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A B S T R A C T

In order to investigate the chemical and magnetic characteristics of sediments of the western boundary up-
welling system of Southwest Atlantic we analyzed magnetic susceptibility, grain size distribution, total organic
carbon, heavy mineral abundance, Fe associated with Mössbauer spectra, and Fe and Mn of pore water to
evaluate the deposition patterns of sediments. Four box-cores were collected along a cross-shelf transect. Brazil
Current and coastal plume exert a primary control at the inner and outer shelf cores, which exhibited similar
depositional patterns characterized by a high abundance of heavy minerals (mean 0.21% and 0.08%, respec-
tively) and very fine sand, whereas middle shelf cores presented low abundances of heavy minerals (mean
0.03%) and medium silt. The inner shelf was dominated by sub-angular grains, while in middle and outer shelf
cores well-rounded grains were found. The increasing Fe3+:Fe2+ ratio from the inner to the outer shelf reflects
farther distance to the sediment source. The outer shelf presented well-rounded minerals, indicating abrasive
processes as a result of transport by the Brazil Current from the source areas. In the middle shelf, cold-water
intrusion of the South Atlantic Central Water contributes to the primary productivity, resulting in higher de-
position of fine sediment and organic carbon accumulation. The high input of organic carbon and the decreased
grain size are indicative of changes in the hydrodynamics and primary productivity fueled by the western
boundary upwelling system, which promotes loss of magnetization due to the induction of diagenesis of iron
oxide minerals.

1. Introduction

The dynamics of water masses and vortices along the continental
shelf of southeastern Brazil determine primary productivity and sedi-
ment redistribution, leading to differences in sedimentation rates and
downcore sedimentary profiles (Mahiques et al., 2010). Terrestrial
runoff and aeolian transport also exert a considerable influence on
particle deposition in the ocean, significantly influencing sediment
composition.

Sediment transported along the continental shelf due to longshore
currents, is deposited on preferential sites. The shape, size, and density
of particles are determined by the residence time in the water column
and by the types of fluid flow (e.g. laminar or turbulent flow) (Muehe
and Carvalho, 1993). Accordingly, silt and clay are transported in
suspension and are redistributed away from the coast by regional-scale
currents.

Marine sediments act as good environmental records of land-sea
interfaces. Such sediments have also been used to identify source areas
and transport pathways of terrigenous matter, weathering, erosional
processes, and climate change (Fagel, 2007). Sediment characteristics,
such as concentration of magnetic minerals, mineralogy, grain size and
magnetic susceptibility, are proxies of paleoenvironmental properties
(Yamazaki et al., 2000). Furthermore, geochemical investigation of
marine sediments can assess dissolution and precipitation of iron-
bearing minerals at the oxic-anoxic boundary (Karlin and Levi, 1983),
providing additional information about depositional and diagenetic
processes, which affect the mineral composition of the sediments.

The magnetic properties of marine sediments are particularly sen-
sitive to physical and chemical changes of the sedimentary environment
(Pattan et al., 2008). Magnetic properties are mostly determined by the
abundance of iron-rich minerals present in the sedimentary record
(Chan et al., 1998; Villasante-Marcos et al., 2009). The oxidation state
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(Fe2+ or Fe3+) revealed through Mössbauer spectroscopy (Hawthorne,
1988), can reflect oceanographic processes in the sediment through
time (Frederichs et al., 1999). Mössbauer spectroscopy exploits the fact
that changes in redox boundaries are consistent with environmental
conditions (Drodt et al., 1997), which also allows identification of the
sediment sources (Minai et al., 1981) and determination of the terri-
genous input (Villasante-Marcos et al., 2009).

Here, we investigate the distribution of geochemical and magnetic

properties of sediments in a cross-shelf transect to evaluate the role of
current hydrodynamics in the sedimentation pattern of a western
boundary upwelling system of Southeast Brazil.

2. Study Site

The southeastern Brazilian margin presents a complex hydro-
dynamic system, arising from a combination of physiographic features

Fig. 1. Site of the cross-shelf transect with sampling stations at Brazil's Southeastern Continental Shelf. The geological map was modified from Geological Survey of Brazil (CPRM) (http://
www.cprm.gov.br/en/Geology/Basic-Geology-4172.html - accessed on 30th, March 2017).
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of the shelf and the intense and persistent NE winds, currents and ed-
dies that occur in this region (Calado et al., 2008). The hydrodynamic
regime of this area is controlled by the Brazil Current (BC), which is a
western boundary current off the South American continent that flows
southward to the region of the Subtropical Convergence zone (Fig. 1).
NE winds force the shoaling of South Atlantic Central Water (SACW)
and the establishment of upwelling conditions. As a result, the dy-
namics of BC change, with a displacement of the internal front of this
current away from the coast (Coelho-Souza et al., 2012; Mahiques et al.,
2007).

Bathymetry also influences oceanographic dynamics modifying the
energy and activity of mesoscale eddies (Calado et al., 2010). The
presence of eddies is due to changes in coastline orientation in south-
east Brazilian margin (from NE-SW to E-W) and the bathymetry gra-
dient (Mascarenhas et al., 1971) that cause instabilities in the internal
front of the BC. The BC flowing along the shelf break partially changes
its direction to perpendicularly offshore causing cold-water intrusions
of the SACW onto the shelf (Campos et al., 2000). The SACW creates
baroclinic instability when it reaches the warm waters of the BC
(Matano et al., 2010), forming eddies due to the shearing of distinct
water masses. Thus, the upwelling system changes local oceanography
and biological production (Belem et al., 2013), bringing cold, nutrient-
rich waters to the surface and increasing biological productivity in the
photic zone (Silveira et al., 2008). Most of the sediment transport
patterns to the inner shelf are controlled by wind-driven circulation (NE
winds) whereas, for the outer shelf, sediment deposition is influenced
by the meandering motion of the BC (Mahiques et al., 2002). Mid-shelf
deposition is controlled by mid-shelf wind curl that intensifies the up-
welling and allows intrusion of nutrient-rich waters to the surface
(Albuquerque et al., 2016; Belem et al., 2013).

The biological productivity in this shelf area is also affected by
terrestrial influences, mostly via river input (Knoppers and Moreira,
1990; Mendoza et al., 2014) or aeolian dust (Rocha et al., 1975), which
together introduce organic matter and essential nutrients (e.g. iron)
into the seawater. Over the southeastern Brazilian shelf, the Paraíba do
Sul River (located about 180 km north of Cabo Frio) has a considerable
contribution of terrestrial sediments to the ocean margin, which can be
entrained into the BC exerting significant influence on particle trans-
port.

3. Material and methods

Sediments were collected using a box-core between April 24 and
May 3, 2010, on board of the vessel Av. Pq. Oc. Diadorim of the
Instituto de Estudos do Mar Almirante Paulo Moreira – IEAPM/
Brazilian Navy. The cores were retrieved from four stations distributed
in a cross-shelf transect across the southeastern Brazilian margin at
water depths between 80 and 140 m. These cores were identified from
outer to inner shelf: outer shelf core BCCF10-01 (23°24'S-41°35'W,
15 cm length); middle shelf cores BCCF10-04 (23°16'S-41°38'W, 22 cm
length) and BCCF10-09 (23°12'S-41°44'W, 21 cm length); and inner
shelf core BCCF10-13 (23°035'S-41°52'W, 11 cm length) (Fig. 1).

To analyze the magnetic susceptibility of the sediments, the cores
were examined with a Multi-Sensor Core Logger (MSCL) manufactured
by GEOTEK (Schultheiss and Weaver, 1992), which logs physical
properties in sediment cores at small sampling intervals. The sampling
resolution for these analyses was 0.5 cm.

Pore-water was extracted by using the Rhizon sampling technique
(Seeberg-Elverfeldt et al., 2005) on cores BCCF10-01, −09 and −15
(representing outer, middle and inner shelf cores, respectively). Core
BCCF10-15 was recovered from the same station as BCCF10-13 and was
21 cm in length. In order to analyze the diagenetic profile, eight sam-
ples were collected at the inner shelf and sampled at 2, 4, 5, 7, 9, 11, 16
and 21 cm of depth. Nine samples were collected at the middle and
outer shelf cores between 1 and 16 cm, in which the upper 5 cm were
analyzed with a 1 cm resolution, between 5 cm and 11 cm with a 2 cm

resolution and below 11 cm with a 5 cm resolution. Pore-water was
processed within an O2-free glove bag, under N2 atmosphere. The ex-
traction of metal (Mn and Fe) in the samples was performed in a
Chelex100 resin column. The concentrations of Mn and Fe were de-
termined by Mass Spectrometry with an Inductively-coupled Plasma
Source (ICP-MS; Thermo Fisher Scientific XSERIES 2), equipped with a
conical mist chamber and a concentric nebulizer.

Sediment cores were sliced into segments of 1 cm thickness by ex-
trusion and then stored at +4 °C. In the laboratory, each sample was
further divided into subsamples and decarbonated using HCl (1 N) prior
to determination of grain size, total organic carbon, and heavy mi-
nerals. Hydrogen peroxide was also added to remove the organic matter
for grain size analyzes.

Grain-size measurements were performed every centimeter using a
laser particle analyzer (CILAS 1064), which has a detection range of
0.02–2000 µm, using the grain size statistics method of Folk and Ward
(1957) performed in GRADISTAT software version 8.0 (Blott and Pye,
2001).

Sediments undergoing assessment for Total Organic Carbon (TOC)
were dried at 40 °C for 48 h and then approximately 0.01 g of each
sample was crushed and packed in tin capsules to be analyzed in an
automatic CHNS LECO analyzer coupled with a mass spectrometer.
Results are expressed as dry weight percentages (%).

Approximately 15 g of each sample was dried at 50 °C and crushed
for separation of heavy minerals. A 5 g aliquote was separated with
bromoform (density 2.89 g/cm3). Less dense minerals floated on the
bromoform, whereas heavy minerals settled. The floating material was
discarded, and the settled minerals were filtered, washed with acetone
and distilled water, and dried for subsequent weighing. The abundance
of heavy minerals was calculated as the final weight/initial weight with
values given as percentages (%). After separation, heavy minerals were
identified using a Scanning Electron Microscope equipped with an
Energy Dispersive Spectrometer (SEM-EDS; Philips XL 30). Seventy-two
samples were analyzed using SEM, and EDS was performed in 100
heavy mineral grains in each core. The heavy minerals were analyzed to
obtain the shape and surface characteristics of the grains using the
software IMAQ Vision Builder with magnification of 200× from the
SEM images. The elementary composition provided by EDS enabled the
identification of the minerals according to Dana (1984).

The roundness degree evaluation was applied only to heavy mi-
nerals and not to the fraction (dominated by quartz) floated on bro-
moform. The roundness of the heavy minerals was calculated from the
2D images according to Cox (1927) following the Eq. (1):

=R πA P4 / 2 (1)

where A is the particle area and P is the particle perimeter. The
roundness limits are expressed according to Powers (1953) (Table 1).

To determine the Fe3+:Fe2+ ratio, samples were dried at 40 °C and
crushed. Approximately 1 g of each sample was packed into capsules
and sent to the Brazilian Center of Physical Research for Mössbauer
spectroscopy analysis. The 57Fe Mössbauer spectroscopy in transmission
geometry was performed at room temperature (RT) in a 512-channel
Halder spectrometer. The drive velocity was calibrated using a 57Co
source in Rh matrix and an iron foil, both at RT. The measurements
were performed at low and high velocity, with an average recording

Table 1
Classes of the adopted scale of roundness.

Grade Term Class limits

Very angular 0.12–0.17
Angular 0.17–0.25
Subangular 0.25–0.35
Subrounded 0.35–0.49
Rounded 0.49–0.70
Well rounded 0.70–1.00
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time of 24 h per sample. The Mössbauer absorbers were prepared with
20 mg/cm2 of the sample. NORMOS code was used for the spectrum
analysis based on least-squares fitting routine, assuming each spectrum
to be a sum of Lorentzian lines grouped into quadrupole doublets and
magnetic sextets. Isomer shifts are reported in relation to α-Fe. The
Fe3+:Fe2+ ratio was calculated from the relative areas of doublets as-
sociated with Fe3+ and Fe2+, respectively.

The chronology and the sedimentation rates were determined from
the 210Pb activity based on decay of the 238U series following the
method described by Moore (1984) as reported by Sanders et al. (2014).
The sedimentation rate was calculated by the decay curve in relation to
depth, providing an age-depth model for the last 150 years.

4. Results

All cores were characterized by tri-modal grain-size distributions
(Fig. 2). The inner (BCCF10-13) and outer (BCCF10-01) shelf cores
presented similar grain-size distribution patterns, exhibiting peaks at
approximately 9–10 µm (frequencies between 1.0% and 1.3% weight),
24–29 µm (frequencies between 1.1% and 1.3% weight) and 77 µm
(frequencies between 3.9 to 5.2% weight), indicating that more than
60% of these cores were composed by very fine sand (63–125 µm) and
coarse silt (31–63 µm). Middle shelf cores (BCCF10-09 and 04) were
similar to each other, with grain sizes peaking at 6.7–7 µm (frequencies
between 2.1% and 2.2% weight) and at 35–44 µm (frequencies between
2.5% and 2.6% weight), and exhibiting two plateaus from ~1.0 to
~2.3 µm (frequencies between 1.1% and 1.3% weight), and from ~10
to ~19 µm (frequencies between 1.8% and 2.0% weight), revealing a
mixture of coarse to medium silt (8–31 µm) throughout the cores
(Figs. 2 and 3).

Heavy minerals such as monazite, pyrite, rutile, sillimanite, titanite,
zircon, ilmenite, hornblende and hematite were found in all cores
(Fig. 4). Heavy mineral abundances in the inner (BCCF10-13) and outer
(BCCF10-01) shelf cores reach higher values than the middle shelf cores
(BCCF10-09 and −04) (Fig. 3b). For the inner and outer shelf cores,
heavy mineral abundance ranged from 0.09% to 0.4% and from 0.03%
to 0.13% respectively, whereas for the two mid-shelf cores it ranged
from 0% to 0.03% (BCCF10-09) and 0.008–0.07% (BCCF 10-04)
(Fig. 3b).

The surface texture of the heavy minerals is characterized by the
predominance of well-rounded grains with a size variation of approxi-
mately 63–200 µm for the middle and outer shelf cores. The roundness
of the particles in the outer shelf core (BCCF10-01) ranged from 0.64 to
0.98 (mean 0.88) whereas, for the middle shelf cores (BCCF10-09 and
−04), roundness of the heavy minerals ranged from 0.62 to 0.96 (mean
0.84) and 0.47–0.98 (mean 0.84) respectively, all representing sub-
rounded to well-rounded particles (Table 1). A larger roundness var-
iation interval (between 0.15 and 0.76: sub-angular to well-rounded),
with dominance of sub-angular shapes, and a lower mean roundness
were observed in the inner shelf core (BCCF10-13) (Figs. 3c and 5a).

Lower values of organic carbon were observed for the inner and
outer shelf cores compared to middle shelf cores. Organic carbon (TOC)
content varied between 0.7% and 1.3% for the inner shelf core and
between 0.6% and 1.7% for the outer shelf core (Fig. 3d). The middle
shelf cores (BCCF10-09 and 04) presented organic carbon contents
ranging from 0.8% to 2.3% and from 1.5% to 2.1%, respectively.

Positive MS values were found for the inner (BCCF10-13) and outer
(BCCF10-01) shelf cores (Fig. 3e). The inner shelf core presented values
ranging from 13 to 15 ×10−6 SI and the outer shelf core presented
values ranging from 14 to 20 ×10−6 SI, with values increasing from the
bottom of the cores to a depth of 4 cm before decreasing thereafter to
the top of the cores (Figs. 3e and 6a, d). These cores displayed higher
MS values compared with middle shelf cores, which predominantly
showed negative MS values ranging from −17 to −3 ×10−6 SI and
from −7 to 3 ×10−6 SI (for BCCF10-09 and −04 respectively), with
values increasing towards the top of cores (Figs. 3e and 6b, c).

Fig. 2. Mean grain-size distributions of sediments from inner-shelf (BCCF10-13; n = 11
(a)), mid-shelf (BCCF10-09, n = 21 (b), BCCF10-04, n = 22 (c)) and outer-shelf (BCCF10-
01, n = 15 (d)) cores.
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The Fe3+:Fe2+ ratio for the inner shelf core showed lower values
0.5–0.65), showing the dominance of Fe2+ near the coast, when com-
pared with the higher values of the middle and outer shelf cores 5–7).
Fe3+:Fe2+ ratio increased from the bottom of the core to the top, except
in the inner core, where the ratio is highest at the base of the core. For
the outer shelf core, the Fe3+:Fe2+ ratio ranged from 5.5 to 7 and Fe3+

was dominant (Fig. 6d). The proportion of Fe3+ increased towards the
top of the core, matching the increasing MS values. For middle shelf
core BCCF10-09 the Fe3+:Fe2+ ratio ranged from 6.16 and 6.34 and the
proportion of Fe3+ increased towards the top of the core, as for MS
values. For middle shelf core BCCF10-04, in which MS values were
negative from the bottom of the core up to a depth of 5 cm and were

positive from 5 cm depth to the top of the core, mineral proportions
increased from the base to the top of the core, with the Fe3+:Fe2+ ratio
ranging between 6 and 7 (Fig. 6b, c).

We measured Mn and Fe in the pore water of the inner (BCCF10-
15), mid (BCCF10-09) and outer (BCCF10-01) shelf cores (Fig. 7). For
the inner shelf core, Mn and Fe concentrations decreased between 0 and
5 cm core depth, ranging from 12 to 5 μM and 230 to 50 μM, respec-
tively. Thereafter, between 5 and 10 cm depth, Mn and Fe concentra-
tions increased 5–8 μM and 50–100 μM, respectively), with subsequent
small reductions in concentrations towards the bottom of the core. For
the middle shelf core BCCF10-09, Mn and Fe concentrations both in-
creased with depth between 2 and 4 cm, ranging from 1.2 to 7 μM and
40–77 μM, respectively, and then decreased with depth towards the
bottom of the core, ranging from 7 to 0.9 μM and 55 to 34 μM (Fig. 7b).
In the outer shelf core, the Mn and Fe concentrations increased between
1 and 2 cm core depth, ranging from 1.7 to 4.1 μM and 20 and 80 μM
(Fig. 7c). Mn and Fe values decreased for the outer shelf core for depths
between 2 and 4 cm, ranging from 4 to 2.9 μM and 20–80 μM, respec-
tively. Deeper than 4 cm, the concentration of Mn decreased and the Fe
concentration increased gradually with depth, ranging from 2.7 to 4 μM
and 19–120 μM, respectively.

5. Discussion

5.1. Sediment deposition and accumulation processes across the SE
Brazilian continental shelf

In the cross-shelf transect of southeastern Brazilian margin, the
depositional process was similar between inner and outer shelf, but
differed from the mid-shelf. Sand predominated in inner and outer shelf
cores (i.e. greater abundance of coarse grains (> 63 µm) and heavy
minerals) (Fig. 3a and b), whereas mud with colloidal organic matter
deposition (i.e. high organic content and fine sediments) dominated
mid-shelf cores. Differences in the poly-modal grain-size distributions
amongst cores suggest that sediments were transported and deposited
by different processes. As shown in Fig. 2, central shelf cores present
two peaks and two plateaus in their grain-size distribution patterns,
whereas inner and outer shelf cores presented a tri-modal grain-size
distribution. A broader distribution of the grain size modes were evi-
dent for the middle shelf cores (BCCF10-09 and −04) compared with
the coarse sediments (> 31 µm) of inner and outer shelf cores (BCCF10-
13 and −01). The dominance of fine sand and coarse silt fractions in
inner (BCCF10-13) and outer (BCCF10-01) shelf cores is associated with
changes of provenance and higher energy transport than the middle
shelf cores. Sediment dispersion over the shelf is linked to fluvial
plumes and the BC, which influences the inner and outer shelf cores.
Sediment accumulation in the inner (BCCF10-13) shelf core indicates
the influence of the coastal plume that promotes sediment transport
primarily to regions near the coast, which presents the highest sedi-
mentation rate (0.32 cm/year) (Fig. 3f) (Sanders et al., 2014). Most of
the Paraíba do Sul river discharged suspended sediment is subsequently
transported southward (Gyllencreutz et al., 2010) by the internal front
of the Brazil Current, accumulating on the outer shelf. According to
Wanderley et al. (2013), the sedimentation rate at the Paraíba do Sul
River mouth has varied over recent decades, presenting a low sedi-
mentation rate before 1950 (0.05–0.1 g cm2.yr) and a significant in-
crease thereafter to around 0.5–0.7 g cm2.yr. In addition, that study
also demonstrated increased sedimentation rates from north to south,
with sediments carried by BC. Thus, the southward dispersion of sedi-
ments coming from the Paraíba do Sul River may explain the accu-
mulation patterns found in the outer shelf of southeastern Brazilian
margin.

The northern portion of southeast Brazilian coast presents Pre-
Cambrian rocks that are considered as the primary source of heavy
mineral deposits in the region (Anjos et al., 2007). A secondary source
of these minerals could be associated with sedimentary deposits of the

Fig. 3. Box-plots of core variables: (a) grain size distribution (> 63 µm), (b) heavy mi-
neral concentrations (> 63 µm), (c) heavy mineral roundness, (d) TOC, (e) magnetic
susceptibility and (f) bar plot of sedimentation rate (Sanders et al., 2014) for the inner
cores BCCF10-13 (yellow), middle cores BCCF10-09 (red) and, BCCF10-04 (green) and
outer core BCCF10-01 (blue).
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Miocene Barreiras Formation (Rossetti et al., 2011), from which mi-
nerals could be eroded and transported to the southeastern Brazilian
shelf via the coastal drainage system (Suguio, 1980). The heavy mineral
assemblages found in the cross-shelf transect indicate a provenance
from igneous and metamorphic rocks derived from siliciclastic meta-
sediments (Remus et al., 2008), with a predominance of granitoids and
in minor amount of mafic and alkaline rocks from Cabo Frio Domain
and adjacent areas.

A high abundance of heavy minerals (> 0.08%) and large grain size
(> 63 µm) was observed in the outer (BCCF10-01) and inner (BCCF10-
13) shelf cores (Fig. 3b), but the inner shelf core presented the highest
abundance due to its proximity to the coastal area as well as by win-
nowing process (reworking by high velocity currents). The abundance
of heavy minerals co-varies with increasing grain size (up to 63 µm) and
greater input of terrestrial sediments on the outer (BCCF10-01) and
inner (BCCF10-13) shelf cores compared to the middle shelf cores
(BCCF10-04 and −09) that had lower heavy mineral abundances
(Fig. 3b) and higher percentages of silt and clay (Fig. 3a). Higher or-
ganic content in the middle shelf cores, (Fig. 3d) and the δ13C from
organic matter (−21‰), as in Sanders et al. (2014) indicate a marine
origin for the organic matter and dominating authigenic condition. The
average TOC content, in the middle shelf, produced by biogenic pro-
cesses, was ~2% and can be associated with the predominance of fine

grains (< 63 µm) under upwelling influence, which promotes higher
productivity compared to inner (BCCF10-13; 1.39%) and outer
(BCCF10-01; 1.21%) shelf cores (Fig. 3d).

Sediment transport can modify grain size through abrasive pro-
cesses and, mainly, hydraulic sorting (Chorley et al., 1985). Minerals
such as zircon, monazite and rutile, amongst other ultra-stable minerals
found (Fig. 4), are able to withstand multiple cycles of sediment re-
working due to their high stability under weathering and diagenetic
processes, which allows them to remain throughout the depositional
record (Morton and Hallsworth, 1999). Minerals become more rounded
during the transport process, which reduces the original faces on grains
by abrasion. We observed this pattern in our cores recovered from
middle and outer shelf (Figs. 3c, 5).

The dominance of rounded and well-rounded heavy mineral grains
was found in the middle (BCCF10-09 and −04) and outer (BCCF10-01)
shelf cores (with mean values of 0.84, 0.84 and 0.88, respectively)
suggesting highly reworked material and long-distance transport
(Fig. 5b, c, d), which reduced the crystal faces due to abrasive pro-
cesses. According to Rocha et al. (1975), the degree of roundness of the
sand fraction (125–250 µm) increases in the southernmost region of
Cabo Frio continental shelf, where these authors found sub-angular to
sub-rounded grains. They also demonstrated that the abundance of
heavy minerals (with densities above 2.87) was less than 0.5% of the

Fig. 4. Scanning electron microscopy images of heavy minerals
found in the study area: (a) zircon, (b) monazite, (c) pyrite, (d)
rutile, (e, f) ilmenite, (g) hornblende, (h) sillimanite, (i) hematite.
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sand fraction and that they were higher in the north of Cabo Frio shelf
because of the influence of rivers.

Rounded zircon grains can indicate the source area as being sedi-
mentary (Nobrega et al., 2008) or parametamorphic rocks. Presence of
unstable minerals such as hornblende (with densities of 3.0–3.4) can
also reflect proximity to the source area. The inner shelf core (BCCF10-
13) presented more angular minerals of large grain size (> 63 µm) and
unstable minerals compared to the middle and outer shelf cores, in-
dicative of proximity to mineral source areas, which can be potentially
linked to coastal plumes carrying detritic material to the inner shelf.
Deposition of well-rounded grains coarser than 63 µm in the outer shelf
core may have occurred because of displacement of the BC from the
coast. After the South Equatorial Current bifurcates into the BC (off the
South American coast at 10°−14°S), the BC moves southward along the

coast (Rodrigues et al., 2007). However, the change in shoreline or-
ientation (from N-S to E-W) that occurs in southeast Brazil promotes a
displacement of the BC from the coast, thereby increasing particle
transport to the outer shelf. Therefore, the BC acts transporting the
grains to long distances away from the coast promoting higher abrasion
and roundness of sediment particles.

According to Viana et al. (1998), sediments derived from the dis-
charge of the Paraiba do Sul River are deposited in areas adjacent to the
Buzios and Cabo Frio region, 150 km south of the river mouth. Paraíba
do Sul plumes during higher freshwater discharge (760 m3/s) tend to
disperse parallel to the coast southwards from the river mouth (de
Oliveira et al., 2012), enhancing sediment dispersion to the shore by BC
transport.

On the outer shelf, the intense action of the internal front of the BC

Fig. 5. Size and shape of heavy minerals found in the inner shelf core BCCF10-13 (A), mid-shelf cores BCCF10-09 (B) and BCCF10-04 (C), and outer shelf core BCCF10-01 (D). The
number (white) represents the roundness of the grains.

Fig. 6. Plots of variations in magnetic susceptibility (x10−6 SI) (black line) and Fe3+:Fe2+ ratios (green) versus depth (cm) for the inner core BCCF10-13 (a), middle cores BCCF10-09 (b)
and BCCF10-04 (c) and outer core BCCF10-01 (d).
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promotes an increase on the grain size (medium to coarse) with sands
between moderately to well-rounded, dominated by siliciclastic and
carbonatic sediments (Viana et al., 1998), and prevents the deposition
of mud and organic material (Mahiques et al., 2010, 2004). The influ-
ence of the BC in the sedimentation process in outer shelf areas is also
reported at São Paulo Bight and São Sebastião Island (Mahiques et al.,
2002), where the BC meanders enhance the suspended sediment
transport towards outer shelf regions.

Thus, oceanographic dynamics greatly impact sediment deposition
and accumulation in the southeastern Brazilian margin. Sediment dis-
tributions reveal differences in depositional processes across the shelf,
which are summarized in the conceptual model presented in Fig. 8. In
this model, the similarities are apparent between the inner and outer
shelf cores, with their predominance of detritic material coming from
the land being influenced, respectively, by coastal plumes and the BC.
However, authigenic material influenced by SACW intrusions into the
photic zone predominates in the mid-shelf cores, contributing to a
higher deposition and accumulation of organic carbon and fine sedi-
ments in the central portion of the shelf.

5.2. Magnetic susceptibility reveal redox processes along the SE Brazilian

Magnetic susceptibility is related to the mineralogical sediment
composition of the clastic and authigenic material. Minerals such as

magnetite and other iron oxides have high MS, while carbonates, silica
and organic content present diamagnetic properties that may reduce
MS, often resulting in negative values (Evans and Heller, 2001). In
median cross shelf distribution (Fig. 3e), the inner and outer shelf cores
(BCCF10-13 and −01, respectively) displayed high MS values, unlike
middle shelf cores (BCCF10-09 and 04). Lower MS values found for
middle shelf cores were the result of the predominance of fine particles
in both cores (Fig. 3a). Fine particles promote greater water absorption
because of their ability to adsorb electrolytes and organic material,
affecting the composition and degree of sediment consolidation (Busch
and Keller, 1981; Cruz et al., 2013). Thus, the high water content of the
middle shelf cores (BCCF10-09 and −04) (Cruz et al., 2013) is asso-
ciated with the texture of its grains and the presence of organic matter
(Fig. 3d), which reduces its MS values. However, in the vertical profile
(Fig. 6), the water content and the MS values decrease with depth,
which was not expected. This can be attributed to dissolving ferri-
magnetic and/or paramagnetic minerals, therefore increasing the pro-
portion of diamagnetic minerals, thus decreasing the MS. The reduced
MS of core BCCF10-09 (Fig. 6b) could also be attributable to pre-
ferential dissolution of fine particles, by which Mn and Fe are actively
liberated to the pore water due to reduction of Fe and Mn hydroxide in
the sub-oxic zone (below 4 cm depth) (Fig. 7b) (Passier et al., 1998).

The diagenesis of iron does alter MS values of sediments. Oxidation
of organic matter is the driving mechanism for early diagenetic

Fig. 7. Elemental concentration of Fe (black line)
and Mn (yellow line) for the inner core BCCF10-15
(a), middle core BCCF10-09 (b) and outer core
BCCF10-01 (c).

Fig. 8. Conceptual model of cross-shelf sedimentation and chemical distribution patterns of the Southeast Brazilian continental shelf.
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reactions in sediments, promoting the oxygen consumption. At levels
where oxygen is absent, decomposition of organic matter is driven by
nitrate reduction and subsequently by reduction of the oxy-hydroxides
of Fe and Mn, which releases Fe2+ and Mn2+ into the pore water (van
Santvoort et al., 1997). After diffusion towards the top of the sediment,
these ions re-precipitate as oxy-hydroxides when they encounter oxy-
genic conditions (Berner, 1984). In typical eastern boundary upwelling
systems, such as that of Angola-Namibia, MS is dominated by para-
magnetic and diamagnetic minerals. High loss of magnetization can
occur because of the increased organic content in these high pro-
ductivity areas (Yamazaki et al., 2000), developing reducing conditions
in the sediment and the dissolution of Fe oxides and oxyhydroxides

The outer shelf cores (BCCF10-01) present high MS (Fig. 6a, d) as a
result of increased percentages of coarse grains and high Fe3+:Fe2+

ratio. This may indicate considerable terrestrial input due to the in-
fluences of the coastal plume and Brazil current. Fe in the coastal
marine environment represents terrestrial inflow that is transported by
wind and rivers (Bucciarelli et al., 2001). Both transport modes can
occur on the southeastern Brazilian coastal margin, but the influence of
rivers definitely exceeds the contribution of wind because the pre-
vailing wind direction for most of the year is from northeast (Valentin,
2001), so that aeolian sediments are mainly deposited on the dune
fields present on the continental margin.

High concentrations of Mn and Fe at 2 cm depth for the outer shelf
core (BCCF10-01) (Fig. 7c) indicate the beginning of reducing condi-
tions in the sediment, favoring diffusion of these elements (Schulz and
Schulz, 1999). Magnetic intensities increased for core depths up to
5 cm, indicating low dissolution of Mn- and Fe-oxide minerals. How-
ever, the reduced MS at depths> 5 cm occurs at the same time as an
increase in Fe2+ in sediments (reduced Fe3+:Fe2+ ratio) (Fig. 6) and
the iron concentration reduction in the pore water (Fig. 7). The de-
crease in concentration of Fe in the pore water may be associated with
hydrodynamics and bioturbation that can intensify redox cycling. Bio-
turbation promotes oxygen entry into sediments and re-oxidation of
free iron in pore water. Also, intrusion of oxygen-rich water, such as
from the SACW, onto the continental shelf in long term states, might
alter the redox conditions of the environment, contributing to re-oxi-
dation processes, which contribute to oxidize Fe2+ to Fe3+.

The ratio of Fe3+:Fe2+ increased towards the top of cores BCCF10-
01, −04 and −09 (Fig. 6), indicating predominance of Fe3+ at the top
relative to the base of these cores. The decrease of Fe3+:Fe2+ ratio at
the base of these cores indicates that Fe3+ had been reduced to Fe2+. In
reducing environments, the reduced iron can interact with sulfate, via
bacterial metabolic processes, forming iron monosulfide and later
pyrite (Canfield, 1989). This Fe2+ may also be free in the pore water of
the inner shelf core (BCCF10-15), which may diffuse to the deepest
regions of the sediment (Scorzelli et al., 2008). In marine sediments,
pyrite formation is controlled mainly by the amount and reactivity of
organic matter buried in the sediment (Berner, 1984). However, in
sediments of the southeastern Brazilian continental shelf, the iron does
not act as a limiting factor, so that sulfur can eventually enter into the
organic matrix to form pyrite (Diaz et al., 2012). The high Fe3+:Fe2+

ratio found at the top of the outer shelf core (BCCF10-01) (Fig. 6d)
could also be linked to the presence of heavy iron oxides, such as he-
matite (which we identified using SEM-EDS Fig. 4i).

In the middle shelf area, increased Fe3+:Fe2+ ratio were associated
with reduced grain size (Fig. 6b, c). The predominance of Fe3+, mainly
at the top of these cores, could be associated with the capacity of clays
to adsorb and replace some elements (such as Al) in its structure (Stucki
et al., 1984). The Fe3+ present in the form of iron hydroxide could
precipitate onto and cover clays, as shown in Fig. 9.

According to Chen et al. (1996), the Fe3+:Fe2+ ratio in marine se-
diments increases with increasing distance from coastal areas, which
may explain the low ratio we found for the inner shelf core (BCCF10-
13) (Fig. 6a). This core also presented lower clay content and coarse
grains predominated. The high values of Fe2+ could also be connected

to early diagenesis and the weathering of aluminosilicates, mirroring
results found by Chen et al. (1996) and Schulz and Zabel (1999). This
scenario arises because aluminosilicates are easily dissolved (less
stable) during the transport process (i.e. runoff, river inflow and ocean
currents).

Thus, two different depositional patterns are observed across the
continental shelf at Cabo Frio, as previously shown by the basic controls
on MS values, grain size, terrigenous sediment input and organic matter
content (Fig. 8). The cores from the inner and outer shelf presented high
MS values associated with an increase in grain size and a reduction of
organic content. Despite finding a high abundance of heavy minerals in
the inner shelf core, the Fe3+:Fe2+ ratio was lower than that of the
outer shelf. The increased sedimentary Fe2+ indicates that most of the
iron came from aluminosilicates indicating proximity to the source area
and evidencing transport by coastal plumes. For the outer shelf core,
higher MS and large well-rounded particles (> 63 µm) associated with
a high Fe3+:Fe2+ ratio indicates predominance of iron oxy-hydroxides
(paramagnetic and ferromagnetic minerals), which were carried to
longer distances to the outer shelf by fluvial current (e.g. from Paraíba
do Sul River) and by BC. For the mid-shelf cores, the dominance of
organic material and fine particles resulted in low MS for this area. The
high fine particle input (i.e. clay) can be associated with an increase in
the Fe3+:Fe2+ ratio in the sediment due to iron adsorption by the clay
structure (Fig. 9). This higher accumulation of organic carbon and fine
sediments (Fig. 3a,d) may have arisen from intrusions of the SACW,
controlled by the mid-shelf wind curl that intensifies upwelling in the
central portion of the shelf.

6. Conclusions

Sediment distributions revealed differences in depositional pro-
cesses across the southeast Brazilian continental shelf. In the inner and
outer shelf areas, detritic sediments coming from the land and trans-
ported by coastal plumes and currents predominated. The increased
abundance of detritic sediments on the outer shelf is interpreted as
arising from the change in shoreline orientation (NE-SW to E-W), which
promotes a displacement of the BC from the coast and thereby enhances
particle transport to the outer shelf. However, authigenic materials
predominate in the central portion of the shelf, where the increase in
the organic productivity, driven by cold-water intrusions of the SACW
into the photic zone, contributes to deposition and accumulation of
organic carbon and fine sediments.

These changes in the sediment distribution between inner-outer and
middle shelf cores also resulted in MS alterations. MS in the middle
shelf zone is controlled by diamagnetic minerals, such as carbonate and
silica, with loss of magnetization in this zone due to increased organic
content as a result of the intrusion of SACW increasing the productivity.
In this region, Fe3+ could act on the replacement of some elements in
the clay structure. In the outer shelf, given the contribution from BC in
the transport particles to offshore, Fe3+ predominates because of the
presence of iron-oxides, such as hematite.

In the inner shelf, sedimentary reworking induced by coastal plumes
and upwelling dynamics causes re-suspension of deposited organic
material in the oxic water column, which could lead to rapid de-
gradation. In this case, high MS values are due to decreased organic
content and may be closely linked to an increase of iron minerals in the
environment. However, a predominance of fine sand in the inner shelf,
promotes a decrease in the Fe3+:Fe2+ ratio, which might also be con-
nected to early diagenesis, reducing Fe3+ to Fe2+, and releasing Fe2+

in pore water. Aluminosilicate weathering is shown by their distribu-
tion, as they are easily dissolved and therefore less stable during
transport, and thus predominate close to the source area.

Thus, geochemistry and magnetic properties of sediments dis-
tinguished middle shelf from inner-outer shelf sites in a cross-shelf
transect for the last 150 years.
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