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Abstract: The primitive sea that occupied the Central South Atlantic (CSA), part of the intra-Gondwa-
na rift during the Early Cretaceous, allowed precipitation of an extensive and thick layer of evaporites, 
the Ibura Salt, followed by the deposition of a prominent Albian carbonate package. Although the shal-
low platform facies do not contain classical benthic Tethys markers, the pelagic open sea carbonates 
are essentially dominated by planktonic elements coming from the Tethys Realm. This condition led 
some researchers to think that Tethys waters also contributed to salt formation, an idea that clashes 
with the geotectonic model of northward separation of Africa and South America and ingression of pre-
dominantly Austral marine waters. Now, new controversy arises as to the age of this salt layer when 
trying to position bio-events and lithological and chemostratigraphic markers from these rocks with re-
spect to established data for the Global Boundary Stratotype Section and Point for the Aptian/Albian 
boundary (GSSP-Alb). Biochronostratigraphic information on planktonic foraminifera points to an Apti-
an age as opposed to the earliest Albian traditionally accepted for the carbonate section that overlies 
the giant salt layer. On the other hand, stratigraphic and geochronological data suggest an age of 113 
Ma for the base of the salt, very near to the 113.2 ± 0.1 Ma arbitrated for the GSSP-Alb. In this study, 
we adopt the base of the evaporite bed as the Aptian/Albian boundary in the CSA, Equatorial South At-
lantic (ESA), and northeastern Brazilian interior basins (BNE) as well. Based on these criteria, a broad 
review and the integration of available information have led to new interpretations regarding the earli-
est phase of these segments of the South Atlantic and adjacent areas. Initially, during the Aptian-Albi-
an transition, an ephemeral interior sea within Brazil, drawing its waters from the north, would have 
contributed to salt deposition in the intra-Gondwana rift (evaporitic stage of the CSA). Afterward, but 
still within the earliest Albian, the evaporitic system evolved into a carbonate gulf when the northern 
barrier, the Exception Zone (EZ), disappeared. The lagoonal circulation pattern that then formed in the 
CSA created a hypersaline and warm outflow plume that swept across the marine bottom of the ESA  
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and part of the Tethys Sea. Paleoceanographic events registered at Site 545, Mazagan Plateau, sup-
port this new hypothesis and illustrate the potential complexity of correlation of organic-rich deposits 
in which local influences have been greater than global ones. This long, narrow, and continuous car-
bonate gulf disappeared at the end of the Albian with the arrival of southern waters from the Meridio-
nal South Atlantic (MSA), and the South Atlantic became consolidated as a proto-ocean. 
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• earliest Albian;  
• South Atlantic evolution;  
• water source;  
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• origins of the "OEA1b"; 
• paleogeographic impacts 
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Résumé : L'Atlantique Sud Central : Origine de ses eaux, son évolution et ses répercussions.- 
Au Crétacé inférieur, la mer primitive qui occupait l'Atlantique Sud Central (ASC) était une composante 
du rift intra-gondwanien. Cette mer a permis le dépôt d'une couche salifère étendue et épaisse - le Sel 
d'Ibura (événement d'Ibura) - suivi ultérieurement (à l'Albien) celui d'une puissante sériecarbonatée. 
Alors que ces faciès carbonatés néritiques ne recèlent aucun des marqueurs benthiques classiques de la 
Téthys, les faciès pélagiques de mer ouverte sont dominés par des éléments planctoniques du domaine 
téthysien. Cette observation a conduit certains chercheurs à penser que les eaux issues de la Téthys au-
raient également pu contribuer à la formation des évaporites, un concept en contradiction avec le modèle 
géotectonique de séparation de l'Afrique et de l'Amérique du Sud à partir du sud, en direction du nord, 
avec pénétration d'eaux marines à prédominance australe. Une controverse surgit aujourd'hui concer-
nant l'âge de la couche salifère, en tentant de recaler les événements biologiques et les marqueurs litho-
logiques et chimiostratigraphiques reconnus au sein de cette série carbonatée avec les données dispo-
nibles sur la Coupe et le Point Stratotypique Mondial de la limite Aptien/Albien (PSM-Albien). Les études 
biochronostratigraphiques fondées sur les foraminifères planctoniques indiquent un âge aptien pour la 
série carbonatée qui recouvre les dépôts salifères alors qu'un âge albien basal était traditionnellement 
accepté. Par ailleurs, les données stratigraphiques et géochronologiques suggèrent un âge de 113 Ma 
pour la base du Sel d'Ibura, très proche de celui arbitré pour le PSM-Albien (113,2 ± 0,1 Ma). Cette étude 
adopte la base de la couche salifère comme limite Aptien/Albien pour l'Atlantique Sud Central (ASC), 
l'Atlantique Sud Équatorial (ASE), ainsi que pour certains bassins intérieurs du nord-est du Brésil (BNE). 
Sur cette base, un réexamen approfondi et l'intégration de toutes les informations disponibles ont con-
duit à de nouvelles interprétations concernant la phase la plus ancienne de ces segments de l'Atlantique 
Sud et des zones adjacentes. Initialement, au cours de la transition Aptien-Albien, existait au Brésil une 
mer intérieure éphémère qui, tirant ses eaux du nord, aurait contribué au dépôt de sels dans le rift intra-
gondwanien (phase évaporitique de l'ASC). Par la suite, toujours au cours de l'Albien basal, le système 
évaporitique a évolué vers un système carbonaté, une fois la barrière nord, i.e., la zone d'exception 
(ZE), disparue. Le modèle de circulation confiné qui s'est alors établi dans l'ASC a créé un panache 
hypersalin et chaud qui, sortant de l'ASC, a balayé le fond marin de l'ASE et d'une partie de la Téthys. 
Les événements paléoocéanographiques enregistrés sur le site 545, plateau de Mazagan, soutiennent 
cette nouvelle hypothèse et illustrent la complexité potentielle de la corrélation des dépôts riches en ma-
tière organique dans lesquels les influences locales ont prévalu sur les influences globales. Ce fossé long, 
étroit et continu à sédimentation carbonatée a disparu à la fin de l'Albien avec l'arrivée d'eaux méridio-
nales issues de l'Atlantique Sud Méridional (MSA), consolidant ainsi l'Atlantique Sud en un proto-océan. 

Mots-clefs : 

• Albien inférieur ;  
• évolution de l'Atlantique Sud ;  
• source d'alimentation en eau ;  
• panache hypersalin ; 
• origines de l' "OEA1b" ;  
• impacts paléogéographiques 

1. Introduction 

The history of the implantation of the 
South Atlantic is the subject of questions 
that motivate different, if not contradictory, 
interpretations: did the process of creating 
oceanic crust occur before or after the depo-
sition of the giant Ibura salt deposit? When 
did this occur? Where did such a volume of 
water come from to form these evaporites 
with distinct and in some places anomalous 
compositions? How did the transition from 

the evaporitic to the carbonate system take 
place? What water circulation model was 
dominant in the two scenarios? How long did 
the barriers persist that delimited the areas 
of occurrence of these evaporites and car-
bonates? Once these barriers disappeared, 
what influence did the new body of water 
linking the South Atlantic to the Tethys Sea 
have on global paleogeography? And, are 
any black shales related to the Oceanic An-
oxic Event 1b (OAE 1b) preserved in the 
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⊳⊳⊳⊳ Figure 1: Location of the basins and sec-
tions considered in this study. Paleogeo-
graphy represents that at 113 Ma ago 
(modified from AZEVEDO et al., 2023). 

South Atlantic basins? These and other ques-
tions have long intrigued researchers, yet in 
spite of much accumulated knowledge, un-
certainties still provide room for new hypoth-
eses and other controversies. 

The principal objective of this paper is to 
think about the evolution of the South Atlan-
tic, its relationship and influence elsewhere. 
To deal with this subject, many of the above 
questions have been addressed and the most 
consecrated interpretations have been sum-
marized. Crucial to this discussion was infor-
mation from wells drilled for oil exploration 
in Brazilian marginal basins of Central South 
Atlantic (CSA), Equatorial South Atlantic 
(ESA), and northeastern Brazilian interior 
basins (BNE). Other data came from differ-
ent areas of the world, especially from Afri-
can and Tethys basins. A section at Site 545 
of the Deep Sea Drilling Project (DSDP) was 
reanalyzed in greater detail and used to ex-
emplify paleoceanographic processes associ-
ated with the evolution of the Central South 
Atlantic that extended into Tethys (Fig. 1). 

Taking into account all interpretations 
based on previous information, we found it 
was necessary to define and harmonize the 
data into a single chronostratigraphic solu-
tion. We chose to adopt the proposal by AN-
TUNES et al. (2018), with further arguments 

by AZEVEDO et al. (2023), that indicate an 
earliest Albian age for all processes involving 
the thick evaporite layer, the Ibura Salt or 
Ibura Event. This solution is distinct from the 
late Aptian age traditionally admitted for the 
salt formation (e.g., ASMUS & PONTE, 1973; 
ASMUS & FERRARI, 1978; OJEDA, 1981; UESU-
GUI, 1987; BOEUF, 1988; REGALI, 1989a, 
1989b; SALARD-CHEBOLDAEFF & BOLTENHAGEN, 
1992; DIAS, 1998), as well as from those 
suggesting of a much older Aptian age (e.g., 
TEDESCHI et al., 2017; LIMA F.H.O. et al., 
2018; VIVIERS et al., 2018; SANJINÉS et al., 
2022). Although the controversy regarding 
the age of the salt layer has yet to be re-
solved, data are presented here to justify the 
axiomatic solution of adopting the base of 
these evaporites as the Aptian/Albian bound-
ary for the region under discussion. 

Different models for the marine paleocir-
culation system that gave rise to the water 
masses responsible for the deposition of 
these evaporites and carbonates have been 
examined. New hypotheses are presented, 
recording not only the models' strengths but 
also their limitations. We also offer interpre-
tations for the processes that led to over-
coming the barriers that limited evaporitic 
and carbonate deposition in the CSA. 
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Figure 2: Stratigraphic chart for the Araripe (in the BNE), Sergipe, Campos, Santos, Kwanza (all in the CSA), and 
Pelotas (Meridional South Atlantic - MSA) basins for the late Aptian-Early Albian (AZEVEDO et al., 2023). Stratigraphic 
adjustments for the Brazilian basins have taken into consideration geochronologic interpretations and the position of 
sequence boundaries described by MILANI et al. (2007), in accordance with the geological time scale of GRADSTEIN et 
al. (2004) - the left column -, and the alternative proposal of ANTUNES et al. (2018) that the base of the Ibura evapo-
rite marks the Aptian/Albian boundary. 

Although we recognize that much of the 
available evidence is still sparse, widely scat-
tered, and commonly controversial, we be-
lieve that the new clues offered here will 
stimulate future research from the central 
perspective of impact of changes that occur-
red in the South Atlantic regarding global pa-
leogeography and paleoceanography. 

2. Geological context and 
the age of the Ibura Event 

The CSA and ESA have geological histo-
ries directly related to fragmentation axes of 
Gondwana that developed during the Early 
Cretaceous, with orientations NNE-SSW to 
N-S, and ENE-WSW to E-W, respectively. 
The CSA basins are distributed between a 
barrier in the south, made up by the Floria-
nópolis Rise, São Paulo Plateau, Walvis 
Ridge, and Frio Rise, here termed SAMB (the 
South Atlantic Middle Barrier), and one in 
the north, the Exception Zone (EZ), as des-
ignated by BARBOSA et al. (2008). The latter 
represents a strip of an exposed land bridge 
that extended along the Patos-Pernambuco/ 
Ngaoundéré-Sanaga lineament to the Touros 
High. The ESA continued northwest from this 

continental high to the Guinea Plateau/De-
merara Rise (Fig. 1). 

During continental fragmentation, sedi-
ments were deposited during well-recognized 
rift, sag, and drift phases, mainly in the CSA 
(MILANI et al., 2007). A local Early Creta-
ceous chronostratigraphy has been created 
in Brazil for the dominantly lacustrine de-
posits that accumulated in the rift phase, 
with distinct stages defined mainly by ostra-
cod and palynomorph bio-events evident in 
the Sergipe-Alagoas, Recôncavo, and Tucano 
basins (e.g., SCHALLER, 1969; VIANA et al., 
1971; DIAS-BRITO et al., 1987; MOURA, 1988; 
ARAI et al., 1989; REGALI & VIANA, 1989; PO-
ROPAT & COLIN, 2012; ANTUNES et al., 2018). 
Studies dealing with non-marine Lower Cre-
taceous sections of African basins do not use 
local stages, choosing rather to position os-
tracods and palynomorphs zones of endemic 
species within international stages (e.g., 
DOYLE, 1977; BATE, 1999; GROSDIDIER et al., 
1996; POROPAT & COLIN, 2012). 

In the BNE, ESA, and CSA four salt layers 
are recognized with different dimensions and 
compositions. So far, there are no reliable 
indications of the presence of the three more 
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ancient salts at equivalent levels in African 
basins; only a Barremian-Aptian salt layer is 
recorded from Kwanza Basin (CHABOUREAU et 
al., 2013). The oldest of these Brazilian evapo-
rites occurrence is the Matarandiba bed, pre-
sent in the Recôncavo Basin and associated 
with a Permian intracratonic section (DA SIL-
VA et al., 2007; GUIMARÃES et al., 2018), thus 
clearly deposited prior to Gondwana frag-
mentation. The Sergipe-Alagoas Basin is the 
only one that hosts three other evaporitic 
events related to the rift and sag phases 
(MARTINS, 2016; SOUZA-LIMA et al., 2021). 
The Horizonte and Paripueira salt layers, the 
two oldest, formed during the rift phase, are 
limited in area and thickness, and consist ex-
clusively of halite enveloped by lacustrine 
clastic sediments. The youngest layer, the 
Ibura Member, the most widespread and di-
versified salt layer, was the one deposited 
during the transitional phase in the South 
Atlantic evolution. 

The Horizonte salt layer is late Jiquiá in 
age (~ early Aptian, according to REGALI & 
VIANA, 1989), Aequitriadites spinosus Zone 
or P-220 code (MARTINS, 2016), and the Pari-
pueira occurs in the middle part of the Ala-
goas Stage (Aptian, according REGALI & VIA-
NA, 1989), in Inaperturopollenites crisopolen-
sis/I. turbatus palynozones or P-230 and P-
260 codes (UESUGUI, 1987). Paradoxically, a 
geochemical study by FLORENCIO (1996, 2001) 

and FLORENCIO and RIBEIRO (1998) on the Pa-
ripueira layer showed high bromine contents 
in samples of halite, more in keeping with a 
marine deposition than within an overly salty 
continental lake. However, a study of a thick 
halite section in non-marine deposits of Salar 
de Uyuni, central altiplano in Bolivia, showed 
how bromine profiles are affected by com-
plex depositional processes, making it dif-
ficult to define a marine or non-marine origin 
for an evaporite based exclusively upon Br 
content (RISACHER & FRITZ, 2000). Recent 
works, however, have been reaffirming the 
idea of a continental origin for the Paripueira 
salt (MARTINS, 2016; SOUZA-LIMA et al., 2021). 

Two other hypotheses about possible ma-
rine invasions before the Alagoas Stage de-
serve comment. The first refers to the pre-
sence of benthic foraminifera in black shales 
associated with ostracod Zone Petrobrasia 
marfinensis, code NRT 007.2, that belonging 
to the Buracica local Stage (~Barremian in 
age). Affinities with marine environments of 
some of these fossils created expectations 
about the connection of the Recôncavo Basin 
with some arms of the sea. This interpreta-
tion was ruled out by SANTOS (1999), who 
called attention to both the coexistence of 
these foraminifers with non-marine ostra-
cods, and the geochemical characteristics of 
those sediments. 
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A second hypothesis regarding possible 
marine invasions prior to the Alagoas Stage 
was proposed by GAMBOA et al. (2021) in a 
study supported by integrated gravity, mag-
netic, and seismic data, as well as know-
ledge of the depositional history of the San-
tos Basin. They observed seismic patterns 
indicating the presence of an older evaporite 
layer in the São Paulo Plateau, which was 
deposited in a restricted and shallow envi-
ronment to the north of an aborted oceanic 
crust axis. This structural feature later 
shifted eastward, forming the definitive oce-
anic floor of the CSA. GAMBOA et al. (2021) 
suggest that this older axis would have 
served as the pathway for the initial Austral 
marine incursions into the Santos Basin. 
With the contribution of hydrothermal pro-
cesses, these waters would have led to the 
formation of the first salt ponds in the pe-
ripheral and shallow depressions of the San-
tos Basin, predating the deposition of the 
Ibura Evaporite. 

Part of the controversy about the age of 
giant Ibura salt deposits in the CSA, ESA, 
and BNE basins is related to scarce published 
data on these distinct evaporite beds. The 
picture is complex mainly due to lack of ac-
curacy in the chrono-correlation between the 
local Brazilian and the international stages of 
the Lower Cretaceous. Conceptual changes 
promoted in the last three decades involving 
the Aptian and Albian and several pitfalls of 
bio-chronostratigraphic interpretations have 
broadened this controversy. For example, 
the concept of diachroneity concerning the 
giant evaporitic layer, as proposed by DAVI-
SON (2007) and accompanied by KARNER and 
GAMBOA (2007), KUKLA et al. (2018), SAUN-
DERS et al. (2018), and CUI et al. (2023), 
adopted CARON's (1978) interpretation of an 
Aptian age for the sediments overlaying the 
salt at DSDP Site 364 (Kwanza Basin), a so-
lution that conflicts with results ased on 
other fossil groups (BOLLI, 1978a; AZEVEDO et 
al., 2023). DAVISON (2007) also indicated a 
value of 114.5 Ma for the youngest salt layer 
of the Sergipe-Alagoas Basin (Ibura Mem-
ber), based on associations of planktonic fo-
raminifera and ammonites described by 
KOUTSOUKOS et al. (1993). As a result, the 
salt in the Sergipe-Alagoas Basin would be 
older than the salt in the Santos Basin, esti-
mated to be around 113 Ma. 

The Ibura layer, the youngest salt unit in 
the Sergipe-Alagoas Basin, has been tradi-
tionally considered as coeval with other 

evaporite layers present in CSA, ESA, and 
BNE basins (e.g., OJEDA, 1981; ASMUS & CAM-
POS, 1983; REGALI, 1989a; ARAI, 2009; BAS-
TOS et al., 2022; AZEVEDO et al., 2023). It 
belongs to the sag tectonic phase and was 
tentatively associated with the end of Aptian 
(MILANI et al., 2007 - adjusted to the GTS 
2004 - GRADSTEIN et al., 2004). Because li-
thostratigraphic designations for this salt 
layer vary from basin to basin (Fig. 2), DIAS 
(1998, 2005) created the term "Ibura Event" 
to englobe the processes responsible for the 
almost "instantaneous" deposition of these 
evaporites. 

Biostratigraphic studies show that the 
Ibura Event is inserted in the palynozone 
Sergipea variverrucata or P-270 code, in the 
basins of northeastern Brazil and is also as-
sociated with the Last Stratigraphic Occur-
rence (LO) of "Cytheridea" sp. gr. 201-218 
or RT-011 code (e.g., UESUGUI, 1987; REGALI 
& VIANA, 1989; RANGEL et al., 1994; VIEIRA et 
al., 1994; FEIJÓ, 1994a). Counterpart rocks 
in Africa occur within the palynomorph Zone 
C-IX and ostracod Zone AS12 (DOYLE et al., 
1977; BATE, 1999; GROSDIDIER et al., 1996; 
POROPAT & COLIN, 2012; ELDRETT et al., 2023). 

From a tectonic point of view, the salt ac-
cumulations in the CSA and ESA, in general, 
are interpreted as occurring upon continental 
crust subjected to different intensities and/or 
timing of stretching (e.g., KOWSMANN et al., 
1982; MASCLE et al., 1988; CHANG et al., 
1992; DEMERCIAN, 1996; TORSVIK et al., 
2009; MOULIN et al., 2010, 2012; SCOTCHMAN 
et al., 2010; HEINE et al., 2013; MATOS et al., 
2021a, 2021b). For JACKSON et al. (2000), 
however, the salt accumulation occurred af-
ter initial formation of oceanic crust. 

The Ibura Event result in accumulation of 
up to 2,000 m of evaporites and associated 
over an area of approximately 1.500 km by 
500 km (c. 750,000 km2), between the 
SAMB and the EZ (Fig. 1). Deposits are 
mainly halite and anhydrite, with other solu-
ble salts present only in the southernmost 
and northernmost of CSA (SZATMARI et al., 
2021). Duration of deposition has been esti-
mated as 530 ka (RODRIGUEZ et al., 2018), 
573 ka (FREITAS, 2006), and up to ~ 600 ka 
to 1 Ma (e.g., DIAS, 1998, 2005; FRANÇA et 
al., 2007; MOREIRA et al., 2007; WINTER et 
al., 2007). However, the absolute age for the 
onset of evaporite deposition is still contro-
versial (e.g., DAVISON, 2007; SZATMARI & MI-
LANI, 2016; KUKLA et al., 2018; SZATMARI et 
al., 2021; AZEVEDO et al., 2023). 
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Figure 3: Schematic stacking of sedimentary succession and other geological parameters with respect to the Pelo-
tas, Santos, Campos and Kwanza basins. Relevant stratigraphic data justify the differences between the solution pro-
posed by SANJINÉS et al. (2022) and that offered here. Lithological and geophysical profiles are from the type-section 
of the post-salt carbonate in well 1-RJS-135, Campos Basin (RANGEL et al., 1994). The parastratigraphic data are 
from AZEVEDO (2001) and the ages are from CGTS2020 and AZEVEDO et al. (2023). 
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Current information on radiometric dating 
of the salt and rocks that allow age infer-
ences based on stratigraphic relationships 
with the Ibura Salt are consolidated in AZE-
VEDO et al. (2023; Fig. 3). The most impor-
tant result is an Ar/Ar age of 113.2 ± 0.1 Ma 
for a trachyandesite in well 1-SCS-1, on the 
Florianópolis High, extreme south of the CSA 
(MISUZAKI, 1993, fide DIAS et al., 1994), that 
is nearly identical to the age defining the 
GSSP-Alb (KENNEDY et al., 2017). According 
to DIAS (1998) the salt and the overlying 
carbonate onlap the SAMB volcanics, an ob-
servation that allowed AZEVEDO et al. (2023) 
to advocate the adoption of an age of 113 
Ma for initiation of the Ibura Event. Radio-
metric results reported by EVENSEN and SMITH 
(2007) fide SZATMARI et al. (2021), GOMES et 
al. (2015), and LAWSON et al. (2022) give 
complementary support for the suggested 
age for the base of the salt. 

The 113.1 ± 0.3 Ma age originally regi-
stered for the GSSP-Alb was based on the 
238U/206Pb method, applied to measure in 
zircon from volcanic ash at Vöhrum, Germa-
ny (SELBY et al., 2009; KENNEDY et al., 2017). 
However, the GTS2020 revised the age to 
113.2 ± 0.3 Ma (GALE et al., 2021), employ-
ing spline-curve estimations adjusted for MI-
LANKOVITCH-based stage duration (AGTERBERG 
et al., 2021). Distant about 1000 km from 
Col de Pré-Guittard, the Vöhrum section 
does not contain planktonic foraminifera, so 
that support for the chrono-correlation be-
tween the two outcrops came from ammo-
nite associations and the first stratigraphic 
occurrence (FO) of Prediscosphaera colum-
nata (subcircular category) a few centime-
ters above the ash layer (MUTTERLOSE et al., 
2003). Several volcanic ash beds have been 
identified in the Subalpine Basin, SE France 
(BEAUDOIN et al., 2012). Among them, the 
CÉZANNE bentonite bed exhibits the closest 
stratigraphic correlation with the Vöhrum tuff 
and is found just below the JACOB Event, the 
oldest OAE1b. Interestingly, the black shales 
associated with the JACOB level in the CSA, 
ESA, and BNE overlie the Ibura salt and were 
deposited prior to the formation of the ex-
tensive Albian carbonate system (AZEVEDO et 
al., 2023).  

 

 

Questions about the age of the salt en-
tered a new chapter recently with the dis-
covery of planktonic foraminifera taken as 
Aptian in marine carbonates overlying the 
Ibura salt (TEDESCHI et al., 2017; VIVIERS et 
al., 2018; LIMA F.H.O. et al., 2018; SANJINÉS 
et al., 2022). These carbonates formed in 
the open sea and register the beginning of 
the drift phase in the CSA and ESA basins, 
as well as in a few interior basins of the BNE 
(MILANI et al., 2007). Prior to the 2010's, 
these rocks were considered Albian in age in 
both sets of stratigraphic charts of Brazilian 
basins published by Petrobrás (FEIJÓ, 1994b; 
MILANI et al., 2007). 

AZEVEDO et al. (2023) brought to light the 
conflict between this assemblage of plank-
tonic foraminifera and certain regionally and 
globally relevant biostratigraphic, lithostrati-
graphic, and chemostratigraphic data (Figs. 
3-4). The complexity of establishing a single 
global standard for the datum in the GSSP-
Alb and in the GTS2020 (GALE et al., 2021) is 
evident in the notable differences between 
the sedimentary sections of the North Atlan-
tic and South Atlantic (Fig. 4, columns 9-10, 
13-16), as compared to those of other re-
gions (Fig. 4, columns 1-8, 12). The only ex-
ception is at Site 511, at the southern end of 
the South Atlantic, which is not part of the 
CSA. The incompatibilities that stand out 
most are within the successions of marker 
species of planktonic foraminifera and calcar-
eous nannofossils. Moreover, black shales 
associated with OAE1b show a lack of syn-
chronous deposition, with only the oldest 
event, the JACOB Level, possibly representing 
a global event. All of the above data support 
the alternative chronostratigraphic interpre-
tation that the base of the Ibura evaporites 
should be considered as the datum marking 
the beginning of the Albian in basins of the 
CSA, ESA, and the BNE, as proposed by AN-
TUNES et al. (2018) and reaffirmed by AZEVE-
DO et al. (2023). 

 
���� Figure 4: Biostratigraphic, chemostratigraphic and 
lithological data for latest Aptian to Early Albian events, 
as indicated by AZEVEDO et al. (2023). The columns to 
the left are from GTS2020 (GALE et al., 2021); the ones 
at the center are the sixteen sections analyzed and at 
the right is an idealized hypothetical section for the 
CSA, ESA, and BNE, encompassing the chronostrati-
graphic and geochronological limits suggested by AZEVE-
DO et al. (2023 - bibliographic references for each col-
umn can be found in this paper). The highlighted δ13C 
excursions are limited to three OAE1b levels; they are 
tentatively differentiated based on strong (2‰) and 
weak (between 1 and 2‰) oscillations.  
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Figure 5: Mixed model for evaporite formation in a shallow-water setting within a deep basin ~1000m (adapted 
from SZATMARI & MILANI, 2016, based on OCHSENIUS' bar model, 1877 and later by HSÜ et al., 1973). The SAMB limit-
ed the entry of marine waters from the MSA; different sources of continental, hydrothermal and marine waters (ar-
rows) also contributed to salt formation in the CSA. 

3. Formation of the Ibura evaporites 
and the Albian carbonates 

Different hypotheses have been proposed 
for the origin and possible routes of marine 
waters responsible for the deposition of the 
Ibura Salt and the overlying rocks, the post-
salt carbonates. The problems with each 
model are discussed below to reach the most 
compatible water circulation proposal for the 
CSA and neighboring basins. 

3.1. Hypotheses regarding the water 
mass responsible for the Ibura evapo-
rites 

RODRIGUEZ et al. (2018) presented a broad 
review of the Early Cretaceous salt deposits 
of the South Atlantic related to the Ibura 
Event, citing many studies and the contro-
versies regarding the time of deposition, the 
accommodation models, genesis, and water 
sources that fed salt deposition. In turn, 
SZATMARI et al. (2021) presented a significant 
set of information on the regional and strati-
graphic distribution of the different evapo-
rites associated with the Ibura Event in sup-
port of genetic interpretations, their age and 
the paleogeographic scenarios that allowed 
their formation. Interestingly, the salt de-
posits in the northernmost (Sergipe, Gabon, 
and Congo) and southernmost (Santos) of 
the CSA basins register abundant soluble 
salts (Mg-K-Ca-salts-carnallite: bischoffite, 
and tachyhydrite) indicative of a broad evap-
orite paragenesis that has not been found so 
far in the other CSA basins. 

The unusual massive deposition of tachy-
hydrite and MgSO4-depleted evaporites in 
the CSA basins motivated JACKSON et al. 
(2000) to argue that its precipitation did not 
come from normal seawater, suggesting 
rather that they were produced via hydro-
thermal alteration of a host rock, likely spili-
tized basalt. DEBURE et al. (2019), in turn, 
defended a serpentinization flux as a source 
of Ca, in view of the suggestion that the Ap-
tian climate of the South Atlantic rift was not 
sufficiently arid for tachyhydrite precipitation 
(CHABOUREAU et al., 2012). Nevertheless, the 
secular variation in Ca and SO4 in seawater 
over geologic time indicate the Cretaceous 
as a period of "calcite sea", in which KCl 
evaporite formation may have been associ-
ated with increased hydrothermal flux along 
the mid-oceanic ridge (SPENCER & HARDIE, 
1990; HARDIE, 1996; LOWENSTEIN et al., 
2001; DEMICCO et al., 2005; WARREN, 2010). 
This last author argued that the large vo-
lume of seawater necessary for the ac-
cumulation of huge volumes of halite or cal-
cium sulfate in a sedimentary basin occurs 
frequently within hydrographically isolated 
and arid depressions below sea level that are 
fed by marine seepage. 

 
���� Figure 6: Sections with the Subtilisphaera ecozone 
or abundant occurrences of this genus (A) that support 
the paleogeographic map (B; modified from ARAI, 
2009). Sections have different vertical scales and nota-
tions for Subtilisphaera abundance. The chrono-equiva-
lence between the biozones and the local and interna-
tional stages (C) are based on AZEVEDO et al. (2023). 
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Based on these approaches SZATMARI et al. 
(2021) reaffirmed the barrier model devel-
oped by OCHSENIUS (1877, fide HSÜ et al., 
1973) that had been defended a few years 
earlier by SZATMARI and MILANI (2016). To 
them, the formation of the salt in the CSA 
occurred in a shallow-water setting within a 
deep subaerial basin that received water of 
varied nature and sources: infiltration 
through the SAMB via fractures and faults; 
continental runoff leaching basaltic terrains 
and siliciclastic Proterozoic rocks; hydrother-
mal flows ascending through rift faults; and 
inflow of marine waters from the north, 
which would have passed through the Taqui-
pe and Manati canyons (Fig. 5). In line with 
SZATMARI and MILANI (2016), but focused on 
the Santos Basin, FARIAS et al. (2019) sug-
gested that the Pre-Salt carbonates are a 
product of the same system that led to the 
precipitation of the halite-carnallite-tachyhy-
drite salts associated with the Ibura Event. 

As commented ahead, the irrefutable Te-
thys nature of the carbonates overlying the 
CSA saliferous layer is an obstacle to the 
idea of a great primary contribution of Aus-
tral waters in the formation of these Ibura 
Evaporites. However, such is not the case for 
the rocks found in the MSA (e.g., Pelotas Ba-
sin, well 1-RSS-2; DSDP, Site 511) as veri-
fied by DIAS-BRITO (1995). This author viewed 
the SAMB as an efficient barrier to the entry 
of southern waters and argued that the Te-
thys marine contribution reached the CSA 
via ESA and crossed the Exception Zone (EZ) 
in one or more transgressive pulses, thereby 
feeding the extensive evaporitic basin in the 
intra-Gondwana rift. The main limitation of 
this hypothesis is that salt paragenesis 
points to an extremely restricted environ-
ment at the time of deposition (SZATMARI et 
al., 2021), a scenario less compatible with 
the dilution that would be expected for wa-
ters entering from Tethys through a Sergipe-
Gabon gateway. Therefore, the presence of a 
via some place in the central region of the 
CSA (between Recôncavo and Campos and 
its counterpart in Africa) should be consid-
ered for feeding the water for Ibura Salt for-
mation. 

Ever since the 1960s, traces of the Albian-
Aptian marine transition have been known in 
the northeastern Brazil onshore basins. 
Some maritime routes were postulated to 
explain how the water reached, for example, 
the Araripe Basin. Two of them suggesting 
that it came from the ESA, one through the 

São Luiz and Parnaíba basins (e.g., BRAUN, 
1966; BEURLEN & MABESOONE, 1969, fide MA-
BESOONE & TINOCO, 1973; BEURLEN, 1971a, 
1971b; ARAI et al., 1994; CARVALHO et al., 
2012) and the other through the Potiguar 
Basin (e.g., LIMA M.R., 1978; PETRI, 1987; 
VIANA, 1998, fide ARAI, 2014). Some authors 
defended a connection between the Araripe 
and Sergipe-Alagoas basins (SILVA-SANTOS, 
1991; ASSINE, 1994) and others proposed 
that the Araripe Basin received marine con-
tributions via all three of these basins (e.g., 
LIMA FILHO et al., 1996; MABESOONE et al., 
1999; VALENÇA et al., 2003). A later sugges-
tion was that the waters came from the 
south through the Tucano and Recôncavo 
basins (e.g., ASSINE, 2007; ASSINE et al., 
2014, 2016; CUSTÓDIO et al., 2017). 

Conjectures that this mid-Cretaceous sea-
way extended significantly into a more cen-
tral area of Brazil gained attention after ra-
diolarians were found in chert levels inter-
bedded with shales/siltstones containing dino-
flagellates and other planktonic marine fos-
sils in the southern Sanfranciscana Basin 
(KATTAH, 1991). ARAI (1999, 2000, 2016a) 
reinforced KATTAH's idea based on geomor-
phological, stratigraphical, sedimentological, 
paleontological, and geochemical criteria. For 
him, vestiges of an interior sea in many mid-
Cretaceous Brazilian plateaus (or "chapa-
das") comprise evidence of marine ingres-
sions over vast areas of Brazilian territory. 
Later, ARAI (2009, 2014) extended this epi-
continental sea, connecting it to the intra-
Gondwana rift through the Almada Basin, 
based mainly on Subtilisphaera blooms de-
tected in clayey levels that usually occur 
overlying Ibura evaporitic deposits (ARAI et 
al., 1994, 2000; ARAI, 2009, 2014). Figure 
6.A shows the abundant occurrences of this 
dinoflagellate genus restricted to the Sergi-
pea variverrucata Zone or another coeval 
zone; Figure 6.B displays the Brazilian interi-
or seaway map formulated by ARAI (2009) 
based on the distribution of these fossils. 
More recent indications (e.g., MICHELS et al., 
2018; SANTOS et al., 2022; ELDRETT et al., 
2023) further confirm the chronostratigraph-
ic relevance of this ecozone, despite the wide 
range of the genus Subtilisphaera (Late Ju-
rassic to Tertiary). The occurrence of this 
dinoflagellate genus in the Almada Basin was 
not plotted because there it is related to 
older strata, the palynologic Zone Transito-
pollis crisopolensis (=Inapturopollenites criso-
polensis), code P-230 (LANA & PEDRÃO, 2000). 
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CARVALHO et al. (2016) defended the idea 
that a wide interior sea covered a large part 
of Brazil connected to the CSA and even a 
small portion of Africa (Niger and Cameroon) 
during the span time of the Sergipea variver-
rucata Zone. They attributed the origin of 
this marine domain to one of the most ex-
tensive sea level rises of the entire Phanero-
zoic, an argument previously used by ARAI 
(1999). It is unlikely that eustasy alone can 
explain the formation of the interior sea, 
particularly because the end of the Aptian 
(sense GSSP-Alb) was marked by erosional 
events associated with a significant decrease 
in sea level (e.g., HUBER & LECKIE, 2011; HAQ, 
2014; GALE et al., 2021). At that time, dis-
tensive phases created space for the forma-
tion of a group of sedimentary basins in the 
northern region of Brazil (SOARES JÚNIOR et al., 
2011), including the Bragança-Viseu, São 
Luís, Ilha Nova, Barreirinhas, and Pará-Ma-
ranhão basins, that contain marine carbon-
ates and sporadic layers of evaporites (e.g., 
HASHIMOTO et al., 1987; SOARES et al., 2007; 
ZALÁN, 2007). 

A further proposal, that the waters came 
from the north, reaching the CSA 
through the African interior via the Benue 
(UMEJI, 2013), is based on the presence ma-
rine carbonates and lagoonal shales dated as 
Aptian-Albian in the central portion of the 
Benue Trough. However, similar deposits are 
not found in the northern portion of the Be-
nue Trough, nor have they been recognized 
in any basin of the West and Central Africa 
Rift System, which formed concurrently with 
the fragmentation of Gondwana (GUIRAUD et 
al., 2005; HEINE et al., 2013; ABUBAKAR et al., 
2014; SULEIMAIN, 2016). Rather, it is more 
reasonable to attribute these carbonates and 
lagoonal shales to marine incursions from 
the west (AKANDE et al., 2012; KELECHI, 
2017), especially given that the Benue Basin 
had its origin in the fragmentation of the 
equatorial segment of Gondwana (MATOS, 
1992). 

3.2. The "ARAI Sea" as the supplier of 
the waters that formed the Ibura evapo-
rites 

Though the deposition of the Ibura evapo-
rites is associated with the sag phase, in 
which thermal subsidence predominated, 
many studies have shown that tectonic proc-
esses continued from the Cretaceous to the 
Neogene, producing in gaps in the sedimen-
tary record of the Brazilian interior basins 
(e.g., MAGNAVITA et al., 1994; KARNER et al., 

2003; JAPSEN et al., 2012; CHABOUREAU et al., 
2013; KLÖCKING et al., 2020). Moreover, 
much biochronostratigraphic and paleoeco-
logical data are lacking, so it is difficult to 
make well-founded interpretations about the 
supply and volume of the water required for 
the formation of the giant evaporitic deposits 
preserved in the CSA, ESA, and BNE. Such 
gaps in knowledge invite elaboration of new 
hypotheses on this subject, for example, 
that which we present here that integrates, 
with reservation, part of the models de-
fended by ARAI (2009, 2014) and SZATMARI 
and MILANI (2016). 

As an unusual group of soluble salts occur 
only at both ends of the giant Ibura evapo-
ritic province (SZATMARI et al., 2021) and 
since there is no evidence of marine water 
inflow from Africa, it is assumed here that 
waters coming from the west/northwest pos-
sibly diluted the brine in the central region of 
the CSA. Therefore, the narrow, shallow, and 
ephemeral epicontinental sea initially imag-
ined by ARAI (2009, 2014) gains greater di-
mension in the present study (Fig. 7.A). It is 
designated here as 'the ARAI Sea', in honor 
of Mitsuru ARAI for his prolific contributions 
to Brazilian geology. The outline of this sea 
is defined by the distribution of mid-Creta-
ceous "chapadas" (i.e., plateaus) bearing 
marine fossils (ARAI, 1999, 2000, 2016a) 
and occurrences of Brazilian evaporites 
(CHUMAKOV et al., 1995; Fig. 7.A). As the 
Subtilisphaera spp. Ecozone occurs just 
above the salt layer, it is the best proxy to 
track a possible seawater route that fed the 
formation of the Ibura evaporites. 

There are some issues with this model. 
For ASSINE et al. (2016), the marine incur-
sion inferred by ARAI (2009, 2014) is incom-
patible with paleocurrent patterns of the 
BNE. There are also doubts regarding the 
marine nature of the facies enclosing the 
evaporites in some basins of Northeastern 
Brazil (e.g., PAZ & ROSSETTI, 2001; BAHNIUK 
et al., 2014; DIAS-BRITO et al., 2015). In ad-
dition, there is uncertainty regarding both 
the marine influence upon the Sanfrancisca-
na Basin and the possible connections of this 
epicontinental sea with the intra-Gondwana 
rift. 

To ASSINE et al. (2016), the idea of a sea-
water advancing into the continental interior 
is in complete contradiction to the paleocur-
rent directions of contemporaneous river 
flow in the Araripe and Tucano basins. They 
also offer lithofaciological arguments that 
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"suggest a paleogeographic scenario in 
which the Parnaíba and Potiguar basins were 
set apart of each other and of the system 
formed by the Araripe, Tucano and Jatobá 
basins, configuring three distinct drainage 
basins in the northeast Brazil". The problem 
is that there are other paleontological and 
geological data that indicate more affinities 
than incompatibilities between BNE basins. 
As ARAI (2016b) commented, if "the afore-
mentioned drainage divides actually existed, 
it would clearly constitute a biogeographic 
barrier inhibiting the development of similar 
biota in these basins". A good example that 
this paleogeographic isolation did not occur 
is the record of turtle species in common in 
the Codó and Romualdo formations within 
Parnaíba and Araripe Basin, respectively (BA-
TISTA et al., 2023).  

Organic-rich calcimudstone beds above 
and below the salt (DIAS-BRITO et al., 2015) 
show environmental and chronological simi-
larities in different ESA and BNE basins. 
These and other authors, such as BAHNIUK et 
al. (2014), associate both records, or only 
the older strata, with lagoonal deposits. It is 
currently widely agreed that the evaporites 
of the ESA and BNE basins are marine in ori-
gin, but there is no consensus yet regarding 
the salts of the Codó Formation, Parnaíba 
Basin (e.g., RODRIGUES, 1995; PAZ & ROSSET-
TI, 2001; ANTONIOLI & ARAI, 2002; ROSSETTI et 
al., 2004; BAHNIUK et al., 2014; BASTOS et 
al., 2014; DIAS-BRITO et al., 2015). However, 
marine evidence can be found in these rocks 
at levels just below the salt (BASTOS et al., 
2022). Over the evaporites occur organic-
rich layers containing biomarkers associated 
with marine organisms of the photic zone 
tolerant of anoxic conditions (HEIMHOFER et 
al., 2008; SOUSA JÚNIOR et al., 2013), and 
Subtilisphaera spp. Ecozone, helping to track 
the route of marine incursion in the interior 
of Brazil (ARAI, 2009, 2014). 

Another debatable point concerns the ma-
rine fossils in the southern Sanfranciscana 
Basin. For PESSAGNO and DIAS-BRITO (1996), 
the radiolarians recovered there have char-
acteristics of an Austral association of Pacific 
origin and point to a Barremian/Aptian age 
for the chert. However, palynological data 
obtained for one of two sets of shale samples 
collected by KATTAH (1991) revealed a much 
younger age, inferred from the presence of 
poorly preserved dinoflagellates, including 
one belonging to the genus Oligosphaeri-
dium, and the incertae sedis Cyclopsiella 

 

                
Figure 7: Sections with the Subtilisphaera ecozone or 
abundant occurrences of this genus (A) that support the 
paleogeographic map (B; modified from ARAI, 2009). 
Sections have different vertical scales and notations for 
Subtilisphaera abundance. The chrono-equivalence be-
tween the biozones and the local and international 
stages (C) are based on AZEVEDO et al. (2023). 

 

(A.T. HASHIMOTO, in Annex III, Palynological 
Analysis, KATTAH, 1991). The Last Occur-
rence (LO) of Cyclopsiella is the reference 
marker for the Lower-Middle Albian packet in 
southeastern Brazilian basins (DIAS-BRITO et 
al., 1990), which favors the idea that this in-
terior route may have supplied water for the 
formation of the enormous evaporitic layer 
of the CSA. Nevertheless, the Tucanopollis 
crisopolensis Zone (= Transitoripollis criso-
polensis), of Barremian age, was indicated in 
the second set of samples (M. ARAI, in Annex 
III, Palynological Analysis, KATTAH, 1991). 
Despite chronostratigraphic imprecision and 
conflicts regarding the origin of waters that 
transported the radiolarians and other micro-
fossils to the Sanfranciscana Basin, KATTAH's 
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discovery is important because it allows con-
jecture as to that this area was possibly part 
of the ARAI Sea in central Brazil. 

Assuming an endorheic basin model for 
salt deposition in the CSA (SZATMARI & MILA-
NI, 2016; FARIAS et al., 2019), it is reason-
able to expect that canyons would have 
formed in the more elevated borders of the 
intra-Gondwana rift where waters from riv-
ers or the ARAI Sea entered such basins, 
similarly to what occurred throughout the 
Mediterranean during the Messinian salinity 
crisis (HSÜ et al., 1973; ESTRADA et al., 
2011). The adoption of Subtilisphaera spp. 
acme as a proxy for recognizing probable 
connections between the ARAI Sea and the 
CSA leads us to deduce that the most proba-
ble final outlet was located in the coastal 
area of the Espírito Santo Basin, where OLI-
VEIRA et al. (1993, fide ARAI et al., 1994) and 
MICHELS et al. (2018) recognized blooms of 
this dinoflagellate in rocks just slightly above 

the Ibura salt. Moreover, among CSA basins, 
it is the Espírito Santo Basin that exhibits the 
westernmost occurrences of both evaporites 
and post-salt carbonates in onshore areas. 
In addition, imposing paleocanyons sculpted 
in this basin during the Late Cretaceous (AN-
TUNES, 1984, 1990) and the Paleogene (ES-
TRELLA et al., 1984) suggest uplift of conti-
nental crust that would have adversely af-
fected preservation of the sedimentary re-
cord left by this marine route through the in-
terior of Brazil. 

Figure 8.A presents data from two sedi-
mentary sections at opposite ends of the 
proto-South Atlantic, the Parnaíba Basin in 
the ESA and the Santos Basin in the CSA 
(BASTOS et al., 2022), and shows a paleogeo-
graphic reconstruction at the time of Ibura 
salt deposition, with waters mainly coming 
from Tethys, by a route involving the ARAI 
Sea and the Espírito Santo Basin (Fig. 8.B). 
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Figure 8: Chrono-correlated sections between as far away as the Parnaíba and Santos basins confirm the syn-
chronous character of the Ibura evaporites (modified from BASTOS et al., 2022). Black shales around the salt deposi-
tion reflect the rapid, intense environmental changes, that concluded with a continentalization process affecting the 
BNE basins and the imposition of a carbonate system in the ESA and CSA. The map on the right, based on SZATMARI 
et al. (2021), shows the general trend of the evaporite distribution, with the soluble salts limited to the extremities 
of the CSA. The fracture zones defined by MATOS et al. (2021a, 2021b) are indicated by: C- Charcot; K- Kribi; BV-
Bode Verde; SH- St Helen; and F- Florianópolis. Chronostratigraphic indications are based on AZEVEDO et al. (2023). 

As commented above, this solution recon-
ciles the restriction of extreme conditions for 
the formation of soluble salts to the north 
and south ends of the CSA (SZATMARI et al., 
2021), which leads to the exclusion of Ser-
gipe Basin from the area covered by this epi-
continental sea. As neither marine sediments 
associated with the evaporitic phase nor 
Subtilisphaera spp. have ever been found in 
the Jatobá, Tucano, and Recôncavo basins, 
this area has not been considered a possible 
water supply route for salt formation in the 
CSA. 

BASTOS et al. (2022) showed that in both 
the Santos and Parnaíba basins most sedi-
mentary records, including the evaporite 
layers, are inserted within the ostracod Zone 
"Cytheridea" sp. gr. 201-218 (or 11 code), 
belonging to the local Alagoas Stage (Fig. 
8.A). In the stratigraphic chart of the Cam-
pos Basin, RANGEL et al. (1994) also asso-
ciate the evaporite layer with this biozone 
and with the same age, without indicating an 
equivalent palynological unit. The biostrati-
graphic synthesis for the Santos Basin does 

not include any information for the section 
beneath the post-salt carbonates (PEREIRA & 
FEIJÓ, 1994). In turn, the Codó Formation 
(Parnaíba Basin) is also included in the os-
tracod biozone "Cytheridea" sp. gr. 201-218 
(~Harbinia spp. 201-218 sensu DO CARMO et 
al., 2008), and the Sergipea variverrucata 
palynozone (ANTONIOLI & ARAI, 2002; MACHA-
DO, 2022), which is limited to the northeast-
ern Brazil basins. 

To BASTOS et al. (2022), sediments of the 
Codó Formation initially accumulated in a hy-
persaline lacustrine environment; it was con-
verted into a closed evaporite complex due 
to episodic Atlantic marine influxes into the 
basin. Still according to them, this evaporitic 
phase was followed by an important marine 
ingression with the installation of an expres-
sive regional epicontinental sea linking sev-
eral basins in northeastern Brazil; the upper-
most sediments of the Codó Formation re-
flect a progressive continentalization of the 
system. Subtilisphera blooms were associ-
ated with the epicontinental sea phase (NE-
VES et al., 2007). Figure 8.A also shows ex-
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pressive post-evaporitic marine deposits in 
the Codó section made up of organic-rich 
mudstones that record the OAE1b global 
perturbation signal (BASTOS et al., 2022). In 
this case, emphasis is placed on its chrono-
correlation with the JACOB event, as inter-
preted by AZEVEDO et al. (2023). 

However, the presence of microforaminif-
eral linings immediately underlying the Ipubi 
gypsiferous strata, in the Araripe Basin 
(ARAI, 2012; GOLDBERG et al., 2019), previ-
ously considered lacustrine, opens the per-
spective that broad areas of the BNE may 
have been covered by marine waters prior to 
the Ibura Event. 

Assuming the paleoclimatic context indic-
ated by CHUMAKOV et al. (1995), we see the 
shallow ARAI Sea as an ephemeral entity that 
occupied a broad, warm and arid area. It 
was influenced by tectonic movements relat-
ed to continental fragmentation to the east 
and dried up relatively quickly, thus ending 
water flow into the CSA. 

It remains, now to answer another crucial 
question: how did the evaporite system pass 
to the stage of a long and narrow carbonate 
gulf with a lagoonal circulation pattern? 

3.3. Marine conditions during post-
salt carbonate deposition 

The geodynamic model of progressive 
south-to-north rupture of Gondwana has 
long sustained the dominant idea that the 
giant Ibura salt deposits was originated by 
waters coming predominantly from the south 
(e.g., ASMUS & PONTE, 1973; PREMOLI-SILVA & 
BOERSMA, 1977; KUMAR et al., 1977; NATLAND, 
1978; JACKSON et al., 2000; DAVISON, 2007; 
DAVISON et al., 2012; HEINE et al., 2013). By 
the same token, the predominantly carbon-
ate deposits overlying the evaporite succes-
sion would have originated from temperate 
waters likewise coming from the south (e.g., 
GORDON, 1973; KAUFFMAN, 1973; SCHEIBNERO-
VÁ, 1978; PHILIP, 1982; RAT, 1987; SOHL, 
1987). This scenario is well expressed by 
prevailing paleogeographic reconstructions 
for the Aptian-Albian time interval (e.g., 
SCOTESE, 2014). 

It was the presence of Tethys ammonite 
species at DSDP sites 363 and 364 (Walvis 
Ridge and Kwanza Basin, respectively) that 
led WIEDMANN and NEUGEBAUER (1978) to de-
fend the idea of a broad invasion of northern 
water into the CSA in mid Albian times, 

when the common history of these two water 
masses would have begun. However, these 
authors considered the possibility that the 
South and North Atlantic were connected 
even earlier, in late Aptian times. MOULLADE 
and GUÉRIN (1982) also indicated contact of 
the northern South Atlantic (CSA plus ESA) 
with northern waters since the Middle Albian, 
based on the high number of Tethys forami-
nifera species of that time found in South At-
lantic sediments. 

As commented early, the Aptian-Albian 
marine deposits and a limited influence of 
northern waters in BNE basins have been 
known for more than a half a century. It fell 
to DIAS-BRITO (1982) suggested that this ma-
rine incursion extended throughout the CSA 
since Albian times. Comparing microfacio-
logical and micropaleontological information 
from fine Albian carbonates of the Campos 
and Angola basins, he wrote: "It is worth 
highlighting the occurrence of carbonate 
strata rich in calcispherulids. Not restricted 
to the Late Albian sediments of the Campos 
Basin, but distributed in this time interval 
throughout the Atlantic-Brazilian margin and 
Angola Basin (BOLLI, 1978b), such levels 
must represent an important event in the 
paleoceanographic context of the South At-
lantic (North Atlantic or Mediterranean Te-
thys contact with the South Atlantic ?)." 
Three years later, DIAS-BRITO (1985a, 
1985b) concluded that connections between 
South and North Atlantic waters had already 
been established since Early-Middle Albian 
times. Micropaleontological data from Ser-
gipe-Alagoas and Ceará basins led DIAS-BRI-
TO (1987) to consider "the possibility that 
the break up [...] would have occurred im-
mediately after the evaporitic phase". Along 
the same line, DIAS-BRITO (1992) and KOUT-
SOUKOS (1992) make it clear that in late Ap-
tian to Early Albian times there was direct 
communication between surface waters of 
the South Atlantic and Tethys. KOUTSOUKOS 
(1992) also showed that "about 80-90% of 
microfaunistic elements was present in low-
latitude central North Atlantic-western Te-
thys regions", and that "all the microfaunistic 
elements from Sergipe that have been re-
ported form high-latitude southern regions 
are also known to occur in the central North 
Atlantic-western Tethyan/Transitional realm." 
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Figure 9: The Mid-Cretaceous Megatethys, a planetary realm of warm waters occupying a latitudinal band between 
40° N and 40° S during a global warming phase, as conceived by DIAS-BRITO (1992, 1995, 2000). The limits of the 
Megatethys are based on the global distribution of pithonellids, which because of their thermophilic nature serve as 
excellent tracers of Tethys waters. This map represents, to a large extent, the Late Albian scenario. Figure from 
DIAS-BRITO in TUCKER and DIAS-BRITO (2017). 

Microfaciological data concerning post-salt 
pelagic carbonates from the entire Brazilian 
margin and some information from literature 
on West African basins (e.g., CHEVALIER & 
FISCHER, 1982; DSDP Leg 40, several au-
thors) combined with an exhaustive global 
biogeographical survey on a select group of 
Tethys calcareous planktonic elements found 
in Cretaceous limestones and marls, led 
DIAS-BRITO (1992, 1994, 1995, 2000) to elab-
orate an oceanographic evolutionary model 
for the Albian northern-equatorial South At-
lantic, i.e., from SAMB to the north (a con-
tinuum formed by CSA plus ESA). He visual-
ized this segment - a long, narrow and pre-
dominantly carbonate gulf - as an arm of the 
Megatethys (TUCKER & DIAS-BRITO, 2017; Fig. 
9). 

The pelagic carbonates of this Tethys ex-
tension into the South Atlantic are dominat-
ed by a planktonic content (Fig. 3), i.e., cal-
pionellids (Colomiella Mexicana, C. recta), pi-
thonellids (Pithonella sphaerica, P. ovalis, P. 
perlonga, P. trejoi, Bonetocardiella conoid-
ea), colomispherids, cadosinids, stomio-
spherids, nannoconids, several species of 
planktonic foraminifera, and crinoids (rovea-

crinids and saccocomids, including Poecilocri-
nus, Lombardia, Microcalamoides diversus, 
and Eothrix alpina). This association is pre-
sent in pelagic carbonates from eastern 
Mexico, the Gulf of Mexico and the Western 
Carpathians and used as a marker of latest 
Aptian-earliest Albian time (TREJO, 1975; 
BORZA, 1984; MCNULTY, 1985; REHÁKOVA & 
MICHALÍK, 1993; NÚÑEZ-USECHE et al., 2016; 
MONIER-CASTILLO et al., 2018; GUTIERREZ-
PUENTE et al., 2021). Nektonic ammonites 
are also present, best recorded in the on-
shore Benguela and Sergipe basins (e.g., TA-
VARES, 2007; BENGTSON et al., 2018), but spo-
radic occurrences have also been recognized 
on well cores, like DSDP-363 and DSDP-364 
(BOLLI et al., 1978a, 1978b) and others dril-
led by oil companies (unpublished reports). 

Paradoxically, however, the shallow-water 
limestones are virtually devoid of some key 
Tethys fossils, such as orbitolinids (GRANIER 
& DIAS-BRITO, 2015), discyclinids and alveoli-
nids. Ostreid boundstones and thrombolite 
mounds preserved in situ, with doubtful 
ages, were recorded in the Sergipe Basin 
(Riachuelo Formation, Lower-Middle Albian?) 
and in the Albian? of Namibe Basin (GRANIER 
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Figure 10: Evolution of dominant circulation patterns of the South Atlantic - Tethys during the Albian (modified from 
AZEVEDO, 2001). 

& DIAS-BRITO, 2015; SCHRÖDER et al., 2015; 
TUCKER & DIAS-BRITO, 2017; ANDRADE et al., 
2019). Shallow water environments, espe-
cially those located in Brazilian basins further 
south in the gulf, were inhabited by cyano-
bacteria which produced oncoidal packstones 
and grainstones that are commonly associat-
ed with oolitic carbonate deposits (SPADINI et 
al., 1988; CARVALHO, 1989, 1996). Also pre-
sent a poor and little-diversified microbiota 
(e.g., benthic foraminifera, including Cosci-
noconus, Lenticulina and other nodosarids, 
miliolids, and a few metazoans, such as echi-
noderms, mollusks, and ostracods; e.g., 
AZEVEDO et al., 1987). 

DIAS-BRITO (1995, 2000) designated this 
arm of Tethys in the South Atlantic as the 
Paratethys Province, a paleogeographic mod-
el in clear opposition to the dominant classi-

cal view that roots the primitive CSA in Aus-
tral waters coming from the MSA. He as-
sumes that episodic pulses led southern wa-
ters to cross SAMB, a barrier that was only 
definitively overcome at the end of the Al-
bian. 

Based on the concepts formulated by 
DIAS-BRITO, AZEVEDO (2001, 2004) defended 
a lagoonal circulation pattern for the long, 
narrow South Atlantic carbonate gulf, similar 
to that in the modern Red Sea (Fig. 10). Ac-
cording to AZEVEDO's model, warm superficial 
waters from the north carrying Tethys faunal 
elements would have entered the gulf and 
progressed southward until they reached the 
SAMB. Once there, these now much denser 
waters returned north as hypersaline and al-
most always oxygenated bottom currents. 
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Throughout the Early-Middle Albian, the 
carbonate system was characterized by nu-
merous cycles (on the scale of meters to 
hundreds of meters) piled up in different or-
ders, organized in basic, shallowing-upward 
units (AZEVEDO, 2005). The relatively stable 
creation of space for third-order cyclothem 
formation through thermal subsidence was 
occasionally interrupted by halokinetic or 
tectonic instabilities (CASTRO & FUGITA, 2004; 
TAGLIARI et al., 2013). 

This situation changed greatly in the Late 
Albian when the carbonate ramp underwent 
a remarkable phase of prolific planktonic 
production, which evolved to form a chalk-
marl rhythmite, followed by complete drown-
ing of the carbonate system, as indicated by 
marls and shales of the uppermost part of 
the section (e.g., DIAS-BRITO, 1982; SPADINI, 
1982; DIAS-BRITO & AZEVEDO, 1986; VIVIERS, 
1986; AZEVEDO et al., 1987; SPADINI et al., 
1987, 1988). A geochemical study of an 
Albian section in the Campos Basin records 
substantial change in the values of major, 
minor and trace elements at the uppermost 
Albian (AZEVEDO & LOBO, 2013) that point to 
a marked tectonic event with rearrangement 
of source areas that furnished the first tur-
biditic sandstones to the basin. Due to its 
expression and stratigraphic position, it is 
reasonable to speculate that this serves as a 
proxy for the moment of rupture of the 
SAMB (Fig. 3) and the birth of the South At-
lantic by the unification of the MSA, CSA, 
and ESA (e.g., DIAS-BRITO 1995, 2000; AZE-
VEDO, 2001; Fig. 10). 

3.4. Breaching of the Exception Zone 
and the formation of the South Atlantic 
Gulf 

The ephemeral ARAI Sea lasted long 
enough to be an important water source for 
salt formation in the CSA. The geological 
scenario changed when the two rift seg-
ments, housing the ESA and CSA, became 
definitively linked with the rupture of the Ex-
ception Zone - EZ (BARBOSA et al., 2008), the 
last connection between South America and 
Africa at the northern end of the CSA. The 
first results were quick deposition of silici-
clastics, including back shale, and Subtili-
sphaera blooms, followed by the implanta-
tion of the widespread Atlantic Albian car-
bonate system, involving the ESA and CSA 
basins, with some minor lithofaciological dif-
ferences. According to the chronostrati-
graphic interpretation of ANTUNES et al. 
(2018) and AZEVEDO et al. (2023), an earliest 

Albian age is suggested for the collapse of 
the EZ that resulted in the formation of the 
South Atlantic Gulf. 

Any interpretation to the age of the EZ 
rupture process necessarily comes up 
against the precariousness of available data 
on the mid-Cretaceous for the Pernambuco 
and especially the Paraiba basins and their 
African counterparts. Figure 11.A shows the 
difference in the density of seismic data for 
the two Brazilian continental margin basins 
and the limitation of information from wells 
restricted to the onshore portion, where 
coarse-grained siliciclastic facies dominate, 
with reduced fossil preservations and, conse-
quently, limited biochronostratigraphic indi-
cators. The section constructed from data 
from water wells (Fig. 11.B) and the seismic 
lines (Fig. 11.C-E) show the differences in 
the tectonic-depositional regime of the two 
basins (e.g., LIMA FILHO, 1998; BARBOSA, 
2004, 2007; LIMA FILHO et al., 2005; BARBOSA 
& LIMA FILHO, 2005, 2006; BARBOSA et al., 
2007; LIMA FILHO & BARBOSA, 2010; MAIA, 
2012). The offshore data also reveal their 
differentiated sedimentary evolution, with 
the presence of halokinetic features in the 
Pernambuco Basin, making it the northern-
most limit of salt deposition on the Brazilian 
continental margin (LIMA FILHO, 2013; MATOS 
et al., 2021b; Fig. 11.C-D). 

The tectonic evolution model presented by 
LIMA FILHO et al. (2005, 2006) proposes that, 
as observed in other CSA basins, NE/SW 
aligned grabens and horsts developed pro-
gressively in the Pernambuco Basin (Fig. 
12.A). Initially, the EZ prevented extension 
of this process to the Paraiba Basin because 
it accommodated strain originating from tec-
tonic deformation associated with the propa-
gation of rifts in the CSA, ESA, interior of the 
Brazilian northeast, and Benue Trough, Afri-
ca (POPOFF, 1988; MATOS, 1992), and result-
ing in the creation or reactivation of several 
 

 
 

���� Figure 11: Geological and geographical data from 
the Pernambuco and Paraiba basins, extreme north-
western CSA (A). Stratigraphic section based on water 
well data (BARBOSA & LIMA FILHO, 2005; in B). Two dip 
seismic lines showing structural differences in the base-
ment of the basins (C and D, modified from BARBOSA & 
LIMA FILHO, 2005), and, in E, a detail of an offshore dip 
seismic line, with the presence of halokinetic features in 
the Pernambuco Basin (modified from LIMA FILHO, 2013). 
The precarious nature of age information for the sedi-
mentary deposits was confirmed in the two oil wells dril-
led in these basins (F). 
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basins on the continent (Fig. 12.B). The high 
stretching rates and low heat flow of the rift-
ing process between the Maragogi and Tou-
ros highs, within the EZ (MATOS, 1999), led 
LIMA FILHO et al. (2006) to allege an almost 
instantaneous separation of Brazil from Afri-
ca over about 5 Ma. Nevertheless, for these 
authors, the entire process extended from 
the Aptian to late Turonian/Santonian, with 
the creation of the Paraíba Basin and the 
Natal Platform on the Brazilian side and the 
Niger Basin and South Cameroon basins on 
the African side. 

The lack of proven records of mid-Creta-
ceous and Cenomanian rocks allows different 
evolutionary interpretations for the Paraíba 
Basin. LIMA FILHO et al. (2005, 2006) consid-
ered the stratigraphy of well 2-CPE-1-PE, 
drilled by Petrobrás in the Pernambuco Basin 
(Fig. 11.F), as evidence of a limited exten-
sion of the Aptian-Albian strata from the 
Cupe Graben into the Paraíba Basin. Well 2-
IST-01-PE (Fig. 11.F), drilled in this basin, 
cuts about 300m of sandstones associated 
with the Beberibe and Itamaracá formations, 
that directly overlie the basement (FEIJÓ, 
1994c; BARBOSA, 2004; BARBOSA et al., 2007). 
Although a Coniacian?-Santonian age is at-
tributed to the oldest known lithostratigraph-
ic unit, the Beberibe Formation, BARBOSA 
(2007) has called attention to the uncertainty 
regarding this information. Studies of water 
wells and outcrops in the Natal Platform per-
mit tentative correlation with deposits of the 
Jandaira Formation in the Potiguar Basin, 
with the oldest strata suggesting a Turonian 
age (LANA & ROESNER, 1999a, 1999b). 

Seismic lines reaching the offshore portion 
of the Paraiba Basin (e.g., BARBOSA & LIMA 
FILHO, 2005; BARBOSA, 2007; MAIA, 2012; LI-
MA FILHO, 2013) do not allow precise basin-
ward tracking of the Lower Cretaceous. The 
steep face of the slope in the region repre-
sents an obstacle to tracking reflectors from 
the shelf to the continental rise without cali-
bration by direct data, such as biochrono-
stratigraphic markers, which is only possible 
in drill core samples. The lack of these data 
and the subtle lithologic distinctions among 
the siliciclastic units in outcrops or sampled 
by onshore drilling also compromise broader 
chrono-correlations based on radiometric 
dating of volcanic rocks of the Cabo Mag-
matic Province in the Pernambuco Basin. 

The time of separation of the two conti-
nents has been much debated, and different 
ages have been suggested for the rupture: 
latest Aptian (DIAS-BRITO, 1987); late Ap-
tian-Middle Albian (MOULLADE et al., 1998; 
PLETSCH et al., 2001); late Albian (MASCLE et 
al., 1996a, 1996b; SAINT-MARC & N'DA, 1997; 
GUIRAUD et al., 1987, 2005); late Albian/ear-
ly Cenomanian (MASCLE et al., 1988; POPOFF, 
1988) based on biostratigraphic inferences 
and the tectonic evolution of the South At-
lantic and Africa, with much data from the 
Côte d'Ivoire-Ghana marginal ridge. 

Some recent papers offer new micropa-
leontological and geochemical data and tec-
tonic interpretations on Gondwana breakup, 
supported by the GSSP-Alb criteria. In a 
study involving eight fossil groups (ammo-
nites, calcareous nannofossils, echinoids, 
planktonic and benthonic foraminifera, ostra-
cods, palynomorphs, and radiolarians) from 
107 sites in the Sergipe-Alagoas Basin, LUFT-
SOUZA (2022) confirmed the strong affinity 
with the Tethys Realm of an Aptian-Albian 
marine biota, as well as indications of pro-
vincialism/endemism as expected for the re-
stricted South-Atlantic Sea. Their paleogeo-
graphic maps suggest an Aptian-Early Albian 
marine connection between the CSA and the 
ESA. 

In turn, by integrating geochemical and 
micropaleontological data from DSDP sites 
363 (Walvis Ridge) and 364 (Kwanza Basin), 
DUMMANN et al. (2023) constrained the onset 
of shallow (<500 m) and intermediate 
(<~1000 m) water mass exchange across 
the Equatorial Atlantic Gateway (EAG, equiv-
alent to the EZ) to 113 Ma and 107 Ma, re-
spectively. Furthermore, for them, deep wa-
ter mass exchange (>2000 m) was in place 
by at least about 100 Ma. The construction 
of age models was based on calcareous nan-
nofossil successions recognized at site 364 
(BRUNO et al., 2020), and site 363 (DUMMANN 
et al., 2023, Supplemental Material). The 
oldest reliable age, 112.95 Ma, is indicated 
by the first stratigraphic occurrence of the 
calcareous nannofossil Prediscophaera co-
lumnata, at the 1032.37m horizon at Site 
364, in which Nd isotope values increase, a 
fact that DUMMANN and collaborators used to 
establish the age of 113 Ma for the connec-
tion between the CSA and ESA. However, as 
demonstrated by AZEVEDO et al. (2023), the 
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Figure 12: In A, schematic model of tectonic evolution of the Exception Zone: 1: Patos Shear Zone; 2- Pernambuco 
Shear Zone; 3- Cupe Rift; 4: Tamandaré High; 5: Olinda Basin; 6 Cabo de Santo Agostinho Granite; 7- Piedade Gra-
ben; and 8- Paraíba Basin. In B, tectonic setting during the breakup of South America and Africa. Large arrows indi-
cate the main direction of extension. Represented basins are: Pe- Pernambuco; SA- Sergipe/Alagoas; J- Jatobá; T- 
Tucano; R-Recôncavo; Ar- Araripe; Jg- Jacaúna Graben; Ja- Jacuípe; Ig- Iguatu, Malhada, Malhada Vermelha, Lima 
Campos and Icó; P- Potiguar/Ceará; RP- Rio do Peixe; RR- Rio del Rey; D- Douala; RM- Rio Muni; G- Gabon basins. 
The basins formed after the collapse of the EZ: Pb- Paraíba; NP- Natal Platform; and Ni- Nigeria (modified from MA-
TOS, 1992). 

values attributed to the bio-events from this 
fossil do not match the succession of data for 
planktonic foraminifera described in the 
GSSP-Alb. At Site 364 KOCHHANN et al. 
(2013) recognized Paraticinella eubejaouen-
sis Zone (= P. rohri Zone), a proxy of the 
Aptian/Albian limit, around 200 m above 
where DUMMANN et al. (2023) indicated the 
"opening of the Equatorial Atlantic Gateway 
(EAG)". Hence, the only compatible choice for 
this geochronological interpretation is with 
the use of the base of the Ibura Event as a 
reference for the beginning of the Albian. 

Focusing mainly on the tectonic evolution 
of the South America and Africa continents, 
MATOS et al. (2021a, 2021b) and MATOS 
(2021) offered a robust interpretation of 
Gondwana fragmentation based on analyses 
of both the equatorial (here treated as ESA) 
and southern (CSA) arms, and the rupture 
process of the Orthogonal Zone - OZ (MATOS 

et al., 2019; = to the EZ). They identified six 
structural segments limited by major frac-
ture zones, some shown in Figure 8.B B. 
They indicated that rifting was triggered at 
the Pernambuco and Paraíba basins and their 
counterpart in Africa during the early Aptian 
and Albian, and a full spreading center was 
developed at the end of the Albian. This last 
inference is based on the age-progressive 
magmatism observed within the Borborema 
Large Igneous Province (LIP) from 135 to 
104 Ma (MATOS et al., 2021a), interpreted 
"as a possible hotspot track of the St. Helena 
plume on continental crust. During late Albi-
an time, the possible arrival of the St. Helena 
plume head at an already stretched intra-
plate continental margin would explain the 
widespread along-axis magmatism and sea-
ward-dipping reflectors between the Jacuípe 
and Paraíba basins, as recorded by a 750-
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km-long array of deep-water magmatic bod-
ies (CAIXETA et al., 2015)." 

Recent and different approaches thus of-
fer indications of older ages for the breach-
ing or definitive rupture of the EZ (BARBOSA 
et al., 2008), or OZ (MATOS et al., 2021a), or 
the EAG (DUMMANN et al., 2023), that allowed 
the implementation of the South Atlantic 
Gulf. But they do not end the controversies 
regarding the age of this event. This will only 
be possible when deep sea well samples can 
clarify the age of the sedimentary succession 
of the Paraíba Basin. Until then, new inter-
pretations can be made, like the one pre-
sented here that considers this latter basin 
as the strait of a long hypersaline longitudi-
nal gulf. 

CAPELLA et al. (2019) found that erosional 
and/or non-depositional processes associat-
ed with outflow of Mediterranean water into 
the North Atlantic depend upon differences 
in water mass density and the dimensions of 
the strait between the two bodies of water. 
In cases such as the Mediterranean and the 
Red Sea, both with lagoonal circulation pat-
terns, the outflow velocity and erosional 
and/or non-depositional processes around 
the exit area will be higher the greater the 
contrast in water density between the two 
seas and narrowed the strait connecting the 
water bodies. A similar situation may explain 
the stratigraphic gaps that make it difficult 
to attribute ages to EZ fragmentation or to 
the sedimentary rocks preserved in the Pa-
raíba Basin and on the Natal Platform. 

Our interpretation is that the EZ rupture 
occurred in the earliest Albian, thereby end-
ing evaporitic sedimentation and establishing 
the South Atlantic Gulf. The FO of Predisco-
sphaera columnata right after salt deposition 
at Site 364 (BRUNO et al., 2020; Fig. 4, col-
umn 14) validates this age for the opening of 
this barrier. This phenomenon created con-
ditions for the occupation of the CSA by a 
fossil assemblage of Tethys affinity and a 
higher faunal and floral diversity, as ob-
served in the post-salt carbonates of the 
Sergipe-Alagoas Basin (DIAS-BRITO, 1994; 
TERRA & LEMOS, 1999). This resulted from the 
quality of the surficial water mass in terms of 
nutrients (probably eutrophic) as it entered 
the gulf and became progressively oligo-
trophic towards the other end of the gulf, 
similar to what currently happens in the Red 
Sea (SCHOLLE, 1996). 

4. The South Atlantic Gulf and 
its effects on the Tethys 

According to HAY et al. (2006), Mesozoic 
was a time of generally declining salinity as-
sociated with the deep sea salt extractions 
for the young ocean basins which developed 
of the North Atlantic and Gulf of Mexico 
(Middle to Late Jurassic) and South Atlantic 
(Early Cretaceous). In the mid-Cretaceous 
the opposite occurred, and much of this salt 
was dissolved and returned to the oceans 
(HAY, 1988), notably just after the opening 
to the north of the South Atlantic, thereby 
raising average salinity in the sea to as high 
as 41.6%. Major dense water masses then 
defined a halothermal circulation pattern, in 
which the saltier bottom waters acted as the 
most important element in global marine cir-
culation. 

Current circulation models for restricted 
water bodies, with a negative hydrologic bal-
ance (evaporation > runoff), give a good 
idea of what happens when their higher den-
sities waters flow to the open sea (e.g., AIKI 
et al., 2006; MATT & JOHNS, 2007; JIA et al., 
2007; ROGERSON et al., 2012; CAPELLA et al. 
2019). Outcomes depend on a number of 
geographic variables, such as climate and 
the physiography of both the surrounding 
continents and the bottom of the receiving 
water body. Nevertheless, lagoonal circula-
tion inevitably generates hypersaline water 
plumes where it enters the open sea. For ex-
ample, the water mass entering the Aden 
Gulf from the Red Sea exerts an influence 
over a distance on the order of 200 km (AIKI 
et al., 2006). Similarly, the plume that 
leaves the Mediterranean advances across 
much of the North Atlantic (ROGERSON et al., 
2012). 

Therefore, it is reasonable to imagine that 
a similar plume, originating in the South At-
lantic Gulf, advanced as a bottom current 
across much of the adjacent Tethys Sea 
(central North Atlantic/Caribbean zone) at 
the beginning of the Albian when the EZ 
opened up. By the same token, similar 
plumes may have existed at the same or dif-
ferent times in the Tethys and the Gulf of 
Mexico, where evaporitic deposits are some-
what frequently overlain by biofacies indica-
tive of a restricted sea with a negative hy-
drologic balance (DIAS-BRITO, 1994; HAY et 
al., 2006; GALLOWAY, 2008). Despite the fa- 
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Figure 13: Summary of geological data for Site 545, DSDP, Mazagan Plateau. On the right are the interpretations of 
the main processes recorded in the section in the Shipboard Scientific Results. Legend for "Lithological highlights" is 
as follows: wavy lines = conglomerate; thick black line = black shale; dotted lines= laminar sedimentary structure. 
Trend in "Sea water temperature" is based on d18Ocarb curve; the "Upwelling caused by western African trade wind" 
was constructed by weighting the variable abundances of radiolarians and sponge spicules, and palygorskite percent-
age. The dotted line highlights the EZ rupture that induced many changes in the geological processes on Site 545. 
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vorable paleogeographic scenario, few stud-
ies point to thermohaline circulation and 
anomalous phenomena resulting from it as a 
relevant factor in mid-Cretaceous sedimen-
tation (e.g., BRÉHÉRET et al., 1986; ERBACHER 
et al., 2001; TRABUCHO ALEXANDRE et al., 
2010; HUBER et al., 2011). 

At the end of evaporite precipitation, the 
South Atlantic Gulf was favorable for deposi-
tion of organic-rich rocks in around the CSA, 
ESA, tentatively associated by AZEVEDO et al. 
(2023) with the JACOB Level, the oldest 
OAE1b layer (Figs. 3-4). At the same time, 
an anomalous bloom of Subtilisphaera spp. 
occurred in many of these basins (ARAI, 
2009, 2014; BASTOS et al., 2022). This eco-
zone is also registered in apparently coeval 
sections of the Maracaibo Basin (Venezuela) 
and on the continental margin of Senegal 
and Morocco, which suggests great influence 
of water flowing from the South Atlantic Gulf 
into the Tethys Sea at the beginning of the 
Albian. 

A review of the data from the DSDP Site 
545 on the Mazagan Plateau on the Morocco 
continental margin illustrates the relationship 
between Subtilisphaera spp. blooms, geo-
chemical signals and ephemeral oceano-
graphic processes (Fig. 13). Approximately 
140 m of an apparently continuous sedimen-
tary succession were recovered from the drill 
core (HINZ et al., 1984). Two Subtilisphaera 
spp. blooms were recognized by BELOW 
(1984) within an Aptian-Albian section, as 
determined by the planktonic foraminifera 
Hedbergella trochoidea, Paraticinella rohri, 
and Pseudothalmanninella ticinensis zones 
(LECKIE, 1984; HUBER & LECKIE, 2011; MC-
ANENA et al., 2013). This section has been 
subject to many different, even contradicto-
ry, geologic interpretations (e.g., LECKIE et 
al., 2002; HERRLE, 2002; HERRLE et al., 2004; 
WAGNER et al., 2007, 2008; HOFMANN et al., 
2008; TRABUCHO ALEXANDRE et al., 2011). 

Upwelling events recorded in rocks at Site 
545 were noted by HINZ et al. (1984) and 
LECKIE (1984), based mainly on the increase 
in the number of siliceous carapaces (radio-
larians and sponge spicules) and, secondari-
ly, on the substantial change in the forami-
nifera fauna. The site lay within the easterly 
trade wind belt, whose influence on sedi-
mentation in the area can be inferred from 
the high frequency of the clay-mineral pal-
ygorskite (CHAMLEY & DEBRABANT, 1984), 
thought to have come from the erosion of 
evaporitic deposits located in the Northern 

Hot and Arid (NHA) climate belt in West Afri-
ca by CHUMAKOV et al. (1995, Fig. 9C; PLETSCH 
et al., 1996; TRABUCHO ALEXANDRE et al., 2011). 

Data from LECKIE (1984) demonstrate that 
the increase in the number of radiolarians 
coincides with the beginning of a progres-
sive, non-linear reduction in the planktonic/ 
benthic foraminifera ratio. Sponge spicules 
become abundant a little later (upper portion 
of core 50, base of core 49), a moment 
marked by other important bio-events, such 
as the Subtilisphaera spp. bloom, a signifi-
cant drop in the abundance of Nannoconus 
spp., and FO of the Paraticinella eubejaoua-
ensis = P. rohri Zone (Fig. 13). A few tens of 
meters above this level occurs the FO of Pre-
discosphaera columnata s.l., almost coeval 
with the disappearance of the genus Nanno-
conus (core 47). 

From a stratigraphic point of view, the 
bio-event succession described for Site 545 
is similar to that of Site 364 (Fig. 4, columns 
9 and 14, respectively), with the FO of Haye-
sites albiensis and Tranolithus orionatus be-
low the LO of Paraticinella rohri. It is also 
important to highlight that at Site 545 the 
oldest Subtilisphaera spp. bloom precedes 
the FO of Prediscophaera columnata s.l., 
confirming the stratigraphic relationship sug-
gested for the CSA, ESA and BNE basins. 

Other geological parameters evident in 
the upper portion of core 50 (Fig. 13) dem-
onstrate the importance of the environ-
mental changes during the deposition of 
these sediments. There is a decrease in bio-
turbation in the strata that mark the base of 
the anomalous Subtilisphaera spp. bloom, 
and this silty claystone exhibits much thinner 
lamination than usual. Furthermore, there is 
a noticeable increase on the order of 1%o in 
the δ13Ccarb curve without a concomitant 
change in TOC values (WAGNER et al., 2007; 
MCANENA et al., 2013). The strata encompas-
sing the period in which these events occur-
red also shows an increase in the percentage 
of palygorskite, which is indicative of in-
creased eolian contribution to sedimentation 
in the area. 

Oscillations in wind intensity influences 
upwelling. To evaluate the evolution of this 
phenomenon on the Mazagan Plateau, the 
abundances of radiolarians, sponge spicules, 
and palygorskite were weighted to obtain a 
curve representative of this phenomenon 
over time (Fig. 13 ; see Supplementary da-
ta). The result shows that the process was 
not linear: it began at the Aptian/Albian 
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limit, lasted part of the Albian, and lost in-
tensity until it all but ceased in the Late Al-
bian. Significantly, the peak of this process 
was broadly coeval with the important trans-
formations identified above in the upper por-
tion of core 50. 

The first Subtilisphaera spp. ecozone ap-
peared at a moment of strong upwelling but 
soon ceased, whereas the second Subtili-
sphaera spp. bloom occurred during a less 
important upwelling event (Fig. 13). No cor-
relation was found between these dinoflagel-
late abundances and water mass cooling/ 
warming cycles, as inferred from the δ18Ocarb

 

curve. Thus, if there is no unique relation-
ship between Subtilisphaera spp. blooms and 
eolian influences, then some other physical 
variable among the paleoenvironmental con-
ditions of the Mazagan Plateau must be 
sought to explain the two acmes of these din-
oflagellates. 

As previously mentioned, the answer may 
well lie in the strength of the hypersaline 
plume emerging from the South Atlantic 
Gulf, as strongly suggested by the dynamic 
that has governed the outflow of water from 
the Mediterranean since the Messinian (CA-
PELLA et al., 2019). Hence, the first pulse, re-
sulting from the opening of the South Atlan-
tic, involved a water mass of elevated salini-
ty and rapid displacement into the Tethys. 
Together with the intensified eolian influence 
at the beginning of the Albian, the force of 
this displacement caused the ascension of 
more highly saline waters into the Mazagan 
Plateau region, creating ideal conditions for 
the anomalous Subtilisphaera spp. acme. 

The second pulse of resurgence, that pro-
moted a new Subtilisphaera bloom, may 
have been associated with increased dissolu-
tion of salt because of an important tectonic 
(TAGLIARI et al., 2013) and/or halokinetic 
event in the CSA during the Early Albian 
(e.g., raft tectonics, DUVAL et al., 1992; CAS-
TRO & FUGITA, 2004). Such processes would 
have led to the exhumation and dissolution 
of expressive volumes of evaporites, increas-
ing the salinity and velocity of the plume 
that flowed out of the South Atlantic Gulf. 

The installation of this relatively warm, 
hypersaline plume is also interpreted as re-
sponsible for increased in primary productivi-
ty and carbon fractionation, elevating δ13Ccarb 
values throughout the entire Early Albian 
(Fig. 13). The low TOC percentage suggests, 
moreover, that this new circulation dynamic 
occurred, initially, within an unrestricted ba-

sin lacking environmental factors favorable 
for promoting preservation of organic matter 
on the seafloor. 

The second Subtilisphera spp. acme coin-
cides with an elevation in the amount of TOC 
that began in core 44 of Site 545 (Fig. 13), 
whereas the δ13Ccarb values progressively de-
crease and δ18Ocarb values oscillate without 
any clear tendency. These data suggest that 
this anomalous bloom took place under envi-
ronmental conditions different from those of 
the first bloom. Rapid climatic oscillations 
and increased runoff would explain the de-
crease in δ13Ccarb values and the increase in 
TOC values, possibly influenced by the es-
tablishment of the Equatorial Humid belt 
(EH) a little to the south during the Albian 
(CHUMAKOV et al., 1995; Fig. 7C). 

Lastly, it is important to discuss the origin 
of the decimetric layer of black shales in core 
42, Site 545. This lithological unit shows a 
decrease on the order of 1 %o in δ18Ocarb and 
δ13Ccarb values (Fig. 13). The abrupt excur-
sion in the behavior of the latter geochemical 
parameter was coeval with an increase in 
TOC, thereby permitting a precise definition 
of the base of the organic-rich layer. In turn, 
δ18Ocarb clearly increases by 0.5%o, then ini-
tiates a decreasing tendency amidst intense, 
high-frequency oscillations, until it reaches 
its lowest values for the black shale. For 
HOFMANN et al. (2008), these rocks are the 
product of momentary atmospheric heating 
that attenuated the NE trade wind system 
and resulted in decreased intensity of up-
welling. Thus, the increased rainfall implicit 
in the warming of the surface of the oceans 
would have led to an increased supply of 
continental organic matter and nutrients to 
the basin. Supporting this hypothesis is the 
inference by WAGNER et al. (2008) of ingres-
sion of organic matter of continental origin 
(as determined from average values of C27, 
C29, C31 n-alkanes) that would have preceded 
an increase in organic matter of marine ori-
gin (based on C27 steranes) contemporary 
with the sudden decrease in δ13Ccarb men-
tioned above and the initiation of deposition 
of the organic-rich bed. 

Processes that transfer a large volume of 
organic matter from the water column to 
bottom sediments should leave much more 
positive δ13Ccarb values, instead of negative 
ones, when measured in carbonates present 
in black shales (JENKYNS, 2010), and more 
negative values in coeval organic matter 
(δ13Corg). Nevertheless, it is not uncommon 
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to observe negative excursions in the δ13Ccarb 
curves associated with Oceanic Anoxic 
Events (OAEs), as seen in the PAQUIER and 
KILIAN levels (e.g., OGG et al., 2016; GALE et 
al., 2021; Fig. 4) and at site 545 (Fig. 13). 
Explanations for these low values in black 
shales revolve around an increase in light 
CO2 in the marine reservoir originating from 
volcanogenic processes, dissociation of gas 
hydrates and/or remobilization of coal 
deposits. However, as a rule, the efficiency 
of such processes in affecting isotope values 
has yet to be demonstrated (JENKINS, 2010). 

It is important to note that the negative 
KILIAN and PAQUIER δ13Ccarb excursions are re-
lated to regressive coastal onlap, during sea 
level fall (HAQ, 2014; OGG et al., 2016; GALE 
et al., 2021; Fig. 4). On the other hand, the 
JACOB Level occurred at the end of a trans-
gressive phase, time of eustatic maximum 
and registered positive values in the "global" 
δ13Ccarb curve. If it is already difficult to offer 
a genetic explanation for these different be-
haviors for OAE 1b events, it is even more so 
in a world possibly lacking polar ice caps that 
could have influenced eustatic shifts in sea 
level. 

Various authors (e.g., HAY & LESLIE, 1990; 
WENDLER J.E. & WENDLER I., 2016; WENDLER 
J.E. et al., 2016; SAMES et al., 2020) have 
associated third- and fourth-order sea level 
fluctuations with aquifer oscillations ob-
served during greenhouse periods lacking 
polar ice caps. As part of the aquifer-eustatic 
model, they suggest that sea level drops 
during periods of great humidity and rises 
when the climate becomes more arid. Ac-
cording to SAMES et al. (2020), δ13Ccarb and 
δ18Ocarb curves in a marine environment tend 
to record positive values during eustatic 
drops (warm Greenhouse - humid state), 
when TOC preservation also increases. The 
opposite pattern tends to be seen during 
warm Greenhouse - arid states. Thus, this 
model also fails to explain many notable de-
creases of δ13Ccarb values in black shales de-
posited during eustatic drops. 

An alternative empirical interpretation 
based on conditions surrounding the KILIAN 
and PAQUIER events may provide more con-
sistency in explaining the negative excur-
sions and may be applied to results obtained 
at Site 545. Organic-rich sediments originat-
ing from intense productivity and elevated 
depositional rates, as described by PEDERSEN 

and CALVERT (1990), should be strongly af-
fected by early diagenetic processes during 
aquifer-eustatic drops. At these times there 
would have been retention of greater vo-
lumes of water in continental aquifers and 
greater evaporation of seawater because of 
higher temperatures and an intensified hy-
drologic cycle (WENDLER J.E. et al., 2016). 
Under such conditions, sulfate-reduction pro-
cesses would have been favored, liberating 
CO2 rich in 12C and 16O that would have low-
ered primary δ13Ccarb and δ18Ccarb signals sig-
nificantly. This hypothesis is supported by 
the lack of significant oscillations in the car-
bon isotope curve for the JACOB event, which 
occurred during a high-stand transgressive 
phase. 

This interpretation, therefore, shows that 
anomalous and ephemeral local environmen-
tal conditions can explain Carbon and Oxy-
gen isotope results measured in carbonates 
from black shales. It thus reduces the expec-
tation of identifying anoxic events and or-
ganic-rich layers in organic carbon of global 
scope, whose effective indication must be 
supported by careful chronostratigraphic 
measurement. 

5. The South Atlantic 
and Tethys paleogeography 

at the beginning of the Albian 

To DUMMANN et al. (2023), the Cretaceous 
opening of the Equatorial Atlantic gateway is 
considered to have been a driver of major 
changes in global oceanography, carbon cy-
cling, and climate. To explore the effects of 
this episode, stratigraphic details and the 
analogy with the Red Sea or the Mediterra-
nean Sea allow us to conclude that the 
plume that flowed from the South Atlantic 
Gulf must have influenced bottom circulation 
and sedimentary features elsewhere. As pre-
viously mentioned, anomalous Subtilisphaera 
spp. blooms and black shales are observed 
on the continental margin of Senegal in 
northern Africa (JAIN & MILLEPIED, 1975; WU 
et al., 2019) and in the Maracaibo Basin in 
northern South America (COLMENARES, 1994; 
DOT et al., 2015), both of which were bathed 
by the Tethys Sea and under the influence of 
the same easterly trade wind belt and Apti-
an-Albian resurgence as the area discussed 
above (TRABUCHO ALEXANDRE et al., 2011). 
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Figure 14: Early Albian paleogeographic evolution at times of salt deposition (left) and when lagoonal circulation be-
gan in the Tethys South Atlantic, creating a relatively warm, high saline plume that flowed out into the North Atlantic 
(right). Maps modified from ARAI (2014). 

Figure 14, which integrates data from 
DIAS-BRITO (1994), CHUMAKOV et al. (1995), 
ARAI (2009, 2014) and TRABUCHO ALEXANDRE 
(2011), graphically shows the profound paleo-
geographic transformation that took place in 
the Early Albian, from salt deposition in the 
CSA to installation of the South Atlantic Gulf, 
when a new, definitive, more open connec-
tion with Tethys Sea was established. Given 
a barrier limiting the connection between the 
Tethys and the Pacific, the clockwise circula-
tion imposed by the Coriolis force in the 
Northern Hemisphere would have extended 
the effect of the bottom currents to the 
coasts of North America, Central America, 
and the Caribbean. This circulation pattern is 
similar to that modeled by POULSEN et al. 
(2003) taking into consideration the opening 
of the gateway between the North and South 
Atlantic Oceans. Despite certain chronologi-
cal imprecision in their study, covering dates 
from Early Albian to Turonian, their model 
predicts vigorous circulation between the two 
oceans, substantial changes in sea water 
temperature and salinity, and the transfer of 
atmospheric convection over the North At-
lantic to northwestern Africa, enhancing the 
westward wind stresses over parts of the 
northern North Atlantic Ocean. 

The influence of hypersaline waters was 
used by ERBACHER et al. (2001) and HUBER et 
al. (2011) to justify the exceptional preser-
vation of foraminifera carapaces having ele-

vated oxygen isotope values recovered from 
Oceanic Drilling Program (ODP) Site 1049, 
drilled at Blake Nose, North American conti-
nental margin. Although HUBER et al. (2011) 
did not explicitly state that upwelling was the 
cause of these isotopic signals, they did sug-
gest that the South Atlantic and the Caribbe-
an may have been the sources of deep warm 
saline water masses that circulated from the 
latest Aptian into the Early Albian. The es-
tablishment of the South Atlantic Gulf has 
led to the increased occurrence of this phe-
nomenon, which has the JACOB Level and the 
FO of Prediscosphaera columnata s.l. as po-
tential chronostratigraphic data for many 
CSA basins. In the case of the ESA, BNE, 
and other basins along the northwestern Af-
rican coast and northern South America, the 
acme of Subtilisphaera spp. may hold a simi-
lar chronostratigraphic value, although addi-
tional biostratigraphic support would be ne-
cessary. 

One should also not rule out the possibili-
ty that the hypersaline plume leaving the 
South Atlantic Gulf may well have influenced 
other regions of Tethys, even if only ephem-
erally, promoting stratification of water 
masses in restricted basins or even renovat-
ing oxygen in bottom waters in others. Thus, 
it fully merits consideration as a possible va-
riable for explaining the recurrence of anoxic 
events unrelated to traditionally cited global 
mechanisms, such as volcanism or eustasy 
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(e.g., LECKIE et al., 2002; SABATINO et al., 
2018; MATSUMOTO et al., 2020) - these, in 
fact, may have played a much less signifi-
cant role. 

6. Conclusions 

Adopting the base of the Ibura evaporites 
as a stratigraphic criterion to define the Ap-
tian/Albian limit in the CSA, ESA, and BNE 
basins, has allowed us to present a new in-
terpretation regarding the formation of these 
salts and the overlying carbonates. We sug-
gest that the ephemeral epicontinental ARAI 
Sea, covering a large portion of northeastern 
and central Brazil, became an important sup-
plier of waters from the Tethys Sea to the in-
tra-Gondwana rift. The waters would have 
reached the CSA through the Espírito Santo 
Basin favoring deposition of anhydrite and 
halite in the basins of the central portions of 
the rift and precipitation of an uncommon 
suite of soluble salts in more restricted areas 
of this elongated evaporitic system- the Ser-
gipe, Gabon, and Congo basins, in the north, 
and the Santos Basin, in the south. Hydro-
thermal sources, infiltration through the 
SAMB via fractures and faults, and runoff 
from neighboring continents, within the dy-
namic context of the developing rift, ensured 
the volume of water and the chemical compo-
sition needed for precipitation of a gigantic vol-
ume of salts in a short time (530 to 1.000 ka). 

The rupture of the EZ, the last link be-
tween Africa and South America at the 
northern end of the CSA, and the end of 
evaporite precipitation, still in the earliest Al-
bian indicated by the FO of Prediscophaera 
columnata in Site 364, favored the explosion 
of life and the deposition of organic-rich 
rocks in the basins of the CSA, ESA, and 
BNE, an event associated with the JACOB 
Level, the oldest OAE1b. The anomalous 
bloom of Subtilisphaera spp. was the major 
expression of this phenomena. Soon thereaf-
ter, a carbonate gulf became established in 
the CSA with a lagoonal pattern of marine 
circulation that created warm, hypersaline 
waters that flowed out from it as a plume 
that began to influence the ESA, BNE and 
even Tethys Sea. 

At times, the water mass flowing out from 
the South Atlantic Gulf ascended to the sur-
face along the South American and African 
margins under the influence of the easterly 
trade wind belt. As conceptualized for the 
Mediterranean Sea, it is probable that the 
high exit velocity of the plume from this gulf 
was a second factor that induced recurrent 

resurgence and allowed anomalous Sub-
stilisphaera spp. blooms, as recorded at Site 
545, Mazagan Plateau, and was accompanied 
as well as by other regional transformations 
in biota, sedimentation, and geochemical va-
riables. Not only did the first pulse of brine 
flow out of the CSA after the EZ collapsed, 
but episodic tectonic and/or halokinetic 
events exposed and induced salt dissolution 
to form denser deep water in the CSA, which 
led to an increase in the velocity of hypersa-
line plumes, further favoring upwellings else-
where during the Albian. 

It is thought that this wedge of salty bot-
tom water reached the Black Nose Plateau of 
North America, which would explain the posi-
tive δ18Ocarb values and the excellent preser-
vation of the foraminifera recovered from 
Site 1049C drilled by ODP. The great extent 
of this plume's influence raises the possibility 
that this phenomenon may also have contri-
buted to the recurrent anoxic events in other 
structurally isolated basins of Tethys Sea. 

To explain the origin of a thin black shale 
level associated with a negative δ13Ccarb ex-
cursion at Site 545 required an alternative 
interpretation, one related to intense early 
diagenetic processes resulting from resur-
gence-related sulfate-reduction in periods of 
aquifer-eustatic drops. This example calls at-
tention to the real possibility that local phe-
nomena may have exerted greater influence 
on the deposition of anoxic strata than global 
phenomena. 

The hypothesis presented here opens up 
new perspectives for future studies based on 
the premise that the South Atlantic Gulf 
played an important role in global marine 
circulation from the Albian onward. 
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Supplementary data  

 
 
 

Upwelling intensity dataset for Site 545, DSDP, Mazagan Plateau, coast of Morocco (= Upwelling caused by Western 
African trade wind, in Figure 11). 

Note: Upwelling intensity values from 0 to 4 were obtained by adjusting relative abundances of radiolarians and 
sponge spicules (LECKIE, 1984) with palygorskite percentages (CHAMLEY & DEBRABANT, 1984). The bold black numbers 
were obtained from the graph of clay minerals (scanned). Linear interpolation ensured the identification of depths 
common to the two datasets. 

Depth (m) Sponge 
spicules 

Radiolarians Linear 
interpolation for 
palygorskite % 

Upwelling 
intensity 

  

Depth (m) Sponge 
spicules 

Radiolarians Linear 
interpolation for 
palygorskite % 

Upwelling 
intensity 

354.51     18.0     429.55 4.0 3.0 6.8 2.5 
355.2 1.0 1.0 18.6 1.0   432.63 4.0 3.0 9.3 2.6 
360.97 0.0 0.0 24.0 0.0   436 4.0 4.0 12.0 3.0 
362.09 0.0 0.0 25.0 0.7   436.94 4.0 4.0 12.8 3.0 
363.97 0.0 0.0 29.7 0.8   440.98 4.0 4.0 16.0 3.1 
366.24 1.0 0.0 35.3 1.3   442.54 4.0 4.0 16.6 3.1 

367 0.0 0.0 37.2 1.0   445.5 3.0 4.0 17.6 2.8 
369.59 0.0 0.0 43.6 1.2   446.08 4.0 4.0 17.8 3.1 
370.14 0.2 0.2 45.0 1.3   451.98 4.0 4.0 19.9 3.2 
372.59 1.0 1.0 40.9 1.8   452.28 4.0 4.0 20.0 3.2 
375.59 2.0 1.0 36.0 2.0   454.74 4.0 4.0 30.1 3.5 
376.18 2.0 1.3 35.0 2.0   455 4.0 4.0 31.2 3.5 
377.9 2.0 2.0 29.8 2.1   455.29 4.0 4.0 32.4 3.5 
379.41 4.0 2.0 25.2 2.7   459.58 4.0 4.0 50.0 4.0 
382.57 4.0 3.0 15.6 2.8   459.72 4.0 4.0 49.9 4.0 
382.78 4.0 3.1 15.0 2.8   464.5 4.0 4.0 47.5 3.9 
385.1 4.0 4.0 14.7 3.1   464.84 3.0 4.0 47.4 3.6 
389.54 4.0 4.0 14.2 3.0   468.05 3.0 2.0 45.8 2.9 
392.25 4.0 4.0 13.9 3.0   469.57 2.5 3.0 45.0 3.0 
395.44 4.0 4.0 13.6 3.0   471.05 2.0 4.0 44.0 3.2 
398.48 4.0 0.0 13.2 1.7   474 2.0 2.0 42.1 2.5 
402.48 4.0 0.0 12.8 1.7   474.55 2.0 1.0 41.7 2.1 
404.64 4.0 0.0 12.5 1.7   476.15 4.0 3.0 40.7 3.4 
407.5 4.0 4.0 12.2 3.0   477.48 2.0 4.0 39.8 3.1 
407.85 4.0 4.0 12.1 3.0   480.38 2.0 4.0 37.9 3.0 
409.14 4.0 4.0 12.0 3.0   481.78 2.0 4.0 37.0 3.0 
410.6 4.0 4.0 11.4 3.0   483.5 2.0 4.0 35.9 3.0 
422.63 4.0 3.0 6.8 2.5   484.34 2.0 4.0 35.3 2.9 
426.5 4.0 3.0 5.3 2.5   487.3 2.0 3.0 33.4 2.6 
426.66 4.0 4.0 5.2 2.8   490.45 1.0 4.0 31.3 2.5 
427.25 4.0 3.9 5.0 2.8   494 1.0 2.0 29.0 1.8 
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