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ABSTRACT

This study, based on detailed sedimentologic and stratigraphic analysis of the Aptian succession pre-
served in the Reconcavo-Tucano-Jatoba Rift System (RT]), present new elements for biostratigraphic
correlation and paleogeographic reconstruction in the mid-Cretaceous South Atlantic realm, supporting
novel interpretations on the tectonic and sedimentary evolution related to the W-Gondwana breakup.
The Aptian sedimentary succession in the RT] has been referred to as Marizal Formation, and interpreted
as post-rift deposits. Detailed sedimentologic and stratigraphic studies of these deposits enabled the
recognition and individualization of two distinctive sedimentary units that can be traced in the entire
RTJ. These units are here described and named Banzaé and Cicero Dantas members of the Marizal For-
mation. Their contact is locally marked by the fossiliferous successions of the here proposed Amargosa
Bed, lying at the top of the Banzaé Member. Both members of the Marizal Formation record large river
systems captured by the Tucano Basin with the local development of eolian dune fields and fault-
bounded alluvial fans. The Amargosa Bed represents a regional-scale base level change preserved be-
tween the Aptian fluvial successions along the RTJ. Hence, the studied sedimentary record presents
important implications for the timing and direction of marine ingressions affecting NE-Brazil interior
basins during the Aptian. A remarkable contrast in preserved fluvial architecture between the Banzaé
Member, characterized by connected channel bodies, and the Cicero Dantas Member, characterized by
isolated channel bodies within overbank fines, is here reported. The main interpreted control for the
observed contrast in fluvial stratigraphy is sedimentary yield variation. The interval is also subject to the
interpretation of a regional shift in the mechanism responsible for the subsidence of the basins formed
during the Cretaceous break-up of the Central South Atlantic. This view is challenged by our results
which reveal that basin forming extension continued throughout the Aptian. As a conclusion, the
detailed stratigraphy of the Marizal Formation forward alternative geodynamic interpretations for the
Aptian successions in northeastern Brazil, bringing new elements to the mid-Cretaceous biogeographical,
paleogeographical and tectonic reconstructions of western Gondwana.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The study here presented addresses central questions to the
Cretaceous tectono-sedimentary evolution of the South Atlantic,
with fundamental implications for Brazilian and African Petroleum
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paleogeographic aspects of the W-Gondwana breakup during the
Cretaceous are appraised.

The Aptian units in the RT] are the youngest, widely distributed
and better exposed Cretaceous sedimentary deposits preserved in
this rift system. They are interpreted as being coeval with massive
evaporite successions to the south (in the Campos and Santos Ba-
sins), deposited during an important interval in the evolution of the
Central South Atlantic, close in time to seafloor spreading initiation
(e.g. Milani et al., 2007; Chaboureau et al., 2013). Nonetheless, their
sedimentological, stratigraphical, and structural characteristics are
poorly described, partly because they are not part of the petroleum
systems of the Cretaceous interior basins of northeastern Brazil.

The Aptian succession in the RT] is ascribed to the Marizal For-
mation and to the Santana and Araripe groups (Neumann and
Rocha, 2013), being usually interpreted as the sedimentary
response to the onset of thermal subsidence following Berriasian to
Barremian syn-rift mechanical subsidence (e.g. Magnavita et al.,
1994; Milani et al., 2007). Nevertheless, direct application of clas-
sical models of uniform lithospheric extension (McKenzie, 1978;
Wernicke, 1985) has been challenged by the recognition and nu-
merical modeling, of a syn-rift sag phase produced by mechanical
subsidence due to ductile thinning of middle and lower crust in
offshore basins of the Central South Atlantic in Brazil and Africa,
(e.g. Karner and Driscoll, 1999; Marton et al., 2000; Karner et al.,
2003; Huismans and Beaumont, 2008, 2011; Aslanian et al., 2009;
Unternehr et al., 2010).

In this context, Chaboureau et al. (2013) accounted the uncon-
formity that was previously interpreted as the break-up (or post-
rift) unconformity (e.g. Bueno, 2004; Milani et al.,, 2007) as the
base of syn-rift sags developed during the Aptian in the RT] and
elsewhere in the Central South Atlantic rift system. Alternatives to
the thermal post-rift scenario have also been suggested by outcrop
studies in the RTJ, in which the occurrence of Aptian conglomerate
and breccia-dominated deposits sourced from the nearby base-
ment were interpreted as alluvial fan deposits developed along
active, fault-bounded, basin borders (e.g. Magnavita et al., 2000;
Figueiredo et al., 2016).

To contribute to the discussion above, a detailed stratigraphic
description of the Aptian succession in the RT] is presented, with
special regard to the Marizal Formation in the Tucano Basin and the
here proposed subdivisions, namely the Banzaé and Cicero Dantas
members and the Amargosa Bed. These units are interpreted in
terms of their sedimentological characteristics, spatial distribution
and relationships with the structural framework of the basin in
order to interpret autogenic and allogenic controls on the Aptian
sedimentation of the RTJ. Additionally, the here presented detailed
description of the Marizal Formation should be useful in regional
correlation and in mid-Cretaceous paleogeographical and geo-
dynamic reconstructions of the Central South Atlantic in the
context of the W-Gondwana breakup.

2. Methods

The Aptian sedimentary succession of the Tucano Basin was
tackled through geological mapping, with measurement of detailed
stratigraphic sections and acquisition of high resolution, laterally
continuous, photo mosaics supporting facies and architectural
element analysis (e.g. Reading, 1986, 1996; Walker, 1992; Miall,
1985, 1996; Bridge, 1993, 2003; Bristow, 1996). A new geological
simplified map emphasizing the distribution of Aptian rocks in the
RT]J (Figs. 1 and 2) was elaborated based on new data from the
Tucano Basin, complemented with interpretation of SRTM (Shuttle
Radar Topography Mission) digital elevation models (Fig. 1) and
integration with previous maps (e.g. Lima and Vilas Boas, 2000;
Souza et al., 2003; Magnavita et al.,, 2005; Dantas and Filho,

2006; Santos et al., 2010; Santos and Reis, 2011).

Fieldwork focused on the Tucano Basin, with higher density of
outcrop descriptions in the Central Tucano Sub-basin and the Vaza
Barris River Valley (Fig. 1). Although outcrop descriptions were
made in all the basins of the RTJ, information on the Jatoba Basin
was mainly derived from the synthesis of Dantas and Filho (2006),
whereas data on the Reconcavo Basin were compiled from the
previous works of Lima and Vilas Boas (1994, 2000) and Magnavita
et al. (2005). The geology of the latter basins was then re-
interpreted based on geomorphological criteria established in the
Tucano Basin (see below).

The results here presented are a synthesis of geological map-
ping, sedimentological and stratigraphic studies, carried out in the
Tucano Basin. Each point presented in the point map (Fig. 1) rep-
resents the detailed description of at least one stratigraphic panel a
few meters high and with tens of meters in width. Several points
refer to described mosaics tens of meters high and hundreds of
meters long, especially in the Central Tucano Sub-basin. The data-
base underpinning this study is thus composed of hundreds of
architectural panels, and related stratigraphic logs, oriented in
every possible direction regarding interpreted paleoflows. Part of
this field database was published in recent methodological con-
tributions (e.g. Figueiredo et al., 2016; Tamura et al., 2016; Almeida
et al,, 2016a, 2016b). A detailed field record is however beyond the
scope of the present work, which deals with regional implications
of major sedimentologic and stratigraphic characteristics of the
Aptian succession in the RT]J.

3. Geological background
3.1. Structural framework and deformation

The RT] stands out among the Cretaceous basins of northeastern
Brazil for its great exposed area and stratigraphic thickness, being
interpreted as an aborted branch of the Central South Atlantic Rift
System (e.g. Matos, 1992, 1999; Milani et al., 2007). Each basin of
the RTJ presents an asymmetrical half-graben geometry and is
bounded by accommodation zones that locally separate sub-basins
with opposite master fault dip directions, such as the North and
Central Tucano sub-basins. These rift segments are separated by the
Vaza Barris Accommodation Zone, which is bounded to the north
by the Carita Fault.

Basin border faults of the North and Central Tucano sub-basins
respectively dip to SE (Sao Saité Fault) and NW (Adustina Fault)
(Figs. 1 and 2). The basin border faults of the South Tucano Sub-
basin (Inhambupe Fault) and the Reconcavo Basin (Salvador Fault)
dip to NW, whereas the border fault of the Jatoba Basin (Ibimirim
Fault) dips to SSE (e.g. Milani and Davison, 1988) (Fig. 1). The RT]
master faults bound depocenters locally more than 10 km deep,
such as the Cicero Dantas Low in the Central Tucano Sub-basin, and
between 5 and 8 km deep elsewhere (e.g. Aragao and Peraro, 1994).
A relationship between the Aptian deposits and depocenters in the
RTJ can be observed in an N-S profile (A-A’ in Figs. 1 and 2): the
Aptian units are synformally deformed over the depocenters,
probably due the differential compaction.

Although some authors indicate local coverage of master faults
by the Marizal Formation (e.g. Gava et al., 1983 [in the North Tucano
Sub-basin]; Magnavita et al., 2003; Dantas and Filho, 2006), the
present day spatial distribution of the unit is constrained by the
basin border faults (e.g. Viana et al., 1971; Gava et al., 1983 [in the
Jatoba Basin]; this work) (Fig. 1), suggesting an Early Cretaceous
structural inheritance for the accommodation space generated
during the Aptian.

A supposed lack of brittle deformation of the Marizal Formation
compared to the pre-Aptian deposits is also advocated by some
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Fig. 1. Geological sketch map of the Reconcavo-Tucano-Jatoba Rift System highlighting the distribution of Aptian units and structural features (left). SRTM (Shuttle Radar
Topography Mission) digital elevation model displaying distribution of description points and position of Fig. 2 profiles (right). A to H in the geological map are major faults referred
in the text: A - Ibimirim Fault; B - Sao Saité Fault; C - Carita Fault; D - Umburana Platform Fault; E — Massacard, Barrigato, Aribicé and Fazenda Murici faults; F - Adustina Fault; G -
Inhambupe Fault; H - Salvador Fault.
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Fig. 2. Geologic sections through the Tucano-Reconcavo rift system. A-A’ is a roughly N-S-oriented regional section; B-B’ is an approximately W-E section of the Central Tucano Sub-
basin; and C-C’ is a N-S-oriented section through the BR-110 highway in eastern Central Tucano. Fig. 1 is referred for the location of the sections, as well as for the colors of
lithostratigraphic units, major fault lettering and other conventions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

authors (e.g. Destro et al.,, 2003; Vasconcellos, 2003). However,
Aptian deposits were completely removed by erosion from the
areas where the pre-Aptian deposits are more intensely deformed,
commonly displaying shear bands, over the accommodation zones.
On the other hand, deposits of the Marizal Formation can be locally
observed overlying faults (shear bands) and folds deforming un-
derlying units.

Other major deeply rooted structural features of the Tucano
Basin whose activity was previously interpreted to be restricted to
pre-Aptian times are the Carita and Jeremoabo transfer faults, as
well as the Umburana Platform Fault (e.g. Magnavita, 1992;
Vasconcellos, 2003; Destro et al., 2003) (Figs. 1 and 2). However,
the precise match of the Caritd Fault outline with a topographic
lineament on the Aptian cover of the North Tucano and the coin-
cidence of the western limit of the occurrence of the Marizal For-
mation in the Central Tucano with the Umburana Platform Fault
(Fig. 1) both suggest a longer-lived activity for these features.

Additionally, recent geological mapping of the Central Tucano
by the Geological Survey of Brazil (Santos et al., 2010; Santos and
Reis, 2011) showed kilometer-scale long, NE-oriented, normal
faults affecting the Marizal Formation in the western part of that
sub-basin. These are the Massacar4, Barrigatd, Aribicé and Fazenda
Murici faults (Figs. 1 and 2), and their NE trend matches the con-
spicuous N-S- and NE-SW-oriented shear bands deforming the pre-
Aptian deposits in the Vaza Barris River Valley (e.g. Destro et al.,
2003; Vasconcellos, 2003).

Indeed, many faults were observed in the Marizal Formation
throughout the Tucano Basin by the authors of the present work.
Similar to the faults in pre-Aptian units (e.g. Magnavita, 1992;
Destro et al., 2003; Vasconcellos, 2003), these are also character-
ized by centimeter to decimeter thick shear bands, dominantly
with down-dip displacements, and local occurrence of steeply

dipping bedding planes. Abundant small faults with normal to
oblique centimeter-scale displacements in the Marizal Formation
were also documented in the Reconcavo Basin by Lima and Vilas
Boas (2000).

3.2. Lithostratigraphy

The clastic-dominated Aptian sedimentary succession in the RT]
is ascribed to the Marizal Formation (e.g. Magnavita et al., 2003;
Silva et al., 2007; Costa et al., 2007a,b; Santos et al., 2010), and is
locally overlain by the carbonate-bearing successions preserved in
the North Tucano Sub-basin, specifically in the Serra do Tona area,
and in the Jatobd Basin, precisely in the Serra Negra and Serra do
Periquito. The latter successions have been referred to with local
names or as lithostratigraphic units described in the Araripe Basin,
some 200 km to the north-northwest, which are at least in part
dated as Albian (e.g. Braun, 1966; Rolim, 1984; Bueno, 1996;
Almeida Filho et al., 2002; Rocha, 2011).

The carbonate-bearing successions of the Serra do Tona (North
Tucano), Serra Negra and Serra do Periquito (Jatoba Basin) areas
were correlated by Braun (1966) to each other and to the Santana
Formation (currently Santana Group, e.g. Assine et al., 2014) of the
Araripe Basin, famous by its well-preserved fossils. In the same way,
the overlying clastic deposits in the Jatoba Basin were ascribed to
the Exu Formation, whose type section is in the Araripe Basin.

The Aptian age of the Marizal Formation is based on its fossil
content. It was chiefly determined by the studies of palynomorphs
(e.g. Gava et al., 1983; Viana et al., 1971; Almeida Filho et al., 2002;
Reis et al., 2007), fishes (e.g. Silva Santos, 1972; Brito and Alvarado-
Ortega, 2008; Alvarado-Ortega and Brito, 2010; Amaral and Brito,
2012), and ostracods (e.g. Gava et al., 1983; Almeida Filho et al,,
2002).
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The Aptian deposits in the RT] were initially described by Brazil
(1947 apud BRASIL, 1948) in the Central Tucano Sub-basin. The
author recognized two distinct lithostratigraphic units: one in the
Serra do Marizal area, composed of a widely distributed basal
conglomerate overlain by medium to coarse-grained cross-bedded
sandstone, locally conglomeratic or micaceous, and another, near
the town of Cicero Dantas, composed of reddish interstratified
sandstone, siltstone and shale with minor intercalated
conglomerate.

In the first published lithostratigraphic review of the RTJ, Viana
et al. (1971) formally grouped the units formerly recognized by
Brazil (1947 apud BRASIL, 1948) in the Marizal Formation,
mentioning its occurrence in the entire RTJ and also in the Mir-
andiba Basin, a small basin between the RT] and the Araripe basins.
Viana et al. (1971) reported varied thicknesses for the Marizal
Formation, with nearly 50 m in the Reconcavo Basin and up to
300 m in the Tucano Basin.

The Marizal Formation has been described as a sandstone
dominated unit with local occurrences of conglomerate dominated
successions and fossil bearing shales with scarce gypsum, bitumen
and dense mudstone with barite intercalations (e.g. Viana et al,,
1971; Silva Santos, 1972, Gava et al., 1983; Santos et al., 2010;
Santos and Reis, 2011). Lateral facies variations characterized by
the westward fining of thick conglomerate deposits in the eastern
Central Tucano and an overall, more subtle, fining from the
northern to the southern occurrences of the Marizal Formation in
the Tucano Basin were reported by Gava et al. (1983).

However, a conglomerate-dominated succession with minor
mudstone, sandstone and intercalated carbonate, cropping out
along the eastern margin of the Central Tucano Sub-basin, and
containing trace fossils and fishes (Brazil, 1947 apud BRASIL, 1948)
as well as pelecypod coquinas (Gava et al., 1983), was named Poco
Verde Formation and supposed to be older than the Marizal For-
mation (Brazil, 1947 apud BRASIL, 1948; Gava et al., 1983).

Deposits of the original Poco Verde Formation were recently
mapped as Salvador Formation (Santos et al., 2010; Santos and Reis,
2011), an unit described as a pre-Aptian conglomerate succession in
the Reconcavo Basin, reinforcing an stratigraphic position under-
neath the Marizal Formation. Nonetheless, recent provenance
analysis carried out by Figueiredo et al. (2016) in conglomerate and
conglomeratic sandstone deposits of this unit (referred to as Poco
Verde Conglomerate by Figueiredo et al., 2016), of the Marizal
Formation and of the underlying pre-Aptian fluvial deposits of the
Sao Sebastiao Formation suggested that the above referred
conglomerate-dominated unit is coeval with the Marizal Formation
if not the same unit (see below).

The Marizal Formation in the Reconcavo Basin was studied by
Lima and Vilas Boas (1994, 2000) who performed facies and
architectural element analysis in sandstone and conglomerate de-
posits. They recorded reduction in grain size from south to north,
i.e. basinward from the NE-SW oriented fault scarps to the south,
with the dominance of interpreted gravel-grade sediment gravity
flow elements in the south and of sandy fluvial bar elements to the
north. Mudstone-dominated successions up to 3 m thick seem to
form a broad cover, interpreted from preserved patches in an up to
400 km? area, over the gravelly and sandy elements. Dark lami-
nated shale can be observed in a nearby area above an up to 5 m
thick conglomerate succession with subordinated sandstone over-
lying deformed deposits of the pre-Aptian Cinzento mud diapir
(Magnavita et al., 2005).

The Marizal Formation deposits have been mainly interpreted as
continental deposits dominated by alluvial processes in fluvial and
alluvial-fan depositional systems with the local development of
minor lacustrine systems (e.g. Brazil, 1947 apud BRASIL, 1948; Viana
etal,, 1971; Gava et al., 1983; Magnavita and Cupertino, 1988; Milani

and Davison, 1988; Lima and Vilas Boas, 1994, 2000; Magnavita
et al,, 2003, 2005; Costa et al., 2007a,b). The dominant fluvial de-
posits were interpreted as derived from a major trunk river flowing
southward within the N-S oriented Tucano Basin, based on local
paleocurrent data (e.g. Rolim and Mabesoone, 1982; Lima and Vilas
Boas, 2000; Assine, 1994; Santos et al., 2010; Santos and Reis, 2011).
The bulk of the studies on the Santana Group carbonate-bearing
successions in the RT] have interpreted the carbonate deposits as
products of lacustrine depositional systems (e.g. Neumann et al.,
2010; Tomé and Lima Filho, 2010; Santos et al., 2011; Varejao
et al.,, 2016).

As a conclusion, the Marizal Formation is a well-established
lithostratigraphic designation for the Aptian siliciclastic-
dominated succession of the RTJ. The carbonate-dominated top
succession of the Tona Plateau is here referred to as the Crato
Formation of the Santana Group, considering the precedence of the
proposition of Braun (1966) and modern usage (e.g. Neumann and
Rocha, 2013; Neumann et al., 2013; Silveira et al., 2014; Assine et al.,
2014; Varejao et al., 2016).

Together with the Exu Formation in the Jatobd Basin, the Marizal
Formation and the Crato and Romualdo formations of the Santana
Group are the remainders of the RT] post-Aptian-unconformity
tectono-sedimentary record. Thus, the detailed description and
integrated interpretation of this sedimentary units are an impor-
tant step in unraveling the complexities of the geological evolution
of the W-Gondwana and Central South Atlantic during the
Cretaceous.

3.3. Geodynamic models

Interpretations on the geodynamic significance of the Marizal
Formation usually rely on its separation from the underlying de-
posits through an erosional and locally angular unconformity,
implying in contrasting tectonic controls for the units above and
beneath it. Accordingly, the unit was formerly considered as post-
rift deposits without the implication of the thermal subsidence
predicted in the McKenzie (1978) model, and thus interpreted as
the filling of a remnant topography following the cessation of tec-
tonic activity (e.g. Netto and Oliveira, 1985; Magnavita and
Cupertino, 1987, 1988; Milani and Davison, 1988; Menezes Filho
et al, 1988). Regional tectonic interpretations based on gravi-
metric data applied the simple shear models of Wernicke (1985)
and Lister et al. (1986) to the RTJ (e.g. Ussami, 1986; Castro, 1987),
sustaining the lack of a thermal subsidence phase in the RT] due to
the lateral shift of the asthenosphere uplift to the breakup position
farther east.

Based on vitrinite reflectance data, Magnavita et al. (1994)
returned to the McKenzie (1978) model, interpreting the erosion
of a more than 2 km thick post-rift pile in the RT], of which the
Marizal Formation would be the remainder. This model was later
supported by apatite fission track analysis (Japsen et al., 2012) and
became a common view for the Marizal Formation (e.g. Magnavita
et al., 2003, 2005; Milani et al., 2007), despite the restricted
mention of syn-sedimentary fault activity (e.g. Petri, 1987; Caixeta
et al., 1994; Magnavita et al., 2000; Figueiredo et al., 2016) and the
advance of the syn-rift sag models (e.g. Karner and Driscoll, 1999;
Marton et al., 2000; Karner et al., 2003; Huismans and Beaumont,
2008, 2011; Aslanian et al., 2009; Unternehr et al., 2010;
Chaboureau et al., 2013).

4. Results
Detailed sedimentologic and stratigraphic studies together with

a comprehensive review of previous works enabled the subdivision
of the Marizal Formation in two main units, proposed here as
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members of the Marizal Formation. These sedimentary units are
separated by a regional scale erosional surface locally cutting a
fossiliferous marker bed (see below) preserved at the top of the
lowermost unit. The proposed members of the Marizal Formation
are the lower Banzaé Member, well exposed near the Banzaé town
(Figs.1-3), and equivalent to the succession exposed in the Serra do
Marizal area (e.g. Viana et al., 1971); and the upper Cicero Dantas
Member equivalent to the abandoned term Cicero Dantas Forma-
tion of Brazil (1947 apud BRASIL, 1948) and well exposed near
Cicero Dantas town (Figs. 1-3).

The lithological contrast between the Banzaé and Cicero Dantas
members is commonly expressed in the topography, with the lower
sandier, coarser-grained unit being related to steep-faced, flat-
topped cliffs and plateaus, and the latter deeply weathered, red-
dish, finer-grained unit being related to rounded cliffs with more
gently dipping scarps (Fig. 4). These geomorphological character-
istics often delineate two-stepped hill profiles, with a lower steep
scarp related to the Banzaé Member, a flat sub-horizontal surface
related to the basal contact of a fine-grained, fossiliferous marker
bed between the two members, and rounded to locally scarped
higher hills on top of that surface related to the Cicero Dantas
Member.

The Cicero Dantas Member is commonly mistaken for Cenozoic
covers on geological maps (e.g. Souza et al.,, 2003; Santos et al.,
2010; Santos and Reis, 2011) probably due to its higher weath-
ering susceptibility, giving rise to erodible materials resembling
uncompacted sediments. The marker bed separating the Banzaé
and Cicero Dantas members is laterally continuous for the entire
Tucano Basin and part of the Reconcavo Basin, and was named
Amargosa Bed after the Amargosa Village, Euclides da Cunha-BA
municipality (Figs. 1-3).

The Amargosa Bed is a decimeter to meter-scale thick mud-
dominated (Fig. 3) laterally continuous sedimentary unit recog-
nizable across the entire Tucano Basin and even in the north of the
Reconcavo Basin. It is characterized by a profuse and diversified
fossil record, contrasting with the virtually fossil barren Banzaé and
Cicero Dantas members. The Amargosa Bed bears the rich
ichthyofauna of the Marizal Formation (e.g. Silva Santos, 1972;
Figueiredo, 2004; Brito and Alvarado-Ortega, 2008; Alvarado-
Ortega and Brito, 2010; Amaral and Brito, 2012).

A detailed sedimentological appraisal of the Banzaé and Cicero
Dantas members is given below, followed by a discussion on the
factors that control the preserved stratigraphic architecture and on
paleogeographical implications of the stratigraphic refinement of
the Aptian succession in the RT].

4.1. The Banzaé Member depositional systems

The Banzaé Member is a sandstone sheet, up to 200 m thick,
found in the entire Tucano Basin (Figs. 1 and 2). It is superbly
exposed in the center of the Central Tucano Sub-basin near the
town of Banzaé, where individual outcrops are often closely spaced
and comprised of tens of meters high sandstone walls laterally
continuous for hundreds of meters, allowing precise lateral corre-
lations for thousands of meters. In the Banzaé area, the upper 100 m
section of the Banzaé Member is exposed within a gentle dome that
is perceived by the radial dip of the topographically expressed
contact surface between the Banzaé Member and the overlying
Cicero Dantas Member.

The Banzaé Member is dominated by 2—6 m thick cross-strata
cosets (compound cross-strata sensu Allen, 1982 and equivalent
to macroscale inclined strata-set of Bridge, 1993, and 4th order
units of Miall, 1996) laterally related to outsized foresets up to 6 m
thick (Fig. 5). These cross-bedded cosets and laterally related
outsized cross-strata are stacked in 15—25 m thick successions

(multistorey sandstone bodies) bounded by decimeter to meter-
scale thick successions, characterized by small-scale cross-lami-
nated sandstone, laterally related to planar and low-angle stratifi-
cation, and minor heterolithic and mudstone beds. The latter
successions are usually truncated by erosional surfaces commonly
outlined by the presence of pebble to cobble-grade mudstone
intraclasts. Paleocurrent measurements from cross-beds (up to
1200 measurements from tens of stations) present a mean direc-
tion to the south (Fig. 6).

In the eastern Central Tucano Sub-basin the Banzaé Member is
exposed on road cuts along the BR-110 highway between the towns
of Cicero Dantas and Jeremoabo, comprising a more than 60 km
long, N-S profile (C-C’ in Figs. 1 and 2). The contact with the un-
derlying Sao Sebastiao Formation is often exposed in the northern
part of this geological section, and the contact with the Cicero
Dantas Member regularly crops out in the southern part of the
section. Between 30 and 40 km in the section, the Banzaé Member
occurs locally as a few tens of meters thick succession intercalated
amid the Sao Sebastiao Formation and the Cicero Dantas Member
(Fig. 2 C-C’"). The Banzaé Member in the eastern Central Tucano is
coarser-grained and often composed of rounded pebble and
cobble-grade conglomerate derived from the nearby basement (e.g.
Figueiredo et al., 2016).

The sandy facies are dominated by decimeter-scale thick trough
cross-beds, whereas the gravelly deposits can be apparently
massive, often imbricated and locally trough cross-bedded, with
cross-bedded sets displaying decimeter to meter-scale thicknesses
(Fig. 7 A). Plane-bedded, interstratified, roughly paired sandstone
and conglomerate deposits can be locally observed (Fig. 7 B), as well
as reddish fine-grained, decimeter to meter-scale thick successions,
comprised of sandy heterolithic deposits, local mud beds with rare
occurrences of fossil plant fragments and fine to medium-grained
sandstone displaying small-scale cross-stratification (Fig. 7 C to
G). Well-sorted sandstones, organized in sheets with intercalated
large-scale cross-strata and thin mud beds occur restrictedly.
Measured paleocurrents in the conglomeratic sandstone deposits
display mean directions to W-SW and S-SE (Fig. 6), and the
restricted fine-grained well sorted sandstone provides a north-
eastward mean direction (Fig. 6).

The successions constituted by the above described deposits
laterally pass (to the east and southeast) into the conglomerate-
dominated unit, previously mapped as the Poco Verde Formation
(see above), bordering the eastern basin-bounding fault (Figs. 1 and
2 B-B’). The conglomerate-dominated unit is comprised of inclined
pebble to cobble-grade conglomerate beds or lenses intercalated
with inclined plane-bedded pebbly sandstone (Fig. 8 A to F). Clast
imbrication is commonly observed (Fig. 8 A, B, C and F), whereas
boulder breccias, contorted laminated calcrete beds and cross-
bedded conglomerate are locally observed (Fig. 8 B, C, D and F).
Santos et al. (2010) and Santos and Reis (2011) recorded westward
paleoflow from clast imbrication in the conglomerate-dominated
succession of the eastern Central Tucano.

In the western part of the Central Tucano Sub-basin, medium to
coarse-grained sandstones ascribed to the Banzaé Member with
subordinate mudstone and conglomerate beds (Fig. 9) occurs filling
an immature erosional surface with tens of meters of unevenness —
a N-S oriented paleovalley — over the eastwardly tilted deposits of
the Sao Sebastiao Formation (Fig. 2 B-B’). These deposits are over-
lain by a distinctively bimodal and highly rounded fine to medium
grained well sorted, large-scale cross-bedded sandstone succession
up to 20 m thick, often displaying pin stripe lamination. A few
hundreds of meters farther east, the upper fine to medium-grained
sandstone deposits regularly overlie interbedded decimeter-scale
thick sandstone and pebble to cobble-grade conglomerate beds
(Fig. 9C). The sandstone beds present intraclastic mudstone
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e

Fig. 4. Distinctive geomorphological expression of the Marizal Formation members in the center of the Central Tucano Sub-basin. The Banzaé Member is highlighted in yellow and
the Cicero Dantas Member in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Large-scale cross-strata and laterally related cross-strata cosets in the Banzaé Member. 1.8 m tall geologist for scale.

granules as well as mud cracks and mud curls (Fig. 9C and D). At the
top, the large-scale cross-bedded well-sorted sandstone records a
nearly northward paleoflow (Fig. 6).

In the North Tucano Sub-basin, the Banzaé Member is exposed
in two areas: the Serra Branca das Araras area in the center of the
southern limb of the sub-basin and in the very center of it, in the
Baixa do Chico area (Fig. 2 A—A’). In the Serra Branca das Araras, the
entire section of the Banzaé Member crops out in several tens of
meters high sandstone walls laterally continuous for hundreds to
thousands of meters. The composite thickness of the exposed
sandstone succession is approximately 200 m (Fig. 2 A—A’). The
Baixa do Chico area is a 12 km long, N-S oriented, nearly straight
canyon with tens of meters high sandstone walls exhibiting the
upper section of the Banzaé Member, whose facies associations and
proportions are similar to those observed in the Banzaé area in the
central part of the Central Tucano Sub-basin (Fig. 5).

The succession in the Serra Branca das Araras area is marked by

the presence of a particular facies association, constituted by large-
scale, tens of meters thick, sandy, inclined heterolithic strata (IHS),
sensu Thomas et al. (1987), exposed on sandstone walls (Fig. 10A
and B). Large-scale lenses, up to 6 m thick and laterally continuous
for hundreds of meters, with concave-up bases and irregular tops,
composed of reddish small-scale cross-laminated, fine-grained,
sandy heterolithic deposits are locally intercalated within the in-
clined heterolithic strata succession (Fig. 10 B and D). These de-
posits are truncated by cobble to boulder-grade, imbricated, gravel
deposits up to several meters thick above laterally continuous
erosional surfaces with local high relief (Fig. 10 A to C). Paleo-
currents measured from the IHS deposits reveal a marked eastward
component, perpendicular to the northward dip of the large-scale
sandy heterolithic stratification. This eastward paleocurrents
were also observed in another paleocurrent station some 30 km to
ENE (Fig. 6). At the Baixa do Chico area, a southward mean paleo-
flow direction was recognized (Fig. 6).
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Fig. 7. Local facies associations of the Banzaé Member. A - Trough cross-bedded sandstone overlaid by large-scale trough cross-bedded conglomerate and conglomeratic sandstone.
View towards the west. B - Roughly paired plane-bedded sandstone and conglomeratic sandstone over the Sao Sebastiao Fm (contact highlighted with continuous line) and beneath
cross-bedded deposits (contact highlighted with dashed line). C and D - Imbricated conglomerate displaying load structures over a mudstone succession. A to D are road cuts in the
BR-110 highway, eastern Central Tucano. E to G - Panorama and details of sandy and reddish fine-grained intercalations in light colored medium to coarse grained cross-bedded
sandstone, Serra da Igrejinha, Novo Triunfo-BA, Central Tucano.
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Fig. 8. Eastern Central Tucano conglomerate-dominated facies associations of the Banzaé Member. A - Inclined plane-bedded pebbly sandstone underlying a conglomerate suc-
cession (to the left). B - Conglomerate succession displaying meter-scale sets comprised of inclined beds roughly defined by the proportion of large gravel versus granules. C - Detail
of the conglomerate succession displayed in B showing granule-dominated beds and coarser-gravel-dominated beds locally imbricated. D - Pebble to boulder-grade breccia
composed of carbonate clasts overlaid by laminated and contorted calcrete. E — Detail of the inclined plane bedded sandstone beds displayed in A presenting fine-grained veneers
and sparse pebbles. F - Imbricated and trough cross-bedded conglomerate deposits.
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Fig. 9. Facies associations of the Banzaé Member related to a paleovalley fill in western Central Tucano. A - Deposits displaying pebble to boulder grade gravel associated with large-
scale cross-bedded sandstone. B — Subordinate deposits characterized by tabular beds of plane-bedded and low-angle cross-bedded sandstone with sparse granules and pebbles,
rippled sandstone, mud and conglomerate beds (to the top of the picture). C - Interbedded conglomerate and sandstone succession interfingered with eolian deposits to the east,
over the shoulder of the paleovalley. D - Close-up of mud curls in sandstone beds displayed in C.

In the South Tucano Sub-basin, the Banzaé Member is poorly
exposed due to vegetation cover and topography base level. Out-
crops of the unit usually show its upper section, which is charac-
terized by contrasting facies associations: Pebbly medium to
coarse-grained compound cross-bedded units are overlain by fine
to medium-grained well-sorted sandstone displaying plane-beds,
locally with parting lineation, small-scale climbing cross-
lamination, either subcritical or supercritical, isolated medium to
large-scale cross-beds, and heterolithic deposits, locally inclined
(Fig. 11). This upper facies association display highly variable,
meter-scale, thicknesses. Paleocurrents measured in the coarser-
grained deposits reveal a mean paleoflow to S-SW (Fig. 6).

In the Reconcavo Basin the bulk of the Marizal Formation was
eroded, being the remnant deposits correlated to the lower section
of the Banzaé Member (Figs. 1 and 2 A-A’). The northern occur-
rences of the Banzaé Member deposits in the Reconcavo Basin near
the limit with the Tucano Basin (Fig. 1) are comprised of
conglomeratic, cross bedded, quartz arenite, with granule and
pebble composition dominated by vein quartz and quartz-
mylonite. Apparently intraclastic, sandstone pebbles with ferrugi-
nous cement also occur. Farther south, Lima and Vilas Boas (1994,
2000) described correlatable deposits in terms of six sandstone
facies, five conglomerate facies and two mudstone facies. The
conglomerate facies occur clustered at the south of the basin, where
imbricated and cross-bedded deposits subordinated to massive
facies provided NNW to ESE paleoflows. Cross-beds in sandy de-
posits point to S, SE and E paleocurrents (Lima and Vilas Boas, 1994,
2000) (Fig. 6).

4.1.1. Interpretation
The meter-scale thick compound cross-strata laterally related to

outsized foresets are interpreted as compound thalweg dunes
(Almeida et al,, 2016b) and unit bar deposits, i.e. quasi- or non-
periodic, usually lobate, bedforms displaying lengths scaled to
flow width and heights comparable to bankfull depth, and pre-
senting a relatively simple architecture due to its strict depositional
origin (e.g. Bridge, 2003; Sambrook Smith et al., 2006; Reesink and
Bridge, 2007, 2009; 2011). These deposits stack to form 10—25 m
packages bounded by relatively thin successions characterized by
shallow water facies, here interpreted as bar top and floodplain
deposits.

The preservation of bar tops and floodplain deposits bounding
stacked thalweg and bar deposits can be ascribed to avulsions (e.g.
Bristow, 1996; McLaurin and Steel, 2007). In this way, the sedi-
mentary package bounded by avulsion surfaces is interpreted as a
channel belt succession, i.e. the sediment piled during the con-
struction of an alluvial ridge between avulsion events that steered
the channel belt to the same position (e.g. Godin, 1991; Bristow,
1996; McLaurin and Steel, 2007). However, bar surface re-
constructions from deposits of the Banzaé Member (Almeida et al.,
2016a) suggest that channel belt deposits are not necessarily
bounded by bar top and floodplain facies associations, implying a
higher hierarchy, probably allogenic controlled, for the 10—25 m
thick packages and their bounding surfaces and facies associations.

The dominance of these few tens of meters thick sand bodies
comprised of meter-scale thick, southward accreted, amalgamated
compound dunes and unit bars throughout a sandstone sheet
approximately 200 m thick, 450 km long and up to 70 km wide,
points to an origin mainly associated to a large-scale axial fluvial
system for the Banzaé Member (Fig. 6). Despite the overall homo-
geneity of the Banzaé Member, significant variations in facies as-
sociations and paleocurrent patterns can be observed at some
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Fig. 10. Banzaé Member facies associations at the Serra Branca das Araras area. A - Inclined heterolithic strata (IHS) truncated at the top by a conglomerate-bearing succession. The
outcrop is 25—30 m high, oriented SE-NW (view towards south). B - IHS succession as seen perpendicular to dip direction. Note sandy reddish fine-grained deposits on the top of the
IHS succession which is truncated by an erosional surface underneath a conglomerate-bearing succession. The sandstone-dominated wall is more than 30 m high and the panorama
is oriented W-E (view towards north). C - Close-up of the upper pebble to boulder-grade conglomerate displaying clast imbrication. Indigo macaws are up to 70 cm long. D - Closer
view of the sandy reddish rippled succession as exposed on the back side of the wall showed in B.

Fig. 11. Facies associations in the upper part of the Banzaé Member in the South Tucano Sub-basin. A — Small-scale inclined heterolithic cross-strata. B - Plane-bedded sandstone
facies between subcritical climbing ripple packages at the top and base.

places. Among the striking heterogeneities of the unit is the dis- middle Banzaé section at the Serra Branca das Araras area (center-
tribution of conglomerate-dominated deposits. They occur in the south of the North Tucano) and at the base of the unit in the eastern
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and western Central Tucano, and south of the Reconcavo Basin
(Fig. 6). Their proximity with major structural features of the RT]J,
respectively the Caritd, Adustina, Umburana Platform and Salvador
faults, is noteworthy, being probably the product of fault scarp
degradation and increased gradient related to fault-displacement
uplift.

At the eastern Central Tucano, the occurrence of these
conglomerate facies as massive lenses and wedges locally associ-
ated with plane-bedded pebbly sandstones and also as paired
sandstone and conglomerate deposits are interpreted as alluvial fan
deposits (Fig. 6), locally sheet flood dominated (sensu Blair &
McPherson, 1994; Blair, 1999), supporting the idea of fault scarp
degradation during the sedimentation of the Banzaé Member.
Locally, preserved imbricated conglomerate provide transverse
paleoflow patterns as reported by Santos et al. (2010) and Santos
and Reis (2011) in the eastern margin of the Central Tucano,
where they mapped the conglomerate-dominated unit here
ascribed to the Banzaé Member as Salvador Formation. Similar
facies, dominated by massive and stratified conglomerates in the
south of the Reconcavo Basin were also interpreted by Lima and
Vilas Boas (1994, 2000) as alluvial fan deposits, spread from a
southwestern basement high to NNW to ESE (Fig. 6).

In the eastern Central Tucano (northern part of the N-S C-C’
profile in Fig. 2), cross-bedded conglomerate associated with cross-
bedded conglomeratic sandstone displaying W-SW paleocurrents
is interpreted as a transverse fluvial system, sourced from the east
(Fig. 6). Clast size-distribution and composition in these deposits
contrast with the dominant axial fluvial facies, being more akin to
the eastern fault-bounded alluvial fans (e.g. Figueiredo et al., 2016),
what indicates a similar source area to the east corroborating the
paleocurrent interpretation. S-SE paleocurrents in fluvial deposits a
few kilometers farther south are interpreted as the result of the
influence of a probably fault-bounded intrabasinal high, inferred in
the N-S geological profile in the BR-110 federal route (Fig. 2 C-C'),
with diverting fluvial flow around it (Fig. 6).

Paleocurrent patterns also suggest sin-sedimentary fault activ-
ity of the Caritd Fault in the North Tucano Sub-basin, where the
dominant fluvial facies association ascribed to a trunk river system
displays fault-parallel southeastward paleocurrent patterns on
both the hangin wall and footwall sides (Fig. 6). In this way, the
Caritd Fault would have controlled a localized NW-trending
watershed between the center and the southeast of the North
Tucano. On the other hand, paleocurrent data from the Reconcavo
Basin (Lima and Vilas Boas, 1994, 2000) (Fig. 6) indicate that the
southward flowing trunk river captured in the RT] flowed against
the NE-SW fault-bounded basin border, being locally deflected
around alluvial fan deposits, and thereby suggesting the basin
border no longer acted as the topographic barrier active until
Aptian times (Fig. 6).

Another tributary filling N-S-oriented paleovalleys, is inter-
preted from the deposits of the Banzaé Member in the western
Central Tucano (Fig. 6). The N-S trend of the paleovalley is probably
caused by the paleotopographic expression of the N-S striking and
eastwardly tilted underlying deposits during the development of
the angular unconformity between the Sao Sebastiao and Marizal
formations. The fluvial succession in this part of the basin is fol-
lowed by the deposits of an eolian dune field, the thickest recog-
nized in the Banzaé Member, interpreted from the well sorted and
rounded, medium to large-scale cross-bedded fine to medium-
grained bimodal sandy deposits often displaying pin stripe lami-
nations. The paired conglomerate and mud-curl-bearing sandstone
beds laterally related to the eolian dune field are interpreted as the
product of alluvial-eolian interaction probably related to alluvial
fan settings. Minor occurrences of eolian dunes and interdunes are
also interpreted in the eastern and southwestern Central Tucano,

complementing the NNE paleowind record (Fig. 6).

Fine-grained facies associations constitute another relevant
heterogeneity within the Banzaé Member sheet sandstone. These
decimeter to meter-scale thick rippled, locally heterolithic or mud-
dominated deposits intercalated within large-scale IHS in the Serra
Branca das Araras area are interpreted as part of a large-scale
meander-belt (e.g. Thomas et al., 1987) (Fig. 6) probably related to
a tectonic forcing, given the proximity of all the sedimentological
particularities observed in the area with the Carita Fault. The more
common occurrence of these fine-grained deposits intercalated in
the amalgamated cosets succession in northeastern Central Tucano
is interpreted as increased preservation of floodplain and bar top
deposits controlled by higher subsidence rates (e.g. Bryant et al.,
1995; Heller and Paola, 1996; Hickson et al., 2005) in the immedi-
ate hanging wall over the Cicero Dantas Low (Figs. 1 and 2).

Finally, the contrasting facies associations observed near the top
of the Banzaé Member succession in the South Tucano are inter-
preted as the product of a northward driven transgression with
coastal and eolian reworking over the fluvial deposits of the
southward flowing axial river system. The common occurrence of
thick rippled successions could thus be a product of enhanced
frequency of channel abandonment in the channel belt and flood-
plain sub-environments due to increased channel shifting and/or
local avulsion related to the adjustment of the equilibrium profile
to the ongoing transgression. This scenario would explain the dif-
ference in sorting between both facies associations, the dominance
of plane-beds and southward climbing ripples, the thickness vari-
ation noticed in the uppermost deposits, and the retrogradational
architecture configured in the transition of the fluvial deposits into
the Amargosa Bed.

4.2. The Cicero Dantas Member depositional systems

The Cicero Dantas Member is up to 100 m thick and is charac-
terized by the occurrence of isolated relatively coarse-grained,
cross-bedded sandstone bodies within finer-grained sandy and
heterolithic facies (Fig. 12). The cross-bedded sandstone bodies
include large-scale and relatively thin tabular bodies, whereas the
enclosing deposits can be fine sandstone and sandy heterolithic
deposits (Fig. 12). Both the enclosing and enclosed deposits of the
Cicero Dantas Member are usually deeply weathered, displaying
reddish colors and being better exposed in road cuts.

The fine-grained sandy successions, tabular at the outcrop-scale,
encompass profuse small-scale, subcritical and supercritical
climbing cross-lamination, as well as plane-bedded, fine to
medium-grained, well-sorted sandstone, locally presenting parting
lineation or associated with medium to large-scale cross-beds. This
facies association presents thickness of several meters and typically
occurs near the base of the Cicero Dantas Member, being better
developed (or exposed) in the South Tucano Sub-basin. At some
places, including a stratigraphically higher occurrence in the Cen-
tral Tucano Sub-basin, the facies association lacks the small-scale
cross-lamination and is comprised of fine to medium-grained,
plane-bedded, well-sorted sandstone with isolated medium to
large-scale cross-beds (Fig. 13). Paleocurrents are generally south-
ward, with mean vectors varying from SW to SE and NW (Fig. 14).

The heterolithic facies usually present tabular geometries at the
outcrop scale, are sand-prone and organized in interbedded, meter-
scale thick packages comprised of fine to very fine-grained mica-
ceous sandstones with locally preserved ripples, massive to faintly
laminated very fine sandstone and siltstone, as well as argillaceous
mudstones locally presenting horizontal lamination and plant re-
mains. Centimeter to decimeter-scale thick lenses of small to
medium-scale cross-bedded sandstone can also occur, and locally
display trough cross-beds at the base, transitioning towards the top



. mudstone to fine-grained sandstone s

O medium to coarse-grained sandstone ' _—

®

fluvial sandstones =V

Fig. 12. Facies and associations of the Cicero Dantas Member. A and B - Stratigraphic architecture of the unit including (in red) a — cross-bedded sandstone bodies, b - sandy
heterolithic deposits, and ¢ - eolian sand sheets and dunes. C and D — Stacked lenses with erosional bases composed of cross-bedded sandstone passing upward to plane-bedded
sandstone and mudstone. Note the larger cross-bedded sandstone body to the left. E and F - Stacked channel deposits separated by thicker line (note boulder grade mudstone clasts
to the right) and superposed by eolian sand sheet and floodplain deposits. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 13. Eolian reworked overbank facies of the Cicero Dantas Member. A - Plane-bedded, fine-grained, well-sorted sandstone. B - Cross-bedded, fine-grained, well-sorted sand-

stone. Note pin stripe laminations in both facies.

to plane-bedded and low-angle cross-bedded sandstone (Fig. 12C
and D). The frequency of the latter facies association seems to in-
crease in the proximities of large-scale cross-bedded sandstone
bodies. Paleocurrents measured in these sandy heterolithic tabular
deposits are usually characterized by high dispersion.

Large-scale cross-bedded sandstone bodies are several meter-
thick, medium to coarse-grained units, laterally continuous for
hundreds to thousands of meters, with nearly flat bases and locally
exposed steep truncations against heterolithic tabular successions
(Fig. 12E and F). They are internally organized as meter-scale thick
compound cross-stratified deposits (cosets), stacked to form
packages separated by small-scale, cross-laminated, fine to
medium-grained sandstone underlying erosional surfaces
commonly marked by gravel-grade mudstone clasts. In the Central
Tucano, this facies association can occur as well-exposed cliff-
forming deposits whereas in the South Tucano it usually occurs as
deeply weathered conglomeratic sandstone bodies obliterated by
abundant iron concretions and veins.

The relatively thin tabular cross-bedded sandstone bodies are
meter-scale thick successions (Fig. 12A and B), laterally continuous
for at least tens to hundreds of meters (scale of available outcrops).
These deposits occur isolated within the heterolithic tabular facies
association and are constituted of medium to coarse-grained cross-
bedded sandstone with rare granules and small pebbles concen-
trated in troughs. Both the above described cross-bedded sand-
stone bodies present minor thin conglomerate beds and
paleocurrents towards the south, but with marked dispersion.

Meter-scale thick inclined heterolithic strata (IHS, sensu Thomas
et al,, 1987) were locally observed in the South Tucano. Mud-
dominated [HS are often associated with small-scale cross-lami-
nated fine to medium-grained sandstone, whereas medium to
large-scale cross-stratified medium to coarse-grained sandstone
are usually related to sandier IHS deposits.

The Cicero Dantas Member in the North Tucano occurs as a
nearly 100 m thick succession in the Tona Plateau bounded by
carbonate-bearing deposits at the base and top (e.g. Almeida Filho
et al., 2002; Varejao et al, 2016), respectively ascribed to the
Amargosa Bed and to the Crato Formation (Figs. 1 and 2 A-A’). The
unit is dominated by fine to medium-grained, micaceous, cross-
bedded sandstone, with subordinated occurrences of plane-
bedded and small-scale cross-laminated sandstone, as well as
coarse sand and granule rich beds. Measured paleocurrents pro-
vided mean paleoflow vectors towards SE-SSE (Fig. 14).

4.2.1. Interpretation

The Cicero Dantas Member is a fluvial sequence characterized by
unconnected sandstone channel bodies. These channel bodies
occur isolated within two types of tabular successions: a sandier
one and a muddier one. The sandier tabular succession is

interpreted as an overbank environment dominated by eolian
reworking, whereas the muddier is interpreted as a floodplain
overbank environment. In the former case, the facies association
dominated by southward-flowing, small-scale cross-laminated
sandstone and plane-bedded sandstone with parting lineation is
interpreted to have been deposited during major floods, probably
reworking eolian deposits, whereas plane-bedded sandstones
without parting lineation associated with medium to large-scale
cross-beds are interpreted as eolian sand sheets and dunes (Fig. 14).

The above interpreted overbank environments are possibly
laterally equivalent, as they can be observed in vertical transitions.
In this case the muddier floodplain deposits would be more prox-
imal to river channels than the sandier overbank environment. On
the other hand, eolian deposits were locally observed overlying
channel-belt successions, what suggests channel-belt abandon-
ment due to avulsion.

Less well-sorted cross-bedded sandstone intercalated in the
muddier floodplain succession are interpreted as crevasse splay
deposits. Their common occurrence near channel bodies and the
association of trough cross-beds underlying plane-beds corrobo-
rate the interpretation of a high slope sub-environment, such as
crevasse splays, in which the development of high Froude number
flows are favored.

The cross-bedded sandstone bodies are interpreted as fluvial
channel bodies. The larger ones are interpreted as amalgamated
channel belt successions (Fig. 14) using the same criteria described
in the interpretation of the Banzaé Member deposits - compound
cross-strata, interpreted as unit bars and thalweg compound dunes,
stacked to form multistory bodies bounded by bar top deposits and
channel-belt basal erosional surfaces. The relatively thin tabular
cross-bedded sandstone bodies are interpreted as the depositional
products of minor channels in the floodplain, as well as the meter-
scale thick inclined heterolithic strata, interpreted as small point
bars from such channels (e.g. Thomas et al., 1987).

The Cicero Dantas Member succession preserved in the Tona
Plateau, in the North Tucano, can be interpreted as the product of
stacked channel belts of a basin-transverse river system, given its
southeastward mean paleoflow vector, and its larger sandstone
body connectivity compared to the Cicero Dantas Member else-
where. Alternatively, it could be interpreted as an upstream reach
of the main river system steered towards SE behind the Carita Fault
footwall. The coarser grain size of channel belt deposits southward,
in the Central Tucano, compared to the Tona Plateau deposits, could
thus be a consequence of increased slope gradient associated with
the continued rejuvenation of local source areas due to the activity
of the Caritd Fault during the deposition of the Cicero Dantas
Member.
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Fig. 14. Paleocurrents and depositional systems of the Cicero Dantas Member. Note the increased preservation of overbank fines and eolian reworked deposits, as well as the
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is referred to the web version of this article.)
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5. Correlation of regional surfaces and paleogeographic
implications

The Aptian succession in the RTJ is bounded at the base by a
regional erosional unconformity referred to as the pre-Aptian un-
conformity and used for regional correlation of the basins related to
the South Atlantic opening during the Cretaceous. The pre-Aptian
unconformity is recognized in interior basins of NE-Brazil, in ba-
sins of the Central segment of the South Atlantic in Brazil and Af-
rica, as well as in basins of the Brazilian Equatorial margin (e.g.
Bueno, 2004; Milani et al., 2007; Chaboureau et al., 2013).

In the RT]J rift system, this regional, erosional and locally angular
unconformity is covered by fluvial and alluvial fan deposits of the
Banzaé Member, often with the development of a basal conglom-
erate. Despite the presence of the latter deposits, no clear trend in
grain size could be recognized in the Banzaé succession. Differences
in grain-size are rather recognized between coeval sedimentary
successions ascribed respectively to tributary and trunk fluvial
systems.

The Amargosa Bed, preserved at the top of the Banzaé Member,
display a basal contact characterized by a regional flat surface
interpreted as a transgressive surface. Varejao et al. (2016) corre-
lated this surface and the Amargosa succession with the Batateiras
Bed in the Araripe Basin, recognizing its potential for broader cor-
relations. Local occurrences of rippled finer grained deposits at the
top of the Banzaé succession in the South Tucano are interpreted as
a retrogradational sedimentary response to the base level variation
associated with the deposition of the Amargosa Bed. The Amargosa
Bed is regionally truncated by an erosional unconformity covered
by the Cicero Dantas fluvial successions. The correlation of this
surface with an erosional disconformity within the Barbalha For-
mation in the Araripe Basin (e.g. Chagas et al., 2007; Scherer et al.,
2015; Fambrini et al., 2015) was also interpreted by Varejao et al.
(2016).

No regional vertical trend was recognized in the Cicero Dantas
Member in Central and South Tucano. However, stratigraphic pro-
files described by Varejao et al. (2016) in the Serra do Tona area
show a fining-upward trend interpreted by the authors as ascribed
to a trangressive sedimentary response that culminated in the
deposition of the carbonate-dominated Crato Formation
succession.

On the other hand, in the northeast of the Tona Plateau, fluvial
deposits of the Cicero Dantas Member are truncated by a topo-
graphically expressed sharp flat surface underlying a heterolithic
succession locally displaying mudcracks and ichnofossils (mostly
U-shaped tube ascribed to Arenicolites icnogenus). This meter-
scale thick succession also present subordinate thin intercalations
of marlstone, which pass upward to the limestone-dominated
succession mapped as the Crato Formation. This situation sug-
gests a second transgressive surface separating the Cicero Dantas
fluvial deposits and the Crato Formation lacustrine (see Varejao
et al., 2016) succession. The correlation of the following units of
the Santana Group, preserved in small areas of the Jatoba Basin,
lacks a detailed stratigraphic framework.

As a conclusion, the Aptian succession in the RT] rift system,
comprising the Marizal Formation and the Santana Group, can be
described in terms of two fluvial-dominated depositional se-
quences (e.g. Varejao et al., 2016) that can be correlated with those
of the Barbalha Formation in the Araripe Basin (e.g. Chagas et al.,
2007; Assine, 2007; Fambrini et al., 2015; Scherer et al., 2015).
Both sequences preserved in the RTJ and Araripe basins were
affected by transgressive events recorded in contrasting shale and
carbonate dominated successions close to their tops and separated
of the fluvial succession by sharp flat transgressive surfaces.

The sedimentary record of a major southward continental

paleodrainage, connecting at least the Araripe and the RTJ during
the Aptian, and occasionally affected by transgression is thus
crucial for understanding the timing and direction of marine in-
gressions into interior basins of Northeastern Brazil during the
Aptian (e.g. Arai, 2014; Varejao et al., 2016; Assine et al., 2016).

6. Autogenic vs. allogenic controls

Fluvial stratigraphic architecture, often thought in terms of
channel-belt clustering and sandstone body connectivity, is
controlled by complex interactions between eustatic, tectonic and
climatic, as well as autogenic processes, such as channel shift and
avulsion (e.g. Allen, 1978; Leeder, 1978; Bridge and Leeder, 1979;
Heller and Paola, 1996; Hajek et al., 2010; Hajek and Heller, 2012).
A common approach in the endeavor to understand this inherently
complex system is conceiving it as the result of the interplay be-
tween sedimentary input and generation of accommodation space
(e.g. Kim et al.,, 2011; Hajek & Wolinsky, 2012), both somehow
controlled by the above mentioned variables.

The stacking of dunes and unit bars forming compound bars and
then sequences capped by preserved bar-top and floodplain de-
posits as described in both members of the Marizal Formation is
likely to be controlled by lateral channel shifting and ultimately by
avulsion, thus configuring the autogenic-controlled channel-belt
deposits (e.g. Puigdefabregas and Van Vilet, 1978; Godin, 1991;
Robinson and McCabe, 1997; Bristow, 1996; McLaurin and Steel,
2007). Clustering of channel-belts, on its turn, can be the product
of allogenic controls. Continental sequence stratigraphic models
usually regard this amalgamated channel-belt deposits to low rates
of sea level rise and fall affecting subsiding basins (e.g. Wright and
Marriot, 1993; Shanley and McCabe, 1994).

Fluctuations in aggradation rates could also be controlled by
tectonics, due to varied subsidence rates in space and time in
tectonically active basins (e.g. Bridge and Leeder, 1979; Leeder and
Gawthorpe, 1987; Bridge and Mackey, 1993; Mackey and Bridge,
1995; Gawthorpe and Leeder, 2000). A common sedimentary
response ascribed to fluvial systems subject to varying subsidence
and consequent tilting of the floodplain is the lateral migration of
the channel belt towards areas with higher subsidence rates (e.g.
Bridge and Leeder, 1979; Bridge and Mackey, 1993; Nanson,
1980a,b; Alexander and Leeder, 1987, 1990; Leeder and Alexander,
1987; Reid, 1992; Alexander et al., 1994; Peakall et al., 2000). This
effect was obtained in numeric models in which avulsion is driven
towards the topographic minimum, resulting in higher sandstone
body connectivity within depocenters (e.g. Bridge and Leeder, 1979;
Bridge and Mackey, 1993).

Further models considered avulsion frequency as a function of
sedimentation rate (Mackey and Bridge, 1995; Heller and Paola,
1996) acknowledging observations from natural avulsion events
(e.g. Fisk, 1951; Schumm, 1968; Smith et al., 1989; McCarthy et al.,
1992; Richards et al., 1993) and flume experiments (e.g. Bryant
et al., 1995; Hickson et al., 2005). In the latter case, avulsion and
channel migration were observed to shift away from depocenter
areas, where streams adjusted to increased generation of accom-
modation space enhancing sedimentation rate when capable of it.
This process often resulted in isolated channel-belt sand bodies
(e.g. Mackey and Bridge, 1995; Bryant et al., 1995; Heller and Paola,
1996; Hickson et al., 2005).

Additionally, channel-belt connectivity can also be controlled by
autogenic parameters such as channel dimensions (depth and
width) and avulsion frequency (e.g. Leeder, 1978; Bridge and
Leeder, 1979; Alexander and Leeder, 1987; Bridge and Mackey,
1993; Mackey and Bridge, 1995). The self- organization of fluvial
systems and its relation with depositional architecture have been
subject of increasing interest and modeling (e.g. Jerolmack and
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Paola, 2010; Kim and Paola., 2007, 2011; Hajek et al., 2010, 2012;
Hajek and Heller, 2012; Hajek and Wolinsky, 2012), resulting in a
different view of autogenic dynamics operating in longer time-
scales than previously recognized and emulating architectural
patterns also produced with the change of allogenic basin boundary
conditions. Moreover, the autogenic dynamics of sediment trans-
port systems have been shown by numeric models to modulate
allogenic signals, often bringing uncertainties to the recognition of
external controls in the basin fill architectural record (e.g.
Jerolmack and Paola, 2007, 2010).

In spite of these models showing fluvial systems inherently
filtering the signals of high frequency external controls (e.g.
Jerolmack and Paola, 2010), climate-induced architectural shifts in
the fluvial record are commonly evoked, based on vertical changes
in features such as paleosols types and fossil content, as well as the
proportion of sedimentary structures ascribed to seasonal
discharge variability (e.g. North and Taylor, 1996; Bridge, 2003;
Fielding et al., 2009, 2011; Allen et al., 2013).

Large-scale climate changes would influence fluvial architecture
through changes in discharge regimes and consequently on sedi-
ment supply (e.g. Bridge, 2003). However, the most striking in-
fluences of climate change are related to post-glacial coupled
climate-sea-level changes in the Quaternary (e.g. Blum and
Tornqvist, 2000), what makes climate a minor concern in the
interpretation of Mid-Cretaceous fluvial architecture, given the
greenhouse conditions during the Cretaceous (e.g. Skelton et al,,
2003).

The Marizal Formation presents contrasting fluvial strati-
graphical architectures recorded in the basal Banzaé Member
sandstone sheet and the isolated-channel style of the younger
Cicero Dantas Member, separated from each other by a sequence
boundary. A similar architectural contrast observed between the
Cretaceous Lower and Middle Castlegate Sandstone, central USA,
illustrated early models of non-marine sequence stratigraphy (e.g.
Wright and Marriot, 1993; Shanley and McCabe, 1994). However,
the complexity inherent to the theme has led to continuous re-
visions of earlier interpretations of the Castlegate Sandstone and
the adjacent units (e.g. Adams and Bhattacharya, 2005; McLaurin
and Steel, 2007; Hajek and Heller, 2012; Hampson et al., 2013).

Despite that, the sheet sandstone of the Banzaé Member could
be interpreted in a continental sequence stratigraphy framework as
controlled by low aggradation conditioned by low rates of base
level rise or fall and/or low subsidence rates, notwithstanding the
context of extensional tectonics and mechanic subsidence evi-
denced by alluvial fan deposits bounding major faults laterally
related to the fluvial deposits. Together with the alluvial fan de-
posits, scarcely preserved floodplain fines constitute the subtle
heterogeneities of the Banzaé Member and also occur restricted to
the proximities of major faults, supporting the interpretation of
fault-displacement-related subsidence associated with slightly
higher sedimentation and, consequently, avulsion rates (e.g. Bryant
et al., 1995; Heller and Paola, 1996; Hickson et al., 2005).

Considering the evidence of tectonically induced creation of
accommodation during the deposition of the fluvial Banzaé Mem-
ber, the transgression represented by the Amargosa Bed recorded at
the top of the Banzaé Member could be related to rapid increase in
tectonic space generation. However, the Amargosa Bed lies on top
of proximal alluvial fan deposits in the eastern Central Tucano,
suggesting the absence of border fault activation during its depo-
sition. Thus, the Amargosa Bed and the underlying retrogradational
succession probably would represent an adjustment to base level
rise unrelated to increased tectonic activity.

The return of fluvial environments after the Amargosa trans-
gression characterizes the reestablishment of a sediment overfilled
basin. The evidence of reduced tectonic activity during the

deposition of the Cicero Dantas Member, including the cessation of
alluvial-fan deposition close to basin-borders, fewer brittle defor-
mation, and deposition over faults affecting the Banzaé Member, is
in apparent contradiction with the higher accommodation to
sediment supply ratio interpreted from the isolated channels and
increased preservation of floodplain deposits characteristic of the
unit.

The most probable hypothesis to explain this involves a great
reduction in the sedimentary input, balancing the reduced ac-
commodation, as a consequence of the progressive denudation of
sources and diminishing sedimentary yield after the last episodes
of regional tectonic uplift during the Aptian. In this way, the Cicero
Dantas Member could be considered as the record of the post-rift
stage of evolution of the Cretaceous continental basins of North-
eastern Brazil, either related to regional thermal subsidence (e.g.
Magnavita et al., 1994; Japsen et al., 2012) or to the passive infill of
the previous topography (e.g. Prosser, 1993) (e.g. Netto and Oliveira,
1985; Magnavita and Cupertino, 1987, 1988; Milani and Davison,
1988; Menezes Filho et al., 1988).

7. Conclusions

A new detailed view of the Aptian Marizal Formation (north-
eastern Brazil) is presented, with implications for the Cretaceous
evolution of the extensional province of southwestern Gondwana
to the Central South Atlantic. The Marizal Formation is here sub-
divided in two members, the lower Banzaé and the upper Cicero
Dantas, displaying contrasting fluvial architectural styles and being
separated by a sequence boundary over the transgressive record of
the Amargosa Bed, a subaqueous fossiliferous marker bed pre-
served at the top of the Banzaé Member.

The new proposed sedimentary units are displayed in a
geological sketch map emphasizing the distribution of the Aptian
units, their deformational and syn-sedimentary large-scale struc-
tural features, and revealing a greater exposed area of the Sao
Sebastiao Formation than previously considered.

The broad dataset gathered here on the sedimentologic and
stratigraphic aspects of the Aptian interval in the Reconcavo-
Tucano-Jatoba rift system fosters the debate on the sedimentation
controls and geodynamic significance of these successions. In this
way, the interpretation of the onset of a thermal subsidence phase
at the base of the Marizal Formation is disfavored by our results.

Generation of accommodation space during the onset of the
Marizal Formation deposition was strongly controlled by mechan-
ical subsidence, implying recurrent rift activity during the Aptian in
the RTJ. Nonetheless, after the maximum flooding interval of the
Marizal Formation recorded in the Amargosa Bed, accommodation
space filled by the Cicero Dantas Member could be ascribed to
previously interpreted mechanisms, such as thermal subsidence or
subsidence cessation with the passive infill of the remnant
topography.

The paleogeographic record of the Marizal Formation is domi-
nated by a regional scale fluvial system axial to the Tucano Basin,
and which displayed some major structurally controlled tributary
systems along the sedimentary basin length. This large-scale river
is part of a continental paleodrainage system, subject to occasional
transgressions, connecting at least the Araripe and the RTJ basins.

The results here obtained thus point out to the need for a
reappraisal of the meaning of the pre-Aptian unconformity,
bringing new elements to the ongoing debate on the correlation of
Cretaceous basins in northeastern Brazil and Africa and conse-
quently to the paleogeographic and tectonic models for the evo-
lution of the Cretaceous extensional province in western
Gondwana.
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