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Abstract 19 

Early Cretaceous rift basins of the incipient South Atlantic have been the focus of intense 20 

hydrocarbon exploration and production activities and host some large oil accumulations in in 21 

sections predating an interval of major salt deposition, particularly in the central segment of the 22 



South Atlantic. Understanding the timing (and associated uncertainties) of source rock and 23 

reservoir deposition and their relationship with rift evolution is critical for successful exploration. 24 

However, there are still many unresolved issues and data gaps regarding the precise age and 25 

duration of salt deposition. Better chronological constraints are particularly needed to the 26 

determine the timing of deposition of Pre-Salt reservoirs and the primary evaporites, as well as 27 

the secondary phase of halokinensis that resulted in variable reservoir sealing potential. To help 28 

address this gap, stable carbon isotope (13C) records from bulk organic matter and insoluble 29 

kerogen were generated for the Early Cretaceous salt and Pre-Salt intervals from two 30 

exploration wells offshore of Gabon. The bulk organic 13C stratigraphies for the two wells were 31 

then integrated with palynological and ostracod biostratigraphy and placed within a sequence 32 

stratigraphic and regional tectonic framework, providing new constraints on the timing of rift lake 33 

evolution and salt deposition. The good correlation between the offshore Gabon 13C record 34 

with other published sections calibrated to the current Geologic Time Scale as well as other 35 

regional sections from NE Brazil, supports the reliability of our new Gabon 13C record. Several 36 

13C excursions are identified in the Pre-Salt sequence and are correlated with the Valanginian 37 

Weissert event and Early Aptian 13C event(s). Salt deposition on the Gabon margin is 38 

interpreted to have occurred during an interval straddling the Early-Late Aptian boundary 39 

(~118.4 to 116.8 Ma). These findings are comparable with other published estimates for salt 40 

deposition from northeast Brazil but differ from published estimates from the Campos-Santos 41 

basins; the latter are critically discussed. This study provides an important stratigraphic dataset 42 

for offshore Gabon and contributes to the ongoing debate regarding the timing of rifting and salt 43 

deposition in the Early Cretaceous of the South Atlantic passive margin system. 44 

 45 

1. Introduction 46 



The Early Cretaceous Epoch (Berriasian-Albian Stages; 143.1 Ma – 100.5 Ma; Gradstein et 47 

al. 2020) was a dynamic period in Earth history marked by globally evolving plate tectonic 48 

configurations associated with the final continental breakup of Gondwana, in particular rifting 49 

between South America and Africa and creation of the South Atlantic Ocean (Heine et al. 2013). 50 

The continental breakup of Gondwana involved complex mantle plume head-induced 51 

lithosphere interactions leading to fluctuating magmatic budgets including the emplacement and 52 

subsequent weathering of several Large Igneous Provinces (LIPs; Bodin et al. 2015; Johanson 53 

et al. 2018; Bergman et al. 2021). These mantle melting processes exerted first-order control on 54 

carbon outgassing from the deep Earth into the atmosphere, triggering responses in the 55 

biosphere and hydrosphere, and driving major perturbations in the surface carbon reservoir as 56 

expressed by global changes in climate and environmental conditions in both marine and 57 

continental realms (Hay, 2017; Brune et al. 2017; Lee et al. 2016; Black and Gibson, 2019; 58 

Mather and Schmidt, 2021). Although the Early Cretaceous was generally characterized by a 59 

greenhouse climate state with high atmospheric CO2 concentrations (2-10 times present-day: 60 

Royer et al. 2010; Wang et al. 2014; Foster et al. 2017) and warm global temperatures (Huber 61 

et al. 2002, Mutterlose et al. 2010; Littler et al. 2011, Friedrich et al. 2012; O'Brien et al. 2017; 62 

Steinig et al. 2020; Scotese et al. 2021), it is clear that the warm, stable climate conditions were 63 

not maintained throughout the entire Early Cretaceous (see Bodin et al. 2015). Instead, the 64 

warm and equable Cretaceous greenhouse climate state was punctuated by periods of both (i) 65 

cooler conditions (Price et al. 2000; Kessels et al. 2006) with improved oxygenation of the 66 

water-column (Bralower et al. 1993) and even transient localized high latitude/altitude 67 

glaciations (Alley et al. 2019), and (ii) extreme warmth (Littler et al. 2011; O'Brien et al. 2017) 68 

with multiple phases of globally recognized dysoxic to anoxic conditions in the water column and 69 

deposition of marine organic-rich sediments, termed Oceanic Anoxic Events (OAE’s; Schlanger 70 

and Jenkyns, 1976; see review in Jenkyns, 2010).  71 



One of the most significant of the Cretaceous OAE’s occurred during the Early Aptian 72 

(OAE-1a; ~ 120 Ma) associated with magmatic degassing from the Greater Ontong-Java 73 

Plateau LIP (Percival et al. 2021) and marked by a rapid negative carbon isotope (13C) 74 

excursion followed by a long-lasting positive shift (Menegatti et al. 1998), as well as osmium 75 

isotope (187Os/188Os) anomalies supporting nearly a million year period of continual 76 

hydrothermal weathering of very large quantities of mafic and ultramafic rocks during a major 77 

phase of submarine LIP emplacement (Dickson et al. 2021). Additional OAE’s are recorded in 78 

the Valanginian (Weissert event; Weissert et al. 1998, Gröcke et al. 2005) and Late Aptian – 79 

Early Albian (OAE-1b set), both expressed by 13C excursions and deposition of organic-rich 80 

sediments (Bralower et al. 1993).  The record of these Early Cretaceous OAE’s is mainly 81 

documented in marine paleo-shelf sequences around the globe where the sedimentary 82 

successions contain marine microfossils that have been robustly calibrated to the international 83 

Geologic Time Scale (GTS2020; Gradstein et al. 2020). Terrestrial records of Early Cretaceous 84 

OAE’s are greatly under-represented compared to the marine records, which is partly a 85 

reflection of the challenges in dating of continental sequences that are often barren of age-86 

diagnostic microfossils. However, improved stratigraphic techniques such as carbon isotope 87 

stratigraphy, geochronology and radiometric dating have enabled greater stratigraphic 88 

resolution and calibration of terrestrial records, including recently published records from the 89 

Arctic (Herrle et al. 2015, Vickers et al. 2016) and SE Asia (Zhang et al. 2016, 2021). In 90 

addition, the discovery of prolific oil reserves in the Lower Cretaceous continental sequences 91 

that underlie an interval of thick salt deposits (termed Pre-Salt) of the South Atlantic has led to a 92 

rapid increase in the number of exploratory wells with studies and publications documenting the 93 

response of the terrestrial ecosystem to these carbon cycle perturbations (i.e. Saller et al. 2016; 94 

Sabato Ceraldi and Green, 2017; Farias et al. 2019, Pietzsch et al. 2018, 2020; Tedeschi et al. 95 

2017, 2019; Lúcio et al. 2020; Szatmari et al. 2021; Varejão et al. 2021). However, despite 96 



attention received in previous work, uncertainties in the age of sedimentary successions remain. 97 

In particular, the age of salt deposition is unresolved and potentially diachronous, with widely 98 

ranging estimates from the Early Aptian (~121 Ma) to Early Albian (100 Ma) when using 99 

absolute dates based on the GTS2020 (Gradstein et al. 2020). These age estimates are based 100 

on various techniques, such as (i) correlating continental microfossils (i.e., pollen and spores) to 101 

calibrated marine sections elsewhere (e.g. Doyle et al. 1977; 1982; Doyle, 1992; Grosdidier et 102 

al. 1996; Bate, 1999); (ii) occurrences of marine microfossils in supra-evaporite sedimentary 103 

sequences (Koutsoukos et al. 1993; Davison, 2007; Bengtson et al. 2007, 2018; Tedeschi et al. 104 

2017; Lima et al. 2019; Campbell et al. 2019; Arai and Assine, 2020; Sanjinés et al. 2022); (iii) 105 

radiometric ages of volcanic rocks (Dias, 1994; Gomes et al. 2015; Szatmari and Milani, 2016; 106 

Szatmari  et al. 2021); (iv) carbon isotope stratigraphy (Tedeschi et al. 2017, 2019; Pietzsch et 107 

al. 2020; Bastos et al. 2020; Varejão et al. 2021) and (v) rhenium-osmium (Re-Os) isotopic ages 108 

of black shales (Lúcio et al. 2020). The age of salt deposition is important as it marks the late rift 109 

phase transition from continental to marine deposition in the low latitude South Atlantic and 110 

provides the sealing potential where present to the Pre-Salt lacustrine reservoirs and source 111 

rocks. Better constraint on the age of salt deposition is also important as it ultimately governs 112 

the depositional window and potential accommodation space available for the deposition of the 113 

Pre-Salt hydrocarbon system, depending on the tectono-thermal age of underlying crust 114 

formation. In addition, more precise dating of these sequences not only allows better constraints 115 

on the timing and rates of extensional tectonism and thermal history (i.e., rift-drift transition, 116 

early margin hyperextension) and associated impact on hydrocarbon play elements but also 117 

provides a deeper understanding of the mechanisms and processes driving Early Cretaceous 118 

climate dynamics and the terrestrial ecosystem response (including the timing of evolution and 119 

migration of plant groups, notably angiosperms and gnetophytes).   120 

To address some of these outstanding issues regarding Early Cretaceous basin 121 

development, depositional history, and rift evolution in the low-latitude South Atlantic, this study 122 



focuses on the stratigraphy of terrestrial fauna (ostracods) and flora (pollen/spores, freshwater 123 

algae and dinoflagellate cysts) of the Pre-Salt sequences of offshore Gabon (Figure 1) and 124 

provides detailed carbon isotope records for correlation and calibration to GTS2020 (Gradstein 125 

et al. 2020). 126 

 127 

 128 

 129 

Figure 1. a. Location map showing the locations of wells A and B, offshore Gabon.  b. Plate 130 

kinematic reconstruction (118 Ma) of the main basins and wells that are referred to in the text.  131 

 132 

2. Geological Background 133 

2.1. Stratigraphy of Gabon 134 



Mesozoic rift basin formation in Gabon was linked by an extensive system of intra-continental 135 

rift basins to the global plate boundary network (Muller et al. 2019; Heine et al. 2013). Evidence 136 

from the South Atlantic, NE Brazilian, Central African and Equatorial African rift basins document 137 

an onset of continental extension in the Late Jurassic to earliest Cretaceous, which progressed 138 

to mature rifting and subsequent passive margin formation and continental breakup along the 139 

South and Equatorial Atlantic rifts, punctuated by mantle plume interaction in the Santos-Namibe 140 

Basin segment (Heine and Brune, 2014; Heine et al. 2013 and references therein). Breakup of 141 

the South Atlantic did not occur in a zipper-like fashion from South to North (as proposed by 142 

Rabinowitz and LaBrecque, 1979; Scotese et al. 1988; Fairhead, 1988, Torsvik et al. 2009; Moulin 143 

et al. 2010) but rather progressed from both ends. The western Benue (now overlain by the Niger 144 

delta) opened southwards and the southern South Atlantic opened northwards, with final breakup 145 

in the South Atlantic occurring in the Santos-Namibe segment in the Late Aptian (Heine et al. 146 

2013; Neuharth et al. 2021). Together with the NE Brazilian Recôncavo Basin, the North Gabon 147 

Coastal Basin likely formed a continuous depocentre during the initial rift phase, before a change 148 

in rift kinematics in Barremian times led to the development of the Sergipe-Alagoas-Rio Muni rift 149 

branch, along which final breakup between Africa and South America occurred. During the rift 150 

phase, the North Gabon basin was filled by fluvial, deltaic, and lacustrine depositional systems 151 

and eventually capped by thick (<1-2 km) salt deposits prior to final breakup. 152 

The Pre-Salt basin infill in the Gabon Basin encompasses the “Cocobeach series” and can 153 

be divided into four groups: i) Kango; ii) Remboué; iii) N'Toum and iv) N'Zeme Asso. These groups 154 

are illustrated in Figure 2 and briefly described below:  155 

i) The Kango Group represents the early infill of semi-isolated sub-basins within 156 

extensional fault-controlled grabens and half-grabens and is comprised of coarse-157 

grained alluvial siliciclastic strata (the Basal Clastic / Vandji Formation [Fm.], c. 200-158 



500 m thick) overlain by mudstone-dominated deep-lacustrine facies (Kissenda Fm.; 159 

c. 1000-1500 m thick; Bate, 1999). 160 

ii) The Remboué Group is marked at the base by Lucina lacustrine turbidite sandstones 161 

(Smith, 1994) and overlain by the lacustrine shales and sands of the Melania Fm (ca. 162 

800 m thick).  The Melania Fm. is subdivided into a lower Sandstone Member (Mb.) 163 

and an upper organic rich Shale Mb. (containing fewer interbedded thin sandstones).  164 

iii) The N’Toum Group comprises Cardita Fm. mudstones characterized by lower organic 165 

matter contents. which are overlain by fluvial-deltaic sandstones-mudstones of the 166 

Dentale Fm., which together have been documented to be ~800-900 m thick. The 167 

Dentale Fm. is assigned to the Barremian Stage (Doyle, 1992; Bate, 1999). 168 

iv) The N'Zeme Asso Series corresponds to the Coniquet and Gamba Fms. The Gamba 169 

Fm., with variable thicknesses (30-500 m), is a transgressive unit distributed 170 

throughout the Gabon and Congo Basins (Chela Fm.). The Gamba Fm. and the top 171 

of the Pre-Salt strata were originally assigned to the Early Aptian Stage (Doyle et al. 172 

1977; Bate, 1999) although they were subsequently proposed to correspond to the 173 

Late Aptian by Poropat and Colin (2012). The Gamba Fm. disconformably lies on 174 

various lower units of the Cocobeach series except in a limited area in North Gabon, 175 

where the fluviatile sands and green clays of the Coniquet Fm. are apparently 176 

interbedded (Doyle et al. 1977). The Gamba Fm. can be divided into two members: a 177 

fluvial dominated sandstone interval (Gamba Sandstone Mb.) and a lagoonal 178 

mudstone interval (Vembo Shale Mb.) at its top interbedded with anhydrite and halite 179 

beds that mark the conformable transition to the overlying salt sequence of the 180 

Ezanga Fm. (JE personal observation). 181 



 182 

Figure 2. Stratigraphic scheme for Gabon Basin. Lithostratigraphy and ostracod zonation 183 

after Bate (1999); palynological zonation after Doyle et al. (1977) and Grosdidier et al. (1996); 184 

systems tracts, phase and cycle scheme after Bate (1999) and sequences (Seq.) applied 185 

following Copestake et al. (2003). Chronostratigraphic (Stage) calibration based on Bate (1999). 186 

 187 

3. Material and Methods 188 

One hundred and fifty-nine (159) ditch-cutting samples spanning the salt and Pre-Salt 189 

sequences in offshore Gabon were collected from wells A and B. Samples from Well A span the 190 

Kissenda Fm. to the Dentale Fm., overlain by a thin interval questionably assigned to the Gamba 191 



Fm. Samples from Well B span the uppermost Dentale, Gamba and Ezanga Fms. All samples 192 

were washed and dried at wellsite and/or onshore at the Nederlandse Aardolie Maatschappij 193 

(NAM) core store in Assen, Netherlands to remove any drilling contamination by oil-based mud 194 

or hydrocarbons. 195 

Biostratigraphic sample preparation and analyses were undertaken at Petrostrat Ltd, U.K. 196 

Samples for palynological analyses were subjected to the standard palynological preparation 197 

procedures, which involved removal of all mineral material by cold 30% hydrochloric acid followed 198 

by digestion in 60% hydrofluoric acid. The resulting residues were then concentrated by sieving 199 

through 10 μm and 20 μm nylon mesh screens. Aqueous strew mounts of each residue fraction 200 

were then air-dried on glass coverslips and mounted onto glass slides using Elvacite for each 201 

sample. Approximately 200 palynomorphs were counted with the rest of the slide scanned for 202 

rarer taxa.  203 

Samples analyzed for ostracod assemblages were carefully disaggregated with limited 204 

physical processing to clean the samples and to limit damage to fragile ostracod tests (ostracod 205 

specimens are prone to mechanical damage caused by vigorous physical washing/sieving 206 

techniques). Where sample size allowed approximately 100 grams of material were soaked in 207 

water for approximately 48 hours. The residue from each sample was sieved into four fractions 208 

namely, >500 μm, <500 - 250 μm, <250 - 125 μm and <125 μm. The residue from each sieved 209 

fraction was spread on a picking tray and all microfossils were picked and deposited into a slide 210 

for analysis. All specimens picked were quantitatively logged. The unpicked residue was then 211 

scanned to check for the presence of any further marker species.  212 

All ostracod and palynological species stratigraphic marker events are designated as last 213 

occurrence (range top, evolutionary extinction, or first downhole occurrence when drilling) and 214 

first occurrence (range base, evolutionary inception, or last downhole occurrence when drilling) 215 

datums. 216 



Bulk organic stable carbon isotope (13C) and nitrogen isotope (15N) analyses were 217 

undertaken in the Stable Isotope Ratio Mass Spectrometry Lab at the University of Southampton, 218 

U.K. Selected mudstone chips from the samples were ground using an agate mortar and pestle, 219 

weighed and decarbonated with 10% hydrochloric acid, and then washed with deionized water 220 

until a solution pH of ~7 was achieved. The samples were then dried and re-weighed before 221 

isotopic analyses were performed on the acidified samples. In order to assess the influence of 222 

mixing of kerogen with more labile bulk organic matter in the Gabon Basin samples, 13C and 223 

15N values were also determined for kerogen material that was isolated in representative 224 

samples from Well B. Kerogen was isolated in these representative samples through sequential 225 

dissolution in 60% hydrofluoric acid followed by 30% hydrochloric acid. The samples were then 226 

washed twice with deionized water to achieve a solution pH of 6-7 before being dried.  227 

Bulk organic 13C and 15N values were determined using an Elementar vario Pyrocube 228 

elemental analyzer running in CNS mode and equipped with a TCD (thermal conductivity 229 

detector) coupled to an Isoprime VisION continuous flow isotope ratio mass spectrometer (IRMS). 230 

The samples were weighed out in clean tin capsules on a Sartorius ME5 micro balance and were 231 

then combusted at 1120°C with addition of pure oxygen. The resulting NOx and CO2 gases were 232 

subsequently reduced to N2 and CO2 in the reduction column, which was held at 850°C. The 233 

elemental ratios were determined by the TCD and the isotope ratios by the IRMS analysis. 234 

Acetanilide and sulfanilamide were used as an elementary standards for percentage (%) 235 

carbon and % nitrogen calibration. The stable isotope calibration and reporting methods follow 236 

the recommended best practices of Szpak et al. (2017) as follows. Carbon and nitrogen stable 237 

isotopic compositions were calibrated relative to the Vienna Pee Dee Belemnite (VPDB) and AIR 238 

scales using the international reference materials USGS40 and USGS41 (United States 239 

Geological Survey, Reston, VA, USA).  Measurement uncertainty was monitored using suitable 240 

internal quality-control materials including the High Organic Sediment Standard OAS (δ13C 241 



−26.67 ± 0.08‰, δ15N +4.82 ± 0.17‰). Precision (u(Rw)) was determined to be ± 0.22‰ for δ13C 242 

and ± 0.4‰ for δ15N based on repeated measurements of calibration standards, check standards, 243 

and sample replicates. Accuracy or systematic error (u(bias)) was determined to be ± 0.09 for 244 

δ13C and ± 0.2 for δ15N based on the difference between the observed and known δ13C and δ15N 245 

values of the check standards and the long-term standard deviations of these check standards. 246 

The standard analytical uncertainty (Uc) was estimated to be ± 0.24‰ for δ13C and ± 0.46 for 247 

δ15N. All calculations following the template of Szpak et al. (2017) and values are provided in the 248 

supplemental datafile. Carbon: nitrogen (C:N) ratios for the samples were calculated from the 249 

standard weight.  250 

The newly generated bulk organic δ13C values for the Gabon wells are compared to a 251 

composite Tethyan carbonate δ13C reference curve (Herrle et al. 2004, 2015) and regionally 252 

available organic δ13C curves (Ando et al. 2002; Herrle et al. 2015, Vickers et al. 2016). All of the 253 

δ13C values were calibrated to GTS2020 (Gradstein et al. 2020). For the Aptian-Barremian interval 254 

this study applies the δ13C zone/segment nomenclature (C1–C8) defined by Menegatti et al. 255 

(1998) and subsequent δ13C zone/segments (C9 - C14) of Bralower et al. (1999). 256 

 257 

4. Results  258 

4.1. Palynological Results 259 

The palynofloras from both Well A and Well B are dominated by terrestrially derived pollen and 260 

spores, specifically Classopollis gymnosperm pollen, associated with subordinate abundances of 261 

Ephedripites and Araucariacites australis. Fern spores such as Deltoidospora and Cyathidites are 262 

poorly represented.  The Melania and Dentale Fms. contain relatively high abundances of algal 263 

cysts and the brackish/freshwater alga Botryococcus braunii, with influxes of freshwater 264 

dinoflagellate cysts (Spicadinium spp. and Loboniella hirsuta).  Occasional marine dinoflagellate 265 



cysts (Subtilisphaera spp. and Spiniferites ramosus) are recorded from the mudstones of the 266 

Ezanga Fm. and are considered in situ. Key palynological marker species and events are 267 

identified, enabling the assignment to both wells of the West African palynological zonation (after 268 

Doyle et al. 1977; Grosdidier et al. 1996). These are illustrated in Figures 3 and 4 and are as 269 

follows: 270 

• Relatively low abundances of Dicheiropollis etruscus between 1200-1314.3 m in Well A 271 

(Kissenda Fm.) compared to the overlying strata are indicative of Palynological Zone C 272 

II. 273 

• The high abundances of Dicheiropollis etruscus between 1103-1180 m in Well A 274 

(Kissenda Fm.) are indicative of Palynological Zone C III.  275 

• The last occurrence of Dicheiropollis etruscus at 935 m in Well A (Melania Fm.) is the 276 

marker for the top of Palynological Zone C IV. 277 

• Common abundances of the bisaccate pollen grains of the genus Alisporites with the first 278 

occurrence of Stellatopollis hughesii at 490 m define Palynological Zone C V in Well A 279 

(Melania Fm.). 280 

• The first occurrence of Tucanopollis crisopolensis is identified within Palynological Zone 281 

C VI (Doyle et al. 1977); in Well A it occurs at 330 m within the Dentale Fm.  282 

• The continued occurrence of Tucanopollis crisopolensis (Well A, 40m; Well B, 920 m) 283 

and a reduction in the abundance of Alisporites spp. (Well A, 130 m) and are used to 284 

recognize Palynological Zone C VII, corresponding to the Dentale Fm. In Well A, this 285 

interval also contains specimens attributed to Afropollis aff. jardinus sensu Doyle et al. 286 

(1982), which are interpreted as potentially caved downhole from younger strata above. 287 

However, if in situ, these occurrences would indicate an older range for Afropollis aff. 288 

jardinus sensu Doyle et al. (1982). 289 



• Palynological Zone C VIII is based on the interval between the last occurrences of T. 290 

crisopolensis and Alisporites spp., and the first occurrence of Sergipea naviformis, with 291 

high abundances of Classopollis spp. and Exesipollenites tumulus (Well A, 40-0 m; Well 292 

B; 800-872 m). 293 

• The occurrences of Pennipollis peroreticulatus, Sergipea naviformis and Afropollis aff.  294 

jardinus sensu Doyle et al. (1982) in the Gamba–Ezanga Fms. within Well B are used to 295 

identify this interval as Palynological Zone IX (773-60 m). Occurrences of other notable 296 

species include Stellatopollis barghoornii and Sergipea variverrucata. 297 

 298 

4.2.Ostracod Results 299 

The recovery of ostracod assemblages in Well A is variable. The basal section (Kissenda – 300 

Melania Fms.) contains low ostracod abundance, mostly comprising undifferentiated pyritized in-301 

ternal casts, whereas abundance is higher within the overlying Dentale Fm. Numerous marker 302 

species are identified in Well A, enabling the assignment of the West African Ante Salifères (AS) 303 

ostracod zonation (Grosdidier et al. 1996; Bate, 1999). These are presented in Figure 3 and are 304 

as follows: 305 

• At the base of Well A (Kissenda Fm.), the isolated occurrence of Cypridea aff. primaria at 306 

1285 m is tentatively assigned to Ostracod Zone AS2 (according to Bate, 1999) or AS3 307 

(according to Grosdidier et al. 1996) and marks the Berriasian Stage (Poropat and Colin, 308 

2012) 309 

• The isolated occurrence of Theriosynoecum commune at 1225 m (Kissenda Fm.) is 310 

tentatively assigned to Ostracod Zone AS4 and corresponds with the Valanginian Stage 311 

(Poropat and Colin, 2012)  312 



• Isolated occurrences of Cypridea ventronodata (1200 m) and Ilhasina torosa (1065 m) in 313 

the Lucina Fm. are tentatively assigned to Ostracod Zone AS5 and mark the Hauterivian 314 

Stage (after Poropat and Colin, 2012). 315 

• The range tops of Reconcavona swaini (855 m) and Salvadoriella redunca redunca (895 316 

m) in the Melania Fm. are used to recognize Ostracod Zone AS7 to Subzone AS8a 317 

(Barremian Stage). 318 

• The range top of Cypridea (Sebastianites) remboueensis (450 m) is used to identify this 319 

interval as belonging to Ostracod Subzone AS8b (Melania Fm.). Secondary markers 320 

identified include: Coriacina coriacea (range between 700 m and 765 m) and Petrobrasia 321 

marfinensis (range between 530 m and 600 m). 322 

• The occurrences of Cypridea hollensis (between 120-450 m), Cypridea loango (315-430 323 

m) and the last occurrence of Theriosynoecum postangularis (430 m) in the Dentale Fm. 324 

are used to define Ostracod Zone AS9 (120-430 m) and are Late Barremian in age 325 

(Poropat and Colin, 2012). 326 

• The occurrences of Hourcqia africana africana and Damonella tinkoussouensis at 100 m 327 

may be indicative of Ostracod Zone AS10. The last occurrence H. africana africana is at 328 

the top of Zone AS10 (sensu Grosdidier 1996, Bate 1999), and as shallower depths were 329 

not analyzed in this study, the occurrences of H. africana africana in Well A are likely not 330 

to reflect the true last occurrence. 331 

 332 

4.3.Stable Isotope Results 333 

The 13C values range in Well A between -28 and -20‰, with numerous positive and negative 334 

13C excursions recorded over short intervals throughout the section (Figure 3). Mean 13C values 335 



of ~-26‰ are recorded in the Kissenda Fm. (1190-1300 m), with a ~3‰ increase in the lowermost 336 

part of the section reaching peak values of ~-23‰ at 1235 m, before returning to background 337 

levels (~-26‰) in the Lucina Fm (1180-1030 m). The overlying Melania Fm. is marked by a sharp 338 

increase in 13C values (~1015 m) that remain high (mean -24‰) with several peaks near -20‰ 339 

(~640 m; ~555 m).  The upper part of the Melania Fm., which is characterized by lower 13C 340 

values (-26 to -27‰; between 545-390 m), that increase in the basal Dentale Fm. reaching a 341 

maximum of -20‰ (350 m), before declining and stabilizing to around -25‰ in the upper Dentale 342 

Fm. (275-0 m). In Well A, 15N values range between 2 and 9‰, with slightly higher 15N values 343 

in the Kissenda-Lucina Fms. (mean = 7‰; 1300 - 970 m) compared to the Melania Fm. (mean 344 

5.6 ‰; 1015-425 m) and Dentale Fm. (mean 4.7 ‰; 420-0 m). 345 

 346 

In Well B, the Gamba Fm. is characterized by high 13C values in both bulk organic matter and 347 

kerogen material (-22 to -23‰; 886-420 m) that decrease in the Ezanga Fm., with mean 13C 348 

values of -27‰ (400-90 m; Figure 4). The 13C values from the Vembo Shale Mb. (Gamba Fm., 349 

~580-~420 m) are consistent between bulk organic matter (ave. -22.7‰; σ = 0.6‰) and kerogen 350 

material (ave. -23.1‰; σ = 0.6‰). Several samples that were analyzed from Well B contained low 351 

nitrogen concentrations, preventing measurement of 15N values. However, for those sample that 352 

were possible to analyze in the Gamba Fm., 15N values are between 1 and 2‰. The overlying 353 

Ezanga Fm. exhibited slightly higher 15N values ranging from 5 to 7‰. 354 

 355 



 356 

Figure 3. Summary of results for Well A.  a. Lithostratigraphy, lithology (for key see legend 357 

panel) and sequence stratigraphic interpretation. b. Stable 13C and δ15N values of bulk organic 358 

matter; standard uncertainty (Uc) represented by green and blue shading respectively. c. 359 

Interpreted chronostratigraphic stages based on the biostratigraphic data; d. Ostracod zonation 360 

after Bate (1999); Grosdidier et al. (1996) and Poropat and Colin (2012) with identified marker 361 

events and semi-quantitative ranges; e. Palynological zonation after Doyle et al. (1977); with 362 



identified marker events and semi-quantitative ranges. Horizontal dashed lines represent zonal 363 

marker events; horizontal wavy red line represents hiatus. 364 

 365 

 366 

Figure 4. Summary of results for Well B.  a. Lithostratigraphy, lithology (legend on Fig. 3) 367 

and sequence stratigraphic interpretation; b. Stable 13C values of bulk organic matter (dark green 368 

circles) and kerogen material (light green circles); δ15N values (blue circles). Standard uncertainty 369 

(Uc) represented by green and blue shading respectively.  c. Interpreted chronostratigraphic 370 



stages based on the biostratigraphic data; d. Palynological zonation after Doyle et al. (1977); with 371 

identified marker events and semi-quantitative ranges. Horizontal dashed lines represent zonal 372 

marker events; horizontal wavy red line represents hiatus. 373 

 374 

5. Discussion 375 

5.1. Evaluation of carbon isotope values 376 

Our study provides detailed stratigraphic data for the Early Cretaceous South Atlantic rift 377 

sequences from offshore Gabon.  However, before ascertaining the possible global significance 378 

of the observed changes in the δ13C values, potential diagenetic or local influences on the record 379 

must first be evaluated. Additionally, when measuring and analyzing δ13C from hydrocarbon 380 

exploration or production wells it is critical that the samples represent borehole sediment material 381 

and do not record δ13C variations resulting from either oil-based drilling mud or discovered 382 

hydrocarbon contamination.  To address this point, the samples were thoroughly washed and 383 

cleaned at wellsite and/or at the NAM onshore core laboratory, which combined with the 384 

preparation process for EA-IRMS analysis (grinding, acidification, and rinsing) would remove or 385 

significantly reduce the potential impact of contamination. In addition, the comparison between 386 

bulk organic δ13C and the kerogen δ13C show similar values indicating that the bulk organic δ13C 387 

is representative of the maceral component and not influenced by any excess carbon due to 388 

hydrocarbon additions (oil-based mud or produced).  389 

The organic δ13C values may also be affected by post-depositional influences such as recorded 390 

during post-depositional oxidation of organic matter during subaerial exposure (Oehlert and 391 

Swart, 2014), or during thermal alteration with burial (Tyson, 1995). In both cases, total organic 392 

matter content is reduced and the associated δ13C values become more negative as labile organic 393 

matter is preferentially oxidized or thermally converted (Tyson, 1995; Oehlert and Swart, 2014). 394 



This relationship should be reflected by a strong covariance between δ13C and total organic 395 

carbon (Oehlert and Swart, 2014). For the studied wells, the comparison between δ13C and total 396 

organic carbon fraction shows weak and insignificant covariation (r2=0.002; p-value =0.58; Figure 397 

5a) suggesting that the δ13C values likely reflect conditions at deposition. This is supported by 398 

visual inspection of the kerogen, which shows good preservation of macerals, thus indicating 399 

limited post-depositional oxidation or thermal alteration. Furthermore, the macerals exhibit a light 400 

colouration, which combined with previously analyzed bulk rock pyrolysis data that record Tmax 401 

values consistently around ~434 for all samples (see Supplemental data) indicates relatively low 402 

thermal maturity of the organic matter (immature to earliest oil window). It is possible that some 403 

more labile organic matter may have been converted to hydrocarbons; however, as Tmax. values 404 

are consistent for all samples the effect of thermal maturity on the δ13C values is assumed to be 405 

uniform and not be responsible for depth-specific shifts in the δ13C records (artefactual δ13C 406 

excursions). 407 

The bulk organic δ13C values may also be influenced by changes in organic matter source, which 408 

can be evaluated by the carbon: nitrogen (C:N) ratio of the organic matter (see review in Tyson, 409 

1995). Generally, a covariance between δ13C and C:N ratio reflects the mixture of aquatic (δ13C 410 

~-20‰; C:N = <20) and terrestrial (δ13C ~-26‰; C:N = >30) organic matter (Tyson, 1995). In the 411 

studied wells, the measured δ13C and C:N values range between -20‰ to -29‰, and 8-50, 412 

respectively, indicating a mixture of both terrestrial and aquatic organic matter. This is also 413 

confirmed by the palynological analyses, which indicate the organic matter is an admixture of 414 

continentally derived material comprising both terrestrially derived material (pollen, spores, 415 

phytoclasts) and aquatic matter (i.e., freshwater algae) with no evidence for marine macerals in 416 

the Pre-Salt sequences. The palynological assemblages from the intra-salt mudstones of the 417 

Ezanga Fm. have similar composition to the Pre-Salt sequences, being dominated by terrestrial 418 

palynomorphs with subordinate aquatic freshwater components; however, the occurrence of the 419 



dinoflagellate cysts Subtilisphaera spp. and Spiniferites ramosus is interpreted as being in situ 420 

and records the incursion of marine waters within the Ezanga Fm. Irrespectively, there remains a 421 

weak and insignificant covariance between δ13C and the C:N ratio (r2=0.001; p-value = 0.62; 422 

Figure 5b) indicating limited influence of organic matter source on the δ13C values. Although the 423 

Early Cretaceous was prior to the evolution of C4 land plants (which are responsible for large 424 

variations in δ13C and C:N values in the Neogene), the lack of δ13C and C:N covariation indicate 425 

that shifts in hinterland vegetation, local aquatic floral composition (i.e. freshwater algal blooms) 426 

or marine organisms (dinoflagellate cysts) had limited impact of the bulk organic δ13C record.  427 

The relationship between δ13C and δ15N values can also provide insight into water column 428 

conditions, organic matter source and potential floral assemblage shifts between terrestrial and 429 

aquatic sources (see Robinson et al. 2012; Quan and Adeboye, 2021 and references therein). 430 

Based on the relatively low thermal maturity of the organic matter (as discussed above) and good 431 

organic matter/kerogen preservation state we assume that the measured δ15N values also reflect 432 

primary organic values and are not significantly affected by post-depositional diagenesis (i.e., 433 

catagenesis and fluid migration), although isotopic alteration may have occurred at the sediment-434 

water interface during early burial of sedimentary organic matter (Robinson et al. 2012).  435 

There is also a weak and insignificant covariation between δ13C and δ15N values (Figure 5c), 436 

indicating that the δ13C record was not linked to the nitrogen cycle through localized nutrient and 437 

biological activity (either aquatic in origin or through terrestrial additions) within the rift lacustrine 438 

system. The high variability in δ15N values (Figures 5c & 5d) may reflect the various contributions 439 

and admixture of terrestrial and aquatic organic matter to the bulk δ15N record. Specific 440 

contribution from terrestrial and aquatic organic matter to both δ15N and δ13C values could be 441 

further assessed by isolating and measuring the isotopic composition of individual macerals (i.e., 442 

van Roij et al. 2017) or compound-specific organic fractions of organic matter (Wang et al. 2015), 443 

which, although beyond the scope of this contribution, could form the basis for future studies. 444 



 445 

 446 

Figure 5. Stable isotope-geochemical cross plots showing a. relationship between δ13C and 447 

total organic carbon (wt. %); b. δ13C and carbon: nitrogen ratio; c. δ13C and δ15N; d. δ15N and 448 

total organic nitrogen (wt. %). Solid fill circles = bulk organic matter, Well A; Open circles = bulk 449 

organic matter, Well B; Grey filled circles = kerogen samples from Well B. Regression lines 450 

illustrated (solid black lines) after Reduced Major Axis Regression (RMA) with r2 and p-value 451 

significance plotted with significance levels <0.05. 452 

 453 

In addition to the above assessments on the potential controls on sedimentary δ13C values, 454 

it should be noted that there is a close similarity between the trends in the offshore Gabon bulk 455 

organic δ13C record and other δ13C records from different basins and paleoenvironments, 456 

measured on both bulk and terrestrial organic matter (Ando et al. 2002; Herrle et al. 2015; Vickers 457 

et al. 2016; Tedeschi et al. 2019; Bastos et al. 2020). This similarity in δ13C records further 458 



supports the proposition that localized organic matter source, contamination or post-depositional 459 

diagenesis did not significantly alter the carbon isotope record of the salt and Pre-Salt sequences, 460 

confirming the potential for their use in regional and global correlation and calibration.  461 

 462 

5.2. Carbon Isotope Stratigraphy 463 

To determine the regional and/or global significance of the δ13C record generated for the salt and 464 

Pre-Salt sequences in offshore Gabon, the composite δ13C profile from the two wells was 465 

compared with other Early Cretaceous sections that have detailed organic δ13C records and are 466 

also constrained by either ammonite and/or marine microfossil biostratigraphy and/or radiometric 467 

ages (i.e., Gröcke et al. 2005; Herrle et al. 2015; Vickers et al. 2016; Tedeschi et al. 2019; Bastos 468 

et al. 2020). All the sections are also compared with the calibrated Tethyan composite δ13C 469 

carbonate record (Herrle et al. 2015) and calibrated to GTS2020 (Gradstein et al. 2020; Figure 470 

6). 471 

 472 

The lowermost interval of the Gabon wells in the Kissenda Fm. is assigned to the Late Valanginian 473 

based on the occurrence of Ostracod Zone AS4 (Bate, 1999; Poropat and Colin, 2012). This 474 

interval also records a +3 ‰ positive δ13C shift that is comparable to other terrestrial δ13C records 475 

(Gröcke et al. 2005) and Tethyan carbonate δ13C record (Herrle et al. 2015); we therefore attribute 476 

this excursion to the Late Valanginian Weissert δ13C event. The overlying Lucina Fm. records a 477 

decrease in δ13C values of similar magnitude to that recorded by Gröcke et al. (2005) in the 478 

Hauterivian of Crimea, Ukraine. This age assignment supported by the occurrence of Ostracod 479 

Zone AS5 (Poropat and Colin, 2012). The δ13C profile from offshore Gabon provides an additional 480 

data point for the Valanginian-Hauterivian, a time interval with relatively scarce δ13C records on 481 

organic matter, particularly in the low latitudes. 482 



The shift in δ13C values at the boundary between the Lucina Fm and Melania Fm, combined with 483 

the absence of Ostracod Zone AS6, is interpreted as reflecting a hiatal surface.  This corresponds 484 

with a regional sequence boundary that elsewhere bounds the base of other lowstand lacustrine 485 

turbidites such as the Lucina Fm (Smith, 1994). The overlying Melania Fm. comprises a sandy 486 

lower interval (Melania Sandstone Mb.) and an upper organic-rich interval (Melania Shale Mb.) 487 

and is assigned to the Barremian based on the occurrence of Ostracod Zones AS7 – AS8 (see 488 

Figure 3). The δ13C values of the Melania Fm. are relatively high (~-24‰) compared to the Lucina 489 

Fm., and similar to the Barremian δ13C record from the northern high latitudes (Herrle et al. 2015; 490 

Vickers et al. 2016; Figure 6). The peak in δ13C values (~-20‰; 555 – 640m) may correspond 491 

with the Mid Barremian Event identified in the Tethyan Realm (Coccioni et al. 2003), although this 492 

assignment is uncertain. 493 

 494 

The bulk organic δ13C record of the Dentale Fm. is more variable, with relatively low values at the 495 

base (~27‰) that increase -20‰ before stabilizing at around -25‰ at the top of the Dentale Fm. 496 

This interval is assigned to the Late Barremian to Early Aptian based on Ostracod Zones AS9 – 497 

AS10 and Palynological Zones C VI – C VIII (Figure 3). The stable δ13C interval at the top of the 498 

Dentale Fm. is correlated to δ13C Segment C2 (after Menegatti et al. 1998) and occurs within the 499 

Early Aptian. The Aptian-Barremian boundary is tentatively correlated to ~130m in Well A, based 500 

on comparison between the wellbore δ13C stratigraphy and the Tethyan composite δ13C 501 

carbonate record (Herrle et al. 2015) calibrated to GTS2020 (Gradstein et al. 2020). The Aptian-502 

Barremian boundary would therefore correspond to an interval within Palynological Zone C VII, 503 

supporting both the original Aptian age assignment by Doyle et al. (1977; 1982) and the 504 

subsequent revision to the Late Barremian (Doyle et al. 1992). The δ13C segments C3–C6 505 

(corresponding with OAE-1a) are not recorded in the studied wells and are likely missing in a 506 

hiatal interval corresponding with the regional base Gamba unconformity (see Bate, 1999).   507 

https://link.springer.com/article/10.1007/s13202-021-01126-0#ref-CR16


 508 

The Gamba Fm. in Well B is characterized by elevated δ13C values (-22‰ to -23‰) that reach a 509 

plateau and are assigned to δ13C Segment C7 (Menegatti et al. 1998), which is comparable to 510 

other global records (i.e., Ando et al. 2002; Herrle et al. 2015, Vickers et al. 2016; Figure 6). This 511 

interval corresponds with Palynological Zone C VIII to C IX; the latter includes the occurrence of 512 

Sergipea variverrucata, a marker that has been used to define the Sergipea variverrucata 513 

palynological zone (Regali et al. 1974) in NE Brazilian Basins and has recently also been 514 

calibrated to the δ13C Segment C7 in the Sergipe-Alagoas Basin (Ibura Mb; Tedeschi et al. 2019) 515 

and Parnaiba Basin (Codo Fm; Bastos et al. 2020).  516 

The lithological transition from the lagoonal shales of the Vembo Shale Mb. (Gamba Fm.) to the 517 

marine evaporites of the Ezanga Fm. is gradual and conformable. The δ13C values decline across 518 

this interval and remain low (~-27‰) in the Ezanga Fm., which is correlated with the δ13C Segment 519 

C8. This correlation would suggest that in the studied wells offshore Gabon, salt deposition 520 

initiated ~118.4 Ma (GTS2020; Gradstein et al. 2020; Figure 6). The shift to lower δ13C values in 521 

the Ezanga Fm. may be influenced by a change in organic matter source, with the first occurrence 522 

of marine dinoflagellate cysts. However as discussed above, the overall organic matter type and 523 

palynological assemblages are similar to those in the underlying Pre-Salt sequences, which are 524 

both characterized by mixed continental sources (terrestrial and aquatic) and exhibit poor 525 

covariance between δ13C and C:N values, suggesting that a marine incursion and any associated 526 

changes in local organic matter source did not significantly influence the δ13C values.   527 

It is possible that the regional-global carbon cycle and associated δ13C values were impacted by 528 

the widespread deposition of evaporites in the South Atlantic. Initial geochemical models 529 

postulate that the widespread removal of seawater sulphate due to evaporite deposition in the 530 

South Atlantic would have reduced global concentration of sulfate, limiting the ability of sulphate-531 



reducing bacteria to demineralize organic matter and result in decreased pyrite burial and 532 

enhanced organic-matter preservation (Wortmann and Chernyavsky, 2007; Wortmann and 533 

Paytan, 2012). This relationship was used to explain both the initial negative sulphur isotope 534 

(δ34Ssulfate) and positive δ13C shifts recorded during and immediately after OAE-1a (δ13C Segment 535 

C7; Wortmann and Chernyavsky, 2007; Tedeschi et al. 2017). However, more recently Mills et al. 536 

(2017) applied a linked sulfur-strontium isotope mass-balance model that demonstrated marine 537 

sulfate concentrations increased significantly (rather than decreased as proposed by Wortmann 538 

and Chernyavsky, 2007) during the initial negative δ34Ssulfate shift recorded during and immediately 539 

after OAE-1a. This model only reproduces the coupled negative sulfur and strontium isotope shifts 540 

when both hydrothermal and weathering fluxes increase during OAE-1a (linked with Greater 541 

Ontong-Java Plateau LIP; Percival et al. 2021), with evaporite deposition and reduced marine 542 

sulfate concentrations occurring later in the Aptian, corresponding with the long-term minima in 543 

δ34Ssulfate and δ13C values (δ13C Segment C8; ~117 Ma; Mills et al. 2017). However, a discrepancy 544 

exists in that δ13C Segment C8 is characterized by low δ13C values, when the geochemical models 545 

suggest that reduced marine sulfate concentrations due to evaporite deposition would result in a 546 

positive δ13C excursion due to decreased pyrite burial and enhanced organic-matter preservation 547 

(Wortmann and Chernyavsky, 2007; Wortmann and Paytan, 2012).  Additional processes should 548 

be considered to explain how widespread evaporite deposition and reduced marine sulfate 549 

concentrations could potentially be responsible for the low δ13C values recorded in the Ezanga 550 

Fm. and possibly the δ13C Segment C8 globally. In the modern Ocean, anaerobic oxidation by 551 

sulfate is a major sink for methane (CH4; D'Hondt et al. 2002; Valentine, 2002). As such, the 552 

reduction in seawater sulfate concentrations due to evaporite deposition would tend to promote 553 

methanogenesis in sulfate-depleted marine pore waters, eliminating anaerobic CH4 oxidation as 554 

a major methane sink, and allow for the accumulation of 12C-enriched CH4 in the ocean and 555 

release to the atmosphere (Luo et al. 2010). The addition of 12C-enriched CH4 could potentially 556 

produce the lower δ13C values that characterize both the Ezanga Fm. and δ13C Segment C8. 557 



The boundary between the upper Ezanga Fm. and the overlying marine carbonates of the Madiela 558 

Fm. is unconformable based upon biostratigraphic and seismic evidence from the Leopard 559 

prospect, offshore Gabon (Campbell et al. 2019). The occurrence of the planktonic foraminifera 560 

species Microhedbergella rischi and M. renilaevis in the basal Madiela Fm. overlying the Ezanga 561 

salt allows assignment of the corresponding δ13C record to the latest Aptian to Early Albian OAE-562 

1b δ13C set (Campbell et al. 2019). The post-salt sequence generally compares with the Early to 563 

Middle Albian δ13C record from the Tethys and Arctic (Herrle et al. 2015). For consistency with 564 

the C-segment nomenclature (after Bralower et al. 1999), the higher δ13C values directly above 565 

the salt from the Leopard prospect (which were assigned to the OAE-1b δ13C set by Campbell et 566 

al. 2019) would therefore potentially correspond to δ13C Segment C11, with the subsequent up-567 

section decrease corresponding with δ13C Segments C13 – C14 (Figure 6). The assignment of 568 

the basal Madiela Fm. to the latest Aptian to Early Albian OAE-1b δ13C segment C11 (Campbell 569 

et al. 2019) based on the biostratigraphic constraints precludes the possibility that the elevated 570 

δ13C values currently assigned to the δ13C Segment C7 (after Menegatti et al. 1998) from the 571 

deeper Gamba Fm. are from a younger δ13C event. 572 



 573 

Figure 6. Comparison between δ13C record from offshore Gabon (this study; Campbell et al. 574 

2019) with the Tethyan composite carbonate δ13C (Herrle et al. 2015) and organic δ13C records 575 

(Ando et al. 2002; Herrle et al. 2015; Vickers et al. 2016) that are calibrated with the current 576 

international Geologic Time Scale (GTS2020; Gradstein et al. 2020). Relevant regional South 577 

Atlantic δ13C records are also plotted for comparison (age models and δ13C segment 578 

interpretations after Tedeschi et al. 2017, 2019; Bastos et al. 2020). The quality of the age model 579 

and Campos-Santos δ13C composite profile after Tedeschi et al. (2017) is questioned here and 580 

should be treated with caution (see section 5.4). Green horizontal fill represents recognized 581 

positive carbon isotope excursions; tan horizontal fill represents recognized negative carbon 582 

isotope excursions; uncertain correlations are indicated with a question mark. Major OAE’s are 583 

labelled alongside the Tethyan composite carbonate δ13C profile.  The main δ13C segments after 584 

Menegatti et al. (1998) and Bralower et al. (1999) are also labelled (C2 to C14). 585 



 586 

5.3.Sequence Stratigraphy 587 

Early Cretaceous rift strata across the entire South Atlantic are subdivided into several mega-588 

sequences/cycles by numerous authors. This paper does not intend to review all these 589 

contributions and will present only the key schemes that are relevant to this study (Figure 2). One 590 

of the first sequence stratigraphic schemes for the rift sequences of the South Atlantic was 591 

published by Bate (1999), who defined three mega-cycles for the West African margin. These are 592 

as follows: 593 

(i) A Basal Unit comprising lowstand fluvial-alluvial deposits within shallow fresh-water 594 

lakes forming in the initial rift during the onset of continental stretching. 595 

(ii) A first cycle reflecting the initial deepening of lakes due to increased lithosphere 596 

extension and accommodation space (transgressive phase; Kissenda Fm.), reaching 597 

a highstand phase; with the end of the cycle representing the lowstand deposits as 598 

either lakes infilled or lake-level dropped resulting in turbidite deposition (Melania and 599 

Lucina sandstone Mbs; see Smith, 1994)  600 

(iii) A second cycle reflecting a further period of lake expansion (Melania Fm.) and 601 

subsequent infill (Dentale Fm.) as part of the transgressive to highstand sequence; 602 

ultimately followed by a lowstand system tract (LST). The LST is dominated by fluvial 603 

sediment infill (Gamba Fm.) culminating in evaporite deposition (Ezanga Fm/ Loeme 604 

Salt Fm.).  605 

On the Brazilian margin, Rangel et al. (1994) defined three mega-sequences within what would 606 

be eventually called the Lagoa Feia Group: K30, K40 and K50. These K-sequences were further 607 

refined by Winter et al. (2007) with the following subdivision being proposed: K36 (Itabapoana-608 

Atafona Fms.), K38 (Coquinas Fm.), K46, K48 (Itabapoana-Gargaú-Macabu Fms.) and K50 609 



(Retiro Salt Fm.). The absence of age-diagnostic fossils in the continental strata prevented these 610 

sequences being calibrated to the International Geologic Time Scale available at the time and 611 

were instead tied to local Brazilian chronostratigraphic stages (Winter et al. 2007). Although there 612 

is no formally published definition of these K-sequences, they are remarkably similar to the 613 

published K-sequence scheme of North-West Europe (Copestake et al. 2003), which is robustly 614 

calibrated to the Geologic Time Scale through marine macro- and microfossil biostratigraphies. 615 

For the Gabon wells, the sequence stratigraphic scheme of Bate (1999) and the K-sequence 616 

scheme of Copestake et al. (2003) and Winter et al. (2007) are applied and discussed below. 617 

 The Kissenda Fm. in Well A is generally a fining-upwards sequence and is interpreted in this 618 

study as a transgressive sequence tract (TST). This sequence is equivalent to Phase 2 of the first 619 

cycle of Bate (1999) and the K10 sequence of Copestake et al. (2003), being assigned to the 620 

Valanginian, and corresponding with the Weissert δ13C event and Ostracod Zones AS2/3 – AS4. 621 

The overlying Lucina Fm. is assigned in this study to a highstand systems tract (HST) and 622 

corresponds to Phase 3 of Bate (1999) and the K20 sequence of Copestake et al. (2003) and is 623 

Early Hauterivian in age. A hiatus is interpreted at the top of the Lucina Fm.; this hiatus 624 

corresponds with the sequence boundary marking the top of the HST (Figure 2) and accounts for 625 

the absence of Ostracod Zone AS6 in Well A. Sequences K32 and K34 are inferred to be missing 626 

at the hiatus in Well A and may be part of the LST that is characterized elsewhere by the 627 

occurrence of Lucina turbidite sandstones (e.g., Smith, 1994). 628 

The Melania Fm. is generally fining-upwards from the Melania sandstone member to the Melania 629 

Shale Mb., with the maximum lake level picked at the limestone bed at a 422m depth. The 630 

maximum lake level appears to correspond with the common abundance of the algal cysts and 631 

the freshwater dinoflagellate cyst Loboniella hirsuta (see supplemental datafile). The 632 

transgressive Melania Fm. interval corresponds with Phase 5 (cycle 2) of Bate (1999) and is 633 

equivalent to the Barremian K36 and K38 sequences (Copestake et al. 2003; Winter et al. 2007). 634 



Following maximum lake levels, the fluvial-deltaic Dentale Fm. system progrades during a HST 635 

and corresponds with Phase 6 (middle of cycle 2) of Bate (1999); this is bounded at its top by a 636 

regional sequence boundary. This sequence boundary is usually associated with the base of the 637 

Gamba Sandstone Mb (base Gamba unconformity), however there is some uncertainty in its 638 

placement, particularly offshore, where the base of the Gamba may become conformable with 639 

the underlying Dentale Fm.  The Dentale Fm. is Late Barremian to Early Aptian in age based on 640 

the δ13C stratigraphy and assignment to Ostracod zones AS9 – AS10 and corresponds with the 641 

K38 sequence of Copestake et al. (2003) and Winter et al. (2007). Above this sequence boundary, 642 

the LST is characterized by channelized fluvial Gamba sandstones corresponding with Phase 7 643 

(upper cycle 2) of Bate (1999) and is Early Aptian in age based on identification of the δ13C 644 

Segment C7 and corresponding Palynological Zone C IX.  This interval is assigned to sequences 645 

K40 (Gamba Sandstone Mb.) and K45 (Vembo Shale Mb.) after Copestake et al. (2003), or 646 

equivalent to sequences K46-K48 of Winter et al. (2007). The overlying Ezanga Fm. salt is 647 

assigned in this study to the late LST and corresponds with the K50 sequence.  It is interesting to 648 

note that the K50 sequence is calibrated in the North Sea Basin to both the Parahoplites 649 

nutfieldiensis Boreal ammonite zone (Copestake et al. 2003) and the δ13C C8 segment (Eldrett 650 

and Vieira, 2022), corresponding to an age of ~118 Ma (Gradstein et al. 2020). Given the inherent 651 

uncertainty in calibrating and correlating sequences from NW Europe to those in the South 652 

Atlantic, it remains surprising that the base of the Ezanga Fm., and the associated K50 sequence 653 

are assigned a not too dissimilar age of 118.4 Ma (earliest Late Aptian) based on the correlation 654 

of the Ezanga Fm. δ13C profile to δ13C segment C8 (Menegatti et al. 1998; Herrle et al. 2015: 655 

calibrated to Gradstein et al. 2020). This age assignment for the deposition of the salt in offshore 656 

Gabon has significant implications for regional climate and stratigraphic evolution of the South 657 

Atlantic and hydrocarbon play potential of the Pre-Salt rift sequences. It is therefore critical to 658 

provide a regional assessment of the timing of salt deposition. 659 



 660 

5.4. Regional assessment on the timing of salt deposition in the South Atlantic 661 

Considerable debate exists regarding the age of the salt deposition in the Early Cretaceous rift 662 

sequences of the South Atlantic, with proposed ages falling within two camps: A Late Aptian-663 

Albian age (115 - 100 Ma) and an Early Aptian age (>117 - 123 Ma), with a total uncertainty 664 

range of ~23 Myr.  These age differences partly reflect the marked disagreement between  665 

radiometric ages (i.e., Dias et al. 1994; Gomes et al. 2015; Szatmari and Milani, 2016; Szatmari 666 

et al. 2021) that are consistently younger than the biostratigraphically and geochemically based 667 

ages (i.e., Davison, 2007; Bengtson, 2007; Tedeschi et al. 2017; 2019; Bengtson et al. 2018)  668 

when compared to recent Geological Time Scales: Gradstein et al. 2012; Ogg et al. 2016; 669 

Gradstein et al. 2020). 670 

The results and interpretations based on carbon isotope stratigraphy and biostratigraphic data 671 

from offshore Gabon indicate salt deposition initiated in the studied wells ~118.4 Ma, which is 672 

near the early-late Aptian boundary (Figure 6). The occurrence of evaporite deposition within 673 

the δ13C Segment C8 is consistent with recent studies from NE Brazilian basins: Sergipe-674 

Alagoas (Tedeschi et al. 2019) and Parnaiba – São Luís (Bastos et al. 2020). An even older age 675 

for evaporite deposition is also proposed for Araripe Basin, with Re-Os dating of black shales 676 

interbedded within evaporites from the Ipubi Fm. indicating a Late Barremian to Early Aptian 677 

age (123 ± 3.5 Ma; Lúcio et al. 2020). This radiometric age has recently been challenged 678 

(Coimbra and Freire, 2021) and although the palynological (e.g., Afropollis jardinus, Classopollis 679 

classoides, S. variverrucata; see Coimbra et al. 2002; Arai and Assine, 2020) and ostracodal 680 

(e.g., Damonella ultima, Damonella tinkoussouensis; see Tomé et al. 2014) assemblages in the 681 

Santana Group are not found worldwide (see discussion in Coimbra and Freire, 2021), the 682 

assemblages are similar to those found from the Late Barremian Dentale Fm., and Early Aptian 683 

Gamba Fm. from offshore Gabon (this study; Figures 4 and 5). Therefore, to resolve the age of 684 



salt deposition and the timing of rifting in the Araripe Basin, an integrated stratigraphic approach 685 

is required incorporating the existing biostratigraphy (Coimbra et al. 2002; Neumann et al. 2003; 686 

Heimhofer & Hochuli, 2010; Tomé et al. 2014; Nascimento et al. 2017, Arai and Assine, 2020; 687 

Araripe et al. 2021) with the recent radiometric ages (Lúcio et al. 2020) and new δ13C 688 

stratigraphies (i.e., Varejão et al. 2021). At least in the other northern basins of the incipient 689 

South Atlantic basin, it appears that the timing of salt deposition was roughly similar (near the 690 

Early-Late Aptian boundary; ~118.4 Ma). The  691 

Further to the south in the Santos and Campos basins, the evidence in support for the age of 692 

salt deposition is highly questionable, mostly reflecting i) emphasis on a single stratigraphic 693 

discipline; ii) poor reporting and/or iii) absence of publicly available data. This is particularly an 694 

issue in several articles that reported 40Ar/39Ar geochronologic dating of Pre-Salt basalt flows 695 

that provide relatively younger ages (100 – 116 Ma) compared to the biostratigraphic 696 

constraints. In many cases, 40Ar/39Ar analyzes were conducted prior to the community driven 697 

standardization EARTHTIME initiative (Bowring et al. 2005), where documentation of the raw 698 

data, including monitor standard and decay constants, are required for calibration. The key 699 

studies presenting 40Ar/39Ar ages to constrain the timing of salt deposition have significant 700 

failings. These include: 701 

• Dias et al. (1994) presented an 40Ar/39Ar age of 113.2 ± 0.1 Ma for a basalt sample in the 702 

Pre-Salt section from Well 1-SCS-1 (South of Santos Basin). This age was subsequently 703 

incorrectly cited by both Davison (2007) and Mohriak et al. (2008) to constrain the age of 704 

salt deposition. For example, Davison (2007) quoted “anhydrite and carbonates of the 705 

Ariri Formation lie unconformably above the Curumim Volcanic series in Well 1-SCS-3, 706 

which has been dated at 113.2 ± 0.1 Ma (Dias et al. 1994).” It should be noted that the 707 

40Ar/39Ar age was from Well 1-SCS-1 and not Well 1-SCS-3 as stated by Davison (2007), 708 

and, more importantly, that Well 1-SCS-1 penetrated typical Albian post-salt calcarenites 709 



directly on top of the dated basalt but did not encounter any evaporites. Therefore, this 710 

age does not provide a constraint for the age of salt deposition. Furthermore, Dias et al. 711 

(1994) did not publish any data in support of this age referring to “A.M.P.Mizusaki, 1993, 712 

written information”. Without the step-heating spectra, monitor standard data or decay 713 

constants this age cannot be rigorously assessed. 714 

• Gomes et al. (2015) and Szatmari and Milani (2016) both report an 40Ar/39Ar age of 715 

115.7 ± 1 Ma for a ~300m thick Pre-Salt basalt flow in the Santos Basin (“Parati Flood 716 

Basalt”); and Gomes et al. (2015) report an 40Ar/39Ar age of 113 Ma for a Pre-Salt vol-717 

cano.  These are subsequently cited in Szatmari et al. 2021. To our knowledge, no ana-718 

lytical data are publicly available for scientific scrutiny: Gomes et al. (2015) is an un-719 

published Petrobras internal report whereas Szatmari and Milani (2016) state salt depo-720 

sition started by 113 Ma but did not present any supporting data. 721 

• Szatmari et al. (2021) present 40Ar/39Ar heating spectra from a Sergipe potash mine ana-722 

lyzed with a plateau age of 110.64 ± 0.34 Ma and is used this to justify “placing the salt 723 

slightly above the Aptian/Albian boundary (113.1 Ma)” (Szatmari et al. 2021). This analy-724 

sis was conducted at the University of Toronto in 2007 prior to the EARTHTIME initiative 725 

and has not been corrected by Szatmari et al. (2021) to the proposed standards. In addi-726 

tion, the monitor standard and decay constants used were not published by Szatmari et 727 

al. (2021) to enable calibration to standards. Furthermore, the step-heating spectra dia-728 

gram illustrated by Szatmari et al. (2021) indicates that approximately 80% of the argon 729 

released is within a single heating step, which does not meet the criteria of a defined 730 

step-heating plateau (Baksi, 2018; Schaen et al. 2021) and should therefore be rejected. 731 

 732 

In general, the published 40Ar/39Ar ages are systematically younger than the biostratigraphically 733 

derived ages. It is difficult to ascertain the reason for this discrepancy, as the geochronologic 734 



data has not been published for evaluation. It is widely documented that the Ar-Ar system is par-735 

ticularly susceptible to partial loss of radiogenic 40Ar during hydrothermal alteration associated 736 

with the emplacement of the volcanic/igneous rocks and/or subsequent exposure to the migra-737 

tion of high-temperature pore fluids (in excess of the closure temperature) during burial, which 738 

can lead to an underestimation of the time of crystallization (Baksi, 2018; Schaen et al. 2021). 739 

Elevated paleo-temperatures in the Pre-Salt are indicated by exotic mineral assemblages and 740 

petrographic analyses (i.e., Lima et al. 2019), likely also highlighting an active Pre-Salt hydro-741 

thermal system. However, the geographic extent of high temperatures in the subsurface and the 742 

nature of the host rocks (extent of alteration) are not publicly available for the samples analyzed 743 

for 40Ar/39Ar dating by Dias et al. (1994), Gomes et al. (2015), Szatmari and Milani (2016) and 744 

Szatmari et al. (2021). Until complete datasets become available, the 40Ar/39Ar ages should be 745 

treated with caution. One solution to this issue is to pursue high precision U/Pb geochronology 746 

studies on zircon or baddeleyite from the basalts (e.g., Rocha et al. 2020; 2021). 747 

 748 

Stratigraphic uncertainty related to the timing of salt deposition is not limited to 40Ar/39Ar geo-749 

chronological methods and data. Tedeschi et al. (2017) analyzed the carbon isotope data, cor-750 

relating evaporite deposition in the Campos and Santos basins to the Early Aptian OAE-1a in-751 

terval (~120 Ma). This interpretation is much older than the available geochronological ages (as 752 

discussed above) and potentially implies that salt deposition is time equivalent to sequence K40 753 

(Copestake et al. 2003; K46 after Winter et al. 2007), rather than K50 (as originally assigned by 754 

Winter et al. 2007), and coeval with the base-Gamba unconformity and associated relative lake 755 

level fall on the African margin. In addition, an older age estimate for evaporite deposition the 756 

Santos/Campos basins compared to the northern basins (i.e., Gabon, Sergipe-Alagoas, Par-757 

naibe, São Luis) would suggest strong diachroneity in salt deposition (Tedeschi et al. 2017, 758 

2019). However, these results should also be treated with caution.  The 13C data presented by 759 

Tedeschi et al. (2017) were a composite of two wells from two different basins: CP-5 from the 760 



Campos Basin and Well X from the Santos Basin, with the assumption of coeval salt deposition 761 

in these two basins and without biostratigraphic constraints in the Pre-Salt section to support 762 

construction of the composite reference section.  In addition, the illustration and interpretation of 763 

13C data from Well CP-5 by Tedeschi et al. (2017) are not entirely accurate. These data were 764 

originally analyzed and presented by Dias (1998), with the low 13C value interval that Tedeschi 765 

et al. (2017) tentatively correlate with 13C Segment C3 and the onset of salt deposition is actu-766 

ally 70m below the base of evaporites (see Dias, 1998, figures 5.12 and 5.16). Therefore, the 767 

13C correlation cannot be used as evidence for evaporite deposition at the base of OAE-1a. 768 

Based on the 13C segment assignments of Tedeschi et al. (2017) to the Pre-Salt section of 769 

Well CP-5, a linear interpolation can be applied from 13C segments C1-C3 up to the base of the 770 

salt (including the un-sampled 70m interval). Under this assumption, a younger age of salt dep-771 

osition can be calculated (~119.2 Ma, with a rock accumulation rate ~12.5 cm/kyr). With lower 772 

rock accumulation rates this un-sampled 70m interval from Well CP5, and therefore the age of 773 

base of the salt unit, could potentially be much younger. To resolve this uncertainty the 70m in-774 

terval in Well CP-5, from the top analyzed sample at 4629m to the base evaporites at 4559m 775 

(Dias, 1998; Figure 5.17) should, if possible, be analyzed for 13C stratigraphy.  776 

 777 

Furthermore, in supra-evaporitic sequences from the nearby well CB-3, the occurrence of the 778 

planktonic foraminifers Hedbergella aptiana and H. gotbachikae identified by Tedeschi et al. 779 

(2017; see supplemental figure DR-1) were used to support of an early Aptian age for evaporite 780 

deposition. However, the illustrated specimens exhibit very poor preservation and their assign-781 

ment to H. aptiana and H. gotbachikae is questionable (Brian Huber pers. comms. 2022). 782 

In addition, the carbonate 13C profile from Well X in the Santos Basin is used to constrain the 783 

age of cessation of evaporite deposition, with the highest values (~3-5‰; 2756m to 2906m) cor-784 

related to post OAE-1a 13C segments C5-C7 (Early Aptian; Tedeschi et al. 2017). However, 785 



this interval could easily be correlated to 13C segments C10-C14 and correspond with the Ap-786 

tian-Albian boundary instead; it may be noted that this possibility was also raised by Pietzsch et 787 

al. (2020). This uncertainty reflects the fact that this well is located in the Santos basin, ~600 km 788 

away from Well CP-5 in the Campos Basin, and without additional stratigraphic constraints un-789 

certainties remain in the quality of this composite record and associated age assignments 790 

should be treated with caution. 791 

 792 

In other studies, the age of salt deposition is also constrained by the age of the overlying strata. 793 

Davison (2007) interpreted an Early Aptian age for salt deposition in offshore Angola based on 794 

the occurrence above the salt of the planktonic foraminifer marker Leupoldina cabri. However, 795 

this evidence was from a “confidential well in one of the shelfal blocks” (Davison, 2007); 796 

because the data were not published the evidence is difficult to verify. Furthermore, Davison 797 

(2007) referred to Aptian planktonic foraminifera from DSDP Site 364, at which drilling was 798 

suspended above the salt. Subsequent re-interpretation of the biostratigraphy from DSDP Site 799 

364 by Bruno et al. (2020) clearly indicates Albian nannofossil markers present. Biostratigraphy 800 

and 13C profiles from post-salt strata from the Campos Basin and offshore Gabon also indicate 801 

post-salt deposition near the Albian-Aptian boundary (ca. 113 Ma; Caetano-Filho et al. 2017; 802 

Campbell et al. 2019). However, the oldest strata above the salt in offshore Brazil are reported 803 

as Late Aptian from the Santos, Campos and Espírito Santo basins based on planktonic 804 

foraminifers (Sanjinés et al. 2022), and Early Aptian from the Sergipe Basin, based on the 805 

occurrence of the ammonite Dufrenoyia justinae, which is correlated with the Epicheloniceras 806 

martini “standard zone” (Bengtson, 2007, Bengtson et al. 2018). From these studies, there is 807 

large diachroneity of deposition immediately above the salt, with differential onlap and erosion 808 

(i.e., Campbell et al. 2019), complex geometries and the development of mini-basins during 809 

halokinesis (i.e., Guerra and Underhill, 2012). Moreover, these ages only provide constraints for 810 



deposition of sediments on top of the salt units, and therefore do not directly date the cessation 811 

of salt deposition or, critically, its inception. Additional studies are therefore required from the 812 

southern basins of the South Atlantic (i.e., Campos, Santos, Kwanza; Namibe) to constrain the 813 

timing of rifting and salt deposition before conclusions can be made regarding latitudinal 814 

diachroneity (i.e., Tedeschi et al. 2019). 815 

 816 

6. Conclusions 817 

Records of stable 13C values from bulk organic matter and insoluble kerogens were 818 

generated for the Early Cretaceous salt and Pre-Salt intervals from two wells in offshore Gabon. 819 

The recovered composite 13C profile from the two wells was integrated with palynological and 820 

ostracod biostratigraphy and placed within a sequence stratigraphic framework, providing 821 

constraints onto the timing of lake/margin evolution and salt deposition. The correlation between 822 

the offshore Gabon 13C profile and other published sections that are calibrated to GTS2020, as 823 

well as other regional sections from NE Brazil, supports the reliability of the 13C record generated 824 

from the Gabon wells. A positive 13C shift identified in the Kissenda Fm. is proposed here to 825 

correspond with the Valanginian Weissert 13C event. The Melania to Dentale intervals 826 

correspond with the Barremian transgressive and highstand systems tracts, with the Barremian-827 

Aptian boundary assigned to strata from the uppermost Dentale Fm (near the base of 13C 828 

Segment C2). The Early Aptian OAE-1a event (13C Segments C3 – C6) is missing in the 829 

unconformity at the base of the Gamba Sandstone Mb.  830 

The Gamba Fm. exhibits positive 13C values assigned to 13C Segment C7, with salt 831 

deposition of the Ezanga Fm. occurring within 13C Segment C8 (~118.4 Ma to 116.8; Early-Late 832 

Aptian; Gradstein et al. 2020). This age for the initiation of salt deposition in offshore Gabon is 833 

consistent with other northern rift salt basins (Sergipe-Alagoas, Parnaiba, São Luis) and provides 834 



additional constraint for timing of the opening of the South Atlantic. It should be noted, however, 835 

that the data and interpretations provided here are just a snapshot from only two wells and that 836 

lateral variation in the timing of rifting and salt deposition within basins, particularly between 837 

proximal and distal domains, is expected. These age estimates are therefore likely be further 838 

refined with additional studies. 839 

The age of salt deposition in the southern basins (Campos, Santos) is also evaluated to 840 

determine potential latitudinal diachroneity. However, the interpretations for the age of the salt in 841 

these basins are much more controversial, with significant problems and uncertainties in some 842 

key lines of evidence. We conclude that the published 40Ar/39Ar ages are difficult to evaluate, as 843 

the raw data are not publicly available, and the few available step-heating spectra do not appear 844 

to reach a statistically reliable plateau.  It is likely that 40Ar/39Ar dating is limited by the relatively 845 

low closure temperature of the Ar-system, being potentially affected by hydrothermal alteration, 846 

resulting in systematically younger ages than those provided by biostratigraphy and 13C 847 

stratigraphy in these basins. However, the published ages inferred from biostratigraphic data and 848 

13C stratigraphy are also challenged. In all cases, publicly available stratigraphic data is also 849 

geographically limited, preventing a full spatial-temporal understanding of rift evolution of the 850 

South Atlantic. Therefore, the data from offshore Gabon provide important age constraints and 851 

stratigraphic contributions to the ongoing debate of the timing of salt deposition in the South 852 

Atlantic. 853 
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