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Abstract The Cabo Frio region in the state of Rio de Janeiro,
southeast coast of Brazil, is characterized by a local coastal
upwelling system and converging littoral sediment transport
systems that are deflected offshore at Cabo Frio, as a conse-
quence of which a thick cross-shelf sediment deposit has
developed over time. To investigate the evolution of this
muddy deposit, geophysical, sedimentological and geochem-
ical data from four sediment cores (3.8—4.1 m in length)
recovered in water depths between 88 and 141 m were ana-
lyzed. The high-resolution seismic data show variable sedi-
ment thicknesses ranging from 1 to 20 m, comprising two
sedimentary units separated by a high-impedance layer at a
depth of about 10 m below the seafloor at the coring sites.
According to the available age datings, the upper sedimentary
unit is late Pleistocene to Holocene in age, whereas the lower
unit (not dated) must, by implication, be entirely Pleistocene
in age. The boomer-seismic reflection signal can be divided
into three echo-types, namely fransparent (inner shelf),
stratified (middle shelf) and reflective (outer shelf), each type
seemingly related to the local sediment composition. The
upper 4 m of the upper sedimentary unit is dominated by silty
sediment on the middle shelf, and by upward-fining sediments
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(silty sand to sandy silt) on the inner and outer shelf. The
downcore trends of P-wave velocity, gamma-ray density and
acoustic impedance are largely similar, but generally reversed
to those of water and organic carbon contents. Total organic
carbon contents increase with decreasing mean grain size,
periodic fluctuations suggesting temporal changes in the re-
gional hydrodynamics and primary productivity fuelled by the
local upwelling system. The reconstruction of sedimentation
rates in the course of the Holocene is based on 35 AMS age
datings of organic material recovered from variable downcore
depths. These range from a maximum of 13.3 cm/decade near
the base of the inner shelf core (7.73—7.70 ka BP) to generally
very low values (<0.11 cm/century) over the last thousand
years in all cores. Over the last 6 ka there appear to have been
three distinct sedimentation peaks, one between 6 and 5 ka BP,
another between 4 and 3 ka PB, and one around 1 ka BP. Due
to different time intervals between dates, not every peak is
equally well resolved in all four cores. Based on the similar
sedimentology of the inner and outer shelf cores, an essential-
ly identical sedimentation model is proposed to have been
active in both cases, albeit at different times. Thus, already
during the last glacial maximum, alongshore sediment trans-
port was deflected offshore by a change in shoreline orienta-
tion caused by the Cabo Frio structural high. The source of
terrigenous material was probably a barrier-island complex
that was subsequently displaced landward in the course of sea-
level rise until it stabilized some 6.5 ka BP along the modern
coast.

Introduction

The acoustic characteristics and physical properties of sedi-
ments are important variables sensitive to geological events
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that may be preserved in the sedimentary record of continental
shelf deposits. The intrinsic capacity of sediments to differen-
tially absorb and scatter sound waves enables the acoustic
classification and discrimination of sedimentary facies, and
their distinction from underlying rocks and buried objects
(e.g., Briggs et al. 2002). Already during the late 1960s,
seabed echo characteristics were explored as a means to
interpret late Quaternary sedimentation processes in various
settings worldwide, including the southeastern continental
shelf of Brazil (for an overview, see Damuth and Hayes
1977). Indeed, high-resolution seismic data have long served
to identify geomorphological features characterized by key
sedimentary processes (e.g., Damuth 1975; Damuth and
Hayes 1977; Manley and Flood 1989; Hong and Chen
2000). For example, Davis et al. (2002) derived surficial
seabed sediment properties based on seismic reflection char-
acteristics in the Clyde Sea and the southern Baltic Sea, which
were then used to interpret complex interrelationships be-
tween the geological setting, sediment supply, prevailing
winds, oceanographic and paleoclimatic conditions, and sea-
level fluctuations. Another well-known proxy is sediment
organic matter (e.g., Flemming and Delafontaine 2000;
Omura and Hoyanagi 2004; Sanders et al. 2014).

In this context, the Cabo Frio upwelling system, which is
located on the southeastern Brazilian continental shelf, can be
regarded as a natural laboratory to explore relationships be-
tween sedimentary processes and geophysical sediment char-
acteristics. This site has been influenced by the oligotrophic
Brazil Current, wind-induced coastal Ekman transport, sea-
level changes and associated climatic oscillations during the
late Pleistocene—Holocene (e.g., Angulo and Lessa 1997).
Thus, a mid-Holocene sea-level highstand was followed by
a series of sea-level oscillations of several meters that occurred
over a few thousand years before stabilizing at approximately
the present-day level. These variations resulted in a predom-
inance of terrigenous sediment on the inner shelf, and
bioclastic carbonate sediment on the outer shelf (Figueiredo
Jr and Madureira 2004).

The Cabo Frio region (cf. Fig. 1), where northward- and
southward-flowing wind-driven littoral currents converge,
displays an extensive accumulation of muddy sediment that
is oriented normal to the modern shoreline and reaches almost
to the outer continental shelf. This elongated, cross-shelf
muddy deposit was initially described by Kowsmann and
Costa (1979) and Dias et al. (1982). More recent studies in
the wider region focused on physical, geochemical, sedimen-
tological and paleoceanographic aspects of the area (e.g.,
Mahiques et al. 2002, 2004, 2005, 2009, 2011; Nagai et al.
2009; Gyllencreutz et al. 2010; Souto et al. 2011; Cruz et al.
2013), whereas high-resolution shallow seismic surveys and
coring operations aimed at a better understanding of the
stratigraphy and acoustic properties of the seafloor in the
region surrounding Cabo Frio Island were conducted by the
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Brazilian Navy (Artusi and Figueiredo 2007; Macedo et al.
2009). The area occupies a strategic position at the boundary
between the Campos and Santos sedimentary basins, which
are currently prime hydrocarbon exploration targets.

In the regional context outlined above, the aim of the
present study was to unravel the Holocene sedimentological
evolution of the Cabo Frio shelf by integrating variations in
the echo character- and age-constrained downcore physico-
chemical and geochemical parameters within the cross-shelf
sediment deposit.

Physical setting

The Cabo Frio promontory marks a pronounced change in the
orientation of the coastline from NE-SW north of the cape to
E—W south of it (Fig. 1). The E-W portion of the coastline is
exposed to SW—SE winds that are associated with cold fronts,
whereas the NE-SW portion is typically exposed to NE-E
winds.

Barrier island and lagoon systems are considered to be
important indicators of the sedimentological history and coast-
line orientation in Brazil (e.g., Barbosa and Suguio 1999;
Sallun et al. 2012). It can thus be assumed that this also applies
to the Cabo Frio coastal area, where a large barrier island
system has probably been present since the early Holocene
because of the influence of the Cabo Frio High, which deter-
mines the present-day coastline orientation. The study area
straddles the Cabo Frio structural high, which separates the
Campos Basin to the north from the Santos Basin to the south.
After the last glacial maximum (LGM), the Brazilian shelf
experienced three phases of accelerated sea-level rise at
approx. 11, 9, and 8 ka BP (Kowsmann and Costa 1979;
Corréa 1996; Sawakuchi et al. 2009). Barbosa (1997) identi-
fied two highstand/stillstand (H/S) phases in the sedimentary
succession of the nearby Lagoa Vermelha at 5.1 ka BP and at
approx. 0.75 ka BP.

The oceanography of the Cabo Frio continental shelf is
complex. The Brazil Current (BC), which is a southward-
flowing western boundary current, mainly follows the 100—
200 m isobaths (Castro and Miranda 1998; Viana et al. 1998),
but meanders of the current frequently approach the shelf and
facilitate intrusions of South Atlantic Central Water onto the
shelf. This water upwells along the coast in response to the
prevailing northeasterly winds (Castelao and Barth 2006). The
dynamics of these wind-driven nearshore currents are con-
trolled by seasonal meteorological forcing. Due to the change
in shoreline orientation and the presence of the protruding
cape, the interaction between the dominant wind field and the
seafloor topography is the main cause of the coastal upwell-
ing, which is intensified during the austral summer in response
to the South Atlantic high pressure cell (Rodrigues and
Lorenzzetti 2001; Franchito et al. 2008).
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Fig. 1 Map of the study area off
Cabo Frio showing the
bathymetry, the locations of the
seismic survey lines and coring
sites, and the onshore topography
and coastal lagoons. Notations:
WGS84 datum

22°30'0"S

23°30'0"S

42°30'0"W

Sediment transport patterns on the inner shelf are controlled
by wind-driven circulation (NE trade winds), whereas sediment
dispersal on the outer shelf follows the meandering motion of the
Brazil Current (Mahiques et al. 2002). However, the flow on the
mid-shelf is primarily controlled by cross-shelf currents that are
driven by the intensity of upwelling along the coast and tidal
currents (Belem et al. 2013). Sediment is supplied by local rivers,
including the Paraiba River, which is located about 180 km north
of Cabo Frio, and Guanabara Bay, which is located 150 km west
of the cape (Knoppers and Moreira 1990).

Materials and methods
Bathymetric and seismic data

Bathymetric and seismic data, as well as four piston cores (cf.
below), were collected from aboard the RV Ocean Survey at the
end of 2009 and the beginning of 2010 (Fig. 1). Navigation was
controlled by a differential global positioning system with an
accuracy of ~1 m (WGS84 datum). The high-resolution seismic/
bathymetric survey covered an area of 680 km? along a cross-
shelf section of approx. 40 nautical miles, comprising 42 SE—
NW- and NE-SW-aligned profiles ranging in length from 3 to
21 km and spaced at 1.5 km intervals (Fig. 1). In addition, two
30- and 35-km-long SE-NW tie lines were run through the
central part of the study area.
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The bathymetric data were recorded by means of a 300 kHz
Simrad EM3000 dual-head multibeam echosounder. The raw
data were corrected for varying tidal elevations using the tidal
harmonic constants for Arraial do Cabo (Cabo Frio) obtained
from the tide tables of the Diretoria de Hidrografia e
Navegacdo (DHN, Rio de Janeiro). The geophysical survey
included seismic profiling employing a 3.5 kHz GeoPulse™
boomer (GeoAcoustics Ltd., Great Yarmouth, UK). A con-
stant sonic velocity of 1,550 m s ' was selected to depth-
convert the seismic travel times; this corresponds to the aver-
age P-wave velocity measured in the cores.

Piston cores

To track potential interrelationships between seismic echo
characters and various physical sediment properties in inner
and outer shelf sediments, four cores (3.8—4.0 m in length)
were collected at water depths of 88, 110, 112 and 141 m
using a 6-m-long and 10-cm-diameter piston corer fitted with
a 750 kg weight unit. The precise locations of the coring sites
are provided in Fig. 1 and Table 1. The cores were stored
horizontally onboard the ship at 4 °C. In the laboratory, P-
wave velocity (Vp) and gamma-ray density were measured at
1 cm intervals using a GEOTEK multi-sensor core logger.
Downcore acoustic impedance was calculated as the product
of these two parameters.

After scanning, the sediment cores were sampled at 5 cm
intervals. Absolute water contents were determined by oven
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Table 1 AMS radiocarbon ages
of organic matter. Asterisks Ra-

diocarbon dating inversions (NB:

these ages were omitted from
Figs. 5 and 8)

drying aliquots of bulk sediments at 60 °C, without correction
for salt contents. After removal of carbonate by acidification
with 1 mol HCI, total organic carbon (TOC) content was

@ Springer

Code Core depth 19C age Calibrated age in calendar years (20)
(cm) (ka BP) Minimum Cal. year BP Maximum
Core CF10-01B: 23°24' 14" ' S, 41°35' 27" " W, water depth 141 m
AA93441 1 1.03-36 628 675 775
AA93442 21 1.72-38 1,174 1,270 1,347
AAB9728 40 2.96-48 2,580 2,730 2,849
AA90736 80 3.45-41 3,205 3,330 3,430
AA93445 131 4.05-39 3,936 4,080 4218
AA90738 140 4.94-44 5,110 5,280 5,430
AA93447 171 5.73-41 6,001 6,170 6,252
AA90734 200 6.99-48 7,400 7,475 7,570
AA93448 211 6.59-43 6,977* 7,135% 7,228%*
AA93449 231 8.80-48 9,357 9,470 9,548
AA89729 250 10.86-59 10,868* 11,110* 11,190*
AA90735 300 9.25-56 9,885%* 10,130* 10,210*
AA90739 340 9.05-67 9,530 9,730 10,010
AA93451 361 9.27-50 9,913 10,140 10,212
AA89730 370 11.1-110 12,363 12,620 12,886
Core CF10-044: 23°16' 36" ' S, 41°38" 44" ' W, water depth 112 m
AAB9734 9 2.25-39 1,722 1,860 1,955
AA90184 51 2.73-39 2,316 2,420 2,606
AA90185 151 4.25-42 4,206 4,370 4,491
AAB9735 205 4.94-42 5,109 5,280 5,423
AA90187 351 5.84-46 6,159 6,260 6,376
AAB9736 392 6.97-44 7,391 7,460 7,560
Core CF10-094: 23°12' 05' ' S, 41°44’ 13’ ' W, water depth 110 m
AA90188 1 1.36-37 784 910 993
AA89740 10 1.92-48 1,335 1,480 1,590
AA90190 71 2.76-45 2,336 2,460 2,653
AA90192 131 3.18-40 2,836 2,960 3,117
AA90193 161 3.55-41 3,329 3,420 3,549
AA90194 251 4.43-42 4,434 4,570 4,733
AA90195 281 4.89-43 5,033 5,250 5,309
AA90197 341 5.38-45 5,624 5,730 5,874
AAB9742 399 6.63-42 7,020 7,150 7,260
Core CF10-154: 23°03' 31'' S, 41°52' 37" ', water depth 88 m
AAB9746 34 1.09-39 550 650 714
AAB9743 60 3.11-38 2,759 2,860 2,998
AA90731 100 7.26-60 7,590%* 7,710%* 7,855%
AA90744 160 5.13-55 5,322 5,470 5,585
AA90732 200 6.59-60 6,940 7,140 7,241
AA90745 260 6.67-54 7,034 7,220 7,318
AAB9747 298 6.87-42 7,280 7,400 7,470
AA89742 340 7.27-46 7,612 7,700 7,836
AA90733 380 7.28-58 7,605 7,730 7,870

measured on other aliquots by means of a PDZ Europa
ANCA-GSL elemental analyzer at the Davis Stable Isotope
Facility, University of California, CA.
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For grain-size analyses, fresh sediment samples (2 g) were
oven dried at 105 °C after carbonate had been removed by
treatment with 1 mol HCI. Grain-size distributions at 0.5 phi
intervals of the <500 pum fractions were generated using a
Cilas® 1064 laser grain-size analyzer. Statistical parameters
were determined based on the Gradistat routine of Blott and
Pye (2001), and the textural data were derived using the
method of moments (cf. Swan et al. 1979; Krumbein and
Pettijohn 1988; Blott and Pye 2001; Sawakuchi et al. 2009).
Downcore sediment descriptions are based on mean grain size
and sand/silt/clay contents (cf. modified Wentworth scale,
Krumbein and Pettijohn 1988).

Downcore chronology was determined by AMS radiocar-
bon dating of carbonate-free organic matter in 39 samples at
the NSF Radiocarbon Laboratory, University of Arizona,
Tucson, AZ (Table 1). Sediments were decarbonated using
1 mol HCI, the §'3C values of —21 to —24% indicating that the
samples were carbonate-free. The radiocarbon ages were cal-
ibrated based on the Calib 6.0 software of Stuiver et al. (1998)
and specifically the Marine09 curve, which considers intervals
between 20 and a southwest Atlantic reservoir effect of AR=8
+17 years (Angulo et al. 2005). The calibrated age (single
value) represents the maximum probability within the 2-sigma
range. These data enabled the calculation of sedimentation
rates for successive age intervals. Because the age intervals
vary along the cores and between cores, the calculated sedi-
mentation rates (expressed as cm/century) must be considered
as average values for the corresponding age intervals.

Interrelationships between various physical and geochem-
ical parameters were evaluated based on the Pearson correla-
tion coefficient at 95% confidence intervals, using the
Microsoft Statistica 8.0 statistical software package.
Correlations <0.6 are considered as weak, and those >0.6 as
strong (Anderson and Finn 1996).

Results

Only one laterally extensive high-impedance reflector was iden-
tified on the seismic profiles. This reflector is considered to
represent the interface between two distinct sedimentary units.
Because none of the 4-m-long cores penetrated into the lower
unit or even to the interface, only the top 4 m of the upper unit are
discussed here. Seeing that the ages near the base of the cores
range from approx. 12.6 to 7.3 ka BP, however, the lower
sedimentary unit must, by implication, be entirely of
Pleistocene age, whereas the upper unit comprises both late
Pleistocene and Holocene sediments (cf. below).

Seismic profiles

The acoustic character of the seismic profiles can be
subdivided into three major echo-types: transparent, stratified,

and reflective (Fig. 2). The transparent echo-type character-
izes the deposits on the outer shelf where core KCF10-01B
was collected. Here, the seismic records are completely trans-
parent with the exception of a single, sharply defined high-
impedance reflector interpreted to separate an upper and lower
sedimentary unit (Fig. 2a).

The stratified echo-type characterizes the deposits of the
central sector represented by cores KCF10-04A and KCF10-
09A. Here, the seismic records reveal a sequence of discon-
tinuous parallel reflections that are interrupted by a single
continuous and more sharply defined reflector of higher im-
pedance, interpreted to represent the boundary between the
upper and lower sedimentary unit (Fig. 2b).

The reflective echo-type, characterized by a reflective sea-
bed without internal seismic reflections, is observed in the
northwestern sector where it is represented by the seismic line
crossing core site KCF10-15A on the inner shelf. This echo-
type is similar to the transparent one, except that the seabed
reflector is sharper (higher impedance) and the sub-bottom has
a higher acoustic noise level that fades with depth without
showing internal reflections of any kind (Fig. 2c).

The high-resolution seismic survey also revealed a
NW-SE-oriented linear, approx. 6-km-long feature that
outcrops about 2 m above the surrounding seafloor. This
feature is located along the 110 m isobath between
cores KCF10-09A and KCF10-04A (Fig. 3), and was
recently identified as representing a low beach-rock ridge by
Petrocelli (2013).

Sediment thickness

The thickest part of the upper sedimentary unit (20 m) is
located in the northwestern part of the study area, where it
appears to merge with or form the lower part of the modern
shoreface at water depths of 90—100 m (Fig. 4). From here, the
thickness of the unit initially decreases strongly southeastward
across the shelf to 7 m (at ca. 100 m water depth), then
increases to approx. 10 m before decreasing to <8 m in the
central sector of the deposit. From this depositional low, the
unit gradually thickens offshore to a maximum of 12 m
northeast of the outer mid-shelf coring site (KCF10-04A).
From this point southward to approx. 700 m northwest of
the outer shelf coring site (KFC10-01B), the unit thins to <9 m
and then thickens to >10 m halfway to the outer shelf coring
site. The upper unit gradually thins from this location across
the coring site to the outer shelf.

With the exception of the northernmost part, the upper unit
thins to <2 m both to the northeast and the southwest of the
center line. In contrast to the approximately symmetrical
lateral thinning of most of the deposit, the sediment thickness
pattern is asymmetrical along its thickest part in the central
sector northeast of coring site KCF10-04A (Fig. 4). Here, the
deposit progressively thickens toward the northeast before
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composed of beach rock (Fig. 3). The thinning of the sediment
is probably controlled by structural features related to
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Fig. 3 Characteristics of seismic echoes in the vicinity of a NW—SE-aligned linear beach rock on the mid-shelf northeast of coring site KCF10-04A

the Cabo Frio High, which existed long before any mud
accumulated.

Core descriptions
Core KCF10-01B

Core KCF10-01B was collected on the outer shelf at a water
depth of 141 m and has a total length of 380 cm. The sediment

composition varies progressively, though not uniformly, from
approx. 92% sand, 8% silt and 0% clay (slightly muddy sand)
near the base to approx. 40% sand, 53% silt and 7% clay
(sandy mud) at the top (Fig. 5a). The transition from sand- to
mud-dominated sediment occurs at a core depth of ca. 180 cm.
The P-wave velocity, gamma-ray density and acoustic imped-
ance have very similar trends; they all show relatively high
values at the core base, which remain more or less constant to
a depth of 240 cm (~9.4 cal. ka BP) before progressively

)
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Fig. 4 Isopach map showing the thickness distribution of the upper sedimentary unit with the coring locations. Note the NW—SE-oriented beach rock

northeast of coring site KCF10-04A. Notations: WGS84 datum
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Fig. 5 a Downcore profiles for core KCF10-01B (141 m water
depth): sand/silt/clay contents (%), P-wave velocity (m s '), gam-
ma-ray density (g cm ), acoustic impedance (N s m>), water

decreasing up to a depth of 160 cm. The values then increase
slightly to a core depth of about 90 cm, and then decrease; the
lowest values are reached approx. 16 cm from the core top.
Overall, the P-wave velocity varies from 1,520 to 1,763 m s,
the gamma-ray density from 1.6 to 2.1 g cm >, and the
acoustic impedance from 2,545 to 3,364 N s m>.

Water content ranges from 20 to 38%, and is low (<25%)
near the core base (380-350 cm core depth; Fig. 5a). The
values peak at 38% at approx. 340 cm depth, then decrease
stepwise to <25% at 220 cm depth, and increase again upcore
with slight fluctuations of 3—5% until they reach 35% at the
top of the core. Overall, TOC values vary from 0.30 to 1.86%,
generally increasing from the core base (~0.4%) to the core
top (~1.6%) but fluctuating by more than 1% at almost regular

depth intervals.

@ Springer

content (%), total organic carbon (TOC, %), and ages (cal. years BP). b
Sedimentation rates over time. Blue line Mid-points of individual age
intervals, vertical gray lines time slices for which AMS ages are available

Ofthe four cores, core KCF10-01B covers the largest age
range, beginning at 12,620 cal. years BP near the core base
at 370 cm depth. Twelve ages were available to calculate
sedimentation rates (Table 2). As illustrated in Fig. 5b, the
oldest age interval has a very low sedimentation rate, which
then increases and peaks at ~41.92 cm/century at 9,730—
9,470 cal. years BP. Thereafter, the sedimentation rates
remain low, although three minor peaks occur at 6,170—
5,280, 4,080-2,730, and 1,270—675 cal. years BP. The top
1 cm of the core covers the past 675 years, associated with a
very low sedimentation rate of 0.15 cm/century.
Unfortunately, the high sedimentation rate on the outer shelf
at the onset of the Holocene lies beyond the age range of the
other three cores, which prevents a comparison with these
other shelf sites.
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Core KCF10-044

Core KCF10-04A was collected on the outer mid-shelf at a
water depth of 112 m and is 400 cm long. The sediment
essentially consists of sandy to slightly sandy mud (Fig. 6a).
The highest sand contents (up to 45%) occur in the lower part
of the core (below 300 cm). Above that depth, the values vary
between 0% and 25%, but generally decrease toward the core
top. Clay contents fluctuate by approx. 10% in the lower part
of the core (<300 cm depth). The values increase slightly to
approx. 15% at ca. 148 cm core depth, followed by a sharp
peak of 60% before decreasing again. From approx. 130 cm
core depth to the core top, clay contents remain almost con-
stant at about 5%. With the exception of the single clay-rich
interval, the core material is thus dominated by silt-size
sediment.

In contrast to the outer shelf core, only the gamma-ray
density and acoustic impedance show similar trends; overall,
the values are higher at the bottom of the core, and decrease to
in the upper part (Fig. 6a). From the core base to approx.
300 cm depth, the two parameters show relatively stable high
values, which then progressively decrease with considerable
fluctuations toward the core top. The range in gamma-ray
density is 1.66-1.87 g cm >, and that for impedance is
2,524-2,760 N s m~. The P-wave velocity, by contrast, is
low at the base of the core (~1,496 m s '), and then steadily
increases to a peak value of ~1,540 m s™' at ca. 350 cm core
depth, followed by a stepwise decrease to ~1,480 m s ' at ca.
264 cm depth, and an increase to about 1,500 ms ' at 235 cm
depth. From that depth upcore, values fluctuate at 1,488—
1,516 m s up to a core depth of 80 cm, and then decrease
to about 1,480 m s~ in the uppermost part of the core.

Water content is low (approx. 38%) from the core base up
to a core depth of 280 cm, where it reaches a minimum of

Table 2 Sedimentation rates for age intervals in core KCF10-01B from
the outer shelf

Age interval Depth interval Sed. rate
(cal. years BP) (m) (cm/century)
0-675 0-1 0.15
675-1,270 1-21 3.36
1,270-2,730 21-40 1.50
2,730-3,330 40-80 6.67
3,330-4,080 80131 6.80
4,080-5,280 131-140 0.75
5,280-6,170 140-171 348
6,170-7,475 171-200 222
7,475-9,470 200-231 1.55
9,470-9,730 231-340 41.92
9,730-10,140 340-361 5.12
10,140-12,620 361-370 0.36

34%. It then overall increases to 56% near the top of the core,
but fluctuating by up to 10%. The TOC content generally
increases from approx. 1.8% near the core base to 3.11% at
the core top, with strong spot variations of 0.75-3.11%; this
maximum value is amongst the highest recorded at the two
mid-shelf sites.

Core KCF10-04A covers the last 7,460 cal. years BP, with
six ages available for calculation of sedimentation rates
(Table 3). The oldest age interval has a relatively low sedi-
mentation rate, which increases to peak strongly at 14.9 cm/
century at 6,260-5,280 cal. years BP before decreasing again
to 5.93 cm/century (Fig. 6b). A minor peak of 7.5 cm/century
occurs at 2,420—1,860 cal. years BP. The sedimentation rate is
very low in the youngest, uppermost part of the core.

Core KCF10-094

Core KCF10-09A was collected on the inner mid-shelf at a
water depth of 110 m, only 2 m shallower than the outer mid-
shelf core site (cf. above). The core is 405 cm long. As in the
case of the outer mid-shelf core, this core is dominated by silt;
sediment composition gradually varies from slightly sandy mud
(~18% sand content) at the core base to almost pure mud (<5%
sand content) at the core top (Fig. 7a). There is a spot occurrence
of an unusually high sand content of >90% about 25 cm above
the core base at 380 cm core depth. Clay contents overall
increase from approx. 10% near the core base to 25% at
80 cm depth, and then gradually decrease to 15% at the core
top. There are only two spot occurrences of distinctly higher
clay contents: 30% at 308 cm, and 50% at 132 cm core depth.

The P-wave velocity, gamma-ray density and acoustic im-
pedance of the inner mid-shelf core have very similar trends:
the values are overall high at the core base and low at the core
top, albeit with some fluctuations (Fig. 7a). The range in P-
wave velocity is 1,450-1,515 ms ', the corresponding values
being 1.47-1.75 g cm™> for gamma-ray density, and 2,134
2,650 N's m ™ for acoustic impedance. Water content varies
from 37 to 57%, and increases toward the core top. This
maximum value is the highest water content recorded for all
cores combined; the next highest was found in the outer mid-
shelf core (KCF10-04A, cf. above), in both cases associated
with high mud contents. TOC contents also generally increase
from the core base (~2.3%) to the core top (~3.2%), the
fluctuations becoming weaker upcore. TOC values range from
1.33 to 3.27%.

Core KCF10-09A covers the last 7,150 cal. years BP, with
nine ages available for calculation of sedimentation rates
(Table 4). At the bottom of the core, the oldest age interval
has a relatively low sedimentation rate of 4.08 cm/century,
which then increases to peak distinctly at 12.5 cm/century at
5,730-5,250 cal. years BP (Fig. 7b). The values then decrease
to approx. 4.41 cm/century before increasing to peak again
between 3,460 and 2,960 cal. years BP. This is followed by
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sedimentation rates progressively decreasing to a very low
value of 0.11 cm/century in the youngest age interval in the
uppermost part of the core.

Table 3 Sedimentation rates for age intervals in core KCF10-04A from
the outer mid-shelf

Age interval Depth interval Sed. rate
(cal. years BP) (m) (cm/century)
0-1,860 0-9 0.48
1,860-2,420 9-51 7.50
2,420-4,370 51-151 5.13
4,370-5,280 151205 5.93
5,280-6,260 205-351 14.90
6,260-7,460 351-392 3.42
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Core KCF10-154

Core KCF10-15A was collected on the inner shelf at a water
depth of 88 m and is 410 cm long. Sediment composition
varies from slightly muddy sand at the core base (~80% sand,
~17% silt, ~3% clay) to sandy mud at the core top (~45%
sand, ~50% silt, ~5% clay; Fig. 8a). Sand/mud contents gen-
erally fluctuate by approx. 10%, but locally by as much as
30% over short core intervals.

As in the other cores, P-wave velocity, gamma-ray density
and acoustic impedance have very similar trends, varying
from generally higher values at the core base to low values
at the core top (Fig. 8a). The main difference with the other
cores is that the values decrease more gradually up to a core
depth interval of 50-30 cm, before decreasing sharply to very
low values above this interval. In core KCF10-15A, the values
of these three parameters increase slightly from the core base
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up to depths of approx. 260 cm, and then decrease to interme-
diate values at core depths of approx. 100 cm. From that depth
upcore, P-wave velocity increases up to a core depth of approx.
50 cm, and the other two parameters up to approx. 30 cm. All
three parameters then decrease to reach their lowest values at
the core top. The P-wave velocity ranges from 1,500-1,684 m
s!, this maximum value being the highest recorded for all cores
combined. Gamma-ray density is 1.55-2.0 g cm >, and acoustic
impedance 2,194-3,358 N s m . Water content increases from
~25% at the core base to ~40% at the core top, and fluctuates by
as much as 5% over the range of 21-39%. TOC content
increases progressively from ~0.8% at the core base to ~2.0%
at the core top, varying from 0.16-2.13%.

Core KCF10-15A covers the last 7,700 cal. years BP,
with eight ages available for sedimentation rate calculations
(Table 5). In the lower half of the core, the five oldest ages
cover a time period of only 590 years, but are associated
with the highest sedimentation rates recorded at all four

Age (cal. kyr BP)

coring sites combined (Fig. 8b). The oldest, lowermost core
interval (380-340 cm) extends from 7,730 to 7,700 cal.
years BP, corresponding to an extrapolated peak sedimen-
tation rate of 133.3 cm/century; indeed, more appropriate
would be arate of 13.3 cm/decade, because of the short time
interval of only 30 years. The same argument applies to
another sedimentation peak at 260 to 200 cm (40 cm inter-
val) that extends from 7,220 to 7,140 cal. years BP (80
years), where the rate is more appropriately calculated as 5
cm/decade. The upper half of the core covers the remaining
7,140 years; the sedimentation rates vary from 1.17 to 5.23
cm/century, any shorter-period peaks being masked by the
long time intervals between individual ages.

Age correlations between cores

When comparing sedimentation rates derived from unequal
time intervals, the overall rates may obscure stronger
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Table 4 Sedimentation rates for age intervals in core KCF10-09A from
the inner mid-shelf

Age interval Depth interval Sed. rate
(cal. years BP) (m) (cm/century)
0-910 0-1 0.11
910-1,480 1-10 1.57
1,480-2,460 10-71 6.22
2,460-2,960 71-131 12.00
2,960-3,420 131-161 28.26
3,420-4,570 161-251 7.83
4,570-5,250 251-281 4.41
5,250-5,730 281-341 12.50
5,730-7,150 341-399 4.08

fluctuations over shorter time intervals. Therefore, a synop-
tic chronostratigraphic cross-shelf diagram was constructed
to link selected age intervals in the four cores relative to
water depth. In Fig. 9, the spacing between any two succes-
sive isochrons (dashed blue lines) is proportional to the
local sedimentation rates, whereas the sedimentation rates
in adjacent intervals differ because of the different time
periods. This diagram provides a good indication of the
cross-shelf sedimentation trends in the study area over the
past 7,000 years.

As already described above, only the outer shelf core
(KCF10-01B) penetrated the entire Holocene succession.
Figure 9 shows that the lowest sedimentation rate occurs
on the outer shelf, and the next lowest on the inner shelf.
Highest sedimentation occurs on the mid-shelf (cores
KCF10-09A and KCF10-04A). Only the oldest age inter-
val of the inner shelf (core KCF10-15A) shows a sedi-
mentation rate similar to that of the mid-shelf. Of partic-
ular interest is the sudden decrease in sedimentation on
the inner shelf between 2,860 and 1,000 cal. years BP, and
the generally low rate over the past 1,000 years on the
mid-shelf compared to the outer shelf and especially the
inner shelf.

Statistical interrelationships

The Pearson correlation coefficients indicate a strong correla-
tion between P-wave velocity and gamma-ray density
(r=0.85); the former is also well correlated with mean
grain size (r=0.81). A very high correlation coefficient
(r=0.87) exists between water content and mud content.
Water content and TOC, by contrast, are weakly nega-
tively correlated with sediment physical properties; for
example, P-wave velocity versus TOC has a negative corre-
lation of r=0.24.
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Discussion and conclusions
Sea-level history and physicochemical characteristics

To understand the complex sedimentary evolution of this area,
three time slices were considered in the analysis. These de-
scribe well-known paleoenvironmental conditions around 12
and 6 ka BP, and the last 3 ka. It should be noted, however,
that for pre-Holocene times the sea-level history of the
Brazilian coast is still poorly understood.

During the last glacial maximum (ca. 18 ka BP) the relative
sea level in the study area stood about 110 m below its present
level and only the offshore coring site (KCF10-01B), located
at a water depth of 141 m, was submerged at that time, the
water depth being about 35 m. High-energy conditions in
shallow water evidently allowed even coarse sand to be
transported offshore up to and beyond the coring site. Two
periods of rapid and sustained sea-level rise occurred from ca.
16 to 12.5 ka BP and again from ca. 11.5 to 8 ka BP (Fig. 10).
These two phases of sea-level rise appear to be separated by
the Younger Dryas, a period of global cessation of ice retreat
(cf. Lambeck and Chappell 2001), sea level reaching about 60
m below the present-day one at 11.5 ka BP (cf. Guilderson
et al. 2000; Tarasov and Peltier 2005). Straddling the
Pleistocene—Holocene boundary (11.5 ka BP), these condi-
tions persisted up to about 9.6 ka BP (Figs. 5a, 10) when
relative sea level stood at about —40 m (Fig. 10; cf. Kowsmann
and Costa 1979; Corréa 1990; Guilderson et al. 2000; Artusi
and Figueiredo 2007; Reis et al. 2013). In the course of sea-
level rise, sand was thus initially deposited at all coring sites.
As documented in Fig. 5a and b, maximum sedimentation
rates occurred between about 10 and 8 ka BP. In correspon-
dence, the Vp, gamma-ray density and acoustic impedance
values are high (Fig. 5a). Only after 9.6 ka BP, when the water
depth at the offshore coring site (KCF10-01B) was about 100
m, did the supply of sand to the outer shelf gradually decrease
and the deposition of mud, especially of silt, increase.

Coring site KCF10-01B is located in the transparent echo
domain, which Damuth (1975) interpreted as being caused by
the presence of coarse sediment (sand or even gravel). As
expected, average TOC content is low at the base of the core
due to the high sand content, and increases toward the top with
increasing mud content (Fig. 5a). The strong variations in
TOC throughout the core could be evidence for corresponding
climate fluctuations associated with changes in productivity.
Such an interpretation is supported by the geochronological
inversions observed in core KCF-10-01B (Table 1), which
suggest that sea level fluctuated, especially around 7.8 and
6.7 ka BP (Corréa 1996; Angulo and Lessa 1997; Bard et al.
1998; Tarasov and Peltier 2005; Milne et al. 2005), and after
rising above the present level at around 6.5 ka BP, reaching a
maximum level of 2 to 3 m above the present-day level at
about 5.5 ka BP (Fig. 10). This was followed either by another
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two high-frequency oscillations (Martin et al. 2003) or by a
continuous drop to the present-day level (Cavallotto et al.
2004; Angulo et al. 2006), the evidence in this respect being
contradictory.

The second time slice, around approximately 6 ka BP, is
represented in all four cores. In this period, an extensive
portion of the shelf was now submerged, and the offshore
coring site (KCF10-01B) received increasingly less sand and
more finer-grained sediment. Sites KCF10-04A and KCF10-
09A, which are located on the mid-shelf at water depths of 112
and 110 m respectively, are dominated by fine-grained sedi-
ments from the base upward. Correspondingly, the Vp,
gamma-ray density and acoustic impedance values are lower
than those in the other cores (Figs. 6a, 7a). The Vp values are
consistent with the results of Macedo et al. (2009) for the
wider study area, and those of, for example, Hamilton (1980)

Age (cal. kyr BP)

and Richardson and Briggs (2004) for other world regions. As
expected, these cores display the highest TOC and water
contents of all four cores examined in this study. High TOC
contents in low-density sediments have been found by, for
example, Mayer et al. (2002) off Cape Hatteras (USA), con-
sistent with the preferential association of organic matter with
mud-rich sediments (e.g., Flemming and Delafontaine 2000).

The stratified echo character associated with these cores
supports the interpretation of a low-energy, mud-dominated
paleo-shoreface environment. The sedimentation pattern is
consistent with the stratified echo signature found by, for
example, Hong and Chen (2000) under low-energy conditions
on the continental margin of Taiwan. Moreover, Mullins et al.
(1979; cf. Damuth and Hayes 1977) observed a similar echo
character on abyssal plains. The considerable accumulation of
mud in this period (Fig. 9) is reflected in the sedimentation-
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Table 5 Sedimentation rates for age intervals in core KCF10-15A from
the inner shelf

Age interval Depth interval Sed. rate
(cal. years BP) (m) (cm/century)
0-650 0-34 5.23
650-2,860 34-60 1.17
2,860-5,470 60-160 2.30
5,470-7,140 160-200 2.39
7,140-7,220 200-260 75.00
7,220-7,400 260-291 21.10
7,400-7,700 291-340 14.00
7,700-7,730 340-380 133.30

rate peaks recorded in both cores (Figs. 6b, 7b). The presence
of the beach-rock ridge in the central portion of the study area
indicates a period of stable sea level. Although no samples
were collected to confirm the origin of this feature, previous
studies (Figueiredo and Tessler 2004; Reis et al. 2013) de-
scribed the micro-relief along the 110 m isobath at the south-
e limit of the Campos basin as of bioconstructional origin.
The ridge may have subsequently acted as a localized sedi-
ment trap blocking the bypassing of sediment, but the large

Age (cal a BP)
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Fig. 10 Sea-level curves for South America reconstructed by Angulo
and Lessa (1997), Guilderson et al. (2000), Tarasov and Peltier (2005),
and Milne et al. (2005)

sediment thickness northeast of it is more likely related to
structural control by the Cabo Frio High.

Sedimentation at the inshore coring site (KCF10-15A)
commences at about 7.7 ka BP at its base, the lower half of
the core recording extremely high sedimentation rates
(Fig. 8a, b), which may at least partially be explained by its
proximity to the coast. As sea level rose to its maximum
postglacial level, the average sand content gradually de-
creased from about 75% at the base of the core (7.7 ka BP)
to 70% at a core depth of 1.7 m (5.5 ka BP), the overall high
sand content explaining the reflective echo character of the
seabed.
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The third time slice represents the period after 3 ka BP,
when sea level had more or less reached its present-day
position (Corréa 1996; Fig. 10). Strengthening of the upwell-
ing system led to an increase in productivity (Gyllencreutz
et al. 2010). Together with the increasing deposition of finer-
grained sediment, this led to higher organic matter contents in
the sediment. This applies to all four coring sites, a similar
trend having also been reported from the eastern Brazilian
shelf by Dominguez et al. (2013).

Millennium-scale sedimentary evolution

The Cabo Frio High probably controlled the planform of the
regional coastline ever since its formation. The NW-SE align-
ment of the beach-rock ridge (Fig. 3) suggests that, in contrast
to the present-day E-W orientation (west of Cabo Frio), the
coast was oriented NW—SE during the LGM sea-level
lowstand. Similar situations along the Brazilian coastline have
previously been described by Angulo (1992) and Barbosa
(1995).

In his general analysis of eustatic variations along the
eastern Brazilian margin, Vieira (1981) identified cyclonic
and anti-cyclonic vortices in the Cabo Frio region, which
evidently influenced local sedimentation patterns. Thus, hy-
drostatic pressure differences induce downwelling, in the
course of which suspended sediment is trapped in the gyre
from where it is deposited on the seabed. This explains the

Fig. 11 Schematic representation
of the interaction between the
Brazil Current and the inshore
coastal countercurrent, which is
deflected offshore at Cabo Frio.
The reduction in velocity
associated with the shelf front
caused by the intrusion of South
Atlantic Central Water at the
bottom results in the spatially
confined cross-shelf
accumulation of sediment
(background image: MODIS
Aqua TrueColor, EOSDIS-
NASA, 21 June 2008)

fine-grained nature of the sediment in the mid-shelf cores
(KCF10-04A and KCF10-09A; Figs. 6a, 6b, 7a, 7b, and 9).

As observed in the study area today, wave-dominated
shallow marine sedimentation influenced by microtidal re-
gimes is sensitive to wave-induced fluctuations in water levels
(Davis and Hayes 1984), waves breaking at an angle to the
shoreline amplifying alongshore sediment transport. The cur-
rent pattern at Cabo Frio is complex because of the interaction
between the shelf front caused by the upwelling of South
Atlantic Central Water in the wake of intrusions of the Brazil
Current, and seasonal wind- or storm-induced coastal currents
that converge on Cabo Frio from the west and northeast. At
Cabo Frio the coastal currents are deflected offshore toward
the southeast (Viana et al. 1998; Piola et al. 2000; Belem et al.
2013). The intruding Brazil Current slows the offshore-
directed currents (Mesquita and Harari 2000), causing their
suspended load to be deposited across the shelf (Fig. 11). In
addition, this shear stress model results in the formation of
sand ridges on the shoreface near the coast (Figueiredo 1980).
In general, the coastal currents, in which the frictional cou-
pling between wind and fluid causes the water to be driven
forward, have a large capacity for sediment transport (Walker
and Plint 1992). The existence of such mechanisms in the past
is also supported by the chronological inversions found in
some of the strata (Table 1).

Cores KCB10-01B and KCF10-15A, i.e., the inner and outer
shelf cores, exhibit very similar sedimentological sequences and
acoustic patterns associated with coarse material, suggesting that
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both are endmembers of the same basic sedimentation model, in
which wind- and wave-driven alongshore transport of bedload
material is deflected by a change in shoreline orientation to result
in a similar depositional pattern, albeit at different times. This
pattern suggests that the source of terrigenous sand may have
been a barrier-island complex, which initially developed during
the LGM and that was subsequently displaced landward in the
course of sea-level rise until it stabilized some 6.5 ka BP along
the modern coast (Turcq et al. 1999). That terrigenous sand can
be transported far offshore on the shelf off SE Brazil was already
noted by Summerhayes (1976) and more recently confirmed by
Gyllencreutz et al. (2010). At the same time, muddy suspended
sediment derived from Guanabara Bay and the discharge of the
Paraiba do Sul and smaller rivers was transported to the area by
longshore drift (Dominguez et al. 1987, 2013) to be deposited
further offshore in the enigmatic cross-shore depocenter to the
southeast of Cabo Frio (Viana et al. 1998).

In conclusion, further core-based studies are required to better
define the regional Pleistocene—Holocene transition of the shelf
sediments off Cabo Frio. In particular, the nature of the lower
sedimentation unit deserves further attention—all that is currently
known about this unit is that it must be of Pleistocene age. This
could be achieved by collecting cores on a lateral transect along
which the upper sedimentation unit thins out.
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