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Chapter 6 
The Cretaceous Araripe Basin Dinosaur 
Tracks and Their Paleoenvironmental 
Meaning 

Ismar de Souza Carvalho, Giuseppe Leonardi, and Jaime Joaquim Dias 

6.1 Introduction 

During the Mesozoic in South America, the terrestrial ecosystems were remodeled 
due to changes in the configuration of continents and oceans, particularly the opening 
of the South Atlantic Ocean by the Gondwana supercontinent rifting process (Matos 
1992; Assine 1992, 2007; Marques et al. 2014). Within this context, continental 
depressions were formed analogous to pull-apart basins, with their genesis by tran-
scurrent tectonics along faults during the opening of the Atlantic Ocean (Matos 
1992). The Araripe Basin is the largest among these interior sedimentary basins in 
northeastern Brazil (Fig. 6.1), covering an approximate area of 12,200 km2 in the 
southern part of the Ceará State, and portions of the Pernambuco and Piauí states 
(Carvalho et al. 2012; Fambrini et al. 2020; Dias et al. 2022). The Araripe Basin is 
not only important for understanding the environment and climate of the Brazilian 
Mesozoic but also stands out for the high quantity and quality of its fossils, including 
dinosaur footprints found in four lithostratigraphic units: Mauriti, Rio da Batateira, 
Crato, and Exu formations (Carvalho et al. 1995, 2018, 2019a, b, 2021a, b, 2022, 
2023).
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Fig. 6.1 Geological map of the Araripe Basin and the location of the dinosaur footprints ichnosites. 
The geochronological data, lithostratigraphic unit’s limits and nomenclature were based in Ponte 
and Appi (1990), Fambrini et al. (2011), Rios-Netto et al. (2012), Assine (2007) and Arai and Assine 
(2020) 

The footprints in the Araripe Basin are imprints in the upper bedding surface or 
even as structural deformations only visible in cross section. They allow the eval-
uation of substrate consistency besides the potential trackmaker identification. The 
environmental contexts of the dinosaur footprints from the Araripe Basin include the 
dinosaur trampling in fluvial sand bars, floodplains, deltas, and saline-alkaline lake 
borders. Then these footprints permit us to evaluate the diversity of the Cretaceous 
biota in this region and also discuss the environmental changes throughout the early 
and beginning of the Late Cretaceous in this region. 

6.2 Geological Context 

The sedimentary filling of the Araripe Basin begins with a controversial Paleozoic 
sequence (Carvalho et al. 2024), followed by three Mesozoic super sequences known 
as Pre-Rift, Rift, and Post-Rift (Ponte and Appi 1990; Assine 2007; Assine et al. 
2014). The full sedimentary succession of the basin (Fig. 6.2) rests unconformably on 
the igneous and metamorphic rocks of the Precambrian Piancó-Alto Brígida Terrain, 
part of the Transversal Zone of the Borborema Province (Brito-Neves et al. 2000).

The Mauriti Formation footprints occur in two ichnosites: Milagres (Milagres 
County) and Mauriti (Mauriti County), both in the Ceará State, in a succession of 
coarse and fine-grained sandstones. The unit is constituted of conglomerate and
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Fig. 6.2 Araripe Basin 
stratigraphical chart and the 
lithostratigraphic units with 
dinosaur footprints. 
Abbreviations: JURAS: 
Jurassic; TIT: Tithonian; 
BER: Berriasian; VAL: 
Valanginian; HAU: 
Hauterivian; BAR: 
Barremian; CEN: 
Cenomanian; LK: Lake; 
CST: Coastal environment; 
SAB: Sabhka; RIO DA BAT: 
Rio da Batateira Formation. 
The geochronological data 
and nomenclature of the 
lithostratigraphic units were 
based in Ponte and Appi 
(1990), Fambrini et al. 
(2011), Rios-Netto et al. 
(2012), Assine (2007) and  
Arai and Assine (2020)

pebbly sandstone that grades into medium-to coarse-grained sandstone towards the 
top in a sedimentary succession interpreted as a braided fluvial system during a 
hot and dry climatic context. The fossil record is marked only by the presence of 
invertebrates and vertebrate ichnofossils, such as dinosaur footprints (Ponte and Appi 
1990; Assine 1992; Carvalho et al. 1994, 1995, 2023, 2024; Batista et al. 2012; Cerri  
et al. 2022). 

Initially designated as Cariri Formation, of Neocomian age (Beurlen, 1962), it was 
renamed as Mauriti Formation (Gaspary and Anjos, 1964) and has been interpreted as 
indicative of an initial depositional event in the Lower Paleozoic, Upper Ordovician 
to Lower Devonian, based on lithostratigraphic correlation with the Serra Grande 
Group (Parnaíba Basin) and the Tacaratu Formation of the Jatobá Basin (Ponte and 
Appi 1990; Assine 1992). Sedimentologic, stratigraphic, detrital zircon U–Pb dating 
and provenance approaches based on trace elements in detrital rutile established that 
the sedimentation of the Mauriti Formation started after the Late Cambrian, probably 
extending through the Ordovician (Cerri et al. 2022). However, the identification of 
theropod and possibly ornithopod tracks in the Milagres and Mauriti ichnosites may
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indicate a Neojurassic to Early Cretaceous age for the Mauriti Formation, suggesting 
that the beginning of deposition in the Araripe Basin was restricted to the last part 
of the Mesozoic (Carvalho et al. 1995, 2023). This Mesozoic age is also supported 
by tectonic and sedimentary analyses (Berthou 1990; Mabesoone 1990). 

The Upper Jurassic Pre-Rift super sequence of the Araripe Basin (Assine 2007; 
Assine et al. 2014), consists of the Brejo Santo and Missão Velha formations, which 
include shales, mudstones, and locally conglomeratic sandstones interpreted as allu-
vial and lacustrine sedimentary systems (Ponte and Appi 1990; Assine 1992, 2007; 
Fambrini et al. 2011, 2013). Furthermore, the Rift super sequence is characterized 
by the facies of the Abaiara Formation, which was formed in shallow lakes and 
braided channel fluvial plains associated with the rifting of Gondwana in the Early 
Cretaceous (Assine 1992, 2007). 

The Santana Group indicates the beginning of the Aptian Post-Rift I super 
sequence (Assine 2007; Assine et al. 2014), and consists of the Rio da Batateira, 
Crato, Ipubi, and Romualdo formations that encompass the Brazilian Alagoas local 
stage. The Rio da Batateira Formation (also called Barbalha Formation by Assine 
et al., 2014) presents sandstones, micro conglomerates, siltstones, carbonates, and 
bituminous shales of fluvial-lacustrine and deltaic origin (Chagas et al., 2007; Paula-
Freitas et al. 2007; Paula Freitas and Borghi 2011). The multiproxy approach elab-
orated by Varejão et al. (2021a) includes sedimentological, paleontological, ichno-
logical, and chemo-stratigraphic analyses through the upper portion of the Rio da 
Batateira Formation, the entire Crato Formation, and the lower portion of the Ipubi 
Formation. These authors recorded the first marine influence in the Araripe Basin 
through the uppermost portion of the Rio da Batateira Formation (also referred to 
as Barbalha Formation), in which syn-rift fluvial channels, and overbank deposits 
with sedimentary transport from north-west to south-east, were bounded upward by 
bayhead deltas, commonly developed in the innermost part of bays and estuaries in 
transgressive coastlines. The Fundão Member (Rios-Netto et al. 2012), comprises a 
very fossiliferous horizon in the Rio da Batateira Formation, in which algal lamina-
tions, coprolites (possibly from fish), ostracods, conchostracans, fish, amber, plant 
fragments, and dinosaur tracks (sauropods and theropods) are recorded (Hashimoto 
et al. 1987; Rios-Netto et al. 2012; Carvalho et al. 2021a). 

During the deposition of the Crato Formation, there is a wide variety of continental 
and transitional environments, also with records of marine incursions (Neumann and 
Cabrera 2002a, b; Varejão et al. 2021a; Ribeiro et al. 2021). Within the lacustrine 
hypersaline succession (Varejão et al. 2021a), there are abundant and diverse exquisite 
preserved fossils that give the Lagerstätte status for the unit (Martill 2007; Selden 
and Nudds 2012). The Crato Biota, as referred by Dias et al. (2022), is character-
ized by fungi, plants, arthropods, fish, frogs, lizards, turtles, pterosaurs, non-avian 
dinosaurs, and birds living in a wetland-type ecosystem influenced by climatic oscil-
lations between wetter and drier periods (Ribeiro et al. 2021). The marine influence 
in the Crato Formation is attested by tide-dominated bay facies, and confined bay 
with typical facies deposited in foreshore to upper shoreface conditions with storm 
deposits (hummocky cross-stratified sandstones). The maximum flooding surface is 
a dark shale below these foreshore-to-shoreface facies, marking the beginning of
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the Highstand Systems Tract that culminates with the deposition of the evaporites 
from the Ipubi Formation (Varejão et al. 2021a). The presence of micro foraminiferal 
linings in the transition between the Crato and Ipubi formations suggests that these 
evaporites from the Ipubi Formation may have been putatively precipitated by the 
evaporation of marine waters (Goldberg et al. 2019). 

Although there is the influence of marine environments in other facies associa-
tion (Varejão et al. 2021a, b) the dinosaur footprints of the Aptian in the Araripe 
Basin occur in floodplain areas of meandering rivers and low-energy lake deposits, 
without evidence of a marine influence. In the Rio da Batateira Formation, the 
tracks occur in fluvial siliciclastic successions (Carvalho et al. 2019a, b, 2021a). 
In the Crato Formation, however, the footprints are restricted to the locality of Três 
Irmãos mine in the carbonate deposits formed in hypersaline alkaline lakes and 
microbial-induced(Carvalho et al. 2021a). 

The Aptian in the Araripe Basin also includes the Ipubi and Romualdo formations 
(Assine et al. 2014). In diastemic contact with the Crato Formation, the Ipubi Forma-
tion includes evaporite intercalations (gypsum and anhydrite) and green and/or pyro-
bituminous shales. They were deposited in a shallow and saline coastal environment, 
under a warmer climate with precipitation from brines (Assine et al. 2014; Bobco 
et al. 2017). The Alagoas local stage sedimentation of the Araripe Basin ends with the 
lagoonal and marine deposits of the Romualdo Formation, consisting of conglomer-
ates, sandstones, marls, shales, and limestones. This unit also preserves an abundant 
and diverse biota, including foraminifera, palynomorphs, corals, mollusks, arthro-
pods, echinoids, fishes, turtles, crocodyliforms, pterosaurs, dinosaurs, and plants 
(Abreu et al. 2020; Araripe et al. 2021; Lopes and Barreto 2021; Dias et al. 2022; 
Santana et al. 2022). 

The Cretaceous sedimentation of the Araripe Basin finishes during the late Albian 
to early Cenomanian. This is recorded by the deposits of the Araripe Group, consti-
tuted by the Araripina and Exu formations (Assine 1992, 2007). The Araripina 
Formation are cyclic distal plain deposits of alluvial fan systems, while the Exu 
Formation is essentially fine-grained quartz sandstones with siltstones and occa-
sional mudstones deposited in a fluvial environment (Assine 2007; Carvalho et al. 
2021b, 2022). The dinosaur footprints are recorded in the fluvial floodplains and 
sand sheets of the Exu Formation, during episodes of hot climate (Carvalho et al. 
2021b, 2022). 

6.3 Footprints: Diversity and Paleobiological Interpretation 

Although dinosaur tracks are commonly found in the surrounding basins of Sousa, 
Uiraúna-Brejo das Freiras, Malhada Vermelha, and Lima Campos, they are still rare 
in the Araripe Basin (Leonardi 1994; Leonardi and Spezzamonte 1994; Carvalho  
2000; Carvalho et al. 2021a, b, 2022, 2023). The footprints from the Araripe Basin 
are found in four stratigraphic units: Mauriti, Rio da Batateira, Crato, and Exu
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formations, which were deposited in very distinct temporal, paleogeographical, and 
environmental contexts. 

In the Mauriti Formation, the Milagres ichnosite (Fig. 6.3) presents theropod and 
ornithopod tracks. The theropod tracks are three isolated footprints (ARMI 01, ARMI 
02, ARMI 04) and a short trackway with three footprints (ARMI 05). All of them 
are tridactyl, mesaxonic, with pointed digits, some of them with claw impressions. 
The rear borders of the footprints are V-shaped or angular (Fig. 6.4). The sandstone 
filling of the footprints is similar to the surrounding matrix. The footprints are large, 
ranging from 28–40 cm in length and 20–30 cm in width (Carvalho et al. 1995). The 
probable trackmakers are large theropods related to the groups that are already known 
in the Cretaceous deposits of the basin, such as the Spinosauridae Angaturama limai 
or Irritator challengeri (Kellner and Campos 1996; Martill et al. 1996). However, 
the footprints from Milagres ichnosite are certainly older than the Aptian-Albian age 
of these fossils. There is also an isolated footprint related to an ornithopod (ARMI 
03). It is a tridactyl and mesaxonic footprint with rounded extremities of the three 
digits and wide concave hypexes (Fig. 6.3b). The digits II and IV are 5 cm in length 
and digit III is longer showing 10 cm in length. The footprint is 20 cm in width 
and its length is also 20 cm. The rear portion of the footprint shows an extrusion 
rim, with a rounded and wide crescent shape. Its color is more reddish than the 
surrounding matrix. The absence of claws, the wide concave hypexes, and the wide 
width allowed its interpretation as an ornithopod footprint (Carvalho et al. 1995). 
Osteological elements of this group are unknown in the Araripe Basin, although 
tracks are found in the surrounding Rio do Peixe basins.

The Mauriti ichnosite (Fig. 6.5), Maurity county, presents at least seven isolated 
footprints. There are four tridactyl, mesaxonic footprints with pointed (?theropod) 
and rounded digits (?ornithopod). The other imprints are rounded depressions with 
no clear digit impressions. The partial sandstone filling of the footprints is similar to 
the surrounding matrix. They range from 30–48 cm in length and 25–48 cm in width. 
The trackmakers of the theropod footprints could be the large theropods related to 
those already known in the Araripe Basin’s Cretaceous formations (Carvalho et al. 
2023).

The Rio da Batateira Formation tracks (Aptian) are observed as cross-section 
casts (Figs. 6.6 and 6.7). They are three-dimensional casts in cross-section, as pillar-
like morphologies, small- and large-sized concave-up and sub-cylindrical structures. 
They allow examination of the deformation of the underlying layers and also how 
the footprints were filled by the sediments deposited afterward. The casts may also 
be presented as amorphous bulges or sedimentary layers deformed and downfolded, 
reaching one meter below the depositional surface.

The dinosaur tracks of the Rio da Batateira ichnosite (Fig. 6.6a) can seem to be 
simple load casts; however, they are interpreted as dinosaur trampling, and more in 
detail an association of distinct groups of dinosaurs. These load structures, interpreted 
as dinosaur footprints, measure 15–120 cm in length and 20–100 cm in depth, in fine-
grained siliciclastic beds, such as shales, siltstones, and fine sandstones. The depth 
penetration, which can reach 100 cm, probably is due to the higher plasticity of 
the substrate, similar to some sauropod tracks from the Upper Jurassic of Spain
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Fig. 6.3 Milagres ichnosite, in the Milagres ranch. a Outcrop of the Mauriti Formation, where the 
dinosaur tracks are found. b An isolated ornithopod footprint (ARMI 03) showing a contrasting 
color with the surrounding matrix. Scale bar: 5 cm

(Valenzuela et al. 1988; García-Ramos et al. 2006). In Rio da Batateira ichnosite it is 
also possible to observe the digit impressions in some of the casts (Fig. 6.6b), enabling 
their interpretation as belonging to bipedal or quadruped dinosaurs (Fig. 6.6b–e). The 
largest footprints are produced in an exposed waterlogged substrate or in a flooded 
area, where was possible the liquefaction of the sediments of sauropod trackmakers 
(Fig. 6.7). The smaller ones present a “V-shaped” cross-section with the evidence 
of a more prominent digit that exerts a higher pressure on the substrate, conducting 
a greater deformation in the central area of the cast. It probably corresponds to 
digit III of small theropods, like Mirischia asymmetrica or Santanaraptor placidus 
(Naish et al. 2004; Kellner 1999) or some small ornithopod. The interpretation of 
these tracks indicates the presence of quadrupedal (probably sauropod) and bipedal
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Fig. 6.4 Footprints from the Mauriti Formation, Milagres ichnosite. a, b, d Isolated theropod 
footprints (ARMI 01, ARMI 02, ARMI 04) with sharp pointed digits; c Ornithopod isolated 
footprint (ARMI 03); e Short track (ARMI 05) with three sequencial tridactyl footprints interpreted 
as a theropod trackway. ARMI—Araripe Basin, Milagres ichnosite. Scale bars: a–d 10 cm; e 30 cm

(theropod and ornithopod) dinosaurs (Carvalho et al. 2019a, b, 2021a). These tracks 
are an important tool for the reconstruction of the terrestrial Cretaceous ecosystem 
in the context of the Araripe Basin. It is noteworthy that no sauropod body fossils 
were so far found either in this or other lithostratigraphic units of the Araripe Basin 
(Carvalho et al. 2019b). 

In the Crato Formation (Nova Olinda County, Ceará State), in the Três Irmãos 
ichnosite, the dinosaur tracks are found in fine-grained sandstones, intercalated with 
shales and laminated carbonates (Fig. 6.8). They range from 35 to 100 cm in length 
and 30–50 cm in depth. The pressure that occurred during the contact of dinosaur 
feet and the substrate led to the deformation of the upper surface of the sediments, 
with the origin of load structures accompanying a concave aspect with successive 
lamina deformation. Tracks may occur as isolated or superimposed casts in cross-
section, as pillar-like or concave-up morphologies, but casts are more commonly 
irregularly cylindrical to “U” shaped (with a larger basal diameter than at the top, as 
usually occurs with undertracks). Undulating forms that grade into load casts may 
be recognized as tracks when they occur along the same bedding plane adjacent to 
recognizable tracks, and when they have relief and dimensions similar to those of 
associated distinct tracks. The substrate should be soft and moist, with a relatively 
high cohesiveness (Carvalho et al. 2018) allowing for the deformation of successive
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Fig. 6.5 Footprints from the Mauriti Formation, Mauriti ichnosite. a Outcrop of the Mauriti Forma-
tion with the dinosaur footprints; b–e Isolated footprints of small and large theropods (ARMA 
01, ARMA 02, ARMA 03, ARMA 04). ARMA—Araripe Basin, Mauriti ichnosite. Scale bars: 
b–e 10 cm; f 20 cm

layers and developing undertracks. The dinoturbation index was defined as the degree 
of dinosaur trampling (Lockley and Conrad 1989) and its intensity over a surface 
(light: 0–33%, moderate: 34–66%, and heavy: 67–100%). In the Rio da Batateira 
Formation, the dinoturbation index can be considered heavy, while in the Crato 
Formation, it is light (Carvalho et al. 2021a).
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Fig. 6.6 Footprints from the Rio da Batateira Formation, Rio da Batateira ichnosite. a Riacho 
da Batateira outcrop, Cascatinha locality where are found the cross-section footprints; b Section 
of a track cast with the digit imprints in the lower portion, indicating a probable sauropod track. 
Dashed line indicates the limits of the foot contact with the sediment, the original surface stepped 
on; c Digit III (indicated by an arrow) exerts a higher pressure on the substrate, conducting to a 
greater deformation in the central area of the cast, feature common in theropod footprints; d A 
large flattened depression, bordered by displacement rims (high declivity borders) interpreted as 
a footprint of a quadrupedal dinosaur, probably a sauropod; E. Cross-section of a small footprint 
with a rounded outline, showing the distinct patterns of deformation of the substrate by the dinosaur 
trampling. Scale bars: b 15 cm; c 10 cm; d 20 cm; e 10 cm
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Fig. 6.7 Footprints from the Rio da Batateira Formation, Rio da Batateira ichnosite. a Outcrop 
with dinoturbation structures in the margins of Riacho da Batateira. b Disturbed layers resulted 
from the vertebrate trampling; c The cross-section through dinosaur tracks displays large structural 
and dimension variations indicated by arrows; d The high-water content induces the deformation 
by the foot impact up to one meter below the surface; e High deformation of the substrate including 
fluidization (indicated by an arrow) induced by the dinosaur trampling. Scale bars: 30 cm
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Fig. 6.8 Footprints from the Crato Formation, Três Irmãos ichnosite. a Outcrop of Crato Formation, 
Três Irmãos Quarry, showing the succession of laminated carbonates and the level with cross-section 
tracks; b A cast of the true track with surrounding strongly bent and downfolded layers indicate 
a deformation due to a foot impact of a sauropod or a large quadrupedal dinosaur; c Concave 
deformations induced by the foot load pression. The cross-section footprints are eroded in its upper 
surface before the following deposition of fine sandstones. Arrows indicate the position of the 
footprints. Scale bars: a 1 m;  b–c 30 cm
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Marty (2011) and Marty et al. (2006) indicated that, after the foot impact, some 
structures are apparent on the surface (true track, overall track, underprint) and others 
are hidden within the substrate (undertrack, deep track). The types of deformation 
indicate that theropods adopted many walking strategies at different times, resulting 
in the formation of a stacked succession of undertracks that gradually becomes wider, 
shallower, and less detailed downward (Milàn et al. 2006). The deformation structures 
in a vertical section allow obtaining additional details about the walking kinematics 
that rarely could be available from the true track at the surface (Milàn and Bromley 
2006), usefulness for the correct interpretation of the trackmaker and the substrate 
consistency (Milàn et al. 2004, 2006). Laboratory track simulations presented by 
Manning (2008) enabled the analysis of the magnitude and distribution of load acting 
on surface sediments, transmitting through and deforming subsequent layers. This 
aspect is clear in the tracks at the Rio da Batateira and Crato formations, due to 
the deformation produced in the lower sedimentary levels after the footprint impact 
(Carvalho et al. 2021a). 

The Exu Formation footprints (Barbalha County, Ceará State), Barbalha ichnosite, 
are about 20 cm in height and 30 cm wide (Fig. 6.9). They are evident on a vertical 
cross-section of a sandstone bed as concave-up deformations of the lamina-set. Digit 
impressions or other morphological features of the footprints are not preserved 
(Carvalho et al. 2021b, 2022). Therefore, the geometry and dimensions of these 
structures allow us to interpret them as similar to dinoturbation structures produced 
by sauropods. These dinosaur footprints enhance the understanding of the genetic 
interpretation of deformational structures and paleoenvironmental scenarios of the 
Late Cretaceous from Northeastern Brazil.

6.4 Paleogeographical Distribution of the Footprints 

The dinosaur footprints of the Araripe Basin are recorded in three unquestionably 
Cretaceous lithostratigraphic units (Rio da Batateira, Crato, and Exu formations), 
and one with controversial age but adopted as Jurassic-Cretaceous based on its 
dinosaur tracks (Mauriti Formation). Thus, the paleogeographic context during the 
Late Jurassic and Early Cretaceous of the Araripe Basin is linked to the rifting 
process of the Gondwana supercontinent, with distinct tectonic evolution during the 
pre-rift, rift, and post-rift phases, which influenced the pattern of biota dispersal and 
speciation processes. 

The Mauriti Formation footprints of the Milagres and Mauriti ichnosites (Carvalho 
et al. 1994, 1995, 2023, 2024) present a temporal inconsistency, as the Mauriti Forma-
tion is frequently considered part of an Early Paleozoic depositional cycle (Ponte and 
Appi 1990; Assine 1992, 2007; Cerri et al. 2022). The NW paleoflow indicates that 
the main source areas for the Mauriti fluvial system are located in the Transversal 
and Southern zones of the Borborema Province (Cerri et al. 2022). Meanwhile, the 
presence of dinosaur footprints in the Mauriti Formation suggests that it is certainly a 
Mesozoic unit (Carvalho et al. 1995, 2023). Due to the geographical proximity with
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Fig. 6.9 The Cenomanian Exu Formation and its footprints, Barbalha ichnosite. The Exu Formation 
is the last Cretaceous sedimentation cycle in the Araripe Basin, composed of coarse to fine-grained 
reddish sandstones. a Outcrop of the Exu Formation with a succession of channel cross-stratification 
and laminated bimodal sandstones; b Concave-up deformation of the lamina-set, 20 cm height 
and 30 cm wide, observed on a vertical cross-section. Digit impressions or other morphological 
features of the footprints are not preserved; c Deformations as concave-up features interpreted as 
dinoturbation structures observed in cross-section. Arrows indicate the position of the footprints. 
Scale bars: c 20 cm; d 30 cm

Rio do Peixe basins, that present similar dinosaur tracks, probably Early Cretaceous 
age is suggested (Carvalho et al. 2023, 2024). The importance of these two ichnosites 
confirms the need to revise the age of the Mauriti Formation and the paleogeograph-
ical context of these footprints, establishing a new stratigraphic framework for the 
lower successions of the Araripe Basin (Carvalho et al. 2023, 2024). If the Jurassic-
Cretaceous age was confirmed, the paleogeography of the Mauriti Formation would 
not be related to the Western Paleozoic Gondwana, as indicated by Cerri et al. (2022),
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but with the Mesozoic Gondwana supercontinent evolution during the Jurassic and 
Cretaceous, as the others lithostratigraphic units of the Araripe Basin. 

The break up between the South American and African continents occurred 
predominantly due to east-west divergent tectonic, during the Jurassic. The rupture 
began in the southern part of Gondwana and progressively extended northward 
throughout the Early Cretaceous, shaping itself along pre-existing weakness zones 
(Françolin and Szatmari 1987). Valuable paleobiogeographic data from Maisey 
(2011) show that in the pre-rift stage, there were no individual depocenters in the 
Brazilian sedimentary basins, resulting in low diversity of the Gondwanan biota at 
the genus and species levels. In Western Gondwana, Brazil and West Africa was 
a single continuous landmass, sometimes referred to as the Afro-Brazilian Depres-
sion, allowing for extensive taxa dispersion. This distinct pre-rift biota is Gondwanan, 
with a Pangaean origin, and various groups of vertebrates such as mawsoniid coela-
canths, notosuchian crocodiles, and dinosaurs, diversified within Gondwana before 
the breakup (Maisey 2011). Within this context, the dinosaur footprints of the Mauriti 
Formation are included, and the large theropods and an ornithopod as probable track-
makers, would be in this terrestrial scenario of a single continuous continental mass 
before the rifting process of the Gondwana. 

The Brazilian Alagoas local stage is associated with the breakup of the Gondwana 
supercontinent in the Mesozoic. This interval has special importance to the corre-
lation of sub-aerial exposition surfaces throughout the basin. The Aptian dinosaur 
tracks from the Araripe Basin occur in the Rio da Batateira Formation (Fundão 
Member) and Crato Formation, in the Ceará State. They can be observed only in 
cross-section, as three-dimensional natural structures in siliciclastic and carbonate 
successions. 

During the Gondwana breakup, rift valleys were formed and subsequently flooded 
by epicontinental seas during the Aptian, which separated Northeast Brazil from the 
rest of South America, but remained contiguous with Africa (Maisey 2011). The 
Aptian epicontinental seas were formed before the complete detachment process of 
South America and Africa. As a result, these marine incursions do not necessarily 
correspond to tectonic boundaries of rifting but rather represent distinct biogeo-
graphic provinces created through intracontinental vicariance processes due to land 
separations caused by the marine incursions (Maisey 2011). Within this context, 
the biotas of the Aptian formations in the Araripe Basin are included, such as Rio 
da Batateira and Crato, which feature small theropods and sauropods as possible 
trackmakers. 

Taxonomic studies of ostracod fossils from the Rio da Batateira Formation were a 
subsidy for the understanding of the beginning of the opening of the South Atlantic 
Ocean during the Aptian in the Araripe Basin (Santos Filho et al. 2023). The ostracod 
assemblage from the Santo Antônio section presents nine typically brackish-marine 
species, associated with the first marine ingression in the interior of the continent 
during the beginning of the formation of the Atlantic Ocean (Tomé et al. 2022). 
Fauth et al. (2023) present three marine incursion events in the Batateiras unit (two 
of them in the Fundão Member), defined by benthonic and planktonic foraminifera, 
calcareous nannofossils, dinocysts, serpulid tubes, and a mass mortality event of
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mixohaline ostracods. The integration of paleontological, sedimentological, and 
ichnological data by Varejão et al. (2021a) also indicates the deposition under marine 
influence in the upper portion of the Rio da Batateira Formation. The stratigraphic 
architecture and paleocurrents data suggest that marine waters reached the basin 
from the south, with marine ingressions of an incipient South Atlantic Ocean over 
the interior basins of northeastern Brazil (Varejão et al. 2021a). Other sedimentary 
and stratigraphic studies of the Aptian in the Araripe Basin point to a more complex 
scenario, with distinct marine pulses from different directions (Custódio et al. 2017; 
Bom et al. 2021). However, the Tethyan origin of a wide variety of vertebrates, inver-
tebrates, and microfossils groups recorded in the Araripe Basin and other chrono-
related basins of Northeast Brazil suggest marine ingressions from North to South 
(Arai 2014; Pereira et al. 2017; Araripe et al. 2021; Lindoso and Carvalho 2021; 
Kroth et al. 2021). 

Although the dinosaur footprints are still not recorded in the Aptian Romualdo 
Formation of the Araripe Basin, the unit contains five species of theropod dinosaurs 
(see Kellner and Campos 1996; Martill et al. 1996, 2000; Kellner 1999; Aureliano 
et al. 2018; Sayão et al. 2020) and one possible Ornithischia (Leonardi and Borgo-
manero 1981), later considered as a theropod bone (Batista and Kellner 2007). The 
Romualdo Formation records the last marine ingression within the Cretaceous inte-
rior basins of Northeastern Brazil, with, at least, two distinct pulses of marine incur-
sions associated with the formation of a proto-Atlantic Ocean (Assine et al. 2014; 
Custódio et al. 2017; Teixeira et al. 2017; Fürsich et al. 2019; Bom et al. 2021; Kroth  
et al. 2021). The marine ingressions that reached the Araripe Basin during the late 
Aptian formed a vast epicontinental sea in Northeast Brazil, with an area much larger 
than the current Araripe Basin (Arai, 2014). These interior seas are characterized by 
water masses that rest directly on the continental crust and are commonly formed by 
short-term variations in sea level, resulting in abrupt fluctuations in water salinity, 
temperature, and oxygenation (Kroth et al. 2021) recorded in the Rio da Batateira, 
Crato, Ipubi, and Romualdo formations. 

While the sedimentary succession of the Santana Group represents a transgres-
sive–regressive cycle associated with sea-level variations during the Aptian, the 
sedimentary deposits of the Araripe Group (which includes the Araripina and Exu 
Formations) indicate a differentiated tectonic uplift during the late Albian and early 
Cenomanian (Assine 2007). During the Cenomanian, there was the establishment 
of oceanic crust with the separation of the South American and African continents 
(Maisey 2011). The last record of dinosaur footprints in the Araripe Basin occurs in 
the Exu Formation, a Cenomanian fluvial succession (Carvalho et al. 2021b, 2022) 
that represents the return to the strictly continental conditions in the Araripe Basin, 
not being directly related to the marine influence of the opening of the South Atlantic 
Ocean.
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6.5 Paleoenvironmental and Paleoclimatic Contexts 

6.5.1 Mauriti Formation 

The paleoenvironmental interpretation of the deposits where the Mauriti Formation 
footprints are found is coalescent alluvial fans and a braided fluvial system with 
high energy (Fig. 6.10), formed in a hot and more arid climatic context (Ponte and 
Appi 1990; Carvalho et al. 1995; Batista et al. 2012; Carvalho et al  2024). The 
few isolated footprints and trackways in the Milagres and Mauriti ichnosites of the 
Mauriti Formation may reflect the time between periods of sediment accumulation 
and the nature of the substrate. It is possible that the high energy of the environment 
contexts, grain size, low water content, and lack of sediment plasticity did not allow 
the preservation of a large number of footprints, indicating a potential preservation 
bias (Carvalho et al. 1995, 2023, 2024).

6.5.2 The Aptian Rio da Batateira and Crato formations 

The Aptian records of dinosaur tracks in the Araripe Basin occurred in a moment 
of environmental changes of transitional siliciclastic to carbonate environments 
related to the deposition in an endorheic lake, also during a hot and arid climate. 
As demonstrated by Moratalla et al. (1995) Avanzini et al. (2000), Leonardi and 
Mietto (2000), Marty (2008), Santos et al. (2013), and Campos-Soto et al. (2017), 
carbonate environments are important for the preservation of fossil tracks. 

The Rio da Batateira sequence is interpreted as fluvial and clastic lake shore envi-
ronments, including floodplain areas of meandering rivers and low-energy lacus-
trine environments. The stratigraphic data interpretation shows that the interval was 
subject to tectonic control (Paula Freitas 2010; Rios-Netto and Regali 2007; Rios-
Netto et al. 2012). The low-energy lacustrine paleoenvironment was subjected to 
water level fluctuations and anoxic events (Assine et al. 2014). Although Varejão 
et al. (2021a) recorded a bayhead delta facies association deposited under a marine 
influence in the upper portion of the Rio da Batateira Formation, the dinosaur foot-
prints recorded in this unit occur in fine sandstones and shale successions associated 
with floodplain areas of meandering rivers and low-energy lakes, without evidence 
of a marine influence (Fig. 6.11).

The footprints of the Rio da Batateira Formation were produced in an exposed 
waterlogged substrate or in a flooded area, where the sediments’ liquefaction was 
possible. The evaluation of these tracks and their relationship with the substrate, allow 
the understanding of the deformation due to a foot impact, and the construction of a 
model for the cross-section track formation. They also show behavioral insights into 
the trackmaker biology, substrate properties, interaction among the producer, and 
environmental factors (Carvalho et al. 2019b; 2021a, b). The preservation of these 
dinosaur footprints is enhanced by specific environmental and more arid climatic



164 I. S. Carvalho et al.

Fig. 6.10 Reconstruction of 
the environmental scenery of 
the Mauriti Formation and 
the dinosaur trackmakers. 
Exposed channel bars of 
braided rivers in a context of 
arid climate allowed the 
preservation of theropod and 
ornithopod footprints (Art by 
Guilherme Gehr)

conditions, which may have a biogenic component associated. Rapid and significant 
sedimentation with the track coating favors the preservation, thus, footprints are 
most commonly preserved in environments with cyclic sedimentation (Carvalho 
et al. 2021a), including water-level fluctuations, as described for the Rio da Batateira 
Formation depositional environments. 

A key point for the final preservation of fossil vertebrate tracks in laminated sedi-
ments has been explained by the biostabilization process of the sediment surface 
by microbial mats (Carvalho et al. 2013). In the Lower Cretaceous Rio do Peixe 
Group in the Sousa Basin, also in the northeast of Brazil, microbial mats devel-
oped in the temporary and shallow lacustrine environments, during warm climate 
conditions. According to Carvalho et al. (2013), the footprint consolidation and its 
early lithification probably occurred due to the presence of microbial mats, which 
provided a more cohesive substrate, preventing the footprints from being eroded. The 
sediments were initially biostabilized by early cementation and the covering of the
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Fig. 6.11 Reconstruction of 
the environmental scenery of 
the Rio da Batateira 
Formation and the dinosaur 
trackmakers. Trampling by 
dinosaurs in a floodplain area 
of meandering rivers and 
lacustrine environments 
induced the deformation of 
the substrate. The climate 
was hot and more humid as 
observed through the 
palynological assemblages 
(Art by Guilherme Gehr)

microbial mats over the footprints. Subsequent successive floods and the influx of 
sediments allowed the preservation of a large number of layers with dinosaur foot-
prints. This same mechanism was discussed for the invertebrate trace fossil preserva-
tion in the Sousa Basin by Carvalho et al. (2017), giving light to the biostabilization 
process by microbial mats as one of the main responsible factors for the ichnofossils 
preservation. In this case, petrographic analysis showed microbially induced sedi-
mentary structures (MISS), such as small pits, bumps, and crinkles, associated with 
microbiolaminations and dispersed microbial filaments (Carvalho et al. 2017). 

Drawing a parallel with the similar proposed paleoenvironment for the Early 
Cretaceous Rio da Batateira Formation, it is plausible that these microbes also could 
have influenced the dinosaur footprints’ preservation. So far, there are records of 
algal laminations in the bituminous shales of the Fundão Member, established by 
Rios-Netto et al. (2012). In the 3-D casts of the Rio da Batateira dinosaur tracks, 
there is a section that shows evidence of digits, indicating the high plasticity of
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the substrate where the track was produced (Carvalho et al. 2021a). This ductility 
of the substrate may have been provided by the extracellular polymeric substance 
(EPS) secreted by the microbial mats, which gives a plastic nature to the sedimentary 
substrate through mucilage production. The presence of these microbial communities 
could be enhanced by the drier climatic context and the oscillatory character of the 
environment. A possible future perspective of paleoichnological studies in Brazil 
is the investigation of the microbial role in the fossilization of the Rio da Batateira 
dinosaur tracks, in the same way as described for the dinosaur tracks and invertebrate 
ichnofossils of the Sousa Basin. 

During the Aptian, alkaline lakes were one of the main depositional environments 
in the Araripe Basin, representing the Lagerstätte succession of the Crato Formation. 
Although there are records of marine facies association (Varejão et al. 2021a, b) 
the dinosaur footprints of the Crato Formation are recognized in deposits from the 
margins of alkaline and hypersaline lakes, where other exceptionally preserved fossils 
(Fig. 6.12) of vertebrates, invertebrates, plants, and even fungi are also found (Martill 
et al. 2007; Carvalho et al. 2021a; Dias et al. 2022, 2023). The tracks of the Crato 
Formation occur in the Três Irmãos Quarry, Nova Olinda County, which is mainly 
composed of micritic limestone, with levels of marls and fine-grained siliciclastic 
beds (Neumann and Cabrera 2002a, b). This Lagerstätte succession of the Crato 
Formation represents a hypersaline lacustrine environment based on the presence 
of evaporitic features (halite hoppers, gypsum beds, and isolated gypsum crystals), 
predominant terrestrial fossil fauna and flora content, absence of bioturbation, and 
presence of several structures that points to the microbial nature of the carbonates, 
such as peloids, amorphous organic matter, coccoid and filamentous cells embedded 
in EPS, and horizons of microbialites (Heimhofer et al. 2010; Catto et al. 2016; 
Warren et al. 2017; Varejão et al., 2019). The vertical passage from the underlying 
ephemeral lake and river-dominated delta facies association to the overlying hyper-
saline lacustrine deposits indicates an increase in the dry condition (Varejão et al. 
2021a).

In shallow, perennial, and closed lacustrine water bodies, as proposed for the 
Lagerstätte succession of the Crato Formation, the register of climate oscillations is 
expected. These climatic variations have been suggested by Neumann et al. (2003), 
Osés et al. (2017), Gomes et al. (2021), Guerra-Sommer et al. (2021), and Dias and 
Carvalho (2022). During drier periods, there is a greater proliferation of microbial 
mats and carbonate precipitation (Varejão et al. 2019, 2021a; Dias and Carvalho 2020, 
2022). In wetter periods, increased productivity in the water column can also generate 
thick carbonate layers, although without a significant influence of microbial mats on 
the genesis of these rocks (Heimhofer et al. 2010). Consequently, Dias and Carvalho 
(2022) and Dias et al. (2023) suggested a possible climate control influencing fossil 
preservation, which probably affected the record of the dinosaur footprints, both in 
the Aptian Rio da Batateira and Crato formations. 

Distinctly of the Rio da Batateira Formation, the microbial role in the carbonate 
genesis and fossilization process in the Crato Formation is already been well-
discussed (Catto et al. 2016; Osés et al.  2016, 2017; Warren et al.  2017; Varejão 
et al. 2019; Dias and Carvalho 2020, 2022; Iniesto et al. 2021; Prado et al. 2021;
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Fig. 6.12 The fossils variety from Crato Formation. a Outcrop of fine laminated carbonates where 
occur the exquisite Aptian fossils, Três Irmãos Quarry; b Insect of the Hemiptera order (UFRJ-
DG 1163 Ins); c Insect larvae of the Ephemeroptera order (UFRJ-DG 441 Ins); d Brachyphyllum 
obesum (UFRJ-DG 2424 Pb), a Coniferophyta; e Arachnid of the Araneae order (UFRJ-DG 42 
Ac); f Cratoavis cearensis (UFRJ-DG 31 Av), an Enantiornithes; g The fish Dastilbe crandalli 
(UFRJ-DG 1898 P). Scale bars: a 50 cm; b 1 cm;  c 2 mm; d 3 cm;  e 2 mm; f 2 cm;  g 4 cm

Dias et al. 2023). The high degree of morphological fidelity of fossils has been mainly 
attributed to the influence of microbial mats in the fossilization process, particularly 
in the covering and mineralization of organic remains when they reach the lacustrine 
substrate (Varejão et al. 2019; Dias and Carvalho 2020, 2022; Iniesto et al. 2021; 
Dias et al. 2023). 

The dinosaur footprints of the Crato Formation probably could be included in this 
fossilization scenario (Fig. 6.13), since this same mechanism of track preservation 
mediated by the microbial mats has already been described for the Sousa Basin 
(Carvalho et al. 2013). Just as a microbial mat enhances the chance of preservation
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by covering the carcass of an organism and creating physicochemical conditions 
conducive to the mineralization of organic remains (Dias et al. 2023), the coverage 
of a dinosaur track by the mats could favor exquisite preservation. 

In Vermelha Lagoon (Rio de Janeiro State), a hypersaline lagoon from the Quater-
nary of Brazil, there is extensive development of microbial mats, MISS (microbially 
induced sedimentary structures), and microbialites. On the margins of this envi-
ronment, desiccation tracks and wrinkle marks are associated with the preservation 
of wave marks and already lithified footprints of humans wearing sneakers. on the 
substrate (Guedes et al. 2022; Dias et al. 2023). During the Early Cretaceous in the 
Araripe Basin, the preservation of these dinosaur footprints occurs especially in the 
lacustrine margins, where there is more development of microbial mats, the same 
way observable for the Vermelha Lagoon. The sealing effect after covering the track, 
and the microbial sarcophagus created by the microorganisms, are key factors for the

Fig. 6.13 Reconstruction of 
the environmental scenery of 
the Crato Formation and the 
dinosaur trackmakers. The 
footprints are found in a 
context of carbonate 
environments related to the 
deposition in an endorheic 
lake, during a hot and arid 
climate. Episodes of more 
humid events allowed the 
increase of life diversity (Art 
by Guilherme Gehr) 
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preservation. This biogenic influence is directly correlated with environmental and 
climatic controls, with fossil preservation associated with shallow and hypersaline 
lacustrine environments, during more hot and arid contexts. 

According to Pérez-Lorente (2015), the bearing capacity in which a foot can 
sink into sediment occurs when the resistance to penetration of the foot is equal 
to the pressure applied, directly related to the substrate plasticity and consistency. 
Falkingham et al. (2011, 2014) discuss different substrate models on track formation 
potential. As the walls of some of the Crato Formation tracks are vertical, it is 
interpreted that the original substrate was soft, yet cohesive and competent. The foot 
could enter deeply, but the sediment stayed together leaving sharp walls. Otherwise, 
in the Rio da Batateira Formation footprints, the deformation can reach 100 cm depth 
as the result of the foot impact in a less firm substrate (Carvalho et al. 2021a). 

Besides the microbial component in the fossilization, other factors are also impor-
tant for the dinosaur track preservation in the fossil record. For Carvalho et al. (2021a), 
the abundance of vertebrate bioturbation depends upon rates of trampling, texture, 
and plasticity of the substrate, and also the subsequent permanent burial with a low 
reworking rate. The small grain size, consistency, plasticity, and water content of the 
sediments are determinants for the preservation of anatomical details. 

6.5.3 The Cenomanian Exu Formation 

The succession of the Exu Formation is interpreted as channel bars of ephemeral 
streams and floodplains under a more arid to semiarid climate during the Cenomanian. 
The sediments in the sand bars of the dry channel streams could be reworked by winds 
resulting in bimodal sandstone deposits (Carvalho et al. 2021b, 2022). The opening 
of the South Atlantic Ocean during the Cenomanian and the return to continental 
conditions in the Araripe Basin at this age were likely accompanied by an increase in 
aridity and average temperature of terrestrial ecosystems due to the continentalization 
process. 

In the Exu Formation (Barbalha ichnosite), the digit impressions or other morpho-
logical features of the footprints are not recognized. Probably, the substrate where 
the tracks were produced was not as plastic as the substrate with footprints in the 
Aptian Rio da Batateira and Crato formations. The absence of more delicate features 
of the Exu footprints could be a preservation bias due to the environmental conditions 
(Fig. 6.14).

6.6 Conclusions 

The dinosaur footprints found in the Araripe Basin are temporal markers of subaerial 
exposition surfaces throughout the basin, recording cyclical changes in the environ-
ments and climate. These footprints vary across four distinct lithostratigraphic units:
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Fig. 6.14 Reconstruction of 
the environmental scenery of 
the Exu Formation 
(Cenomanian) and the 
dinosaur trackmakers. 
Channel bars of ephemeral 
streams and sand sheets in 
floodplains were reworked 
by the feet load of dinosaurs. 
The climate during this 
moment was hot and dry 
with more humid events (Art 
by Guilherme Gehr)

Mauriti, Rio da Batateira, Crato, and Exu formations, each associated with different 
environmental settings. The tracks in the Mauriti Formation are located in alluvial 
fans and braided river deposits, formed during a hot and arid climate. This environ-
mental context limited the preservation of a larger number of footprints. In contrast, 
the Aptian dinosaur footprints of the Rio da Batateira and Crato Formations, which 
developed in fluvial-lacustrine settings under arid conditions, have better-preserved 
records. This preservation may have been influenced by the presence of microbial 
mats during the fossilization process. Other studies conducted with arthropod fossils 
from the Crato Formation highlight the significant role of these microbes in the 
coverage, sealing, and mineralization of organic remains. Extrapolating this mech-
anism for preserving dinosaur tracks offers valuable insights for future paleoich-
nological studies in the Araripe Basin. Finally, the dinoturbations observed in the 
Cenomanian Exu Formation do not exhibit the features seen in the Aptian record of
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the same basin. This discrepancy is likely due to preservation biases caused by the 
more unstable environment, similar to the Mauriti Formation. 
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