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Abstract

Animals frequently traverse a range of deformable substrates, leaving tracks. Track mor‑
phology is controlled by anatomy and motions of the foot, and substrate consistency, re‑
sulting in complex, three‑dimensional structures that record dynamic foot‑substrate in‑
teractions. Understanding such interactions can provide valuable biological and environ‑
mental insights, but visualising them remains challenging. Prior physical experiments ex‑
plored track formation using various indenters impressed into a range of substrate types
and consistencies. However, to visualise the deformation below the surface, destructive
methods such as physical sectioning are often used, typically resulting in the sample being
destroyed. Here, we present the methodology and challenges involved in experimentally
generating tracks and introduce micro‑CT scanning as a non‑destructive approach to visu‑
alising sub‑surface sediment movement during track formation. Two separate track vol‑
umeswere produced using different substrate consistencies (‘soft’ and ‘very soft’) whereby
sand and claywere alternately layered and then scanned during indentation by a cadaveric
pheasant (Phasianus colchicus) foot. Across the two substrate consistencies, the CT recon‑
structions revealed differences in sub‑surface sediment displacement, and in complex sub‑
surface features. Although there are challenges attributed to experimentally producing
and visualising tracks, micro‑CT offers a novel approach to viewing sub‑surface sediment
movement during experimental track formation in the lab.

Keywords: penetrative tracks; substrate; µCT; footprint

1. Introduction
In nature, animals commonly traverse a variety of compliant substrates, often leaving

tracks [1–6]. Fossil tracks can provide a wealth of biological information, such as locomo‑
tor capabilities [7–12] and anatomy of a trackmaker [13], as well as insights into the envi‑
ronmental conditions at the time of track formation [7,11,12,14–22]. There are three main
factors that play an important role in the final morphology of a track: the anatomy and
motions of the foot, and the substrate consistency at the time of formation [2,5,18,23–25].
Because of this, tracks are not simple anatomical imprints, and are rarely straightforward
surface features [25,26]. Instead, tracks are complex, three‑dimensional volumetric struc‑
tures embodying the dynamic foot‑substrate interaction [3,27–32]. However, with much
of the sub‑surface sediment movement and foot motions being obscured from view, visu‑
alising such interactions, even after the fact, remains challenging.

Visualising volumetric track morphology is notoriously difficult. In fossil tracks, this
has generally required either destructively splitting rocks along or across laminations, or
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finding them naturally exposed in such a way [27,33–36]. A wealth of tracks from the Con‑
necticut Valley collected by Edward Hitchcock in the 1830s–1850s and exposed as multiple
surfaces within track volumes [37–39] has been instrumental in understanding track for‑
mation [25,26,29,30,40,41]. Unfortunately, such exposures require chance or destructive
sampling, neither of which are desirable. Attempts to peer inside fossil tracks using CT
scanning have so far been unsuccessful due to poor contrast between layers and very high
overall density [42], though the possibility remains enticing. Using fossil tracks to study
volumetric morphology can therefore be limiting and frustrating.

Ichnologists have therefore made significant efforts to understand the sub‑surface
track forming process via physical experiments, exploring how the deformation of sub‑
surface layers is transmitted from the surface [1,2,15–19,43]. These studies have used ei‑
ther flat arbitrary indenters [1,2,15,18], model feet [19,44], cadaveric bird feet [17,43], and
in vivo experiments [43] to reflect diversity in trackmaker foot morphology. Indenters
have often been manipulated to try to capture realistic foot motions, being impressed ver‑
tically, with a simple down and up motion [1,2,17–19] or with an added forward rolling
movement [15], into substrates of varying consistency. Substrates such as plasticine [1,2],
sand and plaster of Paris [15], coloured cement [17,43], plus clay, sand, and cement mix‑
tures [16,18,19] have been used to facilitate examination of sub‑surface deformation. In all
cases, the substrate was hardened or stabilised and then physically sliced vertically or hor‑
izontally. In the case of interbedded hardening and non‑hardening substrates (e.g., plaster
of Paris and sand), 3D sub‑surface tracks can be extracted. These processes may alter the
track morphology by disrupting the structural arrangement of sediment layers or may re‑
sult in a loss of context between and around recovered layers.

Recently, X‑ray videos have been used to observe and capture footprint formation
below the surface [29,31,41,45]. Efforts to capture sediment motion and deformation have
been limited in spatial resolution [45] or have required abstraction to computer simula‑
tion [4,25,29,40,41,46–48]. These methods are particularly useful for penetrative tracks,
in which the foot passes through multiple layers of soft sediment, and sub‑surface de‑
formation is caused directly by the foot rather than the transmission of force and dis‑
placement [25,40,49]. Foot motions such as splaying and collapse of digits [30], foot ro‑
tation [11,50], and looping of the foot [30,41] can create complex deformation structures
beneath the exposed surface on which the animal walked. Because penetrative tracks re‑
quire very compliant, deformable substrates in order to form, they are often challenging
to replicate in an experimental setting, doubly so in such a way that they can subsequently
be sampled internally. This makes it difficult to understand the formation process and
analyse movement below the surface, without destroying the track.

In this study, we used micro‑CT (µCT) scanning to visualise sub‑surface sediment
deformation beneath an indented foot. µCT offers a non‑destructive approach for digital
capture in three dimensions, enabling a 3D volumetric reconstruction to view the internal
characteristics of a sample [51–54].

Our goal here is to present the process of generating and scanning the track produced
by a small tridactyl foot indenting soft and very soft sediment, to capture the volumetric
penetrative track phenomenon. Our experimental set‑up offers a first look at penetrative
track formation via non‑destructive µCT scanning.

2. Materials and Methods
2.1. Sediment and Layering

Our experimental set‑up consisted of layered ball clay (grain size ~0.004 mm) and
play‑pit sand (mean grain size ~0.24 mm), in a plastic container, and a cadaveric pheasant
(Phasianus colchicus) foot acting as the indenter.
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Two experiments were carried out using different substrate consistencies, ‘soft’ and ‘very
soft,’ (approximately equivalent to ‘F’ and ‘H’ of Figure 2 inGatesy and Falkingham (2017) [26].
In each case, 200 g of dry ball clay was mixed with water and deposited in layers 3–7 mm
thick, interbedded with thin 1–2 mm layers of dry play‑pit sand. Total depth of the sedi‑
ment in the container was ~5 cm. These distinct layers were chosen because sand is denser
than wet clay and appears brighter in the CT scan, enabling clear differentiation between
them. To produce the differing consistencies, ~180 mL of water was added to one batch
(‘soft’ clay), and ~240 mL of water was added to the other (‘very soft’ clay). Clay was
applied with a spatula and smoothed to a horizontal layer, then dry sand was gently de‑
posited on top using a shaker until the clay was completely covered, producing an evenly
distributed sand layer. Moisture in the sand layerwas present only due to seepage ofwater
from layers above and below, but both scans and post‑scanning investigation showed the
layers were ultimately uniformly moist (i.e., layers were not composed of dry sand). The
cohesivity of the clay and the confined space of the container made it difficult to spread
layers thinly and evenly. The clay layers were applied and smoothed as gently as possi‑
ble to minimise adhesion and disturbance to the underlying sand layer, and to prevent
the sand from being dragged upwards into the clay. However, disturbances were not en‑
tirely avoidable, despite our best efforts, and it often only became evident when the CT
images were visualised. Because of the difficulty in applying layers, and being limited
in container size, quantitative measurements such as cone penetration or shear strength
were not recorded. Future work where indentation forces might be recorded will need
more quantitative sediment characterisation.

For the indenter, we used a cadaveric pheasant foot, relevant both for avian and small
non‑avian dinosaur tracks. The carcass was sourced from a local game dealer, and the foot
was dried and completely rigid. The digit III (DIII) length was 50 mm, and interdigital an‑
gle was ~80 degrees. The tarsometatarsus (TMT) was severed proximally at 45 mm length
for handling purposes. The TMT and DIII were approximately aligned (i.e., the digits
were fully straightened). The foot was indented such that the tips of the digits contacted
the substrate first, and then sank deeper, as is the case in in vivo data of guineafowl on soft
substrates, at least for touch‑down and sinking [29,30]. While this rigid foot is not capable
of the full complex motions of an in vivo foot, it serves as an ideal biological model for
simple vertical indentation experiments with which to test and demonstrate the method.

The container was a circular plastic tub 10 cm in diameter and 5 cm deep. Being
circular means that X‑ray transmission is consistent as the sample is rotated in the scanner.
Water and sand are relatively high density and impede X‑ray transmission; therefore the
small size of the container was necessary to reduce the amount of material through which
X‑rays had to pass. Whilst edge effects might be an issue for subtle track details near the
sides of the container, the semi‑fluid nature of the substrate meant force and displacement
were not transmitted laterally very far, and so edge effects were minimised.

For the purpose of developing this method, we focused solely on scanning the sub‑
strate volumewith the foot fully impressed (Figure 1). Foot entry and exitwere deliberately
not captured.

Both experiments were scanned using a Bruker Skyscan 1273 system at energies of
130 kV and 300 µA, using a 1.0 mm copper filter. Exposure time was 786 ms, and pixel
resolution size was 92 µm (binned 2 × 2). The total scan time for each scan was ~30 min
and was deliberately kept as low as possible to reduce the opportunity for evaporation
and sediment movement. Further reduction in scan time would require shorter exposures,
which would not permit enough X‑rays to pass through the denser parts of the sediment.

The raw CT projection images were visualised and reconstructed into a 3D volume
using the Bruker software, Nrecon (version 2.2.0.6). During the reconstruction process,
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beam hardening correction was set to 65% for both scans to improve image quality and
reduce a ‘darker’ centre to the scan.

Figure 1. Substrate volumes during indentation. (A) ‘soft’ substrate consistency, and (B) ‘very soft’
substrate consistency (see Figshare link for videos on the experimental set‑up and indentation—https:
//figshare.com/s/3b6f6c7df0f06295b0bf, accessed on 22 May 2026).

2.2. Segmentation

The CT data were segmented in Dragonfly 3DWorld (Version 2025.1 [55]). Individual
regions of interest (ROIs) were defined for the clay, sand, and the foot. The sand and
clay ROIswere segmented using an intensity‑based threshold, because they both exhibited
different grayscale ranges in the reconstruction. However, the foot ROI was segmented
using the manual paint tool, because it did not present a distinct intensity distribution
relative to the surrounding layers; therefore a threshold could not isolate it reliably. The
manual paint tool was used to tidy up sections of the sand and clay ROIs that the threshold
did not pick up or where it labelled voxels in areas it should not have.

3. Results
Layers of clay and sand were clearly visible, and mostly distinguishable from each

other in the CT data. This distinctionmeant that the volumetric track could be visualised in
its entirety, though there were some issues where layers naturally started to interpenetrate
and intermingle, becoming difficult to differentiate enough to segment them separately
(see Section 4.1.2).

The data could be visualised acrossmultiple axis orientations simultaneously (Figure 2),
making complex sub‑surface structures easier to identify throughout the track volume,
without destroying it. For example, in the very soft consistency, the substrate sealed over
the path of the foot, causing the layers to be pulled downwards as the foot descends, pro‑
ducing a penetrative track (Figure 2G,H). Additionally, the downward movement of the
layers generated features known as nested V’s—a series of stacked V‑shaped deforma‑
tion structures within the track volume, which are characteristic features of penetrative
tracks [40]. Such structures are particularly visible in cross‑section and can also be ob‑
served in the 3D reconstructions (Figure 2A,E,G).
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Figure 2. Visualisation of reconstructed CT images across 3D and 2D views. (A–D) ‘soft’ substrate
consistency, (E–H) ‘very soft’ substrate consistency. Orientations are as follows: (A,E) 3D views (the
layers showing here are the sand); (B,F) XZ (top‑down); (C,G) XY; (D,H) ZY. In images (B–D,F–H),
the brighter (white) layers are the sand, and darker (grey) are the clay.

The CT reconstructions also revealed clear differences in sub‑surface sediment move‑
ment between the two different substrate consistencies during track formation
(Figures 2 and 3). In the firmer substrate consistency (‘soft’), there was a higher level of
transmitted displacement, particularly in the layers immediately below digit III where lay‑
ers were indirectly deformed (transmitted undertracks, see [6]) (Figure 3A). However, in
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the very soft consistency, displacement was barely transmitted at all, and most deforma‑
tionwas a result of direct contact between the foot and the substrate. The increased compli‑
ancy of the substrate here meant that the foot could penetrate through multiple sediment
layers to a deeper level, thus producing a penetrative track (Figure 3B).

Figure 3. Cross‑sections of (A) ‘soft’ substrate consistency, and (B) ‘very soft’ substrate consistency,
showing digit III in contact with the substrate volumes. Highlighted regions demonstrate the sub‑
surface displacement modes such as transmitted and penetrative tracks. The images of the two cross‑
sections without interpretations can be seen in Figure 2D,H. The scale bar is set for both images.

4. Discussion and Conclusions
This study aimed to demonstrate µCT scanning as a non‑destructive approach for vi‑

sualising and capturing volumetric track morphology. The visualisation of the volumetric
data offers an unparalleled view of 3D trackmorphology in a non‑destructivemanner. Our
data clearly demonstrate the distinction between penetrative and transmitted undertracks,
as well as distinctive features necessary for identifying penetrative tracks (i.e. nested Vs,
punctured layers). However, there were significant challenges involved in capturing this
data. The challenges here can stem from the experimental set‑up, scan quality, and visual‑
ising/segmenting complex sub‑surface features and are detailed as follows.

https://doi.org/10.3390/fossils4020014
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4.1. Challenges
4.1.1. Experimental Set‑Up and Scan Quality

By having alternately layered sediment, understanding the track formation process
can be made easier by being able to observe the deformation layer by layer. However,
producing thin laminations of cohesive substrate within a confined container was difficult.
Depositing the clay flat enough so that it was consistent, but without applying too much
pressure that it would affect the layers below occasionally created air pockets between the
clay and sand. This was compounded by scanning size constraints. A larger container
would require X‑rays to pass through more material, which in turn would increase the
energy and scanning time requirements. The former, increased energy, was beyond the
specifications of the scanner, while the latter, increased scanning time (itself linked to en‑
ergies and exposures) would risk slumping andmovement of the softmaterial during scan‑
ning, or evaporation throughout the scan, which would make data reconstruction fail. As
such, our size trade‑offsmeant the container size was limited to a 10 cm diameter to permit
scanning at reasonable energies and timescales. However, this meant that there was very
little space to control the application and smoothing of the substrate, making it difficult for
layers to be consistently the same thickness. In some ways, our experimental set‑up with
partially distorted layers might more closely mimic natural substrates, but there is a trade‑
off in losing the fine control possible in prior experiments (e.g., the very regular plasticine
of Allen [2]). Further refinements to our experimental protocol may mitigate this issue in
the future.

4.1.2. Visualisation and Segmentation

The data itself provided amostly clear view of the layers, with good contrast between
clay and sand. However, as the layers became mixed where the foot passed through them,
they naturally becamemore difficult to separate using the intensity‑based threshold alone,
requiring more manual edits to refine and distinguish between. In physical experiments
where layers are physically separated, the ‘layer’ becomes what is exposed. This parallels
the way fossils are exposed. But when viewing the whole volume, differentiation of lay‑
ers becomes problematic in places. This is less an issue with the technique, and more that
scanning and visualising the whole volume in this way highlights a philosophical and ter‑
minological issue that has been previously described with reference to fossils and particle
simulations, where layers may be fully or partially separated [25,40].

4.2. Utility of the Method

Despite the challenges, µCT scanning offers a novel, non‑destructive approach to the
visualisation of sub‑surface sediment within a track volume. Unlike the 2D information
delivered by slices or layers, the 3D volume reconstruction offers a continuous and com‑
plete view of the track. Our data present novel views of the track volume including the
tracking surface, transmitted and penetrative undertracks, and the true track (see [6] for
definitions) within the volume. We have demonstrated the ability to obtain both transverse
and longitudinal sections of the same track (Figures 2 and 3), and the data can of course be
sectioned arbitrarily (e.g., along the axis of side toes).

We are able to generate these different views from a single track‑forming event
(i.e., a single foot and foot motion). Previous experimental studies [16,17] required a new
track to be produced for each view, which could have provided different motion, or initial
sediment states, potentially affecting the final morphology. Being able to view valuable
mechanistic information relating to track formation across multiple orientations, without
destroying the sample means we can perhaps gain new insights into this process.

https://doi.org/10.3390/fossils4020014
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Volumetric visualisation of the 3D track volume in this way has previously only
been accomplished via computer simulation [4,25,29,40,41,46,48]. Our imaging of phys‑
ical experiments replicates behaviours and subtleties that may not be fully captured by an
idealised computer model, particularly when such models rely on using virtual particles
much larger than clay or fine sand to approximate gross sediment behaviour.

CT scanning has been successfully applied to invertebrate trace fossils. For example,
Amendola et al. [54] used µCT scanning to gain insight into the internal geometry of bees
(as body fossils) within their cells and cocoonֹ (trace fossils). The method has also been
applied to analyse sediment cores, whereby the isolation of burrows, burrow orientation,
size, and connectivity was achieved for the first time [56,57], although this required scan‑
ning at high energies to view internal data. However, a previous attempt at CT scanning a
vertebrate fossil track [42] failed to resolve internal geometry due to high density and low
contrast between any layers. Tetrapod trackswill necessarily involve larger specimens and
poorer contrast, which in turn require larger and higher‑powered CT scanners to be suc‑
cessful. Although we do not know the exact taphonomic conditions that could allow this
methodology to be applied to real fossil material, we have demonstrated that sufficient
contrast between layers can improve the ability to distinguish internal track structures.

The digital nature of the µCT data makes integration with complimentary simulation
data in the future a natural progression of what we have shown here. Future experimental
work will use µCT to capture before, during, and after track formation. The digital data
from these scans can act as ‘anchor points’ for computer simulations of sediment behaviour
that in turn canfill in the temporal spaces between. Thiswill facilitate a systemgrounded in
physical reality, but exposing morphology and mechanisms throughout track formation.
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