Journal of Iberian Geology
https://doi.org/10.1007/s41513-022-00192-5

RESEARCH PAPER q

Check for
updates

Vertebrate ichnofauna from Sierra de las Cabras tracksite (Late
Miocene, Jumilla, SE Spain). Mammalian ichnofauna

t3,4

Cayetano Herrero' © - Emilio Herrero? - Javier Martin-Chivele - Félix Pérez-Lorente”

Received: 14 January 2022 / Accepted: 15 March 2022
© The Author(s) 2022

Abstract

Upper Miocene sedimentary deposits of Sierra de las Cabras in the Prebetic Ranges (Jumilla, Regioén de Murcia, Spain) yield a
exceptional fossil site of diverse vertebrate ichnofauna, including mammals and birds. This paper presents a detailed study of those
ichnites of that site which correspond to mammals. The footprints are located in stratigraphic surfaces found in a thin marly lime-
stone succession that can be assigned to the latest Tortonian to earliest Messinian. The mammalian record consists of 324 footprints
(included in trackways, pairs, groups and isolated ichnites) of diverse vertebrates, including: Hippipeda, Rhynoceripeda, Canipeda,
Felipeda, Ursipeda, Rodentipeda, as well possible Suipeda. The ichnites were imprinted on wet and cohesive marly carbonate mud,
deposited in a semi-arid wetland with relevant freshwater influx. The fossil site, cleaned and protected some years ago but herein
studied by the first time, add together the nearby Hoya de la Sima site (Hippipeda, Pecoripeda, Bestiopeda and Paracamelichnium,
and probably proboscidean ichnites) to conform an exceptional record of Late Miocene ichnofauna in southern Iberia.
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Resumen

Los depositos sedimentarios del Mioceno superior de la Sierra de las Cabras en la Zona Prebética (Jumilla, Regién de Mur-
cia, Espafia) aportan un yacimiento excepcional con diversa icnofauna que incluye mamiferos y aves. Este articulo presenta
un estudio detallado de las huellas que corresponden a los mamiferos. Las huellas estan en superficies estratigraficas en
una sucesion de calizas margosas delgadas que se pueden asignar a la parte terminal del Tortoniense o la basal del Mes-
iniense. Las pisadas de mamiferos consisten en 324 huellas (incluidas en rastrilladas, pares, grupos e icnitas aisladas) de
varios vertebrados que incluyen: Hippipeda, Rhynoceripeda, Canipeda, Felipeda, Ursipeda, Rodentipeda y probablemente
Suipeda. Las huellas estan impresas en barro calizo margoso compacto depositado en un ambiente himedo semidrido con
influjo de agua dulce. El yacimiento, limpiado y protegido hace algunos afios pero estudiado ahora por primera vez, junto al
yacimiento vecino de la Hoya de la Sima (Hippipeda, Pecoripeda, Bestiopeda, Paracamelichnium y probablemente huellas
de poroiboscideos) constituyen un conjunto excepcional de icnofauna del Mioceno en el Sureste de la Peninsula Ibérica.
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1 Introduction

In this paper we study the mammal ichnites found in the
Upper Miocene of Sierra de las Cabras near the town of
Jumilla (Murcia province, SE Spain). The ichnofossil site,
first discovered in 2007 and later cleaned and protected (Her-
rero, C. 2010; Herrero, E. 2010) by members of the Jeronimo
Molina Museum (Jumilla), has yielded over 324 mammal
footprints that correspond to a wide range of ichnotaxa,
among them: Hippipeda, Rhynoceripeda, Canipeda, Feli-
peda, Ursipeda, Rodentipeda, as well as possibly Suipeda.
The Sierra de las Cabras tracksite joins the well-known Hoya
de la Sima site (e.g., Herrero, 1997; Pérez-Lorente et al.,
1997, 1999, 2009, Vilas et al., 2006), located about 9 km to
the northeast, to form an exceptional record of Late Miocene
vertebrate ichnites in the southeast of the Iberian Peninsula
(Fig. 1). The Hoya de la Sima site provided diverse verte-
brate tracks, inside the protected enclosure (undetermined
pecoriped, camelids [Paracamelichnum], Hippipeda); and
others outside but on the same levels (? Canipeda /? Feli-
peda, Ursipeda and possible elephant tracks).

The site is a succsssion of three stratigraphic beds with
diverse types of footprints at their surfaces (numbered
1-3 from base to top), which are however not distributed

Fig. 1 Location of Paleogene
and Neogene vertebrate ichno-
logical sites of peninsular Spain.
Geological and geographical

homogeneously over all of them (Fig. 2). Only the ichno-
taxon Felipeda appears in the three layers, but Rodentipeda
is only in one of them (in the upper layer or surface 3). Many
tracks are deformed because of the physical state of the mud
at the time of formation, which can be different depending
on the trackway. This means that most of the footprints are
not merely stamps (faithful reproduction of the base of the
foot), but more complex structures with features that allow
us to analyze the dynamics of the movement of the autopods
during the phases of the footprint formation. The two Sui-
peda tracks have been found outside the closure at levels that
do not correspond with the three above mentioned.

The precise number of footprints is difficult to estimate
because many counted footprints consist of partially or
totally overlapping pes-manus pairs, which make it difficult
to decide whether they should be counted as one or as two
prints. We have counted 324 mammalian footprints (plus
51 avian ones; not considered in this paper) which add 375
prints to those previously described in the near site of Hoya
de la Sima (360) making a total of more than 730 footprints
in stratigraphic levels of approximately similar age.

Other sites of Paleogene and Neogene vertebrate ichnites
in the Iberian Peninsula that will be mentioned throughout
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Fig.2 Schematic plan of the Sierra de las Cabras site (mesh is 60X 60 cm), showing the distribution of footprints (upper part of the figure) and
the location of the three stratigraphic surfaces containing the footprints (lower part)

the text are located in Fig. 1 and summarized in Suppl.
Table 1.

2 Geological framework and age of Sierra
de las Cabras tracksite

The Sierra de las Cabras tracksite (CBR) is located eight
kilometers westwards from the town of Jumilla in the south-
ern hillside of Sierra de las Cabras (Lat. 38° 28’ 53", Lon.
1°24' 52", datum: ETRS89; Fig. 1), a WSW-ENE elongated
mountain range that mostly consists of folded and thrusted
Jurassic carbonates and, to a lesser extent, Middle to Upper
Miocene sedimentary rocks. That sierra belongs to the
Prebetic Zone, the outermost part of the External Zones of
the Betic Cordillera, and resulted from tectonic contraction

that mainly occurred during Middle to Late Miocene (e.g.,
Roca et al., 2006; Rubinat et al., 2013), in the late orogenic
stage of the Betic orogen.

The footprint beds are stratigraphically located in a~ 10 m
thick unconformity bounded interval, that consists of thinly
bedded, fine grained limestones and marls. In this paper, we
assign to this unit a latest Tortonian to earliest Messinian
age, based on the following criteria:

(1) The unit uncorformably overlies Serravallian marine
deposits (Baena, 1981) that consist of heterozoan bio-
clastic calcarenites with variable siliciclastic content,
with abundant coralline algae, bryozoans, and bivalves.
That underlying marine sequence is about 140 m thick
in Sierra de las Cabras and presents strong tectonic
deformation, showing sub-vertical dip in the site area,
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contrasting with the gentler dip of the footprint bearing
unit.

(2) The unit presents in the fossil site variable SE dip,
decreasing upwards and southwards from 60° to 20°,
indicating significant syn-sedimentary tectonism,
that could be framed in the post-orogenic stage of the
Betic Alpine orogenic evolution (e.g., Jabaloy Sanchez
et al., 2019; Vera, 2000). That stage developed when
rapidly rising new reliefs, and rapidly subsiding basins
installed unconformably onto older tectonostratigraphic
terranes. During this stage the tectonic frame was quite
active rather than calm, and dominated by transten-
sional tectonics, vertical displacements, diapiric activ-
ity of Triassic salts, and volcanism.

(3) A thin volcano-sedimentary bed containing relevant
amounts of volcanic ash and other pyroclastic material
has been recognized in the stratigraphic levels immedi-
ately above the ichnite beds. This bed is very probably
related to the K-rich lamproitic volcanism occurring in
the nearby area of La Celia (Fuster et al., 1967; Bellon
et al., 1977), which has been radiometrically dated as
earliest Messinian (6.8 +£0.4 Ma; Turner et al., 1999;
6.76 +0.04 Ma, Duggen et al., 2005); and interpreted
as related to transtensive tectonic processes occurring
in a late-orogenic framework (Duggen et al., 2005).(

(4) The unit is overlaid by post-orogenic yellowish marls
of Pliocene age that cover large areas of the foothills of
Sierra de las Cabras (Baena, 1981).

During the late Miocene, the area of Jumilla experienced
drastic paleogeographic changes determined by the tectonic
closure of the so-called Betic Strait, a marine seaway that
connected the Atlantic and the Mediterranean up to the
early Tortonian (Martin et al., 2009). With this large-scale
regional process, the shallow marine systems with exten-
sive carbonate sedimentation that had prevailed during early
Langhian to early Tortonian times gave way to a complex
landscape of intramountain basins with dominant continen-
tal settings where the marine influence was progressively but
rapidly lost (Rossi et al., 2015). The sedimentary deposits
bearing the Sierra de las Cabras footprints were deposited
in that changing geographic framework.

3 Sedimentary framework
and paleoenvironment

The stratigraphic interval that bears the ichnite fossil site con-
sists of cm-scale bedded fine-grained carbonates, marls and
marly limestones. There is also some evidence of evaporite
minerals, but limited to pseudomorphs after idiomorphic euhe-
dral gypsum crystals, included in carbonate and marly facies.
Partial early dolomitization of some of the calcareous facies
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has been also observed. The ichnites are preserved in the marly
limestone beds. Most of these deposits show a typical chalky
texture and whitish color.

The main sedimentary facies found in those levels allow us
to interpret the paleoenvironment of the Sierra de las Cabras
ichnofossil site as a semi-arid wetland system, characterized by
shallow ponds, small swamps and marshes, that provided the
habitat for a diverse fauna, as revealed by the footprints. Fresh-
water was probably provided by springs that could formed at
the foot of the carbonate hills. Those springs would drain water
accumulated during rainy periods in the porous carbonates that
form the rocks of the sierra. Sedimentation in those wetlands
was dominated by carbonate deposits. These include a variety
of freshwater, palustrine and pedogenic carbonates.

Palustrine deposits are mostly represented by micritic
facies that contain abundant ostracod shells and small gas-
tropods (Hydrobia sp., usually less than 3 mm high). The
presence of calcified green algae and cyanobacteria is also
remarkable, forming small bioherms dominated by calcare-
ous tubes possibly attributable to the genus Cladophorites,
but a variety of microbial forms can be recognized. Planar
to ondulate stromatolite structures are also common in these
deposits.

These deposits exhibit extensive evidence of subaerial
exposure and pedogenic modification. They include a vari-
ety of features such as micro-nodulization, circumgranular-
cracking, clotted fabric, pedogenic-ooids, root voids, and
Microcodium. These features, and the absence of well-
developed pedogenic crusts, are indicative of dominantly
“wet” environments in swamp—marsh settings. Pedogenic
transformation of original facies ranges from incipient to
very intense. Although those habitats were probably wet dur-
ing most of the time, significant fluctuations in water level
should occur, causing episodic emersion. These episodes
are evidenced by desiccation cracks and brecciation of semi-
lithified sediment.

Water chemistry probably experienced significant changes
due to variations in the hydric balance, i.e. changes in fresh-
water influx vs. evaporation. Negative balance associated to
intense evaporative processes eventually determined precipi-
tation of sulphate minerals within the sediment, as revealed
by gypsum pseudomorphs present in some levels. Partial
dolomitization observed in some of those levels suggests
early diagenetic transformation of calcium carbonate by Mg
enriched waters.

4 Ichnology
4.1 Method and nomenclature

The footprints are found on the top of carbonate levels.
These surfaces are herein named surface 1, surface 2 and
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surface 3, from base to top. The ichnites were imprinted
on highly cohesive, partially consolidated, muddy sediment
consisting of marly carbonate mud, that was embedded in
water at the time the animals left their tracks. Those places
could be flooded, with the sedimentary surface below several
centimeters of water, or recently exposed but still saturated
with water, as revealed by the presence of desiccation cracks,
which are particularly abundant in surface 2.

Besides the vertebrate ichnites, traces of small inverte-
brates are also present in those surfaces, including horizontal
locomotion and grazing traces, probably produced by anne-
lids and gastropods. Microbial mats are present on all those
surfaces, and could have notably increased the cohesivity,
adherence and viscosity (plastic behavior) of the sedimen-
tary material. Each of the three ichnite surfaces is overlaid
by a thin (few centimeters thick) bed of greenish gray marls,
that had favored ichnite preservation.

A 60 %60 cm square grid was outlined with chalk on the
studied stratigraphic surfaces with footprints in the CBR
site (Fig. 2). The longer lines of the grid are horizontal and
coincide with the strike of the stratification planes, the other
lines being perpendicular and coincident to the dip. On this
mesh an alphanumeric reference system was established,
and photographs were taken over all squares, with the aid
of a 60X 60 cm frame with a 5 X5 cm fine rope mesh. This
grid was used as a reference base to locate every feature
considered of interest in this study, including ichnites and
stratigraphic and structural features.

The images were processed with Adobe Photoshop® and
translated on a scaled plane using AutoCAD. The dimension
and orientation data are measured directly on the outcrop
and on the AutoCAD representation. For 3D processing of
the images Adobe Photoshop®, Photosynt®, SynthExport®,
MeshLab® and Paraview® software were used.

In this paper, a trackway is considered as a sequence of
three or more tracks of the same animal left by locomotion
(Thulborn, 1990). Measurements of the morphometric fea-
tures of tracks and trackways, and the nomenclature system
are adopted from classic works (Casamiquela, 1964; Leon-
ardi, 1987; Casanovas et al., 1989). Abbreviations (Table 1)
and concepts are based on Haubold (1971), Leonardi (1987)
and Pérez-Lorente (2001). In the description of ichnites
and surface features, terms from Thulborn (1990), Allen
(1997), Fornos et al. (2002), Gatesy (2003) and Requeta
et al. (2006-2007) are used. The structures of the ichnites
are associated to the T (touch), W (weight) and K (kick-off)
phases from Thulborn and Wade (1989).?

The reference given to a footprint consists of the site
acronym (CBR), followed by the trackway number, a
dot, and the footprint number of those included in that
trackway (e.g., CBR15.1). For quadrupedal footprints, a
lower case letter or subscript (“p” or “m”) is added to the
reference for distinguishing pes and manus marks respec-
tively (CBR15.1p is the pes print and CBF15.1 m the
manus of the first ichnite pair of the 15 trackway of CBR
site). If the two prints are of the same pair, superimposed

Table 1 Abbreviations used
a,a, a,

Print width (m — manus print; 1 — pes print)

in this paper (text, figures, and
tables) Ap

L1, 1,
(1-a)/a
Lr

m-p

ILIILIV
ML IIALV, TNV

Pace angle

Trackway deviation

Narrow-wide gauge ratio

(N-E) trackway direction

Pes - manus overprint

Glenoacetabular distance (e,a indicate alternate and amble gait)
Acetabular high

Print length (m — manus print; 1 — pes print)

Variation of print length relative to print width

Trackway width

Overlap or separation between pes and manus print of the same
cycle

Orientation or angle between print axis and the midline
Pace length

Angle between axis of manus and pes

Pes - manus distance

Speed

Stride length

Relative stride

Sternberg relation or relative cursiorality

Digit length IL, III, IV

Divarication or interdigital angles II-1I1, III-IV, II-IV
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or separated, the letter “e” (CBR15.1e) is added. The
nomenclature of the mammalian prints begins at CBR15
because references CBR1 to CBR14 had been already
assigned to avian ichnites from this same site. Those
avian ichnites of Sierra de las Cabras site are the focus of
the second part of this paper.

We differentiate between “overprint” (footprint printed
in whole or in part on another), “superposition” [number
of paces taken with the foot before reaching the print of
the hand in the same cycle (Peabody, 1959)], and “over-
lap” (pes ichnite placed in front of the manus print of
the same cycle). It should be also noted that the terms
“wall” and “hole” are herein used in the ichnological sense
(Allen, 1997) [some papers dedicated to the autopodia of
present-day horses use “wall” to refer the sector of the
hoof between the outer and inner boundaries, from coro-
nary band to the surface resting on the ground].

In this paper the footprint length (1) is measured on
the longitudinal axis of the ichnite (pes and manus print
lengths are designated by the abbreviation “lp” and “Im”
respectively); the print width (a) is measured perpendicu-
lar to the longitudinal axis and measures the separation
between two lines that are parallel to the axis and tangen-
tial to the footprint; the digit axis is defined by a median
line that runs through the digit separating the print in two
approximately similar halves; the digit length is measured
along its axis and goes from the most distal end (includ-
ing the nail mark) to the corresponding hypex; the refer-
ence point of each print (necessary to measure the pace,
the stride, ...) is the center of the footprint. We study the
footprints as marks on the ground (parataxonomy); the
trackmaker is a consequence, that is, our measurements
are direct, not assumed. In the present data the digit mark
is considered from the hypex to the tip of the nail and the
outline is taken at the top of the footprint wall, at the point
where the wall of the footprint intersects the tracking sur-
face (cf. Pérez-Lorente, 2001, 2015).

4.2 Perissodactyla. Hippipeda Vialov, 1966

118 tracks were reported from Sierra de las Cabras site
(Fig. 3). These correspond to 8 trackways, formed by
sequences of ichnites each of which has the mark of the
manus and that of the overprinted pes (CBR16, CBR22,
CBR24, CBR31, CBR32, CBR33, CBR34 and CBR46);
5 groups of pairs (CBR17, CBR25, CBR28, CBR49 and
CBR59), each conisting of two manus-pes print associa-
tions (two manus and two pes); and 40 isolated prints (up
to CBR66 ichnite), each formed by a manus-pes associa-
tion. Figure 4 illustrates the typical manus pes overprint
in these ichnites, as well as the dimensions measured in
each ichnite.

@ Springer

4.2.1 Characterization of the Hippipeda of Sierra de las
Cabras

Most of the dual manus-pes prints show the back trace
wider, more incomplete and more deformed that the front
trace, and therefore the one that was first printed, i.e., the
manus print (Suppl. Table 2). The front print (pes), nar-
rower and probably also shorter, overprints and deforms
the rear prints (manus).

Each of the tracks (manus or pes) is U-shaped, or
V-shaped with the "branches" open at the back (Fig. 5),
and with the deepest at the front. In many tracks, two rear
marks are also distinguished as two shallow holes (Figs. 4,
5). The main, largest and central mark is attributed to the
impression of the middle digit (III) and that of the two
posterior holes to two much smaller digits (II and IV).
It can be said that there is only one functional digit (III).

The tip of the tracks (of digit III) is round, with the
"branches" relatively straight, which open backwards. In
some (Fig. SA, B), the curvature of the hoof “branches” is
concave lateral (left front wall of the image). The lateral
holes, slightly oval and less deep, are placed next to the
“branches”. In some tracks, there is a channel that runs
along the inner front edge and the sides (Fig. SC—E). This
channel is interpreted as the hoof base mark. The width
of the channel is variable due in part to the fact that the
walls of the ichnites have fallen into the hollow. The walls
of the hollows are vertical, and we cannot deduce the
spatial shape of the hoof, which could be curved (semi-
ellipsoidal, semi-oval or hemispherical truncated at the
back (Sarjeant & Reynolds, 1999)), nor make estimates
on the thickness of the hoof in relation to the size of the
track because the channel is always deformed. From the
above it can be deduced that they are traces of a quadruped
perissodactyl animal whose autopodia have a main digit
(IIT) and two secondary lateral digits (I and IV).

The ichnites appear in three different ways, defined by
the position of the pes mark relative to the manus mark.

(i) the pes overlaps the manus: we found only one case
(CBR38) in which the pes exceeds the manus print
(Fig. 5C, D), that is, the pes is placed in front of the
manus print and separated from it.

(i) the pes overprints the manus: marks in which the
mark of the manus is not distinguishable because it
is completely overprinted by the pes (Fig. SE).

(iii) the pes partially covers the manus: these are the most
common case, in which the pes print partially con-
ceals the manus print (Fig. 5A, B). In some cases
(Fig. 5F) the pes breaks and displaces some sediment
of the tracking surface on the manus print.
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Fig.3 Location of Hippipeda tracks and trackways in the Sierra de las Cabras site

The length and width of the prints vary considerably.
We distinguish two associations (Suppl. Table 2): associa-
tion A, of the CBR15 to CBR53 ichnites in which the larg-
est dimension of the autopodial mark does not exceed 8 cm
in length (Suppl. Table 3); and association B in which we

include the ichnites CBR54 to CBR63, larger than 12 cm,
the largest being of the order of 14 cm (trackway CBR60).

The pes marks of association A show the following
dimensions (Fig. 6: Suppl. Tables 2, 3;): a (print width)
from 1.4 to 7.8 cm; 1 (print length) from 2.4 to 7.8 cm; the
average values are: a=4.4 cm; 1=5.1 cm. The length values
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Fig.4 Hippipeda from Sierra de las Cabras site. Manus-pes group
CBR16.2 used as an example to illustrate methodology. The left
image shows the topography of the ichnite, whereas the right draw-
ing shows the print outline, with the manus print (lower, green) and

Fig.5 Outline of the ichnites. The top and bottom of the print wall
are drawn. Green manus lines; blue pes lines: A CBR24.3. U shape
of the pes print. Left front wall of the foot curved inwards. The marks
of the back digits are distinguished in the manus print. B CBR25.2.
V-shaped with the rounded apex of pes print. Collapse of the walls

@ Springer

pes print (upper, blue). Measurements of the ichnite: a,, width of
the mapus. prir}t; a,, pes print width; lp, pes p.rint length; 1, length of
the entire ichnite; p*m, angle between the axis of the manus and pes
prints

A, CBR24.3

B, CBR25.2

C, CBR38p

D, CBR38m

E, CBR38
F,CBR24.3
scale bar
A,B,E F,5cm
C,D,10cm

of the manus print. C and D Possible group of separate manus and
pes prints of the same animal. E CBR22.6. Total overprint of the pes
on the manus print. Scale: 5 cm. F CBR24.2. Sedimentary level frag-
ment displaced by the foot backwards during the “kick-off” phase
(Phase K)
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Fig.6 A Diagram showing the
width to length (a/l) relation-
ship of Hippipeda prints of
pes. In trackways and pairs,
the mean value has been taken.
Footprints of the association
A (less than 8 cm long) are
plotted in black color, and the L
red ones correspond to those
of association B. Dimensions —
given in centimeters, B evolu-

tion of the length of footprints 100 -
of Equoidea through time,

a (mm)
150

all=1

according to Reynolds (2006) ~ a/l=0,87
but completed with more recent
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of the manus prints were not considered because they are
incomplete. The width of manus prints ranges between 4.2
and 10.5 cm, with an average of 6.2 cm, clearly wider than
those of the pes.

Some authors (e.g., Reynolds, 2006) have pointed out
that the size of animals increases during phylogeny, so their
ichnites should also do. When the dimensions of ichnites
described in literature are plotted against time, this trend
is clearly outlined, as can be observed in Fig. 6 and Suppl.

Table 4. The ichnites of Sierra de las Cabras clearly fit
within this general trend (Fig. 6).

The ichnites of association B are more irregular, both in
the outline and in the size and distribution of individuals in
the site. It is possible that some of these tracks correspond
to different trackmakers.

The bottom of the tracks (Fig. 7) is commonly flat and
has no signs of the frog, or of any flexible pad (in the sense
of Sarjeant & Reynolds, 1999), despite the mud probably
being soft enough in some sectors of the site to generate
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Fig. 7 Hoof marks in several footprints. A CBR15; B CBR22.8; C
CBR26; D CBR30; E CBR36; F CBR38m. In some of the footprints
there are marks of the lateral digits, and structures of collapse of the
walls. In B there is part of a bird footprint at the lower end of the

some imprint. This absence of structures does not however
necessarily imply a flat autopodium, as a relatively elastic
behavior of the sediment surface could also impede its for-
mation. That behavior could be favored by the presence of
an algal mat cover. It is therefore possible that although the
sole of the pes had structures, the tracking surface did not
adapt to them due to its elasticity and, consequently, we can-
not know if the base of the autopodium was flat or showed
some type of shape.

4.2.2 Overprinting and other structures

As has already been said, practically all the ichnites show
the two different parts corresponding to the fore and hind
autopodium, so the complexity of the structures is greater
than in the single autopodium ichnites. In order of formation
(phases from Thulborn & Wade, 1989) and considering their
origin, the observed structures are the following:

@ Springer

image, the horse footprint is posterior to it. In C, collapse structure
of the walls, and front channel due to the dragging of the hoof in
K-phase

(i) In phase T (touch-down: from the beginning of
contact with the ground until the moment of total
support) ramps and entry striae are formed due to
the forward movement of the base of the autopods.
Structures produced by manus are patent in many
ichnites. The structures related to the entry of the pes
are scarce because this autopodium begins to sink
into the front wall of the manus print, that is, the pes
begins to descend through the hollow of the manus
print.

(i) In phase W (weight-bearing: maximum pressure
phase), some lateral rims are formed by extrusion of
mud (Fig. 8B, C). Mud extrusion rims are not evident
in all traces because the displaced mud is not of the
level of the tracking surface on an elastic sedimen-
tary level, but of a lower level—large but relatively
low extrusion zones are formed. In areas where the
level is plastic or where the elastic level is broken,
the pes penetrates the mud and produces the subse-
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CB546.1

Fig.8 A and B Structures caused by penetration in the mud, corre-
sponding to CBR46.1 and CBR46.3. C penetration structure and pas-
sage through the mud (CBR49). 1, pes exit channel; 2, pes exit walls;
3, advance and exit hole of pes; 4, pes print; 5, pes entry depression;
6, mud displaced by the pes; 7 manus entry depression; 8, manus

quent collapse of the walls. Probably in this phase,
digit III leaves a deeper mark ahead than behind, so
that the deepest part corresponds to the distal end
of the digit and the shallowest one to the marks of
the back digits. It is possible that, at the beginning
of phase K, at least in some ichnites the depth of the
front part of digit III is accentuated.

(iii)) In Phase K (kick-off) two types of structures are
distinguished. On elastic ground there are striae,
grooves of pes exit, and broken fragments of the
tracking level shifted backwards (Fig. 5SF). There are
also marks of the forward movement of the upper
part of the autopodium (Figs. 7C, 8 A) and exit scars
(Fig. 8). The formation of the scar (Gatesy et al.,
1999; Pérez-Lorente and Herrero-Gascén, 2007)
occurs because the autopodium penetrates so much
in the mud that the forward movement of the lower
limb (probably middle phalanx-metapodium sector)
is produced inside the mud. This movement leaves a
long channel between the anterior and posterior part
of the ichnite. The long channel can be partially or
totally collapsed, in which case it appears as a narrow
channel or as a closed scar between two wider areas
(entry and exit of the autopodium). When the channel
is completely collapsed (it is a line), the front part of
the ichnite is formed by the scar or eyelet of the pes.
The exit structures of the autopodium that has been
submerged in the mud can clearly be seen in the pes
prints. Certain manus-pes groups of small and deep
prints have an elongated front part, which we inter-
pret due to the movement of the manus (?) forward
during phase K, probably due to the low travel speed
of the trackmaker.

10 cm

e
10cm

CBR46.3

print; 9, back digits (I, IV) of the manus; 10, entry structure of the
manus; 11, entry drag marks of the manus; 12, eyelet shape of the
narrow cleft structure; 13, narrow cleft mark of upper part of auto-
podium as it passes and later collapse of the walls; 14, pes print; 15,
foot entry structure; 16 ramp of manus entrance

(iv) After the exit of the pes or even during the same exit,
in some tracks, the walls fall towards the interior of
the hollow leaving several types of structures such as
the bulging of the walls (Figs. 5B, 7C), the narrowing
and collapse of the hollow (Fig. 8A—C), or the break-
age and staggering of the walls.

4.2.3 Trackways

The characters of the tracks (pes that is in front of the manus
print) are normal in trackways of animals with relatively
long limbs compared to the glenoacetabular distance (Pérez-
Lorente et al., 2009) and in long stride animals (Kienapfel
etal., 2014).

It is not possible to find out what types of gait the track-
makers used in the site due to the similarity in the position of
the ichnites in the three trackways. The trackways are narrow
to very narrow gauge (Ar / a=0.46, Pérez-Lorente, 2001)
in which Lr < 2a (the trackway width is less than the sum of
the width of two tracks, except in CBR46) and the pes print
is superimposed on, or overlaps (exceeds) that of the manus.
These types of trackways are typical of slow walk and slow
trot horses (Kienapfel et al., 2014).

Nor do we recognize left or right tracks due to: (a) the
similarity of the soles of the horses (in current horses the
four autopods are practically the same); (b) the very short
length of the trackways, and their irregularity.

In the same way we have investigated—without results
and for the same reasons as in the previous case—the angle
p”m to verify if the orientation angle of the manus is greater
or less than that of the pes. The placement of the angle p“m
does not help in this site to discriminate left and right pairs.
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It is very possible that the animals moved slowly, because
there are no sliding marks associated with the action on the
ground of the faster moving autopods, and because by the
depth of the tracks it is deduced that the tracking surface was
on soft ground, probably flexible and fragile (fragments of
soil broken and displaced by hooves).

Having analyzed the direction of displacement, there is a
maximum in the direction of NNE-SSW, with a predominant
direction to the North (Fig. 9) This order is consistent with
the gregarious behavior of these animals. We cannot know
if, in the case of being a pack, it was a large or small group
of individuals, although the density of tracks is that printed
by a relatively small group. It is also possible that it was
made up of individuals of various ages, due to the variation
in size of the ichnites.

4.2.4 Ichnotaxonomic determination

The ichnogenus Hippipeda Vialov, 1966 is defined by “Foot-
prints of functionally single-digit hooved herbivores, having

Fig.9 Diagram showing trajec-
tories of displacement deduced
from isolated tracks and
trackways orientations. Most
frequent trajectories are SSE—
NNW with dominant direction
towards the North

310

a hemiellipsoidal to hemispherical or hemiovoidal hoof wall,
with or without traces of a frog. One or two lateral digits (II
and IV) may also be impressed in trackways during a fast
gait, but these are much smaller than the central impression
of digit III. Trackway narrow; stride and pace long” (Sar-
jeant & Reynolds, 1999).

The CBR15 to CBR63 tracks are the expression of autho-
pod prints such as those included in the ichnogenus Hippi-
peda. The tracks of Sierra de las Cabras have:

(i) Hippipeda characters: A single functional digit
(III), mark of the hoof with a U-shaped or V-shaped,
rounded tip and with lateral digit prints (II and IV),
smaller than the central impression. Narrow gauge
trackways of relatively long pace and stride.

(ii) Other additional characters:

(a) The vertical walls of the prints do not presuppose

that the hoof of digit III is semi-ellipsoidal, semi-
oval or hemispherical. The bottom of the track is

350 N

@ Springer

160



Journal of Iberian Geology

also not curved (not hemispherical, semi-oval or
semi-ellipsoidal).

(b) The variation of the most open or closed shape, of
straight or slightly curved branches of the mark of
the edge of the hoof of digit IIT in CBR, is attribut-
able to the movement of mud collapse.

(c) The bottom without ornamentation (except the
hoof channel) that characterizes the tracks of La
Sierra de las Cabras, has no ichnotaxonomic value
and is a character that does not serve to deduce the
shape of the inside of the track.

(d) The axis of the manus print and the pes print are
not parallel, but form an angle (p”"m). We could
not determine if the angle to the midline of any
of the axes (manus or pes orientation) is always
greater or less than the other.

(e) The pes print is smaller than that of the manus and
is placed overlapping totally or partially in front
of it. It should be noted that cases in which the
manus prints are larger than pes prints have been
reported from fossils of horses (e.g., Aramayo
etal., 2015).

Despite the above, there are no criteria to assign them
to any known species, nor sufficient criteria to define a
new one. Among other things, isolated manus prints, or
manus prints from any of the trackways cannot be studied
in this site. There is only one case with two tracks (CBR38,
Fig. 5C, D) in which one of them may be a complete mark
of the manus without overprinting the pes.

The structures that deform the ichnites of this site are
well illustrated. They are real (or true) tracks in the sense
that they are direct structures (the skin and the hoof of the
animal are those that have been in contact with the walls and
base of the track hollow) but they are not stamps (faithful
reflection of the sole of the pes) In addition, as in other ver-
tebrates, the variability of ichnites is such that it is necessary
to be cautious with the characters that could be considered
ichnospecific.

It should be noted that only with the CBR small tracks,
several species could be proposed if we consider the criteria
used in the literature. For example, the circular or straight
branches of the walls of digit III have been used to discern
among different species, as well as the outward curvature
of the branches. Another factor of distrust towards this type
of classification is that most of the previous definitions of
Hippipeda ichnospecies were based on samples that contain
less than three footprints, and in some cases displaced from
the original outcrops and without precise location (Hunt &
Lucas, 2007).

We assign the CBR15 to CBR53 tracks to the ichnoge-
nus Hippipeda Vialov, 1966, waiting for some new finds in
nearby areas to provide complementary data on the manus
marks and on the soles of their autopods, that could allow
more specific determinations.

4.2.5 Other fossil tracks of Equoidea in Spain

The tracks of Equoidea previously described in Spain
(Fig. 10, Suppl. Table 4) range from the Oligocene in Agra-
munt, (Santamaria et al., 1989-1990) to the Pliocene in Ali-
cante (Lancis & Estévez, 1992). There is representation of
traces of the lower Miocene of Navarra (Desojo and Los
Arcos sites (Astibia et al., 2007), Cenicero (Diaz-Martinez
et al., 2011) and in the upper Miocene of Hoya de la Sima in
Murcia (Pérez-Lorente et al.,1999). The tracks of the Oligo-
cene have been attributed to a paleotherid that is a primitive
equoidea, and all the others to Hipparion, or Hippipeda.
The paleotherid tracks still have three well developed front
digits, while in all the others the main digit (III) is obvious.

The degree of conservation of tracks of Sierra de las
Cabras allows us to make observations on the trackmakers
to adjust them to an animal pattern with respect to their body
proportions. In CBR we are dealing with equids with three
digits (I, IIT and I'V) in each of the extremities of which only
one (III) is functional. They had more slender hindlimbs
than the forelimbs given that the pes print is much narrower
and possibly shorter than that of the manus. It also suggests
that the limbs were long, possibly longer than the glenoac-
etabular distance.

4.3 Perissodactyla. Rhynoceripeda Vialov, 1966
4.3.1 Rhynoceripeda footprints

Large tridactyl, mesaxonic tracks were recognized in the
Sierra de las Cabras site, having four pad marks. Three of
the rounded pads are placed on the front of the tracks and
are produced by relatively wide adjacent digits and with a
rounded termination; the fourth pad is larger than the previ-
ous ones and occupies the central and posterior part. This
group of tracks includes those of the CBR67 trackway the
isolated tracks CBR68 to CBR&1, and those of the CBRS&2,
CBR&83 and CBR84 trackways (Fig. 11). Discriminative rec-
ognition features are not easily recognizable (Fig. 12) prob-
ably because: (i) the physical state of the mud at the time of
footprint formation (CBR67.7); (ii) complex pes overprint-
ing on the manus print (CBR67.5, CBR69), and; (iii) post-
sedimentary fracturing and consequent ichnite deterioration
(CBR67.8, CBR67.9). Despite this, 40 pes and at least 16
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Fig. 10 Compilation of footprints attributed to Equoidea in several
sites from Spain. A Plagiolophustipus monfalconensis Santamaria,
Lépez, Casanovas 1989. Agramunt, Eocene-Oligocene; B Hipppar-
ion footprints from Astibia et al (2007), Desojo site, Lower Miocene;
C Hippparion footprints from Astibia et al (2007). Los Arcos site,

manus prints were distinguished in the Sierra de las Cabras
site, which adds 56 ichnites to those described so far.

Of the pads of each of the three digits, the central is the
widest and most advanced. Each of the digits has a single
pad attached to that of the adjacent digit, so that the two
lateral digits are touching the middle digit. The digits are
elongated but placed in two positions: the major axis of
the central digit is perpendicular to the track axis, whereas
the major axis of the lateral digits is parallel. The heel is at
the back of the center pad and is wide and rounded. Sev-
eral structures found in some of the best preserved tracks,
which we consider to be pes prints, were measured as they
are those of the overprinted autopodium (Suppl. Table 5).
The track length (Suppl. Table 5) ranges between 180 and
325 mm and the width between 207 and 296 mm, the aver-
age values being 257 mm (length) and 242 mm (width).
The tracks, according to the ratio (1-a)/a value between
0.1 and -0.1 are in the limit between wide and narrow
prints since the length is similar to the width. There are
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Lower Miocene; D Hippipeda, this work, Sierra de las Cabras, Upper
Miocene; E Hippipeda, Pérez-Lorente et al., 1999; Hoya de la Sima,
Upper Miocene; F, Hippparion footprints, Lancis and Estévez (1982),
Alicante, Pliocene

no indications about the relative size between the manus
and the pes.

The termination and shape of the digits and the footprint
shape are typical of an ungulated tridactyl trackmaker.

4.3.2 Rhynoceripeda trackways

The first of the four trackways (CBR67), is irregular and the
others (CBR82, CBR83, CBR84) indicate a uniform pro-
gression. The measurements (Suppl. Table 5) indicate that
the trackways are narrow and concordant in their values: P
between 704 and 775 mm; z between 1422 and 1486 mm;
Ap, more than 170° (except for CBR84 in which there is
only one measurable angle). The measurements coincide
with those of a trackway whose tracks are almost on a
straight line. The Ar/a ratio of less than 0.5 indicates that
the trackway is very narrow gauge.

If the less irregular sectors of the trackway are taken,
pace (P, between 370 and 500 mm), trackway deviation
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Fig. 11 Sierra de las Cabras site map showing the studied surfaces and the

(Ar=_81 mm) and trackway width (Lr between 342 and
384 mm) values are obtained. These data serve to classify
the trackway as very narrow to wide gauge (Ar/a between
0.24 and 0.73). The width values of the relative trackway
deviation (Ar/a) and trackway width indicate that many of
the tracks are on the midline (Ar/a<0.5) and that the fur-
thest is 1/3 of its diameter from the midline. The trackway
width is less than or equal to the space occupied by the width
of two adjacent tracks.The z/1 ratio is so variable that it is
not usable.

4.3.3 Comparison with other tridactyl ungulate ichnites
and nomenclature

Footrprtnts with features similar to CBR tracks and track-
ways have been reported for several ichnogenera (Suppl.
Table 6). These are differentiated on the basis of the
shape and size of digits, metapodial lobes, and digit pads
(Abbassi et al., 2015). Tertiary tridactyl ungulates can be

reported Rhynoceripeda tracks

separated into non-periodactyls, exclusive of South Amer-
ica and perisodactyls from the rest of the world (Lock-
ley et al., 1999). Previously Tertiary tridactyl ungulates,
included the following (Fig. 12):

e Lophiustipus Ellenberger, 1980, Palaeotheriipus Ellen-

berger, 1980, Plagiolophustipus Santamaria, Lopez and

Casanovas 1989-90. These ichnogenera show different

size and digit shape than CBR perisodactyls, and are

reported from strata of a different age.

Abbassi et al. (2015) and Rajkumar and Klein (2014) also

cited perisodactyl ungulates but with long and separate

digits.

e The Argentine and Peruvian ichnites Eumacraucherich-
nus Aramayo & Manera de Bianco, 1987, and Mac-
raucherichnus Angulo & Casamiquela, 1982 (Aramayo
and Manera de Bianco, 2015; Krapovickas et al., 2009;
Krapovickas and Vizcaino, 2016; Leonardi, 1994), have
a similar shape, but these ichnites are of ungulates (Lip-
topterna, Macraucheriidae) that did not exist in Europe.
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«Fig. 12 Compilation of Paleogene and Neogene tridactyl perisso-
dactyl prints (except Macrauchenichnus). 1) pes print of Lophiopus
(Ellenberger, 1980); 2) pes print of Palaeotheriipus (Ellenberger,
1980); 3) pes print of Plagiolophustipus (Ataabadi and Khazee, 2004,
cf. Abassi et al., 2015); 4) and 5) perissodactyl prints from Utah
(Lockley et al., 2014); 6) perissodactyl print from Colorado (Lockley
et al., 2014); 7) right manus of Ronzotherichnus (Demathieu et al.,
1984); 8) left pes of Ronzotherichnus (Demathieu et al., 1984); 9) and
10) pes of Rhynoceripeda (Costeur et al., 2009); 11) and 12) peris-
sodactyl tracks (Rajkumar & Klein, 2014); 13) Plagiolophustipus
(Santamaria et al., 1989); 14) and 15) Palaeotheriipus (Abbasi et al.,
2015); 16) and 17) Plagiolophustipus (Murelaga et al., 2007); 18)
group C (Casanovas and Santafé, 1974); 19) and 20) Palaeotherii-
pus (Gierlinski et al., 2007); 21) and 22) Rhynoceripeda manus and
pes of adult individuals (Kordos, 1983); 23) Rhinoceripeda tracks of
young individuals (Kordos, 1983); 24) rhinoceros footprint (Antunes
et al.,, 2006); 25) and 26) Dicerothinihcnus, manus-pes couples
(Guérin and Demathieu, 1983); 27) perisodactyls prints from China
(Lockley et al., 1999); 28) ungulates from Peru (Lockley et al., 1999).
CBR67.2, CBR67.6, CBR72 and CBR73, correspond to Rhynoceri-
peda of Sierra de las Cabras (this work), in which the position and
general shape of the digits and prints can be appreciated

e The oldest ungulate tracks attributed to rhinocerotids that
have a pad on each digit were cited by Casanovas and
Santafé (1974) with the name of Group C, Oligocene age
(Fig. 12).

e Ronzhoterichnus Demathieu, Gingsburg, Guérin and
Truc 1984, also of Oligocene age, were described later.

e Other similar tracks spread across different countries
(Hungary, France, Namibia, Tanzania, Iran or Syria),
with ages between the Miocene and Pleistocene: these
are: Rhynoceripeda Vialov, 1966, Kordos (1983) Cos-
teur et al, (2009); Dicerotinichnus Guérin and Demathieu
(1993) and morphotypes cited by Ataabadi and Abbassi
(2007) and Lockley and Tedrov (2009).

Costeur et al. (2009) quetioned the usage of the name
of Ronzhoterichnus that Guérin and Demathieu gave to the
French tracks and supported the name of Rhynoceripeda for
reasons of priority.

We also assign the tridactyl tracks of ungulates of Sierra
de las Cabras to the Rhynoceripeda ichnogenus, following
the Costeur et al. (2009) criteria in accordance with the line
followed in the ichnotaxonomic nomenclature applied in the
Jumilla outcrops.

4.4 Carnivora. Bestiopeda Vialov, 1966

For this ichnological group we follow the criteria proposed
by Buynevich (2015) based on Vialov (1966) that includes
the traces of all carnivorous mammals within the ichnogenus
Bestiopeda Vialov, 1966. According to Vialov, Bestiopeda
includes all the traces of magnoorder Ferae (Creodontia or
primitive carnivores and Carnivora or evolved carnivores).
Because the variety of morphotypes is very large, Buynevich

(2015) proposes a code in which the main ichnogenera group
Bestiopeda is designated by the capital letter B and each of
the different morphotypes, with a lowercase letter that fol-
lows the B. This refers to the zoological family or subfamily,
in which its modern trackmakers are known at the species
level, or to another possible division. In other works, all the
mammal carnivorous tracks are grouped in the ichnogenus
Bestiopeda (B) and then divided into subgenres, e.g. dog
tracks (Canipeda, Bc), felid (Felipeda, Bf), bear (Ursipeda,
Bu), weasel (Mustelipeda, Bm), seal and related pinnipeds
(Phocipeda, Bp), and so on.

4.4.1 Characterization of Canipeda (Bc) and Felipeda (Bf).

According to Graham et al. (1994) canids (wolves, coy-
otes, foxes and domestic dogs) and felids (cats, panthers,
and others) have similar tracks in general: paraxonic and
homopodial tetradactyl, although manus prints tend to be
larger than these of the pes prints (Melchor et al., 2018). The
ichnites are composed of four small digit pads and a large
interdigital pad, which is bigger in felids than in canids. The
large pad has received different names in the literature: cen-
tral (Rodriguez de la Rosa et al., 2012; Scrivner & Botjer,
1986; Thenius, 1967; Neto, 2009); interdigital (Antén et al.,
2004; Graham, et al., 1994); metapodial (Reynolds & Mil-
ner, 2012; Sarjeant et al., 2002; Sarjeant & Lanston, 1994;
Melchor et al., 2018);s0le or heel (Panin & Avram, 1962;
Antén et al. 1993; Williamson & Lucas, 1996; Remeika,
2001; Neto de Carvalho et al., 2016);or principal (Scrivner
& Botjer, 1986).

Both the manus and pes prints are tetradactyl. The pos-
terior margin of the interdigital pad is trilobed in felids and
canids. The four digit pads are oval and anteroposteriorly
elongated.

The tracks have also received different names includ-
ing digitigrade (Neto et al, 2016; Remeika, 2001); semi-
plantigrade (Rodriguez de la Rosa et al., 2012; Sarjeantet
al., 2002); semidigitigrade (Sarjeant et al., 2002): between
plantigrade and semiplantigrade (Sarjeant et al., 2002);
plantigrade (Remeika, 2001; Sarjeant et al., 2002); and sub-
digitigrade to digitigrade (Melchor et al., 2018). The tracks
of canids are commonly longer than wide, unlike felids
(Melchor et al., 2018). Also, the anterior margin of the inter-
digital pad is monolobate in canids and bilobate in felids and
generally there are claw marks on the tracks of the canids
and not on those of the felids. The support of the feet of
these animals on the ground is performed on the distal digit
pads (phalanges 2-3) of the four digits and on the metatarsal
pad (metatarsal-phalanx 1). The phalanges are not placed
parallel to the ground (Sarjeant et al., 2002) so that the digit
pads protect the junction between the ungular and the ante-
rior phalanx, and the central pad protects the articulation
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of the metapodial bones with the proximal part of the first
four phalanges. The metapodial bones are elevated in their
proximal part so that their distal part is closest to the ground.

Canipeda Panin & Avram, 1962 can be defined with the
diagnosis emended by Sarjeant et al. (2002), and recently
emended by Melchor et al. (2018) which is translated as fol-
lows: Digitigrade to semi-digitigrade, tetradactyl (digits II to
V), paraxonic tracks; longer than wide tracks; quadruped and
homopodial trackways. Elliptical and separate digit pads, of
similar size and with sharp nail marks. The digit pads, one
per digit, form an arc in front of a large metapodial pad from
which they are well separated and arranged in a bilateral
symmetrical pattern along the antero-posterior axis.

For the ichnogenus Felipeda (Bf) we also use the diag-
nosis of Panin and Avram (1962) emended by Melchor et al
(2018): Digitigrade to semi-digitigrade, tetradactyl, parax-
onic tracks, generally wider than long tracks; quadruped and
homopodial trackways. Rounded and separate digital pads,
of similar size and without nail marks. The digit pads form
an arc in front of a large metapodial pad from which they
are well separated.

4.4.2 Canipeda (Bc) of Sierra de las Cabras

A total of 29 ichnites of the Sierra de las Cabras tracksite
are attributed to Canipeda (Bc). Fifteen of these are isolated
tracks (CBR86 to CBR100), a pair of tracks (CBR85), and a
trackway (CBR101) with twelve tracks (Fig. 13) considered
to be from the ichnogenus Canipeda. All the ichnites are
present in surface 1 except CBR101 trackway printed on
surface 3. Except those of trackway CBR101 (manus and pes
prints), the rest we attribute to quadruped animals in which
the overprint of the pes on the manus is total.

Most of the isolated tracks are deformed by the adjacent
tracks of other animals and by the fall of mud into the hol-
low during the W-K phases. The mud was not very viscous
because the autopodia penetrate the ground, but with enough
consistency so that the walls of the track combine inwards
and completely collapse in some digits.

The best preserved ichnite in the set (CBR92) was used
for overall description (Fig. 14). It is a tetradactyl track with
a pad on each digit; behind and in the center of the track is
a wide interdigital pad. The digit marks are shaped like a
drop, rounded proximally and terminated distally at very
sharp points. The digit pads are separated from each other
and from the interdigital pad. This is the only track in which
the morphometric characters are visible, but it shows vari-
able sizes in the digit pads and consequently, any generaliza-
tion about the size of digit pads is not appropriate from the
observations in these ichnites. The digit pads occupy a broad
front, transversely to the axis of the track. The width of the
track in the central pad is smaller than in the area of the digit
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pads: the track is narrower in the back half than in the front.
Proximally it is bilobed, while in the distal termination it is
a kind of angle with a round vertex. The sides of the angle
are concave.CBR92 is somewhat longer (1=121 mm) than
wide (a=106 mm); the length has been measured parallel
to the axis of the track, from the heel to the tip of the most
protruding nail.

The isolated tracks CBR86, CBR88 and CBR98 are
similar to the first drawn carnivorous tracks (Bestiopeda
maxima Abel, 1935). These are marks defined by a round
central zone from which four tips similar to spicules or
bradawls protrude (Fig. 14).

The pointed shape of the digit marks suggests dig-
its with sharp termination (nails or claws) and discard
rounded terminations. The mud that surrounded the hollow
of the ichnites, at the time of their formation, collapses
and the contour bulges inwards, so that the digit gaps nar-
row and the pointed termination of the distal digit marks
becomes accentuated. The acuminate termination of the
ichnites that we interpret as nail or claw marks, we assign
to Canipeda.

The sequence CBR101.1 to CBR101.7 (Fig. 15) forms a
continuous trackway of twelve tracks (5 pes and 7 manus?).
The measurements (Suppl. Table 7) indicate that the tracks
are equidimensional (1=a=97 mm), the very long pace
and stride (respectively 592 and 1156 mm) and the z/1 ratio
(20) very large, all measurements being congruent with
relatively long and thin limbs. CBR101 is a wide gauge
trackway (Ar/a=0.77) and is consistent with the pace angle
(Ap=152°), which is not very open. The orientation of the
tracks is negative (sensu Leonardi, 1987). The trackway
shows the following features:

— the pairs of tracks are alternately placed on each side of
the midline.

— the separation of manus and pes from the midline is simi-
lar.

— the closest pairs are of alternate laterality, i.e., alternate
manus and pes are closer than manus and pes of the same
side.

— the average distance (Fig. 15, p-m) of the manus and the
pes on the same side is 695 mm and the average distance
of the manus and the pes of its side (Fig. 15, m-p) is
500 mm. The p-m value is given by the distance that
separates the two autopods of the same side when both
are resting on the ground; the m-p value is the distance
that the pes print overpasses that of the manus on the
same side (overlap): the pes overlaps the manus print a
distance that is about five times its length.

Trackways comparable to those from Sierra de las
Cabras are produced by camels during amble walking
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Fig. 13 Sierra de las Cabras site map showing the studied surfaces and the reported trackways, pairs of tracks, and isolated prints of Canipeda

(Pérez-Lorente et al., 2009; Thompson et al., 2007), but in
CBRI101 the trackway is wide (the separation between the
center of the tracks is about 1.5 times the width of the track)
and the pes-manus separation of the same side is greater than
the pes-manus of alternate sides.

The trackway is assimilable to the type 2—2 of Rezendes
(1999), where the pes passes the manus of the same side

(500 mm) to a distance almost similar to half of the stride
(z=1156 mm), and also to a moderate escape print (Richarz,
2006) in which the tracks of each side are well separated
from the midline and in which the alternate manus and pes
prints are closer than the manus and pes on the same side.
Amble walking implies very narrow trackways (the ratio
Ar/a<1 or also Lr <2a). CBR101 should be produced by
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Upper images, CBR92
Lower left, CBR86
Lower right, CBR88

scales 10 cm

Fig. 14 Upper part: photography, drawing and topography of CBR92. Lower part: drawings of CBR86 and CBR88;0 the two prints are similar to
Bestiopeda maxima Abel, 1935. The shape is due to the collapse of the walls, very evident in the traces of the digits

a trotting or fast-running animal (Rezendes, 1999; Richarz,
20006) or (pace) amble trot (Thompson et al., 2007). Kien-
apfel et al. (2014) reported a similar track produced by fast
tolt (fast amble) in their Fig. 5b. These authors point out that
almost all large mammals with hooves and carnivores make
very similar movements.

The height of the acetabulum (h), according to the for-
mula (7,41 x1) by Melchor et al. (2018) is 720 mm. The gle-
noacetabular distance following the method of Demathieu
(1986) and considering that the gait is amble (Richarz, 2006)
is 653 mm. This means that the limbs were slightly longer
than the glenoacetabular distance. The average relative stride
(z/h) (Thulborn, 1990) is 11, so the displacement of the ani-
mals includes an aerial phase. Using velocity algorithms
proposed by Alexander (1976), Demathieu (1986) and Thul-
born (1990), we get 4.8, 3.8 and 2.7 km/h respectively, i.e. a
range of estimates probably too large to be reliable.

4.4.3 Comparison with fossil ichnites attributed to canids

The length of the ichnites from Sierra de las Cabras site
(Suppl. Table 7), including the loose samples stored in the
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Jerénimo Molina Museum (Fig. 16) is very large if com-
pared by previously reported ichnites attributed to canids
in the literature (Suppl. Table 8). Twelve footprints exceed
100 mm in length and five of them are larger than 120 mm.
It should be noted that they are clearly larger than the big
footprints reported by Neto et al. (2016) in the Pleistocene
of Portugal and attributed to wolves, which average 80 mm
in length. The length of the rest of the Tertiary Canipeda
footprints previously reported range between 37 and 65 mm.
The large size of CBR footprints could make them com-
parable to Carnotipus Lopez et al., 1992, an ichnogenus
defined in the Lower Miocene of the Ebro basin (Spain)
and whose length (up to the tip of the nails) varies between
108 and 122 mm. However, in this case, the digits are
fine and long, narrowing progressively until they reach
an acuminate tip; and also, the claw traces are at the same
level as the rest of the track do not come out at a level
higher than the sole as typically occur in canids.
Melchor et al. (2018) include in Canipeda the traces
attributed to herpestids of the Salinas de Afiana by Antén
et al. (2004), and the tracks found by Rabal-Garcés and
Diaz-Martinez (2010) in the Eocene of the Santa Cruz de
la Serés. Finally, we ant to note that at the nearby site of
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Fig. 15 CBR101 trackway. From left to right: Ichnite reference; trackway prints; trackway main lines; manus pace; pes pace; pes — manus sepa-
ration on the same side in simultaneous support (p-m); overlap or distance that advances the pes print relative to the manus position (m-p)

the Hoya de la Sima (Jumilla), a trackway with three tracks
comparable to those described in Sierra de las Cabras site
was reported by Pérez-Lorente et al. (1997) but not attrib-
uted to canines or felids because of the lack of clear crite-
ria to discriminate. These tracks are longer (119 mm) than
wide (108 mm) and consist of four rounded and small front
marks, and a central, rear and larger pad. These tracks are
probably closer to Canipeda than Felipeda because of their
size and width to length ratio.

4.4.4 Felipeda (Bf) of Sierra de las Cabras

10 tetradactyl tracks (Fig. 17) are distinguished. Two of the
tracks form a pair (CBR102), another is an isolated ichnite
(CBR104) and the other seven are part of a trackway. They
are defined by four rounded and not acuminate digit pads,
and a central posterior pad, larger than the other ones. The
digit pads are separated from each other in almost all the

tracks, and also from the posterior central pad. This pad does
not have a uniform shape in all tracks, nor in the tracks of a
single trackway (CBR103).

The tracks (Suppl. Table 8) are large (> 80 mm long,
cf. Reynolds & Milner, 2012), and wider (a= 157 mm)
than long (1=131 mm), except those of trackway CBR103
(a=95 mm, 1=121 mm). The digit pads are rounded,
somewhat elongated and with round distal and proximal
endings. The size of the pads is different but there is no
pattern of common distribution to all traces. The main pad
is much larger than that of the digits (Fig. 18) and with a
trapezoidal contour with rounded edges. The front part of
the main pad is bilobed, and the back is trilobed in some
ichnites (CBR102.2, CBR104). The digit pads are in front
and to the sides of the main pad, forming an arc; the proxi-
mal part of the medial and lateral digit pads is behind the
distal end of the main pad.
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Fig. 16 Four samples from loose fragments found in the Sierra de las Cabras site, kept at the Jerénimo Molina Museum (Jumilla). The two upper
images and lower left image are from Canipeda. The lower right of Felipeda. Scale is 10X 2 cm in all images

There is only one trackway, which is very narrow
gauge (Suppl. Table 7. In it, the stride length (1071 mm)
is almost double that of the pace (549 mm), according to
the 180° value of the pace angle. The z/l ratio (9) is typical
of animals with long, thin limbs. Although the trackway
is apparently biped, the trackmakers are quadrupeds. The
overprinting is total in all footprints with the exception of
the CBR104. The glenoacetabular distance ranges between
795 (evolved alternating gait) and 1059 mm (ambler gait)
following the scheme by Demathieu (1970).
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These tracks are typical Felipeda (Bf). According to the
size and weight data of present-day felids (Graham et al.,
1994) the trackmaker would be a big felid, probably over
130 kg in weight.

4.4.5 Ursipeda (Bu) of Sierra de las Cabras
They are pentadactyl, plantigrade tracks of a quadruped

animal that overprints the pes on the manus print during
the march. All tracks are irregular (Figs. 19, 20) and show
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Fig. 17 Sierra de las Cabras site map showing the studied surfaces and the reported trackways, pairs of tracks, and isolated prints of Felipeda

total or partial overprinting of the pes on the manus print,
except CBR109.2 (probable manus print) and CBR106
where the interpretation is more doubtful. There are
four trackways (three of which are incomplete CBR107,
CBR108 and CBR110 and one complete CBR111); two
pairs of tracks (CBR105, CBR109), and uninterpreted
marks in which there may be prints of two manus and one
pes (CBR106). In trackway CBR108, ichnite CBR108.6 is
in a fractured area that may be responsible for its irregu-
lar and fragmented outline. Considering the ichnites as

overprinted pes-manus groups, a total of 26 ichnites of
this morphotype are reported.

Accompanying the ichnites there are abundant struc-
tures that denote soft soil, and commonly the toe nails pen-
etrate the mud destroying the marks of the manus prints.
In fact there are no complete manus marks, except perhaps
CBR109.2, because all the others are overprinted by the pes.
The mark of the manus is usually ahead of that of the pes,
and deformed by it. There are tracks that have all or part
of the front part of the manus from which nail marks are

@ Springer



Journal of Iberian Geology

C \/\ 83 cm . \C/)
WS S O
) 0 cm O

q

yd
o
1
i
<
};

’ CBR105.1

CBR1

}
;;I
A

06

CBR110.1 V

A \\GBR108 .1

surface 3

surface 2

surface 1

A

Fig. 19 Sierra de las Cabras site map showing the studied surfaces and the reported prints and trackways of Ursipeda

@ Springer



Journal of Iberian Geology

Fig.20 Photograph and draw-
ing of ichnites CBR108.5
(above) and CBR108.7 (below).
Traces of long claws attached to
the digit pads can be observed.
Scale bar: 10 cm

preserved, sometimes with the distal part of the digits. The
triangular shape of the pes print is well recognized.

Each digit is represented by a relatively elongated and
separated pad as seen in CBR105. The five digits are not
always distinguished due to the deformation of the mud.
The digits have sharp, thin and long, generally curved nails,
each of which is associated with the corresponding digit
pad. The nails penetrate the mud, leaving filiform elongated

structures. The size of the digit pads and that of the nails
cannot be measured on these tracks. Both the envelope of the
tip of the nails and the contact between the digit pads with
the metatarsal is arched (CBR105.1, CBR108.5).
Separated from the digit pads there is, in both the manus
and the pes prints, a wide pad, perhaps somewhat wider
than the area occupied by the digits (as the outline on the
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distal part of the pad slightly protrudes from the area of
digits). On the pes, the plantar pad narrows backwards, so
that the outline is triangular with a rounded vertex corre-
sponding to the heel. The sole is slightly separated in two
parts by a smooth transverse elevation that ends in a lateral
recess of the outline.

The width of the prints ranges between 92 and 235 mm
and the length between 119 and 346 mm (Suppl. Table 7).
It should be noted that these measurements derive from
overprinted ichnites in which the outline of the manus is
unknown and that of the pes is deformed. The only tracks
in which the outline is distinguished with precision are
CBR108.4 and CBR108.5 in which the average length
(including the nail mark) is 342 mm and the average width
of 231 mm (Suppl. Table 7). It is possible that the manus
prints are wider than those of the pes (eg: CBR107). Tracks
CBR107.2, CBR111.3 and CBR111.4 distinguish pes prints
separated from the manus. The least deformed are those of
the second trackway in which the average length is 148 mm
and the width 155 mm.

Some additional tracks of this type are found in loose
samples retrieved from Sierra de las Cabras and conserved in
the Jerdnimo Molina Museum (Jumilla), with the particular-
ity that in one of the samples an isolated manus mark was
found (Fig. 21).

4.4.6 Nomenclature and comparison with other ursid
ichnites

Three ichnogeneric names have been proposed for fossil
traces of ursids (Suppl. Table 9): Platykopus Sarjeant, Reyn-
olds and Kissel-Jones 2002, which is also cited by Abbassi
(2010) and Lockley, Reynolds, et al. (2007); Ursichnus Die-
drich, 2011, also mentioned by Aramayo et al. (2015); and
Ursipeda (Bu) Buynevich, 2015. In the Iberian Peninsula,
fossil bear tracks were reported from the Pliocene of Ali-
cante (“ursid tracks” of Lancis & Estévez, 1992).

These tracks of ursids differ from CBR ones in the fol-
lowing aspects (Fig. 22):

Fig.21 Left: topography of CBR107.2. Right: above, a manus print and (below) a fragment of pes print. Samples found in loose fragments of

Sierra de las Cabras tracksite. Scale 10X2 cm
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Fig.22 Compilation of Ursid prints from the literature. A-J: Plat-
ycopus fossil prints (A and B respectively right pes and right manus,
from Sarjeant et al., 2002; C-H are cast copies of the Raymond Alf
Museum, from Lockley, Culver, et al., 2007; Lockley, Reynolds,
et al., 2007; and J shows the pair br5-br6 of Abassi, 2010). K-M:
Ursichnius fossil prints (K is a left manus print, ref. UrsPest-track 2

— Platykopus has the phalangian pads with two lobes and
they are attached to the central pad in manus and pes
(Sarjeant et al., 2002). In general they are smaller tracks
than those from CBR.

— Ursichnus has wide, shovel-shaped nails (Diedrich, 2011.
Usually, these ichnites are smaller than those from CBR.
It should be noted that they have been described in a very
different period (upper Pleistocene)

— The “ursid traces” of Lancis and Estévez (1992) have a
size (with 1, slightly smaller than 300 mm) comparable to
those from CBR, but do not have ichnotaxonomic char-
acters applicable to this discrimination.

Thus, the CBR ursid ichnites canot be accurately assigned
to any of the mentioned ichnogenera. Because in this work
we follow classification schemes derived from Vialov (1965,
1966) and subsequent works of other authors we assign the
ichnites to the Ursipeda (Bu) in the sense of Buynevich
(2015).

and L is a pes print, ref. UrsPest-track 1, both from Diedrich, 2011;
and M is the manus-pes holotype of Aramayo et al., 2015). N and O
Ursid footprints (N is a right manus and O a right pes from Lancis
and Estévez (1992). P Ursipeda from this paper, showing fragments
of right manus and pes (CBR107.2), with the arrow indicating mud
fall

4.5 Rodentipeda Vialov, 1966
4.5.1 Rodentipeda of Sierra de las Cabras

There are two biped trackways (CBR112 and CBR113)
(Fig. 23), which are paired, i.e., each of them formed by
pairs of separate and symmetrical pes prints which are
repeated in each step (Fig. 23). In total, 20 footprints are
reported (10 footprints in CBR112 and 10 in CBR113). Each
pair (Fig. 24) is the trace of two autopods (left and right pes),
indicating a displacement by jumps.

In CBR112, the elements of each pair (Figs. 24, 25;
Suppl. Table10) are relatively long (1=47 mm) and narrow
(a=18 mm). Both ichnites show a distal extreme which is
rounded and shallow, and a proximal extreme, which is nar-
rower and deeper. The outline of each autopodium has the
shape of a drop.

The footprints of CBR113 (Figs. 24, 25; Suppl. Table 10)
have the same morphological characteristics, although they
are slightly smaller (1=30 mm; a=13 mm). Remarkably,
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Fig. 23 Left, Sierra de las Cabras site map showing the studied sur-
faces and (below) the reported trackways of rodents. Right, CBR112
and CBR113 footprints. The first footprint of the trackways is the left

they have a crescent-shaped hollow behind, bounded by
a posterior crest (Figs. 23, 24, 25). The straight distance
between the two ends of these crescent-shape hollows var-
ies between 39 and 74 mm depending of the print, with an
average of 56 mm.

No pads (digit or sole) of any kind are distinguished. No
digit marks are distinguished, and only small digits may
remain in the wide part of one of the ichnites (CBR113.2.
Figure 24). Nail or hoof marks are not seen either. There
is no tail mark. The walls of the footprint are vertical or
slightly bulging inwards. The penetration of the metatarsal
zone indicates that the mud was not very viscous, but the
verticality of the deeper walls suggests it was quite cohesive.
Some collapse could have happened being responsible for
the slight bulging and probable approximation of the walls.
The longitudinal axes of both tracks in each pair are subpar-
allel and in turn are parallel or form a very small angle with
the midline of the trackway.
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footprint. Observe the forward position of the outer footprint in each
step, more evident in CBR113. In this sequence (CBR113), the rear
semilunar elevation is placed towards the outside of the midline

In short, they are tiny drop-shape footprints placed in
pairs, with the frontal part wider and shallower than the rear.
The size end shape are typical of rodents (Lockley, Culver,
et al., 2007).

4.5.2 Trackways

CBR112 and CBR113 are two biped trackways with tiny
tracks (in the sense of Garcia-Raguel et al., 2009) and
paired. The sequence of steps is the periodic repetition
of the pairs of footprints that must be pes prints (rear).
We consider that the pace (P) is the distance between the
geometric center of two pairs of successive tracks; this
distance is approximately the same for both the pace and
the stride, as it is the separation between the footprints
of two alternating pes and two pes of the same side. In
both trackways the steps are very long compared to the
length of the footprints (Suppl. Table 10). The value of
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Fig.24 Above, image and topography of CBR112.2; the equidistance of the contour lines is 2 mm. Below left, drawing, photograph (center) and
contour lines (right) of CBR113.2; equidistance of the contour lines is 2 mm. Scale 10X2 cm

P/1is 8.8 (CBR112) and 15.6 (CBR113). Other character-
istics related to the position of the CBR113 tracks in the
trackway are: relatively open pace angle (167°); trackway
width (Lr) of 87 mm, i.e. almost three times the length
of the footprint); and trackway deviation (Ar) of 26 mm,
i.e. wide gauge trackway (Ar/a=0.7; the footprints do not
touch the midline).

The trackways indicate oscillating jumps in relation to the
trajectory: each pair of footprints moves alternately to the
left or to the right of what would be the midline (Figs. 25,
26). The pairs of footprints are nearly symmetrical in the
sense that neither of the two ichnites is markedly ahead of
the other, but in CBR113, where the oscillating path is more
patent, the outer footprint is slightly more advanced than that
of the inner one (Figs. 23, 25, 26).

Many footprints of jumping trackmakers have an area
behind where the tracking surface is deformed due to the
characteristics of the sediment, the inclination of the track-
ing surface, and the progression of the trackmaker (Buck
et al., 2016; D’Orazzi et al., 2017a, 2017b). In this sense,
it should be noted that all the previously described struc-
tures of jumping are in sandy material, many located in
dune slopes (deduced from the orientation of the sliding
sand when stepping). Both ascending and descending track-
ways have been reported (Buck et al., 2016; D’Orazzi et al.,
2017a, 2017b).

Trackway CBR113 presents similarities with the track-
way reported by Hamblin and Foster (2000) in the Jurassic
Navajo Sandstone (Fig. 25C). However, the origin of that
trackway must be different, as both the type of sedimentary
material and the slope of the tracking surface were very
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Fig.25 Compilation of fossil trackways of small rodents from the
literature: A Ameghinichnus Casamiquela, 1964, Rainforth and Lock-
ley (1996); B Brasilichnium Leonardi, 1994, Rainforth and Lockley
(1996); C Brasilichnium Hamblin and Foster (2000); D-H Mam-
mal?, Leonardi (1980, 1994), Lockley, Culver, et al. (2007); I-K

different from those of CBR112 and CBR113 which were
developed on a muddy horizontal consisting of soft mud
with microbial mats. We associate the deformation behind
the footprint with the impact of the foot when entering in
the mud and the latter impulse to leap forward. During
the subsequent partial mud collapse the surface descends
leaving the rear crest. The model, following the phase
terminology of Thulborn and Wade (1989) is as follows
(Fig. 26):
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Rodent, Lockley, Culver, et al. (2007); L. and M Musaltipes Lock-
ley & Milner, 2014, Lockley, Culver, et al. (2007); N=S, Brasilich-
nium, D’Orazi et al. (2017b); T Musaltipes Lockley & Milner, 2014;
U Hypnomyx trackways, Quintana and Arnau (2004); V and W this
work. Scale, 10 cm

— During phase T the foot touches, penetrates the ground
and begins to form the rim of mud extrusion around the
footprint.

— During phase W the body of the trackmaker advances
and the greater pressure falls on the heel, narrower than
the sole or front digit section. The heel sinks further. The
movement and pressure to start the next jump, move mud
backwards and increase the volume of the rear rim.
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— During phase K and after it, part of the mud of the rear
rim falls, forming the crescent structure (Figs. 23, 24, 25,
26).

The type of jump in which the contact with the ground of
one foot is slightly out of phase with respect to the other, is
concordant with D’Orazi et al. (2017a)—the footprints are
neither synchronous nor symmetrical. The jumping mode
(skipping) can be compared to the “jumping rope” model.
Dissymmetry should refer to decoupled feet since one pes is
slightly advanced with respect to the other, and in CBR113
the area enclosed in the outline is different on each print in
each pair. In CBR113 the footprint of the inner foot is larger
and slightly behind with respect to the external footprint.
The same pattern is also intuited in CBR112 (Fig. 26). The
inner foot is the one that first steps on the ground because it
is slightly behind and leaves a larger footprint than that of
the external one. We say that the largest footprint is the one
that is first printed, because it will be the one that puts the
most pressure on the ground.

The rear crescent extrusion that accompanies the foot-
prints of CBR113 is not symmetrical with respect to the
footprints or to the main trajectory. The symmetry axis of the
crescent is placed in a more external position of the trackway
midline than the axis between the pair of footprints. If the
mechanism proposed above (Fig. 26) for the formation of

these structures is correct, the push of the feet would also
be outwards from the midline and thus alternating to one
side and the other. The animal would move like a pendu-
lum, transversely to the trajectory, advancing in leaps with
slightly out of phase feet support.

Despite the differences between the two trackways
(larger steps and footprints and lack of crescent structures in
CBR113), we assume that they were left by two specimens
of the same taxonomic group because of the biomorphic
and morphometric similarities. Also, the extramorphologi-
cal features, the type and direction of the trackways and the
paleoenvironmental situation point more likely to two indi-
viduals of the same group than to the two taxonomically
different animals.

4.5.3 Jumping trackmakers

As explained, CBR112 and CBR113 are considered to cor-
respond to bipedal jump trackways. It should be mentioned
that some reported ichnites with parallel footprints have
been attributed to quadruped trackways produces by gallop-
ing, in which the manus prints are completely overprinted
by the pes. Given the structural differences between the two
CBR trackways, if they were quadruped both types of foot-
prints (pes and manus) would be observable in any ichnite,
which is not the case.
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In the ichnites of CBR112 and CBR113 the back is nar-
rower than the front, reflecting the shape of the foot. This is
because at least the metatarsal is printed, which is narrower
than the acropodium, or because the foot is narrower in the
heel. As already mentioned, these small, narrow metatarsal
forms are typical of rodents (Lockley, Culver, et al., 2007).

The footprints are also noticeably deeper in the back area
than in the front (Fig. 26). It is likely that this difference in
depth is due more to the mechanics of the jump than to the
distribution of weight on the sole. We can assume that the
spring movement of the proximal joint of the functional foot
is responsible for the greater descent of the heel, which in
turn is narrower than the front part of the foot.

All bipedal jump trackways with ichnites of these dimen-
sions and proportions have been attributed to vertebrates.
Cases are known since the Mesozoic, were Leonardi (1994)
initially attributed to dinosaurs certain tridactyl ichnites
(Brasilichnium, Fig. 25B), although later. (Rainforth &
Lockley, 1996) pointed out that they more probably corre-
spond to other reptiles, therapsids or mammals. Despite the
trackmaker attribution becoming very debatable the older ol
ichnites are (Jurassic age or earlier), it should be noted that

the autopodium in those cases left traces that were wider
than long, i.e., clearly different to those from Sierra de las
Cabras.

In Spain, fossil trackways of jumping animals have been
reported in fossil dunes of Pleistocene age (Fig. 25U),
and attributed to Hynomyx footprints (Quintana & Arnau,
2004). In some of the sequences manus marks are also
observed, suggesting quadrupedal gait in which the manus
are overlapped by the pes. Also, they can be differentiated
from those of CBR by the relatively wider shape of the
prints.

Most reported jump trackways were found in aeolian
dunes or even in volcanic ashes and tuffs, probably arid
settings where animals obtain water from solid aliment
(Hamblin & Foster, 2000; Rainfort & Lockley, 1996). At
the moment the progression by jumps is typical only of cer-
tain birds and some very small mammals (rodents), and is
not normal in large vertebrates except in kangaroos. There
are small jumping rodents that live in forests, meadows,
swamps and marshes. According to Lockley, Culver, et al.
(2007) there are three families of live rodents which include
jumping forms: Zapodidae, Dipodidae and Heteromyidae.
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Fig. 27 Sierra de las Cabras site map showing the studied surfaces and the reported unidentified prints

@ Springer



Journal of Iberian Geology

Only Zapodidae are able to drink water and live in humid
environments (Lockley & Milner, 2014; Lockley, Culver,
et al., 2007).

In CBR112 and CBR113, neither the number nor the
shape of the digits can be distinguished, nor is there a non-
deformed outline of the autopodium. These limitations allo
us only to specify on the trackmakers their attribution to
Zapodidae by their way of progression, the size and outline
of the footprints and the habitat of the site.

4.6 Unidentified tracks

Figure 27 shows the location of 65 ichnites (CBR114 to
CBR188) found in Sierra de las Cabras tracksite that show
characteristic features that allow them to be associated with
any ichnotaxonomic group. These ichnites are heterogene-
ous, heterometric and do not show any apparent ordering.
These do not include either avian or invertebrate (?) traces
of the site, which will be the focus of other specific studies.

CBR114,CBR115,CBR117 and CBR119 could probably
be part of a trackway as they are roughly aligned and show
a suitable distance between them; also, they have similar
size and rounded shape, and show the same type of circular

Fig.28 CBR189, CBR190,
CBR191. Artiodactyl tracks,
possible Suipeda

CBR189

CBR190

10 20 cm

CBR191

Fig.29 CBR188 contour lines and photography. See text for explanation
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tension structures inside, produced by the breakdown of par-
tially consolidated sediment (with microbial mats) when the
trackmaker stepped on the surface. Ichnites CBR121 and
CBR123 are rounded and have comparable size to those
assigned to Canipeda as reported before in this paper. Ich-
nites CBR134 and CBR147 are also the same in size and
shape as the aviforms that only print a digit like those of
trackways CBR3 and CBRS5. Finally, CBR164 and CBR165
could be associated with Ursipeda because of their size and
some ornamentation features, although they are a rough sur-
face and are very imperfect. The stretch marks of the upper
part of the site, of unknown origin until now, remain to be
noted.

4.7 Artiodacyla Suipeda Vialov, 1966

Around the tracksite, we have found some ichnites in several
loose pieces of strata coming very probably from the same
stratigraphic levels. Despite these tracks being eroded with
variable intensity, some of them show some recognizable
morphological characters. Among these, there are rounded
tracks of various sizes (small ones could correspond to Cani-
peda and, or Felipeda, and large ones to Rhinoceripeda and
Ursipeda).

In one of the pieces, three tetradactyl artiodactyl tracks
were found (CBR188, CBR189 and CBR190, Figs. 28,
29). These ichnites have neither the same orientation nor
the same size, so they do not belong to the same trackway.
The footprints are longer than wide (with length/width
ratios of 14//8.8, 8//5.9 and 6.7//4.8 cm, respectively) and
show the mark of two elongated and parallel front digits
and two smaller back digits. The digit marks show smooth
walls and floor, like the ones that are typically produced by
hooves. The front prints (which would correspond to the
primary hooves) are slightly wider than the rear ones and
much longer. These later (secondary hooves), which are
present in all three tracks, are oval and shallower than the
front ones. In the best preserved track (CBR188) the marks
on the back digits (secondary hooves) are not aligned with
those on the front ones and are more separated from the foot-
print axis. (Figs. 28, 29). Pecoripeds, ruminants and suids
are among the animals capable of producing this type of
tracks. Although the material herein reported does not allow
a precise attribution, the fact that separation of the marks
produced by secondary hooves is greater than that of the
primary hooves, suggest that the trackmaker could probably
have been a suid.

@ Springer

5 Conclusions

This paper describes the footprints of seven ichnogenus
belonging to Mammalia, found in the Sierra de las Cabras
tracksite, a new and exceptional vertebrate ichnite site locate
in the Jumilla area (Murcia, SE Spain) in the Prebetic Zone,
and chronostratigraphically framed in the uppermost Torto-
nian to lowermost Messinian interval.

The Sierra de las Cabras site is roughly coetaneous to
the nearby Hoya de la Sima tracksite located only several
kilometers away but developed under different environmen-
tal conditions (saline lakes). Together, the seven mammal
ichnogenera of Sierra de las Cabras and the two pecoriped
ones and the probable proboscid previously reported from
the Hoya de la Sima site, constitute an exceptional record of
the vertebrate diversity, and population of the area.

The grouping of footprints and their orientation do not
necessarily imply, due to the extension of the sites, that the
animals had gregarious behavior, although the likelihood is
that there were groups that wandered around these places.
The diversity of trajectories both within the trackways of the
same ichnotype and the total of those found, speak of groups
of animals that roam the area, in principle without a defined
direction, and therefore without the presence of defined nat-
ural conditions (water line, presence of a pond or any type of
natural barrier). While there are groups of animals in which
their behavior is gregarious and therefore it is normal to find
traces in relatively dense groups (Camelipeda, Hippipeda),
the accumulations of other types of footprints in Sierra de las
Cabras do not allow us to reach conclusions in this sense, It
is likely that the prints of mammals are at least from family
groups because they are paired trackways.

The mammal footprints of Sierra de las Cabras are
accompanied by other ichnites attributable to birds and
arthropods, which will be the subject of successive specific
papers.
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