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Chapter 9 )
Equatorial Dinosaurs During Giesk
the Opening of Atlantic Ocean: The Sao

Luis Basin Footprints

Ismar de Souza Carvalho@® and Rafael Matos Lindoso

9.1 Introduction

In the northeastern Brazil, the origin of South Atlantic Ocean led to the formation of
vast subaerial environments suitable to generation of ichnological record. Such record
includes mainly dinosaur trackways and isolated footprints commonly found also in
the Sousa, Triunfo, Cedro, Malhada Vermelha, Lima Campos, Potiguar, Araripe
basins, as well as in Sdo Luis Basin, from Berriasian to Cenomanian (Leonardi
1980a, 1994; Leonardi and Spezzamonte 1994; Carvalho 2000, 2004; Carvalho et al.
2021; Leonardi and Carvalho 2021; Leonardi et al. 2021). Some of these ichnological
records in Brazil shed light on most of our comprehension concerning the climate
and paleoecological aspects during the break-up of Western Gondwana (Carvalho
2004; Carvalho et al. 2013, 2021; Leonardi and Carvalho 2021).

In the Sao Luis Basin (Fig. 9.1), northern Brazil, dinosaur isolated foot-
prints and trackways have been attributed to small and large theropods, sauropods
and ornithopods 1in six localities of Sdo Luis and Alcantara counties (Carvalho and
Gongalves 1994; Carvalho 1994b, 1995, 2001; Carvalho and Aratjo 1995; Carvalho
and Pedrao 1998). The Sao Luis Basin ichnocenoses are considered to compose a
megatracksite, and the most of these footprint-bearing strata are associated to Ceno-
manian tidal flat deposits in an estuarine environmental context (Rossetti 1997, 1998;
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Fig. 9.1 Location map of 140 - pAx L
Sdo Luis Basin and its
tectonic relationship with the
Parnaiba Basin, Northeastern
Brazil (modified from
Pedreira da Silva et al. 2003)

Carvalho and Pedrao 1998; Carvalho 2001; Medeiros and Schultz 2001; Medeiros
et al. 2014).

The Sao Luis Megatracksite, whose ichnosites are distributed in the borders of Sao
Marcos Bay (23,600 km?), occurs in the AlcAntara Formation (Rossetti and Truck-
enbrodt 1997) and includes small and large theropods, sauropods and ornithischians
(bipedal and quadrupedal) (Carvalho 2001). The potential trackmakers are physically
represented by body fossils found in the region, in particular by isolated remains of
Spinosaurus sp., Carcharodontosaurus sp., noasaurids and Unenlagiinae (Lindoso
et al. 2012; Medeiros et al. 2014; Medeiros 2006; Letizio et al. 2022). Ornithischian
remains are not yet represented in the Sdo Luis Basin, however, those of sauropods
include Titanosauridae and Rebbachisauridae (Medeiros et al. 2014; Medeiros and
Schultz 2001, 2002; Lindoso et al. 2013, 2019). Other fossils found in the Alcan-
tara Formation are palynomorphs, plants (angiosperms), invertebrate ichnofossils,
mollusks (Mytilidae, Inoceramidae, Pectinidae, Plicatulidae, Limidae, Ostreidae,
Trigonidae and Matricidae), fishes (Dipnoi, Elasmobranchii and Actinopterygii),
reptiles (Crocodyliforms, Mosasauria, Chelonia and Pterosauria) (Oliveira 1958;
Klein and Ferreira 1979; Carvalho and Pedrao 1998; Arai 2001; Castro et al. 2004,
Elias et al. 2007; Lindoso et al. 2011; Medeiros et al. 2014; Moraes-Santos et al.
2001; Vilas Boas and Carvalho 1999).
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We present an update of the dinosaur ichnological record from the Alcantara
Formation, Sao Luis Basin, northern Brazil, and we emphasize their paleoecological
and paleoenvironmental significance on the Western Gondwana context.

9.2 Geological Context

The Sao Luis Basin (Maranhdo State) is a rift marginal basin of 18,000 km?, whose
evolution is related to the origin of the Brazilian equatorial margin (Fig. 9.1). The
initial rifting occurred during the Aptian, by the simple shear stress and lithospheric
thinning. The depositional pre-Cretaceous history is related to the Parnaiba Basin
(Carvalho and Pedrao 1998). The sedimentary thickness is 4,500 m (Aranha et al.
1990) and the Cretaceous outcrops where the dinosaur footprints occur are named
as Alcantara Formation (Cenomanian). These rocks consist of reddish sandstones,
siltstones, shales and mudstones, with some interbedded carbonates composed of
marls and limestones. The main sedimentary structures are channel and planar cross-
stratification, ripple-marks, liquefaction structures, mud-cracks, herring-bone cross-
stratification and hummocky cross-stratification.

The footprints of Alcantara Formation are found in fine-grained quartzose sand-
stones distributed in the Sdo Luis and Alcéantara counties. This set of footprints, in
the outcrops surrounding the Sao Marcos Bay, is temporally chronocorrelated and
occur in the same paleoenvironmental setting. The footprints from these localities are
in the context of the Sao Luis Megatracksite, a wide coastal plain where theropods,
ornithischians and sauropods lived and were the main trackmakers.

The region where many dinosaur communities lived comprises an estuary in a
low gradient coastal plain and nearshore environments submitted to tidal currents
(Rossetti 1996a, b, c; Carvalho 2000). The environmental interpretation points out
to estuarine, nearshore and shallow marine environments affected by both tide and
storm processes (Klein and Ferreira 1979; Rossetti 1994, 1996a) under a hot and dry
climate.

In the Cenomanian deposits that outcrops in the Sdo Luis Basin there are two
depositional intervals (Fig. 9.2). The lower succession consists of well sorted and
fine-grained sandstones interpreted as a regressive interval—an upward transition
from seaward to landward settings of upper shoreface, foreshore, tidal channel,
and lagoon-washover environments. Such deposits revealed a prograding, barred
coast probably formed on the seaward portion of a wave-dominated estuarine system
(Rossetti 1996a). The footprint bearing-strata are found in the upper succession
(Rossetti 1996b) that consists of tidal-dominated deposits attributed to channel, sand
flat, delta, and bay fill depositional settings of an estuary. Rossetti (1996b) considered
that the lower and upper successions are part of two incised valley fills. The lower
succession was deposited at a time of slow rise in relative sea-level, meanwhile,
the upper succession records the transition from the transgressive to the highstand
systems tract of a younger incised valley.
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Fig. 9.2 Stratigraphic chart
of Sdo Luis Basin and the
occurrence of dinosaur
tracks (modified from
Carvalho and Pedrao 1998)

I. S. Carvalho and R. M. Lindoso
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9.3 Footprints: Diversity and Paleobiological Interpretation

Alongside the cliffs surrounding the Sdo Luis Bay there are six ichnosites (Fig. 9.3)
named as Ponta da Guia, Ponta do Farol, Praia do Boqueirao, Ilha do Medo, Praia da
Baronesa and Praia Prefeitura de Alcantara (Carvalho and Gongalves 1994; Carvalho
1995, 2001; Carvalho and Aradjo 1995).

The localities of Ponta da Guia and Praia da Baronesa show the best-preserved
footprints. In Ponta da Guia, the most striking footprints are the large-sized ones,
distributed in seven short trackways, four of them parallel. Other footprints are found
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Fig. 9.3 The Sdo Luis Megatracksite, Alcantara Formation, constituted of six ichnosites named
as Ponta da Guia, Ponta do Farol, Praia do Boqueirdo, Ilha do Medo, Praia da Baronesa and Praia
Prefeitura de Alcantara (Baronesa Beach and Prefecture), and its paleogeographical position during
the Cenomanian (lower left corner) (modified from Carvalho 2001)

in Praia da Baronesa, generally as isolated imprints, although there is a short trackway
with three consecutive footprints.

9.3.1 Ponta da Guia Ichnosite

Seven short trackways (SLPG-A, SLPG-B, SLPG-C, SLPG-D, SLPG-E, SLPG-F
and SLPG-G) four of them parallel, with tridactyl and mesaxonic footprints (Fig. 9.4).
They are preserved as concave epirelief with 40—43 cm in width and 43-50 cm in
length. The digits present the same size, and they are pointed or show claws. The track-
ways and footprints found in this ichnosite are described below; their codification
SL means Sao Luis Basin and PG is the locality of Ponta da Guia.

SLPG-A is a trackway constituted of four consecutive tridactyl footprints (SLPG-
A02, SLPG-A03, SLPG-A04 and SLPG-AQ0S5). The step angle is obtuse (165°) and
the oblique pace presents an average value of 245 cm. The footprints are preserved
as concave epirelief, with pointed digits (SLPG-A02 and SLPG-AOQS5) or slightly
rounded (SLPG-A03 and SLPG-A04), all almost the same size. The rear borders of
the footprints are rounded and the preservation differences are related to the erosive
surface where the footprints are found.
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PONTA DA GUIA FOOTPRINTS
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Fig. 9.4 Distribution map of the Ponta da Guia ichnosite with the theropod tracks (Carvalho 1994b)

SLPG-B trackway presents four consecutive footprints (SLPG-B06, SLPG-B s/
n°, SLPG-B07 and SLPG-B08). The step angle is obtuse (170°) and the oblique pace
presents an average value of 175 cm. The footprints are tridactyl, mesaxonic and show
arounded rear border (especially SLPG-B07 and SLPG-B0S8). They are preserved as
concave epirelief in a recently eroded surface (Fig. 9.5).

The trackway SLPG-C (Fig. 9.5a) is constituted of three tridactyl consecutive
footprints (SLPG-C09, SLPG-C10 and SLPG-C11). The step angle is obtuse (170°)
and the oblique pace presents an average value of 257 cm, the longest one among the
seven trackways of Ponta da Guia ichnosite. The digits are thin in their extremities
and in the footprint SLPG-CO09 there is a clear claw. The interdigital angles between
digits II-IIT and III-IV are acute and the rear borders of the footprints are pointed.

Three consecutive footprints (SLPG-D13, SLPG-D14 and SLPG-D15) constitute
the trackway SLPG-D (Fig. 9.5b). The step angle is 165° and the oblique pace
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DINGSALUR TRACHS AND FOOTPRINTS
FROM THE PONTA DA GULA - BAO LUIS. MA

Fig. 9.5 Ponta da Guia ichnosite. a Trackways and isolated footprints from Alcantara Formation,
Ponta da Guia; b The short theropod trackway (SLPG-D) with three footprints; ¢ Detail of the large
theropod footprint SLPG-D 15 (modified from Carvalho 1994b)

presents an average value of 238 cm. The footprints are tridactyl, mesaxonic with
acute hypexes. There is a claw imprint in SLPG-D15 and the others (SLPG-D13
and SLPG-D14) present pointed digits. All they are preserved as concave epirelief
(Fig. 9.5¢).

The trackway SLPG-E is constituted of four non consecutive footprints (SLPG-
E18, SLPG-E19, SLPG-E20 and SLPG-E21). Between the footprints SLPG-E19 and
SLPG-E20 there is an erosion gap that interrupts the continuity of the bedding plane
where the footprints are preserved. All of them are tridactyl, mesaxonic and with
pointed digits. In the rear border of SLPG-E19 there is a prominent projection that
suggests the presence of digit I. The step angle is 153° and the oblique pace presents
an average value of 195 cm.

Two consecutive tridactyl and mesaxonic footprints (SLPG-F23 and SLPG-F24)
are a portion of an incomplete trackway (SLPG-F). They are preserved as concave
epirelief. The digits are pointed and the hypex between digits II-III and III-1V are
acute. The oblique pace measures 190 cm.

The SLPG-G trackway is also constituted of two consecutive footprints (SLPG-
G27 and SLPG-G28), tridactyl and mesaxonic. In SLPG-G28 there are claw imprints
in all the three digits, with a very acute rear border. There are not claw imprints in the
SLPG-G27, despite digit III being tapered. In both footprints the rear border is acute,
indicating the probable presence of a digit I. The oblique pace measures 190 cm.

There are nine isolated footprints (SLPG-01, SLPG-12, SLPG-16, SLPG-17,
SLPG-22, SLPG-25, SLPG-26, SLPG-29 and SLPG-0) in the same bedding surface
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of the trackways preserved as concave epireliefs (Fig. 9.5). In the SLPG-01 foot-
print does not preserve the digits. It has a rounded morphology and despite it being
preserved as convex epirelief, the central area of the footprint is concave. SLPG-
12 shows two digits with rounded extremities, without any evidence of claws. The
hypex between these two digits is acute and the rear border of the footprint is rounded.
SLPG-16 footprint is tridactyl, mesaxonic, with pointed digits, without claw impres-
sions and presents a rounded rear border. Digit III is the larger and the hypexes
between digits II-III and III-IV are rounded. The SLPG-17 footprint is tridactyl,
mesaxonic and the extremities of the digits and hypexes are rounded. The rear border
of the footprint is very acute suggesting the imprint of a digit I. The footprints SLPG-
22 and SLPG-25 are tridactyl, mesaxonic and present digits of the same length with
rounded anterior extremities and the rear border of the footprints are rounded. In
SLPG-22 the hypexes between digits II-III and III-IV are rounded, while in SLPG-
25 the hypex between digits II-11II is rounded, while between digits III-1V is acute.
The tridactyl and mesaxonic SLPG-29 footprint, despite showing digits with the
same length, the anterior extremities are pointed, and the rear border of the foot-
print is acute. The hypexes between digits II-I1I and III-1V are acute. The footprint
SLPG-26 is tridactyl, mesaxonic and the digit III is the largest. While digit III shows
a pointed anterior extremity, in digits Il and IV they are rounded. The hypex between
digits II-III is rounded and between digits III-IV is acute. The rear border of the
footprint is acute and slightly curved. The SLPG-O0 is the biggest footprint in this
ichnosite, with a length of 70 cm, penetrating 25 cm in the substrate. It is tridactyl,
mesaxonic with short digits and rounded rear border. The hypexes between digits
II-IIT and HI-IV are wide and rounded. Digits II and IV are pointed and digit III
presents a rounded anterior extremity. In the surrounding area of the footprint there
is a deformation zone, probably corresponding to the displacement rim.

The succession of the strata bearing the footprints is interpreted as a tidal plain, cut
by freshwater channels and bordered by aeolian dunes, under a hot and dry climate
(Carvalho 1995, 2004).

A gregarious behavior was interpreted to the Ponta da Guia ichnosite based on the
parallel trackways SLPG-A, SLPG-B, SLPG-C, SLPG-D and two isolated footprints
(SLPG-12 and SLPG-16) that point to the same southeastern direction. Other groups
of footprints are grouped in a southwestern direction (SLPG-G, SLPG-25 and SLPG-
26). These preferential directions probably are a sign of herding structure as observed
by other authors (Currie 1983; Leonardi 1980b, 1989; Lockley 1986, 1991; Lockley
et al. 1986, 1992; Thulborn 1990).

9.3.2 Ponta do Farol Ichnosite

It was identified just one isolated, tridactyl, digitigrade and mesaxonic footprint
(SLPF-01) with pointed digits suggestive of claws. It is preserved as concave epire-
lief. It is 35 cm in width and 40 cm in length, with acute hypexes (38°) between
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digits II-III and HI-IV (Fig. 9.6a). Nearby there are deformation structures associ-
ated with liquefaction that are similar to enlarged tridactyl footprints. Nevertheless,
short sauropod tracks recently found at this locality (Fig. 9.7) enhance Ponta do Farol

ichnosite for a promising paleobiological survey.

FOOTPRINTS OF PONTA DO FAROL
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Fig. 9.6 Trackways and isolated footprints from Alcantara Formation. a Isolated footprint from
b Theropod isolated footprint and short trackway with liquefaction foot-
prints from Praia do Boqueirdo ichnosite; ¢ A short track and isolated footprints from Ilha do Medo

Ponta do Farol ichnosite;

ichnosite (modified from Carvalho 2001)
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Fig. 9.7 Short sauropod
tracks at Ponta do Farol
ichnosite

9.3.3 Praia do Boqueirdo Ichnosite

There are four isolated footprints in this ichnosite. They are preserved as concave
epirelief in a fine-grained sandstone. Liquefaction structures may occur surrounding
some footprints (SLPB-01), while the matrix on the posterior borders and digits show
crenulations. SLPB-01 is 45 cm in width and 48 cm in length with rounded digits. In
the other footprints (SLPB-02, SLPB-03, SLPB-04) it is not possible to identify the
digits, as they are circular deformations with concentric rings ranging 3040 cm in
width and 40-45 in length. These features in waterlogged substrate are interpreted
as the substrate deformation induced by the load of the trackmakers (Fig. 9.6b).
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9.3.4 Ilha do Medo Ichnosite

This ichnosite shows sixteen isolated footprints and one short trackway (Fig. 9.6c¢).
The isolated footprints are generally tridactyl, mesaxonic and preserved as concave
epirelief. Their sizes range from 30 to 70 cm in width and 30 to 75 cm in length. There
are no evident claws despite the digits of some footprints being pointed (SLIM-01,
SLIM-02 SLIM-14, SLIM-15, SLIM-17) and with acute hypexes (interdigital angles
of 35-45°), suggesting theropod trackmakers. The footprints SLIM-03, SLIM-13,
SLIM-16 show more rounded digits, but present V-shaped rear borders, a dubious
aspect to interpret as ornithopod trackmakers. They are 30—45 cm in width and 30—
48 in length. The footprint SLIM-04 (55 cm in width and 55 cm in length) shows
a cruciform pattern with two right-angle hypexes (90°), side by side. The opposite
smaller digit is a possible digit 1.

The short trackway SLIM is composed of eight footprints (SLIM-05, SLIM-06,
SLIM-07, SLIM-08, SLIM-09, SLIM-10, SLIM-11, SLIM-12), with two distinct
sizes and pattern. It is possible to observe three elongated digits, isolated from
the plantar portion, in some of the smaller footprints (15-20 cm in width and 20—
30 cm in length). They are alternated with tetradactyl footprints (SLIM-06, SLIM-
08, SLIM-10) with rounded and elongated digits, in which the rear footprint borders
are more acute (Fig. 9.6¢). These show width and length (30-35 cm and 33—40 cm,
respectively) bigger than SLIM-05, SLIM-07, SLIM-11, SLIM-12. The oblique pace
between SLIM-06 and SLIM-08 (Fig. 9.8) is 45 cm, and between SLIM-05 and
SLIM-07 is 30 cm. An ornithischian could be the trackmaker of this short trackway.

Fig. 9.8 A dubioustetradactyl footprint (SLIM-08) with rounded digits; it is interpreted as produced
by an ornithischian trackmaker
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9.3.5 Praia da Baronesa Ichnosite

The footprints from Praia da Baronesa ichnosite (Figs. 9.9 and 9.10) are tridactyl,
mesaxonic, digitigrad, with evidence of claws and digital pads. They are smaller
than the Ponta da Guia footprints, with 22—-33 cm in length and the average value
of 18 cm in width. There are twenty-two footprints preserved as convex epirelief
in fine-grained sandstone, many of them showing a more reddish color (distinct
from the greenish color of the surrounding matrix) and fluidization structures,
surrounding the digits and rear borders (Carvalho and Gongalves 1994). There are six
isolated footprints (ALBA-11, ALBA-12, ALBA-13, ALBA-14, ALBA-15, ALBA-
18) with pointed digits, some with claw impressions (ALBA-13, ALBA-14, ALBA-
15, ALBA-18). The hypexes are acute and the interdigital angles between digits
II-IIT and M-IV range from 30 to 45°. ALBA-15 is the smallest footprint of this
set with 15 cm in width and 20 cm in length. The others (ALBA-13, ALBA-14 and
ALBA-18) present a range of 30—45 cm in width and 3048 cm in length.

There are also short tracks with two (ALBA-01 and ALBA-02, ALBA-06A and
ALBA-06B, ALBA-07 and ALBA-08, ALBA-09 and ALBA-10) three (ALBA-03,
ALBA-04, ALBA-05) and five (ALBA-16, ALBA-17, ALBA-18, ALBA-19, ALBA-
20) consecutive footprints. These present a wide range of sizes (ALBA-09 and
ALBA-10—12 cm in width, 15 cm in length; ALBA-01 and ALBA-02—50 cm in
width and 60 cm in length). Some footprints of distinct tracks (ALBA-03, ALBA-04
and ALBA-05; ALBA-06A and ALBA-06B; ALBA-07 and ALBA-08; ALBA-16)
show crenulations of the matrix surrounding the footprints, that is an evidence of
liquefaction. The trackway with the longest paces (ALBA-16, ALBA-17, ALBA-18,
ALBA-19, and ALBA-20) shows an average oblique pace of one meter, and foot-
prints with 15 cm in width and 25 cm in length. The footprints present pointed digits
and acute hypexes with interdigital angles between digits II-III and III-IV ranging
from 35 to 38°. ALBA-16 presents a liquefaction feature surrounding the footprint,
with the crenulations of the matrix (Figs. 9.10a, 9.11).

A common feature in the Praia da Baronesa footprints is the contrasting colors
from the surrounding substrate. There is a range from reddish to blue-gray colors,
contrasting with the light greenish hue of the substrate (Fig. 9.11). Kuban (1991a)
also observed this feature in dinosaur tracks of the Glen Rose Formation (Lower
Cretaceous, Texas—USA) and explained this taphonomic aspect as the result of
secondary sediment infilling on the original track depressions and oxidation of iron
on the surface of infilling material. It is likely that the pressure from the foot on
the substrate had the consequence of expelling water and perhaps salts or oxides
in solution or suspension, thus locally changing the characteristics—and later the
color—of the compressed soil. The deformation of the substrate with the liquefaction
structures is the result of a “dinostatic pressure” in water-saturated and low cohesive
sediments. Such substrate aspect is corroborated by the metatarsal impressions in
many footprints (Carvalho 1994c). Kuban (1991b) considered that this preservation
character could be indicative of a behavior response to a soft substrate, a low posture
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Fig. 9.9 a The outcrop of
Praia da Baronesa ichnosite.
b This is the locality where
dinosaur remains and
footprints are found in the
same bedding plane;
theropod tooth with probable
dromeosaurid affinities
found in the same surface of
the dinosaur footprints

b

assumed whenever a dinosaur foraged in mud flats or shallow water for small food
item, stalking large prey, or while approaching other dinosaurs.

9.3.6 Praia Prefeitura de Alcantara Ichnosite

In this ichnosite (Fig. 9.10b) there are two tridactyl footprints (ALPR-01, ALPR-02)
and one with two digits (ALPR-03) preserved as concave epirelief. ALPR-01 shows
more pointed digits than ALPR-02 and ALPR-03. They range from 20 to 30 cm in
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Fig. 9.10 Trackways and isolated footprints from a Praia da Baronesa and b Praia Prefeitura de
Alcantara ichnosites (modified from Carvalho 2001)

width and 30-45 cm in length. Acute hypexes, with the angles between digits II-I1I

ranging from 30 to 45° and digits III-IV 35 to 40°.

There are also four isolated rounded structures (Fig. 9.12), with concentric rings,
that range from 30 to 40 cm in width and 40-45 in length. It is also possible to
identify three consecutive similar structures (ALPR-04, ALPR-05, ALPR-06), with

an average oblique pace of 60 cm, that are probably part of a short trackway. These
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Fig. 9.11 Footprints from
Praia da Baronesa ichnosite.
The deformation of the
substrate with the
liquefaction structures is the
result of a “dinostatic
pressure” in water-saturated
and low cohesive sediments.
a A theropod footprint
(ALBA 06B) surrounded by
a liquefaction structure; b In
some footprints, the
crenulations also occur
inside the imprint (ALBA
04); ¢ A reddish color
footprint surrounded by a
greenish matrix with
liquefaction structures
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Fig. 9.12 Footprint from
Praia Prefeitura de Alcantara
ichnosite. Isolated rounded
structure, with concentric
rings, interpreted as
liquefaction structures
induced by a sauropod
trackmaker

rounded structures are interpreted as liquefaction structures induced by sauropod
trackmakers.

9.3.7 Paleobiological Interpretation

The footprints found at Ponta da Guia ichnosite were produced by two different
dinosaur clades: Theropoda and Ornithopoda. The ones attributed to theropods
are large-sized footprints. Four trackways present parallel orientation, a possible
evidence of a gregarious behavior. The ornithopod footprints were assigned to
hadrosaurians (Carvalho and Pedrio 1998). It would then be rather primitive
hadrosaurs. Probably , during the Cenomanian, there was the dispersion of dinosaur
faunas between the two American continents.

In Ponta do Farol ichnosite, the single isolated footprint is considered to be
produced by a large-sized theropod trackmaker. At Praia do Boqueirdo ichnosite
the footprints are load deformations in the substrate and only one footprint denotes
digits and the plantar impression, produced by a probable ornithopod trackmaker.
The Ilha do Medo ichnosite presents isolated footprints of large-sized theropods,
ornithopods and a probable short track of a quadrupedal ornithischian. A small-sized



9 Equatorial Dinosaurs During the Opening of Atlantic Ocean: The S@o ... 249

theropod and sauropod footprints are possible to be identified in the Praia Prefeitura
de Alcantara.

The trackways at Ponta da Guia ichnosite show a set of four large-sized theropod
trackways (SLPG-A, SLPG-B, SLPG-C and SLPG-D), that present high morpho-
logical similarity, moving in SE direction. The angular range of movement direc-
tions is only 20° (between 120 and 140°), and there is a quite standard intertrackway
spacing between three of these trackways (SLPG-A, SLPG-B, SLPG-C). The regular
space between adjacent trackways suggests animals walking in some kind of regular
formation (Lockley 1991), that constitute good evidence to postulate the gregarious-
ness among the producers (Fig. 9.13). Because there are tracks in different direc-
tions, it is possible to consider the absence of physical barriers in the configura-
tion of the landscape that could have controlled this main movement direction of
individuals. Despite gregarious behavior occurs more frequently among sauropods
and ornithopods (Carvalho 1989; Leonardi 1980b, 1981; Lockley et al. 1986, 1992;
Nadon 1993; Myers and Fiorillo 2009; Castanera et al. 2011, 2014; Lockley et al.
2012; Pifiuela et al. 2016; Paik et al. 2020), there are many examples of parallel
theropod trackways as an evidence of gregariousness among theropod dinosaurs
(Leonardi 1984, 1989; Moreno et al. 2012; Garcia-Ortiz and Pérez-Lorente 2014,
McCrea et al. 2014; Lockley et al. 2015; Heredia et al. 2020; Hern4dndez et al. 2023).

The other main theropod footprint assemblage is located at Praia da Baronesa
ichnosite. It is composed of randomly oriented trackways and isolated small and
medium-sized footprints. This is interpreted as the record of a “foraging area” for
theropods, searching for food in small lagoons and channels of a tidal flat envi-
ronment. During low-tide periods, subaerial exposure of the sediments allowed the
dinoturbation (Carvalho and Pedrao 1998). The footprints are always associated with
fluidization structures and present superficial color stains (blue-gray, green or red)
which can be interpreted as produced in low cohesive sediments and a soft substrate
(Carvalho and Leonardi 2021; Kuban 1991b). Such substrate aspect is corroborated
by the metatarsal impressions (Carvalho 1994c; Carvalho and Pedrdao 1998) in many
footprints (e.g., ALBA-03, ALBA-04, ALBA-06B, ALBA-08). The elongate planti-
grade footprints would be explained by a low posture assumed whenever a dinosaur
foraged in mud flats or shallow water for small food items, stalking larger prey or
while approaching other dinosaurs.

The fossils from the Alcantara Formation indicate a diverse vertebrate community
that lived in the coastal forested areas surrounded by a dominantly dry environment.
They indicate that during the mid-Cretaceous the northeastern South American and
northern African continental fauna were more similar than to the austral South Amer-
ican one. This aspect allows us to interpret that faunal interchanges between these
two continents may have persisted until the early Cenomanian through continental
bridges (Calvo and Salgado 1996; Popoff 1988; Maisey 2000; Medeiros et al. 2014).

The main dinosaur fauna from the Alcantara Formation, as regards the body-
fossils, comprises Carcharodontosaurus sp., Spinosauridae, noasaurids with Masi-
akasaurus-like teeth, Diplodocoidea and Titanosauridae (Medeiros and Schultz 2001,
2002, 2004; Medeiros et al. 2007, 2014; Lindoso et al. 2012, 2013) that can be related
to the Cenomanian record of the Kem Kem beds, Morocco and to the Bahariya
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Fig. 9.13 The regular space
between adjacent trackways
suggests animals walking in
some kind of regular
formation, that is a good
evidence to postulate the
gregariousness among some
of the large theropod
trackmakers from Ponta da
Guia ichnosite. Art by
Guilherme Gehr

Formation, Egypt (Stromer 1915; Lapparent 1960; Benton et al. 2000; Richter et al.
2013; Medeiros et al. 2014; Ibrahim et al. 2020). The Theropoda were mainly iden-
tified through isolated teeth (Fig. 9.14) allowing the classification as Charcarodon-
tosaurus sp., Spinosauridae, Dromeosauridae, Unenlagiinae and Noasauridae (Vilas
Bodas 1999; Vilas Boas and Medeiros 1997; Vilas Boas et al. 1999; Medeiros 2006;
Lindoso et al. 2012; Letizio et al. 2022). There is also a Spinosauridae named as
Oxalaia quilombensis (Kellner et al. 2011).

The trackmakers from the Alcantara Formation can be related to the body-
fossilsfound in this lithostratigraphic unit. Fossils of theropods are more diverse than
sauropods, marked by the occurrence of Spinosauridae and Carcharodontosauridae
(Carcharodontosaurus sp.) and the probable existence of more than one species of the
former (Medeiros 2006; Richter et al. 2013; Medeiros et al. 2014). These two groups
are good options as trackmakers to the large-sized footprints of the Ponta da Guia
tracksite. Otherwise, small to medium-sized footprints from Praia da Baronesa and
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Fig. 9.14 Dinosaur remains from the bone bed Laje do Coringa, Cajual Island, Alcantara Forma-
tion, Sdo Luis Basin. a Sauropoda tooth; b Carcharodontosaurus sp. tooth; ¢ Spinosauridae
tooth

Praia Prefeitura de Alcantara ichnosites, could be related to dromeosaurids, unen-
lagiinids or noasaurs. In both cases they are present as body-fossils in the Alcantara
Formation, sometimes in the same stratigraphic surface as in the case of Praia da
Baronesa ichnosite.

There is only one specimen of Rebbachisauridae sauropod formerly described
to the Alcantara Formation, ltapeuasaurus cajapioensis (Lindoso et al. 2019). It
is the northernmost record of Diplodocoidea in South America, and it seems that
rebbachisaurids outnumbered titanosaurs in the early Late Cretaceous in northern
South America, right before the steep decline of Rebbachisauridae (Barrett and
Upchurch 2005; Lindoso et al. 2019). Nevertheless, there are also bone fragments and
osteoderm assigned as Titanosauria (Lindoso et al. 2013; Medeiros et al. 2014); then
it is very probable that the footprints interpreted as sauropods in the Praia Prefeitura
de Alcantara ichnosite could be related to these two groups.

9.4 Paleogeographical Distribution of the Footprints

The ichnofossiliferous localities of Sao Luis Basin are in a paleoenvironmental and
temporal context distinct from the other occurrences of Cretaceous footprints in
Brazil. They record dinosaur ichnofaunas of a megatracksite (Lockley 1991) as they
occur in stratigraphic correlated surfaces, with wide geographic distribution. The
Sado Luis Megatracksite presents footprints preserved in a coastal environment, on
a low gradient tidal flat, under hot and dry climate conditions (Pedrdo et al. 1993;
Carvalho 1994a, b, ¢; Carvalho and Pedrao 1998).

The low gradient coastal plain allowed the establishment of specific dinosaur
groups, with a probable ecologic “segregation” of large-sized (Spinosauridae and
Carcharodontosauridae) and medium to small-sized theropods (Dromeosauridae,
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Unenlagiinae and Noasauridae), throughout the exposed Cenomanian surfaces of
the nearshore environments (Carvalho and Pedrao 1998).

The distribution of footprints along the outcrops of Sao Luis Bay is temporally
related. The levels with teeth, bones and footprints of dinosaurs, besides other verte-
brates, can be used to correlate the strata, as they are frequently identified in the
outcrops of the basin. The outcrops with footprints record a same temporal event.

In coastal environments, footprints can be preserved in the intertidal zone when
the tide begins its ebb. Thus, those originated early, in the ebb phase, will remain
for a cycle of approximately 12 h, while those carried out in the tidal filling phase
will not remain longer than 6 h until they are covered. A sandy beach with a steep
slope is not the most appropriate environment for the preservation of tracks, as the
rapid “washing” of the surface at each tidal cycle would be an agent of destruction
of the footprints left by dinosaurs. On the other hand, in low gradient coastal plains,
the ebb and flow of each tidal cycle occurs more slowly, favoring the preservation of
trackways and footprints (Lockley 1991).

Fragmented bones and teeth of fishes, crocodyliforms, chelonians and dinosaurs
at Praia da Baronesa ichnosite allow us to consider them as the accumulation of debris
in a tidal flat environment. The random footprints distribution in this ichnosite could
indicate a “foraging area” for the theropods, where they wandered across searching
for food (Carvalho 2001). The theropods would search for fishes, turtles and other
organisms, foraging food in the exposed channels of the tidal plain. During low-tide
periods, sub aerial exposure of the sediments allowed the preservation of their tracks
(Carvalho and Pedrao 1998).

There is also a brief description of theropod tracks in the neighboring Parnaiba
Basin, in the Triassic deposits of Sambaiba Formation (Fig. 9.15). However, the age
of this unit is dubious and the morphology and large diversity of theropod tracks
illustrated by Assis et al. (2010) is inconsistent with a Triassic age, being more
probable a Cretaceous age. It is necessary a review of these outcrops and their tracks.

9.5 Paleoenvironmental and Paleoclimatic Contexts

The bedding surfaces with footprints are found in the context of the “upper succes-
sion” of the Alcantara Formation (Rossetti 1994, 1996a, b). This succession consists
of tidal-dominated deposits assigned to channel, sand plain, delta, and bay-fill in an
estuarine environment. Along the coast of a shallow sea an abundant dinosaur fauna
roamed, recording their footprints on the seashore environments.

The strata at Ponta da Guia are interpreted as the result of tidal flat and aeolian
sedimentation. The track-bearing strata are fine-grained sandstones, interbedded with
argillaceous siltstones, that show small-sized channel and tabular cross-stratification,
ripple-marks, mud-cracks and clay-balls, accumulated in a sand flat depositional
environment. The theropod footprints were probably produced in the supra-tidal
region of a low-gradient tidal flat, where the preservation potential is greater
(Carvalho 1995; Carvalho and Gongalves 1994).
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Fig. 9.15 Trackways and isolated theropod footprints from Fortaleza dos Nogueiras, south of
Maranhdo State, Parnaiba Basin

The fossil tracks and skeletal remains found in the fine-grained sandstones and silt-
stones of Praia da Baronesa ichnosite are related to a tidal channel setting (Fig. 9.16).
During low-tide periods, subaerial exposure of the bedforms allowed them to be
subject to dinoturbation. Ancient estuarine paleochannels also have high potential
for burial and preservation of vertebrate skeletal remains (Eberth and Brinkman
1997). In the same track bearing surface of fine-grained sandstones occur many
skeletal remains of a diversified fauna (Eugénio 1994) including fishes (Myliobatidae,
Semionontidae, Enchodontidae and Sparidae families) and reptiles (Pelomedusidae
testudines, Mosasauridae and Theropoda). The theropod remains (isolated teeth) are
indicative of a clade with Dromeosauridae affinities (Vilas-Bdas and Medeiros 1997).

Through palynological analyses (Pedrdao 1995) a better understanding was
obtained of some environmental aspects under which the dinosaur fauna of Sao
Luis Basin lived. The palynological content of outcrops in the east portion of the
basin includes miospores, protozoans and polychaetas (Pedrdo et al. 1993, 1995).
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Fig. 9.16 Praia da Baronesa
ichnosite shows small- and
medium-sized theropod
tracks living in a
low-gradient coastal plain.
The randomly-oriented
trackways and isolated
footprints are interpreted as
the record of a “foraging
area” for theropods. Art by
Guilherme Gehr

Continental palynomorphs are pteridophyte spores (Petrotriletes), gymnosperm
pollen grains (Classopollis major, Equisetosporites ambiguus, Equisetosporites spp.,
Steevesipollenites spp.), angiosperms (Afropollis jardinus, Hexaporotricolpites emil-
ianovi, Cretacaeiporites polygonalis, Cretacaeiporites mulleri) and some taxa of
doubtful botanical affinity (Elateroplicites africaensis, Galeacornea causea B, Elate-
rocolpites castalaini, Elaterosporites aff. Klaszi and Sofrepites legouxae). The main
pollen group in this assemblage derives from gymnosperms (Classopollis) akin to
plants of the Cheirolepideaceae family. Secondarily, there occur Equisetosporites and
Steevesipollenites pollen grains. All of them are indicative of a hot and dry climate.
The angiosperm pollen grains are rare, although the presence of A. jardinus indicates
an equatorial climate. The occurrence of perisporate trilete spores in this assemblage
also points to the same climate, and in addition, it is indicative of a fluvial influence
in the depositional area (Carvalho and Pedrao 1998).
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In this palynological assemblage is found marine plankton, including
unicellular algae (Division Pyrrophyta, dinoflagellates) such as gonyaulacoids
(Spiniferites), peridinioids (Subtilisphaera cheit) and condensates (Florentinia spp.,
Oligosphaeridium aff. O. breviconispinum). There are also chitinous remains of
palynoforaminifera and scolecodonts (Fig. 9.17).

9.6 Conclusions

The fossil footprints from the Sdo Luis Basin are a single record of the Cenomanian
dinosaur fauna which inhabited the Brazilian equatorial margin during the first stages
of the Equatorial Atlantic opening. The stratigraphic succession where the footprints
are found consists of tidal-dominated deposits assigned to channel, sand plain, delta,
and bay-fill in an estuarine environment. Along the coast of a shallow sea an abundant
dinosaur fauna roamed, recording their footprints on the seashore environments.
There are six ichnosites on the outcrops surrounding the Sdo Luis bay distributed
in the Sdo Luis and Alcantara counties: Ponta da Guia, Ponta do Farol, Praia do
Boqueirdo, Ilha do Medo, Praia da Baronesa and Praia Prefeitura de Alcantara.
These ichnosites record a same temporal event, in the context of a surface with wide
geographic distribution, the Sao Luis Megatracksite.

Trackways and isolated footprints were interpreted as related to large and small
theropods, sauropods and ornithischians (e.g., ornithopods) trackmakers. The domi-
nance of large-sized theropod footprints is detected in the southern area of the basin,
which includes the Ponta da Guia region. To the north, the ichnosites such as that one
of Praia da Baronesa and Praia do Boqueirao show small- and medium-sized theropod
tracks. The environmental context of a low-gradient coastal plain favored the estab-
lishment of specific dinosaur communities, with a probable ecologic “segregation”
of large and other smaller dinosaurs. A gregarious behavior for some large-sized
theropods is deduced from the analysis of the same oriented direction trackways
from Ponta da Guia ichnosite. The randomly oriented trackways and isolated foot-
prints from Praia da Baronesa ichnosite were interpreted as the record of a “foraging
area” for theropods which, in this particular tidal plain environment, probably lived
on a rather varied diet, composed of small tetrapods and invertebrates, fish, mollusks
and so on. The palynological data of Cenomanian age is consistent with the inference
of fluvial, lagoonal and shallow marine depositional environments under dry and hot
climate. A tidal flat of a low-gradient coastal plain is the most likely environment
inhabited by the trackmakers.
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Fig. 9.17 The Cenomanian palynomorphs from the Alcantara Formation are consistent with the
inference of a tidal flat of a low-gradient coastal plain under dry and hot climate inhabited by
the dinosaur trackmakers. a Classopollis major, b Equisetosporites ambiguous, ¢ Galeacornea
subtilis, d Elateroplicites africaensis, e Galeacornea causea, f Sofrepites legouxae, g Elaterosporites
aff. klaszi, h Afropollis jardinus, i palynoforaminifera, j dinoflagellate, k Subtilisphaera cheit,
1 scolecodonts, m Oligosphaeridium sp., n Florentinia sp. (modified from Carvalho and Pedrdo
1998)
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