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ABSTRACT

The Barra Velha Formation and other Aptian pre-salt deposits record the history
of the proto-Atlantic basin and the rifting of Gondwana. Studies have sought to
characterize the depositional environment of the basin with a focus on carbon-
ate fabrics and magnesium silicate clays. However, the water chemistry and
fluid sources in the basin, the silica cycle, and how the basin evolved over time
are not fully constrained. Additionally, current understanding of the microbiota
that inhabited this basin is incomplete because microfossils have rarely been
identified in pre-salt deposits, especially on the Brazilian margin. This study
describes authigenic chert in the Barra Velha Formation that preserves distinct,
organic-rich structures and textures. The petrographic relationships between
the chert and carbonate suggest that both formed as authigenic phases, but their
formation was temporally decoupled. These relationships and §°°Si and §'°0O
data suggest that chert post-dates the formation and subsequent dissolution of
the carbonates, and may have formed from a different fluid. By characterizing
the chert—carbonate paragenesis and mechanism of chert formation, this study
provides new insights into the fluid sources and complexity of the basin.
Together, the results of this research suggest that the chert precipitated as pri-
mary, authigenic phases after karstification of the carbonate from a newly intro-
duced, low temperature, freshwater fluid that was chemically distinct from the
lake water. The chert preserves organic matter that is compositionally and tex-
turally distinct from the void-filling bitumen associated with the classically
studied carbonate facies. Based on the composition and morphologies of organic
structures, this is likely primary organic matter and a morphologically diverse
microfossil assemblage preserved in place at the time of chert formation. Thus,
this early chert provides new insights into the water chemistry, fluid sources
and silica cycle in the basin, and represents a unique taphonomic window that
helps us characterize the pre-salt basin microbiota.
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INTRODUCTION

The Santos Basin of offshore Brazil hosts a com-
plex sedimentary and volcanic/intrusive fill
termed the Aptian ‘Pre-salt’ that records the rift-
ing of Gondwana and the formation of a
proto-Atlantic basin (Moreira et al., 2007; Carmi-
natti et al., 2008; Nakano et al., 2009). The sedi-
mentary portion of the fill — in particular the
carbonates — have been the subject of studies
aimed at understanding the proto-Atlantic basin
and characterizing this depositional environ-
ment. In particular, the chemical conditions of
the basin, whether it was lacustrine or marine,
the sources of water into the basin, and the role of
the microbiota in mineral precipitation have been
the subjects of broad discussion (Moreira et al.,
2007; Terra et al., 2009; Wright, 2012; Wright &
Barnett, 2015, 2017, 2020; Chafetz et al., 2018;
Pietzsch et al., 2018, 2020; Mercedes-Martin
et al., 2019; Azerédo et al., 2021; Bastos et al.,
2022; Carramal et al., 2022). This is related, in
large part, to the enigmatic carbonate facies pre-
served in the pre-salt deposits and the uncer-
tainties surrounding their formation mechanisms.
An understudied chert-rich facies in the pre-salt
deposits may provide additional insights into the
complexity and evolution of the lake chemistry
and a more complete picture of the microbiota
that inhabited the basin. A key question relates to
the timing of chert precipitation and whether it
formed syndepositionally with the carbonates.
The Barra Velha Formation (BVF) was deposited
during the rift to ‘post-rift’ or ‘sag’ phase of rifting
(Moreira et al., 2007) and contains some of these
chert-rich facies. Like many pre-salt deposits, the
BVF is predominantly characterized by carbonate
spherulite, shrub, and calcimudstone facies. Some
of the distinguishing characteristics are radial
fibrous calcite spherules found in the spherulite
facies and branching carbonate structures with an
internal radiating fabric (the ‘shrubs’) found in
shrub facies. These carbonate fabrics and associ-
ated Mg-silicate clays are unique and have under-
gone an unusual paragenetic and diagenetic
history. While still incompletely constrained,
many studies suggest that the BVF and other simi-
lar pre-salt formations were deposited in an alka-
line lake (Wright, 2012; Wright & Barnett, 2015;
Pietzsch et al., 2018, 2020; Mercedes-Martin et al.,
2019; Carramal et al., 2022). Some have suggested
that the carbonate shrubs and spherulites repre-
sent microbial buildup structures (Terra et al.,
2009; Chafetz et al., 2018) while others suggest
that they formed through abiotic processes

(Wright, 2012; Wright & Barnett, 2015). However,
whether microbially influenced or not, the carbon-
ate facies do not typically preserve microbial tex-
tures or microfossils. Instead, these facies are a
main component of the oil reservoir and therefore
contain bitumen and oil - thermally mature
organic matter introduced into the carbonate
deposits after burial. Thus, current understanding
of the microbiota, the complexity and distribution
of microbial communities, and the role of
microbes in mineral formation remains incom-
plete. Additionally, current models for the chemi-
cal conditions of the lake based predominantly on
carbonate and Mg-silicate phases likely do not
capture the true complexity of the lake system and
the potential for multiple different chemical envi-
ronments and water sources into the basin. In par-
ticular, these models typically do not consider
potential authigenic chert or any potential bio-
signatures that it may preserve.

This study describes samples from the BVF that
contain synsedimentary or authigenic chert
that preserves an important taphonomic window
into the microbiota of the pre-salt basin. In partic-
ular, this study compares the textures, composi-
tions, and organic material in carbonate facies and
previously uncharacterized chert-rich facies in
three different wells in the Santos Basin, part of
the Brazilian margin of the pre-salt basin. The syn-
sedimentary and diagenetic features in cherts and
carbonates are contrasted and key taphonomic dif-
ferences are characterized across facies and min-
erals. The authors propose that a subset of the
chert-rich samples — which preserve fossil kerogen
and potential microfossils — represent a microfos-
siliferous chert-boundstone  facies. The
microfossiliferous chert-boundstone formed in
spatially isolated environments in which chert
and carbonate both represent primary, synsedi-
mentary phases, but the formation of each was
temporally decoupled. Characterization of these
chert-rich facies and their environment of forma-
tion provides a new dimension to the current
understanding of the microbiota, water chemistry,
fluid sources, and evolution of this ancient basin.

GEOLOGICAL SETTING

The Barra Velha Formation (BVF) is one of a group
of formations that were deposited in the Creta-
ceous rift basin that formed during the breakup of
Gondwana. These deposits collectively record the
presence of an Aptian alkaline lake (or lakes)
developed before the Albian marine incursion and
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the opening of the Atlantic Ocean. The BVF lies in
the Santos Basin off the coast of Brazil and formed
during the syn-rift to sag phase of rifting (Moreira
et al., 2007; Wright & Barnett, 2020). It unconform-
ably overlies the Itapema Formation, a bivalve
coquina dominated unit deposited in an alkaline
lake, and is overlain by the marine evaporites of
the Ariri Formation (Wright & Barnett, 2020). Pre-
vious studies have interpreted the carbonate facies
in the BVF and other pre-salt deposits as alkaline
lake deposits (Wright, 2012; Wright & Barnett,
2015; Pietzsch et al., 2018, 2020; Mercedes-Martin
et al.,, 2019; Carramal et al., 2022). Additional
work has characterized the facies changes
throughout the BVF and suggest that the carbonate
spherulite, shrub, and laminate facies formed as
decimetre to metre-scale cyclothems that record
cycles of lake level rise and fall (Wright & Bar-
nett, 2015). These cyclical carbonate facies domi-
nate the BVF over large areas of the Santos Basin,
at least on the structural highs that have been the
primary drilling target to date. However, local
exceptions occur where thick (decametre-scale),
continuous successions of atypical carbonates
including grainstone and rudstone facies contain-
ing fragments of shrubs, spherulites, and intra-
clasts are encountered. The thickness of these
vertical successions of detrital grain-supported
carbonate cannot be readily explained by simple
cycles of lake level increase followed by progres-
sive evaporation prior to the next flooding event.
Barnett et al. (2021, 2018) suggested that grain-
stone and rudstone facies occur in two distinct
structural and stratigraphic settings:

1 Associated with unconformities on the
escarpment and dip slopes of tilted fault blocks
where a marked thinning of the BVF is evident.

2 Apparent debris aprons adjacent to seismi-
cally resolvable mounds that developed on nar-
row, elongate fault blocks.

The present study describes samples from three
drill cores collected across three wells from both
the cyclic and mound-dominated successions that
capture a range of these atypical carbonate facies
as well as rare chert-rich facies. The grainstone
facies from these cores may be either peloid-
spherulite grainstone or spherulite-dominated
grainstone facies that are more heavily altered and
show more evidence of physical transport of
spherulite grains and other clasts than classically
described Mg-silicate clay associated spherulite
facies. The shrub-like facies are characterized
by distinct fabrics that differ from the more
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classically described shrub facies present in other
parts of the BVF (e.g. Moreira et al., 2007; Terra
et al., 2009; Wright, 2012; Wright & Barnett, 2015,
2017, 2020; Chafetz et al., 2018; Pietzsch et al.,
2018, 2020; Mercedes-Martin et al., 2019; Azerédo
et al., 2021; Bastos et al., 2022; Carramal et al.,
2022). Rather than laminated, bladed or fibrous
fabrics, and branching, columnar or fan-like mor-
phologies, these shrubs are often micritized,
encrusted, demonstrate some combination of lami-
nated and bladed fabrics, and fall somewhere
between branching and columnar morphologies
(Rodriguez-Berriguete et al., 2022). Finally, brecci-
ated carbonates as well as clotted carbonate fabrics
are present throughout these three cores.

The samples analysed here span stratigraphic
intervals of the pre-salt deposits including two
cores from the upper BVF (Wells B and C) which
lie stratigraphically above the Intra-Alagoas
unconformity, and one core from the lower BVF
(Well A) which lies stratigraphically below the
Intra-Alagoas unconformity but above the
Pre-Alagoas unconformity (Table 1; Fig. 1). Well A
penetrates a cyclic succession dominated by shrub
facies with subordinate intercalated spherulite
and laminated calcimudstone facies. Stratigraphi-
cally, it samples a ca 160m thick interval in the
lower BVF below the Intra-Alagoas unconformity.
Well B samples a ca 50m thick interval which
straddles the boundary between an overlying
cyclic  succession and an  underlying
mound-dominated succession. Well C is from a
mound-dominated succession comprising almost
exclusively shrub and grainstone facies. Both
wells B and C sample the upper part of the BVF
above the Intra-Alagoas unconformity. Together,
these cores span the Alagoas interval and record
any potential associated lake level changes that
pre-date and post-date the Alagoas unconformity.

METHODS

Samples analysed in this study include plugs from
three drill cores collected in three wells from the
Santos Basin. One-inch diameter plugs were
extracted from facies of interest and sent to the
California Institute of Technology for analyses. A
total of 12 plugs were selected from these samples
as representative carbonate-rich and chert-rich
facies of the cores (Table 1). A portion of each plug
was sent to Wagner Petrographic or High Mesa
Petrographics to be prepared as 1-inch (2.5 cm)
diameter round thin sections. Another portion of
each sample was retained for use in Scanning
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Table1. Samples analysed in this study across wells A, B and C with associated sample depth, depth below the
base of the salt (BoS) and sample descriptions.

Depositional Sample Sample Depth below
interval Well name depth (m) base of salt (m) Sample description
SK44 Well A SPS S1 5301.00 273.8 Clotted carbonte
SK44 Well A SPS S6 5356.00 328.8 Clotted carbonte
SK44 Well A SPS S9 5391.00 363.8 Carbonate grainstone
SK44 Well A SPS S11 5396.00 368.8 Carbonate spherulite
SK44 Well A SPS S12 5405.00 377.8 Chert-rich
SK44 Well A SPS S19 5458.00 430.8 Chert-rich
SK46/48 Well B GDM S1 5207.00 18.7 Carbonate spherulite
SK46/48 Well B GDM S3 5207.52 19.2 Carbonate stromatolite
SK46/48 Well B GDM S4 5227.83 39.5 Chert-rich
SK46/48 Well B GDM S5 5233.51 45.2 Carbonate spherulite
SK46/48 Well B GDM S6 5239.13 50.8 Carbonate shrub
SK46/48 Well B GDM S8 5259.31 71.0 Chert-rich
SK46/48 Well C D 5166.25 65.7 Chert-rich
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Fig.1. Lower Cretaceous stratigraphic chart for the Santos and Campos Basin (after Moreira et al., 2007).
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Electron Microcopy (SEM) so that organic material
could be identified without organic contribution
from epoxy used in the thin section preparation.
Each sample was analysed using SEM with energy
dispersive X-ray spectroscopy (EDS), transmitted
and reflected light microscopy, and secondary ion
mass spectrometry (SIMS). These combined ana-
lyses were used to characterize petrographic rela-
tionships between chert and carbonate, to identify
and characterize organic matter and organic-rich
structures associated with both phases, and to
determine the §°°Si and §'®0 of the chert. See sup-
plemental methods for full details of each analysis
(Appendix S1).

RESULTS

Carbonate facies

Facies description

The BVF contains a mixture of carbonate facies
across the three cores investigated in this study
(Figs 2 and 3; Table 1). In Well A, the dominant
carbonate facies are carbonate peloid-intraclast
grainstone facies (Fig. 3A), carbonate spherulite-
rich grainstone facies, and intraclast grainstone car-
bonate facies characterized by clotted carbonate
fabrics (Fig. 3B). In Well B, facies include carbon-
ate spherulite-intraclast grainstone facies (Fig. 3C),
carbonate stromatolite facies (Fig. 3D), and carbon-
ate shrub facies (Fig. 3E). In Well C, carbonate
shrub facies are dominant. Below, the textural and
compositional features of each of these facies are
described.

The main difference between spherulite-rich
grainstone facies (Figs 2A and 3C) and peloid-
intraclast grainstone facies (Fig. 3A) is the domi-
nance of calcite spherules with radial fibrous fab-
rics versus peloids and shrub fragments. In both
types of grainstone facies, the spherules and other
carbonate grains are compacted and sutured with
concavo-convex grain boundaries and are fre-
quently rimmed by dolomite (Fig. 3C). The inter-
granular space is typically filled by blocky,
euhedral quartz cement, dolomite cement, or
both, and secondary porosity is present through-
out (Fig. 3A and C). The radial fabric of the spher-
ules is still largely apparent, but both the
spherules and other carbonate grains have been
partially replaced by quartz and dolomite, over-
printing the fabric to varying degrees across
grains within a given sample (Fig. 3A and C).

Clotted carbonate textures are predominantly
present in carbonate facies from Well A. The
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carbonate throughout the samples is intercon-
nected with an internal microclotted texture with
mottled tan and grey carbonate and abundant
pore space between clots (Fig. 3B). The majority
of the compacted intraclasts in the peloid-intra-
clast grainstone facies from this well have a simi-
lar internal clotted texture. Some grains have a
fibrous or bladed fabric, though the orientation of
the fabric is random and shows no uniform geo-
petal direction (Fig. 3A). The clotted carbonate
fabrics and carbonate grains are replaced to vary-
ing degrees by dolomite and quartz, and both
quartz and dolomite cement are present in the
intragranular space, though dolomite is the domi-
nant cement (Fig. 3B).

Stromatolite facies (Figs 2B and 3D) are charac-
terized by alternating laminae with two distinct
carbonate textures. One type of lamination is char-
acterized by a peloidal microtexture with carbon-
ate peloids surrounded by quartz and dolomite
cements (Fig. 3D). These layers alternate with
layers of fibrous calcite cement. The fibrous fabric
of the calcite is perpendicular to lamination in
some layers, but some layers display fibrous fabric
oriented both perpendicular and parallel to lami-
nation (Fig. 3D). The calcite in these facies has a
cloudy appearance and contains microdolomite
inclusions, a potential indicator that the original
mineralogy was high magnesium calcite (HMC;
Lohmann & Meyers, 1977). The carbonate peloids
and the fibrous calcite cement are replaced to vary-
ing degrees by quartz and abundant secondary
porosity is present within the peloid-rich laminae
and between peloid laminae and fibrous calcite
laminae (Fig. 3D).

Shrub facies are characterized by branching and
vertically aggregating clusters of bladed calcite
(individual shrubs) with the internal bladed fabric
oriented perpendicular to bedding (Figs 2C and
3E). The shrubs show evidence of internal band-
ing, perhaps representing generations of vertical
growth (Fig. 3E). These ‘shrub’ facies are slightly
atypical compared to many previously described
‘shrub’ facies and most closely resemble the Type
4 shrubs characterized by Rodriguez-Berriguete
et al. (2022). Like the calcite spherules and intra-
clasts, shrubs may be partially micritized or
replaced by quartz and dolomite. In most samples,
primary inter-particulate and inter-shrub pore
space is filled by sparry calcite and blocky, euhe-
dral quartz cement (Fig. 3E).

Organic matter in carbonate facies
Secondary pore space is abundant across these
carbonate facies and is typically filled by late
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Fig. 2. Representative core photographs of major carbonate facies (bottom panel depicting zoomed in regions of
the main fabrics). These include: (A) spherulite-rich grainstone facies; (B) stromatolite facies; and (C) ‘shrub’

facies with branching carbonate shrubs.

carbonate and quartz cements. Many of the car-
bonate samples contain little to no organic matter.
However, in samples that do contain organic mat-
ter, the organic matter is localized to secondary
pore spaces and is not preserved within the car-
bonate grains or cements, evidenced by light
microscopy as well as SEM images and EDS maps
(Figs 3C, 3D and 4). The organic matter — which
has a dense, dark appearance in both transmitted
light and in BSE images and apparent fracture net-
works reminiscent of brittle fracturing — is often
embedded with quartz, dolomite, and calcite
grains ranging in size from nanoscopic up to ca
30 pm in diameter (Fig. 4). The EDS spot analyses
show that pore-filling organic matter has a low
O/C ratio and is predominantly composed of car-
bon and oxygen with only minor S and trace
amounts of Na, Cl, Mg and Ca (Fig. 4).

Chert-rich facies

Facies description

Five samples from the BVF display key differences
that set them apart from the carbonate facies
(Table 1). Microcrystalline chert is a prominent
component of these samples, comprising >25% of
each sample on average, surrounding the carbon-
ate and filling most of the intergranular space
(Figs 5 and 6). The crystals in these regions range
in size but are <20pm and have irregular grain
boundaries and undulose extinction (Fig. 6A to
D). At the core scale, these samples display brecci-
ation of carbonate with poorly sorted, angular
intraclasts of variable sizes from ca 10 mm up to
ca 2 cm (Figs 5A, 5B, 6A and 6B), mosaic fracture
networks (Fig. 5C), and solution-enhanced frac-
tures and secondary porosity filled with silica
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Fig.4. Chemical composition and microscale textures
of void-filling organic matter from a spherulite-rich
grainstone (Fig. 4C). Backscatter electron (BSE) image
shows that organic matter is dark and dense and
shows fracture networks. EDS spot analyses (red dot)
show that the organic matter has a low O/C ratio and
energy dispersive X-ray spectroscopy (EDS) maps
highlight the quartz and carbonate grains embedded
in the organic matter.

(Fig. 5C). These features are present below sharp
surfaces, with enhanced secondary porosity and
dissolution in the carbonates which tend to elon-
gate horizontally along bedding planes (Fig. 5C).
The carbonate associated with silica in these sam-
ples displays three dominant fabrics.

The first fabric is carbonate intraclasts bound
within the chert matrix (Figs 5A, 5B and 6A to
D). The intraclasts are generally composed of
microcrystalline calcite that lacks internal fab-
rics (Fig. 6A and B), though some display faint
radial and bladed fabrics possibly representing
remnant shrub and spherulite fabrics. However,
these fabrics are randomly oriented and the
intraclasts are not connected to other carbonate
regions (Figs 6C, 7A and 7B). The
carbonate intraclasts in these samples show lit-
tle evidence of suturing or other compaction tex-
tures and are only occasionally in contact with
other carbonate intraclasts (Fig. 6A to D).
Instead, they are typically surrounded by micro-
crystalline chert. Intraclasts show variability in
rounding ranging from rounded to angular and
have sharp boundary contacts with the micro-
crystalline chert that surrounds them (Fig. 6A to
D). Some intraclasts have rough, irregular edges
with a spongy appearance and are encrusted by
organic material (for example, Fig. 6A and B).

The second fabric is clotted carbonate bound
within the microcrystalline chert matrix. The
clotted carbonate may be interconnected or pre-
sent in isolated patches and is surrounded by
microcrystalline chert (Figs 6A, 6B and 7A to
C). These carbonate patches sometimes have
hints of a branching shrub-like appearance,
though these are randomly oriented (Fig. 7A).
More frequently, the carbonate is microcrystal-
line and composed of mottled tan and grey
toned mesoclots (ca 1 to 3 mm) diffusely distrib-
uted throughout the carbonate (Figs 6A, 6B and
7B). These clotted carbonate regions have a
spongy appearance created by microporosity
concentrated around the edges of the carbonate
patches and irregular, ragged boundaries and are
in sharp contact with the surrounding chert
(Figs 6B and 7B). Like the intraclasts, some
clotted and shrub-like regions are encrusted by
organic material and show evidence of microbor-
ing, though the carbonate itself does not pre-
serve organic material (Figs 6B and 7A). The
chert in these samples also sometimes displays
a diffuse, microclotted texture created by mot-
tling of darker and lighter toned chert (Figs 6B,
6D and 7A to C). In contrast to the carbonate,
the microclotted fabric and colour differences in
the chert are created by clotted organic textures.

The final fabric is a shrub-like carbonate tex-
ture within a microcrystalline chert matrix
(Fig. 7C). Rather than carbonate grains and
clotted carbonate textures, carbonate shrub fab-
rics are characterized by branching shrubs

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 5. Photographs of representative chert-rich cores highlighting the chert-carbonate relationships and karst fea-
tures. (A) Brecciated carbonate with poorly sorted, angular to rounded carbonate intraclasts surrounded by a chert
matrix. The base of the breccia has a sharp contact with the underlying carbonate grainstone. (B) Chert-rich car-
bonate with shrub fragments and other carbonate intraclasts surrounded by a dark chert matrix. (C) Chert-rich car-
bonate with mosaic fracturing and solution enhanced fractures that run both horizontally and vertically and are

filled with microcrystalline chert.

oriented in a generally uniform up direction.
These shrubs have a bladed fabric and display
some replacement by quartz and dolomite.
Importantly, the abundant inter-shrub space is
filled with a microcrystalline chert (Fig. 7C). In
addition to the connected shrub fabrics that
appear to be in place, fragments of shrubs and
occasional clotted carbonate intraclasts are also
present between the shrubs, surrounded by
microcrystalline chert (Fig. 7C). The chert
appears to pre-date any compaction or compres-
sion of the carbonate textures.

Silica that surrounds and encrusts the carbon-
ate is sometimes present in the form of a chalce-
dony or microcrystalline chert rims followed by a
second generation of chert that fills the remainder
of the space between grains and clotted fabrics
(Figs 6A and 7B). In some cases, patches of
clotted chert display a second generation of chert
or chalcedony around the rim followed by succes-
sive generations of rims — either in the form of
chert bands or randomly distributed microcrystal-
line chert crystals surrounding the initial bands -
filling the remainder of the space (Fig. 6D).
Importantly, early, microcrystalline chert rims
overgrow, rather than cross-cut or replace, the
pre-existing carbonate textures (Fig. 7A and B).

These carbonate textures include corroded clast
edges or microbored shrub branches (Fig. 7A and
B). Further, while chert commonly contains fluid
inclusions and organic carbon inclusions, inclu-
sions of carbonate minerals other than larger car-
bonate intraclasts were not observed.

Across these chert-rich samples, coarsely crys-
talline euhedral quartz is present alongside the
microcrystalline chert, both as void-filling cement
(Fig. 7C) and in veins that cross-cut carbonate
and microcrystalline chert. In some samples,
chalcedony lines pores that are ultimately filled
with the coarse euhedral quartz. The different
textures of the microcrystalline chert and the
more coarsely crystalline veins and void-filling
cements, the cross-cutting relationships of the
veins and the microcrystalline chert, and the lack
of compaction features in the carbonate all sug-
gest that the microcrystalline chert represents the
earliest generation of silica and pre-dates burial
and compaction of the carbonate.

Organic matter in chert-rich facies

The silica in all five chert-rich samples contains
varying amounts of organic matter and potential
microfossils. In all samples, the general texture
and appearance of the organic matter, as well as
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Fig. 6. Microscale textures of representative chert-rich samples. For each plate, the left panels show plane (top)
and cross (bottom) polarized light microscope image and the right panels show backscatter electron (BSE) images
(top) and energy dispersive X-ray spectroscopy (EDS) elemental overlays (bottom). In EDS overlays; orange = Ca,
blue =Mg, green = Si, and pink=C. (A) GDM S8; Rounded to angular carbonate intraclasts in a microcrystalline
chert matrix. Some intraclasts are encrusted by organic material (white arrows) and some are surrounded by gen-
erations of microcrystalline chert rims (black arrows). (B) GDM S4; Carbonate grains that lack internal fabric
within a chert matrix. Carbonate is encrusted with organic material (white arrows) and has rough, irregular edges
creating a spongy microtexture. (C) SPS S12; Carbonate intraclast with internal bladed fabric and sharp contact
(white arrows) with the surrounding microcrystalline chert. (D) SPS S19; Microcrystalline chert with abundant
organic matter and a microclotted appearance created by mottling of light and dark tan to grey-toned chert. Chert
shows multiple generations of growth (white arrows). Microcrystalline chert in all samples contains abundant

organic matter in the form of <30 pm spheres (dark grey in BSE image, pink in EDS overlays).

its composition, are similar. Rather than the
dense, dark material localized to pore spaces in
the carbonate facies, the organic matter in the
chert-rich facies is preserved within the micro-
crystalline chert matrix and has a ‘fluffy’ appear-
ance and lighter tone in BSE images (Fig. 8).
The EDS spot analyses reveal that this organic
matter has a higher O/C ratio compared to the
void-filling organic matter in carbonate facies
and has higher cation content (Na, Mg and Ca)
and more organic P and S (Fig. 8). This chert-
bound organic matter is present in a variety of
forms throughout the samples, including: (i)
clots of organic matter; (ii) diffuse, clotted
organic textures; (iii) wispy, branching textures;
and (vi) a morphologically diverse group of
spherical organic-rich structures that may repre-
sent microfossils (Fig. 9).

Samples GDM S4 and S8 contain the greatest
diversity of organic textures and potential fossil
morphologies, though distinct morphologies and
organic matter are present in all chert-rich sam-
ples (see Table 2 and supplemental results for
detailed descriptions of microfossil morphol-
ogies). In samples GDM S4 and S8, regions of the
microcrystalline chert are often filled with diffuse
organic matter, resulting in a dark tan to brown
colouration of the chert. Organic matter is often
present as either diffuse or dense clots (Figs 7A
and 9A to D) that create the clotted microfabric in
the chert described in the Chert-rich facies and
Facies description sections. In other regions,
organic matter is concentrated into wispy strands
that splay into multiple tendrils (Fig. 9B). In some
samples, the microcrystalline chert has a more
transparent appearance with lower total organic
content, though faint hints of diffuse, clotted
organic textures generate a similar clotted micro-
fabric in the chert in these samples, as well

(Figs 6C, 6D, 7B, 7C and 9C). Within the organic-
rich regions and in regions of microcrystalline
chert with lower overall organic content, several
potential fossil morphotypes are preserved in the
chert (for example, Fig. 9C to E; Table 2; see sup-
plemental results for detailed morphological
descriptions).

Geochemical characterization of chert
Chert-rich samples from Wells A, B and C were
analysed using SIMS to determine the §°°Si and
5'®0 of the chert. The oxygen and silicon iso-
tope analyses revealed §'®O values between
29.1%0 and 41.0% and §°°Si values between
—0.5%0 and 4.5%. for the microcrystalline chert
(Fig. 10). For both isotopes, there is a noticeable
skew towards lighter values for samples from
the stratigraphically older Well A core [average
880 =34.6+2.1% SD, n=46 on six different
regions of interest (ROIs) and 8°°Si = 1.0 4 0.8%;
n=15 on three different ROIs] and towards
heavier isotopic values for the samples from the
stratigraphically younger Well B and C cores
(average 8'°0=36.941.8%, n=111 on 13 dif-
ferent ROIs and &°°Si=2.5 4 1.0%, n=82 on 14
different ROIs). Averages calculated for the mul-
tiple measurements per core (two different sam-
ples for Well A and three for Wells B and C)
yield standard deviations which consistently
decrease with increasing number of analyses
and are close to the estimated analytical preci-
sion from standard analyses.

Using the equation from Sharp et al. (2016),
5'®0 values were used to calculate temperature
of formation for the chert precipitating in equi-
librium with water (Fig. 11). To cover the most
plausible endmember oxygen isotopic composi-
tions of water, from rainwater to a strongly evap-
orated lake, the present study assumes a range

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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of water 820 from —5 to 5% Vienna Standard
Mean Ocean Water (VSMOW). In the tropical
zone at low altitude, the rainfall §'%0 values
typically range between —7%. and —2%. VSMOW
(Bowen & Wilkinson, 2002). Assuming a light
end member 80 value of —5% VSMOW,

Fig. 7. Key fabrics and petrographic relationships in
chert-rich samples. (A) GDM S4; a branching shrub
fragment encrusted by organic material and sur-
rounded by microcrystalline chert matrix. The chert
contains abundant organic matter and has a micro-
clotted appearance created by mottling of light and
dark-toned chert and organic material. (B) SPS S12;
clotted carbonate with some hints of faint fibrous fab-
ric and ragged, irregular grain boundaries highlighting
dissolution of the carbonates. These boundaries have
sharp contacts with a first generation of microcrystal-
line chert that overgrows the carbonate and is fol-
lowed by a second generation, both of which have a
microclotted appearance and preserve organic matter.
(C) GDM-D; A portion of an in place, branching car-
bonate shrub (lower right) and various other carbonate
intraclasts surrounded by microcrystalline chert con-
taining organic matter and potential microfossils.
Adjacent to this early chert is a later generation of
coarsely crystalline, void-filling quartz.

representative of modern precipitation, the tem-
perature of formation of the chert was of 15+%°C
for Well A and 8+£°C for Wells B and C. Esti-
mates based on carbonate clumped isotopes
measurements from the BVF suggest that the
lake water in the Santos Basin ranged from 1.9
and 4.9% VSMOW (Lawson et al., 2023). Using
the heavier end member fluid 80 (5%.) of the
lake water, the temperature of formation of the
chert was of 54+{°°C for Well A and
T = 44+53°C for Wells B and C. Based on these
calculations, the temperature of formation for
the chert was below 54°C and above 8°C with a
range of possible temperatures between these
depending on the source of the fluid or mixing
of fluid sources.

DISCUSSION

Silica paragenesis and syndepositional
authigenic chert

The BVF records multiple generations of both
carbonate and silica precipitation during deposi-
tion and subsequent diagenesis, reflecting the
complex history of the proto-Atlantic basin.
Identification of the earliest of these phases is
important because they record information about
the lake water chemistry, physical and geochem-
ical processes, and the biosphere in this ancient
basin. Much of the past work on the pre-salt
deposits has focused on the carbonates, espe-
cially the shrubs and spherulites which are

© 2024 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 8. Chemical composition and microscale textures
of organic matter in chert-rich facies. Backscatter elec-
tron (BSE) image shows that organic matter has a
‘fluffy’, amorphous appearance and is present both as
amorphous clots and as organic-walled, circular struc-
tures. Energy dispersive X-ray spectroscopy (EDS)
spot analyses (blue and orange dots) show that the
organic matter has a high O/C ratio as well as higher
S and P compared to the organic matter in Fig. 4. EDS
maps highlight the circular cross-section morphology
of the organic-walled structures. In EDS maps;
green = Si, pink = C, orange = Ca.

interpreted as primary precipitates (Moreira
et al., 2007; Terra et al., 2009; Wright, 2012;
Wright & Barnett, 2015, 2017, 2020; Chafetz

Primary chert in the Barra Velha Formation 1827

et al., 2018; Pietzsch et al., 2018, 2020;
Mercedes-Martin et al., 2019; Azerédo et al.,
2021; Bastos et al., 2022; Carramal et al., 2022;
Tonietto et al., 2023). The majority of the silica
in pre-salt deposits, in contrast, has been attrib-
uted to late diagenetic processes (Wright, 2012;
Wright & Barnett, 2017, 2015; Pietzsch et al.,
2020; Azerédo et al., 2021) or hydrothermal pro-
cesses (Lima & De Ros, 2019; Sartorato et al.,
2020), with some exceptions including early sil-
ica nodules in the calcimudstone deposits from
the BVF thought to represent a flooding event
(Wright & Barnett, 2015, 2020). Earlier studies
also investigated different generations of chert
from the African margin of the pre-salt basin
and identified rare occurrences of pre-
compaction silica precipitation associated with
brecciated carbonates and microbial buildup
structures with clotted microfabrics (Saller
et al., 2016; Teboul et al., 2019) similar to the
chert that is described in this study. Those stud-
ies suggest that the chert precipitated from the
lake. However, early generations of chert remain
generally understudied throughout the pre-salt
deposits, especially on the Brazilian margin, and
the water chemistry, fluid sources and mecha-
nisms of authigenic silica precipitation are not
fully constrained. Importantly, it is possible that
the chert and carbonate formed from two differ-
ent fluids. Further characterization of these early
generations of chert is therefore key to under-
standing the depositional environment and the
evolution of the lake.

The chert-rich samples analysed in this study
contain an early generation of microcrystalline
chert associated with carbonate intraclasts,
clotted carbonate fabrics, and carbonate shrub
fabrics that does not fit within the late diage-
netic models of silicification. The lack of com-
paction features in the chert-bound carbonate
suggests that the microcrystalline chert pre-dates
burial and compaction. Furthermore, the
preservation of primary organic matter, delicate
microbial fabrics, and potential microfossils
(Figs 6, 7, 8 and 9) suggests that this chert is
syndepositional. The preservation of such deli-
cate organic textures and potential microfossils
is a taphonomic process that requires rapid and
early precipitation of silica (Knoll et al., 2013).
The microcrystalline nature of the chert, the
irregular crystal boundaries, and the undulose
extinction are also consistent with early diage-
netic or primary formation (Maliva et al., 2005).
This is further supported by the textural rela-
tionships between the chert and carbonate.
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Fig. 9. Characteristic organic textures in chert-rich facies: (A) clotted organic textures; (B) wispy, diffuse, branch-
ing organic strands; (C) microclotted organic matter with light-toned mottling and microfossils; (D) various spheri-
cal microfossils morphotypes clustered in a clotted region of chert; (E) representative microfossil morphotype
characterized by a dark, organic-rich wall, an organic-rich interior and a fringe; (F) coffee-bean like microfossil in
a region of clotted carbonate.
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Fig. 10. Plot showing frequency of in situ §°°Si values
of early quartz for Well A (n=15) and Well B (n=282)
samples. All data are between —0.5%. and 4.5%., but
samples from Well A (yellow) are generally lighter
(average 5°°Si= 1.0+ 0.8%0), and samples from Well B
and C (blue) are heavier (average 8%9Si = 2.5 + 1.0%o).

Rather than cross-cutting the carbonate, an ini-
tial chert rim formed around the partially dis-
solved carbonate grains and was followed by at
least one subsequent generation of silica and
sometimes multiple generations (Figs 6 and 7),
all of which likely precipitated rapidly from the
same fluid.

Based on these observations, the authors pro-
pose that these samples collectively represent a
microfossiliferous chert boundstone facies that
contains one of the earliest generations of silica
in the pre-salt deposits — a synsedimentary chert
that preserved kerogen, delicate microbial struc-
tures, and microfossils. Through characterization
of the chert-carbonate relationships, the forma-
tion mechanisms and depositional environments
of both the chert and carbonate can be
untangled. This may help to constrain the silica
paragenesis, water chemistry and water sources,
and provide a window into the biosphere in the
ancient basin.

Decoupled chert and carbonate precipitation
and implications

The dominant chemical sediments in the BVF and
other pre-salt deposits contain carbonates, Mg-
silicates and late diagenetic silica phases, but they
typically lack authigenic chert. This indicates that
authigenic or synsedimentary chert did not pre-
cipitate alongside carbonates in the majority of the
basin. Previous studies have suggested that these

Primary chert in the Barra Velha Formation 1833

O All data
30 O WellA
4 @ Well B/C |
) .
c 204 :
>
o) 4
O 4o i
od —T
6mowater
80 (%0 VSMOW)
== +10
5’3‘ 60 -
& 40
|9 4

204
30 35 40
18
0 “Ogquartz (%o VSMOW)

Fig. 11. Plot showing in situ 8'®0 values of early
chert. Upper panel shows variation in §'°0 for all
data (n=157). Lower panel shows temperature depen-
dence of §'®0 quartz in equilibrium fixed §'®0 water
values calculated using the oxygen isotope fraction-
ation equation of Sharp et al. (2016). The shaded yel-
low and blue areas represent interquartile range for
Well A (n=46) and Well B and C (n=111) samples,
respectively.

facies formed in an alkaline lake in which Mg-
silicate clays were the dominant silica sink
(Wright, 2012; Wright & Barnett, 2015, 2017;
Wright & Tosca, 2016; Pietzsch et al., 2018, 2020;
Tosca & Wright, 2015; Tutolo & Tosca, 2018; Carra-
mal et al., 2022). This is consistent with models
and experimental studies that have shown that
Mg-silicates are the dominant silica phase
that precipitates from alkaline fluids at elevated
pH (Tosca et al., 2011; Strauss & Tosca, 2020;
Chase et al., 2021). However, the rare chert—
boundstone facies likely formed under a different
set of conditions compared to carbonates and Mg-
silicate clays.

The carbonate and chert in the chert-bound-
stone facies each display features consistent
with primary precipitation, suggesting that both
formed as authigenic phases. However, the tex-
tures, chemistry, and boundary relationships of
these phases suggest that they did not form
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contemporaneously. The presence of angular to
rounded, transported intraclasts as well as disso-
lution textures (including etched margins of
clasts, solution-enlarged pores, and erosion sur-
faces) across all carbonate fabrics in the chert-
rich samples suggest that the carbonate experi-
enced periods of dissolution and alteration after
forming. These textures, the sharp boundaries
between the microcrystalline chert and carbon-
ate, the organic encrustation of the carbonate,
and the carbonate-rimming chert that overgrows
rather than cross-cuts carbonate and shows mul-
tiple generations of growth (Figs 6 and 7) all
suggest that chert precipitation post-dated both
the formation and the subsequent dissolution/al-
teration of the carbonate. Thus, although both
phases likely formed as primary precipitates,
they precipitated at different times with the car-
bonate being the earliest precipitate.

The genetic history of chert and carbonate pre-
cipitation in the BVF is striking and differs from
classic examples of early diagenetic chert and car-
bonate deposits. The best examples of early
formed chert and carbonate within a single forma-
tion come from Proterozoic marine deposits (Ser-
geev & Sharma, 2012; Butterfield, 2015; Demoulin
et al., 2019; Moore et al., 2023, and references
therein). These were widespread during the Prote-
rozoic in large part because the absence of silicify-
ing organisms allowed for higher concentrations
of silica in aqueous environments and early silica
precipitation (Maliva et al, 1989, 2005; Sie-
ver, 1992). The evolution of biosilicification in the
Phanerozoic significantly depleted silica in
the ocean and other aqueous environments, mak-
ing the precipitation of silica alongside carbonate
far less common (Maliva et al., 1989, 2005; Sie-
ver, 1992). The BVF is a rare example of a Phaner-
ozoic deposit that contains both syndepositional
chert and carbonate. Like Proterozoic marine tidal
deposits, carbonate dominates the BVF with only
rare occurrences of authigenic chert. However, the
temporal decoupling of the carbonate and chert in
the BVF is different from Proterozoic deposits
where carbonate and chert formed under similar
conditions in the same environment. In addition
to being temporally decoupled, the chert likely
formed from a fluid that was chemically distinct
from the largely alkaline water body that promoted
the precipitation of carbonate. Studies have shown
that Mg-silicate precipitation typically occurs at
high pH (Tosca et al., 2011; Strauss & Tosca, 2020;
Chase et al., 2021). Unlike carbonate and Mg-
silicate clay precipitation, amorphous silica poly-
merization at surface temperatures generally

requires lower pH fluids and the silica concentra-
tions must be high enough to reach silica satura-
tion (Krauskopf, 1956; Iler, 1979). This suggests
that the chert and Mg-silicate clays formed from
different fluids with distinct pH and fluid chemis-
try. Thus, a new model is required to explain both
the chert-carbonate paragenesis and the precipita-
tion of synsedimentary, authigenic chert within
the pre-salt basin.

Silica precipitation on a karsted landscape

Data presented here suggest that the chert bound-
stone facies accumulated in a karstified carbonate
terrain (e.g. Wright, 2012) that was cemented at
the surface by primary silica. The poorly sorted,
angular to subangular carbonate clasts visible at
core scale (ca 2 cm to 20 cm) and in thin section
(ca 10pum to 1mm) are characteristic of karst
breccias (Kerans, 1988, 1993; Loucks, 1999; Wang
& Al-Aasm, 2002; Liu & Jiang, 2018; Fu, 2019)
and are found alongside mosaic fracturing
(Loucks, 1999). The dissolution features and
recrystallization textures — mottled textures, pat-
chy dissolution of carbonates, and corroded sur-
faces of the clotted and shrub-like carbonate — are
further evidence of karstification (Dickson & Sal-
ler, 1995; Weidlich, 2010; Liu & Jiang, 2018).
Cores of the BVF reveal that rocks with these tex-
tures are capped by truncation surfaces suggesting
that millimetre to centimetre-scale secondary
porosity is genetically linked to an intraforma-
tional exposure surface. Together, these observa-
tions suggest that the shrub-like and clotted
carbonate structures precipitated from the alkaline
lake water and subsequently experienced a period
of dissolution and karstification. This was likely
related to a drop in lake level and dissolution of
carbonate due to introduction of a new fluid. It is
possible that the fluid that drove carbonate disso-
lution and the fluid from which silica precipitated
were the same, resulting in penecontemporaneous
dissolution of carbonate and precipitation of
chert.

The localized formation of primary chert may
have been driven by spatially restricted pulses of a
silica-rich fluid into the basin after the formation
and karstification of the carbonate. Two potential
sources could explain the precipitation of chert.
The first is a silica-rich hydrothermal source (sce-
nario 1). In modern hot springs, as the silica-rich
fluid moves away from the source and cools, it
becomes supersaturated with respect to amorphous
silica, resulting in rapid precipitation of silica
that encases microbial communities and organic
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matter in the vicinity (Walter et al., 1972; Ferris
et al., 1986; Schultze-Lam et al., 1995; Jones &
Renaut, 1996; Konhauser & Ferris, 1996; Jones
et al., 1997, 1998a; Konhauser & Urrutia, 1999; Kon-
hauser et al, 2001; Campbell et al., 2002, 2015;
Cady & Farmer, 2007). This type of silicification is
also found in the rock record in formations like the
Rhynie Chert (in Scotland), a fossiliferous Devo-
nian sinter deposit (Rice et al, 2002; Edwards
et al., 2018; Garwood et al., 2019; Strullu-Derrien
et al., 2019). The mixing of the lake water with a
localized source of low pH, silica-rich fluid, or the
introduction of this fluid during a period of subaer-
ial exposure would have created microenviron-
ments in the basin that were chemically distinct
from the alkaline lake and may have favoured silica
polymerization over carbonate and Mg-silicate clay
precipitation.

Alternatively, low temperature, silica-rich
freshwaters introduced into the basin via surface
runoff or groundwater percolation could explain
the localized precipitation of silica (scenario 2).
The introduction of a freshwater fluid into a
karst terrain — either from rivers or from ground-
water percolation through springs in an exposed
lake rim or island — would have created a micro-
environment characterized by lower pH and
alkalinity than the surrounding lake water.
Although silica precipitation from these fresh-
water sources is not typically observed in mod-
ern environments, the absence or sparsity of
biosilicifying organisms in terrestrial or lacus-
trine environments during the Cretaceous (Sims
et al., 2006; Knoll & Follows, 2016; Conley
et al., 2017) may have allowed rivers or ground-
water that flowed through mafic or felsic bed-
rock to contain elevated concentrations of silica.
Even if concentrations were not above 120 ppm
in the source fluid, evaporation of silica-rich
river water or groundwater in a subaerially-
exposed karst terrain may have further concen-
trated silica to promote localized, rapid silica
precipitation.

Measured 8°°Si values ranging from —0.5%o to
4.5%o (Fig. 10) are inconsistent with hydrothermal
precipitation which predicts lighter silicon iso-
tope compositions, with §°°Si values typically
below 2% (Van Den Boorn et al., 2010; Kleine
et al., 2018). In contrast, studies of the 8%°Si of
meteoric water (De La Rocha et al., 2000; Ding
et al., 2004; Georg et al., 2006) and Proterozoic
cherts (Chakrabarti et al., 2012; Marin-Carbonne
et al., 2014, and references therein) show elevated
values relative to continental crust and basalt
(which typically range between —1%. and 1%o;

Primary chert in the Barra Velha Formation 1835

Opfergelt & Delmelle, 2012). This is largely
because formation of authigenic silicate clays and
soil-forming processes in rivers preferentially
incorporates 285i. As a result, the fluid becomes
progressively enriched in *°Si (De La Rocha et al.,
2000; Ding et al., 2004; Georg et al., 2006; Chakra-
barti et al., 2012; Marin-Carbonne et al., 2014,
and references therein). In a system with elevated
concentrations of silica that saw chert precipita-
tion as the final sink, the chert may similarly be
enriched in *°Si. A hydrothermal origin for this
chert facies is also inconsistent with the observed
8'%0 values, averaging at 34.6 + 2.1%o for Well A
and 36.9 & 1.8%. for Wells B and C. Calculations
using end member "0 values of water sourced
either from the lake fluid (highest §'®0 values) or
from rain water (lowest 5'%0 values) suggest that
the chert formed at temperatures between 8°C
and 54°C (Fig. 11). Even the most conservative of
these temperatures are low compared to most
hydrothermal systems, and the more realistic esti-
mates — which assume chert formation from a
fluid that was distinct from the lake water — are
more consistent with formation at temperatures
below 54°C. Thus, both the §%°Si and the 820
values of the chert are more consistent with silica
precipitation from a low temperature groundwa-
ter or river water source. It is worth noting that
there is significant spread in the §°°Si, which
could point to nuanced complexity in the silica
sources. If these silica-precipitating microenvi-
ronments experienced mixing of freshwater with
the lake water, some of the silica may have been
sourced from the lake fluid through dissolution of
Mg-silicate clays. Such a mixing scenario could
result in variability in §°°Si of the chert. Although
the lake may have been similarly fed by rivers
and groundwater, the evolution of the basin as a
whole and evaporitic processes would have
resulted in a more evolved fluid with a composi-
tion that was chemically distinct from that of the
rivers or groundwater.

Organic matter and taphonomic windows

In addition to forming from different fluids at dif-
ferent times, the chert and carbonate facies repre-
sent distinct taphonomic windows. The organic
matter preserved in primary chert is both textur-
ally and compositionally different from the
organic matter in the carbonate facies and points
to different taphonomic histories. The organic
matter in the carbonate facies is spatially corre-
lated with secondary porosity, displays sharp
contacts with the surrounding carbonate, and is
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associated with late diagenetic quartz and carbon-
ate crystals, all of which are characteristic fea-
tures of remobilized bitumen (Mastalerz et al.,
2018; Wood et al., 2018; Misch et al., 2019). Thus,
the carbonate-associated organic matter is inter-
preted as bitumen that formed from thermal alter-
ation of kerogen at the onset of the oil window
and filled void spaces in the carbonates. In con-
trast, the fluffy, diffuse texture of the organic mat-
ter preserved within the chert matrix of chert-
boundstones more closely resembles primary
kerogen typically described in association with
Proterozoic microfossils preserved in early diage-
netic or primary chert (e.g. Schopf, 1992; Sergeev
& Sharma, 2012; Butterfield, 2015; Demoulin
et al., 2019; Moore et al., 2023, and references
therein). Furthermore, the lower O/C ratio of the
organic matter in carbonate facies compared to
organic matter preserved by primary chert sug-
gests that the latter is less thermally mature based
on the inverse relationship observed between
O/C ratio and progressive alteration (Tissot &
Welte, 1984; Hunt et al., 2002; Vanden-
broucke, 2003). Based on the above petrographic
and geochemical observations, the organic matter
preserved in chert-boundstone facies is consis-
tent with primary organic matter rather than ther-
mally mature bitumen found elsewhere in the
pre-salt deposits.

Despite hypotheses that carbonate shrubs may
have formed through biogenic processes (Terra
et al.,, 2009; Chafetz et al.,, 2018), the earliest
formed minerals in the Barra Velha Formation
(chert and carbonate) consistently demonstrate
that chert preserves primary organic matter
while carbonate does not. The type and distribu-
tion of organic matter preserved throughout the
Barra Velha Formation is noteworthy because it
suggests either: (i) primary differences in the
distribution of biota in the lake; or (ii) tapho-
nomic differences. Respectively, then, either: (i)
the carbonate precipitating environments were
not habitable and therefore formed in the
absence of organic material while the chert pre-
cipitating environments were inhabited; or (ii)
the environmental conditions or mechanisms of
carbonate formation were not conducive to the
preservation of organic material while the condi-
tions and mechanisms that characterized chert
formation were.

The high alkalinity of the fluid from which
carbonates and Mg-silicate clays formed made it
a somewhat extreme environment (Wright, 2012;
Wright & Barnett, 2015; Wright & Tosca, 2016;
Pietzsch et al., 2018, 2020; Tosca & Wright, 2015;

Tutolo & Tosca, 2018; Mercedes-Martin et al.,
2019; Carramal et al., 2022). This is evidenced
by the dominance of ostracod fossils and few
other macroscopic fossils throughout many pre-
viously studied pre-salt deposits (Pietzsch et al.,
2018). However, many known microbial organ-
isms (bacteria, archaea, and simple eukaryotes)
are adapted to thrive in or tolerate alkaline envi-
ronments (Jones et al., 1998a, 1998b; Jones &
Grant, 2000; Roadcap et al., 2006; Pikuta et al.,
2007). Similar microorganisms may have inhab-
ited the proto-Atlantic basin. This is supported
by biomarker analysis of the BVF, which iden-
tifies the presence of halo-tolerant algal species
and anaerobic organisms commonly found in
saline-stratified lakes (Mello et al., 2021). Given
that these organisms can thrive even in extreme
end members of alkalinity, pH, and temperature,
it is unlikely that the absence of primary organic
material in carbonate from the BVF is the result
of the carbonate and Mg-clay precipitating envi-
ronments being uninhabited. Studies of modern
alkaline lakes have found that, although these
environments tend to be highly productive, the
organic matter is rapidly remineralized and little
is buried and preserved (Haines et al., 2023). A
similar rapid remineralization process in the
alkaline lake fluid of the pre-salt basin may
explain the absence of organic microfossils in
the carbonates. The authors therefore conclude
that the differences in primary organic matter
and distribution of potential microfossils across
different facies is the result of taphonomic dif-
ferences between the chert and carbonate pre-
cipitating environments.

Pre-salt microbiota

The preservation of primary organic matter and
potential microfossils in the chert-boundstone
facies defines a rare taphonomic window into
the ecology of the pre-salt basin. The wispy
organic lamination in some samples is reminis-
cent of biofilms and the clotted organic micro-
fabrics are similar to clotted microfabrics
associated with microbialites (Riding, 1991,
2000; Shapiro, 2000), suggesting that benthic
microbial communities inhabited these chert-
precipitating environments. The encrustation of
carbonate grains and fabrics by organic matter in
some samples and the microboring are further
evidence of benthic communities. Together,
these fabrics point to colonization of the karst
environment, either introduced by the surface
water or groundwater fluids, or representing a
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distinct biota adapted to a partially exposed and
evaporitic environment. In addition to the tex-
tures present in both chert and carbonate in the
chert-boundstone facies, the organic structures
with diverse morphologies may represent a
range of microfossils of bacteria, simple eukary-
otes, and possibly pollen.

Different potential fossil morphotypes are pre-
served alongside one another within any given
sample. This suggests that differences in mor-
phology do not reflect taphonomic differences
acting upon the same structures but rather
reflect diversity in the original structures. The
walled structures (categories A and B) closely
resemble the classic fossilization style of micro-
fossils in chert which are typically characterized
by preservation of an organic wall thought to
be remnant sheaths or cell envelopes (e.g.
Schopf, 1992; Sergeev & Sharma, 2012; Butter-
field, 2015; Demoulin et al., 2019; Moore et al.,
2023, and references therein). The smaller
organic walled structures have size ranges most
consistent with bacterial cells (e.g. Koch &
Ehrenfeld, 1968; Demoulin et al., 2019, and ref-
erences therein), although the simple nature of
the spheres precludes further classification. The
larger organic walled structures, on the other
hand, sometimes have complex internal struc-
tures (for example, Types 3 and 7; Table 2) and
size ranges that are more consistent with simple
eukaryotes (Knoll, 2014). These structures may
be fossils of eukaryotic algae, such as unicellular
chlorophyte algae (Domozych et al., 2016;
Samolov et al., 2020), though they are also quite
simple and may represent a range of other
single-celled eukaryotes (e.g. Knoll, 2014).

The category C structures are unique in the
amount of organic material preserved and
the lack of a distinct envelope. One possible
explanation is that these structures represent
droplets of oil that were released by the underly-
ing source rocks into the silica-rich fluid and
preserved in the chert. This would explain why
they are organic throughout rather than pre-
served as hollow, organic-walled spheres. How-
ever, the uniformly high O/C ratio of organic
matter across the range of morphotypes (organic
walled structures and dense organic spheres)
and the clear distinction between the O/C ratio
of organic matter in chert-boundstone facies and
bitumen that fills voids in the surrounding car-
bonate facies argue against this interpretation.
Furthermore, the larger scale textures of organic
material throughout these samples, which
resemble a range of benthic microbial textures

Primary chert in the Barra Velha Formation 1837

(encrustation, clotted microfabrics, and crinkly
microbial lamination), indicate that this environ-
ment was colonized by microbial communities
and experienced rapid silica precipitation.
Therefore, the composition and context of the
organic material in these structures are consis-
tent with an interpretation that category C struc-
tures also represent microfossils.

The unique preservation of category C structures
alongside hollow-walled microfossils may have
been the result of physiological or biochemical dif-
ferences across different organisms that inhabited
this environment. The dense spheres (Table 2)
have sizes which could be consistent with either
bacteria (e.g. Koch & Ehrenfeld, 1968; Demoulin
et al., 2019, and references therein) or eukaryotes
(Knoll, 2014). One possibility is that these struc-
tures represent eukaryotic algae or algal spores
whose physiology allowed for a greater degree of
organic preservation than the organic-walled
structures. Modern examples of highly recalcitrant
algae include various types of Chlorophyte algae,
some of which produce sporopollenin, an espe-
cially resistant polymer that coats the surfaces of
cells (Brooks & Shaw, 1978; Komaristaya & Gorbu-
lin, 2006). These structures also resemble various
fossils interpreted as unicellular algae. For exam-
ple, the tube-like surface fringe features of some
structures (for example, Type 5 in GDM S4 and
Type 1 in SPS S12) resemble Chlorophyte algal
fossils preserved by phosphate in the Dengying
Formation in China (Chai et al., 2022) and by chert
in the Rhynie Chert (Strullu-Derrien et al., 2021).
The fossil Chlorophyte algae preserved in the Rhy-
nie Chert also contain organic material in the
microfossil interior (Edwards & Lyon, 1983) like
the structures described here. Another possibility
is that these structures are especially recalcitrant
structures like small pollen grains, fungal spores
or plant spores which may also be coated in sporo-
pollenin (Li et al., 2018). Fossil plant spores are
preserved in the Rhynie Chert and have a dense
organic appearance and occasional internal struc-
ture and surface ornamentation preserved
(Cascales-Mifiana et al., 2022) similar to some of
the structures preserved in chert in the BVF.

The category D structures are also unique and
differ from classical microfossil morphologies.
Rather than either the organic walls or dense
organic spheres, these structures are packages of
organic nanospheres that individually are much
smaller than eukaryotic organisms and most bac-
teria. Two modern organisms have a similar
appearance to these structures. One is a type of
colonial cyanobacteria — Coelosphaerium - that
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form packages of cells ca 9 to 23 pm in diameter
that contain individual cyanobacterial cells ca 2
to 3 um in diameter (Godo et al., 2017). The other
is a single-celled, spherical, eukaryotic Volvoca-
cean algae which is characterized by clusters of
individual algal cells or larger cells that contain
nanoscopic differentiated somatic cells (Hall-
mann, 2006; Coleman, 2012) similar to category D
structures. Whether bacterial or eukaryotic, these
structures represent a morphotype that is distinct
from the category A to C structures and demon-
strate further microbial diversity.

Interestingly, plant fossils and most other com-
plex eukaryotes seem to be conspicuously absent
in the BVF. The exception are the rare category E
‘coffee bean’ structures, which are likely ostracod
fossils and closely resemble previously described
ostracod fossils present in other pre-salt deposits
(e.g. Vazquez-Garcia et al., 2021). If plants or
other complex eukaryotes (aside from ostracods)
did inhabit any microenvironments in the lake,
the processes that facilitated chert formation
would have likely preserved them similarly to the
preservation of a range of organisms seen in the
Rhynie Chert (Rice et al., 2002; Strullu-Derrien
et al., 2019). The absence of these types of fossils
in the chert boundstones or other facies suggests
that harsh conditions persisted in most environ-
ments in the lake throughout its evolution. The
presence of ostracods further supports an inter-
pretation of persisting harsh conditions in the
basin. Despite these potentially harsh conditions,
however, the chert-boundstone facies demon-
strate that a range of microorganisms (bacterial
and eukaryotic with potential algae and fungi)
thrived in at least some parts of the basin through-
out its evolution.

CONCLUSIONS

Chert-rich facies in the Brazilian margin of the
pre-salt basin provide new insights into
the complexity and evolution of the basin and the
microbial communities that inhabited it.
The textures, composition, grain/matrix boundary
relationships, and the lack of cross-cutting rela-
tionships between the chert and carbonate in
these rocks suggest that both carbonate and chert
formed via primary chemical precipitation before
burial and compaction. However, their formation
was temporally decoupled. The authors suggest
that these fossiliferous chert-rich facies formed
after subaerial exposure and karstification of the
primary carbonates that precipitated within the

alkaline lake. The textures and composition of the
chert suggest that it formed from a fluid distinct
from the alkaline lake water which was later
introduced after karstification of the carbonates.
This fluid was likely sourced from rivers or
groundwater and was characterized by neutral
pH, low temperatures, and elevated silica concen-
trations. This later fluid allowed for a change in
chemical conditions in microenvironments
which promoted the formation of chert rather
than carbonates and Mg-silicate clays. Together,
these observations reveal that the pre-salt basin
saw complex localized changes in water chemis-
try throughout its history as a result of changing
lake level and the introduction of chemically
diverse fluids. Through characterization of these
complexities and the chemistry of different fluid
sources and their relationships to lake level fluc-
tuations, a more complete understanding of the
history and evolution of the basin leading up to
the marine incursion recorded by the overlying
evaporite succession can be formed.

The preservation of primary organic material
and microfossils in the chert provide evidence that
a diverse microbiota thrived in at least some
microenvironments in the basin. The microbes
and simple eukaryotes preserved by chert may
represent communities already present in the lake,
communities that colonized the karst terrain, com-
munities introduced by the terrestrial source
fluids, or some combination of these. Addition-
ally, the notable absence of complex eukaryotic
fossils aside from ostracods in the fossiliferous
chert-boundstone facies point to persisting harsh
conditions of the basin. The notable difference in
preservation of organic material between chert
and carbonate facies and the reasons for this differ-
ence (related to taphonomy or habitability)
remains a mystery. However, based on the pres-
ence of microbes in at least some microenviron-
ments and the similarities in clotted microfabrics
in both chert and carbonate, the authors suggest
that the preferential preservation of primary
organic material in chert rather than carbonate
reflects taphonomic differences rather than differ-
ences in habitability of carbonate and chert precip-
itating environments. Further work is required to
characterize the reasons and mechanisms that
underpin these taphonomic differences.
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