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Minerals and elements are important proxies that can provide information about variations in the delivery and
deposition of coastal ocean sediments associated with past climate changes. In this study, postglacial changes
in the accumulation of sediments on the upper shelf of southeastern Brazil are linked to the evolution of regional
paleoceanographic and continental paleoclimatic conditions during the last 14.4 kyr CAL BP. Mineralogical and
major and trace element analyses of a 14C-dated sediment core identify three main lithostratigraphic units of
this core that reveal a succession of changes in sediment delivery and accumulation as postglacial sea level
rose and Holocene climate on land evolved. The depositional setting has transitioned in response to the large
sea level rise prior to 9.9 kyr CAL BP from being a shallow water high energy environment to a deeper water
one. This location has since then been a lower energy environment that has persisted into modern times. Due
to the highmarine productivity associatedwith the Cabo Frio upwelling system in an oxygenated water column,
the sediments have shown a complex and dynamic redox condition, making variations in redox-sensitive trace
elements indicative of changes in primary production and organic matter diagenesis at this location. After sea
level stabilized ~9 kyr CAL BP, variations in fluxes of Al, Fe, Ca, and minerals were small, indicating that climate
driven changes had only secondary controls on delivery of detrital sediment components to the Cabo Frio
shelf. Modern coastal upwelling conditions and the onset of mid-shelf organic-rich sediment deposition were
established after 9.9 CAL kyr BP.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Accumulations of sediment in near shore areas of the ocean are sen-
sitive to a variety of processes. Changes in marine productivity, delivery
of continental components, coastal currents, and ocean dynamics are
some of the factors that can affect the deposition and composition of
sediments over time (Meyers, 1997). In addition, postglacial sea level
rise has had a profound long-term effect on shelf sediments because
of its impacts on many of these factors. The Southeastern Brazilian
Shelf off Cabo Frio hosts a western boundary upwelling system that
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makes it a particularly suitable area to study the interplay of these
multiple processes (e.g., Mahiques et al., 2011; Mendoza et al., 2014).
The combination of classic coastal upwelling, mid-shelf wind curl, and
shelf-margin meanders of the Brazil Current (BC) stimulates inner
shelf upwelling and mid-shelf intrusion of nutrient-rich waters into
the euphotic zone, thereby producing high rates of marine productivity
(Belem et al., 2013; Albuquerque et al., 2014). In addition, the regional
complexity of oceanographic circulation driven by boundary current
interactions with the shelf provides a wide spectrum of sediment
distribution patterns (Mendoza et al., 2014). The coast around Cabo
Frio also features small andmedium size rivers that may have delivered
important amounts of continental sediments to the coastal region
during the Last Glacial Maximum. Subsequent progressive sea-level
rise generally diminished distribution of this terrigenous material to
the outer shelf and slope (Mendoza et al., 2014). More recently, the
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shelf has experienced an increase of terrigenous input during the last
5 kyr CAL BP (Mahiques et al., 2002) that probably reflects changes in
the river catchments and that has repositioned locations of fluvial
sediment delivery and deposition.

Bulk mineral assemblages provide several types of proxies that can
be used to investigate some of these potential postglacial changes in
sediment delivery and deposition. Indeed, sea level variations and
their effects on the physiography of coastal areas can be reflected in
changes in the fluvial sources and in the biogenic or lithogenic mineral
assemblages (Diester-Haass et al., 2002). The biogenic sediment compo-
nents include the opal particulate remains of radiolarians (Pisias et al.,
2007) and diatoms (Barron and Bukry, 2007) that are especially
predominant in upwelling areas. Preservation of the amorphous
biogenic silica inmarine sediments can be ten times higher than organic
carbon (Treguer et al., 1995), showing its greater potential as a
paleoproductivity proxy. Carbonate components are contributed to
marine sediments by foraminifera, coccolithophores, ostracodes, and
bivalves. Grain-size distributions of both biogenic and lithogenic
components are related to regional and local hydrodynamics as well
as the dominance of different minerals. For example, sediments depos-
ited in high energy hydrodynamic settings have elevated contents of
quartz-rich sands, whereas those deposited in low energy environ-
ments typically consist of muddy sediments rich in illite and kaolinite
and have a higher potential for organic matter preservation (Keil and
Hedges, 1993) that can influence authigenic sedimentary processes.

Trace element compositions can provide especially important infor-
mation about postglacial changes in sedimentation. Changes in marine
productivity and their possible effects on bottom-water chemistry are
often be recorded by productivity- and redox-sensitive trace elements
(e.g., Calvert and Pedersen, 1993; Tribovillard et al., 2006). For example,
the relation found between the abundance of biogenic barite (BaSO4)
and organic matter and the refractory nature of barite in sediments
where intense sulfate reduction does not take place make biogenic
barium a good proxy for paleoproductivity (e.g., Dymond et al., 1992;
François et al., 1995). In some cases, large fluxes of oxidizable organic
matter to the sea floor can deplete dissolved oxygen faster than oceanic
ventilation can replace it, leading to anoxygenic reducing conditions
that destabilize barite. Under these conditions, some trace elements
(e.g., Cd, Cu, Mo, Zn) can accumulate under the consequent anoxic/
sulfidic conditions because they coprecipitate with pyrite or form
insoluble sulfides (cf., Calvert and Pedersen, 1993). The valence states
of other trace elements (e.g., Cr, Mo, Re, U, V) are redox-sensitive,
causing these elements to accumulate under suboxic/anoxic conditions
due to their reduction to less soluble forms at the redox-boundary
(e.g., Crusius et al., 1996; Warning and Brumsack, 2000; Brumsack,
2006). In contrast, trace elements such as Fe and Mn become soluble
under low oxygen conditions in sediments and can migrate within
sediment pore water. In addition, less reactive trace elements can
serve as important indicators of the source and supply of land-derived
sediments to the sea floor. For example, Arz et al. (1998) described
variations in Ca, Ti, and Fe in a well-oxygenated sediment sequence
that was deposited over the past 85 kyr off the coast of northeastern
Brazil that reflect past climate-related pulses in thedelivery of continen-
tal sediments. Finally, changes in the mass accumulation rates (or
fluxes) of trace element components can reflect changes in the rates
of fluvial delivery of these sedimentary materials to inner shelf areas
(Swarzenski et al., 2006).

The glacial melting that accompanied the termination of the Last
Glacial Maximum caused prodigious amounts of fresh water to be
added to the North Atlantic Ocean. The massive inputs of cold, fresh
water may well have altered the density-driven thermohaline circula-
tion patterns of the ocean, and they often coincided with indications
of millennial scale global climate fluctuations. Some of these climate
oscillations, such as the Heinrich Event H0 (~12 ka; Hemming, 2004),
Bond events B8 to B1 (11.1–1.4 ka; Bond et al., 1997) and the Younger
Dryas (12.8–11.5 ka; Muscheler et al., 2008), have potentially left
some imprints in the Southeastern Brazilian Shelf sediment record. It
is known that Heinrich events provoked southern displacement of the
Intertropical Convergence Zone (ITCZ, Leduc et al., 2007), which could
influence geostrophic oceanic circulation and wind patterns in the
Cabo Frio region from the repositioning of the South Atlantic High
(SAH). Souto et al. (2011) showed that the availability of the South
Atlantic Central Water (SACW) on the shelf of the Cabo Frio region
during the last 1.2 kyrs responded to displacements of the ITCZ and
the SAH during the Medieval Climate Anomaly (MCA) and the Little
Ice Age (LIA). In addition, abrupt changes in the South American
Monsoon System (SAMS) during the Holocene have affected regional
precipitation (e.g., Stríkis et al., 2011; Vuille et al., 2012) and thereby
created changes in fluvial delivery of water and eroded sediments to
the Southeastern Brazilian Shelf.

As part of our investigation of the Holocene paleoceanographic and
paleoclimatic history of the Southeastern Brazilian Shelf upwelling sys-
tem, we have studied a sediment core that provides a record of coastal
sediment accumulation over the past 14.4 kyr. During this interval of
postglacial time, global sea level has risen by approximately 100 m
(Bard et al., 1996; Guilderson et al., 2000; Tarasov and Peltier, 2005),
and the climate of southeastern Brazil has experienced several fluctua-
tions in the amount of precipitation it receives (Rodrigues-Filho et al.,
2002) and consequently in its continental drainage. Consequences of
the sea level rise are shifts in the positions of the shorelines and of the
upwelling associated high productivity relative to the coring location
near Cabo Frio. The changes in precipitation are likely to have caused
changes in the amounts of erosion and delivery of land-derived sedi-
ments to this near shore area. To explore these possibilities, we used
the bulk mineral and trace element compositions and fluxes as proxies
of the changes in sedimentation. We describe changes in the elements
as indicators for changes in the delivery and deposition of sediments
on the midshelf, and we discuss these variations in sediment composi-
tion and consider the changes in oceanic and continental conditions
that they imply.

2. Regional setting

2.1. Southeastern Brazilian Shelf

The sediment coring location is on the middle of the Southeastern
Brazilian Shelf off Cabo Frio (Fig. 1), which is a position that marks the
boundary of the two distinct oceanographic provinces of the Campos
and Santos basins (Cainelli and Webster, 1999). Cabo Frio also delin-
eates an abrupt change in the orientation of the coastline from NE–SW
in the Campos Basin to E–W in the Santos Basin that is accompanied
by the orientation of the shelf edge (Campos et al., 2000). The E–W
coast is exposed to SW–SE winds associated with cold fronts, whereas
theNE–SWportion is typically exposed to NE-Ewinds that drive coastal
upwelling. The continental shelf north of Cabo Frio is characterized by a
complex bathymetry (Fainstein and Summerhayes, 1982), in contrast
with the South Brazil Bight (Santos Basin), which has a crescent shape
and is generally bathymetrically smooth.

The water mass structure over the shelf is a result of mixing of three
water masses: the oligotrophic warm and salty Tropical Water (TW;
T N 20 °C; S N 36.40), carried by the BC; the colder and nutrient-rich
SACW (T b 20 °C; S N 36.40; Castro and Miranda, 1998), which is also
transported by the BC and is associated with the upper part of the per-
manent thermocline; and the Coastal Water (CW), a low-salinity,
warmer water body resulting from coastal processes (plumes) and con-
tinental fresh water inputs. Because the contribution of fresh water
from river discharges is negligible, some studies define the low salinity
water on the shelf as the Subtropical Shelf Water (SSW) (Piola et al.,
2000; Venancio et al., 2014).

The Campos Basin receives freshwater inputs from small to medium
size rivers that are located approximately 150 km north of Cabo Frio,
primarily the Paraíba do Sul River that has a discharge ranging from



Fig. 1. Location of Core CF02-02B offshore of Cabo Frio and the locations of the main small andmedium size rivers and of Guanabara Bay that provide land-derived sediments to the shelf.
Regional bathymetry in meters and the location of local upwelling zones are shown. The inset displays the location of Cabo Frio relative to southeastern Brazil. Representative position of
the main flow of the Brazil Current flux as summarized by Silveira et al. (2000) is also shown.

74 A.L. Albuquerque et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 445 (2016) 72–82
4400 to 180 m3·s−1 (Carvalho et al., 2002) and sediment yield of 25–
30 t·km−2·yr−1 (Jennerjahn et al., 2010), as well as the small Sao
Joao and Macae rivers. Although there are no large rivers in the South
Brazil Bight, freshwater inputs can occur from several estuaries that
generally function as sediment “trap-and-go” features to the inner
shelf. In particular, dispersion of theGuanabara Bayplume canoccasion-
ally reach the Cabo Frio shelf and contribute both dissolved and partic-
ulate matter (Albuquerque et al., 2014).These contributions to the
dissolved and particulate phases of continentalmaterial, in combination
with the coastal Ekman transport and eddy-induced activity in themid-
shelf, can lead to a complex mixture of signals from different sources
and can affect the composition of biogenic elements and the governing
biogeochemical cycles as awhole. In addition, the contribution of terres-
trial organic material to the Cabo Frio shelf has been confirmed by
Yoshinaga et al. (2008), Oliveira et al. (2013) based on the presence of
plant-wax lipids in the sediments, as well as by Albuquerque et al.
(2014) from moored-sediment trap collections on the shelf border.

As discussed byMahiques et al. (2002, 2004), Mendoza et al. (2014),
sediment transport on the Cabo Frio inner shelf is controlled by wind-
driven circulation and by coastal current remobilization and transport,
whereas sediment transport on the outer shelf is dominated by the
meandering of the internal front of the BC. In contrast, mid-shelf
sediment transport is primarily modulated by the wind curl (Castelao
and Barth, 2006), augmented by contributions from cross-shelf
upwelled coastal waters (Belem et al., 2013). Continental sediment
supply for the Cabo Frio shelf is probably provided by different sources
with variable magnitudes, such as small and medium size local rivers,
the Paraiba do Sul River north of Cabo Frio, and Guanabara Bay west
of Cabo Frio (Albuquerque et al., 2014; Mendoza et al., 2014).

2.2. Brazil current and the western boundary upwelling system

Circulation on the Southeastern Brazilian Shelf is mainly controlled
by the BC, which flows southward following the 200 m isobath and
transports TW from the tropical South Atlantic in its upper levels and
SACW between 200 and 700 m (Campos et al., 2000). This typical
Western Boundary Current is highly influenced by the Subtropical
Gyre and the SAH (Peterson and Stramma, 1991), which imparts the
common oligotrophic character to western boundary continental
shelves and carries salty andwarmer tropical waters poleward. Howev-
er, the BC interacts with the coastal system to promote a subsurface
upwelling of SACW on the shelf edge and a shelf intrusion through cur-
rent encroachment (Roughan andMiddleton, 2002; Aguiar et al., 2014).
Northeasterly winds that favor upwelling predominate during the
spring and summer for periods of many days and are associated with
surface cold-water events near the Cabo Frio coast (Franchito et al.,
2008). The temperature contrast between cold coastal upwellingwaters
and the inner front of the warmer BC on the shelf border promotes a
negative wind stress curl that generates an ocean surface divergence,
resulting in upward Ekman pumping in the mid shelf (Castelao and
Barth, 2006; Castelao, 2012). The subsurface presence of SACW on the
shelf enriches the water column with nutrients, significantly affecting
the productivity of regional fisheries (Matsuura, 1996), and occurs
throughout the year (Belem et al., 2013). The instabilities of the BC,
with its meanders sometimes invading the shelf area (Campos et al.,
2000), and the enhanced vertical transport driven by wind stress curl
over the midshelf also impact oceanographic variability in the area.
The region off Cabo Frio consequently represents a special oceanograph-
ic system that combines classical coastal Ekman upwelling and the
typical oligotrophic western boundary current environment (Belem
et al., 2013).

3. Material and methods

3.1. Sediment sampling and geochronology

A 245 cm long gravity-core (CF02–02B) was collected by the PSV
Astro Garoupa (Petrobras support vessel) in 2002 from the Cabo Frio
shelf (23°15′59″S, 41°48′01″W) at a water depth of 124 m (Fig. 1).
The core was stored at 4 °C until it was open, described for its main
sedimentological characteristics and sampled at intervals of 1 cm. A
total of fourteen samples were selected for AMS 14C-dating using either
bulk organic matter or biogenic carbonate (Table 1). Analyses were
performed by Beta Analytic in Florida, by the Arizona Radiochronology
Laboratory in Tucson, Arizona, and also in Saclay, France. The AMS
radiocarbon ages, corrected for their 13C contents, were converted into
calibrated radiocarbon ages using the Marine13 calibration curve
(Reimer et al., 2013), a regional reservoir effect of ΔR = 8 ± 17
(Angulo et al., 2005), and considering the interval-error of 1σ using
Calib 7.0 software (Stuiver and Reimer, 1993). Calibrated ages were in-
terpolated from a smoothed cubic spline function using CLAM software
(Blaauw, 2010) (Fig. 2).

Three AMS14C dates (bulk organic carbon) were not considered
for the elaboration of the age model. These dates were consistently
younger than the general age-depth trend of the other eleven samples
(Fig. 2). The deviations to younger ages of the discarded dates may
reflect the effects of regional bioturbation, which is an important pro-
cess in the water–sediment interface due to high oxygen availability
in the bottom waters (Diaz et al., 2012; Sanders et al., 2014). Similar
age inversions and inconsistencies between carbonate-based and



Table 1
Down-core conventional radiocarbon age, laboratory code, type of dated material and calibrated ages with their respective core-sample intervals.

Depth (cm) Conventional radiocarbon age (yr B.P.) Laboratory code Material Minimum 1σ Calibrated radiocarbon age (yr B.P.) Maximum 1σ

31 2615 ± 33 AA58021Pa413 Organic matter 1306 1822 2018
44 2835 ± 33 AA58022Pa414 Organic matter 2183 2532 2775
59 3480 ± 60 SacA00853 Organic matter 3165 3383 3707
70 2900 ± 50 ⁎SacA003217 Organic matter 3874 4054 4431
90 5610 ± 90 SacA003218 Organic matter 5161 5393 5821
101 5455 ± 38 AA58023Pa415 Organic matter 5880 6162 6615
132 7530 ± 90 SacA00854 Organic matter 7851 8308 8851
143 9735 ± 45 SacA004833 Bryozoan 8512 9013 9589
159 8425 ± 44 ⁎AA58024Pa416 Organic matter 9402 9941 10577
184 10830 ± 50 SacA003169 Bryozoan 10570 11218 12003
196 11240 ± 50 SacA003170 Bryozoan 11000 11750 12596
202 8160 ± 40 ⁎Beta179276 Organic matter 11187 12005 12900
216 13010 ± 45 SacA003171 Bryozoan 11617 12590 13507
242 11350 ± 70 SacA003172 Bryozoan 12452 13524 14641

⁎ Omitted from age model (see Section 3.1).
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organic matter-based radiocarbon ages have also been observed in a
core of coastal sediments from the Santos Basin (Mahiques et al.,
2011). The age model was constructed from the remaining six bulk
organic carbon and five biogenic carbonate AMS radiocarbon ages
(Table 1).
Fig. 2. The sediment column and the age-depth relation for Cabo Frio Core CF02–02B
showing lithologic Units I, II and III. The eleven 14C AMS dates employed to construct the
age-depth curve are indicated as open symbols, whereas the three rejected dates that
appear to reflect sediment disturbance are shown as solid symbols. Sedimentation rates
are based on calibrated years that were calculated from Blaauw (2010).
3.2. Bulk sediment properties and geochemical analysis

X-ray diffraction (XRD) analyses were performed to identify the
bulk and clay fraction (b2 μm) mineral assemblages. A total of 59
prewashed (deionized water and ethyl alcohol 60%) bulk sediment
samples were air-dried, powdered and pressed in a powder holder.
The clay fraction was decalcified using buffered 1 N sodium acetate
(CH3COONa·3H2O). The insoluble fraction was disaggregated using
ultrasound and subsequently wet-sieved (63 μm mesh). The fraction
b63 μmwas treated with heated (50 °C) H2O2 30% in order to eliminate
organic matter and then centrifuged in order to separate the fraction
b2 μm (clay fraction). An aliquot of the fraction was K-saturated (KCl)
and then Mg-saturated (MgCl2). Oriented mounts were prepared on
glass slides and XRD scanned three times after being air-dried,
glycolated and heated 550 °C/2 h (H) (Brown, 1972; Thorez, 1976)
using a PANalytical X'PERT PRO MPD (PW 3040/60) equipped with a
PW3050/60 goniometer (Theta/Theta) and Cu (Kα1 = 1.54060 Å,
40 kV, 40 mA). Bulk samples were scanned from 3° to 70° two-theta
in steps of 0.6° two-theta per minute, whereas clay fractions were
scanned from3° to 35° two-theta in steps of 0.02° two-theta perminute.

Themainminerals identified throughXRDwere quantified by Fourier
transform infrared spectrometry (FTIR) using a Perkin Elmer Spectrum
1000. For the FTIR analyses, the samples were ground to 2 μm to ensure
validity of the Lambert–Beer Law and placed in a KBr pellet.

The mineral contents of the samples were quantified after measur-
ing the individual spectra of the anticipated mineral components,
making various blends of these components, measuring their spectra,
and performing a multispectral analysis of the blended spectra
(Bertaux et al., 1998).

Elemental analyses were performed on 67 samples (20 mg) that
were taken at regular 3-cm intervals in the upper half of the core and
at wider spacing (5-cm and 10-cm) in the bottom half. We focused
our elemental analysis on the contents of Al, Ca, Ba, Fe, Mo and U in
order to assess the importance of several different processes, including
continental detrital input (Al, Fe), marine productivity (Ca and Ba),
and redox shifts (Mo and U). The bulk dried and powdered sediment
was digested with HF, HNO3 and HClO4 to achieve complete removal
of organic matter and full dissolution of silicates and carbonates while
retaining the biogenic calcium with the dissolved mineral matter
(Jarvis and Jarvis, 1985). After the digestion procedure, a suite of
major (Al, Fe and Ca) and trace (Ba, Mo and U) elements was analyzed
using a Varian Liberty 200 ICP-AES and a Varian Ultra-Mass ICP-MS at
the Institute de Recherche pour le Developpement, France. The instru-
ment was calibrated by running blank and standard solutions prior to
each elemental analysis. Recalibration checks were performed at
regular intervals. All chemicals used in the study were analytical
grade. The precision and accuracy of the elemental analyseswere tested
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using two duplicates of certifiedmarine sediment (MESS-3, Canada), as
a reference. The analytical reproducibility was 2.7% for the elements,
whereas analytical accuracy was better than 3.4% for all of the elements
except U (8.9%). Table S1 shows the values obtained from these
procedures.

In addition to the trace element analyses, the concentrations of total
organic carbon (TOC) in 122 sediment subsamples from 2-cm intervals
were measured with a PDZ Europa ANCA-GSL CHN analyzer after the
removal of inorganic carbon with 1N HCl. TOC concentrations are
reported on a whole-sediment basis. The results were expressed as
concentration (%, mg·g−1 or μg·g−1), fluxes and accumulation rates
(mg·cm−2·kyrs−1). Fluxes and accumulation rates were calculated
based on sedimentation rates, dry bulk density (g·cm−3) and minerals,
trace elements and organic carbon content, where dry bulk density
were evaluated by gravimetric measurements on 1 cm3 samples.

4. Results

4.1. Geochronology, lithology, and sedimentation rates

Core CF02-02B represents the last ~14.4 calendar years before pres-
ent (kyr CAL BP) based on the 14C dating results. The core was devoid of
laminations, as well as structures indicative of disturbance due to
bioturbation. Three lithologic units were identified (Fig. 2), implying
that major changes occurred in the depositional environment as this
sediment sequence accumulated. The lower unit (I: 245–216 cm) accu-
mulated from 14.4 to 12.9 kyr CAL BP and records the deposition of a
layer of loamy sand (4/1-5Y dark gray) containing biogenic carbonate
debris (shell fragments) contributing 39 ± 17% of carbonate contents
(calcite + aragonite). Unit II (215–159 cm, 12.9 to 9.9 kyr CAL BP)
also consists of sandy silt (4/2-5Y dark gray) but with lower carbonate
contents (27 ± 12%) and no notable shell debris. The sedimentation
rates decrease upwards through lithologic unit I from a high of
27.4 cm kyr−1 in the base to an average of 18.7 cm kyr−1 in unit II.
The upper unit of Core CF02-02B (III: 159–1 cm) accumulated from
9.9 kyr cal BP to the present and has a homogeneous organic clay
Fig. 3. Down-core profiles of the calcite + aragonite, kaolinite, illite, quartz, biogenic silica an
and III.
texture (4/2-5Y olive gray). Although unit III shows no clear lithologic
change, sedimentation rates slightly increase at 50 cm (3.1 kyr CAL
BP) from 14.7 cm kyr−1 in the lower part of the unit to 16.1 cm kyr−1

in the upper layer (Fig. 2).

4.2. Bulk mineral and trace element compositions and fluxes

Although sample-to-sample variability is sometimes large in the
bulk mineralogy, the three sedimentary units have clearly different
average values (Fig. 3). Basal unit I has markedly low fluxes of kaolinite,
illite, quartz, and biogenic silica but elevatedfluxes of carbonateminerals
(calcite plus aragonite) and albite (Na-feldspar). The intermediate unit
(II) shows generally higher fluxes of clay minerals (kaolinite + illite),
quartz, andbiogenic silica,whereas carbonateminerals sharply decrease,
dropping to less than 30% of the deeper unit, and the contribution of
albite drops to zero. Unit III begins with a decrease in the fluxes of
carbonate minerals, quartz, and amorphous silica. However, the trend
exhibited by unit II in the fluxes of clay minerals (kaolinite and illite)
continues, and the albite flux remains at zero most of time. Finally, the
upper layer of unit III, after 4 kyr, is marked by the reappearance of albite
as sporadic flux peaks (Fig. 3).

Similar to the bulk mineral records, TOC and elemental concentra-
tions and fluxes show different average values in the three lithological
units (Fig. 4). Except for the Ca concentration, the concentrations of Al,
Fe, Ba, U, Mo and TOC are relatively low in unit I and show a general
up-core increase in concentrations. TOC concentrations are relatively
constant between units I and II, with average values of 0.70 ± 0.27%
in the bottom and 0.63 ± 0.13% in the upper unit, respectively.
Throughout unit II, concentrations of Al, Fe, and Ba show a slight overall
trend of increasing upward, whereas Ca shows an opposite behavior.
Mo concentrations are quite variable in the sediments of unit III, but
show an overall up-core tendency to decreasing values. Similar
sample-to-sample variability is not evident in the sediments that were
deposited before 9.9 kyr CAL BP (units I and II), which also have low
Mo concentrations, suggesting that this variability is likely to be reflec-
tive of natural processes that affected the concentration of this trace
d albite fluxes (g·cm−2·kyr−1) in the sediments of Core CF02-02B in lithologic Units I, II



Fig. 4. Down-core profiles of the weight-weight concentrations (open circles) and fluxes (solid circles) of Total Organic Carbon (TOC), aluminum (Al), iron (Fe), calcium (Ca), uranium
(U), and molybdenum (Mo) in the sediments of Core CF02–02B in lithologic Units I, II and III.
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element and is not an artifact of its analysis. U concentrations were also
very variable in unit III, showing a quite different pattern upward in the
sediment sequence, peaking at the middle and upper of unit III (6 and
4.8 μg g−1).

Elemental fluxes vary with changes in their individual concentra-
tions, dry bulk density and bulk sedimentation rates. Unit I has slightly
increasing upcore fluxes of Al, Fe, Ba and U, whereas unit II exhibits
virtually constant values. Average TOC accumulation rates show an
opposite trend that decreases from 120 ± 55.4 mgC cm−2 kyr−1 to
98 ± 31 mgC cm−2 kyr−1 between units I and II. The profiles of all six
elements are very different in lithologic units I and II. Fluxes of TOC
and Al, Fe, and Ba slightly increase in unit III (Fig. 4). However, the Ca
flux remains practically unchanged after 9.9 kyr CAL BP, although it
reaches its minimum in the top of the sequence, which is consistent
with the lowest fluxes of carbonate minerals shown in Fig. 3. Like
their concentrations, the fluxes of U and Mo are quite variable in unit
III. Although the Mo flux decreases from unit II to unit III, the U flux
peaks in the middle of unit III (Fig. 4).
5. Discussion

Variations in the mineral, elemental, and TOC concentrations and
fluxes of the Core CF02-02B sediment sequence identify changes in
the dynamics of sediment delivery and deposition on the Southeastern
Brazilian Shelf since the late Pleistocene and throughout the Holocene.
We first discuss the local impacts of postglacial sea level rise on
sediment accumulation and bulk compositions, and then we assess
the possible importance of in situ geochemical processes in affecting
the trace element compositions. Finally, we consider the longer range
influences of several paleoceanographic and paleoclimatic factors that
are likely to have affected the delivery and accumulation of minerals
and major and trace elements on the Cabo Frio continental shelf.
5.1. Effects of postglacial sea-level changes on the Cabo Frio continental
shelf paleo-environments, sediment delivery, sediment accumulation, and
paleoproductivity

Even though some details of the sea-level history on the Brazilian
margin since the last glacial maximum remain to be better understood,
it is recognized that the shelf has experienced three general phases
of accelerated sea-level rise at respectively 11, 9 and 8 kyr BP
(Kowsmann and Costa, 1979; Sawakuchi et al., 2009). These rises have
undoubtedly affected the sediment lithology and the bulk mineral and
elemental accumulation and composition of the Cabo Frio sediment
record, which indeed indicates a succession of changes in the delivery
and deposition of sediments over the past 14.4 kyr. These changes can
be interpreted within the context of the paleoenvironmental and
paleoceanographic factors that govern sediment accumulation and
transport on continental shelves, including changes in water depth
and turbulence, coastal erosion and deposition, and suspended loads
of local rivers.

The three lithologic units in Core CF02-02B (Fig. 2) record the conse-
quences of important changes in sedimentation processes on the conti-
nental shelf of Cabo Frio that are related to the major sea-level rises
during the late Pleistocene and early Holocene, as schematically
illustrated in Fig. 5. During the time period between 14.4 and 12.9 kyr
CAL BP that corresponds to unit I, sedimentation in the area was
under the strong influence of lowstand conditions (Angulo and Lessa,
1997; Kowsmann and Costa, 1979; Guilderson et al., 2000; Milne
et al., 2005; Tarasov and Peltier, 2005) (Fig. 5B). The sandy texture
and presence of carbonate debris from shell fragments in unit I (Fig. 2)
indicate a high-energy nearshore depositional environment. Based on
regional and global sea-level curves, the paleodepth at the core location
was ~20 m at the beginning of this interval, or approximately 100 m
below the current sea level, and the sandy texture of the sediments
and the occurrence of broken shells indicate that the location was



Fig. 5. A — Schematic depictions of the temporal evolution of Cabo Frio shelf over the last 14.4 CAL kyr BP (Lithologic Units I, II and III), showing the position and intensity of the Brazil
Current (BC) and the South Atlantic Central Water (SACW). The dark gray area represents the progressive drowning of the coast as the shoreline retreated due to the sea-level rise.
The intensity of continental runoff is marked by the thickness of arrows. The yellow triangle represents the location of Core CF02–02B. B — Sea-level changes over the last 15 kyr BP
(Tarasov and Peltier, 2005; Milne et al., 2005; Angulo and Lessa, 1997; Guilderson et al., 2000).
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subject to the strong coastal dynamics typical of a nearshore environ-
ment (Fig. 5). The presence of the shell debris is clear evidence for
a shallow, nearshore setting in which surf turbulence prevented
deposition of fine particles while permitting coarser particles to accu-
mulate and to dilute the concentrations of TOC and trace elements
(Fig. 4). Indeed, the coring site was close to the paleo-surf zone during
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this interval as reconstructed by different sea-level curves (Fig. 5B) and
also as interpreted by Kowsmann and Costa (1979) for the Cabo Frio re-
gion from the current 110 m contour line. This paleo-shoreline, now
submerged 100 mbsl, may correspond to a 6-km-long NW–SE oriented
linear rocky outcrop that rises about 2m above the seafloor and that has
been provisionally interpreted by Mendoza et al. (2014) as beach-rock.
The presence of a beach-rock ridge indicates a stable period of lowered
sea-level. Although no actual samples have yet been collected to con-
firm the beach-rock feature, previous studies have described this
micro-relief as bioconstructional in origin (Reis et al., 2013; Mendoza
et al., 2014). The reconstructed paleo-shoreline extends northeast into
the Campos Basin and is defined by boundstone ridges that range
from 4 to 10 m in height and that are formed of grainstones and
contourites encrusted on top by red algae (Guistina, 2006).

The existence of a nearshore setting of the study site from 14.4 to
12.9 kyr CAL BP is supported by a number of factors. First, sediments
deposited during this interval had relatively high accumulation rates
(~22 cm·kyr−1, Fig. 2), high fluxes of carbonate biominerals, and in-
creasing fluxes of quartz, biogenic silica, and clay minerals that suggest
an increase in terrigenous material supply (Fig. 3), probably linked to
closer proximity of the coring location to these mineral sources and
river mouths owing to the lower sea level. Second, the high values of
albite flux also point to the closer proximity of the sediment source to
continent. Albite is a common primary-labile mineral produced by
subaerial weathering of felsic igneous rocks; its presence reinforces
the idea that the fluvial source of sediment delivery was nearer
during this phase (Chou and Wollast, 1985; Knauss and Wolery, 1986)
(Fig. 3). It is noteworthy that continental geological features of Rio de
Janeiro's coastal area are characterized by the presence of a variety of
Neoproterozoic and Paleozoic crystalline rockswith occasionalMesozo-
ic dolerite intrusions, as typified by the exposures on Papagaios Island
near Cabo Frio (Skrepnek et al., 2009). Another important source of
feldspars to the sedimentation off Cabo Frio is the erosion of Barreiras
formation that typically formed cliffs along the Brazilian coast north of
Cabo Frio (see Supplementary material, Fig. S2) and whose erosion
products were probably deposited during the existence of the now
submerged coastal plain. Coastal erosion of these deposits was probably
the main supply of albite to unit I.

The upper transitional zone of lithologic unit II (12.9 to 9.9 kyr CAL
BP) corresponds to a time of progressive rapid sea-level rise (Fig. 5B).
The sedimentation rate decreased during this stage from 22 cm·kyr−1

to ~18.7 cm·kyr−1, reflecting a more oceanic environmental setting
with predominantly carbonate deposition. In terms of the global
ocean, the estimated sea-level rise during the unit II time-frame was
ca. 35 m (from ~−75 to −40 m). In the course of the sea-level rise,
clay minerals, biogenic silica and quartz were deposited on the shelf,
diluting the previously carbonate-dominated accumulation (Fig. 3).
This changemaywell reflect a transition to a less turbulent depositional
setting that allowed accumulation of finer sediments. The abrupt disap-
pearance of the albite suggests that its weathering source was relatively
more distant owing to the increase of sea level. The shoreline retreat
and the expansion of the continental shelf during this phase modified
the coastal oceanographic conditions (Fig. 5A), which may also be
implied by the progressive decrease of biogenic Ca content (Fig. 4).

Three principal sources exist for the detrital sediments on the Cabo
Frio shelf. The most important one is likely the Paraíba do Sul River
that delivers continental sediments to the coastal ocean north of Cabo
Frio, where they become entrained in the southward flowing nearshore
current (Viana et al., 1998; Rodrigues-Filho et al., 2002; Guistina, 2006).
This medium-sized river flows 1100 km through the Southeast Rift
Basin north of the coastal mountains and crosses the states of São
Paulo,MinasGerais, and Rio de Janeiro before reaching the sea. Its catch-
ment drains the mountains that surround the rift basin and also the
north slopes of Rio de Janeiro State. A coastal lagoon south of Cabo São
Tomé (Fig. 1) may mark the former mouth of the Paraíba do Sul River
that consequently would have been closer to the core site location in
the early Holocene. Indeed, a seaward excursion of the 80 m contour
line south of Cabo São Tomé may trace the edge of the paleofan that
was formed by this river when it was in its postulated former location.
The river, therefore, could have more effectively delivered lithogenic
material eroded from the crystalline rocks on adjacent continental
areas to this portion of the shelf south of Cabo São Tomé in the late
Pleistocene and early Holocene. A second possible sediment source is
Guanabara Bay, which is located southwest of Cabo Frio (Fig. 1).
Although this large bay now functions largely as a trap for sediments
that are delivered by the several modest rivers that enter it, it was a
river valley that reached the sea during times of lower sea level. Suffi-
cient sediment has exited the bay and has been transported northeast
by the longshore current to have smoothed the coastline and created
the many lagoons that characterize this part of the coastline (Fig. 1).
The northward transport of sediments exported by Guanabara Bay is
clearly climate-induced, inasmuch as it is favored by equatorward
cold-fronts that strengthen the coastal current. Finally, Albuquerque
et al. (2014) showed through moored sediment trap collections on the
Cabo Frio shelf break that the southward-flowing BC also transports
some sediments that seem to have refractory properties to the Cabo
Frio area.

The beginning of unit III, which was deposited after 9.9 ky CAL BP,
marks the final stages of sea level rise and stabilization (Fig. 5B) and
the positioning of the shoreline at a near-modern location (Fig. 5A)
that eventually enabled the deposition of clay-size sediments in the off-
shore area (Kowsmann and Costa, 1979). A similar transition has been
reported in the northern Santos Basin, where the depositional type
changed between 8.8 to 8.3 kyr CAL BP from beach sands to sandy
muds (Mahiques et al., 2011) and which supports the idea of regional
sea level stabilization between 9 to 8 kyr CAL BP as proposed by
Correa (1996).

After 9.9 kyr CAL BP, the changes in the trace element composition
and in their individual fluxes, accompanied by the onset of the deposi-
tion of the homogeneous argillaceous sediment texture in unit III,
most likely indicate the onset of deposition of the muddy bank forma-
tion in the mid-shelf area (Fig. 5a). The nature of this organic-carbon-
rich (Fig. 4) and fine-grained sedimentary unit reflects deposition
under a more productive surface setting and a deeper water column,
and its timing corresponds well with the attainment of an essentially
modern global sea level after the last glacial low stand (Milne et al.,
2005; Tarasov and Peltier, 2005). These changes evidently also record
the establishment of the upwelling system over the coring location.
Prior to this time, the Cabo Frio upwelling system was unlikely to have
developed over the coring site because the main flow of the BC would
have been farther offshore from the coring site than in its present-day
configuration (Fig. 5A).

The variations in the concentrations and fluxes of minerals (Fig. 3),
metals, and organic carbon (Fig. 4) throughout the Holocene (unit III)
were lower than those observed in previous units, indicating that sea-
level changes seem to dominate control of the delivery of continental
material for Cabo Frio shelf sediments. Furthermore, the variations in
the concentrations and fluxes of U and Mo after 9.9 CAL kyr BP differed
notably from those of the other elements (Fig. 4). The delivery of these
redox-sensitive trace elements appears to have experienced sub-
millennial variations. Downcore variations of U and Mo concentrations
and fluxes were decoupled from the typical detrital elements, such as
Al and Fe, suggesting control not only by changes in the delivery and
provenance of these trace elements but also by variations in their
authigenic deposition, which is modulated by redox-conditions at the
water–sediment interface (Zheng et al., 2002; Tribovillard et al.,
2012). According toDiaz et al. (2012), Cabo Frio shelf sediments present
a highly dynamic redox setting. The deposition of abundant upwelling
derived organic matter under an oxygenated water column produces
a generally suboxic condition in the shelf sediments while favoring bio-
turbation that encourages organic matter oxidation. These complex and
dynamic redox scenarios limit interpretation of the distributions of U
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and Mo in Cabo Frio sediments, providing uncertainties in their use as
paleoenvironmental proxies (Nameroff et al., 2002). However, we may
hypothesize thatU andMo abundancefluctuations likely register the ef-
fects of primary production linked to coastal upwelling intensity that
could contribute to the enrichment of these elements, superimposed
on the effect of early diagenesis that can modify the original expression
of the depositional environment. Thus, the enhancement of U concen-
trations and fluxes between 9 and 5 kyr CAL BP and again between 2.7
and 1 kyr CAL BP and the progressive upcore decrease in Momay regis-
ter changes in the organic matter-modulated diagenetic processes that
are ultimately controlled by upwelling intensity. The fluxes of biogenic
silica at the beginning of unit III, particularly between 9.9 and 6 kyr
CAL BP, support the Holocene enhancement of marine productivity.
This change was likely due to the reinforcement of coastal upwelling
conditions and/or mid-shelf cold and nutrient-rich SACW intrusion
into the euphotic zone (mid-shelf Ekman pumping) favored by wind
stress curl over the mid-shelf [see Castelao and Barth (2006), Castelao
(2012) for the modern configuration] (Fig. 5A). Intensifications of
BC instability and their action over the shelf may have slowed the
upwelling-driven offshore currents (Pereira and Castro, 2007), favoring
the deposition of suspended loads on the mid-shelf. After 4 kyr CAL BP,
the return of discrete peaks of albite associatedwith increasing fluxes of
clay minerals indicates an enhancement of continental runoff input,
possibly augmented by erosion of paleodeltas by wave action (Fig. 3).
Modern conditions seem to have become establishedwith the stabiliza-
tion of sea level after 9 to 8 kyr CAL BP in the Cabo Frio Upwelling
System (Fig. 5). Although Nagai et al. (2009), Gyllencreutz et al.
(2010) have pointed to a tendency to recent strengthening of
upwelling-induced primary productivity in the Cabo Frio region after
3 kyr CAL BP, the fluxes of metals, mineral, biogenic silica, and organic
carbon accumulation reported here do not support this change.
5.2. Paleoclimate impacts on delivery of sediment to the Cabo Frio shelf

Climate-driven variations in the magnitude and locus of erosion in
areas that are drained by rivers can lead to variations in the amounts
and compositions of fluvial sediments that are delivered to the coastal
ocean. Changes in rainfall are the primary agents in these variations
over geologically short periods of time. Postglacial changes in erosion
of the catchments of the Paraíba do Sul River and Guanabara Bay and
in the oceanographic circulation modulated by climate govern the
main mechanisms of sediment delivery, distribution, and deposition
along the shelf and are likely to have influenced the differences in the
mineral and elemental compositions of the three depositional units in
Core CF02-02B. For example, the high rates of sedimentation of conti-
nental material on the Cabo Frio shelf at ~14 kyr CAL BP (Fig. 2),
which we infer to be principally a depositional consequence of a lower
sea level, may have been augmented by climate-induced increases in
the delivery of land-derived sediment.

Precipitation in southeastern Brazil has a clear seasonal pattern in
which most of the annual rainfall is associated with the summer pres-
ence of the South Atlantic Convergence Zone (SACZ), which is one of
the main convective systems of South America and is an important fea-
ture of the SAMS (Zhou and Lau, 1998; Carvalho et al., 2004; Garreaud
and Falvey, 2009). The SACZ is a feature formed by wind convergence
and moisture advection that brings moisture from the Amazon region
to central and southeastern Brazil (Carvalho et al., 2004). As in other
monsoon systems, the SAMS is driven by land-sea thermal contrast. In
addition, sea surface temperature of the South Atlantic Ocean can influ-
ence the intensity and position of the SACZ (Chaves and Nobre, 2004),
which may modulate summer precipitation in southeastern Brazil. In
contrast, winter precipitation is a mainly extratropical feature driven
by increased frequency of cold front passages, which also enhance
wave-driven littoral sediment remobilization (Alves and Pezzuto,
2009; Figueiredo et al., 2014).
The interval between 14.4 and 9.9 kyr CAL BP (units I and II) record-
ed in core CF02–02B represents a combined effect of low sea-level
conditions and climate variability, complicating distinction of the effects
of climate-induced processes in delivery material. It is worth restating
that during the low stand maximum (−100 m) recorded in core
CF02-02B, the core sitewas in awater depth of ca. 20m,which prevents
or at least strongly interferes with use of units I and II as archives for
paleoclimatic reconstructions because of the water turbulence during
their deposition.

After 9.9 kyr CAL BP, a depositional interval that includes the Holo-
cene Hypsithermal, sea level changes were no longer the main factor
controlling sediment delivery and deposition on the Cabo Frio shelf
because the Holocene high stand had already nearly been achieved
(Angulo and Lessa, 1997 — Fig. 5B). Instead, oceanographic changes
linked to the NE wind-driven coastal upwelling intensity, the BC
strength, and the action of mid-shelf wind curl stress were likely to be
the main influences on shelf sediment deposition in this period. Some
paleoclimate studies have shown that the mid-Holocene was marked
by a dry climate in the Amazon Basin and in southeastern Brazil
(Sifeddine et al., 2001; Nagai et al., 2009) that was likely associated
with a weakening of the SAMS due to lower summer insolation (Silva
Dias et al., 2009), but fluxes of clay minerals and the detrital elements
Al and Fe were virtually constant throughout the entire Holocene
(Figs. 3 and 4). The near-steady delivery of these detrital materials to
the Cabo Frio shelf indicates little change in continental erosion and
hence implies little climate change in their source areas since 9.9 kyr
CAL BP. At the same time, the onset of organic-rich mud deposition off
Cabo Frio during this interval represents evidence of an intensification
of coastal upwelling andmid-shelf intrusions of SACW into the euphotic
zone, marking the establishment of themodern oceanographic configu-
ration of this western boundary upwelling system. The NE wind stress
strengthening could lead to the establishment of a regional oceano-
graphic circulation pattern in which the BC was potentially stronger,
providing a strengthened and more proximal BC internal front action
on the shelf processes, which would have increased productivity on
the Cabo Frio shelf (Belem et al., 2013). This possibility is supported
by the marked enhancements in fluxes of U and Mo (Fig. 4) and also
by elevated values of the planktonic foraminifera ratio upwelling
index (Lessa et al., 2014).

6. Summary and conclusions

Wehave studied the bulkmineral andmajor and trace element con-
centrations and fluxes of a core that provides a record of sedimentation
on the Cabo Frio continental shelf of southeastern Brazil over the past
14.4 kyr CAL BP to assess the effects of sea-level changes, marine
productivity, and climate changes on the delivery and deposition of
the shelf sediments. The core was obtained from an oceanographically
dynamic location in 124 m of water under the productive Cabo Frio
upwelling system that is influenced by the interactions of the Brazil
Current with several other water masses. Findings of our study can be
summarized as:

• The global rise in sea level of ~100 m since 14.4 kyr CAL BP changed
the depositional setting on the Cabo Frio shelf from a shallow-water,
high-energy one to a deeper-water, lower-energy one. This change
is most dramatically recorded in the sedimentary record at approxi-
mately 9 kyr CAL BP when deposition of earlier coarse-grained
sediments containing biogenic carbonate debris was replaced by
accumulation of muddy sediments rich in clay minerals.

• Despite their intimate relation to the highmarine productivity associ-
atedwith the Cabo Frio upwelling system, sediments at the coring site
have accumulated in an oxic water column, but a suboxic seafloor set-
ting that would favor deposition of redox-sensitive metals. Variations
in fluxes of trace elements, including U andMo, consequently provide
evidence of changes in marine productivity.
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• Postglacial and Holocene fluctuations in regional oceanographic
circulation coupled with climate-induced changes in erosion of the
catchments created shifts in trace element and mineral fluxes to the
Cabo Frio shelf that allow reconstruction of paleoenvironmental
histories.

• Themodern upwelling system became positioned over the coring site
after ~9 kyr CAL BP and appears to have experienced only small
variations in its productivity intensity at this location since that time.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2016.01.006.
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