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Abstract

The city of Araraquara in southeastern Brazil is unique regarding its paleontological record. Flagstones have been quarried from
eolianites (Botucatu Formation, Lower Cretaceous) since the beginning of the twentieth century and used to pave and cover
public and private spaces of the city. As a consequence, fossil tracks and traces (ichnofossils) of invertebrates, early mammals,
and dinosaurs are widely distributed in the flagstones that pave the sidewalks of the city, right under the feet of Araraquara’s
inhabitants. In this paper we aimed to characterize this unique fossil record, focusing on the main trace morphotypes and their
conservation. In a survey conducted in 2007-2008, 585 trace fossil-bearing flagstones were identified across Araraquara, much
of which are moderately to poorly preserved. Nevertheless, optimally preserved (elite) traces of very high scientific potential were
also recorded. The present study also includes a history of investigations conducted regarding these materials and discusses
different aspects, difficulties, and peculiarities of conservation efforts towards this urban paleontological heritage, including some

recently achieved goals.
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Introduction

The Botucatu Formation (Lower Cretaceous of the Parana
Basin, Brazil) is known by its abundant ichnofauna composed
by invertebrate traces, tetrapod tracks, and other less obvious
ichnofossils (e.g., Leonardi 1980, 1981, 1994; Leonardi and
Godoy 1980; Leonardi and Sarjeant 1986; Fernandes et al.
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1990; Fernandes et al. 2004; Fernandes and Carvalho 2007,
2008; Leonardi et al. 2007; Francischini et al. 2015). The
optimal preservation of some of these specimens achieved
international recognition, making this unit an important com-
parison basis for studies on ancient fauna in desert environ-
ments (e.g., Lockley and Hunt 1995; Lockley 2011;
Krapovickas et al. 2016).

The outcropping deposits of the Botucatu Formation have
been widely explored in several municipalities of the central
region of the state of Sdo Paulo (southeastern Brazil), where
flagstones and boulders of these silicified eolian sandstones
have been used to pave public sidewalks, courtyards, squares,
private residences, and churches (Fig. 1; Leonardi 1984, 1994;
Fernandes and Corréa 2007; Fernandes et al. 2008;
Francischini et al. 2018a). Therefore, in addition to a real
tracksite (i.e., the Ouro Ichnosite, sensu Leonardi and
Carvalho 2002a) where ichnofossils occur in situ, the presence
of fossil tracks and trackways in the flagstones used to pave
public sidewalks of cities in this region is a common
phenomenon.

Trace fossils have been previously surveyed, identified,
and described in flagstones used in public spaces of other
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Fig. 1 Geologic map of the
Araraquara region (Sao Paulo
state, Brazil) and the location of
the Ouro Ichnosite. Modified
from Piuci and Diniz (1985)
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Brazilian cities (Leonardi and Godoy 1980; Leonardi and
Sarjeant 1986; Marconato and Bertini 1999; Fernandes and
Corréa 2007; Lacerda and Dias 2008). However, it is in the
flagstones that pave the public sidewalks of Araraquara (Sao
Paulo state; Fig. 1) that these materials occur most frequently
(Leonardi 1980). As a non-renewable element of geologic
origin and high scientific relevance (see below), the
Araraquara trace fossils are considered part of local
geodiversity (see definitions in Borba and Sell 2018;
Araraquara 2019) and Brazilian Cultural Heritage (Brasil
1988). Based on the importance of these materials and con-
sidering that the first step to preserve a tracksite is to have it
documented (Agnew et al. 1989), the main goals of this con-
tribution were to characterize the trace fossils found on the
public sidewalks of Araraquara, to present a history of earlier
research on these materials, and to discuss some aspects of the
conservation and protection of this urban tracksite.

Geological and Paleontological Settings

The Botucatu Formation consists of fine-grained, rounded,
and opaque sandstones with medium- to large-sized (1-
30 m) tangential cross-bedded strata, representing aggrega-
tions of eolian dunes of a paleoerg commonly known as the
Botucatu Desert (e.g., Almeida 1954; Bigarella 1979; Scherer
2000, 2002; Scherer and Lavina 2006; Scherer and Goldberg,
2007). This erg represents the apex of the Gondwanan
aridization trend during the Mesozoic (Almeida et al. 2012).
Deposits in Uruguay (Rivera Member of the Tacuarembo
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Formation; Perea et al. 2009), Paraguay (Misiones
Formation; Bigarella 1979), Argentina (San Cristobal
Formation; Padula and Mingramm 1967), and Namibia
(Twyfelfontein Formation; Stollhofen 1999) indicate that this
desert occupied a wide area in Western Gondwana. In Brazil,
the Botucatu Formation occupies an area larger than
1,500,000 km?, covering the states of Mato Grosso, Mato
Grosso do Sul, Goiads, Minas Gerais, Sao Paulo, Parana,
Santa Catarina, and Rio Grande do Sul and is defined at its
base by an unconformity that extends across all the Parana
Basin (Faccini et al. 1989; Milani et al. 1998).

Faccini et al. (1989) proposed that the Botucatu
Formation is related to only one depositional sequence,
because any of the underlying units would have enough
quartzose grains to supply this paleoerg and, thus, the
source area of this desert would be beyond the geographic
limits of the Parana Basin. The eolian paleocurrents of the
Botucatu dunes have a N-S direction in the northern part
of the Basin, while at the south, the main direction is SW—
NE, forming a confluence zone near paleolatitude 24°S
(Scherer 2000; Scherer and Goldberg, 2007; Perea et al.
2009). These data support the hypothesis that the deposi-
tion of the Botucatu Formation was controlled by wind
patterns ruled by a monsoonal climate (Scherer and
Goldberg, 2007).

The end of the Botucatu Formation deposition is related to
a fissural volcanism event, resulting from the Early
Cretaceous Gondwana breakup, whose deposits compose the
Parana-Etendeka Igneous Province (Rossetti et al. 2018 and
references therein). The igneous rocks (basalts, andesites,
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dacites, and rhyolites) derived from this event are
stratigraphically ordered within the Serra Geral Group
(Rossetti et al. 2018). The age of this event was obtained by
several authors using radiometric dating and
magnetostratigraphic data (e.g., Renne et al. 1992; Turner
et al. 1994; Ernesto et al. 1999; Tamrat and Ernesto 2006;
Janasi et al. 2011; Thiede and Vasconcelos 2010; Pinto and
Hartmann 2011; Baksi 2018), which suggest that the entire
Serra Geral Group was deposited between the Valanginian
and the Hauterivian (Early Cretaceous). The interfingering
between the upper deposits of the Botucatu Formation and
the lower deposits of the Serra Geral Group (i.e., the Torres
Formation), the preservation of dune morphologies by lava
flows, and the presence of lapilli tuffs and volcanic bombs
within intertrap sandstones indicate that the Botucatu eolian
dunes were active during the volcanism event and provide a
more accurate age for the end of the paleoerg deposition,
based on radiometric dating of the oldest igneous rocks
(Waichel et al. 2008; Almeida et al. 2012). Even though the
exact period when paleodesert deposition began remains un-
known, Scherer (2000) argued that based on the intimate re-
lationship between igneous rocks and eolian sandstones, the
relatively low thickness of the latter, and the lack of super
surfaces in the dune fields of the Botucatu Formation, the
paleodesert was probably deposited over a period no longer
than some hundreds of thousands of years, suggesting that the
age of this unit is basically the same as that of the Serra Geral
Group.

The body fossil record of the Botucatu Formation seems to
be restricted to silicified logs (Suguio and Coimbra 1972;
Pires et al. 2011) found on the northern border of the
paleodesert. Conchostracans, ostracods, and lycopsids have
also been described in the lacustrine beds of the Rio Claro
and Serrana regions (both in the state of Sao Paulo)
(Almeida 1950; Souza et al. 1971; Wiirdig and Pinto 2001),
but it is more likely that these belong to the Pirambdia
Formation (Francischini et al. 2018b). On the other hand, the
trace fossil record of the Botucatu Formation is much more
profuse. Invertebrate-related ichnogenera found in this unit in-
clude Ancorichnus, Arenicolites, Beaconites, Hexapodichnus,
Octopodichnus, Paleohelcura, Scoyenia, Skolithos, and
Taenidium (Faccini et al. 1989; Fernandes et al. 1990, 2002;
Fernandes and Fernandes 2010; Peixoto and Fernandes 2010).
Mammal, ornithopod, and theropod dinosaur tracks have been
extensively reported (e.g., Leonardi 1977, 1980, 1981; Leonardi
and Godoy 1980; Leonardi and Sarjeant 1986; Leonardi and
Lima 1990; Fernandes and Carvalho 2007, 2008; Fernandes
et al. 2014; Francischini et al. 2015; Buck et al. 2017a, 2017b;
Porchetti et al. 2018), among which is the so-called
Brasilichnium Leonardi, 1981 ichnogenus. Another noteworthy
record is the presence of micturalites (sensu Hunt and Lucas,
2012; formerly “urolites™) attributed to dinosaurs (Fernandes
et al. 2004).

Tetrapod tracks can occur in several modes of preservation.
True tracks are very common, as revealed by the presence of
expulsion rims (sand crescents) preserved around the border
of footprints as well as the association with raindrops and
ripple marks at the same level (Leonardi 1996, 1997;
Fernandes et al. 2014). Undertracks and underprints have also
been reported (Fernandes 2005) but distinguishing them from
modified tracks (sensu Marty et al. 2016) is not easy, espe-
cially when the track-bearing slab is out of its original context
(i.e., in sidewalks). Natural molds (convex hyporeliefs) do not
occur naturally in the quarries, but they are commonly found
in the sidewalk flagstones.

Material and Methods

The flagstones of Araraquara were visually sampled, walking
through the city’s public sidewalks in order to identify places
where the Botucatu sandstones were used for paving and
which slabs presented trace fossils. Sampling was conducted
between 2008 and 2009 in the older neighborhoods of the city
(Centro, Vila Xavier, Vila Santana, Vila Santa Maria and
Jardim Silvania), where a previous analysis indicated high
concentrations of sidewalks paved with Botucatu flagstones.
Whenever found, trace fossils were photographed, classified
according to their degree of conservation, and their location
was registered (i.e., the address of the building adjacent to
where the sidewalk was found). The criteria used to classify
the degree of conservation of the ichnofossils are provided in
Table 1.

A preservation scale for tetrapod tracks was proposed
(Belvedere and Farlow 2016) and recently improved
(Marchetti et al. 2019). Using an alphanumeric scale,
these authors proposed to classify fossil tetrapod tracks
based on the qualitative preservation of their morpholog-
ical characteristics (Belvedere and Farlow 2016; Marchetti
et al. 2019). However, even though this new system is
very useful to classify and evaluate the fossil track record,
it was difficult to apply to the Araraquara sidewalks be-
cause these flagstones have remained exposed and under
the influence of a plethora of anthropic-related destructive
processes for probably a century (O Estado de Sao Paulo
1909). These damages include breakage, physical erosion
(mainly abrasion, especially the tracks preserved as con-
vex hyporeliefs), weathering, painting, and even filling
with cement (in the case of concave epireliefs). Some
tetrapod tracks are now indistinguishable as a result of
the processes affecting their morphological preservation
during both the ichnostratinomy phase (i.e., prior to the
burial) and after the flagstone being used for pave the
sidewalks. Therefore, for practical purposes, we used our
own (and much more simplified) classification system
(Tab. 1).
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Table 1

Main criteria used to classify the conservation of fossiliferous slabs found in the sidewalks of Araraquara, Brazil

Degree of conservation General aspects

Morphological details of the trace fossils

Signs of anthropic-related damage

Optimal Well-preserved morphology Incipient
Median Unpreserved (or less preserved) morphology Incipient to intermediate
Poor Unpreserved (or less preserved) morphology Advanced

The classification of trace fossils in morphotypes was done
a posteriori, comparing photos taken in the field with materials
observed firsthand in paleontological collections and de-
scribed in the literature. For that, we examined materials from
the following collections: Federal University of Sdo Carlos
(UFSCar), Geological Survey of Brazil (CPRM), Federal
University of Parana (UFPR), Valdemar Lefévre Geological
Museum (MUGEOQO), and National Museum of Brazil and
Geosciences Institute, both of the Federal University of Rio
de Janeiro (UFRJ). Each of the proposed morphotypes com-
bines different trace fossils according to their morphology and
may include more than one ichnotaxon. The use of an
ichnotaxonomic classification proved to be ineffective for
the purposes of the present study, since the objective here
was to analyze materials with different degrees of preservation
and conservation, which resulted in a high number of speci-
mens that lack diagnostic morphological details. Therefore, as
a work hypothesis, we proposed six morphotypes of trace
fossils (invertebrate meniscate traces, invertebrate non-
meniscate traces, invertebrate epistratal trackways, dinosaur
tracks, mammal tracks, and indeterminate tetrapod tracks),
whose classification criteria can be found in Table 2.

Results

History of the Research on the Araraquara
Ichnofossils

The occurrence of ichnofossils in the Botucatu Formation was
first reported by Joviano A.A. Pacheco, who found and collected
two track-bearing slabs (IG-037-V and IG-038-V; Fig. 2a—)
from the sidewalks of the city of Sao Carlos (about 40 km away
from Araraquara) (Pacheco 1913). According to data from the
collection of the Valdemar Lefévre Geological Museum
(MUGEO, where both slabs are currently exhibited), these ma-
terials were found and sent to the Geographic and Geological
Commission of the State of Sdo Paulo (currently named the
Geological Institute of Sao Paulo) in 1911 and their inferred
origin is an unnamed quarry located 3 km northwards from the
center of the municipality of Sao Carlos (location currently un-
known). These tracks apparently represent the first vertebrate
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ichnofossils collected in South America (Leonardi 1994). A
proper description of the tracks present in one of these slabs
was only made in 1931, when Friedrich von Huene described
specimen 1G-038-V (Fig. 2b—). However, unlike the data pro-
vided by MUGEO, Huene (1931) interpreted that this slab orig-
inated from the Ouro locality (in the municipality of Araraquara).
Huene (1931) attributed trackway 1G-038-V to a non-
mammalian cynodont (Therapsida), in part because the
Botucatu Formation was considered Triassic at the time. These
materials were subsequently mentioned and/or figured by
Mendes (1944), Mezzalira and Wohlers (1952), Mezzalira
(1966), Haubold (1971), Casamiquela (1975), and Leonardi
(1979, 1980). Haubold (1971) was the first to conduct an
ichnotaxonomic classification of the trackway described by
Huene (1931) and considered it as belonging to
Tetrapodichnus, an ichnogenus currently considered nomen
nudum. Leonardi (1981) later erected the ichnospecies
Brasilichnium elusivum and considered specimen IGC-038-V
as its paratype. However, Leonardi (1980) considered that these
slabs could have originated from the Pirambdia Formation.

Invertebrate traces were firstly reported by Pacheco (1913),
occurring in situ in an indeterminate quarry located north from
Sao Carlos. In spite of being mentioned and/or figured in other
contributions (Mezzalira and Wohlers 1952; Mezzalira 1966,
1989), these materials (IG-293-1, 1G-295-1, IG-308-1, and IG-
309-I) were only described in detail by Fernandes et al. (1990),
who identified the ichnospecies Taenidium satanassi and
T. serpentinum. Traces of invertebrates were also found in situ in
other localities where the Botucatu Formation crops out (Almeida
1954; Bjomberg and Tolentino 1959; Paraguassu 1970).

New materials (either in situ or ex situ) were found in
successive expeditions conducted by Giuseppe Leonardi be-
tween 1976 and 1986 to the quarries and urban areas of
Araraquara and other cities of the north-central region of the
state of Sdo Paulo (Leonardi 1977, 1980, 1994; Leonardi and
Godoy 1980; Leonardi and Sarjeant 1986; Leonardi et al.
2007). Regarding the municipality of Araraquara, invertebrate
traces and tetrapod tracks were found in situ in (at least) seven
different quarries (California, Cerrito Novo, Cerrito Velho,
Corpedras, Santa Agueda, Sao Bento, and Sao Domingos) in
the region that was later named the Ouro Ichnosite (originally
called Jazigo Icnofossilifero do Ouro) by Leonardi and
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Table.2  Main criteria used to classify trace fossils found in the sandstone slabs of sidewalks in Araraquara, Brazil

Morphotype Description

Included ichnotaxa

1 Invertebrate meniscate traces

Endostratal tunnels of variable length and

Ancorichnus, Scoyenia, Taenidium

orientation, which can be curved,
sinuous, or straight. Menisci are present.
Burrow wall lining can occur.

2 Invertebrate non-meniscate traces

Endostratal tunnels of variable length and

Arenicolites, Cochlichnus, Skolithos

orientation, which can be curved,
sinuous, or straight. Menisci and
burrow wall lining are lacking.

3 Invertebrate epistratal trackways
4 Mammal tracks and trackways

Trackway composed of sets of tracks.

Tracks of quadrupedal and heteropod animals
(manus tracks are rarely preserved).
Tetradactyl, paraxonic to ectaxonic,
plantigrade to semi-plantigrade tracks.

Can occur either isolated or forming

Hexapodichnus, Octopodichnus, Paleohelcura

Brasilichnium (including asymmetrical gait and
other mammaloid morphotypes) and larger
ichnotaxon (i.e., the therapsidian/theromorphoid
morphotype of Leonardi and Oliveira,

1990 and Leonardi et al., 2007)

trackways. Low pace angulation
(105°-159°) in relation to Morphotype 5.

5 Dinosaur tracks and trackways

6 Indeterminate tetrapod tracks

Tridactyl, mesaxonic, and digitigrade tracks
of bipedal animals. Can occur isolated
or forming trackways. High pace angulation
(about 180°) in relation to Morphotype 4.

Theropod morphotypes 1-4
(Fernandes et al., 2009) and
ornithopod tracks
(Fernandes and Carvalho 2011).

Tracks in which the dactyly, axony, and -

grady are not clearly visible. Often
occur isolated (not forming trackways).

Carvalho (2002a). These quarries are located in a region cov-
ering about 0.75 kmz, southeastwards from the urban area of
Araraquara (Fig. 1; Leonardi and Carvalho 2002a). The be-
ginning of the quarries’ activities dates back to the early twen-
tieth century (O Estado de Sao Paulo 1909). Among them, the
Sdo Bento (Corpedras) Quarry was the most productive re-
garding the extraction of track-bearing slabs, including
epistratal and endostratal invertebrate traces and tetrapod
tracks found during successive prospection and collection ac-
tivities (e.g., Leonardi 1980, 1981, 1986; Leonardi and Godoy
1980; Leonardi and Carvalho, 2002a; Fernandes and Carvalho
2007; Leonardi et al. 2007).

The activities of these quarries comprised the extraction of
flagstones used as pavement slabs, which are profusely found
in the sidewalks of Araraquara (Leonardi 1980, 1981,
Leonardi and Godoy 1980). Leonardi and Sarjeant (1986)
estimated the abundance of track-bearing slabs in these side-
walks as five to ten slabs for every 100 m. About 60 slabs were
collected directly from the sidewalks of Araraquara in subse-
quent years and were sent to several scientific institutions of
Brazil (e.g., National Museum of Brazil and Geosciences
Institute of the Federal University of Rio de Janeiro, Federal
University of Parand, Federal University of Espirito Santo,
Federal University of Pernambuco, and Paleontology
Museum of Monte Alto). The materials originally sent to the
National Mining Agency (ANM; formerly the National
Department of Mineral Production, DNPM; Leonardi 1994)
have recently been relocated to the collection of the Brazilian
Geological Survey (CPRM), in Rio de Janeiro. Further details

of Leonardi’s expeditions to Araraquara during the last three
decades of the twentieth century can be found in Leonardi
(1979, 1984, 1994), Leonardi and Sarjeant (1986), Mezzalira
etal. (1989), and Leonardi et al. (2007). The pioneering efforts
of Leonardi allowed starting discussions regarding the conser-
vation of this important heritage (Fernandes et al. 2008).

Representativity and Conservation of Materials Found
on the Sidewalks

A total of 585 track-bearing slabs were found on the sidewalks of
Araraquara (Table 3; Figs. 3, 4, and 5). Among the proposed
morphotypes, the most abundant were dinosaur tracks (N =
219, 37.43%), followed by mammal tracks (N =162, 27.69%)
and invertebrate meniscate traces (N=110, 18.80%). All other
morphotypes reached a total of 77 occurrences (26.31%).
Seventeen slabs (2.90%) presented more than one morphotype.
Regarding trace fossil conservation, only 9.91% of specimens
found (N=158) had an optimal degree of conservation. Most
materials were either moderately (N =371, 63.41%) or poorly
(N=156, 26.66%) conserved (Table. 3).

Discussion
On Some Novel and Relevant Materials

First record of the ichnogenus Cochlichnus Among the traces
classified as Morphotype 2 (invertebrate non-meniscate

@ Springer



50  Page 6 of 16

Geoheritage (2020) 12:50

Fig. 2 The first trace fossil
records from the Botucatu
Formation: slabs found in the
sidewalks of Sao Carlos by
Joviano A. A. Pachecoin 1911. a
Specimen 1G-037-V, with tracks
cf. Brasilichnium. b Specimen
1G-038-V, with Brasilichnium
elusivum (paratype). ¢ Schematic
drawing of IG-038-V, as
published by Huene (1931). d
Specimen 1G-295-1 with
Taenidium satanassi. e
Unnumbered specimen, with in-
determinate invertebrate traces. f
Specimen 1G-309-1 with
Taenidium satanassi. Scales: a—b.
5 c¢m; c. 40 cm; d—f. not in scale.
Credits: a—b. Photos by Heitor
Francischini; ¢. Modified from
Huene (1931); d—f. Modified
from Pacheco (1913)

Table3  Summary of the trace fossils found in slabs from the sidewalks
of Araraquara, Brazil

Morphotype Number of slabs
Total By degree of conservation
1 110 (18.80%) Optimal 81
Median 18
Poor 11
2 33 (5.64%) Optimal 1
Median 29
Poor 3
3 4 (0.68%) Optimal 0
Median 3
Poor 1
4 162 (27.69%) Optimal 11
Median 103
Poor 48
5 219 (37.43%) Optimal 23
Median 132
Poor 64
6 40 (6.83%) Optimal 1
Median 16
Poor 23
Total 568 (100%) Optimal 58
Median 371
Poor 156

@ Springer

traces), we highlight the presence of simple, horizontal, and
highly sinuous tunnels, characteristic of the ichnogenus
Cochlichnus Hitchcock, 1858 (Fig. 3e). This ichnogenus oc-
curs in several marine and continental (including eolian
interdunes) deposits worldwide, ranging from the
Proterozoic to the Holocene (Fernandes et al. 2002).
Apparently, this specimen is the first and only record of
Cochlichnus in the entire Botucatu Formation. These tunnels
were preserved as convex hyporeliefs, and their degree of
conservation was considered optimal, though there is evi-
dence of abrasion in some regions (Fig. 3e). The mean width
of these tunnels is 3.54 mm, and their wave length is
10.58 mm. Stiletto fly (Therevidae) and biting midge
(Ceratopogonidae) larvae, thrips (Phlaeothripidae), and
roundworms (Nematoda) produce similar traces in modern
continental facies, including dry soils and eolian dunes
(Sandstedt et al. 1961; Chamberlain 1975; Eiseman and
Charney 2010).

An elite track of Brasilichnium elusivum Some mammal
tracks (Morphotype 4) could be classified as belonging to
the ichnospecies Brasilichnium elusivum Leonardi, 1981.
Among the more relevant specimens, there is a trackway com-
posed by four subsequent pedes tracks, one of which is ex-
ceptionally well preserved (Fig. 4d). It is plantigrade,
tetradactyl, clearly paraxonic and does not present claw marks
or digit drag marks. The sole pad is lens-shaped and is sepa-
rated from the digits by a ridge. This feature is often related to
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Fig. 4 Mammal tracks (Morphotype 4) found in slabs from the sidewalks of Araraquara, Brazil. Scale bars in centimeters
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Fig. 5 Dinosaur tracks (Morphotype 5) found in slabs from the sidewalks of Araraquara, Brazil. Scale bars in centimeters

the digital arcade (i.e., ventral inclination of the distal
phalanges in relation to the proximal ones, maintained
during progression; Kiimmel and Frey 2012), a common con-
dition in fossil and modern therapsids. This diagnostic feature
had never been reported for Brasilichnium tracks of the
Botucatu Formation, probably due to preservation restrictions
imposed by the eolian substrate, and thus reinforces the attri-
bution of this ichnotaxon to a mammalian-grade trackmaker.

Theropod tracks Theropod dinosaur tracks are recognizable in
the sidewalks of Araraquara (Fig. Sa—g). They present typical
theropod configuration: tridactyl, digitigrade, and mesaxonic,
and are often longer than wider. In most of them, digit III is
more evident than digits II and IV. The hypex is V-shaped.
There is a bulge in the proximal portion of digit III, tapering
distally towards the ungual region. Interdigital angles vary
highly and, according to Thulborn (1990), this variation is
directly related to variations on substrate consistency. Some
of the dinosaur tracks found present strong mesial inflection
on digits II-1II (i.e., towards the trackway midline; Fig. 5d, -
g). However, it is not clear if this feature is related to the
trackmaker’s anatomy or to substrate conditions. The

@ Springer

theropod tracks of the Botucatu Formation varied between
3.3 and 22.5 cm in length. The ichnotaxonomy of these tracks
is still being studied, but the high variation in track morphol-
ogy points to a more diverse ichnofauna than previously
proposed.

Morphotype Representativeness

Our data indicate that the most common ichnofossils
found on the Araraquara sidewalks are dinosaur tracks
(Morphotype 5: 37.43%), mammal tracks (Morphotype
4: 27.69%), and invertebrate meniscate traces
(Morphotype 1: 18.80%). Other invertebrate-related
morphotypes (2-3) occurred at a smaller proportion
(6.32%), and 6.83% of the total was represented by inde-
terminate tetrapod tracks (Morphotype 6). When com-
pared with previous surveys on the Araraquara sidewalks
conducted by Leonardi and Oliveira (1990), Leonardi
(1994) and Leonardi et al. (2007), our data show a very
distinct proportion of morphotypes. The previous authors
found the following proportion of tracks: 66.7% of mam-
mal tracks (which at that time were subdivided in
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therapsidian/theromorphoid and mammaloid forms, com-
prising, respectively 29.2% and 37.5% of the total amount
of trackways) and 33.3% of dinosaur tracks.

The data presented by Leonardi and Oliveira (1990),
Leonardi (1994), and Leonardi et al. (2007) differ from the
present findings mainly in three aspects: (i) these authors did
not include invertebrate traces and trackways (our
morphotypes 1-3) in their surveys, although Leonardi et al.
(2007) indicated that they are remarkably rarer than tetrapod
tracks; (ii) surveys conducted by Leonardi and Oliveira
(1990), Leonardi (1994), and Leonardi et al. (2007) included
specimens collected directly from the Ouro Ichnosite (i.e., in
situ, from several quarries) and from the sidewalks (ex situ);
(iii) the tracks used for statistical comparison (in their studies)
were established a priori, probably introducing a bias towards
well-preserved tracks (while our survey included indetermi-
nate tetrapod tracks in Morphotype 6). On the other hand, the
data gathered in the present investigation was influenced by
the removal of materials from the sidewalks either by
Leonardi’s team (see Leonardi and Sarjeant 1986 for more
details) or during a three decade-long period of constant re-
moval of flagstones for sidewalk fixing or renovation pur-
poses and carelessness of civic and political authorities (time
considered since the first discovery by Leonardi, 1977,
Leonardi 1984; Leonardi and Sarjeant 1986).

Similar data gathered from sidewalks of other cities in the
region are also divergent when compared with those presented
here. Fernandes and Corréa (2007) found 156 flagstones in the
sidewalks of Sdo Carlos in which most of the ichnological
record comprised invertebrate tracks and traces (64.09%, in-
cluding all three morphotypes proposed in the present study).
Mammal (20.51%) and dinosaur (15.38%) tracks were also
found, but at a smaller rate when compared with the reports for
Araraquara. However, this comparison does not reflect any
kind of natural pattern, because it is unknown if the flagstones
used to pave sidewalks in Sdo Carlos came from the Ouro
Ichnosite, from the quarries located in this municipality (e.g.,
Migliato, Aratjo, Mangerona, and Itaguagu quarries;
Leonardi and Godoy 1980, Leonardi et al. 2007), or both.

Problems and Perspectives in Conservation

The Constitution of the Federative Republic of Brazil (Brasil
1988, Article 216, Item V) established that “urban aggrega-
tions and sites of historic, scenic, artistic, archeological, pale-
ontological, ecological, and scientific value” are part of the
Brazilian Cultural Heritage. Heritage is a polysemic concept
that can be broadly understood as a group of things, places,
expressions, knowledge, and natural elements with significant
and exceptional values for an individual, a social group, or the
whole humankind that must be interpreted in the present and
preserved for future generations (Prats, 1994; Gongalves
2005; Chagas 2007). Among the several branches of

particular interests to society, geological heritage (or
geoheritage) is understood as “places that are key locations
for unveiling and understanding Earth’s geological history”
(Brilha 2016, p.119), including paleontological (or fossil) her-
itage as one of its sub-categories (Meléndez and Soria-Llop
2000; Ponciano et al. 2011; Henriques and Pena dos Reis
2015; Brilha 2016).

As part of the architectonic, scenic, and historic structure of
Araraquara, and due to their unquestionable paleontological
relevance, the trace-bearing slabs in the sidewalks of this city
fit very clearly in the legal framework of what can be charac-
terized as Brazilian Cultural Heritage, as established by the
Brazilian Constitution (Brasil 1988). Moreover, these fossilif-
erous slabs were considered by the Municipal Council for the
Preservation of the Historic, Architectonic, Paleontological,
Ethnographic, Archival, Bibliographical, Artistic, Scenic,
Cultural and Environmental Heritage of the Municipality of
Araraquara (COMPPHARA; Araraquara 2003) as elements
that demand permanent attention. As elements of local
geodiversity with exceptional scientific value, the trace fossils
of Araraquara’s sidewalks (especially those classified as “op-
timally conserved”) can be considered part of the city’s
geoheritage. Their importance is further highlighted by the
association of these fossils to local cultural and historical
values, precisely because they occur within the urban land-
scape of Araraquara. Therefore, strategies that aim for
geoconservation and patrimonial education are necessary to
assure protection for these materials and free access to their
scientific value and historic memory.

Legal support for the protection of Brazilian fossiliferous
deposits began in 1937 with Law Decree No. 25 (Brasil 1937),
which determined that movable and immovable properties of
artistic and historic importance, as well as natural monuments
and notable sites and landscapes located in the country are
considered part of the Brazilian Artistic and Historic
Heritage. Still according to this Law Decree, the protection
of this type of Heritage is of public interest and the Brazilian
unions, states, and municipalities are responsible for legal ac-
tions towards protection and conservation through the registry
and inventory of sites (Brasil 1937). Moreover, political
awareness related to the protection of fossiliferous sites began
with Law Decree No. 4146 (Brasil 1942), which discusses in
its first article the belonging of fossiliferous deposits to the
union and determined that fossil collections inside national
territory depend on previous authorization and inspection of
the ANM (formerly DNPM). The protection of this heritage is,
therefore, under the jurisdiction of the union, states, federal
district, and municipalities, which must prevent their evasion,
destruction, and mischaracterization (Article 23, Clauses III-
IV of the Constitution; Brasil 1988). Protection encompasses
the inventorying, recording, inspecting, registering, and ex-
propriation by public policies (Brasil 1988, Art. 216, §1)
and imposing that any damage caused to the heritage is subject
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to punishment (Brasil 1988, Art. 216, §4). As protective mea-
sures, the Brazilian Criminal Code (Brasil 1940) allows the
prosecution of illegal fossil collection and trading activities
through articles 163 (damage), 165 (damage to property of
artistic, archeological or historic value), 166 (modification of
especially protected locality), 180 (receiving), 318 (smuggling
or embezzlement facilitation), and 334 (smuggling or
embezzlement).

Nevertheless, international concern with the preservation
of the geologic component of nature only strengthened in
the Brazilian academic sphere during the 1990s. In
March 1997, the former DNPM established the Brazilian
Committee for Geological and Paleontological Sites
(SIGEP), aiming for the protection of national geological
and paleobiological sites (Schobbenhaus et al. 2002).
Recognizing also their cultural value, the DNPM included
the National Institute of Historic and Artistic Heritage
(IPHAN) as one of the institutions that compose this commit-
tee. Among the main goals of SIGEP, we can highlight the
creation of inventories regarding the main impact craters and
sites of paleontological, paleoenvironmental, sedimentologi-
cal, geomorphological, marine, igneous, speleological, and
historic (regarding the history of Geology) value and the pro-
motion of preservation and conservation activities for these
sites (Schobbenhaus et al. 2002). The group of quarries that
compose the Ouro Ichnosite was included in the SIGEP in-
ventory by Leonardi and Carvalho (2002a), but the fossilifer-
ous slabs removed from this region and used to pave side-
walks were not, despite their scientific and historic relevance
and inclusion in Brazilian Cultural Heritage, following the
Constitution (Brasil 1988). Other ichnofossiliferous sites
inventoried by SIGEP include the dinosaur tracksites of the
Rio do Peixe basin (Lower Cretaceous of Paraiba; Leonardi
and Carvalho 2002b), the surroundings of the Porto Primavera
hydroelectric powerplant (Upper Cretaceous of Sao Paulo;
Fernandes et al. 2009), the Cristal paleoburrow (Quaternary
of Rio Grande do Sul; Buchmann et al. 2013), and the
Predebon Site (Upper Triassic of Rio Grande do Sul; Silva
et al. 2013), besides several localities with Pre-Cambrian stro-
matolites in the states of Bahia, Minas Gerais, Rio de Janeiro,
and Sao Paulo. However, although these sites have been in-
cluded in the SIGEP inventory, few, if any, protection has
apparently been ensured for their ichnological materials and,
currently, SIGEP’s activities have been suspended.

The collection of some types of trace fossils (such as tetra-
pod tracks, paleoburrows, and large-sized stromatolites) is un-
viable (and occasionally impossible), making these materials
more susceptible to the lack of protection. An example of the
constant threat to this particular type of fossils is the presence
of constructions along the same site where material
representing the Megaichnus ichnogenus is found
(Buchmann et al., 2013; Lopes et al. 2017) in the municipality
of Cristal (state of Rio Grande do Sul), which recently
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completely obstructed access to the paleoburrow (HF, person-
al observation). Ponciano et al. (2011) highlighted several
main threats to fossil heritage, some of which are applicable
to the Araraquara trace fossils and were identified in the pres-
ent survey: vandalism, unfamiliarity of the population (or
some part of it), urban and demographic growth, and construc-
tion and renovation of buildings and structures (Fig. 6).
However, it is important to consider that these damages can
also occur to in situ materials (e.g., Bird 1954; Leonardi 1984,
Arman 2014) and that concern with the conservation of
ichnosites is a global phenomenon (e.g., Agnew and
Oxnam, 1983; Marty et al. 2004; Henriques et al. 2005;
Santos et al. 2008; Agnew and Demas 2016; Bordreau et al.
2020).

Regarding the occurrence of geoheritage, Ponciano et al.
(2011), Schemm-Gregory and Henriques (2013), and Brilha
(2016) defined the concepts of ex situ and in situ paleontolog-
ical heritages: while the former is represented by fossils that
were collected and accommodated in scientific collections, the
latter is represented by the entirety of fossils still present in a
particular region and their scientific, didactic, and cultural
values. Thus, following these definitions, the fossiliferous
sidewalks of Araraquara can be considered a unique type of
heritage. While the slabs are no longer in their original strat-
igraphic position in the Botucatu Formation (consequently,
the fossil materials are ex situ), the presence of trace fossils
in the urban context of Araraquara converts them to an in situ
fossil heritage, given the intimate proximity to the
municipality’s inhabitants. This proximity is an inherent com-
ponent to the understating of these track-bearing slabs as mu-
nicipal cultural, architectonic, and historic heritage. However,
the uniqueness of Araraquara’s urban ichnological record hin-
ders risk evaluations following what has been used in other
tracksites. For example, Mampel et al. (2009) evaluated the
heritage value of 11 Jurassic—Cretaceous dinosaur tracksites
from the Teruel Province of Spain using a threefold set of
parameters: scientific value, socio-cultural value, and
deterioration risk. Based on this approach, they could rank
the sites and establish conservation priorities. Lockley
(2010) presented a similar method for tracksites in the USA.
However, part of the values (e.g., site size, number of tracks
and trackways, number of track levels, and visitation) used by
Mampel et al. (2009) and Lockley (2010) is not applicable to
the Araraquara track record, since these materials are placed
ex situ and different flagstones (artificially trimmed in the
quarries and laid out in various parts of the city) could contain
portions of the same trackway. However, if we consider that
each flagstone represents at least one potential trackway
(which translates as 438 potential tetrapod trackways) and that
they came from the same site, Araraquara would figurate
among the largest tracksites in world, together with Cal
Orck’o (Bolivia), Goseong (South Korea), and Lark Quarry
(Australia) (Alcala et al. 2016). At the same time, the cultural
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Fig. 6 Examples of damages to the paleontological heritage of Araraquara (Brazil). Scales: 10 cm

value and deterioration risk of Araraquara tracks are higher, as
the Botucatu flagstones are part of the city’s architecture and
history and are constantly submitted to anthropogenic alter-
ation (Fig. 6).

Recently, after a participative movement of the population,
engaged in the protection of paleontological heritage, the
Municipal Chamber of Araraquara approved Law No. 9503 on
March 18, 2019 (Araraquara 2019), which regard procedures for
the removal, refurbishment, remodeling, readjustment, disposal,
painting, and other activities involving public sidewalks paved
with flagstones from the Botucatu Formation. This new law aims
to protect and safeguard the sandstone slabs, especially those that
have trace fossils, and came into effect as of March 21, 2019. In
addition to protection measures, all slabs removed from the side-
walks should be sent to the Araraquara Museum of Archeology
and Paleontology (MAPA), where they go through technical and
administrative procedures required for inventorying and

incorporation into MAPA’s public collection. Furthermore, the
creation of a permanent open-air exhibition (called informally
“Open-Air Museum”) on the sidewalks of the Voluntarios da
Patria Street, around MAPA’s main building allowed maintain-
ing specimens of lower scientific value on the sidewalks,
allowing free access to the population. Temporary and perma-
nent exhibitions related to the Araraquara fossil geoheritage (cur-
rent exhibition named Areias do Passado, Marcas do Presente),
short courses, lectures and talks, and educational activities
targeting non-academic audience—such as a supervised tour
for the “fossil addresses of the city” combined with an updated
inventory (activity named As Pegadas da Minha Rua; Fig. 7)—
are among the main activities developed by MAPA.

The importance of housing paleontological materials in
collections that allow open access to researchers and that pro-
vide conditions for their conservation is clear within the de-
bate of fossil protection and management. Track-bearing slabs

Fig. 7 Children and adults participating in the activity As Pegadas da Minha Rua performed by Fundagdo Arapora in association with MAPA and the
Municipality Hall of Araraquara in 2019. Photos from Fundagdo Arapora’s archive
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of high scientific value (such as those with optimal degree of
conservation) must be collected and accommodated in a prop-
er collection (for example, in MAPA), allowing their
conservation and study. However, for Ponciano et al. (2011)
one of the greatest disadvantages of maintaining paleontolog-
ical heritage exclusively ex situ (e.g., a fossil collection) is its
distancing from the community. Therefore, maintaining part
of the fossiliferous slabs on the sidewalks of Araraquara is
crucial for preserving the identity of this heritage. The idea
of an open-air exhibition proposed by Leonardi et al. (2007),
Fernandes and Corréa (2007), and Fernandes et al. (2008) not
only contemplates the conservation of the scientific value of
these slabs (assuring them protection and accessibility) but
also reinforces the cultural, architectonic, and urban character
of this peculiar fossil heritage.

Urban geotourism is very well established and successful
in other urban areas around the world. For example, Palacio-
Prieto (2015) described several urban geosites in the Mexico
City, which include buildings (such as the Palacio de Bellas
Artes) constructed with numerous types of marble and onyx
quarried in distinct localities of the country. In this context, the
Palacio de Bellas Artes geosite, provides an easy access to a
collection of several types of rocks from Mexico and the his-
tory of the country, being visited by around 1.3 million per-
sons per year (Palacio-Prieto 2015). In Brazil, Del Lama et al.
(2015) tracked the history of Sao Paulo old center occupation
based on the use of metamorphic, igneous, and sedimentary
(including Botucatu flagstones) rocks as feedstock for mason-
ry and construction of buildings and proposed a geotouristic
route. Other examples in Brazil come from Curitiba (Liccardo
et al. 2008), Rio de Janeiro (Mansur and Silva 2011), and
Salvador (Liccardo et al. 2012). Urban geoturism is usually
related to non-paleontological geological aspects (Hose
1995), like in the above mentioned examples, but the presence
of dinosaur tracks and other trace fossils on the sidewalks of
Araraquara could act as a charismatic argument to implement
urban touristic routes. The conservation of tracksites and their
use for multiple purposes (tourism, science, education, etc.)
varies around the world (Marty et al., 2007, Agnew and
Demas 2016, Bordreau et al. 2020). The urban vocation of
the Araraquara trace fossil record offers a unique opportunity
to discuss multiple visions of management and conservation
of paleontological heritage.

Future Perspectives and Conclusions

In this contribution we present a survey conducted on the fossil-
iferous slabs of sidewalks in the municipality of Araraquara,
Brazil. These slabs have been extracted from (at least) seven
quarries at the Ouro Ichnosite since the beginning of the twenti-
eth century. These quarries are outcrops of paleodunes from the
Botucatu Formation (Lower Cretaceous). In the region surveyed,
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we found 585 slabs with trace fossils, most comprising dinosaur
(37.43%) and mammal (27.69%) tracks. Invertebrate traces were
less abundant (18.80%). These materials were also classified
according to their degree of conservation, with 26.66% of slabs
presenting an advanced degree of mischaracterization related to
anthropic damage. On the other hand, 9.91% of slabs have high
scientific potential, due to their optimal degree of conservation
and good preservation of traces. Among them, we highlight the
presence of Cochlichnus and dinosaur and mammal elite tracks.

MAPA has been a reference in the conservation of fossil
heritage in Araraquara, as well as in scientific communication
to locals and visitors based on educational activities (such as
lectures, short-courses, mediated visits to the museum exhibition,
and supervised tours by the Botucatu flagstone-made sidewalks).
In addition, the approval of municipal Law No. 9503 legitimizes
the protection of track-bearing slabs in the sidewalks. The con-
servation of specimens in sidewalks is essential to plan activities
with educational and urban geotourism purposes (such as patri-
monial education, scientific communication, and sustainable
tourism). Thus, the open-air exhibition of MAPA serves as a
model for the rest of the city, suggesting that the conservation
of the track-bearing flagstones on the sidewalks is an important
resource for geotouristic and educational activities. In the near
future, it is expected that optimally conserved and more repre-
sentative materials will be collected and housed in MAPA, but
most slabs must be kept with right conservation and interpreta-
tion measures on the sidewalks, where their historic, architecton-
ic, touristic, educational, and scientific value makes Araraquara a
location of unique heritage.
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Fig. 5 Dinosaur tracks (Morphotype 5) found in slabs from the sidewalks of Araraquara, Brazil. Scale bars in centimeters
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