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ABSTRACT

A large fallen block of Early Jurassic Navajo Sandstone located at Lake Powell, within Glen Canyon
National Recreation Area, south-central Utah, displays natural casts of vertebrate tracks. The footprints
occur on at least three track-bearing horizons preserved on and between stromatolitic sandstone beds.
Two large, parallel trackways, plus a third, divergent trackway, on the main track layer (MTL) superficially
resemble ornithopod footprints; however, they were produced by large-sized theropod dinosaurs, rather
than ornithischians, and we identify these as Eubrontes.

Small coelophysoid theropod tracks (Grallator) are the most common vertebrate ichnofossils on all
track-bearing horizons, with approximately 50 footprints preserved on the MTL, six on the highest sur-
face, and three on thinner float slabs stratigraphically lower in section. An additional 12 tracks in three
trackways of Anchisauripus size occur on the MTL, but they superficially resemble Kayentapus in having
wider divarication angles than typical Anchisauripus. The MTL also preserves at least five closely associated
tetradactyl footprints that we identify as cf. Brasilichnium. A nearby, smaller fallen block preserves distinct
Batrachopus tracks, which are rare in eolian environments.

The microbial (possibly endoevaporitic) mats and stromatolitic horizons on which the animals had
walked produced a distinct ichnomorphologic variation because of substrate consistency and the elastic
properties of the mats, resulting in differential compaction of the bedding surfaces. Lithic compaction of
the finer-grained sediments between denser, more resistant sandstone beds pre- and/or post-lithification
resulted in additional deformation of the tracks, followed by natural erosion. We interpret these natural
cast footprints on the MTL as possible transmitted tracks. The track-bearing, microbial-mat surfaces rep-
resent interdunal pooling of water, probably during periods of increased precipitation and/or rising water
tables during wet seasons.

Citation for this article.

Milner, A.R.C., Santucci, V.L., Wood, J.R., Birthisel, T.A. Clites, E., and Lockley, M.G., 2023, The John Wesley Powell Fossil Track Block—
theropod tracks with ornithopod-like morphology from the Early Jurassic Navajo Sandstone, Glen Canyon National Recreation Area,
Utah-Arizona: Geology of the Intermountain West, v. 10, p. 185-222, https://doi.org/10.31711/giw.v10.pp185-222.
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INTRODUCTION

Glen Canyon National Recreation Area (GLCA)
preserves an incredible abundance of tetrapod trace
fossils, especially those of dinosaurs, because of exten-
sive exposures of Late Triassic-Early Jurassic Chinle
Formation and Glen Canyon Group strata (Lockley
and others, 1998, 2014). These strata were deposited
in paleoenvironmental conditions conducive to track
preservation, such as fluvial, lacustrine, and eolian en-
vironments. Many important tracksites submerged by
and around Lake Powell have been recorded by two of
us (VLS and MGL), the National Park Service (NPS),
and others (Lockley and Hunt, 1995; Lockley and oth-
ers, 1998, 2014; Santucci and others, 2009; Santucci and
Kirkland, 2010; Kirkland and others, 2010; Delgalvis,
2015; Tweet and Santucci, 2018; Bennett and others,
2023).

One such example, which is the focus of this paper,
is a large, approximately 7-m-tall fallen block (NPS lo-
cality # GLCA 10) of Early Jurassic Navajo Sandstone
we have designated as the John Wesley Powell Fossil
Track Block (PFTB), honoring Major John Wesley Pow-
ell, who perilously explored the Colorado River along
its length on two occasions in 1869 and 1871-1872, in-
cluding the Glen Canyon area in which man-made Lake
Powell Reservoir now lies. The PFTB was discovered in
2009 by Jessalyn Imdieke and reported to the Office of
the State Paleontologist at the Utah Geological Survey
(UGS) by Stuart Havenstrite. The locality was then re-
ported by Dr. James Kirkland (UGS) to the NPS. It was
subsequently investigated in a joint effort between the
NPS and UGS in 2009. The block was reported and il-
lustrated for the first time in an internally distributed
NPS document (Kirkland and others, 2010, figure 32),
and later figured and partially described on other occa-
sions (Lockley and others, 2014, figure 26; Lockley and
Xing, 2015, figure 4; Tweet and Santucci, 2018, figure
3E).

The site is located along the eastern shore of Lake
Powell, near the San Juan confluence within GLCA
(figure 1). Because of high levels of tourism in the Lake
Powell area and the need to protect this valuable fos-
sil resource from potential damage, specific locality in-
formation about the site is withheld here, but will be
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Figure 1. Approximate location (red circle) of the John Wes-
ley Powell Fossil Track Block Site (GLCA #10).

made available to qualified researchers upon request.
The PFTB preserves a spectacular assemblage of tracks
(figure 2), primarily produced by bipedal theropod di-
nosaurs, although two of the trackways superficially re-
semble ornithopod tracks. Approximately 85 footprints
are preserved on three identified track-bearing horizons
exposed on the vertically oriented block and nearby as-
sociated float slabs. The most prominent tracks lie on
a horizon referred to as the Main Track Layer (MTL);
other tracks present at the site occur on, or on float slabs
originating from, both a higher and a lower stratigraph-
ic horizon.

During the original inspection of the PFTB, the
ornithopod-like tracks were recognized as morpho-
logically unusual, prompting the question of whether
some unknown large ornithopod dinosaurs may have
produced them. However, this hypothesis seems un-
likely because the PFTB tracks are significantly older
than the oldest-known body fossils of even small orni-
thopods, such as the dryosaurid Callovosaurus from the
Middle Jurassic of the United Kingdom (Ruiz-Omefaca
and others, 2007; Diaz-Martinez and others, 2015), and
Kulindadromeus from the Middle-Late Jurassic of Rus-
sia (Godefroit and others, 2014), which was recovered as
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Figure 2. The John Wesley Powell Fossil Track Block (PTFB) at locality GLCA #10. (A) Photograph of track block looking to
the west. (B) An inverted map of the middle and upper track-bearing surfaces. Tracks have been assigned unique track and
trackway numbers. Arrows indicate directions of travel of individual trackmakers; the inset rose diagram shows the preva-
lence of travel directions relative to the estimated north orientation of the PFTB. Tracks have been colored: dark orange =
Eubrontes; brown = Grallator; light orange = medium-size theropod tracks (Anchisauripus-sized tracks); red = cf. Grallator;
In box marked QT = Brasilichnium; light purple = unidentified tracks. Scale = 1 m.
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an ornithopod by Dieudonné and others (2022). More-
over, the oldest recorded tracks assigned to ornithopod
dinosaurs (which, from an ichnological perspective, has
been used as something of a wastebasket) are Middle Ju-
rassic (Milan and others, 2020) and Late Jurassic in age,
including the ichnotaxa Camptosauropus vialovi from
Tajikistan (Gabunia and Kurbatov, 1988), Wealdenich-
nites iguanodontoides (Kuhn, 1958) from Germany, Si-
noichnites youngi (Kuhn, 1958) from China, and osten-
sible ornithopod tracks from the Morrison Formation
in the western United States (Foster and Lockley, 2006).
Note that Sinoichnites was identified as Late Jurassic,
but because its source locality is unknown, the pro-
posed age is suspect (Diaz-Martinez and others, 2015).
Additionally, Li and others (2012) found evidence that
Sinoichnites might be a thyreophoran track with some
resemblance to Moyenisauropus. All of these ichnotaxa
were considered nomina dubia by Diaz-Martinez and
others (2015).

Moreno and others (2012) defined ornithopod
tracks as, “tridactyl, mesaxonic, with lengths of digits
I1, II1, and IV only slightly different; wide digits with
rounded ends; digits converge proximally into a broad
metatarsophalangeal impression (‘heel pad’). Ornitho-
pod ichnites are similar in anteroposterior and medi-
olateral dimensions, and their general shapes resemble
a clover” Following closer examination of the PFTB
tracks, we agree with Lockley and Xing (2015) in infer-
ring a saurischian (specifically theropod), rather than
ornithischian, origin for these footprints. Lockley and
Xing (2015, p. 87-88, figure 4) assigned these tracks to
Eubrontes and interpreted the “fleshy” appearance of the
footprints as a result of compaction and deformation of
the track casts due to extensive loading on finer-grained
and softer beds between thick, dense, eolian sand layers.
While we agree this is, in part, correct, we expand on
this hypothesis below.

Following Martin (2014, p. 71), additional points
should be considered in attributing tracks to specific
clades of trackmakers, especially with tridactyl dino-
saur tracks, include: (1) the overall shapes of digit im-
pressions (thin, medium, robust) relative to entire track
length; (2) the distal ends of digits—are they blunt and
rounded or do they possess discreet claw marks?; (3)
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the shape of the proximal portion of track (i.e., “heel”);
(4) the kind(s) of substrate on which the tracks are pre-
served and how this may have affected overall track
morphology; (5) track morphology subject to behav-
ioral differences (e.g., stopping, turning, speed, etc.); (6)
sediment collapse into the tracks after foot extraction,
changing overall track morphology; (7) the substrate
drying after the track was formed, which can alter over-
all track morphology; and (8) whether or not the visi-
ble track actually is an “undertrack,” or more precisely
a transmitted track and how far below the surface the
undertrack was transmitted (Thulborn, 1990). In this
study, we consider all these points along with the shapes
of the anterior triangles of the tracks (how far the digit
I1I trace extends distally beyond the ends of the digit II
and IV traces—i.e., the degree of mesaxony or the “toe
extension” measurement of some authors) (Olsen, 1980;
Lockley and Hunt, 1995; Lockley, 2009; Farlow and oth-
ers, 2018) and the dimensions of the proximal propor-
tions of the tracks, following Farlow and others (2018).

MATERIALS AND METHODS

Logistics, Tracksite Mapping,
and Site Excavation

Our initial detailed documentation of the PFTB in
2010 was complicated by the vertical orientation and
large size of the block, making accessing much of the
MTL difficult. The initial investigation employed a 6-ft
(1.8-m) ladder to access higher areas of the block, but
we were still limited on how much of the track surface
we could physically access and examine in detail. Un-
stable float slabs (rock debris broken off from the PFTB
and its adjacent source cliff) at the base of the block
made positioning the ladder difficult, and maintaining
balance safely was an issue (figures 3A and 3B). Many
of the float slabs in front of the PFTB also contain dino-
saur tracks from layers underlying the MTL, and these
tracks could easily be damaged when walked or climbed
on. Initially we were unable to map the lowermost part
of the PFTB because the float slabs partially obscured
the lower tracks and trackways. These slabs were sys-
tematically recorded (positionally and stratigraphical-
ly), excavated, and removed with the assistance of NPS
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Figure 3. Methods used in John Wesley Powell Fossil Track Block (PTFB) tracksite documentation. Gridding PFTB for map-
ping. (A) Dan Whalen working on a ladder to place pink string datum line in place above Eubrontes trackway 1. (B) Tylor
Birthisel chalking upper part of the PFTB while standing on precarious rock. (C) NPS crew excavating the covered part of
the track block in which tracks were found in situ on lower horizons. (D) September 2014 photogrammetry of track block;
left to right: John “Jack” Wood and Sarah Doyle.
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staff (figure 3C) in June 2015. This led to the confirma-
tion of a slightly older track horizon several centimeters
below the MTL.

PHOTOGRAMMETRY AND DATA
PROCESSING METHODS

We generated high-quality, three-dimensional mod-
els of the track-bearing surface of the PFTB to enhance
mapping and morphological assessments. To accomplish
this, structure-from-motion (SfM) photogrammetry
was employed following Matthews (2008) and Mallison
and Wings (2011). Additional details on photogramme-
try methods for the PFTB location were presented by
Wood and others (2021, figure 1B).

The imagery for the photogrammetry was collected
with two different digital cameras at two different times.
The initial effort, in September 2014, targeted the upper
section of the block because the lower part had not yet
been revealed (Supplementary file: https://irma.nps.gov/
DataStore/Reference/Profile/2299562). This initial phase
captured 92 images using a Nikon D800 35 mm digital,
single reflex lens camera with a 28 mm /2.4 prime lens
(figure 3D). Horizontally and vertically spaced images
were taken in a gridded pattern with the aid of a 7-m
telescopic camera mast and a CamRanger remote trig-
gering system. The mast was a “home-made” rig, com-
prised of an aluminum tree-saw pole with a swivel/tilt
camera tripod head attached. The construction of the
mast allowed the camera positions to change between
landscape and portrait positions (rotated to 90° and
270°).

The lower portion of the PFTB was photographed
in June 2015 by the first author after removal of the de-
bris at the base of the block (Supplementary file: https://
irma.nps.gov/DataStore/Reference/Profile/2299562).
This second phase captured 131 images using a Nikon
CoolPix L110 with a fixed Nikkor 15X wide optical
zoom VR (5.0-75.0 mm) lens. The lens zoom settings
were set to emulate a 35 mm camera set for a 28 mm fo-
cal length to match the first-phase photographs. Hand-
held photography was completed with the camera rotat-
ed between landscape and portrait orientations.

Finally, photogrammetric images of the small cf.
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Brasilichnium tracks on the MTL were taken in March
2023 by Conner Bennett using a Nikon D800 35 mm
digital single reflex lens camera with a 28 mm /2.4
prime lens. A total of 58 images were taken. Several 28
cm control sticks were used, calibrated to + 0.23 mm
(Supplementary file: https://irma.nps.gov/DataStore/
Reference/Profile/2299562).

Images were processed with the photogrammetry
package PhotoScan (now known as MetaShape) v. 1.2.6
build 2834 by AGIsoft, LLC. Raw Nikon (.nef) imag-
es for the upper part were pre-processed for color, ex-
posure, vignetting, and spherical aberration in Adobe
Bridge as a batch process. Lens distortion was corrected
as part of the photograph alignment and sparse-cloud
processing with PhotoScan. Once the two sections of
the PFTB were processed to dense cloud models, the
two portions were merged within the software to cre-
ate a uniform surface for the full 7-m-high, track-bear-
ing surfaces (Supplementary file: https://irma.nps.gov/
DataStore/Reference/Profile/2299562). The model is
internally scaled using control sticks of 30 and 50 cm
lengths, calibrated to + 0.1 mm. Calibration for these
scales was completed by comparing the distances be-
tween the printed targets with an ASTM certified ruler.
The estimated error reported from the processing of the
model is + 0.4 mm, which instills high confidence in the
fidelity of model feature measurements.

Both high-definition digital cinematography and
high-resolution digital photography are essential ele-
ments to the future of monitoring paleontological sites.
Digital documentation provides data for historical side-
by-side and overlay comparisons of high-quality imag-
es and real-time footage (Wood and others, 2021). The
collected images and footage can be used to monitor
natural or man-made changes to sites, including van-
dalism, theft, and erosion, for new and existing pale-
ontological sites. Implementing digital technology is a
vital and essential component for raising public aware-
ness, minimizing impact, and preserving paleontologi-
cal resources.

Measurements of Tracks and Trackways

Individual track measurements were recorded (after
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Olsen and others, 1998; Farlow and others, 2018; figure
4A) including total track length, maximum track width,
estimated track depth, estimated lengths of digits I, III,
and IV, divarication angles between digits II to IV, II to
I11, and III to IV, anterior track length (ATL), anterior
track width (ATW), and indication of symmetry (i.e.,
were tracks produced by left or right feet?).

Some of the aforementioned measurements could
only be estimated because most footprints at the site are
not exceptionally well preserved: following the 0-1-2-
3 preservation scale established by Belvedere and Far-
low (2016) and later modified by Marchetti and oth-
ers (2019), tracks on the PFTB mostly score “1.” Most
tracks on the PFTB do not show digit pads; nearly all
have been impacted by modern-day weathering (e.g.,
exfoliation) and have some form of lithic deformation,
which is discussed in more detail below. Some Gralla-
tor tracks can be scored “2” because track outlines are
sharp, and some toe pads can be discerned. Finally, two
overlapping Batrachopus pedal tracks found at the site
on a smaller float block we consider elite tracks, or “3”
on the preservation scale. Consequently, most measure-
ments taken for digit lengths, divarication angles, an-
terior triangle lengths, and anterior triangle widths are
necessarily estimates.

In addition to individual track measurements, the
following measurements were recorded for biped-
al trackways (after Lockley, 1991; Farlow and others,
2018; figure 4B): pace, stride, pace angulation, trackway
width, footprint rotation, and direction of travel.

Generally, trackway orientations are recorded us-
ing a compass when preserved in situ; however, on the
PFTB, this could not be accomplished because the track
surfaces are ex situ. Nevertheless, we were able to orient
the estimated position of the block with the adjacent,
in situ cliff, and we were able to estimate directions of
travel.

Specific ichnological terminologies and definitions
are used based on standards summarized by Marty and
others (2016).

INSTITUTIONAL ABBREVIATIONS
ACM-ICH, “Appleton Cabinet,” Beneski Museum
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of Natural History (formerly Pratt Museum of Amherst
College), Amherst, Massachusetts; GLCA, Glen Can-
yon National Recreation Area, Page, Arizona; SGDS, St.
George Dinosaur Discovery Site at Johnson Farm, St.
George, Utah; UCM, University of Colorado at Boulder,
Boulder, Colorado; UCMP, University of California,
Museum of Paleontology, Berkeley, California.

GEOLOGY

Stratigraphy

The Glen Canyon Group within GLCA is com-
posed, in stratigraphic order from oldest to youngest,
of the Wingate Sandstone, Kayenta Formation, and
Navajo Sandstone. The Wingate Sandstone (about 75
m thick), which holds the Triassic-Jurassic boundary
(in part, laterally equivalent to the Moenave Formation
to the west and southwest), overlies the Upper Triassic
Church Rock Member (or Rock Point Member of some
authors) of the Chinle Formation (or Chinle Group
of some authors). The Kayenta Formation overlies the
Wingate, but it is thin (about 95 m thick) and sandy in
GLCA compared to its siltier lithology in north-central
Arizona and southwestern Utah, where it measures ap-
proximately 144 m and 305 to 320 m thick, respectively.
Above the Kayenta Formation, the Navajo Sandstone
ranges from 350 to 400 m thick; it is unconformably
overlain by the Middle Jurassic Carmel Formation of
the San Rafael Group within most of GLCA, and the
Middle Jurassic Temple Cap Formation (formerly Page
Sandstone) in the southern and western parts of the
park (Doelling and others, 2013).

As in drainage basins during the Late Triassic
through Early Jurassic, represented by the Chinle, Win-
gate Sandstone, Moenave, and Kayenta Formations,
most river systems flowed from the southeast toward
the northwest through the Navajo erg depositional ba-
sin (figure 5). The braided fluvial systems of the Kayenta
Formation brought in massive accumulations of sand
with increased aridity, leading to the formation of the
Navajo erg (Blakey, 1994, 1996; Peterson, 1994; Bryant
and Miall, 2010), the largest sand sea known in Earth
history (Kocurek and Dott, 1983). The upper part of the
Kayenta and lower Navajo Sandstone are both grada-
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Figure 4. Track and trackway measurements taken. (A) Individual Eubrontes footprint showing measurements used in this
paper. (B) Bipedal dinosaur trackway showing pace or step, stride, trackway width, and pace angulation. Modified from
Lockley (1991). IL III, IV = digits; II-III° = divarication angle between digits II and III; II-IV° = divarication angle between
digits IT and IV; III-IV® = divarication angle between digits III and IV; II L = digit II length; III L = digit III length; IVL =
digit IV length; ATL = anterior track length; AW = anterior track width; PA° = pace angulation; TL = total track length; TW
= total track width; TwWW = trackway width..

tional and intertongue substantially with one another within the vicinity of, and immediately below the PFTB.
over large areas, and we observe this same interfinger- We follow other authors and refer to this sequence as
ing between fluvial and eolian systems on a smaller scale the Kayenta-Navajo transition (Harshbarger and oth-
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Figure 5. Depositional and structural features during the Early Jurassic and onset of the Navajo erg. Tadpole symbols indicate
location (dot) and average foreset dip directions (tails). Dark gray represents eroded basement rocks during the Early Juras-
sic. Red arrows indicate estimated wind directions based on sand dune data. Blue arrow represents predominant fluvial flow
directions during Late Triassic-Early Jurassic (figure modified from Bryant and Miall, 2010, and Bryant and others, 2016;
data after Blakey, 1994; Parrish and Peterson, 1988; Peterson, 1994; Dickinson and Gehrels, 2003).

ers, 1957; Middleton and Blakey, 1983; Sansom, 1992;
Herries, 1993, Blakey, 1996; Lockley and others, 2014).

The Navajo Sandstone was deposited in a low-lat-
itude erg that was situated on the western margin of
Pangaea during the Early Jurassic (Pliensbachian-Toar-
cian; approximately 180 to 190 million years ago; Loope
and others, 2001). Although uncommon, interdunal
carbonate beds in the Navajo Sandstone, especially in
south-central and southeastern Utah, are more promi-
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nent in the lower half of the formation (Marzolf, 1983),
but these beds rarely measure greater than 1 m in thick-
ness. These carbonate beds can span areas of over 1 km
(Doelling and other, 1989; Stokes, 1991; Bryant and
others, 2016), and many are made up of dolostone and
cherty limestone deposited between dune sets along
interdunal surfaces. Vertebrate tracks and invertebrate
traces can be locally abundant on and within these in-
terdunal carbonates. Additionally, stromatolites and
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microbial mat surface are quite common in some areas,
including many localities within GLCA.

Sedimentology

The track-bearing horizons at the PFTB are in the
lower part of the Navajo Sandstone, approximately 15.8
m above the conformable contact between the “sandy
facies” of the Kayenta Formation and Navajo Sand-
stone (figure 6A). Due to rough terrain, vegetation, and
poor exposures, a “clean” stratigraphic section had to
be measured several hundred meters to the south of
the PFTB locality where the Kayenta—Navajo transition
could be observed up to a traceable, laterally extensive
interdunal/paleoerosional parting (“crack”) extending
between both sites (figure 6A).

Three additional sections were measured at the
PFTB locality: (1) the in situ cliff face adjacent to the
PFTB (figures 6B and 6C); (2) the south side of the
PFTB (figure 6D); and (3) the north side of the PFTB
(figure 6E). All three of these short sections have nearly
identical stratigraphic features that can easily be cor-
related with one another.

The wavy-laminated beds preserving the tracks
within the cliff (figures 6B and 6C) compare well with
measurements taken from both sides of the PFTB (fig-
ures 6D and 6E): in the cliff, the thickness from the
base of a dark brown, oxidized unit to the bottom of the
track-bearing unit measures 1.86 m. Another oxidized,
brown bed below the wavy-laminated track-bearing
unit is about 30 cm thick and is composed of poorly
sorted, fine-grained sandstone nearly identical to the
cross-bedded layers below it that are dune sequences.

The section measured on the south side of the PFTB
comprises lower wavy-laminated beds; middle massive
beds; and upper thick, planar-laminated beds (figure
6D). The thinner track-bearing beds pinch out toward
the top of the block, and similar sets of sandstones were
observed in situ within the cliff next to the PFTB (fig-
ures 6B and 6C). Whereas wavy-laminated beds, as well
as localized chert and carbonate beds, are present in a
laterally traceable layer continuing for several hundred
meters to the north (figures 7B through 7D) and south
of the PFTB in the cliff, the thickest parts of these beds
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are found in situ near the PFTB.

The stratigraphic section measured on the north
side of the PFTB is 5.25 m thick (figure 6E). The main
track-bearing surface lies at the base of the section,
starting with approximately 0.5 m of wavy, fine- to
very fine, well-cemented sandstone. We recognize
three track horizons located on some of these carbon-
ate-rich, wavy-laminated surfaces, which are stromato-
litic (figures 6F, 6G, and 7B). Microbial mats certainly
were present when animals walked across the surfaces
judging from the pitted texture of the MTL, as well as
some other horizons. Above the MTL is approximately
25 cm of massive to poorly laminated, coarse-grained
sandstone that shows evidence of soft-sediment defor-
mation. An additional 25 cm of finely laminated, medi-
um-grained sandstone that is oxidized to a dark brown
are followed by about 4 m of planar-laminated, fine to
very fine sandstone making up the lower part of a dune
sequence. Float blocks between the exposed track sur-
faces of the PFTB and the cliff face mostly pertain to
additional beds that were present below the MTL.

The wavy-laminated beds bearing the tracks formed
during a time of wet conditions in which substantial
water, either a rise in the water table during a wet season
and/or during a monsoon season (Loope and others,
2001), would have been able to accumulate and pool on
flats between dunes (i.e., interdunal playas). The result-
ing carbonate-rich beds commonly preserve microbial
laminates and even large stromatolites at some localities
(Eisenberg, 2003; Parrish and Falcon-Lang, 2007; Dor-
ney, 2009; Dorney and Parrish, 2009; Chure and others,
2014; Parrish and others, 2017).

Although some parts of the PFTB surfaces are heav-
ily weathered, the majority is well-preserved, exhibiting
sedimentary structures such as small mudcracks (figure
8A),and the aforementioned pitted, rugose texture likely
formed by microbial mats. Branching horizontal struc-
tures that may represent poorly preserved invertebrate
grazing trails, and unidentified larger, mudcrack-like
structures were also observed and mapped (figure 8B),
but we have not been able to definitively identify any of
these sedimentary structures with confidence.

Additionally, several float blocks contain inverte-
brate burrows, but their exact stratigraphic positions
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1 meter

Figure 6. Stratigraphy and lithology of the John Wesley Powell Fossil Track Block (PTFB). (A) View of PFTB location (red
circle) from the lake looking east. Red line indicates where stratigraphic section was measured to determine distance above
the Kayenta—Navajo contact; yellow arrows point to interdunal surface that traces to the top of the main track-bearing,
stromatolitic beds; the white arrow points to northern exposure of track beds north of the PFTB. (B) In situ cliff adjacent to
PFTB. (C) Corresponding stratigraphic section of in situ cliff (B), and comparison with the PFTB (in D and E). Track-bearing
layers are designated L1-L3. (D) Stratigraphy of the south side of the PFTB. (E) Stratigraphy on the north side of the PFTB.
(F) Close-up of distinct units on north side of PFTB. Dashed box indicates area shown in G. (G) Close-up of track-bearing,
stromatolitic, wavy laminated carbonate-rich sandstone beds. White arrow points to possible track in cross section.
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Figure 7. (A) Medium-grained, stromatolitic sandstones bearing Grallator tracks in track layer 1 (see figure 6 for the posi-
tion of this layer), the oldest tracks identified at the John Wesley Powell Fossil Track Block (PTFB). (B) In situ track-bearing
stromatolitic beds with cherty layers immediately below, located north of the PFTB. (C) Another track surface in situ north
of the PFTB. White arrow points to tracksite surface under overhang. (D) Close-up of overhang in C; white arrows point to
in situ natural cast tracks; red arrows point to unidentified sedimentary structures.

below the track-bearing surfaces are uncertain. These other, we can safely estimate the in situ position of the
back-filled burrows resemble Taenidium barretti (figure PFTB, thereby allowing us to also estimate travel orien-
8C; see Keighley and Pickerill, 1994; Matt Stimson, New  tations of track producers (figure 2B, inset).

Brunswick Museum, personal communication, 2022).

Structural fractures, which are aligned approximate- pALEONTOLOGICAL DESCRIPTION OF
ly 90° to larger scale joint orientations, can be recog- THE POWELL FOSSIL TRACK BLOCK

nized on the track block surface. Using the orientations

of joint and fracture trends in the approximate location A total of 104 footprints were observed on the main
of the rockfall, and because the orientation of joints and  track block itself, preserved on at least three track hori-
varying stratigraphy from one side of the block to the zons (figures 2 and 6C). Tracks indicate a moderately
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Figure 8. Sedimentary structures on the main track surface
of the John Wesley Powell Fossil Track Block (PTFB). (A)
Small mudcracks and possible horizontal, branching bur-
rows. (B) Large, rope-like structures that could be mud-
cracks. (C) Back-filled invertebrate burrows (cf. Taenidium
barretti) found in float between the PFTB and cliff where the
block originated.

diverse ichnofauna including three to four theropod
dinosaur size groups, crocodylomorphs, and possible
cynodont synapsids.

Grallator and Grallator-Like Tracks
(Figures 9 and 10, Tables 1 to 3)

We identify small tracks and trackways of biped-
al theropods from the PFTB as Grallator (Hitchcock,
1858) or Grallator-like because of their size, general
outline, and trackway configuration. Grallator is the
most abundant track type at the PFTB, with a total of 49
individual tracks, 22 of which are within three distinct
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trackways. These small theropod footprints range from
4.5 to 22 cm in length and 4.0 to 12.5 cm in width, and
average 13.3 cm long and 9.2 cm wide (table 1).

Grallator trackway T5 (figures 2B, 9A, and 9B, tables
1 and 2) comprises 10 footprints, starts near the middle
of the PFTB, and ends in the upper right corner. The
trackway shows a very slight left turn where the animal
changed its pace and stride: the first three footprints fol-
lowing the turn (T5-4 to T5-6) have shorter stride and
wider pace angulation values (i.e., minimum of 62.5 cm
and average of 122.3°) followed by longer stride and
narrower pace angulation values (averaging 75.1 cm
and 166.3°) nearly identical to those displayed prior to
the direction change. This individual was travelling to-
ward the northeast. The best preserved footprint in this
trackway is T5-10, which is a left print (figure 10A).

Grallator trackway T7 was traveling toward the
north, opposite to the direction of Eubrontes trackway
T1 (figures 2B, 9C, and 9D) and at a later time than
Eubrontes T1 because T7-3 overprints T1-3, and T7-4
overprints the displacement rim of T1-2. T7 is one
of the smallest theropod trackways preserved on the
PFTB, having an average footprint length of 12 cm and
width of 7.4 cm. The best-preserved print in this track-
way is T7-4, a right track with some indication of a 2-3-
4 toe pad arrangement, as is typical for Grallator, visible
in the photogrammetric images (figure 10B). Trackway
T7 has an average stride of 140 cm, an average track-
way width of 13.4 cm, and an average pace angulation
of 172° (table 2).

Grallator-like trackway T36 consists of only two
poorly preserved tracks that average 21.8 cm long and
9.7 cm wide (figure 2B; table 1). The lengths of these
tracks may have been exaggerated by metatarsal traces,
but this cannot be confirmed due to poor preservation.

Grallator tracks on the MTL of the PFTB, includ-
ing those of trackway T7, are “inflated” or “expanded”
in a similar way to those of the larger theropod tracks,
though not as exaggerated. Examples of this “inflation”
include the distal end of the trace of digit II in track
T7-4 (figure 10B), isolated left track T12 (figure 10E),
and left track T7-1 (figure 10C); the latter has an iden-
tifiable Grallator shape, but the distal end of the trace
of digit II is missing, and the intersection between the
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Track # Sym. TL ™ ATL ATW  DigitIIL Digit IIT L DigitIVL  II-IV° II-III° II-IVe TD
T5-1 Right 13.0 9.8 55 7.8 59 120 83 40 26 14 N/A
T5-2 Left 1.5 10.5 44 8.7 6.0 10.5 9.5 50 22 28 N/A
T5-3 Right 105 8.6 4.6 8.4 - - - 83 41 43 N/A
T5-4 Left 9.2 77 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T5-5 Right 13.2 8.3 N/A 7.1 N/A N/A N/A 44 20 25 N/A
T5-6 Left 135 10.7 6.2 8.1 7.5 125 9.6 N/A N/A N/A N/A
T5-7 Right 13.0 11.0 6.4 95 7.5 123 9.5 N/A 23 N/A N/A
T5-8 Left 134 11.0 N/A 8.6 N/A N/A N/A 46 28 18 N/A
T5-9 Right 16.0 1.5 6.4 8.6 79 15.0 10.0 69 34 37 N/A
T5-10 Left 13.6 10.7 6.1 9.1 6.4 125 8.6 45 18 27 N/A
Avg. 12.7 10.0 5.7 8.4 6.9 125 9.3 5-4 -““2-7. ------------- -2-7""“”"“}\-1;;\- -----
T7-1 Left 128 7.6 59 6.7 57 15 8.0 5-0 -““2-5- ------------- -2-5;“""““";}) ------
T7-2 Right 122 7.6 N/A 59 N/A N/A N/A 46 26 20 2.5
T7-3 Left 121 6.5 N/A N/A N/A N/A N/A N/A N/A N/A 20
T7-4 Right 1.7 7.6 4.2 6.0 7.1 10.1 8.6 47 26 21 0.5
T7-5 Left 11.0 7.8 N/A N/A N/A N/A N/A 4 29 15 N/A
Avg. 12.0 7.4 5.1 6.2 6.4 10.8 8.3 4-6
T38-1 N/A 235 9.6 N/A N/A N/A N/A N/A N;A N/A N/A N/A
T38-2 N/A 20.1 9.7 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Avg. 21.8 9.7 N/A N/A N/A N/A N/A N;A ""l‘i-l;\-““”“""l‘i;l-\“."m“--l\-l;; -----

T9 Right 16.0 10.9 6.5 8.7 8.0 14.0 9.5 5-9 -““3-1 -------------- 2-8-”":0-5- -----
T10 Right 153 104 6.8 8.9 6.5 125 9.3 52 26 28 N/A
T12 Left 15.0 9.5 7.0 8.8 7.5 125 9.3 50 26 24 1.0
T13 Right 14.1 8.4 52 6.9 8.8 128 2.0 47 24 23 N/A
T14 Right 124 79 4.5 6.7 6.5 103 10.7 33 19 14 N/A
T15 Left? 12.0 11.0 58 85 N/A N/A N/A 64 28 34 1.0
T16 Left? 14.0 126 6.3 10.1 N/A N/A N/A 58 29 33 1.0
T17 Right 9.7 6.0 35 6.0 39 9.2 6.3 48 28 24 N/A
T18 N/A 124 15 4.7 79 N/A N/A N/A N/A N/A N/A N/A
T19 N/A 12.0 1.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T20 Left 89 53 35 4.7 38 7.1 5.0 33 20 14 N/A
™1 Right? 124 7.3 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T22 N/A 8.5 6.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T23 N/A 8.7 73 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T24 Right 143 105 55 77 6.2 14 15 63 24 40 N/A
T25 N/A 9.5 79 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T26 Left 1.5 7.8 4.6 4.9 54 10.0 74 30 12 18 N/A
T27 Right 16.0 10.0 6.3 7.8 74 133 9.5 35 13 21 N/A
T28 NA 4.5 4.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T29 Left 174 125 55 11.8 103 14.0 125 49 29 23 N/A
T30 N/A 220 125 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T31 Right? 12.0 89 4.8 8.6 6.2 10.2 7.8 63 35 38 N/A
T32 Left 16.0 125 7.0 11.0 83 155 125 47 19 28 N/A
T35 Left 16.5 10.5 8.3 7.0 85 15.0 10.5 N/A N/A N/A N/A
T36 N/A 9.9 6.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A
T37 Right 11.6 9.5 6.5 7.0 N/A N/A N/A 57 36 21 N/A
T40 Right? 16.5 109 7.6 10.6 N/A N/A N/A N/A N/A N/A N/A
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Table 1 is on the previous page. Measurements (cm) of 44 individual Grallator tracks on the main track layer of the John
Wesley Powell Fossil Track Block. ATL = anterior triangle length; ATW = anterior triangle width; Avg. = average; Digit II,
III, and IV L = digit II, III, and IV lengths; II-1V, II-1II, and III-IV = divarication angles between digits II-IV, II-III, and
III-IV; N/A = no data; Sym. = symmetry (i.e., left or right tracks); TD = track depth; TL = track length; TW = track width.

=
2152 T32

(2151

Figure 9. Grallator trackways on the John Wesley Powell Fossil Track Block (PFTB). (A-B) Inverted trackway T5, which
shows a change in pace/stride of the trackmaker due to very slight change in travel direction: (A) photogrammetry, (B) inter-
pretive map of trackway. (C-D) Natural cast trackway 7: (C) photogrammetry, (D) interpretive map of trackway.
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Table 2. Two Grallator trackway measurements (cm) on the main track layer of the John Wesley Powell Fossil Track Block. FR =
footprint rotation; N/A = no data; PA = pace angle; PL = pace length; SL = stride length; Sym. = symmetry; TW = trackway width.

Track#  Sym. PL SL PA° W FR
T5-1 Right N/A N/A N/A N/A N/A
T5-2 Left 44.0 80.1 154 20.2 N/A
T5-3 Right 38.5 72.0 112 29.8 N/A
T 5-4 Left 48.0 79.0 135 21.5 N/A
T5-5 Right 38.0 62.5 120 27.7 N/A
T 5-6 Left 34.5 73.5 143 26.2 N/A
T5-7 Right 37.0 73.0 167 18.3 N/A
T5-8 Left 37.0 76.5 169 17.4 N/A
T 59 Right 42.0 71.5 163 16.9 N/A

______ T 5-10 Left 36.7 N/A N/A N/A N/A

______ Average 39.5 74.3 145 22.3 N/A
T7-1 Left N/A N/A N/A N/A N/A
T7-2 Right 62.8 145.0 174 14.8 9
T7-3 Left 62.9 140.0 167 12.6 5
T 7-4 Right 58.1 135.0 175 12.8 4

______ T 7-5 Left 59.5 N/A N/A N/A N/A

Average 60.8 140.0 172 13.4 6

traces of digits II and III is not visible. This print was
underlain by a thicker layer of sand, and its “inflated”
morphology possibly is a result of the transfer of sticky,
sandy sediment from one foot strike to the next.

Better preserved Grallator tracks on surfaces direct-
ly below the MTL (Track Layer 1; figure 10D) exhib-
it more typical overall shapes for Grallator than many
of those on the MTL. Only a few theropod tracks were
identified during the excavation of float slabs in front of
the PFTB, all of which pertain to Grallator.

Several Grallator tracks on the youngest track sur-
face preserved on the right side of the PFTB have a
lower quality of preservation due to dinoturbation and
significant erosion of the exposed parts of the tracksite.
For these reasons, many of the tracks on this surface
cannot be properly identified. A total of ten tracks have
been identified as Grallator and have length and width
ranges between 10.2 to 19.7 cm and 5.9 to 17.6 cm, re-
spectively (table 3).

Grallator tracks from the Navajo Sandstone would
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have been produced by contemporaneous, small, coe-
lophysid-like theropods, such as Segisaurus halli, which
is known only from the Navajo Sandstone of northern
Arizona (Camp, 1936; Carrano and others, 2005).

Medium-Sized Tridactyl cf. Kayentapus Tracks
(Figure 11; Tables 4 and 5)

Medium-sized theropod tracks on the MTL com-
prise two trackways (T4 and T6) and a single isolated
track (T8) (figure 2B). T4 consists of six footprints with
average pace and strides of 85.9 and 173.3 cm (table 5).
The maximum trackway width is 27.4 cm and pace an-
gulation of approximately 164°. Individual tracks in T4
have an average length and width of 24.8 and 18.5 cm,
respectively (table 4).

Trackway T6 (figures 2B and 11) is made up of eight
footprints, but T6-6 is nearly unrecognizable, represent-
ed only by an elongate mound. Tracks in this trackway
have an average length and width of 21.9 cm and 16.7
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Figure 10. Natural cast Grallator tracks on the John Wesley
Powell Fossil Track Block (PFTB). (A) Close-up photogram-
metry of left natural cast track T5-10. (B;) Photograph of
T7-4 and (B,) photogrammetry of T7-4. (C;) Photograph of
T7-1 and (C,) photogrammetry of T7-1. (D) Grallator nat-
ural cast track from oldest PFTB track surface. (E;) Photo-
graph of isolated Grallator track T12 and (E,) photogram-
metry of T12. All scale bars = 10 cm.

cm, respectively. The average divarication angles be-
tween the traces of digits II-IV in T4 and T6 are 51° and
40°, respectively. Like the holotype tracks of Kayentapus
hopii (UCMP 83668; figure 15C), the PFTB tracks are
strongly mesaxonic, with an estimated anterior trian-
gle length compared to entire track length of 40% in
the holotype, whereas for PFTB tracks in trackway T4
is 40% and T6 is 38%. Finally, the pace angulation of
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the holotype trackway is narrow at approximately 174
to 175° (Welles, 1971), which is close to those of PFTB
trackways T4 and T6 that average 164° and 170°.

The PFTB cf. Kayentapus tracks bear some morpho-
logical similarities to those in the holotype trackway
of Kayentapus from the Kayenta Formation near Tuba
City, Navajo Nation, Arizona (Welles, 1971; Lockley and
others, 2011); our tentativeness in firmly assigning the
PFTB tracks to Kayentapus stems from the lower quali-
ty of preservation of tracks at the PTFB (i.e., lacking toe
pads) and deformation/inflation (expansion) of the dig-
it traces. Additionally, the divarication angles between
traces of digits II-IV across the tracks in T6 are con-
sistently lower by about 10° than those in the holotype
trackway. The holotype tracks were identified as “slight”
undertracks by Lockley and others (2011, p. 333), as is
our interpretation of the PFTB tracks. Several authors
have suggested that Kayentapus is a junior synonym
of Eubrontes and that its apparent morphological dis-
tinction is due to the poor preservation of the holotype
tracks (Rainforth, 2005; Lucas and others, 2006). Paul
Olsen (Columbia University, personal communication,
2017) suggested that Kayentapus tracks are partially
penetrative Eubrontes tracks, and that the partial pen-
etration splayed the digits, resulting in wider divarica-
tion angles, and gave the digits a narrower appearance.
This may be partially true, but the holotype tracks of
Kayentapus are shallow and not penetrative, and many
examples of clear Eubrontes exist that are also partial or
tully penetrative in a variety of substrates. Despite these
concerns, many still consider Kayentapus valid (Lockley
and Hunt, 1995; Gierlinski, 1996; Piubelli and others,
2005; Weems, 2006 and many citations therein; Lockley,
2009; Xing and others, 2020; Lockley and others, 2011;
Farlow and others, 2018).

Medium-sized theropod tracks on the MTL super-
ficially resemble Kayentapus, so we refer to them here
as cf. Kayentapus. However, aside from these tracks
having larger sizes than the above-mentioned Grallator
and Grallator-like tracks, the anterior track length/track
length ratios and divarications angles between digits
II-IV do not differ significantly between all these foot-
print categories. Therefore, the cf. Kayentapus could be
considered large cf. Grallator tracks as well. A thorough
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Table 3. Ten Grallator-like individual track measurements (cm) from uppermost track horizon on the John Wesley Powell
Fossil Track Block. ATL = anterior triangle length; ATW = anterior triangle width; Avg. = average; Digit I, III, and IV L =
digit IL, II1, and IV lengths; II-IV, II-III, and III-IV = divarication angles between digits II-IV, II-III, and III-IV; N/A = no

data; Sym. = symmetry (i.e., left or right tracks); TD = track depth; TL = track length; TW = track width.

Track Digit Digit Digit o o o

4 Sym. TL TW  ATL ATW NL ImL IVL II-1V II-1re - mI-1v
L1 Right 102 59 4.6 4.6 3.5 6.6 6.2 50.0 25.0 25.0
L2 N/A ;16 8:; 11.3 N/A N/A N/A N/A NA N/A N/A N/A
L3 Right 176 138 55 9.5 11.5 11.7 12.6 48.0 30.0 18.0
L4 Left 237 158 9.8 11.0 10.0 183 16.6 59.0 42.0 18.0
LS  Left? 113 8.5 5.0 59 N/A N/A NA N/A N/A N/A
L6 Right? 197 17.6 6.8 13.4 N/A N/A NA N/A N/A N/A
L7 Right? 17.7 10.5 8.8 8.6 N/A N/A NA N/A N/A N/A
L8 N/A  16.0 N/A N/A N/A N/A N/A NA N/A N/A N/A
L9 N/A 17.0 7.7 N/A N/A N/A N/A NA N/A N/A N/A
L10 NA 175 N/A N/A N/A N/A N/A NA N/A N/A N/A

differentiation between Kayentapus and Grallator (and
Anchisauripus) is beyond the scope of this report.

No potential trackmakers of the size required to
make the cf. Kayentapus tracks are known currently
from body fossils from the Navajo Sandstone; howev-
er, Dilophosaurus was found near the Kayentapus type
locality, so juveniles or subadults of this larger taxon
could have been the trackmaker (Welles, 1954, 1970,
1984; Marsh and Rowe, 2020).

Eubrontes
(A.K.A., “Ornithopod-Like Tracks”)
(Figures 12 and 14; Tables 6 and 7)

By far the most prominent and eye-catching foot-
prints on the PFTB are the two parallel, “ornitho-
pod-like” natural cast trackways arranged horizontally
acrossthe MTL (T1and T2; figures 2, 12,and 13). A third
trackway (T3) only preserves two footprints (figures 2B
and 14A through 14G). These three trackways, produced
by large bipedal dinosaurs, have average track lengths of
34.3, 34.5, and 35.8 cm, respectively. The average widths
are 35.2, 32.1, and 37.5 cm (table 6), respectively. After
close examination of these tracks, and through the use
of photogrammetry, we agree with Lockley and Xing
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(2015) that these tracks pertain to Eubrontes. Although
the overall track morphologies, which display “inflated”
digit traces and exaggerated track widths, are “ornitho-
pod-like,” we propose that these footprints may not be
distorted solely by sediment load compaction and de-
formation following lithification. The deformation of
muddy, and potentially spongy microbial mats and/or
endoevaporitic substrates by the feet will often produce
steep-walled mud rims around the footprints, as seen in
trackways T1 and T2 (figures 12 and 13). Additionally,
the transfer of wet, sticky substrate from one track to
the next into successive tracks may also be a contrib-
uting factor to the “bulkiness” of the digit impressions.
Also, overgrowth of microbial mats into and over tracks
following their formation could have occurred, further
distorting the footprints and distorting overall track
morphology (Marty and others, 2009). Studies of mod-
ern bird tracks (emus and domestic chickens) through
controlled experimentation also show incredible vari-
ations in track preservation from poor to exceptional
based on sediment type and quantities (i.e., percentages
of different sediment types such as clay and sand), as
well as water content or lack thereof (Milan, 2006; Falk
and others, 2017; Farlow and others, 2018). Farlow and
others (2018, p. 166) even suggest how a theropod foot
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Table 4. Measurements (cm) of 15 Kayentapus-like individual theropod tracks on the John Wesley Powell Fossil Track Block.
ATL = anterior triangle length; ATW = anterior triangle width; Avg. = average; Digit II, III, and IV L = digit IL, III, and
IV lengths; II-1V, II-1I1, and III-IV = divarication angles between digits II-IV, II-III, and III-IV; N/A = no data; Sym. =
symmetry (i.e., left or right tracks); TL = track length; TW = track width.

Digit Digit Digit . . .
Track #  Sym.  TL TW ATL ATW _ i HIgL IVgL I-IVe IO IV
T 4-1 Left NA NA NA NA NA NA NA NA NA NA
T4-2  Right 250 175 N/A NA NA NA NA 53 27 26
T 4-3 Left 225 185 88 134 120 212 165 60 28 32
T4-4  Right 280 200 106 150 135 225 190 NA NA  NA
T 4-5 Left 260 175 113 156 125 245 165 45 22 23
T4-6  Right 225 190 87 159 145 175 142 44 24 20
Avg. - 248 185 99 150 131 214 166 51 25 25
T6-1  Right 200 162 9.0 150 125 175 117 32 18 16
T 6-2 Left 225 172 7.5 143 170 200 125 38 18 20
T6-3  Right 225 170 9.0 161 115 185 145 44 21 23
T 6-4 Left 220 155 N/A NA NA NA NA 49 22 27
T6-5  Right 210 162 79 145 125 205 142 39 24 15
T 6-6 Left 185 16 NA NA NA NA NA NA NA NA
T6-7  Right 218 170 73 150 129 194 170 67 34 33
T6-8 Left 235 165 83 145 150 205 165 57 38 9
Avg. o 219 167 82 149 136 194 144 47 25 2
T8 Right 22.5 180 80 152 138 187 158 40 21 19

interacting with the right substrate conditions could
produce a footprint that is ornithopod-like, especially
if the main sediment was a sand with lower water con-
tent resulting in sediment collapse into the track. So,
rather than ornithopod-like dinosaurs being the track
producers at the PFTB, more likely the producers were
medium-sized theropods similar in size to Dilopho-
saurus, which is known from the underlying Kayenta
Formation of north-central Arizona and possibly Utah
(Welles, 1954, 1970, 1984; Madsen and others, 2012;
Marsh and Rowe, 2020).

In T1, the trackway width is approximately 42 cm
wide from footprints T1-1 to T1-3, and about 43 cm
wide from T1-5 to T1-7. However, at T1-4, the trackway
width expands to 53 cm. Also, at T1-4, the foot rotation
increased, and the animal toed out with the left foot as
the pace angulation decreases by a couple of degrees to-
ward the right between footprints T1-4 and T1-5. We
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speculate that this slight alteration was due to slippage
and/or a reaction to sediment consistency. Deformation
on the outside edge of T1-4 track wall is marked by an
unidentified, subrectangular, poorly preserved track
(cf. Grallator; figure 12). Trackway T1 preserves seven
footprints with average pace and strides of 87.1 and
170.0 cm, respectively (table 7). The maximum track-
way width is 47.6 cm, and the average pace angulation
is approximately 167°.

In trackway T2 (figures 2 and 13), track T2-5 dis-
plays an elongated and tapered digit III trace, and traces
of digits II and IV are not as rounded and do not divar-
icate as widely like those in the preceding footprints in
this trackway. Tracks T2-1 to T2-4 look more like those
in T1 (figures 2 and 13), whereas T2-4 preserves a sharp
claw mark on the trace of digit III that is only visible
through the use of photogrammetry. An elongated digit
IIT trace and the presence of sharp claws would be ex-
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Table 5. Kayentapus-like trackway T4 and T6 measurements (cm) on the main track layer of the John Wesley Powell Fossil
Track Block. Avg. = Average; FR = footprint rotation; N/A = no data; PA = pace angle; PL = pace length; SL = stride length;

Sym. = symmetry; TW = trackway width.

Track # Sym. PL SL PA° W FR
T 4-1 Left N/A N/A N/A N/A N/A
T 4-2 Right 96.0 183.0 160 N/A 11
T 4-3 Left 93.0 172.0 165 23.8 11
T 4-4 Right 81.0 160.0 162 28.4 N/A
T 4-5 Left 78.0 158.0 170 30.1 N/A
T 4-6 Right 81.5 NA N/A NA NA
Ave. 85.9 1733 164 274 mn
T 6-1 Right N/A N/A N/A N/A N/A
T 6-2 Left 78.0 149.0 172 20.8 0
T 6-3 Right 70.8 139.0 161 26.2 12
T 6-4 Left 68.8 136.0 172 20.7 0
T 6-5 Right 67.7 126.0 172 N/A 0
T 6-6 Left 57.8 137.0 175 N/A N/A
T 6-7 Right 83.3 125.0 N/A N/A 0
T 6-8 Left 62.5 NA N/A NA NA
Avg. 69.8 135.3 170 22.6 2

pected of theropod tracks. Trackway T2 consists of five
tracks with average pace and strides of 88.4 and 173.3
cm (table 7). The maximum trackway width is 57.1 cm,
and the average pace angulation is approximately 159°.
The first footprint in T3 (T3-1) is a left track, al-
though it is not well preserved (figure 14). T3-1 and
T3-2 have track lengths of 35.5 and 33.0 cm, and widths
of 26.5 and 27.0 cm, respectively (table 6). Like those of
T1 and T2, both tracks in T3 appear ornithopod-like,
although T3-1 has a clear, sharp claw impression pre-
served on digit II, and track T3-2 has a sharp claw mark
on digit III. Both of these tracks are also narrower than
all of the footprints of T1 and T2, with the exception of
T2-5. Like tracks T2-4 and T2-5, the presence of sharp
claws in narrower tracks strongly suggests that they were
made by theropod dinosaurs, and the unusual, inflated
morphology is likely the result of sediment compaction
(Lockley and Xing, 2015), weathering, and/or sediment
consistency as mentioned above, and discussed in more
detail below. The step between these two tracks is 100
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cm (table 7).

The common orientation and lack of overlap of the
two longer trackways, T1 and T2, suggests possible gre-
garious behavior by the trackmakers (Hamblin and oth-
ers, 2006; Lockley and others, 2006; Getty and others,
2015). Such social behavior is well-established for later
ornithischian dinosaurs from both body fossil and track
records, but not for Early Jurassic ornithischians based
on tracks such as Anomoepus (but see Olsen and Rain-
forth [2003] for a contrary perspective). Gregarious
behavior has been well documented in Early Jurassic
theropods, however (Ostrom, 1972; Raath, 1977; Col-
bert, 1989; Currie, 1993; Lockley and Matsukawa, 1999;
Hamblin and others, 2006; Lockley and others, 2006;
Milner and others, 2006; Currie and Eberth, 2010). In
fact, theropod dinosaurs in general, throughout their
existence from the Late Triassic to the Late Cretaceous,
show strong evidence of at least occasional gregarious
behaviors (Hitchcock, 1836; Hamblin and others, 2006;
Lockley and others, 2006), although some tracksites
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5.76m

577m
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Figure 11. Medium-sized theropod tracks (cf. Kayentapus) from trackway six (T6) on the John Wesley Powell Fossil Track
Block (PFTB) shown as photographs (above) and color contour photogrammetry images (below): (A1.,) T6-1, (B;.5) T6-2,
(C12) T6-3, (D) T6-7. Scale = 10 cm for all pictures. Contour color relief to left of box.

from the Newark Supergroup of eastern North America
do not support this claim (Getty and others, 2015).
Early Jurassic ornithischian trackways, such as
those of Anomoepus and Moyenisauropus, show the
trace of pedal digit III toeing inward; occasionally, these
trackways also include manus impressions (Lockley and
Gierlinski, 2006; Wilson and others, 2009; Milner and
others, 2012, figure 58). The tracks in T1 have digit III
traces either parallel with the trackway axis or toeing
outward slightly, a characteristic more indicative of a
saurischian than an ornithischian trackmaker (Day and
others, 2002; Lockley, 2003), although examples do ex-
ist of theropods toeing inward (Day and others, 2002).
Additional support for the interpretation of a Eu-
brontes affinity for trackways T1, T2, and T3 is based
upon mesaxony, which by two-dimensional ichnologi-
cal definition (Lockley, 2009; Romano and others, 2018)
measures the general proportionality of the greater dis-

Geology of the Intermountain West

205

tal projection of digit III anterior to the distal tips of dig-
its IT and IV (a.k.a., toe extension), as measured by the
shape of the anterior triangle (Olsen, 1980). Mesaxony
has been used by many authors in morphometric anal-
ysis of theropod tracks (e.g., Weems, 1992; Lockley and
others, 2014, p. 174; Farlow and others, 2018; Abrahams
and others, 2022). Anterior triangles that are strongly
mesaxonic, meaning that they have digit III impressions
that project well beyond the distal ends of the traces of
digits II and IV (Lockley, 2009), show that the shape
difference of the anterior triangle has a consistent rela-
tionship to overall track shape (length/width ratio), and
is not simply the result of variation in digit divarication
angles, which is often extramorphologically controlled
by substrate consistencies (Lockley and others, 2014).
The natural cast holotype Eubrontes giganteus
(ACM-ICH-15/3; figure 15A) from the Early Jurassic
Portland Formation of Holyoke, Massachusetts, has a
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Figure 12. Eubrontes natural cast trackway T1 on the John Wesley Powell Fossil Track Block. (A) Photograph of complete
trackway. (B) Photogrammetry of trackway shown in color relief with 1 mm contours. (C) Close-ups of individual tracks.
From left to right: photographs; drawings; and photogrammetric image with color reliefand 1 mm contour lines. Tracks T1-1
to T1-7 are incomplete.
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Figure 13. Eubrontes natural cast trackway T2 on the John Wesley Powell Fossil Track Block. (A) Photogrammetry of track-
way shown in color relief with 1 mm contours. (B) Close-up photographs (left), interpretive sketches (center), and photo-
grammetric images (right) of individual tracks; drawings with 10 cm scale bars; and photogrammetric images with color
relief and 1 mm contour lines.
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Table 6. Measurements (cm) of 17 large, “ornithopod-like” theropod individual tracks (i.e., Eubrontes) on the main track
layer of the John Wesley Powell Fossil Track Block (GLCA #10). ATL = anterior triangle length; ATW = anterior triangle
width; Avg. = average; Digit II, III, and IV L = digit IL, III, and IV lengths; II-1V, II-III, and III-IV = divarication angles
between digits II-1V, II-11II, and III-IV; N/A = no data; Sym. = symmetry (i.e., left or right tracks); TD = track depth; TL =

track length; TW = track width.

Digit Digit Digit . . II-

Track# Sym. TL TW ATL ATW HgL IHgL IVgL Ve ILIre oo TD
T1-1 Right %258; 365 175 285 NA NA NA 58 31 27 35
T1-2 Left 355 359 135 272 205 320 230 48 23 25 30
T1-3 Right 362 372 118 301 257 330 263 59 27 32 25
T1-4 Left 368 345 111 268 265 315 225 45 18 27 35
T1-5 Right 345 365 117 291 200 313 245 50 21 29 3.0
T1-6 Left 360 350 125 299 205 330 270 49 23 26 35
T1-7 Right éi) 305 5(9) 269 200 éi) 235 54 22 32 40

_Avg 358 352 121 284 222 282 245 52 24 28 33
T2-1 Left 345 326 197 259 240 320 250 48 24 24 1.0
T22 Right 335 317 127 248 175 325 197 50 24 26 N/A
T23 Left 350 347 112 263 225 317 270 45 18 27 35
T24 Right 330 320 NA NA NA NA NA 42 20 22 NA

_____ T2-5 Left 370 295 188 268 190 320 245 44 22 22 30

Ave. 346 321 150 260 208 319 258 46 22 24 25
T3-1 Left 355 265 113 246 205 290 270 56 33 23 35

_____ T3-2 Right 330 270 110 244 180 270 245 47 25 22 25

______ Avg. 343 268 112 245 193 280 258 52 29 23 3.0
T33-1 Left 450 345 145 266 261 404 350 53 30 24 N/A

T332 Right 480 404 NA NA NA NA NA NA NA NA NA

Ave. 465 375 145 266 261 404 350 53 30 24 NA
T11 Left? 295 295 NA NA NA NA NA 50 22 28 NA

total track length of 35.7 cm, digit tip width of 24.4 cm,
digit II-IV divarication of 45°, and the anterior trian-
gle length (i.e., toe extension) is 11.1 cm (Farlow and
others, 2018, p. 559-560; Jim Farlow, Purdue Universi-
ty, personal communication, 2023). Specimen SGDS 9
(figure 15B) from the Early Jurassic (Hettangian) Whit-
more Point Member of the Moenave Formation of St.
George, Utah, has similar proportions to the Eubrontes
holotype with a total track length of 37.5 cm, total track
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width of 28.5 cm, anterior track length of 13.0 cm, and
digit II-IV divarication of 35°. As mentioned above,
Kayentapus hopii has an average track length of 33.5
cm, track width of 29 cm, anterior triangle length range
of 12.0 to 13.5 cm, and digit II-IV divarication of 52°.
Dilophosauripus williamsi type (UCMP 79690-4; figure
15D; Welles, 1971), which has been synonymized with
Eubrontes, is a natural cast with a length of 32.5 cm and
width of 28.0 cm, with sharp claw traces, and a digit
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Table 7. Three Eubrontes trackway measurements (cm) on the main track layer of the John Wesley Powell Fossil Track Block.
FR = footprint rotation; N/A = no data; PA = pace angle; PL = pace length; SL = stride length; Sym. = symmetry; TW =

trackway width.
Track # Sym. PL SL PA° TW FR
T1-1 Right N/A N/A N/A N/A N/A
T1-2 Left 84.5 174.0 172 42.0 3
T1-3 Right 90.5 173.0 166 50.0 2
T 1-4 Left 84.0 167.0 161 53.0 3
T1-5 Right 86.5 167.0 167 50.0 4
T 1-6 Left 83.5 175.0 171 43.0 3
. TL7 Rt 935 NA  NA_ NA NA
CAverage el 17L0 167 476 3
T 2-1 Left N/A N/A N/A N/A N/A
T 2-2 Right 87.0 171.0 162 48.7 4
T 2-3 Left 83.0 174.0 153 62.2 15
T 2-4 Right 94.5 175.0 161 60.4 3
LTS Left 890  NA_ NA _ NA_ NA
Lo Average o S84 A8 AT ] LA
T 3-1 Left N/A N/A N/A N/A N/A
o T32 Right 1000  NA _ NA _ NA NA
Average 100.0 N/A N/A N/A N/A

II-IV divarication of 54° (Welles, 1971). James Farlow
(Purdue University, personal communication, 2023)
measured this same type footprint with somewhat sim-
ilar results - length as 34.5 cm, track width of 28.2 cm,
anterior track length of 9.6 cm, and digit II-IV divarica-
tion of 60°. The overall shape of Dilophosauripus is very
similar to the ornithopod-like Eubrontes tracks on the
PFTB (figures 13E through 13G).

Additionally, Weems (2003,2019) suggested Eubron-
tes tracks were produced by a basal sauropodomorph
(a.k.a., “prosauropod”) as well as attributing Otozoum
(figure 15L) to a sauropodomorph: we agree with the
latter, but not the former interpretation. These two ich-
notaxa are clearly morphologically distinct from one
another, even in overall shape (figure 15). The lengths
of the traces of digits I to IV and arrangements of Eu-
brontes tracks do not match those of Otozoum, or any
other ostensible sauropodomorph footprints (e.g., Na-
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vahopus from the Navajo Sandstone; Baird, 1980; Milan
and others, 2008; Farlow and others, 2022; Lockley and
others, 2023). Therefore, sauropodomorphs from the
Navajo Sandstone can be ruled out as producers of the
ornithopod-like tracks from the PFTB.

Comparisons with the PFTB ornithopod-like tracks
and known ornithischian footprints from the Early Ju-
rassic must be considered. Both Moyenisauropus (figure
15]) and Anomoepus (figure 15K) are known from the
Navajo Sandstone, but once again, overall track mor-
phology does not compare well with the PFTB Eubron-
tes footprints. Finally, comparisons with the younger
ichnogenus Caririchnium (figure 15L), for example, C.
lotus from the Lower Cretaceous Jiaguan Formation
(Barremian-Albian) of China (Xing and others, 2015),
has similar rounded digits, but does not display sharp
claws like those seen on the PFTB. Additionally, the
worldwide geologic range of large “ornithopod” tracks
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Figure 14. Other large theropod natural cast tracks on the John Wesley Powell Fossil Track Block. (A) Photogrammetry of
Eubrontes trackway 3. (B) Close-up photograph of T3-2. (C) Sketch of T3-2. (D) Photogrammetric image of T3-2. (E) Close-
up photograph of T3-1. (F) Sketch of T3-1. (G) Photogrammetric image of T3-1. (H) Photograph of large cf. Eubrontes track
T33-1. (I) Photogrammetry of T33-1. Color relief and 1 mm contour lines in A, D, G, and I. Scale bars in B, E, and H equal
10 cm.
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Figure 15 caption is on the next page.
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Figure 15 is on the previous page. Comparison of ornithopod-like Eubrontes tracks with other known Early Jurassic dinosaur
tracks, including Eubrontes, Kayentapus, Dilophosauripus, Otozoum, Moyenisauropus, and Anomoepus, and Early Cretaceous
Caririchnium. (A) ACM-ICH-15/3, holotype Eubrontes giganteus from the Portland Formation of Holyoke, Massachusetts
(photograph courtesy of James O. Farlow). (B) SGDS 9, Eubrontes from the “Main Track Layer;” lower Whitmore Point
Member, Moenave Formation, St. George Dinosaur Discovery Site, southwest Utah. (C) Plaster replica of a right track from
Kayentapus hopii holotype trackway (UCMP 83668), lower Kayenta Formation, Tuba City area, Arizona. (D) Plaster replica
of holotype Dilophosauripus williamsi left track from the Kayenta Formation near Tuba City, Arizona (UCMP 79690-4). (E)
Photogrammetry of Eubrontes T1-6 from PFTB. (F) Eubrontes T2-3 from PFTB. (G) Photogrammetry of Eubrontes T3-2
from PFTB. (H) Photogrammetry of Eubrontes T3-1 from PFTB. (I) Otozoum moodii sauropodomorph track from Nava-
jo Sandstone, GLCA Loc. 359, Utah (photograph courtesy of Jim L. Williams). (J) SGDS 1321, replica of Moyenisauropus
natator ornithischian tracks from the Lower Jurassic Zagaje Formation, Poland. (K) SGDS 1296, replica of Anomoepus isp.
ornithischian track from Kayenta-Navajo transition, Red Hills Desert Garden, St. George, Utah. (L) Caririchnium from Qi-
jiang Tracksite, Jiaguan Formation, China (photograph courtesy of Jerry D. Harris). Scale equals 10 cm in all figures except

K which equals 5 cm.

is much younger than those preserved in the Navajo
Sandstone.

No potential trackmakers of the size required to
make the Eubrontes tracks are known currently from
body fossils in the Navajo Sandstone. The trackmaker
was presumably a medium-sized neotheropod similar
to Dilophosaurus.

We speculate that most, if not all the tracks pre-
served on the PFTB could be transmitted tracks (Leon-
ardi, 1987; Gatesy, 2003), and the transfer of substrate
from one footprint to the next may have resulted in a
lower quality of track preservation. Also, the collapse
of sediment back into footprints as suggested by Martin
(2014, p. 71), or the regrowth of microbial mats within
and over tracks could also result in the loss of footprint
details (Marty and others, 2009; Dai and others, 2015).
Growth of microbial mats over footprints is a good pos-
sibility based on our examination of the photogramme-
try of T2-4 (figure 13) that shows the same pustulate,
pitted texture often produced by microbial mats (Simp-
son and others, 2022).

Microbial mats aid in the preservation of tracks
(Thulborn, 1990; Cohen and others, 1991; Kvale and
others, 2001; Marty, 2008; Marty and others, 2009; Wil-
son and others, 2009; de Souza Carvalho and others,
2013; Dai and others, 2015; Simpson and others, 2022).
The elasticity of cyanobacterial laminites (Avanzini,
1998) and the compaction of tracks following burial
due to loading (Lockley and Xing, 2015) are likely both
responsible for the deformation of tracks on all three
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track horizons recorded at PFTB. Suitable wet environ-
ments for the formation of microbial mats that assist in
track-making conditions have been documented previ-
ously in the Navajo Sandstone (Gilland, 1979; Peterson
and Pipiringos, 1979; Middleton and Blakey, 1983; Her-
ries, 1992; Sansom, 1992; de Souza Carvalho and oth-
ers, 2013; Simpson and others, 2022).

Finally, three very large, but poorly preserved, tracks
(figures 14H and 14I) probably also made by large
theropods occur on the PFTB. The best of these tracks is
T33-1, a left footprint measuring approximately 45 cm
long and 34.5 cm wide (table 6). Surprisingly, this track
is very shallow considering the size and weight of the
theropod that must have produced it. It is possible that
this track was produced at a later point in time after wet
sediment had dried, making the track-maker less able
to register a deeper track.

Quadruped Tracks
cf. Brasilichnium (Figures 16A through 16D;
Supplementary File: https://irma.nps.gov/
DataStore/Reference/Profile/2299562)

Five or six small tracks (figures 2B and 16A through
16D) are preserved on the PFTB MTL surface. Although
very difficult to see in natural lighting, photogrammetry
has greatly assisted in interpretation of these footprints
(figure 16A). The better-preserved example of these
tracks, a left footprint (QT1), measures 3.5 cm long by 3
cm in width. It displays four digits, with digit IV being
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BT2 ™
BT1

Figure 16. Quadruped natural cast footprints from localities
GLCA #10 and GLCA #209. (A-D) Unidentified quadruped
footprints (cf. Brasilichnium) from the John Wesley Powell
Fossil Track Block (GLCA #10). Photogrammetry (A), photo-
graph (B), interpretive sketch (C), and close-up of track QT1
(D). (E-G) Well-preserved Batrachopus natural cast trackway
(GLCA #209). Photograph of trackway (E) and interpretive
sketch (F), and close-up of two overlapping pes tracks BT1
and BT2 (G). D, G scale bar =1 cm; C, E scale bar = 10 cm.

slightly longer than digit III, and digits I and V of sim-
ilar length (figures 16A and 16B).

These small tracks, possibly of the ichnotaxon Bra-
silichnium, were likely produced by quadrupedal tr-
itylodont synapsids whose footprints are commonly
preserved on eolian dune surfaces in the Navajo Sand-
stone, including within GLCA (Lockley and others,
1996, 2014; Lockley, 2011a, 2011b) and at localities
near the PFTB. Winkler and others (1991) recorded a
partial tritylodont skeleton from the Navajo Sandstone
in northern Arizona, but the vast majority of Early Ju-
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rassic tritylodont body fossils within the Glen Canyon
Group come from the underlying Kayenta Formation
(Kermack, 1982; Lewis, 1986; Sues, 1986a, 1986b; Sues
and others, 1994; Irmis, 2005; Sues and Jenkins, 2006),
from which there is a much greater yield of body fossils
associated with the silty facies. However, in March 2023,
one of us (ARCM) discovered a tritylodont bone bed
with interdunal facies of the Kayenta—Navajo transition
in relatively close proximity and stratigraphic distance
to the PFTB. Nearby, and stratigraphically lateral to this
bone bed, within interbedded, thin carbonate sand-
stones, siltstones, and mudstones, abundant tracks were
found including cf. Brasilichnium, Eubrontes, and Gral-
lator. These cf. Brasilichnium tracks provide stronger
support for tritylodonts being the presumptive track-
makers.

Batrachopus (Figures 16E through 16G)

An associated float slab (locality GLCA #209) from
an uncertain stratigraphic horizon, located immediate-
ly south of the PFTB, has 11 poorly preserved natural
cast tracks, including two trackways (figures 16E and
16F) that we refer to the crocodylomorph ichnotaxon
Batrachopus. Two of these tracks are well preserved and
show overlapping pes tracks (figure 16G). This is the
only record of Batrachopus from the beds at the PFTB
locality. Possible producers of Batrachopus are basal
protosuchian crocodyliforms resembling Protosuchus
(Colbert and Mook, 1951). Fragmentary protosuchian
skeletons were recovered from the Navajo Sandstone to
the southwest of the PFTB locality in northern Arizona
(Rinehart and others, 2001), documenting the existence
of such a potential trackmaker.

Very few Batrachopus are known from eolian envi-
ronments, although they are not that uncommon in wet,
interdunal environments as reported for the Lake Pow-
ell area by Lockley and others (2014) based on UCM
collections especially from the Kayenta-Navajo tran-
sition. An example of Batrachopus tracks in an eolian
environment occurs at the North Moccasin Mountain
Tracksite in the Navajo Sandstone close to Coral Pink
Sand Dunes State Park near the town of Kanab, Kane
County, Utah (Milner and others, 2012).
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PALEONTOLOGICAL RESOURCE
MANAGEMENT, PROTECTION, AND
POTENTIAL SITE DEVELOPMENT FOR
PUBLIC INTERPRETATION

The size and weight of the PFTB, as well as its re-
mote location, make field collection or removal of this
massive block for preservation, conservation, or pro-
tection impossible. In situ management and study of
the block would benefit from long-term monitoring of
the stability and condition of its ichnological resources.
Both natural processes and, potentially, human activ-
ities may contribute to the loss or deterioration of the
track block over time. Through the development of a
cyclic monitoring strategy, any changes or impacts to
the track block can be documented and help to inform
park management regarding future preservation and
protection of the PFTB.

The first assessment and documentation of the PFTB
by the National Park Service and the Utah Geological
Survey occurred in 2009 during an initial attempt to de-
velop a strategy for monitoring in situ paleontological
resources at GLCA (Kirkland and others, 2010, 2011).
This project represented a prototype effort for the Na-
tional Park Service to implement recommendations
and guidance developed for monitoring in situ paleon-
tological resources (Santucci and Koch 2003; Santucci
and others, 2009).

To monitor any changes in the track-bearing lay-
ers of the PFTB, two crack sensors were placed on the
south of the PFTB face in 2009. Since their placement,
no movement was detected when checked in 2017. As
evidenced by the hollow sound of the rock surface and
wider cracks on the south side of the block, this part of
the PFTB will eventually fall off within years. A visit to
the site in March 2023 revealed that both crack monitors
were broken, and this crack may have widened slightly,
or weathering caused the monitors to break. Because of
its uniqueness, replication of the large ornithopod-like
theropod trackway is recommended. Replication can be
accomplished through the use of photogrammetry data
and rapid prototyping technologies. With this recently
detected deterioration, we also highly recommend some
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sort of artificial stabilization to ensure longevity of this
unique track site. Additionally, the collection of isolated
track slabs at the base of the PFTB from the older track
surface could be useful for further study, exhibits, and
preservation of specimens in a proper museum as a par-
tial record of the locality.

Given public knowledge of the PFTB, the park may
want to consider the installation of a remote camera to
monitor visitor activity at the fossil locality. Theft, van-
dalism, and other paleontological resource crimes have
been documented at fossil localities within GLCA, and
the scientific and educational values of the PFTB war-
rant some ability to monitor this important fossil verte-
brate tracksite.

Public interpretation of the PFTB has been dis-
cussed by NPS staff. Careful planning for any interpre-
tation, such as installation of an interpretive wayside
exhibit, should consider resource protection of the fos-
sil locality. Any interpretation of a paleontological lo-
cality should incorporate a resource protection message
about non-renewable resources and that the collection
or disturbance of fossils, including replication, is pro-
hibited unless undertaken through a scientific research
and collecting permit.

CONCLUSIONS

The John Wesley Powell Fossil Track Block preserves
approximately 104 tracks on three different track hori-
zons, all preserved on stromatolitic surfaces. This ich-
noassemblage includes abundant Grallator, possible
Kayentapus, large ornithopod-like tracks attributed to
Eubrontes, three large cf. Eubrontes, possible Brasilichn-
ium, and rare Batrachopus.

The most noticeable footprints are those of two
large, parallel trackways that superficially resemble or-
nithopod footprints. Closer examination of these two
trackways, and a third consisting of only two footprints,
show that they were produced by medium-sized thero-
pod dinosaurs, rather than ornithischians. The presence
of sharp claw marks, and narrower digits on some of the
tracks made more visible through the use of photogram-
metry, clearly show these footprints pertain to Eubrontes
(figure 17).

2023 Volume 10



The John Wesley Powell Fossil Track Block—Theropod Tracks with Ornithopod-Like Morphology from the Early Jurassic Navajo Sandstone,
Glen Canyon National Recreation Area, Utah-Arizona
Milner, A.R.C., Santucci, V.L., Wood, J.R., Birthisel, T.A. Clites, E., and Lockley, M.G.

Figure 17. Two hypothetical, Eubrontes-producing theropods walking across a sandy, water-saturated, microbial-mat-rich
interdunal playa during an early phase of the Navajo erg in the Early Jurassic. This restoration was created based on the spec-
tacular undertracks preserved on the John Wesley Powell Track Block. The ornithopod-like undertracks now visible on the
track block were registered in horizons situated below stromatolitic or endoevaporitic layers (represented in green). These
undertracks display different morphologies than the true tracks, which would have resembled Eubrontes. Artwork by Brian
Engh (dontmesswithdinosaurs.com).

Additionally, abundant, small coelophysoid thero-
pod tracks we identify as Grallator and Grallator-like are
the most common forms on all track-bearing horizons.
Medium-sized theropod tracks that superficially resem-
ble Kayentapus by having wider divarication angles than
typical other theropod tracks recorded at the site are
the least common ichnomorphotype. At least five small,
closely associated tetradactyl footprints that we identify
as Brasilichnium-like occur on the MTL of the PFTB. On
a nearby fallen block, also made up of microbial lami-
nites, distinct trackways of Batrachopus occur. Batracho-
pus tracks are rare in eolian environments.

The presence of microbial (possibly endoevaporitic)
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mats and stromatolitic horizons the animals had walked
upon produced a distinct ichnomorphologic variation
likely due to substrate consistency and the elastic prop-
erties of the mats, resulting in differential compaction
of the beds. The possible transfer of sediment from one
footprint to the next, and overgrowth of the tracks by
microbial mats could also have been a contributing fac-
tor to the poor preservation of track details and distor-
tion of overall track shapes. Microbial mats formed on
interdunal surface where water pooled to produce lakes
and ponds, likely during periods of increased precipita-
tion and/or rising water tables during wet seasons.
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