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The Araripe Basin, located in northeastern Brazil, originated during the Gondwana continental break-up respon-
sible for the opening of the South Atlantic during the Early Cretaceous. In the Araripe Basin, the post-rift Aptian
sequence corresponds to the Santana Group, which is composed, in upward succession, of mostly clastic
continental and rare carbonate layers of the Barbalha, Crato, Ipubi and Romualdo Formations. The laminated
limestones of the Crato Formation were deposited in a lacustrine environment preceding the deposition of the
Ipubi Formation evaporites. They are age-equivalent to the limestones of the pre-salt interval of the east coast
of Brazil, which contains large petroleum reserves. The excellent preservation of its macrofossils has made the
Crato Formation known worldwide as a Fossil Lagerstdtte. The limestones are macroscopically homogeneous,
and their deposition has been previously attributed to chemical precipitation. Although the carbonate laminites
are macroscopically undifferentiated, mineralogical variations, microscopic texture and distinctive biotic aspects
supported the characterization of four microfacies: planar laminated, crustiform, nodular and rhythmic. The
microfacies analysis indicated a strong and pervasive biological activity in the Crato limestone morphogenesis.
Organominerals precipitated by the metabolic action of cyanobacteria and/or sulfate-reducing bacteria and
methanogenic-oxidizing archea are represented by calcite and pyrite. Calcified coccoid and filaments are com-
mon, furthermore, the presence of calcified biofilms composed of exopolymeric substances (EPS) is ubiquitous.
The presence of amorphous organic matter (AOM) and gypsum, particularly in the rhythmic microfacies, indi-
cates anoxic/dysoxic conditions and stressful environments during periods of drought and low lake levels
which favored the development and preservation of microbial biofilms. Phytoclasts and miospores when present
in the succession indicate an extrabasinal contribution during wetter periods, although the environment
remained of very low energy. The evidence of microbial influence in the formation of the laminated limestones
of the Crato Formation is of great importance for understanding the excellent preservation of the unit's fossils
and for modeling the evolution of the Aptian carbonate sequences in Brazil.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Araripe Basin, located in northeastern Brazil, covers an area of
approximately 9000 km? (Fig. 1). Its origin is related to the Gondwana
rifting event and the opening of the South Atlantic Ocean (Matos,
1992, 1999). Similarly to the Brazilian marginal basins, its stratigraphic
framework consists of megasequences generated during the rift
and post-rift stages. The Aptian post-rift I sequence (Assine, 2007) cor-
responds to the Santana Group, which consists, in upward succession, of
the Barbalha, Crato, Ipubi and Romualdo Formations. The stratigraphic
column consists of a transgressive stacking of fluvial facies overlain by
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the Crato lacustrine limestones, Ipubi evaporites, and the marine section
of the Romualdo Formation (Assine, 1992, 2007).

The depositional environment of the Crato Formation and its
excellent preservation of fossils have made it known worldwide as a
Cretaceous Fossil Lagerstdtte (Martill et al., 2007a). According to Freire
et al. (2013), oxygen restriction in a large stratified body of water may
be the primary factor for the preservation of the organic content, includ-
ing soft tissues such as cuticles, muscle fibers and micropapillae (Barling
et al., 2015).

The Crato Formation consists of carbonate layers several meters
thick interbedded with siliciclastic sediments (shales and sandstones),
whose origin is attributed to transgressive-regressive events associated
with the expansion and contraction of a lacustrine system (Neumann,
1999). The lacustrine carbonate facies have a calcite composition with
low magnesium content and are predominantly composed of micritic
laminated limestones (Fig. 2). The origin of the Crato carbonates is
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Fig. 1. Geological map of the Araripe Basin (Assine, 2007). Well 1-PS-11 is located east of the Nova Olinda city. A regional geological section A-F cuts the basin from W to E. The area in blue

represents the regional extent of the carbonates contained in the Crato Fm.

traditionally attributed to chemical precipitation associated with fine
clastic sediments unaffected by any organic mediation (Heimhofer
et al., 2010).

The laminated limestones was previously attributed to profundal
carbonate facies, which consists of detrital redeposited material from
littoral carbonate or transported by turbidite currents, with low organic
content remains (Dean and Fouch, 1983).

The goal of this paper is to characterize the carbonate laminites of
the Crato Formation in terms of their mineralogy, chemical composition,
petrofabric, microstructures and organic content and investigate evi-
dences for the microbial influence on the formation of the Crato Forma-
tion limestones. The north-central Araripe basin was chosen as the
study area because it contains the best preserved limestones facies in
the unit, which are the focus of most published studies of the Crato For-
mation (Fig. 2). Also the samples of the well 1-PS-11-CE, which was
drilled east of the Nova Olinda city, Ceara State (Fig. 1) and intercepted
arepresentative stratigraphic profile of the unit, were carefully analyzed
because of their fresh and well preserved carbonates.

2. Methods and materials

The sedimentary section sampled by the 1-PS-11-CE well is 73 m
thick and contains five intervals of carbonate rocks of various thick-
nesses interbedded with siliciclastic intervals. The limestone layer,
lying between depths of 130.75 and 137.10 m, was selected for analysis.
The limestone section is macroscopically homogeneous, consisting of
laminites characterized by alternation of light and dark lenses, responsi-
ble for the rhythmicity of the succession. Based on facies variations in
the well core, thirteen levels were sampled for thin sections, scanning

electron microscope (SEM) and organic and inorganic geochemical
analyses.

Classification of the carbonate facies was based on Demicco and
Hardie (1994), which includes genetic terms appropriate for the
intrabasinal rocks with organic origin. To differentiate carbonate cate-
gories produced directly or indirectly by microorganism activity, the
classification scheme of Dupraz et al. (2009) involving biologically-
induced and/or influenced mineralization was applied. The microfacies
were defined based on textural features, crystal morphology, and fossil
content and diagenetic features from thin sections arrangement, rock
samples and polished pieces, in accordance with the modified model
of Fliigel (2004). The thin-section petrography was conducted using a
Zeiss Axio Imager A2 binocular petrographic microscope and a Zeiss
Stereo Discovery V.12 binocular magnifying glass.

The thin sections were also analyzed by scanning electron microsco-
py (Model Zeiss EVO MAT15 operated at EHT 20-30 kV and 40-80 Pa
pressure). The resulting images were generated in variable-pressure
mode, without metal coating. Some samples were initially rinsed with
1% hydrochloric acid to remove the mineral fraction and to preserve
the organic content, a procedure that etches flat surfaces and enables
the visualization of three-dimensional morphologic features.

Ten samples were subjected to geochemical analyze to determine
the total organic carbon (TOC) using a LECO SC-144 analyzer with an
infrared detector. The TOC content was determined by combustion of
the pulverized and previously acidified samples with HCIl. The non-
carbonate portion of the sample not removed by acid treatment was
used for analysis of the insoluble residue (IR). Four samples were select-
ed for palynofacies analysis after removal of the mineral matrix. The
purpose was to evaluate the organic content in the carbonate rock and
to infer its genesis associated with the mineral fraction (Combaz,
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Fig. 2. Quarry in Nova Olinda, state of Ceara (see Fig. 1). (A) overview of the outcrops of the Crato Fm. The limestone layer is several meters thick and is overlain by a siliciclastic section
consisting of shales and sandstones; (B and C) the limestones display millimetric delicate lamination evident in the photographs at the bottom.

1980). The procedure for evaluating the quality of the kerogen was
conducted by counting 300 particles per sample. The isolated organic
matter was mounted on glass slides and polished sections for analysis
under transmitted, reflected and fluorescent white light. For classifica-
tion of the kerogen, the identification procedure of Tyson (1993) was
adapted to lacustrine systems, discriminating the predominant organic
constituents and anoxic conditions.

Some samples were analyzed by X-ray diffraction (XRD) using a
Philips/Panalytical PW-1830 diffractometer. Rock powder pellets were
burned at 60 °C and Cu radiation (Cu-ka = 1.5406 A) and investigated
with a scanning interval at angles ranging between 3° and 70°. Interpre-
tation of the diffractograms and identification of the minerals were
performed using the X'Pert High Score software, and the measurements
were quantified using the Reitveld method.

X-ray micro-fluorescence analyses (|-XRF) were performed using
an M4 Tornado from Bruker Corporation to map the areal distribution
of chemical elements in certain thin sections.

3. Results

The stratigraphic stacking of the Crato Formation is evidenced in the
well 1-PS-11-CE by the occurrence of sedimentary sequences composed
of shales, at the base, and sandstones and carbonates at the top. The
thickest and best developed carbonate interval, according to the log
profiles, was chosen for analysis (Fig. 3). This interval is composed of
laminated carbonates with variable organic matter richness that re-
sponds for the laminae differentiation. The microfacies characterization
and organic components provided the basis for paleo-environmental
interpretation.

3.1. Organic components

The studied carbonate laminites of the Crato Fm. contained low
levels of total organic carbon (TOC, generally less than 1%) and insoluble
residue (IR, less than 3%), except for the sample at 136.35 m depth,
which contained 6.74% TOC and 17% IR (Table 1).

3.1.1. Description

The organic components are primarily amorphous organic matter
(AOM), with minor phytoclasts and miospores (Fig. 4). Heterogeneous
AOM with high fluorescence and poorly defined outer edges is domi-
nant in the interval. Its internal structure is alveolar with a honeycomb
texture. Also present is homogenous AOM with well-defined outer
edges, dark colors and low fluorescence. The miospores (spores and
pollen grains) typically exhibit high fluorescence and form tetrads.

3.1.2. Interpretation

The organic components with high fluorescence indicate anoxic con-
ditions during the deposition of the Crato Formation laminites
(Neumann et al., 2003). In anoxic-dysoxic environments, the preserva-
tion of organic components rich in hydrogen (labile kerogen) is directly
related to the intensity of the fluorescence, i.e., the higher the kerogen
fluorescence, the greater the preservation of organic matter. The pre-
dominance of highly fluorescent AOM, low content of palynomorphs
(Table 1) and the tetrads of miospore support the interpretation of
low-energy depositional environments with low oxygen content
(Tyson, 1984, 1993, 1995). The internal structure of heterogeneous
AOM is very similar to features found in extracellular polymeric
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Fig. 3. Stratigraphic column, logs and well core image of the Crato Formation in well 1-PS-11-CE. The carbonate-siliciclastic section of the Crato Formation lies between the fluvial
sandstones of the Barbalha Formation (bottom) and the evaporites of the Ipubi Formation (top). The laminated limestone between depths at 130.75 and 137.10 m was investigated in

this study.

substances (EPS) and it looks the same feature recognized by Dupraz
et al. (2004) in the Bahamas modern environment.

Although the carbonate laminites are macroscopically undifferenti-
ated, variations in mineralogy, microscopic texture, structures and

Table 1

Quantified percentage of total organic carbon (TOC), insoluble residue (IR) and
palynofacies of the laminite microfacies (AOM = amorphous organic matter; FIT =
phytoclast and MI = miospore).

Depth (m) TOC (%) IR (%) AOM (%) FIT (%) MI (%)
130.75 0.83 3 91 7 2
131.15 0.42 1 - - -
131.60 0.70 2 93 3 4
132.80 0.54 1 - - -
134.20 0.81 1 92 6

13435 0.62 1 82 8 10
13450 0.92 1 - - -
135.90 0.99 1 - - -
136.35 6.74 17 - - -
136.65 177 2 - - -

biota allowed the characterization of four microfacies: rhythmic,
nodular, planar laminated and crustiform. These four microfacies, pre-
dominantly calcitic, are described and interpreted below.

3.2. Rhythmic microfacies

3.2.1. Description

The rhythmic microfacies is characterized by interbedded sub-
millimetric to millimetric lenses of micritic calcite, organic matter and
clay (Fig. 5). These lenses, which range in thickness from 0.5 to
2.0 mm, form pairs of light and dark micritic lenses with restricted con-
centrations of organic matter and clay. Micrite is locally recrystallized,
forming small crusts of prismatic calcite a few millimeters thick. The
dark lenses, which are rich in organic matter, exhibit alveolar structures,
spherical to sub-spherical calcite forms (diameter of 1 to 5 um), and
hollow ellipsoids partially filled with microspheres. Along with the cal-
cite crystals calcified filaments are found that resemble tubes in cross
section. A few lenses are truncated and exhibit deformation structures
as loop-bedding. The XRD analyses revealed the presence of gypsum
in this microfacies.
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Fig. 4. Images of different organic matter samples viewed in transmitted and fluorescent light. (A and B) Heterogeneous amorphous organic matter (AOM) with alveolar internal structure
and no external outline producing high fluorescence; (C and D) dark homogenous AOM with defined outline producing low fluorescence; (E) tetrads and disaggregated miospores (mi),
usually producing high fluorescence; (F) structured opaque phytoclasts (fc) complete the palynomorph framework.

3.2.2. Interpretation

The alveolar structure is highly suggestive of microbial origin (cf.
Dupraz et al., 2004; Pacton et al., 2012; Bahniuk et al., 2015) and is
commonly present as an organic matrix consisting of calcified benthic
bacteria and mucilage (De Philippis et al., 1998, 2001; Stal, 2000,
2003; Richert et al., 2005). The presence of gypsum suggests a harsh en-
vironment for metazoans, thereby decreasing bioturbation and favoring
the preservation of laminations in rhythmites (Bowler and Teller, 1986).
This environment is, therefore, hostile to predators of microbial mats
(such as gastropods and copepods) and provides conditions favorable
for the development and preservation of bacteria (Vasconcelos et al.,
2006). The micro and nanospheres resemble mineralization in an
organic matrix (Braissant et al., 2003; Aloisi et al., 2006). The calcitic
filaments may represent the calcification or carbonate incrustation of

filamentous bacteria sheaths (Pentecost and Riding, 1986). The pres-
ence of pyrite, organic matter with high fluorescence and the preserva-
tion quality of the structures and fossils in this stratigraphic interval
indicate anoxia during deposition (Freire et al., 2013), or even an anoxic
interval below the sediment-water interface. Reducing and hypersaline
environments are typical of water bodies that are closed or have re-
stricted water inflow, characterized by high organic productivity within
stratified water columns (Tyson, 1993, 1995).

3.3. Nodular microfacies
3.3.1. Description

The nodular microfacies is characterized by interbedded irregular
micritic lenses and organic clays with spherical and/or elongated
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Fig. 5. Rhythmitic microfacies: (A) interbedding of millimetric layers with truncated laminations (black arrow) and loop bedding deformation structure (red arrow); (B) alveolar structure
(EPS) calcified in an SEM image; (C) micrometric spherical to sub-spherical calcite crystals (left) and filamentous calcite crystals (right). Cubic pyrite crystals denoted by arrow; (D) detail
of C showing a semi ellipsoid surrounded by spherical/sub-spherical aggregates of calcite (yellow arrow). The black arrow points to a cut in a calcified filament, at 136.65 m.

Fig. 6. Nodular microfacies: (A) irregular lenses of carbonate nodules interbedded with lenses rich in organic matter; (B) detail of a nodule with micrite and chalcedony sided by an
ostracode (left) filled with spathic calcite; (C) inter-nodular portion formed by irregular layers of carbonate with calcite spherulites; (D) detail of micritic layers with spherical and
elongated dark morphologies within a substrate where it is possible identify the presence of euhedral to subhedral calcite, at 136.35 m.
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Table 2
Mineral composition (%) of the carbonate microfacies.

Mineralogy (%)

Microfacies Calcite Pyrite Gypsite Quartz Fluorite
Rhythmitic 95.20 1.50 3.30 - -
Nodular 87.20 2.50 6.70 3.70 -
Planar lamination 98.10 0.90 - - 1.00
Crust 96.90 0.40 2.70 - -

nodules concordant with the lamination (Fig. 6). The nodules composed
of micrite and quartz deform the micritic and carbonaceous lenses. The
irregular carbonate layers are composed of calcite spherulites and a

peloidal matrix. The matrix is constituted of spherical and elongated
peloids, with portions consisting of recrystallized euhedral to subhedral
calcite. This microfacies contains the greatest amounts of gypsum
(6.74%) and pyrite (2.50%) among the four microfacies (Table 2). The or-
ganic lenses are millimetric in thickness and contain TOC concentrations
as high as 6.74% (Table 1). SEM images allowed the identification of sev-
eral dark spherical and filamentous shapes, including possibly a calcified
Spirulina cyanobacteria (Fig. 7). Calcite microspheres (approximately
20 pm in diameter) with smooth surfaces are abundant and form aggre-
gates within a spathic cement. A few of the microspheres are perfect
spheres; others form conjugate pairs of varying size. Individual or
pairs of equal-sized spheres are present as internal moldings in the
spathic cement. Calcite spheres with radiating-fiber internal structures

P
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o g —
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» Bacterial filaments

]

10 uym
e

Fig. 7. Nodular microfacies in SEM images: (A) circular forms interpreted as calcification of EPS, with detail of a calcite sphere with a radiating-fiber structure associated with filaments
(yellow arrow); (B) pairs of conjugate calcite spheres of equal size, suggestive of bacterial cellular division; (C) calcified filaments among clay minerals and calcite needles; (D) detail
of calcified bacterial filaments; (E) detail of calcite needles; (F) clusters of framboidal pyrite among biofilms (yellow arrows), at 136.35 m.
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(spherulites) associated with filaments generate an irregular substrate.
The clay films rich in organic matter also contain acicular calcite crystals,
spiral crystals and clusters of framboidal pyrite.

3.3.2. Interpretation

The relationship between the nodules and laminations suggests that
it is an eodiagenetic feature that formed early in, or simultaneously
with, the deposition of the laminites, based on their deformation of
the lenses of micritic and organic matter matrix. The internal silicifica-
tion in the nodules is interpreted as being syndepositional or early dia-
genetic stage, possibly related to an increase in evaporation and a
decrease in pH, thereby providing conditions for the concentration of
silica in solution and biogenic precipitation of quartz (Pufahl, 2010).
The presence of gypsum and pyrite suggests high salinity and low oxy-
gen content, favorable for activity of sulfate-reducing bacteria and for
sulfide precipitation within the biofilms. The spherical and elongated
peloidal shapes are interpreted as clusters of precipitated calcium car-
bonate nanospheres in the EPS of bacterial colonies, whose metabolic
activity affected the physicochemical conditions of the environment
and provided the calcium carbonate precipitation. The association of
biofilms with the substrate formed by the fabric of spherical features
supports the interpretation that this structure was the product of the
calcification of the EPS matrix. The other shapes of the calcite crystals,
i.e., needles, microspheres and filaments also reinforce the biogenic in-
terpretation of the carbonates. The pairs of calcite spheres with similar
shapes and sizes suggest that they represent prokaryotic organisms of
coccoid undergoing cellular division by multiple fission.

3.4. Planar laminated microfacies

3.4.1. Description

The planar laminated microfacies is characterized by micrite with
planar parallel lamination with concordant discontinuous dark lenses
of organic matter. Lamination is given by dark micritic and light
microsparitic lenses. The organic particles are pyritized as indicated by
the distribution of iron and sulfur (Fig. 8). The matrix is formed by
euhedral to subhedral calcite micro-rhombohedrons associated with
the presence of bacterial filaments and expressive amounts of EPS
(Fig. 9). Alveolar structures with spherical calcite are preserved in the
core nucleus in association with the organic matter.

3.4.2. Interpretation

Calcite rhombohedrons are presumably the product of biologically-
induced precipitation by bacterial activity in an EPS-enriched substrate.
The organic mucilage and the environmental conditions, such as the CO,
pressure, CO, outgassing, hydrodynamic energy, pH and alkalinity, may
explain the morphology and composition of the minerals that vary from
rhombohedrons to spheres (Braissant et al., 2003). In Shark Bay,
Australia, the precipitation of euhedral to subhedral crystals is occurring
directly on the microbial EPS of the substrate (Jahnert et al., 2012). The
discontinuous nature of the organic-rich lenses and the absence of gyp-
sum suggest that this microfacies was deposited during periods of rela-
tively high water levels. Sporadic input of freshwater to the system
would have prevented the precipitation of gypsum and increased oxida-
tion, resulting in poor preservation of organic matter.

3.5. Crustiform microfacies

3.5.1. Description

The crustiform microfacies is characterized by prismatic calcite crys-
tals that form palisades enveloped in biofilms separated by laminites
with micritic matrix. Clusters of spherical to subspherical calcite and
crystals with a dendritic geometry are present in the biofilms overlap-
ping the prismatic calcite crystals (Fig. 10).

3.5.2. Interpretation

The crustiform microfacies is localized in levels suggesting that it is a
depositional feature associated with environmental variations. The
crusts consisting of prismatic calcite crystals develop over a calcified
substrate, probably biofilms (cf. Riding, 2011). The morphology of crys-
tal layers is similar to the bacterial shrubs of Chafetz and Guidry (1999).
These shapes developed in aqueous environments with high energy,
high concentrations of CaCOs, significant loss of CO, (outgassing) and
high salinity (Folk and Chafetz, 1983; Chafetz and Folk, 1984; Chafetz
and Guidry, 1999). It is noteworthy that the presence of gypsum
(Table 2) suggests deposition in arid hypersaline conditions. An alter-
nate explanation for the crystalline crusts is the filling of voids between
lenses by aragonite crystals recrystallized as calcite (Arp et al., 2003).

4. Discussion

A bacterial origin of the limestones of the Crato Fm. was previously
suggested by Neumann et al. (2003), who interpreted anoxic conditions

Fig. 8. Laminated microfacies: (A) alternation of light yellow to orange micro-laminae of carbonate with concordant discontinuous dark lenses of organic matter; (B and C) u-XRF analysis

showing distribution of Fe and S associated with the organic matter, at 132.80 m.
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Fig. 9. Laminated microfacies in SEM images. (A and B) calcitic imperfect micro-rhombohedrons within calcified EPS and bacterial filaments (yellow arrows); (C) calcified EPS creating
alveolar structure; (D) detail of C showing alveolar structure and spherical calcite grain, at 132.80 m; (E) example of alveolar structure of the Bahamas modern environment (Dupraz
etal, 2004).

in the depositional environment based on the high fluorescence exhib- Microscopic characterization of morphologic features strongly
ited by AOM, although similar facies have been attributed to chemical suggests microbial activity and organomineralization as the mecha-
precipitation in lacustrine environments without the involvement of nisms that generated the Crato Formation limestones (see Figs. 5,
microbial activity (Heimhofer et al., 2010). 7,9). The fact that the primary organic component of these laminites

Fig. 10. Crustiform microfacies: (A) crusts of prismatic calcite (pc) grown in carbonate lenses (cl), surrounded by organic matter biofilms (bf); (B) view of pc, cl and bf in SEM image;
(C) SEM image showing aggregates of spherical to sub-spherical calcite crystals amid the biofilm; (D) calcite crystal with external shrub geometry, at 131.60 m.
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consists of amorphous organic matter (Table 1) also supports this
interpretation.

The composition of the carbonate sediment exhibits expressive and
pervasive contents of organic matter composed of organic aggregates,
dissolved organic matter derivatives, peloidal material, shallow-water
filamentous benthic bacteria (presumably cyanobacteria) and sulfate-
reducing bacteria associated with oxygen-deficient environments. The
integrated analysis of this new information allowed a better under-
standing and a change in the previous “profundal carbonate” deposi-
tional model.

The recognition of microorganisms was based on a morphological
comparison of modern fossil examples (Foster et al., 1989, 1990;
Kazmierczak et al., 1996; Tribovillard, 1998; Kremer, 2006), including
elongated and spiral filamentous and coccoid morphologies (Fig. 7).
This comparison is possible only because this morphospecies remain
with low or no morphological change over its evolutionary history
(Schopf, 1992). According to Golubic and Hofmann (1976), the mor-
phology of fossil specimens and their cell frequency distribution are
similar to those of modern specimens. A comparison of the morphology,
cellular division patterns, ecology and postmortem degradation se-
quence indicates that Precambrian and modern bacteria are identical
(Knoll and Golubic, 1979). Based on this similarity and the specimens
size (1 to 20 um), it is inferred that the conjugated spherical pairs of
coccoid form represent prokaryotic cells undergoing reproduction by
multiple fission (Fig. 7).

Experiments with a gel matrix indicate that spherical shapes can be
produced with or without the presence of bacterial cells (Chekroun
et al., 2004; Turner and Jones, 2005). The formation of calcite spheres
and several types of carbonate minerals can occur in association with
a matrix of purified exopolysaccharides and amino acids as well as pro-
teins and other organic products similar to EPS (Given and Wilkinson,
1985; Fernandez-Diaz et al., 1996; Braissant et al., 2003).

The presence of the EPS organic matrix indicates the biogenic in con-
tribution to the precipitation of the carbonate minerals in the Crato For-
mation. The extraordinary preservation of the mucilage allowed the
identification of the matrix, both in its primary organic and its calcified
form. The AOM with the internal alveolar geometry (Fig. 4) is
interpreted as the preserved EPS matrix (Pacton et al., 2012; Bahniuk
et al., 2015). The structure formed by the fabric of spherical features in
the nodular laminite microfacies (Fig. 9) is also interpreted as having re-
sulted from the calcification of the EPS matrix. The EPS matrix in the pla-
nar laminated microfacies is virtually identical to that observed in
modern microbial mats in an alkaline hypersaline lake on Eleuthera Is-
land, Bahamas (Dupraz et al., 2004). This type of alveolar matrix can
be produced by a large variety of microorganisms and is associated
with the activity of heterotrophic, autotrophic, sulfate-reducing, me-
thanogenic, sulfide-oxidizing (Bosak and Newman, 2005; Braissant
et al., 2007) and free-living bacteria (Kives et al., 2006). These commu-
nities usually form microbial mats, where the organisms are capable of
producing organic material using only CO, and sunlight. According to
Dupraz et al. (2009), the presence of an EPS matrix is essential because
it controls the diffusion and adsorption/complexation of calcium.

Microbial communities serve well as a model for investigating the
interactions between microorganisms and minerals involving several
metabolic processes in these substrates. Processes like photosynthesis,
ammonification, denitrification and sulfate reduction, oxidation of sul-
fides, and methane generation can modify the pH, alkalinity, ion avail-
ability and organic content of the depositional environment and
promote in situ biological mineralization of carbonate (Dupraz et al.,
2009). It is likely that biologically induced and influenced organic min-
eralization occurs intermittently and is controlled by changes in tem-
perature, composition, alkalinity and salinity of the water body, as
reported in the formation of stromatolites in marine environments
(Reid et al., 2000; Visscher et al., 2000), particularly in microbialites
formed in hypersaline environments (Jonkers et al., 2003; Dupraz
et al., 2004; Vasconcelos et al., 2006; Jahnert et al., 2012).

The presence of filaments along the calcite rhombohedrons in the
Crato limestones (Fig. 9) suggests that environmental changes imposed
by these microorganisms may have been one factor that triggered the
nucleation and precipitation of the crystals, thereby supporting the bio-
logically induced mineralization. Examples of this type of mineralization
were observed in marine environments (Reitner, 1993), microbial soil
crusts (Defarge et al., 1999), laminated lithified mats in lagoons of a
Pacific Ocean atoll (Defarge et al., 1996; Trichet et al., 2001) and Creta-
ceous mud mounds (Neuweiler et al., 1999, 2000). The microorganisms
are preserved as coccoid and filamentous forms in the laminated rocks.
The coccoid forms are represented by calcite microspheres (occasional-
ly as radiating fibers), forming clusters between the organic biofilms
and on the surfaces of EPS mucilage. The filamentous forms display
elongated shapes and circular cross sections and are peloidal where
present in the nodular microfacies or calcified in the rhythmite
microfacies. The calcified or embedded filaments are very similar to
those described by Pentecost and Riding (1986) and can be present,
extra- and intracellular, on fibrous sheaths of polysaccharides and mu-
cilage composed of EPS (Skinner and Jahren, 2004).

The spathic calcite crystals associated with the crusts in the crustiform
laminite microfacies without microorganisms or EPS suggest a biological-
ly influenced mineralization. Similar forms of spathic calcite are common-
ly found in travertine, tufa, hydrothermal seeps, botryoidal crusts, alkaline
lake deposits, poorly lit deep waters and chemically differentiated envi-
ronments (Folk and Chafetz, 1983; Chafetz and Folk, 1984; Chafetz and
Guidry, 1999). Many examples of calcite crusts have been interpreted as
microbial carbonates produced by bacterial communities (Riding, 2011),
and some researchers who describe the crusts as cement admit the influ-
ence of bacterial activity in their formation (Macintyre, 1984; Macintyre
and Marshall, 1988). The presence of these organisms is due to their abil-
ity to survive and adapt to drastic environmental changes (Kromkamp
et al., 2007). Most eukaryotes such as micro- and macro-algae and inver-
tebrates, which compete for space with or ingest microbial communities,
do not survive in extreme environments (Fischer, 1965; Awramik, 1971,
1992; Walter and Heys, 1985; Riding, 2006).

The type and amount of organic matter in the microfacies allowed
the identification of relationships between the biological productivity
and the preservation of organic matter. The nodular, crustiform and
rhythmic microfacies, which are characterized by better preservation
of organic matter and the presence of gypsum and silicification, suggest
deposition during arid periods. Periods of extreme drought were re-
sponsible for the formation of halite crystals preserved as pseudo-
morphs. These features were registered in outcrops and they are
similar to the previously pseudomorphs published by Martill et al.
(2007b). Evaporation and drops in water level promote increasing sa-
linity and water temperatures, thereby making the environment hostile
to predators and favoring the proliferation of AOM-producing organ-
isms, such as bacteria and archaea. In contrast, during humid periods,
grazing organisms proliferated and consumed the bacterial organic
matter, thereby significantly reducing its preservation. The planar lam-
inated microfacies are associated with these humid periods and are
characterized by little preservation of organic matter and the absence
of evaporite minerals.

The AOM particles, particularly those with high fluorescence, are of
intrabasinal origin because they do not tolerate a significant sedimenta-
ry transport (Tyson, 1993). The other types of organic matter, such as
the phytoclasts and miospores, which are extrabasinal, are more
common in the planar laminated microfacies. The presence of well-
preserved tetrads and clusters of sporomorphs suggests that these par-
ticles were deposited in a short distance from the source and in a low-
energy depositional environment (Tyson, 1984). The low percentage
of sporomorphs suggests a dry climate with sparse vegetation, corrobo-
rating a previous interpretation based on floristic associations
(Neumann et al., 2003).

The absence of macrofossils and marine palynomorphs (such as dino-
flagellates, acritarchs, foraminifera, and scolecodonts), the predominance
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of well-preserved AOM and the absence of alginate, a typically marine el-
ement, indicate that the carbonates of the Crato Formation were originat-
ed in a lacustrine environment with a dysoxic to anoxic bottom. The lake
systems were most likely hydrologically closed (Carroll and Bohacs,
1999), wherein a negative water balance created a hypersaline environ-
ment that was hostile to metazoans and favored the development of
bacterial mats in shallow water.

5. Conclusions

The Crato Formation limestones are essentially calcitic, composed of
micritic matrix with micro- to nanometric rhombohedral crystals,
spherical or acicular grains and alveolar structures. Conventional micro-
scopic analyses allowed the identification of four microfacies: rhythmic,
nodular, planar laminated and crustiform, within a continuous 7 m thick
interval of laminated limestones.

In the rhythmic, nodular and planar laminated microfacies, there
was evidence of organic minerals precipitated by microbial metabolic
activity. The excellent preservation of the microorganisms morphol-
ogies allowed the fossil prokaryotes to be compared with modern ex-
amples. Calcified microorganisms include elongated and filaments,
coccoid morphologies and abundant organic-enriched carbonate matrix
suggesting an additional organomineralization of exopolymeric sub-
stances (EPS).

The crustiform microfacies, composed of spathic crystals, do not re-
veal any direct evidence for the deposition of a biogenic product. How-
ever, the absence of any crystallographic forms, and the association with
the other microbial facies, suggests an extrinsic influence of organic ac-
tivity in its genesis. This microfacies associated with gypsum indicates
aridity with relatively low-water level during deposition. This extreme
condition supports the probability that biologically-influenced mineral-
ization prevailed over biologically-induced process. Well preserved
enriched amorphous organic matter overlaps the crystals of the
crustiform macrofacies producing corrosion on the top of prismatic cal-
cite crystals, probably related to the organic acids.

The organic fraction of the total package is composed primarily of
heterogeneous and homogenous AOM. The heterogeneous component
has an internal alveolar structure and is associated with EPS preserva-
tion, whereas the homogenous form has no visible structure and may
be a result of EPS degradation. Phytoclasts and miospores are also pres-
ent and indicate an extrabasinal contribution, although the depositional
environment was of low energy, supported on the basis of the presence
of tetrad miospores.

The presence of calcified coccoid, filamentous bacteria and calcified
biofilms are being considered as a product of biologically induced min-
eralization. On the other hand, the absence of microorganisms or EPS
within the prismatic crystals crusts have being considered as biological-
ly influenced mineralization. The carbonate depositional cycles have
metric thickness while the crystalline crusts are centimetric layers.
Thus, it is possible to estimate that more than 90% of the carbonates
are generated in situ throughout biologically induced mineralization.

Carbonates from well cores better preserve the microscopic features
necessary for the identification of its organic origin. Finally, this finding
opens many lines of inquiry into the Aptian sections of the pre-salt in-
terval in basins along the east coast of Brazil, which hold some similar-
ities with the Crato limestones.
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