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Abstract

The Carreras Pampa tracksite in the Torotoro National Park, Bolivia, records a wealth
of dinosaur tracks, tail traces, and swim tracks. In this study, we report 1321 track-
ways and 289 solitary tracks, totaling 16,600 theropod tracks, 280 swim trackways,
totaling 1,378 swim tracks, and several trackways with tail traces. Numerous avian
tracks occur locally and are associated with the theropod tracks. These tracks and
trackways are located within nine study sites of the same exposed tracking surface
with a total area of approximately 7485 m2. We describe eight preservation styles and
11 morphotypes for walking tracks, and three morphotypes for swim tracks. Tracks
range in size from miniature to large. The range of track sizes and the diversity of
morphotypes suggest that the Carreras Pampa tracksite represents a diverse group
of trackmakers. Track depths vary from very shallow to very deep both within and
among trackways, suggesting that the rheological conditions of the sites changed in
time and space. We present estimates of the speeds, gaits, and sizes of trackmakers
and propose diverse behaviors indicated by the trackways. Notably, trackways at

the Carreras Pampa tracksite indicate that a significantly higher proportion of track-
makers had relative stride lengths above 2.0 compared to other sites. The track-
ways show a strong, bimodal orientation, probably moving along the paleocoastline.
Other forms of bioturbation and fossils were found in association with the tracks.
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We compare our findings at the Carreras Pampa track site to those from other sites
in various locations. The quality of preservation, the exceptionally high number of
tracks, and the diversity of behaviors recorded make the Carreras Pampa tracksite
one of the premier dinosaur track sites in the world.

Introduction

Dinosaur trackways offer data from which the morphologies and behaviors of track-
makers in their environments can be deduced. At the Carreras Pampa tracksite in
Torotoro National Park, Bolivia, data from 1275 trackways have been collected and
analyzed, creating a detailed picture of dinosaur size distributions and behaviors that
included turns, tail dragging, and swimming. The large number of trackways allows
for the characterization of populations that left their marks on a single bedding sur-
face during the Maastrichtian.

Dinosaur tracks in Bolivia

Bolivia has one of the most extensive and diverse records of dinosaur tracksites in
the world, spanning the Triassic, Jurassic, and Cretaceous. However, despite the
abundance of tracksites, few scientific studies have been published. Triassic chiroth-
eriid and dinosaurian tracks have been reported at the Ruditayoj tracksite by Apes-
tegu a et al. [1] Apestegu a and Gallina [2] reported probable stegosaurian tracks

at the Tunasniyoj tracksite, which is near the Jurassic-Cretaceous boundary of the
Incapampa-Icla syncline. A detailed study of a tracksite in the Castell n Formation
of the Jurassic-Cretaceous strata featuring abundant sauropod, theropod, and a few
ornithopod tracks has been reported by M@ndez Torrez et al. [3]. In the Upper Cam-
panian (Upper Cretaceous) Torotoro Formation located in the Torotoro National Park
(TTNP), Apestegu a et al. [4] reported probable dromaeosaurid tracks. Many track-
sites have been discovered in the Upper Cretaceous (Maastrichtian) strata of the

El Molino Formation in the Torotoro National Park (TTNP) and its vicinity, including
Sucre, Maragua Syncline, Miraflores, and Camargo.

F@lix Celso Reyes [5] reported the discovery of dinosaur tridactyl ichnites in the El
Molino Formation by the Austrian geologist Andreas Unterladst tter in 1947, later cor-
roborated and expanded by Leonardo Branisa [6], who visited the area between 1961
and 1968 and registered a theropod trackway NW of Torotoro towards the Umajalanta
Cavern, and a quadrupedal trackway on the east side of Torotoro by the river, which
was later described by Leonardi [7]. Unpublished work in the area included that of K.E.
Campbell of the Natural History Museum of Los Angeles County, California, in 1983
and Giancarlo Ligabue of the Center of Studies and Research Ligabue in Venice, Italy
(1983 1984). Leonardi [8,9] briefly noted the occurrence of dinosaur trackways near
Torotoro and published a short description of the Huayllas tracksite on the outskirts of
Torotoro, with purported ankylosaur and many theropod trackways [7].

Titanosaurid and theropod trackways have also been reported from several track-
sites in the El Molino Formation [10 12]. Reported ankylosaurian tracks from the
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Nizu Mayu tracksite west of the Maragua Syncline were studied by Riguetti et al. [13] Of great significance is the study

of the Cal Orcko tracksite, located on the outskirts of Sucre, preserved on a nearly vertical kilometer-long, limestone wall
of rock within the quarry operated by the FANCESA cement company. The discovery of these tracks by workers in 1994
prompted engineer Hugo Hymann to halt operations and notify Dr. Mario Suarez Riglos, who studied, described, and
published the first scientific report on these trackways. The studies by Lockley et al. [10], and in more detail by Meyer et
al. [11] and Meyer et al. [14], highlighted the abundance of ankylosaur, sauropod, and theropod tracks in this extensive
tracksite of the ElI Molino Formation. In their study, Meyer et al. [14] reported 12,093 individual footprints but estimated that
the total number of tracks was likely closer to 14,000), comprising nine different morphotypes.

The occurrence of eight parallel sauropod (probable titanosaur) trackways at a tracksite in Torotoro, eleven parallel
titanosaur trackways at the Humaca tracksite, and two parallel titanosaur trackways at the Cal Orcko tracksite, all near
Sucre, has been interpreted as indicating some type of social behavior [10]. Herd behavior has been inferred from parallel
sauropod trackways in the Castell n Formation at the Entre R os tracksite near Tarija [3].

Overview of our work in the TTNP area

The research team led by Racel Esperante in the TTNP has documented significant findings, including a new theropod
tracksite on the vertical slope of the SE limb of the Torotoro Syncline [15], unusual tracks formed during the kick-off phase
of dinosaur movement [16,17], the occurrence of many theropod trackways with well-preserved tail traces [18], the abun-
dance of theropod swim traces [19,20], the occurrence of trackways with stops and turns [21], the abundance of tridactyl
undertracks in the Sucusuma tracksite [22], and a new sauropod-theropod ichnosite that became exposed on the
NW-facing slope of the Torotoro Syncline during the construction of the new road from Cochabamba to Torotoro [23,24].
In addition to dinosaur tracks, several sites have recently been found in the TTNP with well-preserved avian footprints
associated with theropod and ornithopod tracks [24 26].

Here, we document 1321 theropod trackways, 16600 exposed dinosaur tracks (Tables 1 and S1), along with numerous
solitary tracks, abundant tail traces and swim tracks, and various bird tracks in the Carreras Pampa study area. We esti-
mate the total number of tracks to be much higher because this account does not include the solitary tracks found at sites
CP1, CP5, and CP7 or tracks classified as M1 (described later). Additionally, 1378 theropod swim tracks are recorded,
and many tail traces are associated with the theropod tracks.

Table 1. Trackways, number of tracks, area, and density of tracks at the Carreras Pampa tracksite. Site CP7 has a low density of tracks
because much of its surface has been eroded or altered. The total density figure of 2.61 is calculated using the values for sites CP1-CP6, and
CP8 and CP9.

Site Trackways Solitary tracks Total number of tracks Site area Density
(2+tracks) (m?) (tracks/m?)

1 300 NA 5169 1903 2.71

2 447 164 6171 2607 2.36

3 117 16 1036 474 2.18

4 101 35 643 269 2.39

5 72 NA 734 412 1.78

6 89 46 1010 268 3.76

7 83 NA 745 1227 0.60

8 14 3 91 41 2.22

9 98 25 1001 284 3.52

Totals 1321 289 16600 7485 2.22 (2.61)

https://doi.org/10.1371/journal.pone.0335973.t001
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Significance

The Carreras Pampa tracksite is significant for multiple reasons, including holding various world records: 1) it has the
largest number of dinosaur tracks and theropod tracks globally; 2) it records the highest number of dinosaur trackways in
the world; 3) it preserves the highest number of continuous swim trackways; and 4) it contains the most continuous swim
trackways worldwide; 5) it preserves a diverse association of theropod and avian tracks; 6) it yields a variety of styles
or modes of track preservation and morphotypes related to track formation, the morphology of the autopodium and the
rheological conditions of the substrate at the time of impression; 7) the large quantity of tracks and trackways validates
inferences of typical and unusual behaviors; and 8) the abundance of tail-drag and swim traces are significant because
they indicate specific behaviors during locomotion.

The present study aims to introduce the world s largest assemblage of dinosaur trackways and swim trackways at
the Carreras Pampa ichnosite within the TTNP, Bolivia, detailing of the abundance of tracks and trackways, taphonomic
aspects of preservation, and their paleoenvironmental significance. Additionally, we report the occurrence of bird tracks
associated with the theropod tracks. Except for the swim traces, this study does not aim to discuss ichnotaxonomic affin-
ities. Published records [14] and our observations confirm Bolivia s high abundance of tracksites, especially in the Upper
Cretaceous layers. In contrast, the record of skeletal remains is scant, consisting mainly of unpublished, occasional, and
limited findings. Besides the figures in the text, supporting information is provided in the Supplementary Information, which
is illustrated in abundance and is coded hereafter as S# Fig or S# Table.

Geological setting

Regional geology. The modern Andean Cordillera in Bolivia is divided into four physiographic regions [27] (Fig 1A): 1)
the Western Cordillera (Cordillera Occidental), characterized by volcanic activity; 2) the Altiplano Plateau, a high-elevation,
crustal-scale piggyback basin; 3) the Eastern Cordillera (Cordillera Oriental); and 4) the Subandean zone. In the Eastern
Cordillera and Altiplano, the stratigraphic succession contains basin deposits of the Puca Group that include: 1) a lower
succession dominated by Upper Triassic(?) Lower Cretaceous sandstones of the La Puerta Formation and equivalent
units (Kosmina, Macha, Ravelo, and Sucre Formations) unconformably overlying Paleozoic basement rocks; 2) a middle
succession of mudstones, carbonates, and evaporites in localized, restricted basins unconformably overlying the lower
succession, which include the Lower to Upper Cretaceous Condo, Tarapaya, Miraflores, Aroifilla, Torotoro, and Chaunaca
Formations; and 3) a regionally extensive upper succession of carbonates, mudstones, and sandstones conformably
overlying the middle succession or locally the Paleozoic basement that includes the Upper Cretaceous to Paleocene El
Molino, Santa Luc a, and Impora Formations [28 30].

El Molino and Santa Luc a Formations. The Maastrichtian-Danian El Molino Formation extensively crops out in the
Eastern Cordillera and the eastern part of the Altiplano provinces, typically measuring 100 500 m in thickness and locally
reaching up to 900 m. Regionally it is divided into three informal lithostratigraphic sequences or members: 1) a lower
member consisting of calcareous sandstones, carbonates, and mudstones; many of the carbonate layers contain a variety
of microbialites; 2) a middle member dominated by thick uncemented turquoise and burgundy marls, which alternate
with thick layers of planar and cross-bedded oolitic and ostracod-rich fine grainstones and calcarenites, along with minor
evaporites; the thickness of the combined red siltstones and green marls increases gradually upward; and 3) an upper
member consisting of alternating red and green mudstones, siltstones, and calcarenites, along with a well-developed and
laterally continuous sequence of several microbialite beds. The Santa Luc a Formation comprises brick-red mudstones
and siltstones and transitionally overlies the EI Molino. The K-Pg boundary occurs somewhere in the upper member of the
El Molino Formation within the predominantly red/green mudstone [31 33].

In the TTNP, the Paleozoic is overlain by approximately 270 m of predominantly cross-bedded red sandstones from the
Torotoro Formation, along with an additional 25 m of transitional facies that grade into the El Molino Formation. Paleoen-
vironmental interpretations for the EI Molino vary both stratigraphically and geographically, but are primarily characterized
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Fig 1. Geographic location and sites at the Carreras Pampa tracksite. A) Map of Bolivia displaying the main geological regions. The black square
highlights the location of Torotoro National Park (TTNP) within the Eastern Cordillera. B) Aerial drone view of the Torotoro Syncline from the northwest.
The primary geological formations are labeled. The Carreras Pampa tracksite is marked as CP. C) Aerial drone view of the Carreras Pampa tracksite
with sites labeled CP1 CP9. A white bar measures 15 m long, corresponding to the length of the walkway sidewall. Two pickup trucks are located on the
right side near site CP6. The orange bird icons denote the approximate area of avian tracks. The wave symbol indicates regions with the most notice-
able ripples, though they are found throughout the exposed trackbed. The white line indicates where the track-bearing layer is revealed in a vertical
cross-section.

https://doi.org/10.1371/journal.pone.0335973.9g001

by fluvio-lacustrine conditions with marine influences predominantly near the base [28,32,34,35]. The study area lies
within the Torotoro Syncline in the Eastern Cordillera (Fig 1C), within the TTNP boundaries, where the El Molino Forma-
tion may reach a thickness of 500 m.

PLOS One | https://doi.org/10.1371/journal.pone.0335973 December 3, 2025 5/125




PLO\Sﬁ\\.- One

The Carreras Pampa tracksite

Location. The Carreras Pampa tracksite is located 1.5 km northwest of the outskirts of Torotoro town, accessible
via an unpaved road that exits the village toward the southwest and then bends northwest toward the Umajalanta Cave.
Approximately 4 km from the bridge at the northern entrance to the town, this unpaved path, marked with a boulder
and the TTNP sign, leads to the Carreras Pampa tracksite. A shaded gazebo and sign indicate the Park s location. The
study area is situated on the northeast side of an interfluve, an erosional remnant formed by two tributaries (Quebradas
Thipamayu and Chifl n) of the Torotoro River. Outcrops exposed on the interfluve and the tracked bed show slight
structural deformation with a general dip of 2 8 to the north and northwest.

Study sites. The tracksite comprises nine study locations that can be enclosed within an area of approximately 7485
m? (Table 1), designated CP1 through CP9 (Figs 1 and S1 Fig). Sites CP1 and CP2 are the largest. Sites CP1-CP3
are contiguous and nearly continuous, with a combined area of approximately 4984 m2. Sites CP4-CP9 are separated
from each other and from CP1 and CP2 by remnants of outcrops from overlying units (Figs 1, 2 and S1 Fig), with visual
continuity maintained between the sites. Some of the trackways can be traced from one site to another across the banks
of sediment. The tracks are located on the upper depositional surface of the same carbonate cemented bed, which
averages 45cm in thickness.

The nine sites expose the same layer containing similar footprint content, lithology, and local stratigraphic setting. The
tracked surface and associated sedimentary rocks show no evidence of weathering or pedogenesis during the Creta-
ceous, i.e., rhizoliths, soil horizons, or soil structures [36,37]. A zone of internal dissolution and alteration of undetermined
but pre-modern age affects the carbonate components of the tracked bed in a zone just to the northeast of the gazebo.

The tracked surface at all sites is well exposed and has not been significantly thinned by modern weathering or erosion,
except in a few small areas (S1 Fig). Areas of modern weathering are summarized with reference to locations on the site
map (S1 Fig). Site CP1 has three small areas where the tracked bed s surface is weathered, with the topmost layer bro-
ken up or removed; consequently, tracks are missing. Many footprints along the northern and western edges of CP2 have
been eroded or lost due to weathering. An area of approximately 18 mt at site CP3 is heavily eroded, causing some foot-
prints and swim tracks to be missing or incomplete. Site CP7 is narrow, oriented E-W, and the number of tracks could be
much higher if not for the intense surface weathering and abundant growth of shrubs along the southern exposure area.
Site CP8 is very small, with only a few trackways exposed and several patches where the tracked surface has eroded.
The area near the northern edge of sites CP5, CP6, and CP9 is weathered. In a limited area of site CP2 close to site CP3
(Fig 1C), part of the upper surface of the trackbearing layer has been eroded, and the tracks are preserved as concave
epirelief undertracks. Compared to the other sites, site CP8 is very small (S1 Fig), has few trackways and tracks, lacks tail
traces, swim tracks, and avian tracks, and its trackways can be visually connected to the trackways in site CP1.

In several areas of the Carreras Pampa tracksite, plant roots growing at the interface of the carbonate-cemented
tracked bed and the overlying claystone have recently altered the surface of the tracked layer, creating a network of short
to long, sinuous grooves. These grooves become exposed when the overlying sediment is removed. The plants include
the trees molle (Shinus molle), espinillo (Acacia caven), and several species of shrubs. A root of the Acacia caven shrub
is shown in Fig 46A. These grooves are easily observed at sites CP1, CP5, CP6, and CP9. The tracked layer, along with
the underlying and overlying layers, exhibits no structures indicative of pedogenic development, such as rhizoliths, soil
horizons, or soil structures, prior to lithification [36,37].

Local stratigraphic context

The precise stratigraphic position of the CP sites within the ElI Molino is not known. Based on general comparisons, the
CP bed is thought to be near the top of the first lacustrine sequence described by Camoin et al. [31] or the top of the lower
El Molino Formation in the correlation scheme of Sempere et al. [28] The tracksites are located within a local exposure of
approximately 95 m in thickness, measured from the base of the bounding valleys to the top of the hill situated between
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Fig 2. Contextual section for the tracked bed. A) Silty claystones separate five coarser-grained and resistant beds. For bed CP (trackbearing), a
more detailed diagram of the range of sedimentary structures and trace fossils shows areas with greater amounts of horizontal and parting laminae,
contrasting with localities dominated by trough cross-bedding. The upper portions of CP at most sites are similar and dominated by wave-ripple laminae.
Trace fossils on the upper surface of the bed are the topic of this paper. Double-ended arrows show the mean directions of wave ripple crests in WB
and CP, and the single-ended arrow shows the mean transport direction derived from sedimentary structures in CP. B) A view of part of the site CP3
with wave ripples and tracks. C F) Thin section photomicrographs from resistant beds. C) General appearance of nested ostracod grains (NOGs) and
quartz grains in the CP bed. Note darker micritic patches and acicular calcite cements. D) A detail of a NOG from CP shows seven or more ostracod
valves stacked in a dish-in-dish structure. E) Ellipsoidal NOGs from the OB bed showing moderate packing and moldic porosity. F) NOGs from EB are
moderately packed and cemented by euhedral spar, suggesting phreatic conditions. The scale bar for C represents 250 m, and polarizers are partially
crossed. D F scale bars represent 50 m with plane-polarized lighting.

https://doi.org/10.1371/journal.pone.0335973.9g002

the valleys and the road. Exposed lithologies include interbedded limestones, sandstones, mixed carbonate and clas-
tic sediments, mudstones, and claystones. The frequency and thickness of claystone and silty claystone beds increase
upward in this area. The section below the CP sites (Maastrichtian, lower El Molino Formation of the Torotoro area) con-
tains several carbonate beds with laterally extensive stromatolites (including the classic Pucalithus), which are part of an
ongoing research project by some of the authors; their characteristics and significance will be described in a forthcoming
paper.

Focusing on the stratigraphic context immediately above and below the tracked bed reveals five resistant beds,
30 50cm thick, separated by silty claystone beds ranging from 1.2 to 2.6 m thick, as illustrated in a 10 m section (Fig 2A).
While the five resistant beds associated with the tracked bed appear to look similar on the surface, each has unique char-
acteristics that establish a diagnostic sequence to guide correlation. The contacts between the claystones and resistant
beds are all sharp (not gradational); however, the bases of the resistant beds are locally undulatory, deformed, or they
overlie mudcracked surfaces. Each resistant bed has been given a two-letter label for easy identification within the local
area. The relatively flat area east of the gazebo and site CP3 forms an erosional plateau with an unconformity in the silty
claystone overlying the tracked bed. This unconformity has been covered by up to 2 m of probable Pliocene or Pleisto-
cene sediments.

Description of the depositional units

Tracked bed CP. The fourth of the five resistant beds (Fig 2A and 2B) is the focus of this study, as it contains all the
described tracks. It is named the Carreras Pampa (CP) bed after the designation of the National Park location. Weathered
surfaces display variable colors (S1 Fig) but are generally pale yellowish brown (10 YR 6/2), while freshly fractured
surfaces are a very light gray (N8). The composition of the bed consists of about 55% nested ostracod grains (Fig 2C and
2D), 10% ooids, and 35% siliciclastics. Nested ostracod grains (NOGSs) are unusual, generally ellipsoidal, measure up
to 400 m across, and are well-sorted. In hand samples, broken grains reveal concentric layers. In thin sections, these
grains comprise irregularly or regularly nested ostracod valves, typically cemented with fine, acicular epitaxial cement
and occasionally by calcite mud (Fig 2C). Most NOGs contain 2 7 pairs of valves arranged with their internal surfaces
facing each other, as when articulated. Fewer NOGs consist solely of one side of nested valves resembling an open
disarticulated remnant. Even fewer NOGs contain fragments of randomly oriented valves within. Very few individual (not
nested) ostracod valves are found in the rock. The identification of NOG components as ostracod valves is indicated by
valve shape, size, and uniform thin shells with a radial crystalline structure, confirmed by the hinges and infolding (hooks)
of the marginal zone (Fig 2D) visible on some valves.

Other grains in the CP are siliciclastics and ooids. Siliciclastic grains are dominated by very fine-grained, moder-
ately to poorly sorted angular quartz, along with a smaller fraction of medium sand-sized and rounded grains. The very
fine-grained fraction includes minor feldspars. Clastic grains are distributed throughout most of the unit and are often
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proved to be challenging. Due to the difficulty in determining the actual border of the print shaft that corresponds to the
periphery of the autopodium, we drew the edge of the track at the outer edge of the slope that extends into the shaft. We
acknowledge that this method does not ensure accuracy in the comparison between the morphology and dimensions of
the tracks and those of the autopodium. Deep tracks exhibit a significant difference between their outer edge and inner
impression. In some figures, we used a dotted line to indicate the inner impression in deep tracks or in deeper areas of
relatively shallow tracks. We also recognize that other methods can introduce varying degrees of inaccuracy.

Solitary footprints were abundant and counted, except in sites CP1, CP5, and CP7. Most trackways are straight,
and the average trends were easily determined by stretching yarn lines connecting along one side of the trackway. The
identification of right and left tracks (known as siding a track) was established by the position of the tracks relative to
the midline of the trackway and the inward orientation of the impressions of the digits. The animal responsible for fossil
tracks is termed the trackmaker or track producer, and the substrate it walked upon is called tracked surface or just

substrate. Tracks occurred at various degrees of depth. We used four categories of depth: very shallow tracks: <0.5cm,
shallow tracks: 0.5 1cm, deep tracks: 1 3cm, and very deep tracks >3cm.

The terminology used to describe the tracks and their dimensions is shown in Fig 3. Track dimensions include foot
length (FL), foot width (FW), proximal depth (PD), distal depth (DD), number of digits (ND), and divarication angles of
digits Il 1II, digits lll 1V, and digits Il 1V (total divarication). Foot length is measured straight from the tip of digit Il and
along its middle to the bottom of the heel impression. FL and FW are measured to the anterior end of the digits, not to the
end of the claw traces (Fig 3B). The anterior triangle width (ATW) is the same distance as FW. The anterior triangle length
(ATL) is the distance between the tip of the impression of digit Il (excluding the detached impression of the claw) and the
line between the tips of digits Il and IV when measuring FW or ATW (Fig 3B). Divarication angles are measured between
the midline of each digit (Fig 3B). In tracks with an extended impression of the heel, the length is measured from the tip
of digit 11l to the closing of the line of the heel impression without including the extension (Fig 3C). We measure trackway
pace length (PL), stride length (SL), and pace angulation (PANG) (Fig 3D). The width of the angulation pattern or trackway
width (WAP) is measured perpendicular to the stride length. In contrast, the trackway pace angulation (PANG) is the angle
between the right and left footprints in a bipedal or quadrupedal trackway, measured where the footprints form a sequence
of three successive tracks (Fig 3D). Many well-preserved tracks were recorded in detail via photographs. The categories
of track size (Fig 3E) follow the groups suggested by Marty [41].

The morphological description of the morphotypes used the terminology illustrated in Fig 3F. The terminology used in
describing the tracks in cross-section follows Allen [42], Jackson et al. [43], and Mil n et al. [44]

Foot rotation (FR), the foot s orientation to the trackway midline (Fig 3D), was measured in the trackways of sites CP6
and CP9. In the literature on dinosaur ichnites, two opposing classifications of foot rotation have been used. Some authors
use the term negative for inward rotation [e.g., 45 47], whereas others use the term negative for outward rotation or

positive for inward rotation [e.g., 38, 48 50]. The sign of the measurement in Table 1 is negative for inward rotation and
positive for outward rotation of the track, consistent with the terms inward and outward rotation in the text.

Statistical methods. Statistical analysis was carried out using the software R version 4.4.2 (R: A language and
environment for statistical computing (http://www.r-project.org). Standard plotting methods were used. No outliers were
removed. Missing data were ignored in analyses; no substitution was done.

Calculations for height and track density. The height at the hip (h) (and thus the size) of trackmakers was
calculated as h=4FL [51,52]. Calculating h in this way provides the trackmakers with a more conservative speed
estimate [53]. The gaits of trackmakers were estimated using the principle that for bipedal dinosaurs, the transition from
walking to running occurs when the ratio of SL/h exceeds 2.0 [51,53,54]. The density of tracks was assessed from the
total tracks/total area and from portions of various sites. One area of site CP1, measuring 2.7x2 m, another measuring
4x4 m, and one area in site CP2, measuring 10x10 m, were delineated, and all the tracks were marked with chalk and
counted.
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Fig 3. Nomenclature and measurement protocols for dimensions of trackways and tracks. The morphologies in 3F are provided for illustrative
purposes, showing the morphologies of the toe and heel prints, and do not correspond to specific morphotypes.

https://doi.org/10.1371/journal.pone.0335973.9003
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Field measurement. On-site measurements were taken using a measuring tape, precision rulers, and a Procise™
digital caliper. Due to the high number of tracks, only the first three, and in some cases, the first six best-preserved
continuous tracks in a trackway were measured. However, at sites CP6, CP8, and CP9, all the tracks were measured,
including their dimensions, pace, and stride distances.

Photos and lighting. Photographs and scans were taken using multiple cameras, including a Canon 6D with a
24 105mm lens, an Olympus TG4, a Nikon S3200, and a Canon 7D Mark Il with lenses EF-S 10 22mm and EF 24
70mm. We manually excluded photographs of low quality or containing foreign objects (e.g., the foot of the photographer)
or with spots of excessive light from the input data set. We used a DJI Mini3 Pro drone for aerial photos. 3-D images were
obtained using an iPad Pro and an iPhone Pro 13, with the software applications 3dScanner App (v. 2.1.3) and Scaniverse
(v. 3.0.2). Images in illustrations were processed using Adobe Lightroom Classic 13.1 and Adobe Illustrator CS2024. No
tracks were collected, nor were any track molds made.

Most tracks display their morphological details best in low-angle sunlight, particularly during the morning and after-
noon. However, the photographs for the photogrammetry models were taken under cloudy conditions or using a tarp to
create even shading within the area being photographed. Photogrammetric models were developed and cleaned using
MetaShape software (v. 1.7.5). The 3D models were then imported into MeshLab (v. 2023.12) to rotate them to the XY
plane, creating accurate depth maps. In the final step, scale bars and false-color depth maps were made using the soft-
ware package ParaView (v. 5.10.0). We created rose diagrams showing trackway orientation using the software GeoRose
(v. 0.5.1.1). We used Excel (v. 16.90.2) to organize the data on dimensions collected in the field and the R-core-Team
software for statistical analysis. [55]

Walking tracks and trackways
Descriptive ichnology of tracks General aspects

The tracks at Carreras Pampa are preserved as concave epirelief (concave epichnia), except for a few tracks of the style
of preservation M8, which are preserved as convex epirelief. They are true walking tracks defined as direct structures
created by the underside of the autopodium on the original substrate s surface [56]. In the terminology of Gatesy [57], the
studied prints consist of direct features, which are the portions of the tracks formed by grains that were in immediate con-
tact with the autopodium, and indirect features, which are the other sedimentary distortions formed during track formation
(e.g., displacement rims). True tracks are typically defined as those preserved on the exposed surface upon which the
animal walked [58, p. 304].

Multiple lines of evidence indicate that the tracks are true and not undertracks, and therefore, were made on the orig-
inal surface: 1) the presence of well-preserved swim traces; 2) the tracks and swim traces are superimposed onto ripple
marks, which they locally disrupt; 3) the presence of displacement rims (expulsion rims, bourrelets) in both tracks and
swim traces; 4) the presence of digital pad impressions in some tracks; 5) the occurrence of bird tracks and diminutive tri-
dactyl tracks; 6) the absence of deformation structures in the overlying fine-grained sediments; 7) the lack of deformation
in the overlying sediment above the tracks observed in cross-sections, except for deformation caused by the filling of the
track concavity; and 8) the presence of rosette-like burrows within the tracks.

Particularly significant is the occurrence of swim traces and the co-existence of small and miniature tracks alongside
larger tracks. Small and miniature tracks on a substrate surface several centimeters above would not have produced
undertracks on the rock surface we observe today [59].

The burrows form rosette-like structures on the bed s surface after the dinosaurs walked on the substrate, and their for-
mation within the impressions of tracks indicates that these impressions are authentic tracks on the original surface where
the animals walked. Furthermore, we examined over 500 m of exposed green and red mudstones above the trackbearing
layer. We did not observe any deformation resulting from the pressure of an autopodium or any track preserved as convex
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epirelief or natural cast. Thus, the impressions are genuine tridactyl tracks rather than undertracks, and therefore, the
dimensions of the footprints accurately reflect the original anatomy of the trackmaker s foot.

The tracks are digitigrade and tridactyl, with very few exceptions of didactyl tracks found alongside tridactyl tracks.
They contain limited information about the anatomy of the trackmaker and are attributed to theropod dinosaur trackmakers
based on their tridactyl morphology (some tracks show the impression of the hallux). They are longer in length than width,
mesaxonic (where digit Ill is longer than digits 1l and V), with individualized digits Il, Ill, and IV oriented anteriorly, often
terminating in an acuminate point, and featuring claw impressions. Due to the high abundance of tracks at the tracksite,
overlapping is relatively common but not predominant.

Most tracks in all morphotypes have a well-marked digit Il impression, often deeper than the impressions of digits Il
and IV. This reflects the greater weight placed on the medial digit, which tended to sink deeply into the substrate. Reflux or
sediment collapse inside the footprints is observed only in the impressions of digits Il and IV in morphotype T3, not in the
metatarsophalangeal area or digit Ill. On the north side of site CP2, a few concave epireliefs are preserved as undertracks,
featuring less-impressed digits and smooth edges (Fig 8). Phalangeal and metatarsophalangeal pads are indistinct (lacking
clear diagnostic pad impressions), except in some tracks of preservation styles M3 and M4, which show details of the
autopodium pads (Fig 5K). Tracks do not exhibit differences in preservation across the various sites studied (aside from
the undertracks mentioned above) or between tracks that were exposed before our study and those we revealed by removing the
overlying sediment at the site edges. Exceptions include tracks affected by plant root growth before exposure or recent cracking.

Claw prints are commonly continuous with the digits, and very few exhibit a separation by a transverse crease. In many
footprints, the claws are deflected sideways or backward, a trait not present in all tracks of every trackway and more con-

Many tracks show an indentation (or notch) behind the proximal margin of digit I, a characteristic of theropod tracks
(Figs 11C and 12B). This notch is characteristic of theropod tracks, found, for instance, in Triassic theropod footprints
in Southern Brazil [60], in Late Jurassic tridactyl dinosaur tracks from the Swiss Jura Mountains [61], in tracks from the
Lower Jurassic Navajo Sandstone, Utah, the Lower Cretaceous Jiaguan Formation, Sichuan Province, China, the Upper
Cretaceous Xiaoyan Formation, Anhui Province, China [62], the Lower Cretaceous of the Urbion Group, Cameros Basin
in northern Spain [63], the Upper Cretaceous Calcare di Bari Formation in southern Italy [64], the Upper Cretaceous of
Morocco [65], and the Upper Cretaceous Loncoche Formation in Argentina [66]. The medial notch is also very common in
the theropod tracks found in other tracksites of the ElI Molino Formation in Bolivia, for example, the Km99 tracksite in the
TTNP [24]. In some tracks, the notch appears at the base of digit IV, a rare feature also observed in theropod footprints of
the Upper Cretaceous of Italy [67] and the Lower Cretaceous Batk Formation of Colombia [68].

Very few tracks display rims of displaced sediment or bourrelets, which are generally relatively shallow. Exceptionally,
some deep tracks may exhibit prominent expulsion rims, such as tracks L2, R3, and L3 in trackway CP6 9 (Fig 28A and
28B), which show a thick bourrelet on the exterior side of the tracks. The tracks lack a crescent-shaped sandstone ridge
(backfoot displacement ridge). Ejecta (sediment ejected during the kick-off phase) and mounds of sediment inside the
tracks are absent. The sediment outside the tracks does not exhibit pressure pads or tension, nor does it display radial
or concentric fractures resulting from the autopodium s pressure on the substrate. Very few tracks display compressed
sediment between two toes, a characteristic that may occur in footprints made by running theropods [69]. The tracks lack
crescent displacement rims immediately in front of footprints in trackways made by running dinosaurs [69].

Track preservation

The preservation of tracks was evaluated by comparing exposed tracks along a trackway with freshly uncovered tracks on
the continuation of the same trackway that were buried beneath overlying Cretaceous sediment. In these cases, the newly
exposed tracks exhibited the same quality of preservation as much of the naturally exposed tracked surface, indicating
that, to this date, erosion has not significantly reduced preservation quality.
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Regardless, tracks at Carreras Pampa exhibit a wide variety of preservation styles and morphological clarity, reflecting
the differences in the gaits of the trackmakers as well as the rheological conditions of the tracked surface. Differences
include examples with the entire contour of the autopodium imprinted, tracks preserved only as shallow and indistinct
depressions, and tracks preserved as small indentations corresponding to claw marks. We distinguished between the
style (or mode) of preservation and morphotype, a distinction also made in other studies [70 72].

Style of preservation versus morphology

The term mode of preservation is commonly used in the literature [73 77, e.g., 78 81] but has not been adequately
defined. It is akin to the term style of preservation, which, to our knowledge, was first used by Lockley et al. [82] in their
study of dinosaur tracks in the Lower Cretaceous Cedar Mountain Formation of Utah, but they did not define it. The term
style of preservation is also widely used in vertebrate ichnology [e.g., 83]. Some authors use both terms interchangeably
[40,84,85].

Morphotype refers to the categories of tracks based on the morphological traits of the prints, including the shape of the
digits, claws, and metatarsophalangeal area, as well as their dimensions, such as length, width, interdigital angles, depth,
and the orientation of digits and claw marks. Morphotype refers to the categories of tracks based on the morphological
traits of the prints (shape of the digits, claws, and metatarsophalangeal area) and their dimensions (length, width, interdig-
ital angles, depth, orientation of digits and claw marks, etc.).

An example will illustrate the difference between our use of morphology and the style of preservation. Two tracks may
show the same style of preservation, capturing the entire contour of the print, including the metatarsophalangeal area,
the three digits, the hallux, and the claw marks. However, the two tracks may exhibit different morphotypes; for example,
one has strong mesaxony, including slim digital impressions, a round heel impression, and the impressions of the three
digits oriented forward, whereas the other track displays weak mesaxony with thick digit impressions, an acuminate heel
impression, and the impressions of digits Il and IV oriented laterally that is, two distinct morphotypes in the same style of
preservation.

The morphology of the footprints and the style of preservation can vary significantly within the same trackway, deter-
mined by the morphology of the animal s autopodia, the dynamics of the animal s movement (gait), the weight of the track-
maker, and the rheological conditions of the substrate, such as firmness, surface morphology, grain size and composition,
moisture level, the presence of microbial mats, and later erosional processes [86 91].

It is unsurprising that, given the large number of tracks (16600) in the tracksite, we found several styles of preservation
and morphotypes. At the Carreras Pampa tracksite, various preservation styles are commonly observed in each trackway.
Therefore, each style category will be described.

Style of preservation definition

Here, we define the style of preservation as the pattern of print impression that includes the presence of the digit impres-
sions (the degree to which digits are impressed and distinguishable), the occurrence and depth of claw impressions,
the relative depth of the metatarsophalangeal area, and the presence of the hallux impression. Style also encompasses
whether the tracks are exposed as concave epirelief, convex epirelief, natural cast, undertrack, or as a vertical cross-
section. Based on these criteria, we distinguish eight different styles of preservation, M1 M8 (Figs 4 10 and S3 S9 Figs).
Style of preservation M1 Ghost preservation, lack of rims, only claw marks. Tracks of this style consist of sets
of two or, more commonly, three indentations or puncture-like marks arranged in a linear pattern of regularly spaced
right and left traces, without the impression of the heel. (Figs 4 and S3). Some tracks may show only one indentation
corresponding to the claw of digit Ill, but this indentation can be assigned to the track succession in the trackway. The
markings are typically round, conical, narrow, and deep, but can also be elongated, fusiform, or tear-drop-shaped. The
three indentations in each set are arranged roughly in an isosceles triangle, with similar distances between digits Il and 111
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Fig 4. Tracks of the styles of preservation M1 and M2. A H) Tracks of the style of preservation M1. A) Track of the trackway T22-2-1. B) Track of

the trackway T22-2-1. C) Track of the trackway T22-2-36. D) Track of the trackway TO22-2-130. E) Track R1 of the trackway T22-2-483. F) Track of the
trackway CPT114. G) Track of the trackway T22-2-31. H) Trackway CP6-62 (2023) from site CP6, each consisting of one, two, or three sets of indenta-
tions, st=swim trace. Blue angle bracket symbols (<) are added for clarity. | P) Tracks of the style of preservation M2. I) Track R11 of the trackway T22-
60. J) Track L1 of the trackway T22-2-51. K) Track of the trackway T22-2-469. L) Track L7 of the trackway T22-60. M) Track L8 of the trackway T22-2-8. N)
Track R2 of the trackway T22-197. O) Track R8 of the trackway T22-2-8. P) Track R2 of the trackway T22-2-11. Scales are in cm; the scale in His 1 m.

https://doi.org/10.1371/journal.pone.0335973.9004

and between Il and IV, and a longer distance between digits Il and IV, corresponding to the marks of the claws of digits
I, Ill, and IV of theropod tracks. (Fig 4H). Some trackways exhibit a distinctive asymmetry of digits Il and IV relative to
digit Ill. The relative distance between the tracks, the asymmetry among them, the position of the tracks in an alternating
pattern of right and left sides, and their occurrence in association with true walking theropod tracks support the idea that
these traces are theropod tracks.

In these traces, the print of the rest of the autopodium is either absent or barely distinguishable. Some tracks exhibit a
very shallow outline of the plantar or heel area, only visible in very low-angle light (Fig 4F and 4G). Based on the distance
between the preserved claw traces, the tracks with this style of preservation are small (10 20cm) to medium (20 30cm)
in length, made by theropods with hip heights ranging from 0.4 to 1.2 m.

At Carreras Pampa, the M1 style of preservation is prevalent and remarkably plentiful, with numerous entire trackways
made up solely of puncture-like markings [17] (S3 Fig). Additionally, many solitary sets of these markings are observed.
These claw-only tracks appear on the same surface and near deeper tracks with digits and a fully printed plantar area,
similar to other preservation styles. The co-occurrence of the two track styles suggests that M1 tracks were made when
the sediment was relatively firmer. The presence of indentations in the substrate and the posterior displacement rims in
many claw prints indicates that the substrate was cohesive, and the distal ends of the toes with the claws were pressed
into the sediment just before the animal withdrew its feet from the substrate.

Morphologically, they resemble some tridactyl tracks in the Guanghui site from the Lower Cretaceous Taogihe Forma-
tion in Central Heilongjiang, China [92, Fig 10]. The authors interpreted this type of track as digit traces without the heel
impressions and attributed them to ornithopod dinosaurs without providing the reasons for such a conclusion.

The morphology and pattern of occurrence of the claw-only prints at the Carreras Pampa ichnosite match what Thul-
born and Wade [93] and Thulborn [38] interpreted as tracks formed during the kick-off (K) phase, as observed at the Lark
Quarry Environmental Park in western Queensland, Australia. Those authors distinguish three phases during the track-
maker s step-cycle: T, or the touch-down phase, when the foot makes contact with the substrate; W, the weight-bearing
phase, when the foot sinks deeper, leaving an impression; and K, the kick-off phase, when the foot is released from the
sediment. During the kick-off phase, the toes are lifted from the substrate, and in the process, the claws are incised into
the sediment and pushed backward as the body moves forward. Thulborn [38, Fig 5.12] called these prints incomplete
footprints made by the tips of the toes.

In Carreras Pampa, the movement of the autopodia left puncture-like markings in the substrate, sometimes accompa-
nied by small rims of displaced sediment, most frequently at the posterior ends of the indentations. As the autopodia lifted,
they were occasionally pushed backward to allow the animal to gain thrust forward, thereby forcing the soft sediment
posteriorly and forming the expulsion rims. Due to the high degree of firmness and cohesion of the sediment, in most
tracks, the foot made no impression on the substrate during the T or W phases, or the impression was very shallow. Only
the claws left their imprint, as most of the animal s weight was supported by the distal parts of the feet. Since digit Il is
the longest, its trace is often the deepest and most pronounced; in some tracks, it is the only one preserved (Fig 4H, track
L3). Consequently, some of these trackways consist of three, two, or just one puncture-like mark alternating between the
left and right sides.
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Fig 5. Styles of preservation M3 and M4. A D) Tracks of the style of preservation M3. A) Track of the trackway T22-2. B) Track L11 of the trackway
T22-2-50. C) Track L1 of the trackway T22-2-54. D) Track L3 of the trackway T22-2-3. E K) Tracks of the style of preservation M4. E) Track R7 of the
trackway T22-121. Notice the trace of the hallux (white arrowhead on the lower left corner). F) Track R8 of the trackway T22-2-49. G) Track L4 of track-
way T22-56, showing a displacement rim (white arrowheads) matching the shape of the heel impression. Notice the deep traces of claws Il and Ill, as
well as the burrows in the impressions of digits Il and IV. H) Track R3 of the trackway CP6-14. 1) Two overlapping tracks. On the right is R4 of trackway
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Fig 6. Style of preservation M5. A) Trackways with tracks of style of preservation M5 on site CP3. Notice the ripples on the surface of the layer. B)
Trackway T32 has very deep tracks and tail traces. The sinuous cord marks the tail traces. C) Deep tracks of the trackway T22-2-25 D) Set of five very
deep tracks of the trackway TS102. White arrowheads indicate tail traces. E) Track L10 of the trackway T22-126. The digits are marked with the num-
bers II, lll, and IV. h=hallux. The scales in C and D are in 10cm sections, and the scale in E is 20cm.

https://doi.org/10.1371/journal.pone.0335973.9006

The undertracks in Fig 8A (white arrowheads) are in concave epirelief with layered sediment filling the concavities.
They are overall rounded, but the projections of the digits are prominent. Some are very well defined, and the claw of digit
[l is distinctly marked. Undertracks preserved as concave epirelief, without layered sediment filling (Fig 8B 8D), exhibit
smooth edges and poorly defined track morphology, with few or no anatomical details. They may show three, two, one, or
no digits (Fig 8D) and lack marks of the claws and expulsion rims.

Style of preservation M8 Tracks in convex epirelief or natural casts. Only a few tracks are preserved in
Carreras Pampa as convex epirelief or natural casts. They are found in fallen blocks of rock at the southern edge of CP7,
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from above. A white arrow near the top indicates one subcircular track in another trackway. Some theropod tracks are marked in yellow lines. Deep
tracks of the style of preservation M5 are marked in green. One swim trace is marked in blue. D) Deep track of the trackway T22-2-602. E) Depth map
of a set of three tracks in site CP1 of the style of preservation M6, two very deep tracks of the style of preservation M5 (dark blue) and one of the style of
preservation M4. The scale in D is 20cm.

https://doi.org/10.1371/journal.pone.0335973.9007

Fig 8. 