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ARTICLE INFO ABSTRACT

Keywords: The presence of the fern Weichselia in a restricted sedimentary interval of a drilling core in the Parnaiba Basin
Early Cretaceous (Brazil) was used as a lead for paleoenvironmental interpretation integrating paleobotanical, palynofacies,
Ferns

palynological, organic petrography and clay mineralogy analyses. The fern paleobiogeography was amplified
and its association with terrestrial bryophyte gametophytes (Muscites) indicated depositional conditions corre-
sponding to marginal areas of freshwater bodies subjected to frequent flooding under the general fluvial-deltaic
conditions so far accepted for the intermediary portion of the Codé Formation. The high dominance of non-
opaque phytoclasts and very scarce autochthonous non-marine palynomorphs pointed to a shallow water
body linked to marginal areas of fluvial systems in the river outlets, channel margins in estuarine systems, and/or
shallow floodplain lakes connected/open to fluvial canals. The very scarce marine palynomorphs (dinoflagellate
cysts) suggest a limited influence from unstable environments on coastal margins or estuarine canals. The
terrestrial vegetation surrounding the depositional setting, deciphered by palynological analysis, reflected
distinct environmental conditions prevailing simultaneously in 1) humid areas dominated by fern communities,
and 2) dry-xerophytic areas dominated mainly by Araucariaceae and Cheirolepidiaceae gymnosperms, both as
components of a wider Aptian paleoenvironment within the periequatorial latitudes in South America. The re-
sults were supported by clay mineralogy that showed abundance of detrital kaolinite over montmorillonite and
suggest the dominance of a climatic humidification process and a less expressive semiarid climate in a regional
context.

Mosses
Paleobiogeography
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1. Introduction

Weichselia Stiehler, a fern that became extinct during the Mesozoic,
shows a chronostratigraphic range from the Middle Jurassic to the Early
Cretaceous and a broad paleogeographic distribution. Its scleromorphic
features, such as sporocarps protecting the spores (angiosporangy), gave
rise to conflicting interpretations, from xeromorphism to adaptation
against excessive moistening or salinity (Silantieva and Krassilov, 2006
and citations therein).

Consequently, habitat reconstructions range from dry land to
shallow continental and coastal margins (Barale, 1979; Daber, 1968;
Krassilov, 1972; Retallack and Dilcher, 1981; Watson and Alvin, 1996).
Despite this divergence — mainly arisen from sedimentary analysis —
Weichselia has been recognized as an important paleoenvironmental
proxy and its presence in fossil plant associations has been used to guide
the interpretation of the corresponding depositional environments, from
continental savannah-like to marginal marine settings (Blanco-Moreno
et al., 2018).

In this way, the fern-dominated assemblages containing Weichselia
remains, especially in the Cretaceous, were reported from continental
lacustrine carbonates from the Barremian of Las Hoyas Formation and
from the middle Albian Escucha Formation, Spain (Diéguez and
Meléndez, 2000; Sender et al., 2005). In addition, paleofloras charac-
terized by the presence of Weichselia from other European sites of Bar-
remian age were linked to environments of channel deposits and of
brackish water by Coiffard et al. (2007).

The presence of Weichselia as a prominent element in marginal ma-
rine habitats was reported for the upper Aptian-lower Albian of south
Tunisia and for the Barremian-early Aptian delta plain, tidal flat and
near-shore marine facies of the Hatira Formation, Israel (Barale and
Ouaja, 2001; Silantieva and Krassilov, 2006). The dominance of
Weichselia fronds in a lignite layer led Abu Hamad et al. (2016) to
recognize the genus as dominant in mangrove coastal systems in the
northern Gondwana (Jordan) during the Barremian.

Blanco-Moreno et al. (2018) recovered information about the
paleogeography, chronostratigraphy and ecology of the genus and
ratified the previous proposition of Alvin (1974) and Daber (1953,
1968), who suggested the occurrence of Weichselia-dominated plant
associations in both continental and coastal marine deposits. New data
from morphological and anatomical analyses of rachises performed by
Blanco-Moreno et al. (2020) confirmed the presence of adaptations to
stressful environments.

According to Blanco-Moreno et al. (2018), Weichselia first appeared
in the fossil record during the Middle Jurassic in North Africa and
Georgia; in Europe, it was more common during the Berria-
sian-Barremian. After appearing in North America in the Aptian, those
authors suggested that the genus would have apparently vanished in
South America and India before the Aptian, with the last records cor-
responding to the Cenomanian in Europe and the north of the African
Province (Vakhrameev, 1991). For South America, Weichselia figured in
the early Aptian paleobiogeographic map of Blanco Moreno et al. (2018)
in deltaic environments of Colombia (Pons, 1988) and Peru, and
Venezuela in unknown environments of “Neocomian” age (Berry, 1922,
1937; Zeiller, 1914). For the Brazilian Albian, the presence of Para-
doxopteris Hirmer (the stem of Weichselia according to El Atfy et al., 2020
and citations therein) was described by Mussa et al. (2000) from the
Itapecuru Formation (Sao Luis Basin, NNE Brazil).

Well-preserved adpression pinna fragments of Weichselia are re-
ported here for the first time for the Brazilian Cretaceous from a 1.55 m
segment of a drill core from the late Aptian Codé Formation (Parnaiba
Basin). By means of the integration of paleobotany with palynofacies
and palynological analyses, the present study aimed to refine the specific
associated depositional environment within the general fluvio-deltaic
conditions so far accepted for the encompassing intermediary package
of the Codé Formation in the context of the Parnaiba Basin (Rossetti
et al.,, 2001a), as well as contributing to the knowledge on the
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paleobiogeography of this peculiar fern.

Additionally, clay mineral analysis was conducted in three lutite
samples genetically related to the macrofossil remains allowing for
comparison with previous paleoclimatic analyses for the Codé Forma-
tion outcrops (Rossetti et al., 2001b; Goncalves et al., 2006).

2. Geologic and Paleontological setting

The sedimentary and magmatic succession of the Parnafba Basin,
with a total area of 600,000 km?, located in the northern and north-
eastern regions of Brazil (Fig. 1), is divided into five supersequences:
Silurian, Middle Devonian-lower Carboniferous, upper Carbon-
iferous-Lower Triassic, Jurassic, and Cretaceous (Vaz et al., 2007).

In a broader context, the genesis of the deposits of the Cretaceous
supersequence, that correspond from base to top to the early
Aptian-Albian Grajat, Codd and Itapecuru formations, was associated
with tectonic movements or to the process of separation of the South
American and African continents, manifesting the history of the Atlantic
Ocean in this region (Rossetti et al., 2001a). In the Parnaiba Basin, the
Itapecuru Formation is restricted to late Aptian times (Ferreira et al.,
2020, 2021), although in the Sao Luis Basin the deposition range is
Aptian-Cenomanian (Carvalho and Pedrao, 1998).

The late Aptian Coddé Formation, subject of the present study, was
originally defined by Rossetti et al. (2001a) to encompass the section of
dark shales, limestones and evaporites. Mendes (2007) also included it
in an essentially terrigenous post-evaporitic. Strontium isotopic ratios in
the Codé Formation evaporites indicated a continental environment
(Paz et al., 2005). This evidence is corroborated by the presence of
typically lacustrine ostracods (Ramos et al., 2006), in addition to the
predominance of calcite over dolomite in carbonate facies (Rossetti
et al., 2004).

Mendes (2007) reported the presence of dinoflagellates above the
main evaporitic succession, indicating marine contribution (lagoon)
only at the end of the deposition of the Codé Formation. This
marine-influenced interval is deposited unconformably over the evap-
orites, marking a sequence limit within the Cod6 Formation.

The age of the Cod6é Formation was earlier considered as
Aptian-Albian (Andar Alagoas Stage) based on the paleoicthyofauna
(Santos, 1974; Silva-Santos and Valenca, 1968), although palynological
data pointed to a late Aptian age (Lima, 1982). Subsequent studies
attributed an Aptian age to the Cod6 Formation in the Parnaiba Basin
and in the neighboring basins on the equatorial margin where it also
occurs (Antonioli, 2001; Mendes, 2007; Paz et al., 2005; Ramos et al.,
2006; Rossetti and Goes, 2000; Rossetti et al., 2001a, 2004; Soares et al.,
2007; Zalan and Silva, 2007).

The fossil record of the Codé Formation includes fishes, crustaceans,
insects, arthropods and gastropods (Cardoso, 1962; Lima and Leite,
1978; Lisboa, 1914; Pinto and Ornellas, 1974), but the ichthyofauna is
the most common fossil group and has allowed for correlation with the
fossil fishes from the Santana Formation in the Araripe Basin and Ria-
chuelo Formation in the Sergipe/Alagoas Basin (Brito et al., 2016; Lin-
doso, 2016; Lindoso and Carvalho, 2012; Lindoso et al., 2011, 2013a,
2013b, 2016; Santos and Carvalho, 2009 and citations therein).

Plant fossils are uncommon, and the presence of angiosperm woods
associated with indeterminate leaves and roots were reported by Borges
(1937), Duarte (1959) and Moraes Rego (1923). Duarte and Santos
(1993) identified in this unit Nymphaeites choffati (= Klitzschophyllites
choffati (Saporta sensu Teixeira) emend. Gomez, Coiffard, Sender,
Martin-Closas, Villanueva-Amadoz et Ferrer), the first known fossil
angiosperm for the equatorial area. Lindoso et al. (2018) described a
taphoflora from Brejo municipality (state of Maranhao) composed of
Gnetales (?Drewria), conifers (Cupressinocladus and Brachyphyllum), and
basal angiosperms (Nympheales, Magnoliids, and basal Eudicots), which
support a late Aptian-?Albian age.

The material analyzed here comes from a 1.5 m thick interval of the
2-CO-1-MA core drilled in the city of Coroatda (Maranhao State,
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Fig. 1. Location map of the core drilling and position of the analyzed interval in the 2-CO-1-MA core sample from the Cod6é Formation.
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northeastern Brazil), composed of dark shale containing organic matter
and pyrite, lying above evaporite and gypsum levels, interspaced be-
tween underlying heterolytic sandstones of fluvial origin and overlying
paleosols (Fig. 1), in a continental context of deposition.

3. Material and methods

Macrofossil, palynological and palynofacies analyses were conduct-
ed in four samples (102.75 m; 101.75 m; 101.35 m; 101.20 m) from a
1.5 m thick interval of a drill core (2-CO-1-MA) from to the Codd For-
mation (Fig. 1). The plant material was mostly horizontally oriented on
the surface of the core slices, sometimes cross cutting the bedding plane.
Most of the plant remains were adpression fragments of fern pinnae of
Weichselia. Remains of delicate, small, elongated, branched shoots
densely covered by linear leaves of presumed mosses were also common.

The macroscopic plant material was analyzed and documented
under a Zeiss binocular stereomicroscope, model StereoDiscovery v12,
motorized with Sycop control and equipped with a Zeiss AxioCam
camera. All measurements were taken from calibrated images with the
aid of the AxioVision 4.8.2 software package.

Four samples from the same levels where macro-remains were
observed were prepared for palynological and palynofacies analyses
following non-oxidative extraction techniques (Mendonca Filho et al.,
2010, 2012, 2017; Oliveira et al., 2004, 2006) and then sieving the
residues using 10/ mm nylon sieves. Thereafter, the samples were
mounted on glass slides using Entellan Merck. A minimum of 200
palynomorphs were counted for each sample and the relative abun-
dances of taxa were calculated. England Finder (EF) coordinates were
used to record the location of the identified taxa.

The organic matter characterization was based on the quantitative
examination of particulate organic matter using microscopy techniques.
A total of 300 particles were counted for each sample and normalized in
percentiles according to the criteria of Tyson (1995 modified by Men-
donca Filho et al., 2012, 2017).

To support the microscopic interpretation of the adpressions,
petrographic analysis was carried out in polished blocks under oil
(Immersol 518 F) The blocks were also analyzed to obtain reflectance
data as a proxy for estimating the degree of coalification (e.g., McPar-
land et al., 2009).

Three fossil-bearing lutite samples were collected at the 101.20-,
101.35-, and 101.75-m depths of the core sample and processed
following Salgado-Campos et al. (2021), in which oriented glass slides
were produced following Moore and Reynolds (1997). Diffractograms
were obtained in a Bruker D8 Advance ECO diffractometer with CuKo (A
= 1.5406 A) radiation and operated at 40 kV and 25 mA. The range
analyzed was from 1 to 40° (26) with a pass of 0.01° (26) per 0.5 s.
Clay-sized fractions were randomly mounted for dygg reflection analyses
in the back-loading method and acquired in the range from 4 to 70° (2 6)
with a pass of 0.02° (2 0) per sec. The method of Biscaye (1965) was
applied for quantitative clay mineral analyses and the Warr (2020)’s
name abbreviations for clay minerals were used.

Processing techniques for palynofacies and organic petrography
were performed through a 50x objective using an AxioSkop 2 Plus Zeiss
microscope calibrated with a Sapphire standard (0.595%Ro) and
equipped with spectrophotometer J&M (MSP200) at the Palynofacies
and Organic Facies Laboratory (LAFO), Department of Geology/UFRJ.
Clay mineral analysis was conducted in the Centro de Tecnologia Min-
eral, Coordenacao de Andlises Minerais, Setor de Caracterizacao Min-
eraldgica — CETEM/UFRJ.

Macrofloral remains are housed in the Macrofossil Collection,
Department of Geology of the Instituto de Geociéncias, Universidade
Federal do Rio de Janeiro (IG/UFRJ) under the acronyms UFRJ-DG 2849
a/b Pb (101.75 m), 2850 a/b Pb (101.20 m), 2851 Pb (101.35 m), 2852
Pb (101.35 m). Palynological and palynofacies slides and polished
blocks are stored at LAFO/UFRJ.
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4. Results
4.1. Paleobotanical descriptions and comparisons

4.1.1. Weichselia remains

Among the abundant pinnae fragments occurring in the analyzed
interval, the four best preserved specimens were selected for detailed
observation and description. The vegetative and fertile fragments of the
pinnae were highly fractured and limited to a drill core of 8 cm in
diameter. Attempts of observing epidermal details by pinnule macera-
tion were unsuccessful.

The fern remains correspond to secondary vegetative pinna frag-
ments with broken ends and associated fertile sporocarps (Figs. 2 and 3).
The fragments of the isolated pinnae are up to 8 cm long (Fig. 2A-D).
The apical part of the frond was not preserved. The secondary rachis is
0.4-1.00 mm wide, smooth, straight, or slightly sinuous. Pinnules are
attached to the rachis in opposite to sub-opposite disposition. They are
heteromorphous, typically lingulate to triangular, sessile (pinnules
attached to pinna rachis by their entire base), 2.4-5.3 mm long, 1.9-3.7
mm wide, attached to the rachis at oblique to straight angles (60°-90°).
When lingulate, pinnule apices are rounded, and slightly acute when
triangular (Fig. 2B).

The pinnule heteromorphy (Fig. 2) is a common feature in modern
members of the extant leptosporiangiate Matoniaceae family (Kato and
Setoguchi, 1998). This morphologic peculiarity can indicate affinity of
Mesozoic fossil fronds with Matoniaceae (Taylor et al., 2009). The
Matoniaceae family was apparently represented by a relatively small
number of species throughout the Mesozoic (Berry, 1919). Currently it
has a very narrow distribution and is restricted to southeastern Asia
(Lindsay et al., 2003).

Pinnule venation is reticulate, with a thick prominent midrib that is
distally forked and slightly curved just before the apex. The secondary
venation is characterized by very dense anastomoses, clearly visible in
the pinnule surfaces (Fig. 2E and F, 3A). Adaxially, the secondary
venation forms polygonal, rhombic or rectangular areoles arising from
the midrib. The areoles are mostly isometric (up to 390 pm wide),
becoming narrower and rectangular toward the margin (down to 170
pm wide x up to 390 pm long) (Fig. 2F).

This general venation pattern, characterized by a dense reticulate
and thick net, is relatively distinct from other Mesozoic matoniacean
genera such as Matonidium Schenk and Phlebopteris Brongniart (e.g.,
Nagalingum and Cantrill, 2006), but is in accordance with the descrip-
tion of Weichselia Stiehler by different authors (e.g., Alvin, 1971; Barale,
1979).

Petrographic analysis in polished blocks allowed for identification of
stomata confined to the lower pinnule surface, irregularly oriented
within the areoles of lateral veins, with elliptical guard cells, each pair
measuring 26-29 pm long and 14-18 ym wide (Fig. 3B). The stomatal
pattern resembles that of both Weichselia reticulata (Stokes et Webb)
Fontaine (Alvin, 1974) and W. negevensis Silantieva et Krassilov (2006).

The associated fertile structures are clustered spheroids (synangia)
about 1 mm in diameter (Fig. 3C and D). A small impression fragment of
a probable reniform pinnule with flabellate venation associated to a
cluster of spheroids is also present (Fig. 3C). These synangia are similar
to those described for the reproductive structure of W. negevensis
(Silantieva and Krassilov, 2006). Additionally, two parallel secondary
rachis fragments showing putative truncated bases of last order rachis
(Fig. 3E) are similar to the ones described by Sender et al. (2015) for the
rachises bearing spherical globular soral clusters in W. reticulata. The
occurrence of these structures suggests that both species could have
been present in the plant assemblage studied here. Fragments of
sporogenous tissue containing spores occur nearby the fragments of
secondary rachises (Fig. 3F).

The putative organization of the reproductive structures in non-
laminar fertile pinnules also seems to be in accordance with the diag-
nosis for Weichselia. It contrasts with other Mesozoic matoniaceous
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Fig. 2. Adpression remains of Weichselia pinnae. A-C) Typical secondary pinnae bearing lingulate pinnules with rounded apices in sub-opposite disposition (UFRJ-DG
2849a/b Pb, 101.75 m, UFRJ-DG 2852 Pb, 101.35 m); D) arrow points to cracks on the primary rachis not filled with sediment (UFRJ-DG 2850a Pb, 101.2 m); E)
arrow points to oblique, triangular pinnule (UFRJ-DG 2849 b Pb, 101.75 m); F) counterpart of (C) showing detail of venation pattern (UFRJ-DG 2850 b Pb, 101.2 m).

Scale bars = 5 mm.

ferns, i.e., Matonidium and Phlebopteris, characterized by superficial sori
which are radiate with a single ring of large sporangia (Nagalingum and
Cantrill, 2006). Nevertheless, the preservation of the macroremains
restricted to isolated sterile and fertile pinnae precludes the identifica-
tion to the species level.

Besides the identification of Weichselia with Matoniaceae, affinity of
the genus with the Marattiaceae family was proposed by Edwards
(1933) and Koeniguer (1966, 1975) based on the sporangial structures
and anatomical features, whereas Alvin (1971) assigned the genus to a
monotypic family Weichseliaceae. Despite its similarities with the
Marattiaceae on account of the synangia, Silantieva and Krassilov
(2006) considered that the sporocarp morphology pointed to the Mar-
sileaceae family. Based on the stem anatomy and external morphology,
Blanco-Moreno et al. (2020) ratified the Marattiaceae (and Psar-
oniaceae) affinity, contradicting current acceptation of Matoniaceae
affinity based on frond architecture (Sender et al., 2015).

4.1.2. Bryophyte remains
Twelve specimens of isolated and one of clustered bryophyte shoots
were found in the same fossiliferous levels as the Weichselia pinnae. In

tuft the growth pattern is orthotropic, presenting a bundle of equally
long, radiating gametophyte axes connected to a dense filamentous mass
(Fig. 4A). Shoots are up to 5.62 mm long and 1.32 mm wide. Isolated
shoots are sparsely branching in wide angles and in dichotomous
arrangement (Fig. 4B-D). The shoots are densely covered with sessile
and erect leaves (Fig. 4E and F). Anatomical and morphological features
including the potential leaf costa could not be observed.

The compressed leaves are linear, narrow-lanceolate to slightly
curved (0.18-1.9 mm long) with acute apex, decurrent base and entire
margins. Multiple round leaf scars (23-54.5 pm in diameter) on the
surface of a clavate stem where leaves are missing indicate that the
phyllotaxy might have been spiral and that the leaves could have been
attached to the stem only by the costa (if present) or were terete
(Fig. 4D).

Apical leaves are longer and more erect than the proximal ones,
sometimes originating an apical rosette (1.7 mm long x 0.7 mm wide),
whereas basal leaves are more spaced and smaller than the distal ones
(Fig. 4E and F).

In addition to the vegetative shoots, a compression of a capsule-
bearing sporophyte, with no visible organic connection with the
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Fig. 3. Epidermal details of Weichselia and associated reproductive structures. A) Close-up of the upper surface of a pinnule (102.75 m); B) lower epidermis included
in polished block under reflected white light, arrows point to polar end of each pair of guard cells (UFRJ-DG 2852 Pb, 101.35 m); C) Cluster of spheroidal synangia
(arrow) and impression of a flabellate pinnule (circle); D) detail of (C); E) two parallel secondary rachises (black arrows) bearing truncated bases of last order rachis
(white arrows); F) polished block under reflected white light showing several sectioned spores (UFRJ-DG 2852 Pb, 101.35 m). Scale bars = A, D) 500 pm; B, F) 20 pm;

C, E) 2 mm.

gametophytes, was also preserved (Fig. 4F). The capsule is erect, ovoid
(0.7 mm long x 0.4 mm wide), resting over an orthotropous seta.

The general organization of the gametophyte resembles that of the
morphogenus Muscites Brongniart (Class Bryopsida sensu lato according
to Moisan et al., 2012; Passalia, 2007; Puebla et al., 2012), which cor-
responds to a generalized description of extant mosses including brief
characterizations of both gametophyte and sporophyte morphology.

This morphogenus has been reported since the late Carboniferous
and was spread worldwide in the Cretaceous with several species (e.g.,
Muscites antarcticus Cantrill; M. cretaceous Oostendorp; M. gracilis Mays
et Cantrill; M. ingodensis Srebrodolskaya; M. kujiensis Katagiri. , Mukai et

Yamaguchi; M. ostracodiferus Krassilov; M. tenellus Wu) and also regis-
tered as Muscites sp. when specific diagnostic characteristics were absent
(Ignatov and Shcherbakov, 2011; Kvacek and Vodrazka, 2016; Passalia,
2007; Puebla et al., 2012, Tomescu et al., 2018).

The main morphological features of the gametophyte assemblage,
such as dichotomous branching arrangement, spiral to helicoidal leaf
disposition and linear to lanceolate leaves, and absence of leaf costa are
comparable with fossil bryophytes identified as Muscites sp. from the
Triassic Madygen Lagerstatte by Moisan et al. (2012). Based on the
gametophyte characteristics, the specimens from the Cod6 Formation
are provisionally and informally assigned to Muscites. However, the
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Fig. 4. Bryophyte remains (?Muscites). A) Tuft with several shoots connected to a dense filamentous mass (UFRJ-DG 2852 Pb, 101.35 m); B) isolated, ramified shoots
(UFRJ-DG 2849 b Pb, 101.75 m); C) detail of shoot ramification; D) round leaf scars on the shoot surface; E) isolated shoot with linear leaves (UFRJ-DG 2852 Pb,
101.35 m); F) isolated shoot with apical rosette and associated capsule and seta (UFRJ-DG 2849 b Pb, 101.75 m). Scale bars = A-D) 2 mm; E, F) 1 mm.

presence of an erect capsula, resting over an orthotropous seta (organic
connection to the gametophyte was not visible) points to diagnostic
features that would enable its attribution to a better-defined genus,
which will be presented elsewhere.

4.2. Palynofacies

The particulate organic matter (POM) from the four samples was
composed by phytoclasts (PHY), corresponding to 84.56-89.35%, and
palynomorphs (PAL) representing 10.64-14.88%of the association. The
amorphous group (AOM) was recorded only in a very low percentage
(0.56%) (Fig. 5, Table 1).

PHY is the main component and non-opaque phytoclasts (NOP)

represented 77.68-84.19% of the association, with higher occurrence of
biostructured phytoclasts in the samples 101.20 m (42.70%) and 101.35
m (40.98%), whereas the dominance of non-bioestructured phytoclasts
was identified in sample 101.75 m (49.23%) and 102.75 m (50.76%).
Opaque phytoclasts (OP) occurred in insignificant amounts along the
four samples (0.62-4.60%), as well as cuticles and membranes
(1.69-4.86%).

PAL is scarcely represented and sporomorphs are represented mainly
by trilete fern spores with the highest percentage values (7.60-11.08%)
over pollen grains and tetrads of Classopollis (1.83-3.37%). Freshwater
microplankton (Pediastrum and Scenedesmus) occurred with average
relative abundances not exceeding 1%. The occasional presence of
Botryococcus was identified in the sample 101.35 m. Lastly, it is worth
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Fig. 5. Selected particulate organic matter. (A-C, E, F) = transmitted white light; (D) = fluorescence mode. A) Non-opaque Phytoclasts. B) Opaque and Non-opaque
Phytoclasts. C) Membrane. D) Unidentified membrane. E) Opaque and Non-opaque Phytoclasts-Biostructured: Pitted. F) Non-opaque Phytoclasts-Biostructured:

Pitted. Scale bars = 50 pm.

Table 1

Palynofacies results.
Samples Depth (m) AOM PHYTOCLAST PALYNOMORPH

Opaque Non-Opaque Cut. + Memb. TOTAL Sporomorph Freshwater Marine TOTAL
Biostruc. N. Biostruc. Spore P. Grain

101.20 0.56 2.25 42.70 37.92 1.69 84.56 10.67 3.37 0.56 0.28 14.88
101.35 0.00 4.60 40.98 36.70 6.44 88.72 8.56 1.83 0.61 0.31 11.31
101.75 0.00 0.62 33.54 49.23 2.46 85.85 11.08 2.46 0.62 0.00 14.16
102.75 0.00 0.30 33.43 50.76 4.86 89.35 7.60 2.13 0.30 0.61 10.64

AOM = Amorphous Organic Matter.
Biostruc. = Biostructured.

N. Biostruc. = Non-Biostructured.

Cut. + Memb. = Cuticles + Membranes.

noting the occurrence of dinoflagellate cysts in the samples 101.20 m
(0.28%), 101.35 m (0.31%) and 102.75 m (0.61%).

4.3. Palynology

The palynological content of the four selected samples covering the

1.5 m studied interval was qualitatively and quantitatively analyzed
(Figs. 6 and 7, Tables 2 and 3).

Aquatic components (4%) correspond to green micro algae repre-
sented by members of the families Hydrodictyaceae (Pediastrum spp.)
Botryococcaceae (Botryoccocus spp.), Scenedesmiales (Scenedesmus spp.)
and Zygnemataceae (Ovoidites spp.). The autochthonous aquatic
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Fig. 6. Selected terrestrial palynomorphs from the Cod6 Formation. Sample depth followed by the England Finder coordinate. (A-K) = transmitted white light; (I, L,
M) = fluorescence mode. A) Cyathidites australis, sample 102.75 m, K13/4; B) Deltoidospora hallii, sample 101.35 m, V13/); C) Araucariacites australis, sample 101.2 m,
C25; D) Leptolepidites verrucatus, sample 101.75 m, W24/4; E) Callialasporites dampieri, sample 102.75 m, S21/3; F) Cicatricosisporites sp., sample 102.75 m, M14; G)
Sergipea variverrucata, sample 101.75 m, C29; H) Gnetaceaepollenites sp., sample 101.35 m, S27/3; I) Stellatopollis barghoornii, sample 102.75 m, W32; J) Birestisporites
sp., sample 101.75 m, 015/3; K) Classopollis classoides, sample 102.75 m, D23; L) Afropollis jardinus, sample 101.75 m, U29/1; M) Retimonocopites sp., sample 102.75

m, V13/2. Scale bar = 20 pm.

association does not show peaks and remains homogeneous throughout
the studied interval. Dinoflagellate cysts were recorded at minimum
values (1%) in the levels 101.20 m, 101.35 m and 102.75 m.

The terrestrial palynoflora (95%) includes various types of spores
and gymnosperm pollen, and scarce angiosperm pollen. The assemblage
is dominated by trilete spores (mainly Deltoidospora spp. and Cicatri-
cosisporites spp.) which display a high distribution pattern from the base
to the top of the succession (up to 55%).

The gymnospermous assemblage is dominated by Classopollis spp.
and Araucariacites spp. pollen grains, representing 33% of the terrestrial
forms. Other gymnosperm pollen types (Inaperturopollenites spp., Cal-
lialasporites spp., Equisetosporites spp. and Gnetaceaepollenites spp.) are of

subordinate importance, whereas some pollen types (Exesipollenites spp.,
Cycadopites spp.) occur only rarely and account together for less than
2%.

Pollen grains assignable to angiosperms (Afropollis spp., Stellatopollis
spp. and Retimonocolpites spp.) show a very low value along the studied
interval (around 5%).

4.4. Degree of coalification

Vitrinite reflectance analysis on the compressed pinnae (Ro =
0.40%) showed a low degree of coalification, implying a low rank
material.
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Fig. 7. Selected aquatic palynomorphs and other organic microfossils from the Codé Formation. Sample depth followed by the England Finder coordinate. (A, B, D,

E) = fluorescence mode; (C, F-H)
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= transmitted white light. A) Subtilisphaera sp., sample 102.75 m, Z29/2; B) Pediastrum sp., sample 101.75 m, J23/3; C) Ovoidites

sp., sample 101.75 m, B30; D) Scenedesmus sp., sample 102.75 m, Z29/2; E) Botryococcus sp., sample 101.2 m, S31; F) Chomotriletes almegrensis, sample 101.75 m,
S13/2; G) Mystheria oleopotrix, sample 102.75 m, V22/4; H) Fungal spore, sample 101.2 m, G33/3. Scale bar = 20 pym.

Table 2

Palynology results.
DEPTH AQUATIC PLANCTONIC TERRESTRIAL

Botryoc Zygnem Dinocyst Scened Pediastr Ovoidites Ferns Other pterid. Cheirolep Arauc Other gymn. Angiosp

101.20 1% 1% 1% 1% 44% 4% 13% 17% 10% 8%
101.35 1% 1% 53% 2% 15% 20% 5% 3%
101.75 1% 1% 58% 1% 14% 13% 5% 7%
102.75 1% 1% 1% 43% 2% 12% 20% 11% 9%

4.5. Clay mineralogy

Smectite was identified by dgo; reflections at 15 A varying from 31.9
to 45.6%, which expanded to 17 A after ethylene-glycol solvation and
collapsed to 10 A after heating at 550 °C (Fig. 8, Table 4). Montmoril-
lonite was determined as the smectite spec1es by doeo reflections at 1.50
A. Tllite was identified by reflection at 10 A ranging from 12.7 to 17.5%,
which did not undergo alteration after treatment with ethylene-glycol
and heating at 550 °C. Kaolinite was identified by reflections at 7 A
varying from 41.6 to 50.6%, which did not change after treatment with
ethylene-glycol and collapsed after heating at 550 °C.

10

The relative abundances of clay minerals were plotted in a ternary
graph based on Barshad (1966) (Fig. 9), suggesting that annual paleo-
precipitation values were between 367 and 429 mm.

Kln — Kaolinite; Ilt — Illite; Mnt — Montmorillonite.

5. Discussion

Our plotted data for the Aptian-Albian interval (Fig. 10, Table 5) do
not support the claim by Blanco-Moreno et al. (2018) of apparent van-
ishing of Weichseliaceae in South America before the Aptian. The
depositional environments dominated by Weichselia in South America,
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Table 3

Botanical affinities identified by palynological analysis (after Carvalho
et al., 2017; Dino, 1992; Gary et al., 2009; Kujau et al., 2013; Lima and
Boltenhagen, 1981; Regali et al., 1974; Tryon and Lugardon, 1991).

Taxon Botanical affinity
Afropollis jardinus Gunneraceae
Araucariacites australis Araucariaceae
Bennettitaepollenites regalii Bennettitales
Biretisporites sp. Matoniaceae
Botryococcus sp. Botryococcaceae
Callialasporites dampieri Araucariaceae
Callialasporites trilobatus Araucariaceae

Chomotriletes almegrensis

Incertae sedis

Cicatricosisporites sp. Schizaeaceae
Cingutriletes sp. Bryophyta
Classopollis alexi Cheirolepidiaceae
Classopollis classoides Cheirolepidiaceae
Crybelosporites pannuceus Marsilliaceae
Cyathidites australis Cyatheaceae
Cycadopites sp. Cycadaceae
Deltoidospora hallii Cyatheaceae
Deltoidospora juncta Cyatheaceae
Deltoidospora sp. Cyatheaceae

Equisetosporites sp.
Eucommiidites sp.

Ephedraceae/Gnetaceae
Ephedraceae/Gnetaceae

Exesipollenites tumulus Bennettitales
Inaperturopollenites sp. Araucariaceae
Klukisporites foveolatus Schizaeaceae
Klukisporites variegatus Schizaeaceae
Leptolepidites psarosus Selaginellaceae
Leptolepidites verrucatus Selaginellaceae
Matonisporites sp. Matoniceae

Moystheria oleopotrix

Incertae sedis

Ovoidites sp. Zygnemataceae
Pediastrium sp. Hydrodictyaceae
Retimonocolpites sp. Gunneraceae
Scenedesmus sp. Scenedesmaceae

Sergipea variverrucata
Stellatopollis barghoornii

Ephedraceae/Gnetaceae
Liliaceae

Stellatopollis sp. Liliaceae
Stereisporites sp. Bryophyta
Subtilisphaera sp. Peridiniaceae
Trisectoris reticulatus Angiospermae
Verrucosisporites sp. Osmundaceae

previously considered as restricted to coastal marine, are now also
linked to continental deposition.

Aiming to better characterize the paleobiogeography of Weichselia in
South American basins (based on the synthesis by Blanco-Moreno et al.,
2018), in this study we included Paradoxopteris (Albian Itapecuru For-
mation) from the neighboring Sao Luis Basin in our database. Addi-
tionally, the occurrence of Weichselia in the upper Aptian and lower
Albian strata of Colombia (El Ocal, Caballos, and Yavi-Alpujarra for-
mations) reported by Moreno (1994) has also been incorporated to our
paleobiogeographic map.

The physical properties shown by the pinna compressions such as
black color, lustrous sheen and checkered fractures in rachises and
pinnulae (Fig. 2D) led to preliminary identification of potential macro-
charcoal fragments as per Scott (2000, 2010), a preservation type
frequently reported for Weichselia remains (e.g., Abu Hamad et al., 2016;
Alvin, 1974; Blanco-Moreno et al., 2019; Harris, 1981). However,
organic petrography analysis on the material showed low reflectance
(Ro = 0.40%), withdrawing the affinity with charcoal and consequently
the occurrence of fire events. Given that the expressive superficial cracks
would lead to the fractionation of the pinnae if transported prior to
deposition, it can be assumed that the shrinkage was not produced by
desiccation prior to the burial. The fact that the numerous radial and
tangential cracks on the rachises and pinnule surface were not filled with
sediment seems to ratify this inference (Fig. 2D).

The preservation of secondary pinnae of Weichselia with pinnules
and reproductive structures still attached, showing little or no sign of
mechanical fragmentation, is an indication that they have not been
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transported far before being deposited, suggesting a hypauthochthonous
origin from an original habitat near to the site of deposition.

Weichselia is a pioneer taxon from terrestrial habitats constantly
influenced by flooding (Blanco-Moreno, 2021; Coiffard et al., 2007) that
could be defined as a tropophyte. According to Schimper (1898), the
term ‘tropophyte’ rather than “xerophyte” refers to plants adapted to an
alternation of dryness and moisture like Weichselia.

The occurrence of shales with thin rhizoliths overlying the fossilif-
erous interval (Fig. 1) could correspond to a floodplain paleoenviron-
ment close to channels as characterized by Sender et al. (2005) for the
middle Albian Escucha Formation (Spain) with impres-
sions/compressions of Weichselia isolated pinnae associated to immature
paleosols.

The delicate impressions/compressions of ramified gametophyte
shoots of bryophytes found together with the Weichselia pinnae are good
paleoecological markers, indicating humid environments near fresh
water and coastal wetland areas. However, these plants cannot survive
in strong salt-water influenced environments (Puebla et al., 2012).
Mosses are poikilohydric and can grow within the diffuse boundary
layer of substrates (Huttunen et al., 2018). They depend directly on
immediate environmental conditions and respond quickly to environ-
mental change, which makes them good bioindicators (Gabriel et al.,
2019). Nevertheless, desiccation-tolerant mechanisms allow these
plants to survive to occasional or intermittent periods of stressed con-
ditions (Wood, 2007).

Bryophytes inhabit environments at the terrestrial-aquatic interface,
meaning that they are easily buried even under just thin layers of clastic
deposits (Krassilov and Schuster, 1984). As highlighted by Tomescu
et al. (2018), bryophytes require a relatively narrow window of mild
hydrodynamic conditions to ultimately settle on the bottom and become
buried, because an extended time window for exposure to oxidation
would promote biological decay and mechanical fragmentation and
abrasion.

The macrofloral association reported here, composed by vegetative
and fertile fragments of the fern Weichselia and bryophytes (Muscites
sp.), is a good environmental indicator. Considering the continental
source of the dark shales where the macroremains were included, it is
possible to infer a source environment marginal to freshwater which
experienced flooding during periods of discharge. Moisan et al. (2012),
in their analysis of fossil bryophytes from the Triassic Madygen Lager-
statte (SW Kyrgyzstan), concluded that Muscites were also represented in
terrestrial, though probably still very moist habitat.

The dominance of non-opaque components of the Phytoclast Group
revealed by palynofacies analysis is conditioned by selective proximal to
distal preservation trends and selective sedimentation related to hy-
drodynamic equivalence of the particulate organic components. The
dominance of non-opaque, non-bio-structured over biostructured phy-
toclasts indicates a proximal trend, i.e., close to the parent flora. How-
ever, the gradual decrease from the base to the top of non-biostructured
(Table 1), accompanied by a gradual increase in the percentage of bio-
structured phytoclasts seem to indicate a progressive reversal trend.

Non-opaque phytoclasts are dominant in sediments deposited in
estuarine regions or close to the coast lines, with a strong terrestrial
influence, often associated with the mouth of rivers, with large inputs
from floodplain and upstream sources (Devol and Hedges, 2001; Van-
note et al., 1980).

The absence of AOM and low occurrence of cuticles and membranes
ratify the inference of a highly oxic, shallow depositional environment,
close to a probable intense fluvio-deltaic activity.

In the Palynomorph Group, autochthonous non-marine planktonic
algae (Pediastrum, Scenedesmus, Ovoidites, Zygnema, and rare Botryo-
coccus) suggest favorable conditions for their growth in humid to wet
substrates during the vengeance of hydroperiods. Their presence refers
to lake, river and lagoon facies, commonly adapted to freshwater, more
rarely to brackish conditions (Batten and Grenfell, 1996; Batten et al.,
1994; Grenfell, 1995; Phinyo et al., 2017; Worobiec, 2014; Zamaloa and
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Fig. 8. Background-subtracted and normalized by maximum intensity XRD patterns of the clay-sized fraction of the studied lutites.

Table 4
Quantitative mineral analysis (wt.%) (Biscaye, 1965) of the clay-sized fractions
of the studied lutites.

Clay mineralogy (wt%) 101.20 m 101.35m 101.75 m

31.9
17.5
50.6
100.0

35.5
15.4
49.1
100.0

45.6
12.7
41.6
100.0

Montmorillonite
Illite

Kaolinite

Total

11t

4 Gy % < Mnt
% % % %

Annual precipitation rate (mm)

Fig. 9. Ternary graph with the correlation between relative abundance of
kaolinite and montmorillonite and annual precipitation rates (Felsic rocks
graph; Barshad, 1966). (200 mm = 23% Kln) (400 mm = 55% Kln) (600 mm =
75% Kln) (1000 mm = 93% Kln).
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Tell, 2005). A possible floating transport from regions of fluvial inputs to
coastal regions, which sometimes occur in extant assemblages and is
inferred for fossil ones (Zavattieri et al., 2017) cannot be established in
the present study based on the good preservation of cenobia, because
their delicate sporopollenin layer would be damaged if extensively
transported.

The very low influx of microplankton from the Palynomorph Group
along the analyzed interval, with average relative abundances lower
than 1% (Table 1), was certainly related to physicochemical controlling
patterns of the ecosystem. The qualitative and quantitative data support
a source environment for water systems linked to stagnant marginal
environments of river systems, estuarine channels or floodplain lakes in
riverine systems. In addition, the very low occurrence (below 1%) of
dinoflagellate cysts (Subtilisphaera), which are sensitive to environ-
mental factors such as light, water temperature, salinity, nutrient levels,
and circulation currents (Batten, 1996), suggests a very restricted ma-
rine influence of unstable environments probably on coastal margins or
in channels in estuarine systems. The ocurrence of Subtilisphaera in three
out of four levels, even though very scarce (Table 2) places the studied
interval in the Subtilisphaera Ecozone, registered for the equatorial and
interior basins of northeastern Brazil and points to the to the very initial
phase of the important transgression that took place during the Aptian as
indicated by Arai (2009, 2014).

Within the terrestrial sporomorphs, the large dominance of spores
with pteridophytic affinities (9.5% on average) over pollen grains (2.8%
on average), and the botanical affinities identified by palynological
analysis (Tables 2 and 3) supported additional paleoenvironmental in-
ferences. The high representation of spores of Schizeaceae (Collinson,
2002; Regali and Gonzaga, 1985), Cyatheaceae (Tryon and Tryon,
1982), Osmundaceae (Collinson, 2002), and Marsileaceae (Portela et al.,
2014) suggests the existence of humid vegetation (Portela et al., 2014;
Van Konijnenburg-Van Cittert, 2002). The hypothesis of an environment
under humid conditions is directly related to the importance of humidity
on the reproductive cycle of modern pteridophytes (Doyle et al., 1982;
Lima, 1982). Although ferns have been considered by Vakhrameev



M. Guerra-Sommer et al.

Journal of South American Earth Sciences 111 (2021) 103490

Late Aptian
115.2 Ma

{é Codd Fm. (Parnaiba Basin, late Aptian) * Aptian
* Itapecuru Fm. (8. Luis Basin, Albian) iﬁ Aptian-Albian

Fig. 10. Paleobiogeography of Weichselia during the Aptian-Albian (modified from Scotese, 2014). See Table 5 for details on the plotted data.

Table 5
Aptian-Albian data of Weichselia occurrences (Fig. 10).

Species Origin Age

Depositional environment Authors

Weichselia reticulata and
W. negevensis
W. reticulata

Makhtesh Hathira, Makhtesh Qatan,
Makhtesh Ramon, Israel,

Bir el Karma and Foum el Hassen,
Tunisia

Aptian-Albian

Aptian-Albian

W. reticulata Caballos (ex-Alpujarra) and El Ocal Aptian-Albian
formations, Colombia

W. reticulata Villavicencio, Colombia Aptian

W. reticulata Abu Ballas Formation, Egypt Aptian

W. reticulata Isle of Wight, Lower Greensand Aptian
Formation, England

W. reticulata Nehden (Sauerland), Germany Aptian

W. reticulata Todai Formation, Japan Aptian

Paradoxopteris sp. Itapecuru Formation, Sao Luis Basin, Albian
NE Brazil

Weichselia spp. Codo Formation, Parnaiba Basin, NE Late Aptian
Brazil

Blanco-Moreno et al., (2018); Silantieva and Krassilov
(2006); Krassilov and Schrank (2011)
Barale and Ouaja (2001)

marginal marine, delta and
intertidal zone
Mangroove swamp

Unknown Moreno (1994)

Delta Pons (1988)

Freshwater or slightly Schrank (1999)

brackish

Estuary Blanco-Moreno et al. (2018)
Lacustrine Kampmann (1983)
Unknown Kimura and Aiba (1985)

Mussa et al. (2000)

Present study

(1991) as moisture-loving plants in Mesozoic environments, Van
Konijnenburg-Van Cittert (2002) showed that this picture was too gen-
eral, given that some ferns like the Matoniaceae grew under
stress-related circumstances, especially during the Jurassic and early
Cretaceous greenhouse intervals. The presence of spores of Matoniaceae
has also been associated to an eventually unstable water table (Sender
et al., 2005).

In spite the very low representation of gymnosperm pollen grains
(1.8-3.4%), as demonstrated by the palynofacies analysis (Table 1), the
identification via palynology of Cheirolepidiaceae and Araucariaceae as
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clearly dominant over other gymnospermous pollen grains (Table 2)
points to ecological differentiation (Doyle et al., 1982). While the
Araucariaceae would preferably occupy fluvial-deltaic floodplains with
ephemeral humidity, the typical habitat of the Cheirolepidiaceae was
linked to well-drained soils or saline influence of variable intensity. Deaf
(2009) attributed the presence of Araucariaceae at low latitudes in the
early Cretaceous to local humid conditions surrounded by dominant arid
to semi-arid conditions in a paleoenvironmental context of relatively dry
conifer vegetation.

The absence of quantitative peaks along the analyzed interval
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(Tables 1 and 2) indicates the prevalence of similar environmental
conditions throughout the restricted interval of 1.55 m. Thus, the
presence of fern-dominant spore assemblages over Araucariaceae/
Cheirolepidiaceae pollen grains in the palynological spectrum, associ-
ated to macroremains and palynofacies analysis reflect proximal envi-
ronments such as opened ponds recruiting parautochthonous and/or
allochthonous elements. Based on this evidence, the terrestrial vegeta-
tion surrounding the water system was inferred as divided into two
niches, a marginal/proximal “wetland” zone and a very distal, probably
lowland “dry” zone. The very low contribution from of pollen grains
attributable to angiosperms (3-9%), mostly linked to terrestrial habits,
suggests that this plant group would be component of ecotones away
from the site of deposition.

The presence of humid conditions in restricted environments during
the deposition of the Cod6 Formation agrees with the results obtained
from clay mineralogy in the studied interval, located above the evapo-
rite bed, when the abundances of detrital kaolinite over montmorillonite
suggest the dominance of a climatic humidification process and a less
expressive semiarid climate in a regional context (Fig. 9). The inferences
point to conditions distinct of those suggested by Rossetti et al. (2001b)
and Goncalves et al. (2006) for lutites located below the evaporite bed in
the Cod6é Formation which were composed of higher relative pro-
portions of montmorillonite in relation to kaolinite, indicating drier
conditions.

The dominance of araucariacean over cheiroleipidiacean pollen
grains in the gymnosperm spectrum of the studied interval (Table 2) was
also observed by Heimhofer and Hochuli (2010) and Varejao et al.
(2021) in the Araripe Basin at the top of the Romualdo Member, and in
the Sergipe Basin by Carvalho et al. (2017, 2019). This palynological
evidence reflects the beginning of environmental change from arid to
humid conditions, indicating an increase in moisture following the
Intertropical Convergence Zone displacement coinciding with the
Aptian opening of the Atlantic Equatorial Atlantic Ocean.

The general climatic inferences suggested for the studied interval
imply the occurrence of distinct environmental conditions prevailing
simultaneously in humid and dry-xerophytic areas of a wider Aptian
paleoenvironment included in the Tropical-Equatorial Hot Arid Belt of
Chumakov et al. (1995). The presence of “humidity windows” was
indicated by Santos et al. (2020) for the periequatorial Aptian Crato
Konservat-Lagerstatte from the neighboring Araripe Basin, also included
in the Tropical-Equatorial Hot Arid Belt, based on analysis of fungus/-
plant interactions associated with climatic signatures of growth ring
patterns in araucarian woods. Later, Ribeiro et al. (2021) presented an
alternative hypothesis concerning the paleoecological and paleoenvir-
onmental depositional conditions of the Crato Konservat-Lagerstatte
based in multiproxies (i.e., vascular plants, arthropods, fishes, and tet-
rapods) indicating a seasonal, semi-arid, shallow lacustrine wetland
where aquatic zones were surrounded by periodically flooded meso-
phytic ecotones and outer xeric habitats. Moreover, Salgado-Campos
et al. (2021) recognized a marginal paleolagoon facies succession
coincident with a clay mineral association with higher kaolinite contents
in the Crato succession, that would be deposited in wetter conditions.

Additionally, the depositional interval of the Codé Formation (Par-
naiba Basin) could be related to the early stages of the Equatorial Humid
Belt, associated to the opening of the Equatorial Atlantic Ocean at the
Aptian-Albian boundary (Chumakov et al., 1995; Hay and Floegel,
2012). According to Scotese et al. (2021), the thermal peak at ~120 Ma
in the early Aptian was followed by a “cold snap” in the late Aptian —
early Albian as a consequence of the Carswell impact (115 Ma), although
this cool interval is still speculative.

Further integrated investigation in other similar dark shale levels
along the 2-CO-1-MA drill core (Fig. 1) will give insights about recur-
rence or change of the environmental conditions during the ample
depositional interval currently inferred as fluvial-influenced for the in-
termediate portion of the Codé Formation.

The composition of the palynological spectrum of the studied
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interval is ecologically very distinct from that recorded for the upper-
most levels of the Codé Formation, related to a restricted marine coastal
setting and characterized by the impressive occurrence of marine ele-
ments (dinocysts). The angiosperm group was reflected in these levels by
a great diversity of monocolpate and tricolpate forms (Antonioli and
Arai, 2002; Antonioli and Dino, 2007; Lima, 1978, 1982). The restrict
association of plant macroremains composed by vegetative and fertile
fragments of Weichselia and bryophytes (Muscites sp.) is not recorded for
the upper level of the carbonate succession of the Codé Formation
described by Lindoso et al. (2018) from Brejo municipality, which in-
cludes Gnetales (?Drewria), conifers (Cupressinocladus and Brachy-
phyllum), and basal angiosperms (Nympheales, Magnoliids, and basal
Eudicots).

6. Conclusions

The presence of vegetative and fertile organs of Weichselia in the
Aptian Codé Formation from the Parnaiba Basin amplified the paleo-
biogeographic distribution of this fern genus and points to a peri-
equatorial distribution belt for South America and Africa during the
Aptian.

The remains of both Weichselia and terrestrial bryophytes (Muscites
sp.) in a restricted dark shale depositional interval pointed to marginal
areas of freshwater bodies subjected to frequent flooding, in a general
fluvio-deltaic scenario for an intermediary package of the Codé For-
mation within the context of the basin succession. The organic matter
content restricted the depositional conditions to a shallow water body of
marginal areas in fluvial systems in river outlets, channel margins in
estuarine systems, and/or shallow floodplain lakes connected/opened to
fluvial canals, under very limited influence of unstable environments on
coastal margins or channels in estuarine systems.

The integration of paleobotanical, palynofacies, palynological and
clay mineral analyses revealed a proximal “wetland zone” that promoted
the proliferation of fern communities, and very distal outer xeric habi-
tats dominated by araucariacean/cheirolepidiacean gymnosperms. The
integrated analyses led to the inference that distinct environmental
conditions prevailed simultaneously in humid and dry-xerophytic areas
of a wider paleoenvironment included in the Aptian Equatorial Hot Arid
belt. An alternative hypothesis would relate the studied interval to the
early stages of the Equatorial Humid belt, associated to the opening of
the Equatorial Atlantic Ocean at the Aptian-Albian boundary.
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