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Late Aptian—early Albian limestones from the eastern Brazilian continental margin record the early
evolution of the South Atlantic Ocean. In Tethyan and North Atlantic domains, a planktic foraminiferal
turnover and organic-rich deposits related to Oceanic Anoxic Event 1b (OAE 1b) point to major ocean-
climate changes through this interval. Coeval organic-rich deposits of the South Atlantic Ocean have
been interpreted as the product of restricted circulation rather than attributed to a global event. How-
ever, previous investigations of the early marine phase of South Atlantic lack data from more distal facies,
making correlations to global events difficult. Here, we present C, O, and Sr isotopes, elemental
geochemistry, TOC and pyrolysis data, as well as a microfacies analysis of an upper Aptian—lower Albian
distal section from the Campos Basin (southeastern Brazil). Our focus is on the paleoenvironmental
characterization of and the possible association between organic-rich deposits and major perturbations
related to Aptian—Albian transition. Five microfacies associations (MA) were identified in the informal
units I and III, which were deposited in the neritic region on a carbonate ramp. Organic-rich deposits
were described in unit III, composed of planktic-dominated wackestones interbedded with black shales,
in a distal dysoxic to anoxic environment. The carbonates 87Sr/®6Sr ratios showed a drastic increase
(0.7072—0.7074), interpreted as enhanced chemical weathering, supported by the increase of continental
input to the top of section. This trend was accompanied by a long-term 3'3Cca;, negative excursion, which
were assigned to the latest late Aptian—early Albian interval of the isotope reference curves, in accor-
dance with the described occurrence of Colomiella recta. This scenario matches those proposed for the
late Aptian—early Albian transition and OAE 1b set, as an enhanced greenhouse stage, pointing to the
influence of the referred ocean-climate changes on the deposition of organic-rich deposits of the early
South Atlantic Ocean. This investigation gives more evidences that these perturbations were a wide-
spread event, as a product of broad-scale disturbances in the global carbon cycle which also controlled
organic deposition and preservation on restricted settings.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The early marine phase of the South Atlantic Ocean is repre-
sented by carbonate rocks deposited on an extensive Aptian—Albian
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ramp, in the area that extended northward from the Sao Paulo-
Walvis Ridge (Dias-Brito and Azevedo, 1986; Spadini et al., 1988;
Koutsoukos et al.,, 1991). This nascent and restricted sea, origi-
nated as a result of the Gondwana breakup and the consequent
rifting to form the South Atlantic Ocean, is referred by some authors
as the central South Atlantic (Fig. 1; e.g. Azevedo, 2004). Fossil
content present in these rocks point to marine incursions from the
Tethyan Realm initiating in the early—late Aptian (Bengtson et al.,
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Fig. 1. Paleogeographic map of the Aptian—Albian (~113 Ma), modified from Sabatino
et al. (2015). The central South Atlantic was limited by Sao Paulo-Walvis Ridge in the
south (e.g. Azevedo, 2004). VB: Vocontian Basin; PLG: Poggio le Guaine section; CD-1:
studied section.

2007), with some similarities to the global events associated with
the Aptian—Albian transition (Bolli et al., 1978; Caron, 1978; Herbin
et al., 1987; Magniez-Jannin and Muller, 1987; Koutsoukos et al.,
1991; Kochhann et al., 2013).

In Tethyan and North Atlantic pelagic sections, this interval is
characterized by bioevents associated with organic-rich horizons
of the Oceanic Anoxic Event 1b (OAE 1b), representing drastic
changes in Earth's ocean-climate system (Erbacher et al., 1999,
2001; Herrle et al., 2004, 2015; Follmi et al., 2006; Gale et al.,
2011; Huber and Leckie, 2011; Huber et al., 2011; Trabucho-
Alexandre et al., 2011; Petrizzo et al., 2012; Coccioni et al., 2014;
Kennedy et al., 2014; Sabatino et al., 2015). Compared to other
Cretaceous anoxic events, OAE 1b is a complex set of organic-rich
intervals, including Jacob, Kilian, Paquier/Urbino and Leenhardt
horizons, that likely represent long-term enhanced conditions for
organic-matter preservation (e.g. Erbacher et al, 1999, 2001;
Leckie et al., 2002; Follmi et al., 2006; Coccioni et al., 2014;
Sabatino et al., 2015). Although the mechanisms driving oceanic
anoxic events are still debated, recent studies have interpreted
these paleoceanographic changes as a result from a pronounced
greenhouse climate and subsequent higher continental weath-
ering rates and nutrient influxes to basins (Erbacher et al., 1999;
Jones and Jenkyns, 2001; Jenkyns, 2010; Bodin et al., 2015;
Sabatino et al., 2015). Consequently, increased bioproductivity
and dysoxic—anoxic conditions were developed which favoured
organic-matter preservation (Jenkyns, 2010). In this scenario, the
progressive organic carbon burial and enhanced continental
weathering led to a decrease of CO; in the atmosphere, promoting
the global cooling. These global climate perturbations were
recorded as organic-rich deposits and documented by a rapid in-
crease in 87Sr/%0sr ratios (~0.7072—0.7074) through the
Aptian—Albian transition (Bralower et al., 1997; Jones and Jenkyns,

2001; Bodin et al., 2015). Recent studies have assigned the
Aptian—Albian boundary to foraminiferal bioevents (extinctions
and morphological change) coincident with the Kilian level of OAE
1b, at the end of a 8'3C negative excursion (Petrizzo et al., 2012;
Kennedy et al., 2014; Sabatino et al., 2015).

The oldest marine deposits of the central South Atlantic were
dated to earliest—late Aptian and suggested surface-water
connection between this restricted sea and the North Atlantic, as
reconstructed using ammonites and planktic foraminiferal assem-
blages retrieved from the lower-upper Aptian sedimentary record
of the Sergipe Basin, northeast Brazilian margin (Koutsoukos et al.,
1991; Bengtson et al., 2007). Moreover, the connection to the North
Atlantic in several basins of the central South Atlantic during the
late Aptian—early Albian can be deduced from other fossil evidence,
such as pithonellids and colomiellids (e.g., Chevalier and Fischer,
1982; Moullade and Guérin, 1982; Dias-Brito, 1994, 1999, 2000;
Carvalho et al, 1999; Dias-Brito and Ferré, 2001). Recently,
Kochhann et al. (2013) re-examined planktic foraminiferal assem-
blages from the lowermost interval of the DSDP 364 site in the
Kwanza Basin and recognized bioevents related to planktic fora-
miniferal turnover associated with the late Aptian—early Albian
transition (Petrizzo et al.,, 2012; Kennedy et al., 2014).

Organic-rich deposits were also identified in this interval from
the Sergipe (NE Brazilian margin) and Kwanza (Angola margin)
basins, and Falkland Plateau, suggesting that dysoxic—anoxic con-
ditions prevailed in bottom water during the early marine stage of
the South Atlantic (Bolli et al., 1978; Herbin et al., 1987; Magniez-
Jannin and Muller, 1987; Koutsoukos et al., 1991; Hart and Kout-
soukos, 2015). The general interpretation is that these conditions
were primarily the results of restricted circulation patterns, such as
those associated with the “silled basin” model (Koutsoukos et al.,
1991; Hart and Koutsoukos, 2015). In the southeast Brazilian con-
tinental margin, the data published so far did not report the upper
Aptian—lower Albian organic-rich interval described in other South
Atlantic sites, possibly related to a more proximal position of these
sections in the carbonate platform (data from petroleum wells
drilled under shallow-water depths) or even deposited in a
different time-interval (Dias-Brito and Azevedo, 1986; Esteves et al.,
1987; Koutsoukos and Dias-Brito, 1987; Dias-Brito, 1987, 1994,
1995, 1999, 2000, 2002; Azevedo et al., 1987a,b; Spadini et al., 1988;
Carvalho et al., 1999; Dias-Brito and Ferré, 2001; Okubo et al., 2015;
Favoreto et al., 2016).

Therefore, in the present study we investigated an upper
Aptian—lower Albian distal section from the southeastern Bra-
zilian margin corresponding to an intercalation of organic-rich
limestones and shales of the Macaé Group, in the Campos Ba-
sin. The section was crossed by an exploration well drilled in
deep waters (close to 3000 m water column depth) and corre-
sponds to early marine deposits immediately above the top of the
evaporite layer (transitional lacustrine—marine phase), overlain
by more than 5000 m of “post-salt” marine deposits. The primary
goal was to reconstruct the distal paleoenvironments of the early
marine South Atlantic based on microfacies analysis and che-
mostratigraphy (313C, 87sr/%6sr, TOC, pyrolysis, and elemental
geochemistry). Furthermore, considering that climate changes
through the Aptian—Albian transition were associated with
global carbon cycle perturbations, this study is also a contribu-
tion on the discussion about the relationship between the early
marine South Atlantic deposits and the coeval global events. The
data present here is an unprecedented opportunity to investigate
the distal facies of primitive South Atlantic (late Aptian—early
Albian), represented by deposits buried by thousands of meters
of rock thickness under deep waters of Brazilian continental
margin.
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2. Geological setting
2.1. The eastern Brazilian continental margin and Campos Basin

The Campos Basin is part of a set of basins located along the
eastern Brazilian continental margin, which extends from the Pe-
lotas Basin in the south to the Pernambuco-Paraiba Basin in the
north. The genesis of these basins was associated with the Gond-
wana breakup and the subsequent South Atlantic Ocean opening,
initiated in the Late Jurassic. Consequently, all the basins that
compose the eastern Brazilian continental margin are related to a
distensional tectonic model, with their stratigraphic record divided
into three tectono-stratigraphic phases (Ojeda, 1982; Chang and
Kowsmann, 1987; Ponte and Asmus, 2004): (i) continental clastic,
deposited in a continental rift setting (Late Jurassic—Early Creta-
ceous); (ii) transitional evaporitic, related to a lacustrine, hypersa-
line restricted setting (Aptian), characterized by extensive
evaporitic deposition; and (iii) marine, in a drift tectonic setting
and ocean floor spreading, from an early restricted marine phase
(Aptian—Albian; Dias-Brito and Azevedo, 1986; Dias-Brito, 1987;
Spadini et al., 1988; Koutsoukos et al., 1991; Bengtson et al., 2007) to
open marine-oceanic conditions (Cenomanian to Recent).

Winter et al. (2007) presented the most recent reconstruction of
the Campos Basin stratigraphy calibrated against the Gradstein
et al.'s (2004) Time Scale. These authors proposed three super-
sequences, representing the tectono-stratigraphic intervals pre-
sented above. The “Rift Supersequence” starts with flood basalts of
the Cabitinas Formation (Hauterivian), followed by a clastic (Ita-
bapoana and Atafona formations — Barremian) and lacustrine
bioclastic carbonate deposits (Coqueiros Formation—Early Aptian).
Lacustrine shales and microbial limestones (Gargau and Macabu
formations) overlapped by evaporites (Retiro Formation) compose
the “Post-Rift Supersequence” (Aptian). Two depositional se-
quences constitute the “Drift Supersequence”, related to the
oceanic development of the South Atlantic. From the late Aptian to
the Cenomanian, a progressive drowning of a carbonate platform
(Quissama and Outeiro formations, Macaé Group) is registered,
culminating in the accumulation of organic-rich shales (Imbetiba

Turonian to Recent. They are composed of clastic proximal deposits,
shales and marlstones, with local occurrences of bioclastic car-
bonate rocks (Campos Group).

Microfacies analysis and biostratigraphic studies in the eastern
Brazilian marginal basins (Sergipe-Alagoas, Jequitinhonha, Campos
and Santos basins) revealed Tethyan influence in the earliest ma-
rine phases of the South Atlantic Ocean, documented by colo-
miellids, pithonellids, nannoconids, stemless crinoids (roveacrinids
and saccocomids), planktic foraminifera (Koutsoukos, 1992;
Carvalho et al., 1999; Dias-Brito, 2000; Dias-Brito and Ferré,
2001), and ammonites (Bengtson et al., 2007). Consequently, the
central South Atlantic is regarded as a segment of the North
Atlantic, as a long and narrow arm of the Tethyan domain (a par-
atethyan tropical gulf; Dias-Brito, 2000), lacking coral and rudist
reefs and some characteristic large foraminifera (e.g. orbitolinids;
Dias-Brito, 1995, 2000).

2.2. The Macaé Group carbonate deposition in Campos Basin (late
Aptian—Albian)

The studied section corresponds to the base of the Macaé
Group (Fig. 2) in a distal area of the basin, deposited directly
above the evaporites of the Retiro Formation (transitional phase).
Carbonate deposits of the lower Macaé Group encompass oolitic
to oncolitic grainstones and packstones associated with shoals,
forming shallowing upward cycles on a shallow ramp (Esteves
et al., 1987; Guardado et al., 1989) and represents high-to mod-
erate energy limestones within the Quissama Formation. The base
of this sequence shows thick dolomitic layers (Bazios Member)
and an increase in clay contents in distal parts of the basin is
observed (Winter et al., 2007; Fig. 2). Transgressive pelagic
limestones of the Outeiro Formation overlie the Quissama For-
mation, and are represented by wackestones, mudstones, and
shales (in more distal parts) bearing planktic foraminifera, pith-
onellids and radiolarians (Dias-Brito and Azevedo, 1986; Dias-
Brito, 1987). Turbiditic deposits of the Namorado Formation are
interbedded in this unit and controlled by halokinesis (Winter
et al, 2007). On the top of the Macaé Group, marlstones and

Formation). The second depositional sequence comprises  organic-rich shales of the Imbetiba Formation represent the
progradational-retrogradational stacking patterns from the drowning of the carbonate platform and incursion of oceanic
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Fig. 2. Macaé Group's stratigraphic chart, Campos Basin, after Winter et al. (2007).
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waters during the Cenomanian (Dias-Brito and Azevedo, 1986;
Spadini et al., 1988).

In terms of paleoceanography and paleoecology, the carbonate
deposition of the Quissama and Outeiro formations corresponded
to the initial phase of the “pre-oceanic phase” (Dias-Brito and
Azevedo, 1986), due to the interpretation of inefficient connection
with coeval oceans resulting in a restricted circulation pattern
(Koutsoukos et al., 1991; Azevedo, 2004). These interpretations
come from the biotic content of this interval, which is characterized
by low diversities of benthic and planktic organisms associated
with a shallow neritic and hypersaline environment, under warm
and dry weather conditions (Dias-Brito and Azevedo, 1986; Dias-
Brito, 1987). At the end of Outeiro Formation deposition the esti-
mated paleobathymetry was no greater than 200 m deep
(Koutsoukos and Dias-Brito, 1987).

Only a few studies focused on the biostratigraphy of the Macaé
Group, which defined low-resolution local biozones (Troelsen and
Quadros, 1971; Schaller, 1973; Azevedo et al., 1987b; Antunes,
1996). Azevedo et al. (1987b) presented a foraminiferal bio-
zonation for the carbonate Albian platform. From base to the top,
they recognized the following biostratigraphic intervals: a) the
informal biozone Trocholina sp., which was defined as the local
occurrence of this taxon in association with Favusella spp; its lower
limit was placed on the top of the evaporite layer (Retiro Forma-
tion) and ascribed to the early to middle Albian based on the
occurrence of the Cyclopsiella sp. (palynomorphs); b) the Favusella
washitensis zone that ranges between the last occurrence of the
Trocholina sp. and the local extinction of the index taxon in the
middle to late Albian, below the occurrence of Ticinella; c) on the
top of the sequence, the Ticinella raynaudi zone ranges to the
extinction of T. raynaudi and T. primula, pointing to the end of the
Albian. On the other hand, the Nannoconus truitti nannofossil zone
(Troelsen and Quadros, 1971; Schaller, 1973) marks the Albian in-
terval, with the upper limit coinciding with the top of T. raynaudi
biozone (Azevedo et al.,, 1987b; Antunes, 1996). Azevedo et al.
(1987b) and Viviers and Azevedo (1988) repositioned the Nanno-
conus extinction close to the top of the Albian, associated with the
last occurrences of the foraminifers T. raynaudi, T. primula, Rotali-
pora ticinensis and Neobulimina minima, as well as the dinoflagellate
Oligosphaeridium complex.

Recently, Kochhann et al. (2013) identified the following fora-
minifers zones in the DSDP 364 site (Kwanza Basin): Hedbergella
trocoidea (upper Aptian), Paraticinella eubejaouaensis (Paraticinella
rohri, upper Aptian), Microhedbergella rischi (lower Albian) and
Pseudothalmanninella ticinensis (upper Albian), registering the
foraminiferal turnover events associated with the late Aptian—early
Albian transition (Petrizzo et al., 2012; Kennedy et al., 2014) in the
South Atlantic. The interval studied by these authors is correlated to
the Macaé Group carbonates, based on microfacies content, and the
lower part of the core is marked by organic rich-shales interbedded
with carbonate rocks (Bolli et al., 1978), similar to the CD-1 section
studied herein.

2.3. Studied section

The CD-1 section comprises the interval extending from 5340 to
5652 m deep of an exploration well drilled in a distal portion of the
Campos Basin, southeastern Brazilian continental margin (Fig. 3A).
The drilling site is located between two salt domes (Fig. 3B), in a
compressive domain of the margin. The lithotypes present are
fine-grained limestones and shales of the Quissama and the
Outeiro formations, characteristic of the distal portions of the
Macaé Group. Three informal units were described, from base to
the top (Fig. 3C).

Unit I (5650—5620 m deep; Fig. 3C) includes mudstones, bio-
clastic wackestones and packstones with benthic-dominated
faunas, corresponding to the Quissama Formation. The higher
gamma ray values towards the top correspond to an increase in
clay minerals. This unit lies above the evaporites of the Retiro
Formation and its top is marked by the contact with an
allochthonous evaporite (anhydrite) layer of unit Il (5620—5570 m
deep; Fig. 3C). This anhydrite layer is characterized by low gamma
ray values, high density log values (~3 g/cm?) and low sonic log
values. Repetition of evaporite layers has been reported in this
distal compressive domain of the margin (e.g. Mohriak, 2004,
2009). Unit Il (5570—5335 m deep; Fig. 3C) is composed of bio-
clastic wackestones, mudstones and shales with a planktic-
dominated biota, associated with the Outeiro Formation. These
lithotypes constitute high frequency cycles, as marked by the
gamma ray log.

3. Materials and methods

A total of 49 samples were provided by Petrobras, which were
composed of 19 sidewall samples and 30 cuttings. The cuttings
correspond to 3—5 mm-sized fragments representing a 3 m-thick
interval. Additionally, geophysical profiles (gamma ray, sonic and
density) were used.

3.1. Petrographic study

Petrographic studies were performed at labs of the Center for
Petroleum Geosciences — UNESPetro, at Sao Paulo State University.
Thin sections were prepared for all the sidewall samples and were
examined using a Zeiss Imager A2 optical microscope, with an
attached cathodoluminescence device CITL Mk5-2. Cath-
odoluminescence conditions for limestones analysis were adjusted
to 13 kV and 230 pA, under vacuum conditions of ~0.003 mBar.
SEM/EDS analyses were made on carbon-coated thin sections uti-
lizing a Zeiss EVO MA15 scanning electron microscope with an
attached Bruker XFlash 6/10 energy dispersive X-ray detector.

3.2. Elemental geochemical analysis

The carbonate sidewall samples were powdered in an agate
pestle for all the geochemical analysis. Major and trace elements
concentrations were determined using a Philips PW2400 X-ray
spectrometer at the Geochemistry Laboratory of the Petrology and
Metallogeny Department of the Sao Paulo State University. For
major elements analysis, ~0.7 g of carbonate powder was melted
with 6.5 g of Li;B407. Rb and Sr analysis was undertaken using x-ray
fluorescence of 6.0 g of carbonate powders mixed with 1.5 g of wax
binder. This mixture was covered with H3BO3; and then pressed.
Only 13 of the total sidewall samples had sufficient weight for the
Rb and Sr measurements by x-ray fluorescence technique.

3.3. TOC and pyrolysis

Approximately 250.0 + 0.2 mg of limestone powder was leached
with HCl 50% for 12 h. Insoluble residues were first washed with
distilled water at 100 °C and then five more times at ambient
temperature to eliminate chlorides. After drying, the residues were
weighed to determine the insoluble residue. TOC contents were
measured using a LECO SC632 Sulfur/Carbon determinator. Samples
with TOC contents higher than 0.50% were selected for pyrolysis,
performed in a Vinci Rock-Eval 6 by burning 70 mg of whole-rock
limestone powders. Hydrogen Index (HI) was calculated by
HI = (S2/TOC) x 100, expressed in mgHC/gTOC. TOC and pyrolysis
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microfossil content along the studied interval.

analyses were carried out in the Chemical Stratigraphy and Organic
Geochemistry Laboratory at the Rio de Janeiro State University.

3.4. Cand O stable isotopes

Carbon and oxygen stable isotopes analysis in carbonates were
carried out in 18 sidewall and 30 cutting samples. Stable isotope
data are reported in ¢ notation, relative to the VPDB standard.

Sidewall samples were analysed at the Chemical Stratigraphy
and Organic Geochemistry laboratory at the Rio de Janeiro State
University. Carbonate powders were acidified with H3PO4 100% in a
Kiel IV Carbonate Device, under a He atmosphere. Carbon and ox-
ygen stable isotope compositions from the CO, extracted were
determined in a ThermoFischer Delta V Plus mass spectrometer.
The standard IAEACO1 was run every ten samples. Average stan-
dard deviations of carbon and oxygen isotope analysis in sidewall
samples were 0.024 and 0.020%o, respectively.

Limestone fragments were picked out from the cuttings and
then were powdered in an agate pestle. About 10 mg of carbonate
powder was acidified with 100% H3POg4, at 25 °C for 24 h. C and O
isotope compositions of the released CO, were measured using a
Thermo Delta V Advantage mass spectrometer, at the Stable Isotope
laboratory of the Center of Geochronological Research (CPGeo),
University of Sao Paulo. The standards NBS-18 and NBS-19 were run
before and after the 30 samples. Average standard deviations of
carbon and oxygen isotopes analysis in cuttings samples were 0.1
and 0.2%o, respectively.

3.5. 875r/%5sr ratios

Sr isotope compositions were obtained from whole-rock
through a two-step leaching process. First, approximately
70—100 mg of carbonate powder were leached with 0.1 N HCl for
an hour. After drying, the samples were centrifuged and washed
three times with deionized Milli Q water. The first leachate was
discarded. The residues were then reacted with 1 N HCI for 30 min,
in order to leach ca. 70% of the sample mass. After drying, samples
were centrifuged and washed three times. The second leachates
were purified by an ion exchange chromatography technique with
Sr spec resin. Their 87Sr/%5Sr ratios were determined on a thermal
ionization mass spectrometer ThermoFischer Triton at the
Center of Geochronological Research (CPGeo), University of Sao
Paulo. The 87Sr/8Sr ratios were normalized for the value 0.1194.
The average value of the NBS-987 standard measures was
0.710243 + 0.000025.

Due to low Sr concentrations and high Rb/Sr ratios of the sam-
ples, the 87sr/%5Sr ratios were corrected for the contribution of
radiogenic 87Sr derived from 8’Rb decay in Rb-rich minerals (sili-
ciclastic terrigenous components), which may have been
exchanged with the carbonates during diagenesis. This correction is
derived from the law of radioactivity, for the Rb—Sr method (Faure
and Mensing, 2005):

87sr/865rinitial = 87sr/86srmeasured - 87Rb/865r[eXp()\t) - 1]
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where the decay constant 8’Rb (1) equals 1.42 x 10~ y~! and the
estimated average age for the deposition of studied rocks (t) is
115 x 10° y. Each term of this equation was divided by the non-
radiogenic ®%Sr isotope, under the assumption that it remains
constant through time (Faure and Mensing, 2005). 87Sr/865rimtia| is
the corrected ratio whereas &7Sr/®0Srmeasured is the original one. The
87Rb/®%sr isotopic ratios were calculated from the measured Rb/Sr
concentration ratios, following the relation:

87Rb/8Sr = [Rb]/[Sr] x 2.89 (Faure and Mensing, 2005)

4. Results
4.1. Microfacies analysis of carbonate rocks

Five microfacies associations (MA) were identified in units I and
[II. Unit I contained microfacies associations dominated by benthic
organisms (MA-1 and MA-2; Fig. 4 and 5, respectively) related to
shallower and more oxygenated conditions. In unit III, benthic or-
ganisms are absent or very rare (MA-3; Fig. 6) and planktic or-
ganisms predominate (MA-4, and MA-5; Fig. 7 and 8, respectively),
which is related to deeper and oxygen-depleted bottom water
conditions. These pelagic limestones are dark-coloured (dark blue
to dark grey) and contain relatively high TOC contents (section 4.5)
and abundant framboidal pyrite. Regarding diagenetic processes,
the microfacies from unit Il show more preserved depositional
textures, such as well-preserved micrite matrix, while unit I dis-
played more intense diagenetic features, as recrystallization and
dolomitisation.

MA-1 is composed of benthic-dominated bioclastic wacke-
stones, in which miliolids and ostracodes predominate (Fig. 4).
Echinoderms fragments, green algae, and hyaline benthic forami-
nifera are less frequent in this microfacies association. The matrix
consists of micrite and the detrital silt content is low. The two
lowest sidewall samples at depths of 5644.8 and 5638.5 m have
relatively high calcium contents (Table 1; section 4.3) and displayed
evidence of intense mineral recrystallization, as microspar calcite
and saddle dolomites, which were attributed to burial diagenesis.
Dolomite crystals contain porphyritic textures and dull lumines-
cence under CL (Fig. 4), indicating the presence of Fe which was also
confirmed by SEM/EDS analysis.

MA-2 encompasses bioclastic/peloid packstones and bioclastic/
oolitic wackestones, with incipient detrital silt/clay lamination
(Fig. 5). Bioclasts are dominated by benthic biota, especially mil-
iolids and ostracodes, similar to MA-1. Ooids retrieved in wacke-
stone microfacies were interpreted as allochthonous, transported
from an oolitic shoal.

MA-3 is characterized by bioclastic wackestones and micro-
peloid/bioclastic packstones, with associated bioturbation (Fig. 6).
Bioclasts correspond to agglutinated foraminifera, pelagic micro-
crinoids (roveacrinids), and planktic foraminifera (hedbergelliform
elements). Bioturbation was interpreted as worm tubes.

MA-4 comprises planktic-dominated bioclastic wackestones and
mudstones, with notable occurrences of the planktic foraminifera
Favusella washitensis (Carsey 1926), the colomiellid Colomiella recta
Bonet 1956, and the pelagic microcrinoid Microcalamoides diversus
Bonet 1956 (Fig. 7). The matrix is composed of micrite and nanno-
fossils (Nannoconus spp.), with low contents of detrital silt. The
abundance of framboidal pyrite pointed to sulphate-reduction ac-
tivity in an oxygen-depleted penecontemporaneous to eodiagenetic
environment. This microfacies association intercalates with black
shales in high frequency cycles, interpreted from the gamma ray log
and cuttings analysis.

MA-5 is characterized by abundance of detrital silt content
(5—10%), as angular grains, and similar abundance of plankton-
dominated bioclasts. Hence, this microfacies association is
composed of planktic-dominated bioclastic wackestones, in which
F. washitensis, C. recta and M. diversus predominate (Fig. 8). The co-
occurrence of glauconite grains, Fe—Mn oxides (Fig. 9), and fram-
boidal pyrite (Fig. 8) suggests sediment reworking from shallower
waters, under more oxygenated bottom conditions, and its trans-
port to deeper portions of the ramp, under oxygen depleted bottom
environments. In combination with the abundance of detrital silt
and bioclasts, this microfacies association was interpreted as
allochthonous deposits (tempestites).

The co-occurrence of E washitensis, C. recta and M. diversus
represents a typical Tethyan opportunistic pelagic biota within the
proto-oceanic South Atlantic (Dias-Brito and Ferré, 2001). This as-
sociation was reported in studies from the Gulf of Mexico, Mexico,
the Western Carpathians, the Caribbean sea, the eastern Brazilian
and western African margins (e.g. Chevalier and Fischer, 1982;
Premoli-Silva and McNulty, 1984; Dias-Brito and Ferré, 2001;
Gonzalez-Leén et al., 2008; Michalik et al., 2012). Microfacies
studies have positioned this association in the late Aptian—early
Albian interval (e.g., Longoria and Monreal, 2009; Nunez-Useche
and Barragdn, 2012).

4.2. Carbon and oxygen stable isotopes

In unit I, 8'3Cearp and 380, values ranged from 1.53 to 3.78%o
and from -7.20 to —1.13%., respectively (Table 1). With the
exception of the two basal cuttings samples, the 3'>Ceayp, profile
shows decreasing values towards the top of this unit, while alsomb
profile covary inversely (Fig. 10). Unit III has 3'3Cearp, and 880cam
values ranging from -0.23 to 3.09% and —6.63 to —1.38%o,
respectively (Table 1). The 8'3Cear, and 3'80car, profiles display an
independent behaviour, with 3'3Cearp, curve fluctuating mostly be-
tween 1 and 3%o along the unit, whereas 880, profile consists of
a negative excursion (Fig. 10).

4.3. Major, minor, and trace elements

The lithophile elements Si, Al, and K contents ranged from 0.43
to 6.48%, 0.08 to 3.27%, and 0.02 to 1.15% (Table 1), respectively, and
are directly associated with the siliciclastic terrigenous contents of
the limestones. In fact, MA-5 presented the highest percentages of
these elements (Fig. 10), which is associated with the increased
terrigenous content of this microfacies association (Figs. 8 and 9).

Ca is the primary cation present, with concentrations varying
from 31.13 to 51.76% and reflecting the calcium carbonate nature of
these rocks (Table 1; Fig. 10). The highest values are associated with
the two most basal sidewall samples of unit [, which are intensely
recrystallized due to their higher calcium carbonate content. Mg
contents range from 0.34 to 1.25% and are associated with the
carbonates (Mg-calcite, mainly, and dolomite), with the exception
of the highest values of 1.14% and 1.25% (depths 5620.0 and
5634.9 m, respectively; Fig. 10) which are related to high terrige-
nous contribution.

Fe contents range from 0.23 to 3.27% and are directly correlated
to the lithophiles (terrigenous phases) in unit I and at the top of unit
11, whereas in most of the unit III, its behaviour is decoupled from
other elements (Fig. 10). In this case, Fe is present in pyrites and
dolomites, which are associated with early and late burial diagen-
esis, respectively. Mn concentrations range from 0.04 to 0.41%, with
the highest values (0.33—0.41%) presented in the top of unit Il (MA-
5), also in direct correlation with the lithophiles (Fig. 10). In the rest
of section, Mn varies from 0.04 to 0.08% and is primarily associated
to the carbonates. MA-5 displays Fe—Mn oxides, marking a change
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MA-1

Fig. 4. Microfacies Association MA-1. A) Bioclastic wackestone with terrigenous detritals in the matrix and a miliolid (mld) in the centre. B) Overview of the bioclastic wackestone.
C) Cathodoluminescence image of a crystalline limestone, which revealed bioclasts of miliolids (mld) and ostracodes (ost), and saddle dolomites (Dol) with dull luminescence. D)
Cathodoluminescence image revealing a miliolid (mld) and a ostracode (ost), in a crystalline limestone. E) An articulated ostracode in the centre. F) An ostracode valve in the centre.
G) A miliolid in the centre. H) Another miliolid in the centre.
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Fig. 5. Microfacies Association MA-2. A) A bioclastic/peloid packstone, with ostracodes (ost), peloids (pel), miliolids, and terrigenous laminations (tl). B) Cathodoluminescence
image showing the bright luminescence of the calcitic components and a dull-luminescent dolomite (Dol) crystal filling an ostracode (ost). C) Detail of the terrigenous laminations
composed of subspherical siliciclastic grains, phyllosilicates, clay and organic-matter. D) Cathodoluminescence image showing the contact between a bioclastic/peloid packstone
and a bioclastic wackestone with brighter luminescence. The contact is represented by a stylolite. E) Bioclastic wackestone with ooids (ooid). F) Contact between a bioclastic
wackestone (on the base) and a bioclastic/peloid packstone (on the top).
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MA-3

Fig. 6. Microfacies Association MA-3. A) Bioclastic wackestone with bioturbations (worm tubes). B) Bioclastic wackestone with pelagic crinoids (pc) and the planktic foraminifer
Favusella washitensis (Fw). C) An agglutinated foraminifer in detail in a bioclastic wackestone. D) Favusella washitensis in detail. E) Bioclastic wackestone with a benthic foraminifer
filled by pyrite in detail, in a recrystallized matrix containing pyrite framboids, F) Another benthic foraminifer filled by pyrite in detail within the recrystallized matrix.
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MA-4

1000 pm

Fig. 7. Microfacies Association MA-4. A) Overview of a bioclastic wackestone containing Favusella washitensis (Fw), with organic-matter and eo-(famboidal) to mesodiagenetic
(cubic) pyrite in the matrix. B) Bioclasts of Favusella washitensis in detail. C) Overview of a bioclastic wackestone containing Colomiella recta (Cr), with organic-matter and pyrite
framboids in the matrix. D) Bioclasts of Colomiella recta in detail. E) Bioclastic wackestone showing recrystallized matrix containing organic-matter and pelagic calcispheres (Cls). F)
Pelagic calcispheres in detail, in a recrystallized matrix containing organic-matter. G) SEM image showing a pyrite framboid filling a bioclast. Note the cubic crystals of pyrite within
organic-matter. H) Overview of a mudstone containing inoceramids fragments.
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Fig. 8. Microfacies Association MA-5. A) Overview of a bioclastic wackestone with abundance of bioclasts and terrigenous grains, interpreted as tempestites. B) The association of
Favusella washitensis (Fw), Colomiella recta (Cr), and Microcalamoides diversus (Md) in detail, in a bioclastic wackestone. C) Another image of the association of Favusella washitensis
(Fw), Colomiella recta (Cr), and Microcalamoides diversus (Md), containing pyrite framboids and organic-matter in the matrix. D) Favusella washitensis in detail. E) Overview of a
bioclastic wackestone with abundant Colomiella recta (Cr) bioclasts and terrigenous grains. F) Bioclasts of Colomiella recta in detail. G) SEM image showing the matrix of the bioclastic
wackestones of the MA-5, containing micrite (lighter colour), terrigenous components (darker colour), and Nannoconus spp. in the centre. H) Microcalamoides diversus in detail.



34 S. Caetano-Filho et al. / Cretaceous Research 74 (2017) 23—44

Table 1
C and O stable isotopes, major, and trace (Rb and Sr) elements from the limestones of the CD-1 section.
Depth (m) Sample  Microfacies  5"3Cearp 3"80carb Si(%) Al(%) Fe(%) Mn(%) Mg(%) Ca(%) K(%) Rb(ppm) Sr(ppm)
type association (%o V-PDB) (%o V-PDB)

Unit I 5340.0 Cuttings n.a. 2.3 -6.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5346.8 Sidewall MA-5 -0.23 —4.59 5.72 1.58 1.18 0.38 0.72 33.18 0.84 27 339
5349.0 Cuttings  n.a. 24 —5.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5358.0 Cuttings n.a. 2.0 -5.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5365.1 Sidewall MA-5 0.05 -3.49 4.51 1.25 0.64 0.41 0.47 34.71 0.68 21 349
5365.8 Sidewall MA-5 0.25 -5.10 4.92 1.57 0.90 0.33 0.56 3343 0.86 25 378
5367.0 Cuttings  n.a. 1.8 —-6.0 n.a. n.a. n.a. n.a. n.a. na. n.a. n.a. n.a.
5376.0 Cuttings n.a. 19 -6.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5377.5 Sidewall MA-4 2.16 —4.73 1.08 0.32 0.28 0.08 0.34 3996 0.14 10 230
5385.0 Cuttings  n.a. 20 —6.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5394.0 Cuttings n.a. 1.8 -6.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5399.6 Sidewall MA-5 1.82 -5.33 3.22 0.97 0.59 0.07 0.45 36.73 0.47 n.a. n.a.
5403.0 Cuttings  n.a. 14 —5.8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. na.
5412.0 Cuttings n.a. 24 -54 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5413.5 Sidewall MA-5 1.87 -4.18 6.48 2.05 1.10 0.05 0.59 31.13 1.05 26 259
5421.0 Cuttings  n.a. 2.2 —4.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5423.2 Sidewall MA-4 1.97 -2.49 0.82 0.25 0.23 0.04 0.46 39.10 0.08 n.a. n.a.
5430.0 Cuttings n.a. 1.1 -6.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5439.0 Cuttings  n.a. 1.0 —-4.1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5448.0 Cuttings n.a. 1.2 —4.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5456.0 Sidewall MA-4 2.54 -3.56 2.77 0.83 0.65 0.06 0.47 36.50 0.40 n.a. n.a.
5457.0 Cuttings  n.a. 1.0 —-4.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5460.4 Sidewall MA-4 2.32 —2.66 1.79 0.67 3.27 0.08 0.46 38.23 0.29 n.a. n.a.
5466.0 Cuttings  n.a. 14 -49 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5475.0 Cuttings  n.a. 13 -4.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5484.0 Cuttings  n.a. 24 -14 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5496.0 Cuttings n.a. 1.7 -3.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5499.1 Sidewall MA-3 1.07 -3.03 293 0.89 0.51 0.04 0.59 35.87 041 15 343
5508.0 Cuttings  n.a. 2.6 -41 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5512.0 Sidewall MA-4 0.70 -2.33 1.17 0.27 0.29 0.04 0.60 38.31 0.11 10 255
5518.0 Cuttings n.a. 1.5 -3.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5526.0 Cuttings  n.a. 19 -33 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5538.0 Cuttings  n.a. 1.9 —-2.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5544.2 Sidewall MA-4 3.09 -3.70 1.54 0.43 0.41 0.07 0.44 38.67 0.20 n.a. n.a.
5556.0 Cuttings  n.a. 19 2.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5558.3 Sidewall MA-3 2.08 -2.85 4.00 1.38 0.88 0.07 0.72 3248 0.78 20 234
5568.0 Cuttings  n.a. 0.6 —4.2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. na.
5574.0 Cuttings n.a. 1.6 -19 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Unit I 5620.0 Sidewall MA-1 2.73 -1.13 2.55 0.68 0.51 0.05 1.14 3829 043 15 401
5628.0 Cuttings  n.a. 23 -3.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5629.3 Sidewall MA-1 2.87 -3.56 1.32 0.31 0.31 0.06 0.50 4222 0.18 11 275
5634.0 Cuttings  n.a. 19 -3.1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5634.9 Sidewall MA-2 3.04 -4.18 5.90 1.81 1.80 0.06 1.25 32.89 1.15 24 235
5638.5 Sidewall MA-2 3.72 -7.20 0.43 0.08 0.23 0.07 1.16 49.54  0.02 8 196
5640.0 Cuttings n.a. 3.1 —-4.3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5644.8 Sidewall MA-1 3.78 -5.80 1.39 0.40 0.49 0.07 0.82 51.76  0.26 11 228
5646.0 Cuttings n.a. 1.5 -29 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
5652.0 Cuttings n.a. 23 2.4 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Notes: (n.a.) not analysed.

in Mn-bearing minerals in the top of unit IIl, formed under oxic
conditions (Fig. 9).

Carbonate rocks of CD-1 section yield Rb and Sr contents be-
tween 8 to 27 ppm and 196 to 401 ppm, respectively (Table 1). Rb
correlates with the lithophiles, whereas Sr is associated with Ca in
the carbonates (Fig. 10). Sr contents are low for carbonate rocks
(~500 ppm; Reimann and Caritat, 1998), with average and median
of 286 and 259 ppm, respectively.

44. 37sr/%sr ratios

875r/86sr and Rb/Sr ratios are shown in Table 2, as well as the
corrected ®/Sr/%6Sr ratios for radiogenic ®’Sr contribution
(87r/88Srinitial). Carbonates of CD-1 section yielded &7Sr/®Sr ratios
ranging from 0.7074 to 0.7077. They are more radiogenic towards
the top of the section, following an increase in terrigenous input as
recorded in the microfacies and by the lithophiles profiles (Fig. 10).
As presented earlier, due to the low Sr contents of these rocks, and

consequently high Rb/Sr ratios (0.039—0.100; Table 2), the
measured 37Sr/86Sr ratios were corrected by the Rb—Sr radiogenic
decay equation (87Sr/®Srinisiai; section 3.5). The calculated
87Sr/38Srinitial ratios varied from 0.7072 to 0.7074, on average
0.0003 less radiogenic than the 87Sr/BGSrme',lsured ratios (Table 2),
and are in accordance with the late Aptian—early Albian interval of
the reference 87Sr/%8Sr curves (e.g. Bralower et al., 1997; Bodin et al.,
2015).

4.5. TOC and pyrolysis

TOC, insoluble residues, S2, Tmax and HI from limestones of the
CD-1 section are given in Table 3. TOC contents ranged between
0.09 and 1.94% and from 0.17 to 2.49% for units I and III, respectively.
Despite a sample at 5634.9 m depth, which has increased TOC of
1.94%, TOC contents are low in unit I (MA-1 and 2), with average
and median of 0.51 and 0.21, respectively (Table 3). In turn, unit III
displayed substantial TOC amounts throughout the section (MA-3,
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Fig. 9. SEM/EDS analysis of the sample at 5635.8 m depth (MA-5). The SEM backscattered image m on the top left position shows the analysed field containing a bioclast of Favusella
washitensis (arrow), carbonatic matrix (light grey), detrital components (dark coloured), and Fe—Mn oxides (white). The terrigenous siliciclastic components are represented by the
brightest colours on the images of the lithophiles Si, Al, and K, and by the darkest colours on the Ca image. The arrows on the Mg and Fe images point to Fe—Mg rich phyllosilicates.
Fe—Mn oxides are circled on the Fe and Mn images.
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Fig. 10. CD-1 section’'s chemostratigraphic profiles. 3'>C and §'80 profiles are composed of sidewall samples and cuttings, whereas TOC, ®7Sr/®5sr, and elemental profiles are

composed of sidewall samples.

MA-4, and MA-5; Fig. 10), with average and median of 1.09 and
1.10%, respectively. These values are higher than the average TOC
content for carbonate petroleum-source rocks (~0.6%; Tissot and
Welte, 1984).

In unit I, pyrolysis was only performed on a sample at 5634.9 m
depth, with S2, Tmax and HI of 5.11 mgHC/gRock, 437 °C, and

Table 2

263 mgHC/gTOC, respectively (Table 3). In unit III, these parameters
varied between 0.34 and 5.78 mgHC/gRock, 416 to 444 °C, and 22 to
501 mgHC/gTOC, respectively. HI increased from a depth of
5512.0 m to the top, varying from 154 to 501 mgHC/gTOC, with
average and median of 237 and 233 mgHC/gTOC, respectively,
representing well-preserved organic-matter and the potential of

875r/%55r ratios from the limestones of the CD-1 section and calculated parameters for Rb—Sr decay correction.

Depth (m) Microfacies association Rb/Sr 8751 /35S measured Error (20) Rb87/5r86 871 /%8S rinitial
Unit 111 5346.8 MA-5 0.080 0.70763 0.000046 0.230 0.70725
5365.1 MA-5 0.060 0.70768 0.000069 0.174 0.70739
5377.5 MA-4 0.043 0.70758 0.000048 0.126 0.70737
5399.6 MA-5 - 0.70756 0.000060 - -
5413.5 MA-5 0.100 0.70766 0.000058 0.290 0.70719
5460.4 MA-4 — 0.70745 0.000049 — -
5499.1 MA-3 0.044 0.70746 0.000057 0.126 0.70726
5512.0 MA-4 0.039 0.70746 0.000045 0.113 0.70728
55442 MA-5 — 0.70745 0.000043 — —
5558.3 MA-3 0.085 0.70763 0.000066 0.247 0.70722
Unit [ 5629.3 MA-1 0.040 0.70739 0.000065 0.116 0.70721
5638.5 MA-1 0.041 0.70757 0.000060 0.118 0.70738

Notes: (—) not calculated.
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TOC, insoluble residues, S2, Trax, and HI data from the limestones of the CD-1 section.
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Depth (m) Microfacies association TOC (%) Insoluble residue S2 (mgHC/gRock) Tmax (°C) HI (mgHC/gTOC)
Unit 111 5346.8 MA-5 0.17 23.41 n.a. na. n.a.
5365.1 MA-5 0.50 17.81 1.16 429 233
5365.8 MA-5 0.77 20.56 1.24 428 160
5377.5 MA-4 1.44 10.04 344 416 239
5399.6 MA-5 0.61 13.20 1.42 437 233
5413.3 MA-5 0.69 14.74 3.46 432 501
5423.2 MA-4 1.84 12.75 2.84 437 154
5456 MA-4 249 18.40 5.78 440 232
5460.4 MA-4 1.10 14.98 2.62 436 238
5499.1 MA-3 0.70 13.10 2.51 436 361
5512 MA-4 1.22 6.02 5.41 421 443
5544.2 MA-4 1.52 16.00 0.34 444 22
5558.3 MA-3 1.18 19.05 0.36 441 31
Unit | 5620 MA-1 0.09 9.56 n.a. n.a. n.a.
5629.3 MA-1 0.21 437 n.a. n.a. n.a.
5634.9 MA-2 1.94 37.45 5.11 437 263
5638.5 MA-2 0.04 1.99 n.a. n.a. n.a.
5644.8 MA-1 0.28 438 n.a. n.a. n.a.

(n.a.) not analysed.

unit III for oil generation. Ty« values are close to the initial oil and
gas window, but the average and median of this unit of 433 and
436 °C, respectively, did not reach this range.

5. Discussions
5.1. Assessing diagenetic alteration of carbonates

Significant attention is required when using C and O stable
isotopes and 37Sr/%6sr ratios in carbonates chemostratigraphy and
paleoenvironmental studies, to determine the role of diagenetic
overprinting on primary signals (e.g. Hudson, 1977; Scholle and
Arthur, 1980; Banner, 2004). For carbon and oxygen, meteoric
diagenesis presents a higher potential for alteration of depositional
marine carbonates signatures, leading to lighter isotope composi-
tions. To assess this potential, a 83C vs 3'%0 diagram is typically
used, in which a positive correlation suggests meteoric over-
printing (Hudson, 1977; Veizer et al., 1999).

None of the units present positive correlation between 5'3C and
3180 (Fig. 11A). Unit I presents a negative correlation between 3'>C
and §'80 (r = —0.72), whereas unit Il shows no correlation be-
tween §'3C and 8'®0 (r = 0.00), suggesting a lack of meteoric
diagenesis in the studied section. In unit I, the two most basal
sidewall samples (depths 5644.8 and 5638.5 m) showed intense
recrystallization (Fig. 4) and the lowest 380 and highest 3'3C
values. The first parameter can be explained by an influence of high
temperature fluids in a burial diagenetic setting, considering the
greater susceptibility of oxygen isotopes to post-depositional
changes (Hudson, 1977). On the other hand, there is no simple
explanation for the highest 3'3C values in these samples related to
post-depositional alteration. Diagenetic processes that can lead to
an increase in carbonates 3'3C are known, such as in methanogenic
environments (e.g. Meister et al., 2011; Birgel et al., 2015), but it is
difficult to assume influence of this process without more specific
analysis.

In addition to a positive correlation between 3'3C vs 330, the
influence of diagenetic fluids can lead to increasing concentra-
tions of Mn in marine carbonates, as well as the preferential
leaching of Sr in relation to Ca (Brand and Veizer, 1980;
Banner and Hanson, 1990). The relationship between Mn and
Sr/Ca shows that both units follow the initial trend expected
for diagenetic alteration, however without significant increase in
Mn content (Fig. 11B; e.g. Brand and Veizer, 1980). The highest
Mn contents were not considered in this evaluation, due to

the fact that these values are associated with oxides in these
samples (see circled samples in Fig. 11B; MA-5 — Fig. 9, depths
5346.8, 5365.1 and 5365.8 m), clearly contrasted with other
samples from unit IIl. Despite these, the two basal sidewall
samples from unit I (depths 5644.8 and 5638.5 m) had the lowest
Sr/Ca ratios accompanied by higher Mn contents, due to intense
recrystallization.

Mn incorporation in marine carbonates is related both to
meteoric diagenesis as to (re)precipitation under reducing condi-
tions, either in early marine or late burial diagenesis environments
(Brand and Veizer, 1980; Veizer, 1983). Following the evaluation
presented by Kah (2000), the 3'80 vs [Mn] diagram (Fig. 11C) was
used to distinguish the different conditions associated with the
increase in Mn contents and potential diagenetic fluids. In unit I, the
increase in Mn content is coupled with a decrease in 3'20 values
(r = —0.99; Fig. 11C), as expected for meteoric fluids, whereas in
unit III the Mn increase was not related to significant decrease in
3130 values (r = —0.50; Fig. 11C), following the trend for brines
(Kah, 2000). Despite unit I presents a strongly negative correlation
between 880 and [Mn], a positive correlation between 3'C and
3180, as expected for meteoric diagenesis, was not found, as dis-
cussed previously. Thus, another possible interpretation for the
diagenetic environment is recrystallization associated with brines
under reducing conditions, and the relationship between lighter
330 values and higher temperatures of recrystallization, such as in
burial diagenesis. In unit IIl, the Mn increase may be related to an
early reducing marine diagenesis, considering the weaker negative
correlation between 8'®0 and [Mn], increased TOC contents and
pyrite framboids.

Post-depositional alteration of carbonate 3Sr/86Sr ratios are
related to radiogenic 8’Sr contributions from terrigenous minerals
and the loss of Sr during diagenesis (Banner, 1995). Radiogenic
decay of 87Rb to 87Sr affects mainly limestones with high Rb/Sr, i.e.,
those with high terrigenous contents. Additionally, the lower the Sr
content, the higher the 87Sr/%6Sr ratio alteration, even under lower
fluid/rock ratios (Banner and Hanson, 1990).

The Rb/Sr vs 37Sr/%5Sr shows a positive correlation (r = 0.72)
between these parameters (Fig. 12A), suggesting that radiogenically
derived 87Sr may have influenced the Sr isotope compositions. In
fact, the most radiogenic ratios are found in limestones from MA-5,
with the highest terrigenous content (Fig. 8; Table 2). Despite the
corrected 37Sr/8%Sriniial ratios being in agreement with latest late
Aptian—early Albian reference values and biostratigraphic content,
as will be discussed in section 5.3, this does not necessarily imply
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correlation, which suggests that the 87Sr/®®Sr ratios of the analysed carbonates may
have been influenced by the terrigenous content. B) [Sr] vs 87Sr/%6Sr diagram shows no
correlation between these parameters. Models for Sr diagenetic evolution presented by
Banner (1995) and references therein.

that the 87Sr/%Srmeasured ratios (approximately 0.0003 more
radiogenic) are altered. The central South Atlantic paleogeography
in this stage resulted in restricted marine circulation patterns
(Koutsoukos et al., 1991; Dias-Brito, 2000; Azevedo, 2004; Arai,
2014). Hence, considering the factors that control the ocean Sr
isotope compositions (e.g. Palmer and Edmond, 1992; Jones and
Jenkyns, 2001; Banner, 2004), the proposed paleogeographic sce-
nario would imply more effective contributions from more radio-
genic 87Sr/%8Sr continental waters rather than a less radiogenic
875r/86sr hydrothermal influx (e.g. Huber et al., 2011). The early
South Atlantic was completely surrounded by older continental
rocks from the eastern Brazilian and western African margins
(Fig. 1), while the oceanic crust production and spreading just
started.

An additional evaluation of the 37Sr/®6Sr ratios concerns about
the Sr loss during diagenesis, given the low Sr content of these
limestones (Table 1). Here, we examine the [Sr] vs 87Sr/80Sr diagram
(Fig. 12B), based on models discussed by Banner (1995). Two
models for ion exchange between pore fluids and carbonate grains
during diagenesis were presented. The bulk recrystallization model
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(Morrow and Mayers, 1978) represents ion exchange through
advection between grains and fluids, under high pore fluid vol-
umes, whereas in the thin-film model (e.g. Veizer, 1978) Sr is
exchanged through diffusion with fluids in micropore environ-
ments. Banner (1995) presented calculations for these models and
showed that each one had a different [Sr] vs 87Sr/26Sr pathway
(Fig. 12B). In the bulk recrystallization model the loss of Sr is
accompanied by an increase of 87Sr/8%Sr ratios, due to ion exchange,
whereas, in contrast, in the thin-film model this relationship is not
observed, with residual Sr isotope compositions remaining con-
stant, as long as the pore fluids have lower Sr concentrations than
the carbonates. This seems to be the case of 37Sr/26Sr ratios of the
limestones analysed in the CD-1 section, given the lack of correla-
tion between Sr and 37Sr/%0Sr (r = 0.05; Fig 12B). Thus, regardless of
low Sr contents from the limestones from the CD-1 section, the
875r/86Sr ratios obtained are not necessarily altered by Sr loss
during diagenesis. Only the sample at 5638.5 m depth was dis-
carded from discussions, due to a high intensity of recrystallization
processes and a higher loss of Sr (Table 2, Fig. 12B).

In summary, based on this geochemical evaluation and microf-
acies analysis, a diagenetic evolution from reducing early marine
diagenesis to burial diagenesis is proposed, in which the basal unit I
was more intensely altered, due to the higher compaction and
higher carbonate content of these rocks, as presented in section 4.1.
Organic-rich limestones and an abundance of pyrite framboids in
unit III are in agreement with reducing conditions of early marine
diagenesis. Both diagenetic environments are, however, believed to
have preserved its carbon and strontium isotope compositions, as

Inner neritic

the fluids are derived from seawater in early marine diagenesis and
the progressive compaction of pelagic limestones obliterates the
porosity, and fluid/rock interaction occurs at low ratios (Hudson,
1977; Scholle and Arthur, 1980; Renard, 1986).

5.2. Integrating microfacies and geochemical data:
paleoenvironmental model

The microfacies associations align with a carbonate ramp model
(Fig. 13), following the proposal for early marine stages in the
Campos Basin (e.g. Guardado et al., 1989). As mentioned earlier,
MA-1 and 2 (unit I) are composed of shallower marine facies,
whereas MA-3, 4 and 5 (unit III) represent deeper portions of the
ramp, although still reflecting a neritic environment.

MA-1 were deposited in an inner ramp, low-energy environ-
ment (Fig. 13), as it is represented by bioclastic wackestones con-
taining miliolids and articulated ostracodes in a micritic matrix
with negligible terrigenous contents (Fig 4). The relative abundance
of benthic taxa and low TOC contents suggests an oxygenated
environment.

Peloid/bioclastic packstone and wackestone from MA-2 (unit I;
Fig. 5) was associated with the flank of a carbonate bank (Fig. 13).
This microfacies suggests some agitation and moderate energy as
well as some continental input based on locally terrigenous lami-
nations. The presence of ooids in wackestone microfacies led to the
inference of an oolitic bank, from which these grains would
be transported. Terrigenous laminations represent episodic

Middle to outer neritic

Proximal area

Kwanza Basin

2007m;

I

MA-2

Evaporites
(Retiro Fm.)
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Rift and post-rift
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Fig. 13. Paleoenvironmental model for the late Aptian—early Albian deposits in Campos Basin. It is considered the carbonate ramp model presented by Guardado et al. (1989).

FWWB — Fair-Weather Wave Base. Bioclasts legend was given in Fig. 3.
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continental input and probably are responsible for high TOC in this
microfacies (Table 3).

Towards the more distal portions of the ramp, MA-3 (unit III,
Fig. 6) corresponds to an inner—middle neritic environment
(Fig. 13), presenting a lower frequency of benthic organisms and
some bioturbations structures. The presence of agglutinated fora-
minifers suggests moderate to low energy. The less abundant
pelagic microcrinoids and planktic foraminifers characterize a
deeper and more distal domain as compared to MA-1 and 2.
Therefore, this microfacies association was positioned under the
fair-weather wave base level (FWWB; Fig. 13). An oxic environment
was interpreted based on the presence of bioturbations and benthic
biota in microfacies analysis. However, even in well-oxygenated
bottom water conditions the TOC contents are relatively high
(TOC of 1.18 and 0.70%, Table 3), considering carbonate rocks. This
unusual association suggests other factors contributing to organic-
matter preservation, such as enhanced bioproductivity, as dis-
cussed below.

MA-4 (Fig. 7) was deposited under middle to outer neritic
environment (Fig. 13), given the relative large tests of F. washitensis,
up to 200—250 pum, with well-developed ornamentation, pointing
to the most distal area of distributions of this planktic foraminifer
(Hart and Koutsoukos, 2015). Microfacies that are dominated by
Colomiella recta and lack Favusella spp. were assumed to be indic-
ative of outer neritic environments (Fig. 13). A low-energy envi-
ronment is interpreted for this microfacies, given the matrix
composed of micrite and nannofossils. The highest TOC contents
were found in this microfacies association (1.10—2.49%; Table 3).
Based on the absence of benthic organisms and the abundance of
pyrite framboids, MA-4 was deposited under suboxic-anoxic bot-
tom conditions, where bacterial sulphate-reduction was the main
early diagenetic oxidizing process.

MA-5 represents tempestites, as allochthonous deposits accu-
mulated under middle to outer neritic environment (Fig. 13). This is
based on the abundance of planktic bioclasts and the co-occurrence
of glauconite grains, Fe—Mn oxides and pyrite framboids in the
matrix (Fig. 8 and 9), as transported sediments from more proximal
and oxygenated bottom environments to deeper oxygen-depleted
portions of the basin. TOC contents are lower than those obtained
for MA-4; however they are still high for carbonate rocks (up to
0.77%), leading to the same interpretations developed for MA-3.
Very similar microfacies were described in the southeastern Bra-
zilian margin basins, also interpreted as facies containing trans-
ported sediments (Carvalho et al., 1999; Dias-Brito and Ferré, 2001;
Dias-Brito, 2002).

Unit III corresponds to high frequency intercalations of lime-
stones and shales, as demonstrated by the gamma ray log and
cuttings (Fig. 3B). Only one shale sidewall sample was recovered
and no fossils were observed in this facies, which is composed of an
organic clay-silty matrix (Fig. 13). This lithological intercalation
between fine-grained limestones and shales may represent a
lysocline variation where shales were deposited in the depocentre
of platform, controlled by halokinesis (Fig. 13).

Regarding the increased TOC contents found in carbonate rocks
of MA-3 and MA-5 (>0.5%; Table 3), some features related to
oxygenated bottom conditions are present (benthic biota, bio-
turbation and Fe—Mn oxides; Figs. 6, 8, and 9) and suggest that
redox conditions did not play a primary role on the deposition of
organic-rich limestones from unit IIl. We interpret that enhanced
bioproductivity may have been the main factor controlling organic-
matter accumulation and preservation. On the other hand, MA-4
presented the highest TOC values and was characterized as
deposited under dysoxic—anoxic bottom conditions. In this case,
high bioproductivity associated with oxygen-depleted bottom
conditions may have enhanced organic-matter preservation. The

increase in productivity can lead to the development of dysox-
ic—anoxic conditions, as the increase in organic-matter flux stim-
ulates the oxic degradation processes, resulting in O, exhaust (e.g.
Jenkyns, 2010).

5.3. Age constraints for the CD-1 section

The occurrence of the colomiellid Colomiella recta allowed a
preliminary age assignment for the studied section. Colomiellids
are considered as reasonable index fossils due to their wide
geographic distribution and relatively short temporal duration
(Dias-Brito, 2002). Colomiella recta was described from several lo-
cations within the Tethyan Realm, such as the Gulf of Mexico,
northeast Mexico, Cuba, Tunisia, the western Carpathians, the
Zagros Mountains (Southwest Iran), and from other basins in the
Central South Atlantic (Chevalier and Fischer, 1982; Premoli-Silva
and McNulty, 1984; Blanco-Bustamante, 2001; Dias-Brito, 2002;
Longoria and Monreal, 2009; Chihaoui et al., 2010; Vincent et al.,
2010; Michalik et al., 2012).

In most recent biostratigraphic studies, C. recta is assigned to the
upper Aptian to lower Albian interval (e.g. Premoli-Silva and
McNulty, 1984; Dias-Brito, 1999; Blanco-Bustamante, 2001; Dias-
Brito and Ferré, 2001; Gonzdlez-Le6n et al., 2008; Longoria and
Monreal, 2009; Vincent et al., 2010; Michalik et al., 2012; Nanes-
Useche and Barragan, 2012; Madhavaraju et al., 2013; Ninez-Use-
che et al., 2016). Based on the study of Longoria (1984), Longoria
and Monreal (2009) updated Mexico's mid-Cretaceous bio-
chronostratigraphy, positioning the occurrence of the genus Colo-
miella from the late Aptian to the early Albian, in which Favusella
spp. also occurred. Nunez-Useche and Barragan (2012) reported the
first occurrence of C. recta within an interval containing late Aptian
ammonites in northeast Mexico, assigning the colomiellid to the
late Aptian—early Albian interval. Recently, Ntiinez-Useche et al.
(2016) presented an integrated microfacies analysis and chemo-
stratigraphy for the Francisco Zarco Dam section (NE Mexico) and
positioned C. recta inside of Mexicana subzone (Trejo, 1975), late
Aptian—early Albian in age. The first occurrence of C. recta marks
the late Aptian—early Albian boundary in this section, above a
875r/%5Sr minimum of ~0.7072 within the latest late Aptian.

In the central South Atlantic, colomiellids were described at the
eastern Brazilian (Dias-Brito, 1995, 2002; Carvalho et al., 1999;
Dias-Brito and Ferré, 2001) and the western African margins
(Chevalier and Fischer, 1982). Dias-Brito (1999) limited the Colo-
miella recta interval zone to the early Albian in the southeastern
Brazilian margin, based on the biochronostratigraphy so far avail-
able from the Mexico region. Its lower limit is marked by the
extinction of C. mexicana (upper Aptian), while the upper limit is
associated with the extinction of C. recta. Thereafter, Dias-Brito and
Ferré (2001) assigned the association of Colomiella, Favusella and
Microcalamoides diversus, described in the southeastern Brazilian
margin, to the early Albian, close to the late Aptian—early Albian
boundary.

The isotopic data obtained from CD-1 section are consistent
with the age assignment of the studied interval as late Aptian to
early Albian. Recently, Bodin et al. (2015) presented C, O and Sr
isotope curves based on new and compiled data from the Vocontian
Basin (SE France; VB; Figs. 1 and 14), which was time calibrated
against Gradstein et al.'s (2012) Time Scale. C and Sr isotope data
from CD-1 section fit the latest late Aptian—early Albian interval of
the isotope profiles provided by these authors. A general radiogenic
trend observed in the 87Sr/%0Sriyia profile, from 0.7072 to 0.7074, is
only found in the late Berriasian—late Valanginian and the latest
late Aptian—early Albian intervals of the Early Cretaceous 37Sr/%6sr
reference curves (Bralower et al., 1997; Jones and Jenkyns, 2001;
Bodin et al., 2015). The available data was adjusted to the latter
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Fig. 14. 3"3Ccarp and 87Sr/25Sr ratios reference curves for the Aptian—Albian interval of Vocontian Basin, presented by Bodin et al. (2015). The 8"3Ccarp and 87Sr/30Sr data obtained
from the carbonates of the CD-1 section are plotted in grey diamonds, and were assigned to the latest late Aptian—early Albian. The OAE 1b event corresponds to a transition from

coldhouse (C) to greenhouse stage (G), according to Bodin et al. (2015).

interval based on isotopic trends and ®7Sr/®®Srinita values, in
agreement with biostratigraphic data discussed above, represent-
ing an interval of rapid increase in oceanic Sr ratios in the
Cretaceous.

The 87Sr/®5Sripitial trend of CD-1 fits very well for this time in-
terval in the 87Sr/®6Sr curves. The only exceptions were samples at
5413.5 and 5346.8 m depth, with less radiogenic values compared
to the 37Sr/80sr curves (Fig. 14). These samples correspond to
tempestites (MA-5; Fig. 8) that may represent reworked older
sediments. Regarding the 8'3Cc,y, profile, it matches the general
long-term negative excursion through late Aptian—early Albian
transition (Fig. 14). The distinct feature of CD-1 is the higher
amplitude of 83Cc,y, variations, which can be associated with the
condition of a restricted sea, representing a smaller reservoir with
higher variability compared to coeval open marine settings.

5.4. Organic-rich deposits of the early South Atlantic Ocean and the
OAE 1b

Oceanic anoxic events represent major perturbations in the
global carbon cycle due to drastic changes in paleoclimate and
paleoceanography (e.g., Erbacher et al., 1999, 2001; Herrle et al.,
2004; Follmi et al., 2006; Jenkyns, 2010; Huber et al., 2011;
Follmi, 2012; Coccioni et al., 2014). Although the concept was
introduced 40 years ago (Schlanger and Jenkyns, 1976), the driving
forces responsible for these events are still disputed. The most
recent studies pointed to enhanced greenhouse conditions, due to
CO; input by volcanic or methanogenic sources (e.g. Jenkyns, 2010).
Because of enhanced global warming and a more active hydrologic
cycle, continental weathering was increased, leading to higher
nutrient input into various basins, and consequently higher pro-
ductivity (e.g. Erbacher et al., 1999; Browning and Watkins, 2008;
Jenkyns, 2010). As another consequence, O; demand in the water
column was increased by biochemical oxidation processes, in

response to the higher organic flux. The progressive CO; removal
through chemical weathering and organic-matter burial would
lead to climate cooling, but with remarkable geochemical changes
occurring at a scale of hundreds of thousands of years (Jones and
Jenkyns, 2001; Jenkyns, 2010).

Given a latest late Aptian—early Albian age for CD-1 section, the
association of organic-rich limestones from unit III with the major
ocean-climatic perturbations related to OAE 1b is quite reasonable.
Here, we use the concept of OAE 1b as an interval encompassing
four organic-rich levels through the late Aptian—early Albian
transition (Jacob, Kilian, Paquier/Urbino, Leenhardt; ~114—109 Ma;
Leckie et al., 2002; Follmi et al., 2006; Coccioni et al., 2014; Sabatino
et al., 2015), consisting in a longer term event as compared to OAE
1a and 2. Another feature of OAE 1b is that the 3'3Ceayp, positive
excursions often associated with organic-rich intervals (e.g. Scholle
and Arthur, 1980) are more variable and not so easy to identify
compared to the other referred oceanic anoxic events. Instead, this
interval corresponds to a long-term 613Ccarb negative excursion
(~4 Myr) which comprises a set of complex 3'>Ccay, negative-
positive excursions varying according to paleogeography and
paleoceanographic conditions (Herrle et al., 2004; Jenkyns, 2010;
Trabucho-Alexandre et al., 2011; Follmi, 2012; Coccioni et al.,
2014; Sabatino et al., 2015).

As presented above, the rapid increasing trend of 87Sr/26sr ratios
through the late Aptian—early Albian transition, first time recog-
nized in South Atlantic by the present study, can be considered
another isotopic signature for OAE 1b interval (Jones and Jenkyns,
2001; Leckie et al., 2002; Bodin et al., 2015). Whether volcanic
activity, hydrothermal influx, and/or oceanic crust production
(Jones and Jenkyns, 2001) or decreasing weathering rates (Bodin
et al., 2015) were the trigger for the decreasing 87Sr/®6Sr ratios
along the Aptian, it seems to be accepted that increasing conti-
nental weathering rates were responsible for the increasing
875r/36sr ratios during OAE 1b (late Aptian to early Albian; Jones
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and Jenkyns, 2001; Jenkyns, 2010; Bodin et al., 2015). This trend
could result from an enhanced greenhouse stage in a scenario that
matches the evolution observed in unit III, with rapid radiogenic
increase of the 87Sr/%55r ratios and increase of continental influx at
the top of the sequence (MA-5; Figs. 9, 10, and 14). Recently, Niinez-
Useche et al. (2016) presented data from NE Mexico, in which OAE
1b set corresponds to an interval of shaly limestones and shales
containing increased TOC contents (up to 7.5%) through the radio-
genic 87Sr/80sr trend from ~0.7072 to 0.7073 and a long-term
33 Cearb negative excursion. An increase in terrigenous detrital
input was also observed in this section, interpreted as a response to
warm and humid conditions. This succession is very similar to CD-1,
regarding microfacies content, 8'>Ce,rp, and 87Sr/2Sr evolution.

Due to the CD-1's low-resolution sampling compared to se-
quences studied in outcrop, as it relies on cuttings (interval sam-
pling) and scattered sidewall samples provided by a petroleum
exploration well, the identification of the different organic rich
levels which compose OAE 1b was not possible. This did not allow a
proper high-resolution correlation with a reference section, so we
assume here the possibility that unit III overpasses the OAE 1b
levels and encompasses the ‘OAE 1b set’ (e.g. Follmi et al., 2006;
Ninez-Useche et al., 2016) in CD-1. Besides sampling resolution
limitations, another explanation for the difficulty in identifying
each organic-rich level of OAE 1b is that the high frequency
limestone-shale cycles may represent the particular expression of
OAE 1b in the early central South Atlantic (e.g. Trabucho-Alexandre
et al.,, 2011), as a result of different sedimentation rates and climate
conditions (warm and dry; Dias-Brito and Azevedo, 1986)
compared to northern regions.

Organic-rich intervals were identified by previous studies in the
late Aptian—early Albian earliest marine phases of the South
Atlantic Ocean (Bolli et al., 1978; Herbin et al., 1987; Magniez-
Jannin and Muller, 1987; Koutsoukos et al., 1991; Hart and Kout-
soukos, 2015). Bolli et al. (1978) reported laminated limestones and
black shales in the late Aptian—early Albian interval of the DSDP
364 site in Kwanza Basin, interpreted as a high bioproductivity
stage under euxinic conditions. Herbin et al. (1987) revisited this
interval and showed TOC contents up to 29% and HI values of
800 mgHC/gTOC associated with an absence of benthic foramini-
fers (Magniez-Jannin and Muller, 1987), assigning it to the ear-
ly—middle Albian. These authors endorsed that anoxic conditions
were a prevailing feature of the South Atlantic at this time, and
suggested that organic-rich sediments deposited from the late
Jurassic to the early Albian were associated with the “OAE 1”.
Koutsoukos et al. (1991) also attributed the organic-rich deposits
(TOC from 2 to 12%; HI up to 709 mgHC/gTOC) of the upper
Aptian—lower Albian interval of the Sergipe Basin (NE Brazil) to a
high productivity under dysoxic conditions. However, although the
authors considered a possible influence of the “OAE 1”, they sup-
ported the interpretation that the local effects of a restricted cir-
culation pattern (“silled basin” model; Schlanger and Jenkyns, 1976)
in the early South Atlantic were the dominant cause in organic-
matter preservation. Hart and Koutsoukos (2015) maintained this
interpretation.

In turn, Jenkyns (2010) argued that in times of oceanic anoxic
events, restricted settings might have achieved enhanced anoxic or
even euxinic conditions, due to water stratification, such as
reconstructed by Koutsoukos et al. (1991) for the South Atlantic's
early marine phases. The restricted setting could explain the ho-
mogeneous sedimentary succession, represented by the high-
frequency intercalations of shales and organic-rich limestones
within unit III (Fig. 10), similar to the upper Aptian—early Albian
interval described from DSDP site 364 (Bolli et al., 1978; Herbin
et al., 1987; Kochhann et al., 2013). We argue that if the organic-
rich deposits of the early central South Atlantic were the result of

the restricted circulation patterns only, they would be observed
until the middle-late Albian, when open-marine conditions were
developed (Bengtson et al., 2007), which is not the case. Besides
similar isotopic trends between CD-1 and OAE 1b set (Fig. 14), this
supports the interpretation that a global forcing influenced the
deposition of these organic-rich limestones, in times of increased
greenhouse, continental runoff and high productivity. This scenario
matches the paleoenvironmental evolution proposed for the unit
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Therefore, we interpret that global conditions were determining
on the deposition of the early marine organic-rich deposits of the
South Atlantic Ocean through late Aptian—early Aptian transition.
The global driving forces would have played the primary role in the
organic-matter deposition, although the depositional facies are
particular to the restricted primitive South Atlantic. The association
between these deposits and the major global changes related to
OAE 1b is possible due to the isotope signatures, mainly the rapid
increase in 87Sr/88Sr ratios, as a remarkable feature in the Sr isotope
evolution of Cretaceous seawater (Bralower et al., 1997; McArthur
et al.,, 2012). For further higher-resolution stratigraphic correla-
tions between late Aptian—early Albian South Atlantic and Tethyan
sections, and the possible identification of OAE 1b specific levels,
detailed biostratigraphic studies are needed. However, these de-
posits can only be investigated from offshore petroleum well data,
which in most cases do not provide the proper samples and suffi-
cient resolution for these purposes.

6. Conclusions

The CD-1 section provided unprecedented data of the distal
facies of the early marine South Atlantic. The microfacies associa-
tions of the basal unit I (MA-1 and MA-2), benthic-dominated, were
attributed to the proximal portions of the carbonate ramp, in a low
to moderate energy environment, oxygenated bottom conditions,
and low TOC contents. Carbonate microfacies associations of unit III
(MA-3, MA-4 and MA-5) are interbedded with shales and presented
a planktic-dominated fauna, representing the more distal regions of
the early South Atlantic. Increased TOC contents and the lack of
benthic organisms suggested oxygen-depletion and favourable
conditions for organic-matter preservation during unit III, although
well-oxygenated microfacies also presented substantial TOC
amounts (>0.5%). This suggests that redox conditions may not have
played the main role in this event.

The occurrence of Colomiella recta in unit III limits the studied
section to the latest late Aptian—early Albian, which is supported
by the correlation of the increasing trend of 8/Sr/6sr ratios and
the long-term 3'>Ceay, negative excursion with respective refer-
ence curves (e.g. Bodin et al., 2015). Increased TOC contents, the
drastic increase in 37Sr/®6Sr ratios (0.7072—0.7074), and terrige-
nous input to the top of unit III, as well as inferences of high
productivity, are compatible to the scenario of the major pertur-
bations related to OAE 1b and Aptian—Albian transition. At this
time, an enhanced greenhouse stage led to increases in chemical
weathering, nutrient influx, bioproductivity, and consequent
deposition of organic-rich sediments. Therefore, the present study
proposed the influence of the global ocean-climate events through
late Aptian—early Albian transition on the deposition of the
organic-rich limestones of unit III. This reinforces that this interval
was marked by drastic major changes in the ocean-climate system,
also recorded on the deposits of the primitive South Atlantic
Ocean. Further biostratigraphic and chemostratigraphic studies in
higher resolution are needed to elucidate the possible correlation
between the early South Atlantic organic-rich deposits and OAE 1b
levels.
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