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Track morphology is controlled by the anatomy and motion of the
foot, as well as by the consistency of the sediment. Penetrative tracks
preserve information regarding the motion of the foot due to increased
foot-sediment interaction. The track morphology in subsurface layers of
a penetrative track is important for recovering these preserved motions.
Using discrete element method simulations, we examined how subsurface
track morphology varies with sediment consistency. Two models were
used: a vertically indenting cylinder and a dynamic, simplified theropod-
like ‘tridactyl foot’. For both cases, we systematically changed friction
and cohesion and examined changes to subsurface track morphology.
Increasing friction (lower ‘flowability’) resulted in higher and more
extensive displacement rims throughout the track volume. Increased
cohesion led to tracks remaining open, preventing infilling from above.
Low cohesion led to surface tracks deviating substantially from the
morphology of the foot, and in cases of very low cohesion, appearing
deceptively like weathered tracks. Tracks exposed along subsurface layers
had morphologies more robust to changes in sediment properties than the
surface tracks. Thus, changes in sediment behaviour significantly affect
surface, but not subsurface, track morphology. Our findings support the
reliability of motion reconstructions from penetrative tracks, regardless of
sediment conditions at the time of formation.

1. Introduction

Fossil tracks preserve a valuable record of vertebrate behaviour through deep
time. However, tracks are not exact replicas of the feet that produced them [1].
Instead, track morphology is dependent upon the anatomy of the track maker,
the movements of the limb and the consistency of the substrate [1-6].

Since being formalized by the work of Hitchcock [7-10] and his contem-
poraries [11-13], vertebrate ichnology has focused primarily on surficial or
2.5-dimensional [14] descriptions of morphology and morphometrics (track
length, digit impression, divarication, etc.). Examination of track surfaces
allows linear measurements to be made at both the individual track and
trackway scales to discriminate between track makers with similar pedal
morphology [15] and recover overall locomotion trends [4,16-18]. Recent
techniques may also incorporate geometric morphometrics of either fixed
landmarks or complete track outlines to capture the entirety of the surface
morphology (e.g. [19-22]), the most advanced of which include the devel-
opment of deep learning algorithms to differentiate between tracks and
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impartially determine the affinities of the track maker [23,24]. Advances in the capture of three-dimensional track data [25-29]
have improved the objectivity and repeatability of vertebrate ichnology, from ichnotaxonomy to quantitative analysis.

Despite a reasonable and practical focus on surface features, tracks are inherently volumetric structures, extending below the
original sediment-air (or water) interface. Previously considered as only ‘undertracks’ (or synonyms thereof), recent work has
made clear the distinction between ‘transmitted” and ‘penetrative” undertracks [30,31]. Transmitted undertracks are deformed
sediment beneath the base of the true track [32-37], and penetrative undertracks are where the foot penetrates through multiple
layers of sediment, leaving a ‘true track’ below the original tracking surface [1,30,31,38-40]. Penetration of the foot requires
softer or more fluid substrates, while more competent sediment lends itself to transmission of displacement. Because the
distinction is relatively recent, previously described ‘undertracks” may in fact be penetrative rather than transmitted (e.g. figs. 3
and 4 in [36]).

Penetrative tracks incorporate more of the motion of the foot and its proximal anatomy (e.g. the hallux or metatarsus) into
their morphology than surficial tracks [31,41-43]. In rare cases, separation of laminations within the rock, as has been seen in the
Hitchcock collections at the Beneski Museum of Natural History (e.g. [31,44]), reveals the full extent of deformation structures of
a penetrative track.

Understanding penetrative track morphology requires analysis of the entire three-dimensional track volume. While this
information is not readily accessible for the majority of penetrative fossil tracks without excavation and splitting or sectioning,
both the use of extant analogues [38,39] and digital modelling approaches [31,39,44] aid in developing the understanding of
the processes involved. This combination of simulation with extant taxa validation exemplifies the current state of experimental
vertebrate ichnology [45].

Among modelling approaches, discrete element modelling (DEM) stands out for its ability to simulate the interactions
between individual particles, or groups of particles within a sediment. DEM allows the creation of repeatable sediment
properties and virtual laminations exposing subsurface displacements at varying depths, providing insight into penetrative
track morphology and formation [39]. Furthermore, the DEM approach to simulation enables testing of hypothetical motions
derived from fossil penetrative tracks, allowing the effects of sediment parameters through the entirety of the formation
process to be examined [40,44]. Falkingham et al. [44] noted in passing that subsurface track morphology is relatively robust to
changes in the substrate consistency, while the morphology at the tracking surface is more variable. The authors attributed this
difference to the increased freedom of the surface layers to move and therefore respond to changes in the input properties of the
model. However, this hypothesis has not yet been objectively tested beyond preliminary qualitative sensitivity examinations,
and quantified data are currently lacking to support it. As a result, a key question emerges: can penetrative tracks preserve
consistent information about foot motion and sediment interaction on the surface and at depth across different substrate
conditions/parameters? In this study, we aimed to quantify how resistant subsurface tracks are to variations in sediment
properties. To achieve this, we used DEM simulations and quantified how sediment parameters affected the morphology of
surface and subsurface tracks.

2. Methods

In this study, we conducted experiments using two models of different complexities. All simulations were carried out using the
open-source DEM software LIGGGHTS-PFM (v. 24.01, https://github.com/ParticulateFlow/LIGGGHTS-PFM), a variant of the
LIGGGHTS software [46] developed by Johannes Kepler University, Linz, Austria.

2.1. Model 1—cylinder

This model used a simple horizontal cylinder with a 4 mm diameter (approximately the width of an adult guineafowl toe)
as a basic indenter. To observe the subsurface deformation of the middle section of the cylinder with the substrate, the
cylinder moved vertically downwards into a virtual container with dimensions 26 x 25 x 6 mm, containing approximately
65000 medium sand-sized spherical particles (0.2 mm radius; figure 1A). The container represents a thin slice of sediment
beneath the descending ‘toe’. Random colouring was applied to particles based on starting vertical (Z) position, so that virtual
laminations within the sediment could be visualized. Layers are mechanically identical. While real sediment laminations
may have mechanical variations, the penetrative tracks previously described [31,40,44] show no indications of such variations
affecting the path of the foot, so we assume consistent properties throughout. The indenter was positioned centrally above the
virtual container (figure 1A) and was indented at 20 mm s™ for 1 s to a depth of 20 mm. Gravity followed the Z axis. The
simulation used a timestep of 0.000001 s. The simple cylinder allowed observation of changes to surface and subsurface track
morphology resulting from alteration of substrate parameters without confounding effects of complex motion and anatomy.

The indenter descended into the simulated sediment to a depth of 20 mm before being extracted vertically upwards through
the already deformed layers. Simulations were viewed both at the midpoint and the end of the motion, so both a ‘clean’ view
of deformation resulting purely from entry and a view of deformation after removal of the indenter could be recorded. Particles
were given time to settle until stable before the indenter motion began, at the end of the indentation prior to extraction and after
the entire motion sequence was completed. These simulations were displacement-controlled. Indeed, the prescribed motion is
independent of the resistance of the virtual sediment, enabling descent to the same depth in different substrate types.

Particle parameters of the virtual sediment were modified to ascertain the effects on the simulated deformation of subsurface
laminations. The parameters that changed were the cohesion energy density (‘stickiness’, or how much force is required to
move particles in contact apart) and friction coefficient (approximating ‘roughness’, or how much force is required to move
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Figure 1. Perspective views of (A) the cylinder (including the motion used) and (B) the animated foot modelling systems with respective sediment volume
measurements. (C) The motion of the animated foot model through a lateral cross-section of the animated foot volume (animation frames 0, 90, 180, 270 and 360).

one particle past another in contact). Additional variations, including Young’s modulus, the particle contact model and particle
size, were tested but not reviewed in detail due to having more minor effects on the resultant trace morphology (see electronic
supplementary material). Adjusting friction and cohesion (and to a lesser extent, other variables) enables approximation of bulk
behaviour similar to non-spherical particles (e.g. increasing friction has the same effect as making grains less round). Virtual
sediment laminations 0.8 mm thick were visualized to examine morphology changes at depth using the following three depths:
(i) 0 mm, (ii) 11.6 mm, and (iii) 19.6 mm. These layers are considered representative of the surface track, a midpoint of the
penetrative track volume, and just below the deepest point the cylinder sank to. The position of the particles was recorded at the
start and end of the simulations to compare the magnitude and direction of displacement between the different layers using a
custom R script (electronic supplementary material S1).

2.2. Model 2—animated tridactyl foot

The tridactyl foot model (figure 1B) simulated a tridactyl left foot animated according to reconstructed foot motions of a Jurassic
dinosaur. We based our simulation on the virtual foot and associated hypothesis of motion determined by Falkingham et al. [44]
to explore the effects on a real case of subsurface track morphology. As with the cylinder indenter simulations, the motion is
prescribed and unaffected by resistance from interaction with the particles (figure 1C). This motion was derived by matching an
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Early Jurassic penetrative track from the Hitchcock collection in the Beneski Museum of Natural History, Amherst (specimens [ 4 ]
ACM-ICH 31/51, 31/57, 31/58 and 31/59, each number referring to a layer of the track volume) [9,44]. The virtual foot model
comprised five cylinders corresponding to the metatarsals and digits 1-4. The foot was functionally tridactyl, with the hallux
reconstructed as relatively small and raised on the metatarsals. The foot was moved through a virtual box 86.9 x 173.1 x 60.5 mm
containing approximately 2 143 000 particles of 0.4 mm radius (figure 1B).

A series of 12 simulations was run using a subset of the cylinder indenter parameters that showed the range of track
morphologies. A subset was used because simulation times for the full foot were orders of magnitude longer than for the
simple cylinder case (approx. 4 h versus 35 min using two cores on the Prospero computing cluster at Liverpool John Moores
University). Cohesion energy density was varied from 25 000 to 150 000 ] m™ at intervals of 25 000 ] m™. These simulations were
run with a coefficient of friction of either 0 or 0.8 at Young’s Modulus 5.00 x 10° Pa, as these values showcased the breadth of
morphologies in the cylinder model testing.

Prior to indentation, the particles in each simulation were allowed to settle, and then all simulated particles above a set
height were removed, ensuring a consistent Z position of the tracking surface across simulations. Relative to the fossil track
volume used to construct the hypothesis of motion, the tracking surface is located 1 mm immediately above the uppermost
fossil surface, matching the set-up of Falkingham et al. [44]. To compare track morphology at varying depths, virtual layers
were exposed by hiding the overlying particles. Depths were chosen corresponding to the exposed laminations of the Amherst
specimens, in line with the previous simulations by Falkingham et al. [44].

At the end of the simulation, the marks left by each digit tip, the hypex and the exit were recorded as XY positions on
each surface. Determining landmarks on non-elite tracks is notoriously difficult due to the smooth transition from track to
tracking surface. While attempts can be made to apply objective methods [22,47,48], ultimately, there can still be subjectivity in
how those methods are applied [14]. Applying contours, for instance, would not make sense in cases where the surrounding
sediment has also collapsed. The relatively coarse nature of our sediment also makes pinpointing features with precision (i.e. to
less than one particle diameter) difficult. As such, to locate our landmarks, we applied similar techniques as would be applied to
real fossil tracks; colouring the surface according to height (scaled to the max/min of the surface) and then making an informed
judgement about where the landmark (e.g. the tip of the toe impression) was.

Variability in track morphology across substrates was calculated in R [49] as the standard deviation (s.d.) for each landmark.
The distance from the ‘true’ passage of the foot was also calculated. The “true’ extent of the anatomical digits was recorded
using the same XY coordinate system by locating the animation frame where the indenter first contacted the layer. The true exit
was marked at the point where the indenter lost contact with the simulated lamination. As with the cylinder model, individual
particle locations were also recorded to examine vertical displacement throughout the track volume.

0610707 €2 pan 205y ysyjewinol/biobunsyqndisaposiefos

3. Results
3.1. Model 1—cylinder

Increasing the friction coefficient results in a deeper indentation above the cylinder and an increased upward vertical displace-
ment of the particles around it. The displacement rim peaks occur closer to the path of the cylinder at higher frictional values,
resulting from the higher angle of repose. Displacement rims caused by higher friction are more prominent particularly at the
surface, but also at deeper levels (figure 2A). Reducing friction to zero results in the uppermost laminations lacking definition
and the lowermost level being bowl-like in form, though sharp nested-V shapes are still visible in the laminations between
these.

The most notable feature of increased cohesion is that the particles remain open behind the cylinder, held up by the cohesive
substrate. There is also an increase in the displacement rim height. Where the trace remains open, the lowest layer no longer
directly interacts with the cylinder. Instead, the layer is deformed via the transmission of displacement from the particles above
it, which remain together beneath the descending indenter.

Following the extraction of the indenter (figure 2B), the displacement rim is more complex, with the surface trace no longer
entirely constructed of the particles that began at the surface level. The displacement rim that is formed is a composite of
both the initial insertion displacement and the sediment particles brought to the surface by the indenter. This creates complex
morphologies, such as the folding of the surface layer seen in the 75000 ] m™ cohesion model.

The upward extraction creates complex subsurface structures when the sediment is cohesive. Subsurface layers exhibit
inverted Vs, drawn upward by the cylinder. The layer deflection is also asymmetrical —a result of the particles above the
indenter falling together to one side or the other. The lowest lamination maintains a largely symmetrical shape.

3.2. Model 2—animated tridactyl foot

The animated foot simulations (figure 1B) result in functionally tridactyl elongate tracks that show a high degree of variation
in surface morphology associated with changes to cohesion and friction, but low variation at subsurface levels (figures 3 and
4). The trends in cohesion and friction seen in the cylinder simulations remain consistent for the animated foot simulations—
increasing friction results in larger displacement rims, and increasing cohesion results in ‘open’ rather than ‘sealed” tracks
(figures 3 and 4).

The surface tracks show increases in the height and extent of the displacement rim as both the friction and cohesion of the
sediment are increased, though the effect is greater for friction than for cohesion. In the lower friction simulations, the angle of
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Figure 2. A subset of the cylinder model simulations showing sediment particle deformations at two time steps. Paired images compare exposed layers used for
examination (right) with the entire sediment volume (left). (A) The midpoint of the cylinder motion. This provides an indication of the layer deformations caused purely
by indenter entry. (B) The end of the cylinder motion. This demonstrates the more complex deformations following the exit of the indenter for the same subset of
cylinder simulations. For the full set of cylinder simulations, see electronic supplementary material.

repose is reduced, meaning particles flow in to fill the trace, creating a shallower surface track with lower displacement rims.
The largest positive vertical displacement in all cases occurs around the exit trace, even in the most fluid of substrates.

In the subsurface layers, changes resulting from increases in friction are more subtle than those resulting from cohesion, the
exception being the exit mark. Primarily, increased friction causes higher displacement rims and deeper traces. The exit trace
shows a substantial positive vertical displacement with increased friction in all but the lowest depth (44 mm; figure 4). Perhaps
counterintuitively, increased cohesion results in a narrowing of the impression in the subsurface layers. Particles from higher
up do not fall into the trace, and the walls are allowed to collapse inwards. This aligns with the shift of the displacement rim
towards the centre seen in the cylinder model. Despite the narrowing of the toe and metatarsal impressions and positive vertical
displacement around the exit trace, the overall morphology on the subsurface layers is far more consistent than the morphology
of the surface layer.

We also examined the displacement throughout the step cycle (electronic supplementary material S2). During the first
half of the stance phases, the largest vertical displacement is primarily negative, with the highest total vertical displacement
consistently found in the surface level particles. The average displacement for the entire sediment volume, however, is slightly
positive as the sediment is displaced to account for the volume of the indenter and the formation of the initial displacement rim.
In the second half of the stance phase, as the foot is extracted from the sediment, particles from deeper zones are pulled up, and
the exit displacement rim is formed. These deeper particles moving upwards experience the greatest total displacement within
the sediment volume, resulting in a substantial increase in the magnitude of positive vertical displacement. The increased range
of displacement is especially evident in the 17-29 mm depth layers, which experience moderate negative displacement during
the first half of the stance phase, before large displacements upwards, essentially being “hit twice” by the foot passing through
the particles on both entry and exit. Though the surface is also ‘hit twice” by the foot motion, the lack of constraining sediment
above allows particles to move laterally and experience less total upward motion.

Landmark data (figures 5 and 6) revealed a greater variability in coordinate positions on the surface than in the subsurface
layers. Precision, defined here as reduced s.d. between the landmarks, varied markedly at the surface layer and improved with
depth. The surface landmarks ranged from an average s.d. of 5.27 mm for digit III to 1.39 mm for the hypex (mean 2.69 mm;
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Figure 3. Cross-sections of the animated foot model for a representative subset of sediment consistencies. The top-down surface images show the cross-section
locations and demonstrate the variability of the trace morphology. The cross-sections demonstrate the consistency of the nested-V morphology in the traces across
sediment consistencies. Depth markings highlight the position of the subsurface layers displayed in figure 4. An expanded version of this figure is included in the
electronic supplementary material.

figure 6A). Even 1 mm of depth improved the average precision to 2.10 mm. At depths below 7 mm, the largest deviation for
any landmark was 2.10 mm (exit at 17 mm depth) with averages of 1.21, 1.31, 1.34 and 1.29, respectively. Landmark accuracy,
herein defined as reduced s.d. from the ‘true’ location of each landmark, showed an increase with depth (figure 6B). The
average landmark accuracy per layer improved from 4.37 mm at the surface to a low of 2.41 mm at 7 mm depth. The least
accurate landmark was digit III, which had an average s.d. of 7.35 mm from the ‘true’ location at the surface; however, this
rapidly decreased with depth. Of the landmarks, only the exit showed a consistent reduction in accuracy as depth increased.
In general, the position of the foot’s hypex tended to be the hardest point to confidently reconstruct from track images, due in
part to the posterior sliding and undercutting by the indenter, causing sediment to slump. Despite this difficulty, the approach
to placing this landmark resulted in high precision, roughly equivalent to that of digit II. The difficulty in placement was instead
reflected in the lower accuracy of the landmark on each of the layers where it occurs. Digit I tended to have the lowest variance
both in terms of precision and accuracy across the examined layers. When each sediment consistency is reviewed individually,
there is a clear increase in landmark accuracy with sediment cohesion (figure 6C). While the low cohesion simulations show
a drastic increase in accuracy with depth, at cohesion values exceeding 100000 ] m™, the accuracy of the surface landmarks
improves sufficiently to equal and, in some cases, exceed the accuracy at depth. This matches with the qualitative reduction in
landmark definition seen in the most flowable substrate models (figure 7A)

4. Discussion

4.1. Effects of cohesion and friction on track volume morphology

Surface tracks are more sensitive to changes in sediment properties than subsurface tracks. Across both our models, we observe
substantially greater qualitative and quantitative variation in tracks at the tracking surface compared with subsurface layers
(figures 3-6). Virtually exposed subsurface laminations remain highly consistent in all but the most cohesive and frictional
substrate, yet surface features differ considerably. At the surface, more flowable sediment (i.e. low cohesion and low friction)
can infill the entry behind (above) the indenter. Once the particles infilled the space made by the indenter, the particles, and
thus the sediment, become constrained. As a result, irrespective of sediment properties, particles are limited in flow around the
indenter, producing similar subsurface tracks for a given motion and anatomy.
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Figure 4. Top-down views of the surface and exposed subsurfaces in the animated foot model. The exposed depths are equivalent to those of Falkingham et al. [44]
and correspond to the exposed surfaces of the Amherst track volume. The surfaces have been coloured with an exaggerated colour scale (red—blue = 10 mm) to
better highlight the deformation trends with changes in cohesion and friction. For an expanded version of this figure, check the electronic supplementary material.

4.1.1. Digit tips

The digit tip impressions are highly variable at the tracking surface, especially at lower cohesion (figures 5 and 6). Digit III,
the middle digit, is particularly prone to high surface deviation (figure 6A,B). As digit III is the first point of contact, and
because the motion of the foot includes a posterior slide, the anterior-most point of the trace is shallow. In the lower friction
and cohesion simulations, the anterior-most point of the trace collapses completely, leaving minimal vertical displacement. At
depth, infill maintains the position of this landmark. This has implications for the estimation of foot length and comparative
length of the toes in low-cohesion and low-friction tracks, causing both to be underestimated on the surface layer. Reduction in
foot length has follow-on effects to estimations of hip height and subsequent estimations of speed [50,51], while the variation in
toe length makes the reconstruction of a hypothesis of motion less straightforward, as it varies between layers. This shortening
is accounted for by the assumptions of the toe length being the minimum required to make the fossilized trace when the
digital foot and motion were originally modelled [44], but is unlikely to be considered when examining tracks or estimating the
proportions of the track maker in the field.
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the surface in the case of the exit landmark. s.d. values show average deviation from the ‘true’ landmark (landmark accuracy) for the entire layer. (G,H) The
three-dimensional variation as example reconstructions of the digit paths through sediment in top-down (G) and perspective views (H).

The impression of digit IV is more variable at the surface than digit II, despite being equal in length and contacting the
surface simultaneously. The motion of the foot has a lateral component, rotating towards digit IV during indentation. This
causes slumping of the sediment that is undercut, shifting the mark left by digit IV. While this is unlikely to cause any
ichnotaxonomic confusion in a trackway where the lateral motion would either be mirrored in the next track or was a single
irregularity, for isolated tracks, this may result in an incorrect estimation of the foot morphology.

Perhaps most interesting is the consistently low variation in the positioning of the hallux trace. In the low-friction and
low-cohesion simulations, the hallux trace is so shallow that it barely leaves any impression, yet due to its isolated position on
the metatarsals, the position can still be marked with reasonable accuracy. This would not be the case in a posteriorly directed
hallux, as the trace would be overprinted by the metatarsals in deep tracks and the exit trace in broad looping motions such as
the motion used in this study.
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Figure 7. (A) Surface track made in highly flowable substrate (cohesion 25 000, friction 0), presented in perspective views with exaggerated colour scale (red—blue
= 10 mm) to indicate the difficulty in defining landmarks on the surface. (B) Simulation and comparative fossil track from the Hitchcock collection (ACH-ICH 31-35)
showing the posterior depression indicative of backward foot movement. (C) Two theropod tracks from a trackway at Glen Rose, Texas; tracks on this surface appear to
have been made in deep, soft sediment, with partially sealed digit traces (top); yet the prior track (bottom) appears relatively shallow and the base of the impression
appears continuous with the tracking surface, potentially indicating this was a deeper track that has completely sealed, as in some of the surface tracks in our
simulations.

4.1.2. Exit

Variability in exit location increased with depth because the feature itself becomes less obvious. The variation at depth is most
commonly an underestimation of the posterior extent of the exit. This is an interesting mirror of the tracking of digit III, which
becomes more accurate with depth.

4.1.3. Hypex

With the exception of digit III at the surface, the hypex has the largest variability of the measured points (figure 6). This is
because the hypex is generally difficult to accurately measure since the convergence point of the three digits is not clear, even in
the higher cohesion and friction simulations. The uneven filling of the trace due to slumping of the particles from undercutting
further obscures its location. Variability in hypex coordinates is therefore less an indication of the hypex trace moving relative to
the foot and more a representation of the vagueness of the feature itself.

4.1.4, Comparison between simulations and fossil tracks

With increasing cohesion, particles can support each other laterally and cannot easily move into open spaces. Near the surface,
this increase causes improved track fidelity, while in the lower layers, the effects are less obvious. At lower cohesion, particles
are able to fall back into the void left behind the indenter (either the cylinder or the foot). This results in a fully sealed track. At
low cohesion, or moderate cohesion with low friction, the surface trace becomes indistinct, resembling either a weathered track
or an indistinct track made by a much thicker-toed foot. Despite the striking differences at the surface, subsurface tracks remain
highly similar to each other both in terms of cross-section (figure 3) and subsurface topography (figure 4).

At the highest cohesion, the tracks remain open after the indenter or foot has been removed. In fossil tracks, this opening
will be infilled by sedimentation. After exposure, the infill may be eroded preferentially if the sediment is softer than the rock in
which the track is preserved. Conversely, the infill may remain as a positive cast if stronger than the surrounding rock. It may
also break partially within the track, potentially creating a false bottom [31]. Such infill is the proposed preservation process for
natural moulds such as the three-dimensional convex hyporelief tracks from the Costalomo tracksite in Spain [52] and the toe
cavities reported from the Paluxy Riverbed in the USA [53]. The high cohesion tracks also record high consistency in subsurface
morphology, indicating that these natural moulds are likely to be accurate pending changes during the process of preservation
after the track has fully formed.

While the surface layer tends to produce broad, poorly defined tracks in all but the most cohesive, low-friction sediments,
even a 1 mm depth improves the fidelity of the track, more closely matching the narrow-toed morphology associated with
penetrative tracks. Similarly, the cross-section showcases the characteristic penetrative nested-V-shaped structure in all but
the topmost surface of the track volume. Although no virtual layer perfectly captured the morphology of the indenter, the
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track volume consistently preserved a traceable sequence of the indenter motion. The simulations also reliably produced a [ 11|
pronounced posterior depression (figure 7B), which we interpret as a pronounced backwards movement of the foot, similar to
that observed in other fossil tracks such as ACH-ICH 31-35 from the Hitchcock collection in Amherst.

For the avoidance of doubt, we are not suggesting that all tracks will be the same regardless of substrate consistency. The
interaction between track maker and substrate is complex and interrelated: softer substrates both necessitate and cause different
movements, some intentional by the track maker, others passive in how the foot responds to the deforming substrate [40,54].
However, our simulations demonstrate that a given movement of the foot will be reliably recorded in subsurface penetrated
layers, with details retained even in highly flowable substrates by the surrounding confining substrate.

4.2. Implications for interpreting fossil tracks

The difference in variability between the surface and subsurface tracks has implications for the interpretation of penetrative
track fossils in the field. Of the three components that control track morphology (anatomy, motion and sediment), sediment
consistency is particularly difficult to determine for fossil tracks. Consistency (cohesion and friction) is highly dependent upon
water content, a factor not preserved and difficult to constrain in fossil tracks [4]. While some studies have attempted to
calculate water content at the time of track formation [55], the results had a wide margin of error. Even small changes in water
content can substantially affect sediment behaviour, making the estimates based off these calculations tenuous at best for fossil
tracks. If the track morphology varied significantly as water content increased, we would not be able to rely on track-based
landmarks to reconstruct foot motion paths.

Fortunately, despite the high degree of variability in surface track morphology with substrate consistency, subsurface track
morphology appears to be highly resistant to changes in sediment parameters. This outcome reassuringly provides a level of
confidence when constructing hypotheses of motion [17,42,44]. Robust subsurface track morphology means that even if the
sediment conditions at the time of track formation are not well constrained, a penetrative track can still provide accurate
kinematic information.

The sediment-dependent nature of the tracks at the surface is important, given that some authors (e.g. [56]) argue ichnotaxo-
nomic assignment should require ‘elite” surface tracks. It is already widely acknowledged that track morphology is dependent
on sediment conditions at the time of formation [30,34,36,37] and that such sediment conditions are difficult to reconstruct. Our
simulated tracks over a range of friction and cohesion values (while maintaining anatomy and kinematics) aptly demonstrate
how much tracks can vary purely through sediment properties (figure 4).

Our less well-defined surface tracks observed in the least cohesive, and especially least frictional, substrates (i.e. those most
able to flow) bear a striking resemblance to tracks that might otherwise be considered poorly preserved true tracks. Yet by
definition, sensu Gatesy & Falkingham [1], Falkingham & Gatesy [57] and see Lallensack et al. [30], our simulations are perfectly
preserved, and indeed the traces retain anatomical and kinematic features from shallow depths below the tracking surface.
Notably, the surface impressions in these simulations appear to have far thicker toes, a key factor in assigning potential track
makers (e.g. between birds and dinosaurs). What makes this particularly concerning for ichnological identification in the field is
that the flowable sediment will produce a continuous sediment surface across the track, making a penetrative origin particularly
difficult to identify (figure 7C). This surface may resemble a sediment drape laid over the penetrative track, but in fact, it
comprises the original tracking surface.

Our research highlights that a wealth of information about the track maker may be locked within the track volume.
Admittedly, the additional information provided by penetrative tracks is not readily available without access to subsurface
layers. In some instances, track volumes are naturally (or deliberately) split along laminations [7,31]. Alternatively, advanced
imaging techniques (e.g. computed tomography (uCT)) may be able to visualize internal structures, though the lack of density
contrast between lithified layers makes this difficult. Our model is, of course, highly abstracted and simplified compared with
the messy reality of sedimentology and fossilization, yet it provides a fundamental framework on which to build.
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5. Conclusions

In order to quantify how resistant subsurface tracks are to changes in sediment consistency, our study simulated penetrative
track formation across a range of substrate friction and cohesion values using DEM simulations. Our results show that changes
to simulated substrate properties resulted in drastically varying surface track morphology, while the morphology of the
subsurface penetrative undertracks was surprisingly robust, as quantified by analogous landmarks. In rare cases where a track
volume is exposed at multiple depths or when splitting along laminations is possible, the subsurface morphology preserves
reliable information about foot kinematics, irrespective of sediment properties at the time of track formation.
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