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The continental margin off the La Plata Estuary (SE South America) is characterized by high fluvial sediment
supply and strong ocean currents. High-resolution sediment-acoustic data combined with sedimentary facies
analysis, AMS-14C ages, and neodymium isotopic data allowed us to reconstruct late Quaternary sedimentary dy-
namics in relation to the two major sediment sources, the La Plata Estuary and the Argentine margin. Sediments
from these two provinces show completely different dispersal patterns.We show that the northward-trending La
Plata paleo-valley was the sole transit path for the huge volumes of fluvial material during lower sea levels. In
contrast, material from the Argentine margin sector was transported northwards by the strong current system.
Despite the large sediment volumes supplied by both sources,wide parts of the shelfwere characterizedby either
persistent non-deposition or local short-term depocenter formation. The location and formation history of these
depocenters were primarily controlled by the interplay of sea level with current strength and local morphology.
The high sediment supplywas of secondary importance to the stratigraphic construction, though locally resulting
in high sedimentation rates. Thus, the shelf system off the La Plata Estuary can be considered as a hydrodynamic-
controlled end-member.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Continental shelf systems off major rivers are usually characterized
by a high supply of clastic sediments. As a consequence, deposits on
continental shelf and slope are laterally extensive with high accumula-
tion rates (Kuehl et al., 1997; Hübscher et al., 2002; Hanebuth et al.,
2011). In contrast, bypassing, winnowing and erosion of sediments,
sweeping by persistent unidirectional currents, and redeposition are
common processes on shelves dominated by a high-energy oceano-
graphic regime (Flemming, 1981; Ikehara, 1989; Cawthra et al., 2012).
The knowledge on the general sedimentary buildup and evolution of
these high-energy systems remains sparse due to difficulties in sam-
pling the commonly coarse-grained material. The continental margin
off SE South America is characterized by both the highest sediment sup-
ply by the La Plata River (Plata hereafter; Depetris and Griffin, 1968;
Urien, 1972) as well as strong oceanographic currents (Möller et al.,
2008; Palma et al., 2008). The Uruguay and Paraná Rivers, on the one
hand, supply a suspended sediment load of 100 Mt yr−1 (Milliman
).

hington. Published by Elsevier Inc. A
and Farnsworth, 2011) to the Plata Estuary and the adjacent continental
shelf. The shelf hosts, on the other hand, one of theworldwide strongest
current regimes (Gwilliam et al., 1997; Palma et al., 2008). Prior to this
study, the resulting late Quaternary stratigraphic architecture and
depocenter shifts were virtually unknown.

Although continental margins represent the major sink for terrige-
nous particles along the source-to-sink pathway from continental inte-
rior to the deep sea, the precise routes of sediment transport remain
often unknown. For instance, canyons off major rivers are usually sug-
gested to have been the main material conduit during lower sea levels
(van Wagoner et al., 1988). At the continental margin off SE South
America, sediment pathways during stages of lower sea level are still
matter of debate and several possible main transport routes have been
proposed in the literature (Lonardi and Ewing, 1971; Urien and
Ottmann, 1971; Urien and Ewing, 1974; Urien et al., 1980a,b). These
alternative pathways would, however, result in completely different
patterns of sediment transit and supply to the continental slope.

Herewe use a combination of acoustic profiles and information from
sediment cores to unravel the late Quaternary history of the SE South
American margin. Reconstructing the formation and lateral migration
of main depocenters reveals a comprehensive picture of sediment
ll rights reserved.
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distribution and transport pathways during changes in sea level. These
deposits also provide valuable information on the export of material
to the associated continental slope. Thus, we were able to scrutinize
the interaction of high fluvial supply with a strong oceanographic
regime on system-wide sedimentation patterns.

Regional settings

Coastal morphology and seafloor physiography

The study area is located off southern Brazil, Uruguay, and northern-
most Argentina at approximately 32.5 to 39.5°S (Fig. 1). The shelf width
ranges from 130 km off Laguna de Castillos to more than 200 km off
Cape San Antonio. The most prominent feature at the coastline is the
funnel-shaped Plata Estuary (Fig. 1). In addition, several lagoons devel-
oped at the Uruguayan and Brazilian coastlines during Holocene times
Figure 1.Map of the study area showing acoustic profiles, core positions, and oceanography (ba
short form (e.g., GeoB13817-2 is depicted as “17”). Core positions from cruises M46-2 and M4
(PPW = Plata Plume Water; SASW = Subantarctic Shelf Water; STSW = Subtropical Shelf W
(BC = Brazil Current; MC = Malvinas Current) are displayed as arrows based on Piola et al. (
map shows a magnification of the Uruguayan shelf and location of the acoustic profiles display
(e.g., Villwock, 1984; Cordeiro and Lorscheitter, 1994; García-Rodríguez
et al., 2004; Fig. 1).

The inner continental shelf off the Uruguayan coast is characterized
by an elongated seafloor depression, which represents the Plata paleo-
valley (Urien and Ottmann, 1971; Urien and Ewing, 1974; Urien et al.,
1980a,b; Laborde, 1999; Cavallotto and Violante, 2005). South of this
paleo-valley, the inner shelf shows relicts of complex barrier islands
and sand banks that constituted themajormorphosedimentary features
developed in the region during the post-glacial transgression (Urien
and Ewing, 1974; Urien et al., 1980a,b; Parker et al., 2008; Violante
et al., 2010).

The outer shelf is characterized by a morphological step at around
80 m, which was reported to be related to a sea-level lowstand delta
system (Urien and Ewing, 1974; Urien et al., 1995). Several canyons
dissect the continental slope off northern Argentina and Uruguay.
Some of these canyons cut back into the shelf break but do not show
semapmodified from Bender et al., 2013). Core positions of cruise M78/3 are displayed in
6-3 are displayed as 4-digits (e.g., GeoB6211-2 is depicted as “6211”). Shelf water masses
ater), their front (STSF = Subtropical Shelf Front), and currents at the continental slope
2008). Bathymetric data stems from Martins and Corrêa (1996) and GEBCO (2008). Inlay
ed in Figs. 2 and 4 (thick black lines).
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major incisions on the shelf itself (Lonardi and Ewing, 1971; Harris and
Whiteway, 2011). Furthermore, the continental slope off northern
Argentina displays several morphological terraces, such as Ewing
Terrace and Necochea Terrace (Hernández-Molina et al., 2009; Preu
et al., 2012, 2013). Farther north, the semicircular-shaped Rio Grande
Cone off southern Brazil represents the most characteristic morpholog-
ical feature (Fig. 1). It has been dominantly constructed frommudstones
and shale since theMiocene (Fontana, 1996; Chiessi et al., 2008; Castillo
et al., 2009).

Oceanography and sea-level history

The modern Plata Estuary discharges on average 23,000 m3 s−1 of
freshwater into the South Atlantic (Tossini, 1959). The resulting low-
salinity tongue (Plata Plume Water [PPW]; Fig. 1) shows a strong
displacement towards the northeast in austral winter due to predomi-
nately southwesterly winds. In austral summer, northeasterly winds
force a southwestward retreat of the PPW, spreading low-salinity
waters over the entire continental shelf off the Plata Estuary (Guerrero
et al., 1997; Piola et al., 2000).

Two distinct water masses form the subsurface shelf hydrography:
the northward-flowing cold and less saline Subantarctic Shelf Waters
(SASW) and the southward-directed warm and salty Subtropical Shelf
Waters (STSW; Piola et al., 2000; Fig. 1). The Subtropical Shelf Front
(STSF) forms the sharp thermohaline boundary between SASW and
STSW (Fig. 1). Subsurface water mass distribution and STSF location
present only minor seasonal variability (Möller et al., 2008; Piola et al.,
2008). The STSF is suggested to be the shelf-ward continuation of the
Brazil–Malvinas Confluence Zone (BMC), which marks the boundary
zone between the cold northward-flowing Malvinas Current (MC)
and the warm southward-directed Brazil Current (BC; Piola et al.,
2000; Fig. 1). At deeper water levels the northward-flowing Antarctic
Intermediate Water (AAIW), Circumpolar Deep Water (CDW) and
Antarctic Bottom Water (AABW) encounter a southward flowing
recirculated branch of the AAIW and the North Atlantic Deep Water
(NADW; Georgi, 1981; Saunders and King, 1995; Piola and Matano,
2001; Carter and Cortese, 2009). We refer to the modern terms of
these water masses and currents when discussing their ancient equiva-
lents although their properties (e.g., salinity, temperature, vertical strat-
ification, and intensity) may have varied during the late Quaternary.

Reliable information on late Quaternary sea-level fluctuations in the
region is scarce. Two relative sea-level curves were published by
Guilderson et al. (2000) and Cavallotto et al. (2004), spanning the past
20 and 10 cal ka BP, respectively, with the latter curve calibrated by
Gyllencreutz et al. (2010). According to Guilderson et al. (2000), a
minimum sea level of−150 mwas reached during the last glacialmax-
imum (LGM). Themaximum sea-level highstand of+6.5 m occurred at
6.5 cal ka BP (Gyllencreutz et al., 2010). Recently, Martínez and Rojas
(2013) reviewed Holocene sea-level reconstructions in the Uruguayan
region and showed that the sea level declined rather constantly since
at least 6 cal ka BP.

Stratigraphic architecture

Only few studies provide data on the shelf stratigraphy of the study
area. Ewing and Lonardi (1971) defined two nearly horizontal seismic
reflectors on the shelf at 139–146 m and 200 m below modern sea
level (mbsl). The deeper reflector was suggested to be associated to
the Pliocene–Pleistocene boundary, whereas the shallower reflector
might represent the base of fluvially derived deposits. Parker et al.
(2008) defined six depositional sequences separated by strong seismic
reflectors. The uppermost sequence represents the last post-glacial
transgressive event. In addition, Martins et al. (2005) observed Cenozoic
delta complexes at the shelf break. However, the seismic approach of
these studies did not provide the necessary resolution for late Quaternary
studies and led to an oversimplification of the shelf architecture.
The stratigraphy of the continental slope off northern Argentina
gainedmore attention during the past years as part of one of theworld's
major contourite depositional system, recently mapped and classified
by Hernández-Molina et al. (2009) and Preu et al. (2012, 2013). The
complex terraced slope off northern Argentina evolved since middle
to late Miocene (Hernández-Molina et al., 2009; Violante et al., 2010).

Sedimentary shelf system

In the modern system, two main sediment sources contribute
material to the shelf of the study area: (1) the Plata drainage basin
and (2) the Argentine margin (Mahiques et al., 2008). The Uruguay and
Paraná Rivers discharge a suspended sediment load of 100 Mt yr−1

(Milliman and Farnsworth, 2011). Reconstructions of modern sediment
discharge routes from the Plata Estuary onto the shelf were based on
the surface sediment distribution. According to Martins and Corrêa
(1996), themajor part of the suspended sediment load is deflected sharp-
ly towards the north as soon as the plume enters the South Atlantic.
There, the Plata paleo-valley represents the main modern sediment sink
on the shelf for this clayey to silty material (Urien, 1972; Urien and
Ewing, 1974; Ayup, 1987). Redeposited material from the Argentine
margin was found to be transported at least up to 37°S under modern
conditions (Mahiques et al., 2008).

In contrast to the modern sedimentary system, little is known on
the past distribution of material as well as the age and location of
depocenters. The main sediment pathways of the Plata during glacial
stages were reconstructed by the pioneering studies of Lonardi and
Ewing (1971), Urien and Ottmann (1971), Urien and Ewing (1974),
and Urien et al. (1980a,b). However, the pathways are partly contrast-
ing and suggested courses (1) towards the northern Argentine slope,
(2) just to the east of the Plata Estuary, and (3) to the Uruguayan and
SE Brazilian shelf. The pre-Holocene distribution of material from the
Argentine margin has remained completely unclear up to now. This
gap in knowledge, and the contradiction concerning possible transport
pathways during periods of shelf exposure, underline the demand for
a comprehensive study analyzing the fate of the large volumes of fluvial
material supplied at particular time intervals, as well as clarifying the
long-term sedimentary evolution of the margin off the Plata Estuary.

Materials and methods

Acoustic profiling and sediment coring

Sediment-acoustic data were collected by means of a PARASOUND
P70 system during the Cruise M78-3 with the German research vessel
METEOR (Krastel et al., 2012; Fig. 1). The primary high and low frequen-
cies of the system were set to 18 and 22 kHz, respectively, leading to a
secondary parametric signal of 4 kHz for sub-bottom profiling.

The 20 GeoB-cores of this study were collected during the M46-2,
M46-3, and M78-3 cruises performed with the research vessel METEOR
(Bleil et al., 2001; Schulz et al., 2001; Krastel et al., 2012; Fig. 1;
Table 1). Vibrocorer and gravity corer were used to recover sandy and
muddy sediments, respectively. In addition, a giant box corer was
deployed to sample the undisturbed modern sediment surface (Table 1).

Laboratorial analyses

Detailed visual descriptions were performed for every sediment
core. 200 representative samples were chosen for grain-size analysis
to validate the visual core descriptions. The coarse fraction (N63 μm)
was separated from the fine fraction (b63 μm) by wet sieving.
Afterwards, the coarse fraction was sonic-sifted into subfractions. The
scheme of Blair and McPherson (1999) was used to classify the sedi-
ments. Pictures of sediment cores were recorded by either standard
digital camera or a color line scanner consisting of a GEOSCAN III camera
with red, green and blue detectors (RGB).



Table 1
Location of sediment cores and surface samples investigated in this study.

Core position (GeoB) Latitude (S) Longitude (W) Water depth [m] Recovery [cm]a Coring deviceb

6211-2 32°30.31′S 50°14.56′W 657 774 GC
6308-3 39°18.10′S 53°57.90′W 3620 793 GC
13802-1 36°05.30′S 53°20.72′W 142.1 ss GBC
13802-2 36°05.30′S 53°20.72′W 141.6 341 VC
13812-3 34°41.61′S 53°38.97′W 33.3 ss GBC
13813-1 34°44.21′S 53°33.29′W 58 ss GBC
13813-4 34°44.22′S 53°33.27′W 57.1 1028 GC
13814-1 34°46.68′S 53°28.11′W 40.1 ss GBC
13814-2 34°46.68′S 53°28.10′W 39.3 64 GC
13814-3 34°46.68′S 53°28.19′W 39.5 504 VC
13815-1 34°49.04′S 53°23.08′W 47.3 ss GBC
13815-2 34°49.05′S 53°23.10′W 46.6 506 VC
13816-3 34°50.04′S 53°20.92′W 44.5 ss GBC
13816-4 34°50.06′S 53°20.93′W 44.5 506 VC
13817-2 34°27.55′S 53°04.52′W 61.9 1111 GC
13817-3 34°27.54′S 53°04.51′W 62.4 ss GBC
13818-1 34°39.41′S 53°29.36′W 40.1 ss GBC
13818-2 34°39.41′S 53°29.36′W 40.2 103 VC
13818-3 34°39.41′S 53°29.36′W 40.4 267 VC
13818-4 34°39.41′S 53°29.36′W 40.6 504 VC
13834-1 35°03.27′S 53°41.74′W 16.2 ss GBC
13834-2 35°03.29′S 53°41.74′W 16.5 485 VC
13835-1 35°43.10′S 53°05.13′W 131 ss GBC
13835-2 35°43.10′S 53°05.13′W 131.1 502 VC
13835-3 35°43.11′S 53°05.14′W 131 432 GC
13836-1 35°44.72′S 53°03.66′W 134.7 ss GBC
13836-2 35°44.72′S 53°03.66′W 134.6 496 VC
13837-1 35°46.18′S 53°02.31′W 167.5 ss GBC
13837-2 35°46.18′S 53°02.29′W 140.1 313 VC
13838-1 35°48.69′S 52°59.97′W 148.4 ss GBC
13838-2 35°48.69′S 52°59.97′W 150.8 499 VC
13839-1 35°30.87′S 53°16.43′W 66.8 485 VC
13843-1 34°45.88′S 53°48.51′W 37.0 382 VC
13939-2 35°30.87′S 53°16.43′W 67.1 ss GBC

a ss = surface sample.
b Coring device: GC = gravity corer; VC = vibrocorer; GBC = giant box corer.
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Although Nd values can be grain-size dependent (e.g., Revel et al.,
1996; Innocent et al., 2000), Goldstein et al. (1984) and Mahiques
et al. (2008) demonstrated that grain size has no significant influence
on the Nd signals along the E South American margin. Therefore,
Neodymium (Nd) isotopic analysis was applied to the bulk lithological
fraction of 42 samples (Table 2). However, since most of the samples
of Mahiques et al. (2008) were composed of silts, our interpretations
about the origin of sands are based on the assumption that Nd values
do not differ between size fractions. Part of the samples were prepared
and analyzed at the Earth Science Department, University of Bristol, fol-
lowing Vance and Thirlwall (2002) and Stoll et al. (2007), while the rest
were prepared and analyzed at the Institute of Geosciences, University
of São Paulo, following Sato et al. (1995). Sample treatment was similar
in both laboratories and involves the removal of carbonate, digestion
with HF–HNO3, and elemental separation in HCl. Measurements were
performed on a Thermo-Finnigan Neptune multicollector inductively
coupled plasma mass spectrometer at the University of Bristol and on
a Thermo-Scientific TRITON multicollector thermal ionization mass
spectrometer. Nd data are presented in εNd units, the deviation of a
sample 143Nd/144Nd from the present-day chondritic reservoir value
(CHUR = 0.512638) in parts per 10,000.

Radiocarbon dating of 37 samples was carried out at the Poznań
Radiocarbon Laboratory (Poland; Table 3). 14 ages were originally
published by Chiessi et al. (2008) and Razik et al. (2013). Raw 14C
ages were converted into 1-sigma calibrated ages using the Calib 6.1.1
software and the Marine09 calibration data set, including a standard
reservoir age of 405 years (Stuiver et al., 1998; Reimer et al., 2009).
All ages are reported in calibrated thousands of years before present
(cal ka BP).
Results

Shelf architecture and sedimentary characteristics of the stratigraphic units

Within the studied area, the shelf break occurs at water depths of
150 to 165 m (Figs. 1 and 2). The shelf shows a variable seafloor topog-
raphy. Whereas the outermost shelf is characterized by a terrace-like
shape and a smooth relief, the outer- to mid-shelf display a relatively
rough surface (Fig. 2). Moreover, the inner-shelf features the SW–NE
running morphological depression of the Plata paleo-valley, 40 km off
the Uruguayan coast (Fig. 4). This depression was about 35 km wide
and up to 50 m deep before it became partly filled by sediments. Its
present-day seafloor physiography was described by Urien and
Ottmann (1971), Urien and Ewing (1974), Urien et al. (1980a,b), and
Cavallotto and Violante (2005).

PARASOUND profiling was used to define nine main units (U1–U9)
on the shelf according to their bounding unconformities and their
acoustic facies (Figs. 2–5). Sediment properties provided information
on the depositional environments of the units. It has to be noted that
additional local depocenters beyond the resolution of the presented
dataset and erosion of former depocenters cannot be excluded.

U9 is the stratigraphically oldest unit. Its extent is restricted to the
outer shelf. A maximum thickness of ~30 m is reached close to the
shelf break with progradational acoustic geometries (Fig. 2). At their
landward-directed limit, the internal reflections show aggradational
patterns and toplap terminations. The sedimentary facies remains un-
clear due to the limited core penetration. U8 is also restricted to the
outer shelf with a maximum thickness of 22 m close to the onlapping
landward limit of this unit (Fig. 2). The thickness of U8 gradually



Table 2
Neodymium isotopic data. The age of the samples is calculated based on: (1) detailed age models of Cores GeoB6211-2 and GeoB6308-3 (Fig. 7); and (2) linear age models of Cores
GeoB13814-3, GeoB13817-2, GeoB13834-2, and GeoB13835-2. Age estimations of Cores GeoB13802-2, GeoB13836-2, GeoB13838-2, and GeoB13839-1 are based on single radiocarbon
dates in combination with the sea level curve of Guilderson et al. (2000).

Core no. (GeoB) Depth in core (cm) 143Nd/144Nd 2σ ɛNd Age (cal ka BP) Strat. unit

6211-2 1 0.512175 0.000008 −9.02 0 RGC
6211-2 5 0.512185 0.000008 −8.84 0.3 RGC
6211-2 10 0.512189 0.000011 −8.77 0.7 RGC
6211-2 20 0.512222 0.000010 −8.12 1.5 RGC
6211-2 25 0.512233 0.000006 −7.90 2.0 RGC
6211-2 35 0.512255 0.000007 −7.47 3.0 RGC
6211-2 45 0.512246 0.000010 −7.64 3.9 RGC
6211-2 55 0.512279 0.000011 −7.00 4.9 RGC
6211-2 65 0.512277 0.000010 −7.04 6.4 RGC
6211-2 70 0.512257 0.000009 −7.43 7.2 RGC
6211-2 82 0.512133 0.000007 −9.86 9.4 RGC
6211-2 90 0.512115 0.000011 −10.21 10.4 RGC
6211-2 95 0.512133 0.000006 −9.85 10.6 RGC
6211-2 110 0.512120 0.000006 −10.10 12.4 RGC
6211-2 120 0.512133 0.000008 −9.85 13.7 RGC
6211-2 180 0.512116 0.000009 −10.17 14.9 RGC
6211-2 280 0.512150 0.000008 −9.53 16.4 RGC
6211-2 380 0.512148 0.000007 −9.57 17.8 RGC
6211-2 480 0.512142 0.000011 −9.67 18.4 RGC
6211-2 579 0.512149 0.000009 −9.54 19.1 RGC
6308-3 8 0.512421 0.000012 −4.23 1.5 NTD
6308-3 53 0.512432 0.000010 −4.03 5.7 NTD
6308-3 135 0.512480 0.000013 −3.09 12.8 NTD
6308-3 247 0.512498 0.000015 −2.70 19.2 NTD
6308-3 336 0.512466 0.000012 −3.35 23.3 NTD
6308-3 473 0.512483 0.000008 −3.03 29.5 NTD
6308-3 588 0.512472 0.000007 −3.20 40.6 NTD
6308-3 616 0.512493 0.000010 −2.82 43.5 NTD
6308-3 675 0.512492 0.000008 −2.80 47.9 NTD
6308-3 750 0.512513 0.000012 −2.40 52.9 NTD
13802-2 202 0.512612 0.000003 −0.49 ~16.5 U6
13814-3 298 0.512301 0.000004 −6.58 2.0 U2
13817-2 175 0.512109 0.000003 −10.32 0.3 U1
13817-2 775 0.512198 0.000002 −8.58 12.6 U3
13834-2 303 0.512359 0.000005 −5.45 1.9 U2
13835-2 48 0.512609 0.000003 −0.56 1.3 U5
13835-2 298 0.512617 0.000003 −0.41 8.2 U5
13836-2 348 0.512568 0.000003 −1.37 ~15.5 U6
13838-2 73 0.512613 0.000005 −0.49 ~19 U6
13838-2 305 0.512114 0.000003 −10.23 ~45 U8
13839-1 112 0.512590 0.000003 −0.94 ~11 U6
13839-1 464 0.512507 0.000004 −2.55 ~45 U7
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decreases towards the southwest where this unit vanishes. The general
acoustic patterns of U8 show aggradation and erosional truncation of
the top. Progradation at the shelf break is less developed than in U9
(Fig. 2). Retrieved sediments consist of stiff gray mud, partly enriched
inmollusc shells and shell fragments (Figs. 3 and 6). The progradational
U7 downlaps onto U8 and older strata, and shows oblique reflection
pattern (Fig. 2). This unit extends from the mid-shelf (~25 m water
depth) towards the outer shelf down to a maximum water depth of
~125 m, where it truncated into U8. Maximum thickness of U7 is
11 m and the deposits consist of greenish gray to grayish brown
muddy fine sands to fine-sandy mud (Figs. 3 and 6). U6 overlies the
erosional surface on top of U8 and U7. Although U6 covers large areas
on mid- to outer shelf, it consists of laterally discontinuous sediment
bodies with a common thickness of less than 5 m (Fig. 2). U6 shows
only few internal reflectors with no systematic orientation. Dark gray
fine sands and gravel composed of mollusc shells and shell fragments
represent the dominating sediment types of U6 (Figs. 3 and 6). Aggrada-
tional U5 fills depressions between the sand bodies of U6 and covers
the outer-shelf relief (Fig. 2). A maximum thickness of 10 m is reached
on the outer shelf where the top of underlying U8 shows patterns of
erosional truncation. U5 consists of olive gray muddy very fine sands
(Figs. 3 and 6).

The distribution of U4 to U1 is almost entirely restricted to the
SW–NE running Plata paleo-valley on the inner shelf off Uruguay
(Fig. 4). Within this depression, U4 truncates into older strata. This
unit shows a maximum thickness of 16 m but its distribution is very
irregular, filling a complex pattern of steeply inclined incisions (Fig. 4).
U3 shows aggradational internal acoustic reflection patterns (Fig. 4).
The maximum thickness amounts to 28 m and the sedimentary facies
types are highly differentiated. A sediment core from the central axis
of the Plata paleo-valley (13817-2; Figs. 5 and 6) shows rhythmic mud
lamination, intercalations of fine sands with abundant cross bedding,
and small-scale erosive channels. In contrast, deposits from a marginal
position within the paleo-valley range from pure mud to mollusc-
fragment gravel (13818-4; Fig. 5). An erosional surface separates U3
and U2. Acoustic patterns of U2 are mainly semi-transparent but some
distinctive sigmoid progradational reflections are present (Fig. 4). This
unit forms a local sediment body with a maximum thickness of 14 m
(Fig. 4). Sediments of U2 consist of homogenous very fine sands
(Figs. 5 and 6). The boundary between U2 and U1 shows transitional
characteristics (Fig. 4). U1 shows aggradational patterns in most parts
along the valley but progradational internal stratification also occurs.
Themaximum thickness of U1 is 12 m and the sediments predominant-
ly consist of very fine silt (Figs. 5 and 6).

Two additional sediment cores from the adjacent continental slope
are used to investigate sediment transport directions and off-shelf
export patterns. Core 6211-2 is located at the Rio Grande Cone off
Southern Brazil (Fig. 1). The acoustic profile displays a well-stratified



Table 3
Accelerator mass spectrometry (AMS) radiocarbon dates and calibrated ages.

Lab No.a Core no. (GeoB) Depth in core (cm) Materialb Age (14C yr BP) Age (cal yr BP, 1σ)c Strat. unit Reference

– 6211-2 1 – – modernd RGC
KIA30528 6211-2 18 pF 1685 ± 30 1281–1217 RGC Chiessi et al. (2008)
KIA35166 6211-2 35 pF 3170 ± 40 3030–2893 RGC Razik et al. (2013)
KIA35165 6211-2 55 pF 4625 ± 45 4900–4799 RGC Razik et al. (2013)
KIA30527 6211-2 73 pF 7145 ± 55 7662–7565 RGC Chiessi et al. (2008)
NOSAMS75186 6211-2 86 pF 9370 ± 40 10,240–10,170 RGC Razik et al. (2013)
KIA35163 6211-2 95 pF 9920 ± 70 11,020–10,730 RGC Razik et al. (2013)
– 6211-2 98 – – 10,790e RGC
KIA35162 6211-2 101 pF 9810 ± 110 10,825–10,556 RGC Razik et al. (2013)
KIA30526 6211-2 123 pF 12,600 ± 70 14,148–13,934 RGC Chiessi et al. (2008)
KIA30525 6211-2 218 pF 13,340 ± 80 15,656–15,144 RGC Chiessi et al. (2008)
KIA30524 6211-2 358 pF 14,860 ± 90 17,836–17,429 RGC Chiessi et al. (2008)
KIA30531 6211-2 448 bv 15,590 ± 100 18,288–18,114 RGC Chiessi et al. (2008)
KIA30530 6211-2 583 bv 16,400 ± 120 19,316–18,982 RGC Chiessi et al. (2008)
Poz-43433 6308-3 4 pF 1500 ± 30 1094–992 NTD
Poz-43435 6308-3 16 pF 2770 ± 30 2583–2423 NTD
Poz-43436 6308-3 28 pF 3645 ± 30 3595–3490 NTD
Poz-43437 6308-3 40.5 pF 4490 ± 35 4775–4635 NTD
Poz-43438 6308-3 52 pF 5240 ± 25 5625–5574 NTD
Poz-43439 6308-3 64 pF 6290 ± 40 6794–6680 NTD
Poz-43440 6308-3 76 pF 7310 ± 40 7825–7718 NTD
Poz-43441 6308-3 88 pF 8970 ± 40 96,74–9546 NTD
Poz-43442 6308-3 100 pF 9930 ± 50 10,947–10,758 NTD
Poz-43443 6308-3 107 pF 10,130 ± 50 11,187–11,117 NTD
– – 242 – – 19,000f NTD
– – 484 – – 30,000f NTD
– – 631 – – 45,000f NTD
– – 767 – – 54,000f NTD
Poz-36091 13802-2 340 (base) bv (D) 14,200 ± 70 16,981–16,801 U6
Poz-36092 13802-2 340 (base) bv (V) 14,060 ± 60 16,892–16,718 U6
Poz-42431 13813-4 964 bv piece 1600 ± 30 1220–1125 U1
Poz-36085 13814-3 491 bv 3455 ± 35 3384–3292 U2
Poz-36086 13815-2 371 bv 3095 ± 35 2920–2810 U2
Poz-36061 13815-2 500–502 bv, bF, os 9100 ± 50 9931–9714 U3
Poz-42432 13817-2 538 bv 1385 ± 30 962–898 U1
Poz-42433 13817-2 668.5 bv pieces 10,740 ± 110 12,347–11,948 U3
Poz-42434 13817-2 996 plant debris 11,760 ± 70 13,710–13,498 U3
Poz-36087 13818-4 208 bv 9740 ± 50 10,642–10,538 U3
Poz-36088 13834-2 230 bv, co, bF, gp 1900 ± 30 1492–1400 U2
Poz-36103 13835-2 479 bv 11,650 ± 60 13,235–13,096 U5
Poz-36089 13838-2 177–179 bv, bF 16,680 ± 80 19,559–19,381 U6
Poz-36104 13838-2 496–498 bF, os 43,500 ± 1800 48,197–44,909 U8
Poz-36090 13839-1 429–431 bv, gp 10,020 ± 50 11,121–10,935 U6

a Radiocarbon laboratory: KIA = Leibniz Laboratory in Kiel (Germany); NOSAMS = National Ocean Sciences AcceleratorMass Spectrometry Facility,Woods Hole Oceanographic Insti-
tution (USA); Poz = Poznań Radiocarbon Laboratory (Poland).

b Material: pF = planktonic foraminifers; bF = benthic foraminifers; bv = bivalves; gp = gastropods; co = coral pieces; os = ostracods.
c For reservoir correction, the conventional age of 405 years is applied using CALIB 6.1.1. (Reimer et al., 2009; Stuiver et al., 1998).
d The extrapolation of the calibrated 14C ages at 18 and 35 cm core depth results in an age close to 0 cal yr BP for the core top and allows assigning a modern age to the uppermost

centimeters of the core sequence.
e Interpolated value between the 14C ages at 95 and 101 cm depth.
f Because of the lack of carbonate, the age model for GeoB6308-3 below 107 cm core depth was established based on stratigraphic correlation of the 7th degree polynomial fit of

GeoB6308-3 Fe/K record to February insolation at 30°S (Laskar et al., 2004).
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deposit with aggradational acoustic patterns. Sediments consist of dark
greenish gray clayey nannofossil ooze (Wefer et al., 2001). Core 6308-3
was retrieved from the central area of a contourite drift on theNecochea
Terrace in ~3500 m water depth off northern Argentina (Hernández-
Molina et al., 2009; Preu et al., 2013). Sediments are made up of dark
gray muddy diatom ooze (Bleil et al., 2001). Hence, we define two
sedimentary units for the continental slope based on the location of
the respective cores: (1) a unit representing deposition at the Rio
Grande Cone during the past sea-level cycle (RGC; Core 6211-2) and
(2) a unit marking the Necochea Terrace Drift (NTD; Core 6308-3).

Age control

On the continental shelf, radiocarbon dating was applied to sedi-
ments of 6 units (Table 3). The formation times ofU4, U7, andU9 remain
unclear due to the limited coring depth or absence of fresh carbonate
material and their ages are deduced from the stratigraphic context. A
date of 48.2–44.9 cal ka BP in U8 (Core 13838-2; Fig. 3) links the
formation of this unit to Marine Isotope Stage 3 (MIS 3). U7 prograded
across the erosional surface on top of U8 (Fig. 2). The oldest date on
U6 displays an age of 19.6–19.4 cal ka BP (13838-2; 151 m water
depth; Fig. 3) and shows an initial deposition of U6 when sea level
was at its lowest position during the last glacial maximum (LGM;
Hanebuth et al., 2009). Cores 13802-2 (142 m water depth) and
13839-1 (67 m water depth) reveal U6 ages of 17.0–16.7 and 11.1–
10.9 cal ka BP, respectively (Table 3). Hence, these younger ages occur-
ring in shallower water depths indicate a transgressive development of
this unit during deglacial sea-level rise. Contemporaneously to the later
formation of U6 in shallower waters, the development of U5 took place
in deeper waters of the outer shelf, which is shown by an age of
13.2–13.1 cal ka BP close to the base of Core 13835-2 (Figs. 2 and 3).
The work of Bender et al. (2013) on an uppermost slope terrace within
the study area indicates that the deposition of U5 is still active
today. Hence, assuming a modern age of the core top and a linear
sedimentation rate, the basal age of U5 at site 13835-2 would be
~16.5 cal ka BP.



Figure 2. PARASOUND acoustic profile of the outer shelf (see Fig. 1 for location) and interpreted shelf architecture (vertical exaggeration = 160). U9–U5: main stratigraphic units. Black
arrows indicate GeoB-core positions (see Fig. 3 for respective sediment core columns). Depth on y-axis is given in meters below modern sea level (mbsl).
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The stratigraphic units on the inner shelf show generally younger
depositional ages. Four radiocarbon dates on U3 range from 13.7 to
9.7 cal ka BP (Cores 13815-2, 13817-2, and 13818-4) and indicate
formation during deglacial sea-level rise (Table 3). Two radiocarbon
dates on the sandy U2 show ages of 3.4–3.3 (13814-3) and 2.9–
2.8 cal ka BP (13815-2; Fig. 5). A date on this unit from the shelf plain
adjacent to the Plata paleo-valley reveals a much younger age of
1.5–1.4 cal ka BP (13834-2; Table 3). The base of the U1 depocenter
dates at 1.2–1.1 cal ka BP (13813-4; 964 cm) and 1.0–0.9 cal ka BP
(13817-2; Fig. 5). Thus, extremely high sedimentation rates of
824 cm ka−1 (13813-4) and 598 cm ka−1 (13817-2) characterize U1.
Interpolated maximum U1 basal ages of ~1.5 cal ka BP (13813-4) and
~1.2 cal ka BP (13817-2) display the initial onset of this depocenter at
the respective positions. Presuming that the gradual change from
sandy U2 to muddy U1 within the Plata paleo-valley took place at
~1.5 cal ka BP, U2 might have started to form around 4.6 cal ka BP
(using a linear sedimentation rate of 270 cm ka−1 and a depocenter
thickness of 12.5 m).

Sediments retrieved from the continental slope cover the past
54 cal ka BP (NTD) and 19 cal ka BP (RGC; Fig. 7). Both RGC and NTD
are characterized by continuous sedimentation but sedimentation
rates show a strong decrease during deglacial times (Fig. 7).
Provenance analysis

Lowest ɛNd values from the shelf are displayed by U8, U3, and U1
(−10.23, −8.58, and −10.32, respectively; Fig. 8). In contrast, all
other units on the shelf exhibit considerably higher values. Four ɛNd
values on U6 range between−0.49 and−1.37. U5 displays even higher
measurements (−0.41 to−0.56), whereas U7 shows a value of−2.55.
The exception to these cases represents U2, which displays intermedi-
ate values between −5.45 and −6.57. ɛNd values of RGC range
from −7.00 to −10.21 and display, therefore, lower values than NTD
(i.e. −2.4 to −4.23; Table 2).

Mahiques et al. (2008) subdivided two principle sources for surface
sediments deposited off SE South America based on ɛNdmeasurements.
The Plata province shows an average ɛNd value of −9.6. Sediments
discharged from S Brazil display a comparable mean value of −9.3
and are, therefore, undistinguishable from the Plata province. In
contrast, the Argentine margin province displays a much higher mean
value of −1.9.
ɛNd measurements on sediments of the investigated stratigraphic
units allowdistinguishing between these twodistinct sediment sources.
Hence, U1, U3, and U8 plot in the field of the Plata province, U5, U6, and
U7 belong to the Argentine margin province, and U2 represents a mix-
ture of the two provinces (Fig. 8). The depocenters at the continental
slope comprise longer time spans and show higher variability in their
ɛNd signature. From 19 to ~9.5 cal ka BP, samples from RGC plot very
consistently in the Plata Estuary field but show a marked shift towards
higher values (mixed signature) between ~9.5 and ~5 cal ka BP
(Fig. 8). After ~5 cal ka BP, a gradual decrease of ɛNd values occurs.
Pre-Holocene samples from the NTD plot in the Argentine margin field
but their assignment to this field is less pronounced than those of U6
and U5 (Fig. 8). Hence, pre-Holocene NTD samples show a tendency
towards a mixed signal, which becomes more evident during and after
deglacial sea-level rise.

The subdivision into two general sediment sources is well corrobo-
rated by the dominant grain-size fraction of the respective units.
Samples with a Plata province ɛNd signature are characterized by
muddy sediments,whereasmaterial derived from the Argentinemargin
province predominantly displays very fine to fine sands.

Discussion

Facies interpretation of the units (depositional environments)

Two sites of this study are located at the continental slope. NTD
represents a contourite drift formed on the Necochea Terrace on
the lower slope (Preu et al., 2013). The sediment core within RGC
stems from the upper slope. The well-stratified aggradational acoustic
patterns and the predominance of clayey nannofossil ooze at this site
indicate a depositional milieu, which was characterized by the settling
of biogenic particles and of terrigenous fines from the Plata province
(Fig. 8).

The progradational character of U9 and its location on the outermost
shelf suggest a development during lower sea levels, possibly in form of
a lowstand delta at the shelf edge as proposed by Urien and Ewing
(1974) and Urien et al. (1980a, b). Precise age determination and facies
classification would require sediment recovery from this unit.

U8 formed during MIS 3 (Table 3) and the material stemmed from
the Plata province (Fig. 8). The widespread distribution and aggrada-
tional acoustic patterns of U8 argue against a proximal point source
and delta-like progradation of the shelf. Instead, lateral advective
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Figure 3. Sediment columns of GeoB-cores from the outer shelf (see Figs. 1 and 2 for location) displaying lithology, grain size and radiocarbon ages. Interpretation of acoustic profiles, core
lithology and radiocarbon measurements enables the correlation of the stratigraphic units U8 to U5 between single cores.
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transport by shelf currents represented the most likely mechanism
of transporting mud to the location of U8. The dominantly fine-
grained nature of U8 sediments points towards formation as a shelf
mud depocenter below the storm wave base.

While the deposition of NTD, RGC, and U8 was restricted to deeper
waters of the outer continental shelf and slope, U7 started to form dur-
ing sea-level fall in mid-shelf position and downstepped towards the
outer shelf where it truncated into U8 (Fig. 2). Also, U7 contains much
higher sand content compared to U8 and shows a clear progradational
trend. According to the nomenclature of Catuneanu et al. (2011), U7 is
a typical deposit of a falling-stage systems tract. Hence, the material be-
came deposited close to the shoreline and the material origin is closely
linked to coastal processes such as erosion and longshore transport.
Initial deposition of the transgressive U6 appeared already during
LGM in a water depth of ~150 m (Figs. 2 and 3). A wide range in grain
size (fine sands to gravel) and strong variations in thickness point to-
wards the strong hydrodynamic conditions of shoreface environments.
U6 deposits are very variable in shape and laterally discontinuous,
which indicates that most of these drowned sediment bodies represent
very local remnants of sea-level rise. Therefore, coastal processes
dominated the formation of U6. The deposition of U6 at the shoreface
is corroborated by a relative sea-level position of ~150 m during LGM
based on the presence of shallow-neritic shell deposits on the outer
shelf, which was proposed by Guilderson et al. (2000). On the outer
shelf, the formation of U5 started at ~16.5 cal ka BP within depressions
between the positive morphological features of U6 (Fig. 2). During
further sea-level rise, these depositional patterns changed towards a
drape-like appearance. The deposition in deeper waters compared to
U6 indicates that these muddy very fine sands were directly controlled
by the strength of the shelf current system rather than processes at the
shoreface, as was the case for U6.

U4, U3, U2, and U1 are mainly restricted to the described inner-shelf
depression (Fig. 4). Although the age of U4 remains unclear due to the
limited coring depth, the acoustic facies indicates incised valley fills
within the larger structure of the depression. Therefore, these channels
became filled during sea-level rise and preceded the formation of U3.
Major shelf accumulations of Plata-derived fines during deglacial sea-
level rise are represented byU3 (Fig. 8). The sedimentary characteristics
of U3 (i.e., lenticular bedding, rhythmic couplets of laminated mud and
cross-bedded fine sands, erosive scours; Fig. 6) indicate a tidal origin.
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Figure 4. PARASOUND acoustic profiles of the inner shelf (see Fig. 1 for location) and interpreted shelf architecture (vertical exaggeration = 160). U4–U1: main stratigraphic units. Black
arrows indicate GeoB-core positions (see Fig. 3 for respective sediment core columns). Depth on y-axis is given in meters below modern sea level (mbsl).

Figure 5. Sediment columns of GeoB-cores from the inner shelf (see Figs. 1 and 4 for location and Fig. 3 for legend) displaying lithology, grain size and radiocarbon ages. Interpretation
of acoustic profiles, core lithology and radiocarbon measurements enables the correlation of the stratigraphic units U3 to U1 between single cores. For presentation reasons, parts of
the columns of Cores GeoB13813-4 and GeoB13817-2 are cut out due to their homogenous lithology. Intercalated sand layers of Core GeoB13817-2 are displayed in a schematic way
(see Fig. 6 for a detailed view on the lithology of this sediment core).
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Figure 6. Core pictures, RGB color line scans, and a radiography showing the sedimentary characteristics of the main stratigraphic units. Displayed core sections, material, and type of
image: (U1) Core GeoB13817-2, 102–114 cm; mud; photo; (U2) GeoB13814-3, 362–374 cm; slightly muddy very fine sand; RGB color line scan; (U3) GeoB13817-2, 992–1017 cm; in-
tercalation ofmudand fine sands; photo and radiography (densermaterial displayed in darker tones of gray); (U5) GeoB13835-2, 224–236 cm;muddyveryfine sand; RGB color line scan;
(U6) GeoB13836-2, 439–450 cm; very fine to fine sand; RGB color line scan; (U7) GeoB13839-1, 472–484 cm; muddy fine sand; RGB color line scan; (U8) GeoB13838-2, 372–384 cm;
mud; RGB color line scan.
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Figure 7. Age models and sedimentation rates of the two GeoB-cores retrieved from the
continental slope; (A) Core GeoB6211-2; RGC; (B) Core GeoB6308-3; NTD (see Fig. 1 for
locations).
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The restriction to the shelf depression implies estuarine conditions
during the deglacial flooding of this feature.

U2 represents a local inner-shelf sand depocenter mostly confined
to the observed depression. The initial emplacement of U2 appeared
at ~4.6 cal ka BP when sea level was approximately 2.5 m higher
than today (Martínez and Rojas, 2013). Therefore, this unit developed
under fully marine conditions. U2 represents a mixture of material
derived from Argentine margin and Plata province (Fig. 8). The
progradation of this sediment body towards the NW implies a transport
by shelf currents from a southern region, namely the Argentine margin.
The contribution of Plata fines appearedmost probably by settling from
the suspension plume of this estuary. In contrast, U1 sediments show a
clear Plata province signature (Fig. 8). Mud accumulations of U1 started
at around 1.5 cal ka BP. Hence, U1 represents a relatively modern shelf
mud depocenter within the observed inner-shelf depression.

The course of the Plata River since the LGM

The specific location of the Plata paleo-valley played an important
role for the sediment distribution during stages of lower sea level and
is a prerequisite to study late Quaternary depocenter shifts. Our acoustic
profiles suggest that the paleo-valley represents the only major fluvial
incision on the shelf of the study area. The examination of sediment
sources should provide additional information on the specific course
of the Plata sedimentary pathway. Provenance of continental slope sed-
iments in this study reveals: (1) a predominant contribution of material
from the Argentine margin towards the continental slope off northern
Argentina during the last sea-level cycle (NTD, Fig. 8); and (2) persistent
supply of Plata sediments to the Rio Grande Cone at least since the LGM
(RGC, Fig. 8). Furthermore, the Plata provenance of U3 and its deglacial
age display that sediments from the Plata drainage basin filled the
inner-shelf depression off Uruguay during deglacial sea-level rise
(Figs. 4, 5, and 8). Hence, our data reveal that this major depression
was the sole transport pathway for fluvial material from the Plata
province during the past sea-level cycle, representing the paleo-valley
of this river. Former reconstructions of the Plata drainage pathway on
the exposed shelf during the LGM (Lonardi and Ewing, 1971; Urien
and Ottmann, 1971; Urien and Ewing, 1974; Urien et al., 1980a,b) pro-
posed (1) widespread branched incisions and an extensive lowstand
delta at the shelf edge; (2) an abrupt northeastward inflection of
the Plata paleo-valley at the exit of the estuary and further transport
of the material towards Uruguayan continental slope and the Rio
Grande Cone; and (3) numerous lowstand deltas on the outer northern
Argentine and Uruguayan shelf, and deposition within the Rio Grande
Cone as a result of several respective sediment pathways. Neither
another major shelf incision nor LGM lowstand deltas are present in
our acoustic profiles. Moreover, the high elevation difference between
the wide coastal hinterland and the exposed outer-shelf plain during
sea-level lowstandwouldmost probably lead to a deepening of the cen-
tral valley rather than a splitting into a series of branches as interpreted
by Urien and Ottmann (1971).

Depocenter shifts and transport pathways

As sea level determines the framing conditions for depocenter
formation, the following discussion is subdivided into time intervals
according to the major sea-level stages. The individual sedimentary
units are arranged according to the two major sediment sources
(i.e., Plata and Argentine provinces) to reveal the specific transport
pathways and depocenter formation history.

MIS 3 (60–26.5 cal ka BP)

The sediment dispersal duringMIS 3 (Fig. 9) is based on the assump-
tion that the Plata remained the course towards the north and did not
switch its central valley (see section “The course of the Plata River
since the LGM”). U8 represents the main shelf depocenter for Plata
fines duringMIS 3 (Fig. 8). U8 is not restricted to the northward located
Plata mouth and, therefore, a secondary southward transport of these
fines is required for the formation of the wide U8 deposits. A possible
transport mechanism was the entrainment of fines from the Plata
plume into the southward flowing STSW (Fig. 9). The maximum
southward extent of the STSW and, thus, the latitudinal STSF location
mainly depend on the barotropic pressure gradient set-up by the north-
ernmost extent of theMC (Palma et al., 2008). The strength of this pres-
sure gradient is mainly determined by the shelf width (Csanady, 1978).
Under present-day conditions the STSF shows a maximum northward
extension of about 600 km to the northeast of the MC's northernmost
expansion limit (Piola et al., 2008). A narrower shelf during lower sea
levels would result in a southward STSF displacement. In the extreme
case of a very narrow shelf (i.e., during LGM), the STSF was most prob-
ably located at a similar latitude as the MC's northernmost penetration.
Such STSF displacement south of the Uruguayan sector would favor a
southward advective transport of Plata fines in the study area. Positions
south of the STSF would remain bare of U8 sediments. Indeed, in our
acoustic profiles U8 sediments are absent south of 36°S. Therefore, the
main controlling factor for the deposition of U8 was the material trans-
port by shelf currents.

The contourite drift NTD predominately received material from
the Argentine margin (Figs. 8 and 9) as a consequence of a continu-
ous redeposition and northwardmaterial transport by water masses.
However, provenance analysis indicates minor but persistent contri-
bution of Plata-derived material. Due to the northern location of the
Plata mouth during times of lower sea level, material transport from
the Plata province towards the NTD must have occurred through a
southward-flowing water mass. In the modern situation, the only water
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Figure 8. (A) Relative sea-level curves from SE South America (mbsl = meters belowmodern sea level). The relative sea-level curve from Gyllencreutz et al. (2010) is based on data from
Cavallotto et al. (2004). Data from Guilderson et al. (2000) are displayed as boxes with error bars. Inset shows the eustatic sea-level reconstruction by Peltier and Fairbanks (2006) of the
past 120 ka. (B) Nd-isotope measurements of the sedimentary units. Sediment sources “Plata province” and “Argentine margin” are based on the subdivision of Mahiques et al. (2008).
Please see Table 2 for ɛNd values and the age of the displayed samples.
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masses at the continental slope fulfilling this requirement are the
recirculated AAIW and the NADW (Georgi, 1981; Saunders and King,
1995; Piola andMatano, 2001; Carter and Cortese, 2009). The recirculated
AAIW, however, is not expanding south of the BMC. Therefore, particles
from the Plata province are most likely transported southward by the
NADW where they contribute the formation of the NTD (Fig. 9). During
MIS3 the stratification of intermediate and deep-water masses for the
western South Atlantic remains elusive due to the lack of detailed
information. Thus, one may assume that MIS 3 experienced a similar
water-mass stratification as the one suggested for the LGM. It has been
proposed that the core of the glacial counterpart of NADW, known as Gla-
cial North Atlantic Intermediate Water (GNAIW), was centered at a
shallower depth (i.e., 1500 m vs. modern 2500 m water depth;
Marchitto et al., 1998; Curry and Oppo, 2005). Though shallower, the
GNAIWcould have transported a fraction of Plata-derivedmaterial during
MIS 3 and the LGM.

The shoreface deposits of U7 are composed of Argentine margin
sands. The progradation of U7 from mid-shelf towards outer shelf
was directly linked to the shore migration during the last major sea-
level regression. A falling base level and associated lowering of the
wave base led to the formation of a regressive surface of marine erosion
sensu Catuneanu et al. (2011). Then, redeposited sediments from
the Argentine province prograded across this surface. Direct fluvial
supply by the Plata was absent (Fig. 8). Hence, the U7 shoreface sedi-
ments stemmed from alongshore transport and erosion of older shelf
deposits.
Full-glacial sea-level lowstand (26.5–19 cal ka BP)

During LGM, major parts of the shelf were exposed and the Plata
River mouth reached its northernmost position (e.g., Urien et al.,
1980a; Cavallotto and Violante, 2005). The close proximity of the Plata
mouth to RGC at that time and the high sedimentation rates of about
250 cm ka−1 (Fig. 7) indicate direct and strong supply of Plata fines to
the cone (Fig. 9). Therefore, RGC was the main sink for Plata-derived
sediments during LGM (Figs. 8 and 9).

NTD and U6 were the main depocenters for material from the
Argentine margin during LGM. The contourite drift NTD formed at the
LCDW-AABW boundary due to the associated turbulent energy (Preu
et al., 2013). The provenance of NTD sediments indicates no significant
changes compared to MIS 3. Earliest U6 deposition on the shelf formed
shoreface deposits in associationwith the initiation of sea-level rise. The
absence of any major progradational outer-shelf deposit during the
LGMcontrasts the existence of river-related lowstand deltas as formerly
proposed by Urien and Ottmann (1971) and Martins et al. (2005).

Deglacial and early Holocene sea-level rise (19–6.5 cal ka BP)

RGC, U4, and U3 were the main depocenters for Plata fines during
the deglacial period and early Holocene sea-level rise. The landward
shift of the coastline during rising sea level is mirrored by a drastically
decreasing sedimentation rate at the RGC (Fig. 7). Nevertheless, RGC
provenance shows dominant Plata material supply until at least
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9.5 cal ka BP (Fig. 8). Afterwards, a significant contribution of sandy
material from the Argentine margin occurred until about 5 cal ka BP.
Such a coarsening trend is corroborated by other studies and was
related to: (1) low terrigenous supply due to a reduced Plata discharge
(Mahiques et al., 2009), (2) trapping of fine sediments in the Plata Estu-
ary and increased northward transport of coarse sediments from the
Argentine shelf by strong wind-driven coastal currents (Gyllencreutz
et al., 2010), and (3) an SASW strengthening displacing the STSF north-
ward (Razik et al., 2013). The first option is corroborated by the recon-
struction of dry climate conditions during themid-Holocene in the Plata
drainage basin (e.g., Cruz et al., 2005). However, decreased terrigenous
supply could have led to a decreased Plata provenance signal but would
have been accompanied by a decrease in sedimentation rate of RGC. As
this is not the case during the Holocene, a northward displacement of
the STSF explains both increased contribution of Argentine margin
material and coarser grain size of RGC after ~9.5 cal ka BP (Fig. 9). An in-
creased strength of the coastal current system might have contributed
the northward transport of Argentine sands but a direct effect on RGC
formation remains speculative.

The initial deposition of the incised valley fills of U4 and of the tidal
U3 started probably with the early flooding of the outer Plata paleo-
valley. This idea is corroborated by rapidly decreasing sedimentation
rates within RGC during early deglacial times (Fig. 7). Thus, the U3
deposits found at the inner shelf provide a snapshot of the generally
landward migration of facies zones during deglacial sea-level rise. This
landward shift continued probably until ~6.5 cal ka BP when the re-
gional sea level arrived at its highstand (Gyllencreutz et al., 2010; Fig. 9).

Main deglacial depocenters composed of sands from the Argentine
province are NTD, U6, and U5. NTD shows a decreasing sedimentation
rate during rapidly rising sea level (Fig. 7) probably due to enhanced
material retention on the progressively flooded shelf. Furthermore, the
distribution of watermasses had probably an influence on the sedimen-
tation rate. It was suggested that NTD had formed at the LCDW-AABW
interface during LGM and that this interface shifted downwards
during deglaciation placing NTD into the sole influence of the LCDW
(Preu et al., 2013). This downward shift would have resulted in a less
energetic depositional environment and, therefore, a decreased contri-
bution of redepositedmaterial to the location of the NTD. An alternative
Figure 9. Schematic block diagram showing the sedimentary evolution of the SE South Americ
(1984) and Cordeiro and Lorscheitter (1994). Water masses (PPW = Plata PlumeWater; SASW
based on Piola et al. (2008) and Hernández-Molina et al. (2009). The modern time slice addi
AtlanticDeepWater; LCDW = Lower Circumpolar DeepWater; AABW = Antarctic BottomWa
in the text. Mid- to late Holocene increase of precipitation (displayed by rain clouds) is based
Mahiques et al. (2009). Glacial to early Holocene precipitation values are under debate (e.g., B
explanation for a relatively stronger Plata province influencewould be a
higher contribution of Plata fines by a strengthening of the NADW,
which was observed by, for example, Oppo and Fairbanks (1987) and
Viana et al. (2002).

The distribution of U6 and U5 reveals that deglacial deposits receiv-
ing Argentine margin material showed a wider distribution on the con-
tinental shelf compared to the deposition of Plata fines, which were
restricted to the paleo-valley (Fig. 9). After initial formation of U6 during
LGM, the zone of active fine sandy to gravelly shoreface deposition mi-
grated landward along with the drowning of the shelf. Hence, the main
controls on the formation of U6 were the rising sea level and the
influence of waves on the shoreface sedimentation. The confined
deposition and the absence of a widespread sediment drape point to
prevailing strong hydrodynamic conditions. The transition from fine
sands and gravels (U6) towards muddy very fine sandy depression
fills (U5) indicates a trend towards overall calmer conditions due to
an upward shift of the wave base during deglacial sea-level rise. The
sediment provenance of U5 points to a supply of material from the
Argentine margin by shelf water masses (Figs. 9). The transport of
very fine sands by shelf water masses is indicated by the observation
that the deposition of U5 is still active today and that large amounts of
sands are exported across the shelf edge (Bender et al., 2013). One of
the few direct current velocity measurement on the shelf off SE South
America was carried out by Zavialov et al. (2002). Current velocities
are highly variable but peaks stronger than 50 cm s−1 were recorded
about 10 m above the bottom. Hence, the bottom velocities should be
strong enough to transport very fine sands (Sundborg, 1956). Studies
on the more complex interaction of factors such as near-bed current
velocity, shear stress, and turbulence in the bottom boundary layer are
not available off SE South America. However, another indication for a
strong current regime is the absence of muddy surface sediment on
major parts of the shelf (e.g., Urien et al., 1980a).

Mid-Holocene sea-level highstand and late Holocene sea-level fall
(6.5–0 cal ka BP)

The maximum flooding of the Plata Estuary occurred with the mid-
Holocene sea-level highstand at 6.5 cal ka BP (Gyllencreutz et al.,
an margin within time slices. The evolution of the displayed lagoons is based on Villwock
= Subantarctic Shelf Water; STSW = Subtropical Shelf Water) are displayed as arrows

tionally displays depocenter NTD and water masses at the lower slope (NADW = North
ter). Locations and shifts of thewatermasseswithin thedisplayed time slices are discussed
on the studies of Behling et al. (2004), Bracco et al. (2005), Cruz et al. (2005, 2007), and
ehling et al., 2004; Vimeux et al., 2009) and are, therefore, not displayed.
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2010) coinciding with the northernmost location of the STSF (Razik
et al., 2013). After a gradual fall towards the modern sea-level
position (Martínez and Rojas, 2013), the present distribution of shelf
water masses was established (Gyllencreutz et al., 2010; Razik et al.,
2013).

Fine sediments discharged from the Plata region are believed to have
beenmainly trappedwithin the estuary until ~5 cal ka BP (Gyllencreutz
et al., 2010). Indeed, the sedimentation rate of Plata-derived material
within RGC decreased remarkably during the deglacial flooding of the
shelf (Fig. 7), and deposits on the outer shelf (U5) did not receive any
Plata-derived material (Fig. 8). Nevertheless, RGC provenance shows a
reduced but persistent supply of these fines to the Rio Grande Cone
(Figs. 7 and 8). In addition, NTD sediments reveal a shift from a pure
Argentine signature towards a mixed signal, i.e. higher contribution
of Plata fines after ~12 cal ka BP (Fig. 8), which points towards the
aforementioned strengthening of the NADW. The strongest contribu-
tion of Argentine sands to RGC was recorded around 6.5 to 5 cal ka BP
leading to amixed source signature (Fig. 8). This increased contribution
was most probably related to the northernmost displacement of
the STSF. On the Brazilian shelf the transport of Argentine sands
during this time interval reached at least up to 25°S (Gyllencreutz
et al., 2010).

Coinciding with this time interval of northernmost transport of
Argentine sands, an erosional surface developed inside the Plata
paleo-valley, prior to the initial deposition of U2 at around 4.6 cal ka
BP. The onset of the locally confined sand body U2 above this surface
indicates decreased hydrodynamic energy enabling the deposition of
this material on the shelf (Fig. 9). The basal age of U2 coincides with
the decreasing Argentine material content at the RGC (Fig. 8). Further-
more, deposits located off SE Brazil show a prominent fining at around
5 cal ka BP (Mahiques et al., 2009; Gyllencreutz et al., 2010). While
Mahiques et al. (2009) related this shift to a decreasing terrigenous
supply, Gyllencreutz et al. (2010) proposed an increase of the Plata dis-
charge blocking the SASW and, therefore, hindering Argentine sands to
be transported farther northwards. According to the reconstruction of
Razik et al. (2013), the STSF was in the process of shifting southward
from its northernmost position during the mid-Holocene to its modern
location. The two latter options imply a relativeweakening of the SASW
leading to a decreasing current strength on the shelf, which led to the
initial formation of U2. The paleo-valley provided a sheltered position
to deposit these sediments. A part of the Plata fines got entrained into
U2 leading to a mixed ɛNd-signature (Fig. 8), which documents an
increased export of fluvial suspended sediments. On the one hand, the
available accommodation space of most estuaries was largely re-filled
between ∼7.8 and ∼4.4 cal ka BP, which resulted in increased material
export to the shelf (Long, 2001). On the other hand, paleo-climate re-
constructions showed that the change from arid conditions towards
the present wet climate within the Plata catchment area occurred dur-
ing the late Holocene (Marchant and Hooghiemstra, 2004; Bracco
et al., 2005; Baker et al., 2009; Behling and Safford, 2010). As a conse-
quence, the export of fines from the Plata Estuary should have gradually
increased (Fig. 9).

The remarkably high sedimentation rate of the relatively modern
mud depocenter U1 reflects the strong terrigenous supply by the Plata
Estuary. Therefore, the onset of U1 at ~1.5 cal ka BP should be connected
to changes in the Plata drainage basin. Behling et al. (2004), Cruz et al.
(2007), and Mahiques et al. (2009) described increasing precipitation
in the Paraná catchment area (S Brazil) for the past 2 cal ka BP
and Bracco et al. (2005) showed humid conditions having established
after 1.7 cal ka BP. The change towards higher precipitation led to an
increased Plata discharge and, consequently, stronger export of fine
material to the shelf (Fig. 9). Despite the increased export of Plata fines,
the transformation from sand (U2) to mud (U1) deposition required a
further weakening of the shelf current regime, most probably related
to the further southward shift of the STSF towards its modern position
(Fig. 9).
Conclusions

Coarse-grainedmaterial from the Argentinemargin is distributed by
extensive redeposition due to the persistent strong current regime and
was deposited in the form of: (1) long-lasting contourite drift deposits
at the northern Argentine continental slope, (2) sandy regressive
shoreface deposits on the mid- and outer shelf, (3) local transgressive
shelf sand bodies, (4) muddy depression fills and drapes covering the
wavy outer-shelf morphology during the late stage of sea-level rise,
and (5) a local Holocene sand body within the La Plata River paleo-
valley.

Fine-grained sediments delivered by the La Plata River show
completely different dispersal patterns. During most parts of the sea-
level cycle these fines were transported northwards along the La Plata
River paleo-valley, which acted as the sole transit way for the huge
volumes of fluvially supplied fines during intervals of lower sea level.
Material supplied by the La Plata River formed as main depocenters:
(1) an aggradational mud deposit at the outermost shelf dating into
MIS 3, (2) the Rio Grande Cone at the continental slope, mainly active
during the last glacial maximum, and (3) a tidal to open-marine succes-
sion related to the drowning of the La Plata River paleo-valley on the
inner shelf since deglacial times.

Although large volumes of sediments were persistently contributed
from the major fluvial supplier as well as from the southerly located
wide shelf, strong currents prevented thick and extensive sediment
accumulation on the shelf during any time of the past sea-level cycle.
Deposition was restricted to (1) shoreface environments, (2) the La
Plata River paleo-valley, and (3) deeper waters of the outer shelf.
Hence, current strength played the crucial role in distributing sediments
and, therefore, the shelf off the La Plata Estuary can be considered as a
hydrodynamically controlled end-member.
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