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Abstract

Recent high-resolution, multidisciplinary studies have provided models of modern and
ancient sedimentary processes along the Uruguayan slope (34°S to 36°S), a strategic
location in the Southwestern Atlantic margin (SAM). According to these models,
modern surface sedimentation is controlled by the transition between the Subtropical
Shelf Front and the Brazil-Malvinas Confluence (BMC), and presumably by the
summer Rio de la Plata (RdIP) buoyant plume. Ancient sedimentary dynamics is
reflected as the northernmost distribution of the contouritic terraces present in the
Argentinean margin, reflecting the position of the BMC during glacial stages. In this
work, the spatial correlation of previous evidence from modern (surface facies) and
ancient (geomorphological features) sedimentation provides a sound framework in order
to interpret novel information on the geochemical composition of surface sediments.
Proxies for the origins of lithogenic (Nd, Al/Si, and Fe/K) and organic matter (C/N,
83C, and 8"°N), previously calibrated for the SAM, and the elemental compositions (Al,
TI, Fe, K, Mn, Ca, P, Mg, Ba, and Si) of surface sediments were used to test working
hypotheses on sediment provenance, surface productivity and the environmental control
of elementary composition. The distribution of surface sediments is correlated with
regional geomorphology, which includes contouritic terraces in the south and a
progradational slope in the north. This supports the idea of a strong morphological
control on the modern sedimentary processes. However, the distribution and content of
terrigenous, biogenic and erosional elements, together with the dominance of Pampean-
Patagonian sediments, suggests that 1) the RdIP does not contribute with any lithogenic
sediments to the slope and, instead, fertilizes open waters with contributions consisting
of mixed marine organic matter; 2) in the north, the strong action of the BC and the re-

circulated AAIW below promotes redistribution of sediments from the shelf and upper



slope towards the middle slope, including sandy spillover/slump transport and
hemipelagic sedimentation re-suspended from the continental shelf; 3) with respect to
glacial stages, this across-slope sedimentation was displaced southwards dominating
even the northernmost distribution of contouritic terraces and 4) sedimentation related
to contouritic features, as modern depositional and erosional sedimentation, was
restricted to the south accompanying the distribution of the MC. Thus, although the core
hypothesis of the previous modern sedimentary model can be retained, considerable
improvements in our knowledge of the sediment dynamics in the SAM have emerged

from the present analysis of geochemical proxies.

Keywords: Southwestern Atlantic margin, surface facies, Argentinean Contourite

Depositional system, Uruguayan slope, geochemical content, sediment sources



1. Introduction

The geochemical composition and distribution of surface marine sediments reflects
modern sedimentary processes and can be used to infer past environmental conditions.
Source rocks and circulation regimes can be evaluated by analysing long-lived
radioisotopes because of the rapid incorporation of river-originated neodymium (Nd)
into marine sediments (DePaolo, 1988). Similarly, the analysis of element ratios (i.e.,
Al/Si and Fe/K) can assist in the identification of the origin of sediments because these
ratios reflect the climatic conditions of the continental parent rocks (Weltje and
Tjallingii, 2008). The characteristics of the organic matter that is deposited in the
superficial sediments of marine regions are widely used in correlative analyses of
several oceanographic processes (Muller and Suess, 1979; Stein, 1991; Faganeli et al.,
1994; Meyers, 1997). The marine versus terrestrial origins of organic matter can be
inferred from stable isotopes of carbon and nitrogen and elemental C/N ratios (Prahl et
al., 1994; Mahiques, 1999; Burone et al., 2013). The contents and distributions of minor
(Ba) and major (i.e., Si, Ti, Fe, Al, K, Mn, Ca, P, Mg) elements provide additional
information regarding marine depositional settings (Martin and Meybeck, 1979 ;
Murray et al., 1995; Shumilin et al., 2002; Lim et al., 2006; Yang and Youn, 2007;
Burone et al., 2013), including both qualitative and quantitative aspects of biological
production and, notably, the mineralogical and textural characteristics of the sediment
particles. Thus, the joint analysis of the above mentioned proxies is a key tool for
evaluating modern sedimentation processes, allowing both the improvement of
paleoceanographic reconstructions and the forecasting of future conditions.

The hydrology of the modern Southwestern Atlantic margin (SAM), which is among the

most productive and energetic areas worldwide, is well known at a macro-scale. The



system is dominated by the confluence of currents with contrasting thermohaline
properties, namely, the southward-flowing Brazil Current (BC), the northward-flowing
Malvinas Current (MC), and the outflow of the Rio de la Plata (RdIP), which discharges
freshwater from the second largest hydrographic basin in South America (average value
of 22,000 m%s; Framifian and Brown, 1996). This confluence occurs in the Brazil-
Malvinas Confluence zone (BMC) in the open ocean (Olson et al., 1988) and extends
towards the Subtropical Shelf Front (STSF) on the continental shelf (Piola et al., 2008).
This hydrological system accounts for most of the modern sedimentation at regional
scales (Ayup-Zouain, 2006; Mahiques et al., 2008; Govin et al., 2012). To develop new
sedimentary models, it is necessary to describe and understand major geomorphological
features.

In the SAM, the Uruguayan continental slope (34-36°S) is located in the transition zone
between the STSF and BMC (Franco-Fraguas et al., 2014) and in front of the RdIP
mouth is bathed by the southernmost (summer) distribution of the RdIP buoyant plume
(Piola et al., 2005; Moller Jr. et al., 2008; de Mello et al., 2014). Hence, it appears to be
a key region in terms of regional circulation, especially for understanding the
oceanographic control on slope sedimentary processes. In the region, these processes
have only recently been the focus of sea floor research that has confirmed its interesting
setting.

Using high spatial resolution and data obtained in situ, Franco-Fraguas et al. (2014)
described the general morphological setting and stress in the surface sedimentological
pattern of the Uruguayan slope. Based on oceanographic data, those authors found that
the area presents complex sedimentary processes imprinted in glacial and interglacial
times and characterized by a highly heterogeneous surface sedimentary environment.

This environment is controlled by both the modern hydrology and slope configuration.



In addition to a large submarine canyon system, the configuration includes a sharp
northward change in slope configuration.

Using bathymetric data and 2D and 3D seismic reflection profiles, Hernandez-Molina et
al. (2015), recently provided a detailed description of the configuration of this margin,
demonstrating that it includes an impressive array of erosive, depositional and mixed
contouritic features that were formed mainly by the northward displacement of
Antarctic water masses from the Eocene to the present. According to those authors, the
contourite features present good prolongation with the SAM SDS and vanish in the
study region in response to the action of bottom currents during the migration of the
BMC in glacial times. This highlights the importance of this region for subsequent
sedimentary and paleoceanographic reconstructions.

However, to contribute precise reconstructions, specific questions concerning modern
sedimentation need to be resolved. What are the source rocks of these sediments? Does
the RdIP influence the organic matter in the slope sediments? What is the elemental
content of the slope sediments? How does modern sedimentation relate to the glacial
contouritic configuration?

To fill this gap, the aim of this paper is to build a sound sedimentary model framework
for increasingly demanded palaeoclimatological and palaeoceanographical
reconstructions studies in this key area of the SAM by synthesizing and correlating
current evidence for modern (Franco-Fraguas et al., 2014) and ancient sedimentation
(i.e., see Hernandez-Molina et al., 2015) and integrating new sediment proxies for the
input of sediments of the dominant hydrological systems (MC, BC and RdIP), for the
contributions of terrestrial versus marine organic matter and for the depositional

environment.



2. Regional setting

The SAM shelf circulation is closely associated with large-scale oceanographic
processes that are not fully understood (Matano et al., 2010). Moreover, the regional
circulation system experiences a seasonal latitudinal shift in response to wind regimes
(Piola et al., 2005; Piola et al., 2008; Moller Jr. et al., 2008; Schmid and Garzoli, 2009).
At the surface, the low-salinity RdIP plume is displaced northwards along the inner
Uruguayan continental shelf during the austral winter, but it remains off the mouth of
the RdIP and extends along the entire continental upper margin during the austral
summer and El Nifio events (Piola et al., 2000; Piola et al., 2005; Mdoller Jr. et al.,
2008). On the continental shelf below the RdIP plume, the southward-flowing
Subtropical Shelf Waters (STSW) and the northward-flowing Subantarctic Shelf Waters
(SASW) converge at the Subtropical Shelf Front (the shelf extension of the BMC)
(Piola et al., 2008). These water masses, which are diluted by the continental runoff of
the Rio de la Plata and the Patos Lagoon, are presumably detached offshore within the
STSF (Piola et al., 2000). The STSF appears to remain latitudinally stable throughout
the year, and it extends between 32°S at a water column depth of 50 metres and 36°S
over the shelf break (Piola et al., 2000; Maller Jr. et al., 2008).

In the open ocean and at the BMC, the BC separates from the continental margin and
collides with the MC, whereas the water masses are displaced offshore and flow as part
of the South Atlantic Subtropical Gyre (Schmid and Garzoli, 2009).

The BC is a baroclinic boundary current whose main core is concentrated at a water
depth of up to 500 m, and it carries Tropical Water (TW; Emilson, 1961; Piola and
Matano, 2001; Palma et al., 2008) at the surface (0-200 metres) and South Atlantic
Central Water (SACW,; Emilson, 1961; Thomsen, 1962) below the surface (200-500

metres). However, the flux of the BC could be greater if it included the flux at the depth



of the re-circulated AAIW that flows in the same direction as a result of the
recirculation in the Subtropical Gyre (Steele et al., 2009). For practical purposes, we
will hereafter refer to the flux of the re-circulated AAIW as part of the BC. The MC is a
strong barotropic boundary current that advects Subantarctic Water (SAW; Thomsen,
1962) at the surface and Atlantic Intermediate Water below the surface (AAIW;
Tomczak and Godfrey, 1994). The BMC zone is located at an average of approximately
38°S and is displaced northwards (36°S) during the austral winter and southwards
during the summer (40°S, Schmid and Garzoli, 2009).

The SAM is characterized by an extensive continental shelf that widens to the south.
The shelf is dominated by a relict sand coverture that was deposited under littoral,
barrier and estuarine environments and was reworked during several Plio-Pleistocene
transgressive—regressive events (Urien et al., 1980a, b; Lantzsch et al., 2014). Based on
mineralogy (Ayup-Zouain, 2006), Nd isotopes (Mahiques et al., 2008) and elemental
ratios (Govin et al., 2012), the imprint of the BC on the continental shelf can be tracked
up to 25°S, whereas Pampean-Patagonian sediments advected by the MC dominate
further south. The major sinks for the fine sediments transported along the RdIP winter
buoyant plume are the well-known mud belts that extend along the inner continental
shelf (Urien, 1967; Urien and Ewing, 1974; Ayup-Zouain, 2006; Lantzsch et al., 2014)
and have an influence up to the Brazilian margin (Mahiques et al., 2004). However, the
imprint of the RdIP summer plume on the slope open waters is still unknown, although
its influence has been suggested (Frenz et al., 2003) and even assumed in several
articles. Several authors concur regarding the influence of pyroclastic and volcanic
sediments of Pampean—Patagonian origin transported northwards by the Malvinas
Current (Teruggi, 1954; Etchichury and Remiro, 1960; Etchichury and Remiro, 1963;

Bozzano et al., 2011). According to those authors, the coarse fraction is dominated by



lithic fragments, quartz and feldspar grains. Using enviromagnetic, major element, and
grain size data, Razik et al., (2015) further identified contrasting sources for the shelf
and slope of the Argentinean Pampean margin. These include Pampean coastal wave
erosion and westerly winds (shelf sediments) as well as Andean lowstand river input
(slope sediments).

On the continental slope, the well-developed Contourite Depositional System (CDS),
which is influenced by the displacement of subantarctic water masses, characterizes the
Argentinean continental margin (Herndndez-Molina et al., 2009; Violante et al., 2010).
This alongshore process manifests both in the subsurface (Hernandez-Molina et al.,
2009; Violante et al., 2010) and surface sedimentation (Frenz et al., 2003; Bozzano et
al., 2011).

This contourite system extends along the Uruguayan continental margin and presents
good continuity in several erosive (terraces) and depositional (drifts) features
(Hernandez-Molina et al., 2015). Other important processes occurring in the region
(submarine landslides and gravitational sediment transport) were recently reported on
the deep Uruguayan and Argentinean margin (Krastel et al., 2011; Ai et al., 2014,
Hernandez-Molina et al., 2015). Submarine canyon systems (SCSs) are also a
distinctive feature of the region and were first reported by Lonardi and Ewing (1971)
between 35° and 38°S. The northernmost SCSs, the Rio de la Plata canyon system,
extend into the study area (Franco-Fraguas et al., 2014; Soto et al., 2015; Hernandez-

Molina et al., 2015).

3. Materials and Methods



The study area is located along the Uruguayan outer shelf and upper and middle slopes
between latitudes of 34°38' S and 36°30’ S and longitudes of 52°00" W and 53°30" W
(approximately 5000 km?, Fig. 1).

In the austral summer of 2010, a high-resolution, large-scale sampling study was
performed onboard B/O Miguel Oliver during a joint research cruise held by the
Direccidon Nacional de Recursos Acuaticos (DINARA, Uruguay), the Secretaria General
del Mar (SGM) and the Instituto Espafiol de Oceanografia (IEO) (Spain).

Based on in situ oceanographic, morphological and sedimentological (surface
sediments) data, Franco-Fraguas et al. (2014, hereafter F-F) presented an environmental
characterization of the study region. Classifications of superficial sediment facies (after
Shepard (1954)) defined by the sum of all their known characteristics and using organic
matter (CaCO,, Coy, and Ny) content were interpreted in light of the environmental
context. Extended descriptions of the methodological methods are presented in Franco-
Fraguas et al. (2014). Briefly, bottom surface sediments were collected using a giant
ULSNER-type box corer (0.25 m?). In this study, we used the same superficial sample
set used by F-F, so that only the topmost centimetre of sediment from undisturbed box
corers was analysed for geochemical content.

Herndndez-Molina et al. (2015, thereafter H-M) described the detailed
morphosedimentary context and discussed the sedimentary, oceanographic and
paleoceanographic implications along the entire Uruguayan slope based on integrated
oceanographic, bathymetric, MultiChannel 2D and 3D Seismic reflection profiles
(MCS) and well data. The detailed methodology can be seen elsewhere (H-M).

Partly for practical purposes, we first revised and re-named the surface facies
classification after F-F. We then 1) integrated the oceanographic information provided

by F-F and H-M and 2) correlated the morphological evidence (F-F) and re-named
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surface facies with the location of the morphosedimentary features presented by H-M.
This provided a sound framework for the study area and is presented in the result
section together with a brief description of the interpretation of the presented data after
F-F and H-M. This framework was used to characterize and interpret the geochemical
distribution of the proxies. A deeper analysis of the correspondence between the modern
(F-F) and ancient (H-M) sedimentary processes will be presented elsewhere.
Immediately after sampling, the samples were frozen and stored for analyses of the
following variables: grain size, organic carbon (Coyg) and total nitrogen (Ny), stable
isotopes (3"*C and 5™°N), major (Si, Ti, Fe, Al, K, Mn, Ca, P, and Mg) and trace (Ba)
elements, and neodymium isotopes (¢Nd). These analyses were performed on 36
samples, with the exception of the eNd isotopes, which were determined for eight
samples (Supplementary material 1, Fig. 1).

The grain size analyses were performed using low-angle light scattering (LALLS;
coupled with a Malvern Mastersizer 2000 analyser) after acidifying the samples to
eliminate the CaCOsg.

The Corg, Nt, 8"°C(ppB, pee Dee Belemnite) and 8 N(airy were determined at the Oceanographic
Institute of the University of S&o Paulo, Brazil, using a Finnigan Delta V Plus coupled
with a Costech Elemental Analyser. The reference materials used for the §*3C analysis
were 1A-R001 (wheat flour standard, 5*Cy.ppg = - 26.43 %.), IAEA-CH-6 (sucrose,
8"Cyros = - 10.43 %o) and IA-R005 (beet sugar, 5*Cy.ppa= - 26.30 %o). IAEA-CH-6 is
an inter-laboratory comparison standard distributed by the International Atomic Energy
Agency (IAEA). IA-R001 and IA-R006 are calibrated against and traceable to IAEA-
CH-6. The reference materials used for the §*°N%o analysis were I1A-R001 (wheat flour
standard, 8"°Najr = +2.55 %o), IA-R045 (ammonium sulfate, *>Nai= + 4.71 %o) and IA-

R046 (ammonium sulfate, §"°Nair = + 22.04 %0). IA-R001, IA-R045 and IA-R046 are
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traceable to IAEA-N-1 (ammonium sulfate, 5"°Naiy = + 0.4 %), an inter-laboratory
comparison standard distributed by the IAEA.

The major and trace element contents of the bulk sediment were analysed via X-ray
fluorescence (XRF) on fused glass discs at the Institute of Geosciences of the University
of Sdo Paulo, Brazil, following the analytical procedures described in Mori et al. (1999).
The detection limit was below 10 ppm for the minor elements. The loss was determined
based on differences in weight, thereby allowing for the measurement of total values
and, hence, quality control.

According to Mahiques et al. (2008), grain size has no significant influence on fine
sediment (silts and clays) Nd signals along the South American margin. Hence, the
neodymium isotopic analysis was applied to the bulk lithological fraction of the finest
grain size composition (i.e., > 15% of clay (<0.002 pm)). However, Nd values can
depend on grain size in the coarse sediment fraction (Revel et al., 1996; Innocent et al.,
2000). Considering this and the fact that samples for Nd isotopes were not available for
the northern upper slope, the signals of the element ratios registered in bulk sediment
samples collected along the South American margin (Fe/K and Al/Si; Govin et al.,
2012) were used to further evaluate the origins of the lithogenic sediments. The Nd
isotopic analyses were performed using a Finnigan MAT 262 multi-collector mass
spectrometer at the Geochronological Research Center of the University of S&o Paulo,
Brazil (see Mahiques et al. (2008) for the analytical procedures).

The sand and mud (silt/clay) fractions were used for correlation with the minor and
major element contents and for interrelations between these variables (PCA, Principal

Component Analysis).
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Distribution maps of single elements (Si, Ti, Fe, Al, K, Mn, Ca, P, Mg, and Ba) were
generated based on spatial (natural neighbour) interpolation methods using the ArcGIS

9.3 geographic information system.

4. Results
The distribution of renamed superficial facies classification (Facies 1 to 5) is presented
in Fig. 2. Table 1 summarizes the correspondence between the morphological data and
surface facies after F-F, renamed surface facies (this paper) and geomorphological
features after H-M. Because the single element content correlated with the local

depositional facies, that correlation is also presented in Table 1.

4.1 Framework

F-F divided the study area into 1) three latitudinal sectors, namely the southern, central
and northern regions, 2) three bathymetric regions, namely the outer shelf (down to ca.
180 m), upper slope (from 180 to 500 m, including the shallow regions from 180 to 250
m and the lower regions from 250 to 500 m) and middle slope (from 500 to 1000 m),
and 3) intra-canyon versus canyon regions (Fig, 2). This division was used for further

correlations.

4.1.1 Integration of oceanographic information

The upper layer is dominated by the distribution of the RdIP buoyant plume during the
austral summer and el Nifio events (de Mello et al., 2014). The upper slope is bathed by
the MC and STSF in the south and by the BC in the north (F-F, H-M). F-F identified
that the middle slope is dominated by the AAIW. However, a more detailed analysis of

hydrological data allowed the differentiation of fresh AAIW from re-circulated AAIW
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(H-M). In general, re-circulated AAIW dominates the study area, whereas the influence
of the fresh northward-flowing AAIW is southward and extends towards the north (up
to 34°S) as a narrow band at ca. 500 m beyond the location of the Brazil/Malvinas

Confluence.

4.1.2 Correlation between seafloor data

There is a close correspondence between the seafloor data. Four submarine canyons,
which were presented by F-F from south to north as canyons D, C, B, and A (Fig. 2),
are incised in the middle slope (D, C) and in the upper slope (B, A) (F-F) and
correspond with the Piridpolis SCS, José Ignacio SCS, La Paloma SCS and Cabo
Polonio Mega Slide and SCS registered by H-M. In the north, gullies (Fig. 2) correlate
with the Punta del Diablo SCS.

A sharp northward decrease in the slope concavity and deepening of the continental
slope registered in the central region (F-F) correlate with the disappearance of the main
contouritic terraces (T1 and T2), changing sharply towards a progradational slope (H-
M). These terraces were formed by the upper (T1) and lower (T2) limit of the fresh
AAIW during glacial stages and represent the prolongation of the La Plata and Ewing
terraces in the Argentinean CDS (H-M). Canyon A (Cabo Polonio Mega Slide and SCS)
coincides with the disappearance of contouritic T2 (H-M).

Facies 1: The facies corresponds to “Sands” and is present in the outer shelf and shallow
upper slope throughout the region and nearby submarine canyon heads. This facies
reflect a re-worked shelf, off-shelf transport and canyon lag-deposits, respectively (F-F).
In the shallow upper slope, this facies coincides with TO as described by H-M. TO is
distributed throughout the study area and coincides with the upper depth range of the

SACW.
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Southward (in a contouritic slope); 1) Facies 2: “Sandy silts” (named as Sub-facies A in
F-F) with high organic matter and silt content, a dominant feature in the southern lower
upper slope, is distributed on contouritic T1. This depositional facies was interpreted as
controlled by the MC and STSF and enhanced by the smooth slope characteristic of
contouritic structures and by canyons incised in the middle slope (F-F); and 2) Facies 3:
“Silty sands”, with high medium sand content, is characteristic of middle slope areas in
the south-central region and is associated with a contouritic smooth erosional surface
(transition between terraces T1 and T2) and upper region of T2. This facies was
interpreted as an erosional deposit related to contouritic structures and the influence of
fresh AAIW (F-F).

Northward (in a progradational slope); 1) Facies 4: “Silty sands”, a key feature of the
northern upper slope, coincides with a smooth progradational slope. This facies was
associated to the erosional action of the BC enhanced by the steep slope configuration
and canyons incised in the upper slope (F-F); and 2) Facies 5: “Sandy silt” (named as
Sub-facies A in F-F), with high clay content, is present in the northern portion of the
middle slope and coincides with a steep progradational slope. This facies was
interpreted as a depositional facies related to the decreased influence of the fresh

northward flowing AAIW and vanishing of contouritic structures (F-F).

4.2 Surface geochemical content and distribution

The basic statistics for the analysed variables are summarized in the Supplementary
material 2.

The sand and mud values ranged between 97.3% and 17.9% (mean 60.5%) and between

82.1% and 2.7% (mean 39.5%), respectively.
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eNd values of approximately -2.2 (ranging from -1.7 to -2.6, Supplementary material 1)
were recorded throughout the study area (Fig. 3). The values of the elemental ratios
ranged between 1.34 and 2.11 (Fe/K ratio) and between 0.14 and 0.28 (Al/Si ratio) (Fig.
3).

The C/N values ranged between 2.3 and 10.4, [1*3C varied between -20%o and -22.9%o,
and O™N varied from 3%o to 7.1%o (Fig. 4).

The correlation coefficients between the textural variables and the minor and major
elements are summarized in the Supplementary material 3. In the PCA, the elements
with similar content patterns were clustered (Fig. 5, Supplementary material 4). The
spatial distributions of the various elements in the study area are presented in Figs. 6
and 7 superimposed on the facies distribution herein renamed.

In the PCA results, Factors 1 to 3 explained 85.1% of the total variance. Factor 1
explained 49.39% of the total variance and was characterized by three groups of
elements: Ti, Fe, Mn, Al and K (group I); P, Ca and Mg (group I1); and Si (group II1).
Factor 2 explained 28.22% of the total variance and corresponded to Ba, K and Al
(group 1V).

The elements in group | (Ti, Fe, Mn, Al and K) were mutually correlated, with the
exception of Al and K. All were positively correlated with the mud contents, albeit with
high dispersion (Supplementary material 3). In the inter-canyon sediments, all those
elements exhibited increasing content towards the north. Low values were registered in
the south coinciding with facies 2 (upper slope) and the southern part of facies 3
(middle slope), and the higher values in the central/north coincided with facies 4 (upper

slope) and northern part of facies 3 and facies 5 (middle slope) (Fig. 6, Table 1).
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The elements in group Il (Ca, P and Mg) were strongly correlated with the muddy
sediments (Supplementary material 3). High contents of those elements were evident in
facies 2 (Fig. 7, Table 1).

Silicon appears to be isolated in the PCA. This element was positively correlated with
the sand content (Supplementary material 3), and high values were observed on facies 1
and, to a lesser extent, on the southern part of facies 3 (middle slope, Fig. 7, Table 1).
Ba, Al and K were grouped together (group 1V), because they presented relatively high
values in facies 1. Ba was positively correlated with Si and sand (Supplementary
material 3), and they therefore shared a similar spatial distribution pattern (Fig. 7). Al
and K shared the spatial pattern observed for the elements of group | (see above);
however, they presented relatively high values in facies 1, primarily in the outer shelf

and canyon heads (Fig. 6, Table 1).

5. Discussion

5.1 Interpretation of analysed variables

According to Mahiques et al. (2008), the Nd isotope values recorded here indicate that
Andean volcanic rocks are the primary sediment source. Accordingly, the values of the
elemental ratios are lower than those reflecting the Brazilian Precambrian granitic and
metamorphic basements and the RdIP input and are comparable to the values that
characterize the Argentinean margin (Govin et al., 2012) (Fig. 3). This indicates that
these sediments are transported from the south within subantarctic water masses (eg.
Ayup-Zouain, 2006; Mahiques et al., 2008; Razik et al., 2015).

However, the recorded values of the organic matter content are comparable to those of
the surface sediments of the RdIP estuary and the adjacent continental shelf (Burone et

al.,, 2013). The C/N values are similar to values representing estuarine—marine
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conditions, and the [**Cppg values are similar to estuarine values and are higher than
those from strictly riverine stations (Fig. 4). Consequently, both proxies indicate a
mixed marine contribution to the slope sediments. However, the 0N values are
generally higher than estuarine—marine values (Fig. 4), presumably indicating changes
in the trophic level of the organic matter (Michener and Kaufman, 2007).

In general, the elements in Group I (Ti, Fe, Mn, Al and K) are associated with fine
sediments as constituents of aluminosilicates as a result of scavenging in biogenic
particles and/or absorption by clayey sediments (Murray and Leinen, 1996).
Alternatively, they can be indicative of the mineralogy of coarse sediments (Govin et
al., 2012). The correlation between the elements of Group | and mud indicates the
occurrence of sedimentation as fine terrigenous particles (thereafter called terrigenous
elements). Notwithstanding, the high dispersion of the regression residuals evidences its
broad distribution in the area. However, the particular behaviour of Al and K further
responds to coarse sedimentation (see below).

The relation between the elements of Group Il (Ca, P and Mg) and muddy sediments
suggests a biogenic composition (Wei et al., 2003) (thereafter called biogenic elements).
The geographical coincidence between the high contents of these elements and high
CaCOs3, Corg and N; (F-F) corroborates the biogenic origin of these elements.

The elements of Group Il (Si) and Group IV (Ba, Al and K) are geographically
associated with the erosional environments (thereafter called erosional elements). Si can
be derived from aluminosilicates, quartz grains and silicious plankton (diatoms and
radiolarians). Although a biogenic source for the Si could occur along this region
(Romero and Hensen, 2002), the low values of Si observed within the biogenic facies

(group 11) suggests that this Si source is relatively scarce. Conversely, the correlation
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with sandy sediments indicates that the high Si content mainly reflects a high quartz
content.

In marine sediments, Ba is associated with both detritic and biogenic particles, and its
predominant carriers are clays and barite, respectively (Gonneea and Paytan, 2006).
Barium is one of the most widely used proxies for estimating productivity (Dymond et
al., 1992; Paytan et al., 1996). Nevertheless, its use as a reliable indicator of variations
in productivity over time has long been controversial (Calvert and Fontugne, 2001;
Prakash Babu et al., 2002; Wei et al., 2003; Jacot Des Combes et al., 2005). Hence,
regional Ba/Al ratios have been used primarily as indicators of marine vs. terrigenous
influence (Burone et al., 2013). However, in sandy deposits, the Ba content generally
increases with increasing Si content (Ure and Berrow, 1982). Therefore, considering the
low values of Ba observed in the biogenic facies and its association with sand and Si,
high values of Ba likely reflect mainly high terrigenous content. Accordingly, in
addition to aluminosilicates, Al and K are also constituents of coarse feldspar grains.
Quartz and feldspar grains have been reported as major constituents of the Pampean—
Patagonian suite (Teruggi, 1954; Bozzano et al., 2011) but are common minerals in a

huge number of different rocks.

5.2 Sedimentation model

In the Uruguayan margin from the long term influence of water masses from higher
southern latitudes in combination with down-slope sedimentary processes have strongly
controlled the overall margin morphology (Hernandez-Molina et al., 2015).
Palaeoceanographic shifts that included the arrival of Antarctic Intermediate Water

along the margin during the middle/late Miocene epoch and further fluctuations of the
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Brazil-Malvinas Confluence influenced subsequent glacial and interglacial stages (H-
M).

In particular, the disappearance of main contouritic terraces T1 and T2 represents the
imprint of the position of the BMC during large-scale geological glacial times (H-M).
The correlation found between the distributions of surface deposits (F-F) and
geomorphologic features and regions (H-M) indicates a strong morphological control on
the deposition of the textural surface sediments (facies 1 to 5); in the south associated
with the contouritic structures and in the north related to a progradational slope. This
fine-tunes the previous findings of F-F, who found an important control of the general
configuration of the margin and modern hydrological system on the modern
sedimentation. The content of elements, however, presents a different distribution in
relation to the distribution of textural facies, hence providing new information regarding
modern sedimentation. The integrated analyses of these information together with
results of provenance of particles and new modern hydrological data provided by H-M
has allowed the proposal of an updated model that includes the dynamics related to the
RdIP and BC, the main sedimentary processes that govern the modern sedimentation

and its relation with past large-scale glacial sedimentation.

5.2.1 Sedimentation related to the RdIP and BC

Referring to previous hydrological data, one would expect to find that particles
transported by the three main hydrological features (RdIP -whole area-, BC -
central/north- and MC -south-) co-exist in the study area. Herein, the inferred unique
sediment source indicates that the RdIP and BC had a negligible influence.

The re-packing of particles and effective sedimentation from buoyant plumes in oceanic

basins depends on hydrological parameters that control the direction, speed, thickness
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and width of the plume and on the settling velocity, which is directly related to the
sediment concentration and the turbulence on the edge of the plume (Hill et al., 2007).
Hence, our results suggest that the features of the relatively thin ("10 m, de Mello et al.,
2014) summer RdIP buoyant plume (Mdller Jr. et al., 2008), which spreads over a large
area (Piola et al., 2005), precludes the effective sedimentation of particles on the
continental slope. Moreover, the strong vertical gradient formed between the continental
waters in the upper layer and the subsurface SASW (Méller Jr. et al., 2008) probably
inhibits the deposition of river-derived inorganic matter, thus explaining the absence of
any RdIP signature. This material could, in turn, be transported and deposited off-shore.
However, the RdIP influence is recorded in the mixed-marine organic matter deposited
homogenously throughout the region. A similar settling mechanism governed the
sedimentation of the inorganic and organic river-derived particles (Acha et al., 2004;
Hill et al., 2007). Hence, the results indicate that the mixed-marine origin signature
mainly reflects that the RdIP nutrient-rich coastal waters fertilize open waters and
thereby influence the surface productivity at the slope extension of the STSF.
Alternatively, some complex circulations (i.e., lateral advection; Hill et al., 2007) could
allow sedimentation only from RdIP-derived organic matter.

The absence of a sediment signal from the north suggests 1) that sediments influenced
by the BC (mainly central/north region) do not reflect the modern hydrology and instead
represent sediments deposited when the hydrological system was located at some past
northward position and/or that 2) the modern circulation does not allow its effective
sedimentation.

In the upper slope, northwards, sedimentation (facies 4) is controlled by the strong
action of the BC (F-F). Considering 1) the erosive nature of this facies, 2) the fact that

the Uruguayan continental shelf is covered by relict reworked Pampean—Patagonian
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sediments (Ayup-Zouain, 2006) and important shelf export has been observed at this
location (F-F), and 3) the shifts in the STSF in Holocene (Bender et al., 2013) and
glacial times (H-M) implies that during modern times the BC virtually does not displace
sediments towards these latitudes or this sedimentation is enabled by the BC polishing
effect (Mahiques et al., 2011). Instead, it indicates that on the upper slope, the BC
predominantly reworks ancient Pampean sediments.

In the middle slope, northwards, the depositional facies 5 represents modern
sedimentation (ca. 400 yrs; unpublished data). Here, a narrow band of fresh AAIW
dominates the 500 isobath, and re-circulated AAIW is dominant offshore (H-M).
However, the latter water mass does not contact the seafloor at this latitude (H-M).
Consequently, this circulation pattern may enable the sedimentation of particles
transported by the re-circulated AAIW. Alternatively, it may reflect the low sediment
transport capacity of this water mass. This is reasonable given that 1) the re-circulated
AAIW has circulated along the Subtropical Gyre, 2) 2/3 of the AAIW that reaches the
American margin circulates southward along the Brazilian margin, and 3) at subsurface
levels, the mean transport of the BC between 30 and 35°S (5.2 = 2.2 Sv) represents half

of the transport of the MC (10.5+1.9 Sv) (Schmid and Garzoli, 2009).

5.2.2 Environmental control of the element distribution

The similar terrigenous contents observed between the upper and middle-slope
sediments (in an otherwise depth-related pattern) in the study region suggest the across-
slope redistribution of sediments towards the middle slope. This pattern, however,
presents a latitudinally related variation that together with the distribution of biogenic
and erosional elements suggests that contrasting sedimentary processes dominate the

modern sedimentation. We will discuss these interpretations in the light of previous
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findings focused mainly in the southern and northern regions (F-F), also considering
information on the distribution of AAIW (H-M). Sedimentation in the central region is
discussed latter.

In the study area, although gravity-related processes have been previously observed,
they were confined to off-shelf transport towards the shallow upper continental slope
(Bender, 2012; Franco-Fraguas et al., 2014) and to the canyon heads (Franco-Fraguas et
al., 2014), as indicated by high erosional (Si, Ba, Al and K) characteristic elements in
sandy facies. According to Bender (2012), the off-shelf export could be related to the
detachment of the STSF from the continental shelf.

In the north and associated with a progradational slope, the off-shelf export and erosion
are stronger due to the action of the BC along with the relatively steep slope
configuration (F-F). Below, in the middle slope, F-F argues that the fine sediments
(facies 5) correspond to re-suspended sediments transported by along-slope processes
from the south. This could be related to the recently observed narrow distribution of the
fresh AAIW (H-M). However, this facies presents a dominant very fine sand mode (F-
F) as well as a clay mode. It is difficult to imagine the occurrence of the along-slope
transport and subsequent deposition of very fine sands ahead of the contourite deposits
and extending across the Mega Slide Canyon (mean width 25 km (F-F); Fig. 2). Shelf
and upper slope oceanographic processes (i.e., tides, storms and the BC) could promote,
besides the off-shelf export of relict coastal deposits (F-F), sand spillover (Stow and
Mayall, 2000) and/or sandy slumps (Shanmugam, 2000) towards the deep sea, thereby
explaining the very fine sand mode mentioned above. These could, in turn, be related to
the gullies observed there (F-F). The input of fine sediments could alternatively
represent aeolian sediments transported across the continental shelf (Razik et al., 2015),

promoted by the relatively low energetic environment that characterizes this facies.
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In the south and related to a contouritic slope, the distributions of biogenic (upper slope,
facies 2, T1) and erosional (middle slope, southern region of facies 3 and of the
transition between T1 and T2) characteristic elements differentiate depth-related facies,
helping to characterize their genesis in addition to explaining the observed latitudinal
pattern in terrigenous elements. On the upper slope, the high biogenic and low
terrigenous element content characterizes a highly productive facies that was interpreted
to be controlled by the MC and STSF and enhanced by the relatively smooth slope (F-
F). In highly productive marine regions, organic matter and carbonates can dilute single-
element contents (“dilution effects”; Govin et al., 2012). According to de Mello et al.
(2014), the average primary production observed in this region (i.e., 1362 g cm™ year™)
is typical of highly productive areas. Accordingly, the organic carbon values recorded in
this facies (up to 7%, Franco-Fraguas et al., 2014) are comparable to those recorded in
upwelling regions (Mollenhauer et al., 2004). Hence, dilution effects may possibly
explain the low values of terrigenous elements recorded in the south. On the middle
slope, the relatively high erosional element content (Si and Ba) and low terrigenous
content coincides with the modern distribution of fresh AAIW (H-M). Hence, the
erosion of fine terrigenous elements could possibly explain the observed terrigenous

elemental gradient.

5.3 Paleoceanographic implications

The latitudinal-related distribution of elements is in line with the interpretation of
latitudinal-related processes as evidenced by the distribution of geomorphological
features and superficial textural facies. However, this evidence indicates a clear
latitudinal difference between the southern/central (contouritic) and northern

(progradational) sedimentation (i.e., glacial sedimentation, H-M). In addition, the
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element contents registered here differentiate the southern from the central-northern
regions, including a contrasting sedimentation pattern along T2. Taking into account
that this distribution coincides with the modern hydrological distribution (H-M)
suggests 1) that the geochemical sedimentation in the central zone is closest to the
pattern of sedimentation that characterizes the northern region (across slope processes)
and 2) that the sedimentary processes have shifted southward with respect to their
glacial distribution. Therefore, this provides potential evidence of the shift of the BMC

during the present interglacial time.

6. Conclusions

The integration of previous outstanding high-resolution evidence from both ancient and
modern sedimentary processes has provided a sound framework to understand
sedimentary processes along the Uruguayan margin. The analyses of geochemical
proxies of the origin of lithogenic and organic matter particles, together with the
contents of major and minor elements in surface sediments represent advancement in
the knowledge of the regional sediment dynamics and their relationship with large-scale
glacial sedimentation.

Results highlight a strong morphologic control on modern sedimentation; sedimentation
is associated with contouritic terraces in the south, and related to a progradational slope
in the north. However, geochemical proxies indicate that during the present interglacial
the circulation regime precludes the input of lithogenic particles from the RdIP and BC,
and that instead the southward retreat of the hydrological system in relation to glacial
stages promotes the dominance of across-slope processes in otherwise contouritic

deposits, restricting sedimentation associated with contouritic features to the south.
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Studies that focus on past sedimentation will progress our understanding of the
remarkable environment represented by the boundary between the contourite and
progradational  deposits. Considering the close relationship between the
sedimentological and palaeoceanographic issues, the expanded sedimentation model
presented here, including the geochemical imprint of the different sedimentary
environments, will be important for developing more precise environmental

reconstructions of this complex and highly productive region.
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Table 1 Correspondence between the morphological data and surface facies, updated

surface facies, geomorphological features/regions and relative content of the groups of

elements. ! after Franco-Fraguas et al. (2014), ? this work, and * after Hernandez-Molina

et al. (2015). The contouritic terraces are located at ~250 m (TO0), ~500 m (T1) and

~1200 m (T2) (Hernandez-Molina et al., 2015).

Bathymetry/

Latitudinal South Central North

sectors

Vertical Smooth slope Smooth slope Concave, deep and

profile’ sharp slope

QOuter shelf Sand/facies 1/high Si, Sand/facies 1/high

(up to 180 Ba Si, Ba

m)

Shallow Sand*/facies Sand/facies

upper slope 1%/T0%high Si, Ba 1/T0/high Si, Ba

(180-250 m)

Lower upper Sandy silt with high Silty sand/high Ti, Fe, Silty sand/facies

slope (250- organic content/facies Mn, Al, K 4/smooth

500 m) 2/T1/high Ca, P, Mg progradational/hig

h Ti, Fe, Mn, Al, K

Middle slope Silty sand with high Silty sand with high Sandy silt with

(500-1000 mediun sand mediun sand high clay

m) content/facies content/facies content/facies
3/Erasional surface 3/Erosional surface 5/sharp

(transition between T1
and T2) and part of
T2/relatively high Si
and Ba

(transition between T1
and T2) and part of T2

/high Ti, Fe, Mn, Al, K

progradational/hig
h Ti, Fe, Mn, Al, K
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Figure Captions

Figure 1. Regional circulation on the Southwestern Atlantic continental shelf and slope
(re-drawn from Matano et al. 2010); SASW: Subantarctic Shelf Water; STSF:
Subtropical Shelf Front; BMC: Brazil-Malvinas Confluence and location of the study
area. Multibeam bathymetry and superficial sediment facies (based on the scheme of
Shepard 1954) after Franco-Fraguas et al. (2014) showing the superficial element

sample stations and Nd isotope sample stations used in this study.

Figure 2. Distribution of the updated superficial sediment facies superimposed on the
multibeam bathymetry showing the latitudinal regions and canyons discussed in Franco-
Fraguas et al. (2014). Bathymetrical regions described in section 4.1 after Franco-
Fraguas et al. (2014) are shown with isobaths (250, 500, and 1000). Outer shelf and
shallow upper slope (180-250 m), lower upper slope (250-500 m) and middle slope

(500-1000 m).

Figure 3 (a) Nd and (b) Ln(Al/Si) and Ln(Fe/K) for sediments from the present study
and from the three main sedimentary domains within the SAM: Argentinean, RdIP and
Brazilian sediments (the latter data were obtained from Mahiques et al. (2008) -Nd- and
Govin et al. (2012) -elemental ratios-). Note that the Al/Si and Fe/K ratios were Ln
transformed for comparison with the Govin et al. (2012) dataset, the values of which are
comparable to those of the Argentinean sediments. Fe/K values are not available for the

Argentinean margin.
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Figure 4 (a) C/N vs. 0N and (b) 0*C vs. 0*N plots for sediments from the present
study area and from the Rio de la Plata (the latter data extracted from Burone et al.,

2013).

Figure 5 PCA plot of factor 1 vs. factor 2 depicting the interrelations between the minor
and major elements and the grain size (sand and silt-clay), with the groups of variables

indicated.

Figure 6 Distributions of the (a) Ti, (b) Fe, (c) Mn, (d) Al and (e) K contents (%)
superimposed on the multibeam bathymetry after Franco-Fraguas et al (2014) and

updated superficial sediment facies (cf. Fig. 2 for the colour coding).

Figure 7 Distributions of the (a) Ca, (b) P, (c) Mg, (d) Si and (e) Ba contents (units in %
except for Ba, which is presented in mg/kg) superimposed on the multibeam bathymetry
after Franco-Fraguas et al (2014) and updated superficial sediment facies (cf. Fig. 2 for

the colour coding).
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Highlights

Integration of modern and ancient sedimentation data as sound framework

Results re-enforces the boundary between contourite and progradational configuration
New evidence on sediment provenance and sedimentary processes at the SAM

RdIP fertilizes open waters and low sediment transport of the BC is inferred
Evidences down slope transport toward the middle slope

A glacial/interglacial southward shift in sedimentation patterns is suggested
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