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Fossil tetrapod footprints not only provide valuable information about trackmaker paleobiology but also to
give insight into details of the depositional conditions of the substrate at the time of imprinting. Therefore, in
the present study the mode of formation and taphonomy of footprints in different substrates was used to
investigate the gait and walking dynamics of the trackmakers as well as a source of additional information on
the environmental conditions of the track-bearing beds during imprinting.
The analyzed section corresponds to thick Middle Triassic lacustrine/deltaic deposits of the Ischichuca/Los
Rastros Formation (Ischigualasto–Villa Unión Basin) that crops out at the Quebrada de Ischichuca in
northwestern Argentina. Part of the track-bearing surfaces correspond to the top of sandy distributary
channel mouth bars in a distal delta front setting that were exposed along the lake margin during a lake level
fall. Cross-cutting relationships observed among ripple-marks, the footprints, and invertebrate traces of a
softground suite of the Scoyenia ichnofacies suggest an omission surface. Measured trackway orientations in
the sandstones are perpendicular to the paleo-shoreline, with the animals coming and going along the
exposed top of the bars, probably for drinking. Laterally, the distal delta front deposits interfinger with track-
bearing wackestone beds of palustrine origin deposited in a restricted local embayment lateral to the delta
influenced environment. Trackway orientations in the wackestones are, in contrast, consistent with the
animals moving nearly parallel to the lake border, probably along a preferred route. Evidences of a relative
high groundwater table at the time of imprinting in the track-bearing surfaces are revealed by the well
developed rims of extruded sediment and collapsed digits in the studied tracks and the nearly absence of
associated desiccation cracks on the same surfaces. Nevertheless, temporary emergence cannot be ruled out
when paleosoil formation was probably promoted as can be observed in the microstructure of both
sandstones and wackestones. Moreover, footprint preservation in the wackestones might have been
enhanced by partial hardening of the trampled surface during subaerial exposure. Combining ichnofossil
content and taphonomy with facies analysis we identified in the lower part of the Ischichuca/Los Rastros
succession a relatively rapid withdrawal of the water basinward that was probably due to a forced regression
during early rifting of basin evolution.
Footprints can also provide valuable information about locomotion dynamics and trackmaker behavior. Thus,
the sideways deformation observed in the studied footprints, attributed to basal archosaurs and putative
basal dinosaurs, can be related to an outward rotation of the foot during the step cycle, a condition that
might allied to the development of the parasagittal posture in Archosauria. Besides, the densely trampled
surface described herein constitutes the first documented evidence of putative social behavior among
therapsid dicynodonts, the most important group of herviborous animals in the early Mesozoic terrestrial
ecosystems throughout Gondwana.
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1. Introduction

It is widely acknowledged that fossil tetrapod footprints not only
provide valuable information about trackmaker paleobiology, but also
to give insight into details of the depositional conditions of the substrate
at the time of imprinting (e.g. Lockley, 1986; Thulborn, 1989, 1990;
Avanzini, 1998; Gatesy et al., 1999; Milàn, 2006; Bohacs et al., 2007;
Scott et al., 2007;Genise et al., 2009). Thus, particular attention has been
paid recently to themodeof formation and taphonomyof footprints in a
variety of substrates to investigate the gait andwalking dynamics of the
trackmakers (e.g. Allen, 1997; Avanzini et al., 1997; Avanzini, 1998;
Gatesy et al., 1999; Fornós et al., 2002; Manning, 2004; Milàn, 2006;
Milàn et al., 2006; Milàn and Bromley, 2008).
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In the Ischigualasto–Villa Unión Basin in northwestern Argentina,
thick Middle Triassic lacustrine/deltaic deposits of the Ischichuca/Los
Rastros Formation have been extensively studied, with more recent
work focusing on its body fossil content and taphonomy (Mancuso,
2003, 2005; Melchor, 2004; Ottone et al., 2005; Martins-Neto et al.,
2005, 2006; López-Arbarello et al., 2006; Ottone and Mancuso, 2006;
Mancuso and Marsicano, 2008). The tetrapod record of the succession
is almost exclusively composed of tracks and trackways, as the whole
column is virtually devoid of tetrapod bone remains. In all cases, the
track-bearing strata were interpreted as having been deposited along
paleo-lake shorelines and proximal deltaic settings (Arcucci et al.,
1995; Marsicano et al., 2004, 2007).

Detailed analysis of the track-bearing interval in the Cerro Bola
area (Quebrada de Ischichuca) in the northwest end of the basin was
recently completed in order to clarify the environmental conditions
that controlled its deposition. The present contribution includes
results obtained during that research on the tracks and their mode of
preservation. Their role in the paleoenvironmental analysis of the
track-bearing beds and in our understanding of early phases of the
basin evolution is also explored. Moreover, a discussion about
trackmaker behavior and locomotor dynamics based on the tapho-
nomic analysis of the tracks is also included.

2. Geological setting and paleoenvironments

The Triassic sedimentary record of central–western Argentina is
entirely non-marine and related to extensional depocenters formed
along the western margin of southern South America during the
Fig. 1.Map of west-central Argentina showing the location of the Ischigualasto–Villa Unión B
2002; Mancuso and Marsicano, 2008).
Permo-Triassic (Uliana and Biddle, 1988; Uliana et al., 1989). The
Ischigualasto–Villa Unión Basin is located along the border between
San Juan and La Rioja provinces (Fig. 1) and contains up to 4000 m of
continental rocks, of predominantly alluvial, fluvial, and lacustrine
origin. The Middle–Late Triassic Agua de la Peña Group unconform-
ably overlies the Early Triassic Talampaya–Tarjados succession and is
separated by a regional unconformity from the overlying Cretaceous
and Cenozoic rocks (López-Gamundí et al., 1989; Milana and Alcober,
1994; Caselli et al., 2001).

Within the Agua de la Peña Group, the Middle Triassic black shale
and sandstone of the Los Rastros Formation conformably cover the
fluvial–lacustrine tuffaceous deposits of the Chañares Formation
and are unconformably covered by the fluvial sandstone, mudstone,
and tuff of the Late Triassic Ischigualasto Formation. The Triassic
succession culminates with the thick fluvial “redbeds” deposits of the
Los Colorados Formation (e.g. Caselli et al., 2001; Milana and Alcober,
1994; Rogers et al., 2001).

The Los Rastros outcrops are well exposed along the basin,
particularly in the northwest and near the border between the La
Rioja and San Juan provinces (Fig. 1). The succession is characterised
by shallowing-upwards cyclic deposits dominated by an alternation of
laminated dark gray to black carbonaceous claystones and tabular fine
to coarse-grained sandstones, although there are vertical and lateral
variations in the facies arrangement among the different outcrops. In a
recent study on the Los Rastros succession (Mancuso and Marsicano,
2008), two types of depositional cycles were identified (Fig. 2). Type I
cycles are 3–10 m thick and characterised by horizontally laminated
gray-black carbonaceous claystones grading upwards into tabular
asin, and geological map of the Cerro Bola area (modified from Stipanicic andMarsicano,



Fig. 2. Schematic section of Type I and Type II cycles defined in Los Rastros Formation
modified from Mancuso and Marsicano (2008). See legend to Fig. 3 for explanation of
texture classes.
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wackestones. Type II cycles are 5–120 m thick, characterised by
carbonaceous claystones in the initial part of the cycle but inter-
bedded with iron mudstones. Upwards these mudrocks grade into
coarsening-upwards siltstones and trough cross-bedded sandstones.
The cycle is terminated with fining-upward sandstones and inter-
bedded organic-rich shales. Both types of cycles occur at the Quebrada
de Ischichuca locality, where they interfinger laterally (Figs. 1 and 3).
Type 1 is restricted to the lowermost part of the succession at the
Ischichuca locality. Table 1 provides a summary of the facies and
interpreted depositional environments of Los Rastros succession at
the Quebrada de Ischichuca, recently compiled by Mancuso (2005)
and Mancuso and Marsicano (2008). For the present discussion,
particular attention is focused on the track-bearing surfaces, which
are restricted to facies associations B and D. The former is interpreted
as marginal palustrine deposits, where the footprints are on the top of
the wackestone beds at the end of each cycle, and the latter as
deposited on a distal delta front (see Table 1) and the footprints are
recorded on the top of tabular fine-grained sandstone beds.

3. The track-bearing sediments, ichnology and taphonomy

As mentioned above, the tracks occur on the top surfaces of
sandstones and wackestones. The sedimentary environments, ichnol-
ogy and taphonomy of these two lithologies are discussed below.

3.1. Sandstone-hosted footprints

Tracks occur on the top of tabular fine-grained sandstone beds, of
approximately 0.20 m thickness, interbedded with thin, horizontally
laminated black shales and siltstones. Internally, the sandstones show
horizontal lamination and have smoothly undulated upper surfaces.
This facies only occurs in Type II cycle, which dominates the suc-
cession in the southwest end of the Quebrada de Ischichuca (Fig. 3).
The sandstones are rich in metamorphic lithics (approx. 40%)
combined with abundant quartz and plagioclase grains. The micro-
structure of the sandstones displays several features, such as tangential
clay coatings, pedogenic mud aggregates, and vertical and subvertical
anastomosed fractures infilled with granular calcite cement indicating
incipient paleosol development (see Rust and Nanson, 1989; Weisen-
born and Schaetzl, 2005).

The footprints are well impressed, and in some cases they are
associated with small-scale (2–3 cmwidth), symmetrical, and slightly
sinuous crested ripple marks (Fig. 4A). The prints disrupt the ripples,
although the opposite also occurs. There are regularly spaced, faint
depressions filled with ripples that probably were tracks that have
beenwashed out by the current action, thus indicating the presence of
more than one trampling episode.

Horizontal to sub-horizontal invertebrate trace fossils are com-
monly associated with the footprints. Some are simple, straight to
slightly curved burrows, with smooth walls and thin sandstone lining,
attributed to Palaeophycus tubularis (Fig. 4B and C). The burrows vary
from 10 to 30 cm length, and their diameter is constant, but there
are different sizes of burrows ranging from 1.3 to 2.4 cm in diameter.
The burrow infill is structureless and similar in lithology to the sur-
rounding rock. The traces are preserved both as full relief within the
sandstone beds and as concave epirelief (cf. Seilacher, 1964). Other
surface traces preserved on the sandstones include relatively large
epichnial grooves, which consist of simple horizontal straight grooves
(3.5 to 5.0 cm in diameter) with smooth walls lacking scratch marks.
These grooves are apparently related to a number of vertical shafts
(5.8 to 7.0 cm in diameter) that have a very thin sandstone lining and
are infilled with the surrounding sediment (Fig. 4D). The vertical
shafts are preserved as concave epirelief (cf. Seilacher, 1964). In those
sandstone surfaces where both footprints and invertebrate traces are
present, the footprints and the Palaeophycus burrows equally often
cross-cut each other, suggesting theywere produced at the same time.
Otherwise, the large grooves appear to have been repeatedly pro-
duced after the footprints.

The density of footprints on the bedding planes is not particularly
high, and in the largest exposed track-bearing sandstone surface
(approx. 4 mwide over 9 m long) 5 trackwayswere identified (Fig. 5).
All recorded footprints are tridactyl, between 15 and 25 cm length,
and most of them posteriorly show a narrow metatarsal impression
(Fig. 5B). The digits are anteriorly directed and have pointed claw
marks. Successive trackways are not superimposed, but where this
occurs differences in preservation indicate that the tracks were
implanted at different times. The footprints were made by animals
with a symmetrical, functionally tridactyl foot, and fully adducted
hindlimbs. Previous analysis suggested that they were produced by
medium-sized (hip height approx. 75 to 115 cm) basal dinosaurs and/
or dinosauriform trackmakers (Marsicano et al., 2007).

The prints have a raised rim of displaced sediment between the
digit impressions that continues posteriorly around the outline of the
track. This rim is caused by the compression of the relatively plastic
and soft sediment by the foot during the step cycle (Allen, 1997;
Brown, 1999; Manning, 2004; Milàn et al., 2004, 2007). The rims are
gently convex around the digits and tend to collapse distally into the
digit impressions, producing smooth rounded inner track-walls. In
spite of the important sediment extrusion produced by the planted
foot in some prints, claw marks and digit pads are still recognizable,
suggesting a cohesive but deformable, non-thixotropic substrate.

Trackway orientations display a nearly N–S bimodal trend, and
when the size of the rims is compared among the prints of the same
trackway, the amount of displaced sediment significantly increases to
the S–SE, independent of the direction of movement of the track-
maker. This indicates that the asymmetric displacement was probably
produced by an increase of the moisture content in the sediment



Fig. 3. Schematic sections of the Los Rastros Formation at the SW and NE ends of the Quebrada de Ischichuca. F, Sf, Sm, Sg, G represent mudrock, fine sandstone, medium sandstone,
coarse sandstone and grave, respectively.
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towards S–SE, towards the interpreted lake margin, consistent with
previous proposed interpretations of a W–E trending paleo-shore
(Mancuso, 2005). Thus it appears that most of the animals were
moving essentially perpendicular to the paleo-shore line (i.e. to and
from the water's edge rather than along it).
Table 1
Summary of the facies and inferred depositional environments of Ischichuca/Los Rastros succ
Marsicano (2008).

Facies
association

Lithology Sedimentary structure G

A Dark gray to black
carbonaceous claystone

Horizontally laminated T

Very dusky purple iron mudstone
and very fine-grained sandstone

Massive or laminated T

B Mottled pale yellowish-orange
wackestone

Massive T

C Gray and green, fine to
medium-grained sandstone

Low-angle, planar or undulating
lamination, and small-scale
rough cross-stratification

T

D Green siltstone and gray claystone Massive rhythmic T
Fine- to coarse-grained sandstone Current-rippled, horizontal

lamination, planar to trough
cross-bedded

T
c

E Medium- to coarse-grained
sandstone

Tabular to trough
cross-stratification,
small-scale rippled-lamination
at the top, lags of mud intraclasts

T
l

Black mudstone and very
fine-grained sandstone, coal layers

Massive, planar to ripple-
lamination

T

3.2. Wackestone-hosted footprints

Yellow-orange, massively bedded wackestone with small intra-
clasts characterise the top of Type 1 cycles. These beds are tabular,
with incipient undulating lamination, and are interbedded with
ession at the Quebrada de Ischichuca. Modified fromMancuso (2005) andMancuso and

eometry Fossil content Interpretation

abular Plants, conchostracans,
bivalves, insects, fish remains,
and traces

Offshore lacustrine depositional
environment and prodelta with
distal turbidity currentsabular

abular Root channels and vertebrate
tracks

Marginal palustrine environment
along the shoreline of the lake

abular Traces Siliciclastic wave-dominated
coastline

abular Plant and fish remains,
tetrapod and invertebrate
traces

Deltaic front with progradation of
the mouth-barabular to plane-

onvex

abular to
enticular

Woody plants, temnospondyl
remains, tetrapod and
invertebrate traces

Distributary fluvial system with
delta swamps within the deltaic
plain

abular



Fig. 4. Trace fossils on sandstone beds. A, small-scale, symmetrical ripple-marks on the tracking surface. Scale bar is 50 cm. B, Palaeophycus tubularis preserved as full relief.
C, Palaeophycus tubularis preserved as concave epirelief. D, tracking surface with large epichnial grooves(Lg), vertical shafts (Vs), Palaeophycus tubularis (Pt) and tetrapod footprints (Tf).
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tabular dark fine-grain sandstones and black shales displaying
occasionally desiccation cracks. These shallowing upward cycles
characterise the base of the Los Rastros succession in the northeast
Fig. 5. Photographs showing the surface of track-bearing sandstones and footprints. A, gener
footprint showing metatarsal pad impression. Scale is 30 cm.
end of the Quebrada de Ischichuca creek and are laterally correlated
with the delta front facies (Mancuso, 2005) previously mentioned
(Fig. 3).
al view of the exposed surface, with a trackway crossing it from right to left. B, tridactyl
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The wackestone has reddish to dark brown micritic groundmass
with detrital quartz grains, dark micritic peloids, and micritic in-
traclast, which may become locally abundant (Fig. 6A). Organic
allochems such as charophytes, gyrogonites, and ostracod shells are
absent. The peloids are essentially spherical but intraclasts are more
varied in shape. The wackestone has a microbrecciated structure with
irregular cavities of 3–5 mm in length and 1–3 mm in height (Fig. 6B).
Some of them remain open and empty, but others are filled with
microspar peloids, granular calcite crystals or vadose silt (Fig. 6C).
Horizontal and circumgranular cracks create a complex network
of interlinked cavities containing rounded peloids and intraclasts
(Fig. 6D). Similar structures have been described in pedogenic car-
bonates precipitated in marginal palustrine environments by Alonso
Zarza and Calvo (2000).

Three wackestone beds bearing tetrapod footprints were identi-
fied in the succession (Fig. 3). In general, the tracks are preserved as
deeply impressed natural molds. From the base to the top, the first
recorded imprinted wackestone is the best exposed, with a smoothly
undulated surface without desiccation cracks (Fig. 7A). Several
trackways representing both quadrupedal and full bipedal progres-
sion are present on the surface. The bipedal trackways include
symmetrical, tridactyl pes prints that bear a distinctive posterior
metatarsal impression. The prints vary in length from 30 to 40 cm and
were made by medium to large-sized dinosaur or stem-dinosaurs
(Marsicano et al., 2004, 2007). The quadrupedal trackmakers are
represented by several trackways with the manus-pes sets showing a
distinct heteropody. The pedes were functionally tridactyl, semi-
plantigrade (approx. 40 cm length) with a posteriorly projected
metatarsal impression. The manus prints are quite small (approx.
14 cm length) with the digits not distinguishable; they are less deeply
impressed on the substrate than the pedal prints.

Despite some of the trackways being superimposed on each other,
they do not show marked difference in preservation. Subtle
differences of depth and/or amount of displaced sediment can be
Fig. 6. A, thin section of showing the peloidal-intraclastic nature of the wackestones. B, elon
cavities containing peloids and intraclasts. D, detail of a circumgranular crack filled with ca
attributed to variations in the size of the trackmakers rather than a
major temporal difference, thus it can be assumed that they were
all imprinted near-simultaneously. The prints are characterised by
prominent rounded rims of displaced sediment between digits II–III
and III–IV and surrounding the metatarsal impression created by
withdrawal of the foot (Fig. 7B and C). The extruded sediment caused
the side walls of the footprints to collapse into the digit impressions
and metatarsal pad, leaving the outline of the track reduced to an
elongated diamond-shaped central depression (Fig. 7C). This led to
the actual size of the prints being considerably reduced due to the
sediment collapse (see Allen, 1997; Milàn, 2006). In all prints the
lobes of the rims, regardless the amount of displaced sediment, are
smooth and without cracks.

Most of the trackways cross the surface with an E–W orientation,
although some of them show an NW–SE trend. There was no pre-
ferential directionality of movement of the animals, and they appear
to have been moving nearly parallel to the inferred shoreline
(Mancuso, 2005). There are not differences in substrate penetration
for the prints of the same trackway, suggesting no significant variation
of the water content in the sediment across the surface at the time of
impression. Variations in penetration observed among the prints of
different trackways can be correlated to differences in the size of the
trackmakers.

It is interesting to note that all analyzed prints show an asym-
metrical displacement of sediment. It increases in amount forwards
and outwards, between digits III and IV and external to digit IV and is
consistent in all prints, both manus and pes, independent of size and
direction of movement (Fig. 8). This is indicative of more pressure
having been applied by the anterior and external part of the foot when
it was deeply sunk in cohesive sediment, thus forcing the animals to
pull-up more strongly to withdraw it.

The second wackestone surface crops out along the Quebrada de
Ischichuca creek as a laterally continuous ledge of approx. 2.5 m wide
over 50 m long. In contrast to the previously described surface, this is
gated cavities with geopetal infill and granular calcite cement. C, system of interlinked
lcite cement. Scale bar is 1 mm.



Fig. 7. A, photograph showing the first track-bearing wackestone in the section. B, detail of a quadrupedal trackway showing the displacement rims surrounding the prints. Scale is
1 m. C, detail of a manus-pes pair of a different trackway showing the sediment collapse around digit and metarsal impressions.
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intensely trampled (Fig. 9A and B) and sedimentary structures are
difficult to discern and desiccation cracks are absent.

The prints are all of a similar shape and preserved as rounded
depressions (approx. 45 cm length and 35 cmwide)with nodiscernible
digits. They are relatively deep (5–10 cm) and outlined by a smooth-
surfaced rim of displaced sediment (approx. 10 cmwidth). The shape of
the rim in the better preserved prints is rounded and continuous,
without evidence of any digit indentations suggesting that the digits
were probably short and blunt. Although the prints are intensely
superimposed, some alignment following a W–E trend is evident. This
alignment is nearly parallel to the interpreted lake shoreline.

The general shape of the individual prints, their large size, and the
apparent lack of distinction between manus and pes, are comparable
to those described from the Late Triassic of the Cuyana Basin and
attributed to dicynodont trackmakers (Marsicano and Barredo, 2004).
These animals were medium to large-sized, specialized herbivorous
quadrupeds whose skeletal remains are preserved in the basin at the
time of track formation.

The uppermost surface with tracks is poorly exposed, with only a
partial trackway consisting of two manus-pes sets visible (Fig. 9C).
The pes prints are substantially larger (approx. 45 cm length) than
the manus prints (approx. 15 cm length). The pes was functionally
tridactyl, with a deep metatarsal impression. The manus were ap-
parently tetradactyl, and all digits bearing pointed claw marks. In
general, the prints are well-impressed with distinct digit pads and
not elevated rims of extruded sediment. However, the digits and the
metatarsal impressions have rounded convex internal walls that
indicate partial collapse after the foot was raised from the sediment.
Moreover, contrary to the other imprinted surfaces, fine desiccation
cracks cover the entire bedding plane including the prints. Thus
despite the prints being well-impressed and digits partially collapsed,
the absence of extruded sediment might suggest that these tracks
were imprinted in a less plastic surface than the ones previously
discussed. The presence of desiccation cracks of different sizes cross-
cutting the tracks support the hypothesis of subaerial exposure.

4. Discussion

4.1. Depositional setting

The track-bearing beds at the Quebrada de Ischichuca are inter-
preted as having accumulated in two different but laterally connected



Fig. 8. Drawing and reconstruction of the pes of the bipedal trackmaker that crossed
from right to left the surface displayed in Fig. 7. Note the asymmetrically displaced
sediment (arrow). Footprint length approx. 30 cm.
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depositional environments. The sandstone beds were previously
interpreted based on the geometry of the beds, associated sedimentary
structures, and facies association as deposited in a distal delta front
environment (Mancuso, 2005; Mancuso and Marsicano, 2008). The
shallowing and coarsening-upward trend of the succession is consistent
with that of a prograding distributary mouth-bars, with the track-
bearing surfaces located in its upper surface. The presence of well
impressed tetrapod tracks onto a rippled surface was presented as
evidence of shallowing and even subaerial exposure (Mancuso, 2005;
Mancuso and Marsicano, 2008).

The cross-cutting relationships observed between the footprints,
the invertebrate traces, and the ripple-marks are, indeed, evidence of
recurring shoreline excursions. Moreover, the overprinting suggests an
omission surface where the hiatus in sedimentation was not long
enough for erosional processes to severely degrade the traces. From
observations of modern lake shoreline settings, the taphonomic
processes that are more likely to negatively affect the preservation of
both invertebrate and vertebrate traces are wave and wind erosion,
pedogenic processes, intense borrowing and trampling, and alternating
wetting and drying leading to the break-up of the surface (e.g. Laporte
and Behrensmeyer, 1980; Cohen et al., 1991, 1993; Scott et al., 2007).

The absence of desiccation cracks indicates that the track-bearing
sandstones never dried out and the presence of immature paleosoils,
as observed in the microstructure, suggests that the track surfaces
might have been exhumed occasionally. Nevertheless, the well
developed displacement rims in the footprints, which bulge into
unbroken smooth rims, are evidence of cohesive sediment that
plastically deformed at the time of track formation in persistently high
water-table level conditions of the lake-margin (see Bohacs et al.,
2007). In addition, the metatarsus impressions in the footprints and
the partial collapse of digit impressions are direct evidences that the
foot deeply sank down into the soft sediment. In support to this
interpretation, the unornamentated walls and the poorly defined
morphology of the specimens of Palaeophycus tubularis also suggest
that they were formed in a soft substrate with relatively high water
content (cf. Netto, 2007).

The trace fossil assemblage recorded on the top surface of these
distributary mouth-bars is allied to a softground suite of the Scoyenia
ichnofacies in a low-energy setting (see Buatois and Mángano, 2004).
Even though some representatives of this ichnofacies are absent (e.g.
meniscate traces), the association of horizontal dwelling burrows
(domichnia), tetrapod footprints, and incipient pedogenesis supports
a shallowly submerged substrate that was probably occasionally
exposed but with a relatively high water content.

Accordingly, the track-bearing surfaces correspond to the top of
sandy distributary channel mouth bars in a distal delta front setting
that were exposed along the lake margin during a lake level fall.
Trackway orientations are perpendicular to the paleo-shoreline, with
the animals coming and going along the exposed top of the mouth
bars, probably for drinking. Lake level fluctuation was relatively rapid,
preventing desiccation and degradation processes that might obscure
the surface traces. After this hiatus, the delta system continued to
deposit distal delta front and more proximal facies accumulating on
the top of the track-bearing sequence (Fig. 3).

Laterally, the delta front deposits interfinger with the second
depositional environment, which include mottled yellowish-orange
wackestone beds. The wackestones were interpreted as palustrine
origin and deposited in a restricted local embayment lateral to the
delta influenced environment. The presence of immature paleosoils
and occasional desiccation cracks associated with the footprints on
the bedding-planes were explained as the result of periodic exposure
in a protected marginal environment (Mancuso, 2005; Mancuso and
Marsicano, 2008). Alternative interpretations of this facies as
deposited in the margins of a saline lake (Melchor, 2007) are not
supported in the present study, due to the lack of evaporitic facies and
extensive desiccation features in the studied sections.

Microstructure of the wackestone reveals features related to ini-
tial stages of soil formation, such as reddish to dark brown micrite
groundmass, microbrecciated-peloidal structures, colour mottling, and
the horizontal and circumgranular cracks that indicate temporary
emergence. This type of granular wackestone has been described as a
palustrine carbonate (e.g. Freytet and Plaziat, 1982; Platt, 1989; Alonzo
Zarza and Calvo, 2000; Alonso Zarza, 2003), with precipitation probably
induced by physico-chemical processes related to changes in temper-
ature or degassing (Kelts and Hsü, 1978).

In the three analyzed wackestones, the microstructure is very
similar, although fine desiccation cracks were only visible on the
highest in the succession and the prints also lacks distinctive rims of
displaced sediment. In contrast, the prints on the other surfaces are
well impressed, surrounded by a prominent displacement “bourrellet”
without radial cracks, which reflects cohesive sediment's consistency
at the time of imprinting (Manning, 2004). In the best exposed
wackestone (the lowest in the column) the relative amount of
displaced sediment and the collapsed structures over all digit and
metatarsal impressions indicate that the tracks collapsed on with-
drawal of the foot that deeply sank in rather semi-fluid sediment
(Manning, 2004). This caused the prints to be reduced to diamond-
shaped impressions, formed by the metatarsal pad and the proximal
endof the digits, and surrounded by the extruded sediment (seeMilàn,
2006). In contrast to the sandstone trampling surfaces, heterogeneity
in the moisture content of the sediment towards the water's edge is
not observed, suggesting the whole bed was saturated in fluids at the
time of impression. Nevertheless, temporary emergence cannot be
ruled out when paleosoil formation was probably promoted. More-
over, footprint preservation might have been enhanced by partial
hardening of the trampled surface during subaerial exposure, as has
been observed in other carbonatic substrates (Avanzini et al., 1997;
Paik et al., 2001). The other wackestone studied is intensely trampled
by the superimposition of footprints. The rims are clearly cut by the
superimposed prints and no important differences in preservation are
evident among the different rims. This suggests that the trampling
occurred over a short period of time. To summarize, the wackestones
also represent omission surfaces in high water-table conditions, in a
shallow, restricted circulating embayment of the lake margin.
Trackway orientations in all analyzed wackestones are consistent
with the animals moving nearly parallel to the lake border, probably
along a preferred route (see Thulborn, 1990).



Fig. 9. A, general view of the second exposed track-bearing wackestone showing its trampled surface. B, detail of two the superimposed prints. C, a manus-pes pair preserved on the
third track-bearing wackestone surface. Note the fine desiccation cracks that cover the surface. Scale for A and B is 1 m; scale for C is 55 cm.
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Delta mouth-bars are typically moderate to high-energy lacustrine
environments that contain scarce trace fossils that can be assigned to
the Skolithos ichnofacies (Buatois and Mángano, 2004; Melchor,
2004). In the present case, the cross-cutting relationships observed
among the ripple-marks, the footprints, and the invertebrate traces of
a softground suite of the Scoyenia ichnofacies suggest an omission
surface on the top of the distributary mouth-bar exposed in the
margin of the lake. Lake shorelines can move basinward either by
progradation or withdrawal of the water (Bohacs et al., 2000).
According to the evidence discussed above, a relatively rapid
withdrawal of the water basinward occurred probably due to a forced
regression, an event that has been already suggested for other
surfaces in the succession although upwards in the column (see
Melchor, 2007). This rapid lake level fall can be related to pulses of
tectonic subsidence which translated the shoreline toward the site of
subsidence and a deeper lake forms (see Strecker et al., 1999). After
this depositional gap, expansion of the lake is indicated by deltaic
facies accumulating on the top of the track-bearing interval (Fig. 3).

Laterally, palustrine carbonates were developed at the end of
regressive cycles (Fig. 3) and their deposition was most likely related
to wet-dry climatic fluctuations that controlled the precipitation of
calcite during lowstand lake level. Evidences of a relative high
groundwater table at the time of imprinting are revealed by the
well developed rims of extruded sediment and collapsed digits in the
tracks. The presence of desiccation cracks only in the uppermost
surface suggests a decrease inwater content, and even exposure of the
surface, upwards in the section. Moreover, the record of desiccation
cracks on the top of interbedded sandstones and black shales (Fig. 3)
strongly suggests that this part of the column also evidence a
regression of the lake shoreline basinwards. Upwards, the develop-
ment of offshore facies over these deposits indicates the onset of the
transgression over the lake-margin facies (Fig. 3).
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4.2. Trackmakers: behavior and locomotor dynamics

As several authors have pointed out, tracks and trackways are
direct evidence of extinct animals as living organisms, thus providing
information about trackmaker behavior, soft tissues, and locomotion
dynamics, among others (e.g. Thulborn, 1990; Lockley, 1998; Brown,
1999; Gatesy et al., 1999; Wilson and Carrano, 1999; Carrano and
Wilson, 2001). Sideways deformation of tracks and the surrounding
sediment has been recently described in Late Triassic–Late Jurassic
theropod tracks and interpreted as the product of an outward rotation
of the foot during the step cycle (Avanzini, 1998; Milàn et al., 2004,
2006). Specifically, the deformation was caused by an outward
rotation of the proximal part of the foot, which resulted in a lateral
twist of digit III and a more deeply impressed digit IV (Milàn et al.,
2006). All analyzed prints on the best exposed wackestone in the
Ischichuca area show an asymmetrical displacement of the surround-
ing sediment, which increases forwards and sideways. This is present
in both quadrupedal and bipedal prints, independent of size and
direction of movement of the trackmaker. Thus changes in direction
or slope can be ruled out as causal agents (see Milàn et al., 2004). We
conclude that the observed deformation in the Ischichuca prints was
caused by an outward rotation of the foot during the step cycle, which
applied more pressure on the anterior and outer part of the foot
(digits III and IV). As mentioned above, the bipedal trackways from
Ischichuca were attributed to dinosaurs or their closest relatives, and
the quadrupedal ones were attributed to crurotarsal archosaurs
(Marsicano et al., 2004, 2007). If the asymmetrical displacement of
sediment is related to the way the trackmakers distributed their
weight during the step cycle, as was previously suggested for
theropod dinosaurs (Avanzini, 1998; Milàn et al., 2004, 2006), its
Fig. 10. Reconstruction of the Ischichuca palustrine lake-margin in a restricted local emb
travelling in groups along the lake margin. Biotic reconstruction is based on data from the
Ezequiel Vera.
presence in putative basal dinosaurs and crurotarsal archosaurs
suggests that this condition is at least primitive for Archosauria
(Crurotarsi+Ornithodira), when parasagittal posture was probably
developed for the first time in the group (see Carrano, 2000).

One of the most common paleoecological inferences made from
dinosaur footprints is that of social behaviour. Thus, the presence of
multiple unidirectional trackways, particularly of herbivorous groups,
produced around the same time has been extensively used as
evidence that some dinosaurs migrated in herds (e.g. Currie, 1983;
Thulborn, 1990; Farlow and Chapman, 1997; Lockley et al., 2002;
Fastovsky and Smith, 2004). Trampled surfaces on river banks have
also been interpreted as herding behaviour in dinosaurs, although
multiple returns of solitary animals to “water holes” could also cause
similar trampling (Thulborn, 1990; Difley and Ekdale, 2002). The
Quebrada de Ischichuca trampled surface described herein might also
represent social behaviour of the therapsid dicynodonts that travelled
in groups along the lake margins (Fig. 10). A second interpretation is
that the trampling has been produced by single individuals during
multiple returns to the water. However, no significant differences are
evident in the preservation of the superimposed tracks, which suggest
that the animals most likely moved across the area at the same time in
a group.

5. Conclusions

The present analysis of the Ischichuca/Los Rastros track-bearing
beds at the Quebrada de Ischichuca gives new insight into the
palaeonvironmental conditions during deposition of the lake-margin
facies. Thus combining ichnofossil content and taphonomywith facies
analysis we contributed with details of depositional conditions in the
ayment lateral to the delta influenced environment with the therapsid dicynodonts
present contribution but mainly from Mancuso and Marsicano (2008). Illustration by
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lake-margin. Thus, we identified lake-shoreline excursions and
omission surfaces that commonly challenge conventional analyses
or even are not revealed by any other data (see Buatois and Mangano,
2004, 2009; Bohacs et al., 2007).

Footprints can also provide valuable information about locomotion
dynamics and trackmaker behavior. The sideways deformation
observed in the studied footprints can be related to an outward
rotation of the foot during the step cycle, a condition that might allied
to the development of the parasagittal posture in Archosauria.
Besides, the densely trampled surface described herein constitutes
the first documented evidence of social behavior among therapsid
dicynodonts, the most important group of herviborous animals in
early Mesozoic terrestrial ecosystems throughout Gondwana.
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