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ABSTRACT

The evolution of paleo-incised-valleys in the Sdo Paulo State region of the southeastern Brazilian
continental shelf is presented in this study in relation to the post Last Glacial Maximum (LGM) sea-
level rises based on the submarine topography modeled by a detailed Digital Elevation Model and
evidences noted in high resolution seismic profiles. The hypothesis that has guided this study is that
the set of paleo-valley characteristics (i.e. the fluvial parameters of modern coastal drainage systems,
the topographical shape and dimensions of the valleys and of the subsurface channels) may indicate
aspects of the relation between the influence of the fluvial and the eustatic variation regime in
geomorphological-stratigraphic registers. Models described in the literature sustain the view that
faster marine transgressions tend to increase erosion in estuaries, which may explain the lack of
registers of paleo-drainage both in topography and the sub-surface in areas with wider shelves. On
the other hand, on narrower shelves, with a higher slope angle, the transgression process can
preserve, or even enhance, the incised valley registers during shoreface retreat. In the area studied,
we observed that the dimensions and form of the continental shelf varies from the northern to the
southern part of the area, affecting aspects of the geomorphological registers of the submerged
incised valleys.

ReEsumo

Este trabalho apresenta aspectos da relagdo entre a evolug@o da paleo-drenagem e evolug@o do nivel
do mar pés Ultimo Méximo Glacial (UMG) para a regido da plataforma continental do Estado de Sdo
Paulo. Para tal, foram analisados modelos topogrificos de detalhe da regido de Plataforma
Continental a partir de Modelos Digitais de Terreno além de dados de subsuperficie obtidos a partir
de linhas sismicas de alta resolugdo. A hipdtese que guiou este trabalho € de que o conjunto de
caracteristicas relativas aos paleo-vales (i.e. sua relagdo com a rede de drenagem atual, tamanho e
forma dos vales em topografia de fundo além das caracteristicas das fei¢des de incisdo dos canais em
subsuperficie) podem caracterizar a relacdo entre a processos fluviais e eustaticos na formagao desses
registros geomorfoldgicos e estratigraficos. Modelos descritos na literatura sugerem que rapidas
transgressdes marinhas tendem a amplificar o efeito erosivo da passagem da linha de costa e
afogamento dos canais estuarinos o que poderia explicar a falta de registros de paleodrenagem em
plataformas continentais planas e largas; por outro lado, em plataformas mais estreitas e mais
declivosas os processos regressivos podem preservar (ou até realgar) tais fei¢des. Na drea de estudo,
foi possivel observar que diferentes caracteristicas de forma e dimensdes da plataforma continental
ao norte e sul da drea estudada condicionaram o estabelecimento e preservagdo dos registros de
paleodrenagem.

Descriptors: Continental shelf, Incised valleys, Bathymetry, Digital terrain model.
Descritores: Plataforma continental, Paleo-vales, Batimetria, Modelo digital de terreno.

INTRODUCTION

The characteristics and distribution of paleo-
drainage registers were studied as an indicator of the
evolution of the continental shelf evolution over the
last regressive period (Post Last Glacial Maximum -
18 ky BP) when most of the world’s shelves
were exposed to subaerial erosional processes. Several
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studies have considered these factors as indicators of
the paleogeography of the subaerial surface and the
fluvial and hydrological regime during regressive
periods (see REYNAUD et al., 1999; LERICOLAIS et
al., 2003; TESSON et al., 2005; MEIJER, 2002;
BLUM; THORNQVIST, 2000). Although most of
these studies have focused on the direct analysis of the
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chanel incision surface and its relation to quaternary
stratigraphy based on seismic analysis (THORNE,
1994; LERICOLALIS et al., 2001; HORI et al., 2002,
NORDFJORD et al.,, 2005; SCHIMANSKI and
STATTEGGER 2005), it is possible to identify and
classify the main paleo-valley axis in the surface
topography even though they are covered by
marine sediments deposited during and after rises in
sea-level (CORREA, 1996; HARRIS; O'BRIEN,
1996; COLLINA-GIRARD, 1999; ABREU;
CAGLIARI, 2005; FINKL et al., 2005; STRAUB et
al,, 2007).

Different sedimentation model approaches
focus on the erosion and valley incision during
relative sea-level rises or falls (DALRYMPLE et al.,
1994; ASHLEY; SHERIDAN, 1994; ZAITLIN et al,,
1994), but there are few studies that characterize
the topographic expression of the paleo-drainage
registers. In order to address these issues this paper
focuses on a geomorphological approach, analyzing
aspects  of submarine relief related to drainage
patterns and regional morphological settings of the
continental shelf based on Digital Elevation Model
(DEM) processing.
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Figure 1 shows the study site location.

The continental shelf of Sdo Paulo State,
Brazil is a portion of a greater geomorphological
region of the southeastern Brazilian coast called
“Embaimento de Sao Paulo” (Sdo Paulo Bight), an
arc-shaped sector of the southeastern Brazilian margin
extending from 23°S to 28°S (ZEMBRUSCKI, 1979).
The geology and topography of the continental area is
characterized by the Meso-Cenozoic tectonic
processes that generated the mountainous landscapes
known as “Serra do Mar”. This high relief area was
thought to be the result of the erosional retreat of the
major bounding fault scarps of the Santos Basin.
Recent studies have suggested that the Serra do Mar
evolved in two stages (ZALAN; OLIVEIRA, 2005).
The first experienced a major uplift at the end of the
Cretaceous, possibly related to alkaline magmatism
(underplating), giving rise to a mega-plateau (300,000
km?). This uplift was followed during the Cenozoic by
the gravitational collapse of this mega-plateau leading
to the formation of a series of rifts parallel to the coast,
some of them presently located on the continental
shelf (DOMINGUEZ, 2009). In the northern zone of

Fig. 1. Study area location.
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the study area, this feature lies parallel to the coastline
(with mean altitudes of 800m) presenting irregular
contour pattern that characterizes the coastal
morphology, and gives way to several scarps
intercalated with small coastal plains and pocket
beaches. This particular characteristic has determined
the development of several small size fluvial basins
and the absence of major rivers. Due to the prevalence
of a humid, tropical climate, leached materials eroded
from the Serra do Mar are transported and discharged
into the ocean by small creeks and debris flow down
the hill slopes. The distance between the Serra do Mar
and the shoreline increases in the southern region of
the study area, allowing for the development of a
coastal plain, the establishment a wider drainage
system and the existence of the “Ribeira de Iguape”
river.

The hydrodynamic conditions on the inner
shelf are strongly dominated by wind- and wind wave-
driven currents, but as suggested by Mahiques et al.,
2002 and 2005, the sedimentation regime on the
middle and outer shelves as well as on the upper slope
are strongly influenced by the flow of the Brazil
Current (BC).

The characteristics of the surface sediments
of the Brazilian margin have been studied by several
authors, including Millimann (1978), Mahiques et al.
(2004) and Conti and Furtado (2006). The
distinguishing  characteristic ~ observed is  the
predominance of fine palimpsest sands with
considerable influence of mud and silt sediments in the
southern part of the study area, probably to be
associated with the influence of the La Plata river
discharge.

METHODS

The bathymetric data used in this work were
the product of multiple hydrography soundings
performed by the “Diretoria de Hidrografia e
Navegacdo (DHN)” of the Brazilian Navy. Sixty-five
thousand bathymetric points were computed to
generate a Digital Elevation Model (DEM) of the area.
Due to the high density of bathymetric samples, a
simple kriging method was used to interpolate the data
and generate a grid of the area, with dimensions of
2,331 lines by 3,696 columns with cell dimensions of
100 x100 meters.

The bathymetric DEM grid was submitted to
a set of processing operations to identify the drainage
network pattern. This was preceded by a set of
preprocessing operations such as the use of enhanced
and high-pass filters and “pit removal operations”. Pits
and local depressions in raster digital elevation models
have been unavoidable obstacles in the extraction of
drainage networks so several algorithms have been
developed in order to overcome this problem. Most of
the “terrain analysis” software packages have

algorithms  for  mathematical  correction  of
topographical surfaces. The method used in this study
has been based on the algorithm described by
Planchon and Darboux (2001). Since the post
transgressive marine processes tend to homogenize the
shelf topography and disturb the continuity of the
channels and valleys, the DEM was also submitted to
the “breaching™ algorithm described by Rieger (1998).
The algorithm valuates the local outlet of each closed
depression in a DEM to determine whether the
elevation of one or two cells at the outlet could be
lowered to eliminate or reduce the size of the
depression without reversing the direction of overland
flow across the outlet (MARTZ; GARBRECHT,
1999).

The paleo-drainage network itself was
extracted from the bathymetric grid using the
algorithm of Runoff extraction “single-flow-direction
D8 method” described in O’Callahan and Clark
(1984). This method compares the elevation of each
grid cell with the elevations of its eight adjacent
neighbours (i.e. each cell within one row and one
column) and a single flow direction is assigned along
the steepest down-slope path. The surface drainage
pattern defined by these overland flow directions
allows for the derivation of the upstream drainage area
or flow accumulation for each cell. Once the drainage
network is delineated, the contributing areas for the
source nodes of exterior links, and the contributing
areas for both left and right banks of all channel links
are identified (Lacroix et al., 2002). The next step was
to classify the flow lines on the basis of the Strahler
Stream Order algorithm (Strahler,1964). Highest order
flow paths were vectorized and identified as the main
paleo-valleys.

Due to the very gentle declivity angle of the
continental shelf, it was impossible to extract further
quantitative parameters from the model since most of
the topographical characteristics of the original erosive
terrain were masked; however, the main flow direction
can still be preserved and identified. Figure 2 shows
the methodological framework of the drainage
extraction from Digital Terrain Models.

In order to characterize some of the incised
channels in the subsurface of specific areas and
correlate them with the paleo-valleys extracted from
the DTM, registers of high-resolution sub-bottom
profiles acquired by a Sparker were also analyzed. The
profiles were located in the northeastern part of the
area near Sdo Sebastifio island. The seismic source
system was a 1000 J sparker fired at 1.6 second
intervals. Figure 3 shows the location of the seismic
survey .

In order to characterize the continuity of the
river systems on the mainland, LANDSAT 7 images
(ETM+ sensor) were analyzed. All the information
was stored and manipulated in GIS.
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Fig. 2. Methodological framework of
paleodrainage extraction from DTM used in
this study.
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Fig. 3. Paleo-valleys P1, P2 and P3 (white lines) and the seismic profiles
positions (broken black lines). The circle in central part of the Figure
indicates the location of the register presented in Figure 5.
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REsuLTs

Figure 4 shows the distribution of the main
paleo-valley network axis generated by the DEM. This
paleo-drainage model shows a reasonable correlation
with modern fluvial systems: eight main runoff valleys
were identified, five of which can be directly
associated with one single river and the other three
have no direct link with present individual drainage
valleys.

The most northerly valley (identified as
“P1”’) does not have a significant river associated with
it although the geomorphology of the mainland may
indicate the following. The Serra do Mar mountain
complex is particularly close to the shore on this
segment of the coast, which did not allow for the
identification of important river basins; however,
during transgressive periods, with the continental shelf
exposed, all established drainage patterns should
converge into one large river and be identified by the
model. This submerged valley basin, calculated to
have an area of 980,000 acres or approximately 4,000
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square kilometers, is of regular shape. This feature can
be tracked down to a depth of 128 meters.

Sdo  Sebastido island controls the
configuration of the paleo-valleys already identified
and described by Zembrusky (1979) and Furtado et al.
(1996) as Buzios and Sdo Sebastido, respectively,
corresponding to the P2 and P3 of this present study.
These systems are two of the most -clearly
distinguishable channel formations on the southeastern
Brazilian shelf despite the absence of large rivers in
this area of the coastal zone.

The most significant river is the
Juqueriqueré, with a mean outflow of less than 20m’/s,
being too small, therefore, to cut such an immense
channel on the shelf. Both P2 and P3 attain a depth of
120 meters near the Last Regressive Maximum
Position (LRMP), as seen Figure 4. Channel incision
structures also can be seen in the upper reflectors on
the seismic profiles (Fig. 5) in both cases, the presence
of cut/fill features accompany the valleys down to a
depth of approximately 75 meters.

Position of the
120m ischath (LRMP)

30 ] 30 60
™ ™ g™ e
Kilometers

Fig. 4. Distribution of main paleo-valleys systems on the Southeastern Brazilian continental shelf. LRMP = Last

Regressive Maximum Position.
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Fig. 5. Sparker profiles indicating typical incised channel structures from the paleo-valley P2. twt = Two way time.

The paleo-valleys P4, P5 and P6 cover the
widest part of the shelf for more than 100 km from the
modern coastline to the LRMP. They are, nevertheless,
clearly marked on the topography despite there being
no registers of them on the middle and outer shelf
seismic lines. The only channel features found on the
seismic profiles are linked to the P5 valley on the inner
shelf at the depth of 25 meters. The drainage
associated with P4 and P5 is from rivers and creeks
with a mean outflow of below 20 m*/s as in the case of
the Santos, Mogi and Itapanhad rivers. The P6 is
clearly connected to the Itanhaém River, one of the
largest river systems of the region with a mean
outflow of 80 m¥s.

The largest river in the  area is the
Ribeira de Iguape with a mean outflow of 300 m%/s
(with maximum values greater than 1500 m’/s). It
presents one paleo-valley associated with a
topographical expression beginning at the 25 m
isobath closely linked to the actual river mouth (P7).
Further south, approximately 5 km away, another
valley feature runs parallel to the first(P8). Based on
the size of the valleys and their positions, it is
reasonable to suppose that both features were linked to
the Ribeira de Iguape River, which indicates a channel
migration. P8 points to the middle of a barrier island
called “Comprida” (Long Island) associated with a
lagoonal system. Suguio and Martin (1978) described
the evolution of the Comprida Island as a late
Pleistocenic/Holocenic ~ accretion with northward
direction determined mainly by long-shore current
processes.

An abandoned valley feature characterized
by high humidity and typical vegetation was observed
in coastal areas, on Landsat ETM+ Images, at the
projected point of convergence of the two paleo-
valleys. Seismic lines acquired between the Comprida
island and the mainland showed a clearly defined
incised channel exactly at the point projected from the
P8.

The representation of the bathymetry (with
the paleo-valleys) and the satellite image may be seen
in Figure 6.

Discussion

As observed from the continental shelf, the
paleo-valley features have diverse topographical
expressions and are differently related to the drainage
system that generated them. Some of those identified
by the digital terrain model were quite conspicuous
and easily detected while others could only be
distinguished by using enhanced filters on the
topography DEM; however, there is no apparent
relation between the size and dimension of the paleo-
valleys and the shape, form, outflow or basin
characteristics of the modern rivers. Another
characteristic of the morphology of the paleo-valleys
is their relation to the sub-surface channel features,
which can be identified by seismic profile registers.
While the paleo-valley network obtained by the DEM
presented a continuous form, most of the cut/fill
channel features presented irregular and discontinuous
forms with very good registers at some sites which
vanished at others.
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Fig. 6. A. Combination of satellite image (Band TM-4 - near infrared spectral band), isobaths
and main paleo-valley network (broken grey lines). B- Detailed region of the supposed
abandoned valley (characterized by darker areas) from Ribeira de Iguape River converging on

the shelf paleo-valley P8 identified by the DTM.

In the case of the Ribeira de Iguape river,
especially, none of two paleo-valleys on the
continental shelf presented any register of channel
features in the subsurface on the continental shelf,
only inside the lagoon system. This may be due to the
fact that the sand that forms the basin on the shelf is
the same as that covering it in transgressive processes,
not producing enough impedance contrast between the
seismic units.

Koss et al. (1994), Ashley and Sheridan
(1994), Gutierrez et al. (2003), Weber et al. (2004) and

Hori et al. (2002) report that continental shelves
correlate poorly with the hydrological fluvial regime
and are associated more with the sea level fluctuation
and the submerging processes of the incised valleys
during marine transgressions. In the case of the present
study area, the most remarkable paleo-valleys were
found on the northern part of the shelf (e.g. P1, P2,
P3), where the shelf is narrower. In the southwestern
region, the paleo-valleys became smoother, even with
larger rivers associated, as seen in Figure 7.
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Fig. 7. Relation between paleo-valleys maximum incision depth (bars) and mean continental
shelf length in the respective river basin area (line).
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CONCLUSIONS

Incised paleo-valleys on continental shelves
can leave traces not only in the subsurface but also in
the submarine topography, although these registers can
be very subtle and difficult to identify. Consequently,
the DEM can be a valuable tool for extracting and
analyzing such continental shelf paleo-drainage
systems.

In this study, DEM identified 8 main paleo-
valley systems which show different degrees of
correlation with the modern coastal drainage pattern.
This characteristic indicates that the sea-level rise rate
and the posterior marine erosion/deposition may have
more influence on the size and shape of the drowned
channels than their original topographic or
hydrographic characteristics. The study site presents
two different paleo-valley characteristics: Northward
from Séo Sebastido island where the shelf is narrower,
the paleo-valley registers on the topography are more
evident even where there are no considerable river
basins. These three paleo-valley (P1, P2 and P3)
systems also present clear cut and fill registers in the
sub-surface, as indicated in seismic profiles.
Southward from Sdo Sebastido Island, where the two
largest rivers are located (Ribeira de Iguape and
Itanhaém), the topographical registers are quite
smooth and there are very few good seismic registers
of channel features. The continental shelf in this area
is almost 70% wider, so the horizontal marine
transgression was considerably faster than on the
northern shelf, which is consistent with the model
developed by Koss et al.(1994) who propose that
faster marine transgressions tend to increase the
erosional processes in river mouths, thus explaining
the lack of registers in the topography and the sub-
surface.
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