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Abstract: Light Detection And Range (LiDAR) imaging

provides a means to model the 3D geometry of fossil tracks

in the field with high accuracy. This represents a considerable

advance for the science of vertebrate ichnology in which tra-

ditional field methods suffer from a significant degree of

abstraction and lack the resolution required to interpret

tracks quantitatively. Three-dimensional LiDAR models pro-

vide additional morphometric information and allow the

application of new analytical tools unique to the digital envi-

ronment. The method will enable fossil track morphometrics

to develop into an iterative process that combines 3D visuali-

zation and multivariate statistical methods, blending qualita-

tive and quantitative approaches and allowing track

morphologies to be compared holistically. Modelling of

trackways from Fumanya (south-east Pyrenees) using LiDAR

has enabled variation in linear track dimensions to be

explained by the varied contribution of different modes of

shear with increasing depth below the foot ⁄ sediment inter-

face. Features in the relief of pes traces indicate that subsur-

face zones within their track volumes are defined by the

interaction of puncture and local shear, below a surface zone

of liquefaction failure now lost to erosion. This model of

mechanical failure enables a preliminary review of the pedal

kinematics of titanosaurid sauropod dinosaurs and suggests

multiphase loading of the sediment by the titanosaurid pes.

However, from inspection of these 3D surfaces alone it is

not possible to differentiate between the possibility of one or

two discrete phases of pedal motion preceding the toe-off

event at the maximum height of the support phase. By inte-

grating LiDAR models with analogue modelling within a 3D

digital environment it will be possible to clarify such inter-

pretations of fossil tracks and the locomotor mechanics of

extinct animals.

Key words: dinosaur tracks, Light Detection And Range

(LiDAR), 3D modelling, Fumanya, titanosaur.

The methods currently used to record vertebrate track-

sites suffer from a significant degree of abstraction and

lack the resolution required to record, analyse and

interpret fossil tracks quantitatively (Bates et al. 2008). In

particular, manual methods fail to quantify the complex

three-dimensional (3D) surface geometry of fossil tracks

and instead document them exclusively as two-dimen-

sional (2D) features, rarely discussing surface relief. The

failure to record and quantify track surface relief also

restricts the potential to interpret the processes that

underpin variations typically observed in track geometry

within individual trackways, which have significant impli-

cations for palaeontological interpretations. Gross dimen-

sions such as track length and width form the basis of

analyses of the size (Thulborn 1990), gait and speed

(Alexander 1976; Day et al. 2002), behaviour (Lockley

1991), and temporal and environmental distributions

(Lockley et al. 1994) of track-makers, and the naming of

vertebrate ichnotaxa (Sarjeant 1990; Lockley 1998).

Detailed treatment of such variation and its causative

processes must be undertaken in order to constrain inter-

pretations based on visible morphology. If ichnologists

are to interpret fossil tracks correctly then new methods

are required to record and analyse their 3D surface geom-

etry in the field with minimal abstraction. Geometrically

precise 3D digital models of physical exposures will allow

ichnologists to take fossil track surfaces back to the labo-

ratory. In the laboratory scans of fossil tracks can be visu-

alised and analysed in conjunction with those generated

experimentally in physical and finite element environ-

ments.

Terrestrial Light Detection And Range (LiDAR) imag-

ing is an accurate and efficient method of collecting 3D

spatial and geometric data that has been applied in other
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areas of scientific research (Weibring et al. 1997; Barbini

et al. 1998; Barnes 2003; Breithaupt et al. 2004; Bellian

et al. 2005; Bewley et al. 2005; Clegg et al. 2005), but to

date has been under-used in palaeontology. The potential

to collect high resolution 3D data from outcrops through

remote surveying indicates that the method can provide a

quantitative framework for mapping and analysing verte-

brate tracksites (Breithaupt et al. 2004; Bates et al. 2008).

The aim of this study is to evaluate LiDAR imaging as a

basis for modelling and interpreting fossil tracks by analy-

sing data collected from dinosaur trackways in Fumanya

(south-east Pyrenees, Catalonia).

STUDY AREA

The Fumanya tracksites are located on the edge of the

south-eastern Pyrenees, near the town of Berga (Catalo-

nia), c. 90 km north of Barcelona. There are four sites

consisting of abandoned quarries along a mountain road

that runs north from Coll de Fumanya to Vallcebre vil-

lage (Text-fig. 1).

The main track-bearing horizon (known locally as the

‘concrete level’) exposed in the Fumanya quarries has

been dated as early Maastrichtian, and preliminary data

suggest that c. 3000 dinosaur tracks and 40 recognisable

trackways are preserved (Vila et al. 2005; Text-fig. 2).

This study focuses on three trackways of titanosaurid

sauropod dinosaurs from the Fumanya South site.

Trackway 1 is located on a small exposure at the north-

ern end of this site and was previously mapped and

described using manual methods by Le Leouff and Mar-

tinez-Rius (1997), Schulp and Brokx (1999) and Vila

et al. (2005).

METHODS

A portable RIEGL LMS-Z420i 3D terrestrial laser scanner

was used in the field, and was chosen for its ability to

rapidly acquire dense 3D point data (12,000 X, Y, Z and

intensity points per second). The unit has a range of

800 m, 80� vertical and 360� horizontal fields of view and

can be powered by a 24V or 12V car battery. Precise glo-

bal-positioning was provided by the integrated Trimble

PRO-XR Differential Global Positioning System (DGPS),

providing sub-metre accuracy. Detailed explanation of

LiDAR operation and data acquisition in geological and

palaeontological applications can be found elsewhere (see

Bellian et al. 2005; Bates et al. 2008), so only a brief

explanation is given here.

The scanner emits a pulsed beam of light that is back-

scattered by a target object and recaptured by the detec-

tor. The two-way travel time is divided in half and

multiplied by the speed of light to derive a range value,

while the X and Y positions are calculated by the angles

of laser-deflecting mirrors within the detector (Bellian

et al. 2005). The trackways studied were targeted with

precise, high-resolution scans (0.008–0.02 m point spac-

ing) for the purpose of generating geometrically accurate

models.

Point clouds were exported from the scanner’s opera-

tional software (RiSCAN PRO) into Schlumberger’s reser-

voir modelling package Petrel (for more information, see

TEXT -F IG . 1 . Location of the Fumanya tracksites in the south-eastern Pyrenees (from Bates et al. 2008).
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http://www.slb.com). Petrel contains a number of algo-

rithms that allow the user automatically to produce grid

surfaces through dense point cloud data, allowing the

user to define specific parameters, including the algorithm

and the number of grid nodes used to generate a surface.

The ‘convergent interpolation’ algorithm is a fast and

general purpose algorithm suited to computing output

‘grids’ (i.e. a surface) through randomly distributed

points and was used throughout this study. The geometry

of the resulting grids or surface closely matches the distri-

bution of scan points.

Morphometric landmark points were selected for each

track. Eight geometric landmarks corresponding to the

most anterior, posterior, medial and lateral extents of the

‘foot’ and the ‘maximum zone of deformation’ were

recorded, in accordance with the scheme of Manning

(2004). The coordinates of the deepest point within each

track were also recorded. The ability to ‘zoom in and out’

and rotate through 360 degrees to view the track from

any perspective enabled landmark points to be selected

with high precision and repeatability. Furthermore, con-

toured surfaces could be coloured according to variation

in depth (i.e. z-value), dip angle and dip azimuth, aiding

recognition of specific relief features in different tracks.

Random re-measuring indicated a maximum estimated

error of ± 0.3 cm in locating landmark points. The co-

ordinates of each landmark point were recorded in an

Excel file and used to derive linear measurements of track

size in accordance with the approach of Manning (2004).

For example, track length was calculated as the distance

between the most anterior and posterior landmarks of the

‘foot’ parallel to the midline. Angular measurements of

shape were also derived from landmark points. The angles

between certain landmarks were calculated in Excel using

trigonometry, while the orientations ⁄ azimuths of lines

linking points were determined in Petrel using the mea-

suring tool. Collecting landmark data also enabled tracks

to be superimposed using the XYZ coordinates of analo-

gous points. The surface area and volume of tracks could

also be measured in Petrel once the margin or lip of the

track had been defined.

Trackway morphometrics were performed in essentially

the same way as track morphometrics. Linear measure-

ments were calculated using the distances between corre-

sponding landmark points in successive tracks. Linear

parameters included stride length, pace length, trackway

width and the distance between successive pes–manus

prints. The pace angulation of both manus and pes prints

was also measured. The midline of each track was calcu-

lated from landmark data, and when accumulated, pro-

vided a quantitative estimation of the progression of the

mid-sagittal plane of the animal along the trackway.

RESULTS

Models of the track-bearing surface and the succession of

tracks making up the three trackways studied (Text-fig. 3)

were created from LiDAR point cloud data in Petrel.

Tables containing track and trackway morphometric data

derived from landmark coordinates for trackway 1 are

available in a Supplementary Data file (http://www.palass.

org). Data for trackways 2 and 3 can be obtained from

KTB.

Bivariate scatter plots of the gross dimensions (lengths

and widths) of tracks from each trackway (Text-fig. 4A–

TEXT -F IG . 2 . Photograph of the Fumanya South track site. The main track-bearing surface (‘concrete bed’) is laterally continuous

for over 2 km and contains an estimated 3000 tracks and 40 trackways made by titanosaurid sauropod dinosaurs.
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C) show that pes and manus tracks plot into discrete

clusters and are particularly distinguished by the greater

width of the pes traces. However, gross linear dimensions

scatter randomly about the mean value for both manus

and pes tracks in each plot, and the average values

attained for trackway 1 by previous workers (Schulp and

Brokx 1999; Vila et al. 2005). Including depth values in

trivariate scatter plots (Text-fig. 4D–F) also indicates ran-

dom variation about the mean and no significant rela-

tionship between track length, width and depth of manus

and pes tracks in each trackway.

DISCUSSION

Evaluating LiDAR imaging as an analytical tool in

vertebrate ichnology

Previous interpretations of the Fumanya trackways. The

succession of tracks modelled in trackway 1 (Text-fig. 3A)

are among the best-preserved tracks exposed at Fumanya,

a fact emphasized by their specific treatment in previous

studies (Le Leouff and Martinez-Rius 1997; Schulp and

Brokx 1999; Vila et al. 2005). The authors cited recog-

nized the distinct pes and manus track morphologies of a

quadrupedal track-maker and provided brief qualitative

descriptions of ‘well-preserved’ examples. The gross mor-

phology of manus and pes impressions in conjunction

with outward (or negative) rotation of tracks within a

distinctly ‘wide-gauge’ trackway (Wilson and Carrano

1999), led them to attribute the tracks to a titanosaurid

sauropod dinosaur. The steep surface at Fumanya pre-

vented any detailed analysis of individual tracks during

previous mapping and no comments on the qualitative

and quantitative variation within pes and manus track

morphologies or any further interpretation of this track-

way were offered.

By using 2D data collection techniques it is possible to

describe partially the variation in morphology and geom-

etry within this assemblage of tracks, but not to address
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TEXT -F IG . 3 . A–C, 3D LiDAR models of the succession of tracks making up the trackways (A) 1, (B) 2 and (C) 3 from the

Fumanya South locality. Each model is composed of a contoured and colour-coded surface produced through dense point cloud data.
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its causes. Linear dimensions of tracks made by the same

individual show no systematic relationship (Text-fig. 4A,

D), reflecting the interaction of multiple variables in

track formation, namely track-maker foot morphology

and limb kinematics, substrate and weathering (Padian

and Olsen 1984; Allen 1989, 1997; Gatesy et al. 1999;

Manning 2004, in press; Milàn and Bromley 2005; Milàn

2006). The key to understanding this variation lies in

track surface relief, which provides clues to the 3D distri-

bution of failure within the sediment volume during

track formation. As 3D-contoured surfaces, interactive

LiDAR models provide this information and subsequently

the ability to quantify track morphology in multiple

dimensions, albeit not within a complete soil volume.

The 3D LiDAR models of three left pes tracks (tracks 4,

8 and 10) from trackway 1 are used to demonstrate how

associations of surface relief features can constrain the

mode and spatial distribution of mechanical failure

within a sediment during track formation, and subse-

quently explain geometrical and morphological variation

in exposed tracks.

Analysis and interpretation of 3D models. A suite of com-

mon and juxtaposing features can be recognized in the

digital models of tracks 4, 8 and 10 (Text-figs 5–7). The

preservation of claw marks (Text-figs 5A, 7A) and obvious

heaving of sediment in displacement rims (Text-figs 5B–C,

6B–C, 7B–C) are generally considered to be indicative of

surface tracks or a track surface formed at the foot ⁄ sedi-

ment interface (Thulborn 1990; Allen 1997). However,

both features may be equally well explained as direct and

indirect features associated with subsurface deformation of

the 3D volume of sediment by the foot of the track-maker

(Manning 2004). Although both sets of authors noted the

presence of claw marks, neither Schulp and Brokx (1999)

nor Vila et al. (2005) described displacement rims, which
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TEXT -F IG . 4 . A–C, Bivariate scatter plots of length against width of tracks from trackways 1, 2 and 3. In each case, data points

scatter randomly about the mean value for manus and pes tracks. D–F, trivariate scatter plots of the length, width and maximum

depth of tracks from trackways 1, 2 and 3. Data points in these plots again show random variation about the mean values.
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are clearly seen in the digital models of tracks 4, 8 and 10

(Text-figs 5B–C, 6B–C, 7B–C).

Displacement rims represent indirect features (Gatesy

2003) and may be a surface or subsurface expression of

shear failure caused by the transmission of forces in a vol-

ume of sediment during footfall (Manning 2004). This

emphasizes that sediment heave around track margins

also occurs in the subsurface layers beneath sediment ⁄ foot

interface and that displacement rims cannot be used in

isolation to differentiate surface and transmitted tracks.

Subsurface displacement rims have also been recognised

in fossil tracks where vertical sections are exposed (Milàn

et al. 2004; Graversen et al. 2007). In laboratory simulated

tracks (Manning 2004), displacement rims have been

shown to occur under two failure regimes. General shear

failure has been shown to lead to significant sediment

heave around tracks, resulting from the rotation outwards

and downwards of the load through the sediment. By

contrast, local shear failure typifies more compressible

sediments in which only a partial state of plastic
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TEXT -F IG . 5 . LiDAR models of track 4 (green arrow depicts approximate direction of travel). A, highly detailed 3D surfaces clearly

show that anatomical features of the pes are recorded in the internal relief of track 4, including claw marks and proximal and distal

parts of the digits. B–C, displacement rims associated with digit I and around the lateral and anterior-lateral margin of the track are

also clearly defined. D, cross section of the surface between the most posterior, deepest and most anterior landmark points. E, cross

section along the anterior margin of the track, corresponding to the impression of the distal portions of the digits and the deepest

point of the track.
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equilibrium is induced by footfall, and deformation is

accommodated along a complex series of localised shear

zones. Local shear typically leads to modest or slight sedi-

ment heave in displacement rims (Manning 2004). Quan-

titative measurements of the lateral and vertical extent of

displacement rims can be derived from cross sections ori-

entated at right angles to the strike of their antiform

hinges (Text-fig. 8). The ability to quantify the 3D geom-

etry of displacement rims will allow a morphometric

index of track deformational features relative to geometry

(e.g. displacement rim height: track depth, displacement

rim width: track width) to be developed. The modest

height and lateral extent of these displacement rims rela-

tive to gross track dimensions (Text-fig. 4A, D; Tables 1–

6 in Supplementary Data file) is interpreted here as indic-

ative of the predominance of local shear conditions in

these track volumes.

Claw marks and the deep linear trace of the distal

portions of the digits seen at the anterior margins of the

digital models of these tracks represent subsurface punc-

ture failure associated with the claws and digits at the

toe-off phase in the step cycle (Thulborn and Wade

1984). In this toe-off phase the animal’s Centre Of Mass

(COM) is concentrated on the distal portion of a semi-
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TEXT -F IG . 6 . LiDAR models of track 8 (green arrow depicts approximate direction of travel). A, significant features recorded in the

internal relief of Track 8 are highlighted, including a broad, shallow ‘heel’ area (purple lines), an impression of digit I (red line)

and the distal portions of digits II–VI (green line) enclosed within the deeper, subcircular anterior portion of the track. B–C,

a displacement rim running around the lateral margin of the track is also present. D, cross section of the surface dissecting the deepest

point of the track and orientated parallel to the length of the digits (i.e. anterolateral to the direction of travel). E, cross section along

the anterior margin of the track, corresponding to the impression of the distal portions of the digits and the deepest point of the

track.
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digitigrade pes, generating a highly localised compressive

load and the potential for puncture failure at the ante-

rior margin of the track (see discussion below). It may

also be significant that track surfaces posterior to deep

traces of the distal digits display relatively low or gentle

relief, a contrast shown to be typical of transmitted

tracks (Manning 2004). Tracks formed at the foot ⁄ sedi-

ment interface in such fine-grained sediments would be

expected to show sharper relief features and evidence for

liquefaction failure (Manning 2004), particularly given

the high moisture content likely in this mudflat facies at

the time of track formation (Vila et al. 2005). The

absence of such features in these tracks confirms that

they represent part of the subsurface track volume,

beneath a zone of surface liquefaction failure no longer

preserved. At this depth in the track volume, deforma-

tion and subsequently the relief observed in these tracks

reflects the interaction of local shear (e.g. displacement

rims and ‘heel’ traces) and puncture shear (e.g. distal

digit and claw traces).

The variable expression of other surface relief features in

the models allows further interpretation of these tracks

in terms of mechanical failure. Tracks 4 and 8 are similar

in postero-anterior relief (Text-figs 5D, 6D), despite the

absence of anatomical features of the pes in track 8 that

are clearly preserved in track 4 (e.g. claw marks, proximal

digit traces). In cross section parallel to the lengths of

digit traces, these two tracks are characterised by a broad

posterior ‘heel’ trace, anterior to which lies a basin con-

taining the deepest part of the track running linearly

along the base of their anterior margin (Text-figs 5–6).

This latter feature is also present in track 10, in which

four claw marks and a trace of digit I are preserved.

However, posterior portions of track 10 show a steep,

anteriorly dipping, surface relief in cross section (Text-

fig. 7D) and lack the well-defined subtriangular ‘heel’

trace seen in tracks 4 and 8 (Text-figs 5–6). This distinc-

tion between the absent ‘heel’ trace in track 10 and the

apparently more complete pes morphology recorded in

tracks 4 and 8 is made possible by the ability to visualize

cross section surface relief of the interactive LiDAR

model. The model provides, therefore, an unambiguous

explanation for the shorter length and width measure-

ments of track 10 (Text-fig. 4A), not evident in 2D

records of this trackway (see Schulp and Brokx 1999, fig.

8). Two different interpretations may explain the relief

observed in track 10. Firstly, the absence of a clear ‘heel’

trace may be a result of infilling of the posterior portion

of the track associated with liquefaction failure and col-

lapse of the sediment at the foot ⁄ sediment interface dur-

ing footfall (Gatesy et al. 1999). This requires that track

10 be interpreted as a surface track formed at the

foot ⁄ sediment interface, and that sediment collapse and

liquefaction be completely restricted to the posterior mar-

gin of track. An intense initial foot contact with the sub-

strate would be required. This appears unlikely given the

homogeneous relief observed in posterior parts of other

pes tracks in this study, including tracks 4 and 8 in this

trackway (Text-figs 5–6). Indeed, as discussed above, it is

likely that evidence for liquefaction failure would also be

observed at the anterior margin of the track, where the

intense toe-off event is recorded at the height of the con-

tact phase. An alternative, and probably more likely,

explanation is that track 10 represents a subsurface layer

that is relatively deeper within its respective 3D volume

than tracks 4 and 8. At this depth in the track volume,

puncture shear of the distal digits is still responsible for

the observed deformation at the anterior margin of the

track. However, the lower force exerted by posterior por-

tions of the foot in the early phase of contact is no longer

sufficient to transmit the force required to record a dis-

tinct heel impression.

Subtle morphological and geometrical features recog-

nized in the models of tracks 4, 8 and 10 may also be

explained by lateral facies variation (e.g. moisture content,

soil density) at the time of track formation or by differen-

tial modification by weathering. For example, the nature

of variation between tracks 4 and 8 (i.e. the relatively

smoother contours defining margins and internal relief of

track 8) suggests that preferential weathering of the latter

track may also have contributed to morphological and

geometrical differences. The impact of weathering on the

track-bearing surface at Fumanya has been discussed by

previous workers (Schulp and Brokx 1999; Bates et al.

2008) and clearly had a significant affect on the preserva-

tion of tracks at Fumanya South. The typically smoother

morphology of track 8 also correlates with the weathering

affects on sauropod tracks predicted by recent mathemati-

cal simulations (Henderson 2006). In these simulations,

weathered sauropod tracks retained their basic shape or

outline, but showed a general surface smoothing, along

with blunting and removal of angular features like claw

marks (Henderson 2006).

Despite the detailed picture of 3D track relief and the

understanding of the nature and distribution of sediment

failure, developing a kinematic model from these tracks

remains problematic. The relatively homogeneous relief in

the posterior ‘heel’ traces of track 4 and 8 may indicate a

single initial ‘touch-down’ phase prior to toe-off and thus

the absence of distinct heel-down and rotation phases in

the step cycle of the titanosaurid track-maker. The greater

attenuation of posterior track features with depth (owing

to relative time-pressure interval) below the foot ⁄ sedi-

ment interface creates the potential for the intense toe-off

event to outlast and even mask earlier phases of pedal

motion in a subsurface soil volume. Track features form-

ing during early phases of pedal motion, associated with

the contact of the posterior portion of the foot, may also
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be modified or destroyed in the subsurface volume by

subsequent puncture shear of the digits during toe-off, as

noted above. This may explain the relief seen in track 10,

which lacks a well-defined ‘heel’ trace but has claw marks

and digit traces preserved in its surface morphology

(Text-fig. 7). Only by understanding the mechanics of

failure within the entire 3D volume of sediment beneath

the foot can fossil tracks be used to reverse-engineer track

formation and the locomotor mechanics of track-makers.

LiDAR modelling, therefore, represents one component of

a multi-disciplinary approach to fossil track studies.

Future work should aim to integrate this 3D approach

with experimental data from sedimentology and particu-

larly analogue modelling.

Integrating LiDAR models with experimental methods

Interpretations of fossil tracks are most robust when sup-

ported by data from analogue track experiments using

extant taxa and indentor mechanics (Allen 1989; Gatesy

et al. 1999; Manning 2004, in press; Milàn 2006) or digi-
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TEXT -F IG . 7 . LiDAR models of track 10 (green arrow depicts approximate direction of travel). A, significant features recorded in

the internal relief of Track 10 are highlighted, including claw marks (purple lines), a poorly defined impressions of digit I in the

medial margin (dashed red line) and the distal portions of digits I–III along the base of the anterior margin of the track (dashed red

line). Track 10 preserved no trace of the broad ‘heel’ impression seen in tracks 4 and 8. Its internal relief is dominated by a deep

subcircular area (solid red line) that encloses the deepest part of the track at the base of the anterolateral margin. B–C, a displacement

rim is noted around the lateral and anterolateral margin of the track. D, cross section of the surface dissecting the deepest point of the

track and orientated parallel to the length of the digits (i.e. anterolateral to the direction of travel). E, cross section along the anterior

margin of the track, corresponding to the impression of the distal portions of the digits and the deepest point of the track.
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tally using finite element analysis (Margetts et al. 2006).

By providing a closed system in which experimental vari-

ables (e.g. sediment consistency) are known, laboratory-

simulated tracks can provide quantitative comparative

data to guide interpretations of the spatial distribution of

failure in a volume of sediment during track formation.

Digitizing these tracks (e.g. using LiDAR or short-range

laser scanners) would provide a highly detailed framework

for interpreting real variation observed in an assemblage

of fossil tracks. Using the comparative tools developed in

this study (e.g. superimposing 3D track morphologies) it

may be possible to place transmitted track surfaces in

their respective positions within their complex 3D subsur-

face force-bulbs and perhaps even accurately reconstruct

surface track morphology. Alternatively, highly accurate

models generated by Finite Element Analysis (FEA) can

be imported directly into Petrel for quantitative compari-

son to LiDAR models of fossil tracks. FEA models map

the distribution of surface and subsurface features gener-

ated within sediment during the dynamic compaction

phase of a step cycle (Margetts et al. 2006). As well as

producing highly detailed 3D stress maps these models

chart the distribution and geometry of complex subsur-

face shear, heave and displacement zones. Interpretations

of track surfaces in this study have invoked a complex

hierarchy of 3D shear zones (e.g. local shear, puncture

shear), and further development of FEA methods might

lead to a better understanding of soil failure under foot

and the mechanics of track formation. In particular, mod-

els simulating dynamic multiphase loading in a variety of

sediment types will help evaluate the potential for modifi-

cation of early phase surface and subsurface track mor-

phology by later phases (i.e. toe-off) of pedal motion.

LiDAR models also allow a repeatable and quantitative

appraisal of weathering effects on the geometry and

morphology of exposed fossil tracks. It is possible to

export data into other software (e.g. Virtual Reality Geo-

logical Studio, MatLab) in which weathering algorithms

can be written and applied to LiDAR models. Repeat sur-

veying of track-bearing surfaces (e.g. at annual intervals)

known to be subject to significant rates of weathering,

such as at Fumanya, will allow ichnologists to quantify

directly changes in geometry and morphology by weather-

ing. The data would also allow scientists and land manag-

ers to calculate accurate rates of weathering for exposed

track surfaces (Bates et al. 2008). Furthermore, LiDAR

models provide coverage of whole outcrops, enabling

assessment of differential weathering within trackways as

opposed to individual tracks from horizontal, ‘uniformly

weathered horizons’ (Henderson 2006).

CONCLUSIONS

This study has demonstrated the ability to record accu-

rately and rapidly the 3D geometry of fossil tracks in the

field using LiDAR imaging. Detailed 3D models of multi-

ple tracks and trackways can be constructed without

performing complicated and time-consuming image

alignment procedures. Point clouds can be collected and

3D models produced in the field in a matter of minutes,

increasing the level of quality control on data collection

and allowing the ichnologist to view detailed contoured

models on a laptop computer while directly examining

the track surface.

Surfaces generated through LIDAR data in Petrel repro-

duce the geometry of the track-bearing surface at Fum-

anya with high-fidelity, allowing the outcrop to be

visualised and analysed in a digital environment for the

first time. The 3D interactive models make it possible to

view and quantify the deformation evident in the surface

relief within and outside the 2D track outline traditionally

defined by ichnologists. The unique visualisation facility

provided by this 3D digital medium means that the

extraction of quantitative measurements no longer culmi-

nates in an abstract mathematical analysis. Fossil track

and trackway morphometrics can now develop into an

iterative process that uses both 3D visualisation and mul-

tivariate statistical methods. The effective blending of

qualitative and quantitative approaches will allow track

morphology to be characterised as 3D volumes, not as

simple 2D surfaces.

The preliminary application of this approach at Fum-

anya has provided the first interpretation of track forma-

tion in the context of mechanical failure within 3D track

volumes. The detailed picture of surface relief features in

the interactive 3D models has allowed previously unex-

plained variation in the geometry of pes traces to be

described in terms of a hierarchy of failure regimes
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TEXT -F IG . 8 . Cross sections showing the dimensions of the

displacement rims around the margin of tracks 4 and 10. Cross
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occurring within the 3D volume of sediment beneath the

titanosaurid foot. Specifically, the lack of evidence for

liquefaction failure typical in moist, fine grained sedi-

ments under high loads indicates that relief features (e.g.

claw marks, displacement rims) result from the interac-

tion of local and puncture shear regimes in the subsur-

face track volume. At shallow depths in the track

volume, puncture shear dominates at the anterior mar-

gins, recording the intense toe-off event at the end of

the support phase of a step-cycle. Earlier pedal motion

resulted in local shear and modest displacement and

relief at the depths now exposed in tracks 4 and 8. Track

10 is suggested to represent a greater depth within the

initial track volume, at which the lesser forces associated

with early phases of pedal contact have dissipated pro-

ducing a smaller undertrack dominated by puncture

shear occurring during toe-off. By integrating LiDAR

models with analogue modelling within a 3D digital

environment it will be possible to perform unique tests

of these hypotheses and potentially to arrive at clearer

interpretations of the mechanics of track formation,

validity of vertebrate ichnotaxa and locomotor mechanics

of extinct track-makers.
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