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ABSTRACT

This investigation uses archival data (circa 1954) to elucidate new details on Australia’s first scientifically
described dinosaur trackway, located at the Fireclay Caverns-Site A, Mount Morgan, Queensland. A high-
resolution archival photograph reveals two additional prints, extending the known sequence from four
to six tracks. Leveraging this extended dataset, we have quantified temporospatial variations to assess
the trackmaker’s locomotion. Our findings reveal a decrease in stride and step lengths towards the end
of the trackway, accompanied by a slight directional shift from east-southeast to east and a reduction in
walking speed from a maximum of 3.8-1.8 km/hr. The life reconstruction animation of the Fireclay
Caverns-Site A trackmaker supports the walking gait calculated from the relative stride data and
demonstrates biomechanically plausible limb movements. By incorporating non-traditional methods,
such as temporal trackway analysis and its translation as a trackmaker animation, we establish
a broader framework for conventional ichnological studies. This approach enhances our interpretation
of the dynamic record encapsulated in fossil trackways, enabling us to visualise and scientifically
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scrutinise the behaviour of extinct trackmakers.

Introduction

Dinosaur tracks and trackways from the Lower Jurassic (Sinemurian)
Razorback Beds of Mount Morgan, Queensland, have been scientifi-
cally documented since the 1950s. Here, within the Fireclay
Caverns — an area historically mined for clay to produce bricks for
furnace linings for the adjacent gold-copper mine - close to 200
dinosaur tracks have been reported (Cook et al. 2010), and of these,
seven trackways have been documented: a pair of three-track track-
ways (Cook et al. 2010: fig. C and E), four trackways with four tracks
(Staines 1954; Cook et al. 2010: fig. A, D and F; Romilio et al. 2021:
fig. 2), and one trackway with six tracks (Cook et al. 2010: fig. B).
Interestingly, Staines (1954, 2021) remains the only Mount Morgan
trackway that has been photographically documented. Significantly,
since 2011, the Fireclay Caverns have remained closed to researchers
due to the heightened risk of rock falls (Romilio 2021; Romilio et al.
2021), rendering archival materials crucial for the continuation of
research to deepen our understanding of the Mount Morgan tracks
and their dinosaurian trackmakers.

Staines (1954) provided the first comprehensive scientific exam-
ination of an Australian dinosaur trackway, with his description of
a series of natural casts (convex hyporeliefs) located on the Fireclay
Caverns-Site A ceiling, Mount Morgan. He described the presence of
two different sized tracks and speculated that their occurrence on the
same bedding horizon, and shared track orientation, was either due
to both sized tracks being attributable to a single trackway created by
a quadrupedal trackmaker, or instead represent footprints formed by
two bipeds of different sizes. While subsequent researchers interpre-
tated the Fireclay Caverns-Site A tracks as a single quadrupedal
theropod (Bartholomai 1966; Molnar 1980; Molnar et al. 1991) or
pair of bipedal ornithischians (Romilio et al. 2021). Such contrasting

views may, in part, be due to the quality of published photographic
data. Bartholomai (1966) and Molnar (1980, 1991) accessed the low
resolution published accounts (Staines 1954: unnumbered figure on
page 483) that, unfortunately, over-exposed the original photographs
and obscured key areas of the track-infill surface, while Romilio et al.
(2021) accessed the original high-resolution images from 1954.
Importantly, Staines (1954) commissioned two other high-
resolution photographs at the time of his original investigation.
These include a more extensive view of the Fireclay Caverns-Site
A track-infill surface, which includes previously unrecognised struc-
tures protruding from the ceiling.

In this study, we examine one of these archival photographs and
interpret the protruding ceiling structures as convex hyporeliefs of
two additional footprints, which are continuous with the four pre-
ceding tracks described by Staines (1954). While in this study we
employ traditional ichnological analyses to extract trackway para-
meters, we supplement them with non-traditional approaches,
including calculating of biomechanical data such as cadence
(Romilio and Shao 2023), creating and animating a life reconstruc-
tion of a hypothetical trackmaker to reflect temporospatial data,
calculating trackmaker body mass (Larramendi et al. 2021), and its
theoretical maximum speed (Hirt et al. 2017). By drawing on these
more recent relevant methodologies (Romilio 2023; Romilio et al.
2023) we aim to present a scientifically accurate locomotor repre-
sentation of the Mount Morgan Fireclay Caverns-Site Al track-
maker. It is our hope that the integration of both traditional and
innovative analytical techniques will broaden the digital toolkit for
assessing tracks, trackways and their trackmakers, thereby not only
advancing our scientific capabilities but also enriching public
engagement within palaeo-ichnological inquiries.
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Geological setting and locality

The Fireclay Caverns are located approximately 800 m north of the
former gold-copper Open Cut pit at Mount Morgan, approximately
38 km southwest of Rockhampton, Queensland (Figure 1A). From
1886 to 1927, the associated hillside was extensively quarried for
siltstone to manufacture bricks to line the smelting furnaces of the
Mount Morgan Gold Mining Company Limited (Staines 1954;
Cook et al. 2010). This extraction, along with the deliberate reten-
tion of sections as natural supports, gave rise to caverns of sub-
stantial ceiling heights ranging from 4 to 12 m (Figure 1B-D). The
combination of these factors leads to the opened hillside to be
named the ‘Fireclay Caverns’.

The Fireclay Caverns are composed of a 47-m-thick outcrop of
Razorback Beds, the geological formation that palynologically cor-
relates with the Lower Jurassic (Sinemurian) Precipice Sandstone-
Lower Evergreen Formation of the Surat Basin (Playford and
Cornelius 1967; Totterdell et al. 2009; Wang et al. 2019). The

Razorback Beds record three stratigraphic units reflecting diverse
terrestrial sedimentary environments. Younging upwards one can
see riverine and alluvial fan settings as evidenced by pebbly sand-
stone; lacustrine environments captured in siltstone deposits; and
alluvial processes documented in cross-bedded sandstones (Staines
1954; Playford and Cornelius 1967; Cook et al. 2010). The upper
layers of siltstone of the middle lacustrine stratigraphic unit are the
only facies from which dinosaur tracks have been reported, and
only decades after the industrial extraction of siltstone ceased
(Staines 1954; Cook et al. 2010).

The dinosaur tracks are typically known from convex hypore-
liefs (natural casts) in argillaceous sandstone following the erosion
of the true track horizon (Staines 1954), although natural impres-
sions of tracks (concave epireliefs) have also been documented
(Romilio 2021). The nine track-bearing ceilings documented within
the Fireclay Caverns are as follows: Site A; Site B (Ladder Hall); Site
C (Entrance Hall); Site D (North Bat Cave); Back Hallway; Bat

#%  Noth  BatCave N
: Eﬁlcava Intersection A
,ar _."' - ,'\-;\ _ Back I
{ ’ r 4 ':g{..;_‘u'bHallwav
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Figure 1. Geographical location of the dinosaur tracks within the Fireclay Caverns, Mount Morgan, Lower Jurassic (Sinemurian) Razorback Beds: A, Aerial view of the
Fireclay Caverns in relation to the township of Mount Morgan (image courtesy of ©Nearmap); B and C, Aerial imagery of the Fireclay Caverns as a photographic image (B;
image courtesy of ©Nearmap) and schematic (C); D, Archival photograph by M. Madlung commissioned by Staines in 1954, depicting a lower ceiling area within the
Fireclay Caverns, with asterisks indicating the position of two men to provide scale (names unknown to the authors). A-C, adapted from Romilio et al. (2021).



Cave; Main Entrance; Mezzanine Hall; and North Cave Intersection
(Staines 1954; Saini 2005; Cook et al. 2010; Romilio et al. 2021).
Cook et al. (2010) observed the tracks at Site A and reported
their position as approximately 4-5 metres above the mine floor
(Figure 3A), but did not provide additional details on ichnotaxon-
omy, their state of preservation, or inferences of trackmaker palaeo-
biology. The Fireclay Caverns at Mount Morgan have been closed
to public and researcher access by the Queensland Government
since 2011, due to safety concerns arising from significant erosion.

Material & methods

The current investigation uses archival photographs commissioned
by Ross Staines in 1954. Romilio et al. (2021) labelled the Site
A dinosaur trackway as Al and its associated tracks as Al.l -
Al.4. The current study’s use of an archival photograph captures
more of the Site A track surface which reveals what we here inter-
pret as a continuation of the Al trackway sequence with two
additional prints that we label here as A1.5 and A1.6.

A digitised version of the archival photograph was added to
Blender software (version 3.5) and then aligned and scaled prior
to obtaining trackway parameters and trackmaker biomechanical
data. The image was aligned by rotating it to have its north direction
oriented with the +Y-axis of the virtual 3D environment. The
replica of track Al1.2 (as described by Romilio et al. 2021) provide
a reference for correctly scaling the archival photograph to the
world scale of Blender. Length measurements (i.e. footprint, pace,
and stride) were made in Blender using the distance between two
vertex positions:

Length = ((x,-x;)? + (y2-y1)%)"°

Footprint length was calculated using vertices placed at the most
proximal and distal position of the tracks. For the calculation of
pace and stride lengths, vertices were positioned at the proximal
end of the metatarsophalangeal pad; however, for track Al.1, which
consists only of a single-digit impression, the vertex was placed at
the most proximal part of the digit. Step length and step angle were
calculated following the method described by Romilio and Shao
(2023). Here, step length represented the distance between conse-
cutive footprints made by the opposite autopodia when measured

Stride
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along the stride/trackway axis (Figure 2). The step angle was mea-
sured from the connections between the pace and stride lines
(Figure 2).

In practice, trackway length is measured from the first to the last
footprint. However, this parameter is not standardised in seminal
ichnological literature, such as Leonardi (1987) or Thulborn (1990).
This method also becomes problematic in trackways that are not
linear, such as those that curve or loop back on themselves, where it
fails to provide relevant behavioural insights. Our study defines
trackway length as the sum of each step length.

Trackway width was calculated by treating the measurement
within a right-angled triangle, where the pace length was the hypo-
tenuse and step length as one side, and was calculated using the
equation:

Trackway width = ((pace)2 - (step)z)o'5

Velocity was determined using an adapted version of Alexander’s
(1976) speed equation (Ruiz and Torices 2013) to which we applied
to both traditional stride lengths and non-traditional step lengths
(in the latter equation, the stride length value was replaced with
twice the step length). The hip height was estimated based on four
times the length of track A1.2 (Romilio et al. 2021: Table 1). To
determine the time the trackmaker spent registering tracks, we used
the equation:

Time on site = trackway length/average velocity

Cadence is defined as the frequency of steps taken within a given
time frame, such as steps per minute or steps per second.
Conversely, step duration, being the reciprocal of cadence, is the
time interval from the initial contact of one foot to the initial
contact of the contralateral foot.

To determine the gait, we used relative stride as described by
Alexander (1976). Here, a relative stride value of less than 2
signifies walking, greater than 2.9 indicates running, while
values in-between represent trotting (quadrupeds) or jogging
(bipeds). In this study, we introduce ‘relative step’ (step
length/hip height), where relative step less than 1 signifies
walking, greater than 1.45 indicates running, with values in-
between representing trotting/jogging (quadrupeds/bipeds).

*Stride - Stp,_,

Figure 2. Dinosaur trackway parameters. Dotted lines denote axes and positions the metrics were taken. Pace denotes the distance between consecutive footprints made
by the opposite autopodia (e.g. left to right pedes); P, denotes the pace angulation; Stp, denotes the step angle; Stride denotes the distance between consecutive
footprints made by the same autopodia (e.g. consecutive left pedes); Stp denotes the distance between consecutive footprints made by the opposite autopodia when
measured along the stride/trackway axis; the asterisk denotes the formula to determine the terminal trackway step length.
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Figure 3. Dinosaur tracks at the Fireclay Caverns-Site A, Mount Morgan, Lower Jurassic (Sinemurian) Razorback Beds. A, the original image adapted from Staines (1954:
unnumbered figure on page 483). In this photograph, H. ‘Ross’ E. Staines is depicted holding a 12-inch draughtsman’s scale against the track-bearing ceiling, approximately
4-5 metres above the Fireclay Caverns’ floor. The cavern wall is shaded grey to differentiate it from the ceiling. B, Near-orthographic perspective photograph of the
dinosaur track-infill surface at the Fireclay Caverns-Site A. C, Schematic interpretation of the dinosaur track-infill surface at the Fireclay Caverns-Site A. Photo credit:

M. Madlung, circa 1954.

‘relative step’ was introduced to determine if relative changes
occur between contralateral footfalls in comparison to those
from the same side of the body (as in relative stride).

In the absence of direct body fossil evidence of a Jurassic-aged
Australian ornithischian (Romilio et al. 2021), we constructed

a digital life reconstruction of a hypothetical trackmaker, modelled
loosely after a basal ornithischian dinosaur Pisanosaurus
(Bonaparte 1976; Hartman 2013; Novas et al. 2021) using Blender
software (Romilio 2023)). The selection of Pisanosaurus was based
on its basal morphological traits, which we considered more



Table 1. Trackway and trackmaker parameters for the Fireclay Caverns-Site A1
trackway, Mount Morgan, Lower Jurassic (Sinemurian) Razorback Beds.

Parameter Value
Number of footprints 6
Number of paces 5
Number of steps 5
Number of strides 4
Footprint length (m) 0.241
Estimated hip height (m) 0.96
Trackway length (m) 2.53
Average Relative Stride 1.06
Average Stride motion type walking
Average Relative Step 0.52
Average Step motion type walking
Velocity-Stride average (km/hr) 2.8
Velocity-Step average (km/hr) 2.8
Cadence average (steps/min) 89.0
Step duration average (s) 0.67
Estimated body mass (kg) 94.34
Velocity-Predicted maximum (km/hr) 63.41

representative of a generalised ornithischian form. This approach
was preferred over adopting more temporally consistent but mor-
phologically derived Gondwanan taxa like Lesothosaurus or
Heterodontosaurus, which exhibit specialised forelimb reduction
and dentition, respectively. The trackmaker dimensions were extra-
polated from the track Al.2 (as it is the only print that could be
physically measured; Romilio et al. 2021) length measurements and
associated hip height calculation.

The animation process was intentionally simplified to focus on
the accuracy of footfalls and their temporospatial positioning as
derived from the trackway data. Each foot was animated to lift
during the step phase and return to the calculated position for
ground contact. The inverse kinematic capabilities of the rigging
system provided the biomechanical range of motion of the legs.
A central aim was to ensure the trackmaker’s centre of mass
remained consistently over the hip region throughout the locomo-
tion sequence.

We determined the body mass of the trackmaker by calculating
the volume of the 3D hypothetical trackmaker model and applying
the specific gravity of 1000 kg/m’ value for ornithischians provided
by Larramendi et al. (2021). The body mass estimate was then used
to estimate the trackmaker’s terrestrial theoretical maximum speed,
employing formula developed by Hirt et al. (2017) using the follow-
ing allometric equation:

Vinax = 25.5* MA0.26 * (1 - eA[-22* M%)

where M represents the body mass (kg), e is the base of the natural
logarithm, and the constants 25.5 and 22 are derived from empirical
scaling relationships.

Results

The Site A track-infill surface is irregularly shaped and mea-
sures ~3.3 m? (Figure 3). This surface preserves six medium-
sized pedal natural casts (Al tracks; L:W Al.2 = 22.3:27.0 cm,
L:W Al.3 = 23.7:27.0 cm; Romilio et al. 2021: Table 1) and one
isolated smaller pedal natural cast (A2; L:W = 12.0:13.3 cmy;
Romilio et al. 2021: Table 1) oriented mainly to the southeast.
With the identification of the two additional footprints
(A1l.5 and A1.6), we recognise the Al trackway extends to
a length of 2.53m. Tracks Al.1-A1.4 and A2 have been
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described before (see Romilio et al. 2021) and so our focus
will be to describe the new tracks, Al.5 and Al.6, and their
context of the Al trackway.

Track Al.6 is a natural cast of a left pedal impression and
cranially is at the edge of the track-infill surface. It is an eroded,
tridactyl print, approximately 16.0 cm long, and 20.7 cm wide. The
digits are moderately splayed near the hypex, with digit divarication
IIAII 33" and IIIAIV 42°. Situated between tracks Al.4 and A1.6 is an
extensively eroded impression, which we interpret as track Al.5.
Although the morphology of Al.5 is largely obscured, discernible
features include a segment of the lateral margin of digit IV contig-
uous with the proximal boundary of the metatarsophalangeal pad,
as well as the proximolateral edge of digit II. Based on these pre-
served elements, we were able to estimate the locations of corre-
sponding track features, thus enabling us to measure trackway
parameters (e.g. stride length).

Analysis of the stride-based trackway orientations (Table 2)
indicates a slight directional change by the trackmaker during the
footprint registration sequence. The trackway begins in an orienta-
tion to the east-southeast (ESE) at ~114’~117", followed by a slight
shift (103"), and then finally moved to the east (91°). This progres-
sion indicates a gradual leftward directional change by the Al
trackmaker.

The initial measurements of the Al trackway show the longest
paces (0.60 and 0.63 m), steps (0.59 and 0.62m), and strides
(1.22 and 1.16 m). Subsequently, there is a noticeable decrease in
pace (0.56, 0.47, and 0.43 m), step (0.5, 0.44, and 0.39 m), and stride
lengths (0.88 and 0.83m) towards the end of the trackway.
Although this pattern corresponds to a transition from better- to
poorer-preserved footprints, we do not attribute the change to
preservation bias, as tracks A1.2-A1.6 consistently exhibit the meta-
tarsophalangeal pad critical for these measurements. We propose
that the observed reduction in trackway dimensions reflects beha-
vioural modifications of the trackmaker, rather than distortions
arising from the measurement process.

Since there exists a relationship between the distance between
footprints and speed (i.e. greater the distance, the greater the speed;
Alexander 1976), our stride-based velocity calculations show a decrease
from 3.7 to 2.0 km/hr (average 2.8 km/hr). Our analysis of step-based
velocities similarly shows the decrease from 3.8 to 1.8 km/hr (average
2.8 km/hr). This trend of decreasing lengths (pace, step, stride) and
velocities indicates a deceleration of the trackmaker along the track-
way. Even though there was a notable decrease in speed, the relative
stride lengths (maximum of 1.26, minimum of 0.86) indicate a walking
gait was maintained over the entire trackway length.

Changes in the trackway are also observed in the pace angula-
tion, which started at a high of 162" and exhibited a decreasing
trend, culminating in a low of 116”. This is equivalent to the change
in the step angle, which increased from a modest 9° to over 20".
Additionally, the trackway width changed from a narrow 0.10 m at
the outset, expanded to a maximum of 0.27 m, and subsequently
became reduced to 0.18 m. This observation suggests that the
broadest straddle was adopted not at the slowest speed but as the
dinosaur was decelerating.

We quantified the trackway’s temporal movements by calculat-
ing the cadence, which averaged 89.0 steps per minute. This
cadence, however, exhibited variability from the start to the end
with values of 99.4, 102.2, 88.2, 81.1 and 75.6 steps per minute.
Additionally, the duration of individual steps fluctuated across the
trackway with values of 0.60, 0.59, 0.68, 0.74, and 0.79 s, with an
overall average step duration of 0.67 s.

The animation (Supplementary Animation 1: Figshare:
10.6084/m9.figshare.25204148, or view https://youtu.be/
sg4yFdolFv0) based on this data, supported the walking gait
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Table 2. Expanded trackway and trackmaker parameters for the Fireclay Caverns-Site A1 trackway, Mount Morgan, Lower Jurassic
(Sinemurian) Razorback Beds. A ‘relative stride’ value of less than 2 signifies walking, greater than 2.9 indicates running, while values in-
between represent trotting/jogging (quadrupeds/bipeds). A ‘relative step’ value of less than 1 signifies walking, greater than 1.45 indicates
running, with values in-between represent trotting/jogging (quadrupeds/bipeds).

Parameter A1.1-A1.2 A1.2-A1.3 A13-A1.4 A1.4-A15 A1.5-A1.6
Pace (m) 0.60 0.63 0.56 0.47 0.43
Step (m) 0.59 0.62 0.50 0.44 0.39
Stride (m) 1.22 1.16 0.88 0.83
Pace Angulation (degrees) 162.06 153.02 116.47 132.32
Step Angle (degrees) 9.21 12.71 28.65 22.74
Trackway width (m) 0.14 0.27 0.18
Relative Stride sequence 1.26 1.21 0.92 0.86
Stride Motion Type walking walking walking walking
Relative Step Length sequence 0.61 0.64 0.51 0.45 0.41
Step Motion Type sequence walking walking walking walking walking
Velocity-Stride (m/s) 1.03 0.95 0.60 0.54
Velocity-Stride (km/hr) 34 2.2 2.0
Velocity-Step (m/s) 0.98 1.05 0.73 0.59 0.5
Velocity-Step (km/hr) 35 2.6 2.1 1.8
Stride Orientation (degrees) 113.83 117.81 103.44 91.31
Stride Orientation (Cardinal) ESE ESE E
Step Orientation (degrees) 123.05 105.1 132.09 68.56 116.25
Step Orientation (Cardinal) ESE SE ENE ESE
Cadence (steps/s) 1.66 . 147 1.35 1.26
Cadence (steps/min) 99.4 102.22 88.22 81.05 75.6
Step Duration (s) 0.6 0.59 0.68 0.74 0.79
of the trackmaker. This was evidenced by the consistent ground Discussion

contact of the feet-one foot was always in contact with the
ground and at no point did the animation depict an aerial
phase, which would be characteristic of jogging or running.
This aligns with the relative stride calculations indicating
a walking locomotion throughout the trackway. Also, there
were no improbable leg poses created after footfall placements,
which also supports the biomechanical plausibility of the
animation.

Our reconstructed hypothetical ornithischian trackmaker 3D
model had a volume of 0.12 cubic metres. Using a specific gravity
(density) of 1000 kg/m®, we calculate the trackmaker had a body
mass of approximately 94 kg, and for an animal of this mass, we
estimate had a maximum terrestrial speed of 63 km/hr. Based on
this model, this indicates the trackmaker was moving at between 6%
(at the start of the trackway) and 3% (by the end of the trackway) of
its maximum speed at the time of trackway registration (Table 1;
Figure 4)

Comparatively few dinosaur trackways from the Jurassic have been
documented in Australia. These include seven trackways from
Mount Morgan’s Lower Jurassic (Sinemurian) Razorback Beds
(Staines 1954; Saini 2005; Cook et al. 2010), two potential trackways
from the Carnarvon Gorge of the Lower Jurassic (Hettangian-
Sinemurian) Precipice Sandstone (Thulborn 1994), and seven
trackways from the Rosewood-Oakey regions of the Middle-
Upper Jurassic (lower Callovian-lower Tithonian) Walloon Coal
Measures (Romilio et al. 2021). Furthermore, an additional 13
trackways from the Lower Jurassic (Hettangian-Sinemurian)
Precipice Sandstone from Biloela are pending formal description
(Romilio et al. 2023). Comprehensive photographic documentation
of these trackways is rare, with the notable exception being the Al
trackway from Mount Morgan (Staines 1954: unnumbered figures
pages 483, 485).

Staines (1954) evaluations and measurements of the Fireclay
Caverns-Site A tracks and Al trackway was conducted under the

Figure 4. Life reconstruction of a hypothetical trackmaker based on the Fireclay Caverns-Site A1 trackway, Mount Morgan, Lower Jurassic (Sinemurian) Razorback
Beds. A, a hypothetical Mount Morgan ornithischian trackmaker (based on Pisanosaurus) to scale with a 1.75 m human; B, a screenshot of the hypothetical Mount
Morgan ornithischian trackmaker animated in accordance with the spatiotemporal data obtained from the A1 trackway. Note that the trackway infill surface has
been flipped to mirror the infill tracks and thus represent the track impressions. Download the animation from Figshare: 10.6084/m9.Figshare.25204148, or view

from YouTube https://youtu.Be/sg4yFdolFv0


https://youtu.Be/sg4yFdoIFv0

challenging conditions, that of standing on a ladder 4-5 metres
above the ground (Figure 3). He recorded the Al trackway pace
measurement of approximately 2 feet (roughly 60 cm), but it is
uncertain whether this is an average of the pace lengths between
Al.1 and Al.4 or a single measurement. Despite this, our digital
analysis of Staines’ archival photograph, yields pace measurements
that agree with his findings: 60 cm for A1.1-A1.2, 63 cm for
A1.2-A1.3, and 56 cm for A1.3-A1.4 (Table 2).

The tracks we designate here as A1.5 and Al.6 can be seen in
Staines’ original 1954 publication (unnumbered figure page 483)
but were not identified at that time as ichnites. The amorphous
nature of A1.5 may have led to its initial dismissal as a track, while
the published photograph was cropped from a larger image
(Figure 3A), leading to parts of A1.6 being omitted. This likely
drew attention away from its potential significance as part of the
trackway. Our identification of Al.6 as a tridactyl track that forms
part of the Al trackway is important. This is particularly so since
A1.5, when considered in isolation, presents a less definitive case as
a track, but its intermediate position between Al.4 and Al.6 sup-
ports the interpretation of it being part of the track sequence. Our
extension of the A1 trackway to be a six-track trackway provided us
with an opportunity to showcase this historically significant track-
way (i.e. the first dinosaur trackway to be scientifically described in
Australia) with novel approaches that provide a temporospatially
accurate life reconstruction and animation of the Mount Morgan
trackmaker.

Ideally, our digital analysis would have utilised a three-
dimensional model of the track-infill surface or an orthoimage
derived from such a model. Regrettably, no access to such resources
from Mount Morgan was possible due to the permanent closure of
the site. However, we benefit from the fact that Staines” photograph
(Figure 3B) was captured approximately 4 m from the trackway and
directed towards the zenith. While this suggests minimal lens dis-
tortion, we recognise that a field validation through the acquisition
of 3D data at the Mount Morgan site would be necessary to sub-
stantiate this assumption.

Importantly, our research illustrates how modern analytical tech-
niques can enhance the interpretation of track sites by facilitating the
extraction of more detailed trackway parameters and biomechanical
data of dinosaur trackmakers. Staines (1954) originally proposed two
hypotheses to explain the differently sized tridactyl prints at Site A:
either a single quadrupedal trackmaker exhibiting high heteropody,
or two bipedal trackmakers of varying sizes, but we follow research by
Romilio et al. (2021) who added support to Staines (1954) latter
theory-two bipedal ornithischians as the Site A trackmakers. Based
on the assumption that the Al trackway comprises only four tracks,
Romilio et al. (2021) interpreted uniform stride lengths (1.18 and
1.16 m) as indicative of a constant walking speed of 4.1 km/hr. Our
study’s use of stride-based velocity measurements shows a moderate
decrease in speed over the first two stride lengths, and when calcu-
lated using bipedal speed evaluations (see Ruiz and Torices 2013),
these speeds indicate a change from 3.7 km/hr to 3.4 km/hr. Our
incorporation of the two additional tracks (A1.5 and Al.6), which
show shortened stride lengths (0.88 and 0.83 m) towards the end of
the trackway, indicates a further deceleration from 2.2 km/hr to 2.0
km/hr. This new evidence suggests that the trackmaker’s speed was
not constant but slowed over the time of track registration. The
identification of these additional tracks fundamentally shifts our
understanding of the trackmaker’s behaviour, from a uniform
speed to a decelerating motion.

This change is accompanied by a subtle curve in the trackway,
which suggests that the trackmaker was altering its direction of
movement. It is conceivable that the less distinct morphologies of
tracks A1.4 to A1.6 may be attributable to substrate variations at the
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time of track registration, potentially influencing the observed
decrease in pace and stride lengths due to differences in rheology.
Alternatively, the diminished definition of these tracks may be
a consequence of more extensive erosion at the trackway’s eastern
extremity, situated further away from the protective proximity of
the cavern walls.

The incorporation of step length measurements in our analysis
has enabled the determination of refined step-by-step velocities,
which represents a novel approach in dinosaur ichnology for
a more nuanced assessment of locomotor patterns. Here, we esti-
mate the trackmaker speed changed from 3.5, 3.8, 2.6, 2.1 and 1.8
km/hr, indicating the trackmaker slightly increased speed (by 0.3
km/hr), then moderately decelerated (by 1.2 km/hr), followed by
a steady, slight reduction in speed (0.3 and 0.3 km/hr).

Cadence and its reciprocal step duration are also novel
parameters used in fossil trackways (Romilio and Shao 2023).
In this study, we calculate the Al trackmaker averaged a step
frequency of 89.0 steps/min (Table 1) but varied from the start
to the end of the trackway with values ranging from 99.4 to 75.6
steps per minute (Table 2). The use of step duration in dinosaur
ichnology is arguably more intuitive to translate into track-
maker locomotor behaviour. We estimated the Al trackmaker
took 0.67 s for each step on average, but varied along its
progression with step duration sequences of 0.60, 0.59, 0.68,
0.74 and 0.79 s. The lengthening of the step durations meaning
the animal slowed. We are of the opinion that this step-centric
analysis enhances our understanding of trackmakers by detail-
ing the temporal variability within the trackway sequence.

Animating extinct trackmakers represents a significant step
forwards in the application of digital technologies to palaeo-
ichnological research. One of the inherent challenges in animat-
ing a trackmaker is to ensure biomechanical feasibility, given
that the 3D digital environment allows for a wide range of
motion that may not be biologically plausible. Maintaining the
calculated gait from the trackway may be a source of confidence
in the animated trackmaker model. The Al trackway consis-
tently indicated a walking gait across all measurements (mini-
mum-maximum relative stride of 0.86-1.26; minimum-
maximum relative step of 0.41-0.64). Walking was also mir-
rored in our trackmaker animation as both left and right feet
were in ground contact simultaneously during step registration —
a condition necessary for this gait. This contrasts with jogging
or running, which require no simultaneous ground contact of
both feet, as well as an aerial phase.

Another avenue for confidence is if ensuring limb move-
ments of the animated trackmaker are biomechanically plausi-
ble. We found that throughout our animation, there were not
anatomically improbable hindlimb poses (i.e. no hyperextended
limbs) needed to maintain the integrity of the trackmaker’s
locomotion. As such, our animation of the Mount Morgan Al
trackmaker is also biomechanically plausible. The fact that the
animation resulted in no improbable poses or unnatural limb
movements suggests that our methodology is robust.

Although beyond the scope of the current investigation,
digital reconstructions present a novel avenue for resolving
inconsistencies in hip height estimates of trackmakers and
their associated trackways, ensuring that reconstructions
remain within biologically possible limits. The range of hip
height estimations for a trackmaker - derived from methods
as varied as simple multipliers of footprint length (Alexander
1976) to complex morphometric and allometric equations
(Thulborn 1990) - can introduce substantial discrepancies in
size assessments. These variations, when applied to a single
trackmaker, may lead to significantly divergent gait and speed
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calculations, which in turn affect interpretations of extinct
trackmakers’ locomotion. To address this, incorporating the
limb proportions of well-documented body fossil taxa into
digital reconstructions may provide a more anatomically sub-
stantiated framework for modelling trackmaker dimensions.

Conclusion

This research underscores the significance of archival material in
palaeontological studies, particularly when direct access to fossil
sites is precluded. Our re-examination of Australia’s first described
dinosaur trackway - the Mount Morgan Fireclay Caverns-Site Al
trackway - initially documented in 1954 has expanded the known
track sequence from four to six imprints. Our study has extracted
temporospatial data that indicated the trackmaker continuously
used a walking gait but progressively decelerated. Our use of track-
maker digital animation corroborated the walking locomotor beha-
viour through gait analysis and biomechanically plausible limb
movements.

The success of this innovative approach underscores its potential
to broaden the scope of palaeontological research, allowing for
deeper exploration into the biological aspects of ancient life through
digital technology. Embracing such advancements permits a re-
evaluation of previously documented trackways (in addition to
assessing new tracksites) offering opportunities to refine our inter-
pretations of dinosaurian locomotion. Consequently, this work not
only enriches our understanding of the Jurassic fauna of Australia
but also serves as a catalyst for the broader application of digital
tools in palaeobiology.
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