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Abstract

The Aptian Crato Formation is world renowned for its well-preserved fossils in microbially-induced laminated limestones, which are regarded
as one of the main Cretaceous Konservat-Lagerstdtte of the geological record. Detailed stratigraphic investigation and mapping of the up to
90-m-thick Crato Formation at the eastern border of the Araripe Plateau allowed recognition of a regionally persistent fossil-bearing muddy
interval, herein defined as the Caldas Bed. At its type locality, it is defined as an up to 2-m-thick coarsening-upward succession of grey/green
mudstone and interbedded sandy siltstone and claystone. The 0.85- to 2-m-thick interval was recognized in several localities along the outcrop
belt, and it is bounded by sharp, lower (Konservat-Lagerstitte limestone) and upper (sandstone and heterolithic facies) contacts. Despite pre-
vious literature data suggesting the presence of marine mollusks, the bed contains freshwater bivalves, small gastropods, spinicaudatans, plant
remains, trace fossils, and rare ostracods. The Caldas Bed records benthic paleocommunities representing a short-term isochronous regional
freshening event, marked by abrupt changes in sedimentation pattern, bathymetry, salinity, oxygenation and water chemistry.
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INTRODUCTION

The Aptian Crato Formation of the Santana Group (sense
Assine et al. 2014, Neumann and Assine 2015), Araripe Basin,
northeastern Brazil, is worldwide renowned for its excep-
tionally well-preserved fossils, which are found in lacus-
trine laminated limestones (Heimhofer et al. 2010, Varejiao
et al. 2019a). These encompass one of the main Cretaceous
Konservat-Lagerstitten of the Gondwana supercontinent (Maisey
1991, Martill et al. 2007a, Varejio et al. 2019a).

Based on the absence of true marine fossils (Neumann
et al. 2003, Heimhofer et al. 2010) and the occurrence of
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spinicaudatan crustaceans (former conchostracans), ostra-
cods and other non-marine fossils in some particular strata
(e.g, Coimbra et al. 2002, Neumann et al. 2003), the Crato
Formation is interpreted as a mixed carbonate-siliciclastic suc-
cession exclusively deposited in a lacustrine system (Martill
et al. 2007a). However, this scenario is not entirely corrob-
orated by recent sedimentological and paleontological data
(i.e, Goldberg et al. 2019, Varejio 2019). The sedimentary
facies, microfossil and trace fossil content, and stratigraphic
architecture of the Crato Formation attest to local influences
of marginal marine sedimentation (Varejio 2019), suggesting
that the depositional history of this unit is much more com-
plex than previously thought. Also, marine bivalves have been
pointed to exist in a muddy interval immediately above the
Konservat-Lagerstitte (Barbosa et al. 2004, Bruno and Hessel
2006), although there is no formal description of them (see
discussion in Silva et al. 2020a, 2020b).

Indeed, the distinction between marine and non-marine
settings under the influence of epicontinental seas — as is
the case of the Araripe Basin (Arai 2014, Assine et al. 2016,
Custddio et al. 2017, Firsich et al. 2019, Goldberg et al. 2019,
Varejio et al. 2019b, Rodrigues et al. 2020) — is a complicate
issue in basin analysis especially when ambiguous body and
trace fossils are recorded in the preserved assemblages (e.g,
Barnes 1989, Buatois et al. 1997, Gomez et al. 2009, Keller et al.
2009, Gross et al. 2016, Quijada et al. 2016, Mas et al. 2018,
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Bright et al. 2018). In this way, the use of multiple geological

tools (e.g., sedimentological, stratigraphic, paleontological,

geochemical approaches) is advisable in order to confidently
identify the depositional environments and their vertical and

lateral variations (e.g.,, Wesselingh et al. 2002).

The recognition of intervals with paleoenvironmental
and paleogeographic significance is of ultimate importance
for better characterizing the depositional record of the Crato
Formation. Within the last years, during detailed mapping and
stratigraphic investigation of the formation within the scope of
a broad investigation of the Santana Group (i.e., Assine et al.
2014, Catto et al. 2016, Assine et al. 2016, Warren et al. 2017,
Custddio et al. 2017, Fiirsich et al. 2019, Varejao et al. 2019b,
Silva et al. 2020a, Silva et al. 2020b, Rodrigues et al. 2020),
we were able to:

* establish a stratigraphic-sedimentologic framework of the
fossil occurrences other than those tied to the fossil-rich
laminated limestones;

* identify intervals that are regionally relevant for paleoen-

vironmental interpretations and basin-wide correlation.

Among such intervals, the Caldas Bed is here formally
described as a datum for intrabasinal stratigraphic correlation,
and a key bed in order to discuss the existence of short-lived
marine incursions in the Aptian Crato Formation.

GEOLOGICAL SETTING

The Mesozoic Araripe Basin developed within the
Borborema Province, interior of northeastern Brazil, by reac-
tivation of faults associated with the Neoproterozoic Patos
shear zone, in response to stresses transmitted to the plate
interior during the opening of the southern and equatorial
branches of the Atlantic Rift System (Matos 1992). The Aptian
transitional phase of the Araripe Basin is represented by the
Barbalha, Crato, Ipubi and Romualdo formations that con-
stitute the Santana Group (Assine ef al. 2014, Neumann and
Assine 2015). These units comprehend mixed carbonate-evap-
orite-siliciclastic depositional system tracts (Assine et al. 2014,
Fig. 1) related to short-lived marine ingressions (Arai 2014,
Assine et al. 2016, Custddio et al. 2017, Firsich et al. 2019,
Varejio et al. 2019b, Rodrigues et al. 2020).

The Crato Formation, an up to 90-m-thick succession of
interbedded limestone, shale, mudstone and sandstone, is one
of the most-studied Aptian units of the Araripe Basin due to its
fossil content (Figs. 1 and 2). It is usually interpreted as depos-
ited in a lacustrine system due to the presence of continental
fauna and flora, kerogen type, and particular carbon and oxygen
isotopic values (Neumann ef al. 2003, Heimhofer et al. 2010).
The Crato Formation contains abundant and exceptionally pre-
served continental fossils that underwent microbial entomb-
ment (Varejdo et al. 2019a), making it one the most important

Gr.: group; Fm.: formation; DS: depositional sequence; C: clay; S: silt; FS: fine sand; MS: medium sand; CS: coarse sand; U.C.: Upper Cretaceous; L.C.: Lower

Cretaceous; U.J.: Upper Jurassic.

Figure 1. Stratigraphic framework of the Caldas Bed. (A) Geologic map of the Araripe Basin with the location of the columnar sections
where the Caldas Bed was described (modified from Assine ef al. 2014). (B) Depositional sequences of the Aptian Santana Group and
the stratigraphic position of the Caldas Bed within the Crato Formation (modified from Assine et al. 2014). (C) Stratigraphic architecture
of the Depositional Sequence II (Assine et al. 2014), with the position of the Caldas Bed above lacustrine limestones with exceptional

fossil preservation.
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C: clay; S: silt; FS: fine sand; MS: medium sand; CS: coarse sand.

Figure 2. Columnar sections of the Crato Formation highlighting the occurrence of the Caldas Bed.

Cretaceous Konservat-Lagerstitten worldwide (Maisey 1991,
Heads et al. 2008, Martill et al. 2007a). Arthropods, fishes, tur-
tles, pterosaurs, gymnosperms, and early flowering plants are
recognized as the best-preserved fossils (Martill et al. 20072),
and thrived in the margins of a lacustrine system under fre-
quent hypersaline and alkaline conditions (Martill et al. 2007b,
Heimbhofer et al. 2010, Warren et al. 2017).

Fossils are otherwise rare in other strata of the Crato
Formation and only continental spinicaudatans and pal-
ynomorphs are abundant along the unit (Coimbra et al.
2002, Neumann et al. 2003, Heimhofer and Hochuli 2010).
Until recently, the apparent absence of typical marine fossils
led to the interpretation of the whole unit as a mixed lacus-
trine system, with carbonate deposition in distal settings and
siliciclastic sedimentation in the marginal areas (Neumann

et al. 2003). However, the recent record of microforaminifers

at the top of the Crato Formation, right below the evaporite
beds (Goldberg et al. 2019), and of dinocysts and typical marine
ichnotaxa at the base of the unit (Varejao 2019), indicate that
intervals punctuated by short-lived marine incursions occurred
during its depositional history. Also, tidal rhythmites, tidal
bundles, and marine ichnotaxa (Arenicolites isp., Diplocraterion
isp., and Skolithos isp., of the Skolithos Ichnofacies) have been
recognised, reinforcing the punctual marine influence in the
deposition of the unit (Varejio 2019).

THE MOLLUSKS OF
THE CRATO FORMATION

Beurlen (1963, p. 15) was one of the first authors to note the
presence of mollusk fossils in the Crato Formation. This assem-

blage was originally described as mainly dominated by small
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unionid bivalves, commonly in association with plant remains.
Beurlen (1963) collected some specimens from a dark mud-
stone at the so-called Romualdo Ranch in the vicinity of the
town of Crato, but neither the shells nor the mudstones were
originally illustrated or described by this author. Bivalves in
the Crato Formation were also mentioned by Mabesoone
and Tinoco (1973), mainly based on the imprecise data of
Beurlen (1963).

Martill and Wilby (1993), and Martill et al. (2005, 20074,
2007b) were the first authors to clearly state that the bivalves
of the Crato Formation occur in mudstones stratigraphically
above the top of the fossil-bearing laminated limestones from
the base of the unit. Martill et al. (2005, p. 1402) also prelim-
inary observed that the bivalves were probably unionids. In a
note published at a regional meeting, Barbosa et al. (2004)
recorded the bivalve-bearing mudstones of the Crato Formation
inlocalities at the eastern part of the Araripe Basin, in the sed-
imentary succession cropping out at the Batateira creek, or in
mining outcrops, such as the Caldas, André (= Trés Irmaos)
and Pedra Branca quarries, in the State of Ceard. In all these
localities, the bivalve-bearing mudstones overlie the topmost
laminated limestone unit (Barbosa et al. 2004).

Barbosa et al. (2004) cited the presence of marine bivalves,
such as Yoldia (Yoldia) sp., Barbatia (Cucullaearca) sp., and
Malletia (Malletia) sp., plus the freshwater genus Pseudohyria.
Again, the bivalves were not illustrated or described. Based on
data in Barbosa et al. (2004), Bruno and Hessel (2006) noticed
on the presence of these marine and freshwater genera in the
Crato Formation, suggesting that they may have lived under
euryhaline conditions.

Based on the few data available, Van Damme et al. (2015,
p- 189) stated that the record of “unionid bivalves” in the upper
part of the Early Cretaceous Crato Formation could not be
considered a valid occurrence due to lack of formal taxonomic
description. However, very recent taxonomic studies of the
bivalve mollusks of the Crato Formation have confirmed the
presence of a striking freshwater mussel fauna (Unionida) in
this unit (Silva et al. 20204, Silva et al. 2020b). According to
these new available data, it was possible to establish that the
bivalve assemblage is mainly represented by three distinct fam-
ilies, Silesunionoidea, Trigonioidoidea, and possibly Hyriidae
(Silva et al. 20204, Silva et al. 2020b). The fauna is dominated by
specimens of Araripenaia elliptica (Hyriidae or Trigonioidoidea),
followed by Monginellopsis bellaradiata (Trigonioidoidea), and
Cratonaia novaolindensis (Silesunionoidea) (Silva et al. 2020a,
2020b). However, only Araripenaia elliptica is widely distrib-
uted within the mudstone bed above the laminated limestone
and can be regarded as the most representative fossil of this
interval. The bivalves were probably semi-infaunal to infaunal,
suspension feeding forms adapted to live in the muddy sub-
strates with very slow-flowing waters.

The presence of gastropods in the Crato Formation was
recognized in the literature only by Santos et al. (2017).
The gastropods were described in the mudstone bed above
the fossiliferous laminated limestone, and also in siltstone
with ripple cross-lamination, approximately 17 m above the

mollusk-bearing mudstone (Santos et al. 2017). According to

these authors, hydrobiids typically colonized the muddy sub-
strates in freshwater and brackish water environments (Kabat
and Hershler 1993). Other conispiral morphotypes exhibit
axial ornamentation, typical of some marine and brackish

water rissoid gastropods (Ponder 1984).

METHODS AND DATASETS

The recognition of the Caldas Bed as a key marker bed
within the Crato Formation was based on the Article B-7 of
the Brazilian Stratigraphic Code of Nomenclature (see Petri
etal. 1986, p. 373-374). Data is derived from a broad, detailed
regional stratigraphic mapping (1:25.000) of this unit com-
bined with a high-resolution outcrop logging. The main local-
ities of the bed are:
* the Caldas quarry (24 M 459,410/9,186,889);
*  Estiva creek (24M 413,948/9,210,049);
*  TrésIrméos quarry (24M 422,971/9,213,396);
* the Batateira creek (24M 449,866/9,198,487), all in the

southeastern part of the State of Ceard.

The bed name is derived from its most representative out-
crop in the Caldas quarry, municipality of Barbalha.

High resolution (1:20) columnar sections of the Crato
Formation were measured along the eastern border of the
Araripe Plateau. The detailed logs allowed the recognition of
an interval of grey mudstones above the fossiliferous laminated
limestones at base of the unit with regional distribution, con-
taining a unique mollusk assemblage (Silva et al. 20204, Silva
et al. 2020b). Description of the sedimentary facies was based
on geometry, texture, sedimentary structures, paleocurrents,
taphonomic signatures, body fossil content, trace fossil associ-
ations, and carbon and oxygen isotopic composition (follow-
ing conceptual framework summarized in Hoefs 2004, Buatois
and Méngano 2011, Miall 2016). The distinct characteristics
of this specific interval and stratigraphic position within the
Crato Formation succession allowed its definition as a single
and laterally traceable bed with basin-wide extension.

Mudstone samples were collected in different measured
sections of the studied interval for carbon and oxygen isotopes.
The carbonate powders (10 samples) were drilled avoiding
fractured, weathered and mineral-filled zones. These were
reacted with 100% H,PO, under He atmospheric conditions.
The extracted CO, was measured for carbon and oxygen iso-
topic compositions in a Delta Advantage mass spectrometer
in the LAMIR Institute from the Universidade Federal do
Paran4 (UFPR). Isotopic results are reported in the conven-
tional per-mil delta notation (3"*C and 8'*O) with respect to
Vienna Pee Dee Belemnite (VPDB) and have analytical repro-
ducibility better than + 0.1 per mil.

During the field sampling of the Caldas Bed, 433 individ-
uals of mollusks (230 freshwater bivalves and 203 gastropods)
were collected. They are deposited in the scientific collections
of the Universidade Estadual Paulista “Julio de Mesquita Filho’,
Botucatu campus, Sdo Paulo, Brazil. The taphonomic signa-
tures of the shells are briefly mentioned, and the main biost-

ratinomic attributes and nomenclature used follows those of
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Kidwell et al. (1986), Brett and Baird (1986), and Fiirsich and
Oschmann (1993).

The description of the trace fossils followed the concep-
tual framework summarized in Buatois and Mangano (2011).
When possible, the trace fossils were classified taxonomically.
The degree of bioturbation was also estimated based on the
Taylor and Goldring (1993) scheme, who defined a biotur-
bation index (BI), ranging from zero (no bioturbation) to six
(complete bioturbated).

CALDAS BED: FORMAL PROPOSITION

Within the sedimentary succession of the Crato Formation,
a relatively thin (~ 0.3 to 2 m) mollusk-bearing mudstone,
and interbedded sandy siltstone and claystone with abundant
horizontal trace fossils, is readily recognizable immediately
above the topmost laminated limestone bed of the Lagerstitte
interval at the basal interval of the unit (Figs. 1, 2, and 3).
This interval is clearly distinct from the successions above
and below given its distinct physical sedimentary properties
and/or fossil content. The mud-dominated succession was

recognized along the outcrop belt of the Crato Formation in

C: clay; S: silt; FS: fine sand; MS: medium sand; CS: coarse sand.

Figure 3. Correlation of columnar sections highlighting the Caldas Bed.

the Nova Olinda, Crato and Barbalha municipalities, State of
Ceara (Fig. 1), and is here formally recognized as the Caldas

Bed, as follows.

Formal proposition

Category: Lithostratigraphic unit.

Hierarchy: Bed.

Derivation of name: Caldas Bed, given that the best expo-
sures of this bed are located at excavation sites of the IBACIP
(Barbalhense Industry of Portland Cement), Barbalha County,
Ceara State, NE Brazil (Fig. 3).

Typelocality: The Caldas quarry (24 M 459,410/9,186,389),
Barbalha County (Fig. 3).

Description: Atits type locality, the Caldas Bed isa 2-m-thick
coarsening-upward succession characterized at the base by a
0.9-m-thick mudstone bed and at top by a 1.1-m-thick inter-
bedded succession of sandy siltstone and claystone containing
abundant horizontal trace fossils. The succession occurs right
above the limestones of the Konservat-Lagerstitte that are also
traceable at basin scale (Fig. 4A). Laterally, the succession may
lay on up to 0.2-m-thick grey shales with interbedded tabular
beds of mudstone.
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Figure 4. Main sedimentological features of the Caldas Bed at different areas. (A) Caldas Bed in its type section right above the
Konservat-Lagerstitte. (B) Thickening-upward pattern observed in the predominantly muddy succession. (C) V-shaped cracks filled by

claystone at Nova Olinda section. (D) Trace fossils preserved in hyporelief. Hammer in A-C is 30-cm long, and scale bar in D is 8 cm in length.

The grey- to green-colored mudstones occur in sharp
and abrupt contact with limestone at base of the succession.
They are organized in cm-scale structureless tabular beds with
undulated base and flat top, without evidence of bioturbation.
Where shales are intercalated between limestone and mud-
stone, a transitional contact is observed between these facies.
Spinicaudatan remains are recorded at the base of the mud-
stone, while typical freshwater bivalves (Unionida) occur in
the middle, and carbonized plant fragments are common in
the upper part of the mudstone bed. The bivalves (resembling
modern and fossil Hyriidae from the Americas, Trigonioidoidea

from Eurasia and north Africa, and Silesunionoidea from

Europe; see Silva et al. 20204, Silva et al. 2020b) are dispersed
in the mudstone and are mainly represented by articulated
valves, especially splayed-out ones. The shells are commonly
articulated, mainly in butterfly posture. When closed articu-
lated, most of the shells are with the umbones downwardly
oriented, with the antero-posterior axis of the shells arranged
atlow angles with the bedding plane. Disarticulated shells are
typically arranged concordant to bedding, either convex-up
or down. Among the disarticulated specimens the number of
right and left valves is similar (i.e., no 50:50 left/right valve
deviation is noted). Hence, the bivalves are probably autoch-

thonous to parautochthonous elements (sensu Kidwell et al.
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1986) in the Caldas Bed and a prime indicator of freshwa-
ter conditions.

Above the fossil-rich mudstones, the succession is domi-
nated by interbedded cm-thick tabular beds of sandy siltstones
(2to 10 cm) and claystone (0.5 to 2 cm), confirming the coars-
ening-upward pattern of the association. The siltstone beds
form a thickening- and coarsening-upward succession, and
the base of each bed commonly display moderate to abundant
(BI-3) positive hyporeliefs of horizontal simple trace fossils
(i.e., Planolites montanus). The top of the succession is flat and
the contact with the overlying shales abrupt.

Regional attributes

As mentioned above, the bivalve-bearing muddy inter-
val of the Caldas Bed can be recognized at different localities
of the Araripe Basin (Figs. 1 and 2). All other three sites (i.e.,

Estiva and Batateira creeks and Trés Irmdos quarry; Figs. 3, 4,
S, and 6) exhibit the same stratigraphic, sedimentologic and

paleontological attributes.

Trés Irmdos section

In this section, the Caldas Bed is confined to a mudstone
bed laterally varying in thickness between 0.3 and 0.85 m. It is
intercalated between fossil-rich laminated limestones and a het-
erolithic succession. The latter consists of a mud-dominated
interval characterized by up to 0.3-m-thick layers of massive
mudstones with interbedded claystone and gypsum up to 2 cm
in thickness. The Caldas Bed occurs just above the laminated
limestones that constitute the Konservat-Lagerstitte of the Crato
Formation (Fig. 6A). Small gastropods are common in the lower
part, while bivalves dominate the upper part of the mudstone
bed. The bivalves (Cratonaina novaolindensis, Monginellopsis

Figure 5. Characteristicfossils from the Caldas Bed, including Unionida bivalves (A-C), carbonized plant remains (D), and possibly hydrobiid
gastropods (E). Explanation: (A) Araripenaia elliptica (Hyriidae or Trigonioidoidea), (B) Monginellopsis bellaradiata (Trigonioidoidea),

(C) Cratonaia novaolindensis (Silesunionoidea). Scale bars are 2 cm.
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Figure 6. Stratigraphic relationship of the Caldas Bed with strata below and above. (A) Trés Irmaos quarry showing the vertical position of the
Caldas Bed. (B) Heterolithic succession of interbedded sigmoidal cross-stratified sandstone and heterolithic beddings. Pencil is 12-cm long,
(C) Rhythmic interbedding of sandstone and mudstone layers. Note the presence of gypsum. Hammer is 30-cm long. (D) Dumbbell-shaped

trace fossils (i.e., Diplocraterion isp.).

bellaradiata, and Araripenaia elliptica) occur as dispersed artic-
ulated or disarticulated valves preserved as internal, external
or composite molds. Some specimens with closed articulated
shells are probably in situ (i.e., in life position). The mudstone is
intensely bioturbated, so that any original fabric has been oblit-
erated, presenting a mottled aspect. It is overlain by claystone
with incipient lamination. These are characterized by dispersed
bivalve shells (mostly Araripenaia elliptica) that are commonly
articulated and predominantly preserved as splayed open valves.
The entire interval has a flat base and an erosional irregular top,
which is dissected by several irregular V-shaped cracks (up to 30
cm deep and with a top width varying between 3 and 10 cm),
parallel to each other and filled with mud. Above the Caldas Bed,
there is a meter-scale succession including channelized sandstone
and heterolithic facies (Fig. 6A). Sandstone with trough and sig-
moidal cross-stratification commonly contain mudstone-drapes
bounding sets and foresets, while rip-up mudstone intraclasts
are common in the foresets (Fig. 6B). Finer-grained sandstone
displaying horizontal stratification and asymmetric ripple
cross-lamination occur interlaminated with mudstone (flaser/
wavy bedding) (Fig. 6C). The succession is also characterized
by sparsely to moderately bioturbated (BI = 2-3) intervals with

Avrenicolites isp., Diplocraterion isp., and Skolithos isp. (Figs. 6C,
and 6D). The heterolithic succession is interpreted as depos-
ited in tidal flats due to the occurrence of tidal bundles and tidal
rhythmites associated to the Skolithos Ichnofacies.

Estiva section

The Caldas Bed is a 1.1-m-thick coarsening-upward suc-
cession of mudstone and interbedded sandy siltstone and clay-
stone. Gray to green mudstones contain shells of freshwater
bivalves (Araripenaia elliptica) right above shales or limestones
of the Konservat-Lagerstitte interval. As usual, the bivalves are
dispersed to loosely packed in the sedimentary matrix, mainly
concordant (convex-up) to bedding. Both articulated and dis-
articulated shells occur, but most of them are specimens with
splayed valves. Thickening-upward tabular layers of sandy silt-
stones are interbedded with claystones and occur towards the
top. Incipient lamination disrupted by horizontal trace fossils
(Planolites isp.) occur in the sandy siltstones.

Batateira creek section
At this outcrop, the Caldas Bed consists of 0.25-m-thick black
shale that is followed by 1.1-m-thick tabular gray mudstones.
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The latter are mainly massive, although incipient lamination
highlighted by horizontal traces can be observed. In the basal
interval, bivalves (Araripenaia elliptica) are the dominant
fossils. They are dispersed and typically preserved as splayed
open individuals, while gastropods occur as subordinate ele-
ments. The number of right and left valves is roughly the same.
Isolated valves commonly occur in a convex-up position.
The succession thickens towards the top of the bed (Fig. 4B).
The Caldas Bed is overlain by a 0.9-m-thick succession of
tabular beds of sandy siltstone with faint lamination that are
separated by thin claystone layers with sandy siltstone-filled
burrows (Palaeophycus; Fig. 4D).

LITHOSTRATIGRAPHIC,
BIOSTRATIGRAPHIC AND
CHEMOSTRATIGRAPHIC TRAITS

The fossiliferous laminated limestones (Konservat-
Lagerstitte) forming the lower part of the Crato Formation
are sharply covered by a muddy interval (i.e,, Caldas Bed)
that can be easily traced for tens of kilometers along the east-
ern border of the Araripe Basin (Figs. 2 and 3). The thickness

VPDB: Vienna Pee Dee Belemnite.
Figure 7. Carbon and oxygen isotope data of the Caldas Bed.

of the Caldas Bed decreases towards the northwestern mar-
gin, though the mollusk-bearing assemblages are much more
abundant and diverse in this part of the basin. In this area (i.c.,
at the Trés Irmios quarry), claystone-filled, V-shaped cracks
are recorded in the mudstone (Fig. 4C) documenting a crucial
event that took place after the deposition of the Caldas Bed.
These structures are probably associated with subaerial exposure
of the substrate or to syn-sedimentary seismicity (i.., type 3
sedimentary dike, see T6r6 and Pratt 2016, p. 189 and p. 195).
However, the exact origin of the V-shaped features could not
be verified and further investigation is needed. Towards south-
east, the thickness of this marker bed increases, and the muddy
facies is overlain by coarser-grained facies forming a typical
coarsening-upward succession (Fig. 3).

The Caldas Bed is characterized by §*C values between
-0.77%o and +0.5%o, while the §*O values range from -6.9%o
and -4.48%o (Fig. 7), slightly varying along the outcrop area.
The mollusk-bearing mudstone has values ranging from -6.9%o
to +5.59%o for 0'*0, and from -0.6%o to +0.5%o for 8*C. In the
upper coarse-grained part (i.e., interbedded sandy siltstone
and claystone), the 6*O varies from -5.58%o to -4.48%o, and
between -0.77%o and -0.04%o for 8"*C.
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The presence of freshwater bivalve shells (Figs. SA, SB,
and SC) is a key paleontological feature of the Caldas Bed
distinguishing the mud-dominated marker bed from the
beds immediately below and above. Notably, the occurrence
of bivalves in this interval is known since the 1960s, though
they have only been formally described recently (see Silva
et al. 20204, Silva et al. 2020b). Carbonized plant fragments
(Fig. SD) are common throughout the Caldas Bed, although
they tend to be more abundant in intervals without mollusk
remains. Gastropod shells are very common in the Caldas Bed
as well, especially in mudstones from the Trés Irmaos quarry
and the Batateira creek sections (Fig. SE). The specimens are
preserved mainly as tiny (2.9-12.3 mm) internal and external
molds. Fragmentation is uncommon and the specimens are
dispersed in the matrix, generally showing compaction-related
shell deformations. Conispiral, turriform/fusiform and high-
spired shells strongly predominate, planispiral shells, in turn,
are exceedingly rare. Their poor preservation hampers the pre-
cise taxonomic identification; however, the general outline of
the commonest morphotypes found in the Caldas Bed resem-
bles the shells of hydrobiids, as previously identified by Santos
et al. (2017). These fossils are now under detailed study, and
we hope that soon we will be able to provide additional paleo-
ecological data on the depositional history of the Caldas Bed.

PALEOENVIROMENTAL IMPLICATIONS:
MARINE VS. NON-MARINE SETTINGS

Contrary to previous paleontological data (see Barbosa et al.
2004), the Caldas Bed is herein interpreted to have been depos-
ited in a freshwater lacustrine system due to the abundance of
non-marine forms (e.g, Unionida, Silva et al. 2020a, Silva et al.
2020b) and its oxygen isotopic composition (between -6.9%o
and -4.48%o). Slightly negative carbon isotope values suggest
higher primary productivity in surface waters (see Armstrong
and Brasier 2005) compared to those observed in carbonates
from the Konservat-Lagerstitte. Indeed, Heimhofer et al. (2010)
pointed out that the §"*C values of the laminated limestone inter-
val range from -0.1%o to +1.9%o, reflecting a restricted lacus-
trine system with stagnant bottom and limited freshwater input
(Heimhofer et al. 2010). In this way, the abrupt boundary of
the Konservat-Lagerstitte interval and that from the Caldas Bed
represents a crucial shift from a closed system to an open one.

As discussed in Silva et al. (2020a) and in Silva et al.
(2020b), the commonest bivalves recorded in this marker bed
are confidently assigned to true freshwater groups (i.e., naiads)
(Silva et al. 20204, Silva et al. 2020b). The presence of marine
or brackish water forms (Yoldia, Barbatia, Malletia; Barbosa
et al. 2004) has not yet been confirmed. For example, none
of the bivalve specimens in the collections examined by Silva
et al. (2020a) and Silva et al. (2020b) has a typical taxodont
hinge as in Yoldia or Barbatia.

The freshwater system of the Caldas Bed occupied the
entire eastern area of the basin and made possible the pro-
liferation of abundant mollusks, especially bivalves that gen-
erated shell-rich beds. Notably, the presence of mollusk-rich
horizons is a common feature observed in modern and ancient
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lacustrine sedimentary successions around the world (Cohen
1989, Gomez et al. 2009). The large amount of articulated
shells, the similar left/right valve ratios of disarticulated spec-
imens, and the absence of signs of fragmentation and abrasion
are indicative of short residence time in the taphonomically
active zone (TAZ, Aller 1982) and low lateral tractive transport.
As commented above, the bivalves are clearly autochthonous
to parautochthonous, and are more diverse (three coexistent
Unionida genera) in the northwestern outcrop area, suggesting
the presence of better oxygenated waters in this part of the basin.
Indeed, the mottled aspect of the mudstone in the northwest-
ern part suggests that these freshwater mussels lived totally or
partially buried within the substrate. Oxygenated waters were
probably a product of constant input of freshwaters by drain-
ages in the proximal parts of the lacustrine system (NW area).

In the distal parts of the basin (SE area of the Caldas Bed
outcrop belt) and just above the mollusk-rich mudstone, inter-
bedded sandy siltstone and claystone containing Planolites
montanus and carbonized plant remains are organized in a
thickening- and coarsening-upward pattern. These also sug-
gest an intermittent input of freshwater by adjacent small
streams, delivering coarser sediments and plant debris to the
basin. Indeed, the oxygen isotopic composition of the lower
mudstone layer is more stable than that of the upper coars-
er-grained layer, implying a marked variation in the salinity
of the waters in this last interval.

Above the Caldas Bed, the record of heterolithic facies, tidal
bundles and marine ichnotaxa points to yet another change, this
time related to a brief marine ingression. This situation is similar
to that observed in the Miocene Huesser Horizon, Carbonera
Formation, Eastern Cordillera of Columbia (Gomez et al.
2009). There, a well-preserved freshwater mollusk assemblage
accumulated in a lake system is capped by a marine incursion,
which s related to the increase of subsidence under conditions
of sea-level rise (Gomez et al. 2009). As commented before,
an alternative hypothesis for the subaerial exposure origin of
the V-shaped cracks is a seismic trigger related to earthquakes
when the sediments were not yet fully consolidated. This would
suggest that the basin was tectonically active at least in part of
its sedimentation, as already stated by Miranda et al. (2018).
Thus, similarly to the Huesser Horizon, the marine incursion
above the Caldas Bed could have been increased by tectonic
subsidence rates accompanied by a condition of rising sea-
level (see Haq2014).

In conclusion, the Caldas Bed represents an essential paleo-
environmental change in salinity, pattern of sedimentation,
faunal composition, as well as possibly climate, compared to
the strata above and below.

FINAL REMARKS

Detailed stratigraphic study of the Crato Formation of the
Araripe Basin allowed us to recognize a set oflithological and pale-
ontological attributes that characterizes the Caldas Bed. This ca.
2-m-thicksiliciclastic-dominated interval can be recognized and
traced along the outcrop belt of the Crato Formation in the Cariri

valley. Geological, paleontological and isotopic informations



Braz. J. Geol. (2021), 51(1): 2020009

indicate that the bed has been deposited in a freshwater lacus-
trine system. The Caldas Bed marks an abrupt change in sedi-
mentation, when the hypersaline carbonate-dominated system
was replaced by a fine-grained siliciclastic freshwater environ-
ment. None of the most common fossils in the bed, the bivalves,
can be confidently assigned to marine groups, as the majority
belong to freshwater mussels (Unionida). Taphonomic infor-
mation indicate that these bivalves are autochthonous to parau-
tochthonous elements having thrived in the muddy substrate.

The Caldas Bed is a very useful stratigraphic marker for
intrabasinal surficial correlations (Fig. 2), providing a crucial
geological tool in regional analyses and geologic mapping.
In this context, the Caldas Bed is particularly useful as a strati-
graphic datum given its sharp basal contact with the underlying
laminated limestones (hypersaline lake) and the overlying het-

erolithic succession (tide-dominated bay) (Fig. 2). Erosional
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teatures and clay-filled fissures at the top of the Caldas Bed at
the Trés Irmaos section suggest possible syn-sedimentary seis-

micity or conditions of prolonged subaerial exposure.
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