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Early Cretaceous marine incursions into South
Atlantic rift basins originated from the south

Xinggian Cui® "2* Brent Wignall3, Katherine H. Freeman® # & Roger E. Summons® 21

The breakup of Gondwana resulted in sedimentary deposits recording lacustrine to marine
environmental transitions in the South Atlantic rift basins during the Early Cretaceous.
Currently, ambiguity pervades our understanding of the timing and orientation of the initial
seawater incursion. Here we investigated hydrocarbon biomarkers in sediments from two drill
cores off West Africa with stratigraphic coverage from the Berriasian-Barremian to Albian.
Based on biomarkers that can distinguish non-marine from marine-influenced settings, initial
seawater influx occurred through the southern entrance across the Rio Grande Rise-Walvis
Ridge during the early Aptian stage. Transitional conditions prevailed during the Aptian stage
as the seawater incursion induced microbial community and environmental reorganization
until the Albian when fully marine conditions prevailed. Overall, results of this study are
valuable in deciphering the final opening of the South Atlantic Ocean, fulfilling the global
comparison of paleoenvironments, and facilitating future petroleum exploration along the

South Atlantic conjugate margins.
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he evolution of the South Atlantic Ocean, a consequence of

the break-up of Gondwana supercontinent in the Early

Cretaceous, has attracted substantial attention since Alfred
Wegener proposed the hypothesis of continental drift!. Situated
between Africa and South America, the South Atlantic Ocean is
narrowly defined as the region between the northern Ascension
Fracture Zone and the southern Agulhas-Falkland Fracture Zone.
Recent studies on the South Atlantic Ocean emphasized its early
tectonic evolution and distinctive depositional environments. The
South Atlantic Ocean is further sub-divided into northern and
southern sectors, separated by the structural high—Rio Grande
Rise-Walvis Ridge (RGR-WR)23, which developed along part of
the Florianopolis Fracture Zone (Fig. 1). The northern sector
consisted of a series of conjugate rift basins along the African and
Brazilian margins in the initial stages and is, therefore, denoted as
South Atlantic rift basins (SARBs). It was postulated that seafloor
spreading in the southern sector initiated ~138 Ma ago with rapid
deepening to water depths >3000 m within the first 20 Ma years,
while the tectonic evolution of the northern sector is more
complicated®> (Supplementary Note 1; Supplementary Fig. 1).
Nonetheless, it is generally agreed that the northern sector recorded
the final separation of South America from Africa. Additionally, the
Cretaceous strata of the SARBs now host Earth’s largest existing
evaporite mineral deposits, whereas the accompanying and wide-
spread anoxia in SARBs promoted the formation of organic-rich
sediment with generation and preservation of a vast amount of
petroleum®-11. Overall, tectonic processes dictate the co-evolution
of basin properties and their aqueous and biogeochemical envir-
onments. We thus used a comprehensive organic geochemical
approach to test conflicting models for the emergence of ocean
connectivity and basin conditions that led to the accumulation of
important mineral and energy resources.

Over past decades, specific attention has been paid to the
Berriasian-Albian stages when the rift basins witnessed lacustrine-
to-marine environmental transitions and the emplacement of
extensive evaporite mineral deposits>!2. The SARBs are regarded
as typically lacustrine in nature during Berriasian-Barremian times,
whereas restricted-to-full marine conditions were established from
the Albian and onward®. Seawater incursion, as the primary cause
of the initial lacustrine-marine transition, is defined as seawater
inflow into a restricted lacustrine basin, either through meandering
channels, overflow or seepage across the geographic barriers.
However, the earliest plausible “marine” signal has been reported in
the early Berriasian!3, the latest Barremian!®!4, and the Aptian
times!>. These dates all significantly predate the breaching of the
RGR-WR and the opening of the equatorial Atlantic seaway in the
Late Cretaceous®'>~17, leaving the timing of the initial marine
incursion unresolved. Furthermore, despite numerous reports of
marine signals in the pre-opened SARBs, there is little agreement
regarding the locality of initial seawater incursion, whether
northward through the Walvis Ridge or southward through the
equatorial Atlantic seaway>#. Other than ambiguous propositions
concerning the timing, orientation, and definitive drivers of
the marine incursion, the consequences for environmental and
microbial ecosystem transition are even less clear. These uncer-
tainties preclude a definitive verification of the intrinsic linkage
between the late Aptian evaporate deposits, the early marine
incursion, and the Early Cretaceous climatic fluctuations!®!9,
Furthermore, a clear understanding of the seawater incursion into
the SARBs provides valuable insights on reconstructing the history
of seawater incursions of the Black Sea, the Mediterranean Sea, the
Red Sea, and the Proto-ParaTethys Sea?0-22,

Biomarkers, the fossilized remains of organic molecules synthe-
sized by specific groups of organisms, have been shown to have
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Fig. 1 Geographic locations and stratigraphy of two drill cores, Onango Ezanga-1 (ONEZ-1) and Maculungo-1 (MA-1). a Core locations where positional
rift basins on both African and Brazilian margins are depicted in different colors. Major tectonic features (e.g., fracture zone) are annotated with gray and
black dashed lines. The basemap was generated in ArcPro™ by adopting the plate reconstruction from the EarthByte 2019 plate model’3. b Generalised
stratigraphy with tectonic stages and drill core depths showing the placement of rock samples selected for this study. The stratigraphy and age models of
both drill cores were revised from previous publications®2°3, by incorporating logging data with recent constructions of rift basin stratigraphy and age

constraints’°457.58 Samples were selected randomly to avoid any lithologic bias. Drill core depths are presented in meters (m) below surface. Dark blue
and light blue represent the Aptian and Berriasian-Barremian samples of the ONEZ-1 core, whereas dark orange and light orange indicate Albian and Aptian

samples of the MA-1 core, respectively.
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utility for reconstructing the nature and composition of ancient
microbial communities which, in turn, are informative about
depositional environments and water column chemistry?3-26. In this
study, we carried out biomarker analyses on two drill cores off West
Africa to investigate the timing of the initial Early Cretaceous marine
incursion, the associated environmental transitions, and the
responses of microbial ecosystems. Our results reveal that the initial
seawater incursion into SARBs commenced in the early Aptian time
across the RGR-WR. Transitional conditions prevailed during the
Aptian stage until fully marine conditions established in the Albian.

Biomarker proxies. Steroids and hopanoids are synthesized by a
diverse range of eukaryotes and bacteria, respectively, and ratios of
their degradation products, sterane/hopane, in sediments provide a
semi-quantitative measure for the relative abundance of eukaryotes
and bacteria?’-?8 (Supplementary Table 1).

The highly informative but often not very abundant phytoster-
ane, 24-n-propylcholestane (24-npc; Supplementary Fig. 2), is the
diagenetic product of 24-n-propylcholesterol and 24-propylidene-
cholesterol, two major sterol constituents of pelagophyte algae?>.
Additionally, one foraminiferan has been shown to synthesize
24-propylidenecholesterol®®. Given that all known pelagophytes
and most foraminifera are marine organisms and that 24-npc is
ubiquitous in marine deposits, 24-npc has been adopted as a
diagnostic biomarker to indicate seawater influences. In practice,
the detection and quantification of regular 24-npc steranes may be
confounded by signals from 4-methylstigmastane and dinosterane.
Accordingly, the rearranged isomers of the 24-npc (the 24-npc
diasteranes), unaffected by this interference, are adopted here for
proxy calculation?!30 (Supplementary Table 1).

In contrast to the wide occurrence of hopanoids in bacteria3!,
the 2-methylhopanoids and their diagenetic products—2-methyl-
hopanes—most likely record inputs from just two sources:
cyanobacteria®? and marine denitrifiers (i.e., Methylobacterium
salsuginis)3334, Similarly, the 3-methylhopanoids reflect two
main sources’®. Although minor groups of aerobic bacteria
may synthesize trace amounts of 3-methylhopanoids under
nutrient-limited conditions®, 3-methylhopanes are most com-
monly applied as a biomarker for aerobic methanotrophy.
They typically signify a strong methane cycle, especially in non-
marine and other sulfate-deprived settings®3”. Gammacerane
(Supplementary Fig. 2), derived from tetrahymanol synthesized
by bacterivorous ciliates, has been widely adopted as an indicator
for the intensity of water column stratification3®.

The sources of carotenoids, whether from phototrophic sulfur
bacteria, cyanobacteria, or algae, are distinguishable based on the
nature of the molecular assemblages3®. Green sulfur bacteria (GSB)
and purple sulfur bacteria (PSB) are the only known extant
producers of chlorobactane and okenane precursors?0, respectively.
Thus, the appearance of chlorobactane and okenane in ancient
archives signifies highly stratified and euxinic water bodies*! =44,
When dominant, isorenieratane indicates low-light-adapted
brown-colored strains of GSB occupying the deep euxinic photic
zone*®. When isorenieratane is accompanied by much higher
amounts of renieratane and renierapurpurane, its source can be
ascribed to cyanobacteria®®. Additionally, a subset of cyanobacteria
can synthesize synechoxanthin and its biosynthetic intermediates,
which are preserved as diaromatic carotenoids with 38 and 39
carbon atoms3%4>49, respectively.

While paleorenieratane lacks confirmation of its biological
precursors, it can be attributed to GSB based on elevated carbon
isotopic values similar to isorenieratane, which signal carbon
assimilation via the reverse tricarboxylic acid cycle (rTCA)4748.
The B-series of aromatic carotenoids, including p-isorenieratene
and [-renierapurpurin, precursors of [-isorenieratane and

B-renierapurpurane, respectively, are synthesized by both photo-
trophic sulfur bacteria and cyanobacteria2®394%50  B_carotane
originates mostly from cyanobacteria, with lower amounts from
algae. Because it is subject to similar taphonomic controls as the
other carotenoids, it is a useful reference point and can be applied
as the denominator when parameterizing carotenoid proxies*?->1.

Results

Study area and sampling. The 90 samples investigated in this study
originated from two cores, being Onango Ezanga-1 (ONEZ-1) drilled
in the Gabon Basin and Maculungo-1 (MA-1) from the Kwanza
Basin (Fig. 1). The stratigraphy of each drill core was constructed
from sedimentology logging (Supplementary Note 2). Whereas the
constructed stratigraphy is consistent with recent proposals, it
represents a modification from previous publications’->2°3. The age
models for both drill cores were determined based on several stra-
tigraphic markers, particularly the base of the Aptian stage
(~121.4 Ma), and the lower (~114 Ma) and the upper (~113 Ma)
boundaries of the Aptian evaporite deposits>>* (Supplementary
Note 3). Explicitly, the “late Aptian” age model has been adopted in
this study to reconcile the recent controversies®>~>8 (Supplementary
Note 3). Nonetheless, it is noteworthy that the choice of absolute ages
does not change the conclusions of this study, particularly the relative
timing of the seawater incursion in relation to the geological stages
and to the Aptian evaporite deposits.

Samples from ONEZ-1 cover the Berriasian-Barremian (Berr/
Bar) to Aptian stages, whereas MA-1 samples cover the Aptian to
Albian stages (Fig. 1). Based on core descriptions and deposi-
tional stages, samples are separated into four groups: ONEZ-1
Berr/Bar, ONEZ-1 Aptian, MA-1 Aptian, and MA-1 Albian. A
detailed thermal history assessment based on biomarker maturity
proxies suggests that these sediment samples are either pre-
mature (i.e., before oil generation) or in the early oil generation
window (Supplementary Note 4; Supplementary Figs. 3, 4), at
which maturity level biomarker indices remain robust for the
interpretation of paleoecology and paleoenvironments.

Triterpenoid proxies. Sterane/hopane ratios are 0.12 +0.06 and
191+1.61 in ONEZ-1 Berr/Bar and ONEZ-1 Aptian, and
1.53+£0.96 and 147 +0.90 in MA-1 Aptian and MA-1 Albian,
respectively (Fig. 2). ONEZ-1 Aptian exhibits the highest fluctua-
tion, and significant differences are observed between ONEZ-1
Berr/Bar and other groups of samples (p<0.001). 24-n-Pro-
pylcholestane is undetectable in ONEZ-1 Berr/Bar (Supplementary
Fig. 5), suggestive of purely non-marine deposition. The propor-
tions of 24-npc (24-npc/Cy;.30; Supplementary Table 2) diasteranes
in MA-1 Aptian (2.07 £ 0.85%) are notably higher than in ONEZ-1
Aptian (1.03 £ 1.08%; p <0.005) and MA-1 Albian (1.53 £ 0.56%;
p <0.05) (Fig. 2).

As a semi-quantitative proxy, 2-methylhopane index (2-MHI;
Supplementary Table 3) shows the lowest and highest values
in ONEZ-1 Berr/Bar (0.93+0.65%) and ONEZ-1 Aptian
(9.13 +4.18%), respectively (Fig. 3). Albeit considerably lower
2-MHI values in ONEZ-1 Berr/Bar (p <0.001), the other three
groups are indistinguishable apart from the MA-1 Albian being
lower than ONEZ-1 Aptian (p < 0.01). Values of 3-methylhopane
index (3-MHI; Supplementary Table 3) are remarkably higher in
ONEZ-1 Berr/Bar (8.30 £4.08) compared to the other three
groups (p <0.001) (Fig. 3). Gammacerane index shows the most
pronounced values in ONEZ-1 Aptian (0.26 +0.26) and lowest
values in MA-1 Albian (0.10 + 0.06) (Fig. 2).

Carotenoid proxies. The sum of chlorobactane, okenane, paleor-
enieratane and isorenieratane over P-carotane [(chl+oke-+paleo+
iso)/B-carotane], which represents the overall intensity of photic
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Fig. 2 Box-whisker plots for six biomarker proxies. a The percentage of 24-n-propylcholestane (24-npc) over C,; to Csq diasteranes, as defined in the
Supplementary Table 1. b The relative abundance of sterane and hopane compounds. € Gammacerane over C3o aff hopane (C3oH). d The sum of

chlorobactane (chl), okenane (oke), paleorenieratane (paleo), and isorenieratane (iso) relative to p-carotane. e The ratio of renieratane (ren) and

renierapurpurane (rnp) relative to paleorenieratane and isorenieratane. f The relative abundance of C39 and C4o diaromatic carotenoids. Samples were
separated into four groups based on wells and formations. Samples from Maculungo-1 (MA-1) were divided into Albian (MA-1 Albian) and Aptian (MA-1
Aptian), while samples from ONEZ-1 were divided into Aptian (ONEZ-1 Aptian) and Berriasian/Barremian (ONEZ-1 Bert/Bar). The lower and upper box
boundaries for each group of data points represent first and third quartiles of the dataset, while the line within each box represents the mean value. The
whiskers (“error-bars”) are defined by 1.5 times of interquartile range (IQR), while colored dots are “outliers”. The interpretation of each proxy is discussed

in the main text and supplementary file.

zone euxinia (PZE), ascends sequentially in ONEZ-1 Berr/Bar
(0.029£0.014), ONEZ-1 Aptian (0.11£0.13), MA-1 Aptian
(0.65+1.08) and MA-1 Albian (2.64 + 3.82), with remarkable dif-
ferences between every two groups (p < 0.01) (Fig. 2; Supplementary
Table 4). C, diaromatic carotenoid ratios of (renieratane +
renierapurpurane)/(paleorenieratane + isorenieratane) [abbre-
viated here as (ren+rnp)/(paleo+iso)], as a proxy indicating the
relative abundances of cyanobacteria and GSB, descend in order in
ONEZ-1 Berr/Bar (7.93 + 3.85), ONEZ-1 Aptian (0.68 £ 0.70), MA-
1 Aptian (0.38+0.80) and MA-1 Albian (0.08+0.12) (Fig. 2).
Ratios of C;9 over Cyy diaromatic carotenoids covary with (ren
-+rnp)/(paleo+iso), and display considerable differences between
every two groups of samples (Fig. 2).

Discussion

Aromatic carotenoids as candidate proxies for paleoenviron-
mental discrimination. Our results reveal that lacustrine
and marine settings exhibit distinct patterns of carotenoids
(Fig. 4). While high abundances of aromatic carotenoids (e.g.,
isorenieratane, paleorenieratane, chlorobactane, okenane) have
been reported for sediments deposited through geologic time,
recent advances in analytical techniques permit carotenoid
detection in trace levels®7:42. ONEZ-1 Berr/Bar lacustrine shale
sediments are characterized by low levels of aromatic carotenoids
relative to (-carotane, of which the former is dominated
by renierapurpurane, renieratane, and a group of C;, diaromatic
compounds (Fig. 4). This is similar to patterns reported
from representative cyanobacterial cultures, typical lacustrine
sediments (e.g., Green River Shale) and most of the Proterozoic
sediments deposited under low sulfate conditions37-3%42,
Nevertheless, sulfate-rich lacustrine settings are an exception to
the general non-marine pattern in situations where salinity,
basin shape or other factors serve to inhibit the water overturn
and where carotenoids may be dominated by GSB and PSB
markers such as isorenieratene, chlorobactene or okenone and
their diagenetic products?1,37-4359,

Under fully marine conditions, Albian sediments of the SARBs,
despite containing cyanobacterial aromatic carotenoids at low levels,
feature prominent isorenieratane, chlorobactane and a lower content
of paleorenieratane, signifying predominant inputs from GSB.
Patterns of carotenoids in Albian sediments are similar to many
Phanerozoic marine PZE records, where aromatic carotenoids, when
present, are dominated by chlorobactane or isorenieratane, or
occasionally paleorenieratane, as in the Paleozoic.

When parameterizing aromatic carotenoids based on their
origins from specific organisms, ratios of (ren-+rnp)/(paleo+iso)
and Cs¢/Cyo diaromatic carotenoids show vastly different values
in Berr/Bar (7.93 +3.85; 3.11+1.86) and Albian (0.38 +0.80;
0.18 +0.14) sediments, respectively. In fact, ratios of (ren+rnp)/
(paleo+iso) (7.93 +3.85) in Berr/Bar stage are comparable to
values of 19.55 + 14.00 in the lacustrine Green River Shale and the
terminal Triassic lacustrine Bristol Channel Basin?437. Further-
more, a shift toward lower (ren+rnp)/(paleo+iso) values was
observed when the Bristol Channel Basin transitioned from a
restricted lake to a marine-influenced basin?4. Above distinction
suggests that aromatic carotenoid-based proxies are valuable for
distinguishing lacustrine versus marine settings.

Given their origins from cyanobacteria, renieratane, renierapur-
purane and Csy diaromatics formed during diagenetic decarboxyla-
tion are putative “markers” of cyanobacteria under non-marine
environments. Many cyanobacteria, predominantly non-marine
taxa, synthesize the dicarboxylic acid synechoxanthin and some
monocarboxylic acid biosynthetic precursors, as well as much higher
levels of renierapurpurin and renieratene compared to isorenier-
atene, making their carotenoid inventories quite distinct from those
of the phototrophic sulfur bacteria®®. These patterns are consistent
with phylogenetic profiling shows that cruE and crtU genes encoding
enzymes essential for the biosynthesis of aromatic carotenoids are
distributed across diverse taxa, whereas the cruH gene necessary for
aromatic methyl groups to be oxidised to carboxyl is only present in
cyanobacteria?34>46,

The reason why aromatic carotenoids are useful for discrimi-
nating between depositional environments can be rationalised by
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Fig. 3 Box-whisker plots for six sterane, hopane and tricyclic terpane
biomarker proxies. a-c are 2-methylhopane index, 3-methylhopane index
and homohopane index in percentage (%), respectively, as defined in the
Supplementary Table 1. d The sum of trinorhopane (TNH) and 28,30-
dinorhopane (DNH) over Czq aff hopane. e The relative abundance of
4-methylstigmastane and stigmastane. f The ratio of C,¢ tricyclic terpane
over 18a(H)-22,29,30-trinorneohopane (Ts) and 17p(H)-22,29,30-
trinorhopane (Tm). Sample groups and plots were defined the same as in
(Fig. 2). The interpretation of each proxy is discussed in the main text and
the supplementary file.

the sulfate level and redox conditions of the waterbody. Oxygenic
phototrophs, such as cyanobacteria, will predominate in a
sulfate-lean waterbody (e.g., freshwater lacustrine) and this is
recorded by high values of (ren+rnp)/(paleo+iso) and C39/Cyg
diaromatic carotenoids, and low ratios of (chl+oke+paleo-+iso)/
[B-carotane, the proxy reflecting the intensity of PZE. The reverse
pattern is observed under sulfate-rich marine conditions, where
synechoxanthin-producing cyanobacteria are sparse and PZE
can develop to support GSB and PSB. The effectiveness of
aromatic carotenoids in distinguishing lacustrine versus marine
settings is further corroborated by its strong correlations with
other paleoenvironmental proxies, such as sterane/hopane ratios,
homohopane index (HHI; C35/Cs;.35 homohopane), and 2-MHI
(Figs. 3, 5; Supplementary Fig. 4), which all have been applied
as empirical signals for separating lacustrine versus marine
environments.

Early Aptian Initial marine incursion into SARBs. Debate
surrounds the timing of initial marine incursions into the SARBs
with current proposals that range from the early Berriasian to the
late Aptian. The earliest marine signal in rift basins dates back to
~140 Ma based on the observation of “pelagic” limestones near
the equatorial Atlantic Ocean!3. However, such lithological fea-
tures are more likely controlled by local topography, bathymetry,
and particle provenance®?,

Micro- and macro-fossils provide another means of interpreting
marine conditions. Late Barremian seawater incursion was reported
in the Sergipe-Alagoas Basin, based on bivalves and fishes attributed
to marine conditions!%¢!, Nonetheless, given the synchronous
evolution of the conjugate margins®, it contrasts with the observed
non-marine ostracod assemblages in the conjugate Gabon Basin
and the SARBs to the south in the Barremian-Mid Aptian!6, and the
first occurrence of marine faunas in SARBs in the late Aptian®.
However, the inflowing seawater that carried marine faunas by the
late Aptian may largely postdate the initial seawater influx,
relegating microfossils as less robust indicators for tracing the
earliest marine incursion!6:62:63,

Seawater is essential to the growth of marine pelagophytes, which
are geochemically recorded by the presence of the Cs, sterane (24-
npc) biomarker?>. One of the earliest investigations in the Congo
Basin reported 24-npc in all samples from the early Barremian to
the Aptian®!4, but as mentioned by these authors, these findings
warrant careful re-evaluation of the 24-npc identification due to the
likely interference from signals of the Cso-methylsteranes?!:04,
Similarly, 24-npc has been falsely identified in the northern interior
seaway in the Aptian®, given the criteria of 24-npc identification?!,
which also questions the recognition of marine fossils in the
Sergipe-Alagoas Basin migrated from the equatorial Atlantic seaway
in the late Barremian!%61, Further, definitive reports of 24-npc at
the Albian stage likely do not represent the earliest signals of marine
incursion®6:7,

In the present study, the absence of 24-npc in Berr/Bar stages
and its detection in the subsequent Aptian and Albian times
demonstrate marine conditions prevailed in the SARBs as far
back as the early Aptian (Supplementary Fig. 5). It confirms
previous findings of 24-npc in early Aptian sediments in the
Kwanza Basin®. The Aptian seawater incursion is additionally
supported by declining ratios of (ren+rnp)/(paleo+iso) and Cso/
Cyo diaromatic carotenoids, pointing toward relatively higher
sulfate levels and hence more “marineness” than Berr/Bar stages.
Such postulation is further corroborated by diminishing 3-MHI
in the Aptian (Fig. 3), which is suggestive of suppressed
methanotrophic activity, most likely due to the competitive
activity of sulfate-reducing microbiota®® or progressively longer
distance between study sites and the sites of methane seepage.
Empirically, a low level of sulfate from seawater ingression is
sufficient to oxidize methane generated below the chemocline.
Based on the age range (~114-113 Ma; Supplementary Note 3) of
evaporite deposition in the SARBs211:18:56.69 and the ubiquitous
detection of 24-npc in Gamba and Upper Cuvo formations
underlying the Aptian evaporites, we therefore suggest that
seawater incursions commenced before 114 Ma, but not earlier
than the terminal Barremian (~121.4 Ma). Overall, the proposed
timing of initial seawater incursion corroborates the continuous
subsidence of the sag basins and the prevailing evidence on the
evolution of the geographic barriers in the Aptian (Supplemen-
tary Note 1).

Northward seawater incursion across the RGR-WR. Southward
seawater influx through the equatorial Atlantic Ocean gateway
was initially proposed based on lithological evidence!?, and is
further supported by evidence of macrofossils in the northern
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Fig. 4 Four representative chromatograms of carotenoid hydrocarbons. a, b are from samples of Aptian and Berriasian/Barremian (Berr/Bar) ages,
respectively, from ONEZ-1 well, while (¢) and (d) are samples of Albian and Aptian ages, respectively, from Maculungo-1 (MA-1) well. The lacustrine
deposition, as of (a), is typified by high B-carotane (B-car) relative to aromatic carotenoids, while the marine deposition, as of (d) is characterized by high
C40 aromatic carotenoids (e.g., isorenieratane—iso and paleorenieratane—paleo). p-iso: -isorenieratane; f-rnp: B-renierapurpurane; Csg-1to Czo-3: three
diaromatic carotenoid isomers with 39 carbon atoms without definitive structures. See Fig. 2 for additional abbreviations.

basins!®01, Later investigations reported a rich array of evidence
favoring either orientation, making the initial speculation
ambiguous®11:1665 primarily due to a lack of SARBs-wide
comparison, as well as the robustness of proxies.

Biomarker observations may reveal the locality and orientation
of the initial seawater incursion by assuming that seawater influx
across barriers (e.g., RGR-WR) exerts a stronger influence on

water chemistry in proximal basins relative to those more distal,
once SARBs were inter-connected as one giant waterbody in the
early Aptian>1°. Despite the detection of 24-npc in both basins in
the Aptian stage, much higher proportions of 24-npc, on average,
are observed in the Kwanza Basin compared to the Gabon Basin
(p <0.005; Fig. 2), making these two basins simultaneously
“marine” and “lacustrine”, respectively. Although the discrepancy
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of 24-npc abundance between these two basins is partially
ascribed to drill core depth coverage of samples, regional
topographic, and taxonomic biases, the occurrence of higher
proportions of 24-npc (2-3%) in sporadic stratigraphic intervals
in the Gabon Basin suggests that marine pelagophyte growth, and
thus the intensity of seawater influence, is unlikely biased by these
factors. Accordingly, a higher abundance of 24-npc, on average,
likely reflects higher pelagophyte density, which is reasonably
attributed to a more prominent seawater influence in the
Kwanza Basin.

Patterns of carotenoids additionally corroborate the northward
seawater incursion. Ratios of (chl4-oke-+paleo+iso)/B-carotane
display higher values in the Kwanza Basin compared to the
Gabon Basin in the Aptian (Figs. 2, 5), suggestive of stronger PZE
in the southern basin. Under reducing conditions, the intensity of
PZE may not be related to the efficiency of anaerobic sulfate
reduction but likely driven by the sulfate inventory of an initially
brackish waterbody. Therefore, the more intense PZE implies a
larger sulfate pool and more saline conditions in the Kwanza than
Gabon Basins in the Aptian stage. Less marine influence and
lower sulfate levels in the northern basins are additionally in
consensus with higher ratios of (ren+rnp)/(paleo+iso) and Cso/
Cy4o diaromatic carotenoids in the Gabon than Kwanza Basins.

Values of HHI and their strong correlation with carotenoid
proxies (Fig. 5 and Supplementary Fig. 3), together with
(trinorhopane+dinorhopane)/Csy af hopane [(TNH + DNH)/Cs,

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:6 | https://doi.org/10.1038/543247-022-00668-3 | www.nature.com/commsenv

ap Hopane] ratios in representative of chemoautotrophic bacteria
consuming sulfide’® (Fig. 3), further support the postulation of a
larger sulfate pool in the Kwanza Basin compared to the Gabon
Basin. Despite moderate sulfate discharge from the surrounding
catchment®, the larger sulfate pool in rift basins, when corroborated
by the detection of 24-npc, is ascribed to seawater supply. Hence, the
stronger marine influence, higher sulfate level, as well as the
relatively weakened water column stratification based on gamma-
cerane index (Fig. 2), in the southern Kwanza Basin than the
northern Gabon Basin in the Aptian is attributed to the northward
seawater influx through the southern barrier—RGR-WR in the early
Aptian!862,

We additionally considered and negated the possibility of
southward seawater incursion from the equatorial Atlantic seaway.
Despite marine fossils being reported in the northern Sergipe-
Alagoas Basin in the late Barremian!®°!, this is contradicted by the
non-marine biomarker patterns in sediments of the northern
interior seaway in the Aptian®. If northern SARBs witnessed the
initial seawater incursion through the northern entrance in the
Aptian, seawater signals should have been similarly recorded in the
interior seaway. Furthermore, the signal of “less” marine influence
was unlikely caused by riverine freshwater dilution in the tropical
Gabon Basin under a humid climate®!2. First, the waterbody in
Sergipe-Alagoas, Gabon, Kwanza, and Congo basins was hypersa-
line through the Aptian!l:14, as revealed by high gammacerane
index values (>0.1; Fig. 2), suggestive of insignificant disproportional
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bias by freshwater discharge. Second, salt deposition was observed
in Gabon and the conjugate Sergipe-Alagoas basins in the
Aptian®1 L1819 indicating higher evaporative water loss compared
to freshwater supply. Third, the southward migration of a partially
brackish water from the Gabon to Kwanza basins theoretically,
when being diluted by drainage basin-supplied freshwater, weakens
seawater signals in the Kwanza Basin, which contradicts our
observation. Additionally, the breaching of the northern boundary,
Ascension Fracture Zone, is later than that of the southern Walvis
Ridge®7172.

Overall, the interpretation of southern origin and northward
progression of seawater incursion is consistent with published
evidence of basin water chemistry, faunal migration and tectonic
evolution. For example, earlier studies discovered more saline/
brackish water conditions and thicker evaporite deposits in the
southern rift basins”12. Furthermore, the earliest marine micro-
fossils were strongly affiliated with southern South Atlantic species
in the latest Aptian stage followed by northward faunal migration,
whereas the Northern Hemispheric taxa appeared later in the early
Albian stage8. Despite disagreement with the modeled earlier
rifting of the equatorial Atlantic Ocean!:8, or the southward
migrated rift extension?, a southern origin and northward influence
of seawater incursion is supported by the northerly propagated
seafloor spreading reconstructed with plate tectonic models’3, the
latest incipient opening of the equatorial Atlantic gateway in the
Albian stage>*19, and the bathymetric evolution of the geographic
barriers (Supplementary Note 1; Supplementary Fig. 1). Additional
evidence from the northern rift basins (e.g., Sergipe-Alagoas Basin)
is needed to confirm this and to completely rule out the possibility
of seawater incursion from the equatorial Atlantic in the Barremian
and early Aptian.

Transitional seawater influence in the Aptian. Our results fur-
ther reveal that the Aptian, with evidence of seawater incursion,
represents a transitional stage during the early evolution of the
SARBs (Figs. 2, 3). A previous study observed in the Aptian
Kwanza Basin the precedence of 4-methylstigmastane over
dinosterane, a pattern typical of freshwater conditions®. However,
this contradicts our observation of elevated dinosterane/4-
methylstigmastane ratios and declines in 4-methylstigmastane/
stigmastane ratios from the Berr/Bar to the Aptian (Fig. 3; Sup-
plementary Fig. 6). Additionally, the Congo Basin was proposed
as a restricted marine basin in the late Aptian based on methyl-
steranes and 28,30-dinorhopanane!4. Without an examination of
patterns in light of Berr/Bar and Albian stages, none of the above
observations provided robust evidence in support of a transitional
Aptian stage.

The Aptian stage is characterized by transitional features in
between Berr/Bar and Albian stages in carotenoid biomarkers,
nevertheless, differs significantly from bracketing stages in
carotenoid-based proxies (Fig. 2). Ratios of (ren-+rnp)/(paleo
+iso) and C;9/Cy diaromatic carotenoids, as putative proxies for
distinguishing lacustrine vs. marine conditions, closely mirror
each other and decline exponentially from the Berr/Bar to Aptian
and then Albjan stages (Figs. 2, 4, 5). Consistent with patterns
above, ratios of (chl+oke+paleo+iso)/B-carotane, indicative of
PZE intensity, show similar intermediate values in the Aptian
stage. Given that our Berr-Bar-Albian sediments were deposited
under stratified and reducing conditions, as suggested by high
(TNH + DNH)/C50H afp Hopane ratios, HHI, and gammacerane
index (Figs. 2, 3), the intensity of PZE most likely reflected water
column sulfate levels. Overall, the above carotenoid patterns
through time are attributed to changing sulfate concentrations in
the SARBs, where a brackish waterbody with moderate sulfate
concentrations prevailed in the Aptian stage.

A transitional Aptian stage is further supported by patterns of
sterane/hopane ratios and 2-MHI. The Berr/Bar stage features low
sterane/hopane ratios (0.12 + 0.06), in contrast to ratios mostly >1
in the Aptian and Albian. Low sterane/hopane ratios <1 are
commonly observed in lacustrine source rocks and oils’47>.
Empirically, sterane/hopane ratios are generally high in typical
Phanerozoic marine sediments (~0.5 to >2)%7, but may vary largely
in brackish environments®. High sterane/hopane ratios are
attributed to the proliferation of eukaryotic algae under nutrient
replete conditions as compared to the preponderance of photo-
trophic bacteria in nutrient-depleted lacustrine settings®1-27:28,
Relatively high values and large variability of sterane/hopane ratios
in the Aptian stage are thus suggestive of nutrient perturbation
from intruded seawater and possibly brackish conditions. Similarly,
2-methylhopanoids have been shown to be prominent when the
water column experiences fluctuating redox conditions3. The
observation of highest 2-MHI values in the Aptian stage is in
consensus with seawater incursion-induced redox perturbations,
further corroborating our postulation of a transitional brackish
waterbody in the Aptian stage.

The “transitional” nature of the Aptian stage and the termination
of evaporite deposits by early Albian is consistent with the
progressive opening of the SARBs in the Early Cretaceous
(Supplementary Note 1). This also reasonably explains the massive
Aptian evaporite deposits since a sufficient barrier is required for
evaporite deposition in restricted basins>*¢2, a phenomenon
resembling the observation in the modern Red Sea??. A large
volume of seawater influx into the rift basins is synchronous with a
decline in global sea-level in the early Albian!362, and converted the
SARBs into a semi-restricted marine environment and eased the
hypersaline conditions*”%, as indicated by a decline in gammacer-
ane index values (Fig. 2) and the disappearance of smooth-shelled
Aracajuia living in stressed environmentsS. As revealed by the
empirical proxy of Cye tricyclic terpane/(Ts+Tm)””, water circula-
tion may have initiated upwelling in the SARBs (Fig. 3), which
partially broke the water column stratification, enhanced primary
production and established the typical Albian carbonate platform
systems (Fig. 1).

Implications on biomarker proxies, paleoenvironments and
petroleum exploration. Overall, biomarkers have been demon-
strated in their effectiveness for distinguishing and reconstructing
depositional environments. Brackish and transitional environ-
ments influenced considerably by seawater ingression may exhibit
chaotic features in faunal compositions, with the juxtaposition of
both marine and lacustrine species. In comparison, saline and
hypersaline water bodies are typical deprived of the diverse,
cosmopolitan faunas that facilitate detailed biostratigraphic
assessments and paleoenvironmental reconstructions. In cases
like these, molecular fossils are particularly valuable sources of
information concerning nonmarine to marine transitions since
they document the changes in microbial communities that take
place in concert with changes in water chemistry. Whereas our
current results for aromatic carotenoid biomarkers make them
candidate proxies in discriminating lacustrine from marine
depositional settings, the comprehensive biomarker analysis and
interpretation as presented in this study may provide insights
on facilitating future assessments of paleoenvironmental and
palaeoecological shifts of critical geological time periods.
Multiple oceanic anoxic events have been widely reported in
open marine environments in the Early Cretaceous®. Our results
indicate that the phenomena of Early Cretaceous basin anoxia are
similarly reflected in transitional and restricted settings. In fact,
the reconstruction of redox conditions, as presented in this study,
suggests that anoxia and euxinia conditions may have persisted
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through the Early Cretaceous Epoch, at least in the SARBs.
Additionally, numerous Early Cretaceous anoxia events have been
similarly reported in isolated lacustrine basins’8. Therefore, the
co-occurrence of worldwide anoxia in a variety of unconnected
basins in Early Cretaceous suggests that there were driven by
global processes, possibly tectonics and climates. In consensus
with this hypothesis, former studies attributed the cause of Early
Cretaceous anoxic events to volcanism-driven release of green-
house gases, which induced warmer climates and enhanced
nutrient supply to the global ocean”®80. Additionally, our
reconstruction of seawater incursion into SARBs may represent
one step further in resolving the orientation and timing of the
opening of the South Atlantic Ocean, which could possibly be
incorporated into future plate tectonic model simulations.

This study also has general implications on petroleum explora-
tion and exploitation. Given marine signals being conventionally
interpreted as post-salt in age!499, the discovery of seawater signal
in the Aptian strata underlying the Aptian evaporites may help
resolve the long-lasting debate on the age diagnostics of the crude
oils from this region®’. By facilitating the projection of oil-source
rock correlations, our results thus provide valuable instructions on
petroleum exploration along the conjugate margins of the South
Atlantic Ocean’.

Methods

Geological settings and samples. The South Atlantic rift basins (SARBs) are
located in between Ascension Fracture Zone and the Rio Grande Rise-Walvis
Ridge, and were formed from subsidence in the interior of Gondwana. The tectonic
evolution of the SARBs is described in detail in the supplementary file (Supple-
mentary Note 1). A total number of 90 samples were analysed from two cores, the
Onango Ezanga-1 core (ONEZ-1) in the Gabon Basin and the Maculungo-1 core
(MA-1) in the Kwanza Basin. The stratigraphy was revised from previous pub-
lications (Supplementary Note 2), whereas the age models of both drill cores are
described in detail in the supplementary file (Supplementary Note 3). Samples are
primarily laminated shales, carbonates and sandstones. Forty-one samples from the
ONEZ-1 core cover the Berriasian-Barremian to Aptian stages, range in depths
from 320.9 to 865.4 m, with 24 and 17 samples from the Berriasian-Barremian and
Aptian stages, respectively. The remaining 49 samples were from 1899.47 to
3117 m in the MA-1 core, including 17 and 32 samples from Aptian and Albian
stages, respectively. Samples from Berriasian-Barremian stage were primarily cut-
tings, while the remaining samples were core plugs or chips.

Sample preparation. Sub-samples were sonicated in Milli-Q water and methanol
sequentially to clean the exterior and remove any potential contaminants or dril-
ling fluids. After drying in the oven (50 °C), samples were placed in a stainless steel
puckmill and powdered using a Shatterbox. Between samples, the puckmill was
cleaned by grinding combusted (550 °C) sand, rinsing with Milli-Q water,
methanol and dichloromethane, sequentially. Subsequently, samples were mea-
sured for total organic matter and carbonate contents (Supplementary Methods).

Total bitumen extraction. Total bitumens were extracted from the powdered rock
samples with dichloromethane:methanol (DCM:MeOH; 9:1, v/v), using sonication
and centrifugation. After concentration with a gentle nitrogen flow, ~3 ml hexane
was added to the extracts to separate the maltene fraction from the asphaltene after
sonication and centrifugation. Elemental sulfur was trapped and removed by the
addition of activated copper shot. The resulting maltenes were dried to <100 pl and
fractionated into non-polar and polar fractions on a silica gel column by using
hexane:DCM (4:1, v/v) and DCM:MeOH (4:1, v/v), sequentially.

Instrumental analysis. Non-polar fractions were analysed using an Agilent 7890B
gas chromatography (GC) coupled to an Agilent 7010 A triple quadrupole mass
spectrometer (GC-MS/MS), equipped with a DB-5MS column (60 m x 250 pm X
0.25 pm). Samples were introduced via a multimode inlet with an initial tem-
perature at 45 °C which was ramped to 340 °C at a rate of 700 °C /min, and held
isothermally throughout the run. The GC oven was held at 40 °C for 1.5 min,
followed by a ramp of 4 °C/min to 325 °C, then held isothermally for 27 min. The
column flow was set to 1.2 ml/min and ramped to 3 ml/min at a rate of 0.02 ml/
min. The ramped flow program was adopted to enhance signal-to-noise ratios at
high temperature zones. The source and transfer line temperatures were set to
280 °C and 325 °C, respectively. The electron energy was 50 eV. Samples were run
under multiple reactions monitoring (MRM) mode using paired precursor-product
ions optimized for each compound.

Data analysis. Biomarker results were processed using Masshunter Qualitative
and Quantitative software. The calculation of absolute concentrations was not
undertaken due to the lack of robust internal standards for each group of com-
pounds. Instead, diagnostic or empirical ratios based on compound peak areas were
adopted. Biomarker results were plotted as box-whisker plots for the expression of
ranges and distributions, and as crossplots for correlations or covariations. The
t-test was performed for statistical differences between groups of variables, with
P <0.05 indicative of significant differences.

Data availability

All data generated from this study are included either in the main manuscript or in the
supplementary file, and are additionally accessible in the GitHub through the URL link:
cuixinggian/West-Africa-Seawater-Incursion (github.com) or by search the keyword
“West Africa Seawater Incursion”.
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