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Abstract

The Pelotas Basin, located on the SE Brazilian shelf, has evolved since the Aptian. Stratigraphical data from the basin
can be used for delineation of the unconformity-bounded units (synthems) on the shelf, which is a first step towards
a full understanding of its stratigraphic architecture, evolution, and hydrocarbon potential. Hiatuses in the Cenozoic
succession of the Pelotas Basin are established with both biostratigraphic (planktonic foraminifers and calcareous nan-
nofossils) and isotopic (¥Sr/%Sr) data. The seven recognised hiatuses are dated respectively as (1) Palaeocene (Dani-
an-Thanetian), (2) Palaeocene/Eocene boundary (Thanetian-Ypresian), (3) Eocene (Ypresian-Lutetian), (4) Eocene-Oli-
gocene (Lutetian-Rupelian), (5) early-late Oligocene (Rupelian-Chattian), (6) early Miocene (Aquitanian-Burdigalian),
and (7) middle-late Miocene (Serravallian-Tortonian). These intervals between the hiatuses are correlated with those of
the Santos and Campos Basins north from the Pelotas Basin.

The breaks in sedimentation that these basins have in common occurred (1) at the Palaeocene-Eocene and (2) Eocene-Ol-
igocene transitions, (3) in the early Miocene, and (4) in the middle-late Miocene. These main unconformities outline
five synthems on the SE Brazilian shelf, viz. the SEBS-1 (Palaeocene), SEBS-2 (Eocene), SEBS-3 (Oligocene), SEBS-4
(early-middle Miocene) and SEBS-5 (late Miocene-Holocene). The above unconformities are correlated with those es-
tablished in the Cenozoic sedimentary successions of different regions such as Western Siberia, Arabia, NW and NE
Africa, peninsular India, S Australia, the Gulf of Mexico, NW Europe, and South Africa.

The only regional unconformity, near the Oligocene/Miocene boundary, coincides with the nearly-global sedimenta-
tion break. The latter was resulted from a climatic event, i.e., the “‘Mi-1 glaciation’. Thus, a eustatic origin is supposed
for this regional unconformity. The other regional unconformities also correspond to global sea-level falls (probably
with an exception for the Palaeocene/Eocene surface), which suggests that global eustatic movements controlled the
development of the regional synthem architecture.

Key words: synthem, Pelotas Basin, Brazilian continental shelf, Cenozoic



274

Geise de Santana dos Anjos Zerfass et al.

1. Introduction

Unconformity-bounded units can help deci-
phering the regional stratigraphic architecture
and global correlations of its particular ele-
ments. The basic unconformity-bounded unit
is the synthem, as defined by Chang (1975) and
adopted as a formal stratigraphic unit (Salva-
dor, 1987, 1994). Synthems have remained in
use until now (e.g., Sacchi et al., 1999; Ruban
et al., 2009; Ielpi, 2012), because establishing
synthems are complementary to the use of se-
quences (see Ruban, 2007; Ruban et al., 2009).
Although modern changes in the very essence
of sequence stratigraphy (Catuneanu, 2006;
Catuneanu et al., 2009, 2010, 2011) may dictate
further revision of the relationships between
synthems and sequences (cf. Murphy & Sal-
vador, 1998; Salvador, 2003), it is evident that
synthems may be useful as non-genetic units
and as units that are independent of our under-
standing of basin-scale sedimentary processes
(Ruban, 2007). In other words, synthems and
sequences differ, and they are not alternatives
for each other. The establishment of both types
of units may be mutually helpful.

The SE Brazilian shelf is an important hy-
drocarbon province, containing the most im-
portant reserves of Brazil as well as the major
current production sites (Fig. 1). In this region,
the Cenozoic sedimentary successions of the
Pelotas, Santos, and Campos Basins are inter-
rupted by a series of main unconformities. De-
spite a huge amount of published (Koutsoukos,
1982; Gomide, 1989; Anjos & Carrefio, 2004;
Bueno et al., 2007) and unpublished (Fontana,
1996; Anjos, 2004; Anjos-Zerfass, 2009) data on
the stratigraphy and evolution of the Pelotas
Basin, it remains less intensively studied than
the other basins. More detailed examination of
the sedimentary records from the Pelotas Ba-
sin is therefore desirable, also because of the
current needs of hydrocarbon exploration. In
contrast, the Santos and Campos Basins have
been studied very well since the 1970s, due to
their important hydrocarbon occurrences. The
litho- and biostratigraphical knowledge of the
latter basins is rather consistent (the database
established by the o0il companies is, however,
not available for researchers).

The published stratigraphic framework
(Moreira et al., 2007; Winter et al., 2007) can
be discussed for comparison of the Cenozoic
sedimentary successions of the Pelotas Basin
and the other basins on the SE Brazilian shelf.
In the case of the Pelotas Basin, where no out-
crops of strata older than Quaternary are pres-
ent, and where the scarce drill-wells yield only
biostratigraphical and lithostratigraphical data
obtained from cutting samples (Fig. 2), un-
conformity-bounded units become useful for
correlation. This is because biostratigraphical
and isotope methods for determining relative
ages allow the recognition of important hia-
tuses, which can be correlated with regional or
global unconformities. In contrast, the highly
informative sequence-stratigraphy deals with
stacking patterns, so that it needs integrated
seismic, outcrop and drill-core data, which are
not jointly available for the Pelotas Basin.

The objectives of the present contribution
are (1) to establish Cenozoic hiatuses in the
Pelotas Basin, (2) to outline synthems and to
trace them over the SE Brazilian shelf, and
(3) to put the synthem stratigraphic architec-
ture thus obtained into a global eustatic con-
text. The available biostratigraphical (plank-
tonic foraminifers, calcareous nannofossils),
lithostratigraphical, and isotope-stratigraphi-
cal (¥Sr/%Sr) datasets (see details below), also
obtained from new studies, are employed for
these purposes.

2. Geological setting

The southern border of the Pelotas Basin is
located off the coast of Uruguay (Fig. 1). The
basin is located between 28°40" S and 34° S, be-
tween the Floriandpolis and Sao Paulo Highs
(Brazil) in the North and the Polonio High and
the Chui Lineament (Uruguay) in the South
(Kowsmann et al., 1974; Bassetto et al.; 2000;
Rosa, 2007; Dias, 2009). The Florianépolis and
Sao Paulo Highs are of volcanic origin, corre-
sponding to the initial phases of the Pelotas
and Santos Basins (late Aptian) (Dias, 2009).
The Polonio High is a feature of the Precambri-
an basement of the Uruguayan Shield. The sur-
face area of the basin is about 210,000 km? off-
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Fig. 1. Location of the area under study.

A: Location during the Eocene (simplified from scotese.com); B: Present-day location of the Pelotas, Santos, and

Campos Basins (modified from Soto et al., 2011).

shore until the isobath of 2,000 m, with 40,000
km? onshore, where only Quaternary deposits
are cropping out (Figs 1-2). The maximum
thickness of the sedimentary succession, from
the Aptian to the Holocene, is about 12,000 m
(Fontana, 1996). Like the other basins of the SE
Brazilian shelf, the evolution of the Pelotas Ba-
sin began with the break-up of Gondwana and
the opening of the South Atlantic, i.e., since the
Aptian (Ojeda, 1981, Asmus & Baisch, 1983,
Conceicdo et al., 1988, Chang et al. 1992, Cainel-
li & Mohriak, 1999). The Cenozoic succession
was deposited on a true passive margin during
the drift phase.

The Santos Basin is located to the north
from the Florianépolis High, i.e., between the
latitudes 23° and 28°S. Its northern border is
marked by the Cabo Frio High (Fig. 1). The
Campos Basin is located north of the Santos
Basin, separated from the Espirito Santo Ba-
sin by the Vitéria High (Fig. 1). Both structural
highs are features of the basement, which are
Brasiliano-Pan-African (i.e., Neoproterozoic)
in age. The entire succession of the both basins
is Neocomian to Holocene in age (Moreira et
al., 2007; Winter et al., 2007).

The Cenozoic successions of the SE Brazilian
shelf reflect a major regressive episode, when
a clastic wedge prograded seawards. There is

a time-persistent lateral variation from coastal
to deep-marine environments on a pure silici-
clastic or a mixed platform. The coastal systems
are sandy fluvial and deltaic units, namely the
Cidreira Formation in the Pelotas Basin (Bueno
et al., 2007), the Ponta Aguda Formation in the
Santos Basin (Moreira et al., 2007), and the Em-
boré Formation in the Campos Basin (Winter et
al., 2007). Shallow-marine carbonates are pres-
ent in the Santos and Campos Basins, where
they compose the Iguape and Emboré Forma-
tions, respectively (Moreira et al., 2007; Winter
et al., 2007). The deep-marine deposits are pe-
lagic mudstones, namely the Imbé (Pelotas Ba-
sin), Marambaia (Santos Basin), and Ubatuba
(Campos Basin) Formations (Bueno et al., 2007;
Moreira et al., 2007; Winter et al., 2007). Deep-
marine sandstone bodies are associated with
density flows deposited close to the continen-
tal slope. These deposits are more important
in the Santos and Campos Basins, where the
submarine channel-lobe complexes constitute
important reservoirs.

3. Materials and methods

The chronostratigraphy of the Pelotas Ba-
sin is based on biostratigraphical and isotope
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Fig. 2. Location map of the Pelotas Ba-

sin with wells and data obtained.

data which were obtained from exploratory
oil wells drilled by Petrobras (Fig. 2). In terms
of biostratigraphy, the data were taken from
two studies of planktonic foraminifers (Kout-
soukos, 1982; Anjos, 2004) that employed cut
samples of two wells in the northern part of the
basin. The work by Koutsoukos (1982) includ-
ed the entire Cenozoic succession, whereas
Anjos (2004) dealt with the Miocene-Pliocene
interval. Additionally, calcareous nannofos-
sils of the entire Cenozoic section onshore and
offshore were studied by Gomide (1989). The
above authors pointed out some hiatuses in the
stratigraphic record. However, as each author
adopted a different zonation scheme, the hia-
tuses do in many cases not coincide.

Relative ages inferred from ¥Sr/%Sr curves
of foraminifer shells from two wells drilled by
Petrobras (Anjos-Zerfass, 2009; Fig. 2) were
used to reinforce the identification of impor-
tant hiatuses which are marked by shifts in
age throughout the section. These wells, 1A,
2A and 2-RSS-1, are located in the central part
of the basin. The drill-hole 1-A section ranges
from the Eocene to the middle Miocene and
the 2A section ranges from the Eocene to the
Pliocene; from drill-hole 1-RSS-2, data were
collected from a short interval of a drill-core

recovering the early/middle Miocene transi-
tion. This technique enabled accurate determi-
nation of the relative age, with the best reso-
lution registered at steeped segments of the
standard curve with the best temporal resolu-
tion achieved in the intervals from late Eocene
to middle Miocene and from late Pliocene to
Pleistocene (Elderfield, 1986; Hess et al., 1986;
Hodell et al., 1991; Hodell & Woodruff, 1994;
Oslick et al., 1994).

The synthem stratigraphic approach em-
ployed for the purpose of the present analysis
is based on recommendations of the Interna-
tional Commission on Stratigraphy (Salvador,
1994). Additionally, the study by Ruban et al.
(2009) is used as a kind of template. Identifi-
cation of hiatal surfaces permits to outline the
more or less uniform sedimentary packages
in between, whereas various stratigraphical
techniques (see above) allow to establish their
age. The synthem stratigraphic architecture
thus obtained is ready for further interregional
correlations within the framework of modern
chronostratigraphy (Ogg et al., 2008). The pres-
ent study involves a three-step approach. First,
surfaces in the Cenozoic succession of the Pe-
lotas Basin representing a hiatus are registered
on the basis of the available (both published
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and new) data. Then these surfaces are corre-
lated across the SE Brazilian shelf, comparing
the sedimentary successions of the Pelotas,
Santos, and Campos Basins. Finally, the inter-
vals between the hiatuses that the three basins
have in common are suggested as regional syn-
them boundaries that may be further discussed
in a global context. Only those surfaces that
reflect more or less significant sedimentation
breaks and can be interpreted as unconform-

ities have been used for the purposes of the
present contribution.

4. Cenozoic surfaces representing
hiatuses in the Pelotas Basin

The analysis of the Cenozoic biostrati-
graphical framework of the Pelotas Basin leads
us to the identification of five hiatuses in the

biostratigraphy
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Fig. 4. ¥Sr /%Sr curves of drill-holes 1A, 2A and 2-RSS-1 from the Pelotas Basin [recalculated on the basis of data from
McArthur et al., 2001, and McArthur & Howarth (in Gradstein et al., 2004)]. The shifts in the curve slopes are inter-

preted as hiatuses (indicated by the arrows).

stratigraphic record above the K/Pg bound-
ary (Fig. 3). In the Palaeogene, the Danian-
Selandian and Thanetian-Ypresian hiatuses
were detected by biostratigraphy on the basis
of nannofossils (Gomide, 1989) and foramini-
fers (Koutsoukos, 1982). One important hiatus
has been reported from the Eocene (Lutetian-
Ypresian), established also with both foramini-
fer and nannofossil studies. A gentle shift in
the ¥Sr/%Sr curve of drill-hole 2A may also
record this hiatus (Fig. 4). Bueno et al. (2007)
also referred to this surface as the middle Eo-
cene unconformity. The ¥Sr/*Sr curve of
drill-hole 2A shows a significant shift near the
Eocene/Oligocene boundary; the gentler slope
of the curve from the latest Eocene to the late
Oligocene in the drill-hole 1A is evidence of
a phase of erosion and/or non-deposition (Fig.
4). Thus, the strontium-isotope data indicate
an unconformity embracing the Lutetian-Ru-

pelian interval (40--30 Ma) with a time-span
of 6.95 Ma. Abreu (1998) identified three se-
quence boundaries in this interval, based on
seismic data; Contreras et al. (2010) also re-
ported an erosional surface and its correlative
conformity from this interval on the basis of
well logs and seismic data. Another hiatus was
identified in drill-hole 2A near the Rupelian/
Chattian boundary (approx. 28 Ma; Fig. 4); its
time-span is 2.4 Ma. Contreras et al. (2010; see
Fig. 8c) pointed out the discontinuity and inter-
preted it as a maximum flooding surface.

In the Neogene, two main hiatuses occur.
The Agquitanian-Burdigalian hiatus was de-
tected by both Koutsoukos (1982) and Anjos
(2004). The ¥Sr/*Sr curves of both drill-holes
1A and 2-RSS-1 display hiatuses at the Burdi-
galian/Langhian boundary, with a duration
of 2.9 Ma and 1.22 Ma, respectively (Fig. 4).
Drill-hole 2A represents continuous deposi-
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tion throughout the Burdigalian, and a hiatus
comprising part of the Langhian and the entire
Serravallian, constituting a break in sedimen-
tation of 3.53 Ma. Both the biostratigraphical
and isotope evidence of the hiatuses is con-
sidered here as the record of a strongly dia-
chronous unconformity developed in the early
Miocene. Fontana (1996) and Contreras et al.
(2010) mentioned an erosional unconformity
of early Miocene age; Abreu (1998) identified
a sequence boundary close to the Oligocene/
Miocene boundary and three more within the
Burdigalian. Another hiatus was assigned to
the Tortonian-Messinian by Anjos (2004), but
to the Serravallian by Koutsoukos (1982) (Fig.
3). On the basis of the ¥Sr/%Sr curve of drill-
hole 2A, a hiatus must be present close to the
Tortonian/Messinian boundary, comprising
2.95 Ma (Fig. 4). Fontana (1996) reported the
occurrence of an erosional surface at the Ser-
ravallian/Tortonian boundary. Abreu (1998)
identified one sequence boundary in the up-
permost Serravallian and another one in the
lowermost Tortonian; the former is related to
an important 6O peak. Hiatuses in both the

Lower and Middle-Upper Miocene have been
identified by Bueno et al. (2007), who interpret-
ed them as unconformities.

In summary, the following hiatuses were
identified in the Cenozoic section of the Pelo-
tas Basin on the basis of the available data: (1)
Danian--Thanetian, (2) Thanetian-Ypresian,
(3) Ypresian-Lutetian, (4) Lutetian-Rupelian,
(5) Rupelian-Chattian, (6) Aquitanian-Burdi-
galian, and (7) Serravallian-Tortonian (Fig. 3,
4).

5. Correlation of missing intervals
across the SE Brazilian shelf

The Santos and Campos Basins (Fig. 1)
have been well studied due to the numerous
exploration projects by the oil industry. Fig-
ure 5 shows a simplified chronostratigraphi-
cal chart of these basins, based on the revised
stratigraphy performed by Moreira et al. (2007)
and Winter ef al. (2007). The hiatuses shown in
Figure 5 are interpreted as unconformities. The
following four of these unconformities can be

I
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correlated with the hiatuses in the Pelotas Ba-
sin (Fig. 5).

(1) A remarkable feature is the strongly di-
achronous unconformity at approximately the
Palaeocene/Eocene boundary. This major un-
conformity in the Campos Basin corresponds to
the entire interval between the Danian-Thane-
tian and Ypresian-Lutetian unconformities,
corresponding to the erosive event A" of An-
tunes (1989) that was recorded on the Brazilian
continental margin north of the Pelotas Basin.

(2) The unconformity near the Eocene/Ol-
igocene boundary has been identified in the
Santos and Campos Basins (Moreira et al., 2007
Winter et al., 2007, Fig. 5). Contreras et al. (2010)
considered this surface as a sequence bounda-
ry linked to a sea-level fall. According to the
presented data and biostratigraphical works
(Koutsoukos, 1982; Gomide, 1989; Anjos, 2004),
the unconformity embraces the Priabonian
and partially the Bartonian, which suggests its
strong diachroneity.

(3) The Aquitanian-Burdigalian unconform-
ity was formed, probably, due to an erosive
event, considering that Fontana (1996) recog-
nised with seismic profiles and biostratigraph-
ical data an erosional hiatus surface in the low-
er Miocene succession of the Pelotas Basin, i.e.,
between 20 and 18 Ma. An erosional event of
Burdigalian age (approx. 17.4 Ma), called the
'E Event’, was registered in the south-eastern
part of the Brazilian continental margin (An-
tunes, 1989; Abreu & Savini, 1994). Contreras et
al. (2010) observed an erosional unconformity
at the base of the Miocene in the Campos and
Santos Basins; this surface is younger (early
Miocene) in the Pelotas Basin.

(4) The Serravallian-Tortonian unconform-
ity has also been recognised in the other basins
of the Brazilian continental margin (e.g., Viana
et al., 1990; Rossetti, 2001; Arai, 2006; Pasley et
al., 2005), representing a regional correlation
horizon formed as a consequence of a sea-level
fall that peaked in the middle Miocene (Bur-
digalian-Serravallian). From the Pelotas Basin,
Fontana (1996) reported the occurrence of an
erosional surface within the upper Miocene
succession (approx. 10 Ma) that would corre-
spond to the Serravallian-Messinian uncon-
formity. An erosional surface of late Miocene

age was also reported by Contreras et al. (2010)
from the Santos Basin.

6. Nomenclature of the regional
Cenozoic synthems

The above major unconformities make it
possible to establish five synthems on the SE
Brazilian shelf, viz. the SEBS-1 (Palaeocene),
SEBS-2 (Eocene), SEBS-3 (Oligocene), SEBS-4
(early-middle Miocene) and SEBS-5 (late Mio-
cene to Holocene) (Fig. 6). The synthems are
described below and complementary informa-
tion is presented in Table 1.
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Fig. 6. Proposed synthem stratigraphic framework of the
SE Brazilian shelf.
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Table 1. Characteristics of the unconformity-bounded units.

syn- time inter- thickness

lithostratigraphic units

them val ) (oG] lithology palaeoenvironments

SEBS-5 Tortonian - 370-700  Cidreira, Imbé, Ponta Aguda, conglomerates, alluvial fan, fluvial,

Holocene Iguape, Marambaia, Carapebus,  sandstones, diamicti- coastal, shelf, submarine
Emboré (Grussai and Sao Tomé tes, peats, mudstones channel-lobe complex
Members), Ubatuba (Geriba
Member)

SEBS-4 Aquitani- 370-650  Cidreira, Imbé, Barreiras, Ponta conglomerates, sand- alluvial fan, fluvial,
an/Bur- Aguda, Iguape, Marambaia, Em- stones, mudstones, coastal, shelf, submarine
digalian - boré (Sao Tomé and Siri Mem- reefal and bioclastic channel-lobe complex
Tortonian bers), Ubatuba (Geriba Member), carbonates

Carapebus

SEBS-3 Priabonian 350-1,300 Cidreira, Imbé, Ponta Aguda, sandstones, mudsto- coastal, shelf, submarine
- Aquitani- Iguape, Marambaia (Maresias nes, carbonates channel-lobe complex
an/Burdi- Member), Emboré (Sdo Tomé
galian and Grussai Members), Ubatuba

(Geriba Member), Carapebus

SEBS-2 Ypresian - 270-1,300 Imbé, Ponta Aguda, Marambaia, sandstones, conglo- coastal, shelf, submarine
Late Barto- Carapebus, Emboré (Grussai and merates, diamictites, channel-lobe complex
nian/ Sao Tomé Members) mudstones, carbo-

Early Pria- nates, marls, basaltic
bonian flows, peperites

SEBS-1 Danian - 200-600  Cidreira, Imbé, Ponta Aguda, Ma- sandstones, conglo- alluvial fan, fluvial,
Ypresian rambaia, Carapebus, Emboré (Sdo merates, diamictites, coastal, shelf, submarine

Tomé Member), Ubatuba (Geribae mudstones, marls

Member)

channel-lobe complex

6.1. Synthem SEBS-1

This synthem comprises an interval be-
tween the Cretaceous/Tertiary boundary and
the uppermost Thanetian (Pelotas Basin) to
the uppermost Ypresian (Campos Basin). It is
composed (from base to top) by the planktonic
foraminifer-based zones Globorotalia pseudobul-
loides (currently Parasubbotina pseudobulloides)
and Globorotalia pusilla pusilla (currently Igorina
pusilla) (Koutsoukos, 1982) and the nannofos-
sil-based zones N-290 (Arkangelskiella cymbi-
formis), N-340 (Heliolithus kleinpelli) and N-350
(Fasciculithus spp.) (Gomide, 1989).

The hiatus between the zones N-290 and
N-340 is considered to be a local feature rep-
resenting either erosion or non-deposition in
the Pelotas Basin, as it has no continuity to the
other basins (Figs. 3, 6).

6.2. Synthem SEBS-2

This synthem rests on the Palaeocene-Eo-
cene unconformity, and it encompasses a strati-

graphic interval from the lowermost Ypresian
to the upper Bartonian-lower Priabonian.

According to the data published by Kout-
soukos (1982) for the Pelotas Basin, the SEBS-2
synthem comprises the foraminifer-based
zones Globorotalia wilcoxensis (currently Aca-
rinina wilcoxensis), Globigerinoides higginsi (cur-
rently Gumbelitrioides nuttalli) (upper part),
Orbulinoides beckmanni, and Globigerinatheka
semiinvoluta / Truncorotaloides rohri (currently
Acarinina rohri). This unit encompasses the
nannofossil-based zones N-410 (Discoaster
diastypus), N-420 (Marthasterites tribrachiatus),
N-430 (Discoaster lodoensis), N-450 (Chismoli-
thus grandis), N-460 (Micrantolithus procerus)
and N-470 (Discoaster barbadiensis) according to
Gomide (1989). The absence of the zones Glob-
orotalia pseudomenardii (currently Globanomali-
na pseudomenardii) and Globorotalia velascoensis
(currently Morozovella velascoensis) between
the Globorotalia wilcoxensis (currently Morozo-
vella wilcoxensis) and the upper part of the Glo-
bigerinoides higginsi zones and the zone N-440
(Chiasmolithus gigas) is interpreted as a regional
hiatus (Figs 3, 6).
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Volcanic rocks are related to the Abrolhos
Magmatic Event (5312 Ma) and the Middle Eo-
cene Magmatic Event.

6.3. Synthem SEBS-3

This synthem was deposited on top of the
upper Eocene-lowermost Oligocene uncon-
formity, ranging from the lowermost Rupelian
to the upper Burdigalian (in the Pelotas Basin)
or the lower Aquitanian (in the Santos and
Campos Basins). In the Pelotas Basin, SEBS-3
encompasses the foraminifer-based zones Glo-
bigerina ampliapertura (currently Turborotalia
ampliapertura) / Globorotalia cerroazulensis (cur-
rently Turborotalia cerrozulensis), Globigerina
ciperoensis, Globorotalia kugleri (currently Para-
globorotalia kugleri), and the lower part of the
Globigerina rohri (currently Globoquadrina rohri)
(Koutsoukos, 1982). According to Anjos (2004),
the upper part of this synthem is also related to
the planktonic foraminifer-based zones Cata-
psydrax dissimilis and Catapsydrax stainforthi.

The nannofossil-based zones N-510 (Reticu-
lofenestra umbilica), N-520 (Sphenolithus pseudo-
radians), N-530 (Sphenolithus distentus), N-540
(Sphenolithus ciperoensis), N-550 (Triquetrohab-
dulus carinatus), and the lower part of N-560
(Sphenolithus belemnos) (Gomide, 1989) can also
be correlated with the interval of SEBS-3.

A carbonate mudstone horizon bearing
nannoplankton (Braarudosphaera bigelowi) has
been reported from the Campos Basin; this
level is an important stratigraphic marker (the
so-called ‘Blue Mark’) interpreted as a flooding
surface (Shimabukuro, 1994).

6.4. Synthem SEBS-4

This unit, which overlies the strongly dia-
chronous lower-middle Miocene unconformi-
ty, comprises the Burdigalian-Serravallian in-
terval in the Campos and Santos Basins, and it
is younger in the Pelotas Basin, where it ranges
from the late Langhian to the late Tortonian.
Following the scheme of Koutsoukos (1982),
this synthem comprises the planktonic fora-
minifer-based zones Preaeorbulina glomerosa

(upper part), Globorotalia fohsi peripheroronda,
Globorotalia  fohsi peripheroacuta, Globorotalia
mayeri (currently Paragloborotalia mayeri) (up-
per part), and part of Globoquadrina altispira
altispira. As for the biozonation proposed by
Anjos (2004), the synthem embraces the inter-
national foraminifer zones of Bolli & Saunders
(1985), viz. the Globorotalia fohsi fohsi, Globorota-
lia fohsi robusta, Globigeronoides ruber, Globorota-
lia mayeri, and Globorotalia menardii / Globorota-
lia acostaensis zones.

SEBS-4 includes the nannofossil-based
zones N-580 (Sphenolithus heteromorphus),
N-540 (Sphenolithus ciperoensis), N-630 (Dis-
coaster hamatus) and N-640 (Discoaster quin-
queramus) (Gomide, 1989).

6.5. Synthem SEBS-5

Deposition of this synthem took place dur-
ing the earliest Tortonian in the northern part
of the shelf (Campos and Santos Basins). In the
Pelotas Basin, it began later, in the Messinian.
The sedimentary succession comprises the en-
tire interval up to the Holocene. Previous bio-
stratigraphical works (Koutsoukos, 1982; Go-
mide, 1989; Anjos, 2004) do not deal with this
interval, and the Quaternary biozones are not
characterised.

In terms of planktonic foraminifers, the up-
per part of the Globoquadrina altispira altispira
and Globorotalia truncatulinoides zones suggest-
ed by Koutsoukos (1982) comprise the upper
Miocene-Pliocene interval; Anjos (2004) recog-
nised the zones Globorotalia margaritae evoluta
and Globigerinoides trilobus fistulosus at the Mio-
cene/Pliocene transition.

The nannofossil-based zones N-650 (Re-
ticulofenestra pseudoumbilica), N-670 (Discoast-
er broweri) and N-720 (Gephyrocapsa oceanica)
were identified by Gomide (1989); they com-
prise the interval between the upper Miocene
and the Pleistocene.

7. Discussion

The Cenozoic unconformities established
on the SE Brazilian shelf, i.e., those that the
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Pelotas, Santos, and Campos Basins have in  cant part of each of these regions are judged to
common, can be correlated with the major un-  be major. The analysis is limited to the 65-10
conformities established in other large regions ~Ma time interval, i.e., middle Danian-early
of the globe with a relatively stable tectonic re-  Tortonian, in order to avoid difficulties linked
gime. For the purposes of the present study, the  to the recognition of multiple unconformities
regions with recently established stratigraphic  related to frequent lowstands during the late
frameworks are considered (these regions are  Cenozoic icehouse conditions.

presented in Fig. 7, together with the sources Correlation of the Cenozoic regional re-
of the relevant stratigraphical data). Only those  cords shows two common sedimentation
unconformities which are traced over a signifi-  breaks (Fig. 7). The first marks the Eocene/
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Fig. 7. Inter-regional correlation of the major regional unconformities, common sedimentation breaks, and eustatic
fluctuations during the 65-10 Ma time-span.
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Oligocene boundary. It is expressed by ma-
jor unconformities in some two thirds of the
regions under consideration. This sedimenta-
tion break coincides with the global sea-level
fall of Haq & Al-Qahtani (2005), who updated
the earlier reconstructions by Hagq et al. (1987),
and Kominz et al. (2008), who updated the ear-
lier reconstructions by Miller et al. (2005). The
more generalised eustatic curve reconstructed
by Miiller et al. (2008), which accounts for glob-
al tectonic mechanisms of sea-level changes,
shows a significant lowstand in the Rupelian
(Fig. 7), and it cannot be excluded that this
event was related to the sedimentation break
at the Eocene/Oligocene boundary. It appears
that this common sedimentation break result-
ed from the Oi-1 glaciation at this boundary
(Abreu & Anderson, 1998; Zachos et al., 2001;
Gornitz, 2009; Zalasiewicz & Williams, 2012)
that caused the major global eustatic fall. The
second common sedimentation break occurred
at the Oligocene/Miocene boundary, and also
left a signature in the majority of the regions
under consideration. Although it coincided
with a less strong eustatic fall as depicted by
Haq & Al-Qahtani (2005), this break corre-
sponded to a recognisable global sea-level fall,
as reconstructed by both Kominz et al. (2008)
and Miiller et al. (2008) (Figs 7, 8). Most prob-
ably, this common sedimentation break result-
ed from the major glaciation (Mi-1) that took
place at the Oligocene/Miocene transition
(Abreu & Anderson, 1998; Zachos et al., 2001;
Gornitz, 2009; Zalasiewicz & Williams, 2012).
From the four Cenozoic unconformities es-
tablished on the SE Brazilian shelf as synthem
boundaries (Fig. 6), the only one that corre-
sponds well to one of the above-mentioned
"nearly-global’ unconformities and permits to
postulate a global eustatic nature is the one at
the Eocene/Oligocene boundary (Fig. 7). The
other synthem boundaries established in the
Pelotas, Santos, and Campos Basins can, how-
ever, have the same origin. Figure 8 shows the
position of these unconformities in relation to
eustatic (Haq & Al Qahtani, 2005; Kominz et
al., 2008; Miller et al., 2008), 6"*O (Miller et al.,
2008; Zachos et al., 2008), and 6"C (Kurz et al.,
2003) records. Except for the Danian-Thane-
tian unconformity, which could correspond

to a fall that is present only on the Miller ef al.
(2008) curve, all unconformities correspond to
eustatic falls that are indicated on the various
sea-level curves (also taking into account an
error margin in relation to the data used here
and between the curves themselves). Ruban
et al. (2010, 2012) also noted the possibility of
a strong nearly-global regression in the second
half of the Thanetian, which may explain the
Danian-Thanetian unconformity.

This evidence does, obviously, not imply
that the regional tectonic activity did not af-
fect the synthem stratigraphic architecture.
Differences between the basins with regard
to the quantity and stratigraphical position of
hiatuses (Fig. 6) may be explained as results of
such an activity, e.g., local uplifts in the Pelotas
Basin may explain the origin of those surfaces
that have no analogues in the Santos and Cam-
pos Basins.

It is interesting to put the unconformities of
the SE Brazilian shelf into the wider context.
The Palaeocene/Eocene (Thanetian/Ypresian)
boundary is present as a distinctive surface in
W Europe (e.g., top of the Thanet Formation,
London Basin; base of Ieper Formation, Bel-
gium; Walsh, 2004). A negative carbon-isotope
excursion characterises this interval (Fig. 8)
for both marine and continental realms; it co-
incides with a benthic-foraminifer extinction
event (Koch et al., 1992; Berggren & Aubry,
1996; Schmitz et al., 1998; Walsh, 2004).

In addition, warming is indicated by oxy-
gen-isotope data (Berggren & Aubry, 1996),
which event is known as the Palaeocene-Eo-
cene Thermal Maximum (PETM) (Zachos et al.,
2008; Fig. 8). A global sea-level fall is thought
to be primarily related with the unconformi-
ties in the marginal basins of NW Europe,
and lowstand deep-water deposits are their
equivalents in the North Sea Basin (Berggren
& Aubry, 1996). Glacio-eustatic mechanisms
seem to be irrelevant under the early Cenozoic
greenhouse conditions (e.g., Zachos et al., 2001;
Gornitz, 2009; Zalasiewicz & Williams, 2012),
and tectonically driven processes such as the
balance between production and consumption
of oceanic crust must be considered.

The release of CO,accumulated in the sedi-
ment to the ocean-atmosphere system is also
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Fig. 8. Global Cenozoic sea-level, 6°C, and
00 curves. The events indicated are
referred to in the text. Abbreviations:
CINE = carbon-isotope negative excur-
sion, PETM = Paleocene-Eocene Thermal

Maximum.

a matter of debate. It has been hypothesised
that the accumulated carbon is of continental
origin, but is may also have a marine origin
(Kurz et al., 2003; Zachos et al., 2008). Moreover,
the PETM that can be deduced from the 6"*O
suggests a phase of important environmental
changes. The causal relationship between the
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nozoic greenhouse conditions.

sea-level fall and the climate in an ice-free pe-
riod, though, is uncertain. Interestingly, Ruban
et al. (2012) provided evidence for the absence
of coherent shoreline shifts under the early Ce-

The Eocene-Oligocene unconformity corre-
sponds to a fall in the sea level, as expressed in
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sea-level curves, especially that by Haq & Al
Qahtani (2005; Fig. 8). The sea-level fall at 33.5
Ma marks an important pulse in the develop-
ment of the ice cap in Antarctica and the be-
ginning of the long-term icehouse conditions
that last until the present day; a related event
is the positive excursion in 8O (Oi-1, Fig. 8),
marking a planetary-scale deep-water cooling
(Miller et al., 2008).

The early Miocene (Aquitanian-Burdigalian)
unconformity corresponds to a glacio-eustatic
sea-level fall and a major cooling, defined by
Keller & Barron (1983) as NH1. A positive ex-
cursion in the 'O curves by both Miller ef al.
(2008) and Zachos et al. (2008) (Fig. 8) is here
supposed to be related to this event. Further-
more, others (Vail & Hardenbol, 1979; Haq et
al.; 1988) have referred to a eustatic fall at this
time. In fact, a well-marked fall is present in
the sea-level curves, principally that construct-
ed by Miller et al. (2008).

The middle-late Miocene (Serravallian-Tor-
tonian) unconformity is also related to a major
cooling event. After the late-middle Miocene
climatic optimum, a phase of gradual cooling
started; it was related to the re-establishment
of the Antarctic ice sheet (Zachos et al., 2001).
Miller et al. (1987) inferred an event of ice-sheet
growth by 10 Ma and the sea-level curves by
both Haq and Al Qahtani (2005) and Miller et
al. (2008) show falls close to this interval, de-
spite some variation between the two curves
with respect to the age (Fig. 8). Additionally,
faunal and 6”0 data indicate a cooling and an
increase in the global ice-sheet volume by 14.8
to 10 Ma (Shackleton & Kennett, 1975; Hodell
& Kennett, 1985; Miller et al., 2008). This is
shown in the 6"*O curves as an inflection of the
increasing trend that lasts until the Holocene

(Fig. 8).

8. Conclusions

Lithological, biostratigraphical, and isotope
data allow the recognition of important uncon-
formities which separate synthems on the SE
Brazilian shelf that are traceable regionally or
even globally. The five most important region-

al and interregional conclusions are presented
below.

(1) Seven surfaces representing hiatuses
have been identified in the Pelotas Basin; they
represent (a) Palaeocene (Danian-Thanetian),
(b) Palaeocene-Eocene (Thanetian-Ypresian)
(c) Eocene (Ypresian-Lutetian), (d) Eocene-
Oligocene (Lutetian-Rupelian), (e) Oligocene
(Rupelian-Chattian), (f) early Miocene (Aquita-
nian-Burdigalian) and (g) middle-late Miocene
(Serravallian-Messinian) time-spans.

(2) Regional correlation of these surfaces
over the SE Brazilian shelf makes it possible
to recognise four important unconformities,
which occur (a) at the Paleocene/Eocene and
(b) Eocene/Oligocene transitions, (c) in the
lower Miocene (Aquitanian-Burdigalian), and
(d) in the middle-late Miocene (Serravallian-
Tortonian).

(3) The synthems based on these surfaces
have been defined as SEBS-1 (Palaeocene),
SEBS-2 (Eocene), SEBS-3 (Oligocene), SEBS-4
(early-middle Miocene) and SEBS-5 (late Mio-
cene-Holocene).

(4) From the regional unconformities, the
only one that coincides with a nearly-global
sedimentation break outlined by the inter-
regional correlation of unconformities is posi-
tioned near the Eocene/Oligocene boundary.

(5) All regional unconformities (with a pos-
sible exception of that at the Palaeocene/Eo-
cene boundary) and synthems were presum-
ably formed due to significant global eustatic
sea-level fluctuations.

The present contribution focuses on the only
probable (glacio-)eustatic origin of the Ceno-
zoic synthems and unconformities established
on the SE Brazilian shelf. Regional tectonic ac-
tivity and changes in sediment delivery to the
shelf should, however, also be considered. It is,
for instance, possible that they may explain the
diachroneity of the hiatuses (Fig. 6). The con-
trolling factors of the regional synthem strati-
graphical architecture consequently deserve
further investigation.
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