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Ecosystem changes after Early
Cretaceous seawater intrusion into the
proto-South Atlantic Ocean
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The early evolution of the South Atlantic Ocean following the Cretaceous break-up of Gondwana is
extensively recorded in rift basins along the conjugate margins of Africa and Brazil. For the Brazil side,
divergent views of the source and pathway of the initial seawater incursion persist due to a paucity of
recognized transitional sequences that document marine transgressive deposits over the continental
interior. To address this, we conducted a high-resolution sedimentological and geochemical study
through a core in the Campos Basin that encompasses the key lithologic switch from lacustrine
carbonate to marine evaporite settings. Steroid lipid biomarkers, derived from pelagophyte marine
algae, make a striking appearance in concert with a pronounced negative shift of 87Sr/86Sr ratios and
coincident with the appearance of anhydrite. Importantly, the sulfur-sequestered biomarkers reveal a
dynamic system where redox-stratified and anoxic conditions were amplified along with a deepening
chemocline through the marine transition.

The Early Cretaceous breakup of the western Gondwana Supercontinent
marks the birth of the SouthAtlanticOcean (SAO) and instigated a range of
other impacts on theEarth system1–5. Specifically, theAptian–Albian stage is
a critical interval in terms of the development of a new oceanic gateway and
the initiation of the central SAO between the rifting South America and
Africa plates6–9. As a consequence, seawater ingress along with marine
organisms transformed the pre-existing saline lacustrine ecosystems10. The
widespread Aptian–Albian sea/seaways in the plate interiors led to the
development of restricted and hypersaline environments11 and ubiquitous
thick deposits of salt with organic-rich layers along the Brazilian-African
conjugate margins11,12. Concomitantly, the Aptian–Albian transgression
was sufficiently extensive to induce the propagation of marine biota13–15. In
turn, sedimentary and fossil records in the conjugate margins of Brazil and
West Africa provide fundamental constraints useful for paleogeographic
reconstruction. Despite numerous reports of marine incursions, however,
there are divergent views on the source and pathways taken by the first
marine transgression into these intracratonic basins, hindering our
understanding of paleogeographic and ecosystem reconstruction

(Supplementary Fig. 1). On the Brazil side, it is postulated that a long-
distance Aptian–Albian transgression, originating from the equatorial
Atlantic Tethyan Ocean, spread southwards8, while tectonic evolution
analyses support northward Aptian–Albian marine ingressions from the
austral SAO16–19. Pathways ofmarine ingressions are further complicated by
conflicting results based on paleocurrent data and fossil marine biota
comparisons between NE and SE Brazilian basins7,20. The conundrum
persists, as the paucity of transitional sedimentary sequences that represent
marine transgressive deposits over the continental interior hinder the
interpretation of ecosystem impacts.

Discriminating between non-marine and marine-influenced settings,
especially in the absence of body fossils, is heavily reliant on sedimentology
and geochemistry. Even so, much of the available toolkit is unable to
unequivocally discriminate between marine and saline lacustrine deposi-
tion. Conversely, fossil lipids—biomarkers—represent geologically stable
molecules derived from the diagenetic modification of microbially-derived
precursors thereby fingerprinting parent organisms and, by extension, the
depositional environment they once inhabited21–23. Of particular
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significance here is 24-n-propylcholestane (24-npc), a steroidal lipid derived
from the diagenetic transformation of 24-n-propylcholesterol—the major
sterol constituent of modern marine pelagophyte algae24. Given that con-
temporary pelagophyte algae are exclusively marine organisms, and the
ubiquity of 24-npc in Mesozoic-Cenozoic marine-derived organic
matter 25,26, 24-npc is widely applied as a diagnostic indicator of marine-
influenced sedimentation27–29. Hitherto, most biomarker-based paleoen-
vironmental interpretations have focused on ‘free’ lipids from organic
extracts of rocks. On the other hand, chemolysis studies have demonstrated
that organic molecules with multiple unsaturations (double bonds) and/or
particular functional groups are prone to rapidly react with reduced inor-
ganic sulfur species (e.g., H2S) under anoxic and sulfidic conditions to
become incorporated via S-S and S-C crosslinking into the polar or mac-
romolecular fractions of sedimentary organicmatter30,31. Therefore, organic
sulfurization can lead to selective sequestration of specific biomarker pre-
cursors affording investigation of diverse complex species that are not
readily amenable to conventional lipid analysis32–34 and which can resolve
biases in paleoenvironmental reconstruction35,36. Given widespread anoxic
environments in Aptian–Albian strata of Brazilian marginal basins7,11, both
free and sulfurized lipids of organic extracts need to be evaluated before a
complete biomarker picture can be visualized.

In an independent yet complementary approach, the radiogenic Sr
isotopic composition (87Sr/86Sr) of sediments is sensitive to the weathering
inputs into a basin. In a lacustrine environment, the 87Sr/86Sr isotopic
composition is set by the radiogenic 87Sr/86Sr isotopic of the specific com-
bination of bedrockwithinupstreamcatchments. In the case of theBrazilian
lacustrine systems, it has been postulated that extremely radiogenic Pre-
cambrian cratonic bedrock on both the South American and African
margins determined the 87Sr/86Sr isotopic composition of the lacustrine rift

system37,38. In contrast the 87Sr/86Sr isotopic composition ofmarine waters is
well mixed and yields a coherent marine 87Sr/86Sr isotope curve through
time39. Reconstructing the 87Sr/86Sr isotopic composition of South Atlantic
sediments can, therefore, yield an independent record of marine trans-
gression into the lacustrine system.

Herein, we report free and sulfurized lipid biomarkers and Sr isotope
analyses, along with carbon, oxygen, and clumped isotopes and sedi-
mentological descriptions of a core retrieved from the SE Brazilian Campos
Basin that reveal the initial Aptian marine ingress therein and associated
ecosystem reorganization. The succession cored by the Fragata borehole,
located close to the center of the southern Campos Basin (Fig. 1), encom-
passes lacustrine carbonates of the upper Macabu Fm. and interbedded
anhydrite, halite and carbonate rocks of the Retiro Fm., thus providing a
sedimentological record and opportunity to explore preserved organic
matter associated with the event. Our findings address the knowledge gap
about the impact of the marine transgression in the western conjugate
margin by documenting its environmental consequences and ecosystem
responses.

Results and discussion
Seawater ingress into the Campos Basin
The Macabu Fm. in the Campos Basin is dominated by carbonate succes-
sions, which developed in an alkaline lacustrine setting under an arid
climate40–42. The overlying Albian aged Macaé Group in the Campos Basin
clearly records sedimentation in a marine environment, as evidenced by
foraminiferal biozonation and carbonate microfacies43. Contrastingly, the
Retiro Fm. is typified by evaporites, which represents the transitional phase
between successions in theMacabu Formation and the Albian-aged Macaé
Group, and may record the initial marine incursions in the Campos Basin.
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Fig. 1 | Geological maps with locations of the Campos Basin and Fragata drill
core. The location of the Fragata drill corewithin the geologicalmap of theCamposBasin
(B) in the Brazilian conjugate margin (A). The geological map illustrates the present-day
coastline as well as depth contours in meters for the top of the Macabu Formation (B).
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orange arrowanddotted line show the base of theRetiro Fm.TheFragata core is located at
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erosion along an escarpment setting.Outboardparallel, continuous reflectors are observed
indicating a ponded and deeper lake system. Two wells (Well 1 and 2) located in the East
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respectively. Sources of the basemap (A): Esri, HERE, Garmin, FAO, NOAA, USGS.
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Both carbonate clumped isotope (Δ47) values and the stereochemical
configurations of biomarkers reveal a moderate thermal history for the
study area (SI). A wide array of lipid biomarkers, including n-alkanes,
acyclic isoprenoids, terpanes, steranes, hopanes and carotenoids, were
characterized in both free and desulfurized fractions (Supplementary Fig. 6)
isolated from the Fragata core samples (Fig. 1). Of particular significance
among the sterane biomarkers is the detection of 24-n-propylcholestane
(24-npc) in both free non-polar (free-NP) and a complementary set of non-
polar fractions generatedbyRaneyNidesulfurization (RN-NP) (Fig. 2).As a
geological derivative of 24-n-propylidenecholesterol24,25, 24-npc is themajor
sterane diagnostic for marine chrysophyte/pelagophyte algae44,45. Accord-
ingly, 24-npc is ubiquitously detected inmarine environments and has been
widely adopted as a diagnostic marker of marine or marine-influenced
strata in the geological record26–29,46. There 24-n-propylidenecholesterol, the
likely precursor of 24-npc through diagenesis, has been found in a specific
member of foraminifera (e.g., Allogromia laticollaris)47, however, the low
abundance of 24-n-propylidenecholesterol synthesized by foraminifera
cannot account for the concentration of 24-npc detected in the Fragata
samples. The detection of 24-npc may be confounded when in low relative
abundance due to an interference signal from 4α-methyl-24-
ethylcholestane (4α-methylstigmastane, 4-Me24Et)21 that partially co-
elutes on most GC liquid phases. Strict criteria are followed for the rigor-
ous identification of 24-npc in the Fragata samples and include the relative
signal intensities and the small but reproducible retention time difference
between isomers of 24-npc and 4α-methyl-24-ethylcholestane27. Ratios of
the ααα-(20 R) isomers 24-npc and 4-Me24Et (denoted as 24-npc ratio) are
elevated in samples shallower than 5024.3 m in the Fragata core

(26.7% ± 8.8%, 1σ, Supplementary Table 2). This allows a positive identi-
fication of 24-npc, since the 24-npc/4-Me24Et ratios in seawater-influenced
settings are expected to exceed 10%21,28. Additionally, a reproducible offset27

of ~0.1 mins in the chromatographic peaks in the 414→ 217 and
414→ 231 Da transitions on GC-QQQ-MS (Fig. 2) further verified the
marine signature of 24-npc at the top of the Fragata core. Significantly, 24-
npc peaks are also recognized in the desulfurized RN-NP fractions (Fig. 2)
with elevated signal intensities. Above 5024.3 m the 24-npc ratios rise to
73.0% (51.8% on average, Supplementary Table 2). Accordingly, the
occurrence of 24-npc in both free and sulfurized fractions, restricted to the
entire interval above 5024.3m in Fragata core, and upwards from the first
appearance of anhydrite at the base of the Retiro Fm. indicates that marine
waters had intruded into Campos Basin during the late Aptian (<116Ma).

Notable variations of 87Sr/86Sr were captured in the interval above
5024.3 m in the Fragata core (Fig. 3). The findings delineate distinct groups
characterized by ratios falling within the ranges of 0.712–0.714 and
0.709–0.710. The initial interval, previously identified in several
studies40,48,49, is attributed to distinctly continental sources, serving as a
significant geochemical indicator supporting the interpretation of the car-
bonate succession as having a lacustrine origin in the Campos and Santos
basins. Despite the limited understanding of the paleo-tectonic context, the
notable variability in the strontium isotope signal indicates a depositional
system influenced by a range of sources, including continental cratonic
rocks and contemporaneous basaltic volcanism as potential
contributors37,50. The second interval, however, exhibits notably reduced
radiogenic Sr values, predominantly around 0.709, indicating a distinct
decrease in radiogenic sources entering the basin. Influx of marine waters
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Fig. 2 | Sterane composition in free and desulfurized lipids for sample FGT 217
(5020.48m).Themarinealgal signal canbedetected inboth free (free-NP, freenon-polar
fractions, A) and RN (RN-NP, non-polar fractions obtained by Raney Ni treatment of
polar fractions,B) fractionsof rock extracts in samples above5025m(e.g., FGT217).Here,
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the reproducible offset of retention time at ~0.1min compared to the peaks of 4-Me24Et

(4α-methyl-24-ethylcholestane). 24-npc ratios (24-npc/4-Me24Et) are 20.1% and 73.0%
in free-NP and RN-NP fractions, respectively. Additionally, unconventional configura-
tions of C27-C30 steranes, which are denoted as 5α,14α,17β(H) 20 R (ααβ, blue peaks
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would be reasonable, given that the anticipated average 87Sr/86Sr ratio for
seawater during the Aptian period is approximately 0.70751. Additionally,
the strontium isotopes of early marine deposits in the Campos Basin show
similar ranges (e.g., 0.7074–0.7077)43, which is clearly distinct from the
isotopic composition of the lower interval in our study (e.g., 0.712–0.714). A
mix between internally drained solutes and marine influx would produce a
hybrid brine with a new 87Sr/86Sr ratio under hydrological equilibrium.
Considering fluctuations inwater levels within a shallow environment, with
a water/Sr mass balance sensitive to source variations, it may be possible to
explain the variation in radiogenic strontiumwithin theMacabu Formation
due to changes in sources that are influenced by tectonic activity. The
excursions of 87Sr/86Sr ratio are indicative of sources related tomafic volcanic
rocks and/or marine incursions. While other strontium excursions are
observed in the lower intervals of the pre-salt carbonates48,52, a significant
shift at the topof the succession, concordantwith the contactwith theRetiro
Formation, suggests this point as the onset of predominant marine influx.

Paleontological evidence has implied that seawater infiltrated from the
NE Brazilianmarginal basins, including the Sao Luís, Parnaíba and Araripe
basins during the transition of Aptian–Albian; Furthermore, a Tethyan
ingression is suggested by the presence of several fossil taxa8,13–15. Likewise,
the Tethyan affinities of plankton in the Kwanza Basin indicate the south-
ward advection of surface water in the northern South Atlantic53. However,
there is a lack of unequivocal marine evidence in the SE Brazilian marginal
basins (e.g., Campos and Santos Basins). Accordingly, a series of southward
marine transgressions from the equatorial Tethys Ocean was
hypothesized7,8 divergent from the tectonic evidence of a marine pathway
extending from south to north on the basis of sea-floor spreading patterns
and geodynamic reconstructions16–19, recently acquired geochronological
data37,50 and from evidence gathered from the conjugate margins of West
Africa9.

A switch to a marine-influenced ecosystem
Numerous examples have illustrated how seawater entry into lacustrine
ecosystems alters their hydrography, water chemistry and biology.

Ingressions can result from subtle changes in relative sea level on glacial-
interglacial timescales (e.g54.) or from tectonism on geological
timescales27–29,54. The salinity and depth of a water body, together with basin
shape, will influence the tendency towards density stratification. Relative
abundances of methyltrimethyltridecylchromans (MTTCs) isomers (e.g.,
methylated MTTCs) have been proposed to be a reliable indicator for
paleosalinity in aquatic surface-layers55,56, especially recording the periodic
incursionsofmarinewaters and subsequent evaporation57.Here, theFragata
core records enhanced MTTCs ratios (0.02 vs. 0.16 on average, with the
highest value to 0.42, Supplementary Table 2, Fig. 3), pointing to a rapid
elevation in salinity above 5025.12m. Subsequently, the elevated abundance
of gammacerane (denoted by the gammacerane index, GI) is additionally
indicative of enhanced water column stratification, given that its precursor,
tetrahymanol, is a signal for bacterivorous ciliates living at redox
transitions58,59. Stratification reduces mixing and thus promotes oxygen-
depletion in deeper waters, as evidenced by concomitant reduction in the
pristane/phytane (Pr/Ph) ratio and enhancement of C35 Homohopane
Index (C35 HHI) at the top of the section (Fig. 3). Pr/Ph is regarded as a
redox-sensitive proxy due to the preferential formation of phytane over
pristane derived from the phytol side-chains of chlorophylls under anoxic
conditions60. Although additional factors including salinity, organic matter
sources, and diagenetic process may affect Pr/Ph61,62 values below 1 are
considered diagnostic for pervasive anoxia. Similarly, the C35 HHI is a
robust proxy for tracing anoxic conditions21, considering that the C5 side-
chains of its precursor compounds, C35 bacteriohopanepolyols, are best
preserved under the anoxic and H2S-rich conditions that follow from
enhancement of sulfate levels from seawater incursions63,64. Together, the
evolution of multiple biomarker proxies documents a hydrographically
dynamic system, capturing the establishment of enhanced anoxic/euxinic,
saline, and stratified conditions in the Retiro Formation. Additionally, we
observed a delay of the enhancement of GI intensity than HHI (Fig. 3). We
postulate that the stratification increased progressively before the new
marine-dominated microbial community became established. The sulfur-
sequestration of lipids representing the biotic transformation, on the other

Fig. 3 | Lithostratigraphic framework of the Fragata core. Sr isotope and biomarker
profiles of the Fragata core spanning the Upper Macabu Formation through the Lower
Retiro Formation from 5017.3m to 5048.7m. 24-npc = 24-n-propylcholesterane (24-

npc)/4-methylsterane, MTTCI =Methyl MTTC (Methyltrimethyltridecylchromans)/
trimethyl MTTC, GI = gammacerane/C30 αβ hopane, Pr/Ph = pristane/phytane,
HHI =C35 homohopanes/C30 αβ hopane.
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hand, was geologically instantaneous, considering that organic sulfurization
is a facile and rapid process65–67.

Given the enhancement of anoxia induced by the marine incursion,
reductive sulfurization of organic matter under euxinic conditions33

becomes an issue that may complicate or inhibit the identification of some
biological precursor lipids68. In fact, here, the patterns of n-alkanes, and of
sterane and hopane stereoisomers released by the RN treatment (Supple-
mentary Fig. 6 and 7), illustrate how specific biomarkers have been
sequestered into the S-bound macromolecular component of sedimentary
organic matter. High abundances of phytane and C35 homohopanes
released during desulfurization (Fig. 4D) further confirm their preferential
preservation under anoxic and sulfidic conditions60,64. Despite striking dif-
ferences in the patterns of the free-NP and RN-NP fractions, however, the
key biomarker proxies all move in a consistent direction concomitant with
the marine incursion. Both free and sulfurized lipids also reveal a dynamic
system: Here, the ingress of seawater strengthened stratification within this
sector of the Campos Basin, fostering the development of water column
anoxia, as evidenced by elevated values of GI, C35 HHI andMTTC (Fig. 5).
Accordingly, hydrographic changes induced by seawater ingress have
prompted ecosystem re-structuring as recorded in its biochemostrati-
graphy. A striking and progressive elevation in sterane/hopane ratios (S/H)
(up to 10.6, Supplementary Table 2), a proxy based on the diagenetic pro-
ducts of sterols and hopanoids diagnostic for eukaryotes and bacteria
respectively21,69, suggests this environmental shift appears to have favored
photosynthetic algae, allowing their proliferation at the expense of cyano-
bacteria. Consistent with transgressive records in other basins23,27, the ele-
vated S/H document the ingress of seawater providing algae with an
advantage over the bacterial communitywhether by addition of nutrients or
other factors associated with the water chemistry (e.g., trace elements).
Among all steroid derivatives, stigmastane (C29 sterane) becomes dominant
over cholestane, its C27 counterpart, after the marine incursion (Fig. 4C;
Fig. 5). Given their mostly biological source from Chlorophyceae and
Rhodophyceae, respectively70,71, the enhanced stigmastane represents the
likely prevalence of green algae over other taxa in the immediate aftermath
of the transition.

A progressive deepening of the chemocline with marine ingress
Despite the detection of the array of carotenoid pigments in the free bio-
marker fractions (Supplementary Table 2), diverse inventories of aliphatic
and aromatic carotenoids are released upon desulfurization of the polar
fractions (Fig. 4A,B). In the free-NP fractions, the predominant compounds
in all samples are β-carotane and isorenieratane, together with minor β-
isorenieratane and C38 carotenoids. However, in the RN-NP fractions,
relatively high abundances of isorenieratane, chlorobactane and okenane
that have been sequestered into macromolecules by sulfurization supports
the notion that they represent indigenous signals for phototrophic sulfur
bacteria. As strict anaerobes, these phototrophic sulfur bacteria, comprising
green sulfur bacteria (i.e., GSB, Chlorobiaceae) and purple sulfur bacteria
(i.e. PSB, Chromatiaceae), utilize sulfide and other reduced sulfur species as
electron donors for photosynthesis72. Because of their dual requirements for
illumination and sulfide, the GSB and PSB are considered index species for
photic zone euxinia (PZE) where the light penetrates a sulfide-containing
water column73. Thus, their biomarker lipids have been applied as PZE
biosignatures in both modern environments and in paleoenvironmental
reconstruction68,69,74–77. Being themost widely recorded aromatic carotenoid
in marine sediments75,78, isorenieratane is the diagenetic product of iso-
renieratene that is derived from low-light-adapted brown strains of pho-
totrophic green sulfur bacteria (GSB). These GSB are known to be well
adapted to lower light intensities and therefore deeper waters (~100m)73,79.
In comparison, green-colored strains that produce chlorobactene, the bio-
logical precursor of chlorobactane, require higher light intensity and
accordingly are concentrated at shallower (∼15–30m) chemocline depths80.
Okenone-synthesizing PSB can proliferate as plankton within a shallow
chemocline (~20m81;), in benthic microbial mats, and as aggregates with
sulfate reducing bacteria in the water column82 or, perhaps reflecting their
slightly higher tolerance for oxygen, as observed in the ‘pink berry consortia’
that are found in tidally-influenced marginal marine environments83.

In the present study, by comparing the sedimentary lipids of the free and
S-bound fractions, we observe a novel switch in the assemblages of aromatic
carotenoids upon initial marine ingress into the Campos Basin. At the base of
the anhydrite-bearing layer that marks the onset of the incursion, a peak in
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Fig. 4 | Biomarker comparisons of free and desulfurized lipid fractions. A, B As
shown in the sample FGT-217 (5020.48 m), there are distinctive abundances of PSB-
specific and GSB-specific carotenoids (i.e., okenane and chlorobactane respectively)

after the desulfurization treatment; C, D All marine-influenced samples are char-
acterized by anoxic (high HHI and low Pr/Ph) and eukaryote dominance indicated
by a high S/H and with C29 sterane predominance.
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PSB-derived okenane (up to 33.0%, Fig. 6, Supplementary Table 2) implies
extremely shallow PZE or microbial mat facies. Okenane then declines
coincidentwith apeak in the abundanceofGSB-derived chlorobactane (3.8%)
and elevated isorenieratane. After this, isorenieratane becomes the dominant
aromatic carotenoid identifying the brown-pigmented GSB as the

predominant anoxygenic phototroph and a deepening chemocline. In addi-
tion, the compositionofC38 aromatic carotenoidsdecreasemarkedly (6.4%vs.
18.2%, p < 0.001, SupplementaryTable 2). TheseC38 aromatic carotenoids are
the diagenetic products of synechoxanthinwhich is aC40 aromatic carotenoid
with dual carboxylic acid functionalities prevalent in non-marine or

Fig. 6 | Evolving carotenoid distributions follow-
ing the onset of themarine transgression captured
by the upper Macabu–Lower Retiro Formations
within the Fragata core. Here, horizontal shaded
bars illustrate the changes in the community of
phototrophic bacteria following the intrusion of
sulfate-bearing marine waters. Changes in the
dominant carotenoids illustrate a clear progression
from okenane (oke), through chlorobactane (chl)
and subsequently to isorenieratane (iso) that reveals
a shift from purple sulfur bacteria (PSB) at the initial
seawater ingress, through green- and then brown-
pigmented green sulfur bacteria (GSB). Red and blue
datapoints identify trends in free and sulfurized
lipids, respectively. The box and whisker plots
summarized the carotenoid data from below
5038.58 m (n = 25) (Fig. 2; Supplementary Table 1).

Fig. 5 | Expanded geochemical profile for the top of the Fragata core, recording
the ecosystem reorganization upon ingress of seawater at <116Ma.These changes
coincide with the appearance of anhydrite in the sediment column. Both free and
sulfurized biomarkers are self-consistent, especially for the detection of 24-npc,
indicative of indigenous signals. 24-npc = 24-npc/4-methylsterane, S/H = C27-C29

steranes/C27-C35 hopanes; Steranes = C27 or C29 steranes/C27-29 steranes, C35

HHI = C35 homohopanes/C30 αβ hopane, GI = gammacerane/C30 αβ hopane;
MTTC =Methyl MTTC (Methyltrimethyltridecylchromans)/trimethyl MTTC.
Biomarker data from samples below 5038.58 m (n = 25) are summarized in the form
of box and whisker plots.
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euryhaline cyanobacteria22,74,84,85. Thus, reductive sulfurization and decarbox-
ylation affords the C38 diagenetic products together with C39 counterparts
diagnostic for cyanobacteria that are prevalent while lacustrine conditions
prevail. Their decline coincides with the increases in phototrophic sulfur
bacteria that accompany the ingress of seawater. In other words, the marine
incursions instigated anoverturn of the photosynthetic community, including
a proliferation of eukaryotic algae together with GSB concomitant with a
decline in primary productivity by the synechoxanthin-producing cyano-
bacteria. In summary, the combination of a less radiogenic 87Sr/86Sr ratio
together with 24-npc and carotenoid hydrocarbon biomarkers indicate a
marine incursion associated with the deposition of the Retiro Formation,
associated with a fundamental transformation in the biological community.

Materials and Methods
Petrology inspection and organic extraction
In total 40core samplesof carbonates andmudstones,witha2–4mresolution
of depths, were selected from the Fragata core in the Campos Basin
(Fig. 1A, B) covering a depth range of 5026.320m to 5148.695m (Fig. 1B, red
dots). The age model of the Fragata core is based on the age constraint
provided by a LA-ICP-MS U-Pb age of ca. 116Ma on a carbonate from the
Barra Velha Formation37, given that the Macabu Formation can be directly
correlated with the Barra Velha Formation based on 87Sr/86Sr ratios86,87

(Supplementary Note 1). Core slabs and core plugs were prepared for sedi-
mentology and organic–inorganic geochemistry analyses. Specifically, pet-
rographic microscopic observations were carried out under plane-polarized,
crossed-polarized and cathodoluminescence (CL) illumination on polished
thin-sections. Several aliquots of bulk-rock powders were prepared for
mineral (X-raydiffraction,XRD), isotopic andorganic geochemistry analyses.
To mitigate possible inorganic or organic contamination, the outer parts of
core plugs were removed using a diamond blade saw. The inner parts, after
gentle polishing,were thenplaced in a combusted jar and sonicated repeatedly
with DI water for 15 seconds to remove the trace slurry on the fresh surfaces.
Upon drying within a low-temperature oven (40 °C) they were ground in a
puckmill. This was cleaned between samples to remove any potential cross-
contaminatingorganic residuesbyfirst grindinganaliquotof combusted sand
and then rinsing with DI water, MeOH and DCM (3X).

For each biomarker sample, approximately 2 g powdered sample was
weighed and extracted (4X for 25min at 100 °C) with dichloromethane
(DCM): methanol (MeOH) (9:1;v:v) in a MARS 6 Microwave Digestion
System at the Massachusetts Institute of Technology. The extracts were
transferred into combusted 60ml glass tubes using combusted pipettes,
combined, and concentrated at room temperature under a gentle stream of
N2 on the TurboVap followed by transfer into combusted 4ml vials with
DCM rinsing and sonication. Elemental sulfur was removed by reaction
with activated copper shot. The resultant extracts were dried to ~100 μl and
fractionated using a silica gel column. Solvent mixtures of hexane: DCM
(4:1; v:v) andDCM:MeOH (4:1;v:v) were used to elute the non-polar (free-
NP) and polar fractions, sequentially.

Raney nickel desulfurization
For desulfurization reactions, “T-1” Raney-Nickel (RN) catalyst was pre-
pared. Specifically, 40 g non-activated nickel aluminum alloy (1:1) was
reacted with 600ml of 10% sodium hydroxide for 1 h at the temperature of
95 °C under a gentle N2 stream. Subsequently, the aqueous component was
decanted and the residue washed with Milli-Q water (3X), and then acti-
vated by distilled absolute ethanol (3X). Natural ignition of dry Raney-Ni
slurry verified the efficiency of prepared catalyst prior to use. Meanwhile, a
procedure blank and an oil standard were subject to the procedure in each
set of RN reactions. For desulfurization reactions, ~7mg of the polar frac-
tion of a TLEwas dissolved in 20ml distilled absolute ethanol together with
3ml “T-1” RN slurry and the mixture heated to 80 °C under N2 reflux for
2 h. The products were extracted into DCM with sonication (4X). After
subsequent centrifugation and drying, aliquots of RN-treated new extracts
were subjected to further silica gel column chromatography to obtain a
second pair of NP (RN-NP) and polar fractions. RN reactivity and an

absence of contamination were verified the recovery yields from an oil
standard and the purity of blanks.

Lipid biomarker analysis
Both free-NPandRN-NP fractionswere subjected toGC-MSanalysis using
a 7890BAgilent gas chromatograph coupled to a 5975 CAgilentMSDand a
7010 A Agilent triple quadrupole MS (GC-QQQ-MS) operated in full scan
or multiple reaction monitoring (MRM) modes, respectively. All the GC’s
were equippedwith amulti-mode injector at an initial injection temperature
of 45 °C which was ramped at a rate of 720°/min to 340 °C. A DB-5MS
column (60m× 250 μm× 0.25 μm) was installed with each GC with an
oven temperature held isothermally at 40° for 2min, ramped to 320 °C at a
rate of 4°/min, and then held at this temperature for 22mins. The transfer
lines and source temperatures in GC-MS and GC-QQQ-MS were set to
320 °C and 250 °C, respectively. The electron energy of GC-QQQ-MS was
70 eV to ensure a standard signal for the precursor-product transitions. All
biomarker data are processed using MassHunter software. In GC-QQQ-
MS, each compound was identified and integrated under MRM mode
within a narrow retention time window (0.5 mins).

In situ 87Sr/86Sr analysis
The 87Sr/86Sr results were obtained by the LA-ICP-MS method at the Uni-
versity ofParaná,Brazil,with analytical resolution for the characterizationof
different phases, resolving micro structures varying between 2 μm and
150 μm. Results were obtained with excimer ArF laser ablation Analyte
Excite CETAC Teledyne, generating beams with wavelength of 193 nm,
which is sufficient energy to sample different carbonate microfacies. The
ablation was carried out in raster mode, with sampling lines using laser
beamswith spot dimensions of 40 μm, in a path length of 700 μm, scanning
speed of 10 μm/s, frequency of 7 Hz, and energy of 6.26 J/cm². The analyzes
were carried out on~1mm fragments extracted fromdrill core plugs, which
were previously analyzed by back-scattered electron (BSE) imaging using
scanning electron microscopy analysis. The BSE images made it possible to
accurately identify variations in composition such as silica replacement, clay
minerals, fractures, and other relevant constituents for selecting the sam-
pling area. Reproducibility was tested with three counter-tests per sample.
Furthermore, samples from sample populations with end-member 87Sr/86Sr
results were selected using the in-situ method, for further analysis and
confirmation by ID-TIMS. The measurements were carried out in a multi
collector ICP-MS Thermo Fischer Neptune Plus, monitoring the species
83Kr (L4 amplifier 10ˆ11), 167Er+2 (L3 amplifier 10ˆ13), 84Sr (L2 amplifier
10ˆ11), 85Rb (L1 amplifier 10ˆ11), 86Sr (H1 amplifier 10ˆ11), 173Yb2+ (H2
amplifier 10ˆ13), 87Sr (H3amplifier 10ˆ11) and 88Sr (H4 amplifier 10ˆ11).As
a reference standard, the coral JCp-1 was analyzed, which has an accepted
87Sr/86Sr ratio in the literature of 0.709160 ± 0.000020. The coral JCp-1
yielded a variable intensity of 88Sr, the most abundant isotope, between 15
and 20 V measured with a 10ˆ11 amplifier, equivalent to an estimated a Sr
concentration from 7000 ppm to 2000 ppm, reflecting the heterogeneous
distribution of strontium as it is a natural standard.

δ13C, δ18O and clumped isotope (Δ47) analysis of carbonate
Stable isotopicmeasurements of δ13C, δ18O, and carbonate clumped isotope
(Δ47) analyses were completed to contextualize the biomarker and 87Sr/86Sr
results. Sample δ13C, δ18O, and Δ47 were measured from January 2020 to
June 2021 at the MIT Carbonate Research Laboratory on a Nu Perspective
dual-inlet isotope ratio mass spectrometer with a Nu Carb automated
sample preparation unit held at 70 °C. Calcite samples weighing
~400–600 μg were reacted for 25min in individual glass vials with 150 μl
orthophosphoric acid (ρ = 1.94 g/cm3). Evolved CO2 gas was purified
cryogenically and by passive passage through a Porapak trap (1/4” ID; 0.4 g
50/80meshPorapakQ)held at–30 °C.The initial voltagewas 8–20 Von the
m/z 44 beam with 2×108 Ω resistors and depleted by approximately 50%
over the course of an analysis (60 cycles with 20-min total integration time).
Sample and standard CO2 gases depleted at equivalent rates from micro-
volumes over the analysis time. Mass spectrometry methods were nearly
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identical to those reported in Anderson et al. (2021). ETH-1–4 and IAEA-
C2 were used as anchors; IAEA-C1 and Merck were treated as unknowns.
Unknown anchor ratio was 1:1 for each 50 run. The reference side of the
dual-inlet was refilled with reference gas after every 10 analyses. In total,
unknowns were measured 1–4 times over the study interval (76 total
unknown analyses; 118 InterCarb standards). Raw mass spectrometer data
werefirst processed by removing cycles (i.e., single integration cyclesofmass
spectrometer measurement) with raw Δ47 values more than 5 “long-term”
standard deviations (0.50‰; the mean of the respective cycle-level SD for
ETH-1–4 over a 3-month period was 0.10‰) away from the median Δ47

measurement for the analysis.Analyseswere removed ifmore than10 cycles
(out of 60 total cycles) fell outside the 5 long-term SD threshold. Analyses
with transducer pressure below 15mbar, typically corresponding to sample
collection issues, incomplete digestion, or low carbonate content, and
analyses that ran misbalanced by >1% were also removed. No pressure
baseline correction was applied. After removal of cycle-level outliers, data
were processed using the ‘D47crunch’ Python package using IUPAC 17O
parameters88, and projected to the I-CDES with values for ETH-1–4 and
IAEA-C2 anchors from the InterCarb project89,90. Raw Δ47 measurements
were converted to the I-CDES using a pooled-regression approach that
accounts for the relative mapping of all samples in δ47-Δ47 space

90. Ana-
lytical uncertainty and error associated with the creation of the reference
frame were fully propagated through the dataset. A full description of the
data reduction procedure used in D47crunch is detailed in ref. 90. Each
sample carousel (typically 50 analyses) was treated as a single analytical
session. IAEA-C1 andMerck standardswere treated as unknowns and used
as an internal consistency check (IAEA-C1 mean Δ47 = 0.308‰ vs. nom-
inal Δ47 = 0.302‰, 1 SD = 0.012‰; Merck mean Δ47 = 0.525‰ vs. nom-
inal Δ47 = 0.514‰, 1 SD = 0.016‰). Long-term external repeatability
(1 SD) of Δ47 for all analyses (anchors and unknowns) after the data pro-
cessing described above, including error introduced by the reference frame,
is 0.029‰.

Data availability
All data generated from this study are included in the article and Supple-
mentary Inventory.
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