating toward the south (Fig. 1).
Interfaces among the aforementioned water masses are deter-
mined by changes in density, so that they deepen northward at
basin scale, and are vertically displaced by eddies (Piola and
Matano, 2001; Arhan et al., 2002a,b). These interfaces are locally
shallower where the CDS is developed, due to physiographic
changes in themargin (Piola, pers. comm., 2008). The CDS is located
where Intermediate Water mass circulation is affected by the
northward flow of AAIW, at depths shallower than 1000 m, and by
the UCDW and LCDW, at depths between 1000 and 3500 m
(Saunders and King, 1995; Piola and Matano, 2001). North of the
BMC, NADW flows southward, close to the slope, at 1500 to 2800 m
water depth (Fig. 1 and Table 1).

The deep circulation is caused by the displacement of AABW
(Fig.1), which is partially trapped in the basin, generating a large (up
to 2000 m thick) cyclonic gyre, the influence of which is felt at
depths greater than 3500e4000 m (Piola and Matano, 2001; Arhan
et al., 2002a,b; Hernández-Molina et al., 2008b; Carter et al., 2009).
This oceanographic regime is clearly significant in controlling sedi-
mentary processes across the entire ocean basin (Le Pichon et al.,
1971; Reid, 1989; Klaus and Ledbetter, 1988), and particularly on
the Argentine margin (Flood and Shor, 1988; Arhan et al., 2002a,b;
Hernández-Molina et al., 2009). AABW in this basin is composed
of Weddell Sea Deep Water (WSDW), which enters the basin from
the south through the Falkland/Malvinas gaps, and around the
Falkland/Malvinas Plateau in the east, before turningwestwards and
passing the Malvinas/Falkland Escarpment, until finally heading
northward at the Argentine continental slope (Fig. 1). AABW flows
continuously north as an intensified western boundary current
penetrating into the Brazil abyssal plain through the Vema and
Hunter Channels (Le Pichon et al., 1971; Georgi, 1981a; Speer et al.,
1992; Faugères et al., 1993; Onken, 1995; Carter et al., 2009).

3. Physiographic, morphologic and regional geologic settings

The extensional Argentine continental margin is one of the
largest in the world (Hinz et al., 1999; Urien, 2001; Franke et al.,
2007). It features a continental slope with a south-west trend until
the 45� parallel, where it heads east south-east, and finally, east
(Fig. 1). Between parallels 35� and 49�S, it is 1500 km long,
50e300 kmwide, has an average slope gradient of ca. 2� and a total
area of 700,000 km2 (Lonardi and Ewing, 1971; Ewing and Lonardi,
1971; Mouzo, 1982; Parker et al., 1996, 1997). The continental rise
is onlywell defined in the central andnorthern sectors of themargin,
starting at depths of ca. 3200e3500 m and at awidth of 250 km. It is
connected with the abyssal plain (Argentine Basin) at a depth of
5000 m, and is locally crossed by various submarine canyons and
valleys. The abyssal plain has a surface area of about 200,000 km2,
and its deepest part along the western and south-western margins
(known as the Abyssal Gap) reaches a maximum water depth of
6212 m (Lonardi and Ewing, 1971; Ewing and Lonardi, 1971; Parker
et al., 1996, 1997). There are three huge contourite drifts (the
Zapiola, Argyro and Ewing drifts, Fig. 1), which are generated by the
long-termcyclonicmovement of AABWandaremainly composed of
silts and mud (Ewing and Lonardi, 1971; Flood and Shor, 1988;



Fig. 1. Location of the Argentine Margin, with the regional bathymetric map and the general circulation of surface- and deep-water masses indicated (compiled from: Flood and
Shor, 1988; Reid, 1989, 1996; Klaus and Ledbetter, 1988; Speer et al., 1992; Faugères et al., 1993; Piola and Rivas, 1997). Simplified hydrographic sections are shown below: (A) from
Arhan et al. (2002a), and (B and C) from Piola and Matano (2001). The study area shown in Fig. 3 is represented by the dashed line of red square. Legend for the physiographic
reference points, in alphabetical order: BB¼ Burdwood Bank; BMC ¼ Brazil-Malvinas Confluence; DP¼Drake Passage; M/FI¼Malvinas-Falkland Island; M/FE¼Malvinas-Falkland
Escarpment; M/FP¼Malvinas-Falkland Passage; M/FR¼Malvinas-Falkland Ridge; GB¼Georgia Basin; GP¼Georgia Passage; MEB¼Maurice Ewing Bank; NGP¼Northeast Georgia
Passage; NGR¼Northeast Georgia Ridge; SG¼ South Georgia; SFZ¼ Shackleton Fracture Zone; SRP¼ Shag Rocks Passage; and SSI¼ South Sandwich Island. Legend for the water
masses: ACC¼ Antarctic Circumpolar Current; AABW ¼Antarctic Bottom Water; AAIW¼Antarctic Intermediate Water; CDW¼ Circumpolar Deep Water; LCDW¼ Lower Circum-
polar Deep Water; SACW¼ South Atlantic Central Water; SPDW¼ Southeast Pacific Deep Water; TW¼Mass of Tropical Water; and UCDW¼Upper Circumpolar Deep Water.

F.J. Hernández-Molina et al. / Marine and Petroleum Geology 27 (2010) 1508e15301510



Table 1
Stratification of the different water masses in the Argentine and Brazilian Basins, indicating the depth of their interfaces. Legend for the water masses: AABW¼Antarctic
Bottom Water; AAIW¼Antarctic Intermediate Water; BC¼ Brazil Current; BMC¼ Brazil/Malvinas Confluence Zone; CDW¼Circumpolar Deep Water; LCDW¼ Lower
Circumpolar Deep Water; SACW¼ South Atlantic Central Water; SPDW¼ Southeast Pacific Deep Water; TW¼ Tropical Water; UCDW¼Upper Circumpolar Deep Water; and
WSDW¼Weddell Sea Deep Water. (Compilation based on the work of the following authors, listed in alphabetic order: Arhan et al., 2002a,b; Boebel et al., 1999; Flood and
Shor, 1988; Georgi, 1981b; Klaus and Ledbetter, 1988; Lonardi and Ewing, 1971; Piola and Matano, 2001; Reid, 1989, 1996; Saunders and King, 1995; Speer et al., 1992).
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Hernández-Molina et al., 2008b). Themost prominent is the Zapiola
drift, a giant, elongated-bifurcated sediment drift centred in the
southern part of the basin (Fig. 1). It fills, and extends over, the
abyssal plain, and is shaped like a giant, flat-lying letter “H”. It has
a diameter of ca. 350 km, a maximum thickness of ca. 3000 m,
curvilinear crests between 4750 and 5950 m water depth, and
a relief of ca.1200 mabove theadjacent seafloor (EwingandLonardi,
1971; Le Pichon et al.,1971; Flood and Shor,1988;Manley and Flood,
1993; Von Lom-Keil et al., 2002). The Argyro drift has been inter-
preted as a series of overlapping smaller drifts across the central part
of the abyssal plain (Heezen andTharp,1977). TheEwingdrift (Fig.1)
extends eastesoutheast from the South American rise into the
abyssal plain toward the Zapiola drift. Its main crest line is arc-
shaped; a secondary crest lies eastward of, and runs parallel to, this
primary crest, following the 4000e5000 m contour. This pathway is
consistent with the general pathway predicted for a return flow of
abyssal water (Flood and Shor, 1988). Large parts of these drift
complexes are covered by extensive sediment wave fields (Fig. 1),
including some of the largest in theworld, where thewaves average
25e30 m (max.150 m) in height and 5000e6000 m (max.10000 m)
in wavelength (Von Lom-Keil et al., 2002).

Along the extensional Argentine margin, the continental shelf is
located on the continental crust, whereas part of the lower slope
and the rise lie on the transition between the continental and the
oceanic crust. This margin is considered an extensive volcanic
passive margin between 35 and 49�S (since the Upper Cretaceous),
characterised by a thick wedge of seaward-dipping reflectors
(SDRs) located on the aforementioned transition (Light et al., 1993;
Ramos, 1996; Gladczenko et al., 1997; Hinz et al., 1999; Schümann,
2002; Franke et al., 2007). Nevertheless, along the Malvinas/Falk-
land Escarpment, Malvinas/Falkland Fracture and Malvinas/Falk-
land Ridge, there is a shear fracture zone delimiting an extensive
margin which bounds the Malvinas/Falkland Plateau, Maurice
Ewing Bank and the Georgia Basin to the north (Fig. 1). Current
tectonic characteristics have been dictated by its previous struc-
tural history, which regulated break-up processes, thermal flowand
magmatic activity. The Argentine margin was recently divided into
four large tectonic segments (labelled I to IV) separated by large
transfer fault zones (see Hinz et al., 1999; Franke et al., 2007). Over
the course of its large-scale evolution, gravitational mass and tur-
biditic process have predominated, although along-slope sedi-
mentary processes induced by oceanic circulation have also been
significant in influencing the more recent evolution of the south-
ernmost part of the margin (Ewing and Lonardi, 1971; Lonardi and
Ewing, 1971; Hernández-Molina et al., 2009).

Within the Argentine extensional margin, the Argentine Sedi-
mentary Basin (also known as the Eastern Patagonia Basin or the
Ameghino Basin) is located along the slope and rise, east of
a structural high of continental crust basement. It is ca. 2300 km
long (with a clear north-east trend) and 350 km wide and has
a total area of ca. 800,000 km2 (Ewing and Lonardi, 1971; Urien and
Zambrano, 1996; Urien, 2001; Hinz et al., 1999). The sedimentary
fill in this basin is over 8000 m thick, and there is a direct rela-
tionship between the large depocenters and the four large tectonic
segments of the aforementioned margin (Urien and Zambrano,
1996; Hinz et al., 1999; Franke et al., 2007). The sedimentary
record of the basin (Ewing and Lonardi, 1971) reveals twelve
evolutionary episodes, separated by erosional surfaces with great
lateral continuity. Later, four major units were divided by three
regional unconformities (Urien et al., 1976), and more recently,
a regional stratigraphic correlation between the Argentine and
Colorado Basins was made (Hinz et al., 1999; Franke et al., 2007),
enabling the proposal of a more reliable age framework, homoge-
nisation and simplification of the previous nomenclature, and
consideration of fivemajor regional stratigraphic discontinuities for
the entire margin (AR1eAR5, Table 2).

4. Materials and methods

This study is primarily based on the bathymetric and multi-
channel seismic reflections profiles (MCS) broad database (Fig. 2),
collected and compiled during the last seven years by the Comisión
Nacional del Límite Exterior de la Plataforma Continental (COPLA;
Argentina). Bathymetric compilation of single-beam and swath
bathymetric data was performed by Geosoft Oasis Montaj,
including public data (ETOPO2 and GEODAS) and data from several



Table 2
Regional stratigraphic discontinuities defined by Hinz et al. (1999) and Franke et al. (2007) for the Argentine continental margin. Below, details of the multichannel seismic
section of the southern Segment (I), where the five regional discontinuities defined by Hinz et al. (1999) are shown. Note how Discontinuity AR4 is located at the base of the
giant-drift deposits.

Urien et al. (1976) Hinz et al. (1999) Franke et al. (2007)

Regional
discontinuity

Attributed age Regional
discontinuity

Attributed age Regional discontinuity Attributed age

AR I
AR 5 Middle Miocene (w15 Ma) No assigned age

Middle Cenozoic
(EoceneeOligocene)

AR 4 EoceneeOligocene boundary No assigned age

AR II Cretaceus-Cenozoic
boundary

AR 3 Upper Cretaceous (w81 Ma) No assigned age

AR III Middle Cretaceous (Aptian) AR 2 Upper Aptian Pedro Luro
equivalent (PLe)

¼AR2, Cretaceous/
Tertiary Limit

AR 1 Hauterivian (w125 Ma) Breakup
Unconformity (BU)

¼AR 1
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cruises (e.g. Fisio96, BGR98, BGR04, COPLA2001-2002, Litoral
BONAERENSE III, TESAC, NavPD2000, ANTARKTIS-XXII/4, Marion
Dufresné-2500 and BIO Hesperides-2008).

MCS profiles spaced at 55 km intervals were collected on the
Argentine slope (Fig. 2) by COPLA and the Bundesanstalt für Geo-
wissenschaften und Rohstoffe (BGR; Germany) during four cruises in
1998, 1999, 2001e2002, and 2004 (Hinz et al., 1988, 2000; Neben
and Schreckenberger, 2005). Airguns with variable capacities
(4000e5200 in3) were used as the source system. In all cruises the
shooting interval was 50 m; the streamers, 6000 m long; the
sampling rate, 2 ms and the recording length, from 12 to 15 s.
Standard MCS profiles were processed with both pre-stack time
and depth migration. The acquisition and processing parameters
were chosen to ensure the quality of the seismic sections.

Bathymetric and MCS data were used for a regional morpho-
sedimentary study, which enabled the production of a map of the
Argentine Contourite Depositional System (Hernández-Molina
et al., 2009). Recent swath bathymetry data were collected in
2008 by the Simrad EM-120 echo sounder on board the BIO-
Hesperides, which followed the crest of the giant drifts
outcropping at the seafloor and identified both the present
seamount distribution and the base of the slope (BOS). Moreover,
single-channel seismic reflection profiles, compiled by Lamont-
Doherty Earth Observatory (LDEO, Columbia Univ., New York),
were used for the morphologic study and for locating and char-
acterising the giant drifts. These data were collected during
cruises in the 1960s and 1970s and are available both from the
Marine Geology and Geophysics Division of the Argentine Naval
Hydrographical Service, and digital data set from GeoMapApp
(Lamont-Doherty Earth Observatory of Columbia University,
http://www.geomapapp.org).

MCS profiles enable regional seismic stratigraphic analysis of
the recent sedimentary record, together with a detailed seismic-
facies analysis of the giant drifts, which feature six seismic lines
(Fig. 2): BGR 04-13, BGR 04-07; BGR 87-05; COPLA 01-23; COPLA
01-23B; COPLA 01-22 (hereafter, Lines, 13, 7, 5, 23, 23b, and 22,
respectively, for simplicity). Correlation of the seismic units and
discontinuities with seismic line BGR 87-05A from Hinz et al.
(1999) was crucial to establish the age framework for the sedi-
mentary record, including those of discontinuity AR-4 at the base of
the giant drifts and the well remarkable internal discontinuity AR-5
(Hinz et al., 1999; Table 3). The deposits and associated erosional
elements were interpreted as belonging to contourite drifts,
according to recent classifications of drifts. The latest classification
(Faugères and Stow, 2008) has been adopted, which is chiefly based
on previous classifications by McCave and Tucholke (1986),
Faugères et al. (1999), Rebesco and Stow (2001), Stow et al.
(2002a), and Rebesco (2005).

Data on free-air gravimetric anomalies collected along the
seismic profiles tracks have been considered in order to evaluate
the potential local influence of the giant drifts in local gravimetric
anomalies. A Bouguer anomaly was calculated by removing the
water column, and assuming 2.21 g cm�3 in density (Pawlowski,
2008). Regional Bouguer anomaly was calculated based on the
method of Parker (1973). The horizontal gradient in the east-west
direction was calculated from the Bouguer anomaly data using
Geosoft Oasis Montaj software; this is a simple density variation
technique for mapping short wave-length lateral anomaly changes
due to local geological features with the highest values in area
(Lyatsky et al., 2004). The giant drifts gravity model (corrected
Bouguer anomaly) was calculated using a fortan program according
Talwani and Ewing (1960) and the relative densities was obtained
by Gardner et al. (1974). The relative density of sediments was
obtained by first calculating the average velocity interval in seismic
processing, and then converting this value to densities following
the methodology of Gardner et al. (1974).

http://www.geomapapp.org


Fig. 2. Location of the bathymetric and multichannel seismic reflections profiles (MCS) database in the studied area. Six MCS lines are located across the giant drift: BGR 04-13, BGR
04-07; BGR 87-05; COPLA 01-23; COPLA 01-23B; COPLA 01-22. COPLA¼ Comisión Nacional del Límite Exterior de la Plataforma Continental; and BGR: Bundesanstalt für Geo-
wissenschaften und Rohstoffe.

F.J. Hernández-Molina et al. / Marine and Petroleum Geology 27 (2010) 1508e1530 1513
5. Results

5.1. The Contourite Depositional System

The Argentine contourite depositional system (CDS) is located in
tectonic Segment I and the southernmost sector of Segment II
(Segment IIa) defined by Franke et al. (2007), and therefore,
between the Transfer Fracture Zones of Malvinas/Falkland (M/F)
and Colorado (Segment I) and the Transfer Fracture Zones of Col-
orado and Bahía Blanca. The area in which the CDS is developed
does not contain any continental rise; thus, the lower slope directly
connects to the abyssal plain. The CDS exhibits both depositional
and erosive features that delineate two major sectors (Fig. 3): the
Escarpment and Terraces sector and the Submarine Canyons and
Channels sector (for further details, see Hernández-Molina et al.,
2009). These sectors are not completely coincident with the
boundaries of the aforementioned segments.

5.1.1. The Escarpment and Terraces sector
This sector is fully located within Segment I and encompasses

two differentiated zones: the Escarpment zone and the Terraces
zone.

The Escarpment zone is located northward of the M/F Escarp-
ment (Fig. 3). Depositional features at the BOS are represented by
mounded and plastered drifts, whereas the erosive features are
characterised by small channels oblique to the escarpment (NW
trending), grouped into awell-defined channel located at a depth of
ca. 5 km (Fig. 3). This channel laterally connects with Contourite



Fig. 3. Simplified morphosedimentary map of the Argentine Margin of the Argentine Contourite System; the locations of the giant drifts are showed in red (Modified from
Hernández-Molina et al., 2009).
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Channel 3 (hereafter, Channel 3). Toward the abyssal plain there is
an extensive mud-wave field migrating westward, which was
previously defined and mapped by Flood and Shor (1988).

Themajority of this sector comprises the Terraces zone, inwhich
erosive features dominate (Fig. 3). The predominant erosive features
comprise terraces, contourite moats and channels. The terraces are
sub-horizontal morphologic elements identified at the present
seafloor. They developed over time in constructional (depositional)
and erosive phases (Fig. 4). A set of four terraces with major lateral
continuity has been identified at different depths:Nágera, at 500 m;
Perito Moreno, at 1000 m; Piedra Buena, at 2500 m; and Valentin
Feilberg, at 3500e4000 m(Fig. 3 and4). These terracesare ca.450 km



Table 3
Discontinuities, seismic units and subunits within the sedimentary record of the Argentine Contourite System, summarising the major deduced paleoceanographic changes.
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long and 50 km wide. The proximal portion has a seaward slope
(0.25e0.5�), whereas across the distal portion, the sea-floor slope
gradient is slightly steeper (0.5e1�). A large moat with good lateral
continuity, which runs parallel to the northwest end of the M/F
Escarpment, has also been identified. Atw48�S/w57�Wthismoat is
subdivided into two contourite channels: the Keninek contourite
channel (hereafter, Channel-1) and the Kolenten contourite channel
(hereafter, Channel-2). Channel-1 is located at depths of 3800 m,
deepens northwards and represents the landward boundary of the
Valentin Feilberg terrace. It has an ca.130 m incision in the south that
deepens to 920 m in the north. Channel-2 is found at depths of
4000e4500 m. It is smooth at its proximal end, but quickly deepens
northward, crossing the Valentin Feilberg terrace with a slightly
oblique trend with respect to the slope. This channel is roughly
460 km long and 18 km wide, with a 130 m-deep incision in the
south that increases to 300 m in the north. Furthermore, Channel-3
(ca. 300 km long and 20 kmwide) is located at the distal end of the
Valentin Feilberg terrace at depths of ca. 5000 m. It features a 210 m-
deep incision to the south that decreases to 131 m to the north.
Finally, a new, shorter contourite channel (ca. 60 km long; 8 km
wide; 300e400 m-deep incision) parallel to the slope oceanward of
the Piedra Buena terrace is present at 2500e3000 m depth, from
46.5�S to the Almirante (Alte.) Brown submarine canyon system
(SCS). The depositional features of Segment I are located at depths
greater than4000 matBOS. In the southernmost partof theValentin
Feilberg terrace, sheeted drifts are exhibited at depths of
3800e4500 m and change laterally northward into two mounded,
elongated and separated drifts over the Valentin Feilberg terrace
(Fig. 3). Toward the abyssal plain there are sheeted drifts that are
marked by flat sea-bottom morphology, yet contain local pro-
gradational bodies, sediment waves and erosive scarps within the
sedimentary record.

5.1.2. The submarine canyons and channels sector
This sector is located in the slope of the northernpart of Segment

I and the southernmost sector of Segment II, where erosive features
are also predominant (Fig. 3). It encompasses two submarine canyon
systems (SCSs) (Fig. 2). In the south, the westenorthwest-trending
Alte. Brown SCS crosses the slope down to a depth of 3500 m,where
it joins Channel-1. At this point, Channel-1 trends north, but after
meeting with the Alte. Brown SCS, it trends northeastesouthwest,
deepening and widening down to the BOS. Seaward of Channel-1,
the depositional and erosive features described for the previous
sector are also identified in the Valentin Feilberg terrace (Fig. 3).
The Ameghino SCS, which lies in the north, has a southern canyon
(the largest)withan impressive axial shift: it trendsnorthwest in the
upper and middle slopes, northeast at depths of ca. 3000e3500 m,
and then northwest again, down to the BOS.

The area between the two SCSs (Fig. 3) contains a large sediment
wave field at depths of ca. 3000e3500 mwhose crest has a northeast
trend but which otherwise migrates northwest. It contains a subma-
rine terrace at a depth of 3500 m and plastered drifts on the lower
slope, at depths of 3500e4500 m, affected by many small valleys
created by gravitational processes. The BOS off the Ameghino SCS
lacks any rise or large submarine fans, and is closer to the 5000 m
isobath thananywhere else in themargin. These features illustrate the
dominance of erosive processes at thedepthswhereChannels 1, 2 and
3 merge in the same area, off the Ameghino SCS, and then turn east.

The CDS disappears in the northern zone of Segment II (Fig. 3),
because of the dominance of across-slope sedimentary processes.
Nevertheless, certain local morphologic features are consistent
with the action of Antarctic water masses. These include terraces
along the middle slope at depths of ca. 1000 m (Ewing Terrace) and
along the lower slope at a depth of 3500 m (laterally correlated
with the Valentin Feilberg terrace); plastered drifts on the lower
slope (at depths of 3500e4500 m) affected by erosive features
related to the Bahía Blanca SCS; and mixed drifts in the upper rise
(at depths of 4500e5000 m) comprising large sediment lobes,
whose main axes are oblique (NE/SW) to the general slope trend.

5.2. The giant drifts

There are two buried, asymmetrical, mounded and elongated
giant contourite drifts in the transition between the base of the
slope and the abyssal plain, at 5300e5400 m water depth (Figs.
3e5). Although these were surveyed for the first time in the
1960’s by the Lamont Doherty Earth-Observatory, and later by Hinz
et al. (1999), they have never before been described. The giant drifts
together extend about 250 km, generally south to north (from
47�300 to 45�150S), southwest of the Cánepa Seamount, which
peaks at a water depth of ca. 4436 m. El Austral Seamount, which
peaks at a water depth of ca. 4135 m (Fig. 6A) separates a northern
drift from a southern one (hereafter, northern drift and southern
drift, respectively).



Fig. 4. Examples of regional multichannel reflection seismic (MCS) profiles within the Contourite Depositional System at: A) the southernmost part (Lines BGR04-08/04-13); and B)
northernmost part (COPLA 01-23b) of the Terrace Sector, with regional stratigraphy framework for the giant drifts. Major morphosedimentary features and seismic units are shown:
UU ¼ upper unit; IU¼ intermediate unit; LU¼ lower unit; a, b and c are subunits. (C) Close-up figure showing the mounded, elongated and separated drifts and adjacent proximal
southern part of the contourite Channels- 1 and 2. (D) Close-up detail of giant drifts. Seismic sections are pre-stack depth migrated.
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5.2.1. Seismic stratigraphy framework for giant drifts
A regional seismic stratigraphy analysis of the upper part of the

sedimentary records of the Argentine CDS was recently performed
(see Hernández-Molina et al., 2009). Herein described for the first
time is a highly detailed seismic analysis of the giant drifts within
the framework of the aforementioned regional study (Fig. 4). Three
seismic units have been defined regionally: the Lower Unit (LU),
Intermediate Unit (IU) and Upper Unit (UU). The LU is bounded at
its base by the AR-4 discontinuity and has moderate to high
amplitude reflections that determine lower slope progradation by
deposits plastered to the adjacent basement on the lateral slope
(Fig. 4 and Table 2). It is internally composed of three subunits
(from oldest to youngest: c, b and a). The IU is bounded at its base
by the AR-5 discontinuity (Fig. 4 and Table 2). It is an expansive
aggradational unit which fossilised the LU and constituted a very
good regional stratigraphic level of correlation, due to its overall
weak to transparent acoustic response and relatively constant
thickness along the entire margin (except for in the buried drifts)
(Fig. 4). The present day morphosedimentary features described
above (Fig. 4) began to develop during deposition of the UU, which
also comprises three subunits (from oldest to youngest: c, b and a),
whose reflections have stratified facies with medium amplitude
and good lateral continuity.

The three aforementionedmajor seismic units can be identified in
thesedimentary recordwhere thegiantdrifts occur. Thesegiantdrifts
encompass the LU and the IU, and are buried by the UU. The seismic
facies of the LU and of the IU differ substantially. The giant drifts are
bounded at their base by the AR-4 discontinuity (Hinz et al., 1999),
which represents a noteworthy erosional reflection. The giant drifts
developed essentially during deposition of the LU,which exhibits the
greatest progradation stage and local maximum of thickness (Fig. 4).
An important change in the depositional style of drift construction
occurred during deposition of the IU: it is characterised by an
aggradational stage, butwith lateralmigration of both the crest drifts
and the depocentres (Fig. 4). Although the UU also comprises
mounded, elongateddrifts and sheeted drifts that remain active, they
fossilised the giant drifts developed during the LU and IU, thereby
determining a major stage in the style of margin construction.



Fig. 5. (A) Bathymetry map with major morphologic elements, showing the location of the swath bathymetric data. (B) Slope gradient map (degree) showing the increase of the
base of the slope gradient due to the outcropping of parts of the buried giant drifts.
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5.2.2. Giant drifts morphology
The giant-drift summits outcrop at present seafloor (Fig. 6A).

The summit of the southern drift is shallower close to the El Austral
Seamount (5350 m water depth), where a secondary crest (Fig. 6B)
deepens southward to 5400 m water depth. The northern drift
summit is located at ca. 5450 m water depth, and this drift is
separated from the seamount by a narrow, erosive westeeast trend
channel of 5640 m water depth (Fig. 6A). The drift is fossilised by
a thick sedimentary cover from the UU, and had a relief of roughly
400 to 500 m above the adjacent seafloor when they were active
(Figs. 6 and 7). Westward of the main crest of the southern drift, the
sedimentary cover of UU is ca. 500 m thick (Figs. 6 and 7), estab-
lishing the present seafloor at ca. 5400 m water depth. Neverthe-
less, the sedimentary cover of the UU eastward is thinner (ca. 215 m
thick), with a currently erosive seafloor reaching 5700 m water
depth along Channel-3. This bathymetric jump on both sides of the
giant-drift crest represents a significant change in the slope
gradient trend at the foot of the slope (Fig. 5B).

The giant drifts have different dimensions (Fig. 7). The
southern drift is ca. 43 km wide close to the El Austral Seamount
(Line 23b), with a slight increase southward (ca. 50 km, Line 23),
but it decreases further south, where it reaches a width of 40 km.
The sedimentary thickness is higher close to the El Austral
Seamount, with a value of 950 m (Line 23b) decreasing toward
the south (Fig. 7), where it reaches ca. 830 m (Line 13). The large
size and the sedimentary load of the southern drift generate
a slight deformation of previous sediments, which is strikingly
evident close to the El Austral Seamount, more subdued south-
ward (Lines 23b, 23 and 5), and non-distinguishable in the two
southernmost lines (Lines 7 and 13). Local vertical subsidence
due to giant-drift occurrence was calculated at ca. 100-150 m
(Fig. 7CeE). The local thickness of the Southern drift represents



Fig. 6. (A) Multibeam bathymetric data collected by the BIO Hesperides (2008), indicating the main present morphologic features around the giant drifts’ crests. (B) Sketch showing
the positions of the buried giant drifts (with their buried boundaries and the main crests locations associated to the top of the IU and of the LU), and the Cánepa and the El Austral
seamounts. The location of the multichannel seismic profiles from Fig. 7 is indicated.
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a local gravimetric anomaly in the horizontal gradient: the
highest values are associated with the LU rather than with the IU
(Fig. 8A). The giant drift gravity model (Fig. 8B) fits very well with
the corrected Bouguer anomaly. The sediment covers were
assigned a density of up to ca. 2.21 g cm�3. The seismic units
within the southern drift are 1.94 g cm�3 for the LU and
1.91 g cm�3 for the UU. The corrected Bouguer anomaly (Fig. 8B)
reveals bodies that are denser than those of the adjacent envi-
ronment, which could explain the light load deformation of
previous sediments. The asymmetrical external shape of the
southern drift is characterised by a steep, west side (on average,
ca. 1.5e2�) a gently dipping, smooth east side (on average, ca. 0.8
to 0.9�) (Fig. 7AeE) that meet to form a long, narrow crest (Fig. 6).
The steepest slope (ca. 2.1�) is found in the west side of the giant-
drift on a line closer to the El Austral Seamount (Line 23b);
however, the smoothest slope (ca. 0.8�) is located on the east side
(Fig. 7E).

In the southern drift, close to the El Austral Seamount (Line 23b)
the sedimentary thickness of the LU is ca. 800 m, but toward the
south it decreases to ca. 600 m, (Line 13) (Fig. 7AeE). During
deposition of the IU, the drift crest shows an eastward and upgra-
dientmigration (ca.1800 m close to the El Austral Seamount, but ca.



Fig. 7. Multichannel seismic reflection profile across the giant drifts, showing major morphosedimentary features, seismic units (LU, IU and UU) and main seismic facies: (A) along
the southernmost zone across (Line BGR 04-13); (B, C, D and E) across the giant-drift in the southern zone from south to north until the El Austral Seamount (Lines BGR 04-07; BGR
87-05; COPLA 01-23 and COPLA 01-23b); and (F) along the northern zone after the El Austral Seamount (Line COPLA 01-22). Some examples of seismic evidence of gas hydrates, and
of upward migration of free gas and fluids, in the giant drifts are indicated in blue with the following nomenclature: ACSF¼Abrupt change in seismic acoustic response or seismic
facies; ART¼Abrupt reflections terminations; AT¼Acoustic turbidity; BSRs¼ Bottom simulating reflectors; EAR¼ (local) Enhancement of the amplitude of the reflections;
SC¼ Columnar zone of amplitude reduction (seismic chimneys); TSF¼ Transparent seismic facies. Profiles location in Fig. 5.



Fig. 7 (continued)



Fig. 7 (continued)
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2500 km toward the south) and an aggradation of relatively
constant sedimentary thickness (ca. 300 m).

The northern drift is ca. 35 km wide, with a sedimentary
thickness of 767 m, which again produces a light deformation of
previous sediments (Line 22) with a local vertical subsidence of ca.
100 m (Fig. 7F). The giant-drift has the opposite geometry to that in
the southern zone, with a steep, east side (ca. 1.7�, on average) and
a gently dipping, smooth west side (ca.1e1.2�, on average) (Fig. 7E).



Fig. 8. (A) Horizontal gradient map from west to east (for the Segment-I and southern zone of Segment-II) based on the Bouguer Anomalies data. The maximum values on the left
are associated to the main sedimentary depocenters of the slope, but a local anomaly was associated to the buried giant drifts occurrence (B). The giant-drift crests associated to the
top of the IU and of LU, and buried boundaries, are shown in white lines. The greatest value of these local anomalies was associated to the LU rather than the IU.
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The LU has a sedimentary thickness of ca. 634 m. The drift crest
migrated westward by ca. 1.4 km during the IU deposition, which
amounts to a thickness of ca. 100 m (Fig. 7AeE).

5.2.3. Seismic facies and signatures of the identified giant drifts
The buried giant drifts have a trademark seismic signature, espe-

cially within the LU, where clear reflections are easy to recognise and
continue over long distances (Fig. 7AeE). Nevertheless, the giant drifts
generally give weak to transparent acoustic responses, with discon-
tinuous reflections andabrupt changes in their acoustic response.Only
a few high-to-very high amplitude reflections with greater lateral
continuitywere recognised. These enabledivision of the giant-drift LU
into the three subtly different subunits (c, b and a) described above.
Subunit-c generally has a relatively high acoustic response (e.g.
Fig. 7AeC); Subunit-b has a moderate acoustic response, which
increases upward (e.g. Fig. 7B, D andE); and Subunit-a consistently has
a very weak to transparent acoustic response (Fig. 7AeF). The giant
drifts include large-scale cycles of draping deposition and erosion.
The drift crests show a large-scale eastward progradation in the
southern drift (Fig. 7AeE), and a westward one, in the northern drift
(Fig. 7F). This change in the internal reflections configuration of the
giant-drift coincides with the aforementioned external drift
morphology (asymmetry) change. Many polygonal fault structures
affecting the recent sedimentary record can be identified, most of
which are located down to Subunit-b of the UU, but some of which
reach the seafloor. These faults are usually normal faults, although
inverse faults and flower structures are also present (Fig. 7AeF) and
cross the giant drifts.

Within the LU, a peculiar seismic signature was identified. Here,
reflections within the LU are frequently vertically displaced relative
to the sedimentary record above and below it (e.g. Fig. 7D and E).
Individual reflections are sometimes discontinuous and difficult to
follow laterally. Thus, these facies were termed fluidified facies. The
IU has a regional weak acoustic response along the margin (Fig. 4),
although it has a moderate response, with some high amplitude
reflections, within the giant drifts. Reflections within the IU show
a predominantly aggradational stacking pattern relative to the
underlying LU, though large-scale progradation (eastward in the
southern drift and westward in the northern one) is visible (e.g.
Fig. 7A and B).
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Other special seismic signatures were identifiedwithin the giant
drifts. These include three reflections, crossing the internal reflec-
tors of the LU, IU and UU, whose trend mimicks that of the top of
their respective unit (running almost parallel, but 300 m deeper). In
fact, there is one reflection in the LU, ca. 300 m below the top of
AR5; one in the IU, ca. 300 m below the top of the unit; and one in
the UU, ca. 300 m below the present seafloor. These reflections
exhibits a phase-reversed reflection relative to that of the seafloor,
and their seismic signatures are similar to those of Bottom Simu-
lating Reflectors (BSR) in other areas below present seafloors
(Henriet andMienert,1998; Pecher and Holbrook, 2000; Chand and
Minshull, 2003; Horozal et al., 2008; Løseth et al., 2009).

Other unique seismic signatures comprise abrupt changes in
seismic acoustic response; local transparent facies; local enhance-
mentof theamplitudeof the reflections;columnarzonesof amplitude
reduction (defined as seismic chimneys or vertical seismic wipe-outs);
abrupt terminations in reflections; seeps; and acoustic turbidity
(Fig. 7CeF). Theses seismic signatures are strong seismic indicators of
gas hydrates, free gas, and upward migration of fluid and gas, as has
been considered by many other authors (e.g. Henriet and Mienert,
1998; Pecher and Holbrook, 2000; Vanneste et al., 2002; Chand and
Minshull, 2003; Horozal et al., 2008; Løseth et al., 2009). Though
a detailed description of these signatures is beyond the scope of this
work, it is important to recognise the hydrocarbon potential of the
buried giant drift. This could be common in the Argentine Basin, given
that similar evidence was earlier discovered in other sectors of the
slope (Schümann, 2002; Schümann et al., 2002; Figueroa et al., 2005)
and in the abyssal plain (Manley and Flood, 1989).
6. Discussion

The evolution and present morphology of the extensional
Argentine Margin, particularly of its contourite depositional system
(CDS), are the result of Antarctic bottom waters flowing along this
margin from the Eocene-Oligocene Boundary (Hernández-Molina
et al., 2009). These flows meet through different paths and depths
at the southernendof Segment I of themargin, generating the erosive
and depositional features of the CDS. The buried, asymmetrical giant-
drifts at the base of the slope have not been active from the top
boundary of the IU. Their external geometry, internal configuration
and evolutionary stages have been deduced by seismic stratigraphy
analysis, generating several important points for discussion.
6.1. Giant drifts morphologies and their large-scale hydrodynamic
consequences

Large, asymmetric isolated mounded drifts are common in deep
marine environments. In fact, very large drifts have been described
in locations such as the Weddel and Scotia Seas, Antarctica
(Maldonado et al., 2003, 2005, 2006), the Greenland margin
(Chough and Hesse, 1985; Arthur et al., 1989; Hunter et al., 2007)
and the Indian Ocean (Niemi et al., 2000; Uenzelmann-Neben,
2001, 2002; Schlüter and Uenzelmann-Neben, 2007, 2008) and
are included in present drift classifications (Stow et al., 2002a;
Rebesco, 2005; Rebesco and Camerlenghi, 2008). On the Argen-
tine abyssal plain, at least three huge drifts (Zapiola, Argyro and
Ewing) have been identified at the present seafloor (Ewing and
Lonardi, 1971; Flood and Shor, 1988).

The Eirik and Agulhas drifts are generated in open, deep marine
environments in the northern and southern hemispheres, respec-
tively. Although they differ markedly, they are good examples for
understanding formation of the Argentine buried giant drifts. The
Eirik drift is connected to the lower slope and rises off the southern
tip of the Greenland margin at depths of 1500e3500 m. It is ca.
800 km long and results from the influence of the North Atlantic
Deep Western Boundary Current and high sediment input (Chough
and Hesse, 1985; Arthur et al., 1989; Hunter et al., 2007). The
Agulhas Drift is located in the Transkei Basin (Indian Ocean) at
water depths of 4000e4500 m. It extends 350 km in a general
eastewest direction, and is generated by the influence of the AABW
(Niemi et al., 2000; Schlüter and Uenzelmann-Neben, 2007, 2008).
The main phase of drift construction started during the lower
Pliocene, as a result of the marked increase in thermohaline
circulation (Niemi et al., 2000; Hunter et al., 2007; Schlüter and
Uenzelmann-Neben, 2008). Both large drifts feature a mounded
external shape and asymmetric geometry, with erosion on the
steep side and continuous deposition onto the gentler side of the
drift, which is typically partly covered with sediment waves. These
drifts are located laterally to their respective main core currents: on
the right side, in the Eirik Drift (northern hemisphere); and on the
left side, in the Agulhas Drift (southern hemisphere) (Niemi et al.,
2000; Hunter et al., 2007). External geometry is critical in the
construction of these large drifts in deep, open oceans. Migration of
the core current in response to the Coriolis Effects determines
sediment progradation, and consequently, crest migration, in
repeated cycles of drape deposition and erosion (Niemi et al., 2000;
Schlüter and Uenzelmann-Neben, 2007, 2008; Hunter et al., 2007;
Hunter, 2008). Such migration of the current and of the crest is
rightward down-current in the northern hemisphere and the
opposite in the southern hemisphere. Nevertheless, mounded
drifts in open, deep marine environments differ from those in
continental slopes, in which the core current migration is not
confined by the slope physiography, and therefore, there is no
resulting erosion of sediment and drift construction on the oppo-
site side (e.g. Llave et al., 2001, 2007; Carter and McCave, 2002;
Stow et al., 2002b; Carter et al., 2004; Maldonado et al., 2005).

The Argentine giant drifts were generated in an open, deep
marine environment. The external morphology of the Southern Drift
is characterised by a steepwestern side and a gently dipping, smooth
eastern side with internal reflections that prograde eastward. This
asymmetrical morphology was generated by erosion of the western
side by periodic, invigorated, bottom-water currents. This suggests
that the main core current location that produced the giant-drift in
Segment-I, south of the El Austral Seamount, was flowing south, and
consequently, the drift grew on the left side down-current (Fig. 9), as
occurs in other areas in southern oceans (Niemi et al., 2000;
Uenzelmann-Neben, 2001, 2002; Schlüter and Uenzelmann-Neben,
2007, 2008). This interpretation has important regional implica-
tions in palaeo-current reconstructions, since the AABW currently
flows northward in the same area (Piola and Matano, 2001; Arhan
et al., 2002a,b; Hernández-Molina et al., 2009). Therefore, an
important regional palaeoceanographic change occurred when the
giant-drift became inactive (at the top of the IU). Northward of the El
Austral Seamount, the external geometry and internal reflection
configuration are opposite to those in the southern zone. Conse-
quently, it can be inferred that when the giant drift was active here,
the AABW flowed northward, as it does today (Fig. 9A).

Based on these interpretations, a new regional hydrodynamic
model is herein proposed (Fig. 9). During giant-drift deposition, the
AABW should flow westwards, passing the Malvinas/Falkland
Escarpment until it turns to the north at the Argentine continental
slope. Along Segment-I the AABW represents an intensified
western boundary current, partially eroding the base of the slope
up to the Colorado Transfer Zone location. During the giant-drift
deposition, the Argentine Basin was smaller than it currently is and
the Colorado Transfer Zone must have been a dominant physio-
graphic feature in the sea floor, because the oceanic crust in
Segment-I is older and denser than in Segment-II (Hinz et al., 1999;
Franke et al., 2007). One branch of the AABW should turn back



Fig. 9. Evolutionary sketches for: (A) development of the giant drifts (LU) and (B) the present scenario. Major tectonic and morphosedimentary features as well as the seismic units
and discontinuities are shown. Water masses distribution along the Segment I and southernmost part of Segment II are indicated in every sketch. UU ¼ upper unit;
IU¼ intermediate unit; and LU¼ lower unit.
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Fig. 10. (A) Sketch with regional bathymetric map, general circulation of intermediate and deep water masses (AABW and NADW), and the position of the three large contourite
drifts (Zapiola, Argyro and Ewing Drifts) in the Argentine Basin (compilation using data from: Flood and Shor, 1988; Speer et al., 1992; Reid, 1989, 1996; Klaus and Ledbetter, 1988;
Boebel et al., 1999). Intermediate circulation of water masses has been greatly simplified; for further details, see Boebel et al. (1999). (B) Profile across the Zapiola drift and the
Malvinas/Falkland Escarpment (data courtesy of the Argentine Navy Hydrographic Service, Argentina). On B, we have included the original interpretation of Le Pichon et al., 1971. (C
and D) Sheeted and mounded deposits of the Ewing Drift. Seismic profile on C from Barker et al. (1976) and from D courtesy of the Argentine Navy Hydrographic Service, Argentina.
Note that both the Zapiola and the Ewing drifts should have large, buried contourite deposits. Also note the similitude between the north trend of the crests of the Zapiola and the
Ewing drifts with the trend of the buried giant-drift crest located in the base of the slope.
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toward the south, forming a huge loop at the end of Segment-I and
generating depositional processes beyond the El Austral Seamount,
which represents an isolated obstacle to the flow (Fig. 9A). At the
beginning of Segment-II, beyond the Colorado Transfer Zone, the
AABW should flow northward (Fig. 9A).

Various sediment inputs to generation of giant drifts should be
considered, a concept recently proposed by Stow et al. (2008).
Pelagic-hemipelagic (which come from multiple sources) turbidity
currents from adjacent slopes, and bottom currents with local
erosion and longer-distance transport, could act as sediment inputs
for construction of giant drifts. Active and generally stable bottom
currents serve to focus sedimentation in the open deep ocean, and
therefore, build up drifts over very long periods of time, especially in
the lee of large submarine obstacles (Hernández-Molina et al., 2006).
Drift development is enhanced by external factors that promote
deposition rather than simple transport, including (Stow et al.,
2008): excess concentration and/or grain size due to current inter-
action, high surface productivity, local erosion around obstacles,
distal input from terrestrial sources, etc.; and topographic effects
such as obstacles to flow, changes in bottom-current pathway, and
subtle changes in bottom gradient. Open ocean pelagic sediment is
thereby focused to present variable thicknesses of accumulation over
long periods of time, rather than the uniformly thick sediment
blanket generally associated with deep oceans (Stow et al., 2008).
Moreover, sediment from the continent could reach the deep ocean
through stratified nepheloid layers. Sediment entrained in the
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nepheloid layers can be deposited by currents decelerated by iso-
lated obstacles and by outflowing at the outer curve of oceanic loops
(Niemi et al., 2000; Hernández-Molina et al., 2006; Stowet al., 2008).

Flowing of AABWover a long period of time along the Argentine
slope (in the LU and the IU) may have focused deposition in the lee
of the El Austral Seamount, consequently generating the giant drift
(Fig. 9). El Austral Seamount represented a punctual obstacle that
conditioned the formation of a relatively stable core of the main
AABW southward, whereby the giant drift is located laterally and to
the left (i.e. downcurrent). Depositional processes are favoured due
to the generation of a shadow zone, downstream of the seamount,
where flow intensity diminishes slowly. At the outer bend of the
south-to-southwest directed AABW, current along the
5300e5400 m isobaths sediments should be deposited as drapes,
forming the giant drift (Fig. 9A), similarly to the scenario proposed
by Niemi et al. (2000) for the Agulhas Drift. The lower level of
lateral migration during deposition of the IU close to the El Austral
Seamount compared to that in the distal, southern part of the giant-
drift, results from the fact that the seamount constituted a fixed
obstacle feature, and consequently, minor possible changes in
direction of the impinging flowmust have affected the distal part of
the drift to a much greater extent than it did the area close to the
obstacle. Furthermore, high amplitude internal reflections within
the giant-drift sedimentary architecture should indicate large-scale
changes in bottom current strength, and therefore, alternating
periods of deposition and erosion from the AR4 discontinuity to the
top of the IU, similarly to what was described in the Eirik and
Agulhas drifts (Niemi et al., 2000; Uenzelmann-Neben, 2001, 2002;
Schlüter and Uenzelmann-Neben, 2007, 2008 Hunter et al., 2007).

Although the present location of the three huge drifts on the
Argentine abyssal plain (Zapiola, Argyro and Ewing drifts, Fig. 1) has
been described, as has their genesis, which is associated to the long-
term cyclonic movement of AABW (Ewing and Lonardi, 1971; Flood
and Shor, 1988), no work regarding their onset, internal structure or
evolution has yet been published. Therefore, any comparison
between the described buried giant-drift and the aforementioned
present abyssal plain drifts would be rather speculative. Neverthe-
less, these features share an intriguing degree of similitude in drift
crest trend. The Zapiola drifts have a giant, flat-lying letter “H”, with
two drift crests trending north and one crest trending east to
southeast (Figs. 1 and 10). The Ewing drifts are divided into two
zones: a western one, in which the drift crest has an east to south-
east trend, and an eastern one, in which the drift crest trends south-
southeast. The Argyro Drifts have a drift crest with an easterly trend.
The chiefly northerly trend of the buried giant drifts is roughly
parallel to the northerly trend of the crests in the Zapiola Drifts and
the easternpart of the Ewing Drifts. The Zapiola Drift is roughly equal
in length to the buried giant-drift (ca. 350 km), but it is higher above
the adjacent seafloor (ca. 1200 m). The northerly trend of the crests
in the Zapiola Drifts is somewhat perpendicular to the present
regional hydrodynamics model (Fig. 10A) at basin scale for both
intermediate (Boebel et al., 1999) and deep-water circulation (Flood
and Shor, 1988; Reid, 1989, 1996; Klaus and Ledbetter, 1988; Speer
et al., 1992; Faugères et al., 1993; Piola and Rivas, 1997; Piola and
Matano, 2001). Nevertheless, the westeeast trends of the crests in
the Zapiola and Argyro Drifts, which are almost perpendicular to the
buried giant-drift (Fig. 10A), are fully coincident with the present
hydrodynamics model at basin scale for both the present interme-
diate and deep water circulations (cited references). Another simi-
larity between the buried giant drifts and the Zapiola Drifts is that
from the single-channel seismic reflection profiles collected by the
Lamont-Doherty Earth Observatory, both the Zapiola and Ewing
Drifts seem to have giant drifts partially buried by a recent, thicker,
sedimentary cover that defines a different stage in drift construction
and that is associated with the present westeeast drift crests
(Fig. 10). This tentative comparison could support the following
scenario, proposed here for the first time: that the aforementioned
palaeoceanographic change occurred at basin scale.

6.2. Evolutionary stages of giant drift constructions, and their
palaeoceanographic implications

Based upon the stratigraphic analysis, three stages in the giant
drifts evolution should be considered.

6.2.1. Growth stage (LU)
This stage started with development of the AR4 discontinuity

and developed further during LU deposition. The AR4 disconti-
nuity represents the onset of AABW circulation in the Argentine
Basin and contourite deposition. Hinz et al. (1999) dated this
discontinuity to the Eocene-Oligocene boundary, which could be
related to opening of the Drake Passage (ca. 32e31 Ma), when it
was deep enough for deep circulation (Livermore et al., 1994,
2004; Barker, 2001; Lawver and Gahagan, 2003; Lagabrielle
et al., 2009). The AR4 discontinuity is correlated with AR-I
unconformity from Urien et al. (1976), and related to the Horizon B
defined in the northeast of the Argentine Basin at site DSDP-358
(Ewing and Lonardi, 1971), which marks an important change in
sediment facies (Supko and Perch-Nielsen, 1977). The AR4
discontinuity is coeval with the R1/D2 discontinuity in the Brazil
Basin (Mézerais, 1991; Mézerais et al., 1993; Lima, 2003; Viana
et al., 2003), Discontinuity O in the Indian Ocean (Niemi et al.,
2000) e which is coincident with a regional hiatus in the sedi-
mentation (Latimer and Fillipelli, 2002) e and the Marshall Par-
aconformity in the South Pacific Ocean (Carter et al., 2004). The
AR4 discontinuity could also be associated with the extension of
ice in East Antarctica (Barron et al., 1989; Cooper et al., 1991) and
the beginning of a new THC system that affects the south hemi-
sphere (Supko and Perch-Nielsen, 1977; Kennett, 1982).

During this interval, the AABW was an intensified western
boundary current in the Argentine margin, partially eroding the
base of the slope along Segment-I, to later form a huge loop,
spanning from the end of this Segment to the Colorado Transfer
Zone location (Fig. 9A). One branch of the AABW should have
turned back southward, generating deposits south of the El Austral
Seamount, which would represent an isolated obstacle to this
branch. Under this scenario, the giant drift would have developed
as a large, asymmetrical elongated andmounded sedimentary body
(Fig. 9A).

Part of this interval is coeval with the progressive constriction of
the Drake Passage, which occurred from 21 to 15 Ma (Lagabrielle
et al., 2009) and which could have gradually accelerated the
dynamics of Antarctic water masses due to progressive reduction of
the passage section. Also, throughout most of this interval, both the
Hunter and Vema channels were too shallow to allow a deep
connection between the Argentine and Brazil Basins; indeed, this
connection arose in the lower Miocene (Kennett, 1982). All these
features have contributed to a hydrodynamic circulation model for
the AABW within the Argentine Basin.

6.2.2. Vertical growth stage (IU)
This stage began from the AR5 discontinuity and developed

further during IU deposition. The AR5 discontinuity was dated by
Hinz et al. (1999) to the early middle Miocene (ca. 15 Ma), which is
coeval with Discontinuity M in the Indian Ocean (Niemi et al.,
2000), and an unconformity in the South Pacific Ocean (Carter
et al., 2004). Several important events occurred in southern South
America after 15 Ma, coeval with the re-opening and deepening of
the Drake Passage, after 15 Ma (Lagabrielle et al., 2009): first, the
margin underwent a massive aggradational phase, which could be
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associated with major regional subsidence and global third-order
highstand intervals in the middle Miocene (Van Andel et al., 1977;
Kennett, 1982; Haq et al., 1987; Malumian and Olivero, 2005);
second, the end of the compressional tectonics in the Patagonian
Cordillera (Barreda and Palamarczuk, 2000); third, a marked rise in
sea level over the South American continent (Aceñolaza, 2000); and
last, widening of the Drake Passage due to active oceanic spreading
along the Phoenix-Antarctic Ridge, from 15 to 8e3 Ma (Livermore
et al., 2000; Eagles, 2003), and along the East Scotia Ridge, since
20 Ma (Eagles et al., 2005).

Despite the general sedimentary model proposed for deposition
of the LU, the giant-drift had its main vertical growth interval
during this stage. However, the axis of the crest during this stage is
shifted by several hundred meters eastward, south of the El Austral
Seamount, and westward, north of this seamount. This indicate
aminor change in current direction, which could be coeval with the
fact that at 15 Ma, bottom-current activity due to AABWwasmainly
restricted to depths below ca. 5.5 km (Sykes et al., 1998).

6.2.3. Inactive stage (UU)
The giant-drifts became inactive during this stage (Fig. 9B)

which began from the base of UU, marking the start of major
changes in palaeoceanography and depositional type at the basin
scale that led to partial burying of the giant drifts. Palaeoceano-
graphic changes implied more vigorous intermediate and deep
circulation after deposition of the IU. These changes ended after
formation of Subunit-c of the UU, when a new oceanographic
scenario was completely established and present morphologic
features began to develop (Hernández-Molina et al., 2009). The
base of the UU could date to the late middle Miocene (Hinz et al.,
1999), which is coeval with the R2/R4/D4 discontinuity in the
Brazil Basin (Mézerais, 1991; Mézerais et al., 1993; Lima, 2003;
Viana et al., 2003), and Reflector-c in the Weddell and Scotia Seas
in Antarctica (Maldonado et al., 2006).

There is evidence for a coeval Middle Miocene increase in the
deep-water circulation in the Southern Hemisphere (Kennett,1982;
Carter et al., 2004; Joseph et al., 2004), with good examples in the
northern Weddell and Scotia Seas (Maldonado et al., 2006), and in
the rise of the Pacific margin of the Antarctic Peninsula (Rebesco
et al., 2002). Increased water-mass circulation could correlate to
the middle Miocene event coeval with a major Miocene glaciation
(Mi4), a sea-level lowering (Ser3), the initiation of the permanent
eastern Antarctic ice-sheet, and/or with the initiation of NADW
circulation in the southern hemisphere (Kennett, 1982).

The palaeoceanographic change that generated a new oceano-
graphic scenario to fossilise the giant-drift (Fig. 9B) could be related
to the middle Miocene initiation of NADW circulation in the
Atlantic and its Lower Pliocene enhancement (Hernández-Molina
et al., 2009). During the late middle Miocene, NADW began to
circulate, and then extended into the Southern Hemisphere
(Kennett, 1982). Concurrently, the Central American Seaway (CAS)
was deeper than the level of NADW outflow (Nisancioglu et al.,
2003); therefore, a significant amount of NADW passed through
the CAS into the Pacific Ocean, reducing the potential amount of
NADW transported to the South Atlantic. In the Pacific, NADW
became a southward flowing, western boundary current, before it
joined with the ACC to the south (Nisancioglu et al., 2003). LCDW
derives from NADW and, therefore, has existed since the middle
Miocene, when the CDW started to split into two fractions (UCDW
and LCDW), the ultimate consequences of which, for the Argentine
Basin, should have been the onset of LCDW circulation and the
deepening of the CDW-AABW interface (Hernández-Molina et al.,
2009). Although these changes should have begun after the base
of UU, a more dramatic change occurred in association with the
reflection at the top of Subunit c of UU, which has been correlated
with R4’/R3/top of U2c discontinuity in the Brazil Basin (Mézerais,
1991; Mézerais et al., 1993; Lima, 2003; Viana et al., 2003);
Discontinuity P in the Indian Ocean (Niemi et al., 2000); an
unconformity in the South Pacific Ocean (Carter et al., 2004);
a hiatus in the Southern Ocean (Ledbetter and Ciesielski, 1986); and
Reflector-b in Antarctica (Maldonado et al., 2006). Therefore, the
reflection could date to late Miocene/early Lower Pliocene, for
which there is major evidence of relatively strong activity in the
intermediate and deep-water circulations (Sykes et al., 1998). Given
that the CAS shoaled at that time, the NADW could not flow into the
Pacific, but its flow to the South Atlantic did increase, creating
a more vigorous water circulation pattern (Nisancioglu et al., 2003).
This change would be associated with ocean bottom cooling due to
the expansion of western Antarctic ice-sheet and fringing ice-
shelves (Ledbetter and Ciesielski, 1986; Niemi et al., 2000;
Anderson and Shipp, 2001), and the initiation of ephemeral
Northern Hemisphere ice sheet, coincident with a global temper-
ature drop (Jansen and Raymo, 1996). Consequently, the Antarctic
water masses also expanded with major implications for Argentine
margin Segments I and II, where the present morphosedimentary
features of the CDS began to form along the Argentine slope, and
depositional processes were favoured at depths greater than
3500 m, which partially fossilised the giant-drift (Fig. 9B). The new
basin oceanographic scenario after Subunit c deposition could be
also partly due to the fact that throughout the Lower Pliocene, the
Vema channel was deep enough for AABW circulation (Kennett,
1982), which in turn could have caused major internal hydrolog-
ical changes in the basin circulation.

7. Conclusions

Buried, asymmetrical, mounded, elongated contourite drifts are
located in the southernmost sector of the extensional Argentine
margin, below the presently active Contourite Depositional System
(CDS). These feature a northerly trend at the base of the slope, at
water depths of 5300e5400 m. Their summit outcrops at present
seafloor, generating a bathymetric jump that represents an impor-
tant change in the slope gradient trend at the base of the slope. The
following conclusions regarding the giant drifts have been made:

� Giant drifts were generated in an open, deep marine environ-
ment. Twomajor drifts have been identified, south and north of
a large seamount (El Austral Seamount): the southern drift and
the northern drift.

� The southern drift is ca. 40e50 kmwide and 250e300 km long
and has a sedimentary thickness of 950e830 m. The asym-
metrical external shape is characterised by a steep west side
and a gently-dipping, smooth east side. Local internal reflec-
tions prograde eastward. In contrast, the northern drift is ca.
35 km wide and has a sedimentary thickness of 767 m. Its
geometry is opposite to that of the southern zone: its west side
is smooth and its east side is steep. Likewise, its internal
reflections prograde westward.

� The seismic facies of the giant drifts shows very weak to
transparent acoustic response, with discontinuous reflections
and abrupt changes in the acoustic response, indicating a flu-
idified seismic signature. There are high amplitude reflections
with greater lateral continuation (but that are affected bymany
faults) that reveal that large-scale cycles of drape deposition
and erosion have combined to form the giant drifts.

� The southern drift was generated by the southward flow of
AABW, which began after the Eocene-Oligocene boundary until
middle Miocene.

� The drifts were inferred to record a major palaeoceanographic
change between the middle to very late Miocene. Changes in
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the regional hydrological model were attributed partly due to
the initiation of NADW circulation in the southern hemisphere.
The water-mass conditioned the formation of LCDW in
Antarctica as well as the deepening of AABW circulation in the
Argentine Basin, which has been the major controlling factor of
sedimentary processes in the lower slope and abyssal plain
from the middle Miocene to present.

� Based on the conclusions above, a new oceanographic scenario
was established for the period spanning the middle Miocene to
present. This scenario has been imputed in the burial of the
giant drifts as well as in generation of a new margin
morphology, with development of present day morphosedi-
mentary features of the CDS generated from the northward
flow of the Antarctic water masses.

� Strong seismic evidence of gas hydrates and free gas, and of
upward migration of gas and fluids, was found within the giant
drifts. Thus, these buried giant drifts appear to be rich in
possibilities for energy exploration, although this must be
confirmed by further study, they could represent a prime
example of the economic potential of contourite deposits in
deep marine environments.

� The results presented in this paper are testament to how large
contourite drifts in deep marine environments can yield
evidence for reconstructing palaeoceanographic changes, and
help to explainThermohalineCirculation andclimate in thepast.
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