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Asstract:  There is wide recognition of lacustrine sediments as excellent archives of a basin’s depositional history
due to their high sensitivity to environmental changes. Among them, microbial limestones are one of the most
valuable tools for paleoenvironmental reconstruction, because the biological agents responsible for their genesis
tend to respond to short-lived variations of the depositional setting creating specific precipitation patterns. We
here document and investigate the sedimentary features of a specific sedimentary layer, remarkable by the
extraordinary lateral continuity of its textural attributes over kilometer distances. This marker horizon occurs
among the first carbonate layers of the Crato Member (Aptian, Araripe Basin, NE Brazil), commonly assigned a
paleolacustrine system. We build on a multiscale comparative analysis (mesoscale, microscale, and chemical) to
outline the main processes and paleoenvironmental settings that prompted this interval’s widespread and
laterally nearly uniform deposition. A lamination pattern identified in different well cores was scrutinized and
compared, and shows striking lateral continuity attesting to autochthonous biologically induced mineralization
as the primary mechanism of the formation of the microbialites. Compositional and stable-isotope results also
show similar trends throughout the well cores, where minor differences represent the influence of local
processes.

The studied interval encompasses the relatively swift transition of organic shales rich in ostracod valves to planar
stromatolites, where both developed in the anoxic benthonic zone of a freshwater lake. The precipitation of the overlying
thinly laminated limestones is related to a change in the carbonate genetic mechanism as a response to a more stable
lacustrine stratification. The widespread formation of microbialites preserving an almost identical textural pattern must
be related to a regional event, constituting a rare example of a preserved ancient biostrome. Moreover, the investigation
of this sedimentary layer can further contribute to determining the roles of different biotic and abiotic processes in
microbialite precipitation over large areas.

INTRODUCTION environmental conditions, eventually leading to the formation of microbialites
(Platt and Wright 1991; Arp et al. 2003; Dupraz et al. 2004; Glunk et al.

Lacustrine sediments can be high-resolution archives of the environmental 2011: De Mott et al. 2020).

history of a basin, including its physical, biological, and chemical changes

(Kelts and Talbot 1990). These deposits commonly preserve original sedi-
mentary textures and isotopic records, often allowing precise recons-
tructions of the environmental settings (e.g., Kelts and Talbot 1990;
Lamb et al. 2007; Doebbert et al. 2014; Baddouh et al. 2017; Letteron
et al. 2017). Even though many lakes precipitate carbonates at some
point in their depositional history, distinct carbonate facies can express
subtle changes in dynamic environmental settings. Organomineralization
(Trichet and Défarge 1995) has also been cited as having a significant
role in the precipitation of carbonates in lacustrine settings, especially
in the nearshore zones, by the interactions of microbial metabolism and
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Because the genesis of microbialites is directly related to environmental
settings, they can be valuable tools for paleolimnological reconstructions (e.g.,
Hillaire-Marcel and Casanova 1987; Talbot 1990; Casanova and Hillaire-
Marcel 1993; Arenas et al. 1997; Cohen et al. 1997; Martin-Bello et al. 2019),
recording in distinct scales of observation, lake-level fluctuations, paleo-
hydrology, and water chemistry changes. However, although the generating
processes of microbialites are exhaustively investigated (see Riding 2000;
Dupraz et al. 2009), studies regarding sub-meter-scale correlations on ancient
microbialites in marine or nonmarine environments are relatively scarce (e.g.,
Ibarra and Corsetti 2016; Bunevich et al. 2017; Martin-Bello et al. 2019).
Moreover, the formation of microbialite fields where their textural attributes are
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directly correlatable seems to be an unusual event, with very few documented
occurrences throughout geologic history (e.g., Choudhuri et al. 2016; Ibarra
and Corsetti 2016).

The Aptian Crato Member (Santana Formation) of the Araripe Basin is
considered an excellent example of a mixed siliciclastic—carbonate paleolake,
known chiefly for its outcrops of fine-grained laminated limestones bearing
well-preserved fossiliferous content, which has received considerable attention
over the last few decades (e.g., Grimaldi 1990; Carvalho and Viana 1993;
Mohr and Eklund 2003; Makarkin and Menon 2005; Martill et al. 2007a;
Béez et al. 2009; Figueiredo and Kellner 2009; Carvalho et al. 2019; Varejao
et al. 2019; Ribeiro et al. 2021), being recognized as a Konservat-Lagerstitte.
However, the main characteristics of the depositional environment of this
lithostratigraphic unit are still a matter of debate. Multiple sedimentary models
have been proposed based on studies which suggest different degrees of
salinity of the lake waters (Mabesoone and Tinoco 1973; Neumann 1999;
Martill et al. 2007b; Varejdo et al. 2019), where a connection with seawater at
some stage is proposed (Santos 1982; Arai 1999; Martill 2007; Varejao et al.
2021; Ribeiro et al. 2021). More recently, debates concerning the influence of
microbial mediation on the precipitation of the Crato Member limestones have
also flourished (Heimhofer et al. 2010; Catto et al. 2016; Warren et al. 2017).

The present study documents a specific laminae succession, initially
distinguished by its remarkable textural similarity in far-distant sites of the
Araripe Basin. Detailed multiscale characterization and geochemical analysis
were employed to investigate the processes and the paleoenvironmental
conditions that triggered its widespread and laterally highly uniform
deposition. Our results provide new insights into how regional and local
sedimentary controls affected the precipitation of this extensive microbialite
field, helping to elucidate the development of this kind of feature over large
areas in a relatively short period. Additionally, due to the recognition of the
deposition of this stratum as a response to a unique and basin-wide geologic
event, we here assign the studied interval as a new marker horizon of the
Araripe Basin.

GEOLOGICAL SETTING
Structural Framework

The Araripe Basin covers an area of nearly 9000 km?, and is the largest
with the best preserved stratigraphic record of all the interior basins of
northeastern Brazil (Fig. 1). Its genesis is related to the rupture of the
Gondwana paleocontinent and the opening of the South Atlantic Ocean, a
process initiated in the Barremian with lithospheric stretching, which
reached its climax during the Aptian (Matos 1992, 2000). At least in its
initial formation stages, the Araripe Basin can be classified as a pull-apart
basin with a complex structural framework (Silva 1983, Miranda et al.
2014). It is located in the Transversal Zone of the Borborema Province
and is bounded by the Patos and Pernambuco shear zones, with an E-W
trend. Also, many NE-SW-trending faults inherited from Borborema
Province Proterozoic structures affect the basin (Brito-Neves 1990; Ponte
and Ponte Filho 1996), contributing to an architecture based on half-
grabens and horsts observed by Ponte and Ponte Filho (1996) and later
verified by aeromagnetic surveillance (Camacho and Sousa 2017; Aratjo
et al. 2019).

Stratigraphy and Marker Horizons of the Araripe Basin

Four sequences constitute the stratigraphic record of the Araripe Basin
(Assine 2007). The lowermost stratigraphic sequence was deposited in the
Paleozoic (Devonian—Silurian) and is composed of the fluvial sandstones
of the Mauriti Formation. The Jurassic lacustrine and fluvial deposits of
the Brejo Santo and Missdo Velha Formations overlie the Paleozoic
sediments and compose the pre-rift sequence. The presence of a new
unconformity (based on ostracod content) marks the deposition of the rift

supersequence, which consists in fluvial to lacustrine strata of the Abaiara
Formation and was deposited during Berriasian and Hauterivian ages. Two
sequences compose the basin’s post-rift phase sedimentary stacking. The
post-rift I sequence, which is of Aptian age and caps the underlying sequence
in angular unconformity, is formed by the fluvial to lacustrine Rio da
Batateira Formation (sensu Ponte and Appi 1990) and the more complex
Santana Formation, described in the following paragraph. Capping the
basin sedimentary infill, the post-rift II sequence is represented by
Araripina (sensu Assine 2007) and Exu formations, with deposition
attributed to the Albian and Albian—Cenomanian ages, respectively. This
fossiliferous-content dating, however, is still controversial (Regali 2001;
Martill et al. 2021).

The Santana Formation (Beurlen 1962) has the most varied lithostratigraphic
record of the Araripe Basin, reflecting the evolution of distinct depositional
environments: from freshwater to a brackish lacustrine system, represented by
the Crato Member, composed mainly of the interdigitation of lutites, laminated
limestones, and sandstones (Neumann 1999; Heimhofer et al. 2010); following
was the onset of a sabkha lake, with precipitation of gypsum and anhydrite
layers that chiefly constitutes the Ipubi Member (Silva 1988; Bobco et al. 2017,
Duarte and Borghi 2018); next, a shallow marine system with two transgressive
to regressive cycles covered the basin, represented by the Romualdo Member,
which is composed of marls, shales, sandstones, and coquina beds (Mabesoone
and Tinoco 1973; Custddio et al. 2017; Kroth et al. 2021).

Stratigraphic horizons, eventually formalized as lithostratigraphic units,
have more than once been recognized in the Aptian sedimentary record of
the Araripe Basin. Being an easily discernible shale to nodular limestones
layer among the sandstones of the Rio da Batateira Formation, the Fundao
Member (Hashimoto et al. 1987; Rios-Netto et al. 2012) is the first
horizon documented and marks the onset of an extensive lacustrine system
in the basin (Chagas et al. 2007; Rios-Netto et al. 2012; Fambrini et al.
2016). Recently, Varejao et al. (2020) proposed a new unit in the Crato
Member based on lithologic and paleontologic similarities seen in four
kilometrically distant sites in the east of the Araripe Basin. The so-called
Caldas Bed is positioned right above the first package of laminated
limestones of the Crato Member, related to a transition from a hypersaline
lake to a freshwater system (Varejdo et al. 2020, 2021).

MATERIAL AND METHODS

The initial recognition of the studied interval was possible through the
analysis of photographic archives and rock descriptions of well cores
(1PS-09-CE and 1PS-11-CE, from now on called “PS9” and “PS11,”
respectively) drilled by CPRM (Geological Survey of Brazil: Santana
Project II; Scheid et al. 1978). The identification of a distinct and
correlatable lamination pattern among the first-deposited limestones of the
Crato Member was possible based on this material. This specific structure
is also observed in the outcrops of the Batateira Creek, positioned around
the same stratigraphic level (topographic level of 550-600 m; see Fig. 1).
Seeking to recover a weathering-unscathed sample of this rock stratum, a
short (2.07 m) well core was obtained directly from a limestones outcrop
in the Cascata region, on the outskirts of the Crato municipality (Fig. 2).
This new core (2-CH-1-CE, here referred to as the “CH core”) is
equivalent to the 86.6-88.9 m range of the Rio da Batateira section
represented in Figure 3.

A new well core (2-AB-1-CE, here referred to as the “AB core”) was
acquired in the Serra da Mdozinha region, a local inselberg. The AB well
core recovered over 420 m of continuous record and comprises all the
documented lithostratigraphic units of the post-rift sequences. The target
layer occurs in this well core between depths 201.5 and 202 m.

The sedimentary attributes of the Crato Member were described in a high-
resolution scale (1:40) considering attributes like grain size, sedimentary
structures, fossil content, and rock color (based on Munsell Color (Firm)
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2009) in those four locations as mentioned earlier, all in the eastern region of
the Araripe Basin.

Twenty-two samples were collected in the AB and CH cores for
petrographic investigation of the interval encompassing the transition between
organic shales, nodular limestones, and thinly laminated limestones. Also, a
thin section located in the aimed interval (136.30 m) of PS11 core was
recovered from the lithologic archive of the Sedimentary Geology Laboratory,
Federal University of Rio de Janeiro (LAGESED-UFRIJ). The thin sections
were prepared and impregnated with blue epoxy resin. All the samples were
described and photographed using a Zeiss Imager A1 microscope.

Semiquantitative estimation of the composition of the studied interval was
possible using an XRF handheld analyzer (Delta Premium analyzer from
Olympus Innov-X). Portable XRF devices provide fast, nondestructive, and
reliable means to measure the relative variations of major elements in

FiG. 2.—Overview of Batateira Creek at the
laminated limestone outcrops at the Cascata
location, with “X” marking the exact spot where
the CH core was drilled.

carbonate rocks, as long as the necessary calibrations are taken (Sinneasel
et al. 2018). Also, since the studied samples come from well cores, the
possible effects of weathering on the composition of these deposits can be
ignored (Quye-Sawyer et al. 2015).

The instrument uses energy-dispersive X-ray fluorescence technology
and is equipped with a Rh anode (maximum parameters: 50 kV, 100 A, 4
W) and a 10 mm? X-Flash® Silicon Drift Detector (SDD). The limits of
detection (in ppm) for the analyzed elements are: Ca (15), Si (200), S (45),
Fe (5), Mn (5), Sr (1), Al (350), P (40), K (20), and Pb (2) (Olympus
VANTA). The limits of detection represent the calculated value using a
three-sigma 99.7% confidence level. The average standard error found for
the elements is < 0.01 for S, K, P, and Sr and < 0.06 for Si, Ca, Mg, and
Fe. We obtained seventy readings from the CH core and 51 from the AB
core, with a maximum distance of 3 cm from each other and 120 s reading
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time for each target spot. Data management, analysis, and representation
were performed using Pandas and Matplotlib libraries for Python 3.7
(Hunter 2007; The Pandas Development Team 2020).

Eight carbonate powder samples from each AB and CH cores were
sent to the LES laboratory of the University of Sao Paulo (USP) for
carbon and oxygen stable isotopes analysis. A DELTA V Advantage mass
spectrometer (equipped with a Gas Bench II Thermo) was calibrated
using the NBS18 and NBS19 standards. Results on carbon and oxygen
stable isotopes are expressed by a conventional notation relative to the
Vienna Pee-Dee Belemnite (VPDB) standard, with a precision of 0.05%o
for 8'°C and 0.07%o for 8'*0. In addition, previously published carbon
and oxygen isotopic data were compiled (data from Neumann 1999 and
Rodrigues 2015) from samples collected at the same studied interval in
the PS11 core for comparison purposes.

RESULTS

Mesoscale and Microscale Characterization

Three distinct lithotypes compose the studied interval, where the ~ 0.4 m-
length nodular limestone is the most easily recognizable. These nodular
limestones directly overlie a thinner (~ 0.1 m) layer of organic shales (Fig. 4)
and are overlain by a thicker (about 3 m in the AB core) layer of thinly
laminated limestones. Description and comparison of the defined basal
boundary (P0) and nine overlying laminasets (A to I; sensu Campbell 1967)
of the AB and CH cores and photographic records of the PS09 and PS11
cores (in Scheid et al. 1978) allowed a high-resolution correlation between the
samples (Fig. 4). Figures 5 and 6 contain a visual summary of the overall
characteristics of the studied interval in mesoscale and microscale.

The term “nodular texture” refers to the texture of some carbonates that,
when observed in mesoscale (hand sample), are composed of multiple
rounded to irregularly shaped nodules associated with a wrinkly irregular
lamination, as seen in the laminasets B to F. For these same nodules, in
microscale, we adopt the term “clot,” which gives the “clotted fabric” (see
Riding 2000; also referred to as “structure grumeleuse” by Cayeux 1935),
which is characterized by containing visible microcrystalline peloids,
among other particles, surrounded by microcrystalline calcite. This
nomenclature is here adopted to avoid misunderstandings with the term
“mesoclots,” proposed by Shapiro (2000) and commonly related to
nonlaminated thrombolites.

P0.—A millimetric horizon (here named P0) marks the lower boundary of
the studied interval. It is characterized by what seems, in mesoscale, an
abundance of lamination-oriented, slightly elongated carbonate nodules. A
microscopic investigation reveals that the clots are either irregular or spherical
to ellipsoidal and range in size from 0.2 to 2 mm, with composition given
mainly by microcrystalline calcite but with significant pyritization. It is also
possible to observe spherulitic calcite aggregates inside some clots. Besides,
these clots can coalesce to the point of forming laminae or be isolated from
each other in the dark organic matrix (Fig. 7A).

Laminaset A.—This comprises most of the lithotype here described as
organic shale. It consists of black-to-brown, organic matter-rich matrix and
typically disarticulated, flattened ostracod valves, often concentrated to form
horizontal lenses (Fig. 7B). Ellipsoidal to spherical centimetric to millimetric
nodules also occur less commonly in the interval, with its components
occasionally displaying diagenetic calcite with spherulitic extinction (Fig. 7C).
The laminaset gets darker towards its base, finally reaching PO.

Laminaset B.—Intercalation of relatively thick light calcitic (about 2 to
4 mm) and dark organic laminae (about 1 to 2 mm) in a wrinkly pattern is
the main attribute of Laminaset B. The ubiquitous dark laminae of the
studied interval are of organic origin (bacterial strands) as evidenced in

Figure 8A and B. Clotted fabric defines the calcitic laminae (Fig. 7D),
where it is possible to discriminate distinct components inside the clots
like peloids and calcitic spheroids (Fig. 8C, D). Also notable is a sinuous
arrangement inside some intraclasts, with a possible origin related to
cementation adjacent to bacterial filaments. Often, millimetric, irregularly
shaped intraclasts composed uniquely of spherulitic calcite appear in this
laminaset, usually associated with the dark organic laminae. These organic
laminae also contain disarticulated ostracod valves, like those seen in
Laminaset A. Centimetric spherical intraclasts occasionally enclose phosphatic
organic remains (probably fish bones) and are likely to be more likely to appear
in this laminaset (Fig. 7E). Features related to dissolution, cementation, and
replacement by chalcedony, microcrystalline silica, and macrocrystalline calcite
are apparent in this laminaset in both teh CH and AB cores, where either the
calcitic laminae and the interior of the articulated ostracod valves are affected.
Additionally, it is often possible to find centimetric carbonized plant remains in
this laminaset.

Two laminae composed of peloids and ostracod valves separated by
centimeters from each other are a key marker at the base of Laminaset B,
clearly visible in both the CH and AB cores (Fig. 7F).

Laminaset C.—The nodular limestones of Laminaset C are distinguishable
in mesoscale by abrupt dark organic laminae thinning when compared with
the adjacent laminasets, with also clot-coalesced laminae where cementation
and/or replacement is often observable. The features related to dissolution,
cementation, and replacement by chalcedony, microcrystalline silica, and
macrocrystalline calcite observed in Laminaset B are also present in this
laminaset (Fig. 7G, H).

Laminaset D.—Intercalation of nodular and thinly laminated fabrics,
outlined by dark organic laminae with variable thickness, are the most
prominent features of Laminaset D in mesoscale. The thin carbonate
laminae are, in fact, continuous and represent sub-sets marked by clot-
coalesced fabrics, with recurrent-thickness laminae (about 1 mm) (Fig.
9A). Well-defined, individualized clots occur at the bottom and top of this
laminaset. Clots composed entirely of calcite spherulites also appear
associated with the bottom most dark organic laminae near the boundary
with Laminaset C.

Laminaset E.—Laminaset E can be characterized in mesoscale as an
interval of nearly 10 mm consisting of limestones with an almost incipient
lamination. Petrographic analysis reveals that it is composed of thin,
presumably clot-coalesced laminae similar to the ones seen in Laminaset
D, where here they generally have a greater thickness and no defined
pattern (Fig. 9B). Dark organic laminae are indeed very thin and
sometimes discontinuous. Ostracod valves are also relatively abundant in
this laminaset, as they occur predominantly disarticulated. Rare irregular
nodules composed of spherulites may also be present.

Laminaset F.—The main textural feature of Laminaset F is its nodular
fabric, where subtle changes are noticeable. The most recognizable
microscale characteristics of this laminaset are: 1) laminae dominated by
well-defined clots, 2) nearly planar clot-coalesced laminae, and 3) dark
organic laminae with variable thicknesses (Fig. 9C). Inside many clots, a
sinuous arrangement is also observable (Fig. 9D), which is tentatively
related to bacterial filaments (see Discussion). The presence of clots
composed solely of calcitic spheroids, a recurrent feature of the whole
studied interval, is much more common in this laminaset (Fig. 9E).
Bedding-parallel fibrous veins (beef structures), which are commonly
related to fluid overpressure (Cobbold et al. 2013), are often present
towards the top of this laminaset in the AB core (Fig. 9F). This feature is
nearly absent in the CH and PS11 cores, representing post depositional
differences between the rock records. The upper boundary of this
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FiG. 4—Comparison of the studied interval, with its respective depth in different well cores, featuring the laminasets defined here. Photographs of the PS09 and PS11
cores are reproduced from Scheid et al. (1978).
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FiG. 5.—Mesoscale and microscale characterization of the laminasets E to I. Lst, Laminaset. /P, uncrossed polarizers; XP, crossed polarizers.
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Fic. 6.—Mesoscale and microscale characterization of the laminasets PO to D. (Lst, Laminaset; /P, uncrossed polarizers; XP, crossed polarizers).
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Fic. 7.—Photomicrographs of laminasets (Lst) features. A) PO, contact between the organic shale and calcitic clotted laminae; restricted, yet intense pyritization affects
either calcitic laminae and the spheroidal clot in the center of the image, where spherulites can also be observed (XP). B) Lst A, organic shale with abundant flattened and
disarticulated ostracod valves (//P). C) Lst A, diagenetic nodule inserted in an organic matrix mainly composed of spherulites (XP). D) Lst B, clotted fabric of calcite
laminae (/P). E) Lst B, spheroidal intraclast containing calcitic to phosphatic material possibly related to fish bones (//P). F) Lst B, peloidal calcitic lamina, with sparse
ostracod valves (//P). G) Lst C, peloidal calcitic lamina with local substitution by silica, as indicated by the yellow arrows (XP). H) Lst C, peloidal to microcrystalline—
cryptocrystalline calcitic lamina with pores filled by macrocrystalline calcite indicated by the yellow arrows (//P).
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o

Fic. 8.—A, C) Transmitted white light and B, D) fluorescence mode images of calcitic clots and dark laminae of Laminaset B. The ubiquitous dark laminae of the
studied interval, like the ones seen in Parts A and C, are of organic origin (bacterial strands), as evidenced in Part B. Also, as further outlined in Parts C and D, peloids

(Pel) and calcitic spheroids (Msph) are common constituents of clots.

laminaset also marks the end of deposition of the continuous nodular
limestones.

Laminaset G.—Laminaset G, the first of the thinly laminated
limestones, occurs with an abrupt contact with the underlying laminaset,
often marked by slumps or loop beddings (Bates and Jackson 1980;
Calvo et al. 1998). This laminaset shows considerable thickness
variations between the AB and CH cores (13 and 23 cm, respectively),
with the occasional occurrence of prominent dark organic laminae in the
AB core. Petrographic investigation provides evidence that these thinly
laminated limestones are mudstones with rhythmic alternation with
crystallinity differences and an association with organic matter, evident
by the lighter and darker colors of the laminae. Isolated, nearly
ellipsoidal clots occur sparsely, commonly deforming the lamination.
Thick (1 to 2 mm) isolated dark organic laminae may also appear.

Laminaset H.—The appearance of an aligned-nodules-rich, dark
organic lamina marks the transition between the laminasets G and H (Fig.
9G). Laminaset H is composed mainly of thinly laminated limestones,
with the aforementioned nodular lamina being the first of a triplet. These

three nodule-rich laminae correspond to narrow reappearances of the
clotted fabric characteristics of laminasets C to F (Fig. 5).

Laminaset I.—The most remarkable aspect of the thinly laminated
Laminaset I is the moderate to intense deformation of its laminae by soft-
sediment deformation structures (SSDS), represented by slumps and loop
beddings (Figs. 5, 9H). Also, this mudstone exhibits the same rhythmic
lamination created by differences in crystallinity and the presence of
organic matter described for Laminaset G.

Compositional Analysis

Ten time series were selected based on abundance in the studied cores and
relevance to environmental settings. These pXRF time series include Ca, Si, S,
Fe, Mn, Sr, Al, P, K, and Pb, representing typical lake sediments, where the first
five listed together sum up nearly 98% of total detectable rock composition
along both cores. Also, these elements are useful as proxies for processes that
affect the depositional setting, like detrital input, lake water oxygenation, and
biological production in lakes and other environments (Cohen 2003; Davies
et al. 2015; Herndon et al. 2018). Figure 10 illustrates the variations of element
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Fi6. 9.—Photomicrographs of laminasets (Lst) features. A) Lst D, interface between underlying peloidal laminae and overlying clotted laminae (XP). B) Lst E, nearly
indistinguishable clot-coalesced laminae with sparse disarticulated ostracod valves (XP). C) Lst F, intercalation of well-defined clots associated with dark organic laminae
and clot-coalesced laminae (XP). D) Lst F, observable inferred subvertical filament molds, indicated by yellow arrows, inside a clot (XP). E) Lst F, clot composed mainly
of calcitic spheroids (XP). F) Lst F, macrocrystalline calcite lens following the general orientation of the limestone (XP). G) Lst H, one of the clotted laminae marks the
limit of the laminasets G and H (XP). H) Lst I, soft-sediment deformation in mudstone (//P).
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Fi. 10.—Compositional and isotopic variation logs of the AB and CH cores

concentrations (expressed by log curves) and correlation matrices for each
analyzed core.

The first observable aspect of the compositional analysis of the studied
interval is the predictable negative correlation between the Ca and Si logs,
reflecting mainly the lithologic difference between limestones and shales.
Nonetheless, positive peaks of Si in Laminaset B of both cores are also
observable, as a the Ca increase and Si decrease in the transition between
nodular limestones and laminated limestones in the CH core.

Aluminum contents are moderately correlated with Si in both cores,
following a decreasing-upward trend and roughly finding its peaks in the

in the study interval, with the respective compositional Pearson correlation matrices.

same heights of the Si log. However, despite showing strong, nearly
identical correlations with Al in both cores, the K contents do not suggest
any correlation with Si. Still, the Al logs also tend to express strong
positive correlations with Fe and S.

The sulfur contents in both cores find their highest values in the organic
shales of Laminaset A, with a more or less evident decreasing trend towards the
top of the studied interval. Fe contents are positively correlatable with S, which
is probably related to the observed widespread pyritization of the original
components throughout the interval. It is also noteworthy that the Fe quantities
in the AB core show much more variation than that seen in the CH core. This
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FiG. 11.—Plot of 8'°C and 8'%0 of the study interval in the CH, AB, and PS11
cores, with lithotype discrimination. TIL, thinly laminated limestones; NL, nodular
limestones; OSh, organic shales.

phenomenon is also observed in the analysis of Mn quantities of both cores,
although no clear correlation is observable between Fe and Mn in the studied
interval. On the other hand, Mn concentration logs again seem to be in a good
correlation with the Ca variations in the AB core, indicating the presence of this
element in calcites, commonly as a replacement of Ca.

Pb shows moderate to high correlations with Fe and S and is probably
related to the content of this element in pyrite crystals, with a highly
erratic behavior throughout the studied interval in both cores.

It is noticeable that P contents tend to be higher in the bottom organic shales,
with a pronounced decrease throughout the overlying limestones. A strong
correlation (0.87) of this element with Fe is attestable in the AB core. Strontium
finds its highest values, both in AB and CH cores, in the organic shales of
Laminaset A, showing a strong positive correlation with K in the AB core.

Stable-Isotope Analysis

Light values of 3'*C and 3'®0 are predominant throughout both the AB
and CH cores, with different degrees of variability for each stable-isotope
ratio investigated (Fig. 10).

In both cores, the 8'*C shows marked variability, with values ranging
between —8.45 and 0.46%o in the CH core and between —7.30 and —0.19%o
in the AB core. It is also possible to observe a substantial decrease in the
8'3C values at the point that would correspond to the lower half of the
nodular-limestone interval (between laminasets B and E), where its
minimum marks are reached. The 8'>C values increase upwards, reaching
more positive marks at the top of the studied interval within the thinly
laminated limestones (Fig. 10).

The "0 values present less variability, ranging between —6.60 and —3.73%o
in the CH core and —6.91 and —4.95% in the AB core. The 3'®0 more positive
values correspond to the samples where the 3'>C lowest values are observed,
with a slight decrease upward in both cores.

Already published stable-isotope data (from Neumann 1999 and Rodrigues
2015) of five samples collected in the nodular limestones and adjacent thinly
laminated limestones of the PS11 core are constrained in similar ranges, with
3'3C values between —7.20 and —0.06%o and 3'%0 values between —6.78 and —
5.10%o. In this dataset, it is again observable that the 3'C values seem related
to the lithotypes, with the highest observed value corresponding to the sample
collected among the thinly laminated limestones. Figure 11 presents a cross
plot including the values of 8'>C and 8'®0 of all studied cores, where the
relation of lithotype and 8">C values are readily observable.

DISCUSSION
Microbial Nature of Nodular Limestones and Diagenetic Alterations

Neumann et al. (2003) suggested a microbially related origin for a part or
all of the Crato Member limestones. More recently, Catto et al. (2016)
reported the existence of several attributes of these rocks that confirm this
hypothesis. Either in thinly laminated or in nodular limestones, remnants of
calcified microstructures, like honeycombs and spheroids, are related to
exopolymeric substances (EPS), coccoidal and filamentous bacteria, indicating
organomineralization (Catto et al. 2016). Also, the contribution of microbial
mats to the preservation of the fossil content has been the focus of many
studies (Barling et al. 2015; 2020; Osés et al. 2016; Varejao et al. 2019; Dias
and Carvalho 2020; Iniesto et al. 2021). However, the spatial distribution of
these rocks, either vertically or horizontally, is somewhat poorly explored
because most of the previous studies are based on samples of few outcrops and
well cores, generally restricted to specific intervals and located primarily in the
restricted quarry areas of the Araripe Basin.

The nodular fabric, present in laminasets B to F, with rhythmic
intercalation of clotted and dark organic (bacterial strands) laminae, is the
most readily recognizable attribute of the studied interval and is a common
feature related to EPS calcification (Riding 2000; Arp et al. 2003; Dupraz
et al. 2004; Riding and Tomas 2006). Based on this textural pattern and
the relative scarcity of allochthonous grains in the calcitic laminae, we
suggest that in situ CaCOs precipitation is the most likable process for the
formation of the nodular limestones of the study interval.

Calcified remnants of filaments (given by the sinuous and subvertical
arrangements observed in some clots, very much like the ones presented
by Maisano et al. 2020 in modern microbial mats) and calcitic spheroids,
probably related to coccoid cyanobacterial communities such as those
described by Perri and Spadafora (2011), were identified. These features
indicate an early process of mineralization affecting the bacterial bodies
and promoting their fossilization, a process attributed to SRB mediation of
carbonate precipitation (van Lith et al. 2003). Conversely, other original
components of the microbial communities may also be fossilized by the
early calcification process, resulting in different textures. For example, a
very similar relationship exists between the clot-coalesced laminae of
Laminaset E and the mid-water bacterial mats preserved in black shales
described by Oschmann (2000). It is also noteworthy that the occasional
alternation of different types of clotted fabrics (e.g., laminae composed of
well-defined clots vs. nearly planar clot-coalesced laminae of Laminaset F;
see Fig. 9C) may be directly related to the episodic variation of carbonate
precipitation mechanisms (i.e., autochthonous precipitation vs. trapping
and binding) and distinct microbial communities original arrangements,
where cyanobacterial metabolism could also trigger the main budget of
CaCOs; precipitation (Perri et al. 2012; Suarez-Gonzalez et al. 2014).
However, more studies are needed to precisely identify the main bacterial
agents involved in the precipitation of each laminaset.

The diagenetic overprints in the studied interval predominantly suggest
eodiagenetic conditions. In this sense, it is also noteworthy that most
microbial processes related to carbonate lithification are considered part of
the modifications of the “eodiagenetic realm” as the first postdepositional
crystals are forming (Armenteros 2010; De Boever et al. 2017).

Accordingly, the most common features associated with diagenesis in
the studied interval are: 1) calcite lithification and cementation through
biomediated processes (Arp et al. 2003; Dupraz et al. 2004; Armenteros
2010), 2) scattered occurrence of framboidal microcrystalline pyrites,
randomly replacing components in both organic shales and nodular
limestones, associated with reducing conditions and presumably related to
interactions sulfate-reducing bacteria with organic matter (Berner 1985;
Dupraz et al. 2004; Duverger et al. 2020), 3) localized dissolution of peloids
and cementation as macrocrystalline calcite, and 4) sparse silicification of
localized clots (in laminasets B and C), which can be related to silicic acid-
binding on microbial surfaces (Renaut et al. 1998; Bustillo 2010).
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Fic. 12.—Simplified depositional model of the
lithotypes that constitute the studied interval. I)
Organic-shale deposition with a large contribution
of organic matter and disarticulated ostracod
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Finally, the nearly parallel, well-defined lamination and the proven benthic
microbial deposition allow classification of the microbialites of the study interval
as stratiform, peloidal stromatolites (Kalkowsky 1908; Riding 1999; Fliigel 2010).

The apparent abrupt shift that marks the end of stromatolite development
and the onset of deposition of thinly laminated limestone can also represent a
change in the lake’s main processes of CaCO; precipitation. Instead of
precipitation directly conditioned by the metabolism of bacteria which
constitutes microbial mats present in the lake substrate, the formation of
calcite microcrystals that make up the laminated limestones is considered to
have occurred in the pelagic zone, with planar lamination dictated by seasonal
controls (“whiting” events; Kelts and Hsii 1978). Biological influence would
still be present in carbonate precipitation but would be related to planktonic
activity, a hypothesis also raised by Heimhofer et al. (2010).

Paleoenvironmental and Paleodepositional Insights

Petrographic and geochemical data of both well cores indicate variations
among the three analyzed lithotypes, reflecting changes in paleoenvironmental
and genetic processes during their deposition.

Organic-matter deposition

prevalent. II) Biologically induced mineralization
(organomineralization) of stromatolites under
anoxic conditions and with lower rates of water
input. III) Deposition of laminated limestones
from the precipitation of calcite crystals formed in
the epilimnion of a stratified lake.

Organic shales are the first deposited lithotype of the studied succession.
Besides the presumably high contents of organic matter, an abundance of
disarticulated ostracod valves and sparse carbonate intraclasts are also
observable. Enrichment and preservation of organic matter are commonly
related to high primary production allied to dysoxic to anoxic environments,
where the rate of organic-matter accumulation must be higher than the rate of
the combined effects of decay by microbes and dilution by clastic and
carbonate sediments (Bohacs et al. 2000; Renaut and Gierlowski-Kordesch
2010). As long as the source of organic matter may be autogenic, allogenic, or
a combination of both, the centimetric plant fragments found in both cores give
evidence that allogenic contribution was present, but it is inferable that the
lithotype also had autogenic organic-matter precipitation. The existence of an
anoxic bottom, limiting scavenging and the activity of bacterial respiration,
favors the preservation of organic matter (Bohacs et al. 2000).

In both studied cores, it is observed that the relative increase in the peaks of
phosphorus correspond to specific laminae of the organic shales immediately
below the first nodular limestones. Weathering of phosphate-bearing igneous
and sedimentary rocks is the primary source of phosphorus in lakes (Cohen
2003). Its cycle includes delivery from the catchment, storage in the
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sediments, and release during anoxic conditions (Corella et al. 2012; Evans
et al. 2019), where microbial activity can strongly affect the latter process
(Cohen 2003). Therefore, the observed P increases in organic shales suggest a
pronounced anoxic setting at least in the bottom waters of the paleolake.

Also, redox transformations govern the chemistry of Fe and Mn in oxic
and anoxic waters and sediments, providing information about changing
redox conditions in lakes (Davison 1993). Under reducing conditions, Fe
and Mn become more soluble, Mn more easily than Fe (Mackereth 1966;
Boyle 2001). As such, an increase in the relative quantity of Fe concerning
Mn indicate the onset of anaerobic conditions of bottom lake waters of a
stratified lake or deoxygenation derived from organic decay following
enhanced biological productivity (Davies et al. 2015). In the AB and CH
cores, the contents of Fe are much higher than Mn, and no correlation
between them is observable. Thus, the values of the Fe/Mn ratio would be
higher on the interval comprised by the organic shales (PO to Laminaset
A), pointing to less oxygenated conditions during the deposition of this
lithotype.

The poor oxygenation of the lake bottom would also present a
hostile environment for most ostracod species, which is not consistent
with a large number of valves in this interval. The abundance of
ostracods indicates an ostracod bloom, which probably occurred in
shallow freshwater with a sudden high nutrient enrichment (Kelts
1988; El Hajj et al. 2021). Nonetheless, this same high nutrient influx
would also promote algal or cyanobacterial blooms, which produce
lethal toxins and may initiate a mass mortality event (El Hajj et al.
2021). Slow compaction would later promote the disarticulation of the
deposited carapaces.

The existence of an environment where ostracods could thrive and even
bloom suggests that the waters of the lake were already stratified or beginning
to stratify at the time of deposition of the organic shales. However, input of
water and detrital sediment, evident by the enrichment of Si, K, and Al and
depletion of Ca, would contribute to lake water mixing at this stage. Finally, it
is possible to affirm that more humid conditions prevailed in the environment
during the deposition of this lithotype, where the paleolake likely received
regular fluvial input. This is evident both from the siliciclastic contribution
and the aforementioned higher quantity of terrestrial plant fragments.

The deposition of nodular limestones (planar stromatolites) followed the
sedimentation of organic shales. The negligible siliciclastic input observed
in both nodular and thinly laminated limestones suggests that carbonate
precipitation took place in a closed to semi-closed lake characterized by a
predominantly arid climate, although occasional rainfall events occurred. The
chemical composition of these limestones also reflects the deposition in this
environment. Calcium has both allochthonous (erosional) and autochthonous
(in situ precipitation) sources (Cohen 2003), where source predominance can
be deduced by its relationship with strontium (e.g., Kylander et al. 2011;
Davies et al. 2015; Evans et al. 2019). The lack of correlation of Ca with Sr
and the positive correlations of Sr and typically allogenically derived elements
(K and Al) throughout the carbonates corroborates that autochthonous
precipitation was the principal process involved in the formation of the
nodular and thinly laminated limestones, with little detrital influence.

Variations of S and Fe, with a positive correlation between these two
elements in the analyzed cores, can be associated with the observed
early diagenetic framboidal pyrite microcrystals, which replace calcite
microcrystals and organic matter in the stromatolites. The formation of
microcrystalline framboidal pyrites can be related to high sulfide
production as a result of low O, contents and high bacterial sulfate-
reduction rates in the benthic zone of the paleolake, which would favor
porewater FeS saturation, leading to the formation of framboidal pyrite
during the first stages of diagenesis (Taylor and Macquaker 2000; Herndon
et al. 2018). Also, the average small sizes of the observed pyrites indicate that
its formation occurred under euxinic conditions (Wilkin et al. 1996). These
observations lead to the assumption that the lake bottom was still poorly
oxygenated during the biologically induced mineralization of the stromatolites.

Hypersaline conditions being the most favorable to stromatolite spreading
is due to the absence of, in order of importance: 1) algal metaphytes, which
would promote competition for light and space and 2) metazoans, which
would promote grazing of the microbial mats (Farmer 1992; Des Marais
1995). Therefore, documentation of widespread stromatolite development in
saline to hypersaline environments is not uncommon (e.g., Dupraz et al. 2004;
Dupraz and Visscher 2005; Vasconcelos et al. 2006; Oliveri et al. 2010;
Janhert and Collins 2013). Warren et al. (2017), based on the formation of
halite hopper crystals and other salt pseudomorphs in the thinly laminated
limestones of the Crato Member (also observed by Martill et al. 2007b),
pointed to a shallow-water lacustrine environment as the most likely setting
for the deposition of the stromatolite field presented in their study, which is
probably located a few meters above the one described here.

However, previously published 3'80 data (Neumann 1999; Rodrigues
2015) and those presented here for the same interval, indicate light overall
values of 3'%0, suggesting that calcite precipitation occurred in a freshwater
environment (Leng and Marshall 2004). Heavier 8'*0 values can be observed
in the first laminae of the nodular limestones of both cores, possibly indicating
the onset of short-lived increased evaporation rates. Nonetheless, this trend is
readily reversed to lighter values and is still far below the ones that a saline
environment should display, where it is expected to find heavier 8'%0 values
due to the loss of '°O to evaporation (Leng and Marshall 2004). Based on this
assumption, factors other than the higher rates of evaporation might have
acted for a lower discharge of water into the lake during the deposition of
carbonates, where the movement of blocks by tectonic action is a plausible
hypothesis (Carroll and Bohacs 1999).

Varejdo et al. (2021) address the apparent inconsistency regarding the
3'80 values with a hypersaline lake environment for the lower thinly
laminated limestones of Crato Member. These authors point to the
possible distorting effects of meteoric diagenesis, which would not nullify
the paleoenvironmental interpretations. Although the action of meteoric
diagenesis cannot easily be validated or discarded in the studied interval,
we did not find any direct evidence of this process either.

Therefore, although numerous studies show that seasonal hypersalinity
was a recurrent lake attribute throughout the deposition of the Crato
Member’s upper thinly laminated limestones, we do not observe any
direct evidence of high salinity during precipitation of the stromatolites
presented here. Instead, the data support that organomineralization took
place in a freshwater, possibly brackish lake.

Several environmental factors control the 8'3C of dissolved inorganic
carbonate (DIC), like changes in atmospheric equilibrium, aquatic photo-
synthesis, pH of an aquatic environment, and the input of land-plant
debris, besides postdepositional processes (Talbot 1990; Zeebe and Wolf-
Gladrow 2001; Deocampo 2010). The resulting 8'*C logs of the studied
cores present remarkable similarity and seem strongly conditioned by
lithotype. The negative excursion of the bottom laminae of the nodular
limestones can be at least partially attributed to the decomposition of the
organic matter of the microbial mats that constitutes either the organic
shales or the thick dark laminae of the stromatolites. Microbial mats can
yield strong negative &' Corg signatures (Schildlowski 2000), and the
dissolution of this material under anoxic bottom lake waters, releasing '°C
into the DIC pool, tends to produce lighter 3'>C values. On the other hand,
the loss of more reactive components of organic matter during the early
stages of diagenesis can also explain the negative shift in this interval,
because this process can result in much more negative 8'>C values for
organic matter (Cohen 2003). At last, considering the stratified nature of
the lake, it is plausible that an ongoing process of methanogenesis at the
sediment—water interface could have also influenced the isotopic carbon
signature of these rocks (Talbot and Kelts 1986; Cohen 2003).

An increase of 3'>C values towards the top of the cores partly evidences
the end of stromatolite precipitation and the beginning of the deposition of
thinly laminated limestone, where the latter lithotype shows positive 3'°C
values. A more stable lake-water thermal stratification (meromixis) relates
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to this trend. In this context, the aqueous HCO;™ of the epilimnion waters
tends to be more balanced in relation to atmospheric CO,. A prolongation
of the chemical stratification of lake waters would then result in an
enrichment of the 3'>C values of the DIC pool, with limited input of *C-
rich waters to the epilimnion (Cohen 2003; Heimhofer et al. 2010). This
behavior indicates that distinct CaCO3 precipitation mechanisms dictate
the genesis of the two carbonate lithotypes, where the microcrystals,
which compose most of the thinly laminated limestones, were formed in
the pelagic zones and then settled to the lake bottom.

The positive correlation between Mn and Ca also points to the formation of
Mn(II) carbonate minerals (e.g., rhodochrosite, kutnahorite), with little or no
precipitation as sulfide minerals, following the model proposed by Herndon
et al. (2018). Part of the calcite precipitated in the epilimnion dissolves as it
settles into the chemocline, where Mn-carbonate nucleates, with no reductive
dissolution of Mn(IV) oxides. Notwithstanding, more comprehensive studies
about which parameters would control the precipitation of Mn in the water
column and its incorporation into the sediments of the Crato Member’s
paleolake are needed.

A simplified three-step depositional model comprising each lithotype in
the studied interval and its respective paleoenvironmental settings are
illustrated in Figure 12. It starts with: I) the deposition of the organic shales,
which occurred in the benthic and anoxic zones of the paleolake, with a
significant contribution of organic matter sourced presumably by a combination
of autochthonous and allochthonous material. Also, there was the distinctive
incorporation of ostracod valves throughout the deposition of this lithotype. 1I)
Biologically induced mineralization (organomineralization) took place as the
forming process of the nodular limestones (planar stromatolites), occurring in
the anoxic littoral to sublittoral settings of a very calm and closed lake, which
allowed the lateral continuity of laminae preservation. Low water and
sediment inflow rates prevailed at this time, favoring carbonate concentration
and precipitation. III) Finally, precipitation controlled by seasonal variations
occurred in the pelagic and more oxygenated zones (epilimnion) of a
chemically stratified lake. The formed microcrystals then settled in the anoxic
benthic zone (hypolimnion). Low inflow rates of water and sediment also
contributed to prevent water mixing and helped maintain stratification.

The remarkable similarity observed between the stromatolites of the
studied interval and its extensive lateral occurrence testify to the formation
of a kilometric-wide biostrome, which reflects the onset of biochemical
changes over large distances and is necessarily a result of a regional event
(Ibarra and Corsetti 2016). The described geochemical data suggest that
this phenomenon occurred in a closed to semi-closed continuously
stratified paleolake (Leng and Marshall 2004; Xiong et al. 2021).

Microbialite spreading as responsive to major geologic events is frequently
reported in the literature, because dramatic environmental changes and
geochemistry can affect water saturation, oxygenation, and reduction of EPS
interaction (competition, grazing) with diverse eukaryotic organisms. This
trend is observed in relatively recent and locally relevant climatic changes
(e.g., Villafafie et al. 2021), in global-scale events, like the one which signal
the Permian—Triassic boundary (e.g., Kershaw et al. 2002; Hips and Haas
2006), and was also documented in environmentally stressful events related to
the early Aptian (Immenhauser et al. 2005), among others (see Mata and
Bottjer 2012).

Nevertheless, Aptian microbialite occurrences in neighboring basins,
like the ones of the Cod6é Formation of Parnaiba Basin (Bahniuk et al.
2015) and the Crato Formation of Jatoba Basin (Gratzer et al. 2013),
exhibit similar characteristics (although not the same lamination pattern)
and may be related to processes like those that formed the stromatolites
described herein, possibly deriving from the same event.

It is challenging to identify the precise factors contributing to the
formation of this vast biostrome and its possible microbial occurrences.
However, the onset of abrupt rises in atmospheric CO, levels during
Oceanic Anoxic Events (OAEs) could have induced climatic disturbances
and subsequent environmental changes that impacted the growth and

propagation of stromatolite ecosystems, as suggested by Pietzsch et al.
(2020) for the coeval Barra Velha Formation.

CONCLUSIONS

1) Through a multiscale analysis of well cores, we characterize distant
but nearly identical occurrences of relatively thin layers of sedimen-
tary rocks. This approach reveals the extensive occurrence of a succes-
sion encompassing three lithotypes and their main characteristics.
Geochemical investigation allows us to reconstruct the main attributes
of the depositional paleoenvironment of these lithotypes. The sedi-
mentation of the succession occurred in anoxic conditions of the ben-
thonic zone of the sub-marginal area of a closed to semi-closed
paleolake.

2) The stromatolites of the studied horizon show well-demarcated inter-
nal fabrics and compositional variations, which reflect changes in
environmental settings on regional and local scales. The record of sim-
ilar fabric-pattern occurrences in distant locations suggests that the
processes controlling these changes must have been relatively uni-
form, and thus reflect regional processes. However, overall differences
in chemical composition of the samples are notable and interpretable
as an expression of local environmental and diagenetic settings.

3) The stromatolite bodies were formed chiefly by in situ precipitation trig-
gered by organic-matter degradation performed by bacteria (presumably
SRB). This process occurred in the sublittoral benthonic zone of a fresh-
water lake and under anoxic, possibly euxinic, conditions. The precipita-
tion of the thinly laminated limestones that overlie the stromatolites
marks an apparent stage of water stratification, where calcite microcrys-
tals formed in the epilimnion and were deposited on the lake bottom.

4) The precipitation of a kilometric-wide biostrome, traceable in an area
of about 600 km?, is evidence of a regional geological event. This
microbialitic horizon lies among the first-deposited limestones of the
Crato Member and is assigned as a new marker bed in the Araripe
Basin. Furthermore, the horizon described here is one of the world’s
best examples of an ancient microbialite field, with unparalleled simi-
larity and traceability between exposures.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the research and development project
“Correlagao estratigrafica, evolugdo paleoambiental e paleogeografica e perspectivas
exploratorias do Andar Alagoas,” sponsored by Shell Brasil Petroleo Ltda. with
resources allocated to R&D institutions accredited by the Brazilian National
Petroleum, Natural Gas and Biofuels Agency (technical cooperation agreement
#20219-2). We thank editor Dr. John Southard, associate editor James Bishop, and an
anonymous reviewer for their comments and suggestions on the manuscript.

REFERENCES

AralL, M., 1999, A transgressdo marinha mesocretacea: sua implicagdo no paradigma na
reconstitui¢do paleogeografica do Cretaceo no Brasil: V Simposio Sobre o Cretaceo do
Brasil, Boletim, p. 577-582.

Arauilo, B.C., Gama, E., ALmema, EN., Jr., Nascivento, T., Sivera, L.E, Duarte, G.,
BoraH, L., BRaGA, M.A.S., AND FIGUEIREDO, J.P,, 2019, Refining structural interpretation
by using the composite map of the vertical derivatives of acromagnetic anomaly data:
Rio de Janeiro, 16th International Congress of the Brazilian Geophysical Society,
Proceedings.

AReNAS, C., CasaNova, J., aAND Parpo, G., 1997, Stable-isotope characterization of the
Miocene lacustrine systems of Los Monegros (Ebro Basin, Spain): palacogeographic
and palaeoclimatic implications: Palaeogeography, Palacoclimatology, Palacoecology,
v. 128, p. 133-155.

ARMENTEROS, L., 2010, Diagenesis of carbonates in continental settings, in Alonso-Zarza, A.M.,
and Tanner, L.H., eds., Carbonates in Continental Settings: Geochemistry, Diagenesis and
Applications: Elsevier, Developments in Sedimentology 62, p. 61-151.

ARp, G., REIMER, A., AND REITNER, J., 2003, Microbialite formation in seawater of increased
alkalinity, Satonda Crater Lake, Indonesia: Journal of Sedimentary Research, v. 73,
p. 105-127.

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/93/10/776/6023322/i1938-3681-93-10-776.pdf
bv | ltrecht nivers<itv | ibrarv user



18 L.F. SILVEIRA ET AL.

AssiNg, MLL., 2007, Bacia do Araripe: Boletim de Geociéncias da Petrobras, v. 15, p. 371—
389.

Bappoun, M., CarrorL, A.R., Meyvers, S.R., Bearp, B.L., anp Jonnson, C.M., 2017,
Chronostratigraphic correlation of lacustrine deposits using *Sr/*°Sr ratios, Eocene Green
River Formation, Wyoming, U.S.A: Journal of Sedimentary Research, v. 87, p. 406-423.

BAigz, A.M., Moura, G.J.B., aNp Gomez, R.O., 2009, Anurans from the Lower Cretaceous
Crato Formation of northeastern Brazil: implications for the early divergence of
neobatrachians: Cretaceous Research, v. 30, p. 829-846.

Banniuk, A.M., Anjos, S., FrRanca, A.B., Matsupa, N., EILER, J., McKENzIE, J.A., AND
VasconcELos, C., 2015, Development of microbial carbonates in the Lower Cretaceous
Cod6 Formation (north-east Brazil): implications for interpretation of microbialite facies
associations and palacoenvironmental conditions: Sedimentology, v. 62, p. 155-181.

BARLING, N., MarTILL, D.M., AND HEADS, S.W., GALLIEN, E, 2015, High fidelity preservation of
fossil insects from the Crato Formation (Lower Cretaceous) of Brazil: Cretaceous Research,
V. 52, p. 605-622.

BarLiNG, N., Marti, D.M., anp Heaps, S.W., 2020, A geochemical model for the
preservation of insects in the Crato Formation (Lower Cretaceous) of Brazil: Cretaceous
Research, v. 116, no. 104608.

Bates, R.L., AND Jackson, J.A., 1980, Glossary of Geology: American Geological Institute,
751 p.

BERNER, R.A., 1985, Sulphate reduction, organic matter decomposition and pyrite formation:
Royal Society of London, Philosophical Transactions, Series A, Mathematical and Physical
Sciences, v. 315, p. 25-38.

BEeURLEN, K., 1962, A Geologia da Chapada do Araripe: Academia Brasileira de Ciéncias,
Anais, v. 34, p. 365-370.

Bogco, FE.R., GoLDBERG, K., AND BarDoLA, T.P., 2017, Modelo deposicional do Membro
Ipubi (Bacia do Araripe, nordeste do Brasil) a partir da caracterizagdo faciologica,
petrografica e isotopica dos evaporitos: Pesquisa em Geociéncias, v. 44, p. 431-451.

Bonacs, K.M., CarroLL, A.R., NeaL, J.E., aND Mankiewicz, PJ., 2000, Lake-basin type,
source potential, and hydrocarbon character: an integrated-sequence-stratigraphic—
geochemical framework, in Gierlowski-Kordesch, E.H., and Kelts, K.R., eds., Lake
Basins through Space and Time: American Association of Petroleum Geologists, Studies
in Geology 46, p. 3-34.

Bovte, J., 2001, Redox remobilization and the heavy metal record in lake sediments: a
modelling approach: Journal of Paleolimnology, v. 26, p. 423—431.

Brito-NEVES, B.B., 1990, A Bacia do Araripe no contexto geotectonico regional: Crato,
Brazil, I Simpdsio Bacia do Araripe e Bacias Interiores do Nordeste, Atas, p. 21-33.

BunevicH, R.B., BorgHi, L., GaBaGLiA, G.PR., TErRrA, G.I.S., FREIRE, E.B., Lykawka, R.,
AND FraGoso, D.G.C., 2017, Microbialitos da Sequéncia Balbuena IV (Daniano), Bacia
de Salta, Argentina: caracterizagdo de intrabioarquiteturas e de microciclos: Pesquisas
em Geociéncias, v. 44, p. 177-202.

BustiLLo, M.A., 2010, Silicification of continental carbonates, in Alonso-Zarza, A.M., and
Tanner, L.H., eds., Carbonates in Continental Settings: Geochemistry, Diagenesis and
Applications: Elsevier, Developments in Sedimentology 62, p. 153-178.

CaLvo, J.P, RODRIGUEZ-PAscUA, M., MARITIN-VELAZQUEZ, S., JIMENEZ, S., AND DE VICENTE, G.,
1998, Microdeformation of lacustrine laminite sequences from Late Miocene formations of
SE Spain: an interpretation of loop bedding: Sedimentology, v. 45, p. 279-292.

CamacHo, C.R., anp Sousa, FR.ER.O., 2017, O arcabougo estrutural da Bacia Sedimentar
do Araripe, Provincia Borborema, baseado em dados aeromagnetométricos: Geologia
USP, Série Cientifica, v. 17, p. 149-161.

CampBELL, C.V,, 1967, Lamina, laminaset, bed and bedset: Sedimentology, v. 8, p. 7-36.

CarroLL, A.R., aND Bonacs, K.M., 1999, Stratigraphic classification of ancient lakes:
balancing tectonic and climatic controls: Geology, v. 27, p. 99-102.

CarvALHO, 1.S., AND Viana, M.S.S., 1993, Os Conchostraceos da Bacia do Araripe:
Academia Brasileira de Ciéncias, Anais, v. 65, p. 181-188.

CARVALHO, LS., AGNoLIN, F., RoLanpo, M.A.A., Novas, EE., XaVIEr-NETO, J., FrREITAS, E1.,
AND ANDRADE, JLA.EG., 2019, A new genus of pipimorph frog (Anura) from the Early
Cretaceous Crato Formation (Aptian) and the evolution of South American tongueless
frogs: Journal of South American Earth-Sciences, v. 92, p. 222-233.

CASANOVA, J., AND HILLAIRE-MARCEL, C., 1993, Carbon and oxygen isotopes in African
lacustrine stromatolites: palacohydrological interpretation, in Swart, PK., Lohmann, K.
C, Mckenzie, J., and Savin, S., eds., Climate Change in Continental Isotopic Records:
v. 78, p. 123-133.

Carro, B., JanuerT, R.J., WARREN, L.V, Vareido, FEG., anp AssiNg, M.L., 2016, The
microbial nature of laminated limestones: lessons from the Upper Aptian, Araripe Basin,
Brazil: Sedimentary Geology, v. 341, p. 304-315.

Caveux, L., 1935, Les Roches Sédimentaires de France: Roches Carbonatées (Calcaires et
Dolomies): Paris, 463 p.

CHaGas, D.B., AssiNne, M.L., anp Frerras, EI, 2007, Facies sedimentares e ambientes
deposicionais da Formagdo Barbalha no Vale do Cariri, Bacia do Araripe, Nordeste do
Brasil: Geociéncias, v. 26, p. 313-322.

CHOUDHURI, A., SARKAR, S., ALTERMANN, W., MUKHOPADHYAY, S., AND Bosk, PK., 2016,
Lakshanhatti stromatolite, India: biogenic or abiogenic?: Journal of Palacogeography,
v. 5, p. 292-310.

CossoLp, PR., ZANELLA, A., RobriGUES, N., anp Lesern, H., 2013, Bedding-parallel
fibrous veins (beef and cone-in-cone): worldwide occurrence and possible significance
in terms of fluid overpressure, hydrocarbon generation and mineralization: Marine and
Petroleum Geology, v. 43, p. 1-20.

Coten, A.S., 2003, Paleolimnology: The History and Evolution of Lake Systems: Oxford
University Press, 500 p.

Conen, A.S., TatBot, M.R., AwramIk, S.M., DeETT™MAN, D.L., AND ABELL, P, 1997, Lake
level and paleoenvironmental history of Lake Tanganyika, Africa, as inferred from late
Holocene and modern stromatolites: Geological Society of America, Bulletin, v. 109,
p. 444-460.

CoRELLA, J.P., BRAUER, A., MaNGILI, C., RULL, V., VEGAS-VILARRUBIA, T., MORELLON, M.,
AND VALERO-GARCES, B.L., 2012, The 1.5-ka varved record of Lake Montcortés (southern
Pyrenees, NE Spain): Quaternary Research, v. 78, p. 323-332.

Custopio, M.A., QuacLio, F., WARREN, L.V,, Simoes, M.G., Fursich, E.T., PEriNotTO, J.A.J.,
AND ASSINE, M.L., 2017, The transgressive-regressive cycle of the Romualdo Formation
(Araripe Basin): sedimentary archive of the Early Cretaceous marine ingression in the
interior of Northeast Brazil: Sedimentary Geology, v. 359, p. 1-15.

Davies, S.J., Lams, H.F, anp Rogerts, S.J., 2015, Micro-XRF Core scanning in
palaeolimnology: recent developments, in Croudace, I.W., and Rothwell, R.G., eds.,
Micro-XRF Studies of Sediment Cores: Applications of a Non-Destructive Tool for the
Environmental Sciences: Springer, Developments in Paleoenvironmental Research 117,
p. 189-226.

Davison, W., 1993, Iron and manganese in lakes: Earth-Science Reviews, v. 34, p. 119-163.

DE BOEVER, E., Brasier, A.T., Fouert, A., aND KELE, S., 2017, What do we really know about
early diagenesis of non-marine carbonates?: Sedimentary Geology, v. 361, p. 25-51.

Dt Mortt, L.M., NarieraLski, S.A., Juniom, C.K., TeECE, M., anDp ScHorz, C.A., 2020,
Microbially influenced lacustrine carbonates: a comparison of Late Quaternary Lahontan
tufa and modern thrombolite from Fayetteville Green Lake, NY: Geobiology, v. 18,
p. 93-112.

Deocampo, D.M., 2010, The geochemistry of continental carbonates, in Alonso-Zarza, A.M.,
and Tanner, L.H., eds., Carbonates in Continental Settings: Geochemistry, Diagenesis and
Applications: Elsevier, Developments in Sedimentology 62, p. 1-59.

Des Marais, D.J., 1995, The biogeochemistry of hypersaline microbial mats, in Jones, J.
G., ed., Advances in Microbial Ecology: v. 14, p. 251-274.

DoEBBERT, A., JounsoN, C.M., CarroLL, A.R., BEARD, B.L., PieTrAS, J.T., CARsON, M.R.,
NorsTED, B., AND THROCKMORTON, L.A., 2014, Controls on Sr isotopic evolution in
lacustrine systems: Eocene Green River Formation, Wyoming: Chemical Geology,
v. 380, p. 172-189.

Dias, JJ., anp Carvarho, LS., 2020, Remarkable fossil crickets preservation from Crato
Formation (Aptian, Araripe Basin), a Lagerstditten from Brazil: Journal of South American
Earth Sciences, v. 98, no. 102443.

Duarte, G., AND BoraHi, L., 2018, Petrografia das facies evaporiticas sulfatadas do
Membro Ipubi, Formagdo Santana (Bacia do Araripe): Instituto de Geociéncias, Anuario
v. 41, p. 606-613.

Durraz, C., aAND VisscHER, P.T., 2005, Microbial lithification in marine stromatolites and
hypersaline mats: Trends in Microbiology, v. 13, p. 429-438.

Durraz, C., Visscher, P.T., BAUMGARTNER, L.K., aND Rem, R.P.,, 2004, Microbe—mineral
interactions: early carbonate precipitation in a hypersaline lake (Eleuthera Island,
Bahamas): Sedimentology, v. 51, p. 745-765.

Duprraz, C., Rem, R.P., Braissant, O., DecHo, A.W., NormaN, R.S., AND VisscHERr, P.T.,
2009, Processes of carbonate precipitation in modern microbial mats: Earth-Science
Reviews, v. 96, p. 141-162.

DuverGer, A., BErG, I.S., Busigny, V., Guyor, F, BernarD, S., aNpD MiLor, J., 2020,
Mechanisms of pyrite formation promoted by sulfate-reducing bacteria in pure culture:
Frontiers in Earth Science, v. 8, no. 588310.

EL Haum, L., Horng, D.J., Baupi, F., Gize, R., AND Azar, D., 2021, The first non-marine
ostracod fauna from the Lower Barremian dysodiles of Lebanon: Lethaia, v. 54, p. 127—
159.

Evans, G., Aucustinus, P, Gapp, P, Zawapzki, A., AND DiTcHFIELD, A., 2019, A multi-
proxy m-XRF inferred lake sediment record of environmental change spanning the last
ca. 2230 years from Lake Kanono, Northland, New Zealand: Quaternary Science
Reviews, v. 225, no. 106000.

FamBrini, G.L., MENEzes-FiLno, J.A.B., Jesuino, P.C.L., SivesTtre, D.C., LEmos, D.R., AND
Neumann, VH.L., 2016, Caracterizagdo dos sistemas deposicionais da Formagdo
Barbalha, Bacia do Araripe, Nordeste do Brasil: Comunicagdes Geologicas, v. 103,
p. 51-65.

FARMER, J.D., 1992, Grazing and bioturbation in modern microbial mats, in Schopf, W.,
and Klein, C., eds., The Proterozoic Biosphere: A Multidisciplinary Study: Cambridge
University Press, p. 295-297.

Ficueirepo, R.G., aND KELLNER, A.W.A., 2009, A new crocodylomorph specimen from the
Araripe Basin (Crato Member, Santana Formation), northeastern Brazil: Paldontologische
Zeitschrift, v. 83, p. 323-331.

FruceL, E., 2010, Microfacies of Carbonate Rocks, Second Edition: Springer, 984 p.

GierLowski-Korpesch, E.H., 2010, Lacustrine carbonates, in Alonso-Zarza, A.M., and Tanner,
L.H., eds.,, Carbonates in Continental Settings: Facies, Environments and Processes:
Developments in Sedimentology: Elsevier 61, p. 1-101.

GLUNK, C., Dupraz, C., Braissant, O., GALLAGHER, K.L., VERRECHIA, E.P., AND VISSCHER,
PT., 2011, Microbially mediated carbonate precipitation in a hypersaline lake, Big Pond
(Eleuthera, Bahamas): Sedimentology, v. 58, p. 720-738.

GRrATZER, R., NEUMANN, H., VortiscH, W., RocHa, D.E.A., AND BETCHEL, A., 2013, Stable
isotopes of organics and inorganics, clay mineralogy and chemical environment of an
Aptian lacustrine succession in northeastern Brazil, in Bojar, A.-V., Melinte-Dobrinescu,

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/93/10/776/6023322/i1938-3681-93-10-776.pdf
bv | ltrecht nivers<itv | ibrarv user



EXTENSIVE STROMATOLITE FIELD: ARARIPE BASIN, BRAZIL 19

M.C., and Smit, J., eds., Isotopic Studies in Cretaceous Research: Geological Society of
London, Special Publication 382, p. 157-182.

Grimaldi, D.A., ed., 1990, Insects from the Santana Formation, Lower Cretaceous of
Brazil: American Museum of Natural History, Bulletin, v. 195, 191 p.

Hasumoro, A.T., Arpi, C.J., SoLpan, A.L., AND CERQUERRA, JR., 1987, O Neo-Alagoas nas
bacias do Ceard, Araripe e Potiguar (Brasil): caracterizagdo estratigrafica e paleoambiental:
Revista Brasileira de Geociéncias, v. 17, p. 118-122.

HemvHOFER, U., ArizteGul, D., LENNIGER, M., HESSELBO, S.P, MARTILL, D.M., AND Rios-NETTO,
AM.,, 2010, Deciphering the depositional environment of the laminated Crato fossil beds
(Early Cretaceous, Araripe Basin, North-eastern Brazil): Sedimentology, v. 57, p. 677-694.

Hernpoon, E.M., Havig, J.R., SINnGER, D.M., McCormick, M.L., anp Kume L.R., 2018,
Manganese and iron geochemistry in sediments underlying the redox-stratified Fayetteville
Green Lake: Geochimica et Cosmochimica Acta, v. 231, p. 50-63.

HiLLAIRE-MARCEL, C., AND CASANOVA, J., 1987, Isotopic hydrology and paleohydrology of the
Magadi (Kenya)-Natron (Tanzania) Basin during the Late Quaternary: Paleogeography,
Paleoclimatology, Paleoecology, v. 58, p. 155-181.

Hirs, K., anp Haas, J., 2006, Calcimicrobial stromatolites at the Permian—Triassic
boundary in a western, Tethyan section, Biikkk Mountains, Hungary: Sedimentary Geology,
v. 185, p. 239-253.

HunTER, J.D., 2007, Matplotlib: a 2-D graphics environment: Computing in Science &
Engineering, v. 9, p. 90-95.

IBARRA, Y., AND CorsetTl, FA., 2016, Lateral comparative investigation of stromatolites:
astrobiological implications and assessment of scales of control: Astrobiology, v. 16,
p. 1-11.

IMMENHAUSER, A., HILLGARTNER, H., AND VAN BEnTUM, E., 2005, Microbial-foraminiferal
episodes in the Early Aptian of the southern Tethyan margin: ecological significance and
possible relation to oceanic anoxic event la: Sedimentology, v. 52, p. 77-99.

InEsTO, M., GUTIERREZ-SILVA, P, Dias, J., CARVALHO, L.S., BuscaLionl, A.D., AND LOPEZ-ARCHILLA,
AlL, 2021, Soft tissue histology of insect larvae decayed in laboratory experiments using
microbial mats: taphonomic comparison with Cretaceous fossil insects from the exceptionally
preserved biota of Araripe, Brazil: Palacogeography, Palacoclimatology, Palacoecology, v. 564,
no. 110156.

Janmert, R.J., anp Corimns, L.B., 2013, Controls on microbial activity and tidal flat
evolution in Shark Bay, Western Australia: Sedimentology, v. 60, p. 1071-1099.

Karkowsky, E., 1908, Oolith und Stromatolith im norddeutschen Buntsandstein: Deutschen
Geologischen Gesellschaft, Zeitschrift, v. 60, p. 68—125.

Kerrs, K., 1988, Environments of deposition of lacustrine petroleum source rocks: an
introduction, in Fleet, A.J., Kelts, K., and Talbot, M.R., eds., Lacustrine Petroleum
Source Rocks: Geological Society of London, Special Publication 40, p. 3-26.

Kerrs, K., anp Hsu, K.J., 1978, Freshwater carbonate sedimentation, in Lerman, A., ed.,
Lakes: Chemistry, Geology, Physics: Springer-Verlag, p. 295-324.

Kerrs, K., anp Tarsotr, M., 1990, Lacustrine carbonates as geochemical archives of
environmental change and biotic—abiotic interactions, in Tilzer, M.M., and Serruya, C.,
eds., Large Lakes: Ecological Structure and Function: Springer-Verlag, p. 288-315.

KersHaw, S., Guo, L., Swirt, A., axp Fan, J., 2002,? Microbialites in the Permian—Triassic
boundary interval in central China: structure, age and distribution: Facies, v. 47, p. 83—89.

KrotH, M., BoraGHi, L., BoBco, EE.R., Aratio, B.C., SiveRra, L.E, DUARTE, G., FERRERA, L.
0., GUERRA-SOMMER, M., AND MENDONGA, J.O., 2021, Aptian shell beds from the Romualdo
Formation (Araripe Basin): implications for paleoenvironment and paleogeographical
reconstruction of the Northeast of Brazil: Sedimentary Geology, v. 426, no. 106025.

Kyranper, M.E., AmpEL, L., WoHLFARTH, B., AND VERES, D., 2011, High-resolution X-ray
fluorescence core scanning analysis of Les Echets (France) sedimentary sequence: new
insights from chemical proxies: Journal of Quaternary Science, v. 26, p. 109-117.

Lams, H.F, Leng, M.J., TeLForD, R.J., AvENew, T., aND UMER, M., 2007, Oxygen and
carbon isotope composition of authigenic carbonate from an Ethiopian lake: a climate
record of the last 2000 years: The Holocene, v. 17, p. 517-526.

LenG, MLJ., AND MARsHALL, J.D., 2004, Palaeoclimate interpretation of stable isotope data
from lake sediment archives: Quaternary Science Reviews, v. 23, p. 811-831.

LETTERON, A., FOURNIER, F., HAMON, Y., VILLIER, L., MARGEREL, J.-P., BoucHE, A., FEIST, M. AND
JosepH, P, 2017, Multi-proxy paleoenvironmental reconstruction of saline lake carbonates:
paleoclimatic and paleogeographic implications (Priabonian—Rupelian, Issirac Basin, SE
France): Sedimentary Geology, v. 358, p. 97-120.

MAaBESOONE, J.M., aND TiNoco, LM., 1973, Paleoecology of the Aptian Santana Formation
(Northeastern Brazil): Palacogeography, Palacoclimatology, Palacoecology, v. 14, p. 97-118.

MackereTH, FJH., 1966, Some chemical observations on post-glacial lake sediments:
Royal Society of London, Philosophical Transactions, Series B, Biological Sciences, v.
765, p. 165-213.

Maisano, L., Quuapa, LE., Cuabrapo, D.G., PEriLLO, VL., PaN, J., AND MARTINEZ, A.M.,
2020, Carbonate laminae recorded in a siliciclastic tidal flat colonized by microbial
mats: Sedimentary Geology, v. 405, no. 105702.

MakarkIN, VN., aND MEenon, F., 2005, New species of the Mesochrysopidae (Insecta,
Neuroptera) from the Crato Formation of Brazil (Lower Cretaceous), with taxonomic
treatment of the family: Cretaceous Research, v. 26, p. 801-812.

MarrtiLL, D.M., 2007, The geology of the Crato Formation, in Martill, D.M., Bechly, G.,
and Loveridge, R.F, eds., The Crato Fossil Beds of Brazil: Window into an Ancient
World: Cambridge University Press, p. 8-24.

MarTiLL, D.M., BEcHLY, G., AND LoveriDGE, R.E, 2007a, The Crato Fossil Beds of Brazil:
Window into an Ancient World. Cambridge University Press, 625 p.

MarrtiLe, D.M., LoveripGe, R., AND HemHoFER, U., 2007b, Halite pseudomorphs in the
Crato Formation (Early Cretaceous, Late Aptian—Early Albian), Araripe Basin, northeast
Brazil: further evidence for hypersalinity: Cretaceous Research, v. 28, 613—620.

MarTiLL, D.M., Brito, PM., anp DoNovaN, S.K., 2021, There are rudists in Brazil!
Derived examples of cf. Amphitriscoelus Harris and Hodson, 1922, in the Araripe
Basin, north-east Brazil: implications for dating of the fossil Lagerstitten of the Santana
and Crato formations: Cretaceous Research, v. 120, 104718.

MARTIN-BELLO, L., AreEnas, C., aNp Jones, B., 2019, Lacustrine stromatolites: useful
structures for environmental interpretation: an example from the Miocene Ebro Basin:
Sedimentology, v. 66, p. 2098-2133.

Mata, S.A., aND Bortier, D.J., 2012, Microbes and mass extinctions: paleoenvironmental
distribution of microbialites during times of biotic crisis: Geobiology, v. 10, p. 3-24.

Matos, R.M.D., 1992, The northeast Brazilian rift system: Tectonics, v. 11, p. 766-791.

Matos, R.M.D., 2000, Tectonic evolution of the equatorial South Atlantic: American
Geophysical Union, Geophysical Monograph, v. 115, p. 331-354.

MirANDA, T.S., MAGALHAES, J.R.G., BARBOsA, J.A., CorrEIA FiLHO, O., AND ALENCAR, M.L.,
2014, Araripe Basin, NE Brazil: a rift basin implanted over a previous pull-apart
system?: 4th Atlantic Conjugate Margins Conference, Proceedings.

MoHR, B.A.R., aNp EkLunD, H., 2003, Araripia florifera, a magnoliid angiosperm from the
Lower Cretaceous Crato Formation (Brazil): Review of Palacobotany and Palynology,
v. 126, p. 279-292.

Munsell Color, 2009, Geological Rock-Color Chart: with genuine Munsell® color chips:
Munsell Color, X-Rite.

Neumann, VH., 1999, Estratigrafia, Sedimentologia, Geoquimica y Diagénesis de los
sistemas lacustres Aptiense—Albienses de la Cuenca de Araripe (NE Brasil) [Ph.D.
Thesis]: Universitat de Barcelona, 250 p.

NEeuMANN, VH., BoRREGO, A.G., CABRERA, L., AND DN, R., 2003, Organic matter composition
and distribution through the Aptian—Albian lacustrine sequences of the Araripe Basin,
northeastern Brazil: International Journal of Coal Geology, v. 54, p. 21-40.

Ouiverl, E., Neri, R., BELLANCA, A., AND RIDING, R., 2010, Carbonate stromatolites from a
Messinian hypersaline setting in the Caltanissetta Basin, Sicily: petrographic evidence of
microbial activity and related stable isotope and rare earth element signatures: Sedimentology,
v. 57, p. 142-161.

Olympus VANTA, VMW RoHS LODs (P/N: 806-439-EN Rev.A).

OscumanN, W, 2000, Microbes and black shales, in Riding, R., and Awramik, S.M., eds.,
Microbial Sediments: Springer, p. 137-148.

Osts, G.L., PEtr, S., BECKER-KERBER, B., RomERO, G.R., RizzutTo, M.A., RODRIGUES, F.,
GALANTE, D., Siva, T.E, Curapo, JE, RancGeL, E.C., RiBERO, R.P., AND PacHECO, M.L.A.
F., 2016, Deciphering the preservation of fossil insects: a case study from the Crato
Member, Early Cretaceous of Brazil: Peerl, v. 4, no. €2756.

Perr1, E., AND SPaDAFORA, A., 2011, Evidence of microbial biomineralization in modern
and ancient stromatolites, in Tewari, V., and Seckbach, J., eds., Stromatolites: Interaction
of Microbes with Sediments: Springer, Cellular Origin, Life in Extreme Habitats and
Astrobiology, v. 18, p. 631-649.

Perry, E., TUucKER, M., AND SPADAFORA, A., 2012, Carbonate organo-mineral micro- and
ultrastructures in sub-fossil stromatolites: Marion Lake, South Australia: Geobiology, v. 10,
p. 105-117.

Pietzsch, R., Tepeschi, L.R., Orivera, D.M., pos Awnios, C.W.D., Vazquez, J.C., AND
Figuerepo, M.E, 2020, Environmental conditions of deposition of the Lower Cretaceous
lacustrine carbonates of the Barra Velha Formation, Santos Basin (Brazil), based on stable
carbon and oxygen isotopes: a continental record of pCO2 during the onset of the Oceanic
Anoxic Event 1a (OAE 1a) interval?: Chemical Geology, v. 535, no. 119457.

Prart, N.H., anp WriGHT, V.P, 1991, Lacustrine carbonates: facies models, facies distributions
and hydrocarbon aspects, in Anadon, P, Cabrera, L., and Kelts, K., eds., Lacustrine Facies
Analysis: International Association of Sedimentologists, Special Publication 13, p. 57-74.

PontE, F.C., anDp Arpi, C.J., 1990, Proposta de revisdo da coluna litoestratigrafica da Bacia
do Araripe: Congresso Brasileiro de Geologia 36, Anais, v. 1, p. 211-226.

Ponti, EC., aND PonTE Fino, FC., 1996, Estrutura geoldgica e evolugdo tectonica da
Bacia do Araripe: Departamento Nacional de Pesquisa Mineral, Internal Report, 68 p.
QUYE-SAWYER, J., VANDENGINSTE, V., AND JounsTON, K.J., 2015, Application of handheld
energy-dispersive X-ray fluorescence spectrometry to carbonate studies: opportunities

and challenges: Journal of Analytical Atomic Spectrometry, v. 30, p. 1490-1499.

Renaut, R.W., anp GierLowski-Korbesch, E.H., 2010, Lakes, in James, N.P., and
Dalrymple, R.W., eds., Facies Models 4: The Geological Association of Canada,
GEOtext 6, p. 541-576.

Renaut, R.W,, JonEs, B., AND TIERCELIN, J.J., 1998, Rapid in situ silicification of microbes
at Loburu hot springs, Lake Bogoria, Kenya Rift Valley: Sedimentology, v. 45, p. 1083—
1103.

REGaLL, M.S.P, 2001, Palinoestratigrafia dos sedimentos cretacicos da bacia do Araripe e
das bacias interiores do Nordeste, Brasil: Atas, Simpodsio sobre a Bacia do Araripe e
Bacias Interiores do Nordeste, p. 101-108.

RiBEIRO, A.C., RiBEIRO, G.C., VAREJAO, E.G., BaTTIROLA, L.D., PESsoa, E.M., SimoEs, M.G.,
WARREN, L.V., Riccommi, C., AND Povato-Ariza, EJ., 2021, Towards an actualistic view
of the Crato Konservat—Lagerstitte paleoenvironment: a new hypothesis as an Early
Cretaceous (Aptian) equatorial and semi-arid wetland: Earth-Science Reviews, v. 216,
no. 103573.

RipING, R., 1999, The term stromatolite: towards an essential definition: Lethaia, v. 32,
p. 321-330.

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/93/10/776/6023322/i1938-3681-93-10-776.pdf
bv | ltrecht nivers<itv | ibrarv user



20 L.F. SILVEIRA ET AL.

RipiNG, R., 2000, Microbial carbonates: the geological record of calcified bacterial-algal
mats and biofilms: Sedimentology, v. 47, Suppl. 1, p. 179-214.

RibiNG, R., anp Tomas, S., 2006, Stromatolite reef crusts, Early Cretaceous, Spain:
bacterial origin of in situ-precipitated peloid microspar?: Sedimentology, v. 53, p. 23-34.

Rios-NETTO, A.M., PAULA-FREITAS, A.B.L., CARVALHO, I.S., REGALI, M.S.P., BorGHI, L, AND
Francisco, LE, 2012, Formalizagdo estratigrafica do Membro Fundao, Formagdo Rio da
Batateira, Cretaceo Inferior da Bacia do Araripe, Nordeste do Brasil: Revista Brasileira
de Geociéncias, v. 42, p. 281-292.

RopriGues, K.C., 2015, Caracterizagdo petrografica dos “carbonatos” laminados do
Membro Crato, Bacia do Araripe, Nordeste do Brasil [BS Thesis]: Universidade Federal
do Rio Grande do Sul, 167 p.

Santos, M.E.C.M., 1982, Ambiente deposicional da Formagdo Santana—Chapada do
Araripe (PE/PI/CE): Congresso Brasileiro de Geologia 32, Anais, p. 1413-1426.

Schem, C., Munis, M.B., AND PauLiNo, J., 1978, Projeto Santana, Relatorio final da Etapa
II: CPRM, http://rigeo.cprm.gov.br/jspui/handle/doc/7690.

ScHiLbLowskl, M., 2000, Carbon isotopes and microbial sediments, in Riding, R.E., and
Awramik, S.M., eds., Microbial Sediments: Springer, p. 84-95.

SuarIro, R.S., 2000, A comment on the systematic confusion of thrombolites: Palaios,
v. 15, p. 166-169.

Sitva, M.AM., 1983, The Araripe Basin, northeastern Brazil: regional geology and facies
analysis of a Lower Cretaceous evaporitic depositional complex [Ph.D. Thesis]:
Columbia University, 290 p.

Siva, MLAM., 1988, Evaporitos do Creticeo da Bacia do Araripe: ambientes de
deposigdo e historia diagenética: Boletim de Geociéncias da Petrobras, v. 2, p. 53-63.

Suarez-GonzaLEz, P, Quuapa, LE., Benito, M.1., Mas, R., MERINERO, R., AND RiDING, R.,
2014, Origin and significance of lamination in Lower Cretaceous stromatolites and
proposal for a quantitative approach: Sedimentary Geology, v. 300, p. 11-27.

TaLBot, M.R., 1990, A review of paleohydrological interpretation of carbon and oxygen
isotopic ratios in primary lacustrine carbonates: Chemical Geology, Isotope Geoscience
Section, v. 80, p. 261-279.

TaLBot, M.R., anD KEeLTs, K., 1986, Primary and diagenetic carbonates in the anoxic
sediments of Lake Bosumtwi, Ghana: Geology, v. 14, p. 912-916.

TavLor, K.G., AND MacqQuaker, JH.S., 2000, Early diagenetic pyrite morphology in a
mudstone-dominated succession: the Lower Jurassic Cleveland Ironstone Formation,
eastern England: Sedimentary Geology, v. 131, p. 77-86.

The Pandas Development Team, 2020, pandas-dev/pandas: Pandas 1.3.0.

TricrET, J., AND DEFARGE, C., 1995, Non-biologically supported organomineralization:
Institut Oceanographique, Bulletin, Special Issue 14, p. 203-236.

VAN LitH, Y., WARTHMANN, R., VasconceLos, C., aND McKEenzig, J.A., 2003, Microbial
fossilization in carbonate sediments: a result of the bacterial surface involvement in
dolomite precipitation: Sedimentology, v. 50, p. 237-245.

VarejAo, F.G., WARReN, L.V., SimoEs, M.G., FursicH, F.T., MaTos, S.A., AND ASSINE,
M.L., 2019, Exceptional preservation of soft tissues by microbial entombment:
insights into the taphonomy of the Crato Konservat-Lagerstitte: Palaios, v. 34,
p. 331-348.

Varesao, F.G., Sitva, V.R., AssiNE, M.L., WARREN, L.V., Maros, S.A., RODRIGUES, M.
G., Fursich, F.T., aNp SiMOES, M.G., 2020, Marine or freshwater? Accessing the
paleoenvironmental parameters of the Caldas Bed, a key marker bed in the Crato Formation
(Araripe Basin, NE Brazil): Brazilian Journal of Geology, v. 51, €2020009.

Varesao, EG., WarreN, L.V, Simoes, M.G., Buators, L.A., MANGANO, M.G., RUMBELSPERGER,
AM.B., aND AssINE, ML.L., 2021, Mixed siliciclastic—carbonate sedimentation in an evolving
epicontinental sea: Aptian record of marginal marine settings in the interior basins of north-
eastern Brazil: Sedimentology, v. 68, p. 2125-2164.

VascoNceLos, C., WARTHMANN, R., McKENzig, J.A., VisscHeRr, P.T., BITTERMANN, A.G., AND
vaN Lith, Y., 2006, Lithifying microbial mats in Lagoa Vermelha, Brazil: modern
Precambrian relics?: Sedimentary Geology, v. 185, p. 175-183.

ViILLAFARE, PG., CONSOLE-GONELLA, C., Cury, L.F, anDp Farias, M.E., 2021, Short-term
microbialite resurgence as indicador of ecological resilience against crises (Catamarca,
Argentine Puna): Environmental Microbiology Reports, v. 13, p. 659-667.

WaRREN, L.V, Varesao, EG., Quacrio, E, Simoes, M.G., Fursich, ET., Porg, D.G., Catro, B.,
AND AssINE, MLL., 2017, Stromatolites from the Aptian Crato Formation, a hypersaline lake
system in the Araripe Basin, northeastern Brazil: Facies, v. 63, p. 1-19.

WiLkiN, R.T., BarNes, H.L., AND BranTLEY, S.L., 1996, The size distribution of framboidal
pyrite in modern sediments: an indicator of redox conditions: Geochimica et Cosmochimica
Acta, v. 60, p. 3897-3912.

XionG, Y., Tan, X., Wy, K., Xu, Q., Liy, Y., aND QI40, Y., 2021, Petrogenesis of the Eocene
lacustrine evaporites in the western Qaidam Basin: implications for regional tectonic and
climate changes: Sedimentary Geology, v. 416, no. 105687.

ZeeBg, R.E., aND WoLF-GLaDrROW, D., 2001, CO, in Seawater: Equilibrium, Kinetics,
Isotopes: Elsevier Science, Oceanography Series, v. 65, 346 p.

Received 15 October 2022; accepted 27 July 2023.

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/93/10/776/6023322/i1938-3681-93-10-776.pdf
bv | ltrecht nivers<itv | ibrarv user


http://rigeo.cprm.gov.br/jspui/handle/doc/7690

