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a b s t r a c t

Although fossil footprints are generally recognized by morphological data from autopodia, in some cases
they can also be characterized by a sequential deformation of the substrate, since the footprint reaches
many sedimentary levels beyond the surface. In such cases, these features are preserved as deformation
structures which can be observed in cross-sections, making it difficult to identify their genesis. Thus, they
are many times interpreted as load or liquefaction structures related to compaction, tectonism or
fluidization, without a direct relationship with the trampling by terrestrial vertebrates and the pressure
generated during the contact between a tetrapod autopodium and the substrate, leading to the origin of
load structures with successive laminae deformation.

The research on the Araripe Basin, Brazil, allowed the discovery of many structures that are related to
substrate deformation after dinosaur trampling. This offers a new tool for paleoenvironmental in-
terpretations to this region, as well as it opens new perspectives for understanding ancient terrestrial
ecosystems and the origin of deformational structures. Although dinoturbation observed in cross-section
is still generally scarcely documented, it enables the understanding of environmental changes from
terrigenous to carbonate lake scenarios that are so peculiar in this sedimentary succession. Their regional
distribution opens new possibilities to the analysis of the spatial and temporal distribution of dinosaur-
trampled structures.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Araripe Basin is one of the interior basins of Northeastern Brazil,
whose Cretaceous history spans from Berriasian to Cenomanian
times (Fig. 1). Although dinosaur tracks are commonly found in the
surrounding basins of Sousa, Uiraúna-Brejo das Freiras, Malhada
Vermelha and Lima Campos, all of them occur in floodplain
alho), leonardigiuseppe879@
(A.M. Rios-Netto), lborghi@
eitas), jartur.andrade@yahoo.
reitas).
deposits of Berriasian-Hauterivian ages (Leonardi, 1994; Leonardi
and Spezzamonte, 1994).

The footprints analyzed in this study are found in Aptian car-
bonate deposits, interpreted as produced on an alkaline lake
margin, and show a distinct observational pattern compared with
the other Northeastern interior basin tracks. They are three-
dimensional casts in cross-section, as pillar-like morphologies,
small- and large-sized concave-up and sub-cylindrical structures.
This situation allows us to examine the deformation of the under-
lying layers and also the way in which the footprints were filled by
the sediments deposited afterwards. The casts may also be pre-
sented as amorphous bulges or sedimentary layers deformed and
downfolded, reaching one meter below the depositional surface.
The interpretation of these tracks indicates the presence of
quadrupedal (probably sauropod) and bipedal (theropod and
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Fig. 1. Location of dinosaur tracks in the Araripe Basin, northeastern Brazil. The tracks occur in the Rio da Batateira and Santana formations (Aptian). Geological map modified from Assine (2007), Assine et al. (2014) and Rios-Netto et al.
(2012a).
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ornithopod) dinosaurs, providing new insights to the reconstruc-
tion of the terrestrial Cretaceous ecosystems in the Araripe Basin.

During the Cretaceous, tectonic events related to the Gondwana
break-up caused major changes in the configuration of the South
American continent. Then, many extinction and diversification
events of the flora and fauna occurred as a response to the envi-
ronmental changes (Bittencourt and Langer, 2011; Bronzati et al.,
2015; Dunhill et al., 2016; Gorscak and O'Connor, 2016). Concern-
ing the Southern hemisphere, the South Atlantic origin has driven
deep modifications in climate, geographic configuration, distribu-
tion of land and seas (Arai, 2014a, b). Such context had a direct
influence in the biotas, which were deeply modified by the South
Atlantic tectonic scenarios. Nevertheless, in spite of the wide dis-
tribution in the Brazilian intracratonic and marginal sedimentary
basins, the genesis of rocks originated in continental environments
and the diversity of their fossils are poorly understood.

Besides an evaporitic interval, the local Alagoas Stage (approx-
imately corresponding to the Aptian Stage) comprises the section
known as “Pre-salt”, a sedimentary successionwhich, in the eastern
Brazilian margin, presents a great exploratory importance. In the
terrestrial interior basins, the Alagoas interval outcrops mainly in
the Araripe Basin (Rio da Batateira and Santana formations),
comprising relevant analogs to the paleoenvironmental in-
terpretations of the Brazilian marginal basins, during the tectonic
moment that led to the formation of all other intracratonic basins
from northeastern Brazil (Carvalho and Leonardi, 1992; Carvalho
et al., 1993, 1994, 1995). The study of this stratigraphic interval in
the Araripe Basin contributes to the understanding of the paleo-
geographical evolution of South America during the Alagoas time
interval, through an overview of the spatial and temporal changes
in the paleoenvironments, in the context of the regional tectonos-
tratigraphic evolution.

The Araripe Basin basement is composed of magmatic and
metamorphic rocks and the basin is filled with clastic and chemical
rocks. Proposals of lithostratigraphic subdivision of these rocks
have been discussed and reviewed by many authors, although the
most widely accepted terms for the lithostratigraphic units are the
ones presented by Beurlen (1963, 1971), Ponte and Appi (1990),
Ponte (1992), Neumann and Cabrera (1999), Assine (2007), Martill
(2007) and Martill et al. (2007). The Aptian deposits comprise
essentially fine-grained siliciclastic beds and laminated limestone
with some inter-bedded levels of fine sandstones, marls and
mudstones. These deposits occur in a rift-basin context, and are
interpreted as floodplain areas and lacustrine environments
(Neumann et al., 2002). One special aspect concerns the paleoge-
ography of the last stages of crustal rupture of the Gondwana. The
South Atlantic Ocean opening resulted in marine ingressions in the
interior of the land mass, changing sharply the terrestrial envi-
ronments, allowing a higher humidity in the interior of the conti-
nent (Carvalho and Pedr~ao, 1998; Carvalho, 2004; Medeiros et al.,
2014) and the flourishing of many new ecological spaces.

2. The vertebrate tracks of Araripe Basin

The tracks under study at the Araripe Basin are so far the unique
register of dinosaur tracks in the Aptian context of the interior
Cretaceous Brazilian basins. The Cretaceous history of Araripe Basin
spans from Berriasian to Cenomanian times, and footprints have
been identified in the counties of Crato and Nova Olinda, in Cear�a
State (Fig. 1).

The Aptian tracks are found in two distinct units: Rio da Bata-
teira and Santana formations (Fig. 2). In these two contexts, the
tracks are observed as cross-section casts. This kind of three-
dimensional structure is an important tool for the reconstruction
of the terrestrial Cretaceous ecosystems.
The Rio da Batateira Formation is composed of micro-
conglomerates, coarse to fine sandstones, siltstones, mudstones
and carbonate levels. These deposits are interpreted as related to
fluvial and lacustrine environments (Rios-Netto and Regali, 2007;
Paula Freitas, 2010; Paula Freitas and Borghi, 2011) of Aptian age
(Alagoas local stage, Rios-Netto et al., 2012b). It is overlain
concordantly by the Crato Member of the Santana Formation. The
tracks at the first site, Crato County, are found in the third tecto-
nosequence of Paula Freitas and Borghi (2011). This sequence out-
crops in the Batateira River, and is interpreted by Paula Freitas
(2010) and Rios-Netto et al. (2012a) as floodplain areas of
meandering rivers and lacustrine environments (Fig. 2A). The load
structures, herein interpreted as dinosaur footprints, are found in
this succession. They are in sections measuring 15 cme120 cm in
length and 20 cme100 cm in depth, and occur in fine-grained sil-
iciclastic beds, such as shales, siltstones and fine sandstones.

The second site occurs in Nova Olinda County, in the Santana
Formation (Crato Member). This lithostratigraphic unit is mainly
composed of micritic limestone, with some levels of marls and fine-
grained siliciclastic beds (Neumann and Cabrera, 2002 a, b). The
carbonates are finely laminated and interpreted as microbial-
induced in alkaline lakes. In the Santana Formation, the dinosaur
tracks are found in fine-grained sandstones, intercalated with
shales and laminated carbonates (Fig. 2B). They range from 35 cm
to 100 cm in length and 30 cme50 cm in depth. The pressure
occurred during the contact of dinosaur autopodia and the sub-
strate led to the deformation of the upper surface of the sediments,
with the origin of load structures accompanying a concave aspect
with successive laminae deformation. The substrate should be soft
and moist, with a relatively high cohesiveness (Carvalho et al.,
2018) allowing for the deformation of successive layers, and
developing undertracks.

The dinoturbation index was defined as the degree of dinosaur
trampling (Lockley and Conrad, 1989) and its intensity over a sur-
face (light: 0e33%, moderate: 34e66%, and heavy: 67e100%). In the
Rio da Batateira Formation, the dinoturbation index can be
considered as heavy (Fig. 3AeF), while in the Santana Formation it
is light (Figs. 4AeC and 5).

3. Tracks as load casts

Preservation of animal footprints in the fossil record is strongly
dependent on taphonomic processes, although it is the grain size
and the sedimentation regime that determines if preservation will
take place and if a footprint will be incorporated into the sedi-
mentary record. The possibility of preservation is minimal during
long-lasting periods of exposure without any sedimentation, and
preservation is favored by rapid and significant sedimentation
events. Thus, footprints are most commonly preserved in envi-
ronments of cyclic sedimentation. Pronounced intra-trackway
variation in the El Frontal tracksite (Lower Cretaceous, Cameros
Basin, Spain) informs how track geometry might be dominantly
affected by substrate conditions during formation. The original
substrate of the El Frontal tracksite was non-homogenous due to
lateral changes in adjoiningmicrofacies with a gradient of substrate
consistencies across the site. This implies that, evenwhen produced
by a single trackmaker, a wide range of morphological patterns of
the fossil tracks may occur (Razzolini et al., 2014). The final pres-
ervation of fossil vertebrate tracks in laminated sediments has been
explained by the stabilization process of the sediment surface by
microbial mats, which would cover the tracks and protect them
from erosion (Carvalho et al., 2013). Generally, fine-grained sedi-
ments rendered them more suitable for footprint preservation.
Microbially induced sedimentary structures are in fact observed in
many of the fine-grained lithofacies where dinosaur tracks are also
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found, and the large number of these tracks may be related to the
role of the mats in their preservation.

Deformation of the print-bearing surface, e.g. by a heavy animal,
favors the preservation of underprints and transmitted prints on
bedding planes beneath the primary footprint-bearing surface
(subtraces or “under tracks”, also called “ghost prints”) (Sarjeant
and Leonardi, 1987). Reworking of sedimentary substrates by
terrestrial vertebrates was deemed important in disturbing the
primary grain fabric and sedimentary structures by Laporte and
Behrensmeyer (1980). Abundance of vertebrate bioturbation de-
pends upon rates of trampling, texture and plasticity of the sub-
strate, and also the subsequent permanent burial.

The pressure produced by the tetrapod autopodia on the sub-
strate has been analyzed by several authors (García-Ramos and
Valenzuela, 1977; Boyd and Loope, 1984; Valenzuela et al., 1988;
Avanzini, 1998; Romano and Whyte, 2003, 2012; Falkingham et al.,
2016) in relation to the mechanics of movement, the development
of deformational structures, and the total substrate bioturbation.
The grain size, consistency, plasticity and water content of the
sediments are determinants of the preservation of anatomical
details.

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, usually undertracks), as can be
observed in the Araripe Basin. Undulating forms that grade into
load casts may be recognized as tracks when they occur along the
same bedding plane adjacent to recognizable tracks, andwhen they
have relief and dimensions similar to those of associated distinct
tracks (Fig. 3AeD).

Mil�an et al. (2006) analyzed the sediment deformation induced
by theropod foot movements during a stride. They observed, based
on the types of deformation, that different theropods adopted
different walking strategies at different times. In layered sediments,
this causes the formation of a stacked succession of undertracks
that gradually becomes wider, shallower and less detailed down-
ward. The deformation structures in a vertical section have proven
successful in obtaining additional details about the walking kine-
matics, that rarely could be obtained from studying the true track at
the surface (Mil�an and Bromley, 2006). Then, there is the usefulness
of vertebrate tracks for the correct interpretation of the trackmaker
and the substrate consistency (Mil�an et al., 2004, 2006). In Rio da
Batateira Formation (Araripe Basin), it is also possible to observe
the digit impressions in some of the casts, enabling their inter-
pretation as belonging to bipedal or quadrupedal dinosaurs (Fig. 3E,
F).

In the 3-D casts there is a section that shows evidence of digits,
indicating the high plasticity of the substrate where the track was
produced, similarly to the Villar del Arzobispo Formation,
KimmeridgianeTithonian (Campos-Soto et al., 2019), Spain
(Castanera et al., 2010). In this context, it is important to observe
that the animal's behavior is also, to some extent, related to the
palaeoenvironment: stable and unstable surfaces control aspects
such as walking speed, acceleration and kind of gait.

Marty (2011) indicated that, after the foot impact, some struc-
tures are apparent on the surface (true track, overall track, under-
print) and others hidden within the substrate (undertrack, deep
track). 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 (Fig. 4B, C). It was shown that many vertebrate
tracks are transmitted features and do not represent ‘true’ surface
tracks. Then, the substrate properties and the animal's behavior
allow for a wide range of track morphologies. The main modes of
footprint preservation can thus be evaluated as the relationship
between the substrate and lower surface of the autopodia. This
aspect is clear in the tracks at the Rio da Batateira and Santana
formations, due to the deformation produced in the lower sedi-
mentary levels after the footprint impact.

4. Interpretation of the Aptian Araripe tracks

The study of Avanzini (2001) showed that it is possible to
identify dinosaur footprints in stratigraphic sections based on:
spatial distribution of bird eyes and/or fenestrae, the presence and
geometry of microfaults and thrusts on the base of the load casts,
hardness and the shear of the laminites on the base of the struc-
tures, and the formation of circular, three-dimensional displace-
ment rims.

Depending on the substrate, Falkingham et al. (2011) suggest
using tracks (not only of dinosaurs, but vertebrate tracks in general)
as if they were paleopenetrometers. In geotechnics and pedology, a
penetrometer is a device used to gauge the resistance, the consis-
tency and the structure of soil, mainly in house-building. The depth
of a track could be seen and used in an analogous manner (with
some due reservations) to study these characteristics of the paleo-
surface where the track was printed. Such a study would help
analyze the paleoenvironment.

“Footprints are molds of the feet in the substrate over which the
animal passed. A too hard and firm substrate will not allow the
formation of footprints. If the upper surface of a layer is quite fine-
grained and cohesive, neither too dry nor too wet, an exact
impression of the undersurface of the feet may be produced. Not
only themajor morphological features, such as claws, nails or hoofs,
but also less prominent ones, such as scales or even bristles, may be
shown clearly in the mold. When the substrate is too coarse or dry,
these details will not be shown. When too wet or too yielding, the
impression may be deformed. If the substrate is submerged, the
footprints may be severely marred or completely obliterated”
(Sarjeant and Leonardi, 1987).

The physical properties of the substrate in which a footprint is
found depend on the mineral composition, the organic content and
how much the substrate is saturated by water. The penetration
depth of a footprint in a substrate is related to the ground's resis-
tance and the pressure exerted by the dinosaur foot (Fig. 6). Then,
the morphology of tracks and the deformation of the substrate are
directly linked to the physical state of the substrate, the vertical
distance separating the tracking surface and the study surface, the
shape of the dinosaur's foot, and the animal's behavior. The rate of
plastic deformation depends, among many other factors, on the
magnitude and duration of the applied stress (P�erez-Lorente, 2015).
Another aspect concerns the weight distribution in the dinosaur
foot. In bipedal dinosaurs, the third digit exerts a higher pressure on
the substrate, conducting to greater deformation in the central area
of the cast (Fig. 3E). On the other hand, a better distribution of
weight occurs during the impact of a quadrupedal dinosaur's feet,
allowing for a more uniformly rounded cast (Fig. 3D).

The distribution of weight on all four feet is also noticeable in
quadruped dinosaurs; the weight can be loaded equally on the four
feet, but more frequently most of it is leaned on the back side (¼on
the hind, on the “rear axle”). Based on these observations, we
consider that, in graviportal ornithopods, most of the weight is
usually loaded on the hind feet; so, in a not surprising way,
quadrupedal trackways are not so frequent in this group (Haubold,
1971; Thulborn, 1990; Lockley, 1991; P�erez-Lorente, 2015). In
northeastern Brazil, however, in the Lower Cretaceous Sousa Basin,
there are good quadrupedal trackways like that of Caririchnium
(Leonardi, 1984); and also Sousaichnium (Leonardi, 1979), that
regularly leaned the right front-foot to the ground. They are clearly
quadrupedal trackways and they have very large hind-feet and very



Fig. 2. A. Stratigraphic profile of Rio da Batateira Formation at the Batateira River site, Crato County. Dinosaur trampling is found in successive levels of fine-grained sandstones and
shales; B. Finely laminated microbial carbonates of the Santana Formation (Crato Member), interpreted as having been deposited in carbonate lakes. The subaerial exposure of these
lakes allowed them to suffer dinoturbation.
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Fig. 3. Cross-section of tracks from the Rio da Batateira Formation, Araripe Basin. A. The cross-section through dinosaur tracks sometimes displays large structural variations, and
the disturbed layers are the result of heavy vertebrate trampling; B. A quadrupedal dinosaur (probably sauropod) track. The deformation of sandstones and shales produced a large
flattened depression, bordered by high declivity borders (displacement rims). Note that the lower layer was already lithified when the dinosaur foot reached it; C. Quadruped
dinosaur track presenting a base larger than the upper part; D. The deformation produced by the foot impact can reach 100 cm below the surface, indicating an original muddy
substrate due to high water content; E. In bipedal dinosaurs, the digit exerts a higher pressure on the substrate, conducting to a greater deformation in the central area of the cast;
the arrow indicates the position of digit III; F. Section of a 3eD track cast. In the lower part of the cast, it is possible to observe the digit imprints, indicating a sauropod track. Arrows
and dashed lines indicate the limits of the foot contact with the sediment, the original surface stepped on. Surrounding the footprints there are deformations induced by the foot
load.
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Fig. 4. A. An overview of the Pedreira Três Irm~aos succession (Nova Olinda County),
Santana Formation (Crato Member), with the trampling level (whitish color in the
middle of the section). Track walls are sub-vertical (even after the foot was with-
drawn), which is an indication that the original consistency (firmness) of the substrate
was high; B. Close-up of a sauropod or large quadrupedal dinosaur track cast. The
strongly bent and downfolded layers indicate a deformation due to a foot impact. It is a
cast of the true track; C. These deformation tracks are found in a same stratigraphic
interval eroded in its upper surface before the following deposition of fine sandstones.
Arrows and dashed lines indicate the limits of the foot contact with the original surface
stepped. Surrounding the footprints, there are deformations induced by the foot load.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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small forefeet. The same is true for Caririchnium leonardii (Lockley,
1987) Albian of Colorado (USA), and for some trackways attributed
to hadrosaurs, like Amblydactylus (Sternberg, 1932). Ornithopods
are considered, in general, bipeds, optionally quadrupeds, and this
kind of gait could be true for some ornithopods occasionally found
at the Araripe Basin.

The tracks observed in the Aptian stratigraphical units of Araripe
Basin are vertical sections in a succession of intercalated marls and
fine sandstones (Crato Member, Santana Formation, Figs. 4A and 5)
and also fine sandstones and shales (Rio da Batateira Formation).
The depth of the deformation from Crato Member is 50 cm under
the depositional surface, while in Rio da Batateira Formation it can
reach 100 cm, probably due to the higher plasticity of the substrate,
similarly to some sauropod tracks from the Upper Jurassic of Spain
(Valenzuela et al., 1988; García-Ramos et al., 2006). According to
P�erez-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. This will be directly related to the
substrate properties, such as plasticity and consistency. The anal-
ysis of Falkingham et al. (2011, 2014) discusses the aspects con-
cerning this dynamic of the effects of different substrate models on
track formation potential. As thewalls of some of the CratoMember
(Santana Formation) tracks are still vertical (even after the foot was
withdrawn), it is an indication that the original substrate was soft,
yet cohesive and competent (Fig. 4B), i.e., that the foot could enter
deeply, but the sediment stayed together leaving sharp walls. The
tracking surface and layers beyond the depth of 50 cm from the
surface were deformed by dinosaur autopodia, due to the pressure
over soft to moderately firm mud sediments, as there are no evi-
dences of fractures or microfaults. This is distinct from the Rio da
Batateira Formation tracks, where deformation can reach 100 cm
depth of foot impact from the surface (Fig. 3D) as the result of a less
firm substrate.

5. Paleoenvironmental interpretations based on
dinoturbation

5.1. Tracks and carbonate lakes

The records of dinosaur tracks in the Araripe Basin occurred in a
moment of environmental changes in alkaline carbonate lakes.
They show the wide distribution of transitional siliciclastic to car-
bonate environments related to the deposition in an endorheic
lake, during a hot and arid climate.

Carbonate environments are important for the preservation of
fossil tracks (Leonardi and Mietto, 2000; Marty, 2008; Santos et al.,
2013, 2015; Santos, 2016; Campos-Soto et al., 2017). An example of
this is the deposition of Calcari Grigi di Noriglio Formation, in the
Piattaforma di Trento (Lower Jurassic, Lavini di Marco, Italy). The
carbonates were deposited in the margin of a tidal flat near a large
continental area in tropical latitude. The tracks are found in the
Lower Member e a carbonatic succession deposited in shallow
waters, with episodical subaerial emersion and the presence of
laminated stromatolites. Avanzini et al. (2000) analyzed this suc-
cession and demonstrated that, in the Lower Member, the lami-
nated carbonates are due to the algae and microbial development.
The depositional environment is interpreted as an inter-supratidal
carbonate platform. These authors indicated the presence of iron
oxides in small spherules (glaebulae), interpreted as having been
produced by the bacterial activity during the soil formation. But the
most striking features are the fine laminated microbial sediments
in which the tracks are preserved. Although the interpretation of
the preservation of the Calcari Grigi tracks is based on geochemical
processes, especially dolomitization, Avanzini et al. (2000) illus-
trated many sedimentary structures typical of the subaerial
dissection of algal mats, related to the track bearing surfaces.

Lacustrine carbonates also enable the preservation of a wide
diversity of high-quality dinosaur footprints (Moratalla et al., 1995;
P�erez-Lorente, 2017). In the analysis of the tracks in Cameros Basin



Fig. 5. Three morphology patterns of the dinoturbation at Santana Formation (Pedreira Três Irm~aos) related to the cohesiveness of the substrate trampled by the dinosaurs. The
dinoturbation index is considered light. The tracks are vertical cross-sections in a succession of intercalated marls and fine sandstones. Numbers and letters are references to
biostratigraphical sampling.
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(Lower Cretaceous, Spain), P�erez-Lorente (2015) showed a wide
diversity of preservation modes of dinosaur tracks. The middle
succession of the Enciso Group (Aptian) presents siliciclastic and
limestone, interpreted as having been deposited in large lakes. The
lakes were shallow, in the context of a continuous sheet of shallow
water and some deeply flooded zones. In these fresh or brackish
water lakes, mainly carbonate muds and gypsum were deposited.
Fossil footprints are found in almost all environments, except in the
open lake carbonate zones.

The relationship between carbonate and siliciclastic environ-
ments with microbial sedimentation has been described by many
authors (Marty, 2008;Marty et al., 2006, 2010; Carvalho et al., 2013;
Santos et al., 2013; Cariou et al., 2014). In the Reuchenette Forma-
tion (Switzerland, Upper Jurassic, Kimmeridgian), sauropod track-
ways occur in three track-bearing laminite intervals interbedded
between shallow marine carbonate platform sediments, deposited
in inter-to supratidal paleoenvironments in a subtropical climate.
This is indicated by the macroscopic (stromatolitic lamination,
desiccation cracks, wave ripples and invertebrate burrows) and
microscopic features. Thin sections in the laminites of the tracksite
shows wrinkled cryptomicrobial lamination, characterized by an
alternation of clotted micrite and irregular seams enriched in
organic matter (Marty et al., 2010). Another example is the Marnes
de Besançon Formation, Jura Mountains (upper Oxfordian, France)
where eight dinoturbation beds are found with true tracks,
undertracks and overtracks (Cariou et al., 2014). The preservation of
these dinosaur footprints in biolaminites allows for a detailed
analysis of their mode of formation. The geological context where
these tracks are recorded is a tidal-flat punctuated by frequent
flooding and emersion phases followed by desiccation, microbial
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mat development, and new sediment inputs. Dinosaur tracks are
found recorded in intertidal to supratidal settings.
5.2. Substrate consistency

Another characteristic phenomenon tied to the substrate is the
development of displacement rims around the footprints, which
are quite variable in size and form, and are often also present if the
footprint can be seen only in section. Some of these rims are wide
and thick, sometimes with the aspect of true bulges of mud, now
evidently lithified. Such conspicuous mud bulges are especially
well developed in sauropod footprints, of both the fore- and hind
limbs. In these cases, the very heavy animals had impressed their
feet into a surface of very plastic and/or waterlogged muds
(Leonardi, 1987, 1989; Thulborn, 1990; García-Ramos et al., 2002,
2009; Pi~nuela, 2018). Under these circumstances the front prints
were partially overprinted by the subsequent hind tracks, so that it
becomes very narrow or little more than a crescent-shaped slit. In
other cases, and frequently at our sites, the displacement rim
around a footprint is very low and narrow, indicating a more
compact and firm mud. In other instances, it seems as though the
weight of successive overlying layers deposited over the tracks
Fig. 6. The foot impact on the surface can also represent ‘true’ surface tracks. This is
clearly observed in the Santana Formation (A) and Rio da Batateira Formation (B),
where the superficial track is not followed by successive deformation of the underlying
sediments. Arrows indicate the limits of the foot contact with the sediment, the
original surface stepped on.
compressed and squashed the footprints and their displacement
rims (Lockley and Xing, 2015; Pi~nuela Su�arez, 2015).

In the Anacleto (lower Campanian) and Allen (upper
Campanian-lower Maastrichtian) formations (Río Negro Province,
Argentina), Díaz-Martínez et al. (2018) identified tracks preserved
in a cross-section, i.e., a track preserved in a view perpendicular to
the bedding plane. These are concave structures caused by defor-
mation, with their bases flat or slightly curved downward in rela-
tion to the bedding. They are distributed in two distinct
environments: meandering fluvial and shallow lacustrine systems,
that are associated upward to an aeolian setting. Another important
aspect is that the bedding surface shows wrinkle structures,
indicative of microbial mats. In the Elliot Formation (Lower Jurassic,
South Africa), interpreted as a temporary fluvial deposit, Sciscio
et al. (2016) also observed soft sediment deformation structures,
especially close to the upper bedding plane, and vertical sections
showing soft sediment deformation directly beneath depressions
on the upper bedding plane of the horizontally laminated sand-
stones. They were interpreted as deformation related to the loading
effect by a dinosaur foot. Then, it was demonstrated that
morphological differences are mainly due to variations in the
substrate rheology. In the alluvial plains and meandering river
deposits of the Triassic Caturrita Formation (Paran�a Basin, Brazil)
the fossil tracks observed in the bedding plane are concave,
circular-shaped structures, with a laminar deformation. Silva et al.
(2007) interpreted these features as a disruption of the substrate
homogeneity caused by bioturbation of prosauropod dinosaurs.
The distinct color pattern, more reddish than the surrounding
substrate, was interpreted as a result of differential diagenesis.

The amount of collapse of the sedimentary levels below the
superficial track is a function of the cohesiveness of the sediment
and the depth of the footprint. The lower the cohesiveness and the
deeper the tracks, the easier the mud collapses. The study of La
Senoba footprints in siliciclastic rocks (Enciso Group, upper
Barremian-Aptian, Spain) showed that, even in a single trackway,
the same features are not always present: physical properties of the
mud e including consistency, viscosity, and thixotropic behavior,
water content, and also the extent to which algal mats covered the
surface e affected their preservation potential (P�erez-Lorente,
2015). The dinoturbation features from the Araripe Basin show
cohesiveness that is different than that of the substrate in the
Aptian deposits. In Santana Formation, they occur in a context of
more cohesive sediments, as the walls of the structures are verti-
calized and they are still well defined (Fig. 4B) when comparedwith
those from Rio da Batateira Formation. In this last unit, the mud
collapse and the deeper deformation in the substrate indicate a
more waterlogged substrate, that enables a greater deformation of
the plastic substrate.

The true tracks, undertracks and overtracks in the Cretaceous
basins of Northeastern Brazil were generally produced in subaerial
and subaqueous settings. It is possible to identify footprints with
well-defined morphologies or progressively losing their evidence
and their typical aspect due to their association with mud cracks,
fluidization, convolute and radial structures (Carvalho, 2000a, b).
Those with impressions of claws, nails, and soft tissue, such as the
sole and phalangeal pads, are considered to be produced in mud
sediments with high plasticity and lowwater content, probably in a
subaerial setting of floodplains and marginal lakes areas. This
context is easily recognized by the association of the footprints
with raindrops and mud cracks that sometimes has its origin
related to the contour of the track or as extension of the digits. The
dehydration of themuddy sediments produces structures similar to
those described by Lockley and Conrad (1989). If the geological
setting where the footprints were produced was an alluvial fan,
despite having also been produced in a subaerial setting, their
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morphology is almost always restricted to the contour. If the bot-
tom is a firm ground or semiconsolidate sediment, the preservation
of the tracks can be good or excellent, which is very frequent in the
tracksites of the Kimmeridgian of Asturias (Pi~nuela Su�arez, 2015).

Since the substrate is the major control in determining the final
track morphology, the tracks are excellent structures to analyze the
substrate consistency where the animal has walked (Gatesy et al.,
1999; Falkingham et al., 2011; Pi~nuela Su�arez, 2015; Díaz-
Martínez et al., 2018). Cross-sections of tracks such as those from
the Araripe Basin, which lack anatomical details, are difficult to
assign within a particular trackmaker's ichnotaxon and/or taxon.
They are more useful to provide information concerning the
distinct moments of the track formation and its relationship with
the substrate (Moratalla, 2009, 2011; Avanzini et al., 2012;
Falkingham and Gatesy, 2014; Pi~nuela Su�arez, 2015; Razzolini,
2016; Gatesy and Falkingham, 2017; Herrero Gasc�on and P�erez-
Lorente, 2017; Díaz-Martínez et al., 2018). It was also demon-
strated by Pi~nuela (2012), Pi~nuela Su�arez (2015), and García-Ramos
et al. (2009) that some morphological changes, in the same track
from surface to the lower levels, lead to deep theropod undertracks
looking like ornithopod tracks.

The natural track casts of Rio da Batateira and Santana forma-
tions (Aptian, Araripe Basin) penetrates into the underlying layers
as small and large sized concave-up and sub-cylindrical structures.
The casts are generally presented as amorphous bulges or sedi-
mentary layers deformed and downfolded. They are typical for
dinosaur track casts, and can be explained by dinoturbation pro-
cesses. In this context, the preservation aspect of the tracks de-
pends on the texture and plasticity of the substrate and the
opportunity for permanent burial. The pressure produced by the
tetrapod autopodia on the substrate induces, besides the me-
chanics of movement, the development of these deformational
structures, and the total bioturbation that, together with the grain
size, consistency, plasticity and water content of the sediments, are
determinants to the preservation of anatomical details (Boyd and
Loope, 1984; Avanzini, 1998), which is not observed in these nat-
ural casts found in Rio da Batateira and Santana formations.

The size of the tracks of the Santana Formation indicates larger
dinosaurs, although a specific identification of the trackmakers is
not possible. They can be considered deep tracks that are defined by
Gatesy (2003) as true tracks, made by a trackmaker sinking deeply
into soft mud. The foot penetrates through the sediment, and the
true track is located within the sediment and may reveal infor-
mation about the conditions of the foot. In a track cross-section,
track penetration depth is the maximum depth (measured from
the tracked surface) where undertracks or deformation of the
sediment are still discernible (Marty, 2008). Deep footprints are
found in soft mud of floodplain depressions or near rivers, where
the water table was close to, or slightly above, the surface. Ac-
cording to Lockley (1986), deeper tracks are sometimes made in
water as deep as about 50 cm. Although the Santana Formation
tracks were produced in soft sediments, it is considered that these
showed high cohesiveness, allowing the penetration of the feet to
develop a shaft structure without sediment collapse. Otherwise, in
the case of Rio da Batateira Formation, although the feet also sunk
deeply in the substrate, high deformation of the sedimentary
laminae occurred, an indicative of the low cohesiveness of the
deposits.

Similar track casts are found in North Horn Formation (Maas-
trichtian, Utah e USA). They are commonly less than about 40 cm
across and about 40 cm deep. Therefore, individual tracks with
pillar-like, cylindrical morphologies may measure from about 25 to
about 53 cm in apparent diameter, and about 47 cm deep. Irregular
bulges and rounded surfaces on the basal portions of tracks are
possibly amorphous impressions of the short toes of herbivores
(Difley and Ekdale, 2002). In ichnosites of the Lower Cretaceous of
the Hekou Group (China), La Rioja (Spain) and the Lower Jurassic
Calcari Grigi di Noriglio (Italy), similar features were interpreted as
sauropod track casts (Avanzini, 2001; P�erez-Lorente, 2015; Xing
et al., 2015). This probably reflects the fact that large-sized
sauropod tracks resist weathering and are more easily found.
Xing et al. (2015) assumed that this apparent low diversity in the
Hekou Group (China) is an artifact resulting from the small sample
area and the fact that all the outcrops are cross-sections where
bedding planes are scarce and limited to small surfaces.

This kind of phenomenon is easier to be observed and under-
stood, and is more convincing, as produced by dinoturbation in the
Asturian Upper Jurassic successions (Northern Spain), where the
infilling of very deep dinosaur (often sauropod) tracks is white
sandstone, and the substrate where the large animals walked was
soft mud, later diagenized in marls or mudstones. The Lastres
Formation (Kimmeridgian) presents in this context a large amount
of true tracks and undertracks of a fluvial-dominated deltaic system
flowing into a shelf lagoon (García-Ramos et al., 2006; Pi~nuela
Su�arez, 2015; Pi~nuela et al., 2011a, b, 2016).

5.3. Dinoturbation structures

The dinosaur tracks in the Rio da Batateira Formation may look
like simple load casts; however, they are herein interpreted as a
level with dinosaur overtrampling, and, more in detail, an associ-
ation of bipedal and small and large quadrupedal dinosaur tracks.
By the time these footprints were produced, there was a hyper-
pycnal stream in an intermittent lake, and the climate was hot and
humid. Thus, the assumed interpretation is that the dinosaur tracks
were produced in the lake's margins (Fig. 7). Successive flooding,
and subsequent sediment influx, with the stabilization by early
cementation and by the microbial mat fabric over the tracks,
enabled their preservation.

In the Santana Formation, only large sauropod tracks have been
found so far. They were preserved as shaft molds and more su-
perficial deformations, probably related to a taphonomic process.
One possibility to explain this kind of preservationwas analyzed by
Sanz et al. (2016) in the Hu�erteles Formation (Cameros Basin, Ber-
riasian, Spain). These authors, based on a conceptual model of very
well-defined sauropod tracks in three dimensions (due to natural
outcrops of sections in the field), showed that soft sediments that
become progressively more rigid and resistant at depth are not
appropriate for tracks. In this case, a more rigid, but not very
resistant, superficial layer (caused by desiccation), overlying a
softer layer that is extruded to form a displacement rim, shows
better preservation of sauropod trackways. The form of the
displacement rim depends partly on the geometry of the footprint.
These tracks could be filled up with water due to the phreatic level,
if the latter was close to the ground surface. The simulations also
demonstrate that track depth alone is insufficient to differentiate
true tracks from undertracks.

The impact caused by sauropod feet and the patterns of defor-
mation were analyzed by Thulborn (2012) and Thulborn et al.
(1994) in the Broome Sandstone (Lower Cretaceous e Australia).
It was possible to observe lateral and superficial disturbances of the
substrate created by sauropods traversing thinly-stratified sedi-
ments, deforming the substrate to such an extent that they
remodeled the topography of the landscape they inhabited. In
addition to the sauropod autopodia impressed on the surface, the
boundarywalls are steep and curved at the top. These featureswere
designated as transmitted reliefs (underprints or ghost prints),
zones of contorted bedding that underlie and surround the
sauropod footprints, which occasionally attain the size of minor
tectonic features. The sauropod dinoturbation in the Santana



Fig. 8. A scene of the track formation and preservation during Crato times, Araripe Basin. A shallow carbonate lake, with some fine siliciclastic sediments and colonized by microbial
mats (Art by Deverson Silva, Pepi).

Fig. 7. A scene during Rio da Batateira times, with supposed theropod and sauropod trackmakers. Life reconstruction of the paleoenvironmental setting of these tracks (Art by
Deverson Silva, Pepi).
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Formation also occurred in soft sediments, but in a distinct envi-
ronmental context. They are found in fine-grained sediments, such
as purely terrigenous, intercalated with carbonate muds. There are
erosional features in the upper part of some tracks, showing that
they were readily eroded and destroyed as the succeeding sedi-
ments were deposited. The possibility of preservation is minimal
during long-lasting periods of exposure, without any sedimenta-
tion, and favored by rapid and significant preservation events. The
Santana dinoturbation structures are interpreted as having been
produced in an alkaline lake margin, with intermittent freshwater
influx (Fig. 8).

An important aspect of these dinosaur track occurrences is the
evidence of some groups scarcely represented by osteological re-
mains in the Araripe Basin, such as the sauropods. Their tracks are
the first evidence in the Aptian deposits of the pre-salt context,
enhancing a new overview in the terrestrial ecosystems during the
Early Cretaceous in the Northeastern Brazilian basins.
6. Conclusions

The dinoturbation found in Rio da Batateira and Santana for-
mations, contextualized stratigraphically, enabled a proper analysis
of paleoenvironmental aspects and the biota diversity of Aptian
terrestrial environments in the Araripe Basin. The new data
contributed to an overview of the spatial and temporal changes in
the paleoenvironments of the time interval related to the pre-salt
deposits.

These biodeformation structures are temporal markers of sub-
aerial exposition surfaces throughout the basin, recording cyclical
changes in the environmental conditions during the deposition in
the carbonate lakes.

These tracks were produced in an exposed waterlogged sub-
strate or in a flooded area, where the liquefaction of the sediments
and local deformation, in the case of more cohesive sediments,
were possible. The evaluation of these tracks and their relationship
with the substrate allow for 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, and environmental fac-
tors. They 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 formation or in the whole Araripe Basin.
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